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ABSTRACT

Animal models play critical roles in pre-clinical researches, while there are sseveral
limitations. The physiological and immunological states in murine and non-human
primates are still distinct from those of human to a certain extent , especially the MHC
restriction, which cannot eliminate the influence of species specificity in pre-clinical
experiments. The aim of our work was to generate a higher level of “HLA humanized”
transgenic mice which could mimic human immune responses with more accuracy and
reliability; furthermore, to apply the novel models to the evaluation of human
transplantation, the identification of new epitopes, and the evaluation of candidate
vaccines and drugs.

In the first part, a novel immuno-deficient HLA transgenic mouse strain HLA-
A2 IDR1**/H2-Bm™/TIAB”/Rag2/IL-2ry"/Perf” HUMAMICE were established,
which expressed human HLA molecules instead of murine H-2 and present no murine
lymphocytes. This immuno-deficient status was reversed by transferring the functional
HLA-matched hPBMCs and thus producing mice with an immuno-competent status.
Then, led to high lymphocyte engraftment without GvHD. Immunization of HBsSAg
vaccine resulted robust and reproducible production of specific antibodies. In
conclusion, these results indicated that the hPBMCs-HUMAMICE model represents a
promising model to dissect human immune responses towards human diseases.

In the second part, the Chinese/East Asian HLA dominant HLA-A11/DR1 (HLA-
A11**/DR1*/H-2-Bm™/IABT) transgenic mouse strain was established. This novel
mouse strain possesses HLA-A11-restricted characteristics and capacity to respond to
antigens. Immunization of mice with a recombinant HBV vaccine or a recombinant
HIV-1 protein resulted in the generation of IFN-y-producing cytotoxic T lymphocytes
and specific antibodies. Furthermore, we identified two HLA-AL11 restricted epitopes
of EBOV GP protein and four of MERS-CoV S protein. Above all, HLA-A11/DR1
mice could facilitate the identification of Chinese dominant HLA-restricted CTL and
Th epitopes and provide a new promising technical tool to understand immunological
mechanisms and new vaccines.

Taken together, we created two novel and promising humanized mouse models carrying
human HLA restriction which could be applied as pathogen infection models, in tumor
studies, transplantation mechanism, and the evaluation of vaccines and drugs.

Keyword: HUMAMICE, immuno-deficient mice, immune reconstitution, MHC,
HLA-A11/DR1 transgenic mice, vaccine evaluation
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RESUME

Les modédes animaux jouent un rde crucial dans les recherches pré&liniques,
mais il existe plusieurs limites. Les &ats physiologiques et immunologiques chez
les murins et les primates non humains sont radicalement diffé&ents de ceux de
I'nomme, en particulier la restriction au CMH, qui ne peut &iminer I'influence
de la speificitéde I'espeee dans les expé&iences pr&liniques. Le but du travail
&ait de généer un niveau plus éevéde souris transgéniques <HLA humanisé&s>
qui pourraient imiter les réonses immunitaires humaines avec plus de preeision
et de fiabilité; a viser d’appliquer pour I'évaluation préclinique de la
transplantation humaine, al'identification de nouveaux éoitopes et al'évaluation
des vaccins et des melicaments candidats.

Dans la premiére partie, nous rapportons d’une nouvelles souris transgéniques
HLA immunodéficiente <HUMAMICE>: Des souris HLA-A2**/DR1**/H-2-
Bom”/IAB”/Rag2”/IL-2ry”/Perf’- ont &é& &ablies, lesquelles exprimaient des
molé&ules HLA humaines au lieu de H-2 murines et ne pré&ent pas de
lymphocytes murins. Ce statut immunod€ficient a &é&inverséen transfé&ant les
cellules hPBMC HLA appariés fonctionnelles pour produisant des souris ayant
un statut immuno-compéent avec un syst@me immunitaire humain fonctionnel.
L'immunisation du vaccin HBsSAg a permis d'obtenir une production robuste et
reproductible d'anticorps speifiques.

En conclusion, ces ré&ultats indiquent que le modée hPBMC-HUMAMICE
représente un modeée prometteur pour diss&juer les réonses immunitaires
humaines aux maladies humaines.

Dans la seconde partie de cette éude, les souris HLA-A11**/DR1**/H-2-B,m™"
/AP ont &é& éablies. Cette nouvelle souche de souris posséde une
caractéistique restreinte par HLA-A11 et une capaciténormale aréondre aux
antigenes. L'immunisation de souris avec un vaccin recombinant HBsAg contre
le VHB ou une proténe recombinante du VIH-1 a entramela géné&ation de
lymphocytes T cytotoxiques producteurs d'IFN-y et d'anticorps speeifiques. En
outre, nous avons identifieédeux épitopes restreints par HLA-A11 de la proténe
GP EBOV et quatre de la proté&ne MERS-CoV S. En fin, ce modde de souris
HLA-A11/DR1 pourra faciliter I'identification des épitopes de lymphocytes
cytotoxiques et auxiliaires restreints par le HLA-A11l dominant en Chine. Le
modee constitue un nouvel outil technique prometteur pour comprendre les
meéeanismes immunologiques et les nouveaux vaccins pour les populations
d’Asie de I’Est.

Durant cette thése, nous avons cré&a deux moddes de souris humaniseées
novateurs et prometteurs portant une restriction HLA humaine qui pourraient
servir de modées d'infection pathogéne et &udier les tumeurs, les meéanismes
de transplantation et I'éaluation des vaccins et des mé&licaments.

Mots cl&s: HUMAMICE, Souris immunoddicientes, reconstitution immunitaire,
CMH, HLA-A11/DR1 souris transgénique
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PREFACE

This work is a part of a large project led by Dr. Yuchun Lone at INSERM UMR 1197
and University Paris-Sud (University Paris-Saclay) “The creation of HUMAMICE:
development of humanized mice for the assessment of innovative biotherapies,
immunotherapies and stem-cell therapies”. This project is developed in close
collaboration with Professor Yusen Zhou, the director of laboratory of molecular
pathogen biology, the State Key Laboratory of Pathogen and Biosecurity, Beijing
Institute of Microbiology and Epidemiology. The French and Chinese teams are
collaborated on the development and optimization of humanized mouse models, and
applying the new mouse models to the evaluation and development of vaccines and

immuno-transplantation.

Human HLA molecules replaced murine H-2 molecules in human MHC class-1 or 11
transgenic mice which could eliminate the competitive inhibition of endogenous H-2
molecules in immune responses, resulted in a more accurate and efficient mouse model
with expression of human HLA molecules. In the first part of our study, we constructed
an immuno-deficient MHC transgenic mouse model (HLA-A2**/DR1**/H-2-B,m™"
/TAB"IRag2"/IL-2ry"/Perf”) (HLA-A2 with the highest frequency among HLA class-
| alleles, accounts for 30-50% of global human population) and an hPBMC-
transplantation mouse model. This, provides a technical support for the study of
pathogen infection, tumors, transplantation mechanisms, the evaluation of vaccines and
drugs prototypes. In the second part, we generated a new homozygous HLA-A11/DR1
transgenic mouse stain (HLA-A11**/DR1*"*/H-2-B.m”/IAB™) which carried Chinese
dominant HLA class | (HLA-A11) and Il (HLA-DR1) alleles (HLA-A11 accounts for
about 20-30% of total population in Asia), and applied to the evaluation of vaccines,
which could identify HLA restricted CTL epitopes of pathogens, and to design and
optimize the novel epitopes-based vaccines. Meanwhile, from the third to the sixth part,
we elaborated an HDAd-based strategy for HCV replication and production in vitro,
we studied the upregulation of MicroRNA-146a by HBV X protein and its contribution
to hepatitis development by downregulating complement factor H, we analyzed the
pathogenesis of MERS-CoV infection in DPP4 transgenic mouse model, and we
studied the differences in the pathogenicity and inflammatory responses induced by
Avian Influenza A/H7N9 virus infection in BALB/c and C57BL/6 mouse models.
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1. Manuscript “Creation of an immunodeficient HLA-transgenic mouse
(HUMAMICE) and functional validation of human immunity after transfer of
HLA-matched human cells” (Yang Zeng, Bingrun Liu, Marie-Th&ése Rubio,
Xinyue Wang, David M. Ojcius, Ruoping Tang, Antoine Durrbach, Zhitao Ru, Yusen
Zhou, Yu-Chun Lone*. PLoS One. 2017 Apr 11;12(4):e0173754)

Research on human immunology has been hindered by the lack of optimal small animal
models, given that the protective immune responses of human and non-human species
show some differences. However, due to the ethical constraints and the high cost of
clinical trials, it is urgent to improve the current pre-clinical animal models that can
mimic faithfully human physiology, particularly the human immune system (HIS). HIS
mice had been generated recently by engrafting human hematopoietic stem cells
(hHSCs) or human peripheral mononuclear cells (hPBMCs) into highly immuno-
deficient mice such as NSG, NOG or NRG mice. However, a major experimental
drawback for studies using these models is the rapid onset of Graft-versus-Host Disease
(GvHD). In the present study, we overcome this limitation by generating new immuno-
deficient mice named "HUMAMICE" (HLA-A2**/DR1**/H-2-B.m""TAB""/Rag2"/IL-
2ry""/Perf’ mice), which expressed human HLA molecules instead of mouse MHC
molecules (H-2), and whose immuno-deficient status was reversed by transferring
functional HLA-matched PBMCs thus producing mice with an immuno-competent
status with a functional human immune system. We showed that in the HLA-matched
context of this novel mouse model, the hPBMC-transfer led to high lymphocytes
engraftment rates without GvHD over two months. Furthermore, to evaluate the utility
of the hPBMC-HUMAMICE, we immunized them with commercial vaccine of
Hepatitis B virus (HBsAg, Hepvac@) which resulted in robust and reproducible
production of high levels of HBsAg specific antibodies, implying that both transferred
T and B lymphocytes were functional in HUMAMICE. These responses are
comparable to those observed in human clinical trials with this identical vaccine. In
conclusion, these findings indicated that the HLA matched-hPBMC-HUMAMICE
represents a promising model for dissecting human immune responses towards various
human diseases, including infectious diseases, cancers and tumors, and to facilitate the

development of novel vaccines and cellular therapies.
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2. Manuscript “Generation of human MHC (HLA-A11/DR1) transgenic mice for
vaccine evaluation” (Yang Zeng, Tongtong Gao, Guangyu Zhao, Yuting Jiang, Yi
Yang, Hong Yu, Zhihua Kou, Yuchun Lone, Shihui Sun* & Yusen Zhou*. Hum
Vaccin Immunother. 2016 Mar 3;12(3):829-36)

The rapid occurrence of emerging infectious diseases demonstrates an urgent need for
a new preclinical experimental model that reliably replicates human immune responses.
Here, a new homozygous humanized human leukocyte antigen (HLA)-Al11/DR1
transgenic mouse (HLA-A11**/DR01**/H-2-B.m™/IAB”") was generated by crossing
HLA-A11 transgenic mice with HLA-A2**/DR01**/H-2-B.m” /IAB” mice. The HLA-
All-restricted immune response of this mouse model was then examined. HLA-A11l
transgenic mice expressing a chimeric major histocompatibility complex (MHC)
molecule comprising the al, a2, and fom domains of human HLA-A11l and the a3
transmembrane and cytoplasmic domains of murine H-2D° were generated. The correct
integration of HLA-A1l and HLA-DR1 into the genome of the HLA-A11/DR1
transgenic mice (which lacked the expression of endogenous H-2-1/11 molecules) was
then confirmed. Immunizing mice with a recombinant HBV vaccine or a recombinant
HIV-1 protein resulted in the generation of IFN-y-producing cytotoxic T lymphocyte
(CTL) and antigen-specific antibodies. The HLA-Al11-restricted CTL response was
directed at HLA immunodominant epitopes. These mice represent a versatile animal
model for studying the immunogenicity of HLA CTL epitopes in the absence of a
murine MHC-restricted response. The established animal model will also be useful for
evaluating and optimizing T cell-based vaccines and for studying differences in antigen

processing between mice and humans.

3. Manuscript “A novel helper-dependent adenovirus-based cell culture model for

Hepatitis C virus replication and production” (Xiaojun Zhou”, Yang Zeng*, Junfeng

Li, Yan Guo, Yuanhui Fu, Jinsheng He, Shihui Sun* and Yusen Zhou*. Virol J. 2013
Aug 30;10:273)

By using the Hepatitis C virus (HCV) genotype 2a JFH-1 or its chimeric strains, an

HCV infection system had been previously developed through several methods— such
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as in vitro-transcribed JFH1-RNA transfection or stable transfection of the JFH1 cDNA
into human hepatoma Huh-7 cell line or its derivatives. However, other reliable
methods for delivery of the HCV genome into cells are still worth trying. The helper-
dependent adenovirus (HDAJ) is devoid of all viral coding sequences and has a
package capacity of 37 kb, which is suitably large for the delivery of the HCV genome.
Here we report a new method for delivery of the HCV genome into Huh-7 and HepG2
cells by using the HDAd vector. Our results demonstrated that the infection of Huh-7
cells with the HDAdJFH1 virus led to efficient HCV replication and virion production.
We found that the HCV viral RNA levels could reach 107 copies per milliliter in the
culture medium. HDAdJFH1-infected Huh-7 cells could be cultured for 8 passages with
the culture medium remaining infectious for nawe Huh-7 cells throughout this period.
This infection system proved effective for evaluating the anti-HCV effects of IFN-a in
Huh-7 cells. Co-infection of HepG2 cells with the HDAdJFH1 and HDAdmIR-122
virus also resulted in HCV expression and replication. This is the first report of an

HDAd-based strategy for HCV replication and production in vitro.

4. Manuscript “Upregulation of MicroRNA-146a by hepatitis B virus x protein
contributes to hepatitis development by downregulating complement factor H”
(Junfeng Li, Xiaopeng Dai, Wei Zhang, Shihui Sun, Yang Zeng, Guangyu Zhao,
Zhihua Kou, Yan Guo, Hong Yu, Lanying Du, Shibo Jiang, Yusen Zhou. MBio. 2015
Mar 24;6(2))

Hepatic injuries in hepatitis B virus (HBV) patients are caused by immune responses
of the host. In our previous study, microRNA-146a (miR-146a), an innate immunity-
related miRNA, and complement factor H (CFH), an important negative regulator of
the alternative pathway of complement activation, were differentially expressed in
HBV-expressing and HBV free hepatocytes. Here, the roles of these factors in HBV-
related liver inflammation were analyzed in detail. The expression levels of miR-146a
and CFH in HBV-expressing hepatocytes were assessed via analyses of hepatocyte cell
lines, transgenic mice, adenovirus-infected mice, and HBV-positive human liver
samples. The expression level of miR-146a was upregulated in HBV expressing Huh-
7 hepatocytes, HBV-expressing mice, and patients with HBV infection. Further results
demonstrated that the HBV X protein (HBx) was responsible for its effects on miR-
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146a expression through NF-B-mediated enhancement of miR-146a promoter activity.
HBV/HBXx also downregulated the expression of CFH mRNA in hepatocyte cell lines
and the livers of humans and transgenic mice. Furthermore, overexpression and
inhibition of miR-146a in Huh-7 cells downregulated and upregulated CFH mRNA
levels, respectively. Luciferase reporter assays demonstrated that miR-146a
downregulated CFH mRNA expression in hepatocytes via 3-untranslated-region (UTR)
pairing. The overall effect of this process in vivo is to promote liver inflammation.
These results demonstrate that the HBXx-miR-146a-CFH-complement activation
regulation pathway might play an important role in the immunopathogenesis of chronic
HBV infection. These findings have important implications for understanding the
immunopathogenesis of chronic hepatitis B and developing effective therapeutic
interventions. HBV remains an important pathogen and can cause severe liver diseases,
including hepatitis, liver cirrhosis, and hepatocellular carcinoma. Although HBV was
found in 1966, the molecular mechanisms of pathogenesis are still poorly understood.
In the present study, we found that the HBx promoted the expression of miR-146a, an
innate immunity-related miRNA, through the NF-B signal pathway and that
increasingly expressed miR-146a downregulated its target CFH, an important negative
regulator of the complement alternative pathway, leading to the promotion of liver
inflammation. We demonstrated that the HBx-miR-146a-CFH-complement activation
regulation pathway is potentially an important mechanism of immunopathogenesis
caused by chronic HBV infection. Our data provide a novel molecular mechanism of
HBV pathogenesis and thus help to understand the correlations between the
complement system, an important part of innate immunity, and HBV-associated disease.
These findings will also be important to identify potential therapeutic targets for HBV

infection.

5. Manuscript “Multi-organ damage in human dipeptidyl peptidase 4 transgenic
mice infected with Middle East Respiratory Syndrome-Coronavirus” (Guangyu
Zhao*, Yuting Jiang”, Hongjie Qiu, Tongtong Gao, Yang Zeng, Yan Guo, Hong Yu,
Junfeng Li, Zhihua Kou, Lanying Du, Wenjie Tan, Shibo Jiang, Shihui Sun*, Yusen
Zhou*. PL0S One. 2015 Dec 23;10(12):e0145561)
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The Middle East Respiratory Syndrome Coronavirus (MERS-CoV) causes severe acute
respiratory failure and considerable extrapulmonary organ dysfunction with substantial
high mortality. For the limited number of autopsy reports, small animal models are
urgently needed to study the mechanisms of MERS-CoV infection and pathogenesis of
the disease and to evaluate the efficacy of therapeutics against MERS-CoV infection.
In this study, we developed a transgenic mouse model globally expressing codon-
optimized human dipeptidyl peptidase 4 (hDPP4), the receptor for MERS-CoV. After
intranasal inoculation with MERS-CoV, the mice rapidly developed severe pneumonia
and multi-organ damage, with viral replication being detected in the lungs on day 5 and
in the lungs, kidneys and brains on day 9 post-infection. In addition, the mice exhibited
systemic inflammation with mild to severe pneumonia accompanied by the injury of
liver, kidney and spleen with neutrophil and macrophage infiltration. Importantly, the
mice exhibited symptoms of paralysis with high viral burden and viral positive neurons
on day 9. Taken together, this study characterizes the tropism of MERS-CoV upon
infection. Importantly, this hDPP4-expressing transgenic mouse model will be
applicable for studying the pathogenesis of MERS-CoV infection and investigating the

efficacy of vaccines and antiviral agents designed to combat MERS-CoV infection.

6. Manuscript “Differences in the pathogenicity and inflammatory responses
induced by avian influenza A/H7N9 virus infection in BALB/c and C57BL/6
mouse models” (Guangyu Zhao*, Chenfeng Liu®, Zhihua Kou*, Tongtong Gao, Ting
Pan, Xiaohong Wu, Hong Yu, Yan Guo, Yang Zeng, Lanying Du, Shibo Jiang, Shihui
Sun*, Yusen Zhou*. PL0S One. 2014 Mar 27;9(3):e92987)

Avian influenza A/H7N9 virus infection causes pneumonia in humans with a high case
fatality rate. However, virus-induced modulation of immune responses is being
recognized increasingly as a factor in the pathogenesis of this disease. In this study, we
compared the pathogenicity of A/H7N9 infection in BALB/c and C57BL/6 mouse
models and investigated the putative involvement of proinflammatory cytokines in lung
injury and viral clearance. In both mouse strains, A/Anhui/1/2013 (H7N9) infection
with 10° TCIDso resulted in viral replication in lung, severe body weight loss and acute
lung injury. During the early infection stage, infected C57BL/6 mice exhibited more

severe lung injury, slower recovery from lung damage, less effective viral clearance,
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higher levels of IL-6, MCP-1, and IL-1f, and lower levels of TNF-a and IFN-y than
infected BALB/c mice. These results suggest that TNF-o and IFN-y may help suppress
viral gene expression and increase viral clearance, and that IL-6 and MCP-1 may
contribute to lung injury in A/H7N9-infected individuals. In addition, lung damage and
the distribution of virus antigen in tissues were similar in young and middle-aged mice.
These results suggest that the more serious lung injury in middle-aged or older H7N9
cases is not mainly caused by differences in viral replication in the lung but probably
by a dysregulated immune response induced by underlying comorbidities. These results
indicate that the extent of dysregulation of the host immune response after H7N9 virus

infection most probably determines the outcome of H7N9 virus infection.

7. Manuscript “ldentification of novel HLA-A11-restricted T-cell epitopes in the
Ebola virus nucleoprotein” (Dan Li, Pei Li, Nianping Song, Yuting Jiang, Yang Zeng,
Guangyu Zhao, Yunzhi Fa, Huahu Ye, Yuchun Lone, Yusen Zhou, Shihui Sun, Lin
Zeng. Microbes Infect. 2018 May 15. pii: S1286-4579(18)30097-2)

The Ebola virus (EBOV) is a very contagious virus that is highly fatal in humans and
animals. The largest epidemic was in West Africa in 2014, in which over 11,000 people
died. However, to date, there are no licensed vaccines against it. Studies show that
CD4+ and CD8+ T-cell responses, especially cytotoxic T-lymphocyte (CTL) responses,
play key roles in protecting individuals from EBOV infection. Since HLA-restricted
epitope vaccines are likely to be effective and safe immunization strategies for
infectious diseases, the present study screened for CTL epitopes in the EBOV-
nucleoprotein that are restricted by HLA-A11 (a common allele in Chinese people).
Predictive computer analysis of the amino-acid sequence of EBOV-nucleoprotein
identified ten putative HLA-A11l-restricted epitopes. ELISPOT assay of immunized
HLA-A11/DR1 transgenic mice showed that five (GR-9, VR-9, EK-9, PK-9, and RK-
9) induced effective CTL responses. Additional epitope analyses will aid the design of

epitope vaccines against EBOV.
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1. Immunity

Immunity is the capacity to protect the multicellular organisms to against injury
(physical and chemical), irradiation, and to fight infection and disease. It is regulated
to maintain tolerance to self-antigens to avoid the emergence of allergy and
autoimmune diseases. Immunity involves both innate immunity and adaptive immunity
[1] (Figure 1). The innate immunity acts as a barrier of a wide range of pathogens. The

adapt immunity generate antigen-specific immunity against pathogens.

Immunity

Innate Adaptive

Immunity Immunity

Humoral Cellular

Immunity Immunity

Figure 1. Immunity involves both innate immunity and adaptive immunity.

1.1 The innate immunity

The non-specific immunity is the barrier towards a wide range of pathogens carrying
antigens. The innate immune system in mammalians is composed of bone marrow
derived cells which are programmed to recognize foreign substances and react against
them after birth. Cells participated in innate immunity including monocytes,
macrophages, dendritic cells (DC), granulocytes, NK cells, NKT cells, etc, which do
not express specific antigen recognition receptors. The pathogen recognition receptors
(PRR) of these cells identify the common molecular structures - pathogen associated
molecular patterns (PAMP) of pathogens, infected cells, cancer cells and aging cells,
such as the lipopolysaccharide (LPS) of gram-negative bacteria, the lipoteichoic acid

(LTA) of gram-positive bacteria, the peptidoglycan (PGN) and the heat shock proteins
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(HSP), etc. The activation of PRR produces non-specific anti-infection, anti-tumor or
other immune protection, as well as participated in the initiation and regulation of

adaptive immune responses.

1.2 The adaptive immunity

The specific immunity (adaptive immunity) generate antigen-specific immune
responses towards pathogens. The adaptive immune response is acquired by individuals
in contact with certain specific foreign antigens, and is also known as the acquired
immunity. The response process is relatively slower with respect to innate immunity,

but the efficiency of antigen elimination is higher, and the specificity is higher.

Depending on differences in immune cells and products that mediate and participate in
adaptive immunity, adaptive immunity containes both humoral immunity and cellular
immunity. T and B lymphocytes which with specific antigen recognition receptors
(TCR or BCR) are the main implementer of adaptive immunity. After the recognition
of foreign antigens such as pathogens, T and B lymphocytes undergone the activation,
proliferation and differentiation, to produce effector cells and effector molecules (such
as cytokines), and eventually to eliminate foreign antigens. Another property of
adaptive immune system is self-recognition and self-tolerance, to avoid the emergence

of autoimmune diseases.

The major functions of the adaptive immune system include:

@ Recognition of specific “non-self” antigens in the presence of “self” antigens during

the process of antigen presentation.

@ Generation of immune responses that are tailored to maximally eliminate the specific

pathogens or pathogen-infected cells.

@ Development of immunological memory, in which pathogens are “remembered”

through memory B cells and memory T cells. The time course of an immune response

was summarized in Figure 2.
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Figure 2. The time course of immune responses.

Depending on whether was acquired by contact with pathogens/diseases or through
vaccination, the adaptive immunity could be divided into “naturally-acquired
immunity” and “artificially-acquired immunity” (Table 1). Both naturally-acquired
immunity and artificially-acquired immunity can be further sub-divided into long-term
active immunity or short-term passive immunity, which depended on whether hosts
could build up long-term active immunity by antigens stimulation or short-term passive

immunity acquired through passive transfer of antibodies.

Table 1. Sources of the adaptive immunity

Naturally-acquired immunity Artificially-acquired immunity

_ Antigen enters the body Antigens are introduced in
Active o ) ) ]
via injury or infection vaccines

Antibodies pass from mother to S
) ) ) ) Preformed antibodies in immune
Passive fetus via placenta or infant via ) S
) serum are introduced by injection
breast milk
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The major characteristics of non-specific immunity and specific immunity was
summarized in Table 2. Both specific and non-specific immunity of immune system
create and keep a dynamic biological balanced environment where “health” can be
regarded as a physical state, the self is immunologically spared, and foreign antigen is
inflammatorily and immunologically eliminated. “Disease” will arise when foreign

antigens cannot be eliminated or self-antigen is not spared.

Table 2. The major characteristics of innate immunity and adaptive immunity

Terms Innate immunity Adaptive immunity
. Pathogen associated molecular Specific antigens of pathogens or non-
Antigens .
patterns (PAMP) self-antigens
Recognition Pathogen recognition receptors (PRR) T cell receptors (TCR) /
receptors (Genome-encoded) B cell receptors (BCR)
Effect phase Immediately ~ 96 h >96 h
Immunological
No Yes
memory
Cells participated Monocytes/Macrophage/DC/
. i g yt. Phag ap T/yd T/B1/B2
in responses Neutrophil/NK/NKT/yé T/B1

Skin/Mucosal epithelium/ o . .
Other components . . Antibodies/Cytokine/Interleukin
Complement/Cytokine/Interleukin

2. Major histocompatibility complex (MHC)

Major histocompatibility complex (MHC) is a series of gene which encodes cell surface
proteins essential for adaptive immune system to recognize and present foreign antigens
in vertebrates, which also determined the histocompatibility between individuals. The
main function of MHC is to present epitopes of endogenous and exogenous antigens,
and then to display them on the cell surface to recognized by T lymphocytes. MHC
molecules mediate the interactions of leukocytes and determine the compatibility
between donors and recipients during clinical HSC transplantation.
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MHC is one of the most polymorphic gene systems which is found in mammals. The
products of MHC genes are involved in the initiation and regulation of immune
responses, as well as the differentiation and development of T lymphocytes, have

extremely important immunological role.

2.1 Discovery and identification of MHC molecules

Peter A. Gorer discovered and described MHC molecules and mouse H-2 molecules in
1936 [2]. MHC molecules were first identified in inbred murine strains. The first human
HLA antigen was detected by Jean Dausset from the sera of three patients who received
multiple transfusions in 1958. George Snell[3] identified a chromosome fragment in
mice which was responsible for the acute rejection after skin grafting. This gene
fragment contained H-2 complex, and thus constructed syngeneic mouse carrying
allogenic antigens, which with the same genetic background, and at the same time the
H-2 structure was different. Snell won the 1980 Nobel prize in medicine and physiology
together with Baruj Benacerraf and Jean Dausset, because of elucidating that H-2
molecules genetically determined structures on the cell surface which regulated

immunological reactions.

2.2 The classification of MHC molecules

MHC family is divided into three classes: MHC class-I, Il and 1ll. MHC Class-I
molecules have al/02/03/pB2-microglobin domains and can be recognized by TCR of
CD8* T cells (Figure 3A). The antigen binding cleft of MHC Class-1 molecules is
formed by al and a2 domain. MHC Class Il molecules have al/a2/31/32 domains and
can be recognized by TCR of CD4" T cells. While, the antigen binding cleft of MHC
Class-1l molecules is formed by al and Bl domain (Figure 3B). MHC Class-1II
molecules have different physiologic roles compare to MHC Class-1 and I, which are
encoded between them in the short arm of human chromosome 6. MHC Class-I1lI
molecules include several secreted proteins with immune functions: components (such
as C2, C4, and B factor), cytokines (such as TNF-a, LTA, and LTB) and heat shock

proteins.
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Figure 3. The structure of MHC class | (A) and class Il (B) molecules. A. MHC
Class-1 molecules have al/a2/a3/B2-microglobin domains and can be recognized by
TCRs of CD8" T cells. The antigen binding cleft of MHC Class-1 molecules is formed
by al and a2 domain. B. MHC Class-11 molecules have al1/02/$1/2 domains and can
be recognized by TCRs of CD4* T cells. While, the antigen binding cleft of MHC Class-

I1 molecules is formed by al and 1 domain.

As different T lymphocytes expressed different TCRs, different MHC molecules could
present specific MHC-restricted epitopes of an antigen to given T lymphocytes with
different affinity. The genomic landscape of MHC molecule is summarized in Figure
4,
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Figure 4. The genomic landscape of MHC molecules. The human MHC-HLA is one
of the first large genomic regions which is fully sequenced. It contains about 260 genes
in a ~4-Mb span on chromosomal region 6p21.3. Figure from Knight JC et al, Annu
Rev Genomics Hum Genet. 2013;14:301-23.
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2.3 Human HLA and murine H-2 molecules

Human MHC, named human lymphocyte antigen (HLA) is a gene complex responsible
for histocompatibility. HLA complex represents the most complicated human gene
clusters ever found. The alleles of HLA genes are highly polymorphic, which signifies
that different HLA alleles could regulate and accommodate the adaptive immune

system, and gave expression to the biological polymorphism in human beings.

HLA complex is located on human chromosome 6p21.31, and is approximately 3600
kb in length, consisted of 224 loci, of which 128 loci are functional genes. According
to the function of its encoded products, HLA gene complex is divided into classic HLA
gene (classic HLA class-I gene and classic HLA class-I1 gene) and immune function-
related genes (the main function is to participate in antigen processing, innate immunity
and immune regulation). HLA complex family contains of three classes: HLA class-I,
class-11 and class-111 molecules. HLA class-1 molecules present three loci: HLA-A,
HLA-B and HLA-C, encoding the heavy chain (a chain) in HLA-A, HLA-B and HLA-
C heterodimer respectively, and the light chain is B2-microglobin (B2-m) which coded
gene is located on chromosome 15. While HLA class-I1 molecules include classic HLA
class-11 gene (HLA-DR/HLA-DP/HLA-DQ) and immune function-related gene (HLA-
DM/HLA-DO). HLA class Il genes code for a and B chains (designated A and B) of
HLA-DR, HLA-DP and HLA-DQ.

Histocompatibility-2 (H-2) is the MHC complex of murine which equivalented to
human HLA, which is located on murine chromosome 17. The structure and
organization of MHC molecules is similar between species. Both species have three
main class-1 genes, which named H2-K, H2-D and H2-L in mice. Compared with
human HLA class-I, murine MHC class-l1 gene H-2K has been translocated, which
splits class-1 region in human and mouse MHC class-1 molecules. Murine Bom is
encoded by a gene located on chromosome 2. The genetic structure schematic of human
HLA and mice H-2 is shown in Figure 5.
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Figure 5. The genetic structure schematic of human HLA and mice H-2.

2.4 The function of MHC molecules

2.4.1 To present antigens

MHC is the mediator for intracellular or foreign peptides to present to TCRs of T
lymphocytes. MHC allows immune system to bind, recognize and tolerate the self-
antigens. MHC class | and 1l molecules bind to TCR of CD4 and CDS8, respectively,
and CD4/CD8 co-receptors on T lymphocytes. Then, the epitopes of antigens in the
groove of MHC molecules will interact with the variable Ig-like domain of TCR to
trigger the activation of T cells.

The function of MHC class-1 molecules is presenting endogenous antigenic peptides to
CD8" T cells. For example, MHC class | molecules present the viral peptides on the
surface of the infected cells, and then it will be destroyed CD8" T lymphocytes
(Cytotoxic T lymphocytes). The peptides presented by MHC class-1 molecules are
about 8-11 amino acids in length. The structure of MHC class | molecules determined

by X-ray crystallography is shown in Figure 6.
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Figure 6. The structure of an MHC class | molecule determined by X-ray
crystallography. Figure from text book Janeway's Immunobiology 9th Edition, 2017 by
Garland Science, Taylor & Francis Group, LLC (ISBN 978-0-8153-4505-3).

MHC class Il molecules are composed of two transmembrane glycoprotein chains, a
and P chain, each chain has two domains, as shown schematically in Figure 7D. Figure
7A shows a computer graphic representation of MHC class 1l molecule, in this case the
human protein HLA-DR1, and Figure 7B shows the equivalent ribbon diagram. The a2
and 2 domains, like a3 and B2-microglobulin domains of MHC class | molecules, have
amino acid sequence and structural similarities to immunoglobulin C domains; in MHC
class 1l molecules the two domains forming the peptide-binding cleft are contributed
by different chains and are therefore not joined by a covalent bond (shown in Figure
7C and 7D). Another important difference is the peptide-binding groove of MHC class

I1 molecules is open at both ends.
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Figure 7. MHC class Il molecules resemble MHC class I molecules in overall

structure. Figure from text book Janeway's Immunobiology 9th Edition, 2017 by
Garland Science, Taylor & Francis Group, LLC (ISBN 978-0-8153-4505-3).

Foreign antigenic peptides from the outside of cells are presented by MHC class-11
molecules to CD4* T cells (Helper T cells). These foreign peptides are about 10-30
amino acids in length, hence longer then the length of endogenous peptides. These
foreign antigens activate CD4" T cells, which induce B cells to produce specific
antibodies to foreign antigens. The characteristics of MHC class | and 1l molecules are

summarized in Table 3.
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Table 3. The characteristics of MHC class | and Il molecules

MHC class | molecules

MHC class Il molecules

Structure

al/o2/a3/f2m

al/a2/B1/p2

Antigen binding cleft

ol and o2

al and g1

Binding location with T cells

a3 with CD8 molecule

2 with CD4 molecule

Classification

HLA-A, HLA-B, HLA-C

HLA-DR, HLA-DQ, HLA-DP

The characteristics of antigens

8-11 amino acids

10-30 amino acids

Tissue contribution

Present on most nucleated cells

Present only on antigen-presenting
cells (APC)

Function

Binding endogenous antigens,
presenting antigen to CD8* T cells

Binding exogenous antigens,
presenting antigen to CD4* T cells

Antigen binding cleft

ol and a2

al and g1

For antigens loading in HLA class-1 molecules, these antigens must enter the DC
cytoplasm to be processed by proteasome complex. Antigen fragments will be cut down
by the proteasome into 8-11 amino acid which can be pumped through the transporter
of antigen processing (TAP), thereby gaining access to the endoplasmic reticulum,
where HLA class-1 molecule loading with fragments of 8-11 aa take place, followed by

transport to the cell surface.

For antigens loading in HLA class-Il molecules, those antigens will enter the
endosomal system, where cathepsins could digest the antigens, followed by loading of
HLA class-11 with fragments of 10-30 amino acids at low pH and following DC
maturation, transport to the cell surface. Once DCs have fully matured, they interact
with CD8* and CD4" T cells by stimulating TCRs with antigens presented by HLA
class-1 or Il molecules, respectively, and costimulatory molecules such as CD28.
Activated and primed CD8" T cells can kill the tumor cells via ligation of TCRs with

antigen presented by HLA class-1 molecules (Figure 8 and Figure 9).
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2.4.2 Participation in the differentiation and development of T cells

T cell progenitors enter thymus from the circulation and then gradually differentiate

and develop into mature T cells within thymic microenvironment (Figure 10). MHC

class | and Il molecules mediated the positive and negative selections of thymocytes,

so that thymus progenitors could go through CD4°CD8" double negative (DN, DN1-
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DN4) stage to CD4*CD8* double positive (DP) stage, and eventually differentiated into
CD4* and CD8" single positive (SP) cells to obtain the restriction of MHC class I or Il
and the specificity to antigens, as well as the tolerance to autoantigen to avoid the

emergence of autoimmune diseases.
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< Z < =

immature CD4*8*
double-positive T cells

immature CD4*8*
double-positive T cells

=

stroma
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. .
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Figure 10. Positive selection is demonstrated by the development of T cells
expressing rearranged T-cell receptor transgenes. The MHC molecules that induce
positive selection determine co-receptor specificity. Figure from text book Janeway's
Immunobiology 9th Edition, 2017 by Garland Science, Taylor & Francis Group, LLC
(ISBN 978-0-8153-4505-3).

2.4.3 Involvement in the genetic regulation of immune responses

MHC is also involved in the genetic regulation of immune responses as the high

polymorphism of MHC molecules is at the origin of the difference in the ability of
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different individuals in responding to the same antigen. The high polymorphism of
MHC leads to the change of amino acid sequences and of protein structures of the
encoded MHC molecules, which leads to the differences in the ability of different
individuals to bind to the same antigens. This shows the genetic regulation of immune

responses by MHC at the population level.

2.4.4 Regulate the innate immune responses

Besides of the functions discussed above, MHC molecules also regulate innate immune

responses.

€@ MHC molecules participate in the complement reaction and inflammatory response.

The classical MHC class 11l gene is a gene complex encoding the complement
component involved in the complement response and the regulation of immune
diseases/disorders. Inflammation-related genes participate in the initiation and

regulation of the inflammatory reaction and play vital roles in stress response.

€ MHC molecules take part in the mediation of the activity of NK cells. MHC class |

molecules expressed on the surface of own cells could bind to the inhibitory receptors
expressed on the surface of NK cells. Thereby, it triggers the inhibitory signals and
inhibits the activity of NK cells, so that normal/healthy cells will not be damaged by
NK cells. Whereas the expression of MHC class | molecules on the surface of certain
target cells (such as tumor cells, virus-infected cells) is reduced or absent, the inhibitory
signal of NK cells is blocked, induced the activation of NK cells, targeting unhealthy

cells which will be destroyed.

2.4.5 Other functions of MHC in immune responses

Besides presenting antigens and regulating immune responses, MHC complex also play
critical roles in many other aspects, such as the histocompatibility between recipients
and donors in transplantation. MHC class-1 molecules are expressed on the surface of

all nucleated cells. The expression of MHC class-1 molecules in some malignant cells
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is weakened or even absent, resulted in the low efficiency of activation of specific CD8"

T cells, and lead to the tumors escaping to immune surveillance eventually.

MHC molecules may protect against or fail to protect against cancers[4]. On the other

hand, cells without expression of MHC class-1l molecules in certain autoimmune

diseases (Figure 11), can be induced to express MHC class-I1l1 molecules, such as the

islet B cells in insulin-dependent diabetes mellitus and the enteric cells in celiac disease.

The mechanism of aberrant expression and its immunopathological significance

mentioned above are still unclear and need to be illuminated, which perhaps related to

the over-activation of immune cells by MHC class-11 molecules.
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The MHC-peptide complex is a complex between MHC molecules and the autoantigens
or alloantigen. After the recognition and binding, T cells will tolerate the autoantigens,
while activate to alloantigen, which corresponds to the homeostasis and health state.
The disease and imbalance state will occur when the principle above was disrupted.
MHC molecules of different species have both similarities and differences in structure
and functions[5]. These differences have led to many pre-clinical trials on experimental
animals that have not been clinically validated. It also prompted the necessity and
importance of the development of humanized MHC transgenic mouse models.

2.5 HLA genes are highly polymorphic

HLA complex is the most polymorphic gene system in human beings ever found (as
shown in Figure 12 and Table 4). HLA system is a good community marker and has a
high value for the study of human origin, migration, miscellaneous and the high
incidence of several diseases in particular population[6]. There are more than thousands
of alleles in HLA-A, HLA-B, HLA-C and HLA DR, far more than the numbers of
alleles in HLA-DP and HLD-DQ.

Table 4. The alleles of HLA class | and Il molecules

Numbers of HLA Alleles

HLA-A 2041
HLA class-I
6376 HLA-B 2668
molecules
HLA-C 1667
HLA-DR 1213
HLA class-11
2050 HLA-DP 370
molecules
HLA-DQ 467

A kind of HLA allele found on a single chromosome is referred as an HLA haplotype.

The expression of HLA alleles is codominant which means that the products of both
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alleles at a locus expressed equally in one cell and could present the peptides of antigens
to T lymphocytes simultaneously. The extensive polymorphism at each HLA allele and
loci double the numbers of different HLA expressed in an individual, which increased
the diversity in human population level.

6400 -
6000
5600
5200
4800 -
4400 -
4000 ~
3600 ~
3200 ~
2800
2400 -
2000
1600
1200 ~
800
400 ~
0 4

Number of alleles

m Class | Alleles Class Il Alleles

Figure 12. Defined HLA class | and class Il alleles from 1968-2012. Graph taken
from http://www.ebi.ac.uk/imgt/hla/intro.html, copyright SGE Marsh 07/2012, with

permission.

2.6 Distribution of HLA alleles worldwide

The dominant HLA class | and 1l alleles are different from Europe, Asia and other
continents (Figure 13). HLA-A02 with the highest frequency among HLA class-I
alleles, accounts for 30-50% of global human population. While HLA-A11 accounts
for about 20-30% of total population in Asia, only about 10% of Europe, America and
Middle East, which have significant differences. Among HLA class Il alleles, HLA-
DRO01 with the highest gene frequency in European and American populations, around
20-25%, while HLA-DRO01 accounts for about 10-15% of Asia population. HLA-DR09
and HLA-DR15 with higher gene frequency distribution in Asia population, the

phenotypic frequencies are 31.2% and 27.1%, respectively.
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Figure 13. The dominant HLA alleles are different between continents.

2.7 The association between HLA and human diseases

More and more researches have revealed the association between HLA molecules and
several human diseases (Figure 14). HLA molecules have proven to be important to
physiology, protect immune response and inversely deleterious to autoimmune diseases.
Some HLA alleles show associations with some autoimmune diseases, inflammatory
and infectious diseases (as summarized in Figure 14 and Figure 15). Technological
advances enabled the determination and mechanisms of the association between
specific HLA molecule and diseases. Many HLA molecules are associated with the
occurrence of autoimmune diseases. HLA-B27 antigen was found in over 90% of
Ankylosing Spondylitis (AS) patients, while proof-positive evidences had confirmed
that the risk of incidence of AS and other associated inflammatory diseases in HLA-
B27 carriers is increased [7]; Nevertheless, the mechanisms involved in the aberrant
antigen presentation or T cell activation have not been clarified yet. Besides this,
several HLA had relation with the occurrence of certain diseases, such as HLA-DR4
and rheumatoid arthritis (RA)[8], HLA-DQ8 and insulin-dependent diabetes mellitus
(IDDM)[9], etc. Furthermore, susceptibility to some infectious diseases is also
associated with HLA, such as tuberculosis, leprosy and HIV (Figure 16). The potential

mechanisms of HLA associated impact on viral control is summarized in Figure 16.
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Figure 14. The association between HLA and human diseases. Figure from Knight
JC et al, Annu Rev Genomics Hum Genet. 2013;14:301-23.
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Table 1| Autoimmune disease-HLA associations for which molecular mechanisms of action have been identified

HLA allomorph (effect ~ Autoimmune
on disease) disease
Alternate docking

HLA-DR15 (risk) Multiple sclerosis

Low-affinity-mediated thymic escape
HLA-A*02:01 (risk) T1D

TCR stabilization of weak peptide-HLA complexes

HLA-DR4 (risk) Multiple sclerosis

Altered register

HLA-DQ2 and HLA-DQ8
(risk)

T1D

HLA-DR15 (risk)

HLA-DR1 (dominant
protection)

Goodpasture disease

‘Hotspot’ molecular mimicry

HLA-DR15 (risk) Multiple sclerosis

Post-translational modification

HLA-DQ2.5 and HLA-DQ8 Coeliac disease
(risk)

HLA-DR4 (risk) Rheumatoid arthritis
HLA-DR4 (risk) T1D

Hybrid peptides

HLA-DQS (risk) T1D

Regulation of HLA expression

MHC risk variants in distal
intergenic XL9 requlatory
element

Highly expressed HLA-C
allotypes (risk)

Systemic lupus
erythematosus

Crohn’s disease

HLA stability

HLA-DQ2 and HLA-DQ8
(risk)

HLA-DQ6 (protection)

T1D, coeliac disease

T1D, autoimmune
polyglandular
syndrome, IgA
deficiency

Molecular mechanism of action

* Alternate docking of a TCR may allow MBP peptide-specific T cells to escape thymic
selection
* In the periphery, such cells may be cross-reactive with microbial peptides

* Low affinity of a TCR for preproinsulin signal peptide—HLA may allow autoreactive
T cells to escape thymic selection

* This mechanism may depend on the thymic expression level of the autoantigen

¢ In the periphery, these cells may bind microbial peptides with a high affinity

* Weak MBP peptide-HLA-DR4 interaction is stabilized by binding of a
patient-derived TCR

* Low autoantigen density in the thymus may enable escape of autoreactive T cells
from negative selection

= Higher autoantigen density in the periphery could trigger an autoreactive response

* Insulin B-chain peptide binds HLA-DQ2 and HLA-DQ8 with a low-affinity peptide
register

* Low affinity may allow autoreactive T cells to escape thymic selection

* In the periphery, autoreactive T cells may be cross-reactive with microbial peptides
via molecular mimicry

* HLA-DR15 and HLA-DR1 both bind an a3-chain of type IV collagen peptide
(a3,,, ,.,) but with a different binding register

* When HLA-DR1 is present, this promotes the generation of autoantigen-specific
regulatory T cells as opposed to effectors

* The probability of aberrant, off-target TCR reactivity induced by pathogen-derived
peptides is increased for autoreactive TCRs with a highly focused footprint that
predominantly binds only a small area of peptide

* Patient TCRs have been identified that cross-react with HLA-DR15-restricted MBP
and Escherichia coli or EBV-derived peptides

* HLA-DQ2.5 and HLA-DQ8 present deamidated gliadins with a high kinetic stability,
leading to sustained antigen presentation that may promote a pathogenic T cell
response

» Citrullination of autoantigens (for example, vimentin) facilitates binding to HLA-DR4
» Citrullination can also modify peptide cleavage, enabling retention of autoantigens

= Vicinal disulfide bond creation in an insulin A-chain peptide presented by HLA-DR4
is needed for recognition by a patient-derived autoreactive TCR

* Hybrid proinsulin peptides present in pancreatic B-cells may drive a breakdown in
immune tolerance

* Risk variants alter the binding of the IRF4 and CTCF factors that regulate the
transcription of HLA-DRB1, HLA-DQA1 and HLA-DQB1, resulting in a 2.5-fold
increase in the levels of the HLA-DR and HLA-DQ proteins implicated in lupus

» HLA-C allotypes with a high expression correlate with Crohn’s disease risk
* This expression is partly requlated by the microRNA miR-148a, which is itself
subject to requlation by genetic variation

* HLA-DQ2 and HLA-DQS instability could confer risk by allowing escape of
autoreactive T cells from thymic negative selection but also by the formation of
weak peptide-HLA complexes in the periphery with a range of autoantigens

* By a converse mechanism, the stability of HLA-DQ6 may confer protection
against autoimmune disease; despite such a mechanism, HLA-DQ6 confers risk of
narcolepsy

CTCF, transcriptional regulator CTCF; EBV, Epstein-Barr virus; IgA, immunoglobulin A; IRF4, interferon regulatory factor 4; MBP, myelin basic protein;

T1D, type 1 diabetes; TCR, T cell receptor.
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Figure 15. The associations between HLA and autoimmune diseases. Reviewed by
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Figure 16. The potential mechanisms of HLA associated impact on viral control.
Figure from Philip J.R. Goulder et al, HIV and HLA class I: an evolving relationship,
Immunity. 2012 Sep 21;37(3):426-40.

3. Animal models in scientific research

Animal models play unreplaceable roles in medical science research. Non-human
primates such as rhesus monkeys and chimpanzees are like humans in terms of genetic
background and physiological status. However, they are endangered animals with
limited sources and their use is restricted by the experimental animal ethics, their
expensive price also makes them difficult to promote at large scale. Small animal
models such as mice, rats, tree shrews, rabbits, dogs and other animals are quite
different from humans in terms of genome, metabolism and anatomy. Their species
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specificity makes them are not the most optimal animal model for pre-clinical studies
(Figure 17). Previous studies in these small animal models have led to divergent clinical
outcomes in preclinical animal studies and authentic human clinical responses. These
limitations need to be overcome to develop increasingly reliable preclinical studies.

Figure 17. The common small animal models applied to scientific research.

In recent years, with the outbreak of EBOV, MERS-CoV, SARS, H7N9 and other new
or re-emerging infectious diseases globally, caused tremendous health and social harm.
The development and evaluation of novel vaccines and drugs of important pathogens
have become a top priority. However, many highly pathogenic microbes such as MERS,
require early clinical treatment of patients after the onset of infection. However, it is
difficult to obtain samples from the patients during natural infection. This hindered the

studies on mechanisms and immune protection research.

3.1 Human MHC transgenic mouse models

MHC humanized mouse models are based on the strategy that human HLA molecules
replaced murine H-2 molecules to execute the corresponding biological immunological
function in murine immune system/ background, which could mimic human T cell
responses preferably. Therefore, these new mouse models can be used to mimic human
cellular immune response and thus to predict T cell responses against exogenous and

endogenous antigen in human immune system, owing to the elimination of the
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competitive inhibition of mouse H-2 molecules. The human HLA antigens mainly
include HLA class-1 and HLA class-1l subsets and both subsets of HLA molecules
participate in the regulation of cellular immune responses. Currently, most of the
reported human MHC transgenic animal models are HLA class-I or class-1l single
transgenic mice which were used to study cytotoxic T cells (CTL) and helper T cell

(Th) function, respectively.

Human MHC transgenic mice are promising mouse models which could replace
previously traditional animal models. Construction of human MHC transgenic mice
will apply to the screening and identification of MHC-restricted epitopes, the
pathogenic mechanism of pathogens, the establishment of disease models and the

evaluation of immunology therapies.

4. Immuno-deficient mouse models

Animal models play a critical role in scientific researches and pre-clinical experiments,
such as the study of pathogenesis of diseases, the creation and evaluation of novel drugs
and vaccines. The development of immuno-deficient mice was summarized in Table 5.
While, some in vivo experimental studies that mimic human physiology and
pathological conditions were hindered by the lack of optimal small animal models.
Given that, by the respective genetic backgrounds, immune responses of human and
non-human species show significant specific differences. Due to the ethical
constraints[10] and higher cost of clinical trials, non-human primates (NHPs) have
many limitations in researches. Although mice share up to 95% genes with human,
however the physiological state and immunological state in murine are somehow
different from that of the mankind, especially the MHC restriction which determined
the species specificity in pre-clinical experiments which reflects the immune

characteristics of humans.

Table 5. Summary of the development of immuno-deficient mice
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Adaptive immunity and

characteristics of human

Strain Year ) ) )
innate immunity cell engraftment
SCID 1983[11] Deficiency of T and B cells Low implantation efficiency
Ragl”/ . . o
Rag2” 1992[12, 13] Deficiency of T and B cells Low implantation efficiency
ag2™"
] Deficiency of T and B cells; High implantation efficiency,
NOD-Scid 1995[14] o .
Decreased activity of NK cells short lifespan (8.5 months)
Deficiency of T and B cells; o ) o
NOG 2002[15] o High implantation efficiency
Inactivity of NK cells
Deficiency of T and B cells; High implantation efficiency,
BRG 2004[10] o
Inactivity of NK cells lower than NOG and NSG
o High implantation efficiency,
NSG 2005[16] Deficiency of T, B and NK cells ]
lifespan beyond 16 months
o High implantation efficiency,
NSGW 2014[17] Deficiency of T, B and NK cells

without prior irradiation

HUMAMICE  2017[18]

Deficiency of T, B and NK cells

Human HLA transgenes,
High implantation,
without GvHD

Humanized mice are immuno-deficient mice that have been transplanted with human

tissues/cells, or have been genetically engineered to express transgenic human genes.

The timeline for the development of immune-deficient mouse models was summarized

in Figure 18. Mouse models and human cell models are complementary in pre-clinal

period, and studies often need to be carried out in parallel[19]. The development history

and enhancement of immune-deficient mice and humanized mouse models and their

applications in hematology, HIV and tumor researches was reviewed next.
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Figure 18. Timeline for the development of immune-deficient mouse models.
Figure from John E. Dick et al, Hematopoiesis: a human perspective, Cell Stem Cell,
2012 Feb 3;10(2):120-36.

4.1 SCID (C.B-17 SCID) mice

It has been three decades since the creation of the first immune-deficient mice and that
human hematopoietic cells were transplanted successfully. The breakthrough in
humanized mouse models was the creation of the severe combined immuno-deficient
(SCID) mouse model which was named C.B-17 SCID [11]. The partial pedigree of
C.B-17 SCID mice show recessive inheritance of SCID syndrome which impaired the
differentiation of both T and B lymphocytes. Consequently, the lifespan of most C.B-
17 SCID mice is less than one year, which handled long-time transplantation and
experiments. SCID mice represent a new model to investigate how lymphoid
differentiation may be impaired in a disease state and regulated in a normal
physiological state. SCID mice are broadly used in the transplantation of human

peripheral blood leukocytes (PBL)[20], human fetal liver (FL) hematopoietic cells/fetal
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thymus/fetal lymph node[21] and human bone marrow (BM) hematopoietic stem cell
(HSC)[22], which could result in a comparable stable long-term reconstitution of a

functional human immune system (HIS) in SCID mice.

Several approaches were applied to engraft human tissues/cells in SCID mice.
Moiser[20] developed SCID-PBL mice model by transfer human PBL through i.v. or
i.p. routes, which reconstituted human T cells, B cells, monocytes and macrophages.
Specific human antibody response to tetanus toxoid was detected, which resulted in the
survival of mice for at least six months. As MHC restriction in this model was still
endogenous H-2 molecules, recipients generated almost mature T cells derived from
donors’ relative mature cells with HLA restriction, which cannot react with the antigen
presenting cells (APC) of recipients. SCID-hu mice model was generated by surgical
implantation of human fetal thymus, liver, lymph node or spleen into SCID mice,
following with the injection of HLA-matched fetal liver cells. This resulted in a
transient wave of human CD4" T cells, CD8" T cells and human IgG in the periphery,
however no myeloid cells were detected. Namikawa established the first humanized-
AIDS-mouse model by infecting the SCID-hu mice with HIV-1 virus[23].

Although human PBL and fetal liver (FL) cells were engrafted in SCID-PBL and SCID-
hu mice successfully, purified human HSC transplantation need to be clarified in
immune-deficient mice (to distinct from HSPC transplantation). Dick[24] transplanted
human BM-derived HSC intravenously into SCID mice (SCID-repopulating cells, hu-
SRC-SCID) infused with human IL-3, GM-CSF and SCF cytokines, resulted in the
detection of myeloid progenitors in recipients even after 4 months, which confirmed
that the transplantation was long-term and multi-potential. This model provided a
criterion for the assay of human HSC activity in vivo faithfully.

SCID mice built the foundation for mouse models of human hematopoietic diseases
and infectious diseases, however the engraftment was at a relatively low level, and
implanted human cells could not differentiate into functional human immune cells.
Since SCID mice with Prkdc mutation still have innate immune cells such as NK cells,
which may bring the recovery of murine B and T lymphocytes (the occurrence over
90%).
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4.2 Ragl” and Rag2” mice

Meanwhile, SCID mice are more sensitive to radiation than wild-type mice because of
the radiation-repaired defects of SCID mice. Recombinant activation gene (Ragl and
Rag?2)-deficient mice overcame the recovery of murine B and T lymphocytes which
limited the studies in traditional SCID mice. The mutation in Ragl and Rag2 prevented
the production of mature T and B lymphocytes with the inability to perform V(D)J
recombination, which induced higher levels of NK cells simultaneously. Nevertheless,
Rag17[12] and Rag2”[13] mice also restricted the implantation of human HSC to a

certain extent.

4.3 NOD/SCID (NOD/LtSz-scid) mice

To generate an improved humanized mouse model with higher human engraftment
level, Shultz[14] generated NOD/LtSz-scid mice by backcrossing SCID mice with non-
obese diabetic (NOD/Lt) mice which defected in both adaptive immunity (B and T
lymphocytes) and innate immunity (NK cells), and supported high level of human
peripheral blood mononuclear cells (PBMC) engraftment. By means of this strategy,
the susceptibility to HIV-1 infection was enhanced in this mouse model [25].

The activity of murine NK cells is important for the resistance to human BM HSC
engraftment[26]. The level of endogenous NK cells activity in NOD/LtSz-scid mice
was markedly lower than those in SCID mice, and this could remarkably facilitate the
reconstitution of human hematopoietic cells. Due to the high incidence of thymic
lymphoma, the lifespan of NOD/LtSz-scid mice was approximately 8.5 months under
the SPF conditions.

4.4 Hu-BLT-SCID (human bone marrow-liver-thymus SCID)

Hu-BLT-SCID model was developed by the co-transplantation of human FL CD34"*
cells and human fetal thymus/liver tissues which led to sustained human hematopoiesis

and functional human immune system in NOD/SCID mice and NSG mice[27, 28]. Hu-
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BLT-SCID mice showed systemic repopulation with comprehensive human lympho-
hematopoietic cells, including T cells, B cells and dendritic cells (DC), high level of
human IgM and 1gG antibodies were detected. T cells generated in this model could
undergo human thymus education and thymic selection because of the co-
transplantation of human thymus[29]. Hu-BLT-SCID mice were widely used in the
study of HIV biology and pathogenesis[30]. Thus, these improved mice model provided
a powerful tool to study human immune function in vivo. As the MHC restriction in
this model was still H-2, Hu-BLT-SCID mice were susceptible to the occurrence of
Graft-versus-Host Disease (GvVHD).

4.5 N/S-S/GM/3 mice and N/S-B.m”-S/GM/3 mice

Hogge[31] and Eaves[32] transferred human growth factor genes Steel factor (SF),
interleukin-3 (IL-3) and granulocyte macrophage-colony-stimulating factor (GM-CSF)
into NOD/SCID mice and NOD/SCID-Bm” mice to generate N/S-S/GM/3 mice and
N/S-B.m™-SIGM/3 mice, respectively. These novel models mobilized the engrafted
human progenitors and improved the reconstitution of human cells, acute myeloid

leukemia (AML) cells can be easily detected and quantitated.

4.6 NOG/NSG mice

Several approaches had been undertaken to improve the human cell engraftment level
of NOD-Scid mice, such as the depletion of NK cells activity with anti-CD122 antibody,
intra-femoral injection and the deletion or truncation of interleukin-2 (IL-2) receptor y
chain (IL-2Ry) molecule. IL-2Ry is indispensable for the signaling pathway mediated
by IL-2, IL-4, IL-7, IL-9 and IL-15 [33]. The mutation of IL-2Ry gene in mice causes
human X-linked severe combined immunodeficiency (XSCID) which characterized by
decreased differentiation of T cells, B cells and NK cells [10, 34-36]. Based on IL-2Ry
deficiency or knockout mice, NOG (NOD/SCID/y."") [15], NSG (NOD/LtSz-scid IL-
2Ry™"M [16] and NRG mice were created. 1*10> CD34* cells could survive and
differentiate in NOG mice. NSG mice generate higher humanized engraftment

compared with NOG mice after the intra-femoral injection of human lineage-depleted
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human umbilical cord blood (UCB) cells. The lifespan of NSG mice last beyond 16
months, the occurrence of lymphoma after sublethal irradiation was decreased, and the
engraftment of human mobilized blood HSC was six-fold higher than traditional
NOD/SCID mice.

The deficiency of cytokine signaling in NSG mice prevented the emergence of
lymphomagenesis. Sex also affects the survival, proliferation, self-renewal and
engraftment of human HSCs xenograft models, female recipients displayed much
higher level of human chimerism than male recipients [37]. Brehm found that newborn
immuno-deficient mice exhibited enhanced engraftment as compared to adult recipients.
The immune-deficient NOD strains supported enhanced engraftment as compared to
BALB/c strain [38].

The success of human HSC transplantation is also determined by the immunological
compatibility which governed mainly by the MHC discrepancy between donors and
recipients. However, several problems about humanized mouse models and human
hematopoietic cells transplantation remain unclear, such as the histocompatibility
barriers, different niches of hematopoiesis. Whether existing immuno-deficient mice
could evaluate the engraftment of human HSC just like under the human physiological
condition still in doubt. The other major experimental drawbacks for the studies using

these above models was the rapid onset of GvHD after transplantation.

4.7 NSGS (NOD/LtSz-scid I1L-2RG-SGM3)

Despite advances and improvements of human xenografts into mice, while most of the
human acute myeloid leukemia (AML) samples could not engraft into mice
successfully. The reasons to explain the failure may include the differences in homing,
survival and expansion of human stem cells in foreign hematopoietic niche, and lack of
human cytokines, human growth factors and supporting stromal cells. NSGS mice were
developed by the backcross of NSG mice with N/S-S/GM/3 mice. As a result, NSGS
mice constitutively express human SCF, GM-CSF and IL-3. AML xenograft level was

significantly improved in NSGS mouse model[39, 40].
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4.8 MITRG and MISTRG

MITRG (hM-CSF, hlL-3/hGM-CSF, hTPO*Rag2”"IL-2ry”) and MISTRG (hM-CSF,
hiL-3, hGM-CSF, hTPO* Rag2” IL-2ry""hSIRP) with four genes encoding human
cytokines that important for the development of innate immune cells were inserted into
mouse loci[41]. SIRP is mainly expressed by macrophages, DCs, and neutrophils, and
its ligand, CD47, is expressed almost ubiquitously. The SIRP-CD47 interaction is
involved in regulating macrophage-mediated phagocytosis by delivering a licensing
signal to macrophages. These human cytokines supported normal development of
monocytes, macrophages and NK cells derived from human FL or adult CD34"
progenitor/stem cells implanted into mouse models. Human macrophages infiltrated
human tumor xenograft in MITRG and MISTRG mice were similar with that observed
in clinical patients. These humanized mouse models could be used as in vivo models

for the evaluation of therapeutic candidates which were more relevant to actual human

physiology.

4.9 NSGW mice

Both immune-deficient mice mentioned above need to be irradiated before
transplantation. Rodewald[42] developed Rag2”1L-2yc”Kit""WV mice which
efficiently supported long-term HSC reconstitution derived from allogeneic donors
without prior irradiation. Growth factor receptor-Kit is independent of HSC self-
renewal in vivo. Kit mutant mice are endogenous HSC-deficient which could benefit
to the implant of histocompatible or histoincompatible HSCs. Waskow([17] developed
four immune-deficient mouse strains containing Kit mutations which supported robust,
sustained and serially transplantation of human HSCs without irradiation. These mice
were BRg Kit"Y"W (BRgWv), NSG Kit"Y"W (NSGWv), NSG Kit"V'* (NSGWwv/+) and
NSG KitW4/W4l (NSGWA41). Human HSCs engrafted efficiently in both newborn and
adult NSGW recipients, sustained multi-lineage could contribute to series

transplantation (in both first and second transplantation)[43].

5. HSC transplantation (HSCT)
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The transplantation efficiency of different sources of human hematopoietic cells is
variable. Freshly UCB progenitor cells showed more efficient engraftment than
mobilized adult progenitor cells[44]. The higher engraftment efficiency of UCB cells
may relate to the increased ability to traverse sinusoidal endothelium which is a crucial
step of stem cells homing. Schoot[45] found that human UCB CD34" cells showed
more significant migration than BM or PB derived CD34" cells did, which is possibly
due to the differences in sensitivity towards SDF-1, which means that reduced number
of UCB-derived CD34" cells is required for human HSC transplantation. A
controversial idea elaborated that the delayed reconstitution after UCBT may due to

some defects of the homing-related molecules[46].

At present, HSC transplantation (HSCT) is widely used for the treatment of patients
with hematological diseases and acute radiation injury in clinical. However, HSCT was
limited by the inadequate numbers of HSCs in BM and UCB to some extent. Therefore,
scientists had to carry out studies on in vitro expansion of HSCs and joint

transplantation experiments to test the function of HSCs.

5.1 The identification of human HSC phenotypes

Current models of lineage determination in the adult Mouse and Human hematopoietic
hierarchies was summarized in Figure 19. Xenogeneic engraft models are crucial to the
phenotype identification of human HSCs. By transplantation of immuno-deficient mice,
CD34 was discovered expressed on the surface of human hematopoietic stem and
progenitor cells[47]. CD34" mobilized human BM and PB cells were widely used in
clinical HSC transplantation (HSCT)[48]. Dick[49] first identified human HSCs which
capable of long-term multilineage engraftment at single-cell resolution, the phenotype
of UCB-derived long-term (LT) HSC was Lin"CD34*CD38'CD90*CD45RA"
CD49f*Rho'*%, which stood out as the notable landmark in the identification and

verification of human HSC at single-cell level.

50



Scallo
cKitlo '*r
Fit3+ — T cells
CD127+
Scalhi
cKithi —_— — '
CD34-  CD34- FIt3+ @ ‘a B cells
CD150+ CD150+ D127+ / ‘
NK cells

CD48- CD48- CD34-
CD41- CD41- (CD150+
Fit3- Fit3- CD41- "
CD49b lo CD49b hi  Fit3+ Dendritic cells
CDlG/32h|

-~ - - CD34h| Monocytes
Scal
CD34+ - oy
CD150- : ) Granulocytes
Fit3+
CD16/3210 N\ oio® ‘
CD34int @ ==
Scal- e

CD16/32lo0
CD34lo
Scal-
Lin- Scal+ cKit+ Lin- cKit+ Lin+
.
@ — ¢ ® \‘ T cells
CD45RA+
CD10+ ) — e ‘
cD7- / @ i B cells
@ ‘e, ‘ NK cells

CD45RA-  CDASRA- \

CD90+ CD90- sl o

CD49f+ CD49f- . Dendritic cells
? el

*+ L CD45RA+ s P
o135+ .' onocytes

\ CD10-

CDA45RA- - ‘ —
— rythrocytes
CD135+ .

- Ce, Megakaryocytes/Platelets
cD7- CD45RA-

Erythrocytes
Megakaryocytes/Platelets

Granulocytes

(o]
3
/l\

Lin- CD34+ CD38- Lin- CD34+ CD38+ Lin+

Figure 19. Current models of lineage determination in the adult mouse and human
hematopoietic hierarchies. Figure from John E. Dick et al, Hematopoiesis: a human
perspective, Cell Stem Cell, 2012 Feb 3;10(2):120-36.

The development and enhancement of immuno-deficient mice which could be
engrafted with human cells have provided a powerful approach for the studies of
hematopoiesis, tumorigenesis, the development and evaluation of novel drugs and
vaccines. Immuno-deficient mice and humanized mice have many advantages which
could be utilized to study the development, differentiation and hematopoietic
reconstitution of human HSC in vivo and benefit clinical HSCT. It can also be used to
evaluate the effects of drugs or cytokines on hematopoietic system. However, these
mouse models also have some drawbacks, such as short lifespan, highly sensitive to

irradiation and the high-price which limited the extensive application. With the rapid
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progress of technology, immuno-deficient mice and humanized mouse models are
continued to be developed and improved, providing more experimental evidence for
clinical treatment of hematological diseases. The final aim of current animal models is
to improve them so that they could mimic faithfully human physiology, particularly the

human immune system.

5.2 In vitro amplification of human HSC

Among them, some small molecules compounds have good application prospect to
promote human HSC expansion in vitro due to their stable properties and convenient
administration. Prostaglandin E2 (PGE2) enhanced the homing, survival and
proliferation of human HSC, led to long-term reconstitution[50-52]. Cooke[53] found
that Stem Regenin 1 (SR1) promoted the ex vivo expansion of human CD34" cells by
antagonizing aryl hydrocarbon receptor (AHR), which led to 50-fold increase of human
HSCs in vitro and 17-fold increase reconstitution in vivo. Sauvageau[54] found that
pyrimidoindole derivatives UM171 could stimulate the expansion of human CB-
derived HSCs and promote the self-renewal of HSCs, which led to human

reconstitution last for at least 6 months in NSG mice.

5.3 The other factors effect human HSC transplantation

DNA methylation and histone deacetylation may also affect the proliferation of human

HSC. 5aza 2’deoxycytidine (5azaD) and trichostatin A (TSA) could improve the

expansion of primitive HSC/HPC in vitro[55]. Ruthardt[56] discovered that valproic
acid (VPA) stimulated the proliferation and self-renewal of human HSC both in vitro

and in vivo.

The optimization of micro-environment of recipients also promoted the human
hematopoietic reconstitution of HSC transplantation. Antioxidant N-acetyl-L-cysteine
(NAC) increased the engraftment of human HSC by decreasing the reactive oxygen
species (ROS) levels in BM of NOD/SCID and NSG mice[57].
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MHC restriction was critical to the human engraftment in immune-deficient mice.
Lone[18] developed HUMAMICE (HLA-A2"*/DR1**/H-2-p.m”/IAB"IRag2”/IL-
2ry”/Perf’- mice) expressed both human HLA class | and 11 molecules instead of mouse
H-2 class | and 1l molecules, and whose immuno-deficient status was reversed by the
transfer of functional HLA-matched hPBMCs, which could produce mice with an

immuno-competent status with functional human immune system.

6. VVaccines

Vaccines are the biological preparations containing the antigens for artificial active
immunization, which could provide active acquired immunity to specific disease/
pathogen. Vaccines had undergone approximately a hundred years of development (as
shown in Figure 20). Conventional vaccines include the inactivated pathogens, live
attenuated pathogens and toxoids. New vaccines contain subunit vaccines, synthetic-
peptides vaccines and DNA vaccines. Vaccines can also be divided according to the

function as prophylactic vaccines and/or therapeutic vaccines[58].
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Figure 20. Timeline of vaccine development in this century.



6.1 Human oncogenic viruses, associated diseases and vaccines

Vaccines are the most frequently-used biological agents for immunoprophylaxis.
Common human oncogenic viruses, associated diseases and vaccine targets are

summarized in Table 6.

Table 6. Human oncogenic viruses, associated diseases and vaccine targets. Table
from Cornelis J.M. Melief et al, Therapeutic cancer vaccines, J Clin Invest. 2015
Sep;125(9):3401-12.

Human T Merkel cell
Virus EBV lymphotrophic HBV HCV HPV KSV carcinoma
virus | virus
Type of . . i RNA Papilloma . Polyoma
. Herpes virus Retrovirus Hepadna virus . X Herpes virus X
virus flavivirus virus virus
Nasopharyngeal X i X i Anogenital i
. . Adult T cell Cirrhosis, Cirrhosis, Sarcomas in
Associated carcinoma, B cell . cancer, head . = .
i leukemia, hepatocellular hepatocellular immunodeficient Skin cancer
diseases lymphomas, and neck o
lymphoma cancer cancer individuals
Hodgkin’s disease cancer
X E6 Large T
Therapeutic . .
] . All HBV All HCV oncoprotein®, . protein®,
vaccine LMP1%, LMP2* Tax protein* . . All KSV proteins
proteins proteins E7 small T
targets . i
oncoprotein® protein”
A0ncogenic proteins. LMP1/2, late membrane protein 1/2. KSV, Kaposi sarcoma virus.

The administration of vaccines is named as vaccination, and it is the most effective
method to prevent infectious diseases up to now. Vaccinated people could acquire
adaptive immunity against specific diseases after vaccination. Vaccines can stimulate
the immune system to recognize pathogens as dangerous threaten and then destroy them,
and even the antigens associated with these agents that may be encountered in
foreseeable future. Widespread vaccination of smallpox, measles and tetanus vaccines
had eliminated these diseases worldwide. Moreover, the effectiveness of influenza
vaccine and HBV vaccine had been widely verified. The process of a vaccine candidate
from the design to preclinical trials, to clinical trials and to final approved was time-
consuming and difficult, only approximately 1% of total vaccine candidates could be

validated and approved by FDA (Food and Drug Administration) (Figure 21).
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6.2 Epitopes-based vaccines

In recent years, due to the progress in the fields of safety, non-toxicity and stability of
epitopes-based vaccines, the research and application of epitopes and epitopes-based
vaccines have been rapidly developed and the immune effect of vaccines have been
greatly improved. However, there are still many challenges in immunological research

and medical practice which need to be overcome.

The application of peptides-based vaccines is based on three distinct steps to create a
specific anti-tumor immune response. To initiate immunity, DCs, which are taken up
exogenously as part of a therapeutic vaccine differentiate into immunogenic mature
DCs. DCs could enable the presentation of peptides on major histocompatibility
complex (MHC) class I and Il molecules (Figure 22). High affinity peptides may load
onto MHC molecules directly at the cell surface of DCs. The exact mechanism of the
peptide-based vaccines uptake may vary depending on the sequence of different
peptides[59].
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Gaps between clinical immune effect between epitopes-based vaccines as well as
current conventional vaccines are described, due to low molecular weight of peptides
and their weak immunogenicity. Moreover, the research on epitopes-based vaccines
were mostly focused on linear epitopes, and conformational epitopes are still
lacking[60].

In addition to some extent, adjuvants may also lead to side effects of epitopes-based
vaccines. To effectively enhance the immunogenicity of epitopes-base vaccines, B cell
epitopes, CTL epitopes and Th epitopes should be combined rationally, to stimulate the

comprehensive specific humoral and cellular immune responses.

6.3 Personalized vaccines for cancer immunotherapy

Cancer and tumor are characterized by a gradually accumulation of genetic mutations.

Somatic mutations can generate cancer-specific neoepitopes which could be recognized
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by T cells as foreign antigens and to constitute the ideal candidate cancer vaccine targets.
Different tumor has its own unique mutations, with only a small fraction of mutations
shared between different patients. The rapid development of technological advances in
genomics, proteomics and cancer immunotherapy enable the mapping of the mutations
within different cancers and tumors, meanwhile, the rational selection of candidate
vaccine targets, the design and production of a therapy customized to a patient. The
vaccinating a patient with individual tumor mutations may become the first truly
personalized treatment for cancer, which also is the implication and purpose of
precision medical. Current vaccine formats explored for delivery of neoepitopes were

summarized in Table 7.

Table 7. Current vaccine formats explored for delivery of neoepitopes. Table from
Tireci O, et al. Personalized vaccines for cancer immunotherapy. Science. 2018 Mar
23;359(6382):1355-1360.[61]

Vaccine

Advantages Challenges
format
> Lack of clinical-grade manufacturability of a
Cell-free manufacturing; . .
substantial portion of sequences:
Automated synthesis established; . o . . .
i = . . > High variability in the physicochemical properties of
Synthetic > Proven clinical activity of long peptides;
. . . . i . individual peptides, complicating manufacturing;
peptides > Compatible with a wide range of formulations to improve
. > Irrelevant immune responses against artificial
delivery;
. . . it ted b tide degradation in th
> Transient activity and complete degradation epitopes created by peptide degracation 1n the
extracellular space
> Cell-free manufacturing;
> Inherent adjuvant function via TLR7, TLR8 and TLR3
. . > Fast extracellular degradation of mRNA if not
signaling:
. . . protected by appropriate formulation;
Messenger RNA > Proven clinical activity
. . . . . . > Interpatient variability of TLR7-driven adjuvant
Highly efficient systemic delivery into DCs established:
activity
> Transient activity and complete degradation;
> All types of epitopes can be encoded
> Cell-free  manufacturing; Inherent adjuvant activity — » Potential safety risks by insertional mutagenesis;
. driven by TLRY; Successful transfection requires entry into nucleus,
DNA plasmids
»> Cost-effective and straight forward manufacturing:; thereby limiting effective delivery of vaccines into
> All types of epitopes can be encoded DCs
. . o . o > Complex manufacturing;
> Strong immunostimulatory activity Extensive clinical i .
. K X . . . . > Immune responses against components of the viral
Viral vectors experience with vector formats in the infectious disease
. vector backbone, limiting successful in vivo vaccine
field All types of epitopes can be encoded .
delivery and efficacy
Complex manufacturing and “sterility” testing;
Engineered > Strong immunostimulatory activity; > Immune responses against bacterial components,
attenuated > Could be combined with plasmid DNA; limiting ~ vaccine delivery and  vaccine
bacterial vectors > All types of epitopes can be encoded immunogenicity potential safety risks due to delivery
of live, replication-competent bacteria
i i > Strong immunostimulatory activity; R . . X
Ex vivo antigen- = . > Higher costs and resources required for adoptive cell
> Proven clinical efficacy of DC vaccines;
loaded DCs . . . therapy approaches
> Can be loaded with various antigen formats
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Abstract

Research on human immunology has been hindered by the lack of optimal small animal
models, given that the protective immune responses of human and non-human species
show significant differences. However, due to ethical constraints[1] and the high cost of clini-
cal trials, it is urgent to improve the current animal models that can mimic faithfully human
physiology, particularly the human immune system (HIS). HIS mice had been generated
recently by engrafting human hematopoietic stem cells (nHSCs) or human peripheral mono-
nuclear cells (hPBMCs) into highly immuno-deficient mice such as NSG, NOG or NRG
mice. However, a major experimental drawback for studies using these models is the rapid
onset of Graft-versus-Host Disease (GvHD). In the present study, we overcome this limita-
tion by generating new immuno-deficient mice named "HUMAMICE" (HLA-A2**/DR1**/H-
2-B,m”/IAB"/Rag2”/IL2ry”"/Perf’ mice), which expressed human HLA molecules instead
of mouse MHC molecules (H-2), and whose immuno-deficient status was reversed by trans-
ferring functional HLA-matched PBMCs thus producing mice with an immuno-competent
status with a functional human immune system. We showed that in this HLA-matched con-
text, the hPBMC-transfer led to high lymphocytes engraftment rates without GvHD over
three months in this novel mouse model. Furthermore, to evaluate the utility of the hPBMC-
HUMAMICE, we immunized them with commercial vaccine of Hepatitis B virus (HBsAg,
Hepvac @) which resulted in robust and reproducible production of high levels of HBsAg-
specific antibodies, implying that both transferred T and B lymphocytes were functional

in HUMAMICE. These responses are comparable to those observed in human clinical

trials with this identical vaccine. In conclusion, these findings indicated that the HLA-
matched-hPBMC-HUMAMICE represents a promising model for dissecting human immune
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Abstract

Research on human immunology has been hindered by the lack of optimal small animal
models, given that the protective immune responses of human and non-human species
show some differences. However, due to ethical constraints[10] and the high cost of
clinical trials, it is urgent to improve current animal models that can mimic faithfully
human physiology, particularly the human immune system (HIS). HIS mice had been
generated recently by engrafting human hematopoietic stem cells (hHSCs) or human
peripheral mononuclear cells (hPBMCs) into highly immuno-deficient mice such as
NSG, NOG or NRG mice. However, a major experimental drawback for studies using
these models is the rapid onset of Graft-versus-Host Disease (GvHD). In the present
study, we overcame this limitation by generating new immuno-deficient mice named
“HUMAMICE” (HLA-A2"*/DR1"*/H-2-B.m""/IAp""/Rag2”/IL-2ry"/Perf’), which
expressed human HLA molecules instead of mouse MHC molecules (H-2), and whose
immuno-deficient status was reversed by transferring functional HLA-matched PBMCs
thus producing mice with an immuno-competent status with a functional human
immune system. We showed that in this HLA-matched context, the hPBMC-transfer
led to high lymphocytes engraftment rates without GVHD over two months in this novel
mouse model. Furthermore, to evaluate the utility of the hPBMC-HUMAMICE, we
immunized them with commercial vaccine of Hepatitis B virus (HBsAg, Hepvac@)
which resulted in robust and reproducible production of high levels of HBsAg-specific
antibodies, implying that both transferred T and B lymphocytes were functional in
HUMAMICE. These responses are comparable to those observed in human clinical
trials with this identical vaccine. In conclusion, these findings indicated that the HLA-
matched-hPBMC-HUMAMICE represents a promising model for dissecting human
immune responses in various human diseases, including infectious diseases, cancers

and tumors and to facilitate the development of novel vaccines and cellular therapies.
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Introduction

Mice functionally engrafted with human hematopoietic cells (hHSCs) may represent a
valuable preclinical tool for basic and applied investigations in human immune
system[62]. The current reference models for such humanized mice involved grafting
a functional human immune system into immuno-deficient mice, for example, NSG[63],
NOG, NRG, Rag2” [64] and IL-2ry”" mice [65-67]. These highly immuno-deficient
mice lack almost entire mouse-derived immune system, including murine B cells, T
cells, and natural killer cells. These models have certain advantages for fostering the
survival and expansion of human donor cells, but also have several limitations and
drawbacks[68, 69]. However, the maintenance of HLA compatibility is necessary for
ensuring proper function of a normal human immune system in a murine genetic
background. Indeed, after hPBMC transferred, a constant and rapid onset of xenogeneic
Graft-versus-Host Disease (xeno-GvHD[70]) was observed in all hPBMC-humanized
mice. This complication caused researchers to avoid these models for studies of human
immune system[71], in particular, to explore responses against infections such as
human-tropic infectious diseases (caused by Epstein—Barr virus and HIV[72]).
Consequently, the models are not used in the development of vaccines and cell or gene
therapies[73].

Nonetheless, these PBMC-humanized mice are still an excellent xeno-GvHD model for
evaluating therapeutic strategies that could interfere with xeno-GvHD development.
Unfortunately, while the transfer of hPBMC leads to high lymphocytes engraftment
rates, the timeframe for experimental intervention and analysis is somewhat limited,

because of the rapid development of xenogeneic GVHD.

The principal host components responsible for triggering GvHD are the xenogeneic
mouse MHC (H-2) class | and class Il molecules. Studies with NSG mice lacking H-2
class I (B2m null) or H-2 class II (IAB null) showed that the deletion of H-2 class I and
I1 molecules could delay the occurrence of the diseases significantly compared with
WT NSG mice, but could not abrogate it completely[74, 75]. By contrast, H-2 class I-
deficient NSG mice were relatively resistant to the development of xeno-GvHD. These
data indicated that both donors’ CD8" and CD4" T cells contributed significantly to
development of xenogeneic GVHD and revealed the critical role of H-2 class I and class

I1 molecules in the development of xeno-GvHD in mice. Furthermore, in contrast to the
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repopulation of NRG mice with xenogeneic human DQ8-PBMCs which resulted in
rapid induction of xeno-GvHD and poor survival rate of the animals, the transfer of
HLA-class Il-matched human DQ8-PBMCs into NRG IAB~~DQ8 transgenic recipients
(lacking the expression of murine H-2 class-1l1 molecules and expressing a transgenic
HLA-DQ8 molecule) resulted in a milder form of xeno-GvHD, such that the mice
survived significantly longer than other previous mouse models. These data showed
that HLA compatibility between donors and recipients is a requirement for ensuring a
proper function of human immune systems in mice without the emergence of graft

rejection.

Previously, we have developed an HLA class | and class Il transgenic mouse (Sure-L1
mice) (HLA-A2"*/DR1**/H-2-B.m™/IAB”") which lacked both murine H-2 class | and
Il molecules, and instead expressed HLA-A2 and HLA-DR1 molecules[76]. In this
humanized mouse model, murine T cells could only mount HLA-restricted responses
without H-2-restricted responses, demonstrating that the expression of both transgenic
HLA class I and Il molecules could result in proper thymic education and

differentiation of developing T lymphocytes.

In this part, we described a novel mouse strain derived from Sure-L1 mouse (HLA-
A2*"*IDR1**/H-2-B.m”/IAB™), in which we additionally depleted the murine Rag 2
allele, the interleukin 2 receptor gamma chain allele (IL-2ry) and the perforin allele
(Perf), leading to the generation of immuno-deficient mice (HLA-A2**/DR1**/H-2-
Bom™/IAB/Rag?”/IL-2ry"/Perf’ mice) which named HUMAMICE.

Furthermore, we confirmed that the transfer of HLA-matched hPBMCs into this
HUMAMICE can generate a functional human immune system without signs
compatible with onset of Graft-versus-Host Disease (GvHD) including the pathological
symptoms like weight loss, diarrhea, alopecia or the immunological signs like

infiltration of activated human lymphocytes in liver, skin, or intestine.

Therefore, HLA-matched-hPBMC HUMAMICE model opens the possibility of
studying not only normal human immune-hematopoietic development but also human

disease pathogenesis for a broad range of biomedical applications.
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Methods

Ethics statement

Experimental procedures were approved by the Animal Care Committee of the
University Paris-Sud Network, and carried out in accordance with Animal Care
Guidelines. Human PBMCs were collected from healthy volunteers (with written
informed consent, that these documents are recorded in tumorotheque of Héital Saint
Antoine) in Hospital Saint Antoine and in compliance with French and European
regulations. Tumorotheque of Hdpital Saint Antoine ’s review board specifically
approved the study regarding the collection of Human PBMCs valid until June 30th,
2016.

Creation and generation of HUMAMICE

HUMAMICE (HLA-A2**/DR1**/H-2-Bom™/IAB”/Rag2”/IL-2ry"-/Perf’ mice) were
generated on the background of Sure-L1 mice (HLA-A2*/DR1**/H-2-B.m™/IAB”) to
homozygosity. The construction of Sure-L1 mice was fully described previously. In
brief, we established the homozygous Sure-L1 mice by intercrossing the HLA-A2.1
(HHD)-transgenic H-2 class 1-KO (B2m™) mice (genetic background of C57BL/6
backcrossed nine generation) with HLA-DR1 transgenic H-2 class 11 KO (IAB™) mice
(the genetic background of C57BL/6 backcrossed for seven generation). HUMAMICE
was produced by several inter-crossings between Sure-L1 mice with Rag2™!' (Rag2™")
mice, IL-2ry™" (IL-2ry") mice and Perf™" (Perf’) mice. The obtained final
homozygote HUMAMICE (HLA-A2**/DR1**/H-2-Bom™/IAB”/Rag2 " /IL-2ry"/Perf
" were checked by specific PCR molecular genotyping and FACS analysis after

specific immune-labelling.

HUMAMICE were bred and housed under specific pathogen-free (SPF) conditions in
isolators in the animal facility at the TAAM Orle “ans center and using sterile techniques
and micro-isolator caging. Experimental procedures were approved by the Animal Care
Committee of the University Paris-Sud Network, and carried out in accordance with
Animal Care Guidelines. Six to eight-weeks-old female mice were used as

transplantation recipients. The endpoint for the survival study was set when recipient
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mice looked clinically ill or lost more than 15% of body weight, and mice were

humanely sacrificed by cervical dislocation under general anesthetic or CO..

Genotype identification of HUMAMICE

The transgenic of HLA-A2 and HLA-DR1, as well as the knockout of H-2-f.m, H-2-
IAB, Rag2, IL-2ry and Perf were identified by specific PCR. Murine genomic DNA
was extracted as described previously[77]. The immuno-deficiency characteristic of
HUMAMICE was checked by flow cytometry, while the immuno-competent C57BL/6
mice were chosen as the controls. Splenocytes were labelled with mCD3-PE and
mCD19-FITC, mCD4-APC and mCD8-PE-Cy5.

The identification of the immuno-deficiency of HUMAMICE

To confirm the immuno-deficiency status of HUMAMICE, we subcutaneously
engrafted the human RAMOS tumor cells (107 cells) into HUMAMICE and immuno-
competent parental Sure-L1 mice. Furthermore, to verify that the inability of
HUMAMICE to reject RAMOS cells is due to lack of the mouse-derived immune
system, 30 days after the injection of RAMOS cells, we transferred total splenocytes,
purified CD8" T lymphocytes or other lymphocytes derived from immuno-competent
Sure-L1 mice which had rejected RAMOS cells into HUMAMICE carrying a solid

tumor. Moreover, we surveyed and measured the volume of tumors constantly.
Collection and purification of human PBMC

Human PBMCs were collected from healthy volunteers in Hospital Saint Antoine and
compliance with French and European regulations. PBMCs were purified by Ficoll-

Hypaquedensity centrifugation and suspended in PBS.
HLA genotyping

HLA-A0201 (HLA-A2) positive individuals were identified by flow cytometry. And
the DNA was extracted from 1108 donor hPBMCs using DNeasy Blood & Tissue Kit
(Qiagen). HLA-DRB1-01 (HLA-DR1) positive individuals were identified by specific
polymerase chain reaction (PCR) using Olerup SSP DR low resolution and high
solution SSP DRB1:01 kit following the instructions.
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Xenogeneic hPBMC transplantation

Female 6- to 8-week-old HUMAMICE were irradiated with 3.0 Gy using a cobalt
radiation source shortly the day before cell transfer (Precision X-RAD 320 Biological
Irradiator) and were followed given by intravenous injection of 107 hPBMC cells with
a total volume of 100 pL per recipient mouse (Figure 23). After transplantation, mice
were given sterile water containing prophylactic neomycin sulfate. And mice were
monitored for weight and clinical symptoms twice per week. Weight loss of > 15% of
original starting weight is a sign of GVHD development and necessitates euthanasia of
hPBMC-engrafted mice.

Two independent experiments with two different HLA-matched (HLA-A2/DR1")
donors were performed using a group of 5 or 4 mice. For HLA-A2*/DR1* donor A, we
transferred with five mice. Three HUMAMICE were analyzed at five weeks post
hPBMC transfer, and two were sacrificed at 8 weeks post hPBMC transfer for FACS
analysis. For HLA-A2*/DR1" donor B, we transferred with 4 mice. HUMAMICE (2 at
5 weeks post hPBMC transfer, 1 mouse at 8 weeks and 1 mouse at 12 weeks post

hPBMC transfer) were sacrificed for FACS analysis.

Transplantation in
Source of PBMC Isolation of PBMC HUMAMICE
.-‘ m
K (b
\/ ]
—_— _—
N

Figure 23. The schematic of human PBMC transplantation of HUMAMICE.

Immunization of HUMAMICE

14 days after the transplantation of hPBMCs, HUMAMICE received three

intramuscular (i.m.) injections of recombinant HBV vaccine (10 pg) (Pasteur Institute)
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in a total injection volume of 100 puL. Each immunization was separated by an interval
of 14 days. Sera were collected both before and after each immunization boost for

serological analysis. Mice were sacrificed 10 days after the final boost.
Flow cytometry

To detect human cells engrafted in HUMAMICE, multi-colors cytometric analysis was
performed using BD LSR Fortessa, according to the manufacturer’s protocol but with
a minor modification. HUMAMICE were sacrificed and the spleens were removed at
three different times after hPBMCs were transplanted. Splenocytes were collected and
lysed by ACK lysis buffer, counted and incubated with an appropriate volume of

antibodies for 1 hour at 4°C and then subjected to flow cytometry analysis.

Commonly used antibodies included: Anti-Human CD45 FITC, Clone: 2D1,
(ebioscience, 9011-9459); isotype control, Mouse IgG1 K Isotype Control (ebioscience,
FITC 11-4714) ; Anti-Mouse CD45 eFluor 450 (ebioscience, 48-0451-82) ; isotype
control, Mouse 1gG2b K Isotype Control eFluor 450 (ebioscience, 48-4732-82) ; Anti-
Human CD3 APC-eFluor780, Clone: UCHT1, (ebioscience, 47-0038) ; Mouse IgG1 K
Isotype Control APC-eFluor780 (ebioscience, 47-4714) ; Anti-Human CD4 PerCP-
Cyanine5.5, Clone: OKT4 (OKT-4), (ebioscience, 45-0048); isotype control, Mouse
1gG2b K Isotype Control PerCP-Cyanine5.5 (cat. 45-4732); Anti-Human CD8a PE-
Cyanine7, Clone: SK1, (ebioscience, 25-0087); isotype control, Mouse IgG1 K Isotype
Control PE-Cyanine7 (ebioscience, 25-4714); Anti-Human CD19 APC, Clone: 2H7,
(ebioscience, 17-0209); isotype control, Mouse IgGl K Isotype Control APC
(ebioscience, 17-4714).

Measurement of serum antibodies by ELISA

The serum levels of antibodies specific for commercial HBsAg vaccine in immunized
HUMAMICE were measured by ELISA test. The plates coated with HBsAg vaccine
were blocked with PBS supplemented with 0.1% Tween 20 and 10% FCS and then
washed three times. After the addition of mouse serum for 1 h, the plates were washed
again, and bound antibodies were detected with Anti-Human 1gG (whole molecule)-
Peroxidase antibody produced in rabbit (SIGMA-ALDRICH, A8792) and Anti-Human
IgM (p-chain specific)-Peroxidase antibody produced in goat-affinity isolated antibody
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(SIGMA-ALDRICH, A6907). Absorbance was then measured at 450 nm in a plate
reader. The antibody titers (the mean of at least three determinations) were calculated

using the serial end-point dilution method.
Statistical analysis

Each experiment was repeated at least three times, and data were expressed as the mean
+ SEM. The means or geometric means of multiple groups were compared using
Student’s t-test. All statistical analysis was performed using GraphPad Prism version

5.0. A P value<0.05 was considered statistically significant.
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Results

Generation and characterization of HUMAMICE

Based on the background of Sure-L1 mice (HLA-A2/DR1 transgenic mice, HLA-
A2*"*IDR1**/H-2-Bom”/IAB™"), we generated humanized immuno-deficient mice -
“HUMAMICE”. This was achieved by several rounds of backcrossing between Sure-
L1 mice with Rag2”" mice, IL-2ry”" mice and Perf’ mice. The resulting homozygote
HUMAMICE  (HLA-A2"*/DR1**/H-2-B.m™"/IAB"/Rag2”/IL-2ry"/Perf")  were
determined by specific PCR molecular genotyping (Figure 24) and FACS analysis after

specific immune-labelling (Figure 25).

A B
1 2 34 5 678 910MM12 3 45678910

400bp

153bp

M12345678910 12 3 4567 80910M
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Figure 24. PCR molecular genotyping of HUMAMICE. A. HLA-A2 gene. B. HLA-
DR1 gene. C. H-2-B2m gene. D. H-2-TIAp gene. E. Rag2 gene. F. IL-2ry gene. G. Perf

gene.
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Figure 25. FACS analysis of HLA-A2 molecule in the splenocytes of HUMAMICE.
A. HUMAMICE. B. C57BL/6 mice.

We confirmed the immuno-deficiency characteristics of HUMAMICE by flow
cytometry. Highly immuno-deficient mice such as NOG/NSG mice are characterized
by the lack of almost entire mouse-derived adaptive immune system, including murine
B cells, T cells and NK cells. Comparative cell analysis by flow cytometry of
splenocytes from immuno-deficient HUMAMICE and immuno-competent C57BL/6
mice were shown in Figure 26. Representative immuno-competent C57BL/6 mice
expressed 24.9% mCD3" T cells and 52.3% mCD19" B cells; while only a residual
population (<0.5%) of mCD3" T cells and mCD19* B cells was found in immuno-
deficient HUMAMICE (Figure 26A). The ratio of mCD4*/mCD8* T cells in C57BL/6
mice was 1.85 (54.1%/29.2%) (Figure 26B, right) and there were neither CD4* nor
CD8* T cells in HUMAMICE (Figure 26B, left). The absence of murine T cells
(CD3*CD4" T cells and CD3"CD8" T cells) and B cells (CD19"CD20" B cells) is an
important requirement for the immuno-deficient state of these mice. Table 8
summarized the results of other cell populations in HUMAMICE and C57BL/6 mice.
We noted that, the absence of NK cells in HUMAMICE (0%) compared with C57BL/6
mice (1.9% and 2.4%). The consequence of this lack of almost the entire mouse-derived
immune system is the sign of severe immune-deficiency characterized by the inability

to reject foreign cells.
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Figure 26. Flow cytometry analysis of immuno-deficient HUMAMICE.
Comparative cell analysis by flow cytometry of immuno-deficient HUMAMICE
(HLA-A2**/DR1*"*/H-2-Bom” /IAB/Rag2”/IL-2ry”/Perf’) and immuno-competent
C57BL/6 mice. The left panel shows the analysis of HUMAMICE and the right panel
was C57BL/6 mice. A. Samples in Figure 26A were double labelled with mCD3-PE
and mCD19-FITC. B. Samples in Figure 26B were labelled with mCD4-APC and
mCD8-PE-Cy5 (gated in mCD3" cells).

Table 8: Summary of cell analysis of HUMAMICE and C57BL/6 mice

Cellular type HUMAMICE-1 HUMAMICE-2 C57BL/6-1 C57BL/6-2

mCD45* 44.9% 32.1% 88.8% 95%
mCD3*mCD4* 0.4% 0.2% 13.5% 27.5%
mCD3*mCD8* 0.4% 0.5% 7.3% 17.1%

mCD19*mCD20* 0.1% 0% 52.3% 32%
mCD19-mCD20* 0.1% 0.7% 2.4% 2.5%
NKp46*NK1.1* 0% 0% 1.9% 2.4%
mTerl19* 18.2% 30.8% 5% 5.7%

mCD11b* 9.4% 8.5% 6.4% 8.5%
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The populations mCD45%; mCD3'mCD4"; mCD3'mCD8*; mCD19"mCD20";
mCD19'mCD20%; NKp46"NK1.1"; mTer119* and mCD11b* were presented above.

Histopathological analysis of the spleen and thymus of HUMAMICE

Through the histopathological analysis of the spleen of HUMAMICE and Sure-L1 mice
(HLA-A2/DR1 mice), we found that the spleen of HUMAMICE was atrophic and no
clear splenic corpuscle was observed (as shown in Figure 27). The red pulp and white
pulp of HUMAMICE spleen were significantly reduced (as indicated in Figure 27B by
the yellow arrow). While the spleen of Sure-L1 mice (HLA-A2/DR1 mice) with the
same genetic background was normal, and the edge area between of white pulp and red
pulp was clear (as shown in Figure 27A by the black arrows). The above results
indicated that the spleen of HUMAMICE is immature.

Figure 27. Histopathological analysis of spleen of HUMAMICE. A. Sure-L1 mice
(HLA-A2/DR1 mice). B. HUMAMICE.

Histopathological examination of the thymus of HUMAMICE and Sure-L1 mice
revealed that the thymus of HUMAMICE was underdeveloped, the boundary between
the cortex and medulla was unclear, and the structure of the thymus lobules was unclear
(as shown in Figure 28B). As shown in Figure 28A, immunologically normal Sure-L1
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mice have structurally normal cortical and medullar structures of thymus (as indicated
by the black arrows). The results showed that the thymic of HUMAMICE mice was
underdeveloped, and the thymus of Sure-L1 mice (HLA-A2/DR1 mice) was normal.

25X

Figure 28. Histopathological analysis of thymus of HUMAMICE. A. Sure-L1 mice
(HLA-A2/DR1 mice). B. HUMAMICE.

Confirmation of the immuno-deficiency of HUMAMICE

To confirm the immuno-deficiency status of HUMAMICE, we subcutaneously injected
human RAMOS tumor cells (107 cells/mouse) into HUMAMICE and immuno-
competent parental Sure-L1 mice. Figure 29A (left) showed the kinetics of RAMOS
tumor growth in six HUMAMICE (mouse N0.912; 926; 953; 952; 948; 950), whereas
Figure 29A (right) showed the tumor size in five immuno-competent Sure-L1 mice. In
addition, Figure 29B shows the RAMOS tumor cells subcutaneous development in six
HUMAMICE and five Sure-L1 mice during 25 days post the injection. Overall, human
RAMOS cells induced tumors in HUMAMICE, whereas they were not able to grow in

Sure-L1 mice.
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Figure 29. The tumor growth kinetics in immuno-deficient HUMAMICE and
immuno-competent Sure-L1 mice after subcutaneous injection of RAMOS tumor
cells. Comparative tumor growth in six immuno-deficient HUMAMICE and five
immuno-competent Sure-L1 mice 25 days after the subcutaneous injection of RAMOS
cells. Figure 29A (left) and B (left) show HUMAMICE, while Figure 29A (right) and
B (right) show Sure-L1 mice.

Furthermore, to verify that the inability of HUMAMICE to reject RAMOS cells is due
to lack of mouse-derived immune system, we transferred the total splenocytes, purified
CD8" T lymphocytes or purified CD8 T lymphocytes derived from the immuno-
competent Sure-L1 mice which had rejected RAMOS cells into HUMAMICE that
developed a solid tumor. Results of the kinetics of tumor growth after the transfer of
total splenocytes, purified CD8" T lymphocytes or purified CD8 T lymphocytes from
immuno-competent tumor-primed Sure-L1 mice are shown in Figure 30 A/B/C,

respectively.

In Figure 30A, three immuno-deficient HUMAMICE bearing a solid RAMOS tumor
(mouse N0.926; 948; 952) rejected completely their tumors 15 days after cell-transfer
of total splenocytes from Sure-L1 mice, while the volume of tumor continued to grow
in N0.953 HUMAMICE which did not receive cell transfer. Figure 30B showed the
examples of N0.208 and No.326 HUMAMICE which bore solid RAMOS tumors. After
the transfer of CD8" purified T lymphocytes from Sure-L1 mice, only No.326 mouse
could reject completely the tumors in 12 days, whereas N0.208 mouse could only stop
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the tumor growth at 6 days and stabilized the tumor size without total rejection,
compared with control mouse No.323 which did not receive cell transfer and in which
the tumor continued to grow. As shown in Figure 30C, after receiving purified CD8 T
lymphocytes from Sure-L1 mice, No.139, No.212 and No.337 HUMAMICE bearing a
solid RAMOS tumor started to reject their tumors by reducing progressively their size
from 6 days post-transfer, while the tumors continued to grow in control No.323 mouse
that did not receive cell transfer. Altogether, these results confirmed that HUMAMICE

are severely immuno-deficient.
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Figure 30. The tumor growth kinetics in HUMAMICE after transfer of RAMOS
specific splenocytes from parental Sure-L1 mice. A. Tumor growth Kinetics
following transfer of tumor specific splenocytes from Sure-L1 mice in three immuno-
deficient HUMAMICE bearing a solid RAMOS tumor (mouse N0.926; 948; 952) and
the control N0.953 mouse without the transfer of tumor-bearing cells. B. Tumor growth
kinetics following transfer of purified tumor specific CD8" T lymphocytes from Sure-
L1 mice in two immuno-deficient HUMAMICE bearing a solid RAMOS tumor (mouse
No0.208; 326) and the control No.323 mouse without transfer of tumor-bearing cells. C.
Tumor growth kinetics following transfer of tumor specific splenocytes depleted of
CD8* T cells (purified CD8 T lymphocytes) from Sure-L1 mice in three immuno-
deficient HUMAMICE bearing a solid RAMOS tumor (mouse No0.139; 212; 337) and

the control N0.323 mouse without transfer of tumor-bearing cells.

hPBMC engraftment in HUMAMICE

In order to evaluate the engraftment of HLA-matching hPBMCs in this new immuno-
deficient HLA-humanized mouse model, we transferred 10’ HLA-matched (HLA-
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A2'DR1%) hPBMCs intravenously into HUMAMICE after a total body irradiation and
monitored the weight of mice and clinical GvHD signs once a week as described

previously[78]. The experimental protocol is summarized in Figure 31.

HUMAMICE controls

Primary First Second FACS
[rradiation immunization boost boost analysis
0d 2w 4w ow 8w
HUMAMICE experiments
PBMC
engraftment
Primary First Second FACS
[rradiation | immunization boost boost analysis
0d 1d 2w 4w 6w 8w

Figure 31. The experimental procedure of hPBMC transplantation and
immunization with HBsAg vaccine in HUMAMICE.

Flow cytometry analysis was done at five, eight and twelve weeks after hPBMC were
transferred (as shown in Table 9). Results of two representative mice (from nine
analyzed mice) which analyzed at five and eight weeks after transplantation were
shown in Figure 32. For the mouse that was analyzed at 5 weeks after transplantation
(Figure 32A), 11.6% of splenocytes were composed by human CD45" cells, with 45.2%
of this population being hCD19*, and 17.1% of this population being hCD45"hCD3* T
lymphocytes: 29.0% of them were hCD8" T lymphocytes (hCD45*hCD3*hCD8") and
approximately 60.9% were hCD4" T lymphocytes (hCD45*"hCD3"hCD4"). For the
mouse which was analyzed at eight weeks after transplantation (Figure 32B), 9.7% of
splenocytes were composed by hCD45" cells, with 49.4% of this population being
hCD19* B cells, and 16.1% of this population being hCD45"hCD3* T lymphocytes:
30.0% of them were hCD8" T lymphocytes (hCD45*hCD3"hCD8") and approximately
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59.0% were hCD4" T lymphocytes (hCD45"hCD3*hCD4"). The constitutions of
splenocytes of hPBMC-transplanted HUMAMICE were shown in Table 9. Moreover,
none of the HUMAMICE developed GvHD signs or weight loss (as shown in Figure
33).
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Figure 32. Flow cytometry analysis after five and eight weeks of hPBMC
transplantation in HUMAMICE. Results of two representative mice (from nine
analyzed mice) which were analyzed at five and eight weeks after transplantation are
shown in Figure 32. A. For the mouse which was analyzed at 5 weeks after
transplantation, 11.6% of splenocytes were composed by hCD45" cells, with 45.2% of
this population being hCD19*, and 17.1% being hCD45*hCD3" T lymphocytes: 29.0%
of them were hCD3*CD8" and 60.9% were hCD3*CD4" T cells. B. For the mouse
which was analyzed at 8 weeks after transplantation, 9.7% of splenocytes were
composed by hCD45* cells, with 49.4% of this population being hCD19*, and 16.1%
being T lymphocytes: 30.0% of them were hCD3*CD8" and 59.0% were hCD3"CD4*
T lymphocytes.
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Table 9. Summary of HUMAMICE transplanted with HLA-A2*/DR1* hPBMCs.

Donor A/mouse mCD45 hCD45* hCD45* hCD3* hCD3*
hCD45* hCD19* hCD3* hCD4* hCD8*
Mouse 1 (5 weeks) 11.6% 45.2% 17.1% 60.9% 29.0%
Mouse 2 (5 weeks) 13.4% 51.9% 15.4% 68.3% 24.6%
Mouse 3 (5 weeks) 15.2% 56.7% 18.9% 52.4% 22.8%
Mouse 4 (8 weeks) 9.7% 49.4% 16.1% 59.0% 30.0%
Mouse 5 (8 weeks) 7.1% 60.8% 13.2% 40.9% 15.8%
Donor B/Mouse
Mouse 6 (5 weeks) 19.2% 69.2% 14.7% 63.1% 20.9%
Mouse 7 (5 weeks) 15.8% 54.2% 15.1% 60.7% 19.2%
Mouse 8 (8 weeks) 8.9% 51.2% 20.7% 40.9% 12.1%
Mouse 9 (12 weeks) 5.4% 42.1% 12.2% 19.5% 4.5%

24-

Body Weights(g)
S

-~ HLA-A2/DR1 hPBMC -+ PBS Controls

40

Days post transplantation
Figure 33. The evaluation of body weight of HUMAMICE after hPBMC

transplantation. The average weight is shown as a percentage of starting weight. None
of HUMAMICE developed weight loss after hPBMC transplantation.

60

The humoral immune response of HUMAMICE to a specific HBsAg

vaccine

We next evaluated the functional ability of these adoptively transferred HLA-matched
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hPBMCs in HUMAMICE to respond to a specific antigenic stimulus, namely HBsAg
vaccine. The schedule of immunization with HBsAg vaccine was shown in Figure 31
and included the primary immunization two weeks after hPBMC transfer, followed by
two immunization boosts every two weeks after primary immunization. The collected
sera were analyzed with an HBsAg specific ELISA test according to the protocol
described in Material and Methods. The background noise was represented by the mean
of two HUMAMICE controls without transfer of hPBMCs. Figure 34 showed the
HBsAg-specific-hlgG (Figure 34A) and HBsAg-specific-hlgM (Figure 34B) responses
of immunized hPBMC-HUMAMICE before (Ow) and every two weeks after
immunization (before each immunization boost). We observed a significant HBsAg-
specific hlgG response which was amplified after recall immunization boots. HBsAg-
specific-lgM responses were detected after primary-immunization, while no more

responses were observed after recall immunization.
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Figure 34. The humoral immune response of hPBMC-HUMAMICE after
immunization with HBsAg vaccine. The HBsAg specific IgG (A) and HBsAg specific
IgM (B) responses of immunized hPBMC-HUMAMICE before (Ow) and every two

weeks after immunization (before each immunization boost).
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Discussion

The development of small animal models that could mimic human immune responses
is important to evaluate novel human clinical drugs or to test new therapeutic treatments
or new vaccines. In this part, we show that HUMAMICE developed by backcrossing
derived Sure-L1 mice with Rag2” mice, IL-2ry” mice and Perf” mice can be
efficiently reconstitute with HLA-matched PBMCs without developing GvHD and with
a functional immune system able to launch a robust human T cell-dependent response.
Human adaptive immune responses are HLA-restricted, implying that maintaining
HLA compatibility is a requirement for normal human immune responses. Currently,
no experimental preclinical mouse model can meet this requirement, including recently
developed models such NSG[79], NOG or NRG mice. Thus, after hPBMC transferred,
a rapid onset of xenogeneic Graft-versus-Host Disease (xeno-GvHD) is observed in all
hPBMC-NSG mice. These mice exhibited weight loss, diarrhea, alopecia and
pathological infiltration of activated human lymphocytes in liver, skin, or intestine,
leading finally to death after 20 to 25 days[80]. It is interesting to note that the removal
of murine MHC class | activity greatly reduces human in vitro T cell proliferative
responses to murine cells and should thus lead to reduced xenogeneic GvHD following
engraftment with human PBMC[81]. After HLA-matched hPBMC transferred, our
mice did not develop any evidence of GvHD during the three months follow up period.
In present study, we developed a new improved immuno-deficient HUMAMICE model
(HLA-A2"*/IDR1*"*/H-2-Bom™/IABIRag2”/1L-2ry”/Perf’") which could satisfy this

requirement.

Indeed, HUMAMICE strain is an immuno-deficient strain with a humanized immune
microenvironment expressing both HLA class | and class Il molecules, and which
overcomes the lack of central thymic and peripheral human T-cell maturation through
selective interaction with HLA class | and class 1l molecules. The HUMAMICE lack
almost all essential murine immune cells, as similarly demonstrated in NSG, NOG or
NRG mouse model. It’s worth noting that a significant reduction of NK cells could

favor the engraftment of foreign cells.

The proliferation of RAMOS tumor cells in immuno-deficient HUMAMICE but not in
the parental immuno-competent Sure-L1 mice, and the subsequent tumor elimination

by the transfer of immune cells from RAMOS-rejected Sure-L1 mice, confirmed the
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severe immunodeficiency status of HUMAMICE. Interestingly, HUMAMICE could
also be used as a readout system—together with their parental Sure-L1 mice or Sure-L1-
TGFP mice (where all T cells co-express the GFP protein) or Sure-L1-FoxP3-GFP mice
(where T cells co-expressed FoxP3 protein and GFP protein as fusion protein) to dissect
the contribution role of each cell population to the protective immune responses against
foreign antigens like pathogens. The present data indicated that all immune cells
including T cells (CD3*CD4*, CD3"CD8"), B cells and NK cells were involved in
rejection of the RAMOS tumor.

After transferring 10’ HLA-matched (HLA-A2/DR1%) hPBMC cells intravenously
into HUMAMICE, we found hCD45" cells in splenocytes of HUMAMICE, which
included both human B cells (hCD45'hCD19") and human T cells
(hCD45"hCD3*hCD4" and hCD45'hCD3*hCD8"). More importantly, none of
HUMAMICE developed any GvHD signs or weight loss after HLA-A2*/DR1* hPBMC

were transferred.

Because of limited availability HLA-A2*/DR1* PBMCs from two donors, we could
only perform one analysis in one mouse at 3 months after transfer of human PBMCs.
At this time point, we detected around 42% hCD45hCD19* compared to 12%
hCD45"hCD3" cells. These B cells (42%) could optimally interact with both
reconstituted hAPC and hCD4" cells. In addition, they could also interact with mAPC
which expressed HLA-A2 and HLA-DR1. This could explain how both HBsAg-
specific hlgG and hlgM antibodies are induced in our model. Our research indicated
successful engraftment of hPBMCs in this new immuno-deficient HLA-humanized
mouse model-HUMAMICE.

In the model of Xeno-GvHD, after intravenous transfer of hPBMCs in Rag2’c”
mice[82], high engraftment rates of human cells had been reported between 2 to 4
weeks after transplantation, with a T-cell chimerism of at least 20-48% in more than
90% of mice. This high engraftment rate was associated with the development of acute
Xeno-GvHD and a mortality rate of 85% of the mice within 2 months. Interestingly
only a small population of B cells (around 7-11%) residing in lymphoid compartments
were detected in these mice explaining the detection of elevated plasma levels of 19G
and IgM. In fact, it has also been reported that immunoglobulin production in hPBMC-
SCID models could be high despite low numbers of B cells and was generally used as
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an indication of good engraftment of the human cells[14, 20, 83, 84].
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Conclusions

The HUMAMICE model represents an improvement over the traditional immuno-
deficient mice models like NSG and NOG mice, which have drawbacks such as
development of xeno-GVHD. The HLA-compatible-hPBMC-HUMAMICE is thus a
unique model that could be used to explore human immunology in a normal
physiological situation (without xeno-GvHD) and could be useful for evaluation of cell-
therapies, generation of human monoclonal antibodies, and production of novel

vaccines.

Nonetheless, it should be noted that the new HUMAMICE mice were made on the
C57BL/6 genetic background, and then backcrossed for seven generations, and not
originally on the NOD background. The genetic background of the mice will impact
the ability of the mice to sustain long-term engraftment of human HSCs and PBMCs in
several immunodeficient strains. It was previously shown that NOD-scid mice
supported higher levels of engraftment with human PBMCs than other strains tested,
including C3H/HeJ-scid and C57BL/6-scid mice[14, 25].

More recently, it was shown that NSG (NOD-scid 1L-2ry™") mouse model supports
higher levels of human hemato-lymphoid engraftment than BALB/c-Rag1™" I1L-2ry™!
mice[85], and that NOD-Rag1™" IL-2ry™" mice also engraft with human PBMC at
higher levels than NOD-scid IL-2ry™" mice[86]. These data indicated that the
difference of human PBMC engraftment between NOD-scid IL-2ry™" and BALB/c-
Rag2™!" IL-2ry™" mice is not due to SCID vs. Rag1™" or Rag2™" genes but rather to

the genetic polymorphic background modifiers.

Genomic studies showed that these background modifiers are localized to the 1dd13
locus, which encodes the Sirp gene. SIRP is mainly expressed by macrophages, DCs,
and neutrophils, and its ligand, CD47, is expressed almost ubiquitously. The SIRP-
CDA47 interaction is involved in regulating macrophage-mediated phagocytosis by
delivering a licensing signal to macrophages[87]. The NOD SIRP-a protein is more
like the human SIRP-a protein than that of C57BL/6 mice. It shows enhanced binding
to the human CD47 ligand, and its expression on mouse macrophages leads to better
support of human hematopoiesis[88]. The role of murine macrophages in the rejection

of human cells and prevention of human reconstitution was confirmed when more
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successful engraftment rates of human cells were observed in neonate recipients that
had lower macrophage activity and in adult murine hosts after depletion of

macrophages following intraperitoneal injection of clodronate[89]

Moreover, NSG mice engraft with human PBMC better than H.d-Rag2™!! I1L-2ry™!
mice. The production of NSG mice provides an immunodeficient mouse model lacking
host NK cells, facilitating human PBMC engraftment. NSG mice support survival of
engrafted human T cells, but the human cells mount a severe xenogeneic GvHD
following engraftment into NK cell-deficient hosts.

In present study, we create immuno-deficient HUMAMICE mice, which are mouse
MHC Class I and Class Il deficient, and express both HLA-A2 and HLA-DRL1. It is
interesting to note that the removal of mouse MHC class | activity greatly reduces
human in vitro T cell proliferative responses to murine cells[81] and should lead to
reduced xenogeneic GVHD following engraftment with human PBMC. This hypothesis
was supported by experiments where PBMC were injected intravenously into NOD-
SCID B.m™" mice via the tail vein, resulting in transient engraftment and failing to
induce xenogeneic GvHD[90]. Furthermore, it was previously shown that NOD-SCID
Bm™"" mice support higher levels of human PBMC engraftment than NOD-SCID
mice[91], because in the absence of fom, natural killer (NK) cell numbers and activity
are severely depressed due to the lack of MHC class I expression[91]. More importantly,
the absence of fm in host cells reduces xenogeneic GVHD responses of the human T
cells. In addition, macrophages in HUMAMICE express both HLA-A2 and HLA-DR1,
which are compatible with grafted human PBMC. In this HLA-matched situation, there
are no allo-like or xeno-like rejection reactions, so the non-optimal mSIRP-hCD47
interaction does not affect long-term PBMC engraftment. However, it must be noted
that HUMAMICE is not a good model for engraftment of non-HLA-matched PBMC
or any human stem cells, including human HSCs, due to the NOD genetic background
of the HUMAMICE and the lack of supporting cytokines, cytokines, supporting cells

such as stromal cells, and human APCs in the mice.

In conclusion, despite some of the drawbacks listed above, the HLA-matched-hPBMC-
HUMAMICE model allows the possibility of studying normal human immune
responses in various human diseases, including infectious diseases and cancer in the

HLA-matched population. It also represents a promising model for facilitating the
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development of novel vaccines and cellular therapies.
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Abstract

The rapid occurrence of emerging infectious diseases demonstrates an urgent need for
a new preclinical experimental model that reliably replicates human immune responses.
Here, a new homozygous humanized human leukocyte antigen (HLA)-Al11l/DR1
transgenic mouse (HLA-A11"*/DRO1"*/H-2-Bom™/IAB™) was generated by crossing
HLA-A11 transgenic mice with HLA-A2**/DR0O1**/H-2-Bom” /IAP”- mice. The HLA-
All-restricted immune response of this mouse model was then examined. HLA-A11l
transgenic mice expressed a chimeric major histocompatibility complex (MHC)
molecule comprising the al, a2 and fm domains of human HLA-A11 and the a3
transmembrane and cytoplasmic domains of murine H-2DP were generated. The correct
integration of HLA-A11 and HLA-DR1 into the genome of HLA-A11/DR1 transgenic
mice (which lacked the expression of endogenous H-2-1/11 molecules) was then
confirmed. Immunizing mice with a recombinant HBV vaccine or a recombinant HIV-
1 protein resulted in the generation of IFN-y-producing cytotoxic T lymphocyte (CTL)
and antigen-specific antibodies. The HLA-A11-restricted CTL response was directed
at HLA immunodominant epitopes. Furthermore, we identified two HLA-A1ll
restricted epitopes of EBOV GP protein and four of MERS-CoV S protein. These mice
represent a versatile animal model for studying the immunogenicity of HLA CTL
epitopes in the absence of murine MHC responses. The established animal model will
also be useful for evaluating and optimizing T cell-based vaccines and for studying

differences in antigen processing between mice and humans.
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Introduction

Major histocompatibility complex (MHC) molecules play a vital role in the activation
of adaptive immune system. MHC presents antigens (usually peptides) to immune cells
in a MHC-specific context and participate in the differentiation and maturation of T
lymphocytes in thymus[92, 93]. The incidence of diseases caused by newly emerged
viruses is increasing worldwide; therefore, candidate epitopes-based vaccines are vital
to provide immune protection from pathogens via the elicitation of humoral and cellular
responses[94-99]. Specific cytotoxic T lymphocyte (CTL) responses would lead to a
marked reduction in the viral load and may even clear the virus and cure some
autoimmune diseases[100]. A protective adaptive immune response is based on the
effective activation and mobilization of B cells, cytotoxic T cells and helper T
cells[101]. Synergism between MHC class | and Il molecules are key components of

an effective host immune response.

Human MHC molecules-HLA molecules are the most polymorphic genes in human
genome. HLA restriction differs markedly according to geographical region and
ethnicity. Several studies based on HLA-I or HLA-II transgenic mice to illuminate the
molecular mechanism(s) underlying diseases, to evaluate candidate vaccines, and to
identify HLA-restricted epitopes[102, 103]. For example, Ishioka et al [104] used HLA-
A2 and HLA-A11 transgenic mice to evaluate a minigene DNA vaccine encoding
multiple HLA-restricted CTL epitopes derived from HIV and HBV. Pajot[105] used
HLA-DR1 transgenic mice to identify novel HLA-DR1-restricted epitopes derived
from HBV envelope protein. T helper cells play a vital role in boosting CTL responses
and humoral immune responses against pathogens; indeed, the collaboration between
T helper and cytotoxic CD8" T cells is critical for an effective CTL response[106, 107].
We previously generated HLA-transgenic mice expressing both HLA class | and 1l
molecules (e.g., HLA-A2/DR1 transgenic mice[76] and HLA-A2/DP4 transgenic

mice[77]) and applied them to develop and evaluate vaccines[108-111].

HLA-A11l is one of the most common HLA class | alleles in the world, with a
phenotypic frequency of about 20-30% in Chinese population and 10-15% in European
and American populations[112]. The first HLA-A11/K® mouse was generated by
Alexander[113] and was applied to develop HLA-A11l restricted epitopes based

vaccines[114]. However, the relevance of this model to human immune system was
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overshadowed by the presence of murine H-2 class I or I1 molecules, which were used
preferentially as restricting elements in response to antigens[115, 116]. Furthermore,
HLA-A11/KP mice did not accurately reflect human T helper cell responses because
they lacked HLA-11 molecules. Thus, a transgenic mouse model expressing both HLA-

A1l and HLA-DR1 molecules, but lacking H-2 class I and Il molecules is needed.

Here, we constructed an HLA-A11/DR1 (A11**/DRO1**/H-2-B.m™/IAB”) double
transgenic mouse model based on HLA-A*1101/DRO01 alleles, which represented 20-
25% of Chinese population, and furthermore applied it to the evaluation of commercial

and candidate vaccines, and the identification of candidate epitopes.
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Materials and methods

Construction of the HHD chimeric HLA-A11 transgenic plasmid

A 2873 bp chimeric HLA-A*1101 (GenBank accession number, D16841.1) monochain
fragment was synthesized by GenScript and sub cloned into pUC57 plasmid to generate
pUC57-HLA-A11 recombinant plasmid. Then pUC57-HLA-Al1l was enzyme
digestion via Sal | and BamH 1 restriction sites to generate a 2900 bp fragment (Table
10).

Table 10. The enzyme digestion identification of pUC57-HLA-A11 plasmid

Reagents Volume (pL)
Sal | 0.5
BamH | 0.5
pUC57-HLA-A11 5
H.O 3
10>doading buffer 1

Reaction condition: 37°C, 2h

The product after enzyme digestion (HLA-A11 fragment, 2900 bp) was linked with
pET-32a plasmid to generated pET-32a-HLA-A11 (Table 11).

Table 11. The construction of pET-32a-HLA-A11 plasmid.

Reagents Volume (pL)

Solution | 5
HLA-A11 fragment 4.5

pET-32a 0.5

Reaction condition: 16°C, 1h

A 2873 bp chimeric HLA-A11*01 mono-chain fragment sub-cloned into pET-32a
plasmid via Sall and Kpnl to generate pET-32a-HLA-A1l (Table 12), which

encompassed the human HLA-A11 leader sequence, al and 02 domains, murine H-2D"
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(from a3 domain to COOH terminus), and human B2-microglobulin (f2m), which was
covalently linked between the leader sequence and the 5 end of HLA-A11 (al and a2)
domains via a 15 amino acid linker encoding GlyaSers[117] (as shown in Figure 35).
Mouse a3 domain within the chimeric HLA-A11 molecule facilitates the interaction

with mouse CD8 molecules[117].

Table 12. The enzyme digestion identification of pET-32a-HLA-A11 plasmid

Reagents Volume (pL)
Kpn | 0.5
Sal | 0.5
pET-32a-HLA-Al11l 5
H>O 3
10>doading buffer 1

Reaction condition: 37°C, 2h

ma3  HB2m

3835 38

B

Sal 1 Kpn |

o™ o H HEH T

Figure 35. Schematic diagram of the chimeric human/mouse MHC class | gene. A.
Schematic diagram of the monochain chimeric human/mouse MHC class | gene
showing the HHD structure of the chimeric human al, o2 and f2m of HLA-A11l/murine
H-2 a3 molecule. The murine H-2 al domain is covalently linked to human B2m via a

15-amino acid linker. B. Liner representation of final HLA-AL1 construct.
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Generation of HHD chimeric HLA-A11l transgenic mice

The purified HLA-A11 fragment was released from pET-32a-All by digestion with
Sall and Kpnl and microinjected into pronuclei from fertilized (C57BL/6J <C57BL/6J)
F1 mouse eggs to generate transgenic embryos. The embryos were then re-implanted
into pseudo pregnant female mice. HLA-A11 transgenic mice were identified by PCR
of genomic DNA and by fluorescence activated cell sorting of T lymphocytes (see

below).
Genotype identification

HLA-A11 and HLA-DR1 transgenes and H-2 Bom/IAB knockout mice were identified
by PCR. Murine genomic DNA was extracted using genomic DNA isolation protocols.
Murine tails were digested by incubation with NaCl (100 mM), Tris-HCI (50 mM),
EDTA (100 mM), 1% SDS and proteinase K (0.5 mg/mL, Merck, Germany) overnight
at the 56 °C incubators. Followed by the addition of 250 mL of saturated NaCl solution
and isopropanol precipitation. Pellets were washed two or three times with 70% ethanol
and resuspended in 100 mL deionized water. After homogenization of DNA

concentration, PCR was conducted using the following primers (Table 13-16):

Table 13. The primers of HLA-A11/DR1 and H-2 p2m/ 1ap

Primers Sequences
HLA-A11l-up-F 5“-CTGGGTTTCATCCATCCG-3’
HLA-Al1l-up-R 5’-GATCGGTCTGGCTCTGAGC-3’

HLA-A1l-down-F 5’- CTGGGTTTCATCCATCCG-3’
HLA-Al1l-down-R 5’- GATCGGTCTGGCTCTGAGC-3’
HLA-DR1-F 5¢-GCTTCGAAATGGAAAACCTG-3’,
HLA-DR1-R 5“ATGTGCCTTACAGAGGCCCC-3’
Mouse Bm-F 5-CTGAGCTCTGTTTTCGTCTG-3’
Mouse B2m-R 5-CTTAACTCTGCAGGCGTATG-3’
Mouse H-2 I1AB-F 5-TTCGTGTACCAGTTCATGGG-3’
Mouse H-2 1AB-R 5-TAGTTGTGTCTGCACACCGT-3’
Neo55a 5‘-CCTGCCGAGAAAGTATCCA-3’
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Table 14. The PCR reaction systems of HLA-A11/DR1 and H-2 Bm/ Iaf

Genotype 2xTaqg Master Mix Primers DNA H20
(nL) (250 nm) (uL) (nL) (nL)
HLA-Al1l-up 10 2 1 7
HLA-A1l-down 10 2 1 7
HLA-DR1 10 2 1 7
H-2-Bom 10 3 1 6
H-2-1Ap 10 3 1 6

Table 15. The PCR reaction conditions of HLA-A11/DR1 and H-2 p2m/ I1af

Genotype 95°C 94°C Annealing®C  Annealing  72°C  Circles  72°C
HLA-A1l-up 5min 30 sec 54 °C 30 sec 30sec 34 10 min
HLA-All-down 5min  30sec 54 °C 30 sec 30sec 34 10 min
HLA-DR1 10 min 30 sec 55 °C 30 sec 30sec 40 10 min
H-2-B2m 10 min 30 sec 52 °C 30 sec 30sec 40 10 min
H-2-1AB 10 min 30 sec 52 °C 30 sec 30sec 40 10 min

Table 16. The PCR reaction products of HLA-A11/DR1 and H-2 B2m/ Iap

HLA-Al1l-up HLA-All-down HLA-DR1 H-2-B2m H-2-1Ap
+/+ 570 bp 483 bp 600 bp 600 bp 730 bp
+/- 570 bp 483 bp 600 bp 260 bp 230 bp
/- / / / 260 bp/600 bp 230 bp/730 bp

The Detection of gene copies number of HLA-A11 transgenic founder

mice

The above six HLA-AL11 transgenic founder mice identified by PCR were named HLA-
Al1 founder mice No.1-6, among them, HLA-A11 founder mice No.3 and No.5 had
better vitality and better physiological state. The HLA-A11l gene copies numbers in
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genome DNA of HLA-A11 founder mice No.3 and No.5 were detected by Real-time
PCR. The results were shown in Figure 38, 3 copies of HLA-A11 gene in the genome
of HLA-A11 founder mice No.5 is significantly higher than HLA-A11 founder mice
No.3 and C57BL/6 mice.

Generation of HLA-A11/DR1 transgenic mice

HLA-A11 transgenic mice showed the highest expression of HLA-A11 were crossed
with HLA-A2/DR1 (HLA-A2"*/DRO1*"*/p.m”/IAB") transgenic mice on a C57BL/6
background, HLA-A2/DR1 transgenic mice were originally generated by Dr. Yuchun
Lone[76]. Offspring with HLA-A2"-A11*"*/DR1**/H-2-B.m”/IAB” genotype were
identified by PCR and flow cytometry analysis.

Mice

Mice were bred in the animal facility at the Laboratory Animal Center, Chinese
Academy of Medical Sciences, Beijing, China. All experiments were performed
according to the approved protocols and guidelines of the animal facility at the
Institutional Animal Care and Use Committees of the Laboratory Animal Center, State
Key Laboratory of Pathogen and Biosecurity, Beijing Institute of Microbiology and
Epidemiology (permit number, BIME 2014-0017), and the recommendations set out in

the guide for the Care and Use of Laboratory Animals.
Flow cytometry analysis

Mice from the experimental and control group were euthanized and the splenocytes
were isolated. The expression of HLA-A11l and HLA-DR1 was analyzed by flow
cytometry with PE-anti-human HLA-ABC and FITC-anti-human HLA-DR antibodies
(anti-HLA class I and anti-HLA class I, respectively; BioLegend, San Diego, CA,
USA). Splenocytes isolated from wild-type C57BL/6 and H-2-1/11 knockout mice were
used as controls. To determine the percentage of CD4" cells and CD8* cells, splenocytes
were first labeled with a PE-anti-mouse CD3 antibody (BioLegend), followed by PE-
Cy5-anti-mouse CD8 antibody or APC-anti-mouse CD4 antibody (BioLegend).

Immunization of HLA-A11/DR1 transgenic mice
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Female HLA-A11/DR1 transgenic mice or wild-type C57BL/6 mice (6-8 weeks old)
received three intramuscular (i.m.) injections of recombinant HBV S antigen (1 pg)
adsorbed to 100 ug of AI(OH)3 (alum adjuvant) in combination with 10 pg of CpG-
ODN:s (kindly provided by Dr. Honglin Xu[118]) (total injected volume, 100 uL). Each
immunization was separated by an interval of 14 days. Sera were collected both before
and after each immunization for serological analysis. Mice were sacrificed 10 days after
the final boost, and the cytolytic responses to are combinate HBsSAg vaccine were

examined in an IFN-y ELISPOT assay.

Female transgenic and wild-type mice (6-8 weeks old) were anesthetized, and the
tibialis anterior muscles were injected with 10 ug of recombinant HIV-1 protein in alum
adjuvant; mice received three injections at 14 days intervals[119]. The immunogenicity
of two known HLA-A11l-restricted epitopes derived from the HIV-Pol gene (HIV-
Poli77.188:. QMAVFIHNFKRK)[120] and the HIV-GP160 gene (HIV-GP16032-s:
KLWVTVYYGVPVWR)[120] was examined by measuring the amount of IFN-y
secreted by CD8" T lymphocytes from HLA-A11/DR1 transgenic mice and wild-type
C57BL/6 mice. Mice were sacrificed 10 days after the final boost, and the cytolytic
responses and HLA-A1l-restricted CTL responses to the recombinant HIV-1 protein

were determined in an ELISPOT assay.
Measurement of serum antibodies by ELISA

The serum levels of antibodies specific for recombinant HBV vaccine and recombinant
HIV-1 protein in immunized HLA-A11/DR1 transgenic mice and C57BL/6 mice were
measured in ELISA. The plates coated with the HBV vaccine antigen or the
recombinant HIV-1 protein were blocked with PBS supplemented with 0.1% Tween 20
and 10% FCS and then washed three times. After the addition of mouse serum for 1 h,
the plates were washed again, and bound antibodies were detected with HRP
(horseradish peroxidase)-labeled anti-mouse IgG (Santa Cruz Biotechnology, Inc.).
Absorbance was then measured at 450nm and 630nm in a plate reader. The antibody titers
(the mean of at least three determinations) were calculated using the serial end-point
dilution method[121].
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ELISPOT assay

An ELISPOT assay was performed to detect IFN-y secreted by CD8" T lymphocytes
with BD™ ELISPOT kit (BD Biosciences, CA). Briefly, 96-well ELISPOT plates were
coated with an anti-IFN-y mAb overnight at 4<C and then blocked with blocking
solution. Splenocytes (5 x<10°) were added to each well and cultured in the presence of
recombinant HBV vaccine, synthetic peptides, or recombinant HIV-1 protein (all at 10
pg/ml) and incubated at 37°C/5% COz for 48 h. IFN-y-secreting cells were captured by
an anti-IFN-y mAb and detected by incubation with a biotinylated anti-IFN-y mAb for
2 h at 37<C, followed by streptavidin-HRP for 1 h. The plates were then developed for
5-10 minutes in an ACE substrate solution (BD Biosciences, CA), washed three times,
and air-dried at room temperature. Positive spots were counted using an ELISPOT plate

reader (Cellular Technology Ltd).

Database resources and analysis software
The amino acid sequences of EBOV GP protein and MERS CoV S protein were
obtained from Genebank database. Comprehensive bioinformatics software was used
to analyze and predict the CTL epitopes of EBOV GP protein and MERS CoV S protein,
such as SYFPEITHI, BIMAS, MAPPP, NetMHC (4.0), MHCPred (version 2.0) and
EpiTOP, etc. The websites of these online software were shown as follows:

SYFPEITHI: http://www.syfpeithi.de/

NetMHC: http://www.cbs.dtu.dk/services/NetMHCII/

MHCPred: http://www.ddg-pharmfac.net/mhcpred/MHCPred/

MAPPP: http://www.mpiib-berlin.mpg.de/MAPPP/binding.html

BIMAS: http://www-bimas.cit.nih.gov/molbio/hla_bind/

Among the predicted epitopes with higher HLA-Al11l-restricted score and higher
binding ability to HLA-A11 molecule, the hydrophobicity and solubility of these
peptides sequences were analyzed. As a result, the peptides with conventional
hydrophobicity below zero were easier to synthesize and dissolve. Twelve HLA-A11-
restricted epitopes derived from EBOV GP and twelve HLA-All-restricted CTL
epitope peptides of MERS-CoV S protein were screened out and synthesized. HLA-
A11/DR1 transgenic mice will be applied to identify these HLA-A11 restricted CTL
epitopes (Table 17).
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Table 17. HLA-Al1l-restricted CTL epitopes of EBOV and MERS-CoV analyzed

by comprehensive prediction

No. Sequences Location Length Conventional Score
hydrophobicity
E-P1 ATDVPSVTK EBOV-GP76 9 -1 28
E-P2 STHNTPVYK EBOV-GP33g; 9 -11.5 28
E-P3 ATTAAGPLK EBOV-GP4; 9 1.9 26
E-P4 NTTGKLIWK EBOV-GP2¢s 9 -5.7 25
E-P5 EVIVNAQPK EBOV-GPs0p2 9 -1.3 23
E-P6 VTGILQLPR EBOV-GP; 9 5.6 22
E-P7 FTAVSNGPK EBOV-GP303 9 2.1 22
E-P8 ATQVGQHHR EBOV-GP4o1 9 -13 22
E-P9 RTFSILNRK EBOV-GPsgo 9 -6.8 22
E-P10 QIIHDFVDK EBO-GPe;s 9 -1.6 22
E-P11 TSPQPPTTK EBOV-GP373 9 -15.1 21
E-P12 ETKKNLTRK EBOV-GP29, 9 -20.8 20
M-P1 ASIGDIIQR MERS-CoV-Si049 9 2.6 28
M-P2 PSTSATIRK MERS-CoV-Si34 9 -6.7 25
M-P3 GTNCMGKLK MERS-CoV-Si324 9 -4.6 25
M-P4 SVGNFSDGK  MERS-CoV-Sis2 9 -6.3 24
M-P5 SVIYDKETK MERS-CoV-Ses0 9 -8.9 24
M-P6 SSLFVEDCK MERS-CoV-S720 9 0.8 24
M-P7 STLTPRSVR MERS-CoV-S743 9 -5.6 24
M-P8 LTTITKPLK MERS-CoV-S4s8 9 0.6 22
M-P9  SSTMSQYSR  MERS-CoV-Sess 9 -11.3 21
M-P10 AIEDLLFDK MERS-CoV-Sss9 9 2.3 21
M-P11 TTTNEAFRK  MERS-CoV-Si13 9 -12.9 21
M-P12 AALSAQLAK  MERS-CoV-Sig9 9 6.6 19

Statistical analysis

Each experiment was repeated at least three times, and data were expressed as the mean
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+ SEM. The means or geometric means of multiple groups were compared using
Student’s t-test. All statistical analysis was performed using GraphPad Prism version

5.0. A P value <0.05 was considered statistically significant.
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Results

Identification of HLA-A11 transgenic vector

A 2873 bp chimeric HLA-A11*01 mono-chain fragment sub-cloned into the pET-32a
plasmid (5841 bp) via Sall and Kpnl to generate pET-32a-HLA-A1l recombinant
vector (Figure 36A). We confirmed the HLA-A1l transgenic vector pET-32a-All
recombinant plasmid by enzyme digestion (Figure 36B) and PCR amplification (Figure
36C).

Epit - AN\ pET32a-Al1
+ HLAA1 [:> (8714bp)

Sall (2873bp)

pET32a
(5841bp)

5000bp —
3000bp —
2000bp —

750bp —

Figure 36. The identification of pET-32a-All recombinant plasmid. A. The
construction schematic of pET-32a-All. B. Identification of pET-32a-All
recombinant plasmid by enzyme digestion. M: Trans 2K Plus DNA Marker; 1: pET-
32a-Al11 recombinant plasmid control; 2: pET-32a-Al1 recombinant plasmid digested
by Kpnl/Sall. C. Identification of pET-32a-A11 recombinant plasmid. HLA-A11-up
primers: 1: NC; 2: pET-32a-Al1; 3: 10°* pET-32a-A11. HLA-A11-Down; 4: NC; 5:
pET-32a-Al1; 6: 10°3* pET-32a-Al1; M: Trans 2K Plus DNA Marker.

Microinjection of HLA-A11l transgenic vector and identification of

HLA-A11 transgenic founder mice

The purified HLA-A11 fragment was released from pET-32a-Al1l by digestion with
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Sall and Kpnl and microinjected into pronuclei from fertilized (C57BL/6J <C57BL/6J)
F1 mouse eggs to generate transgenic embryos, a total of 421 transgenic embryos were
obtained. The embryos were then re-implanted into 16 pseudo pregnant female mice,
among them 12 mice were pregnant, the success rate of transplant was 75%. 76 neonatal
mice were born. Six mice (No.44, 47, 55, 56, 69 and 71) were positive for HLA-A1l
by PCR identification. The positive rate was 7.89%. Figure 37 showed the results of
PCR identification of six HLA-A11 transgenic founder mice.

A B

44 47 55 56 69 71 e 0 + M 44 47 55 56 69 71 o 0 + M

AR L

Figure 37. PCR identification of HLA-A11 transgenic founder mice. A. HLA-A11
up primers. B. HLA-A11 down primers.

The detection of gene copies number of HLA-AL1 transgenic founder

mice

Six HLA-AL11 transgenic founder mice identified by PCR were named as No.1-No.6
HLA-A11 transgenic founder mouse, among them No.3 and No.5 were more active and
dynamically. Real-time PCR was used to detect the copy numbers of the HLA-A1l
transgene in the genomic DNA of the HLA-A11 transgenic mice No.3 and No.5. As
shown in Figure 38, the copy numbers of HLA-A11 gene in the genome of No. 3 and
No. 5 HLA-A11l transgenic founder mice were significantly higher than that of
C57BL/6 mice. Among them, the copy number of the gene of No.5 HLA-All
transgenic founder mice were relatively stable, and the results of two HLA-A1l

transgenic founder mice were statistically different from those of C57BL/6 mice.
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Figure 38. Real-time PCR analysis of gene copies number of HLA-A11 transgenic
founder mice. A. HLA-A primers. B. HLA-Promotor primers.

Generation of homozygous HLA-A11/DR1 (HLA-A11"*/DR0O1"*/H-2

The construction of the recombinant gene encoding chimeric HLA-A11 mono-chain
illustrated in Figure 35 and Figure 36. Transgenic mice expressing the integrated HLA-
All fragment were identified by PCR (data not shown). HLA-A11/DR1 (HLA-
Al11**IDR1**/H-2-B.m”/IAP™T) transgenic mice were obtained by backcrossing the
parental HLA-A11*"* (HLA-A11) transgenic mice with HLA-A2"*/DR1""*/H-2-B,m™-
/TAB”" (HLA-A2/DR1) transgenic mice (as shown in Figure 39).
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Figure 39. The construction of HLA-A11/DR1 double transgenic mice.

The genotype of HLA-A11/DR1 transgenic mice was confirmed by PCR, with
offspring-derived genomic DNA as a template. The exogenous HLA-A11 and HLA-
DR1 fragments were integrated into mouse genome (Figure 40A), and the endogenous
H-2-B.m and H-2-IAp (Figure 40B) genes were knocked out.

A Tg mice NC PC Blank
Tg mice NC PC F1 Blank
B -
600 bp
M B 2m 260 bp
7
H-21A B 30be
230 bp

Figure 40. Genotype identification of HLA-A11/DR1 transgenic mice. Genomic
DNA purified from HLA-A11/DR1 transgenic mice was analyzed by PCR using
primers specific for HLA-A11, HLA-DR1, mouse 2m, and H-2 TAB. A. Identification
of HLA-A11 (upper panel) and HLA-DR1 (lower panel). Tg mice, HLA-A11/DR1
transgenic mice; NC, Negative control; PC, Positive control; Blank, dH20. B.
Identification of mouse H-2-Bm (upper panel) and H-2-IAB (lower panel). Tg mice,
HLA-A11/DR1 transgenic mice; NC, Negative control; PC, Positive control; F1,
Heterozygote control; Blank, dH20.

Identification of homozygous HLA-A11/DR1 transgenic mice

Male and female HLA-A11/DR1 transgenic mice (genotypes of HLA-A11 and HLA-
DR1 were “+/+” or “+/-"") were mated with female or male C57BL/6 mice. According

to ten offspring, the genotypes of their parents could be confirmed to be “+/+” or “+/-".
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As shown in Figure 41, if ten progenies are all positive for HLA-A11 or HLA-DR1, it
means that the parental HLA-A11/DR1 male and female mice are homozygous for the
target gene, which is “+/+”. On condition that negative results appeared among ten
progenies indicated that the genotypes of HLA-A11 and HLA-DR1 in parental mice
was "+/-", which need to be further self-crossed to achieve homozygous. Through self-
crossing for more than 10 generations, homozygous HLA-A11/DR1 double transgenic
mice transgenic mice (HLA-A11"*/DR1"*/H-2-B.m”/IAB") were successfully
constructed and stably obtained.

HLA-A11/DR1 mice X C57BL/6 mice

| Offspring (n=10) I

NEENENENEN RERERODO00

Homozygote Heterozygote

Figure 41. Schematic representation of HLA-A11/DR1 transgenic homozygous

and heterozygote mice.

Analysis of HLA expression in immune cells of HLA-A11/DR1

transgenic mice

Expression of HLA-A11 and HLA-DRL1 in splenocytes isolated from HLA-A11/DR1
transgenic mice was detected by flow cytometry. HLA-A11/DR1 transgenic mice
expressed both HLA-A11 (Figure 42A) and HLA-DR1 (Figure 42B), whereas no HLA

transgenes were expressed in wild-type C57BL/6 mice or H-2-1/11 knockout mice.

Taken together, these results demonstrated that HLA-A11 and HLA-DR1 transgenes

had integrated into the mouse genome and were expressed by splenocytes of HLA-
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A11/DR1 transgenic mice, while the competitive inhibition by mouse endogenous H-
2-1/11 molecules had been eliminated. Thus, the mouse model could be used to examine
cooperation between human HLA-I/I1 molecules without interference from mouse H-2

molecules.

1000 e HLA-AIUDRI Tg 1000 e HLA-A11/DRI Tg
— C57BL/G — CSTBL/G
800 — H-211IKo 800 - — H-2 11 Ko

Count
Count

HLA-A1l

Figure 42. Flow cytometric analysis of transgenic HLA molecules expressed on the
surface of immune cells of HLA-A11/DR1 transgenic mice. Splenocytes of HLA-
A11/DR1 (red histogram), H-2-1/11 knockout mice (black histogram), and wild-type
C57BL/6 (blue histogram) mice were isolated and stained with a PE-anti-human HLA-
ABC antibody (A) or an FITC-anti-human-HLA-DR antibody (B) to detect HLA-A11
and HLA-DR1 expression, respectively.

Proportions of CD8" and CD4" T lymphocytes in the splenocytes of
HLA-A11/DR1 transgenic mice

To test whether the expression of exogenous HLA transgenes would still allow positive
and negative selection of CD4" and CD8" T lymphocytes in HLA-A11/DRI1 transgenic
mice, we next examined the populations of HLA-regulated T lymphocytes in the
periphery. The numbers of CD3"CD4" and CD3"CDS8" T lymphocytes were counted by

flow cytometry.

The isolated splenocytes were labeled with a PE-anti-mouse CD3 antibody, followed
by a PE-Cy5-anti-mouse CD8 antibody. Figure 43 A-D showed that 1.48% of
lymphocytes in HLA-A11/DR1 transgenic mice, 3.32% of lymphocytes in HLA-A11l
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transgenic mice, and 1.16% of lymphocytes in HLA-DR1 transgenic mice were CD8"
T cells. By contrast, 11.7% of lymphocytes in C57BL/6 mice were CD8" T cells.
Peripheral CD4" T lymphocytes were labeled with a PE-anti-mouse CD3 antibody,
followed by an APC-anti-mouse CD4 antibody. Figure 43 E-H shows that 92.2% of
lymphocytes in HLA-A11/DR1 transgenic mice, 62.6% in HLA-A11 transgenic mice,
and 94.8% in HLA-DR1 transgenic mice were CD4" T cells, compared with 64.6% in
C57BL/6 mice. Results were summarized in Table 18.

These results showed that the percentage of CD4* T cells in HLA-A11/DR1 transgenic
mice were similar with that of C57BL/6 mice, while the number of CD8" T cells in
HLA-A11/DR1 transgenic mice was lower than that in C57BL/6 mice. However, the
lower percentage of CD8" T cell was in accordance with that in HLA-A2/DR1
transgenic mice or HLA-A2/DP4 transgenic mice in which efficient humoral and
cellular immune responses could be developed[76, 77]. Thus, HLA transgenes enabled

the differentiation and maturation of CD4* and CD8* T lymphocytes in transgenic mice.
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Figure 43. Flow cytometric analysis of peripheral CD8* and CD4* (T) lymphocytes.
(A-D) Splenocytes of HLA-A11/DR1 mice (A), HLA-A11 mice (B), HLA-DR1 mice
(C), and C57BL/6 mice (D) were isolated. CD3" T lymphocytes were gated by staining
with an FITC-anti-CD3 mAb and CD8* T lymphocytes were gated by staining with a
PE-cy5-anti-CD8 mAb. (E-H) Splenocytes of HLA-A11/DR1 mice (E), HLA-A1l
mice (F), HLA-DR1 mice (G), and C57BL/6 mice (H) were isolated. CD3* T
lymphocytes were gated by staining with a PE-anti-CD3 mAb, and CD4" T
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Table 18. Ratio of CD8" and CD4* T lymphocytes to peripheral lymphocytes in
HLA-A11/DR1 transgenic Mice.

Cell types HLA-A11/DR1 HLA-A1l HLA-DR1 C57BL/6
mice Mice Mice Mice
mCD4* T cells 92.2% 62.6% 94.8% 64.6%
mCD8* T cells 1.48% 3.32% 1.16% 11.7%

HLA-A11/DR1 transgenic mice show HLA-All-restricted cytotoxic

responses

To verify that HLA-A11/DR1 transgenic mice mount a fully functional immune
response, two known immunodominant HLA-All-restricted epitopes, one derived
from HIV-Poli77.188 (QMAVFIHNFKRK)[120] and the other derived from HIV-
GP16032-45 (KLWVTVYYGVPVWR)[120], were used to measure IFN-y production
by CD8* T lymphocytes from HLA-A11/DR1 mice immunized with a recombinant

HIV-1 protein vaccine.

Compared with those from C57BL/6 mice, CD8" T lymphocytes from HLA-A11/DR1
mice were functionally restricted by the transgenic human MHC class | molecules
(HLA-A11). HLA-A11l-restricted HIV-specific CTL immune responses were specific
for HLA-A11-restricted-epitopes HIV-Poli77.18s (Figure 44A and B) and HIV-GP160s>-
45 (Figure 44C and D). Collectively, these data showed that HLA-A11/DR1 transgenic

mice mount a functional HLA-A11 restricted immune response.
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Figure 44. HLA-A11 restricted cytotoxic responses in HLA-A11/DR1 transgenic
mice. Responses to HLA-Al1-restricted epitope HIV-Poli77-188 (A and B), and to HLA-
All-restricted epitope, HIV-GP3 45 (C and D), were assessed in immunized HLA-
A11/DR1 mice and C57BL/6 mice by counting the number of IFN-y-secreting spots in
ELISPOT assays.

HLA-A11/DR1 transgenic mice mount effective humoral and cellular

responses

To examine the specific humoral and cellular responses to vaccination in HLA-
Al11/DR1 transgenic mice, mice were immunized with a recombinant HBV vaccine
(derived from HBV envelope protein[118]) or with a multi-epitope HIV-1-based

candidate vaccine[119].

The amount of HBsAg-specific 1gG antibodies in the serum of HLA-A11/DR1 mice
was similar with that in C57BL/6 mice (Figure 45A). It is worth noting that HLA-
Al11/DR1 mice generated 4-5-fold more IFN-y than wild-type mice, indicating a
satisfactory cellular immune response and an ability to mimic human cytotoxic

response (Figure 45B).
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Figure 45. HBs-specific antibody and cell-mediated responses after immunization
with a recombinant HBsAg vaccine. A. Sera were collected from immunized HLA-
A11/DR1 transgenic mice and wild-type C57BL/6 mice, and the titers of anti-HBs (IgG)
antibodies were compared with those of PBS-immunized (hollow bar) mice in an
ELISA test. B. HBs epitope-specific IFN-y production by cytotoxic T lymphocytes was
examined by measuring the response of both HLA-A11/DR1 mice and C57BL/6 mice

to a recombinant HBs vaccine or PBS.

The amount of HIV-specific IgG antibodies and the amount of IFN-y secreted by CD8"

T lymphocytes was measured respectively. The results revealed an increase (p <0.05)

in the levels of specific IgG antibodies in HLA-A11/DR1 mice (Figure 46A). HLA-
A11/DR1 mice also secreted more IFN-y than wild-type mice (Figure 46B). These
results suggested that HLA-A11/DR1 mice show stronger cellular immune responses

than C57BL/6 mice and are therefore a suitable model for evaluating vaccines.
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Figure 46. HIV-specific antibody and CD8* T cell responses after immunization
with a recombinant HIV-1 protein. A. HIV-specific antibody titers in HLA-A11/DR1
mice and C57BL/6 mice immunized with a recombinant HIV-1 protein or PBS. B and

C. HIV-specific IFN-y production by cytotoxic T lymphocytes was examined by
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measuring responses to the recombinant HIV-1 protein in immunized mice (PBS-
immunized mice were used as control) (a. HLA-A11/DR1 mice; b. C57BL/6 mice).

The identification of novel HLA-A11l restricted CTL epitopes of EBOV and
MERS-CoV

We predicted twelve HLA-A11-restricted epitopes of EP protein of EBOV virus with
the comprehensive bioinformation analysis, to identify the specific CTL response of
these HLA-Al1-restricted epitopes, HLA-A11/DR1 mice and C57BL/6 mice were
immunized with every single peptide. ELISPOT results showed that the specific CTL
responses induced by E-P1 (EBOV-GP7¢.84, ATDVPSVTK) and E-P3 (EBOV-GPs23.
431, ATTAAGPLK) in HLA-A11/DR1 mice was 44 SFU/5*10° cells and 38 SFU/5*10°
cells, respectively, which was significantly stronger than that of C57BL/6 mice (3
SFU/5*10° cells and 2 SFU/5*10° cells) (Figure 47).
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Figure 47. ELISPOT analysis of HLA-AL11 restricted epitopes of EBOV virus in
HLA-A11/DR1 mice.
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As shown in Figure 48, HLA-A11/DR1 mice generated specific HLA-A11l CTL
responses in four HLA-A11 restricted epitopes of MERS-CoV virus, which were M-
P4 (MERS-Sis2-160, SVGNFSDGK), M-P6 (MERS-S720.728, SSLFVEDCK), and M-
P10 (MERS-Sgso-897, AIEDLLFDK) and M-P12 (MERS-S1092-1100, AALSAQLAK).
The specific IFN-y produced by four HLA-All-restricted CTL peptides in HLA-
A11/DR1 mice was 30 SFU/5*10° cells, 43 SFU/5*10° cells, 35 SFU/5*10° cells and
34 SFU/5*10° cells, respectively. Whereas, the IFN-y produced by C57BL/6 mice were
1 SFU/5*10° cells, 1 SFU/5*10° cells, 1 SFU/5*10° cells, 1 SFU/5*10° cells,

respectively.
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Figure 48. ELISPOT analysis f HLA-A11 restricted epitopes of MERS-CoV
virus in HLA-A11/DR1 mice.
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Discussion

Vaccines based on multiple epitopes can be used to target well-defined ethnic
populations and could prime robust immune responses[120, 122]. To facilitate the
evaluation and development of novel candidate epitopes-based vaccines, we
constructed a novel humanized HLA-A11/DR1 transgenic mouse model expressing
both HLA-A11 and HLA-DR1 molecules, while in the absence of H-2 class I/l
molecules. Different from previous HLA-A2/DR1[76] transgenic mice and HLA-
A2/DP4 transgenic mice [77], HLA-A11/DR1 transgenic mice showed combined
expression of HLA-I allele-A11 and HLA-II allele-DR1, which are prevalent in
Chinese population. Because a quarter of Chinese population express HLA-A11 and
HLA-DR1 alleles[112], this novel animal model could be used to predict and evaluate
the cellular responses of this Chinese population more accurately than previous

transgenic mouse models.

HLA system is the most polymorphic gene cluster in human beings. HLA class | and 11
alleles are expressed in a co-dominant manner in any individual. Competition among
different HLA molecules results in the selection of different immunodominant epitopes
that recognize and present processed antigens to immune cells. Research on the
function of an independent HLA molecule in the absence of competitive inhibition of
other HLA alleles is a real challenge. Humanized mice have allowed the investigation
of individual HLA molecules due to the integration of specific HLA alleles into the
mouse genome. Indeed, HLA double-transgenic mice (expressing both human HLA
class I and class II molecules) in the absence of murine H-2 molecules have been
developed [76, 77].

The phenotypic frequency of HLA-A1l in Chinese population is about 20-30%
compared with 10-15% in European, American, and Middle Eastern populations[112].
Thus, more and more research are focused on HLA-A11 transgenic mice to evaluate
HLA-A11-restricted epitope-based vaccines[123, 124].

To ensure that the transgenes are functioned within the mouse genome, we designed an
HLA-A11 HHD chimeric monochain expressing the a.1/a2/B2m domains of HLA-A11
and the a3 domain of endogenous H-2. Replacing human a3 domain with mouse a3

domain preserved the species-specific binding affinity between HLA-A11l chimeric
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monochain and mouse CD8 molecule. Inactivating important components of
endogenous H-2 molecule could prevent H-2 molecules from competing with
transgenic HLA molecules. Through this strategy, HLA transgenic mice could only

mount HLA-restricted immune responses without H-2-restricted immune responses.
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Conclusions

We confirmed the cell surface expression of HLA-I and HLA-II molecules in immune
cells of HLA-A11 transgenic mice. Although the percentage of CD8" T lymphocytes
in HLA-A11/DR1 transgenic mice was lower than that in C57BL/6 mice, the transgenic
HLA molecules efficiently presented antigens to immune cells to generate functional
humoral and cellular immune responses. The low percentage of CD8" T lymphocytes
in HLA-A11/DR1 mice is in accordance with that in HLA-A2/DR1 mice[76], HLA-
A2/DP4 mice[77], and other HLA class | transgenic mice models which also could
develop efficient humoral and cellular immune responses similar to those in
humans[125, 126]. Furthermore, several studies show that the lower percentage of
CD8* T lymphocytes does not preclude the use of HLA-A2/DR1 mice to study the
immune responses to pathogens such as HBV and HIV[125, 127]. Interesting, it is now
well documented by several comparative studies that transgenic HLA class | molecules
in chimeric monochain form are superior than traditional transgenic HLA class |
molecule mice to induce more efficient T cell responses, even though the number of
CD8* T cell is lower[116, 128].

We also confirmed that HLA-A11/DR1 transgenic mice mount efficient and functional
humoral and cellular immune responses to a recombinant HBV vaccine and a
recombinant HIV-1 protein, and especially mount the specific Al1l-restricted cellular
immune response to a recombinant HIV-1 protein. In our HLA-A11/DR1 transgenic
mice, the HLA-DR1 genes were derived from HLA-A2/DR1 transgenic mice in which
the HLA-DR1-restricted CD4" T cell responses were described with HLA-DR1-
restricted epitope HBsAQ179-104[ 76]. Furthermore, by using HLA-A2/DR1 transgenic
mice, Pajot [127] identified two new HLA-DR1-restricted HIV-1 Gag p24-derived
epitopes (Gags213s0 and Gagassi-sso) and confirmed the immunogenicity of seven
epitopes that had been described previously. In addition, it is well documented that in
the absence of MHC class Il expression, there are no CD4™ T cells and more interesting,
there were also no humoral responses in the case of vaccination against HBV, as shown
in HLA-A2 single transgenic H-2 class I/class Il knock-out (KO) mice[127]. In the
present HLA-A11/DR1 transgenic mice, we confirmed the HLA-DR1-restricted
epitope HBSsAQ179-194 responses as reported in HLA-A2/DR1 mice (data no shown).

Furthermore, we show an efficient specific antibodies response (Figure 45) which were
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reported highly protective against HBV infection. The results indicated that the novel
HLA-A11/DR1 transgenic mice model has the potential to evaluate both T cells (CD8
and CD4) and B cells activities as in HLA-A2/DR1 transgenic mice, but covering
different population. Two models mentioned above are equally important to evaluate
available commercial vaccines and novel vaccine candidates. Furthermore, we
identified two HLA-A11 restricted epitopes of EBOV GP protein and four of MERS-
CoV S protein.

In summary, we generated a novel HLA-A11/DR1 transgenic mouse strain that
faithfully reproduced a human immune response and may be useful for identifying
protective epitopes, designing human vaccine and for evaluating vaccination strategies.
The humanized HLA-A11/DR1 transgenic mouse is a promising and versatile
preclinical model that will facilitate the study of human immune responses to a variety

of antigens.
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By using the Hepatitis C virus (HCV) genotype 2a JFH-1 or its chimeric strains, a HCV
infection system had been previously developed through several methods— such as in
vitro-transcribed JFH1-RNA transfection or stable transfection of the JFH1 cDNA into
human hepatoma Huh-7 cell line or its derivatives. However, other reliable methods for
delivery of the HCV genome into cells are still worth trying. The helper-dependent
adenovirus (HDAJ) is devoid of all viral coding sequences and has a package capacity
of 37 kb, which is suitably large for the delivery of the HCV genome. Here we report a
new method for delivery of the HCV genome into Huh-7 and HepG2 cells by using the
HDAd vector. Our results demonstrated that the infection of Huh-7 cells with the
HDAdJFH1 virus led to efficient HCV replication and virion production. We found that
the HCV viral RNA levels could reach 107 copies per milliliter in the culture medium.
HDAdJFH1-infected Huh-7 cells could be cultured for 8 passages with the culture
medium remaining infectious for nawe Huh-7 cells throughout this period. This
infection system proved effective for evaluating the anti-HCV effects of IFN-a in Huh-
7 cells. Co-infection of HepG2 cells with the HDAdJFH1 and HDAdmIiR-122 virus
also resulted in HCV expression and replication. This is the first report of an HDAd-

based strategy for HCV replication and production in vitro.
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Abstract

Background: By using the hepatitis C virus (HCV) genctype 2a JFH-1 or its chimeric strains, a HOV infection system
has been previously developed through several methods— such as in vitro-transcribed JFH1-RNA transfection or
stable transfection of the JFH1 cONA into human hepatoma Huh-7 cell line or its derivatives. However, other
reliable methods for delivery of the HOV genome into cells are still worth trying. The helper-dependent adenavirus
(HDAd) is devoid of all viral coding sequences and has a package capacity of 37 kb, which is suitably large for the
delivery of the HCV genome. Here we report a new method for delivery of the HCV genome into Huh-7 and
HepG2 cells by using the HDAd vector.

Results: Our results demonstrated that the infection of Huh-7 cells with the HDAdJFH1 virus led to efficient HCV

replication and virion production. We found that the HCV viral RNA levels could reach 107 copies per milliliter (ml)
in the culture medium. HDAdJFH1-infected Huh-7 cells could be cultured for 8 passages with the culture medium

remaining infectious for naive Huh-7 cells throughout this period. This infection system proved effective for
evaluating the anti-HCV effects of IFN-a in Huh-7 cells. Co-infection of HepG2 cells with the HDAdJFH1 and
HDAdmIR-122 virus also resulted in HCV expression and replication.

Conclusion: This is the first report of an HDAd-based strategy for HCV replication and production in vitro.

Keywords: Hepatitis C virus, Cell-culture model, Helper-dependent adenovirus

Background

Hepatitis C virus (HCV) is a 9.6 kb positive-strand RNA
virus and a member of the flavivirus family [1]. It is esti-
mated that approximately 170 million people worldwide
are persistently infected by HCV, which can result in
hepatic fibrosis, cirrhosis and hepatocellular carcinoma
[2]. Current interferon-a based therapy, in combination
with ribavirin, has limited efficacy in only approximately
50% of patients and has severe side effects [3]. HCV rep-
lication takes place in the cytoplasm, and the 9.6 kb
RNA genome encodes a polyprotein localized to the
rough endoplasmic reticulum (ER), where it is cleaved
into at least 10 structural (C, E1, E2, and P7} and

* Correspondence: sunsh01@163.com; yszhou@nicbmizc.on

"Equal contributors

'State Key Laboratory of Pathogen and Bicsecurity, Beijjing Institute of
Microbiclogy and Epidemiology, Beijing, China

Full list of author infarmation is available at the end of the article

( ) BioMed Central

nonstructural (NS2, NS3, NS4A, NS4B, NS5A, and
NS5B) proteins that play important roles in virus repli-
cation, assembly and pathogenesis [4].

HCV research has been hampered by the lack of ad-
equate in vitro and in vivo model systems. Replicons
have been utilized for studying HCV RNA replication,
but these are not useful for studying aspects of virion
production and infection [5]. In 2005, researchers dis-
covered a genotype 2a isolate JFH1 from a Japanese
patient with fulminant hepatitis that could exhibit
complete the virus life cycle after transfection of in vitro
transcribed full-length JFHI RNA into Huh-7 or Huh-
7.5 cells. This system is also able to produce infectious
viral particles in cell culture (HCVec) [6,7]. Furthermore,
it was found that stable human hepatoma cell lines
containing a chromosomally integrated cDNA copy of

B 2013 Zhou et al; licensee BioMed Central Ltd. This is an Open Access article distibuted under the terms of the Creative
Commons Attributicn License (hitpsfcreativecommons.orgflicenses/bry/2.0), which permits unrestricted use, distribution, and
repreduction in any medium, provided the original work is propery cited.
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the JFH1 genome with a hepatitis delta virus ribozyme at
the 3" end can constitutively produce infectious viral
particles [8]. These methods have proven to be effective
in generating infectious HCV cell culture models in
Huh-7 cell line and its derivatives.

In contrast to Huh-7 cells, the hepatocellular carcin-
oma derived HepG2 cells polarize and would thus per-
mit the investigation of how cell polarization impacts
the HCV life cycle [9]. However, HepG2 cells does not
express endogenous miR-122, a liver-expressed miRNA
which is required to support HCV RNA replication [10],
and weakly supports HCV replication [11]. Although a
recent study has indicated that HepG2 cells expressing
miR-122 can support the entire HCV life cycle [11], the
efficiency of HCV replication and virion production still
needs increasing. Thus other potential methods be-
sides transfection for delivery of the HCV genome into
cells are still worth trying especially when the cells,
such as HepG2 cells, possess a relatively lower trans-
fection efficiency.

Adenoviruses (Ads) are non-enveloped double-stranded
DNA viruses, which can mediate efficient transduction
and expression of foreign genes in cells [12]. The helper-
dependent adenovirus (HDAd) possesses the same ability
to deliver foreign DNA into cells as earlier generation ade-
noviruses (Ads); furthermore, HDAd vectors are devoid of
all viral coding sequences and have cloning capacities of
up to 37 kb [13], which makes it possible to introduce
large genes into cells using HDAd vectors. Lacking all
viral coding sequences, it displays only minimal immuno-
genicity and negligible side-effects and allows for long-
term transgene expression in animal models for delivery
of transgenes into the liver, skeletal muscle, myocardium
or brain [14]. Furthermore, it does not integrate into the
host genome, which makes them a promising class of po-
tential delivery vehicles for human gene therapy [15].

In this study, we developed a HDAd vector containing
the full-length JFH1 genome and an HDV ribozyme se-
quence located at the 3" end of the JFH1 genome. Our
results demonstrate that the HDAd vector was able to
efficiently deliver the HCV genome into Huh-7 cells and
HepG2 cells, in which infectious HCV particles could be
produced in vitro. To our knowledge, an efficient
HDAd-based method for introducing the full-length
9.6 kb HCV RNA genome into hepatocytes has not been
previously described. Therefore, this is the first report of
an in vitro HDAd-mediated HCV genomic replication
and production system.

Results

Construction of a helper-dependent adenoviral vector
expressing the HCV RNA genome

An Ad5 vector has been previously used for the intro-
duction of the hepatitis B viral genome into cultured
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cells and mice, and it was found that high-titer hepatitis
B virions were secreted into the culture medium of
infected hepatoma cells and the sera of infected mice
[16]. However, the size of the transgene that can be de-
livered by the conventional Ad5 vector is limited to 8.1-
8.2 kb [17], which is nearly the size of the HCV replicon.
Although an Ad5/35 chimera vector was recently used
to generate a HCV subgenomic-replicon construct [18],
there have been no reports of the packaging and transfer
of the full 9.6 kb HCV genome in vitro or in vivo. In this
study, we aimed to develop a simple and reliable method
for packaging and delivering the HCV genome into cells
to establish a novel HCV infection system. To this end,
we chose to utilize the genotype 2a JFH1 HCV clone
due to its efficient replication in human hepatoma [19]
and mouse cells [20]. The full-length JFH1 RNA genome
is under the control of a 5' minimal CMV promoter in
the HDAd vector, and the 3' terminus of the transcript
is processed by an HDV ribozyme sequence. The helper-
dependent adenovirus plasmid also contained a GFP ex-
pression cassette (Figure la).

Amplification of the HDAAHCV virus and infection of cells
As quantified by absorbance, the titer of the amplified
and purified HDAdJFH1, HDAdJFH1/GND, HDAdmiR-
122 and HDAJGFP virus were found to be 2x10',
3x10%, 1x10Y, 2x10'viral particles/ml, respectively.
Huh-7 cells and HepG2 cells were infected by the
HDAds at a ratio of 200 viral particles/cell. GFP expres-
sion was observed in the infected Huh-7 and HepG2
cells at 3 days p.i (Figure 1b). At 3 days p.i, nearly all
the Huh-7 and HepG2 cells were infected with the
HDAJJFH1 virus and had high levels of GFP expression.

Detection of HDAd-mediated HCV protein expression and
RNA replication
HDAd can mediate the efficient delivery and strong ex-
pression of foreign DNA sequences in vitro [21]. Our re-
sults indicate that HDAd can also mediate the efficient
expression of HCV proteins in HDAdJFH1-infected
Huh-7 cells. The expression of HCV core and NS3 pro-
teins was confirmed by immunofluorescence staining
and western blotting using core- and NS3-specific
monoclonal antibodies. At 3 days p., immunofluores-
cence staining for HCV core and NS3 were both positive
(Figure 2a). High levels of HCV core and NS3 proteins
were also detected by western blotting at 36 h and 72 h
pd., respectively (Figure 2b). The expression of HCV
NS3 protein was still detectable at 20 days p.i. (data not
shown), demonstrating the long-term expression of the
HCV genome.

Actinomycin-D has been shown to have the ability to
inhibit transcription [22]. Thus, actinomycin-D was
added in the cell culture medium and northern blot was

120



Zhou et al. Virology Journal 2013, 10:273
http://www.virologyj.com/content/10/1/273

Page 3 of 10

SV40Poly A

@ HDAdJFHI
AdS

AdSs
ITR cmv suTR  #7 IUTR :,::‘1 ITR

*/'/"'Dmc[rz 1EZ[NS2INSIUAL4BINSSAINSSEN i m— H:lﬁ&

JFH1 ORF Not |

Pme |

b

HDAdJFH1 HDAdJFH1

Figure 1 Infection of Huh-7 cells and HepG2 cells by the HDAdJFH1 virus. (a). A diagram depicting the genetic makeup of HDAdJFH1. The
transcriptional expression of the JFH1 RNA genome is under the control of the CMV promoter and the HDV ribozyme. The GFP expression
cassette is uncer the control of a seconc CMV promoter and contains an SV40 polyA tail. (b). GFP exoression in HDAdJFH1-infectec Hun-7 celis
and HepG2 cells on day 3 p.. Magnification, X10 (b).

performed to confirm replication of HCV genome. The
concentration of actinomycin-D was maintained 5 pg/ml
in the medium for 16 hours in HDAdJFH1, HDAdJFH1/
GND-infected Huh-7cells and HDAdJFH1-infected 293
cells since 6 hours p.i. After actinomycin-D treatment,
expression of intracellular HCV RNA can be detected in
the HDAdJFH1-infected Huh-7 cells, compared with
those in the HDAdJFH1/GND-infected Huh-7 cells and
HDAdJFH1-infected 293 cells (Figure 2c). The results

indicated that actinomycin-D inhibited the HDAd-
mediated HCV genome transcription in HDAdJFH1/
GND-infected Huh-7 cells and HCV replicated in the
HDAdJFH1-infected Huh-7 cells. Quantitative RT-PCR
analysis also showed an increase of HCV RNA levels in
the cell culture medium since HDAdJFH1 infection of
Huh-7 cells (Figure 3). Together, these results demon-
strated the replication of HCV genome in the HDAd-
JFH1-infected Huh-7 cells.
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Figure 2 HCV expression and replication in HDAdJFH1-infected Huh-7 cells. (a). Immunofluorescence assays (IFAs) of the HCV core anc NS3
proteins in Huh-7 cells on day 3 p.i. HDAdGFP-infected Huh-7 cells served as a negative control. (b). Western blots cetecting the HCV core and
NS3 proteins in HDAdJFH1-infectec Hunh-7 cells at 36 h anc 72 h p.i. Huh-7 cells transfected with in vitro-transcribed JFH1 RNA served as 2
positive control. HDAGGFP-infected Huh-7 cells served as a negative control. (c). Northem blots detecting HCV RNA ang 285 rANA in HDAGJFH1-
infected Huh-7 cells, HDAdJFH1/GND-infected Huh-7 cells and the HDAdJFH1-infected 293 cells in the presence of actinomycin-D. A group of
infected cells without actinomycin-D served as controls. Magnification, x40 (a).
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Determination of the infectivity of HDAdJFH1-infected
Huh-7 cell culture medium

We found that HCV RNA levels in the cell culture
medium of the HDAdJFH1-infected Huh-7 cells first in-
creased to a maximal level at 16 days p.. and then de-
creased in the following days. While HCV RNA levels in
the supernatant of the HDAdJFH1/GND-infected Huh-7
cells decreased gradually (Figure 3). Based on these find-
ings, we wondered whether HDAd-mediated HCV vi-
rions were present in the cell culture medium. To

HDAdJFH1-infected Huh-7 cells, we infected naive
Huh-7 cells with the medium for 1 h at 37°C; we subse-
quently determined the expression levels of the HCV
NS3 protein using IFA. As shown in Figure 4a, naive
Huh-7 cells were infected with medium collected at day
17 p.i, cultured for another 3 days and then assayed for
HCV NS32 protein expression using IFA. Naive Huh-7
cells served as a negative control. Huh-7 cells were also
infected with medium from HDAdJFH1/GND-infected
Huh-7 cells to confirm that HDAdJFH1 infection
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Figure 4 Infectious HCV production in Huh-7 cells following HDAdJFH1 infection. (a). IFA of the HOV N33 protein in Huh-7 cells infected
with supernatant from HDAGJFH1-infected Huh-7 cells that were collected on day 17 pi. Huh-7 cells infected with supernatant from HDAdIFHY/
GND-infected Huh-7 cells collected on day 17 p.i. served as negative contrals. {b). Inhibition of HCV infection by the anti-E2 and anti-CD81
antibody. The infectious HOW supermatants were pre-incubated with the indicated concentrations of anti-E2 or contral mouse IgG antibodies for 1
h at 37°C befare addition to naive Huh-7 cells. Huh-7 cells were pre-incubated with the indicated concentrations of anti-human CD81 ar cantrol
mouse IgG antibodies for 1 h at 37°C before addition of the infectious HOV supernatant. Total cellular RNA was analyzed by RT-gPCR on day 3 pi.
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mediated HCV replication and infectious HCV secretion
into the medium of HDAdJFH1-infected Huh-7 cells.

To determine in more detail the infectious titer of
HCYV, the medium was serially diluted in 10-fold incre-
ments and used to infect Huh-7 cells. The infectious
titer was determined by counting the number of cell foci
that stained positive for HCV NS3 protein at the lowest
dilution point, which was then multiplied by the dilution
factor (n-fold) [6]. The infectious HCV titer of the
medium reached a maximal level of 1x10® ffu/ml at 16
days p.i. (Figure 3) and was comparable to the infectious
HCYV titer in Huh-7 cell by conventional transfection of
in vitro transcribed JFH1 RNA, which normally only
reaches 10°~10? ffu/ml.

HCV infection is inhibited by anti-E2 and anti-CD81
antibodies

Previous studies using pseudotyped viruses expressing
HCV E1/E2 have suggested that the interaction between
E2 and CD81 is crucial for viral entry [23,24]. To further
investigate the infectivity of the HCV virions, we
performed infectivity-neutralization and inhibition ex-
periments using monoclonal antibodies specific for HCV
E2 and CD81. Prior to addition to the Huh-7 cells, the
infectious HCV supernatant was pre-incubated with a
dilution series of a mouse monoclonal antibody specific
for HCV E2. An irrelevant human [gG1 antibody served
as a negative control. In another experiment, the Huh-7
cells were pre-incubated with CD81 antibodies before
the infectious HCV supernatant was added. The irrele-
vant mouse IgG1 antibody served as a negative control.
For both the E2 and CD81 antibody treatments, the
intracellular HCV RNA levels were observed to decrease
in a dose-dependent manner by 3 days pi. A concentra-
tion of 5 pg/ml of anti-E2 antibody was sufficient to
cause a 50% reduction in the intracellular HCV RNA
level by 3 days p.i, whereas only 0.5 pg/ml of anti-CD81
antibody was sufficient to cause the same reduction
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(Figure 4b). These results are consistent with the previ-
ously reported findings [6,7] and confirm the infectivity
of the cell culture medium.

To characterize the produced HCV virions, the culture
medium of the HDAdJFH1-infected Huh-7 cells was
subjected to sucrose density gradient centrifugation. The
fractions were analyzed for HCV RNA levels, as well as
the infectivity titers. As shown in Figure 5a, a peak for
HCV RNA level and infectivity titer was found in frac-
tion 4, which has a density of 1.15 g/ml. This density is
almost consistent with the published density of HCV vi-
rions [8,25]. The infection kinetics assay showed that the
cellular HCV RNA levels increased to 107 copies within
7 days p.. (Figure 5b). These results further confirm the
production of infectious HCV virions in this HDAd-
mediated system.

Inhibition of HCV replication by IFN-a

Previous studies have shown that IFN-« can successfully
inhibit HCV replication both in Huh-7 cells transfected
with JFH1 RNA [6] and in Huh-7 cells with a stably inte-
grated HCV genome [8]. Therefore, we investigated the
inhibitory effects of IFN-a on HCV replication in our
HDAd-mediated infection system. Beginning at 8 days
pi, HDAdJFHI-infected Huh-7 cells were incubated
with DMEM containing different concentrations of IFN-
« for 3 days, and levels of the NS3 protein were deter-
mined by western blotting. IFN-a efficiently inhibited
HCV replication in HDAdJFHI1-infected Huh-7 cells
(Figure 6). Therefore, it is likely that this HDAd-
mediated HCV infection system is suitable for the evalu-
ation of new anti-HCV drugs and therapeutic strategies.

HDAdJFH1 and HDAdmIR-122 virus co-infection mediate
HCV expression and replication in HepG2 cells

HepG2 cells does not express endogenous miR-122, a
liver-expressed miRNA which is required to support
HCV RNA replication [10], and weakly supports HCV

Infectivity titer
log(ffulmi)
- o
(,00% pujseidoa) g

L]

1 0
105 1.10 1.15 120 125

Density (g/mi)

and infection kinetics assay analysis.

VN ADH

Figure 5 HCV infectivity determination by density gradient analysis and infection kinetics assay. (a). Density gracient analysis of
producad HOV particles. Concentrated culture mecium collectad from HDAAIFH1-infectad Huh-7 cells was fractionated, HOW RNA levels and HCV
infectivity titers in each fraction was determined. (b). Infection of naive Huh-7 cell by the supernatant from the HDAd-JFH-infected Huh-7 cells

35

Intraceliular HGV RNA ' (=2

leglcoplesiugRNA)
$ £ 7 9

(Y]

2 3 4 5 & 7
days post infection

123



Zhou et al. Virelogy Journal 2013, 10:273
http:/fwww.virelogyj.com/content/10/1/273

IFN-a (units/ml)
]

Huh7 0 2.0 10 50 100

NS3

SRS SRR G AP

Figure 6 IFN-a inhibition of HCV replication in HDAdJFH1-
infected Huh-7 cells. The effects of IFN-a on HOV replication were
determined by western blot analysis of HOV N33 expression.

replication [11]. A recent study has indicated that
HepG2 cells expressing miR-122 can support the entire
HCV life cycle [11]. In this study, we tested whether the
HDAGJ system can work in HepG2 cells. Results showed
that co-infection of HepG2 cells with HDAdJFH1 and
HDAdmiR-122 virus enhances HCV core and NS3
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protein expression (Figure 7a). Kinetic analysis of HCV
ENA levels in the co-infected HepG2 cells and culture
medium were performed. Compared with the HDAdJFH1/
GND infection control, HDAdJFH]1 and HDAdmiR-122
co-infection resulted in relatively weak replication of HCV
genome, as shown in Figure 7b.

Discussion

Hepatitis C virus (HCV) is a positive-strand RNA virus
that was first identified in 1989. Since then, both basic
and pharmaceutical research on HCV has been ham-
pered by a lack of viral culturing systems [4]. Early stud-
ies on HCV mainly focused on the structure and
function of the individual viral genes, and later studies
utilized HCV subgenomic replicons, which were more
effective for HCV RNA replication research and antiviral
development [20,26]. However, the replicon system is
not suitable for HCV life-cycle research due to this sys-
tem’s inability to produce infectious HCV virions. In
2005, it was reported that RNA generated from the JFH1
viral genome can produce infectious HCV virions when
transfected into Huh-7 cells (7). Both transient and
stable transfections with DNA vectors expressing the
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Figure 7 HCV expression and replication in HepG2 cells co-infected with HDAdJFH1 and HDAdmIR122 virus. (a). IFAs of the HCV core
and N33 proteins in HepG2 cells co-infected with HDAdJFHT and HDADmMIR122 virus on day 3 pl. HDAJGFP-infected HepG2 cells and
HOADFH 1 -infected HepG2 cells served as controls. (b). Quantification of the HOV RNA levels in the HDAAJFHT and HDACIFH/GND-nfected
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full-length HCV genome have also been investigated
[8,25] and in these studies it was found that the HDV
ribozyme plays an important role in cleavage of the
HCV RNA product.

It appears that efficient delivery of the HCV RNA gen-
ome, for example by electroporation or stable transfec-
tion, is vital for the efficient replication and production
of the HCV virus. Here, we report on the use of the
helper-dependent adenoviral (HDAd) vector, which can
mediate high-efficiency transduction of one or more for-
eign genes into cells [27]. Adenoviruses (Ads) are non-
enveloped double-stranded DNA viruses, replication and
assembly of which take place in the nucleus. Adenovirus
vectors are most effective at mediating the transfer of
foreign DNA into immortalized and primary cells. In the
liver, they predominantly infect hepatocytes [21], where
hepatitis-virus replication and infection take place.
Adenoviral vectors have been used for the transfer of the
genome of the hepatitis B virus into cultured cells and
mice [16]. However, the 9.6 kb HCV RNA genome was
too large to be introduced into early generation Ad vec-
tors. HDAds are constructed by removing all viral se-
quences from earlier generation Ad wvectors except for
the packaging sequences and the inverted terminal re-
peats, which eliminates viral gene expression, liver tox-
icity, and the cellular immune responses elicited by Ad
vectors [28]. As most of the viral coding sequences are
deleted, HDAds have a large delivery capacity of up to
37 kb [29]. As a comparison, the upper size limit of
transgenes that can be delivered with the conventional
Ad5 vector is 8.1-8.2 kb [17] - approximately the size of
the HCV replicon. Thus, it has been difficult to package
the HCV replicon into Ad5, although an Ad5/35
chimera vector has recently been used to generate an
HCYV subgenomic-replicon construct [11]. To our know-
ledge, a convenient and efficient method for transferring
the 9.6 kb HCV RNA genome into cells by HDAds has
not been previously reported.

In this study, we developed an HDAd vector
containing the full-length JFH1 genome and an HDV
ribozyme sequence. HDAAJFH1 virus with a high infec-
tious titer was prepared and used to infect Huh-7 cells
in vitro, and we observed both long-term expression and
replication of HCV genome (Figures 2 and 3). HCV rep-
lication was confirmed by de novo RNA synthesis in the
presence of actinomycin-D. The HCV RNA levels in the
supernatants increased to a maximal level of about 107
copies/ml at 16 days pi when many cells became
rounded and floated in the culture medium, a similar cy-
topathic effect that can be observed on the JFHI-
transfected Huh-7 cells [30]. Ten days after infection,
the supernatant from HDAdJFH1-infected Huh-7 cells
was found to be infectious and the infectivity of HCV
could be inhibited by anti-E2 and anti-CD81 antibodies
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in a dose-dependent manner (Figure 4b). As the inter-
action between E2 and CD81 is vital for HCV entry
[31,32], we believed that HCV particles were being se-
creted into the supernatant of HDAdJFH1-infected
Huh-7 cells. Sucrose density gradient analysis showed
that the virus produced owns a density which is similar
to published data for HCV virions [25]. Furthermore,
we found that IFN-a efficiently inhibited HCV replica-
tion (Figure 6), further validating the potential of this
system for the evaluation of HCV antiviral drugs. Taken
together, our findings demonstrate long-term replica-
tion of the HCV genome and production of infectious
HCV wirions in this helper-dependent adenovirus-
mediated system in Huh-7 cells.

MicroRNAs (miRNA) are 21~22 nucleotide RNA mol-
ecules that are expressed in a wide range of eukaryotic
organisms that are predicted to downregulate the ex-
pression of the endogenous target genes by reducing
mRNA stability or translation [33]. MiR-122 is liver-
specific and required for efficient HCV RNA replication
[10,34). HepG2 cells does not express endogenous miR-
122 and weakly supports HCV replication [11]. A recent
study has indicated that HepG2 cells expressing miR-122
can support the entire HCV life cycle [11]. In this study,
our results also showed that HDAd-mediated miR-122 ex-
pression was necessary for the HDAd-mediated efficient
HCV expression and replication (Figure 7).

Although the method based on in vitro-transcribed
JFH1-RNA transfection is very well established so far, it
is less efficient for primary hepatocytes which are diffi-
cult to transfect. Helper-dependent adenovirus can infect
a variety of different cell types, including hepatic cell
lines, primary hepatocytes [35], as well as quiescent,
non-dividing, or terminally differentiated somatic cells
[36], with high expression efficiency. Thus, by using this
HDAdJ system, HCV replication or infection can be stud-
ied in the above cell types in vitro. So far, HCV can only
infect human and chimpanzees in vive and the host
range for HCV infection is narrow. Although human
liver chimeric mice can be infected by HCV, it is immu-
nodeficient with a high mortality rate and the source of
human primary hepatocytes is limited. And it is import-
ant to generate a novel immunocompetent mouse model
which can support HCV replication and infection. Al-
though expression of the four humanized HCV recep-
tors in mice enhance its susceptibility to HCV infection
[37,38], it is still not successful for mediating HCV infec-
tion in mice. Several studies have shown that HDAds
are able to mediate high-level and long-term transgene
expression in animal models, especially for the liver-
targeted gene therapy [13,14]. So it is probable that
HDAd can mediate efficient delivery of the HCV gen-
ome into the mouse livers, but whether HDAd can
mediate HCV genomic replication or even virion
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production in mice is worth being investigated. Also,
since extrahepatic manifestations caused by hepatitis C
virus infection exists clinically [39], animal model for
studying HCV extrahepatic manifectations still lacks.
And this HDAd-mediated HCV genomic replication
system provides a possible strategy for generating an
HCV extrahepatic replication model in vivo.

Conclusion

This is the first report of an in vitro HDAd-mediated
HCV genomic replication and production system, which
would allow a broader examination of interactions be-
tween HCV and host cell biology, as well as provide
tools for anti-HCV drug evaluation.

Methods

Helper-dependent adenoviral vector construction

The plasmid pJFH1 contains the full-length JFH1 ¢<DNA
downstream of the T7 RNA promoter [7]. To replace
the T7 promoter from pJFH1 with CMV promoter, a
PCR fragment, amplified 5" partial sequence of the HCV
genome in pJFHI1 using the chimeric forward primer 5'-
cegaattegageteggtaceegg-3' which consists of two seg-
ments lying beside the upstream and downstream of T7
promoter and reverse primer 5'-caccggttcegeagaceac-3,
was inserted into pJFH1 between the restriction enzyme
sites for EcoR I and Age I that locates upstream and
downstream of the T7 promoter respectively. The
resulting construct was designated pJFHI{AT7). A hepa-
titis delta virus (HDV) ribozyme DNA sequence was
synthesized and placed at the immediate 3’ end of
pJFH1{AT?7), to get pJFH1-ribo(AT7). The JFH1-ribo se-
quence was then inserted between the CMV promoter
and SV40PolyA of the pSC11 plasmid by the restriction
enzyme sites for EcoR 1 and Hind III. And this expres-
sion cassette was finally inserted into the HDAd vector
between the restriction enzyme sites for I-Ceu I and I-
Sce L. The resulting construct, HDAdJFHI, also contains
a cassette for the expression of green fluorescent protein
(GFP) (40]. HDAdJFH1/GND was constructed with the
same strategy. And an empty HDAd plasmid expressing
GFP (HDAAGFP) served as a control.

Using the Huh-7 cells derived total RNA-reverse tran-
scribed cDNA as a template, the human genomic miR-122
precursor sequence was amplified by RT-PCR using the for-
ward and reverse primers 5'-ccggaattcttegtggetacagagttt-3°
and 5'-cccaagetttttategaggpaagpatt-3°, and then inserted
into the pSC11 plasmid by the restriction enzyme sites for
EcoR 1 and Hind I11. And this expression cassette was finally
inserted into the HDAd vector between the restriction en-
zyme sites for I-Ceu I and I-Sce L. The resulting construct
was designated HDAdmiR-122,
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Cells and cell culture methods used in this study

A modified version of the 293 cell line that expresses high
levels of the Cre enzyme — known as the 116 cell line
(kindly provided by Dr. Li-min Liu) — was maintained in
MEM supplemented with 10% fetal bovine serum (FBS),
0.1 mg/ml hygromycin, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine (Invitrogen) [41].
The hepatomna cell lines Huh-7, HepG2, as well as non-
hepatic 293 cell line, were obtained from ATCC (Manassas,
VA) and maintained in DMEM supplemented with
100 U/ml penicillin, 100 pg/ml streptomycin, nones-
sential amino acids, and 10% FBS (Invitrogen).

Amplification of the HDAdHCV virus and infection of cells
The helper-dependent adenoviral plasmids, including
HDAJJFH1, HDAdJFH1/GND, HDAdmiR-122, HDAJdGEE,
were digested with the restriction enzyme Pmael to release
both inverted terminal repeats and were then transfected
into 116 cells with the calcium phosphate method, respect-
ively [42]. Helper-dependent adenoviral particles were pre-
pared by repeated amplification cycles in 116 cells with the
helper virus AANG163 (a kind gift of Dr. Li-min Liu; see
above). After 4-6 rounds of amplification in 150-mm
dishes, 116 cells suspended in a 3 L spinner flask were
infected for large-scale preparation of HDAJJFHI,
HDAdJJFH1/GND, HDAdmiR-122, HDAdGFP. The viral
particles were isolated by centrifugation in a cesium chlor-
ide gradient, followed by dialysis with three exchanges of 10
mM Tris-HCl (pH 8.0) at 4°C [43). Virus particles were
quantified by measuring the absorbance at 260 nm [44].
Huh-7, HepG; and 293 cells were infected with the purified
HDAGds at 80% confluency with an MOI of 200 viral parti-
cles/cell and were passaged every 2 or 3 days.

Waestern blot analysis

The HDAdJFH1-infected Huh-7 cells were lysed in pro-
tein sample buffer containing 50 mM Tris-HCl, 150 mM
NaCl, 5 mM EDTA, 0.2 mM sodium orthovanadate, 1%
Triton X-100, 1% sodium deoxycholate, and 1% sodium
dodecyl sulfate; the buffer was also supplemented with
aprotinin (2 pg/ml), pepstatin A (0.7 pg/ml), leupeptin
(0.5 pg/ml), and PMSF (1 mM). For each sample, 30 pg
of total protein was electrophoresed through a 10% so-
dium dodecyl sulfate-polyacrylamide gel and transferred
onto a nitrocellulose membrane. The membrane was
blocked by pre-incubation with 5% skim milk. The levels
of the HCV core and NS3 proteins were determined using
monoclonal antibodies specific to the core and N83 pro-
teins (Thermo Scientific), which were detected with a
horseradish peroxidase-conjugated goat anti-mouse im-
munoglobulin G antibody (IgG, Pierce) and visualized
with a chemiluminescent substrate (Pierce). The level of
the GAPDH protein served as an internal control, and this
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protein was detected with an anti-GAPDH monoclonal
antibody (Sigma).

Immunofluorescence assays (IFAs)

The HDAdJFH1-infected Huh-7 and HepG2 cells were
grown overnight on coverslips in a 6-well culture plate.
Cells were washed with 1x phosphate-buffered saline
(PBS), fixed with chilled acetone, and blocked with 1% bo-
vine serum albumin and 1% goat serum in PBS. The local-
izations of the HCV core and NS3 proteins were
visualized in the fixed cells by incubation with core- and
NS3-specific monoclonal antibodies and a secondary goat
anti-mouse IgG antibody conjugated to DyLight™594
fluorescein (used at a 1:800 dilution) (Beijing Golden
Bridge Biotechnology, Beijing, China). The HDAdGFP-
infected Huh-7 and HepG2 cells served as a negative con-
trol. The coverslips were then mounted onto slides, and
the HCV proteins were visualized with a Zeiss Axioplan 2
fluorescence microscope.

Quantification of HCV RNA levels

Total cellular RNA was extracted from infected cells
using the RNeasy RNA isolation kit (Qiagen). Total
RNA was extracted from the supernatants of the
infected cells using the QlAamp Viral RNA Mini Kit
(Qiagen). The RNA concentration was determined by
spectrophotometry. RT-gPCR was performed as de-
scribed elsewhere [6], and the HCV levels were deter-
mined relative to a standard curve created using serial
dilutions of a plasmid containing the HCV JEFH1 cDNA.

Northern blot analysis of intracellular viral RNA levels

To confirm the replication of HCV genome, actinomycin-
D (Sigma) was maintained in the cell culture medium
at a concentration of 5 pg/ml for 16h in HDAdJFHI,
HDAdJFH1/GND-infected Huh-7cells and HDAdJFH1-
infected 293 cells since 6 hours p.i.. Total cellular RNA
was extracted from infected Huh-7 cells using the
RNeasy RNA isolation kit (Qiagen). Four micrograms
of isolated RNA was separated using a 1% agarose gel
containing formaldehyde, blotted onto a positively charged
nylon membrane (Hybond-N+, GE), and immobilized
with a Stratalinker UV crosslinker (Stratagene). The DNA
probes complementary to a region of the HCV 5'UTR and
human 285 rRNA was synthesized using the DIG High
Prime DNA Labeling and Detection Starter Kit II (Roche).

HCV infection and infectivity neutralization

Naive Huh-7 cells in a 6-well culture plate were infected
with 1 ml of cultured supernatant from HDAdJJFH1-
infected Huh-7 cells. At 3 h postinfection (p.i), the super-
natants were replaced with 2 ml of DMEM containing
10% FBS, and the cells were incubated at 37°C for 3 days
prior to the protein and RNA analysis. At 3 days p.i., the
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HCYV infectivity was determined by IFA for the HCV core
and NS3 proteins using core- and NS3-specific monoclo-
nal antibodies, respectively. Titration of infectious HCV
was performed by focus forming assay. Cell supernatants
were serially diluted 10-fold in complete DMEM and used
to infect naive Huh-7 cells. The level of infectious HCV
titer was determined by the average number of NS§3-
positive foci detected at highest dilutions at 3 days p.i.. For
the infectivity-neutralization experiments, monoclonal
antibodies specific to HCV E2 and CD81 (Santa Cruz Bio-
technology) were diluted with the HCV-containing culture
medium at 3 days p.i; normal mouse IgGl (Santa Cruz
Biotechnology) antibodies were used as negative controls.
The effects of the E2 and CD81 monoclonal antibodies on
HCYV infectivity and replication were determined by RT-
qPCR.

Sucrose density gradient analysis

We collected the cell culture medium of the HDAdJFH1-
infected Huh-7 cells at 16 days p.i. using low-speed centrifu-
gation and passed it through a 0.45-um filter. Then the fil-
trate was layered on a sucrose gradient (60%-~10%, wt/vol)
and centrifuged it for 16 h. The fractions were harvested
and analyzed for the HCV RNA levels and infectivity titers.

IFN-a inhibition of HCV replication in HDAdJFH1-infected
Huh-7 cells

For the IFN-a inhibition experiments, Huh-7 cells were
infected with HDAJJFH1 and incubated with DMEM
containing increasing concentrations of IFN-u (Sigma) for 3
days. The effects of IFN-a on HCV replication were deter-
mined using western blot analysis of HCV NS3 expression.
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Part 4. Upregulation of MicroRNA-146a by hepatitis B virus
X protein contributes to hepatitis development by

downregulating complement factor H
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Hepatic injuries in hepatitis B virus (HBV) patients are caused by immune responses
of the host. In our previous study, microRNA-146a (miR-146a), an innate immunity-
related miRNA, and complement factor H (CFH), an important negative regulator of
the alternative pathway of complement activation, were differentially expressed in
HBV-expressing and HBV free hepatocytes. Here, the roles of these factors in HBV-
related liver inflammation were analyzed in detail. The expression levels of miR-146a
and CFH in HBV-expressing hepatocytes were assessed via analyses of hepatocyte cell
lines, transgenic mice, adenovirus-infected mice, and HBV-positive human liver
samples. The expression level of miR-146a was upregulated in HBV expressing Huh-
7 hepatocytes, HBV-expressing mice, and patients with HBV infection. Further results
demonstrated that the HBV X protein (HBx) was responsible for its effects on miR-
146a expression through NF-B-mediated enhancement of miR-146a promoter activity.
HBV/HBXx also downregulated the expression of CFH mRNA in hepatocyte cell lines
and the livers of humans and transgenic mice. Furthermore, overexpression and
inhibition of miR-146a in Huh-7 cells downregulated and upregulated CFH mRNA
levels, respectively. Luciferase reporter assays demonstrated that miR-146a
downregulated CFH mRNA expression in hepatocytes via 3=-untranslated-region
(UTR) pairing. The overall effect of this process in vivo is to promote liver
inflammation. These results demonstrate that the HBx-miR-146a-CFH- complement
activation regulation pathway might play an important role in the immunopathogenesis
of chronic HBV infection. These findings have important implications for
understanding the immunopathogenesis of chronic hepatitis B and developing effective
therapeutic interventions. HBV remains an important pathogen and can cause severe
liver diseases, including hepatitis, liver cirrhosis, and hepatocellular carcinoma.
Although HBV was found in 1966, the molecular mechanisms of pathogenesis are still
poorly understood. In the present study, we found that the HBx promoted the expression
of miR-146a, an innate immunity-related miRNA, through the NF-B signal pathway
and that increasingly expressed miR-146a downregulated its target CFH, an important
negative regulator of the complement alternative pathway, leading to the promotion of
liver inflammation. We demonstrated that the HBx-miR-146a-CFH- complement
activation regulation pathway is potentially an important mechanism of
immunopathogenesis caused by chronic HBV infection. Our data provide a novel
molecular mechanism of HBV pathogenesis and thus help to understand the

correlations between the complement system, an important part of innate immunity,
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ABSTRACT Hepatic injuries in hepatitis B virus (HBV) patients are caused by immune responses of the host. In our previous
study, microRNA-146a (miR-146a), an innate immunity-related miRNA, and complement factor H (CFH), an important nega-
tive regulator of the alternative pathway of complement activation, were differentially expressed in HBV-expressing and HBV-
free hepatocytes. Here, the roles of these factors in HBV-related liver inflammation were analyzed in detail. The expression levels
of miR-146a and CFH in HBV-expressing hepatocytes were assessed via analyses of hepatocyte cell lines, transgenic mice,
adenovirus-infected mice, and HBV-positive human liver ples. The expression level of miR-146a was upregulated in HBV-
expressing Huh-7 hepatocytes, HBV-expressing mice, and patients with HBV infection. Further results demonstrated that the
HBYV X protein (HBx) was responsible for its effects on miR-146a expression through NF-«kB-mediated enh t of miR-
146a promoter activity. HBV/HBx also downregulated the expression of CFH mRNA in hepatocyte cell lines and the livers of
humans and transgenic mice. Furthermore, overexpression and inhibition of miR-146a in Huh-7 cells downregulated and up-
regulated CFH mRNA levels, respectively. Luciferase reporter assays demonstrated that miR-146a downregulated CFH mRNA
expression in hepatocytes via 3'-untranslated-region (UTR) pairing. The overall effect of this process in vivo is to promote liver
inflammation. These results demonstrate that the HBx-miR-146a—CFH-complement activation regulation pathway might play
an important role in the immunopathogenesis of chronic HBV infection. These findings have important implications for under-
tanding the i th is of chronic hepatitis B and developing effective therapeutic interventions.
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IMPORTANCE Hepatitis B virus (HBV) remains an important pathogen and can cause severe liver diseases, including hepatitis,
liver cirrhosis, and hepatocellular carci Although HBV was found in 1966, the molecular mechanisms of pathogenesis are
still poorly understood. In the present study, we found that the HBV X protein (HBx) pr ted the expr of miR-146a, an
innate immunity-related miRNA, through the NF-«B signal pathway and that increasingly expressed miR-146a downregulated
its target complement factor H (CFH), an important negative regulator of the compl t alternative pathway, leading to the
promotion of liver infl tion. We d strated that the HBx-miR-146a—CFH-complement activation regulation pathway
is potentially an important mechanism of immunopathogenesis caused by chronic HBV infection. Our data provide a novel mo-
lecular mech of HBV pathogenesis and thus help to understand the correlations between the complement system, an im-
portant part of innate immunity, and HBV-associated disease. These findings will also be important to identify potential thera-

peutic targets for HBV infection.
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Hepatitis B virus (HBV) infection is a global public health
problem that affects more than 400 million people worldwide
(1). HBV infects hepatocytes but is not directly cytopathic; in-
stead, the resulting hepatic injuries are believed to be caused by
immune responses of the host. The immunopathogenesis of hep-
atitis B depends on a complex interplay of host factors, such as age,
gender, and immune status. More than 50% of people with
chronic hepatitis B (CHB) are lifetime asymptomatic, whereas 15
to 40% develop liver cirrhosis and hepatocellular carcinoma

March/April 2015 Volume 6 Issue 2 €02459-14

(HCC) (2), which has been attributed to repeated immune re-
sponses characterized by continuous cycles of low-level liver cell
destruction and regeneration (3). Although great effort has been
invested in understanding the molecular mechanisms that deter-
mine HBV pathogenesis, some major questions remain unan-
swered (1, 3, 4).

One of the major objectives of the CHB research community is
to identify the molecular determinants of CHB progression that
could facilitate prognosis and management of the disease. A range
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FIG 1 miR-146a is upregulated in HBV-replicating hepatocytes and livers of HBV-infected mice. (A) Quantitative RT-PCR analyses of the relative expression
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liver tissues of C57BL/6 mice 7 days after receiving a hydrodynamic injection of AAGFP-HBV or AdGFP (C). Each as
expression level of miR-146a was normalized to that of U6 snRNA. Data are presented as the means = SEM. *, P < 0.05

control or as indicated.

of host molecules have been studied, including cytokines, chemo-
kines, complements, and, in recent years, microRNAs (miRNAs).
miRNAs are short (approximately 22 nucleotides), endogenously
expressed, noncoding RNAs that regulate gene expression at the
posttranscriptional level by pairing with the 3" untranslated re-
gions (UTRs) of target transcripts, leading to translational inhibi-
tion and/or mRNA degradation (5). In fact, miRNAs represent a
universal regulatory mechanism (6).

Several groups have studied the roles of miRNAs in HBV
pathogenesis (7). We previously have demonstrated that miRNA-
15b modulates HBV replication through targeting hepatocyte nu-
clear factor la (8). To identify the key molecules involved in
HBV-induced hepatitis, we systematically analyzed the miRNA
and mRNA expression profiles of HepG2, HepG2.2.15 (a stable
cell line with low HBV replication), and HepAd38 (a stable cell
line with higher inducible HBV replication than HepG2.2.15) cells
(8). We found that the miR-146a expression level was positively
correlated with the HBV replication level. miR-146A modulates
both the innate and adaptive immune responses via negative feed-
back loops involving downregulation of its target genes (9). It
could target tumor necrosis factor (TNF) receptor-associated fac-
tor 6 and other key effectors of various Toll-like receptor (TLR)
signaling pathways (10); however, different cells and disease con-
ditions, such as various tumors (11), rheumatoid arthritis (12),
and stressed neural cells (13), are associated with the use of differ-
ent miR-146a effectors.

It has been reported that the plasma levels of complement
component 3 (C3) and C4 are significantly lower in more severe
CHB cases than in normal or mild CHB cases (14, 15). Our labo-

2 mBio mbio.asm.org

s performed in triplicate, and the
, P <0.01; ***, P < 0.001, versus

ratory has been studying the involvement of complements in the
immunopathogenesis of CHB for a number of years. Based on our
analysis of the mRNA expression profiles in HBV-expressing
hepatocytes and prediction of the potential targets of miR-146a in
silico, complement factor H (CFH) was selected for further study.
CFH is a major inhibitor of the alternative pathway of comple-
ment activation (16). To examine their possible mechanisms of
regulation and impact on liver inflammation during HBV infec-
tion, the hepatic expression levels of miR-146a and CFH were
determined both in vitro and in vivo. Our results reveal an inverse
relationship between the expression levels of miR-146a and CFH
and demonstrate that both of them play important roles in the
pathogenesis of HBV-induced hepatitis.

RESULTS

miR-146a is upregulated in HBV-replicating hepatocytes and
hepatic tissues of HBV-expressing mice. In our previous study,
we used microarrays to analyze the miRNA expression profiles of
HBV-replicating (HepG2.2.15 and HepAd38 cells) and HBV-free
(HepG2) hepatocytes (8) and demonstrated that the expression
level of miR-146a is positively correlated with the level of HBV
replication. The finding was confirmed by quantitative reverse
transcription-PCR (qRT-PCR) (Fig. 1A). Furthermore, an HCC
cell line (Huh-7) transfected with a vector containing a 1.2-fold
HBV genome (pHBV1.2) had a higher level of miR-146a than cells
transfected with a control vector (Fig. 1B), suggesting that HBV
induces overexpression of miR-146a directly. Next, we performed
hydrodynamic injection of an adenovirus containing green fluo-
rescent protein (AdGFP)-HBV or AAGFP into C56BL/6 mice and
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found that miR-146a expression in mouse liver was significantly
higher in the AdGFP-HBV group than in the AdGFP group
(Fig. 1C). Taken together, these data indicate that HBV infection
of hepatocytes enhances miR-146a expression significantly.

HBYV X protein induces miR-146a expression by enhancing
its promoter activity. To determine whether HBV enhances miR-
146a expression by acting on its promoter, Huh-7 cells were
cotransfected with a luciferase reporter plasmid containing the
miR-146a promoter (pGL3-146aP) and pHBV1.2. As shown in
Fig. 2A, HBV expression enhanced the activity of the miR-146
promoter. To identify which HBV component caused this effect,
Huh-7 cells were cotransfected with pGL3-146aP and a pcDNA3.1
vector containing the gene encoding the HBV core protein (HBc),
large surface protein, viral polymerase, or X protein (HBx). Over-
expression of HBx enhanced the activity of the miR-146 pro-
moter, but overexpression of the other proteins had no effect
(Fig. 2B). Furthermore, a qRT-PCR analysis revealed that the ex-
pression level of miR-146a was higher in Huh-7 cells transfected
with pcDNA3.1-HBx than in those transfected with empty
pcDNA3.1 vector (Fig. 2C). Overall, these results suggest that
HBV promotes miR-146a expression through upregulation of
miR-146a promoter activity by HBx.

The NF-kB signaling pathway mediates HBx-induced up-
regulation of miR-146a. To study the mechanism of HBx-
mediated upregulation of miR-146a promoter activity, we
generated luciferase reporter plasmids containing the 5" (pGL3-
146apS1) and 3’ (pGL3-146apS2) segments of the miR-146a pro-

March/April 2015 Volume 6 Issue 2 €02459-14

moter and tested their activities in Huh-7 cells. The reporter ac-
tivity of pGL3-146apS1 was minimal, while the activity of pGL3-
146apS2 was similar to that of the full-length miR146a promoter
(Fig. 3A). In addition, overexpression of HBx by cotransfection
with pcDNA3.1-HBx enhanced the activities of the full-length and
3" segment of the miR-146a promoter significantly but had no
effect on that of the 5’ segment (Fig. 3B). Scanning of the 3’ seg-
ment of the miR-146a promoter (nucleotides —481 to +21 rela-
tive to the start of transcription) identified two NF-«kB binding
sites (Fig. 3A), as described previously (17). HBx reportedly reg-
ulates NF-kB activity (18); therefore, we hypothesized that HBx
promotes binding of NF-«B to its consensus sites in the miR-146a
promoter, thereby upregulating the promoter activity. Mutation
of the two NF-«B binding sites in the 3’ segment of the miR-146a
promoter (Fig. 3A) abolished the upregulation effect on miR-146a
promoter activity of HBx (Fig. 3B). Furthermore, treatment of
transfected Huh-7 cells with pyrrolidine dithiocarbamate, an in-
hibitor of NF-«B signaling, inhibited the HBx-mediated enhance-
ment of miR-146a promoter activity (Fig. 3C) and upregulation of
miR-146a expression (Fig. 3D). These experiments provide fur-
ther evidence that HBx mediates upregulation of miR-146a via the
NEF-kB signaling pathway.

HBx downregulates CFH expression in hepatocytes and he-
patic tissue. As mentioned earlier, in a previous study we system-
atically analyzed the mRNA expression profiles of HBV-
expressing (HepAD38 and HepG2.2.15) and HBV-free (HepG2)
hepatocytes (unpublished data). Here, CFH, an important nega-

mBio mbio.asmorg 3

134

1 WoJy papeojumod



Li et al.

A Huh-7
g .
T >
miR-146apS2Mut ""‘ % + §
miR-146aps2 - 2o
miR-146apS1 1132 -482 E
S~
miR-146ap -1182 2 y 3
e Bt Exon2 g
chus — /—— &
6kb  pre-miR-146a é
;e
GGGACTTTCC E vy » v R
Genomic sequence GGGATTTCCC [ é’v ‘d,q% @'? \.‘,0
Consensus sequ YcC YCC I\ I\ N4
3 v &£
Mutagenesis ACCATTTCCC ACCACTTTCC & 8
B C D
[ pcDNA3.1 .
Bl pcDNA3.1-HBx £
E £ 08 s 3 — =
> < ]
s ® PR S 3
o 2 0.6 a
[ Bea x
2 ° ° 2
I < °
& 3 04 2
o o K]
=3 [
3 s 5
5 8 s
3 < -4
© 2 0. z
£
pcDNA3.1 + - - pcDNA3.1 + - -
pcDNA3.1-HBx - + + + pcDNA3.1-HBX - + *
& PDTC - had PDTC s - *

FIG 3 HBx upregulates the activity of the miR-146a promoter through NF-«B. (A) The left panel shows a schematic illustration of the miR-146a promoter
segments used to generate the PGL3 luciferase reporter constructs. The wild-type and mutated NF-«B binding sites are also shown. The right panel shows the
luciferase activities of the PGL3 reporter constructs containing the miR-146a promoter regions. The assays were performed 48 h after transfection of Huh-7 cells.
(B) Effect of transient overexpression of HBx on the activities of the miR-146a promoter reporter constructs shown in panel A; (C and D) effects of pyrrolidine
dithiocarbamate (PDTC), an NF-«B signaling inhibitor, on the HBx-mediated increases in miR-146a promoter activity (C) and miR-146a expression (D) in
transiently transfected Huh-7 cells. Data are presented as the means = SEM from n = 3 replicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001, versus control or as

indicated.

tive regulator of the alternative pathway of complement activation
that was identified as an mRNA whose expression showed an in-
verse relationship with HBV replication level, was selected for fur-
ther analysis. This finding was confirmed by real-time PCR
(Fig. 4A), and the expression level of CFH mRNA was significantly
lower in Huh-7 cells transfected with pHBV1.2 (Fig. 4B) or
pcDNA3.1-HBx (Fig. 4C) than in Huh-7 cells transfected with
control plasmids. Finally, CFH mRNA and protein levels were
significantly lower in the liver tissues of 7- or 16-month-old HBx
transgenic mice than those of 7-month-old wild-type mice
(Fig. 4D and E).

miR-146a mediates HBx-induced downregulation of CFH
expression. To determine whether the inhibition of CFH ex-
pression by HBx occurs via an effect on the CFH promoter, we
constructed a pGL3 reporter plasmid containing the luciferase
gene under the control of the CFH promoter and cotransfected
Huh-7 cells with this plasmid and pcDNA3-HBx. In these ex-
periments, overexpression of HBx had no effect on the activity
of the CFH promoter (data not shown); therefore, we hypoth-
esized that HBx-mediated downregulation of CFH expression
occurs via mRNA degradation. To test this proposal, the 3’
UTR of CFH or its miR-146a binding site mutant was cloned

4 mBic mbio.asm.org

into pMIR-luciferase, a vector used to identify miRNA targets,
to generate pMIR-CFH3' UTR. In cotransfected Huh-7 cells,
overexpression of HBx inhibited the reporter activity of pMIR-
CFH3’ UTR but did not affect that of the control vector
(Fig. 5A), suggesting that HBx acts on the 3’ UTR of CFH in
hepatocytes, possibly via an miRNA-mediated mechanism. In
fact, it has been reported previously that miR-146a acts directly
on the 3" UTR of CFH in human neural cells to inhibit CFH
mRNA and protein expression (19).

Transient overexpression of miR-146a in Huh-7 cells down-
regulated CFH mRNA and protein expression (Fig. 5B and C) and
the reporter activity of pMIR-CFH3’ UTR (Fig. 5D) significantly
but did not influence the reporter activity of the mutant (pMIR-
CFH3' UTR-M) (Fig. 5D). In contrast, transfection of Huh-7 cells
with an miR-146a antisense RNA vector (pSD14-miR-146a) re-
sulted in a dramatic increase in the reporter activity of pMIR-
CFH3' UTR (Fig. 5D). The inhibition effect of HBx on the re-
porter activity of pMIR-CFH3’ UTR was also abrogated when the
miR-146a binding site of the CFH 3’ UTR was mutated (Fig. 5E).
Overexpression of HBx in Huh-7 cells also suppressed the re-
porter activity of pMIR-CFH3' UTR, and coexpression of
pSD14-miR-146a abrogated this effect (Fig. 5F). These experi-

March/April 2015 Volume 6 Issue 2 02459-14

135

‘WSE 0lqLL WOJ) papeojumoq

Bio'wseolqu Kq paysiiand - §LOZ ‘92 yoasew uo b



-
o

-
16 I
14

0.002

1.

o000
§§S.°.-
-]
o
o

14

CFH mRNA relative expression [0
o
o

CFH mRNA relative expression >

HepG2

HepG2.2.15 HepAD38

O
m

HBx transgenic mice
-

1. *

CFH mRNA relative expression

HBx Upregulates MicroRNA-146a to Enhance Hepatitis

Huh-7

o
o

-

0.5

CFH mRNA relative expression (@)
o

PcDNA3.1-HBx

GAPDH

FIG 4 HBx downregulates CFH expression in hepatocytes and hepatic tissues. (A to D) Quantitative RT-PCR analyses of CFH mRNA levels in HepG2,
HepG2.2.15, and HepAD?38 cells (A), Huh-7 cells that were transiently transfected with a control vector, pHBV1.2 (B) or pcDNA3.1-HBx (C), and liver tissues
of 7-month-old wild-type (WT) mice and 7- and 16-month-old p21-HBx-transgenic mice (D). (E) Immunoblot analyses of CFH protein in liver tissues of WT
and p21-HBx-transgenic mice. The expression level of GAPDH was used as the internal control. Data are presented as the means = SEM from n = 3 replicates.

*, P < 0.05; **, P < 0.01, versus control (A to C) or WT (D) mice.

ments indicate that suppression of CFH expression by HBx occurs
through an miR-146a-mediated effect.

Reduced CFH expression is associated with HBV/HBx-
induced liver inflammation. HBV can cause acute or chronic in-
flammation of the human liver, and mice can also present liver
damage and inflammation (20-22). Hydrodynamic transfection
of normal C57BL/6 mice with a recombinant adenovirus carrying
the HBV genome or HBx, AdAGFP-HBV or AdGFP-HBx, resulted
in decreased hepatic levels of CFH mRNA (Fig. 6A) and protein
(Fig. 6B). The sequence of mouse mature miR-146a is the same as
that of human, and the 3" UTR of mouse CEH also has miR-146a
binding sites. Together with the results described above, these
findings supported that HBV/HBx causes downregulation of CFH
expression through upregulation of miR-146a in a mouse model.

The serum levels of alanine aminotransferase (ALT) and aspar-
tate transaminase (AST) were significantly higher in the AdGFP-
HBV- and AdGFP-HBx-infected C57BL/6 mice than in those in-
fected with AAGFP only (Fig. 6C). A histological examination also
revealed marked inflammatory responses in mice infected with
AdGFP-HBV or AdGFP-HBx (Fig. 6D). In contrast, C3-deficient
mice infected with AAGFP-HBV showed a subdued inflammatory
response in the liver, despite some localized necrosis (Fig. 6D).
Combined with the finding that HBV/HBx expression in mice
causes downregulation of CFH, these results suggest that the com-
plement system is the effector of the inflammatory response in
HBV-related hepatitis.

Cirrhosis is the advanced stage of hepatitis. To support our

March/April 2015 Volume 6 Issue 2 €02459-14

results obtained using hepatic cell lines and mouse models, we
examined the expression levels of miR-146a and CFH mRNA in
liver samples from human liver transplant patients who were di-
agnosed with HBV-related cirrhosis (n = 9). As a control, samples
from normal (HBV-negative) liver transplant donors (n = 8) were
also examined. The expression level of miR-146a was significantly
higher in HBV-related cirrhosis patients than in normal controls
(Fig. 7A). In contrast, the CFH mRNA expression level was signif-
icantly lower in HBV-related cirrhosis patients than in normal
controls (Fig. 7B). These data from human patients are consistent
with the observations made in mouse models, indicating that
HBV-related liver inflammation is associated with enhanced ex-
pression of miR-146a and decreased expression of CFH.

DISCUSSION

The findings presented here reveal the underlying molecular
mechanism by which HBx, the major regulatory protein of HBV,
downregulates complement factor H, a key host inhibitory mod-
ulator of the alternative pathway of complement activation. The
results described above support a regulatory cascade in which (i)
HBx enhances miR-146a promoter activity through an NF-«B-
mediated effect and (ii) HBx-induced miR-146a downregulates
CFH by targeting its 3" UTR. The resulting reduced inhibition of
complement activation by CFH would lead to tissue inflamma-
tion. Thus, we propose that the HBx-miR-146a—CFH-comple-
ment regulation axis may underlie chronic HBV infection-related
immunopathogenesis (Fig. 8).
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To our knowledge, the molecular details of NF-«B-dependent
upregulation of miR-146a by HBx and downregulation of CFH by
miR-146a in hepatocytes are reported here for the first time. Pre-
vious studies have demonstrated that NF-«kB-dependent activa-
tion of miR-146a is involved in the regulation of factors such as
lipopolysaccharide (17) and interleukin 18 (23) and also occurs
during vesicular stomatitis virus (24), human T-cell lymphotropic
virus 1 (25), and Epstein-Barr virus (26, 27) infections. The results
presented here demonstrate that the NF-«B signaling pathway
mediates HBV/HBx-induced upregulation of miR-146a. Down-
regulation of CFH by miR-146a has been reported previously in
human neural cells (13, 19); the results presented here demon-
strate that this regulation also occurs in hepatocytes. HBx report-
edly induces NF-kB activation in hepatocytes through physical
interaction with p22-FLIP and NEMO (18); in combination with
our observations, this finding presents the complete molecular
picture of HBx-mediated upregulation of miR-146a and down-
regulation of CFH in hepatocytes.

miR-146a has emerged as a master regulator of the immune
system and is involved in innate and adaptive immunity, various
viral infections, cancers, and some nonimmune human diseases
(9-11). Multiple targets of miR-146a have been identified to date
(9). A most notable example is that in lipopolysaccharide-induced
cross-tolerance, miR-146a acts as a central tuning mechanism to
prevent an overstimulated acute inflammatory response (28). In
HBV-related studies, miR-146a was reported to suppress the sen-
sitivity of HCC cells to interferon alpha through SMAD4 (29), and
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the CC genotype of the miR-146a rs2910164 G/C polymorphism
is associated with susceptibility for acute-on-chronic hepatitis B
liver failure (30), while the GG genotype is associated with higher
expression of miR-146a and higher risk of HCC, especially in
Asian and male populations (31, 32). It is possible that the higher
miR-146a expression level found in individuals with the GG ge-
notype leads to enhanced suppression of the acute immune re-
sponses that involve activation of the NF-«B pathway, resulting in
reduced susceptibility to acute liver failure. However, the results
presented here suggest that higher miR-146a expression leads to a
more severe suppression of CFH in hepatocytes, resulting in en-
hanced chronic complement-mediated cytotoxicity and subse-
quent liver fibrosis, cirrhosis, and HCC. Therefore, miR-146a ap-
pears to be a key molecule that has the potential to influence the
direction of progressive HBV infection; as such, further investiga-
tion of the roles of miR-146a expression in HBV-related innate
immunity and tumorigenesis is warranted.

The pathogenesis of HBV-induced hepatitis is complicated.
The complement system, which plays an important role in various
inflammatory conditions, reportedly plays a pivotal role in
chemical-induced hepatitis (33) and liver-specific autoantibody-
mediated hepatitis (34). It has long been known that plasma C3
and C4 levels are significantly lower in patients with severe CHB
than in healthy individuals or those with mild CHB (14). How-
ever, an in-depth mechanistic study of the involvement of the
complement system in HBV-induced hepatitis is lacking. CFH is
produced mainly in the liver. CFH competes with B or Bb for
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FIG 6 Reduced CFH expression is associated with HBV/HBx-induced liver inflammation. (A) Quantitative RT-PCR of the expression levels of CFH mRNA in
C57BL/6 mice infected with AAGFP-HBx, AdGFP-HBV, AdGFP, or phosphate-buffered saline (PBS) via hydrodynamic injection; (B) immunoblot analyses of
CFH protein in C57BL/6 mice infected with AAGFP or AdGFP-HBV; (C) the serum levels of ALT and AST in C57BL/6 mice infected with AdGFP, AdGFP-HBx,
or AAGFP-HBV; (D) hematoxylin- and eosin-stained sections of the livers of C537BL/6 and C3 /™ mice infected with the indicated adenoviruses or PBS. The mice
were euthanized 7 days after the injection. Data are presented as the means = SEM from n = 5 replicates. **, P < 0.01. Scale bar, 100 um.
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FIG 7 miR-146a and CFH are up- and downregulated, respectively, in HBV-positive cirrhotic human liver tissues. (A and B) The relative miR-146a (A) and
CFH mRNA (B) expression levels in liver tissues from HBV-positive liver transplant patients with cirrhosis (n = 9) and healthy transplant donors (n = 8). Data
are presented as the geometric mean with 95% CI. ***, P < 0.001.
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FIG 8 Overview of the regulation pathway from HBV infection to complement activation. HBx/HBV and several other viruses, such as Epstein-Barr virus
(EBV), human T-cell lymphotropic virus 1 (HTLV-1), and vesicular stomatitis virus (VSV), as well as immune activators such as lipopolysaccharide (LPS) and

interleukin 1B (IL-1B), can induce miR-146a expression by activating NF-«B signaling. me 146a Suppresses the expresswn of CFH, as well as multiple other

genes, by binding to the 3" UTRs of its targets. Together with several other

gati of comp ac , CFH inhibits the formation of C3

convertase (C3bBb), thus inhibiting constitutive complement activation via the alternative pathway. HBx may also enhance the expression of CD59 and CD46,

b

while HBc may inhibit CD59
liver inflammation.

The HB iR-146a—CFH—c

1
P P

binding to C3b and accelerates the displacement of Bb from C3b,
thereby inhibiting the formation of C3 convertase (C3bBb) in the
alternative pathway (16). Constitutive high expression of CFH has
been detected in the eye, and a CFH polymorphism is strongly
associated with age-related macular degeneration (35); further-
more, CFH protects the eyes through recruiting to the surface of
apoptotic cells, where it neutralizes the proinflammatory proper-
ties of these cells and halts complement activation (36). These
reports imply a strong association of reduced levels of CFH at local
sites with increased inflammation. Here, HBV infection of mice
resulted in significantly lower CFH levels in hepatocytes and sig-
nificant liver inflammation. Considering its role as an inhibitor of
the alternative pathway of complement activation, we consider
the lower CFH levels in hepatocytes to be a direct cause of the liver
inflammation. Hepatic CFH expression was also reduced by HBx-
induced overexpression of miR-146a. In agreement with our ex-
planation of the connection between lower CFH levels and
increased inflammation, we also observed increased liver inflam-
mation in mice overexpressing HBx via a recombinant adenovirus
vector (Fig. 5A and 6C). In addition, CFH expression was signifi-
cantly lower in the livers of HBV-related cirrhosis liver transplant
patients than in those of normal donors. Taken together, these
results showed that reduced CFH expression induced by HBx
plays a pivotal role in HBV-induced hepatitis.

The alternative pathway of complement activation has several
negative regulators, including CFH, CD46, CD59, CD55, and

8 mBio mbio.asm.org

nt activation p: y could play a central role in chronic HBV infection-related

CD35. HBV up- or downregulates several complement regulatory
molecules (see Fig. 8). HBc sensitizes hepatocytes to complement-
dependent cytotoxicity by downregulating CD59 (37, 38). In con-
trast, HBx upregulates CD46 (39) and CD59 (40) in hepatocytes
to protect against inflammation. Such complicated and delicate
interactions indicate the importance of complement activation in
HBV immunopathogenesis; in addition, for complement regula-
tors that are regulated by HBV proteins in opposing directions,
such as the respective up- and downregulation of CD59 by HBx
and HBc, it must be considered that either one might involve
different degrees of regulation or require different cofactors. The
overall effect of these regulations in the context of HBV infection
might be related to the stage of disease progression. The balance
between complement activation and inhibition by HBV might tilt
at a certain point of CHB progression to favor complement acti-
vation rather than inhibition, resulting in the commencement of
tissue damage. Generating a more complete understanding of the
positive and negative regulation of complement activation might
provide tools or methods to control complement-mediated liver
injuries. In terms of therapeutic intervention for HBV-related
hepatitis, the results presented here suggest that inhibiting com-
plement activation in CHB patients would help to control chronic
liver injuries. This subject will be the focus of future studies.

In summary, this study demonstrates that HBx upregulates
miR-146a in HBV-infected hepatocytes by promoting NF-«B
binding to the miR-146a promoter. Subsequently, miR-146a
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TABLE 1 Oligonucleotides used for QRT-PCR of viral genomic and subgenomic RNA

Gene product

or description  Application Type Sequence (5'—3’)

Ue Reverse transcription Stem-loop RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGTACGACAAAAATATG

Real-time PCR Forward CGCAAATTCGTGAAGCGTTC

Real-time PCR Universal reverse GTGCAGGGTCCGAGGTATTC

miR-146a Pri-miR-146a clone Forward AGATCTTCAAGCGATCCTCCCACCACAG

Pri-miR-146a clone Reverse CTGCAGCATGTAAAGCACTTACAACAGTACCTG

Reverse transcription Stem-loop RT GCCTGGTCCACACCACCTGAGCCCGCACGACCAGGCAACCCATG

Real-time PCR Forward AACGGCGGTGAGAACTGAATT

Real-time PCR Reverse Universal reverse primer as above

Promoter (—1132 to +21) Forward GCAGCTAGCTTTCGGTCCATGAGCACGT

Promoter (—1132 to +21) Reverse GCAAAGCTTAGCGGTCAAGCGTCTTGG

PromoterS1 Forward GCAGCTAGCTTTCGGTCCATGAGCACGT
(approx —1132to —482)

PromoterS1 Reverse CTCGAGAAGTGCGCGCAGGCTGAGTTTC
(approx —1132to —482)

PromoterS2 Forward GGTACCGAAAAGCCAACAGGCTCATTG
(—481to +21)

PromoterS2 Reverse GCAAAGCTTAGCGGTCAAGCGTCTTGG
(—481to +21)

Mutation in 146aS2mut Forward ACAGCAAAAGCCCGAGCGACCTTCGGTACCGAAAAGCCAACAGGCTCATTG
NF-KB 146aS2mut Reverse CTTTCTCCAAGACGCTTGACCGCTAAGCTTGTAAGCGGATGCCGGGAGCAGAC
binding sites  146aS2mut Mutantl AGCCGATAAAGCTCTCACCATTTCCCCGCGGGGCTG

146aS2mut Mutant2 GCGCCGAGGAGGGATCTAGAAACCACTTTCCAGAGAGGGTTAGCG
CFH Real-time PCR for humans  Forward AACAGATTGTCTCAGTTTACCTAGC
Real-time PCR for humans ~ Reverse ACCCGCCTTATACACATCCTTC
CFH-3'UTR Forward GAATCAATCATAAAGTGCACACC
CFH-3'UTR Reverse GTTTTCCAGGATTTAATATGGTGC
CFH-3'UTRmut Forward ACAGCAAAAGCCCGAGCGACCTTCGAATTCGAATCAATCATAAAGTGCAC
CFH-3'UTRmut Reverse CCATATTAAATCCTGGAAAACCTCGAGCGGCTAAGGCACGCGCCACTTTT
CFH-3'UTRmut Mutant TTAGTATTAAACTCTTGACTAATTTCATTTTTAAG
Real-time PCR for Forward CTCGCTGTGTTGGACTTCCTT
mice
Real-time PCR for Reverse GTATGTAACCTCTTCCCCATGTTG
mice
Promoter Forward GGTACCTCAGCATTTCAATTTGTTGATTTTTG
Promoter Reverse AAGCTTGGATCTTTTAAGAGGACATTTACCAG
GAPDH Real-time PCR for humans ~ Forward TGGGTGTGAACCATGAGAAGTATG
Real-time PCR for humans ~ Reverse ACTGTGGTCATGAGTCCTTCCA
Real-time PCR for mice Forward TGCACCACCAACTGCTTAGC
Real-time PCR for mice Reverse GTCTTCTGGGTGGCAGTGATG

downregulates CFH expression via 3'-UTR targeting. In vivo, the
overall effect of this process is the promotion of liver inflamma-
tion. The HBx-miR-146a—~CFH-complement activation regula-
tion pathway might be the central mechanism of CHB-related
immunopathogenesis. These findings might have important im-
plications for the immunopathogenesis of CHB and the develop-
ment of effective interventions.

MATERIALS AND METHODS

Pl -1 hi
P

andr adenoviruses. The expression vector contain-
ing a 1.2-fold HBV genome (pHBV1.2), the pcDNA3.1-based expression
plasmids containing the HBV genes encoding HBc, large surface protein, viral
polymerase, or HBx, and the recombinant adenoviruses expressing HBV
(AdGFP-HBV) and HBx (AdGFP-HBx) were generated as described previ-
ously (8). The PGL3-based promoter reporter plasmids (Promega) were gen-
erated by inserting the full-length human miR-146a promoter (nucleotides
—1132 to +21 relative to the transcription start site), the 5" (S1) segment of
the human miR-146a promoter (nucleotides —1132 to —482), the 3’ (S2)
segment of the human miR-146a promoter (nucleotides —481 to +21) (27),
or the CFH promoter (nucleotides —553 to +110) (41) amplified from
HepG2 cells. Site-directed mutagenesis of the two NF-«B binding sites in S2

March/April 2015 Volume 6 Issue 2 e02459-14

was performed using the Multipoints mutagenesis kit (TaKaRa Biotechnol-
ogy) (17). The pMIR-CFH3’ UTR and pMIR-CFH3' UTR-M reporter plas-
mids were constructed by inserting the 3’ UTR (nucleotides +3748 to
+3936) of CFH or its miR-146a binding site mutant into the pMIR-luciferase
vector (8). The internal control reporter vector pRL-UBI was constructed by
replacing the TK promoter region of the pRL-TK vector (Promega) with the
ubiquitin promoter. The miR-146a expression plasmid (pIRES-EGFP-146a
[where EGFP is enhanced green fluorescent protein]) was constructed by
inserting an amplified pri-miR-146a sequence into the pIRES2-EGFP vector
(Clontech). The antisense miR-146a expression plasmid (pSD14-miR-146a)
was constructed by inserting an antisense oligonucleotide of mature miR-
146a into the pSD14 vector (GeneChem Shanghai). The primers used in this
study were synthesized by Invitrogen (Beijing) and are listed in Table 1.

Cell culture and transfection. HepG2, HepG2.2.15, HepAD38, and
Huh-7 cells were cultured and transfected with plasmids as described
previously (8). For the experiments shown in Fig. 3C and D, 30 pM
(Fig. 3C and D) or 60 uM (Fig. 3C) pyrrolidine dithiocarbamate was
added to the cells 6 h after transfection.

Quantitative real-time PCR. Total RNA was extracted and reverse
transcribed as described previously (8). A 2-ul aliquot of reverse tran-
scription product was used as the template for qPCR reactions using
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GoTaq qPCR master mix (Promega). U6 snRNA and GAPDH were used
for normalization of miRNAs and mRNAs, respectively. Data analysis was
performed using the 2734 method (42).

Reporter assays. For the experiments shown in Fig. 2 and 3, Huh-7
cells were cotransfected with the pGL3-146P, pRL-UBI, and pHBV1.2
plasmids or a pcDNA3.1-based plasmid containing the specific HBV gene;
for the experiments shown in Fig. 5, Huh-7 cells were cotransfected with
pMIR-CFH3’ UTR, pRL-UBI, and pIRES-EGFP-146a, pSD14-miR-146a,
or pcDNA3.1-HBx. Dual-luciferase assays were performed as described
prevnously (8).

Is and ethics The methods used to generate AdGFP-
HBx- and AdGFP-HBV-infected mice and extract liver tissues of p21-
HBx gene knock-in transgenic mice (C57BL/6) and control mice have
been described previously (8). C3~/~ mice (B6.12954-C3'"™!C7/]) have
also been described previously (43). All animal-related procedures were
approved by the Institutional Animal Care and Use Committee of the
Beijing Institute of Microbiology and Epidemiology (permit no. BIME
2013-16), and relevant guidelines were strictly followed. Clinical liver tis-
sue RNA samples were obtained from Dexi Chen of Beijing You’an Hos-
pital. The study protocol was approved by the ethics committees of Beijing
You’an Hospital.

Immunoblotting. Standard protocols were followed utilizing 8% de-
naturing gels, antibodies against h CFH (G tix) and GAPDH
(Cell Signaling Technology), a horseradish peroxidase (HRP)-conjugated
secondary antibody and ECL Western blotting substrate (Pierce).

Bioch | and histological analyses to eval liver injury. The
test of levels of alanine ammotransferase (ALT) and aspartate amino
transferase (AST) in mouse serum and histological analysis (h ylin
and eosin staining) of mouse liver tissues were performed as described
previously (43), and the extent of the liver damage was assessed by two
independent observers who were blinded to the groups.

Statistical analysis. Each experiment was repeated at least three times.
Comparisons of relative luciferase activity, as well as expression levels of
miRNAs, mRNAs, and proteins between the two groups, were performed
using Student’s  tests (Fig. 1 to Fig. 6) or a Mann-Whitney test (Fig. 7).
Quantitative values are, respectively, expressed as the means * standard
errors of the means (SEM) or geometric means with 95% confidence
intervals (CI). P values of <0.05 were considered statistically significant.
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The Middle East Respiratory Syndrome Coronavirus (MERS-CoV) causes severe acute
respiratory failure and considerable extrapulmonary organ dysfunction with substantial
high mortality. For the limited number of autopsy reports, small animal models are
urgently needed to study the mechanisms of MERS-CoV infection and pathogenesis of
the disease and to evaluate the efficacy of therapeutics against MERS-CoV infection.
In this study, we developed a transgenic mouse model globally expressing codon-
optimized human dipeptidyl peptidase 4 (hDPP4), the receptor for MERS-CoV. After
intranasal inoculation with MERS-CoV, the mice rapidly developed severe pneumonia
and multi-organ damage, with viral replication being detected in the lungs on day 5 and
in the lungs, kidneys and brains on day 9 post-infection. In addition, the mice exhibited
systemic inflammation with mild to severe pneumonia accompanied by the injury of
liver, kidney and spleen with neutrophil and macrophage infiltration. Importantly, the
mice exhibited symptoms of paralysis with high viral burden and viral positive neurons
on day 9. Taken together, this study characterizes the tropism of MERS-CoV upon
infection. Importantly, this hDPP4-expressing transgenic mouse model will be
applicable for studying the pathogenesis of MERS-CoV infection and investigating the

efficacy of vaccines and antiviral agents designed to combat MERS-CoV infection.
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Abstract

The Middle East Respiratory Syndrome Coronavirus (MERS-CoV) causes severe acute
respiratory failure and considerable extrapumonary organ dysfuction with substantial high
mortality. For the limited number of autopsy reports, small animal models are urgently
needed to study the mechanisms of MERS-CoV infection and pathogenesis of the disease
and to evaluate the efficacy of therapeutics against MERS-CoV infection. In this study, we
developed a transgenic mouse model globally expressing codon-optimized human dipepti-
dyl peptidase 4 (hDPP4), the receptor for MERS-CoV. After intranasal inoculation with
MERS-CoV, the mice rapidly developed severe pneumonia and multi-organ damage, with
viral replication being detected in the lungs on day 5 and in the lungs, kidneys and brains on
day 9 post-infection. In addition, the mice exhibited systemic inflammation with mild to
severe pneumonia accompanied by the injury of liver, kidney and spleen with neutrophil
and macrophage infiltration. Importantly, the mice exhibited symptoms of paralysis with
high viral burden and viral positive neurons on day 9. Taken together, this study character-
izes the tropism of MERS-CoV upon infection. Importantly, this hDPP4-expressing trans-
genic mouse model will be applicable for studying the pathogenesis of MERS-CoV infection
and investigating the efficacy of vaccines and antiviral agents designed to combat MERS-
CoV infection.
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Introduction

The highly pathogenic Middle East respiratory syndrome-coronavirus (MERS-CoV) was first
documented in the Middle East in 2012. As of November 13, 2015, a total of 1618 cases had
been reported by the World Health Organization, including 579 fatalities (http://www.who.int/
csr/don/13-november-2015-mers-saudi-arabia/en/). The mortality rate of MERS-CoV is as
high as 35%, far higher than that of the SARS coronavirus (8-10%) [1]. Although milder and
asymptomatic presentation does occur, a portion of patients develop severe respiratory disease
identified as viral pneumonia and acute respiratory distress syndrome (ARDS) accompanied
by leucopenia and lymphopenia, similar to patients infected with SARS-CoV. In addition, at
least one-third of patients exhibit gastrointestinal symptoms and in some severe cases, renal
failure develops concurrently with MERS-CoV infection [2, 3]. More recently, severe neuro-
logic syndrome was also reported in critically cases [4]. Although the limited clinical data avail-
able indicate that systemic infection can occur, the pathological mechanism of multi-organ
damage caused by MERS-CoV infection is not well understood.

Receptor specificity appears to be a key factor in the tropism of MERS-CoV [5], and dipepti-
dyl peptidase 4 (DPP4) has been identified as the functional cellular receptor for MERS-CoV
[6]. In humans, DPP4 is constitutively expressed in epithelial cells in the liver, intestine, pros-
tate, kidneys and in activated leukocytes [7]. MERS-CoV may infect human tracheobronchial
epithelium, primary renal epithelium, alveolar adenocarcinoma, liver cells (Huh-7) and bron-
chiolar epithelial cells [8]. Because they do not express human DPP4, mice, hamsters and fer-
rets cannot be infected with MERS-CoV [9-12]. However, rhesus macaques can be infected
with MERS-CoV. Following infection, rhesus macaques develop transient clinical symptoms
with histopathologically evident multifocal mild-to-moderate interstitial pneumonia on day 3
post-infection [13]. Common marmosets infected with high doses of MERS-CoV develop
more severe disease than rhesus macaques, with sometimes fatal pneumonia [14]. In MERS--
CoV-infected common marmosets, clinical disease was more severe and viral loads in the
lungs were higher than in the rhesus macaque lungs. However, while viral RNA was detected in
kidney samples from five out of seven common marmosets, no histological abnormalities were
observed. Furthermore, the ethics, higher expense and sophisticated operation limited their
application for the studies on the pathogenesis of the disease and efficient evaluation of vac-
cines or drugs to treat MERS-CoV infection.

Stanley Perlman’s research group developed an Ad5-hDPP4-transduced mouse able to
maintain MERS-CoV infection [15]. Although this model may be used efficiently for evaluat-
ing the efficacy of vaccines and drugs, it is still limited in its ability to recapitulate the pathogen-
esis of the disease for its transient and self-limited viral infection. To develop a more
susceptible, stable and efficient model, Chien-Te K. Tseng’s group successfully established a
transgenic mice model stably expressing hDPP4 that exhibited progressive pneumonia and
lethal outcome after MERS-CoV infection [16]. In the model, although no tissue damage was
observed in the brain, viral replication was reported. More recently, another hDPP4 mouse
model was developed by replacing 79 kb mouse DPP4 genomic DNA with that encoding 82 kb
human genomic DPP4 using the VelociGene techonology. Although no mortality or clinical
signs of disease was observed up to day 4, robust viral replication and pathology in the lungs
were detected. No specific MERS-CoV RNA and information was detected in brain [17]. In
this study, we generated a transgenic mouse model also that globally expresses codon-opti-
mized-hDPP4. This MERS-CoV infected optimized-hDPP4 transgenic mice developed severe
pneumonia with multi-organ injury including liver, kidney and brain damages.
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Methods
Ethics statement

All procedures involving animals were approved by the Laboratory Animal Center, State Key
Laboratory of Pathogen and Biosecurity, Beijing Institute of Microbiology and Epidemiology
TACUC’s (The permit number is BIME 2014-0017). Animal studies were carried out in strict
accordance with the recommendations in the Guide for the Care and Use of Laboratory Ani-
mals. All experimental operations to mice were performed under sodium pentobarbital anes-
thesia, and mice were euthanized with overdose inhalational carbon dioxide. All efforts were

made to minimize suffering of animals.

Determination of hDPP4 expression in cell lines

Considering the species differences, the hDPP4-coding sequence was codon-optimized and
synthesized (GenScript, Nanjing, China) according to the mRNA sequence (Accession number
NM_001935.3) and cloned into the multiple cloning site (MCS) of a pCAGGS plasmid, leading
to strong expression of the gene. The recombinant plasmid pCAGGS-hDPP4 contained the
hCMV IE Enhancer (\CMVIEE), the CAG promoter (chicken B-actin promoter/intron), a
codon-optimized open reading frame (ORF) of hDPP4 and rabbit B-globin polyA (Fig 1A).
Expression of the codon-optimized hDPP4 was achieved by transfection of the pCAGGS-
hDPP4 plasmid into Cos-7 cells, followed by confirmation of expression using anti-human
CD26 monoclonal antibody (R&D Systems, Minneapolis, MN, USA). To confirm the binding
of hDPP4 to the MERS-CoV receptor-binding domain (RBD), transfected Cos-7 cells were
incubated with a recombinant protein expressing the RBD of MERS-CoV fused to human IgG
Fc (RBD-Fc) [18], followed by addition of DyLight 549-conjugated goat anti-human IgG to
detect binding.

Determination of hDPP4 copy number and transcription levels in
transgenic mice

The purified 5861bp fragment generated from ApalLl digestion of pCAGGS-hDPP4 was used
as the transgene for injection into the pronuclei of fertilized F1 (C57BL/6 x C57BL/6) mouse
eggs to generate transgenic embryos. The mice used in this studywere backcrossed two to three
times onto a C57BL/6 background. All animal studies were performed in strict accordance
with the recommendations outlined in the Guide for the Care and Use of Laboratory Animals.

Genomic DNA from each transgenic founder line and from wild-type C57BL/6 mice was
isolated from the liver tissue using DNAzol reagent (Qiagen, Valencia, CA, USA) according to
the manufacturer's instructions. The hDPP4 DNA copy numbers were determined by quanti-
tative PCR using Power SYBR" Green PCR Master Mix (Life Technologies, Carlsbad, CA,
USA). Total hDPP4 DNA was normalized using a single-copy reference gene (PKD1) as an
endogenous control. The primers specific for hDPP4 were forward 5 CTACAGCTCCTGGG
CRACGTGCTG 3’ and reverse 5 AGATGTCGTAACTGGCGGTGTAAG 3’ . The primers spe-
cific for mPKD1 were forward 5 GGCTGCTGAGCGTCTGGTA 3’ and reverse 5’
CCAGGTCCTGCGTGTCTGA 3’ .

To detect the expression of optimized hDPP4 in the tissues of our transgenic mice model,
samples were harvested and stored immediately in RNAlater RNA stabilization reagent (Qia-
gen, Valencia, CA, USA) until total RNA was extracted and purified using an RNeasy Extrac-
tion kit (Qiagen, Valencia, CA, USA). For each sample, 2 ug of total RNA was used as template
for first-strand cDNA synthesis. The resulting cDNA was subjected to quantitative PCR using
Power SYBR" Green PCR Master Mix (Life Technologies, Carlsbad, CA, USA) to determine

PLOS ONE | DOI:10.1371/journal.pone.0145561 December 23,2015 3/14

147



& PLOS | one

MERS-CoV Lethal Transgenic Mouse Model

o 077 o ]

®
3

o Line2

é o m lired
£ o
£ 3
Q 2 s
< -
&
8 E 4
<
5 o 0

Line1 Line2 Line3 Lined Wt PN I SR

SR S R
«@6\ NV \’\%Q\ @é\\,\(@? <
H |
5
5 B3
? 0 €O
2 Sk
£ & 8’8;,
£ 38
Ly o s T 2 R WO
0 2 4 6 8 10 12 Line1 Line2 Line3 Line4
Days post-challenge
Fig 1. Generation and ch ization of hDPP4 transgenic mice. (A) Schematic diagram of the

optimized hDPP4 expression vector cassette. The optimized hDPP4 was cloned into a pCAGGS plasmid in
which hDPP4 expression was driven by the CAG promoter. hDPP4 expression was confirmed in vitro by
transfection of Cos-7 cells with the pPCAGGS-hDPP4 (B) or pPCAGGS (C) plasmids and detected by direct
immunofluorescence assay with FITC-labeled anti-human CD26-Fluorescein antibody. Confirmation of the
binding between DPP4 and MERS-CoV RBD was achieved by transfecting Cos-7 cells with pPCAGGS-
hDPP4 (D) or pPCAGGS (E) plasmid followed by indirectimmunofiuorescence assay with MERS-RBD-Fc
protein and DyLight 549-conjugated goat anti-human IgG antibody. (F) Determination of the copy numbers of
hDPP4 cDNA in four transgenic founder lines by gPCR. (G) Expression of hDPP4 mRNA in the indicated
tissues of transgenic mice in two founder lines as determined by qRT-PCR. Results are mean+SEM (n = 3).
(H) Four lines of hDPP4 transgenic mice were infected with MERS-CoV and monitored for body weight
changes. Results are mean+SEM (n = 6). (I) Lung viral titer at day 5 postinfection was determined for four
lines of hDPP4 transgenic mice. The data are expressed as mean+SEM (n = 3). The dotted line indicates the
limit of detection.

doi:10.1371/journal.pone.0145561.g001

the relative abundances of hDPP4 in the tissues. The forward and reverse primers for hDPP4
amplicons were as the same as those noted above. The relative amount of hDPP4 in different
tissues was obtained by normalizing mRNA expression to that of the endogenous control gene
GAPDH [19].

Infection of hDPP4 transgenic mice with MERS-CoV and sample
collection

MERS-CoV (HCoV-EMC/2012 strain) was propagated and titered on Vero cells in an
approved biosafety level 3 laboratory. Following intraperitoneal anesthetization with sodium

pentobarbital (5 mg/kg of body weight), mice under virus infection were intranasally inocu-
lated with MERS-CoV (10** TCIDs,) in 20 pl Dulbecco’s modified Eagle’s medium (DMEM),
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and mice in sham group were treated with the same volume of DMEM. Mice were monitored
for weight loss and survival for 12 days. We have taken special precautions and followed stan-
dard guidelines outlined in the Guide for the Care and Use of Laboratory Animals to ensure
that ample food and water as well as sanitary cage conditions with enrichment devices were
present in order to maximize the animal’s comfort. Humane endpoints were used during the
survival experiments. After virus infection, mice were closely monitored by daily observation
and weighing of trained animal caretaker, and the monitoring will raise to twice per day once
mice lost more than 10% of their initial body weight, or exhibited lethargy, ruffled hair coat, or
hunched posture. Animals were deemed gravely ill and were euthanized by overdose inhalation
of carbon dioxide if they lost more than 25% of their weight, or lost ability to ambulate and
access food or water. Sera were collected on day 5 and inactivated at 56°C for 30 min before the
levels of cytokines and chemokines were measured. To assess viral replication and histopatho-
logic damage following MERS-CoV infection, mice were euthanized with overdose inhalational
carbon dioxide, and tissues included lungs, kidneys, livers, spleens, intestines and brains were
harvested on indicated time points.

Detection of MERS-CoV RNA in hDPP4 transgenic mouse tissues

The viral RNA copies in tissues were determined by qRT-PCR according to the protocol
described elsewhere [20]. Briefly, total RNA was extracted from 20mg of collected tissues using
RNeasy Extraction Kits (Qiagen, Valencia, CA, USA) following the manufacturer’s instruc-
tions. MERS-CoV RNA was quantified in a 25 pl mixture containing 5 ul RNA using the Invi-
trogen SuperScript™ I1I One-Step RT-PCR system with Platinum ™ Taq (Life Technologies,
Carlsbad, CA, USA). The primers and probes specific for the upE envelope gene of the MERS-
CoV virus were as follows: forward 5’ GCAACGCGCGATTCAGTT 3’ ; reverse 5 GCCTCTAC
ACGGGACCCATA 3’ ; fluorescence probe /56-FAM/ CTCTTCACATAATCGCCCCGAGCTCG
CG/36-TAMSp/ [21]. Mouse GAPDH was used as a housekeeping gene control. A standard
curve was generated for PCR reaction using 10-10”copies of quantified RNA transcripts to cal-
culate copy numbers for each reaction. The results were considered positive at Cy values below
35 for primer and probe set, and were calculated as viral RNA copies per gram of tissues.

Viral titer in tissue

The tissues of infected mice were harvested aseptically at indicated time points and homoge-
nized in minimal essential medium (MEM) plus antibiotics to produce 10% (w/v) suspensions.
Tissue homogenates were centrifuged and titered on the monolayer of Vero cells. The cyto-
pathic effects (CPE) were daily observed under phase-contrast microscropy for 3 days. The
viral titer was determined as TCID5, by CPE-based assay, and calculated using the Reed and
Muench method. The viral titer in tissue was expressed as Log;, TCIDs,/g of tissue.

Histopathology and immunohistochemistry

Collected tissue samples were immediately fixed in 10% neutral buffered formalin, sectioned at
4 pm thickness, and stained with hematoxylin and eosin (H&E) to examine histopathology as
described previously [22]. The expression of virus antigens and infiltration of neutrophils and
macrophages in organs after MERS-CoV infection was detected by immunohistochemistry.
Briefly, formalin-fixed, paraffin-embedded lung sections were deparaffinized and hydrated
using graded alcohols. Expression of virus antigen and inflammatory cell infiltration was
assessed using rabbit polyclonal antibody to MERS-CoV nucleoprotein (NP) (Sino Biological
Inc., Beijing, China), neutrophil marker NIMP-14, (Santa Cruz Biotechnology, Paso Robles,
CA, USA) and CD68 (Abcam, Cambridge, MA, USA). The reaction was detected using a
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standard streptavidin-biotin detection system (Beijing Zhongshan Biotechnology Co., Ltd.,
Beijing, China) and visualized using DAB with hematoxylin counterstaining.

Detection of inflammatory cytokines and chemokines

Cytokines and chemokines in mouse sera were quantified using a commercial Milliplex Mouse
Cytokine/Chemokine Magnetic Panel kit (Merck Millipore, USA.). A panel of inflammatory
cytokines and chemokines (IFN-y, IP-10, IL-1B, IL-17, IL-6, TNF-a, GM-CSF, KC, MCP-1,
MIP-1a, MIP-1B and RANTES) was measured according to the manufacturer’s protocols.

Statistics

Statistical analyses were performed using GraphPad Prism version 5.01. To compare the
groups in terms of hDPP4 copies, inflammatory cytokine/chemokine levels, and tissue viral
RNA copies, Student’s ¢ test with Welch’s correction was used. The significance between sur-
vival curves was analyzed by Kaplan-Meier survival analysis with log-rank test. p values lower
than 0.05 were considered statistically significant.

Results
Generation and characterization of transgenic mice expressing hDPP4

DPP4 is constitutively expressed in human parenchyma cells in tissues including the liver,
intestines and kidneys as well as in T and B cells [7]. We developed transgenic mice in which
hDPP4 expression was driven by the chicken B-actin promotor in the pPCAGGS plasmid (Fig
1A). Expression of hDPP4 in vitro was achieved by transfection of the pCAGGS-hDPP4 plas-
mid into Cos-7 cells and detected by immunofluorescence analysis. The results showed that
hDPP4 was expressed in Cos-7 cells and that it effectively bound MERS-CoV (Fig 1B-1E).
After microinjection of linearized DNA, founder lines that transferred the hDPP4 gene to their
progeny were established. The levels of transgenic DNA in the founder lines ranged from 2 to 6
copies per genome, as determined by qPCR (Fig 1F). In addition, the mRNA levels of hDPP4
in the trachea, lung, liver, spleen, kidney, intestine and brain in two of the founder lines were
measured by gqRT-PCR. The data showed that hDPP4 expression was higher in the trachea,
lung, spleen, kidney and brain in both lines, and the expressions were relative higher in trachea
and kidney in line 4 compared with that in line 2 (Fig 1G). In order to determine the effective
infection of MERS-CoV in different lines of transgenic mice, 6 mice in each line were infected
with MERS-CoV and the changes of body weight were monitored. The results showed that all
mice in line 1, 2 and 3 survived with no significant changes in body weight but all mice in line 4
died by day 10 following MERS-CoV inoculation (Fig 1H). In order to confirm the virus repli-
cations in transgenic mice, three mice of each line were sacrificed on day 5 after MERS-CoV
infection for the detection of viral titer and viral antigen expression in lungs. As expected, com-
pared with high level of lung viral titers in line 4 mice, no viral titer were detected (Fig 11) in
lungs of line 1, 2 and 3 mice, which also confirmed by the negative results of viral antigen
expression detected by immunohistochemistry in lung (data not shown).

Multi-organ tissue damage in hDPP4 transgenic mice infected with
MERS-CoV

Wild-type mice, such as BALB/c, 129/SvEv and STAT1 mice, are not permissive to MERS-CoV
infection, and Syrian hamsters do not support replication of MERS-CoV [9-12]. Macaques
have been confirmed to develop mild to marked interstitial pneumonia upon MERS-CoV
infection [23], but fail to progress to the extent observed in human subjects. Marmoset model,
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which has the same interaction characteristic between its DPP4 and MERS-CoV spike protein,
was partially lethal and developed a progressive severe pneumonia after MERS-CoV infection
[14]. In this study, we found that hDPP4 transgenic mice infected with MERS-CoV exhibited
decreased activity and significant weight loss from day 6 after infection, and all of the infected
mice died by day 10 (Fig 2A and 2B). Importantly, symptoms of neural defects with paralysis
were observed on day 9 in the infected transgenic mice.

Compared to the sham-infected group (Fig 3A, 3D, 3G and 3]), the histopathological analy-
sis of the tissues in transgenic mice on days 5 and 9 after MERS-CoV infection showed the
presence of inflammatory tissue damage in the kidney, liver and spleen, with mild inflamma-
tory responses in the lungs but no significant changes in the intestines. On day 5 after inocula-
tion, the hDPP4 transgenic mice exhibited mild inflammation in the lungs with focal
exudation and hemorrhage (Fig 3B), and by day 9, the damage was more severe, with evidence
of diffused alveolar damage, alveolar septal thickening, hemorrhage and activated macrophage
infiltration (Fig 3C). In the kidneys, mild interstitial inflammation with inflammatory cell infil-
tration was observed in the interstitium and exudates of renal tubules on day 5 (Fig 3E). By day
9, more renal tubular epithelial cells were injured, with evidence of focal hemorrhage in the
renal interstitium (Fig 3F). In the liver, mild to moderate liver damage was seen in the trans-
genic mice infected with MERS-CoV on day 5, including scattered hepatocyte necrosis and
numerous activated kupffer cells and macrophage infiltrates in hepatic sinusoid (Fig 3H), and
on day 9, fatty change in hepatocytes with less hepatocyte necrosis was observed (Fig 31). In
spleens, necrosis of splenic cells and increased reticulum cells in red pulp with significant
hemosiderin deposition was observed on both day 5 and day 9 (Fig 3K and 3L). Typical charac-
teristics of viral encephalitis were observed in the brain at day 9, with perivascular cuffs (Fig
3M) and neuronal cell necrosis in the cerebral cortex (Fig 3N), including hippocampal neurons
(Fig 30). There was no apparent damage in the intestines after MERS-CoV infection on day 5
or day 9 (data not shown).

Determination of virus antigen expression and viral replication in hDPP4
transgenic mice infected with MERS-CoV

To evaluate MERS-CoV infection in the hDPP4 transgenic mice, distribution of the viral anti-
gen NP protein was assessed in mouse tissues by immunohistochemical staining. The results
showed that type I and type II pneumocytes in the lungs and renal tubular epithelial cells in the
kidneys expressed viral antigen on day 5 after MERS-CoV infection and that the expression
was more abundant on day 9, and no viral antigen was detected in sham-infected group (Fig
4A-4F). Strong viral antigen expression was evident not only in neuronal cell bodies, but also
in dendrites, axons and some microglia in the cerebral cortex (Fig 4H) including the hippocam-
pus (Fig 41). No viral antigen expression was observed in the brains of mice in the sham-
infected group (Fig 4G). Viral RNA copies in lung and brain were detectable on day 5 postin-
fection and increased to a higher level on day 9 (Fig 4]). Lower level of viral RNA copies can be
also detected in kidney collected on day 9. In order to further confirm the effective replication
of MERS-CoV, the dynamic changes of viral titer in organs were detected. The results showed
that on day 3 after infection, only lower viral titer was detected in lung and not detectable in
other organs. However, on day 5, viral titer was also detected in brain. On day 7 and day 9,
increased viral titers were detected in both lung and brain, and lower level viral titer in kidney
was detectable (Fig 4K). These results indicate that the transgenic mice had been successfully
infected and that MERS-CoV exhibited cell and tissue tropism especially for pneumocytes and
neurons. Furthermore, synapses may be one of the structures by which viruses diffuse through
the brain after MERS-CoV infection.
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infected intranasally with MERS-CoV and monitored for 12 days. (A) Body weight changes of MERS-CoV-
and sham-infected mice. Results are mean+SEM (n = 3) on indicated time post-infection. (B) Survival curves
of mice in MERS-CoV- and sham-infected mice (n = 3). * p <0.05.

doi:10.1371/journal.pone.0145561.g002

Increased inflammatory response in MERS-CoV-infected hDPP4
transgenic mice

To date, only limited data on the immune response of MERS patients are available [24].
Because of the clinical similarity between the symptoms of MERS-CoV and those of patients
infected with SARS-CoV [1], the aberrant immune response may be related to the pathogenesis
of MERS-CoV infection. In our mouse model, an aberrant inflammatory response was con-
firmed by infiltration of neutrophils in the lung, liver and spleen (Fig 5A-5F) and macrophages
in the lung, liver and kidney (Fig 5G-5L). In addition, deposition of hemosiderin in the spleen
(Fig 3K and 3L) indicated an increase in activated macrophages, and a systemic inflammatory
response after virus infection was demonstrated by a significant increase in cytokines such as
IFN-y, IP-10, and IL-17 in the serum on day 5 after MERS-CoV infection (Fig 5M).

Discussion

Although several species, such as rhesus macaques and common marmosets are reported to be
sensitive to MERS-CoV infection and to develop mild to marked broncho-interstitial pneumo-
nia, small animal models are urgently needed to study the pathogenesis of this disease and eval-
uate the effects of vaccines and antiviral agents. A MERS-CoV-infection mouse model was
generated by transducing mice with a recombinant non-replicating adenovirus expressing
hDPP4; however, while the mice exhibit viral antigen expression and progress to interstitial
pneumonia, there is no mortality after virus infection [15]. Although a transgenic mouse
model expressing human DPP4 was also established, and its immune response was studied
after infection with MERS-CoV [16], the transgenic mice in the study died on day 6 with only
progressive pneumonia and mild perivascular cuffing in brain, and no neurological disorder or
other multi-organ damage was observed. Different from the aforementioned transgenic mice,
our hDPP4 transgenic mice experienced a longer incubation period post-infection and devel-
oped progressive pneumonia and neurological disorders accompanied by histological damage
to the lungs, brain, spleen and liver, which more closely resembles the clinical cases.

The results from this study indicate that MERS-CoV infection was lethal in hDPP4 trans-
genic mice with higher transgene copy number, while lines with lower levels of hDPP4
expressed especially in trachea had no significant clinical symptoms (data not shown), suggest-
ing that the copy number of the transgene was closely related to the efficiency of MERS-CoV
infection. Although the expression level of optimized hDPP4 was not highest in the brains, the
tissues had higher viral titers following MERS-CoV infection, revealing the tropism of

PLOS ONE | DOI:10.1371/journal.pone.0145561 December 23, 2015 8/14

152



@ PLOS | ONE MERS-CoV Lethal Transgenic Mouse Model

Fig 3. Histopathological analysis of hDPP4 transgenic mice after MERS-CoV infection. The hDPP4
transgenic mice were infected intranasally with MERS-CoV. Lungs, kidneys, liver, spleen and brain were
collected on day 5 or day 9 after MERS-CoV infection, fixed in neutral formaldehyde solution and stained with
hematoxylin and eosin. Histopathological analysis of hDPP4 transgenic mice was performed using sham-
infected mice as controls (A, D, G, J). (B-C) In the lungs, mild inflammation was observed, with inflammatory
cellinfiltration (arrowheads) and focal hemorrhage and exudation (arrow) on day 5. Damage was more
severe on day 9, with increased inflammatory cell infiltration, focal hemorrhage (inset) and exudation. (E-F) In
the kidney, MERS-CoV-infected hDPP4 transgenic mice showed focal interstitial inflammation with
inflammatory cell infiltration in the interstitium and exudates in renal tubules (arrow) on day 5. On day 9,
degeneration and necrosis in the renal tubular epithelial cells (inset) and focal hemorrhage were observed.
(H-1) In the liver, MERS-CoV-infected hDPP4 transgenic mice showed scattered hepatocyte necrosis and
numerous activated kupffer cells and infiltrated macrophages in the hepatic sinusoid on day 5. Fatty change
of hepatocytes (inset) was observed in the liver on day 9. (K-L) In the spleen, necrotic splenic cells and
increased reticulum cells in the red pulp with significant amounts of hemosiderin deposition were observed in
hDPP4 transgenic mice on days 5 and 9 (arrow and inset). (M-O) Neurological damage with perivascular
cuffs (M) and neuronal cell necrosis in the cerebral cortex (N) including damaged neurons (inset) in the
hippocampus (O) was observed in the brains of hDPP4 transgenic mice infected with MERS-CoV. (n =2,
scale bars = 50 ym).

doi:10.1371/journal.pone.0145561.g003

MERS-CoV for both lungs and brains, tissues in which pneumocytes and neurons may be the
main target cells (Fig 4). However, MERS-CoV infection in brain via blood or olfactory nerves
needs to be further studied due to the strong expression of viral antigens in dendrites and
axons.
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mice infected with MERS-CoV. Transgenic mice were infected intranasally with MERS-CoV and sacrificed
to access the expression of viral antigens by immunohistochemical staining (n = 2). No viral antigens were
detected in the sham-infected mice (A, D, G), but viral antigens were detected in type | and type Il
pneumocytes and infiltrated macrophages in the lungs (B-C), renal tubular epithelial cells in the kidneys
(E-F), and neuron cell bodies as well as in dendrites and axons in the brain (H-1), including the hippocampus
(1). (J) Viral load was detected by gqRT-PCR and expressed as viral RNA copies/g of tissues. The detection
limit shown as dotted line is 1x10° copies/g. Results are mean+SEM (n = 2). (K) Viral titers in tissues of
infected hDPP4 transgenic mice were determined by CPE-based assay and expressed as Log1oTCIDso/g of
tissues. Results are mean+SEM (n = 5). The dotted line indicates the detection limit.

doi:10.1371/journal.pone.0145561.g004
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two groups of mice were collected on day 5 and assayed for levels IFN-y, IP-10, IL-1B, IL-17, IL-6, TNF-a,
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Although few autopsy reports exist on fatal MERS-CoV cases and atypical pneumonia and
respiratory failure are suspected the causes of death [24], other types of extrapulmonary organ
dysfunction have also been documented in MERS critically ill patients with abnormal clinical
manifestations [25-27]. For example, acute renal failure was described in a number of MERS
cases [28-32]. In addition, renal epithelial cells may produce almost 1000-fold more infectious
MERS-CoV progeny than bronchial epithelial cells [33]. More recently, severe neurologic syn-
drome including altered level of consciousness from confusion to coma, ataxia and focal motor
deficit was also reported in three critically cases by Balkhy H et al [4]. According to the
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neurologic manifestations and distinct imaging patterns, an important question was raised on
the pathogenic mechanisms that underlie the occurrence of neurologic injury in patients. It has
been studied that corona virus such as SARS-CoV are generally known for causing respiratory
illness, and the strong tropism of SARS-CoV to CNS and causing neuronal injury had also
been demonstrated both in clinical and experimental studies [34-38], which suggested the pos-
sible relations of MERS-CoV infection with brain injury. As to the extensive expression of
hDPP4 in the lung, kidney, placenta, liver, skeletal muscle, brain, endothelium, pancreasour
and T cell in human, our globally expressed hDPP4 transgenic mouse manifested with multi-
organ damage infected with MERS-CoV could be a suitable model for the pathogenic mecha-
nisms study.

Systemic inflammation is believed to be a primary reason for the severe outcome in MERS--
CoV infections [14, 24]. Although the transgenic mice model died after MERS-CoV infection
with multi-organ damages, it is still uncertain whether these mice are mainly dying from lung
damage. In our transgenic mice, aberrant immune response such as elevated IP-10, IFN-y and
IL-17, which are closely related to acute virally-mediated lung injury [39-42], was also a spe-
cific manifestation after MERS-CoV infection. So, as to the mechanism of lethal which was due
to the virus replication directly or induced by the aberrant inflammatory response need to be
further studied. The mechanism of MERS-CoV infection caused death is complex and compli-
cated. Aberrant immune response after MERS-CoV infection may be one of main reasons
which need to be further studied. We have added more discussions on this issue in the revised
manuscript.

In summary, the transgenic mouse model developed in this study was efficiently infected by
MERS-CoV and exhibited severe acute respiratory injury and considerable extrapulmonary
organ damage. This model will be useful for studying the pathogenesis of MERS-CoV infection
and evaluating the efficacy of MERS vaccines and therapeutic agents.

Author Contributions

Conceived and designed the experiments: GZ SS Y. Zhou. Performed the experiments: GZ Y]
HQTGY. Zeng YG HY SS. Analyzed the data: GZ SS JL ZK LD WT. Wrote the paper: GZ SS
LD SJ Y. Zhou.

References

1. Gralinski LE, Baric RS. Molecular pathology of emerging coronavirus infections. J Pathol. 2015; 235
(2):185-95. doi: 10.1002/path.4454 PMID: 25270030

2. Group TWM-CR. State of Knowledge and Data Gaps of Middle East Respiratory Syndrome Coronavi-
rus (MERS-CoV) in Humans. PLoS Curr. 2013; 5. doi: 10.1371/currents.outbreaks.
0bf719e352e7478f8ad85fa30127ddb8

3. Assiri A, McGeer A, Perl TM, Price CS, Al Rabeeah AA, Cummings DA, et al. Hospital outbreak of Mid-
dle East respiratory syndrome coronavirus. N Engl J Med. 2013; 369(5):407-16. doi: 10.1056/
NEJMoa 1306742 PMID: 23782161

4. Arabi YM, Harthi A, Hussein J, Bouchama A, Johani S, Hajeer AH, et al. Severe neurologic syndrome
associated with Middle East respiratory syndrome corona virus (MERS-CoV). Infection. 2015; 43
(4):495-501. doi: 10.1007/s15010-015-0720-y PMID: 25600929

5. van Doremalen N, Miazgowicz KL, Milne-Price S, Bushmaker T, Robertson S, Scott D, et al. Host spe-
cies restriction of Middle East respiratory syndrome coronavirus through its receptor, dipeptidyl pepti-
dase 4. J Virol. 2014; 88(16):9220-32. doi: 10.1128/JVI.00676-14 PMID: 24899185

6. RajVS, Mou H, Smits SL, Dekkers DH, Muller MA, Dijkman R, et al. Dipeptidyl peptidase 4 is a func-
tional receptor for the emerging human coronavirus-EMC. Nature. 2013; 495(7440):251-4. doi: 10.
1038/nature12005 PMID: 23486063

7. Boonacker E, Van Noorden CJ. The multifunctional or moonlighting protein CD26/DPPIV. Eur J Cell
Biol. 2003; 82(2):53-73. PMID: 12647932

PLOS ONE | DOI:10.1371/journal.pone.0145561 December 23,2015 12/14

156



@PLOS | ONE

MERS-CoV Lethal Transgenic Mouse Model

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Mackay IM, Arden KE. Middle East respiratory syndrome: An emerging coronavirus infection tracked
by the crowd. Virus Res. 2015.

Coleman CM, Matthews KL, Goicochea L, Frieman MB. Wild-type and innate immune-deficient mice
are not susceptible to the Middle East respiratory syndrome coronavirus. J Gen Virol. 2014; 95(Pt
2):408-12. doi: 10.1099/vir.0.060640-0 PMID: 24197535

Scobey T, Yount BL, Sims AC, Donaldson EF, Agnihothram SS, Menachery VD, et al. Reverse genet-
ics with a full-length infectious cDNA of the Middle East respiratory syndrome coronavirus. Proc Natl
Acad SciU S A. 2013; 110(40):16157-62. doi: 10.1073/pnas. 1311542110 PMID: 24043791

de Wit E, Prescott J, Baseler L, Bushmaker T, Thomas T, Lackemeyer MG, et al. The Middle East respi-
ratory syndrome coronavirus (MERS-CoV) does not replicate in Syrian hamsters. PLoS One. 2013; 8
(7):69127. doi: 10.1371/journal.pone.0069127 PMID: 23844250

Raj VS, Smits SL, Provacia LB, van den Brand JM, Wiersma L, Ouwendijk WJ, et al. Adenosine deami-
nase acts as a natural antagonist for dipeptidyl peptidase 4-mediated entry of the Middle East respira-
tory syndrome coronavirus. J Virol. 2013; 88(3):1834-8. doi: 10.1128/JV1.02935-13 PMID: 24257613

de Wit E, Rasmussen AL, Falzarano D, Bushmaker T, Feldmann F, Brining DL, et al. Middle East respi-
ratory syndrome coronavirus (MERS-CoV) causes transient lower respiratory tract infection in rhesus
macaques. Proc Natl Acad Sci U S A. 2013; 110(41):16598-603. doi: 10.1073/pnas.1310744110
PMID: 24062443

Falzarano D, de Wit E, Feldmann F, Rasmussen AL, Okumura A, Peng X, et al. Infection with MERS-
CoV causes lethal pneumonia in the common marmoset. PLoS Pathog. 2014; 10(8):e1004250. doi: 10.
1371/journal.ppat. 1004250 PMID: 25144235

Zhao J, Li K, Wonhlford-Lenane C, Agnihothram SS, Fett C, Zhao J, et al. Rapid generation of a mouse
model for Middle East respiratory syndrome. Proc Natl Acad Sci U S A. 2014; 111(13):4970-5. doi: 10.
1073/pnas.1323279111 PMID: 24599590

Agrawal AS, Garron T, Tao X, Peng BH, Wakamiya M, Chan TS, et al. Generation of a transgenic
mouse model of middle East respiratory syndrome coronavirus infection and disease. J Virol. 2015; 89
(7):3659-70. doi: 10.1128/JV1.03427-14 PMID: 25589660

Pascal KE, Coleman CM, Mujica AO, Kamat V, Badithe A, Fairhurst J, et al. Pre- and postexposure effi-
cacy of fully human antibodies against Spike protein in a novel humanized mouse model of MERS-CoV
infection. Proc Natl Acad Sci U S A. 2015; 112(28):8738-43. doi: 10.1073/pnas. 1510830112 PMID:
26124093

DulL, Zhao G, Yang Y, Qiu H, Wang L, Kou Z, et al. A conformation-dependent neutralizing monoclonal
antibody specifically targeting receptor-binding domain in Middle East respiratory syndrome coronavi-
rus spike protein. J Virol. 2014; 88(12):7045-53. doi: 10.1128/JV1.00433-14 PMID: 24719424

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402—8. PMID: 11846603

Lu X, Whitaker B, Sakthivel SK, Kamili S, Rose LE, Lowe L, et al. Real-time reverse transcription-PCR
assay panel for Middle East respiratory syndrome coronavirus. J Clin Microbiol. 2014; 52(1):67-75. doi:
10.1128/JCM.02533-13 PMID: 24153118

Corman VM, Eckerle |, Bleicker T, Zaki A, Landt O, Eschbach-Bludau M, et al. Detection of a novel
human coronavirus by real-ti iption poly chain reaction. Euro Surveill. 2012;
17(39).

Sun S, Zhao G, Liu C, Wu X, Guo Y, Yu H, et al. Inhibition of complement activation alleviates acute
lung injury induced by highly pathogenic avian influenza H5N1 virus infection. Am J Respir Cell Mol
Biol. 2013; 49(2):221-30. doi: 10.1165/rcmb.2012-04280C PMID: 23526211

Falzarano D, de Wit E, Rasmussen AL, Feldmann F, Okumura A, Scott DP, et al. Treatment with inter-
feron-alpha2b and ribavirin improves outcome in MERS-CoV-infected rhesus macaques. Nat Med.
2013; 19(10):1313-7. doi: 10.1038/nm.3362 PMID: 24013700

van den Brand JM, Smits SL, Haagmans BL. Pathogenesis of Middle East respiratory syndrome coro-
navirus. J Pathol. 2015; 235(2):175-84. doi: 10.1002/path.4458 PMID: 25294366

Assiri A, Al-Tawfiq JA, Al-Rabeeah AA, Al-Rabiah FA, Al-Hajjar S, Al-Barrak A, et al. Epidemiological,
demographic, and clinical characteristics of 47 cases of Middle East respiratory syndrome coronavirus
disease from Saudi Arabia: a descriptive study. Lancet Infect Dis. 2013; 13(9):752-61. doi: 10.1016/
S$1473-3099(13)70204-4 PMID: 23891402

Al-Abdallat MM, Payne DC, Algasrawi S, Rha B, Tohme RA, Abedi GR, et al. Hospital-associated out-

break of Middle East respiratory syndrome coronavirus: a serologic, epidemiologic, and clinical descrip-
tion. Clin Infect Dis. 2014; 59(9):1225-33. doi: 10.1093/cid/ciu359 PMID: 24829216

PLOS ONE | DOI:10.1371/journal.pone.0145561 December 23, 2015 13/14

157



@PLOS | ONE

MERS-CoV Lethal Transgenic Mouse Model

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Arabi YM, Arifi AA, Balkhy HH, Najm H, Aldawood AS, Ghabashi A, et al. Clinical course and outcomes
of critically ill patients with Middle East respiratory syndrome coronavirus infection. Ann Intern Med.
2014; 160(6):389-97. doi: 10.7326/M13-2486 PMID: 24474051

Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus AD, Fouchier RA. Isolation of a novel coronavi-
rus from a man with pneumonia in Saudi Arabia. N Engl J Med. 2012; 367(19):1814-20. doi: 10.1056/
NEJMoa1211721 PMID: 23075143

Memish ZA, Zumla Al, Al-Hakeem RF, Al-Rabeeah AA, Stephens GM. Family cluster of Middle East
respiratory syndrome coronavirus infections. N Engl J Med. 2013; 368(26):2487-94. doi: 10.1056/
NEJMoa1303729 PMID: 23718156

Drosten C, Seilmaier M, Corman VM, Hartmann W, Scheible G, Sack S, et al. Clinical features and viro-
logical analysis of a case of Middle East respiratory syndrome coronavirus infection. Lancet Infect Dis.
2013; 13(9):745-51. doi: 10.1016/S1473-3099(13)70154-3 PMID: 23782859

Pollack MP, Pringle C, Madoff LC, Memish ZA. Latest outbreak news from ProMED-mail: novel corona-
virus—Middle East. IntJ Infect Dis. 2013; 17(2):e143-4. doi: 10.1016/}.ijid.2012.12.001 PMID:
23270612

Guery B, Poissy J, el Mansouf L, Sejourne C, Ettahar N, Lemaire X, et al. Clinical features and viral
diagnosis of two cases of infection with Middle East Respiratory Syndrome coronavirus: a report of nos-
ocomial transmission. Lancet. 2013; 381(9885):2265—72. doi: 10.1016/S0140-6736(13)60982-4 PMID:
23727167

Eckerle |, Muller MA, Kallies S, Gotthardt DN, Drosten C. In-vitro renal epithelial cell infection reveals a
viral kidney tropism as a potential mechanism for acute renal failure during Middle East Respiratory
Syndrome (MERS) Coronavirus infection. Virol J. 2013; 10:359. doi: 10.1186/1743-422X-10-359
PMID: 24364985

Lau KK, Yu WC, Chu CM, Lau ST, Sheng B, Yuen KY. Possible central nervous system infection by
SARS coronavirus. Emerg Infect Dis. 2004; 10(2):342—4. PMID: 15030709

XuJ, Zhong S, LiuJ, LiL, Li Y, Wu X, et al. Detection of severe acute respiratory syndrome coronavirus
in the brain: potential role of the chemokine mig in pathogenesis. Clin Infect Dis. 2005; 41(8):1089-96.
PMID: 16163626

Gu J, Gong E, Zhang B, Zheng J, Gao Z, Zhong Y, et al. Multiple organ infection and the pathogenesis
of SARS. J Exp Med. 2005; 202(3):415-24. PMID: 16043521

Gu J, Korteweg C. Pathology and pathogenesis of severe acute respiratory syndrome. Am J Pathol.
2007; 170(4):1136—47. PMID: 17392154

Yamashita M, Yamate M, Li GM, lkuta K. Susceptibility of human and rat neural cell lines to infection by
SARS-coronavirus. Biochem Biophys Res Commun. 2005; 334(1):79-85. PMID: 15992768

Baskin CR, Bielefeldt-Ohmann H, Tumpey TM, Sabourin PJ, Long JP, Garcia-Sastre A, et al. Early and
sustained innate immune response defines pathology and death in nonhuman primates infected by
highly pathogenic influenza virus. Proc Natl Acad Sci U S A. 2009; 106(9):3455-60. doi: 10.1073/pnas.
0813234106 PMID: 19218453

Wong GW, Li AM, Ng PC, Fok TF. Severe acute respiratory syndrome in children. Pediatr Pulmonol.
2003; 36(4):261-6. PMID: 12950037

Cameron MJ, Ran L, Xu L, Danesh A, Bermejo-Martin JF, Cameron CM, et al. Interferon-mediated
immunopathological events are associated with atypical innate and adaptive immune responses in
patients with severe acute respiratory syndrome. J Virol. 2007; 81(16):8692-706. PMID: 17537853

Cao B, Hayden FG. Therapy of H7N9 pneumonia: current perspectives. Expert Rev Anti Infect Ther.
2013; 11(11):1123-6. doi: 10.1586/14787210.2013.847787 PMID: 24151830

PLOS ONE | DOI:10.1371/journal.pone.0145561

December 23, 2015 14/14

158



Part 6. Differences in the pathogenicity and inflammatory
responses induced by avian influenza A/H7N9 Virus
infection in BALB/c and C57BL/6 mouse models

Guangyu Zhao*, Chenfeng Liu*, Zhihua Kou*, Tongtong Gao, Ting Pan, Xiaohong Wu,
Hong Yu, Yan Guo, Yang Zeng, Lanying Du, Shibo Jiang, Shihui Sun*, Yusen Zhou*

159



Avian influenza A/H7N9 virus infection causes pneumonia in humans with a high case
fatality rate. However, virus-induced modulation of immune responses is being
recognized increasingly as a factor in the pathogenesis of this disease. In this study, we
compared the pathogenicity of A/H7N9 infection in BALB/c and C57BL/6 mouse
models and investigated the putative involvement of proinflammatory cytokines in lung
injury and viral clearance. In both mouse strains, A/Anhui/1/2013 (H7N9) infection
with 10° TCIDso resulted in viral replication in lung, severe body weight loss and acute
lung injury. During the early infection stage, infected C57BL/6 mice exhibited more
severe lung injury, slower recovery from lung damage, less effective viral clearance,
higher levels of IL-6, MCP-1, and IL-1b, and lower levels of TNF-a and IFN-c than
infected BALB/c mice. These results suggest that TNF-a and IFN-c may help suppress
viral gene expression and increase viral clearance, and that IL-6 and MCP-1 may
contribute to lung injury in A/H7N9-infected individuals. In addition, lung damage and
the distribution of virus antigen in tissues were similar in young and middle-aged mice.
These results suggest that the more serious lung injury in middle-aged or older H7N9
cases is not mainly caused by differences in viral replication in the lung but probably
by a dysregulated immune response induced by underlying comorbidities. These results
indicate that the extent of dysregulation of the host immune response after H7N9 virus

infection most probably determines the outcome of H7N9 virus infection.
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Avian influenza A/H7N9 virus infection causes pneumonia in humans with a high case fatality rate. However, virus-induced
modulation of immune responses is being recognized increasingly as a factor in the pathogenesis of this disease. In this
study, we compared the pathogenicity of A/H7N9 infection in BALB/c and C57BL/6 mouse models, and investigated the
putative involvement of proinflammatory cytokines in lung injury and viral clearance. In both mouse strains, A/Anhui/1/
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tissues were similar in young and middle-aged mice. These results suggest that the more serious lung injury in middle-aged
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Introduction patients. Chen et al. [6] showed that the serum IL-10 level in a
patient who died from A/H7N9 infection was much higher than
X } S ! 7 ; 5 that in a patient who survived A/H7N9 infection. Zhou et al. [7]
identified in Shanghai and Anhui, China [1]. By November f), also found that the levels of IP-10, monokine induced by y
“_’()‘1 3,. 139 l&\l)(?l‘ﬂ(()r_y confirmed hulvnan. cases ()‘f A/H7N9 interferon (MIG), macrophage inflammatory protein 1 beta (MIP-
infection, including ~l-3~(lrulhs (a case tma.hl)" rate of 32%), ‘hz\(l 1B), MCP-1, IL-6, IL-8 and IFN-a were significantly higher in
been rr‘p(n"lc‘d to the \.\ orld Hf‘ullh Qrgamzauml [2] Most of lh(-“ patients with A/H7N than in healthy subject controls. With the
A/l’l7A\9—.m.l(-(‘l(*d pall('ms.suﬂrr('d Ilrom pneumonia, but somt‘.()l exception of MIG and MIP-1P levels, there were no significant
them exhibited acute respiratory distress syndrome (ARDS) with

During March 2013, a novel avian influenza A/H7N9 virus was

S il 1 differences in the levels of these cytokines and chemokines in
x(‘sﬁ]l)";rdtm\( o unc‘[ I £ orot " | patients infected with A/H7N9 or H5N1 viruses. Mok et al. [8]
_The dysregulation of proinflammatory cytokines and chemo- o 1ied that A/H7NO-infected BALB/c mice exhibited mild, self-
kines, or a “‘cytokine storm”, a severe adverse reaction created by

2 y R 3 limited disease with higher lung titers of H7N9 virus and higher
the secretion of large amounts of proinflammatory cytokines, may

serum levels of several proinflammatory cytokines and chemokines

aggravate: lung injury observed in A/HS5N1- and A/H7NS- during the early stage of viral infection. However, the cytokines

infected patients [3,4]. Chi et al. [5] reported that the serum
concentrations of IFNy-inducible protein 10 (IP-10), IL-6, IL-17,
and IL-2 were significantly higher in A/H7N9-infected patients
than in normal individuals and that those of IP-10 and IL-6 were
much higher in severe A/H7N9 patients than in non-sever

potentially involved in lung injury and viral clearance are not
known.

Clinical data show that the fatality risks of patients admitted to
hospital differ substantially depending on age. Increasing age is
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associated with greater disease severity in patients infected with
seasonal influenza [9]. In contrast to the skewed age distribution of
young people with highly pathogenic avian (HPAI) influenza A
H5N1 virus infection, middle-aged or older patients with
underlying medical conditions were among the severe cases of
H7N9 virus infection. However, it is still unclear whether disease
severity of patients is related to their susceptibility to H7N9 virus
infection or to differences in the activities of host factors after virus
infection.

BALB/c and C57BL/6 mice have been used widely to study the
pathogenesis of infectious diseases and exhibit different suscepti-
bilities and immune responses to invading pathogens. For
example, Otte et al. [10] reported that C57BL/6 mice were more
susceptible to pHINT influenza virus infection than BALB/c¢ mice
and that HPAI H5N1 virus was more virulent in BALB/c mice
than in C57BL/6 mice. C57BL/6 mice show increased Thl
activity and a strong Thl cytokine response upon infection.
BALB/c mice show increased Th2-type cell activity [11]. In the
present study, we used BALB/c and C57BL/6 mice infected with
A/Anhui/ 1/2013(H7N9) influenza virus to study the pathogenesis
of A/H7N9 infection in two strains and to determine the potential
effects of proinflammatory cytokine dysregulation.

Materials and Methods

Ethics statement

All of the procedures involving animals were approved by the
Laboratory Animal Center, State Key Laboratory of Pathogen
and Biosecurity, Beijing Institute of Microbiology and Epidemi-
ology (Permit number BIME 2013-15). The animal studies were
conducted in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals. All of the
procedures involving live A/H7N9 viruses were carried out in an
approved biosafety level 3 facility.

Mice and viruses

Specific pathogen-free young C57BL/6 and BALB/c mice (6-
week-old males and females) and female middle-aged BALB/c
mice (10 months old) were obtained from the Laboratory Animal
Center, Academy of Military Medical Sciences, Beijing, China. A/
Anhui/1/2013 (H7N9) virus (Anhui/1/H7N9) was initally
isolated by the National Institute for Viral Discases Control and
Prevention, Chinese Center for Diseases Control and Prevention
(CDC) from a throat-swab specimen of the third case of
laboratory-confirmed A/H7N9 virus [1], and was authorizedly
provided by Chinese CDC. Anhui/1/H7N9 virus used in this
study was harvested-allantoic fluid following two passages in
Madin-Darby canine kidney (MDCK) cells and two subsequent
propagations in the allantoic cavity of embryonated eggs. The
sequence of the virus was confirmed by sequencing the entire
genome using a Genome Sequencer Junior (Roche).

Experimental infection of C57BL/6 mice and BALB/c mice

The juvenile C57BL/6 and BALB/c mice and the middle-aged
BALB/c mice were anesthetized via intraperitoneal injection of
ketamine (80 mg/kg) and then inoculated intranasally (i.n.) with a
50% tissue culture infective dose (TCIDsg) of 10° H7N9 virus in a
volume of 20 pl. The infected mice were sacrificed at the times
indicated and the lung, spleen, liver, kidney, brain, and intestine
were harvested for virological and pathological analyses. Mouse
sera were also collected for cytokine analysis. In addition, the
young C57BL/6 and BALB/c mice were monitored daily to assess
weight loss following H7N9 virus infection.
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Analysis of serum cytokines

Sera were collected from the infected mice at the times
indicated and stored at —20°C before being analyzed. The levels
of IL-1B, TNF-a, IL-6, IFN-y, MCP-1, and keratinocyte-derived
cytokine (KC) (a mouse homologue of IL-8) in the mouse sera were
determined quantitatively using an enzyme-linked immunosorbent
assay (ELISA) (Neobioscience, China), according to the manufac-
turer’s protocol. Briefly, 100 pl of diluted mouse serum was added
to a plate precoated with a monoclonal antibody specific for
individual mouse cytokines and incubated at 37°C for 90 min.
After washing, biotinylated-detection antibodies specific to each
cytokine were added and incubated at 37°C for 1 h. Plates were
then washed and incubated for 1 h with 100 pl of HRP-conjugate
streptavidin. The reactions were developed with 3,3",5,5"-tetra-
methylbenzidine (TMB) substrate (Invitrogen, Carlsbad, CA) at
37°C for 30 min, followed by adding 1 N H,SOj; to stop the
reactions. Plates were then read on an ELISA plate reader
(Synergy 2, BioTek) at 450 nm. The levels of mouse serum
cytokines were determined using standard curves.

Viral titers in lung tissues

The tissues of infected mice were harvested at the times
indicated and homogenized in minimal essential medium (MEM)
plus antibiotics to produce 10% (w/v) suspensions. The viral titers
in tissues were determined as the TCIDsy, as described previously
[12]. In brief, monolayers of MDCK cells were inoculated with
tenfold serial dilutions of mouse organ homogenates in quadru-
plicate. Two hours after inoculation, the supernatants were
removed and replaced with MEM plus antibiotics and 2 pg/ml
TPCK-trypsin (Sigma, Shanghai, China). The viral cytopathic
effect was observed for 3 days before viral infectivity in MDCK
cells was measured using a hemagglutination assay with 0.5%
turkey erythrocytes. The tissue viral titers were calculated using
the Reed and Muench method and expressed as log;o TCID5,/g
of tissue [13].

Histological analysis of lung damage

A portion of lung tissue was excised, fixed with 10% neutral
buffered formalin, dehydrated, and then embedded in paraffin
before performing routine histology. Sections measuring 6 pm in
thickness were stained with hematoxylin and eosin (H&E) and
examined by light microscopy. The extent of lung injury was
scored according to the levels of degeneration and necrosis of the
bronchi and bronchiolar epithelium, infiltration of inflammatory
cells, alveoli degeneration and collapse, expansion of parenchymal
wall, hemorrhage, and interstitial edema [14].

Immunohistochemical staining of a neutrophil marker
and the hemagglutinin (HA) protein of H7N9 virus in
lung tissue

Formalin-fixed, paraffin-embedded lung sections were de-
paraffinized with xylene and hydrated using a graded alcohol
series. The changes in the levels of HA protein of A/H7N9 virus
and infiltrating neutrophils were assessed using a rabbit polyclonal
antibody to A/H7N9 HA (Sino Biological Inc., China) and
neutrophil marker NIMP-R14 (Santa Cruz Biotechnology Inc,
Santa Cruz, CA), respectively. Antibodies were detected using a
standard streptavidin-biotin detection system (Beijing Zhongshan
Biotechnology Co. Ltd, Beijing, China), according to the
manufacturer’s instructions.

Neutrophil infiltration was assessed semi-quantitatively by
examining in a blinded manner for the presence of neutrophils
in 10 arbitrarily selected 40 x objective fields of lung parenchyma
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in each lung section by light microscopy. The cumulative scores
for each animal were expressed as the number of positive fields per
100 fields (%) [14].

Statistical analysis

All of the analyses were performed using Graphpad Prism
version 5.01. The differences in the gross lesion areas between
mouse strains were analyzed using a nonparametric Mann-
Whitney test. The differences between mouse groups at the times
indicated were analyzed using a two-way ANOVA and a
Bonferroni post test.

Results
Lung injury in A/H7N9-infected C57BL/6 and BALB/c mice

To determine whether the pathogenicity H7N9 virus infection
differed between mouse strains, healthy 6-week-old C57BL/6 and
BALB/c mice were infected i.n. with 10° TCID;, of AH/1/H7N9
virus. Both C57BL/6 and BALB/c mice exhibited ruffled fur and
hunched backs during the days following infection (data not
shown). Although none of the mice died after infection with AH/
1/H7N9 virus, body weight loss was clearly observed in all of the
infected mice. Compared with BALB/c¢ mice, which had an
average body weight loss of 25% on day 8 postviral infection,
C57BL/6 mice exhibited more severe weight loss, particularly on
days 9-10 postviral infection. Moreover, infected C57BL/6 mice
recovered body weight loss more slowly than infected BALB/c
mice (Fig. 1A).

During necropsy, the gross pathologies of the lungs from the two
mouse strains after A/H7N9 virus infection were similar with
respect to multifocal consolidation and dark red discolorations, but
the gross lesion areas were significantly different (P<0.05), with
mean gross lesion areas of 28% and 45% in BALB/c mice and
C57BL/6 mice, respectively. Gross presentations in both mice
after A/H7NO9 virus infection indicated more severe lung damage
in C57BL/6 mice than in BALB/c mice (Fig. 1B).

Histopathological analysis of mouse lung, spleen, brain,
intestine, and kidney at different time points after AH/1/H7N9
virus infection showed no significant changes in the histology of
mouse spleen, brain, intestine, or kidney. However, significant
lung injury was detected in C57BL/6 and BALB/c mice infected
with AH/1/7H7N9. On days 1 and 3 postviral infection, lung
damage in the form of vacuolated bronchial epithelial cells on day
1 and necrosis on day 3 was similar in C57BL/6 and BALB/c
mice. In addition, a patchy inflammatory response was observed
around the bronchioles and blood vessels (Fig. 2A-D). On days 5
and 7 postviral infection, lung damage was noticeably more severe
in C57BL/6 mice than in BALB/c mice, as evidenced by alveolar
and interstitial flooding of inflammatory cells, severe widening of
lung septa, interstitial edema, fibrin, focal hemorrhage in
parenchyma, and scattered bronchiolar and terminal airway
epithelial degeneration and necrosis (Fig. 2E-H), as well as a
higher lung damage score (Fig. 2K). In particular, on day 7
postviral infection, regeneration of the bronchial epithelium and
cells around blood vessels was observed in the lungs of BALB/c
mice, but not in the lungs of C57BL/6 mice (Fig. 2H). On day 14
postviral infection, the parenchyma regeneration was observed in
both strains, but cell proliferation was higher around the blood
vessels of BALB/ ¢ mice (Fig. 21-]). These results demonstrate that
C57BL/6 mice were more susceptible to A/H7N9 infection than
BALB/c mice, and that A/H7N9-infected C57BL/6 mice had
more severe lung injury than A/H7N9-infected BALB/c mice.
Furthermore, BALB/c mice exhibited more rapid restoration of
lung tissue than C57BL/6 mice.
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Figure 1. Weight change and gross pathology of the lungs in
C57BL/6 and BALB/c mice infected with H7N9 virus. (A) Weight
changes in C57BL/6 and BALB/c mice after challenge with AH/1/H7N9
virus. Healthy young C57BL/6 and BALB/c mice (equal numbers of males
and females) were infected intranasally with 10° TCIDs, of AH1/H7N9
virus and monitored for 14 days. The body weights were measured daily
(n=12) and the data are expressed as the mean * standard deviation
(SD). (B) Gross pathology of the lungs from C57BL/6 and BALB/c mice at
day 3 postviral infection. The gross lesion area percentage is indicated
on the right (n=6) and the data are expressed as the mean = SD (bar).
* ** and *** indicate P<0.05, 0.01, and 0.001, respectively.
doi:10.1371/journal.pone.0092987.g001

To further investigate and compare the recovery of C57BL/6
and BALB/c mice from A/H7N9 virus infection, we stained cells
for proliferating cell nuclear antigen (PCNA), an indicator of cell
proliferation. The number of PCNA-positive cells was similar in
the two strains of mice at 0, 3, and 5 days after virus infection (data
not shown). On days 7 and 14 after viral infection, however, the
number of regenerative cells among bronchial epithelial cells and
in the interstitial tissues of the lungs of BALB/c¢ mice was higher
than that in the lungs of C57BL/6 mice (Fig. 3), thereby further
confirming that BALB/c mice recover more effectively than
C57BL/6 mice from A/H7N9 infection.

Virus infection and viral clearance in C57BL/6 mice and
BALB/c mice

To determine whether an association existed between the
severity of lung injury and the tissue distribution of A/H7N9 virus,
the distribution of the virus was followed at different time points
after viral inoculation. The results demonstrated that many
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Figure 2. Lung injury in C57BL/6 and BALB/c mice following
H7N9 virus infection. C57BL/6 and BALB/c mice were challenged
intranasally with 10° TCIDs, of AH1/H7N9 virus and euthanized on days
0, 1, 3,5 7, and 14 after viral infection. (A-J) Histological changes in
mouse lung tissues on days 0, 1, 3, 5, 7, and 14 postviral challenge.
White and yellow arrows indicate the regeneration of pneumocytes and
dissociation cells, respectively. (K) Semiquantitative assessments of lung
lesions in mice on days 1, 3, 5, and 7 postviral infection (n=6). The data
are expressed as the mean = SD (bar). *, **, and *** indicate P<<0.05,
0.01, and 0.001, respectively.

doi:10.1371/journal.pone.0092987.g002

bronchial epithelial cells, but few pneumocytes or terminal
bronchiole cells, were infected on day 1 postviral infection in
either mouse (Fig. 4A-B). On day 5 postviral infection, antigen-
positive cells appeared in the bronchioles, bronchioles terminalis,
and lung tissues of both mice, but there were more of these cells in
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Figure 3. Reg of lung ti in mice following H7N9
virus infection. (A-F) Immunohistochemical staining of proliferating
cell nuclear antigen (PCNA)-positive cells in the lung tissues of C57BL/6
and BALB/c mice on days 0, 7, and 14 postviral infection. Positive cells
were more abundant in the bronchial epithelial cells and interstitial
tissues in the lungs. Red arrows indicate PCNA-positive cells.
doi:10.1371/journal.pone.0092987.g003

C57BL/6 mice than in BALB/c mice (Fig. 4C-D). On day 7
postviral infection, the tissue distribution of the virus in C57BL/6
mice was similar to that on day 5, whereas in BALB/c mice, only
necrotic cells were observed in the bronchial epithelium and
antigen distribution was limited to the interstitial tissue of the lungs
(Fig. 4E-F). No virus antigen was observed in either mouse strain
at 14 days postviral infection (Fig. 4G-H). The viral titers in the
lung tissues were then measured. As shown in Figure 41, viral titers
in both groups increased after infection, reaching a peak on day 3
in BALB/¢ mice and on day 5 in C57BL/6 mice. Although viral
titers dropped dramatically thereafter in both BALB/c and
C57BL/6 mice, the drop in the lungs of BALB/c mice was
greater than that in the lungs of C57BL/6 mice (Fig. 4A-H). Thus,
H7N09 virus could replicate equally well in the lungs of both mouse
strains, but BALB/c mice were more proficient in viral clearance
than C57BL/6 mice, as evidenced by the earlier clearance of the
virus.

Levels of proinflammatory cytokines and cytokines in
C57BL/6 mice and BALB/c mice infected with H7N9

The dysregulation of proinflammatory cytokines and chemo-
kines, which is sometimes referred to as a cytokine storm, is
associated with lung injury and pneumonia in H7N9-infected
patients [5-7]. To investigate whether this was also the case for the
two mouse strains used in this study, we measured the levels of
several representative proinflammatory cytokines and chemokines
in the sera of C57BL/6 and BALB/c mice following A/H7N9
virus challenge. The results showed that the serum levels of
cytokines and chemokines were significantly different on days 3
and 5 postviral infection in C57BL/6 and BALB/c mice, although
their levels increased similarly in both mouse strains, reaching a
peak on day 3 after H7N9 virus infection. In particular, on day 3,
the levels of cytokines IL-1B and IL-6 were significantly higher in
C57BL/6 mice than in BALB/c mice (Fig. 5A and C), whereas the
levels of TNF-o and IFN-y were significantly higher in BALB/c
mice than in C57BL/6 mice on days 3 and 5, respectively (Fig. 5B
and D). On day 3, the level of chemokine MCP-1 was also
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Figure 4. H7N9 virus antigen distribution in lung tissues after
H7N9 virus infection. (A-H) Immunohistochemical staining of H7N9
virus antigen in the lungs of C57BL/6 and BALB/c mice on days 1, 5, 7,
and 14 postviral infection. () Dynamic changes in the viral titers in the
lungs of C57BL/6 and BALB/c mice on days 1, 3, 5, and 7 postviral
infection (n=6). The data are expressed as the mean = SD (bar). * **,
and *** indicate P<0.05, 0.01, and 0.001, respectively.
doi:10.1371/journal.pone.0092987.g004

significantly higher in C57BL/6 mice than in BALB/c¢ mice
(Fig. 5E). However, there was no significant difference in the
serum concentration of KC between C57BL/6 and BALB/c¢ mice
(Fig. 5F). Thus, these results suggest that lung injury was more
severe and occurred more slowly in H7N9-infected C57BL/6 mice
than in H7N9-infected BALB/c mice, which was probably a
consequence of the more dysregulated immune response in H7N9-

infected C57BL/6 mice.

Levels of neutrophil infiltration in the lungs of H7N9-
infected C57BL/6 mice and H7N9-infected BALB/c mice
during the early stage of infection

Neutrophil infiltration was observed as early as day 1 and it
reached a peak on day 5 after A/H7N9 virus infection.
Neutrophils were present mainly in the parenchyma around
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bronchi on days 1 and 3, whereas they were found mainly in the
necrotic areas of lungs on day 5 postviral challenge. Neutrophil
infiltration disappeared at 14 days postviral infection. During the
carly stage of viral infection, however, more neutrophils were
observed in the parenchyma around the bronchi and lung tissues
of BALB/c mice than in the parenchyma of C57BL/6 mice,
whereas there was no significant difference in this respect between
the two mouse strains on day 14 (Fig. 6). These results suggest that
appropriate neutrophil infiltration, especially during the early
stage of H7N9 virus infection, may be critical for suppressing virus
replication and enhancing viral clearance.

Lung lesions and virus replication in young and middle-
aged mice

To clarify whether the clinical severity of lung injury in elderly
patients is related to virus replication, we examined the lung
lesions in healthy naive young and middle-aged BALB/c mice
infected with H7N9 virus after H&E staining. The lung tissue
distribution of the H7N9 virus was also followed by the HA
antigen detection assay. The results showed that lung lesions were
similar in middle-aged and young mice on day 5 postviral infection
(Fig. 7A-B). The HA viral antigen was found mainly in bronchi on
day 1 postviral infection, with patches appearing in the lung
parenchyma on day 5 (Fig. 7C-F). There were no apparent
differences in the distribution of the HA antigen or in the level of
neutrophil infiltration between young and middle-aged mice
(Fig. 7G-1I). These results suggest that more serious lung injury
in middle-aged or older H7N9 cases is not mainly caused by
differences in virus replication in the lungs, but instead, it is
probably a consequence of a dysregulated immune response
induced by underlying comorbidities.

Discussion

The novel avian influenza H7N9 virus has caused outbreaks of
influenza in China, which have resulted in 139 infected cases and a
high case fatality rate (32%) [1,2]. Most of the patients died of
severe pneumonia and ARDS with respiratory failure [6,7]. A
cytokine storm, or the upregulation of proinflammatory cytokines
and chemokines, such as IL-6, IL-8, IFN-o, IP-10, MIG, MIP-1B,
and MCP-1, is reported to have contributed to the lung injury and
severe pneumonia in these H7N9-infected patients [5,7]. H7N9-
infected BALB/ ¢ mice produced higher levels of proinflammatory
cytokines and chemokines, including IP-10, TNF-o, MCP-1,
MCP-3, IFN-o, MIP-1B, KC, and regulated upon activation
normal T cell expressed and secreted (RANTES), at an early stage
of infection (day 3 post-infection) than BALB/ ¢ mice infected with
the HIN2 virus, but lower levels than those produced when
BALB/ ¢ mice were infected with H3N1 [8]. H7N9 virus replicates
effectively in the nasal cavity and lung tissues of BALB/c¢ mice, but
its infection causes mild focal inflammation, with minimal
involvement of the bronchial or bronchiolar epithelium [8]. These
results suggest that H7N9 virus can replicate and cause disease in
mice, but that it is less pathogenic than H3N1 virus.

Previous reports show that BALB/c and C57BL/6 mice differ
in their susceptibility and immune responses to infection by HPAI
H5N1 and pandemic HIN1 (pHINI) viruses [10]. In this study,
we performed a series of experiments to compare the pathogenic-
ity of H7N9 infection in BALB/c and C57BL/6 mice. Despite
causing severe disease and even fatal outcome, different isolates of
avian influenza A H7N9 virus may have a little bit of difference on
pathogenicity. Zhou et al. [7] reported a more productive
replication of Anhui/1/H7N9 in lung tissues than that of
Shanghai/1/H7N9 was observed. In our experiments, C57BL/6
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Figure 5.1 i P induced by H7N9 virus infection in C57BL/6 and BALB/c mice. The experimental setup was the same

as that described in Figure 2 (A-F) Levels of IL-1 B, TNF-, IL-6, IFN-y, MCP-1, and KC in mouse sera on days 0, 1, 3, 5, 7, and 14 postviral infection,
which were measured by ELISA (n=6). The data are expressed as the mean * SD (bar). *, **, and *** indicate P<<0.05, 0.01, and 0.001, respectively.
doi:10.1371/journal.pone.0092987.9g005

and BALB/c¢ mice were infected with Anhui/1/H7N9 virus, and infected C57BL/6 mice exhibited higher levels of IL-6, MCP-1,
C57BL/6 exhibited a more severe body weight loss than BALB/¢ and IL-1B, but lower levels of TNF-o and IFN-y, than A/H7N9-

mice (35% vs 25%, Fig. 1A). The gross lesion areas in the lungs of infected BALB/c mice at day 3 postviral infection (Fig. 5). These
H7N9-infected C57BL/6 mice were significantly larger than those findings suggest that dysregulated cytokine expression may
in the lungs of H7N9-infected BALB/c mice (45% us 28%, mediate lung injury in H7N9-infected hosts. Zhou et al. [7]
Fig. 1B). The lung damage in C57BL/6 mice at days 5 and 7 reported that, in the absence of any other differences between the
postviral infection was more severe than that in BALB/c mice two groups, the levels of IL-6 and MCP-1 are significantly higher
(Fig. 2), and the lung injury recovery time was longer in H7N9- in H7N9- and H5Nl-infected patients than in healthy subjects.
infected C57BL/6 mice than in H7N9-infected BALB/c mice Thus, it was suggested that hypercytokinemia in H7N9-infected
(Fig. 3). The numbers of viral antigen-positive cells in the patients may increase clinical severity, as observed previously in
bronchioles and lungs of both strains of H7N9-infected mice, as patients infected by H5NT1 virus [3,4].
well as the viral titers in their lungs, were similar during the early MCP-1 plays an important role in the inflammatory and fibrotic
stage of viral infection (1-3 days postviral infection). However, the responses to influenza A virus infection under neonatal hyperoxia
decline in the number of virus-infected cells and viral titers was [15], and van Helden et al. [16] demonstrated that the migration
more rapid in the lungs of H7N9-infected BALB/c mice than in of NK cells to the site of influenza virus infection is MCP-1-
the lungs of H7N9-infected C57BL/6 mice (Fig. 4), suggesting that dependent. IL-6 is an important mediator of the acute phase
the immune system of BALB/c mice is more proficient in clearing response and fever because it crosses the blood-brain barrier [17]
H7N9 virus. and promotes PGE2 synthesis in the hypothalamus, resulting in a
It is widely believed that proinflammatory cytokine and change in the body temperature set point. The overexpression of
chemokine dysregulation, referred to as a cytokine storm, I1-6 during the early stage of HIN1 infection has been reported to
contributes to lung injury and severe pneumonia during the contribute to airway inflammation and bronchial hyper-reactivity
progression of a viral infection. In the present study, we compared in infected children [18]. To the best of our knowledge, the present
the levels of proinflammatory cytokines in C57BL/6 and BALB/¢ study is the first to report that the serum IL-1p level is increased in
mice infected with A/H7N9 at different time points after viral H7N9-infected mice during the early stage of H7N9 infection and
infection. We found that the levels of proinflammatory cytokines, that it is higher in H7N9-infected C57BL/6 mice than in H7N9-
including 1L-6, MCP-1, IL-1B, TNF-0,, and IFN-y, increased infected BALB/ ¢ mice (Fig. 5A). However, the role of IL-1f in the
immediately after infection and peaked on day 3 postviral pathogenesis of H7N9 infection remains controversial. Schmitz et
infection, before returning to their baseline levels about 7-10 al. [19] showed that IL-la/p mediated acute pulmonary
days after infection in both mouse strains. However, A/H7N9- inflammatory pathology and increased the survival rate of
PLOS ONE | www.plosone.org 6 March 2014 | Volume 9 | Issue 3 | 92987
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Figure 6. Dynamic changes in neutrophil infiltration in the lung
tissues of mice after H7N9 virus challenge. The experimental
setup was the same as that described in Figure 2. (A-H) Immunohis-
tochemical staining of neutrophils in the lungs of BALB/c and C57BL/6
mice on days 1, 3, 5, and 7 postviral infection. The red arrows indicate
infiltrating neutrophils. (I) Semiquantitative assessments of neutrophil
infiltration in the lungs on days 1 and 3 postviral infection (n=6). The
data are expressed as the mean * SD (bar). * and *** indicate P<0.05
and 0.001, respectively.

doi:10.1371/journal.pone.0092987.g006

influenza virus-infected mice. They suggested that IL-1B may
enhance IgM antibody responses and the recruitment of CD4+ T
cells to viral infection sites. However, although the levels of
cytokines were increased after H7N9 virus infection, the post-
infection serum levels were much lower than those observed after
HPAI H5N1 virus infection, especially on day 3 [8], which may
explain why lung damage and illness are less severe in clinical
H7N9 virus-infected patients. In the present study, the cytokine
expression levels of BALB/c mice were different from those of
C57BL/6 mice, which might explain the difference in lung lesions
between the two mouse strains.

TNF-o, which is generally considered to be a proinflammatory
and proimmune cytokine, plays an important role in the early
stages of host defense against influenza infection [20,21]. In
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Figure 7. Lung lesion and virus replication in young and
middle-aged mice. (A-B) Young and middle-aged BALB/c mice were
challenged intranasally with 10° TCIDs, virus and euthanized at days 1
and 5 postviral infection. (A-B) Histological analysis of the lung tissues
of mice on days 1 and 5 postviral infection. (C-F) Virus antigen
distribution in the lungs on days 1 and 5 postviral infection (n=5). (G-1)
Neutrophil infiltration in the parenchyma of the lungs on days 1 and 5
postviral infection (n=5).

doi:10.1371/journal.pone.0092987.g007

addition, TNF-o has an immune regulatory function that controls
Th1 cell activation and immunopathology following pulmonary
mycobacterial infection [22], and it is also a negative regulator of
CD4 and CD8 T-cell responses to lymphocytic choriomeningitis
virus infection [23,24]. Recently, Damjanovic et al. [25] reported
that TNF-o. was critical for controlling the extent of lung
immunopathology, particularly when influenza viral clearance
was near completion and lung homeostasis needed to be restored
during the later phases of infection. Furthermore, intrinsic TNF/
TNFR2 interactions fine tune the immune response to influenza
virus infection in the lung via modest enhancements of effector
functions that may function to limit the damage that could be
caused by a prolonged and inefficient effector response [26]. IFN-
¥, which is produced by NK cells and/or Thl cells, enhances
overall development of cell-mediated immunity, macrophage
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activation, antigen presentation, and chemokine gene expression.
IFN-v is a key mediator of the effect of inactivated parapoxvirus
ovis against HBV and HSV infections, and the neutralization of
IFN-y by anti- IFN-y antibodies abolish its in 2iz0 antiviral effects
[27]. More recently, IFN-y was shown to play a pivotal role in
controlling virus infection and in resolving acute inflammation
[28,29]. In the present study, the lower level of lung damage as
well as the more effective and earlier recovery of BALB/c mice
may be due to the higher levels of TNF-a and IFN-y in the serum
of BALB/c mice on days 3 and 5.

Neutrophils, which migrate readily into lung tissues in response
to inflammatory stimuli, occur at higher levels in pulmonary
capillaries than in systemic blood. Thus, neutrophils are consid-
ered to be the host immune system’s first line of defense against
infection. Tumpey et al. [30] demonstrated that neutrophils and
alveolar macrophages control the replication and spread of a lethal
recombinant influenza virus bearing 1918 HINI1 virus HA and
NA, because the depletion of neutrophils and alveolar macro-
phages before viral challenge resulted in uncontrolled virus
replication and increased mortality in mice. Tate et al. [31] also
showed that neutrophils could limit virus replication and
ameliorate lung injury. Furthermore, Fujisawa [32] reported that
neutrophils protect against and aid recovery from influenza virus
infection in the lungs of mice. In the present study, we showed that
neutrophil infiltration increased during the early stage of A/H7N9
virus infection, but decreased during the later stage, in both
C57BL/6 and BALB/c mice. The lower level of neutrophil
infiltration during the early stage of infection in the lungs of
C57BL/6 mice may be one of the reasons why H7N9-infected
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no significant difference in HA antigen distribution between young
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in the host immune response. The immune responses to pathogen
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The Ebola virus (EBOV) is a very contagious virus that is highly fatal in humans and
animals. The largest epidemic was in West Africa in 2014, in which over 11,000 people
died. However, to date, there are no licensed vaccines against it. Studies show that
CD4+ and CD8+ T-cell responses, especially cytotoxic T-lymphocyte (CTL) responses,
play key roles in protecting individuals from EBOV infection. Since HLA-restricted
epitope vaccines are likely to be effective and safe immunization strategies for
infectious diseases, the present study screened for CTL epitopes in the EBOV-
nucleoprotein that are restricted by HLA-A11 (a common allele in Chinese people).
Predictive computer analysis of the amino-acid sequence of EBOV-nucleoprotein
identified ten putative HLA-Al1l-restricted epitopes. ELISPOT assay of immunized
HLA-A11/DR1 transgenic mice showed that five (GR-9, VR-9, EK-9, PK-9, and RK-
9) induced effective CTL responses. Additional epitope analyses will aid the design of

epitope vaccines against EBOV.
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Abstract

The Ebola virus (EBOV) is a very contagious virus that is highly fatal in humans and
animals. The largest epidemic was in West Africa in 2014, in which over 11,000 people died.
However, to date, there are no licensed vaccines against it. Studies show that CD4" and CDg’
T-cell responses, especially cytotoxic T-lymphocyte (CTL) responses, play key roles in
protecting individuals from EBOV infection. Since HLA-restricted epitope vaccines are likely
to be effective and safe immunization strategies for infectious diseases, the present study
screened for CTL epitopes in the EBOV-nucleoprotein that are restricted by HLA-A1l (a
common allele in Chinese people). Predictive computer analysis of the amino-acid sequence
of EBOV-nucleoprotein identified ten putative HLA-A1l-restricted epitopes. ELISPOT assay
of immunized HLA-A11/DR1 transgenic mice showed that five (GR-9, VR-9, EK-9, PK-9,
and RK-9) induced effective CTL responses. Additional epitope analyses will aid the design

of epitope vaccines against EBOV.

Key words: Ebola virus; HLA-A11-restricted epitope; Vaccine
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1. Introduction

Ebola virus (EBOV) disease (EVD) is a highly contagious disease that is caused by
EBOV infection. EVD mortality rates in humans and primates vary from 50% to 90% [1, 2].
The most recent Ebola epidemic was in 2014 and it was the largest in recorded history: over
28,616 people were infected and over 11,310 died [3-5]. However, to date, a licensed vaccine
that prevents and/or controls Ebola virus infections is still not available.

Several studies suggest that CD4' and CD8" T cells, especially cytotoxic T-lymphocytes
that are specific for the glycoprotein or nucleoprotein (NP) of EBOV infection play critical
roles in protection from EBOV [6-8]. For example, when Sullivan e @/. [9] immunized non-
human primates with an adenoviral vector vaccine that encoded the EBOV glycoprotein and
NP genes, the animals were protected from challenge with EBOV, and this response
associated with the generation of EBOV-specific CD8" T cells and antibodies.

Vaccines can be a highly effective method of preventing and controlling infectious
diseases. One approach is to use whole inactivated or attenuated microbes. However, these
vaccines can cause inflammation and other serious immunological problems [10]. A much
safer alternative is peptide-based vaccines, which consist of one or more immunogenic T-cell
epitopes from the proteins of the microbe in question. Such proteins are dogged by two
problems. One is epitope polymorphism: even single amino-acid change in the microbe

epitope can allow the microbe to escape from immune surveillance [11, 12]. To avoid this, it
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is necessary to map the microbe epitopes that generate protective immune responses in

humans and then assess the effect of common polymorphisms in wild strains on the immune

responses. The second problem is lack of promiscuous MHC binding by the microbe

epitope(s). This problem can be overcome by identifying the immunogenic microbe epitopes

that bind to the most common HLAs in the populations that are at risk. The design of such

vaccines has been greatly facilitated by the recent explosion in microbe proteome information

[13, 14].

Since the EBOV glycoprotein and NP confer protective immunity [15, 16], a desirable

EBOV vaccine would be one that bears the CTL epitopes from these proteins that can be

presented by common MHC-I molecules. Multiple peptide-screening studies have been

conducted to delineate these epitopes on EBOV glycoprotein and NP. The CTL epitopes on

EBOV-NP are of particular interest in the present study because internal viral proteins such as

EBOV-NP are more likely to induce protective CTL responses [6]. One study showed that

there are three CTL epitopes on EBOV-NP that binds to HLA-A2.1 [15]. Two other studies

then used immunoinformatics to screen for HLA-A2-, HLA-B7-, and HLA-B40-restricted T-

cell epitopes in EBOV-NP [17, 18]. However, although many EBOV peptides have been

confirmed to bind to the predicted HLA, only a few are actually immunogenic for T cells [19].

The HLA-AI11 allele is found in approximately 18.2% of the Asian population. In the

Chinese population, its phenotypic frequency is about 20-30%. It is much more common in
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this population than in Europeans (5.9%) and blacks (1.1%) [20-22]. The present study was

conducted to identify the epitopes in the EBOV-NP that both bind to HLA-AIl and can

induce specific CTL responses. The EBOV-NP sequence that we used was that of the Ebola-

Makona strain, which was responsible for the extensive viral outbreak in West Africa in

2014-2015. To identify the HLA-A11-restricted epitopes, we employed the HLA-A11/DR1

double-transgenic mice that we reported previously [23]. These mice lack murine H-2

molecules and mount robust humoral and cellular immune responses to antigens in a HLA-

All- or HLA-DR1-dependent manner [23]. The protective immune responses especially CTL

response against pathogens usually requires the cooperation of cytotoxic CD8+ T cells and T

helper cells. However, single transgenic mice which only have the HLA class I- or HLA class

II- molecule could not monitor effective immune responses due to the absence of the

collaboration of the HLA class I- and HLA class 1I- molecules [24-26]. Thus, we used HLA-

A11/DR1 double transgenic mice in the presence of HLA-A11 and HLA-DR1 molecules to

screen for candidate immunogenic T-cell epitopes.

2. Materials and methods

2.1. Ethics statement

All procedures involving animals were improved by the Institutional Animal Care and Use
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Committees of the Laboratory Animal Center, State Key Laboratory of Pathogen and

Biosecurity, the Beijing Institute of Microbiology and Epidemiology (Permit Number:

BIME20170916). The animal studies were carried out in strict accordance with the

recommendations in the Guide for the Care and Use of Laboratory Animals of the National

Institutes of Health.

2.2. Construction of a recombinant adenovirus that expresses EBOV-NP

The EBOV-NP gene (GenBank: KY401672.1) was first synthesized and cloned in the pET32a

vector and then subcloned into the shuttle vector pShuttle-CMV (Stratagene, USA). The

positive clones were selected by PCR and validated by sequencing. The shuttle vector was

linearized with Pme I and then transformed to BJ5183-AD-1 bacteria (Stratagene, USA),

which carry the AdEasy-1 plasmid that encodes the adenovirus-5 (AdS5) genome.

Recombinant Ad5 plasmids were designated as Ad5-EBOV-NP and were digested with Pac |

and then used to transfect the AD-293 packaging cell line (stored in our laboratory). The

transfected cells were identified on the basis of the adenovirus-related cytopathic effects. The

recombinant Ad5-EBOV-NP viruses were then reamplified in AD-293 cells and purified. To

check the expression of the recombinant virus, AD-293 cells were infected with the purified

AdS-EBOV-NP preparation and observed 48 h later under a fluorescence microscope.

2.3. Western blotting analysis
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The expression of EBOV-NP protein by infected AD-293 cells was validated by Western
blotting. Briefly, AD-293 cells plated in 6-well plates (Corning, USA) were infected with
AdS5-EBOV-NP or AdS5 and incubated for 48 h in a humidified atmosphere at 37°C and 5%
COas. The cells were then lysed, after which the lysates were separated on a SDS-PAGE gel
and transferred onto polyvinylidene difluoride (PVDF) membranes. After blocking, the
membranes were first incubated with anti-EBOV-NP antibodies (Sino biological, China) and
then with horseradish peroxidase (HRP)-conjugated goat-anti-rabbit secondary antibodies
(TransGen Biotech, China). The proteins were visualized by using Pierce™ ECL Western

Blotting Substrate.

2.4. Animals and immunizations

Female HLA-A11""/DR0O1"/H-2-p2m”/IAB" transgenic mice and wild-type C57BL/6 mice
were immunized three times with 10° pfu of Ad5-EBOV-NP or AdS by intramuscular (i.m.)
injection at intervals of three wecks. Ten days after each immunization, serum was collected
and frozen until use. The mice were sacrificed 2 weeks after the last immunization and the

spleens were harvested for further analyses.

2.5. ELISAs

ELISAs were performed to measure the total IgG antibody responses to EBOV-NP protein by

the mice. Briefly, 96-well microplates (Corning, USA) were pre-coated with recombinant
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Zaire EBOV-NP protein (Sino biological, China) by an overnight incubation at 4°C. The

plates then were washed four times with PBS containing 0.1% Tween 20 and blocked for 1 h

at room temperature with PBS containing 3% fetal bovine serum. Serial dilutions of serum

(1:10, 1:40, 1:160, 1:640, 1:2560, 1:10,240 and 1:40,960) in PBS containing 3% fetal bovine

serum were added to the wells. The plates were incubated for 1 h at room temperature,

washed, and incubated 1 h at room temperature with a HRP-conjugated goat anti-mouse IgG

(Southern Biotech, Birmingham). The ELISA was performed according to the manufacturer’s

instructions. The titers in each mouse were determined on the basis of the plots and the titers

of the mouse groups were expressed as geometric mean log) titers.

2.6. Computational prediction of candidate epitopes in EBOV-NP and synthesis of the

peptides

The potential HLA-A11-binding epitopes in the EBOV-NP protein were predicted by using

NetMHC[27], ProPred-1[28], and SYFPEITHI[29]. The ten candidate epitopes were

synthesized commercially (GenScript, China) and then purified to >95% purity. All peptides

were dissolved with sterile phosphate-buffered saline (PBS) to a concentration of 200 g/ml.

They were then frozen at -80°C until use.

2.7. ELISPOT assay

Mice were sacrificed 2 weeks after the third immunization. The spleens were pushed through

a 70-pm cell strainer in complete RPMI 1640 medium (RPMI 1640 with 10% FBS,
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penicillin/streptomycin, and L-glutamine) to form a single cell suspension. The splenocytes
were harvested and the red blood cells were removed with ACK lysing buffer. After washing,
the cells were counted and diluted to 10 cells/ml. The enzyme-linked immunospot (ELISPOT)
assay was performed to detect the interferon-y (IFN-y)-secreting antigen-stimulated
splenocytes from the immunized mice: this is a measure of CTL activation. [IFN-y ELISPOT
was performed by using a commercially available kit according to the manufacturer’s
instructions (BD Biosciences, CA). Briefly, an ELISPOT plate was pre-coated with the
purified anti-mouse IFN-y antibody overnight at 4°C. After blocked, the murine splenocytes
were dispensed at 5 x 10° cells per well. Each peptide was diluted to 10 pg/ml and added 50 pl
to each well to stimulate the cells. After 48 h stimulation, biotinylated anti-IFN-y mAb was
diluted and incubated for another 2 h at room temperature. Diluted enzyme conjugate was
then added and incubated for 1 h at room temperature. Then, ACE substrate solution was
added and followed by the stop substrate. Spots were counted by using an automatic
ELISPOT reader (Cellular Technology Ltd, USA).

2.8. Statistical analysis

All statistical analyses were performed by using GraphPad Prism version 5.0. Unpaired
Student’s two-tailed #-tests were used to compare the treatment groups and calculate the p

values. P values of <0.05 were considered to indicate statistically significant differences.
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3. Results

3.1 Construction and verification of Ad5-EBOV-NP

The recombinant adenoviral vector system has been widely used in the development of

vaccines [30-32]. We cloned and sequenced the NP of the Ebola-Makona strain and used it to

construct the recombinant adenovirus vector EBOV-NP (Fig. 1A). The green fluorescent

protein marker in the shuttle vector pAdTrack-CMV helped to track the expression of Ad5-

EBOV-NP in infected AD-293 cells. Moreover, 48 h after infection, the AD-293 cells started

to exhibit the cytopathic effect of the infection with Ad5-EBOV-NP and began to detach from

the surface of the flasks (Fig. 1B). The expression of NP was also identified by western blot

analysis. These data show that EBOV-NP protein was effectively expressed in this system

(Fig. 1C).

3.2 Immunization of HLA-A11/DR1 transgenic mice with Ad5-EBOV-NP

To test whether Ad5-EBOV-NP immunization can raise immune responses in HLA-A11/DR1

transgenic mice, these mice and their wild type C57BL/6 controls were given three i.m.

injections of Ad5-EBOV-NP or Ad5 at intervals of 3 weeks. The sera were collected 10 days

after each immunization. ELISAs showed that the EBOV-NP-immunized transgenic mice

started raising detectable IgG antibody responses to EBOV-NP around the third vaccination.

These antibodies were already detectable in the EBOV-NP-immunized wild-type mice after
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the second immunization. However, ten days after the third immunization, the EBOV-NP-
specific IgG antibody levels of the EBOV-NP-immunized wild-type and transgenic mice were
similarly high (as indicated by the ODjys¢ values) and significantly different from the blank
ELISA control (Fig. 2A). Indeed, when the anti-EBOV-NP levels were expressed as geometric
mean log;o EBOV-NP-specific IgG titers, the EBOV-NP-immunized strains had similar titers
after the final immunization. The titers of the EBOV-NP-immunized transgenic mice were
significantly greater than the titers of the AdS-immunized transgenic mice (Fig. 2B). Thus,
HLA-A11/DR1 mice immunized three times with Ad5-EBOV-NP produced similar levels of

anti-EBOV-NP antibodies as the wild-type mice.

3.3 Prediction of EBOV-NP epitopes

Since the HLA-A11/DR1 double transgenic mice produced a robust and specific IgG antibody
after Ad5-EBOV-NP vaccination, we used prediction programs available on the internet to
predict the HLA-A1l-restricted epitopes in the EBOV-NP protein from the Ebola-Makona
strain. On the basis of the degree of predicted HLA-AIl binding and conventional
hydrophobicity values (low values indicate good solubility in PBS), ten epitopes were

selected for screening in our HLA-A11/DR1 transgenic mouse model (Table 1).

3.4 Identification of HLA-All-restricted CD8" T-cell epitopes in EBOV-NP

To determine whether the predicted HLA-A1l-binding EBOV-NP epitopes do bind to this
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HLA and induce T-cell responses, the HLA-A11/DR1 transgenic mice were immunized with
Ad5-EBOV-NP or Ad5. The primed splenocytes were harvested 2 weeks after the third
immunization and the T-cell reactivity to each peptide was analyzed by IFN-y ELISPOT
assays. Compared to the responses of the splenocytes from the AdS-immunized transgenic
mice, six of the ten peptides, namely, GR-9, VR-9, QR-9, EK-9, PK-9, and RK-9, induced
significant IFN-y production by the splenocytes from the Ad5-EBOV-NP-immunized mice: on
average, 5 x 10° splenocytes from the Ad5-EBOV-NP-immunized transgenic mice produced
78, 79, 99, 88, 89, and 88 spots to GR-9, VR-9, QR-9, EK-9, PK-9, and RK-9, respectively,
while the splenocytes from the Ad5-immunized transgenic mice produced 16, 16, 18, 18, 17,
and 17 spots, respectively. The remaining four peptides did not induce a response (Fig. 3).

To confirm that the six epitopes are restricted by HLA-AIl and can serve as T-cell
epitopes, the HLA-A11/DR1 and C57BL/6 mice were immunized three times with Ad5-
EBOV-NP and the splenocytes were harvested 2 weeks after the third immunization and
subjected to ELISPOT assays with the six peptides. All of the peptides except QR-9 induced
strong CD8&" T-cell responses by the Ad5-EBOV-NP-immunized transgenic mice: on average,
5 x 10° cells generated 78, 78, 88, 89, and 88 spots to GR-9, VR-9, EK-9, PK-9, and RK-9,
respectively. By contrast, the splenocytes from the Ad5-EBOV-NP-immunized wild-type mice
produced 4, 6, 4, 5, and 4 spots, respectively (Fig. 4). When HLA-A11/DRI1 transgenic mice

were immunized with Ad5-EBOV-NP or Ad5, we found the peptide QR-9 could induce IFN-y
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production by the splenocytes from the Ad5-EBOV-NP immunized mice than those from the

immunization of Ad5. However, when compared with that in wild-type C57BL/6 mice, no

significant difference of IFN-y induced in the HLA-A11/DR1 double transgenic mice, which

indicated that QR-9 was not specific HLA-A11-restricted epitope in the text of EBOV-NP

protein. Thus, these experiments with HLA-A11/DR1 mice identified five novel HLA-A11-

restricted CTL epitopes in the EBOV-NP protein.

4. Discussion

This study identified five HLA-A1l-restricted CTL epitopes in the NP protein of the

EBOV strain that was responsible for the 2014 epidemic. Thus, these epitopes are candidate

EBOV vaccine targets.

We chose the NP of EBOV for our screening studies because although most EBOV

vaccine studies have investigated the immune responses to EBOV glycoprotein, which

induces protective responses [9, 33-38], EBOV-NP also generates protective responses and is

therefore also a target for vaccination [39].

We confirmed that EBOV-NP induces humoral responses in our study: when we

immunized the HLA-A11/DRI1 transgenic mice and the wild-type controls three times at 3-

week intervals with Ad5-EBOV-NP, we found that both strains had high serum titers of anti-

NP IgG ten days after the final immunization (Fig. 2). However, of particular interest to us
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were the CD8" and CD4" T-cell responses to EBOV-NP because several studies show they
play a key role in protection from EBOV infection [6-8]. Several CD8" CTL epitopes in
EBOV-NP have been identified to date [8, 40]. These include several EBOV-NP-specific
CD8" T-cell epitopes that are restricted by H-2 in mouse models. For example, Simmons e al.
[41] identified one H-2 and two H-2"-restricted epitopes in EBOV-NP. Moreover, Wilson and
Hart found a H-2" class I-restricted epitope that protects wild-type C57BL/6 mice from lethal
EBOV infection [6]. Since specific sequences may serve as T-cell epitopes in mice but not
humans, several studies have also sought to identify EBOV peptides that are specific for
human class I alleles. Sundar et al. [15] found three EBOV-NP peptides (FLSFASLFL,
RLMRTNFLI, and KLTEAITAA) that are restricted by HLA-A2 and then showed that all
three induced CTL responses in HLA-A2.1 transgenic mice. Moreover, Lim and Khan
showed that there are multiple sequences in EBOV-NP that are predicted to bind to HLA-A2
and HLA-B7 and that could serve as candidate vaccine targets. They also identified one
EBOV-NP peptide, QTNAMVTLR, which was predicted to be restricted to HLA-A3 [18].
The HLA is the most polymorphic gene system in the human genome. These molecules
play an integral role in antigen presentation and adaptive immune responses. HLA-A11 is a
particularly prevalent allele in the Chinese population: more than 50% of the individuals
living in China carry it [20, 42]. To ensure that the Chinese population will be protected by an

EBOV vaccine, it is necessary to identify the HLA-A1l1-specific CTL epitopes in the EBOV.
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To facilitate the design of epitope-based vaccines that will protect the population in China, we
generated HLA-AI11/DR1 double-transgenic mice for epitope screening [23]. Such MHC
class I or MHC class II transgenic mice have been used previously for HLA-restricted epitope
screening and candidate vaccines [15, 43]. Our mice lack murine H-2 molecules and bear both
MHC-I and MHC-II molecules because protective CTL responses against lethal infectious
pathogens such as EBOV require collaboration between cytotoxic CD8" T-cells and T-helper
cells. Our HLA double-transgenic mice have been used previously to identify HLA -restricted
epitopes [44, 45]. The fact that the present study showed that immunization with Ad5-EBOV-
NP generated high serum anti-NP IgG antibody titers in our HLA-A11/DR1 transgenic mice
further supports the notion that these mice can be used for screening HLA-A11-restricted CTL
epitopes. HLA-A11 allele is a relatively dominant MHC-I allele phenotype among Chinese.
CTL response had been demonstrated to play an important role in defense against EBOV
infection. So our study focused on the screening of candidate HLA-All-restricted epitopes
against EBOV-NP protein. Furthermore, the helper T cells (Th) have been studied to play an
important role in preventing pathogenic infections and contribute to effective humoral and
cellular immunity. The HLA-A11/DR1 transgenic mice model integrated both the HLA class
I- and class II- alles, has been demonstrated to have effective immune response stimulated by
other antigens [23].

The ELISPOT assay can identify antigen-specific T cells at the single-cell level without
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long-term culture in vitro [46, 47). It is an important method for identifying novel epitopes. In
our study, we identified putative HLA-A1l-restricted CD8" T-cell epitopes in the EBOV-NP
by using predictive algorithms and then synthesized the ten most highly ranking peptides
(Table 1) and used them as recall antigens in ELISPOT with splenocytes from Ad5-EBOV-
NP- and Ad5-immunized HLA-A11/DR1 mice. The Ad5-EBOV-NP-immunized, but not Ad5-
immunized transgenic mice generated significant cellular immune responses (IFN-y secretion)
to six peptides, namely, GR-9, VR-9, QR-9, EK-9, PK-9, and RK-9 (Fig. 3). Furthermore,
when the transgenic and wild-type mice were immunized with Ad5-EBOV-NP, the transgenic
mice, but not the wild-type mice, responded strongly in IFN-y ELISPOT to five of the six
peptides, namely, GR-9, VR-9, EK-9, PK-9, and RK-9 (Fig. 4). To our knowledge, this is the
first report describing EBOV-NP peptides that are both HLA-All-restricted and induce T
cells to secrete IFN-y. The identification of these promising vaccine candidate epitopes will

facilitate the development of epitope-based vaccines against EBOV infection.
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Figure Legends

Figure 1. Construction and verification of Ad5-EBOV-NP. (A) Schematic depiction of the

recombinant adenovirus type-5 vector-based Ebola virus (EBOV) vaccine that expresses the

EBOYV nucleoprotein (NP). (B) Fluorescence microscope analysis of AD-293 cells that were

infected with recombinant Ad5-EBOV-NP. This representative image was taken 48 h after

infection. (C) Western blot analysis of EBOV-NP protein expression collected from the cell

lysis in AD-293 cells after infection with Ad5-EBOV-NP or AdS5 infection. As a control,

uninfected cells were also subjected to analysis.

Figure 2. Specific antibodies against Ebola virus nucleoprotein (EBOV-NP) after

immunization with Ad5-EBOV-NP. (A) HLA-A11/DR1 and C57BL/6 (wild type) mice (5

mice per group) were immunized three times with Ad3-EBOV-NP or Ad5 and serum was

obtained ten days after each immunization. ELISAs were performed to measure the EBOV-

NP-specific IgG antibodies in the serum at the dilution 1 2 10. (B) The serum EBOV-NP-

specific IgG titers of the mice in (A) were expressed as log;, geometric mean titers (GMT)

and the transgenic mouse groups were compared by independent Student’s z-test. ***p<0.001.

The bars indicate standard deviations of the mean.

Figure 3. Screening for T-cell epitopes in Ebola virus nucleoprotein (EBOV-NP) by using

HLA-A11/DR1 mice. (A) The transgenic mice (5 mice per group) were immunized three
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times with Ad5-EBOV-NP or Ad5 and their splenocytes were prepared 2 weeks after the third

immunization. The cells were cultured with ten predicted HLA-All-restricted EBOV-NP

epitopes and the IFN-y production by cytotoxic T lymphocytes was examined by using

ELISPOT. The spot numbers are expressed as mean + standard deviation. The mouse groups

were compared by independent Student’s ¢-test. *p<0.05. (B) Representative spots of the IFN-

y-secreting T cells.

Figure 4. Assessment of the ability of the HLA-A1l-restricted epitopes in Ebola virus

nucleoprotein (EBOV-NP) to serve as T-cell epitopes. (A) The HLA-A11/DR1 transgenic

and C57BL/6 (wild type) mice (5 mice per group) were immunized three times with Ad5-

EBOV-NP and their splenocytes were prepared 2 weeks after the third immunization. The

cells were cultured with the six HLA-All-restricted EBOV-NP epitopes identified in Fig. 3

and the IFN-y production by cytotoxic T lymphocytes was examined by using ELISPOT. The

spot numbers are expressed as mean =+ standard deviation. The mouse groups were compared

by independent Student’s t-test. *p<0.05. (B) Representative spots of the IFN-y-secreting T

cells.
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Tables

Table 1. Amino-acid sequences of the predicted HLA-All-restricted Ebola virus

nucleoprotein epitopes
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No. Name Sequence Position Legth
EBOV-N-P1 GR-9 GVRLHPLAR 262 9
EBOV-N-P2 AK-9 AVSSGRNIK 123 9
EBOV-N-P3 VR-9 VSSGRNIKR 124 9
EBOV-N-P4 QR-9 QTNAMVTLR 390 9
EBOV-N-P5 EK-9 EVKKCDGVK 107 9
EBOV-N-P6 PK-9 PVYRDHSEK 609 9
EBOV-N-P7 IR-9 ISNSVAQAR 232 9
EBOV-N-P8 TK-9 TLRKERLAK 396 9
EBOV-N-P9 RK-9 RSTKGGQQK 501 9

EBOV-N-P10 ER-9 ESDDEEQDR 586 9
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CHAPTER 1

Creation of an immuno-deficient HLA-transgenic mouse
(HUMAMICE) and functional validation of human immunity

after transfer of HLA-matched human cells

1. The development history of immuno-deficient mouse models

1.1 The initial establishment of immuno-deficient mouse models

Animal models paly critical role in medical science researches, such as the pathogenic
mechanism of tumors, immunological diseases and infectious diseases, treatment,
transplantation, the invention and evaluation of drugs and vaccines. While traditional
animal models need to be genetically optimized and modified to fit the demand of

preclinical trials and scientific researches.

Immuno-deficient mice are capable to support a relative high level of transplantation
of human cells/tissues and have been widely used in preclinical trials. During the efforts
of past three decades, immuno-deficient mice such as NSG (NOD-SCID-IL-
2RyC™N[63], NOG, NRG (NOD-Rag 1™!/IL-2RyC™"), BRG (BALB/c-Rag 2™" |L-
2Rc™" mice have become genetically optimized and widely popularized worldwide.
Among them, NSG (NOD-SCID-IL-2RyC™") severe combined immuno-deficient
mice[65] were most commonly worldwide, which resulted in the deletion of IL-2
receptor y chain (IL-2cy) on the background of NOD/SCID mice, lead to the lack of B
cells, T cells and NK cells, the loss of adaptive immune responses, and partial depletion
of innate immune responses, which could support an ideal higher level of humanized

engraftment (including both human HSC and PBMC transplantation).

With the continuous advancement and rapid development of modern medical, science
and intelligent technology, the research on pathogenic mechanism of diseases and
human immune systems have gradually deepened. In this process, animal models had
become an essential tool which are indispensable for preclinical studies on new drugs

and vaccines. However, current small animal models including transgenic mouse
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models still cannot fully and truly simulate and replicate human immune responses in
either healthy state or pathological state, due to the species differences among human

beings and other species.

Due to the lack of appropriate small animal models capable of being infected by specific
virus, immuno-deficient mouse models play crucial roles in human disease researches.
However, these immuno-deficient mice still have some defects and limitations which
need to be overcome[68, 69]. One of the most lethal defects is that susceptible to GvHD
[70, 78] after human cells/tissues transplantation. The symptoms of GvHD included the
loss of weight (weight loss more than 15% of the original body weight), diarrhea, hair
loss, inflammatory cell infiltration (liver, intestine, skin, etc.) and mice die 20-25 days
after transplantation. Hence, it is necessary to avoid the occurrence of these GvHD
complications when applied these immuno-deficient mouse models to the study of

human immune system.

1.2 The optimization of immuno-deficient mouse models

Immuno-deficient animal models are animals that have inherited mutations or acquired
factors that resulted in the underdevelopment or damage of a component of the adaptive
immune system or/and innate immune system, lead to the development, differentiation,
proliferation or metabolic abnormalities of immune cells, finally to immune
dysfunction. There are various types of immuno-deficient animal models classify by
whether the deficiency concerns of T cells defects, B cells defects, NK cell defects or
combined immuno-deficiency. Grist discovered that nude mice without surface hairs
and congenital thymic dysplasia in non-inbred strains in 1962, which lack of T
lymphocytes function[129]. Rygaard and Ffiis [130] successfully transplanted human
colon adenocarcinoma cells into nude mice, which set a precedent for the application

of immuno-deficient animal models.

The sex-linked immuno-deficient mice (CBA/N mice), which gene symbol is xid
located on sex chromosome, and defective of B lymphocytes[131]. CBA/N mice
represent ideal models for the study of the occurrence, function and heterogeneity of B

lymphocytes. NOD/SCID mice (non-obese diabetic/severe combined immuno-
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deficiency) is a mutation mouse strain with congenital associated T and B lymphocytes
deficiency [14]. It can be used to study the mechanism of transplantation and
immunological rejection, the differentiation and function of macrophages, other natural
immune cells and immune helper cells. NOD/SCID mice are also one of the most
widely used immuno-deficiency mouse models in the field of tumor immunology
worldwide, which is the “golden rule” to evaluate human stem cell transplantation[14].
With the absence of T and B lymphocytes in SCID mice, the function of NK cells is
also lost in NOD/SCID mice[66, 67]. In both NSG mice [16] (NOD-scid IL-2Ry™"
which was established by Jackson Laboratory) and NOG mice [15] (NOD/SCID/yc™",
which was established by Japanese team), the gene encoding IL-2 receptor gamma
chain (IL-2yc) is knocked out. Yahata showed that T lymphocytes were reconstituted
after the transplantation of human HSC into NOD/SCID/IL-2yc"™!" [132]. Hiramatsu
transplanted human hematopoietic stem/progenitor cells (CD34*) derived from
umbilical cord blood (UCB) into NOD/SCID/yc™" mice. Following by the
transplantation, mature T, B and NK cells were detected in the spleen and bone marrow
of the recipients, the specific IgM, IgA and IgG antibodies and CTL immune responses
could be generated after the stimulation of phytohemagglutinin (PHA).

Human HSCs differentiated into all lineage blood cells, including T lymphocytes, B
cells, DC cells, red blood cells (RBCs) and platelets, and produce specific mucosal
immune responses. In the construction strategy of B-NSG mice, PrkDc and IL-2ry are
knocked out by CRISPR/Cas9 gene-editing technique based on NOD mice.

B-NSG mice do not have mature T and B lymphocytes, meanwhile NK cells are not
functional and lose the ability of transmitting cytokine signaling. Therefore, B-NSG
mice could support a much higher level of human HSC (PBMC) transplantation, which
provided a more suitable environment for the growth of human cells. The occurrence
of GvHD after transplantation is even weaker, and B-NSG mice is recognized as the
mouse model with the highest degree of immuno-deficiency and the most suitable

model for human cell/tissue transplantation at present.

1.3 The comparation between hu-SRC-SCID and hu-PBL-SCID mice
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The greatest advantage of human HSC transplantation immuno-deficient mouse model
(hu-SRC-SCID) is that progenitors could undergo the positive and negative selection
in mouse thymus and differentiate into T and B lymphocytes after human HSC
transplantation, which had applied to the study of lineage hierarchy development of

human stem cells and the mechanisms of human immune system[80].

While, human PBMC transplanted immuno-deficient mice (hu-PBL-SCID) are isolated
from the mononuclear cells of human peripheral blood or spleen. As the lymphocytes
before transplantation are already mature, they could only support short-term (within 4
weeks) analysis of human immune responses, which applied to the short-term
experiments such as immune disorders, the effects of leakage immune responses and

transplant immunological rejection.

Because of the difficulties in the acquisition of neonatal umbilical cord blood (UCB)
and the restriction of ethical issues[10] in the initial stage of our experiment. We
regarded human peripheral blood as the sources of transplantation which was much
more easily accessible. Under the condition of donors’ knowledge to sign the letter of
informed consent, human PBMCs were isolated for the transplantation of HUMAMICE.
The occurrence of Graft-versus-Host Disease (GvHD) was the most important problem
which cannot be ignored and need to be overcome during the transplantation. However,
after the transplantation of HLA-A2*/DR1" (HLA-matched) PBMCs into HUMAMICE,
the body weight of HUMAMICE did not decreased significantly, and there was no
appearance of GVHD characteristics, such as hair standing, trembling and inflammation.
The optimized immuno-deficient mouse model - HUMAMICE effectively overcame
GvHD which occurred during the transplantation of traditional NSG and NRG mice.
That is why this new animal model is more suitable to the development and evaluation

of immune transplantation and biological agents.

2. The construction strategy of HUMAMICE

2.1 The role of Rag2, Perforin and IL-2ry in immune system
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Recombination activating gene 2 (Rag2) is one of the most important recombinases in
immune system[133]. It can specifically recognize the recombination signal sequence
(RSS) on both sides of V, DH and J gene fragments of immunoglobulins and TCRs, to
catalyze DNA double-stand to break, and leads to the VV(D)J rearrangement, which is
the main reason for the diversity of Ig and TCR repertoires. The mutation of Rag2
resulted in the partial loss of its encoded recombinase activity leading to a change in
the tendency of V(D)J recombination. As a result, the development of early
lymphocytes is blocked, both mature T and B lymphocytes are absent in the circulation,

which causing a severe combined immune deficiency (SCID).

Perforin is a pore forming cytolytic protein which found in the granules of CTLs and
NK cells. Perforin could create holes in the plasma membrane which triggers an influx
of calcium and initiates membrane repair mechanisms. Perforin is the main mediator of
the cytotoxic activity of NK cells[134, 135]. Targeted mutations at the perforin
structural gene have major defects in the clearance of virus, delayed hypersensitivity
and resistance ability to tumors, and perforin” mice could support heightened
engraftment after human HSC and PBMC transplantation.

The gene encoding IL-2 receptor gamma chain (IL-2ry)[136] molecule is located on X-
linked severe immunodeficiency complications (XSCID), XSCID is a ubiquitous
genetic immune-deficiency disease characterized by the lack of T cells and NK cells,
the number of B cells is relatively normal but does not have normal function

simultaneously.

2.2 The establishment of HUMAMICE

Major histocompatibility complex (MHC) molecule is the most polymorphic gene
group among mammalians (including human beings). MHC plays a vital role in the
positive and negative selection of T lymphocytes in thymus, facilitated the
differentiation and maturation of T lymphocytes, activated and regulated the adaptive
immune system and innate immune system. Owing to the different MHC restrictions
between HLA and H-2 molecules, there exist many defects like the immunologic

rejection and the low efficiency of transplantation in current traditional immuno-
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deficient mouse models. Accordingly, how to construct a higher level of “humanized”
transgenic mouse strain which could mimic human immune responses more accuracy

and reliable has become the priority in humanized animal models.

The structure and function of HLA and H-2 is quite similar, while their MHC restricted
function is somehow different. HLA restriction differs markedly according to the
geographical regions and ethnicity. The dominant HLA alleles in East Aria (especially
China) are different from that in European, American, Middle East and other regions.
HLA-A2, A1l and A24 account for 80% in China, while HLA-A2, Al and A3 are the
dominant alleles in European countries. In HLA class-11 molecules, HLA-DR09, HLA-
DR15 and HLA-DRO1 account for 70% in China, while HLA-DRO1 as well as HLA-
DRO03 and HLA-DRO4 are the main alleles in Europe populations.

HUMAMICE, the human MHC transgenic immuno-deficient mouse model constructed
in our study is not only characterized by the immuno-deficient state, as on top of that
human cells could acquire HLA restriction after the positive and negative selection of
T lymphocytes in HUMAMICE thymus after transplantation. As a “humanized
immuno-deficiency mouse model”, HUMAMICE avoid the occurrence of GvHD
reaction at a maximum extent and are more conducive to the development of tumors

research and the relationship between HLA and transplantation.

HUMAMICE (HLA-A2*"*/DR1**/H-2-B.m”/IAB"/Rag2”/IL-2ry”/Perf’ mice) were
generated on the background of Sure-L1 mice (HLA-A2/DR1 mice, HLA-
A2*"*IDR1**/H-2-B.m”/IAB™") by backcrossing with Rag2”’- mice, IL-2ry” mice and
Perf’ mice into homozygosity. The final obtained homozygotes HUMAMICE were
confirmed by specific PCR and FACS in both genome and cell level. Specific PCR
showed that both HLA-A2 and DR1 transgenes integrated in the mouse genome, and
that there were deficient in mouse H-2-IaB, m, as well as they presented the deletion
of Rag2, IL-2ry and Perf. Flow cytometry showed that specific HLA-A2 molecules
were detected on the surface of HUMAMICE lymphocytes, whereas mCD3"CD4",
mCD3"CD8* T lymphocytes and mCD19"CD20* B cells were absent due to the lack
of Rag2, IL-2ry and Perf genes. The absence of murine T and B cells is an important
criterion for the immuno-deficient state of highly immuno-deficient mice. Then we
showed that HUMAMICE had incomplete thymus and spleen, and their functional units
(thymocytes and splenic corpuscles) were incomplete or even absent. These results
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demonstrated that under the combined defects of Rag2, IL-2ry and Perf, HUMAMICE
were deficient of T, B and NK cells. The above results indicated that HUMAMICE is
immuno-deficient with combined defect of T, B and NK cells, meanwhile under human

HLA restriction in immune system.

2.3 The immuno-deficiency characteristics of HUMAMICE

The structure of spleen and thymus of HUMAMICE is not complete. To confirm the
immuno-deficiency state of HUMAMICE, we subcutaneously engrafted human B-
lymphoma cells (RAMOS cells) into immuno-deficient HUMAMICE and immuno-
competent Sure-L1 mice (HLA-A2/DR1 mice). After 30 days of subcutaneous
inoculation with human RAMOS cells into HUMAMICE, all mice developed tumors
subcutaneously (tumor volume range from 500-3000 mm?). However, tumors were not
able to grow in immuno-competent Sure-L1 mice. Furthermore, to verify that the
inability of HUMAMICE to reject RAMOS cells is due to lack of mouse-derived
immune system, we transferred the splenocytes, purified CD8* T lymphocytes or other
lymphocytes derived from Sure-L1 mice which had rejected RAMOS cells into
HUMAMICE, which lead to subsequent tumor elimination effectively by the transfer
of immune cells from RAMOS-rejected Sure-L1 mice to a certain extent. While the
tumors of HUMAMICE without transfer of lymphocytes from Sure-L1 mice increased
continuously. Altogether, these results confirmed that HUMAMICE were severely
deficient, the immune deficiency state of HUMAMICE as an immuno-deficient mouse
which could support tumorigenesis and showed no graft rejection occurs during

subcutaneous inoculation.

3. The xenogeneic hPBMCs transplantation in HUMAMICE.

NSG, NOG, these immuno-deficient mouse models play decisive roles in immunology
and preclinical studies. However, MHC molecules in these mice are still H-2 class [ and
IT restriction, T lymphocytes do not undergo the “training” or “study” of human HLA

class I and II molecules after transplantation, and moreover the occurrence of GvHD
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cannot be completely avoided in these immuno-deficient mouse models mentioned

above.

T lymphocytes of HUMAMICE could undergo the negative and positive selection in
mouse thymus after human cell transplantation[62] [68]. Girardi reported the role of
TCR-y8" T lymphocytes in the clearance of viral infections and monitoring of tumor
antigens[134]. The human immune response can be simulated to a higher degree on a
specific HLA restriction in HUMAMICE when we used them in the preclinical trials of
tumors, cancers, transplantation and immune rejection, and as pathogen infection
models. As HUMAMICE could be used to study the biological effects of human HSC
(or PBMC) in mice, this shows that it is also an ideal animal model for the research of
tumor and malignant antigen cell therapy. HUMAMICE could also be used as specific
pathogen infected animal models, as preclinical animal models for the development and

evaluation of biological agents in immunotherapy and immunoprophylaxis.

PBMCs were collected from healthy volunteers, HLA-A2" individuals were identified
by flow cytometry and HLA-DR1" individuals were confirmed by specific PCR.
HUMAMICE were irradiated the day before transfer, which were given intravenous
injection of hPBMCs and followed up. The body weight of mice and clinical symptoms
were monitored twice per week. None of HUMAMICE showed no weight loss in 60
days after the transplantation or developed GvHD signs.

3.1 The reconstitution characteristics in HUMAMICE after hPBMC

engraftment

To evaluate the engraftment in this novel model, we transferred HLA-matched (HLA-
A2°/DR1%) hPBMCs into HUMAMICE. Flow cytometry analysis was done five and
eight weeks after transplantation. Results of two representative mice (n=9) showed that
11.6% and 9.70% of white blood cells (WBC) were hCD45" cells, with 45.2% and 49.4%
of this population were hCD45"hCD19" (B cells), 17.1% and 16.1% of hCD45" being
hCD3" T lymphocytes: 29.0% and 30.0% of them being hCD3"hCD8" T cells and
approximately 60.9% and 59.0% being hCD3"hCD4* T lymphocytes. Above all, after
hPBMC transfer, the immune system of HUMAMICE was reconstructed.
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3.2 The following HBsAg immunization of HUMAMICE

Ten days after the transplantation of human HLA-matched (HLA-A2*/DR1*) human
PBMC, HUMAMICE received three intramuscular (i.m.) injections of HBsAg vaccine.
HBsAg-specific IgM antibodies peak at second immunization, while HBsAg-specific
IgG antibodies rise during three immunizations gradually. These results demonstrated
that B lymphocytes of HUMAMICE could generate specific IgM and 1gG antibodies

after the transplantation of human cells (PBMCs).

The above results showed that after the transplantation of human HLA-A2*/DR1*
PBMC, human B and T lymphocytes were detected and HUMAMICE reconstituted the
immune system successfully. Among them, the proportion of hCD3* lymphocytes in
HUMAMICE after transplantation which was consistent with the data reported
previously[135].

4. The humanized optimization of immune-deficient mouse models

Immuno-deficient mice have been widely applied to many fields of immunology
researches, including immune transplantation, infectious diseases and cancers. For
example, immuno-deficient mouse model transplanted with human HSC provides an
effective research tool for the development of preclinical trials in human immune
response research[62]. It is also widely used in epidemiological infectious diseases[72],
such as EB virus and HIV[137], the evaluation and development of vaccine[138], the
preclinical research of cell therapy and gene therapy[73]. For example, Pablo D. Becker
studied humanized IgM antibodies with BALB/c Rag2™”IL-2yc” mice[71].

However, currently immuno-deficient mice still face some limitations and deficiencies
which need to be overcome. Since the MHC restriction of immuno-deficient mice is
still H-2 restriction, the engrafted-human cells cannot acquire the “train” and
“education” of human HLA class | and Il molecules in mouse thymus to get mature,
which cannot reflect the characteristics of HLA-restricted immune responses after
immunotherapy or infection with specific pathogens, in other words, T lymphocytes
differentiated from human HSC after transplantation is not functional. It is also one of

the aspects that need to be improved in these existing immune-deficient mouse models.
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Shultz[65] constructed NSG-HLA-A2/HHD mice, both CD4* and CD8" T cells were
developed and matured after the transplantation of human HSCs. HLA-restricted CTL
responses and a variety of cytokines were detected after EBV infection, the population
of CTL cells and the expression of HLA-DR molecules were up-regulated, indicated
that T lymphocytes were activated after EBV infection. Simone[139] evaluated the
CTL immune response and immunotherapy of anti-human HCMV virus with HLA-A2
NSG/HHD mice. Najima[140] constructed HLA-A*0201 and HLA-A*2402 in
NOD/SCID/IL-2yc KO (NSG) mice, antigen-presenting cells (APC) and memory CD8*
T lymphocytes were detected in the recipients after human HSC transplantation,
specific HLA-restricted CTL immune responses and INF-y were generated after the

immunization of Wilms' tumor 1 (WT1) epitopes.

As preclinical animal models, NOD/scid IL-2Ry™!" mice were extensively used for the
evaluation of dendritic cell (DC)-based human vaccines strategies[63], and the study of
infection mechanisms of retroviral, such as HIV virus[72]. Traggiai[10] transplanted
human CD34" UCB-derived stem cells into neonatal Rag2”IL-2yc” mice via
intrahepatic route to repopulate T, B and NK cells, meanwhile the effect immune
response were stimulated by specific antigens. Gimeno[67] studied the mechanism of
human tumor suppressor gene P53 regulated the cell cycle progression and the
apoptosis of human HSC in newborn Rag2™IL-2yc” mouse model by transplanted with
human CD34" cells and silenced by RNA interference (RNAI) technology. Lang[64]
evaluated and optimized the factors affected the efficiency of human HSC
transplantation, such as the injection route in BALB/c-Rag2™"IL-2ry™!"" mouse models,
the in-vitro culture environment of human HSC, the cell cryopreservation and recovery,
and other multivariable terms of conditions and details which may influence human
HSC transplantation. Results showed that the injection routes, subcutaneous (i.h.) and
intravenous (i.v.), which have similar efficiencies after transplantation. Short-term (1-
8 days) culture of human CD34* HSC cells and the co-transplantation of CD34  helper
cells could improve and increase the efficiency of transplantation. Gonzalez[74] studied
the mechanisms and immune protection of human immune based therapies by the
application of NOD/SCID-IL-2yc” mice, such as novel HIV vaccine. Feng Li[141]
brought the in vitro fertilization (IVF) and CRISPR/Cas9 technology into the
construction strategies of immuno-deficient mice, which paved the way for the

optimization of humanized mouse models.

213


javascript:;
javascript:;

CHAPTER 11

Generation of human MHC (HLA-A11/DR1) transgenic mice

vaccine evaluation

1. Current situation of humanized mouse models

In the field of life sciences, the research on the function and mechanism of genes, gene
networks and signaling pathway had become deepened gradually, especially after the
publication of human and mouse genome sequence sketches at the beginning of this
century. Since the occurrence and development process of some human diseases can be
replicated by specific transgenic mouse models, the biological characteristics of the
target genes could be studied at the overall level, which provided important theoretical
and technical support for the pathogenesis of diseases, diagnosis and treatment

technologies, as well as the development and evaluation of drugs and vaccines.

The transgenic animal models, especially the transgenic mouse models are highly
praised and recommended by scientists, the researches based on transgenic mice had
been increased. The humanization of experimental animals means that animals have
certain human characteristics by multiple technology tools. The principle is to introduce
human genes into the genome, which instead the endogenous genes of animals through
genetic engineering techniques. The gene for human drug metabolism transferred into
animal genomes to make animals more like humans in terms of drug metabolism, which
could improve the evaluation efficiency and the safety of drugs in pre-clinical trials.
The expression of human genes that affect diseases progression or therapeutic
transgenic into animals can be used for the development of biological drugs and the
mechanism of diseases, such as mice expressing human antibodies which are of great

value in antibody drugs.

The humanization of animal models are the most important tools for the study of
biopharmaceuticals and vaccines. Traditional experimental animals had been gradually

replaced by new animal models with specific human diseases features (such as human
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transgenic genes). In the past two decades, drugs research and development depended
on genetically engineered animal models had achieved certain infusive and satisfactory
results. For example, Celecoxib, a new drug for the treatment of arthritis which targeted
on COX-2 was approved in 1998. Gleevec, which inhibited the oncogene BCR-ABL
and treated the chronic myeloid leukemia had been approved in 2001. However, there
are still many technical problems need to be overcome during the process of studying
diseases with genetic engineering animal models. The main problem is that although
current animal models could be applied to the study of the molecular mechanisms of
diseases, wherever few models could discover or predict the imminent occurrence of
human diseases in pre-clinical trials. Although drugs could cure or delay the
progression of diseases in mouse models to some extent, however few drugs can exert

an ideal or equal therapeutic effect to patients in clinical trials.

1.1 The defects of current mouse models

The antigen binding cleft of HLA-I molecules is closed at both ends and consists of a.l
and a2 regions, most of the identified CTL epitopes are 8-11 aa peptides. CTL epitopes
are the basic units of the cytotoxic response of CTL cells (CD8" T cells) and play
critical killing role in response to anti-virus and anti-tumor. While, the antigen binding
cleft of HLA-11 molecules is comprised of al and B1 region, which is more open than
that of HLA-I molecules, which could accommodate 10-33 aa peptides (Th epitopes).
Th epitopes are the basic units for Th cells (CD4" T cells) in infection, anti-tumor,

immune regulation and autoimmune.

In the course of virus infection, helper T cells recognize specific Th epitopes of
pathogens and exert direct anti-viral immune response[142]. At the same time, Th
immunity could regulate CTL immunity and humoral immunity. Several studies have
shown that the addition of Th epitopes in traditional vaccines could increase the
immunogenicity of vaccines. To construct vaccines directed at specific conserved
sequences of different pathogen strains, different HLA restriction and covered different
population regions. Multi-epitopes vaccines could provide effective preventive
measures for broad-spectrum vaccines with multiple serotypes, high mutation rate

pathogenic infections and multiple pathogens.
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These issues need to be considered during the construction and optimization of highly
effective multi-epitopes vaccines:

€ The ordering, continuity and rational combination of various epitopes.

€ The selection of linker types.

€ Efficient vectors.

€ Safe and effective adjuvants.

Penna found that immunization of multiple CTL epitopes vaccines with chronic HBV
infection patients could not eliminate HBV virus particles completely[143]. The
addition of appropriate Th epitopes into multi-epitopes vaccines can improve the

immunogenicity and the protective effect of vaccines effectively.

Due to the replacement of mouse endogenous H-2 class I/I1 molecules with HLA class
I/11 molecules, lymphocytes of HLA transgenic mice could develop, differentiate and
mature under the regulation of HLA-1/Il molecules. The immune responses of HLA
transgenic mice are also mediated and regulated by HLA molecules with the
characteristics of human immune responses, compared with other traditional mouse
models. Therefore, the accuracy of HLA transgenic mouse models to evaluate vaccines
can be improved, and the development period of drugs and vaccines can be effectively

shortened.

HLA transgenic mouse models have unique advantages in the evaluation of novel
vaccines and candidate vaccines, such as peptides vaccines, multi-epitopes based
recombinant vaccines and therapeutic vaccines which based on different epitopes,
especially T-cell epitopes and protective vaccines mainly primed cellular immune

responses.

A variety of HLA single transgenic mouse models have been generated and widely used
in the pathogenesis mechanism of pathogens and immunological studies during recent
years. Chen identified HLA-A11 restricted CTL epitopes derived from HPV 18 virus
by HLA-A11 single transgenic mouse model[123]. As we know, MHC is associated
with the susceptibility of certain types of diseases. Carrington[144] found that several
HLA alleles are relevant with HIV infection and the progression of AIDS. Pasquetto
recognized numerous poxvirus determinants from a wide variety of viral gene products
with HLA-A*0201, HLA-A*1101 and HLA-B*0702 transgenic mouse models[145].
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As a mouse model with good controllability, reproducibility and high degree of
humanization in pre-clinical studies, HLA class-I transgenic mouse models had been
widely used in the screening, development and evaluation of multiple epitopes-
dependent candidate vaccines [104, 146].

However, there are still two defects that can’t be ignored in these HLA single transgenic

mouse models mentioned above.

@ One is the presence of mouse endogenous H-2 molecules will compete with

exogenous HLA transgenes, which dominated mouse immune response.

@ The other one is that we could just investigate the role of only one specific HLA

molecule in immune responses, while the immune system is a complex network, the
interactions and effects of HLA class I and II molecules is critical, HLA is highly
polymorphic and codominant.

Single HLA transgenic mice could not synergistically investigate the mechanism of
interaction between HLA class | and Il molecules. The HLA class | and Il double
transgenic mouse model constructed in our study overcame these issues which need to

be resolved.

At present, the HLA class | and Il double transgenic mouse models that have been
reported in the world include HLA-A2/DR1 double transgenic mouse model and HLA-
A2/DP1 double transgenic mouse model, which were established by our team leading
by Dr. Yuchun Lone in 2004 and 2012. The first HLA class | and Il double transgenic
mouse model HLA-A2/DR1 transgenic mouse model was successfully generated in
2004[76], and applied to the evaluation of humoral immunity, CTL cells and Th cells
mediated cellular response induced by HBV DNA vaccine, which were similar with the
results obtained in human natural HBV infection, which verified the humanized mouse
model at the same time. As the first HLA class-1 and class Il double transgenic mouse
model in the world, it has been widely used in a variety of preclinical experimental
studies. For example, Deng[125] carried out the research of mechanisms of chronic
HBYV infection and gene therapy by the utilization of HLA-A2/DR1 mice. Dr. Yuchun
Lone created HLA-A2/DP4 double transgenic mouse model in 2012, identified 18
HLA-DP4-restricted Th epitopes of HBsAg and validated by clinical specimens.

Further verifications confirmed that HLA-A2/DP4 transgenic mice as a basis for the
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screening of epitopes and the evaluation of candidate vaccines, which was consistent

with human immune responses.

1.2 The association between HLA and the occurrence of diseases

With more and more further researches, there was a consensus that closely association
between HLA molecules and the occurrence of various autoimmune diseases and
chronic diseases, such as AS[7], arthritis, MS and other genetic diseases, infectious
diseases and epidemics. Furthermore, there are some relevance between HLA-I
molecules and the occurrence and progression of AIDS, in parallel the evolution of HIV
virus [147, 148].

Since MHC plays a core role in immune responses, it could present antigens to T cells,

it may also important to pathogenesis.

€ The Molecular Simulation Theory stated that the structure of HLA were similar to

that of some pathogenic antigens and would be attacked by immune system of hosts. In
other way, as the structure of pathogen antigens are extremely similar with that of HLA
molecules, which cannot be recognized by hosts and lead to immune evasion, the hosts

would be attacked by pathogens.

& The Receptor Theory held the idea that some HLA molecules may act as the
receptors on cell surface to recognize certain pathogens. Pathogens invaded hosts and
bound to HLA molecules which causing tissue damage.

@ The Linkage Disequilibrium Theory suggested that there may be other susceptibility
genes associated with the occurrence of certain diseases, and perhaps HLA molecules
were only a series of genetic markers which linked to those susceptibility genes.

€ The Immune Response Gene Theory stated that the genes encoded HLA complex

were Ir genes, and specific HLA class Il alleles may cause specific abnormal immune

response, and the characteristics of is susceptible to a certain disease.

Therefore, we could make some imaginative but possible hypothesis of the

relationships between HLA and pathogens: when pathogens invaded, will HLA
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molecules affect the binding of viruses to cell surface receptors when presenting viral
antigen peptides to T lymphocytes, thereby promoting or constraining the progress of
pathogens infection? Perhaps that is likely to be the reason why the population carried
certain HLA gens are insusceptible or sensitive to certain viruses or pathogens.

1.3 Dominant MHC alleles are different between continents

The restriction of cellular immune responses in HLA class-1/11 double transgenic mouse
models is completely restricted by HLA class | and Il molecules, which could reflect
the natural immune response of human beings. The above two HLA double transgenic
mouse models represent dominate HLA alleles in worldwide, especially Europe and
North America. However, they do not cover the dominant alleles in Asia, especially
China.

Due to the differences in ethnic and regional distribution of HLA molecules, there are
significant differences in HLA predominant alleles between Asia (especially Chinese)
and European, American and Middle Eastern populations. At present, the major CTL
epitopes of HLA class-1 molecules are mainly concentrated on the dominant genotype
HLA-A2 of European and American populations (Caucasians), while the dominant
HLA-A11 and HLA-A24 restricted CTLs in Chinese populations are rarely reported
and mentioned. This problem also exists in HLA class-1l molecules and the
corresponding transgenic mouse models. For example, the dominant alleles of HLA
class-11 molecules in Europe, the United States, and the Middle East are HLA-DR1,
DR3 and DR4, while which dominated in Chinese population are HLA-DR09*01 and
DR15*01.

Therefore, most of the existing reported CTL epitopes and Th epitopes are not
applicable to Chinese population. The reasonable combination of CTL epitopes and Th
epitopes of HLA dominant alleles in both European, American and Asian populations
will greatly enrich current epitopes database, broaden the scope of application of the
epitopes-based vaccines and improve the broad-spectrum immune efficacy of

worldwide population.
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In Chinese population, the haplotypes with higher frequencies of HLA class-I
molecules are HLA-A*0201, A*1101 and A*2402. By comparing the sequences of
three haplotypes, the homology of nucleic acids was almost 96.0%, the homology of
the encoded protein was about 92.0-93.0%. Among HLA class-1I molecules, the
homology of nucleic acid of HLA-DRB1*0101, DRB1*0301 and DRB1*1501 f chain
was about 95.0-96.0%, the homology of the encoded protein was approximately 91.0-
95.0%. It illustrated that the homology of both HLA class-I and class Il haplotypes is
extremely high, the interaction between HLA molecules and antigen peptides is very
inclusive, the members of a same family could selectively identify the antigens with
peptides that have same or similar anchor residues, which could provide a brand-new

idea for the identification of epitopes.

2. The development state of HLA transgenic mouse models

In recent years, HLA transgenic mouse model has played an extremely important role
in the study of immunological mechanisms of diseases, the development and evaluation
of vaccines and drugs. HLA transgenic mouse models had undergone a period of
continuous progress and optimization. Here, we sum up the origin, development and

utilization of HLA transgenic mouse models.

2.1 The strategy optimization of HLA transgenic mouse models

In the earliest stage, scientists always directly transferred the whole HLA molecules
into mouse genome, such as HLA-B27 transgenic mice[149], HLA-B7 transgenic
mice[150], HLA-A2 transgenic mice [151] and HLA-Cw3 transgenic mice[152].
However, the binding between the a3 domain of HLA molecules and mouse CD8
molecules is relatively weak [153-155]. Due to the presence of endogenous mouse H-
2 molecules, which competitive inhibited HLA class I-restricted immune responses
[156], H-2-1-restricted immune responses still dominated in these mouse models, which
failed to reflect the authentic function and role of human HLA molecules alone in

immune response. Some studies showed that the expression of HLA transgenic
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molecules on the surface of mouse lymphocytes significantly decreased with the co-

expression of endogenous H-2 molecules in transgenic mice[126].

In the second stage, scientists improved human MHC transgenic mouse models by two
methods.

@ The first method is to transfer the gene fragment coding for human CD4 or human

CD8 molecules into mouse genome, so that mouse could express both murine and
human CD4 or CD8 molecules [157], which could enhance the binding efficiency
between HLA and CD4/CD8 molecules, initiate the second signal of antigen

presentation efficiently simultaneously.

After the optimization by two methods above, HLA transgenic mouse models could
produce certain HLA-restricted specific immune responses, nevertheless majority of

cellular immune responses were still regulated by mouse-derived H-2 molecules.

2.2 The construction strategy of HLA-A11/DR1 transgenic mice

Thus, a third-stage construction strategy was adopted in the design of our HLA-A1l
transgenic vector, and we constructed an HLA-AL1l chimeric transgenic vector
(HHD[117]) containing HLA-A11 promoter, the light chain om, the heavy chain al
and a2 regions (HLA-A11), the a3 region and transmembrane region of murine H-2-
DP. We knocked out the important components fzm and IAB of mouse-derived H-2
molecules. In HLA-A11 chimeric transgene molecule, o3 region of mouse H-2 replaced
human HLA-A11 o3 region, which effectively increased the binding affinity between
HLA-A11 molecule and mCDS8, avoided the complexity of hCD8 transduction into the
mouse genome. At the same time, we knocked out the important components of H-2
class 1-p2m and Il molecules-IAB (B chain of IA molecule) of murine, to replace a
pseudogene fragment which longer than the original functional gene, to achieve the

purpose of silencing murine H-2 molecules.

Therefore, we eliminated the competitive inhibition of endogenous H-2-1-restricted
responses in HLA-A11 transgenic mice, only HLA-A11-restricted immune responses

could be generated. The same strategy was implemented into the establishment of HLA
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class-11 transgenic mouse model. Through the above steps, HLA-A11/DR1 double
transgenic mouse model (HLA-A11**/DR1**/H-2-B.m™/IAB”") was obtained, which
replaced with human MHC-HLA molecules at both MHC class | and Il molecules level.
HLA transgenes exerted a restrictive function on antigen presentation and the
regulation of immune response in mice, enabled the highest level in “humanization”,

which were able to simulate human immune response at HLA level more effectively.

3. The generation of homozygous HLA-A11/DR1 transgenic mice

A chimeric HLA-A*1101 monochain fragment encompassed HLA-A1l leader
sequence, al and a2 domains, murine H-2D" (from the 03 domain to the COOH
terminus) and human om, which was covalently linked between the leader sequence
and the 5’ end of HLA-A11 (a1 and 02) domains via a 15 aa linker encoding GlysSers.
After the verification of HLA-AL1 transgenic vector was successfully constructed, the
linearized purified HLA-A11 fragment was microinjected into pronuclei from fertilized
(C57BL/6>C57BL/6) F1 mouse eggs to generate transgenic embryos. Transgenic
embryos were re-implanted into pseudo pregnant female mice. The foreign gene was
integrated into mouse genome according to a random integration strategy, following by
the acquisition of HLA-A11 transgenic founder (F1) mice. HLA-A11l founder mice
showing the highest expression of HLA-A11 were crossed with HLA-A2/DR1 mice
(HLA-A2**/DR1*"*H-2-B.m™/IAB"") which we constructed previously. After a series
of backcrossing, HLA-A11/DR1 transgenic mice (HLA-A11**/DR1**H-2-B.m”/IAB
" (abbreviated as HLA-A11/DR1) were generated.

The integration of exogenous HLA-A11l and DR1 genes in mouse genome and the
knockout of endogenous H-2 Bom and IAf were confirmed by PCR. Through the
continuous self-crossing and back-crossing, HLA-A11/DR1 transgenic mouse were
stably obtained, with HLA-A11**/DR1** double transgenic and H-2-p.m™/IAp™"
double knockout. After confirming the exogenous HLA gene was successfully inserted
into HLA-A11/DR1 transgenic mouse genome and stably genetically expressed, we
further validated the HLA specific expression in splenocytes of HLA-A11/DR1 mice,

which means that the exogenous genes could be translated into HLA complexes in vivo.
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At the same time, through the mediated by HLA molecules in HLA-A11/DR1 mice,
mCD4" T cells accounted for about 92.2% of mCD3* T cells, which was similar with
that 64.6% in C57BL/6 mice, while mCD8" T cells accounted for about 1.48% in
mCD3" T cells, which was significantly lower than that 11.7% of C57BL/6 mice.
Nevertheless, lower number of mCD8" T cells was similar with other MHC-class |
transgenic mice[116, 128], such as HLA-A2/DR1 transgenic mice(2-3 %)[76] and
HLA-A2/DP4 transgenic mice (2.31%)[77], which were developed by Dr. Yuchun
LONE previously. Both HLA-A2/DR1 and HLA-A2/DP4 transgenic mice could
produce effective humoral and cellular immune responses. These results suggested that
HLA-A11 and HLA-DR1 transgenes could enable the negative and positive selection
of T lymphocytes in murine thymus, following by developing and differentiating into
mature and normal immune function mCD3*CD4* and mCD3*CD8" T lymphocytes

with human HLA restriction.

HLA transgenes and H-2 knockout mice were identified by PCR genotyping, the
genetic stability of offspring was confirmed. The expression of HLA transgenes in
splenocytes of HLA-A11/DR1 mice was stronger than C57BL/6 and H-2-1/11 knockout
mice. Flow cytometric results showed that the numbers of mCD3*CD4* and
mCD3*CD8* T cells in HLA-A11/DR1 mice were comparable with C57BL/6 mice.
These results showed that HLA transgenes enabled the differentiation and maturation
of T lymphocytes in HLA-A11/DR1 mice. HLA-A11/DR1 mice could mount HLA-
A1l restricted responses after immunized two known HLA-A1ll-restricted epitopes
derived from HIV-Pol177.18s and HIV-GP16032.45. Results showed that HLA-A11/DR1
mice could mount HLA-A11-restricted, epitope-specific, IFN-y-producing mCD8* T

cellular immune response.

4. The application of HLA-A11/DR1 transgenic mice to the evaluation

of vaccines

4.1 The verification of HLA-A11/DR1 mice with reported epitopes

We further explored the HLA-restricted immune response of HLA-A11/DR1

transgenic mice and its ability to stimulate specific immune responses. HLA-A11/DR1
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mice were able to produce high level of HLA-A11 specific CTL immune response
(IFN-y secretion) stimulated by HLA-A11 restricted CTL epitopes HIV-Poli77.18s and
HIV-GP160s32-45, whereas no production of IFN-y was detected in C57BL/6 mice. These
results proved that our HLA-A11/DR1 mice has HLA-A11 restricted immune response
function which could generate specific HLA-A11 restricted CTL responses stimulated
by the immunization of HLA-A11 restricted CTL epitopes. The DR1 molecule in HLA-
A11/DR1 mice was isolated from HLA-A2/DR1 mice which we constructed previously,
and HLA-DRL1 restriction response was verified by HLA-DR1 restriction epitope-
HBsAQ179-104. We also successfully screened two novel HLA-DRL restriction epitopes,
named HIV-1 Gagsz1-340 and Gagssi-sso by HLA-A2/DR1 mice. HLA-DR1 restriction
in HLA-A11/DR1 mice was also confirmed by HLA-DR1 restricted epitope-HBSAQ17o-
104, the results were consistent with HLA-A2/DR1 mice which meet our expectation[76].

4.2 The evaluation of HLA-A11/DR1 mice in candidate vaccines and

commercial vaccines

The above results confirmed that T lymphocytes could develop into mature mCD4" and
mCD8" T lymphocytes after the negative and positive selection in murine thymus,
under the regulation of exogenous HLA molecules in HLA-A11/DR1 mice. Then we
verified the HLA-A11 and HLA-DR1 restricted immune responses by the utilization of
HLA-A11l and HLA-DR1 restricted epitopes reported in previous studies[120] [76].
The exogenous HLA molecules could substitute for mouse H-2 molecules to initiate

and regulate immune response in mice.

The greatest advantage and feature of HLA-A11/DR1 mice constructed in this study
was that HLA-A11 and HLA-DR1 alleles covered a wide range of population in China,
which can profit the studies of diseases and their immune prevention and control in
Chinese population. According to the HLA gene frequencies reported in literatures and
the database statistics, approximately one-third to one-half of Chinses population
carried HLA-A11 or DR1 alleles. Construction of HLA-A11/DR1 transgenic mice and
to apply it to the epitopes and application of it in epitopes-based vaccines research, the
mechanism of pathogenic immunity, will provide a much more effective humanized

animal model for diseases, the prevention and immunotherapy for Chinese populations.
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We immunized the commercial vaccine-recombinant HBV S antigen (kindly provided
by Dr. Honglin Xu) and a novel vaccine-recombinant HIV-1 protein- HIV-MEP1
(kindly provided by Dr. Zhihua Kou) with HLA-A11/DR1 mice, to evaluate the specific
humoral and cellular immune responses induced by these vaccines, while to verify
whether HLA-A11/DR1 mice could effectively simulate specific immune responses in

humans after immunization.

HIV-1 multi-epitopes recombination protein (HIV-MEP1) was composed of twelve
epitopes linked by specific linker, the epitopes contained were with Chinese dominant
HLA alleles restriction and have satisfactory immunogenicity. After the immunization
of HIV-MEPL1 into HLA-A11/DR1 mice and HLA-A2/DR1 mice, specific anti-HIV-
MEP1 IgG antibodies in serum increased to a certain level, and there was a statistically
significant difference of HLA-A11/DR1 mice compared with PBS control group
(p=0.0058). HLA-A11/DR1 mice and HLA-A2/DR1 mice produced high levels of
specific IFN-y cytokine, regardless of the immunization of recombinant protein HIV-
MEP1 or specific HIV-1 peptides, whereas C57BL/6 mice could just produce low
levels of IFN-y. It verified that both HLA-A11/DR1 mice and HLA-A2/DR1 mice are
ideal and efficient models which could apply to the evaluation of novel candidate

vaccines.

During the evaluation of the recombinant HBV S antigen vaccine, specific humoral
immunity (1gG antibodies) produced by HLA-A11/DR1 mice was similar with that of
C57BL/6 mice, while the specific IFN-y level produced by HLA-A11/DR1 mice was
3-4 times fold than WT mice. These results indicated a satisfactory cellular immune
response of HLA-A11/DR1 mice and the ability to mimic human cytotoxic response,
which demonstrated that this novel mouse model have the capability to estimate

immune responses induced by commercial vaccines and novel vaccine candidates.

In view of the above issues about epitopes-based vaccines, we should combine the
current rapid development of computer technology with high-throughput prediction to
screen the epitopes, assist with more effective and safer adjuvants. Strived to construct
the multivalent vaccines that with different MHC-restricted, multiple pathogens, with
both conformational and linear epitopes, cover both B cell epitopes, CTL epitopes and
Th epitopes to induce specific humoral and cellular immune responses and has a broad

spectrum of population protection.
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4.3 The identification of novel HLA-AL11 restricted epitopes of EBOV
and MERS-CoV

In recent years, highly pathogenic pathogens such as MERS-CoV (Middle East
Respiratory Syndrome Coronavirus) and EBOV (Ebola Virus) have spread worldwide,
resulting in extremely high mortality rates which up to 30% and 70%, respectively. It
is the most virulent and contagious pathogen known so far. WHO has classified these
two viruses as biosafety level-1V viruses. The outbreak has been defined as an
“international public health emergency”. The epidemic of MERS-CoV and EBOV warn
us to take preventive measures in the research and development of new vaccines and
therapeutic drugs of these important pathogens, and to the capacity for disease
prevention and control. However, up to now, there is still no safe and effective
protective vaccine for humans that has been approved in clinical trials. The
development of a novel multi-epitopes-based vaccine will hopefully make a
breakthrough in the prevention and control of MERS-CoV and EBOV, and will have
an important impact on the effective control of future major outbreaks.

To predict HLA-A11 restricted CTL epitopes of EBOV and MERS-CoV, we analyzed
the sequence of amino acid of EBOV-GP and MERS-CoV by bio-information online
software SYFPEITHI and NetMHC, next synthesized twenty-four HLA-A11 potential
peptides which got the higher binding scores for further verification. The solubility of
candidate epitopes was considered, whether higher (stronger binding force) and lower
conventional hydrophobicity (conventional hydrophobicity <0: better dissolution;
O<conventional ~ hydrophobicity<10:  harder to  dissolve;  conventional
hydrophobicity >10: difficult to dissolve in water and difficult to synthesize), and HLA-
A11/DR1 double transgenic mouse model were applied to the screening, identification

and analysis of these candidate epitopes.

Based on HLA-A11/DR1 transgenic mouse model, we evaluated and confirmed the
predicted HLA-A11 restricted CTL epitopes of EBOV and MERS-CoV, benefit the
study of epitopes-based vaccines. ELISPOT results showed that HLA-A11 specific
CTL responses were stimulated by two epitopes of EBOV-GP (EBOV-GP76.84 and
EBOV-GPa423431) and four of MERS-CoV-S (MERS-Si52-160, MERS-S720.728, MERS-
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Ssso-397and MERS-S1092-1100). These epitopes candidates have the potential to contribute

to the design of multi-epitopes-based vaccines of highly-risk pathogens.
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CONCLUSIONS

In this study, we constructed an immuno-deficient MHC transgenic mouse strain (HLA-
A2*"*IDR1**/H-2-B.m"/TIAB”/Rag2”/IL-2ry""/Perf’) and an hPBMC-transplantation
mouse model, which could provide technical support to study transplantation
mechanism, tumors, infectious diseases and pathogens. Meanwhile, we generated a
new homozygous HLA-A11/DR1 transgenic mouse stain (HLA-A11**/DR1**/H-2-
B2m™/IAB”") which carried Chinese dominant HLA class | and 1 alleles, and applied to
the evaluation of vaccines, the identification of HLA restricted CTL epitopes of highly
pathogenic pathogens, such as MERS-CoV and EBOV. We demonstrated that:

(1) The novel immuno-deficient HLA transgenic mice "HUMAMICE" (HLA-
A2*"*IDR1**/H-2-B.m”/TIAB”/Rag2”/IL-2ry”"/Perf’” mice) were established, which
expressed human HLA molecules instead of murine H-2, and presented at first no
lymphocytes, spleen and thymus dysplasia. This immuno-deficient state was reversed
by transferring of functional HLA-matched (HLA-A2*/DR1*) hPBMCs and then
producing mice with an immuno-competent state with functional human immune
system. We showed that in this HLA-matched context and novel mouse model, the
hPBMC-transfer led to high lymphocytes engraftment rates without GvHD symptoms
over three months. Furthermore, to evaluate the ability of transferred human cells, we
immunized hPBMC-HUMAMICE with HBsAg vaccine which resulted in robust and
reproducible high level of humanized HBsAg-specific IgM and IgG antibodies,
implying that both transferred T and B lymphocytes were functional. In conclusion,
these findings indicated that the hPBMCs-HUMAMICE model represented a promising
model to dissect human immune responses in various human diseases, including
pathogens, infectious diseases, cancers and tumors. Hence, HUMAMICE will facilitate

the development of novel vaccines, drugs and cellular therapies.

(2) The Chinese HLA alleles dominated HLA-A11/DR1 (HLA-A11**/DR1**/H-2-
B2m™/IAB”) transgenic mice strain were established. This novel mouse strain possesses
human HLA-restricted characteristics and a normal specific ability to respond to
antigens. The evaluation of a candidate vaccine and a commercial vaccine showed that
this novel animal mouse could apply to the evaluation of vaccines. Furthermore, we
identified two HLA-A11 restricted epitopes of EBOV GP protein and four of MERS-
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CoV S protein. Above all, the novel HLA-A11/DR1 double transgenic mice could
facilitate the identification of Chinese dominant HLA-restricted CTL and Th epitopes
of important pathogens and provide a new prospective technical tool to the
immunological mechanism of diseases as well as the invention and evaluation of novel

vaccines.

Taken together, two novel and promising humanize mouse models carrying human
HLA restriction were established, which could apply as pathogen infection models, and
study tumors, transplantation mechanism, and the invention and evaluation of vaccines

and drugs.
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PERSPECTIVES

1. Further optimization and development of HUMAMICE

In the present study, we established immuno-deficient HUMAMICE mice, which
deficiency of mouse H-2 Class I and Class Il, and expressed both HLA-A2 and HLA-
DR1 molecules which represented the characteristics of human HLA-restricted immune
responses. HUMAMICE expressed HLA-A2 and HLA-DR1 are compatible with
grafted HLA-matched hPBMC:s. In this HLA-matched situation, there were no allo-like
or xeno-like rejection reactions, so the non-optimal mSIRP-hCDA47 interaction does
not affect long-term hPBMCs engraftment. There are some optimizations needing to be
developed, and some limitations of HUMAMICE model need to be overcome in the

nearing future:

& In addition to B cells, CTL cells, Thl and Th2 cells, the differences in features and

function of T helper cell 17 (Th17) between human and mice was still conflict[158].
Th17 cells play key role in the triggering and maintaining of chronic inflammatory
responses to antigens[159]. In our present study, since exogenous HLA-A2 and DR1
molecules had replaced endogenous murine H-2 molecules, CTL and Th cells (Th1l,
Th2 and Thl7) could simultaneously undergo in-vivo thymic “training” in
HUMAMICE after the transplantation of human cells or tissues. To investigate the role,
cooperation and interaction of these lymphocytes in immune responses faced to the
invasion of a specific pathogen or the malignant antigen, such as tumors, the

optimization will benefit the research of cell therapy and immunotherapy research.

@ Due to the ethics issues, we took advantage of human PBMCs instead of human

umbilical cord blood (UCB) in this study. Although satisfactory engraftment and
specific immune responses had been detected after the transplantation of hPBMCs in
HUMAMICE, meanwhile the transplantation of human UCB or bone marrow (BM)
derived CD34" cells into HUMAMICE are under consideration, which will contribute
to much higher human reconstitution and benefit to the evaluation of vaccines or drugs

more accuracy in clinical trials.

€ HUMAMICE could support high level of engraftment of human HLA-matched

PBMCs. However, it must be noted that HUMAMICE is not a good model for the
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engraftment of non-HLA-matched PBMC or any human stem cells, including human
HSCs, due to the NOD genetic background of HUMAMICE and the lack of supporting
cytokines, supporting cells such as stromal cells and human antigen presenting cells
(APC) in mice. HUMAMICE carrying HLA-A2 and HLA-DR1 alleles which with the
highest genetic frequency all over the world, we will create other humanized HLA
transgenic immuno-deficient mice with different HLA restrictions, which could cover
more population, and benefit to the establishment of humanized mouse models to
evaluate pre-clinical diagnosis and therapies.

Despite some of the optimizations which need to be improved listed above, HLA-
matched-hPBMC-HUMAMICE model allows the possibility of studying normal
human immune responses in various human diseases, including infectious diseases and
cancers in the HLA-matched population. It also represents a promising model to

facilitate the development of novel vaccines and cellular therapies.

2. The improvement of HLA transgenic mouse models

In the future work, we will carry out the development of multi-HLA-restricted epitopes-
based vaccines based on HLA-All-restricted CTL epitopes identified by HLA-
A11/DR1 transgenic mice, which will be reserved as the strategic defense measure and
means of highly-risk pathogens. At the same time, we will predict and identify more
HLA-restricted CTLs and Th epitopes of other highly-risk pathogens or conservative
proteins of tumor antigens, and combined with clinical samples to validate and optimize
the multi-epitopes-based vaccines with Chinese dominant HLA genotypes for a variety
of important pathogens. This will be a powerful countermeasure for diseases prevention
and the control of highly-risk pathogens that target on Chinese population.

The immune system is a complex and comprehensive regulatory network system. In
addition to MHC molecules, there are still many key factors which could influence the
course of immune responses in a directly or indirectly way. For example, the
intracellular proteases, the transporter associated with antigen processing (TAP), TAP-
associated protein (Tapasin)[160]. These molecules could influence and regulate the

efficiency and the action mode of HLA that present HLA-restricted antigen peptides in

231


javascript:;

vivo. However, these molecules mentioned above had certain differences between
different species, such as mouse and human beings. Therefore, replacing the encoded
human genes of these above regulatory factors into HLA transgenic mouse models will

further improve its accuracy to simulate human immune responses.

When expanding HLA transgenic mouse models into the field of pathogenesis of
pathogens, the key question is whether it could be applied to the evaluation and the
effectiveness of immune protection, it depends on whether it could implement the signs
and symptoms of infection, to realize the proliferation of pathogens and the
pathological changes effectively, as well as the effective simulation of human infection

of certain pathogens.

In the next study, we could appropriately combine HLA transgenic mouse models with
viral receptor transgenic mice or complement transgenic mice to study the association
between HLA and the pathogenic mechanisms of pathogens, the relation between HLA
and complements [161], the immune defense and immunotherapy, etc. For example,
Na*-taurocholate co-transporting polypeptide (NTCP) is a functional receptor for
human hepatitis B and D virus [162], NTCP transgenic mice combine with HLA
transgenic mice will have the potential to elaborate the relation between HBV infection
mechanism and specific HLA alleles populations. Yusen Zhou found that the blockade
of C5a-C5aR axis lead to the decreased tissue damage induced by MERS-CoV infection,
as manifested by reduced apoptosis and T cell regeneration in the spleen[163], which
suggested that we could investigate the pathogenic mechanisms of pathogens with both
complement transgenic mice (such as Cha transgenic mice) with HLA transgenic mice,
to investigate what is the role of HLA and complement participate in the infection of
MERS-CoV.

The establishment of HLA-A11/DR1 double transgenic mouse with both Chinese HLA
dominant HLA class | and class Il alleles, could promote the evaluation of peptides
candidates, the design and development of new candidate vaccines, furthermore benefit
to immunology researches, the establishment of diseases animal models, clinical
immunotherapy, and the evaluation, optimization, improvement and the side-effect

studies of immunotherapy, especially gene therapy.
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Titre: La cré&tion du modde "HUMAMICE": le dé/eloppement de souris humanises
pour éraluation des innovations en bioth&apies; immunothé&apies et les th&apies

cellulaire

Mots cl&s: HUMAMICE, Souris immunodé€ficientes, reconstitution immunitaire, CMH,
HLA-A11/DR1 souris transgénique

Ré&umeé Les modédes animaux jouent un rde crucial dans les recherches pré&liniques,
mais il existe plusieurs limites. Les éats physiologiques et immunologiques chez les
murins et les primates non humains sont radicalement diffé&ents de ceux de I'hnomme,
en particulier la restriction au CMH, qui ne peut &iminer l'influence de la sp&ificitéde
I'espeee dans les expé&iences pre&liniques. Le but du travail &ait de généer un niveau
plus éevé de souris transgéniques <HLA humanisées>> qui pourraient imiter les
réponses immunitaires humaines avec plus de pré&ision et de fiabilité & viser
d’appliquer pour 1'évaluation préclinique de la transplantation humaine, a
I'identification de nouveaux épitopes et al'éaluation des vaccins et des mé&licaments

candidats.

Dans la premiée partie, nous rapportons d’une nouvelles souris transgéniques HLA
immunodédiciente <HUMAMICE> Des souris HLA-A2"*/DR1**/H-2-B.m”/IAB™
IRag2”/IL-2ry” /Perf’- ont &é& d&ablies, lesquelles exprimaient des moléules HLA
humaines au lieu de H-2 murines et ne pré&ent pas de lymphocytes murins. Ce statut
immunodé€ficient a &é inverséen transfé&ant les cellules hPBMC HLA appariées
fonctionnelles pour produisant des souris ayant un statut immuno-compéent avec un
systame immunitaire humain fonctionnel. L'immunisation du vaccin HBsAg a permis

d'obtenir une production robuste et reproductible d'anticorps sp&ifiques.

En conclusion, ces réultats indiquent que le modée hPBMC-HUMAMICE repréente
un modée prometteur pour diss&juer les réonses immunitaires humaines aux maladies

humaines.

Dans la seconde partie de cette &ude, les souris HLA-A11**/DR1**/H-2-Bm"/IAB™
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ont éééablies. Cette nouvelle souche de souris possetle une caractéistique restreinte
par HLA-A11 et une capaciténormale aréondre aux antigenes. L'immunisation de
souris avec un vaccin recombinant HBsAg contre le VHB ou une proténe recombinante
du VIH-1 a entraméla géné&ation de lymphocytes T cytotoxiques producteurs d'IFN-y
et d'anticorps spexifiques. En outre, nous avons identifiédeux épitopes restreints par
HLA-A11 de la proténe GP EBOV et quatre de la prot&ne MERS-CoV S. En fin, ce
modée de souris HLA-A11/DR1 pourra faciliter l'identification des épitopes de
lymphocytes cytotoxiques et auxiliaires restreints par le HLA-A11 dominant en Chine.
Le modéde constitue un nouvel outil technique prometteur pour comprendre les
mécanismes immunologiques et les nouveaux vaccins pour les populations d’Asie de

I’Est.

Durant cette these, nous avons cré&&deux modées de souris humanisés novateurs et
prometteurs portant une restriction HLA humaine qui pourraient servir de modées
d'infection pathogene et éudier les tumeurs, les mé&anismes de transplantation et

I'éaluation des vaccins et des mé&licaments.
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Annexe
R&umeé
Contexte, rationnel de ’étude et les r&ultats:

A I'heure actuelle, aucun modée d'exp&imentation préclinique ne permet d'explorer
fidéement les réonses immunitaires humaines. En effet, le fonctionnement du systéme
immunitaire entre I’homme et 1’animal est différent: les réonses humaines sont
spe&ifiquement restreintes aux complexes HLAs alors que les souris expriment les
complexes H2 et non HLAs. Les contraintes éhiques des essais cliniques soulévent une
neéessité urgente d'am@iorer les modées animaux pouvant mimer fidéement les

réponses humaines, en particulier les réonses du systéne immunitaire humain (HIS).

Les souris dites «humanisées »ou «HIS »ont &éréeemment genéées en greffant des
cellules souches hématopo&iques humaines (hHSCs) ou des cellules mononuclé&s du
sang p&iphé&ique humain (hPBMCs) dans des souris profondé@nent immunodé€icientes,
telles que les souris NSG ou souris NOG et les souris NRG, qui sont des modées bien
validé. Cependant, un inconvéient majeur pour les éudes exp&imentales utilisant le
modée de souris hHHSC-NSG (Cellules souches humaine: hHSC) est que les réponses
sont H2-restreintes et non-HLA-restreintes. Alors que dans le modée de souris
hPBMC-NSG, est l'apparition rapide, d’une maladie du greffon contre 1'hote
(x&0GVHD).

Dans la premi&e partie de cette thése, nous voulons surmonter cette limitation
(compatibilité HLA entre donneur/receveur) en géné&ant une nouvelle souris
"HUMAMICE" immunodérimeé et qui exprime des molésules HLA humaines (HLA-
A2 et HLA-DR1) ala place des molé&ules du CMH de souris (H-2). HUMAMICE
correspond aune version améiorée des modées de réfé&ence actuels de souris
immunodérimés NSG ou NOG. En effet, le modde HUMAMICE permet au systéne
immunitaire humain transfé&é dans la souris de fonctionner correctement et
physiologiquement, en respectant la compatibilité HLA entre donneur et receveur.
Nous avons montréque le transfert de hPBMC-HLA-compatibles dans cette souris
HUMAMICE permet de reverser son statut immuno-déficient en statut immuno-
compéentavec un systéne immunitaire humain fonctionnel. L'immunisation du vaccin

HBsAg contre infection du virus de I’Hépatite B a permis d'obtenir une production
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robuste et reproductible d'anticorps spe&sifiques. En conclusion, ce modée repré&ente
I’'unique modele expérimental pré-clinique, dans lequel les cellules immunitaires
humaines transfé&é&s dans la souris conservent leurs propriéeés et sont capables de

généer des réponses immunitaires identiques a celles observées chez 1’homme.

Dans la deuxiéne partie de cette these, une ligné de souris HLA-A11/DR1 (HLA-
Al11**] DR1**/ H-2-p2m™/ IAB”") a &éé&ablie. La réponse immunitaire induite chez
cette ligné de souris est compléement sous la dépendance des molé&ules HLA de
I'nomme (y compris la collaboration entre les cellules CD4 et les cellules CD8). Il n'y
a ni concurrence ni ingé&ence de la réponse immunitaire des génes murins CMH et
humains HLA. Ainsi, la préliction et la transposition des donné&s de la souris a
I'nomme seront plus fiables. Nous avons vé&ifiéque cette nouvelle souris posseéde une
caracté&istique fonctionnelle de restriction par HLA-A11l et une capacit€énormale a
répondre aux antigenes. L'immunisation de souris avec un vaccin recombinant HBsAg
contre infection du virus de I’Hépatite B (VHB) ou une proté&ne recombinante du VIH-
1 a entranéla géné&ation de lymphocytes T cytotoxiques producteurs d'IFN- et

d'anticorps spe&ifiques.

Ce modée de souris humanisé& HLA-A11/DR1 facilite I'identification des &itopes
HLA-A11 restreints des lymphocytes cytotoxiques dominants en Chine et HLA-DR1
restreints des lymphocytes auxiliaires. Ce modéde repréente un outil puissant ala fois
pour I'éaluation et la comparaison des protocoles de vaccination et de formulation des
vaccins. lls seront ainsi indéiablement importants pour faciliter la séection des
candidats vaccins, ou des thé&apies innovantes pouvant &res directement appliqués

dans les essais cliniques humains.

Durant cette thése, deux éoitopes restreints par HLA-A11 de la proténe GP EBOV et
quatre de la proténe MERS-CoV S ont &éidentifiés.

En conclusion, les deux moddes de souris HLA humaniseées sont creées. lls sont
novateurs et prometteurs portant une restriction HLA humaine pourraient servir de
modeles préclinique d’étude d'infection pathogene; de cancérologie, les mécanismes de
transplantation; la thé&apie ou les immunothé&apies cellulaires ainsi que I'éaluation des

candidats vaccins et des mé&licaments.
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Ré&umé Les modédes animaux jouent un rde crucial dans
les recherches preeliniques, mais il existe plusieurs limites.
Les é&ats physiologiques et immunologiques chez les murins
et les primates non humains sont radicalement diffé&ents de
ceux de I'nomme, en particulier la restriction au CMH, qui
ne peut diminer l'influence de la spe&ificitéde I'espeze dans
les expé&iences pré&liniques. Le but du travail éait de
géné&er un niveau plus éeveéde souris transgéniques <HLA
humanisés>> qui pourraient imiter les réponses
immunitaires humaines avec plus de préeision et de fiabilité
a viser d’appliquer pour I'évaluation préclinique de la
transplantation humaine, a l'identification de nouveaux
épitopes et al'é&aluation des vaccins et des mé&licaments
candidats.

Dans la premiére partie, nous rapportons d’une nouvelles
souris transgéniques HLA immunodéficiente
«+HUMAMICE> Des souris HLA-A2**/DR1**/H-2-B,m""
/TAB""/Rag2™/1L-2ry”/Perf ont &é& &ablies, lesquelles
exprimaient des moléules HLA humaines au lieu de H-2
murines et ne préent pas de lymphocytes murins. Ce statut
immunoddicient a &é&inverséen transfé&ant les cellules
hPBMC HLA appariées fonctionnelles pour produisant des
souris ayant un statut immuno-compéent avec un systeme
immunitaire humain fonctionnel. L'immunisation du vaccin
HBsAg a permis d'obtenir une production robuste et

reproductible d'anticorps speifiques.

En conclusion, ces ré&ultats indiquent que le modéle hPBMC-
HUMAMICE repréente un modée prometteur pour disseguer
les réponses immunitaires humaines aux maladies humaines.
Dans la seconde partie de cette éude, les souris HLA-
AL11**/DR1**/H-2-B,m™"/IAB” ont &éé&ablies. Cette nouvelle
souche de souris posséde une caractéxistique restreinte par
HLA-A11 et une capaciténormale aréondre aux antigenes.
L'immunisation de souris avec un vaccin recombinant HBsAg
contre le VHB ou une proténe recombinante du VIH-1 a
entramé la géné&ation de lymphocytes T cytotoxiques
producteurs d'IFN-y et d'anticorps spe&eifiques. En outre, nous
avons identifié deux éitopes restreints par HLA-A11l de la
proténe GP EBOV et quatre de la prot&ne MERS-CoV S. En
fin, ce modde de souris HLA-A11/DR1 pourra faciliter
I'identification des épitopes de lymphocytes cytotoxiques et
auxiliaires restreints par le HLA-A11 dominant en Chine. Le
modée constitue un nouvel outil technique prometteur pour
comprendre les mé&anismes immunologiques et les nouveaux
vaccins pour les populations d’Asie de I’Est.

Durant cette thése, nous avons cré&deux modées de souris
humanisées novateurs et prometteurs portant une restriction
HLA humaine qui pourraient servir de modédes d'infection
pathogéne et é&udier les tumeurs, les meéeanismes de
transplantation et I'évaluation des vaccins et des mé&licaments.

Title: The creation of novel humanized mouse models for the assessment of innovative immunotherapies and vaccine

evaluation

Keywords: HUMAMICE, immuno-deficient mice, immune reconstitution, MHC, HLA-A11/DR1 transgenic mice

Abstract: Animal models play critical roles in pre-clinical
researches, while there are sseveral limitations. The
physiological and immunological states in murine and non-
human primates are still distinct from those of human
to a certain extent , especially the MHC restriction, which
cannot eliminate the influence of species specificity in pre-
clinical experiments. The aim of our work was to generate a
higher level of “HLA humanized” transgenic mice which
could mimic human immune responses with more accuracy
and reliability; furthermore, to apply the novel models to the
evaluation of human transplantation, the identification of
new epitopes, and the evaluation of candidate vaccines and
drugs.

In the first part, a novel immuno-deficient HLA transgenic
mouse strain  HLA-A2**/DR1**/H2-B,m"/IAB”/Rag2”
NIL-2ry"/Perf~ HUMAMICE were established, which
expressed human HLA molecules instead of murine H-2 and
present no murine lymphocytes. This immuno-deficient
status was reversed by transferring the functional HLA-
matched hPBMCs and thus producing mice with an
immuno-competent status. Then, led to high lymphocyte
engraftment without GvHD. Immunization of HBSAg
vaccine resulted robust and reproducible production of

specific antibodies. In conclusion, these results indicated that
the hPBMCs-HUMAMICE model represents a promising
model to dissect human immune responses towards human
diseases.

In the second part, the Chinese/East Asian HLA dominant
HLA-A11/DR1 (HLA-A11"*/DR1**/H-2-Bm™/IAp™)
transgenic mouse strain was established. This novel mouse
strain  possesses HLA-All-restricted characteristics and
capacity to respond to antigens. Immunization of mice with a
recombinant HBV vaccine or a recombinant HIV-1 protein
resulted in the generation of IFN-y-producing cytotoxic T
lymphocytes and specific antibodies. Furthermore, we
identified two HLA-A11 restricted epitopes of EBOV GP
protein and four of MERS-CoV S protein. Above all, HLA-
Al11/DR1 mice could facilitate the identification of Chinese
dominant HLA-restricted CTL and Th epitopes and provide a
new promising technical tool to understand immunological
mechanisms and new vaccines.

Taken together, we created two novel and promising humanized
mouse models carrying human HLA restriction which could be
applied as pathogen infection models, in tumor studies,
transplantation mechanism, and the evaluation of vaccines and
drugs.
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