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Control of Humoral Response in Renal Transplantation
by Belatacept Depends on a Direct Effect on B Cells
and Impaired T Follicular Helper-B Cell Crosstalk
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ABSTRACT
Generation of de novo donor-specific antibodies (dnDSAs) after renal transplant is recognized as the leading
cause of late transplant failure. Hence, the optimal immunosuppressive strategies to limit dnDSA development
need to be defined. Recent clinical trials using the novel costimulatory blockade agent CTLA4-Ig (Belatacept)
have shown that kidney transplant recipients (KTRs) treated with Belatacept have better graft survival and
function and a lower proportion of dnDSAs than control-treated KTRs. Mechanisms involved in the control of
humoral responses by Belatacept remain to be investigated. Here, we analyzed the effect of Belatacept on
different steps of the B cell–mediated response in humans. In vitro, Belatacept reduced plasmablast differen-
tiation, Igproduction, and theexpressionof themajor transcription factor involved inplasmacell function,Blimp-
1, in a T cell–independentmanner.Moreover, Belatacept induced activation of the STAT3 transcription factor in
stimulated B cells and reduced the expression of CD86. Additionally, Belatacept blocked CD28-mediated acti-
vation of T follicular helper cells (Tfhs) in an autologous Tfh-memory B cells model. We then validated these
observations in KTRs treated with Belatacept, who had a reduced proportion of blood effector B cells and
activated Tfh (PD1+ICOS+) compared with control-treated KTRs. Our in vitro and in vivo results suggest that
Belatacept modulates B cell function directly and at the level of B cell-Tfh interaction. These mechanisms likely
account for the optimal control of humoral responses observed in KTRs treated with Belatacept.

J Am Soc Nephrol 29: 1049–1062, 2018. doi: https://doi.org/10.1681/ASN.2017060679

Over the last decade, anti-HLA donor-specific an-
tibodies (DSAs) arising after kidney transplanta-
tion, also called de novo donor-specific antibodies
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Significance Statement

Control of humoral response in renal transplantation by
Belatacept depends on a direct effect on B cells and im-
paired T follicular helper cell (Tfh)-B cells crosstalk. Gen-
eration of de novo donor-specific antibodies (dnDSAs) is
the leading cause of late renal transplant failure. Recent
clinical trials using the costimulatory blockade agent
CTLA4-Ig (Belatacept) have shown that patients treated
with Belatacept exhibit better graft survival and function
and lower proportion of dnDSAs than recipients treated
with calcineurin inhibitors. This study of the mechanisms
for control of humoral responses by Belatacept found
that it affects B cell function by bothmodulating antigen-
presenting capacities and production of antibodies by
effector B cells. The results bring new perspectives to the
development of immunosuppressive strategies for
transplantation and autoimmune disease.

J Am Soc Nephrol 29: 1049–1062, 2018 ISSN : 1046-6673/2903-1049 1049



(dnDSAs), have increasingly been recognized as the leading
cause of late transplant failure in kidney transplanted recipi-
ents (KTRs).1,2 Approximately 15%–30% of KTRs develop
dnDSAs.3,4 Despite the numerous treatment strategies di-
rected to boost conventional immunosuppression or suppress
B cells activity by targeting plasma cells, antibodies, and/or
complement, there has been no satisfactory therapy that re-
liably reverses the effects of DSAs after they are established.5

Therefore, clinicians have to focus on the primary prevention
of dnDSAs generation. One of the risk factors associated with
the development of dnDSAs is the therapeutic immunosup-
pression, which obviously represents the parameter with the
widest range of potential improvement in terms of patient’s
compliance, the degree of immunosuppression, and maybe
the nature of the drugs itself.

Belatacept (cytotoxic T lymphocyte–associated antigen 4
[CTLA4]-Ig; LEA29Y; Bristol Myers Squibb) is a human fusion
protein combining the extracellular portion of CTLA4 that has
been mutated to confer greater binding avidity to CD80 and
CD86 (B7molecules) and the constant region fragment of human
IgG1. CTLA4 binds to surface costimulatory ligands (CD80 and
CD86) of antigen-presenting cells (APCs) and thus, prevents their
interaction with CD28, thereby blocking T cell activation.6 Bela-
tacept was granted approval by the US Food and Drug Adminis-
tration and the European Medicines Agency in 2011 on the basis
of the 3-year data from two phase 3 studies: the Belatacept
Evaluation ofNephroprotection and Efficacy as First-Line Immu-
nosuppression Trial (BENEFIT) and the BENEFIT Extended
Criteria Donors.7,8 In their follow-up analysis of the BENEFIT,
Vincenti et al.9 found that recipient mortality and the graft failure
rate at 7 years after transplantation were significantly lower in the
group of recipients treated with Belatacept compared with the
control recipients treated with calcineurin inhibitors (CNIs). In-
terestingly, incidence of dnDSAs at year 7 was significantly lower
in Belatacept-treated patients than in CNI-treated patients.9 This
latter result can be considered as an active determinant of long-
term graft outcome in patients treated with Belatacept. In those
trials, it was suggested that improved adherence to the intravenous
regimen could explain why Belatacept was associated with less
dnDSAs formation.10 However, in our cohort of KTRs included
in the BENEFIT, we previously showed that the proportion and
the absolute number of CD19+CD24hiCD38hi B cells, a subset
known to be associated with operational tolerance,11,12 are in-
creased compared with controls. This suggests that Belatacept
may have regulatory effect on B cells.13

The mechanisms of action of Belatacept begin to be eluci-
dated. In animal models, Belatacept inhibits T-dependent anti-
body production. Larsen et al.14 showed enhanced inhibition of
anti-sheep red blood cell antibodies by Belatacept compared
with its parent Abatacept. The combined blockade of both
CD28:B7 and CD40:40L pathways suppressed DSAs formation
in kidney-transplanted macaques.15 Moreover, Kim et al.16

showed in a nonhuman primate model that Belatacept or
anti-CD40 mAb combined with lymphodepletion suppressed
the humoral response, which led to the prevention of

antibody-mediated rejection. This observation was associated
with a reduced frequency and size of germinal centers and a
reducedproportion ofT follicular helper cells (Tfhs).16 Together,
these results led us to consider whether Belatacept in patients
with transplants could act (1) directly on Ig production by B cells
and/or (2) on their APC property.

The results presented herein show that Belatacept works
directly by decreasing the plasmablasts differentiation and
IgG secretion. Furthermore, Belatacept induces direct sig-
naling in stimulatedB cells thatmaybe triggered byCD86.We
also showed using both an in vitro model and in vivo data
collected on KTRs that Belatacept, by modifying the expres-
sion of costimulatory molecules on the surface of activated B
cells, decreases the proportion and activation status of cir-
culating Tfhs and impairs Tfh/B cells crosstalk.

RESULTS

Belatacept Modulates Plasmablasts Differentiation and
Function
Because patients treated with Belatacept show reduced DSAs
production, we first assessed whether Belatacept could have a
direct effect on B cells. To assess plasmablast differentiation (de-
fined as CD19loCD38hiCD27hi) (Figure 1A), untouched B cells
were stimulated with CD40L and IL-21 tomimic Tfh help. After
5 days, such stimulation significantly increased plasmablasts by
29-fold compared with unstimulated B cells (Figure 1B). In the
presence of Belatacept, the plasmablast proportion was slightly
but significantly decreased compared with untreated cells (Fig-
ure 1C). The mortality of B cells and the proportion of memory
B cells (defined as CD19+CD382CD27+) were not affected by
Belatacept (Supplemental Figure 1, A and B). Additionally, the
proliferative capacities of plasmablasts (Supplemental Figure 1,
C and D) and more generally, B cells (data not shown) were not
altered by Belatacept.

Next, we assessed the functionality of activated B cells in
terms of IgG and IgM secretions. Given that Belatacept is com-
posed of type 1 humang-chain, total IgG and IgG1 production
could not be quantified. We also observed that Belatacept in-
terfered with IgG3 detection (data not shown). However, the
secretions of both IgG2 and IgG4 were significantly decreased
in the presence of Belatacept (Figure 1, D and E). The pro-
duction of IgM was not statistically different between treated
and untreated cultures, although it showed a trend to decrease
in Belatacept-treated cultures (Figure 1F).

Blimp-1 is the major transcription factor involved in plas-
mablasts differentiation and antibodies secretion. Importantly,
using Western blot, we showed a decrease in Blimp-1 expres-
sion in Belatacept-stimulated culture compared with control
on day 5 (Figure 1, G and H).

We next assessed the cytokine profile of stimulated B cells and
plasmablasts culturedwithorwithoutBelatacept.Although IL-6,
TNFa, IL-21, and IL-10 secretion did not differ between
groups (data not shown), we did observe a significant decrease

1050 Journal of the American Society of Nephrology J Am Soc Nephrol 29: 1049–1062, 2018
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in IFNg-producing B cells, most notably in the plasmablasts
compartment in the presence of Belatacept (Figure 1I).

Thus, our model reveals that the reduced amount of DSAs
observed in treated patients could at least in part rely on a direct
effect on B cells independent of T cell participation.

Belatacept Induces a Direct Signaling in Stimulated B
Cells and Modifies the Expression of Costimulatory
Molecules on B Cell Surface
It was previously shown in dendritic cells (DCs) thatCTLA4-Ig
could induce a reverse signaling through the STAT3 pathway,

Figure 1. Belatacept alters differentiation of plasmablasts and function of stimulated B cells in vitro. B cells were cultured with CD40L
and IL-21 stimulation for 10 days. (A) Analysis of plasmablast (CD19loCD27hiCD38hi) differentiation on day 5 using the indicated gating
strategy. (B and C) Proportion of plasmablasts (B) before and after stimulation (n=18) and (C) with Belatacept (Bela) or without Bela-
tacept (w/o Bela; n=25). (D–F) Quantification of (D) IgG2 (n=14), (E) IgG4 (n=8), and (F) IgM (n=6) after 10 days of culture. (G) Expression
of Blimp-1 in B cells lysate by Western blot on day 5. Tubulin was used as a loading control. One representative of eight immunoblots is
shown. (H) Ratio of Blimp-1 signal on tubulin signal (n=8). (I) Proportion of IFNg-producing plasmablasts on day 5 with or without
Belatacept. Data are given as mean6SEM for each group. *P,0.05 versus Belatacept+ (Wilcoxon matched pairs signed rank test).

J Am Soc Nephrol 29: 1049–1062, 2018 Direct Effect of Belatacept on B Cells 1051
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whereas CD28-Ig works through the activation of the Akt/
NFkB pathway.17,18 Thus, we assessed both STAT3 and Akt/
NFkB signaling in stimulated B cells at 15 and 30 minutes in
the presence and absence of Belatacept (Figure 2). Although
Belatacept did not alter Akt signaling (Figure 2, A and B), there
was a significant increase in STAT signaling determined by
increased STAT3 phosphorylation in stimulated B cells in
the presence of Belatacept (Figure 2, A and C).

We next aimed to determine if this signaling was receptor
mediated and more specifically, if Belatacept directly acts on
CD80 and/or CD86, both of which are known CTLA4 ligands.
In vitro stimulation with CD40L and IL-21 induced high ex-
pression of CD80 and CD86 on cultured B cells on day 5 (i.e.,
the proportions of CD80+ and CD86+ B cells increased by

128% and 413%, respectively, after stimulation) (Supplemen-
tal Figure 2, A and B). Interestingly, different patterns of CD80
andCD86 expressionwere observed onmemory B cells and on
plasmablasts, the two types of fully differentiated B cells. In-
deed, CD80 mean proportion was similar on memory B cells
and plasmablasts, but CD80 mean fluorescence index (MFI)
was threefold higher in memory B cells compared with plas-
mablasts. CD86 proportionwas significantly lower inmemory
B cells compared with plasmablasts, and the same trend was
seen for MFI (Supplemental Figure 2, C and D).

Belatacept treatment significantly decreased both the pro-
portion and MFI of CD80 and CD86 in activated B cells
(Supplemental Figure 2E), memory B cells, and plasmablasts
compared with untreated cultures (Figure 3, A–D). To assess if
this decreased expression was related to the ligation of Bela-
tacept on these receptors (hence inducing a steric hindrance
and/or competition for the same epitope with flow cytometry
antibodies), protein expression of CD80 and CD86 by immuno-
blot was studied (Figure 3, E–H). Interestingly, CD86 expression
was decreased on Belatacept-treated B cells lysates compared with
untreated cells (Figure 3, E and F), whereas CD80 was not. This
result strongly suggests that Belatacept triggers a direct signal in
stimulated B cells viaCD86.We also observed that about 6% of B
cells expressed CD28 and that CD28 was not modulated by Be-
latacept (Figure 3I). Additionally, inducible T cell costimulator
ligand expression was not modified by Belatacept (data not
shown). In contrast, programmed cell death ligand 1 (PDL1)
expression on total activated B cells and plasmablasts was signif-
icantly increased in the presence of Belatacept (Figure 3J).

Belatacept Disrupts Tfh-B Cells Interaction Both
In Vitro and In Vivo
Given that Belatacept directly induced modification of costi-
mulatory molecules expression on B cells, we wondered
whether Belatacept could also affect Tfh-B cells crosstalk. As
such, the ability of B cells generated with or without Belatacept
to stimulate CD4 and Tfh proliferation was evaluated (Figure
4). B cells previously generated in the presence of Belatacept
had a reduced capacity to induce T cells proliferation (Figure
4, A and B), Tfh proliferation (Figure 4, C–E) and Tfh activa-
tion (proportion of inducible T cell costimulatory-positive
[ICOS+] Tfh) (Figure 4F).

To better characterize the specific interaction between Tfhs
and B cells in the presence of Belatacept, sorted autologous Tfhs
(CD4+CD45RA2CXCR5+PD1+) and memory B cells (CD19
+IgD2CD38dimCD276) from healthy blood donors (HBDs)
were cocultured for 5 dayswith or without Belatacept (Supplemen-
tal Figure 3). We did not observe any difference in Tfh proportion
and survival in the presence of Belatacept (data not shown). How-
ever, the proportion andMFIof activated ICOS+andprogrammed
cell death-1 (PD1) ICOS+ Tfhs were reduced in the presence of
Belatacept (Figure 5, A–D). Notably, we observed that plasmablasts
proportionwas lower in theBelatacept-treated cultures (Figure 5E).

Then, to test the clinical relevance of our data in the pe-
ripheral blood of patients with grafts, we analyzed blood sam-

Figure 2. Belatacept induces STAT3 phosphorylation in stimu-
lated B cells. B cells were cultured with or without CD40L and IL-
21 stimulation for 15 and 30 minutes in the presence or absence
of Belatacept. (A) Expression of phospho-Akt (Ser473), total Akt,
phospho-STAT3 (Tyr705), and STAT3. Tubulin was used as a loading
control. One representative of five immunoblots is shown. (B) Ratio
of p-Akt (Ser473) signal on Akt total signal (n=5). (C) Ratio of
p-STAT3 (Tyr705) signal on STAT3 total signal (n=5). Data are
given as mean6SEM for each group. *P,0.05 without Belatacept
(w/o Bela) versus Belatacept (Bela); #P,0.05 unstimulated versus
stimulated (two-way ANOVA test).
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mainly expressed on plasmablasts after activation and that expres-
sionwas significantly repressed in the presence of Belatacept. This
reinforces the possibility that Belatacept could directly target
CD86 on plasmablasts and may inhibit their secretion of Ig by
downregulating Blimp-1 expression and/or IFNg secretion.
Other mechanisms may also be implicated in the modulation of
humoral responses observed in our in vitro study. After 5 days of

stimulation, B cells expressed low levels of
CD28 and PDL1. CD28 expression on long-
lived plasma cells was shown to be necessary
for their function and maintenance in bone
marrow.36,37 Moreover, PDL1 can bind to
CD80, and PDL1 expression was upregulated
in the presence of Belatacept. Still, admitting
that the blockade of CD28 or PDL1 signaling
by Belatacept in B cells participates in the di-
rectmodulation of humoral responses in vitro
remains to be further investigated.

Our results suggest that Belataceptmod-
ifies the pattern of expression of costimu-
latory molecules on the surface of B cells by
several mechanisms, including (1) occu-
pancy by Belatacept on both CD80 and
CD86 ligands, (2) decrease in free expres-
sion of CD86, and (3) increased expression
of PDL1. Importantly, we revealed that, af-
ter B cells were generated in the presence of
Belatacept, they had impaired abilities to
stimulate T cell proliferation in vitro with-
out needing a continuous exposure to the
drug. This result supports that the modi-
fied pattern of costimulatory receptors in-
duced by Belatacept is functionally relevant
and durably impairs B cell APCs capacities.

It has been previously suggested that Be-
latacept alters germinal center responses
caused by Tfhs priming blockade by
DC.16 We hypothesize that Belatacept
could also impair germinal center reactions
by targeting B-Tfh interaction in human
patients with transplants.

We showed that Belatacept decreased the
expression of Tfh activation markers in an in vitro model of
coculture using purified Tfhs and memory B cells. This sug-
gests that blocking access to costimulatory molecules, such as
CD80/86, on B cells reduces Tfh activation, given that all cir-
culating Tfhs highly express CD28. Our results are in accor-
dance with the work of Ville et al.,38 which reported, in a
model of Tfhs-B cells coculture isolated from pediatric
tonsil, a reduced proportion of Tfhs in the presence of Bela-
tacept or a selective antagonist of CD28, intimating that both
molecules control proliferative capacities of human Tfhs. Pre-
vious studies identified ICOS-inducible T cell costimulator
ligand as the main driver for Tfhs differentiation and main-
tenance.39,40 Our results bring further evidence that CD28
expression on Tfh could also be a determinant pathway for
Tfh activation.

Importantly, we assessed whether the above-described
in vitro effects of Belatacept could also be observed in KTRs
treated with Belatacept.

ThedecreasedBcell expressionofCD80 thatweobservedby
flowcytometry in these patients andparticularly, onmemoryB

Table 1. Clinical and demographic characteristic of KTRs

Demographic and Transplant Characteristics
KTR

P Value
CNI Belatacept

Patients, n 12 10
Demography
Recipient age at the time
of follow-up, yr

6463 6564 0.90

Sex, men/women 5/7 6/4 0.70
Donor age, yr 5065 5464 .0.99
Living/cadaveric donor 1/11 0/10
HLA A-B-DR incompatibilities 360.4 360.4 .0.99

Time after transplantation, yr 11.261 10.660.7 0.85
Primary renal disease, n (%) 0.20
Immunologica 2 (17) 5 (50)
Nonimmunologicb 10 (83) 5 (50)

Immunosuppressive treatment, n (%)
Belatacept 0 10 (100) ,0.001
CNI 12 (100) 0 ,0.001
Tacrolimus 9 (75) 0
Cyclosporin A 3 (25) 0

Steroid 10 (83) 9 (90) .0.99
MPA 12 (100) 10 (100) .0.99

Episode of biopsy proven
acute rejection, n (%)

1 (8) 1 (10) .0.99

Biologic data
GFR, ml/min per 1.73 m2 6065 6564 0.40
Proteinuria, g/24 h, median
(minimum to maximum)

0.1 (0.05–0.2) 0.025 (0–0.6) 0.06

DSA score 4 (MFI,1100), n (%) 4 (33) 3 (30) .0.99
MFI, mean6SEM 803680 9356127 0.40

Data are presented as mean6SEM or n (percentage) unless otherwise indicated. GFR was estimated
according to the Modification of Diet in Renal Disease formula. P value was calculated by two-tailed
Mann–Whitney U test or Fisher exact test. MPA, Mycophenolic Acid.
aImmunologic renal diseases include IgA nephropathy and Wegener granulomatosis.
bNonimmunologic diseases include uropathy, nephroangiosclerosis, autosomal dominant polycystic
kidney disease, diabetic nephropathy, and tubulointerstitial disease.

Table 2. Summary of immunologic characteristics of KTRs

Lymphocytes Substets
KTR

P Value
CNI Belatacept

No. of lymphocytes, no. per 1 mm3 18586178 14486282 0.15
CD4+ proportion, % in lymphocytes 46.562.6 42.663.8 0.80
No. of CD4+, no. per 1 mm3 8496107 6246147 0.07
CD4+CD45RA2 proportion 5267 4065 0.35
No. of CD4+CD45RA2 425662 231649 0.01
Frequency of CD19+ 6.661 5.261.2 0.35
No. of CD19+ 123619 100652 0.03

Data are presented as mean6SEM.
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cells highly suggests an efficient binding of Belatacept to its
receptor in physiologic condition. CD86 expression, however,
was very lowanddidnotdiffer betweenboth groupsofpatients.
We believe that this very low level of CD86 expression at basal
state on circulating B cells prevents us from assessing any effect
of Belatacept on CD86 ligands in vivo.

Notably, we showed that these patients displayed lower pro-
portions of circulating effector B cells (i.e., memory B cells,
switched memory B cells, and plasmablasts) associated with
diminished proportion of circulating Tfhs compared with
control patients treated with CNI. Furthermore, the circulat-
ing Tfhs of KTRs treated with Belatacept displayed lower levels

Figure 6. KTRs treated with Belatacept display lower proportion of circulating effector B cells. Blood B cells immunophenotyping of
HBDs (n=12) or KTRs treated with CNI (n=12) or Belatacept (n=10). (A) Representative dots plots showing gating strategies for switched
and unswitched memory B cells (upper panel) and memory cells (CD24+CD382), plasmablasts (CD242CD38hi), and transitional
(CD24hiCD38hi) B cells. (B) Proportion and (C) number of memory (CD27+) B cells among CD19 cells. (D) Proportion and (E) number of
switched memory (CD19+CD27+IgD2) B cells in CD19+ cells. (F) Proportion and (G) number of unswitched memory (CD19+CD27
+IgD+) B cells in CD19+ cells. (H) Proportion of plasmablasts (CD19+CD242CD38hi) in CD19+ cells. Data are given as mean6SEM for
each group. Bela, Belatacept. *P,0.05 versus CNI (Kruskal–Wallis test [B, D, F, and H] or Mann–Whitney U test [C, E, and G]); #P,0.05
versus HBD (Kruskal–Wallis test [B, F, and H]).
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of markers of activation as assessed by the
proportion of ICOS+PD1+ Tfhs in Tfh
populations. Interestingly, the use of
Tfhs/B cells defect in the control of DSAs
secretion was suggested in operational tol-
erant KTRs who also displayed the lowest
levels of dnDSAs. These patients also had
Tfh defect and impaired Tfhs-B cells cross-
talk in vitro. Moreover, an increase in the
proportion of circulating Tfhs preceded the
appearance of dnDSAs in a cohort of stable
KTRs.41 Altogether, these results suggest
that therapeutic intervention on Tfhs-B
cells crosstalk may be a crucial step to con-
trol HLA sensitization.

In conclusion, our study strongly suggests
that immunosuppressive therapy using Belata-
ceptplays adirect andactive role at several steps
of the humoral response. Belatacept may
uniquely control B cell responses by modulat-
ing both their antigen-presenting capacities,
leading to the impairmentofTfhs-Bcells cross-
talk, and the production of antibodies by effec-
torBcells.Theseresultsallowus,at least inpart,
to account for the lesser extent of HLA sensi-
tization observed in KTRs. They also raise new
clinical perspectives in the development of
immunosuppressive strategies aiming to
target costimulatory molecules in the fields
of both transplantation and autoimmune
disease.

CONCISE METHODS

Adetaileddescription, including informationon

materials and reagents, flow cytometry, and

Western blotting, is in Supplemental Material.

Isolation and Culture of B Cells
Peripheral blood of HBDs was obtained from

Etablissement Français du Sang (Creteil,

France). PBMCs were isolated by density gradi-

ent centrifugation with lymphocyte separation

Figure 7. CD80 and CD86 expression varies according to the maturation stages of
circulating B cells and KTRs treated with Belatacept display decreased CD80 ex-
pression on B cells, particularly on memory B cells. (A) Staining of CD19+ B cells with
CD80 and CD86 antibodies (upper panel) and isotype control (lower panel). (B and C)
Proportions of (B) CD80+ and (C) CD86+ B cells of HBDs were evaluated according to
B cell subsets described in Figure 6A (n=10). Data are given as mean6SEM for each
group. *P,0.05 memory versus mature B cells (Kruskal–Wallis test); #P,0.05 memory
versus transitional B cells (Kruskal–Wallis test); &P,0.05 transitional versus mature B

cells (Kruskal–Wallis test). (D)CD80proportion
and (E) MFI in B cells of HBDs (n=10) or KTRs
treated with CNI (n=12) or Belatacept (n=10)
described in Table 1. (F) CD80 proportion and
(G) MFI in memory B cells of patients de-
scribed above. Data are given as mean6SEM
for each group. Bela, Belatacept. *P,0.05
versus CNI (Kruskal–Wallis test); #P,0.05 ver-
sus HBD (Kruskal–Wallis test).
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medium (Laboratoires Eurobio, Les Ulis, France). Total B cells from

freshly isolated PBMCswere purified by negative selection using the B

cell isolation kit II for magnetic cell separation (Miltenyi Biotec SAS,

Paris, France). Belatacept was added to the cell cultures at the con-

centration of 40 mg/ml during 5 or 10 days.17 The controls consisted

of cultures without drug.

Supplemental Material has culture details.

Flow Cytometry, CFSE Labeling, and Ig Production in
B Cell Assays
After5and10daysofculture,cell culturesupernatantswerecollectedand

stored at280°C.CulturedB cellswere analyzed for expressionof surface

Figure 8. KTRs treated with Belatacept display decreased proportion of circulating Tfh. (A) Representative dot plot showing
gating strategy of memory (CD4+CD45RA2) T cells and Tfhs (CD4+CD45RA2CXCR5+) (upper panel) as well as Tfh subsets: Tfh17
(CCR6+CXCR3), Tfh2 (CCR62CXCR32), and Tfh1 (CCR62CXCR3+; lower panel). (B) Proportion and (C) number of memory CD4 cells
(CD45RA2 cells) in CD4+ cells. (D) Proportion and (E) number of Tfhs (CD45RA2CXCR5+ cells) in CD4+ cells. (F–H) Proportions of
(F) Tfh1 (CCR62CXCR3+ cells), (G) Tfh2 (CCR62CXCR32), and (H) Tfh17 (CCR6+CXCR32) in CD4+ cells. Data are given as mean6
SEM for each group (Belatacept, n=10; CNI, n=8; HBD, n=10). Bela, Belatacept. *P,0.05 versus CNI (Kruskal–Wallis test [D and F–H] or
Mann–Whitney U test [C and E]); #P,0.05 versus HBD (Kruskal–Wallis test [B, D, and F–H]).
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markers by multicolor flow cytometry. Cell aliquots were stained for 20

minutes with selected combinations of fluorochrome-conjugated anti-

bodies at 4°C. Supplemental Material has details.

For the proliferation assay, 1–103106 cells of the concerned cell

populations were labeled with 1 mM cell proliferation dye (eBio-

science, Paris, France) before culture initiation. After 5 days of cul-

ture, cells were harvested and incubated with antibodies, and the

dilution of the cell proliferation dye was assessed by flow cytometry.

Ig concentrations were measured in the culture supernatants

by Luminex following the manufacturer’s protocol (Affymetrix E-bio-

science; Human Isotyping procartaplex).

Western Blot Analyses of Purified B Cells
Onday 5, activated B cells were lysed in RIPAbuffer (25mMTris-HCl,

pH 7.6, 150 mM NaCl, 1% NP-40, 1% Na-deoxycholate, and 0.1%

SDS) containing a cocktail of protease and phosphatase inhibitors

(Roche). After concentration assessment, proteins were separated on

SDS gels and transferred on nitrocellulose membranes (Amersham;

GEHealthcare Life Sciences). The blots were incubated with different

primary antibodies. Supplemental Material has details.

Isolation and Culture of CD4 Cells
CD4 cells from frozen PBMCs were purified by negative selection

using the CD4 cell isolation kit II for magnetic cell separation (Mil-

tenyi Biotec SAS, Paris, France). Isolated CD4 cells were then labeled

with cell proliferation dye (eBioscience) and cultured with anti-CD3

(Miltenyi Biotec SAS) at the concentration of 2mg/mlwith or without

B cells at a 1:1 ratio during 4 days.

In Vitro Tfh-B Cell Coculture Assays
B cells and Tfhs were isolated from HBD whole blood using the

MACSprep HLA B/T Cell Isolation Kit (Miltenyi Biotec SAS). Sort-

ing conditions were detailed in Supplemental Material. Memory

Figure 9. The circulating Tfh of KTRs treated with Belatacept display lower levels of markers of activation. PD1, ICOS, and CD28 expressions
were studied on gated Tfhs (CD4+CD45RA2CXCR5+) by flow cytometry. (A and B) Dot plots are shown for Fluorescence Minus One, one
representative of KTRs treated with CNI, and another with Belatacept. (C) Proportion and (D) number of activated ICOS+ Tfhs in CD4+ cells.
(E) Proportion and (F) number of activated PD1+ICOS+ Tfhs in CD4+ cells. (G and H) Proportions of (G) ICOS+ Tfhs or (H) PD1+ICOS+ Tfhs in
Tfhs. Data are given as mean6SEM for each group (Belatacept, n=6; CNI, n=6; HBD, n=6). Bela, Belatacept. *P,0.05 versus CNI (Kruskal–
Wallis test [D, F, and G] or Mann–Whitney U test [C, E, and H]); #P,0.05 versus HBD (Mann–Whitney U test [C, E, and H]).
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B cells (13104) were cocultured with blood Tfhs at a 1:1 ratio with

endotoxin-reduced staphylococcal enterotoxin B (100 ng/ml;

Sigma-Aldrich). Belatacept was added to the cell cultures at differ-

ent concentrations (10 and 40 mg/ml).

Supplemental Material has details.

Patients
Two groups of first KTRs were included in the study. (1) The first

group included KTRs treated with Belatacept (LEA29Y), mycophe-

nolate mofetil, and steroids (n=10). We picked out patients from

phase 3 clinical studies cohorts (BMS) from Henri Mondor and Bi-

cêtre Hospitals. These patients had had stable renal function (Mod-

ification of Diet in Renal Disease .35 ml/min and proteinuria ,0.5

g/g). Time between transplantation and sample analysis ranged from

8 to 14 years. (2) The second group included patients with stable graft

function treated with CNI, mycophenolate mofetil, and/or steroids

(n=12). Patients were selected from our database, were not immu-

nized at the time of transplantation, and were matched to patients on

Belatacept for the date of transplantation.

In both groups, we excluded patients with history of humoral

rejection or HLA sensitization (defined by DSAs with MFI.1100)

and those with a recent event of acute T cell–mediated rejection,

infection, or tumor (,6 months).

Detailed clinical data are presented in Table 1. All participating

patients gave written informed consent.

A control group of HBDs was included (n=12).

Immunophenotyping of Blood B Cells and Tfhs
B and Tfh subsets were characterized from freshly isolated PBMCs by

flow cytometry (BD Canto II) with the following markers: CD19,

CD24, CD38, CD80, CD3, CD4, CD45RA, CXCR5, CD274,

CD278, CD27, IgD, IgM, CD86, CD197, CXCR5, CCR6, CXCR3,

and CD279. Supplemental Material has further details.

Markers of activation and costimulation were analyzed according

to the percentage of positive cells and the intensity of expression as

evaluated by MFI with the FlowJo v.10 software (Treestar).

Statistical Analyses
Statistical analyses were performed using GraphPad Prism software.

Statistical analyses were adapted to data distribution (Kruskal–Wallis

test, Mann–Whitney U test, and nonparametric paired Wilcoxon

test). Continuous variables from patients and HBD groups were ex-

pressed as mean6SEM and compared using the Kruskal–Wallis test.

Paired biologic observations from cells cultures were analyzed using

Wilcoxon paired nonparametric tests (flow cytometry and Western

blot data). Significance was defined as a P value of ,0.05.
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Costimulatory blockade molecules
and B-cell–mediated immune response:
current knowledge and perspectives
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There is an urgent need for therapeutic agents that target
humoral alloimmunity in solid organ transplantation. This
includes sensitized patients with preformed donor-specific
human leukocyte antigen antibodies and patients who
develop de novo donor-specific antibodies, both of which
are associated with acute and chronic antibody-mediated
rejection and allograft loss. In the last decade, both
experimental and clinical studies highlighted the major
impact of costimulation molecules in the control of
immune responses both in the field of transplantation and
autoimmune disease. Although these molecules have been
initially developed to control the early steps of T-cell
activation, recent evidence also supports their influence at
several steps of the humoral response. In this review, we
aim to provide an overview of the current knowledge of the
effects of costimulatory blockade agents on humoral
responses in both autoimmune and allogeneic contexts.
We first present the effects of costimulatory molecules on
the different steps of alloantibody production. We then
summarize mechanisms and clinical results observed using
cytotoxic T lymphocyte antigen-4 (CTLA4)-Ig molecules
both in transplantation and autoimmunity. Finally, we
present the potential interest and implications of other
costimulatory family members as therapeutic targets, with
emphasis on combinatorial approaches, for the optimal
control of the alloantigen-specific humoral response.
Kidney International (2019) -, -–-; https://doi.org/10.1016/
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A ntibody-mediated rejection (AMR) is now a well-
recognized major contributor to graft loss in kidney
transplant recipients. It accounts for up to two-

thirds of death-censored graft failures beyond the first year
of transplantation and is the leading cause of late transplant
failure.1,2 AMR is likely to occur in sensitized kidney allograft
recipients with anti-human leukocyte antigen (HLA) donor-
specific antibodies (DSAs) before and after transplantation.3,4

Although our understanding of the mechanisms behind DSA
development is far from complete, pathogenesis as well as
clinical and histological features of DSA-mediated graft injury
have been more extensively analyzed during the last decade.5

Indeed experimental studies have shed light on the natural
history of acute and chronic AMR.6 The sequence starts
with the generation of antibodies directed against the graft.
Although highly polymorphic mismatched HLA molecules
represent the most documented targets for DSAs, it is clear
that DSAs can also be directed against other kinds of molec-
ular targets including polymorphic minor histocompatibility
antigens and, following a breakdown of B-cell tolerance,7

nonpolymorphic autoantigens.8 Binding of circulating DSAs
to directly accessible graft endothelial cells can trigger the
activation of classical complement pathway, a central process
in the pathophysiology of acute AMR.9 By contrast, the path-
ogenesis of chronic AMR appears to be mainly related to
antibody-dependent cell-mediated cytotoxicity.10 Binding of
the Fc fragment of DSA complexes to innate immune cells
causes their activation and inflammation, leading to smol-
dering endothelial cell damage.11 In turn, chronic vascular
inflammation promotes the progressive development of
typical vascular lesions, that is, transplant glomerulopathy,
allograft vasculopathy, and lamination of the peritubular
capillary basement membrane.12

Improving long-term graft survival by targeting various as-
pects of the humoral immune response is a major goal in
modern transplantation. To prevent both acute and chronic
AMR, de novo DSA synthesis needs to be prevented or limited.
Currently, conventional immunosuppressive protocols involve a
short-term induction therapy with basiliximab or thymoglobu-
lin, followed by a life-long maintenance immunosuppression
combining anticalcineurine, antiproliferative drugs such as
mycophenolate mofetil or mammalian target of rapamycin in-
hibitors, and steroids. Although, these drugs target the different
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signaling pathways leading to alloantibody production by B cells,
around 15% to 30% of renal transplant recipients still develop de
novo DSAs.13–16 Therefore they are not effective enough to
inhibit de novo DSA production, and new strategies need to be
defined.

Additionally, currently up to 30% to 40% of transplant
candidates are already sensitized, limiting their donor options
and putting them at a higher risk for AMR. Therefore, immu-
nosuppressive protocols were tested to attempt to remove anti-
bodies in sensitized allograft patients to expand their chance of
receiving a compatible transplant and increasing graft survival.17

These included numerous attempts to boost conventional
immunosuppression, or to inhibit or remove B cells, plasma
cells (PCs), antibodies, or complement18 or a combination of
these through the use of B-cell depleting agents (e.g., rituximab
and anti-CD20), i.v. Ig, and plasmapheresis. Unfortunately, once
DSAs are established, no current therapies can reliably reverse
their pathogenic effects: DSA titers were incompletely reduced,
and rebound of antibody production after treatment could be
observed leading to an overall increased risk of AMR and graft
loss in some patients. Moreover these controlled trials have used
different treatment protocols and have been underpowered
and of low quality.19,20 These results strengthened the need
to identify new molecules and optimal immunosuppressive
strategies to target humoral immune responses.

Recent findings have highlighted the major impact of
costimulation (co-stim) molecules for the control of immune
responses. Targeting the second signal of T-cell activation
with co-stim blockade to inhibit activation, or checkpoint
inhibitors to increase it, has been a revolutionary medical
advance of the last decade. Unexpectedly, experimental data
and clinical studies suggested co-stim molecules also play a
large role in controlling humoral immune responses in both
autoimmune and allogeneic settings. This review aims to
describe immune mechanisms leading to DSA production
and how co-stim blockade can modulate humoral immunity.
We next consider clinical evidence for co-stim–mediated
control of humoral immune responses in transplantation and
autoimmune diseases with a focus on the first clinically
released drug, cytotoxic T lymphocyte antigen-4 (CTLA4)-Ig.
Finally, we discuss the potential involvement of the individual
family members and suggest original combinatory strategies
to optimally control allogenic humoral responses.

IMMUNE MECHANISMS LEADING TO DSA PRODUCTION: ROLE
OF COSTIMULATORY MOLECULES
General mechanisms
DSAs are high affinity antibodies, typically IgG isotypes,
mostly directed against donor HLA molecules. These char-
acteristics imply that DSA generation results from a T-cell–
dependent B-cell response. This type of humoral response,
which primarily develops within secondary lymphoid organs
(spleen or lymph nodes), involves 2 distinct events that are
separated both spatially and temporally (Figure 1). Early
events include, in parallel, the activation or priming of allo-
geneic T cells by dendritic cells and allogeneic B cells by the

antigen in the secondary lymphoid organs (i.e., lymph nodes
and spleen).21 Both activated B and T cells then migrate to the
border of B-cell follicles and T-cell zones, respectively, where
they undergo cognate interactions. These interactions lead
to the development of the germinal center (GC) response.
GC B cells will cyclically increase their affinity to the antigen
and expand oligo-clonally.22,23 At one point, memory B cells
and long-lived PCs will be generated, but the exact signals
that stop GC cycle and drive one or the other fate are
unknown.24

T follicular–B-cell crosstalk
T follicular helper cells (Tfh) are now recognized to play a
major role in the development of humoral responses.25–27 Tfh
are T helper cells specialized in helping GC B cells through
cell-to-cell contact and the production of cytokines including
interleukin-21 (IL-21). Their differentiation requires the
transcription factor Bcl-6 and they can be defined by inducible
costimulatory molecule (ICOS) expression with high CXC
chemokine receptor-5 (CXCR5) and program death-1 (PD-1)
expression.28 Experimental models and human studies sug-
gest that targeting Tfh, and particularly Tfh–B-cell crosstalk,
might be fundamental to control de novo humoral immune
responses in transplantation. In several nonhuman primate
models, Kwun et al.29,30 showed that GC size and frequency
were positively correlated with DSA production and inci-
dence of humoral rejection. Studies of Tfh–B-cell crosstalk
are limited in humans due to the difficulties to access human
lymph nodes.31,32 Circulating blood subsets of “Tfh” were
identified.33 They share some, but not all, phenotypic char-
acteristics with lymph node Tfh. These cells were found to
express CXCR5, ICOS, and PD-1 but at a lower level than
lymph node Tfh, and they do not express the transcription
factor Bcl-6, known to be required for Tfh formation (in
mice and humans).34 They can also interact with B cells,
secrete IL-21 ex vivo, and induce plasmablast differentiation
and antibody secretion in vitro. The origins and role of this
T-cell population are still debated, and whether they can
directly reflect ongoing follicular Tfh–B-cell interactions re-
mains to be fully determined. However, increased pro-
portions of these circulating Tfh-like subsets were shown to
precede seroconversion in human vaccination studies.35

Chenouard et al.36 recently showed that following kidney
transplant, increased blood Tfh frequency preceded HLA
sensitization in calcineurin inhibitor–treated patients.
Conversely, operational-tolerant recipients, a unique and
rare clinical situation in which kidney graft function is
preserved without immunosuppression, displayed lower
DSA incidence, lower frequencies, and lower functional
ability of circulating Tfh compared with control graft
patients.

Interestingly, 2 of the main markers used to identify and
characterize Tfh functions, ICOS and PD-1, belong to the co-
stim molecule family. ICOS is known to be critical for Tfh
formation in mice,37 and PD-1 was found to regulate the
functional capacity of human blood Tfh.38 This highlights
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that a better understanding of the function of co-stim mol-
ecules on human Tfh and their role in Tfh–B-cell crosstalk
may be crucial for future therapies.

Role of co-stimulatory molecules in Tfh generation, Tfh-B cell
crosstalk and B cell responses

Family of co-stim molecules. Co-stim molecules have his-
torically been shown to be fundamental for T-cell priming by
dendritic cells (DCs). They are a complex set of stimulatory and
inhibitory molecules that are responsible for the fine-tuning of T-
cell activation.39–41 After antigen recognition and engagement of
the T-cell receptor, the interaction of antigen-presenting cells
(APCs) co-stim molecules with their ligands on T cells provides
the additional signal required to fully achieve T-cell activation.
CD40 on APC binds to its T-cell ligand CD40L, resulting in the
up-regulation of B7 molecules (CD80/CD86) and other co-stim
molecules on APC.42 CD28, which is constitutively expressed
on T cells, then binds to its ligands CD80 and CD86 on APC
leading to T-cell activation. Co-stim pathways also trigger the
expression of inhibitory receptors that are responsible for turning
off or shutting down the system to prevent uncontrolled activa-
tion. The inhibitory receptors share the same ligands as their
stimulatory counterparts and thus the competition for ligands is a
further mechanism of fine-tuning T-cell activation. For example,
the inhibitory receptor CTLA4 is induced by T-cell activation and
binds to the B7 molecules CD80 and CD86 on APC with higher
affinity than to CD28. Thus its expression prevents further
stimulatory CD28 ligation from the APC (T-cell–extrinsically)
and produces a T-cell intrinsic inhibitory signal.

Role of co-stim molecules in Tfh generation and function. It
has recently been proven that co-stim molecules also play an
important role in the different steps of Tfh differentiation and

function (Figure 2a). Due to their complexity and involve-
ment at different stages of this process (Figure 2b), the use of
genetically deficient animal models was crucial to demon-
strate their functions.

ICOS, a critical mediator of Tfh-cell generation and functio-
n. ICOS plays an important role at each stage of Tfh
development and function. At an early stage, after DC
priming, ICOS–ICOS ligand (ICOS-L) interactions partici-
pate in the up-regulation of Epstein-Barr virus-induced-2
leading to development of Tfh precursors.43 Further chemo-
kine receptor changes allow them to migrate to the B-cell
follicle border.28,37,44 Interactions between ICOS on Tfh and
ICOS-L on bystander B cells induce the activation of the
proteasome inhibitor-3 kinase pathway, which is essential for
Tfh localization in the GC.45 There, B cells offer repeated
antigen presentation and costimulation through ICOS to
promote full development of Tfh cells by inducing expression
of the transcription factor Bcl-6.37 ICOS may also play a role
in Tfh differentiation or survival by regulating the induction
of the transcription factor c-Maf, potentially through
expression of IL-21.46,47 In the GC, ICOS-L is responsible for
the entanglement between Tfh and GC B cells, a crucial
feature to select B-cell clones with the highest affinity for the
antigen.48 Therefore, in mice, ICOS plays an important role in
multiple stages of humoral immunity. Accordingly in
humans, patients with ICOS deficiency have severely damaged
GC and reduced blood CXCR5þ CD45ROþ memory cells.
Therefore, ICOS signaling is also likely to play a fundamental
role for Tfh differentiation in humans.49

PD-1, a complex role in Tfh function. PD-1 is another key
marker that defines Tfh phenotype. On non-Tfh T cells, PD-1
is a marker of exhaustion. PD-1 signaling down-regulates the
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activation of effector T cells by dampening CD28
signaling.50,51 However, the precise role of PD-1 in Tfh ho-
meostasis and function is more complex. Good-Jacobson
et al.52 showed that PD-1–deficient mice displayed increased
number of Tfh with decreased abilities to secrete cytokines
(IL-4 and IL-21). On the B-cell side, PD-1–deficient mice had
increased GC B-cell mortality, decreased number of PCs, and
overall decreased Ig production. However the remaining PC
produced higher affinity antibodies than in PD-1–sufficient
mice.52 Recently, Shi et al.53 studied why PD-1 represses Tfh
formation while it is also highly expressed on Tfh. They found
that PD-1 signaling helps to restrain Tfh in the GC by
repressing CXCR3 expression that would distract Tfh and
potentially allow them to migrate out of the GC.53 Thus PD-1
functions in Tfh formation and GC localization.

CD28-CTLA4, additional players in regulating Tfh differ-
entiation. The role of CD28 for T-cell activation has been
known for a long time. Recently it is also has been found that
continuous CD28 expression is required for Tfh differentia-
tion.54 Along parallel lines, CTLA4, the inhibitory competitor
of CD28, restrains Tfh responses and inhibits their B-cell
stimulatory function. Specifically, deletion of CTLA4 on Tfh
increased GC B cells and serum antibody titers.55,56

B-cell intrinsic role of co-stimulatory molecules. Co-stim
molecules also play a role in regulating B-cell responses
directly. CD40 signaling in B cells, triggered by its interaction
with CD40L on Tfh, is a well-known example of a co-stim
pathway directly influencing B-cell fate by a cell-intrinsic
mechanism. The combinatory signals of CD40 and IL-21 in
activated B cells induce the expression of Bcl-6, a major

transcription factor required in GC B cells.57 In GC B cells, Luo
et al.58 recently showed that CD40 ligation in conjunction with
B-cell receptor signaling was required to induce c-Myc, amajor
transcription factor for GC B-cell maintenance and survival.
Moreover, it was demonstrated that CD40 was required on B
cells intrinsically in the generation of antigen-specific GC B
cells, high-affinity class-switched antibody production, and
also for antigen-specific Tfh formation, suggesting that CD40-
CD40L signaling is also bidirectional.59–61 Furthermore, CD40
signaling intrinsically regulates B-cell homeostatic mainte-
nance.62 In contrast to GC B cells, CD40 ligation alone is
sufficient to activate naïve B cells in vitro.

Although the CD28-CTLA4/CD80-CD86 pathway has
been thought to mainly control T-cell activation, recent evi-
dence suggests that they might also play a direct role on B
cells. Both long-lived PCs, that survive in the bone marrow
and participate in sustaining long-term antibody levels, and
short-lived PCs, reexpress CD28 in mice and humans,63 due
to the loss of the B-cell master regulator Pax5 during terminal
differentiation.64 Two teams have independently shown a role
for CD28 in PC function. However, its exact function is still
debated. Rozanski et al.65 showed that specific CD28 defi-
ciency in the B-cell lineage was sufficient to decrease antigen-
specific IgG titers by 10-fold after immunization, even with
adequate T-cell help. They further showed a PC-intrinsic
function of CD28 that supports the survival of long-lived
PC in the bone marrow leading to increase antibody titers65

through a Blimp-1 dependent mechanism.66 However, Njau
et al.67 found increased frequencies of PC and antibody
production in CD28-deficient PC.
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The current evidence supports that targeting co-stim
molecules likely acts both on the T cells as well as on B
cells (including PCs) to modulate the Tfh–B-cell crosstalk.
Thus, further development of strategies targeting these mol-
ecules will be important to further our ability to modulate
humoral responses.

CO-STIM BLOCKADE IMMUNE MECHANISMS ON B-CELL
RESPONSES: THE CTLA4-IG EXPERIENCE
Drugs targeting co-stim receptors have been developed in the
past 2 decades to prevent T-cell–mediated allograft rejection,
or to control the activation of autoreactive T cells in auto-
immune settings (Figure 3). A thorough compilation of the
relevant co-stim molecules, drugs that target them, and
clinical trials can be found in Table 1. The CD28/CTLA4/B7
axis was the first pathway to be therapeutically inhibited. The
use of a recombinant CD28-Ig to bind CD80/CD86 and block
natural CD28 signaling was ineffective due to its low affinity
for its B7 ligands leading to the development of another re-
combinant protein: the CTLA4-Ig (abatacept).41 This fusion
protein comprises the extracellular domain of human CTLA-
4, which has a higher affinity for CD80 and CD86 than CD28
does, fused with a fragment of the Fc portion of human IgG1,
to increase its half-life. Because the majority of the first
experimental and clinical data are related to the use of
CTLA4-Ig (abatacept) and its higher affinity version belata-
cept (or LEA29Y)68 in autoimmunity and transplantation, we
will focus first on what was learned from these studies.

Although belatacept has been mainly developed to target
DC-priming of T cells, preclinical models have interestingly
shown that the use of belatacept inhibited humoral responses
in transplantation settings. Follicle size, GC proportion, and
IL-21 secretion were decreased in belatacept-treated primate

recipients, suggesting a specific role of belatacept on Tfh–B-
cell crosstalk.

The studies by Chen et al.69 and Young et al.70 further
showed, in murine models, that delayed CTLA4-Ig could
inhibit ongoing humoral response, even if priming of allo-
genic T cells had already occurred. Indeed, introduction of
CTLA4-Ig treatment 14 days after sensitization inhibited
alloantibody production and collapsed GC responses. These
results suggested that CTLA4-Ig action on B-cell stimulatory
capacities were important, independently of T-cell priming by
DCs. Recently, in a murine skin transplant model, Badell
et al.71 showed that belatacept inhibited the function of
adoptively transferred allogenic Tfh leading to decreased
sensitization.

We further studied mechanisms underlying Belatacept
action on humoral response in humans.72 We showed that
belatacept inhibited Tfh–B-cell crosstalk in vitro by decreasing
the proportion of activated PD-1þICOSþ Tfh cells, decreasing
Tfh proliferation, and decreasing the differentiation of B cells
into plasmablasts. We confirmed that belatacept-treated kid-
ney-graft recipients displayed lower frequencies of circulating
Tfh and terminally differentiated B cells than control re-
cipients did, suggesting that belatacept might also target and
inhibit Tfh–B-cell crosstalk in vivo.

Previously, belatacept was mainly thought to alter B-cell
responses by blocking T-cell priming. We unraveled an
additional B-cell intrinsic mechanism. We showed it could
directly inhibit the Ig production of activated B cells in vitro,
without any T-cell intervention. The direct effect of belatacept
on B cells may imply a signaling through CD86, which was
interestingly highly expressed in plasmablasts. It induced
signal transducer and activator of transcription 3 activation in
stimulated B cells but not in the Akt/nuclear factor kB
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pathway, similar to CTLA4-Ig–mediated reverse signaling
described in DCs.73,74

The current evidence supports that targeting co-stim
molecules likely acts both on the T cells as well as on B
cells (including PCs) to modulate the Tfh–B-cell crosstalk.
Thus, further development of strategies targeting these mol-
ecules will be important to further our ability to modulate
humoral responses.

Belatacept use in transplantation: 1 step toward a better
control of humoral responses
Belatacept was initially developed as anticalcineurine-sparing
strategies to prevent their nephrotoxicity. Phase II and III
clinical studies, Belatacept Evaluation of Nephroprotection
and Efficacy as First-line Immunosuppression (BENEFIT) and
Study of Belatacept in Subjects Who Are Undergoing a Renal
Transplant (BENEFIT-EXT), which evaluated belatacept effi-
ciency in nonsensitized kidney graft recipients showed an in-
crease in (i) overall survival, (ii) in graft survival leading to a
43% reduction in the risk of death or graft loss, and (iii) an
improved graft function when recipients were treated with
belatacept as compared to anticalcineurine regimens.75 Several
hypotheses could be drawn to explain this clinical efficiency,76

including improved patient’s compliance to monthly infused
treatment and anticalcineurine-sparing toxicity.

Importantly, these studies also highlighted that belatacept-
treated recipients had a drastic reduction of DSA incidence.

The cumulative rate for the development of DSAs was 4.6%
in the belatacept group versus 17.8% in the control group, 84
months after transplantation.75 The lower incidence of HLA
sensitization may account for the decreased risk of humoral
rejection and clinical efficiency with belatacept treatment.

Animal models also confirmed that belatacept specifically
inhibited humoral responses and T-dependent antibody
production. Belatacept inhibited anti-sheep red blood cell
antibodies secretion more efficiently than its predecessor
abatacept in a murine model.68 Furthermore, in nonhuman
primate kidney transplant model, belatacept treatment was
the only treatment able to prevent DSA formation,77 whereas
combinatory treatment with anti-CD3, tacrolimus (anti-
calcineurine), and alefacept (anti-CD2) were ineffective at
preventing DSA formation and AMR.

Overall, belatacept effects on humoral responses led, for
the first time, to improved clinical results as compared to the
reference therapy (anticalcineurine þ mycophenolate
mofetil þ corticosteroid) in nonsensitized kidney recipients
that led to its US Food and Drug Administration approval in
2011. To more specifically inhibit CD28-mediated stimulatory
pathway, while leaving CTLA-4 inhibitory signaling intact
(especially on Tfh), a new generation of CD28 blockade
agents was engineered: a pegylated Fab0 antibody fragment
antagonist of CD28, CD28-Fc (FR104).78–80 In a nonhuman
primate transplantation model, CD28-Fc seems to have an
even more potent effect in controlling Tfh–B-cell crosstalk

Table 1 | B-cell targeting therapies

Pathway

Name

Agent TargetINNs Commercial

Cytokine
IL-6 Tocilizumab Roactemra Humanized mAbs IL-6-R

Clazakizumab (BMS-945429) Humanized mAbs IL-6
BAFF Belimumab Benlysta Human mAbs BAFF

Atacicept TACI-Ig BAFF
Blisibimod Selective antagonist BAFF
Tabalumab Human mAbs BAFF
VAY736 Human mAbs BAFFR

Costimulatory molecules
CD28/CD80-CD86 Abatacept Orencia CTLA4-Ig CD80/CD86

Belatacept Nulojix CTLA4-Ig CD86/CD80
ASP2409 CTLA4-Ig CD86
Lulizumab Humanized mAbs CD28
FR104 Nanobodies CD28

CD40/CD154 Ruplizumab (BG9588) Humanized mAbs CD154
Dapirolizumab (CDP7657) Humanized mAbs CD154

MEDI4920 Nanobodies CD154
Bleselumab (ASKP1240) Human mAbs CD40

CFZ533 Human mAbs CD40
ICOS/ICOS-L Prezalumab (AMG 557) Human mAbs ICOS-L

MEDI-570 Humanized mAbs ICOS
Other target

B cells Rituximab MabThera Chimeric mAbs CD20
CD38 Daratumumab Darzalex Human mAbs CD38
CD25 Basiliximab Simulec Humanized mAbs CD25

Bortezomib Velcade Inhibitor Proteasome

BAFF, B-cell–activating factor; BAFFR, BAFF receptor; CTLA4, cytotoxic T lymphocyte antigen-4; ICOS, inducible T-cell costimulator; ICOS-L, ICOS ligand; IL, interleukin; IL-6-R,
interleukin-6 receptor; INN, international nonproprietary name; mAbs, monoclonal antibodies; TACI, transmembrane activator and calcium-modulating cyclophilin ligand
interactor.
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than belatacept81: IL-21 gene expression was decreased in
FR104-treated animal biopsies at 1 month. FR104 also
inhibited Tfh proliferation more potently than belatacept in
an in vitro model of Tfh–B-cell coculture. In a murine skin
transplant model, anti-CD28 led to superior inhibition of
donor-targeted Tfh, GC B cells, and DSA production than
CTLA4-Ig did.71 Also promising, evaluation of its effects in
human transplantation settings is warranted.

CTLA4-Ig in autoimmune disease
Though the previously described therapies were initially
designed to target T cells, in light of their newly recognized
effects on humoral responses, it is important to reconsider
their mechanism of action in autoimmune diseases. Whereas
generation of DSAs is the driving process of AMR patho-
genesis, the precise roles of autoantibody in the physiopa-
thology of autoimmune diseases is still poorly understood.
One reason for this is that in transplantation settings, the
source of the initial exposure to the antigens and the patho-
physiological mechanisms of T- and B-cell–mediated damage
are known. However, at the time of diagnosis of an autoim-
mune disease, the progression and evolution of the immu-
nological processes underlying it are unknown. Moreover,
“autoimmune diseases” refers to a variety of conditions with
very different pathological contexts and pathogenesis.

Based on the finding that CD28-deficient mice were resis-
tant to arthritis in a model of collagen-induced arthritis,82

targeting autoreactive T cells with CTLA4-Ig demonstrated
striking reduction of disease manifestations in lupus disease83

and collagen-induced arthritis82 mouse models. According to
the timing of administration, CTLA4-Ig administration either
prevented the development of or was able to ameliorate
collagen-induced arthritis.82,84

The promising preclinical results in murine models of
lupus, especially for the treatment of arthritis, spurred the
initial human clinical trials of CTLA4-Ig. They mainly
focused on the treatment of patients with psoriasis85 and
rheumatoid arthritis. Successful clinical trials with abatacept
(human CTLA4-Ig) led to abatacept approval by the US Food
and Drug Administration for the treatment of rheumatoid
arthritis in 2005.86 These trials showed a reduction in auto-
antibody production, but it is unknown whether it is a direct
effect of CTLA4-Ig treatment on the humoral response or an
indirect effect of reduced disease. CTLA4-Ig has been re-
ported to inhibit antibody responses in humans in the context
of autoimmunity. Antibody titers induced after vaccination
with the monovalent pandemic 2009 influenza A H1N1 virus
vaccine was severely reduced in abatacept-treated rheumatoid
patients as compared to control patients treated with meth-
otrexate (9% vs. 58%).87

Using the NZB/NZW.F1 experimental murine model of
systemic lupus erythematous (SLE), it was observed that
administration of murine CTLA4-Ig prolonged survival and
prevented autoantibody production.83 However, clinical trials
of abatacept in SLE patients have not shown any clear effi-
cacy.88 In lupus nephritis, abatacept did not clearly improve

the outcome, despite some evidence of biological activity,
including decreased anti-double-stranded DNA antibody, C3,
and C4 levels, but the results were inconsistent.89–91 Collec-
tively, a more thorough understanding of both the patho-
physiology of individual autoimmune diseases and the precise
mechanisms of function of abatacept is needed for a more
targeted approach to treatment.

OTHER CO-STIM BLOCKADE AGENTS
Although CD28 was the first co-stim pathway to be thera-
peutically targeted, current knowledge involving other co-
stim pathways in T-cell activation led to the development of
novel co-stim blockade agents. They have mainly been tested
in animal models. We will review their potential impact on
humoral responses in light of recent advances of functional
mechanisms.

CD40/CD154
The CD40/CD154 (CD40L) pathway seemed among the most
promising therapeutic targets in preclinical murine and
nonhuman primate models of transplantation. It belongs to
the tumor necrosis factor superfamily (Figure 2). As discussed
in the co-stim blockade immune mechanisms on B-cell re-
sponses section, in contrast to other co-stim pathways where
the ligands on the APC mainly amplify T-cell activation
signaling pathways, activation of CD40 on B cells by CD40L is
crucial for T-cell–dependent B-cell activation and at several
steps of their differentiation.58 Consequently, the blockade of
this pathway has drastic consequences on humoral responses.
In humans, the genetic deficiency of CD40L leads to a severe
immune disorder: hyper IgM syndrome. Patients who are
genetically deficient in CD40L are severely immune-
compromised; they lack GC reactions and produce decreased
levels of class-switched antibodies,92–94 demonstrating the
importance of CD40/CD40L in immune responses.

In numerous experimental models of transplantation, in-
hibition of the CD40/CD40L pathway led to remarkably
increased graft survival.95,96 Interestingly, using anti-CD154
(anti-CD40L) therapy has drastic consequences in reducing
DSA production in mouse models: treatment with anti-
CD154 was able to terminate ongoing GC reactions69 and
effectively reduced alloantibody production following renal
transplantation in rhesus macaques.77 Finally, blocking this
pathway is a potent means to induce tolerance, in other
words, stable graft function without any continuous immu-
nosuppressive therapies, in experimental models.97

However, human clinical trials evaluating the safety and
efficiency of anti-CD154 reagents had to be prematurely
stopped due to severe thromboembolic complications, related
to CD154 expression on human platelets.98 Anti-human
CD40, ASKP1240, has now been developed as a safe and
efficient alternative.99,100

Importantly, anti-CD40 is also very potent in controlling
humoral responses. In nonhuman primates, it inhibited
the production of antibodies against tetanus toxoid in a dose-
dependent manner, with a complete inhibition of anti-tetanus
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toxoid IgG generation at the highest dose.100 These results
suggest it also effectively blocks GC and the production of
high affinity antibodies in this model. Moreover, production
of DSAs was abolished in ASKP1240-treated monkeys in a
model of pancreatic islet transplantation.99 ASKP1240 ap-
pears to be a promising candidate for immunosuppression in
clinical transplantation. Several clinical trials in humans are
ongoing.101,102

PD-1/PD-L1
PD-1/PD-L1 is a major inhibitory pathway of T-cell activa-
tion. The use of PD-1 inhibitors to boost T-cell immunity has
revolutionized the treatment and prognosis of several meta-
static cancers.103 As discussed in the Immune mechanisms
leading to DSA production: role of costimulatory molecules
section, Tfh cells express high levels of PD-1 but its function
on this specific T-cell subset is complex. It dampens T-cell–
receptor and CD28 signaling and the accumulation of Tfh.
However, it also influences Tfh migration and the stringency
of B-cell affinity exiting the GC.52,53 Therefore, in contrast to
CTLA4-Ig, which mainly blocks T cells from receiving co-
stim signals, administering PDL1-Ig is hypothesized to
induce an inhibitory signal through PD-1 on T cells. Because
PDL1-Ig is designed to mimic a stronger PD-1 signal, it may
also inadvertently increase the affinity of B cells that effec-
tively seed a GC. PDL1-Ig efficacy to prevent organ rejection
was studied in some experimental models.104,105 PDL1-Ig,
used in combination with anti-CD154, greatly increased or-
gan survival to 140 days versus 40 days and 13 days with the
anti-CD154 or PDL1-Ig alone, respectively. Its impact on
humoral response has not been assessed yet and will be
critical information.

ICOS/ICOS-L
The ICOS-ICOS-L pathway is essential for Tfh differentiation,
GC development, and maintenance.37,48 However, robust
antigen delivery by cognate B cells may overcome ICOS-L
requirement on B cells using compensatory signals.106 Thus
targeting the ICOS/ICOS-L pathway in autoimmunity or or-
gan transplantation should be closely monitored.

To target this pathway, 2 therapeutic strategies have been
developed and are in preclinical studies: the use of recombi-
nant ICOS-Ig protein, and the anti-ICOS–blocking antibody.
ICOS-Ig was designed to out-compete binding of surface-
bound ICOS on T cells to its cognate receptor ICOS-L on
APC, thus preventing the delivery of co-stim signal from APC
to T cells (Figure 2). ICOS-Ig was subsequently found to
prevent the binding of ICOS-L to CD28. Preclinical studies
evaluating ICOS-Ig efficacy on preventing allograft rejection
produced disappointing results. In kidney transplanted
nonhuman primates, compared with untreated animals, the
use of ICOS-Ig alone as a short-term treatment did not
modify overall survival.107 Furthermore, coadministration of
ICOS-Ig with belatacept did not improve graft survival as
compared to belatacept alone. More recently, coadministra-
tion of ICOS-Ig with anti-CD40 also did not improve survival

as compared to anti-CD40 alone in a model of cardiac
transplantation in nonhuman primates.108

The use of anti-ICOS, however, seemed to more effectively
block humoral responses in preclinical models. It led to a
decreased production of DSAs in a model of islet xeno-
transplantation.109 Moreover, in combination with anti-CD40
in a model of chronic cardiac humoral rejection, anti-ICOS
led to decreased DSAs titer and ameliorated histology as
compared to anti-CD40 alone.110 Hence, anti-ICOS treat-
ment may be a promising candidate for clinical trials. It may
be particularly effective when used in combinatory therapies,
as compensatory pathways may overrule its requirement.
Optimal combinatory therapies still need to be defined and
tested in humans.

B7-H4
B7-H4 is a new receptor of the B7 family, mainly expressed on
B cells;111 however, its ligand is unknown.112 B7-H4 trig-
gering on B cells in the context of Epstein-Barr virus infection
led to increased expression of Fas-L inducing their
apoptosis113 and reduced the proliferation of Epstein-Barr
virus–transformed lymphoma B cells.114 B7-H4 also
appeared to play a role in modulating autoimmune disease.
B7-H4–deficient lupus-prone mice have more severe disease
and increased production of autoantibodies.115 Inhibiting B7-
H4 in a model of cardiac transplantation increased DSA
production without any influence on graft survival.116

Conversely, injection of B7-H4 recombinant protein led to
ameliorated disease in a lupus-prone model.115 Moreover in a
murine pancreatic islet transplantation model, overexpression
of B7-H4 on donor cells led to increased graft survival and
prolonged euglycemia.116–118 In both models, B7-H4 seems to
interact and synergize with the CD28-CTLA4/B7 pathway:
overexpression of B7-H4 increased CTLA4-Ig–mediated graft
survival,118 and conversely blocking B7-H4 in CD28-deficient
mice decreased graft survival.119 B7-H4 targeting may give
interesting results when used in conjunction with CTLA4-Ig–
CD28-Fc regimen.

CD27/CD70
Compared with other tumor necrosis factor-a family mem-
bers, few studies have evaluated the impact of targeting this
pathway in transplantation. However, it has been shown that
CD27/CD70 plays a major role in B-cell hematopoiesis and
differentiation.120 Indeed, CD27 is expressed on early B-cell
progenitors.121 In humans, CD27 is mainly known as a
memory B-cell marker.122 CD70 is transiently expressed on
activated B cells but more permanently on PCs.123 Blocking
CD70 signaling in vitro leads to decreased B-cell activation
and Ig production.124 CD70 pathway may also synergize with
the CD40 pathway.124,125

In experimental models, blocking CD70 led to increased
cardiac graft survival.126 However, clinical efficacy relied on
the use of a depleting antibody.127 Another study suggested
that anti-CD27 therapy might efficiently control memory
humoral responses in presensitized cardiac transplantation
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leading to increased graft survival.128 Hence, targeting CD27/
CD70 may lead to interesting results toward controlling hu-
moral responses.129

FUTURE STRATEGIES
Single agent-based therapy may not be sufficient to reach the
ultimate goal of controlling humoral responses that most
likely rely on redundant mechanisms. Moreover, multiple
barriers exist toward effectively targeting humoral responses.
These include (i) cellular barriers and niches that prevent
drug penetration, such as GC in secondary lymphoid organs
or plasmablast niches in bone marrow, (ii) the complemen-
tarity and redundancy of certain pathways, and (iii) poten-
tially variable effects of the drugs at different stages of the
immune response, the basic mechanisms of which are still
incompletely understood. Due to these complexities, a
combinatorial approach to co-stim blocking may be more
effective, and defining the best combinations is the ultimate
goal.

Combination of co-stim blockades
Co-stim pathways are closely related.39 For example, different
ligands share the same receptor (Figure 2) and signaling of a
given pathway influences the others. Hui et al.50 recently
showed that PD-L1–induced signaling of PD-1 inhibited T-
cell activation through CD28 signaling. We also showed that
using belatacept modifies the expression of other co-stim
molecules, particularly PD-L1, in vitro.72

This implies that targeting 1 co-stim pathway may lead to
the induction of a new equilibrium of all co-stim molecule
expression and function. These changes have to be studied
and taken into account when designing future therapeutic
strategies.

With the use and development of new molecules directly
targeting B and PCs in the autoimmune, transplantation, or
hematological fields, the main challenge will be to design the
best complementary strategies (Figure 3).

Co-stim blockade agents and other B-cell targeting therapies
Bortezomib, a broad-spectrum proteasome inhibitor, inhibits
alloantibody production in patients with kidney trans-
plantation through induction of apoptosis in PCs.130 In the
context of AMR, proteasome inhibitor seems to reduce the
titers of immunodominant DSAs by 50%, especially for early
AMR.131 A similar, although transient, reduction rate has also
been observed for preformed anti-HLA antibodies in a pro-
spective trial of proteasome inhibitor–based desensitiza-
tion.132 Interestingly, Woodle et al.132 also reported a low rate
of de novo DSA production (12.5%) in the 43% of desensi-
tized patients. In another study of 18 patients undergoing
clonal deletion with donor-specific transfusion followed by
treatment with bortezomib, rabbit antithymocyte globulin,
rituximab, and steroids, 4 patients developed de novo DSAs,
whereas 4 could be weaned off immunosuppression.133

Similar results were reported in a small series of pediatric
heart transplant cases, where bortezomib has been associated

with a marked reduction in de novo DSAs and resolution of
AMR.134 More recently a randomized trial of bortezomib in
late AMR failed to demonstrate that bortezomib could pre-
vent glomerular filtration rate loss, improve histologic or
molecular disease features, or reduce DSAs.135 The limited
benefit of bortezomib could be related to the nonselective
nature of proteasome inhibition. In a preclinical model, Kwun
et al.30 evaluated the combination of a proteasome inhibitor
(bortezomib) to deplete bone marrow PC, in conjunction
with 2 co-stim blockade agents (belatacept and anti-CD40 [or
2C10]) to target GC, in a model of presensitized nonhuman
primate kidney transplantation. This strategy increased allo-
graft survival and led to sustainable decreased DSA titers.30

Hence targeting B cells at different maturation stages might
be useful.

Daratumumab binds with high affinity to human CD38
engaging diverse mechanisms of action, including complement-
dependent cytotoxicity, antibody-dependent cellular cytotox-
icity, antibody-dependent cellular phagocytosis, programmed
cell death, modulation of enzymatic activity, and immuno-
modulatory activity.136 Daratumumabmonotherapy induced at
least a partial response in around 30% of heavily pretreated and
refractory patients with multiple myeloma, with a favorable
safety profile.137 While CD38-targeting antibodies were initially
developed to kill malignant PCs, these monoclonal antibodies
may also abrogate the production of autoantibodies in auto-
immune disorders. Indeed, daratumumab was effective in the
treatment of refractory autoimmune hemolytic anemia. Simi-
larly, daratumumab reduced total and allergen-specific IgE
levels by depleting IgE-producing PCs, and this suggests po-
tential value of CD38 antibodies in the management of severe
allergy.138

Both drugs targeting terminally differentiated B cells and
particularly PCs might be particularly interesting to use in
combination therapies when these cells play a detrimental
role: in the context of antibody-mediated rejection or in
presensitized patients.

Co-stim blockade agents and cytokine inhibitors
Another therapeutic possibility would be to combine co-stim
blockade with cytokine inhibitors. In this context, we will
consider the 3 major cytokines implied in B-cell functions:
IL-21, B-cell–activating factor (BAFF), and IL-6.

IL-21 is an important cytokine secreted by Tfh. It sustains
terminally differentiated B-cell generation. Blocking the IL-21
pathway in conjunction with co-stim blockade might be an
efficient means to control humoral responses. In an in vitro
model, in which lymphocytes of the graft recipient are
stimulated with donor antigens, blocking IL-21R led to a
decrease in plasmablast differentiation.139 In preclinical
models of islet transplantation, infusion of soluble IL-21R to
neutralize IL-21, or the IL-21 blocking antibody, doubled
CTLA4-Ig–mediated graft survival.140

The B-cell–stimulating molecules, BAFF and APRIL (a
proliferation-inducing ligand), are critical factors in the
maintenance of the B-cell pool and humoral immunity. BAFF
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and APRIL bind to transmembrane activator and calcium-
modulating cyclophilin ligand interactor, and B-cell matura-
tion antigen, while BAFF additionally binds to a third
receptor, BAFF-R; all 3 receptors are expressed by B lineage
cells.141 BAFF maintains B-cell homeostasis by acting as a
survival and fitness factor for B cells from the transitional
stage of development onward, while APRIL appears to act at a
later stage, modulating the function and survival of antigen-
experienced B cells.142–145 BAFF is elevated in various auto-
immune diseases including SLE, rheumatoid arthritis, and
Sjögren syndrome, and BAFF elevation is associated with
autoantibody production.146 Several therapeutics targeting
BAFF as a treatment for autoimmune diseases have been
developed.147 the US Food and Drug Administration
approved belimumab, a monoclonal anti-BAFF antibody, for
the treatment of SLE in 2011, and atacicept, blisibimod, and
tabalumab, a recombinant soluble transmembrane activator
and calcium-modulating cyclophilin ligand interactor recep-
tor, and 2 selective antagonists of BAFF, respectively, are
currently being tested in phase III trials for the therapy of
SLE.

Recently Kwun et al.29 tested the ability of atacicept to
prevent alloantibody production and prolong allograft sur-
vival after kidney transplantation in nonhuman primates.
They showed that atacicept prevented early DSA formation
and AMR development in an induced AMR model, although
more T-cell rejection findings were observed. Whether tar-
geting BAFF and APRIL could be useful for prevention or
treatment or both of AMR in humans remains to be
established.

IL-6 also plays a major role in B-cell differentiation into PCs
or memory B cells. Moreover, IL-6 is needed for the long-term
survival of PCs.148–150 Blocking IL-6 with tocilizumab (anti IL-
6R) seems to be an efficient method to block unwanted im-
mune responses in autoimmunity,151,152 thus several studies
have evaluated its role in the prevention of graft rejection. Jordan
et al.149 recently reviewed the role of anti-IL-6 therapy on AMR
in transplantation models. Briefly, tocilizumab significantly
reduced the risk of AMR in presensitized kidney transplant re-
cipients.153 However, it was ineffective at treating AMR. A new
generation of IL-6–blocking agents, an anti-IL-6–blocking anti-
body, is being developed and tested (Clazakizumab in Highly-
HLA Sensitized Patients Awaiting Renal Transplant
[NCT03380962]). Several preclinical observations suggest that
the combined use of co-stim blockade with IL-6 blockade might
be highly beneficial for graft survival. In combination with co-
stim blockade (anti-CD154 and CTLA4-Ig), both genetic defi-
ciency in IL-6 and treatment with anti-IL-6 blocking antibodies
led to increased graft survival in multiple transplantation
models.154,155 This association must be better understood and
may improve transplant outcomes in humans but needs to be
evaluated.

CONCLUSIONS
Co-stim molecules are now well-recognized therapeutic tar-
gets for controlling immune activation. They are central to

allo- and auto-reactive T-cell responses and thus are viable
targets for inhibiting graft rejection and auto-reactive T cells.
There are now strong arguments that co-stim pathways may
also play active roles in controlling the pathways leading to
DSAs and autoantibody production. Both experimental
models and clinical data in solid organ transplantation indi-
cate that CTLA4-Ig may uniquely control B-cell responses. It
modulates both their stimulatory capacities, leading to the
impairment of Tfh–B-cell crosstalk, and the production of
antibodies by effector B cells. Other costimulatory molecules
including CD40/CD40-L, ICOS/ICOS-L, PD-1/PD-L1 are
also involved in Tfh function, Tfh–B-cell crosstalk, and PC
homeostasis and may be promising therapeutic options.

Effective control of the humoral responses during trans-
plantation may require targeting of both B-cell APC function
and antibody production. Now with the expansion of tools
that can target both functions and the demonstration of
increased effectiveness of combination strategies, real
improvement in graft survival may be within reach.
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