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Introduction: Francisella

I.  Francisella tularensis, a stealth pathogen

Francisella tularensis is a Gram-negative non-motile coccobacillus. It is the etiological agent of
tularaemia, a rare zoonosis that can be life-threatening.

F. tularensis replicates in the cytosol of host phagocytic cells such as macrophages. Unlike most
professional cytosolic bacteria, F. tularensis does not utilize actin-based motility to move within
cells and for cell-to-cell spread.

F. tularensis has evolved sophisticated and unique adaptations to evade detection from host
immunity. Thus, it is an interesting model for the study of cytosolic host-pathogen interactions,
particularly for cytosolic innate and cell autonomous immunity.

The following chapters will describe in detail the historical and current knowledge on F. tularensis
pathogenicity and its adaptations for survival within the host.
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Historical overview of tularaemia

Tularaemia, a sneaky plague: Discovery and early research

North America had largely been spared from plague epidemics until the 20" century. When cases of
what appeared to be the bubonic plague started to occur throughout Southern and Central California
in the early 1900s, the US government promptly sent Dr George W. McCoy to investigate the outbreak.
The cases were concomitant with a massive die-out of the ground squirrel populations in the
surrounding regions. ‘[...] an epizootic affected so many of these rodents in Contra Costa County,
California, that they were almost exterminated.’ wrote McCoy [1]. Victims were often reported to have
had contact with squirrels before falling ill. Consequently, it was suspected that the California ground
squirrel Citellus beecheyi (today Otosmpermophilus beecheyi) was the primary vector for this outbreak.

Throughout 1908-1910 McCoy and his team routinely caught, killed and autopsied over 105 000
ground squirrels. Through serological and microbiological examinations McCoy identified the presence
of Bacillus pestis (today Yersinia pestis) in the samples, confirming what it was feared — there was an
epidemic of the bubonic plague in California.

Figure 1. Photo of a laboratory assistant dissecting squirrels in the Federal Plague Laboratory in San
Francisco, published by George W. McCoy in the Journal of Hygiene in 1908. [1]

As large-scale screen studies tend to do, this one also yielded some unexpected results [2]. The
microbiological smears from some of the seemingly plagued squirrels did not grow the characteristic
bacilli of B. pestis. Upon careful examination, subtle differences were noted in the clinical features of
this newly described plague-like disease, i.e., less oedema in the inoculation site, a more pinkish bubo,
etc. The etiological agent could not be isolated but the clinical features hinted at a bacterial pathogen
with blood dissemination and high infectivity. McCoy and colleagues were unsuccessful in growing the
organism on lab culture media and the clinical samples were negative for several microbiological stains
(carbol-thionin, Loeffler’'s methylene blue, Wright’s and Giemsa stains). They did note the presence of
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‘fine, dust-like particles’ and ‘very small, solid staining bacili’ in numerous preparations but were
unsure whether these should be assigned any importance.

McCoy further described the pathogenicity of the disease for animal hosts: ground squirrels, guinea
pigs, rats, mice, rabbits, monkeys were susceptible; cats and gophers were moderately susceptible
while dogs and pigeons seemed immune. The disease could be transmitted to rodents through food,
subcutaneous, peritoneal, nasal inoculation and fleas. At the time of this study, clinical manifestations
of the disease could only be described in laboratory animals as human cases had not yet been
identified. Considering the variety of animal hosts, human susceptibility was highly likely.

The bacterium was finally purified, stained and named Bacterium tularense' [3]. Cultivation was
difficult but Dorset’s egg medium seemed to work. When dyed with crystal violet and with carbol
fuschin, the very small (0.2-0.7 um) non-motile oval organisms were surrounded by a clear area
(capsule). The organisms were present in very high numbers in spleen samples from diseased animals,
often found in leukocytes.

[

Figure 2. Spleen of a tularaemia-infected rabbit showing white granules, published in a report by
Edward Francis in 1937 [4]. In his 1911 study, George McCoy remarked the presence of discrete, distinct
granules in the spleen specific to animals infected with B. tularense [2] .

The first human case of tularaemia was confirmed in 1914 [5] using the methods developed by McCoy.
The patient came to the hospital with an eye inflammation presenting ulcers and swelling on the lid.
Over the course of two weeks, the infection worsened with increasing swelling of the lymph nodes
around the area, apparition of abscesses, fever and weakness. The patient was still sick when he left
the hospital.

In 1919, Dr Edward Francis was sent to Utah to investigate cases of a mysterious febrile disease,
presumed to be transmitted through deer fly bites [6]. The area of the bite and the surrounding lymph
nodes would swell. The patients had fever for several weeks and were confined to bed. Francis grew
the pathogen in egg yolk medium and identified it as McCoy’s B. tularense.

Between 1917 and 1919, two dozen cases were reported, one of which was fatal. The main concern
with this disease for Francis was the long convalescence period, as he recognized that ‘[...]a disabling
illness which overtakes the farmer in the busy season of midsummer, causing two or three months of
sickness in the harvest season, is a serious matter.’ [7]

1 Bacterium tularense was named after Tulare County in California, one of the afflicted areas.

4
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In the following years Francis would set out to extensively study the disease he called tularaemia [7]
and its agent, B. tularense, gathering data from 14 000 cases by 1944 [8] and himself contracting the
disease five times. He meticulously described each case, cataloguing vectors, routes of infection,
symptoms, outcomes, histology and microbiology of patient samples [4,9,10]. He found that B.
tularensis was more easily grown by adding cysteine to the medium? [11]. He included lice [7] and ticks
[12] in the list of tularaemia vectors, and documented cases acquired from rabbits, sheep, tree
squirrels, water rats, woodchucks, coyotes, hogs and cats. Based on clinical presentation, Francis
categorized four types of tularaemia: ulceroglandular (ulcers with lymph node swelling),
oculoglandular (eye inflammation with lymph node swelling), glandular (lymph node swelling) and
typhoid (no swelling). Of these, ulceloglandular tularaemia due to insect bite was the most common
type and represented 67% of his cases, which is close to the numbers recorded today. He noted around
5% overall fatality [4].

Figure 3. Photograph of Dr Edward Francis inoculating a rabbit with tularaemia, taken in 1937.
National Library of Medicine Digital Collections ID 101679588 [13].

Although the first proven human case of tularaemia was published in 1914, infections had likely been
occurring long before the 20™ century under different names. Rodent-transmitted zoonotics with
similar symptoms that are now believed to be tularaemia have been reported in Norway in 1653 [14],
in Siberia and the former USSR throughout the 1800s and in Japan in the early 1800s [15]. Of note,
when Francis investigated tularaemia in market workers in 1921, a patient had self-diagnosed with
‘rabbit fever’, a disease well known among merchants [11].

According to Francis, tularaemia was ‘not borne in mind’ and was commonly mistaken by clinicians for
various infections such as influenza, typhoid, tuberculosis and undulant fever [10]. In 1925 Francis
published a curated list of symptoms and criteria for diagnosis: persistent fever, swelling of lymph

2 Indeed, nowadays, standard Francisella culture protocols supplement growth media with 0.1% w/v cysteine.
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nodes, lesions around the inoculated area and, importantly, recent contact with rabbits. One could not
get infected by a sick person. Diagnosis should additionally be confirmed through serum agglutination
tests. As for treatment, he advised bed rest [16].

The first treatment for tularaemia arrived in 1932 when Dr Lee Foshay succeeded in curing patients
with goat antiserum of formaldehyde-killed bacteria [17]. Penicillin was purified in 1940, unfortunately
B. tularense is resistant. Not long after, Selman Waksman’s lab isolated streptomycin which became
the standard treatment for tularaemia in the years after WWII [18].

The elusive Bacterium tularense would be called many names throughout the years. Some of the
variations were Bacillus tularensis, Brucella tularensis, Pasteurella tularensis. In 1947, Soviet
microbiologist Dorofeev proposed the creation of the genus Francisella to contain the agent of
tularaemia as it was not sufficiently related to other species in the genus Pasteurella. The proposal was
subsequently accepted by taxonomists [19]. Francis’ favourite organism hence became Francisella
tularensis.

Questionable ethics: Human experimentation and biowarfare

In January 1924 Japanese doctor Hachiro Ohara received in his clinic a family presenting fever and
swelling of the lymph nodes. During his inquiries, the doctor learned that the family had prepared
rabbit meat and that a disease of this sort had been a common occurrence in the region for the last 20
years. Before announcing an outbreak of tularaemia and contacting Francis, Ohara diligently confirmed
the source of infection by rubbing blood from a dead rabbit on the hand of his wife who had expressed
a ‘cheerful offer to help’® [20].

This example is far from being the only one — the history of tularaemia is an encyclopedia on human
experimentation. In early research cases of tularaemia were frequent occurrence among laboratory
workers [21-24]. One publication remarks, ‘Almost every individual who consistently works with
Pasteurella tularensis eventually incurs infection” [23]. A highly infectious pathogen provoking a
severe, debilitating disease makes for a good candidate for a bioweapon, and several governments
took note.

The development of biological weapons was prohibited by the 1925 Geneva Protocol, which was
signed by many nations; but loopholes were found and guidelines disregarded.

To Dr. Shiro Ishii, biological warfare had great potential to promote Japan’s expansionist ambitions in
the first half of the 20" century. He considered that animal experimentation could never be sufficient
to do adequate biowarfare research. But he knew that only vaccine research could be done in Japan,
and figured offensive research would have to be done abroad [25]. In 1930, he was appointed Major
in the Japanese Army and in 1932 sent to the newly acquired Japanese colony in Manchuria where Dr.
Ishii could finally begin his work. He is best known for directing the infamous Unit 731 where countless

3 It should be noted that the only treatment available at the time was bed rest.
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atrocities were carried out as part of a biowarfare research program. Tularaemia was among the
diseases tested on involuntary subjects [25,26].

In 1943, the US established a bio-defence research laboratory in Fort Detrick, Maryland. Operation
Whitecoat, launched in 1954, aimed to evaluate the dangers and develop countermeasures against
possible bioterrorism weapons with the help of volunteer subjects. In Fort Detrick a spherical building
called Eight ball was constructed, where participants would be exposed to pathogenic aerosols in a
controlled environment.

Figure 4. Eight ball photographed in 1989 [27].

Figure 5. Lesions following subcutaneous inoculation of F. tularensis to a non-vaccinated volunteer in
Saslaw’s Tularaemia vaccine study, 1956 [28]. Photographs show a papule (2), pustule (12), ulcer (15)
and eschar (82).

F. tularensis was one of the pathogens studied in Fort Detrick. In a notable study from 1961, vaccinated
and non-vaccinated volunteers were inoculated with tularaemia subcutaneously or through aerosols
to test the efficacy of a tularaemia vaccine. The tularaemia respiratory challenge in Eight ball
determined that an exposure of less than a minute to 14-15 organisms in 10 litres of air was sufficient
to provoke illness in a healthy person [29]. The volunteers were treated with streptomycin once
symptoms became too serious. One person agreed to have an inflamed lymph node excised for
histological examination [28].

Many of the Whitecoat volunteers were soldiers from the Seventh Day Adventist Church who, for
religious reasons, would not fight [30]. Testimonies of participants who were members of the Adventist
Church globally demonstrate pride in having served their country in biosecurity research [27,31].
However, US tularaemia research also employed prisoners whose honest consent can be questionable
[29]. A study produced by the US Army in 2005 found no statistically significant long-term health effects
in Whitecoat participants [32] though this has been disputed by some of the subjects on personal
accounts [31].
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While researching vaccines in operation Whitecoat, the USA also launched Project 112 aiming to
develop biological weapon delivery systems like the M143 bomblet. The M143 was used in the 1966-
1967 Red Cloud test to study the biological decay and dissemination capabilities of F. tularensis and
other pathogens in natural environments [33].

Former soviet scientist Ken Alibek who immigrated to the US in 1992 claims that the USSR, and later
Russia, were working on bioweapons well into the 90s [34]. During his role as a First Deputy Director
in the USSR Biopreparat facility, he had encountered many instances of research on genetically
engineered multidrug resistant and immune subversive F. tularensis, among other pathogens. He
believed Russia was still developing bioweapons in the mid-90s. In a testimony in front of the US
Homeland Security, he recalled having read studies from his former colleagues who wanted to
genetically introduce beta-endorphins into vaccine strains of F. tularensis and other highly infectious
pathogens as vectors for expression in humans. For him, there was no biological or medical justification
to do so and the real goal of these works was rather obvious. The publications he speaks of are only
available in Russian [35,36].

Today F. tularensis is considered in many countries as a possible bioterrorist threat. In France, it is
mandatory to declare cases of tularaemia and F. tularensis is included in the list of MOT
(Microorganismes et Toxines), the use and possession of which is strictly regulated [37]. F. tularensis
subsp. tularensis can only be manipulated in habilitated labs in BSL3 conditions.

Clinical presentation of tularaemia

Occurrence of symptoms

In his classification of tularaemia, Dr. Francis had described four clinical types: ulceroglandular,
oculoglandular, glandular and typhoid [10]. Subsequent epidemiological studies identified two more
types: pneumonic [38] and orophagyngeal [39]. Table 1 summarizes the specific features associated
with different clinical types of tularaemia. These classifications are based on clinical presentation and
routes of infection. The six types of tularaemia have different prevalence and outcomes, which are
additionally influenced by the strain of F. tularensis responsible for disease. Francisella species and
strains will be detailed in chapter The Francisella genus. In short, strains unique to North America (type
A) are more virulent and infectious than strains present in Eurasia (type B).

Usually the incubation period is 3-5 days but it can vary from 1 to 21 days. All clinical types are
accompanied with sustained fever which can reach up to 40°C. Additionally, patients can suffer from
weakness, fatigue, chills, malaise, headache, myalgia, loss of appetite, vomiting, diarrhoea and
abdominal pain (Fig.6). Bacteria can disseminate to the lungs through the bloodstream and provoke
pneumonia. Severe systemic manifestations have also been reported in advanced cases of tularaemia
and are more frequently associated with infections with type A strains: septicaemia, meningitis,
endocarditis, erythema and liver failure. In type B tularaemia, pneumonia, meningitis, erythema and
sepsis can also occur but generally the outcomes are better [40—43].
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Table 1. Clinical types of tularaemia. Data are compiled from reports of the World Health Organization
[40], European Center for Disease Control and Prevention [44], US Centers for Disease Control and
Prevention [43,45,46], USGS National Wildlife Health Center [41].

Type Symptoms Route of infection % cases | Outcome
Ulceroglandular - painful, discolored skin lesion | Insect bite or skin contact with | 70-85% May require
- swelling of regional lymph infected animal or a contaminated lymph node
nodes surface; bites from infected removal.
animals are sometimes reported.
Glandular - swelling of regional lymph Insect bite or skin contact with | 5-10% As above.
nodes infected animal or a contaminated
surface
Oculoglandular - unilateral eye inflammation Bacteria entry through the eyes | <1% Advanced
- ulceration of the conjunctiva | e.g., touching one’s eyes after cases may
- swelling of regional lymph handling sick animals, water spray, result in
nodes etc. vision loss
Oropharyngeal - sore throat Eating or drinking contaminated | Common May require
- mouth ulcers food or water. in Turkey | lymph node
- tonsillitis (77%  of | removal.
- swelling of regional lymph cases)
nodes
Pneumonic - dry cough Inhalation of infectious particles; | rare 30-60%
- chest pain Complication of other tularaemia mortality
- difficulty breathing types through bloodstream spread without
- enlargement of pulmonary of bacteria to the lungs (10% of treatment
lymph nodes may be seen on ulceroglandular cases)
X-ray
Typhoidal Systemic reactions with no | Can be any of the above.
localized symptoms

) Patients
Symptom
Number Percent

Fever 75 89
Challs 46 h2
Headache 41) 4H
Cough 33 a8
Myalgia 29 31
Chest pain 18 20
Vomiting 15 17
Arthralgia 13 15
Sore throat 13 15
Ahdominal pain 14} 11
Diarrhea 9 10
Dysuria H 9
Back pain 4 )
Stiff neck 3 3

Figure 6. Symptoms in 88 tularaemia patients in a review by Martin E. Evans et al., 1985 [47]
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Diagnosis and treatment

Due to the generality of symptoms, tularaemia can be easily misdiagnosed for other diseases
presenting fever and lymph node enlargement or skin lesions (anthrax, brucellosis, plague, various viral
infections, etc.) [40]. It is also a rare disease, thus not typically considered when making a diagnosis.

Laboratory confirmation is generally based on serological testing. F. tularensis isolation from clinical
samples is not easy and the cultures grow slowly. PCR can be used for diagnosis but may require biopsy
[48]. Serological assays that are routinely used for detection of tularaemia include microagglutination,
immunofluorescence or ELISA tests [49]. Antibodies might cross-react with Brucella spp. [50].

Tularaemia is treatable with antibiotics: aminoglycosides (streptomycin or gentamycin),
fluoroquinolones or tetracyclines for a minimum of 10 days but can extend up to 3 weeks for
doxycycline treatment [43]. F. tularensis is not known to acquire drug resistance in clinical settings.

In a report from 1928 [10] before treatment for tularaemia was available, Edward Francis recorded
3.5% overall death rate (24 out of 679 cases): of these deaths 19 had ulceroglandular or glandular
tularaemia (4% death rate); 3 had oculoglandular tularaemia (9.4% death rate); one patient had
typhoid (3.5% death rate) and another had generalized symptoms with pneumonia, which would have
been classified as typhoid tularaemia at the time. Out of the 24 total deaths, 7 had developed
pneumonia as a complication or other forms of tularaemia and 1 had probably been infected through
inhalation of aerosols. Another review from 1945 declared 57% mortality in patients who had
developed pneumonia [51].

No vaccine is currently licensed but an attenuated strain has been used to vaccinate in the former
USSR, and the F. tularensis subsp. holarctica strain LVS (Live Vaccine Strain) is used in several countries
to vaccinate tularaemia researchers.

Epidemiology

Tularaemia is almost exclusively encountered in the Northern hemisphere (Fig. 7). It is a rare disease
with occasional outbreaks in endemic regions.

In North America the cases are concentrated in the central US, around the Missouri river and in the
states of Oklahoma and Arkansas. In the last 5 years, the US CDC has reported an average of 250 cases
per year.

In Eurasia, tularaemia is endemic in Nordic countries and forest regions throughout central Europe, in
Turkey, Siberia and Japan. Reporting of tularaemia is mandatory in the European Union. Between 2015
and 2019 the EU recorded a mean number of 900 cases per year. The European average is skewed by
large outbreaks in Sweden and Finland that increase the average of 300-400 cases in calm years to
>1000 during epidemics [52].

Although so far rare, Francisella strains have been isolated on several occasions from patients and
wildlife in Australia and Tasmania. A Francisella-like organism was also recently isolated from bed bugs
in Madagascar [53] suggesting that Francisella infections are more ubiquitous than believed.
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1 Uncommon: Isolated reports of 1 Periodic: Disease clearly enzootic
low numbers B Ccommon: Disease clearly enzootic
[ Sporadic: Infrequent occurrences and active

Figure 7. Geographic distribution of F. tularensis based on reported cases by country. Image taken
from a 2006 circular by the US National Wildlife and Health Center [41].
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Figure 8. Yearly number of cases in the US between 1950-2020 reported to the US Centers for Disease
Control and Prevention [43].
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Urbanization in the 20™ century has significantly decreased the cases of tularaemia reported each year
(Fig. 8). Decreased contact with vectors, higher hygiene and sanitation standards contribute to the
decline in cases of tularaemia.

In both North America and Europe, tularaemia is most common in the summer months (between May
and September) due to increase in tick, fly and mosquito bites and increased participation in outdoor
recreational activities (Fig 9). Cases due to hunting occur throughout the year.
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Figure 9. Monthly distribution of tularaemia cases recorded in the European Union between 2015 and
2019 [52].

The Francisella genus

Taxonomy

The Francisella genus contains more than 15 species with a continuous addition of newly identified
Francisella. As of today (31 Jan 2022) the NCBI taxonomy database contains 105 unclassified Francisella
organisms. Of these, 33 are insect endosymbionts.

The best described species are as follows: F. tularensis, F. noatunensis, F. hispaniensis, and F.
philomiragia. F. noatunensis is a common pathogen in fish such as cod and tilapia, thus it has an
economic and ecological importance [54]. F. hispaniensis and F. philomiragia have been linked to a
few cases of tularaemia in immunocompromised persons [55,56]. Almost all cases of tularaemia are
caused by F. tularensis, the organism identified by George McCoy in California in 1911 [2].

The F. tularensis species contains four subspecies: novicida, tularensis, holarctica and mediasiatica. F.
tularensis subsp tularensis is unique to North America and associated with type A tularaemia, while F.
tularensis subsp holarctica is endemic to Eurasia and causes type B tularaemia, a less serious form of
the disease (refer to chapter Occurrence of symptoms). F. tularensis subsp. mediasiatica is found in
Central Asia. No human cases with mediasiatica strains have been detected but evidence suggests that
this subspecies is at least as pathogenic as holarctica for hares and mice [57].

12
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There is disagreement in the scientific community on the categorization of the organism Francisella
novicida as a separate species or a subspecies of F. tularensis [58—60]. On one hand, novicida strains
share 97% identity and >85% similarity based on DNA-DNA hybridization with tularensis strains,
considering that 70% is enough to include two organisms in the same species [61,62]. On the other
hand, there are significant phenotypic differences between the organisms with regards to metabolism
and pathogenicity [62,63]. F. novicida has been isolated from tularaemia patients only on few
occasions in immunocompromised persons [64—66] or in a near-drowning experience where the
patient might have ingested a high bacterial load in the lungs from contaminated water [67].

Microbiologists who support the affiliation of novicida to the F. tularensis species argue that significant
phenotypic differences are often observed within the same species, and that the category of
‘subspecies’ sufficiently describes the divergence between novicida and other F. tularensis organisms
like holarctica and tularensis [60].

Currently, genome databases like the NCBI and KEGG classify these bacteria as F. tularensis subsp.
novicida. However, in this dissertation the organism will be referred to as F. novicida for simplicity.

Ecology and variety of vectors and hosts

Tularaemia has one of the largest and most diverse spectre of hosts in the animal kingdom among
bacterial zoonoses [41,68]. F. tularensis has been isolated from mammals [69], birds [70], arthropods
[71], fish [72], reptiles, amphibians, crustaceans and molluscs [41].

Historically tularaemia has been associated with rabbits and rodents. Indeed, animals from the orders
Rodentia (mice, rats, squirrels, beavers, muskrats, lemmings, voles) and Lagomorpha (rabbits, hares,
pikas) are highly susceptible to F. tularensis and are the prime source for human infection. Sheep [73]
and deer [6] are also naturally infected by F. tularensis and common sources for tularaemia in humans.
Domestic animals such as swine, horses and dogs [74] are relatively susceptible to tularaemia; cattle,
camels and cats [75] have been infected on occasion. [41]

Arthropods are a crucial part of the Francisella enzootic cycle as hosts, vectors and reservoirs. The
most common forms of human tularaemia in the US are acquired through bites of hard ticks from the
genera Ambylomma and Dermacentor. Ticks also participate in the maintenance of F. tularensis in
wildlife. Mosquitoes greatly contribute to the occurrence of tularaemia in Northern Europe in wetland
regions like Sweden and Finland [76]. Infections in humans have also been associated with horseflies
and deerflies in North America and Eurasia [77]. Other arthropods that can carry F. tularensis include
soft ticks, mites, fleas, lice and bedbugs [41].

Figure 10. Epidemiologically important tularaemia vectors: A) Ambylomma americanum tick;
B) Dermacentor variabilistick; C) Chrysops discalis deerfly; D) Aedes cinereus mosquito
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Although tularaemia is associated with forest regions in terms of hosts and exposure (i.e. hunting and
tick bites), aquatic environments comprise a substantial part of the F. tularensis infectious cycle. F.
tularensis subsp. holarctica and novicida especially are considered to be largely aquatic organisms [48].
F. novicida is generally isolated from salty and murky water. Mosquitoes, and aquatic rodents like
muskrats and beavers are well-documented sources of infection with F. tularensis subsp. holarctica in
Northern Europe and Russia. Terrestrial and aquatic routes of contamination have been reported in
different European countries [48].

A quintessential characteristic of tularaemia is its persistence in environments thanks to survival and
propagation of F. tularensis in wildlife. It is not clear whether F. tularensis survival outside the host, for
example in water and soil, significantly contributes to the maintenance of the bacteria in nature [78].
Amoeba may support the persistence of F. tularensis in aquatic environments [79].
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Figure 11. Example of an enzootic cycle of tularaemia involving transmission through ticks, adapted
from the US Wildlife National Health Center report from 2007 [41].

Laboratory models

F. tularensis subsp. tularensis is the causative agent of type A tularaemia, the most severe form of
tularaemia. Dr. Lee Foshay, a prominent investigator on treatments for tularaemia, isolated a
pathogenic strain he named Schu from the ulcer of a patient [80]. A study carried out in Fort Detrick in
1954 further isolated a subtype of Schu, termed Schu S4, based on virulence [81]. Nowadays the strain
Schu S4 is the standard laboratory model for virulent tularaemia [82].
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Deforestation and increase of rodent populations in town ruins after WWII gave rise to epidemics of
tularaemia in the USSR in the years after the war [83]. This led to the development of attenuated
strains of F. tularensis subsp. holarctica to be used for vaccinations. Reportedly, some 60 million people
were vaccinated with attenuated strains in the USSR throughout the 1960's. In 1956, a culture was
imported into the US but was too heterogeneous; after passage in animals an attenuated strain was
purified and designated LVS (live vaccine strain) [84]. This strain was evaluated in an Operation
Whitecoat vaccine study [28,29]. LVS conferred immunity in a subcutaneous but not respiratory
challenge of F. tularensis. Though never licensed for vaccinations, LVS became a commonly used
laboratory model for the study of F. tularensis. The nature of LVS attenuation is not yet understood.

A F. tularensis-like organism was isolated from a lake in Utah in 1950 [85]. This organism was included
in the Pasteurella genus that contained Francisella organisms at the time, and named ‘novicida’. As
explained in the chapter Taxonomy, this organism has been classified as a subspecies of F. tularensis
despite controversy in the scientific community. F. novicida is not pathogenic to healthy humans, rats
or rabbits. It is, however, highly pathogenic for mice and guinea-pigs, in which it causes disease
comparably to Schu S4 [63,86]. In a laboratory setting, it readily infects human cells with an
intracellular cycle similar to the one of F. tularensis. The relative ease of use of F. novicida and its close
similarity to the genetics and cellular pathogenicity of F. tularensis, as well as lower biosafety and
regulatory requirements, have contributed to the use of F. novicida as a model for the study of
tularaemia. F. novicida is also easier to manipulate genetically than F. tularensis due to its natural
competence and to the presence of a single copy of the Francisella Pathogenicity Island (in contrast to
virulent strains which harbour two almost identical copies) [87]. The strain U112 (Utah 112) originating
from the 1950 Utah culture is broadly used in laboratories.

Francisella species represent some of the very few professional-cytosolic pathogenic bacteria. They
boast unique pathogenic properties and survival strategies. Thus F. novicida is also a great tool to study
cytosol-specific host-pathogen interactions.

Francisella pathogenicity

To the lungs and back: Journey through the host

F. tularensis can naturally enter the host through multiple routes: cuts in the skin, injection in the
bloodstream by mosquitoes, inhalation of aerosols, ingestion, or through the eyes.

The journey of Francisella through the host greatly depends on the route of infection and doubtlessly
on the infectious strain as well. Unfortunately, comprehensive studies are lacking. Dissemination
kinetics of U112, LVS or Schu S4 are measured with different methods (e.g., quantification of colony-
forming units, bioluminescence imaging, positron emission tomography) and produce conflicting
timelines.

Generally, regardless of the strain and infection route in mice Francisella spread locally during the first
day of infection [86,88,89]. In the following days (ranging from day 2-5) the bacteria invade the spleen,
liver, lungs, draining lymph nodes and bone marrow [86,89—-91]. The mice succumb to the infection in
a few days.
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Infection in non-human primates follows the same dissemination trend after exposure to aerosolized
F. tularensis [92,93].

Cell tropism

Francisella strains target mainly phagocytic myeloid cells. Mononuclear phagocytes, notably
macrophages, comprise a substantial part of the replicative niche of F. tularensis [94,95]. In a
comparative study in mice, a day after inhalation of F. tularensis bacteria were found primarily in
alveolar macrophages and a percentage of dendritic cells but by day 3, more than half of Francisella-
infected cells in the lungs were neutrophils [86,89]. F. novicida had a more neutrophil-targeted tropism
early on (Fig. 12) [86,96].
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Figure 12. Cellular tropism of Francisella strains after inhalation in mice, as published by Hall et al.,
2008 [86]. Lung tissue of mice infected with GFP-expressing Francisella analysed by flow cytometry to
parse cell populations.

F. tularensis also infects non-phagocytic cells like epithelial lung cells* [97,98] and hepatocytes [99],
although the relevance and mechanism of non-phagocyte infection are not clear. Francisella invasion
and survival in erythrocytes may play an important role in the zoonotic cycle, for example during the
transit in arthropods [100,101]. Passage through the respiratory epithelium of mammals could provide
access to the bloodstream [97] and allow systemic dissemination of the bacteria, although this process
might be less efficient than the colonization of migratory immune cells.

4 F. tularensis Schu S4 replicates abundantly in pneumocytes while LVS replication is severely impacted [97].
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The Francisella intracellular cycle

Entry into the host cell

F. tularensis manipulates the endocytosis machinery of host cells. Consequently, the mechanism of
entry of F. tularensis is cell-type dependent. Francisella infects non-phagocyting cells like hepatocytes
through chlatrin-dependent endocytosis [99] and similarly infects B lymphocyte subsets through a
process involving BCR internalization [102]. The invasion of erythrocytes requires spectrin rather than
actin rearrangement and the mechanism is unclear [101].

The primary mechanism of Francisella host cell entry however is through phagocytosis into myeloid
cells. F. tularensis induces the formation of a single pseudopod loop that engulfs the bacterium within
a spacious vacuole (Fig. 13.A). In contrast, phagocytosis of other intracellular bacteria classically
involves two symmetrical pseudopodia. Within several minutes, F. tularensis is contained in a closely
packed vesicle inside the body of the cell (Fig. 13.B)[103].

Figure 13. Electron microscopy images of F. tularensis macrophage invasion. A) Formation of
pseudopodia around a F. tularensis bacterium as published in Clemens et al., 2015 [104], scale bar 1um.
B) Francisella-containing phagosome imaged 30 min p.i. and C) Disruption of the Francisella-containing
phagosome imaged 1h p.i. by Chong and Celli, 2010 [105]; scale bar 0.5 um.

The bacterial effectors involved in the first stages of host cell invasion are obscure. Bacterial outer
membrane proteins and type IV pili contribute to adhesion to epithelial cells, and outer membrane
vesicles were shown to increase macrophage uptake. Components of the Francisella type VI secretion
system (T6SS) have also been implicated in host cell entry, although the primary function of the T6SS
is phagosome escape (See chapter Secretion and virulence factors).

Different macrophage receptors are implicated in the phagocytosis of F. tularensis. Uptake of non-
opsonized® Francisella involves the mannose receptor, a pattern recognition receptor that targets
bacterial glycoproteins. Complement receptors (notably CR3) and the Fcy receptor are responsible for
phagocytosis of Francisella targeted by complement or antibody-mediated opsonization respectively
[106-108]. Opsonization greatly enhances Francisella entry into macrophages and B cells [102,107].
Opsonization with human serum slows phagosome escape and replication of F. tularensis in murine
macrophages but not in human cells, in addition to limiting pro-inflammatory responses in the cytosol
of human macrophages (see chapter The complement system) [109,110].

5 Opsonization: Pathogens are tagged with opsonins (e.g., antibodies, complement) to facilitate phagocytosis.
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Escape from the phagosome

Following phagocytosis, F. tularensis resides within a Francisella-containing phagosome (FCP). The FCP
acquires early and late phagosomal markers such as LAMP-1 and Rab7 but does not fuse with the
lysosome [103,111]. Whether the FCP is acidified or not, and whether FCP acidification is a requirement
for the escape of F. tularensis in the cytosol, is controversial [112—-114]. F. tularensis does possess
enzymes which confer acid resistance but it is unclear whether they play a role while F. tularensis is
inside the FCP [115].

Similarly, the time required for F. tularensis to escape to the cytosol is disputed, ranging from 1h to
several hours in various studies® [103,105,107]. The conflicting reports might originate in part from the
use of different strains and host-cell types, but results are doubtlessly heavily influenced by the
detection methods and infection conditions employed (i.e., serum opsonization, as explained above).
Commonly used methods for the detection of phagosomal escape are as follows: imaging of FCP with
transmission electron microscopy [107,116,117], colocalization with late endosome markers [114],
selective permeabilization of the plasma membrane [118], or flow cytometry B-galactosidase activity
assay [119]. It seems that different Francisella strains begin to disrupt the phagosomal membrane
between 1-4h p.i. as observable with TEM (Transmission Electron Microscopy) (Fig. 13.C) and takes
between 4 to 12 hours for the phagosome membrane to disappear completely, according to different
reports [107,120]. The initial disruption allows access to enzymes and antibodies which might explain
earlier escape times reported with other methods.

One unequivocal consensus within the scientific community is the role of the Francisella Pathogenicity
Island (FPI) and the type VI secretion system (T6SS) encoded within to drive escape into the cytosol
[111]. The precise mechanism is not understood, however several T6SS effectors are required for
phagosome escape, particularly PdpC and PdpD. These will be detailed in the chapter Non-canonical
type Vi secretion system.

Intracellular life

F. tularensis is non-motile intracellularly. Once the phagosome is permeabilized, the bacteria replicate
abundantly. In macrophages and alveolar epithelial cells, F. tularensis Schu S4, LVS or novicida multiply
up to 103-fold in 24 hours in vitro [97,116,121,122]. Francisella T6SS and secreted effectors are not
required for intracellular replication specifically [123].

Few bacterial effectors have been identified with precise roles in virulence. Most are involved in
nutritional parasitism (transporter channels, enzymes) and targets host metabolic pathways. For
example, healthy Francisella avoid macroautophagy targeting [124,125] due to the unusual structure
of the bacterial envelope (See chapter Unconventional LPS) [126]. Rather, F. tularensis upregulates
and usurps the autophagy machinery of the host cell to supply the bacteria with nutrients. [127,128]

It is generally thought that once the cytosol accumulates sufficiently high bacterial loads, the host cell
is lysed and the bacteria are released in the extracellular space where they can re-infect surrounding
cells [129]. However experimental evidence to support this idea is lacking. Although macrophages

5 Francisella cytosolic escape has been reported in numerous studies. To avoid encumbrance with citations,
only the most pertinent examples are listed in this paragraph. Additional references can be found within the
cited articles.
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massively undergo cell death upon F. tularensis and F. novicida infection, this is likely the consequence
of immune reactions (i.e., pyroptosis) which will be detailed in subsequent chapters. F. tularensis
replication in the late stages of infection (between 24h and 48h) is decreased 3-4 log in the presence
of gentamycin, a non membrane-permissible antibiotic [130]. This indicates that extracellular bacteria
do indeed participate in the infectious cycle at later times. Recent studies have described trogocytosis’
between macrophages as an efficient mechanism for cell-to-cell spread of F. tularensis [131,132]. The
Francisella containing vacuole resulting from trogocytic infection seems to follow similar maturation
and T6SS-mediated lysis as a de novo Francisella-containing phagosome [131].

Nutritional virulence

Critical part of F. tularensis pathogenicity is the nutritional parasitism. Cysteine is a limiting factor in
Francisella growth but during infection acquisition of other amino acids by F. tularensis (glutamate,
arginine, isoleucine) is also essential for survival in the host [130,133,134]. Host glutathione is a source
of glutamate and cysteine for F. tularensis [135]. Glutamate is cleaved in the bacterial periplasm and
transported through the inner membrane by the channel GadC [136]. Glutamate is required during the
phagosomal stage of the F. tularensis intracellular cycle because it participates in the inactivation of
reactive oxygen species through their incorporation in the tricarboxylic acid cycle [137]. Iron
acquisition also plays an important role in Francisella survival in the host, particularly in response to
oxidative stress [138].

To procure essential nutriments and control the fate of the cell, F. tularensis alters host metabolism.
First, F. tularensis exploits autophagy [127] and the unfolded protein response [139]. F. tularensis also
induces deglycosylation of a number of host proteins through mechanisms that remain to be
elucidated but clearly benefit bacterial replication [140]. Further, F. tularensis inhibits aerobic
glycolysis of macrophages and consequently prevents pro-inflammatory activation [141]. Francisella
favours gluconeogenesis to glycolysis metabolites. Host fatty acids and amino acids (e.g. glutamate)
feed the TCA cycle [137,142]. During infection, the proteome of F. tularensis contains increased
number of enzymes involved in fatty acid metabolism [143]. F. tularensis also uses the pentose
phosphate pathway in vivo [144].

Secretion and virulence factors

Non-canonical type VI secretion system

Type VI secretion systems (T6SS) are contractile injection systems, similar to bacteriophages.
Generally, T6SS serve as killing machines to deliver toxins into other bacteria or host cells. Francisella
T6SS controls phagosome escape and is indispensable for intracellular replication®. Genetically
Francisella T6SS is an outlier to other characterized T6SS but structurally it is highly similar [111].

T6SS are composed of a membrane complex, a cytosolic sheath and the inner tube (Fig. 14). The
membrane complex forms a pore through the inner and outer bacterial membranes and serves as
anchor for the secretion system. The cytosolic sheath is a contractible hollow cylinder that forms in

7 Trogocytosis (or recently renamed merocytophagy) is a process of cytosolic exchange between two cells
mediated through cell-to-cell contact.
8 Another bacterium with a similar T6SS function may be the amoeba pathogen Amoebophilus asiaticus [145].
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the bacterial cytosol. The inner tube is contained within the cytosolic sheath; it carries a spike at the
top and contains the effectors. When the cytosolic sheath contracts, the inner tube passes through the
membrane complex and is injected like a needle through the target membrane — in the case of F.
tularensis, the phagosome membrane [111,146].

F. tularensis T6SS is encoded by the Francisella Pathogenicity Island (FPI). F. tularensis subsp. tularensis
and holarctica possess two FPI while F. novicida carries only one copy, as well as a Francisella novicida
island (FNI), similar in structure but with unknown implications for F. novicida pathogenicity [119].
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Figure 14. A) Structure of Francisella T6SS. IM = inner membrane, OM = outer membrane, PhM =
phagosomal membrane; B) GFP-tagged IglA illustrating T6SS assembly at the pole of F. novicida [118]

Francisella T6SS is expressed in conditions mimicking the intracellular environment (iron depletion,
oxidative stress etc.) [111]. The transcription factor complex MglA/SspA/PigR and the regulator PmrA
control expression of FPI. Their action is dependent on the sensing of environmental cues, for example
through the second messenger guanosine tetraphosphate (ppGpp) produced during infection
[147,147,148].

Unlike other known T6SS, the Francisella T6SS assembles at the bacterial pole [118]. IglA and IgIB
compose the contractile cytosolic sheath [149]; IglC forms the inner tube and VgrG/PdpA/IglF form the
spike [119,150]. The membrane complex consists of DotU, PdpB and IglE [151]. IglF, Igl and Igl) are
additionally required for T6SS assembly but their action is unknown [118]. Like other T6SS, Francisella
T6SS functions in a dynamic manner. Disassembly by the chaperone ClpB are essential for effector
delivery and virulence [116,118].

T6SS effectors

Several effectors have been identified thus far but few have a clear role. PdpC and PdpD are critical for
phagosomal escape but the mechanism of action is unknown [118]. Deletion of the individual encoding
genes has minor effects on survival in macrophages but significantly impacts Francisella virulence in
vivo [152,153]. Interestingly, PdpD is present in F. novicida and Schu S4 but absent in LVS [152].

OpiA, OpiB1, OpiB2 and OpiB3 are encoded outside of the FPI. OpiA is a phosphatidylinositol 3-kinase
secreted by the T6SS [154]. OpiA delays phagosomal maturation in cells infected with F. novicida [155]
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but in a study with LVS OpiA did not greatly affect virulence, instead had a role in bacterial fitness
[154]. The roles of OpiB1-3 are unknown [156]. Other putative effectors encoded in the FPI are PdpE
and AnmK. Mutations of PdpE and AnmK did not detectably effect the infectious cycle in mammal cells
[157] but AnmK delayed OpiA-mediated killing of Galleria mellonella larvae [158].

Some T6SS proteins have both structural and putative effector roles. 1gIG/F/I/J, PdpA and VgrG are
secreted [118,119]. Igl) may have a function related to the mitochondria, and VgrG might interact with
host phagosomal biogenesis systems [159]. IgIC, the inner tube component, is also secreted in the host
cell. Francisella AiglC mutants are deficient for entry into non-phagocytic cells [102,160].

TolC-like outer membrane proteins

TolCis an outer membrane component of bacterial tripartite efflux systems like multidrug efflux pumps
and type | secretion systems. Francisella genomes encode for three TolC orthologs: TolC, FItC and SilC.
Roles in multidrug resistance have been described for all three Francisella proteins. FtIC plays a role in
virulence through intradermal route specifically [161]. TolC inhibits pro-inflammatory and apoptotic
response in macrophages possibly through effector secretion [161,162]. SilC is involved in resistance
to oxidative stress in vivo [163].

Type IV pili

Type IV pili are long, thin polymer fibres on the surface of many bacteria and have functions in
locomotion, adhesion and virulence. Structures resembling pili have been observed on the surface of
Schu S4, LVS and F. novicida in different conditions (Fig. 15). Components of the Francisella pili (PilE1,
PilO, PilA, PilC, PilQ and others) have been attributed roles in virulence [164—166] but their exact
functions are unclear.

Figure 15. A) Negative stain TEM of F. tularensis LVS showing a pilus structure, as published in Gil et
al., 2004 [167];B) TEM of F. novicida pili, as published in Ozanic, Marecic et al., 2022 [165]
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Francisella type IV pili might be involved in adhesion to host cells before entry [168,169]. PilE4 is a
possible ligand for the surface glycoprotein ICAM-1, expressed in endothelial and lymphoid cells [169].

Certain components of bacterial type IV pili are homologous to proteins involved in type Il secretion
systems (T2SS). In F. novicida, several pilus proteins are considered to be part of a T2SS [170,171].
Effectors include two chitinases (ChiA and ChiB), a metalloprotease (PepO) and a beta-glucosidase
(BglX), thus type Il secretion in F. novicida may be important for virulence in arthropods [170].
Furthermore, expression of PepO and BglX is controlled by MglA — a factor involved in the regulation
of Francisella pathogenicity genes [170]. The expression and functionality of T2SS is not clear in other
F. tularensis subspecies.

Outer membrane vesicles or tubes

Outer membrane vesicles, or OMV, are double membrane lipid particles released by Gram-negative
bacteria. OMV are composed of the bacterial outer membrane and thus contain LPS, outer membrane
proteins, periplasmic proteins and can also harbour bacterial DNA and virulence factors. OMV
production is generally induced in stress conditions. OMVs have diverse functions as a communication
tool among bacterial communities or in host-pathogen interactions. OMV can act as decoys for
bacteriophages, antibacterial peptides or the immune system, e.g., for the complement pathway (See
chapter Immunity to Francisella). OMV are internalized in host cells through endocytosis or
phagocytosis, thus they can also serve as delivery systems for bacterial virulence factors.

F. novicida and virulent strains of F. tularensis produce OMV and OMTs (outer membrane tubes), novel
structures with a tubular shape (Fig. 16) [172,173]. Production of OMV/T by Francisella is stimulated
in contact with host cells or in culture media that mimic the extracellular host environment. Such
conditions involve the depravation in amino acids and free iron [174,175], shown to directly induce
OMV/T production in F. tularensis and F. novicida [173,176]. On the other hand, OMV/T production in
the cytosol is negligeable [177]. Francisella OMV/T might play a role in macrophage adherence and
internalisation [177,178].
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Figure 16. Francisella strains produce OMV/T. A) TEM images of OMV/OMT (white/black arrows)
purified from an early stationary phase culture of F. novicida. Published in McCaig et al., 2013 [172].
Scale bar, 0.5 um. B) OMV protrusion of F. tularensis in contact with a macrophage. Published in
Pavkova et al., 2021 [177]. Scale bar, 0.2 um.
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Other outer membrane and secreted proteins

Many Francisella outer membrane proteins are nutrient transporters or metabolism-related enzymes.
These are also often characterized as virulence factors because the deletion of the encoding genes
affects survival in the host and therefore virulence [179]. Nutritional virulence of F. tularensis was
described in a previous chapter. Similarly, numerous outer membrane proteins have been identified
in virulence screens but for many their precise roles are yet to be elucidated [179,180]. Virulence of
an intracellular pathogen is inadvertently dependent on bacterial fitness and survival in the host cell;
hence it is complicated to discuss ‘true’ virulence factors without understanding the exact function of
the protein.

F. tularensis produces many anti-oxidant enzymes (SodB, SodC, KatG and others) that might be
released through a process involving putative secretion protein EmrAl or OMVs [181-183].

FsaP is an outer membrane protein involved in adhesion to epithelial cells. Interestingly, F. novicida
has a mutation in FsaP that interferes with its interaction with epithelium [184].

Surface bacterial lipoproteins such as Lpp3 and LpnA have also been identified in virulence screens
somewhat controversially [185,186]. Their function is still unknown; however they are potent
activators of the host pattern recognition receptor TLR2 [187]. LpnA is among several lipoproteins,
along with outer membrane protein FopA that are putative interactors of plasminogen, a precursor of
the proteolytic enzyme plasmin — thus may have a role in F. tularensis tissue invasion [188].

The lipoprotein DsbA is an isomerase and disulfide oxoreductase. DsbA is likely not a bona fide
virulence factor but modifies many putative effectors such as FopA, DipA, MipA [189,190].

Another F. tularensis outer membrane protein, FTT0831c, was shown to block NFkB translocation to
the nucleus [191]. Yet, a later study suggested that this protein has a structural role and that its
deletion impacts bacterial integrity, resulting in an altered immune response [192].

Overall, F. tularensis virulence factors are poorly characterized. More in-depth studies should be done
on the mechanisms of F. tularensis intracellular pathogenicity.

Immunity to Francisella

Overview of adaptive and long term anti-Francisella immunity

In 1932 before antibiotics were available for the treatment of tularaemia, Dr. Lee Foshay successfully
treated nine patients with the serum of goats inoculated with formalin-killed bacteria [17]. A patient
‘received in dying condition’ did not recover. Years later, Foshay found that serum treatment had
certain limitations in comparison to streptomycin, and that to be efficacious, serum had to be prepared
with live bacteria and given in the first days of infection [193].

The role of humoral response to Francisella has been somewhat disputed. Patients and laboratory
animals develop antibodies when infected with tularaemia or inoculated with tularaemia vaccines
[194]. However, F. tularensis is essentially an intracellular pathogen and as such, cell-mediated
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immunity is crucial for the successful control of F. tularensis infection [195]. Accordingly, killed bacteria
vaccines (like the Foshay vaccine) that induce primarily humoral response, are much less efficient in
preventing tularaemia than vaccination with live attenuated strains [196,197].

Immune memory to tularaemia is also not well understood. Most of the work on immune memory and
vaccines has been performed in murine models of tularaemia. It should be taken into account that
mice have higher susceptibility to attenuated Francisella strains than humans or primates [63]. Due to
the rare natural occurrence of tularaemia, it is complicated to evaluate vaccine efficacy or the effects
of repeated exposure in humans. Reinfections and infections among vaccinated laboratory workers
have been documented [23,24,198]. Still, patients who have had previous exposure to tularaemia
develop weaker symptoms compared to first-time patients.

Both in humans, and in mice, the vaccination route (intradermal or respiratory) greatly affects the
response to challenge with virulent F. tularensis [28,29,199]. This implies an important role of resident
lymphocyte populations to the establishment of anti-Francisella immunity [200]. Despite the high
proportion of naturally occurring cutaneous infections, knowledge on skin immunity to Francisella is
lacking.

Adaptive responses will not be detailed further here as they are not the focus of this dissertation. The
current knowledge on adaptive immunity to tularaemia has been well summarized by Roberts et al.
[201] and Bahuaud et al. [202]; Additionally, Sunagar et al. [203], Elkins et al. [197], and Conlan and
Oyston [204] have written interesting reviews on the challenges of tularaemia vaccine development.

Innate immunity to Francisella

The Francisella lipopolysaccharide elicits weak immune response

Classical structure of a bacterial lipopolysaccharide

III

Although a “classical” LPS will have deviations in almost every specie of Gram-negative bacteria, there
are certain features that are more predominantly encountered in Gram-negative lab models such as
Enterobacteriaceae (Escherichia, Shigella, Salmonella, etc.). Fig. 17A and B illustrate the E. coli LPS,

exemplifying a classical LPS structure.

The LPS is composed of an inner lipid moiety (lipid A) connected through an oligosaccharide core to a
glycan polymer (O-antigen) which is exposed on the bacterial surface.

The E. coli lipid A is composed of 6 acyl chains, commonly between C12-C14 of length, connected to a
glucosamine disaccharide which is phosphorylated at the 1 and 4’ position [205]. The core
oligosaccharide is composed of two keto-deoxy-octonate (KDO) residues followed by the inner and
outer core. The inner and outer core contain respectively heptose and glucose backbones of several
residues. Additional sugar residues are attached to the backbone.

The O-antigen is composed of repeating units of several sugars. The composition and number of
repeats are highly variable in a species. In fact, the O-antigen variation is what determines serotypes
within species and subspecies of bacteria — for instance, the species S. flexneri contains 18 different
serotypes [206]. Particular serotypes often has clinical and immunological significance.
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The atypical Francisella envelope

The LPS of Francisella species has a relatively conserved and rather particular structure. Fig. 17 shows
the composition of Francisella LPS and Fig. 18 illustrates several key enzymes involved in the synthesis
and modification of Francisella LPS.

First, the lipid A contains only four acyl chains in contrast to the hexa-acylated LPS of E. coli [207]. The
acyl chains are also longer: between 16 and 18 carbon residues, although the length is modifiable
depending on the temperature: 16C at 25C and 18C at 37C. LpxD1 acyltransferase transfers a C18 acyl
group and LpxD2 transfers C16 acyl group. LpxD1 is necessary for host adaptation [208]. LpxD1 is active
at 37°C while LpxD2 is active at room temperature (insect or environment adaptation) [209].

A particularity of Francisella LPS is the high content of free lipid A (>60%) [210,211], i.e., not linked to
a core and O-chain (Fig. 17B). The biological relevance of the high proportion of free lipid A in
Francisella is yet to be investigated [212]. Free lipid A is similar in lipid composition to the core and O-
chain-linked lipid A but they are differently modified in the disaccharide part (Fig. 17B and C). The lipid
A disaccharide, which is connected to the core oligosaccharide and the O-chain, is not phosphorylated,
unlike the E. coli disaccharide which has two phosphate residues (1’and 4’). F. novicida free lipid A can
exist in two forms [213]: type | which is phosphorylated on 1’, and type Il which is phosphorylated on
both residues. However, the phosphorylated residues are further modified with an additional
galactosamine or mannose/glucose sugar.

LpxE is a phosphatase that removes the phosphate in 1 position [214,215] in O-antigen linked lipid A.
LpxF removes the phosphate in 4’ position [216] and is required for deacetylase activity to remove the
3’ position acyl chain [217]. Free lipid A to LPS ratio is 60/40 [211].

Free lipid A does not carry the 4’ phosphate but has the 1 phosphate. The 1 phosphate in free lipid A
is modified with galactosamine. Free lipid A can be additionally modified with a mannose in the 4’
position [210] or a hexose in the 6 position. This additional modification is stimulated upon acidic pH,
thus may be an adaptation related to phagosome survival [218]. FImX is a flippase associated with
transport of galactosamine residue that will be attached to free lipid A [219]. NaxD is a deacetylase
participating in the galactosamine synthesis [220]. FImK transfers the hexose residues [221] and FImF1
and FImF2 participate in synthesis [222] of mannose and galactosamine respectively [223].

The core is also unique to Francisella species — it is smaller than E. coli core as it consists of a single
KDO, connected to two mannose residues that form the backbone additionally connected to other
sugars [224]. The KDO disaccharide is added to the LPS precursor but the second KDO is later removed
in the periplasm by hydrolase KdoH1/KdoH2 [225]. KDO removal was implicated in dampening TLR2
recognition but the mechanism is unknown — might be indirect [226].

The Francisella O-antigen is composed of repeated tetrasaccharide units [227].

Francisella species also produce a capsule involved in virulence and survival. Two morphotypes have
been described for virulent F. tularensis SchuS4 strains, corresponding to poorly characterized
differences in capsule: blue (virulent) and grey (avirulent) phenotypes [179]. F. novicida also produces
a capsule-like complex which represents an agglomeration of O-antigen units without a particular
structure on the surface of the bacterium [228]. The capsule synthesis pathway is genetically
inseparable from the LPS-linked O-antigen synthesis with genes participating in both processes, which
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hinders the functional characterization of this capsule. The capsule of F. tulareneis LVS was described
to also contain covalently linked lipid A which is similar in composition to free lipid A [211].
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Figure 17. Atypical Francisella LPS compared to E. coli LPS. A) Structure of E. coli and Francisella LPS.
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The Francisella LPS as an invisibility cloak

Extracellular LPS is recognized by LPS-binding protein (LBP) in the plasma, then transferred by CD-14
to co-receptor MD-2 which forms a complex with cell membrane-associated TLR-4 (Fig. 19A). TLR-4

activation triggers the NFkB pathway and expression of immune including the ones coding for pro-
inflammatory cytokines and interferons [230]. LBP and the MD-2/TLR4 complex bind the lipid A moiety.
Lipid A, also called endotoxin, is a PAMP for Gram-negative bacteria and a strong inducer of
inflammatory response [231,232]. E. coli lipid A is a strong agonist of TLR4 signalling [231]. In contrast,
Francisella LPS does not elicit TLR4 response due to its hypo-acylated lipid A [233].
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Intracellularly, LPS (particularly lipid A) is detected by inflammatory caspase-4 in humans or the
orthologue caspase-11 in mice. Similarly, E. coli lipid A elicits strong activation of pro-inflammatory
caspases while Francisella lipid A is not detected by murine capsase-11 and only weakly activates
human caspase-4 [234]. On the other hand, a pentaacylated mutant of F. novicida triggers robust
caspase-11 activation [217,235] but not TLR4 signalling [216].

Furthermore, the decreased in phosphorylation and the aminosugar conjugation of lipid A contribute
to an overall less charged (or more positively charged) LPS which might increase resistance to cationic
antimicrobial peptides. Dephosphorylation of E. coli LPS by F. novicida lipid A phosphatase LpxE
increases sensitivity to polymyxin B and decreases TLR4/MD-2 activation [236]. Several other
Francisella enzymes involved in lipid A dephosphorylation and glycan conjugation have also been
linked to virulence and immune system avoidance [220,223].

The presence of a single KDO unit instead of a double KDO also dampens immune recognition. F.
tularensis mutant with 2 KDO units is less virulent in mice and induces higher inflammatory response
than WT F. tularensis [226].

Francisella has more free lipid A than other bacteria but removing O-antigen completely in Francisella
mutants triggers hypercytoxicity [237,238]. This might be due to diminished fitness of the bacteria.

Finally, the O-antigen and the capsule have been linked to autophagy and C3 complement avoidance
by Franicsella [126,239]. As capsule synthesis is related to the O-antigen machinery, it is tricky to
evaluate the contribution of one versus the other [240]. Additionally, deletion of O-antigen also
decreases bacterial viability thus may influence autophagy and complement susceptibility [126].

The complement system

The interactions between Francisella and the complement system are briefly discussed in the chapters
Entry into the host cell and The Francisella envelope elicits a weak immune response. A great
summary on the subject can be found in an article by Brock and Parmley [109]. F. tularensis is
somewhat resistant to human serum and resistant to complement-mediated bacteriolysis [239,241].
Francisella strains acquire C3 convertase but divert the complement towards opsonisation, which is
beneficial for the bacteria as it facilitates entry into host cells [239,242,243]. Additionally, efficient
opsonin-mediated phagocytosis of Schu S4 interferes with TLR2 signalling once inside the host cell
[244,245]. The mechanisms of complement resistance are not entirely clear but it might have to do
with the Francisella capsule and O-antigen structure [239,240].

Toll-like receptors

TLR4 is the classical pattern recognition receptor for Gram-negative bacteria and is activated by the
bacterial lipopolysaccharide in conjuncture with LPS-binding protein MD-2 (Fig. 19). TLR4 responds
little, if at all, to Francisella LPS (see chapter The Francisella lipopolysaccharide) [246,247]. Instead,
Francisella lipoproteins induce TLR2 signalling [248]. Only F. novicida and F. tularensis LVS activate TLR2
but not F. tularensis Schu S4 [247,249]. Additionally, in F. novicida bacterial lipoproteins are
downregulated by CRISPR/CAS9 systems upon infection [250].
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Interestingly, TLR2, TLR4 or TLR9 are dispensable for survival of F. tularensis LVS infection in mice but
MyD88° is essential [251,252]. However in vitro, in primary human and murine myeloid cells, pro-
inflammatory cytokine release is dependent on TLR2 priming [253,254]. Important consequences of
TLR2 and MyD88 stimulation are the upregulation of interferons and pro-inflammatory cytokines
which participate in anti-Francisella response. The reader is referred to chapters Cytokine production
upon infection: major protective role of IFNy and Macrophages and inflammation.
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Figure 19. Toll-like receptors and PAMPS. A) Extracellular LPS recognition and transfer to TLR4,
published in Mazgaeen and Gurung, 2020 [255]. B) Intracellular TLR signalization, published in O’Neill
et al., 2013 [256)].

9 MyD88 is a TLR signalling adaptor protein but also acts downstream of other immune receptors like IL-1R or
IL-18R.
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Cytokine production upon infection: major protective role of IFNy

Cytokines expressed in early infection of mice are TNF, IL-12, IL-18 and IFNy [257,258]. IFNy is crucial
for protection against tularaemia. In the first days, TNF and IFNy are especially important [259-261].
Administration of IFNy improves resistance of mice to LVS while blocking with IFNy-specific antibodies
increases bacterial loads and increases death rate [259,262].

The major sources of IFNy upon infection with Francisella are first NK cells (which are primed by IL-12
and IL-18 [263]), and later on T lymphocytes [264]. IFNy induces expression of interferon stimulated
genes (ISG) involved in innate and cell autonomous immunity, notably the Immunity Related GTPases
(IRG) [265] and Guanylate Binding Proteins (GBP). These will be detailed in subsequent chapters
(Innate immune responses in macrophages and Introduction Part Il. Guanylate Binding Proteins).

Type | IFN production also plays a role in controlling Francisella infection, particularly in the beginning
of the infection by stimulating innate recognition [266]. However high production of type | interferon
is deleterious for the host (as is also observed for Listeria monocytogenes [267]). The mechanisms are
still unclear but may involve a decrease in IL-17 production and neutrophil expansion [268] and an
increase in apoptosis [269]. The following article provides a great general review on type | IFN and
infections: [267]. Type | IFN can also induce GBPs through STAT and IRF9 signalling (Fig. 20) [270].
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Figure 20. Type | interferon signalization and induction of interferon-stimulated genes [271].

Innate immune cells: replicative hosts and sentinels

Neutrophils and oxidative response

Neutrophils are abundant but short-lived leukocytes that succumb to apoptosis 24h-48h after their
release into the circulation. Their death is further accelerated upon phagocytosis of pathogens, which
is followed by the release of reactive-oxygen species and a type of programmed cell death called
phagocytosis-induced cell death (PICD). Additionally, they can release chromatin to trap
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microorganisms (NET, or Neutrophil Extracellular Traps), thus undergoing a cell death called NETosis.
[272,273]

Neutrophils are recruited to the lungs during F. tularensis infection and represent a large percentage
of Francisella-infected cells (see chapter Cell tropism) [274]. Whether neutrophils have a protective
role during Francisella infection has been somewhat disputed [275,276]. MMP-9 activity (including the
induction of neutrophil tissue invasion) is detrimental to infected mice and exacerbates tissue damage.
MMP-9-deleted mice survive Schu S4 infection [276]. Additionally, LVS stimulates the release of NETs
which contribute to tissue damage but the bacteria survive while entrapped in NETs [277]. While
challenge with Schu S4 kills mice regardless of immunocompetency [278], neutrophils protect mice
from sublethal infection with LVS [261,279,280]. Importantly, a neutropenic patient succumbed to F.
tularensis subsp. tularensis infection despite intensive antibiotic treatment [281].

Neutrophils readily phagocyte opsonized LVS but do not kill the bacteria efficiently. F. tularensis
inhibits oxidative burst and NADPH activity through multiple mechanisms which are not perfectly clear
[282,283]. Several Francisella enzymes have been identified as anti-oxidants and to play a role in
resistance to oxidative stress: superoxide dismutases sodC, sodB [183] and the catalase KatG [284,285]
which is secreted by membrane fusion protein EmrA1l [182]. T1SS-like SilC pump is also involved in
resisting reactive oxygen species [161]. The importance of the Francisella acid phosphatase AcpA is
controversial [275]. Host amino acids, notably glutamate, are modified by ROS and integrated in the
bacterial metabolism [137] (See chapter Nutritional virulence).

Additionally, F. tularensis SchuS4, LVS and in a lesser degree U112 inhibit neutrophil apoptosis [286—
288] and maintain neutrophil mitochondrial integrity [289]. This process is mediated by bacterial outer
membrane lipoproteins through pathways involving TLR-2 signalisation [187].

Thus, Francisella alter neutrophil function by blocking oxidation and delaying apoptosis. The
accumulation of neutrophils might contribute to tissue damage observed in sick animals [290].

Innate immune responses in macrophages

Detection of bacterial DNA in murine macrophages

In murine macrophages cytosolic Gram-negative bacteria typically activate LPS sensor caspase-11
[291] and type Il secretion system/flagellin sensor NLRC4 [292]. However caspase-11 does not detect
Francisella LPS due to modifications in the lipid A moiety [291]. Secondly, Francisella do not carry a
T3SS/flagellin apparatus. Instead, the primary Francisella pathogen-associated molecular pattern
(PAMP) in the macrophage cytosol is bacterial DNAZ,

Initially, Francisella DNA is detected by the cyclic GMP-AMP synthase (cGas), assisted by gamma-
interferon- inducible protein Ifi204 (the murine ortholog of human I[fi16) [295]. Production of
secondary messenger cGAMP activates STimulator of Interferon Genes protein (STING) allowing
expression of type | interferon (Fig. 21) [296]. Type | IFN signalling is required for subsequent
inflammasome activity [269,295,297].

1070 3 lesser degree, this is also the case for Gram positive Listeria monocytogenes [293,294].
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Figure 21. Schematic representation of cGas-STING pathway, published in Chen et al.,2016 [298].

In a second step, Francisello DNA is detected by the Absent in melanoma 2 (Aim2) sensor [296,299].
Aim2 is an inflammasome receptor: Aim2 oligomerizes on cytosolic DNA (which acts as a scaffold) and
interacts with adaptor protein ASC to recruit activate pro-inflammatory caspase 1. This multiprotein
complex is the Aim2 inflammasome, illustrated in Fig. 22 [300]. Aim2 can cooperate with another
inflammatory sensor, pyrin, to boost caspase-1 activation [301], although the role of pyrin in
Francisella infection is still unclear. Caspase-1 cleaves the pore-forming protein Gasdermin D which
inserts itself in the cell membrane [302]. The resulting cellular rupture is accompanied by the release
of pro-inflammatory cytokines interleukin 13 and 18, also processed by caspase-1. This inflammatory
cell death is referred to as pyroptosis [303]. As a retroactive control, potassium influx through
gasdermin D pores inhibits cGas and type | interferon production [304].

Aim2 cofactors: key role of Guanylate Binding Proteins (GBP) and Immunity-Related GTPases (IRG)

Type |l interferon, induced by the cGas/STING pathway, activates the expression of interferon-inducible
GTPases: Guanylate-Binding Proteins (GBP) and Immunity-Related GTPases (IRG) [305,306]. GBPs,
especially mGbp2 and mGbp5, localize to cytosolic F. novicida [307] and recruit Irgb10 [306]. GBPs and
Irgbh10 induce bacteriolysis which has two important consequences: 1. Liberation of bacterial DNA
which is detected by Aim2 [305-307], and 2. Restriction of bacterial replication independently of Aim2
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activity [307,308]. In fact, Aim2 activation is entirely dependent on GBP and Irgh10 activity. Mice
deleted for GBPs! do not survive sublethal F. novicida infections [307,308].
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Figure 22. AIM2 activation in the murine macrophage by diverse stimuli: liberation of bacterial ligands
for AIM2 activation depends on GBP and IRG-mediated bacteriolysis (Wang et al., 2020 [300]).

It is particularly curious how cGas but not Aim?2 is initially activated by cytosolic bacterial DNA before
GBP and Irgb10 expression, and why cGas-detected DNA does not activate Aim2 even though Aim2 is
basally expressed and can be activated by simple transfection of poly(dA:dT) [299].

A recent study showed that cGas/STING signalization promoted packing of bacterial DNA into vesicles,
that were secreted and activated cGas in bystander cells [309]. Still, initial cGas activation is not
explained.

11 gpecifically, murine GBPs encoded in chromosome 3 (Gbp2, Gbp3, Gbp5, Gbp7) — see Figure 26.

33



_ Introduction: Francisella

F. novicida detection in human macrophages

Francisella infection is predominantly studied in primary murine-derived macrophages. However,
there are several important differences in the innate immunity defences to Francisella in the human
and murine macrophages.

Although in murine macrophages Aim2 plays a crucial role in limiting F. novicida infections,
inflammasome activation in the human macrophage by F. novicida is Aim2 and pyrin-independent
[234,310]. While murine LPS sensor caspase-11 does not detect Francisella LPS, the human orthologue
caspase-4 is activated by F. novicida [234]. Pro-inflammatory caspase-4 oligomerizes and auto-
activates upon detection of cytosolic LPS. Caspase-4 cleaves gasdermin D but not pro-IL-1B and pro-IL-
18. Instead, gasdermin D pore formation results in potassium efflux which triggers secondary
activation of the NRLP3 inflammasome — or, the non-canonical inflammasome activation (Fig. 23).
Cytokine release is triggered as consequence.

Our group previously demonstrated that caspase-4 and NLRP3 activation by F. novicida also depend
on GBPs in human macrophages [234]. However, in human cells GBPs do not seem to lyse bacteria and
this might be explained by the fact that IRGB10 is not encoded in human genomes [311]. Additionally,
murine GBPs are not direct orthologues of human GBPs [312]. Knowledge is lacking on specific GBP
roles and activity in human cells.
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Figure 23. Non-canonical activation of NLRP3 through caspase-4 and GBP activity, published in a review
by Downs et al., 2020 [313].

34



Introduction: Francisella

Virulent F. tularensis escapes the inflammasome

Aim2 activation in the murine macrophage is essential in clearing sublethal F. novicida infections.
Pyroptotic cell death removes the replicative niche of the bacteria while stimulating IFNy production
and cell-mediated immunity through IL-1B and IL-18 release [263,299,314]. On the other hand, F.
tularensis LVS only weakly stimulate Aim2 and Schu S4 largely evades Aim2 activation [315-317]. It
was hypothesized that LVS failure to induce the inflammasome is in part due to weak stimulation of
TLR2 resulting in low expression of pro-interleukin 1B [317]. Is has also been proposed that Schu S4 is
resistant to mitochondrial ROS in contrast to F. novicida and that may contribute to decreased
detection of Schu S4 by Aim2 [316]. Furthermore, GBPs mediate IFNy-dependent growth restriction of
F. novicida and to a lesser extent of F. tularensis LVS but have no significant effect on F. tularensis
SchuS4 growth [315].

The general evasion of Schu S4 of innate immunity is a key factor in its high virulence. It is therefore
essential to understand the inflammatory responses to less virulent strains as a stepping stone to
elucidating the mechanisms of immune evasion by virulent F. tularensis and targeting them
appropriately.
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II. Guanylate Binding Proteins (GBPs)

Guanylate-Binding proteins are interferon-inducible GTPases belonging to the dynamin
superfamily of mechano-chemical enzymes. There are 7 GBPs in humans (GBP1-7).

GBPs are important actors of innate and cell autonomous immunity against a large spectre of
cytosolic pathogens, including numerous viruses, bacteria and protozoa. Although GBPs have
been at the centre of attention in the last years, the precise mechanisms of anti-microbial actions
are still unclear.

The following chapters will detail the current knowledge on GBP genetics, biochemistry and roles
in immunity.
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The GBP family

GBPs are part of the dynamin superfamily

The dynamin superfamily is comprised of large (>70 kDa) modular GTPases which function as mechano-
chemical enzymes, i.e., they use energy from enzymatic reactions (GTP hydrolysis) to perform
mechanical work [318,319].

Many of the members of this family are associated with membrane modulating functions [320]. Well-
known examples of dynamin-like proteins (DLP) include:
e The membrane fission protein dynamin which controls cellular endocytosis. Dynamin was the
first DLP to be characterized, hence the name of the superfamily [321].
e Membrane fusion proteins like atlastins, involved in functions of the endoplasmic reticulum;
or mitofusins which control mitochondrial fusion [322]
e Interferon-inducible GTPases including GBPs and myxovirus resistance proteins (Mx).
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Figure 24. Membrane-related functions of dynamin-like GTPases. A) Membrane fusion, mediated by
atlastin-1 dimerization upon GTP hydrolysis [323). B) Membrane fission, mediated by dynamin polymer
movement upon GTP hydrolysis. Adapted from Antonny et al., 2016 [324].

Dynamin-like proteins contain a globular GTPase domain at the N-terminus, and an elongated a-helical
bundle at the C-terminus. Additional domains at the C-terminus are related to the specific function of
the protein, such as proline-rich domains or transmembrane domains [318].

Dynamin-like GTPases have low affinity for nucleotides but relatively high basal GTP hydrolysis rates
[318,325]. Contrary to the Rab/Ras GTPase family, dynamin-like proteins do not require guanine
exchange factors or activating proteins to support GTP-GDP turnover. Rather, they contain internal
domains or motives that stabilize interaction with nucleotides and catalyse GTP hydrolysis [319,326].
The residues involved in nucleotide binding and GTP hydrolysis are conserved among dynamin-like
proteins. They are reviewed in a publication by Jimah and Hindshaw [319].
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GTPase domains of dynamin-like proteins allow dimerization in the presence of nucleotides [325]. The
dimers are stabilized in the transition state and disassemble upon hydrolysis. The C-terminus stalk
mediates dimerization or polymerization of the protein upon GTP hydrolysis. GTP turnover additionally
induces rearrangement of the dimers or polymers, producing movement and/or force[325,327].

Interferon-inducible GTPases

As their name suggests, these GTPases are expressed in response to interferon stimulation. They
participate in various mechanisms of cell-autonomous and innate immunity. IFN-inducible GTPases
can be divided into four families: Myxovirus resistance proteins (Mx), Immunity-Related GTPases
(IRG), Guanylate-Binding Proteins (GBP) and Very Large Inducible GTPases (VLIG). Only GBPs and Mx
proteins belong to the dynamin-like superfamily. IFN-inducible GTPases have emerged in chordates
but different families are more or less conserved [328].
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Figure 25. Maximum likelihood phylogeny of interferon-inducible GTPases, published by Pilla-Moffett
et al.,, 2016 [329].

Mx proteins have inhibitory functions against DNA and RNA viruses, such as the influenza virus, HIV-1,
measles virus, herpesvirus and many others [330]. The mechanism of action is not completely clear.
They might interact with viral particles but may also exhibit membrane-related functions. Following a
dimer or tetramer nucleation event, Mx proteins form ring-like structures necessary for antiviral
activity [331].

IRGs are small GTPases (30-47 kDa). They have undergone substantial evolutionary modifications.
Whereas mice possess more than 20 identified IRGs, human genomes only carry two [332,333]. Murine
IRGs have prominent immune roles against intracellular microbes, notably related to lysis of pathogens
or pathogen-containing vacuoles and often in cooperation with GBPs or the autophagy system
[329,334] (see chapter GBPs in cell autonomous immunity). Human IRGC is constitutively expressed
in the testes without a known function [332], while Irgm1 (which is also constitutively expressed) is
involved in control of mitochondrial function and autophagy [335].
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The VLIG family is still obscure. The murine VLIG-1 produces a giant 280 kDa protein and is strongly
induced upon infection with Listeria monocytogenes [336]. The only human VLIG gene, GVIN1, is still
considered a pseudogene, although there is some transcriptional evidence that it might be expressed
[337]. To my knowledge, no functional studies have been conducted so far.

Evolution of the GBP family

GBP-encoding genes have been identified in groups throughout the Chordata phylum, predating the
establishment of Vertebrates [328]. GBP genes have sustained multiple events of duplication and
deletion throughout their evolution. There are substantial genetic and functional differences in GBP
genes even among closely related species, for instance within order Primates between humans and
Old World Monkeys [338-340], or within the order Rodentia between mice (Mus musculus) and rats
(Rattus rattus) [341]. Thus, murine GBPs are not homologous to human GBPs genetically or functionally
(Fig. 26) [312]. This adds an element of complexity to the deciphering GBP function as many GBP-
related studies, especially earlier ones, were done in murine macrophages.
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Figure 26. Phylogeny of GBPs. A) Chromosomal disposition of human, macaque and murine GBP genes
as published by Li et al., 2009 [328]. B) Phylogenetic tree of human and mouse GBPs, published in
Olszewski et al., 2006 [312].

39



GBP1_P32455
GBP3_Q9HBOR5
GBP2_P32456
GBP5_Q96PP8
GBP4_Q96PP9
GBP7_Q8N8V2
GBP6_Q6ZN66

GBP1_P32455
GBP3_Q%H@R5
GBP2_P32456
GBP5_Q96PP8
GBP4_Q96PP3S
GBP7_Q8N8V2
GBP6_Q6ZN66

GBP1_P32455
GBP3_Q9HBR5
GBP2_P32456
GBP5_Q96PP8
GBP4_Q96PP3S
GBP7_Q8N8V2
GBP6_Q62ZN66

GBP1_P32455
GBP3_Q9H@R5
GBP2_P32456
GBP5_Q96PP8
GBP4_Q96PP9
GBP7_Q8N8V2
GBP6_Q6ZN66

GBP1_P32455
GBP3_Q9H@RS5
GBP2_P32456
GBP5_Q96PP8
GBP4_Q96PP9
GBP7_Q8N8V2
GBP6_Q6ZN66

GBP1_P32455
GBP3_Q9H@RS5
GBP2_P32456
GBPS_Q96PP8
GBP4_Q96PP9
GBP7_Q8N8V2
GBP6_Q6ZN66

40

_ Introduction: Guanylate-Binding Proteins

--------------- MASEIHMTGPMCLIENTNGRLMANPEALKILSAITQPMVVVAIVG
--------------- MAPEIHMTGPMCLIENTNGELVANPEALKILSAITQPVVWVAIVG
--------------- MAPEINLPGPMSLIDNTKGQLVVNPEALKILSAITQPVVVVAIVG
--------------- MALEIHMSDPMCLIENFNEQLKVNQEALEILSAITQPVVVVAIVG
MGERTLHAAVPTPGYPESESIMMAPICLVENQEEQLTVNSKALEILDKISQPVVVVAIVG
--------------- MASEIHMPGPVCLTENTKGHLVVNSEALEILSAITQPVVVVAIVG

--------------- MESGPKMLAPVCLVENNNEQLLVNQQAIQILEKISQPVVWVAIVG
Mook ak .k ko ok sk ko kok s kkRokoRokk

LYRTGKSYLMNKLAGKKKGFSLGSTVQSHTKGIWMWCVPHPKKPGHILVLLDTEGLGDVE
LYRTGKSYLMNKLAGKNKGFSLGSTVKSHTKGIWMWCVPHPKKPEHTLVLLDTEGLGDVK
LYRTGKSYLMNKLAGKKNGFSLGSTVKSHTKGIWMWCVPHPKKPEHTLVLLDTEGLGDIE
LYRTGKSYLMNKLAGKNKGFSVASTVQSHTKGIWIWCVPHPNWPNHTLVLLDTEGLGDVE
LYRTGKSYLMNRLAGKRNGFPLGSTVQSETKGIWMWCVPHLSKPNHTLVLLDTEGLGDVE
LYRTGKSYLMNKLAGKNKGFPLGCTVKSETKGIWMWCVPHPSKPNHTLILLDTEGLGDME
LYRTGKSYLMNHLAGQNHGFPLGSTVQSETKGIWMWCVPHPSKPNHTLVLLDTEGLGDVE

FEr o e e e R L S e ok kR o ok okokok ok ¥ ok ke ockdeckokokkkkok. .

KGDNQNDSWIFALAVLLSSTFVYNSIGTINQQAMDQLYYVTELTHRIRSKSSPDENENEV
KGDNQNDSWIFTLAVLLSSTLVYNSMGTINQQAMDQLYYVTELTHRIRSKSSPDENEN- -
KGDNENDSWIFALAILLSSTFVYNSMGTINQQAMDQLHYVTELTDRIKANSSP --GNNSV
KADNKNDIQIFALALLLSSTFVYNTVNKIDQGAIDLLHNVTELTDLLKARNSP--DLDRV
KSNPKNDSWIFALAVLLSSSFVYNSVSTINHQALEQLHYVTELAELIRAKSCP--RPDEA
KSDPKSDSWIFALAVLLSSSFVYNSMGTINHQALEQLHYVTELTELIRAKSCP--RPDEV
KGDPKNDSWIFALAVLLCSTFVYNSMSTINHQALEQLHYVTELTELIKAKSSP--RPDGV

o8 B Ahghmigaii fegpgiRiigg o wigg Sigg Wig sRRRTZ L 8RB oM

EDSADFVSFFPDFVWTLRDFSLDLEADGQPLTPDEYLTYSLKLKKGTSQKDETFNLPRLC
EDSADFVSFFPDFVWTLRDFSLDLEADGQPLTPDEYLEYSLKLTQGTSQKDKNFNLPRLC
DDSADFVSFFPAFVWTLRDFTLELEVDGEPITADDYLELSLKLRKGTDKKSKSFNDPRLC
EDPADSASFFPDLVWTLRDFCLGLEIDGQLVTPDEYLENSLRPKQGSDQRVQNFNLPRLC
EDSSEFASFFPDFIWTVRDFTLELKLDGNPITEDEYLENALKLIPGKNPKIQNSNMPREC
EDSSEFVSFFPDFIWTVRDFTLELKLDGHPITEDEYLENALKLISGKNPQIQNSNKPREW
EDSTEFVSFFPDFLNTVRDFTLELKLNGHPITEDEYLENALKLIQGNNPRVQTSNFPREC

sk e kKKK ek okkk X ke ok ok kokk k. .k kk

IRKFFPKKKCFVFDRPVHRR-KLAQLEKLQDEELDPEFVQQVADFCSYIFSN
IRKFFPKKKCFVFDLPIHRR-KLAQLEKLQDEELDPEFVQQVADFCSYIFSN
IRKFFPKRKCFVFDWPAPKK-YLAHLEQLKEEELNPDFIEQVAEFCSYILSH
IQKFFPKKKCFIFDLPAHQK-KLAQLETLPDDELEPEFVQQVTEFCSYIFSH
IRHFFRKRKCFVFDRPTNDKQYLNHMDEVPEENLERHFLMQSDNFCSYIFTH
IRHFFPKQKCFVFDRPINDKKLLLHVEEVREDQLDSNFQMQSENFCSYIFTH
IRRFFPKRKCFVFDRPTNDKDLLANIEKVSEKQLDPKFQEQTNIFCSYIFTH

¥ookk FokEE Rk ¥ . ok * * FkAEE .

GIQVNGPRLESLVLTYVNAISSGDLPCMENAVLALAQIENSAAVQKATAHYEQQMGQKVQ
GIKVNGPRLESLVLTYINAISRGDLPCMENAVLALAQIENSAAVQKATAHYDQQMGQKVQ
GIPVNGPRLESLVLTYVNAISSGDLPCMENAVLALAQIENSAAVEKATAHYEQQMGQKVQ
GIMVNGSRLKNLVLTYVNAISSGDLPCIENAVLALAQRENSAAVQKATAHYDQQMGQKVQ
GIIVTGKRLGTLVVTYVDAINSGAVPCLENAVTALAQLENPAAVQRAADHYSQQMAQQLR
GILVTGNRLGMLVETYLDAINSGATPCLENAMAVLAQCENSAAVQRAANHYSQQMAQQVR
GITVTGNRLGTLAVTYVEAINSGAVPCLENAVITLAQRENSAAVQRAADYYSQQMAQRVK

sk ok ok kk ok k. ok ckk.okkok.  kokk kk kkk. .k .k kkk k. . .

45
45
45
45
60
45
45

105
105
105
105
120
105
105

165
163
163
163
178
163
163

225
223
223
223
238
223
223

284
282
282
283
298
283
283

344
342
342
342
358
343
343



_ Introduction: Guanylate-Binding Proteins

GBP1_P32455 LPTETLQELLDLHRDSEREAIEVFIRSSFKDVDHLFQKELAAQLEKKRDDFCKQNQEASS 404
GBP3_Q9HeRS LPAETLQELLDLHRVSEREATEVYMKNSFKDVDHLFQKKLAAQLDKKRDDFCKQNQEASS 402
GBP2_P32456 LPTETLQELLDLHRDSEREAIEVFMKNSFKDVDQMFQRKLGAQLEARRDDFCKQNSKASS 402
GBP5_Q96PP8 LPMETLQELLDLHRTSEREAIEVFMKNSFKDVDQSFQKELETLLDAKQNDICKRNLEASS 402
GBP4_Q96PP9 LPTDTLQELLDVHAACEREATAVFMEHSFKDENHEFQKKLVDTIEKKKGDFVLQNEEASA 418
GBP7_Q8N8V2 FPTDTLQELLDVHAVCEREAIAVFMEYSFKDKSQEFQKKLVDTMEKKKEDFVLQNEEASA 403
GBP6_Q6ZN66 LPTDTLQELLDMHAACEREAIAIFMEHSFKDENQEFQKKFMETTMNKKGDFLLQNEESSV 403
:* ******* * **** oje el % %k %k 5. ** . *_ :* '_*
GBP1_P32455 DRCSALLQVIFSPLEEEVKAGIYSKPGGYRLFVQKLQDLKKKYYEEPRKGIQAEEILQTY 464
GBP3_Q9HOR5 DRCSALLQVIFSPLEEEVKAGIYSKPGGYCLFIQKLQDLEKKYYEEPRKGIQAEEILQTY 462
GBP2_P32456 DCCMALLQDIFGPLEEDVKQGTFSKPGGYRLFTQKLQELKNKYYQVPRKGIQAKEVLKKY 462
GBP5_Q96PP8 DYCSALLKDIFGPLEEAVKQGIYSKPGGHNLFIQKTEELKAKYYREPRKGIQAEEVLQKY 462
GBP4_Q96PP9 KYCQAELKRLSEHLTESILRGIFSVPGGHNLYLEEKKQVEWDYKLVPRKGVKANEVLQNF 478
GBP7_Q8N8V2 KYCQAELKRLSELLTESISRGTFFVPGGHNIYLEAKKKIEQDYTLVPRKGVKADEVLQSF 463
GBP6_Q6ZN66 QYCQAKLNELSKGLMESISAGSFSVPGGHKLYMETKERIEQDYWQVPRKGVKAKEVFQRF 463
_***: **:*:**x ::___._* **** **
GBP1_P32455 LKSKESMTDAILQTDQTLTEKEKEIEVERVKAESAQASAKMLQEMQRKNEQMMEQKERSY 524
GBP3_Q9HOR5 LKSKESVTDAILQTDQILTEKEKEIEVECVKAESAQASAKMVEEMQIKYQQMMEEKEKSY 522
GBP2_P32456 LESKEDVADALLQTDQSLSEKEKAIEVERIKAESAEAAKKMLEEIQKKNEEMMEQKEKSY 522
GBP5_Q96PP8 LKSKESVSHAILQTDQALTETEKKKKEAQVKAEAEKAEAQRLAAIQRQNEQMMQERERLH 522
GBP4_Q96PP9 LQSQVVVEESILQSDKALTAGEKAIAAERAMKEAAEKEQEL LREKQKEQQQMMEAQERSF 538
GBP7_Q8N8V2 LQSQVVIEESILQSDKALTAGEKAIAAKQAKKEAAEKEQEL LRQKQKEQQQMMEAQERSF 523
GBP6_Q6ZN66 LESQMVIEESILQSDKALTDREKAVAVDRAKKEAAEKEQELLKQKLQEQQQQMEAQDKSR 523
** . *** * . * ok
GBP1_P32455 QEHLKQLTEKMENDRVQLLKEQERTLALKLQEQEQLLKEGFQKESRIMKNEIQDLQTKMR 584
GBP3_Q9HeR5 QEHVKQLTEKMERERAQLLEEQEKTLTSKLQEQARVLKERCQGESTQLQNEIQKLQKTLK 582
GBP2_P32456 QEHVKQLTEKMERDRAQLMAEQEKTLALKLQEQERLLKEGFENESKRLQKDIWDIQMRSK 582
GBP5_Q96PP8 QEQVRQMEIAKQN- - - -WLAEQQKMQEQQMQEQAAQLSTTFQAQNRSLLSELQHAQRTVN 582
GBP4_Q96PP9 QEYMAQMEKKLEEERENLLREHERLLKHKLKVQEEMLKEEFQKKSEQLNKEINQLKEKIE 598
GBP7_Q8N8V2 QENIAQLKKKMERERENYMRELRKMLSHKMKVLEELLTEGFKEIFESLNEEINRLKEQIE 583
GBP6_Q6ZN66 KENIAQLKEKLQMEREHLLREQIMMLEHTQKVQNDWLHEGFKKKYEEMNAEISQFKRMID 583
GBP1_P32455 RRKACTIS === === === === == e oo e e e e e 592
GBP3_Q9H@R5 KKTKRYMSHKLKI == === == === e e e e e e e e 595
GBP2_P32456 SLEPICNIL========== === - o oo e oo 591
GBP5_Q96PP8 NDDPCVLL === === === === e m e e e o e e e e 586
GBP4_Q96PP9 STKNEQ-LRLLKILDMASNIMIVTLPGASKLLGVGTKYLGSRI------=-----~ 640
GBP7_Q8N8V2 AAENEEPSVFSQILDVAGSIFIAALPGAAKLVDLGMKILSSLCNRLRNPGKKIIS 638
GBP6_Q6ZN66 TTKNDDTPWIARTLDNLADELTAILSAPAKLIGHGVKGVSSLFKKHKLPF----- 633

Figure 27. Alignment of human GBPs done with ClustalW software. In green, GTPase domain.
Gap Open penalty: 10; Gap extention penalty: 0.05; Weight mactix: BLOSUM. Uniprot accession
numbers are indicated in the name of the sequence.

Human genomes encode 7 functional GBPs (GBP1-7) and one pseudogene situated in chromosome 1,
while murine GBPs are encoded by 11 genes and 2 pseudogenes split between chromosomes 3 and 5.
Despite significant functional differences, human GBPs share high homology and between 52-88%
sequence identity (Fig. 27 and Table Il), especially in the GTPase domain. Subtle differences
concentrated in the helical C-terminus may be responsible for divergent functions among GBPs [339].
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Interestingly, some GBP proteins in zebrafish carry FIIND and CARD domains in the C-terminus [342].
These domains are classically found on components of the inflammasome complex which, from an
evolutionary standpoint, reinforces the association of GBPs with inflammatory functions.

The rapid evolution of GBPs attests to their important role at the intersection of host-pathogen
interactions. For example, positive selection of GBP5 among certain primate species [338] may be
related to its anti-HIV activity [343] although this is yet to be studied. Further, accelerated evolution
of a polybasic motive within certain GBP1 and GBP2 genes may be related to host interactions with
cytosolic Gram-negative bacteria such as Shigella flexneri [339]. Conversely, S. flexneri secretes an E3-
like ubiquitin ligase to specifically inhibit certain GBPs [344], suggesting host-pathogen co-evolution.

Table Il. Identity between human GBPs with data from Olszewski et al., 2006 [312].

GBP1 GBP2 GBP3 GBP4 GBPS GBP6 GBP7
GBP1 100% 77% 88% 56% 68% 54% 56%
GBP2 100% 76% 55% 65% 54% 57%
GBP3 100% 55% 68% 53% 56%
GBP4 100% 52% 74% 81%
GBP5 100% 52% 53%
GBP6 100% 74%
GBP7 100%

GBP expression in human cells and tissues

Different GBPs are expressed variably in tissues. GBPs 1-5 are expressed in most human tissues in a
low basal state and are strongly induced by interferon-y [312,345,346] (Fig. 28). GBPs 1-5 also respond,
in a lesser manner, to NFkB activation and type | interferons [270,345]. Accordingly, most GBP
promoter contain a y-interferon activation site, c-Rel binding site, and an interferon-stimulated
response element [312,347].

GBP6 and GBP7 are not expressed in myeloid cells. Instead, GBP6 transcripts have been found in the
gastrointestinal and vaginal mucosa [346,348]. GBP7 is constitutively expressed in the liver [349].
Consequently, the roles of GBP6 and GBP7 are not given as much interest as GBPs 1-5. It is not known
if and how GBP6 and GBP7 participate in host-pathogen interactions.
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Figure 28. Endogenous GBP transcripts in primary human
monocyte-derived macrophages (hMDM) in response to
different stimuli, published in Lagrange et al., 2018 [234].
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In the cell, GBPs 1-5 are present in the cytosol. Ectopically-

expressed GFP-GBP2 and GFP-GBP4 have been shown to migrate to the nucleus in HUVEC (human
umbilical cord endothelial cells) [350], although this has not been confirmed in other studies. GBP5
locates to the Golgi apparatus in a prenylation-dependent manner [343,351]. Ectopically expressed
GBP1 and GBP2 can also locate to the Golgi apparatus through prenylation-mediated interaction with
GBP5 [350,351]. Ectopically-expressed GBP2 has also been found in the nucleus [350,351].

GBP1 can be cleaved by caspase-1 and caspase-5 at the 189-LEAD/G-193 motif to form a 47 kDa protein
lacking the GTPase domain [352,353]. This cleavage is thought to serve as inhibition of GBP function
[353]. Cleaved GBP1 is secreted in the cerebrospinal fluid of meningitis patients [352].

GBP structure and biochemical properties

Overall structure

GBP1 was the first GBP to be characterized in the 90s and early 2000s and it is still the most well
understood GBP with regards to biochemistry and host-pathogen interactions [354]. GBP2 and GBP5
have only recently been crystallized [355]. As predicted through homology, their structure is similar to
the one of GBP1. An illustration of GBP2 structure can be seen on p. 97 of this manuscript.

The protein sequences of human GBPs are aligned in Fig. 27. GBPs are between 586 and 600 amino
acid long, and between 67 and 70 kDa. GBP4 is the longest and carries 15 additional residues in the N-
terminus; it is not known if the elongated N-terminus participates in a GBP4-specific function.
Otherwise, crystallized GBP1, 2, and 5, and predicted GBP3, 4, 6, and 7 structures are highly similar. As
seen in Fig. 29, GBPs contain a 278 AA globular GTPase domain in the N-terminus. The rest of the
protein is composed of an a-helical stalk that coils around itself. Since the first published structure of
GBP1 [356], helixes a12 and al3 have been referred to as GTPase effector domain (GED) in reference
to other dynamin-like proteins [318]. Indeed, it was later described that the GBP C-terminus undergoes
conformational changes where the GED is separated from the rest of the protein similar to the opening
of a hinge (see chapter Dimerization and polymerization) [355].
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GED (a12, a13)

Helical stalk

GTPase domain

Figure 29. GBP1 structure and domains. The structure of farnesylated GBP1 was published by Ji et al.,
2019 [344]; PDB accession: 6K1Z. The illustration was prepared with Chimera software.

GBP1, GBP2 and GBP5 additionally carry a lipid moiety — a post-translational modification called
prenylation which is signalled by a CaaX motif in the C-terminus [351]. A CaaX motif is composed of
cysteine, followed by two aliphatic amino acids and then either of the following:
e An alanine, methionine, or serine means the protein is modified with a farnesyl moiety of 15
carbon residues; This is the case of GBP1 (CNIS) [357].
e If the CaaX ends in a leucine, the protein will carry a 20 carbon-long geranyl-geranyl moiety;
This is the case of GBP2 and GBP5 [351].

GBP1 farnesyl moiety is held in a hydrophobic pocket created by a9 from the helical domain and a12
from the GED. GTP binding and hydrolysis releases the farnesyl tail and allows interaction with
membranes [327,358]. Prenylation is critical for dimerization and polymerization of GBP1, GBP2 and
GBP5 and controls their interactions with host and pathogen membranes, as will be detailed the
following chapters.

GTP hydrolysis and polymerization

Given its key role in initiating immune response and it being the first GBP to be crystalized, it is of no
surprise that GBP1 biochemistry is exceptionally well characterized. There is some data on GBP2 and
GBP5 as they are prenylated like GBP1; none on GBP4, 6 or 7. GBP3 was recently investigated in a PhD
work not yet published in a research article??.

As members of the dynamin superfamily, GBPs have relatively low affinity for nucleotides but relatively
high basal rates of GTP hydrolysis [325]. GTP hydrolysis mechanism is conserved in the dynamin
superfamily and it involves several nucleotide binding motifs: P-loop (G1), switch 1 which includes the
S73 phosphate cap (G2), switch 2 (G3), and a RD motif (G4) in GBPs instead of the classic NKxD motif
in other GTPases [356,359,360] (Fig. 30).

A phosphate cap and guanine cap stabilize the interaction with nucleotide and upon interaction with
GTP the caps take a structured conformation (Fig. 29). In the ordered state, the guanine cap facilitates

12 The dissertation in question being in German which | don’t speak, all citations regarding GBP3 in this part are
from a great review written by German-speaking authors who are specialists in the domain.
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interaction between two GTPase domains which in turn induces conformational change in the pocket
and stimulates GTP hydrolysis to GDP [326,361] (Fig. 31 A). Therefore, GTP activity is boosted upon
dimerization [326,362]. An excellent detailed explanation on the in-pocket conformational change can
be found in the review by Kutsch and Coers [363].

Cleavage of the gamma-phosphate during the processing of GTP to GDP leads to adjustments in the
GTP-binding pocket of the globular domain which leads to the disruption of salt bridges between the
globular domain and the GED (Fig. 31 B). The GBP1 molecules in the dimer are rendered in an open
state [355,362,364] (Fig. 31A). It seems that GBP5 is constitutively in the open monomer state and
dimerizes upon activation [365,366] while GBP2, as GBP1, is likely a closed monomer in basal state
[363]. In the open conformation, GDP can be released or further processed into GMP. This property is
unique to GBP1 (and the closely related GBP3) among other GBPs and dynamin related GTPases
[325,363]. Coiled coil interactions between GED helical domains stabilize the open dimer and promote
GDP hydrolysis. In fact, a truncated GBP1 comprised only of the globular domain produces more GMP
than a whole-molecule GBP1 (i.e., linked to a helical domain) suggesting that the helical domain acts
as an internal inhibitor of GDP hydrolysis [367]. An open state however is not sufficient for GDP
hydrolysis. The ordered conformation of the guanine cap stabilizes the GDP-bound dimer and is
required for efficient GDP hydrolysis [326,368]. Accordingly, the guanine caps of GBP1 and GBP2 are
significantly different with regards to secondary structure and this might explain the impossibility of
GBP2 to catalyse GDP hydrolysis [368] (Fig. 31 C).

A Gl / P-loop G2 / Switch I
MASEIHMTGPMCLIBNTNGRLMANPEALKILSAITQPMVVVAIVILYET-YLMNKLAGKKKGE‘SLGSTVQSHT 75
[ CER-URES R MBI LERellS phosphate cap
KGIWMWCVPHPKKPGHILVLLDTEGLGDVEKGDNQNDSWIFALAVLLSSTFVYNSIGTINQQAMDQLYYVTELTH 150
G4 / RD
RIRSKSSPDENENEVEDSADFVSFFPDFVWT LRDFSLDLEADGQPLTPDEYLTYSLKLKKGTSQKDETFNLPRLC 225

G5/Guanine cap

IRKFFPKKKCFVFPRPVHRRKLAQLEKLODEELDPEFVQQVADFCSYIFSNSK 278

Switch |
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Figure 30. GBP1 residues involved in GTP and GDP hydrolysis [360,363]. The illustration of the GTPase
pocket in the lower panel was taken from a review by Daumke and Praefcke, 2016 [325]. The G5 is

In an open conformation, the farnesyl tails of GBP1 dimers can bind to lipid vesicles (Fig. 31 A) or form
tubular polymers (Fig. 31 B) [327,358,369]. The membrane binding is dynamic and promoted by GTP
binding but upon hydrolysis GBP1 dissociate from membranes [358]. On the other hand, polymer
formation requires GTP hydrolysis and in fact polymer formation increases GTP turnover rates [327].
Association with the polymer is also dynamic and might represent a GBP1 “depot” ready to be
mobilized upon encountering a pathogen [370]. Cytosolic GBP1 puncta have been observed in
overexpressing cells by several groups, including ours, and could very well be such mobilizable GBP1
polymers (Fig. 32).

A closed dimer

ﬁ‘s
—/\

open dimer
GrP &5

70

‘ | .
Figure 31. Structural biochemistry of GBP1. A) Dimerization of GBP1 upon GTP binding,; B) Guanine cap
structure of GBP1 and GBP2 bound to GppNHp (non-hydrolysable GTP analogue) [368]. C) Interactions
between the GTPase domain and the GED [362];
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hGBP1-647

dimer vesicle

Figure 32. GBP1 polymerization upon interaction with GTP. A) GBP1 association with phagocyted 2um
latex beads [358]. B) GBP1 tubular polymers observed in cryo-electron microscopy [358]. C) Model for
GBP polymerization and membrane interaction [363].

Interaction with lipid vesicles requires open dimers; upon insertion in the vesicle, the GTPase domains
are pointed outwards like “pins in a pincushion”. GTPase domains can interact and tether vesicles to
one-another [369]. GBP1 can also act as detergent upon dissociation from the membrane [369] (Fig.
33). Polymerization and membrane binding are crucial in host-pathogen interactions, particularly with

parasites and intracellular bacteria, as will be shown further.
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Figure 33. Detergent activity of GBP1 and dissociation from membranes in temporal relation to GTP
hydrolysis [369].

Roles of GBPs in cell life

Besides confirmed roles in immunity, the roles of GBPs have also been investigated in the life of the
cell, specifically in processes involved in cancer progression — cell proliferation, differentiation,
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migration. Additionally, GBPs have been examined as possible markers of many different cancers.
Annex | summarizes research data on GBPs in cell physiopathology. GBPs have been involved in
interactions with actine growth factor receptors signalization and proliferation pathways such as
Akt/Erk kinase pathway (see Annex | for a detailed description). Research articles are highly
contradictory and point towards the involvement of GBPs in various pathways to both promote and
inhibit cancer growth or resistance to treatments. Most studies are lacking in-depth mechanisms
explaining the observed phenotypes. Furthermore, there is a plethora of epidemiological studies
examining GBPs as prognostic markers but there are no clear correlations between GBP expression
and patient outcomes. Results vary between cancer types and there is even contradictory data on the
same cancer (ex. lung adenocarcinoma, ovarian cancer, triple negative breast cancer) or pathway (ex.
GBP2 and the Wnt/B-catenin pathway).

My opinion is that GBPs are markers of IFN-related response, which may be beneficial or deleterous
depending on the cancer and the involved pathways. There is little evidence to suggest that GBPs
broadly and directly influence cancer progression more than other IFN-induced responses.

Roles in immunity

Antiviral activity

GBPs were first identified as antiviral proteins when in 1999 it was shown that GBP1 decreased virion
production for vesicular stomatitis virus and encephalomyocarditis virus [371]. The same was later
shown for mGbp2 [372]. Interestingly, GTP hydrolysis by mGbp2 was required for inhibition of
encephalomyocarditis virus but not for inhibition of vesicular stomatitis virus [372].

In fact, antiviral properties of GBPs have been described against a myriad of viruses and, curiously,
associated with a variety of pathogen-dependent mechanisms.

Globally, hGBP1, hGBP3, and mGbp2 inhibit RNA virus replication through interaction with
nonstructural viral proteins and viral replication complexes, as summarized in Table 3. These
interactions are often mediated by the GTPase domain. Some viral nonstructural proteins specifically
antagonize the action of GBPs. Similar antiviral activities have been described for porcine GBP1/5/6
against porcine respiratory and reproductive syndrome [373,374] and Tupaia GBP1 against vesicular
stomatitis virus [375].

Another mechanism of action recently described for human GBP1 and murine Gbp2 is associated with
polymerization and the autophagosomal pathway [376,377].

An outlier is the inhibitory action of human GBP1 to Kaposi’s Sarcoma-associated herpesvirus which is
dependent on actin depolymerization through GBP1 activity [378].

GBP5 is also a potent antiviral factor but it acts on the processing of viral glycoproteins, instead of viral
replication. This action depends on the localization in the Golgi apparatus, resulting in blocking of viral
packaging [379,380]. A study described a similar action of GBP2 but further research is necessary to
confirm and explain this activity [379].
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Table 3. Antiviral properties of human and murine GBPs.

GBP Virus Mechanism
Vesicular stomatitis virus Unknown [371]
Encephalomyocarditis
virus
hepatitis C Virus Inhibition of viral replication though direct interaction with
viral RNA polymerase which requires GBP1 GTPase domain,
GTP hydrolysis [381,382] and specifically GMP formation
[383].
influenza A virus GBP1 GTPase-dependent anti-viral properties [384] are
antagonized by viral non-structural protein 1. Direct
hGBP1 interaction between GBP1 GTPase domain and NS-1 are
dependent on GTP binding residues of GBP1 [385].
dengue virus GBP1 decreases dengue virus production and promotes
NFkB signaling [386].
Kaposi’s sarcoma- GBP1 inhibits KSHV access to the nucleus by disrupting
associated herpesvirus actin polymerization. Antiviral activity depends on GBP1
(KSHV) GTPase hydrolysis and dimerization. Viral ubiquitin-ligase
targets GBP1 to the proteasome [378].
hepatitis E virus GBP1 targets viral proteins to the lysosome. Antiviral
activity is dependent on GBP polymerization but not GTP
hydrolyzation [377].
Enveloped viruses — see Actions similar to GBP5 below [379].
hGBP2
GBP5
Influenza A virus The GTPase domain of GBP3 blocks viral transcription. A
hGBP3 GBP3 splice variant with cleaved C-terminus is more
efficient than whole GBP3 or GBP1 [384].
hGBP4 | none described N/A
Influenza A virus GBP5 interacts with the NEMO complex in the NFkB
pathway and boosts inflammatory response to influenza A
virus through interferon expression and signalling [15].
Enveloped viruses: HIV, GBP5 interferes with the processing of viral glycoproteins
Zika, measles, influenza A | by the convertase furin in the Golgi apparatus, inhibiting
hGBPS virus, Marburg virus, viral packaging and virion production [379,380,388].
murine leukaemia virus
Respiratory syncytial virus | GBP5 decreases the cellular levels of a viral small
hydrophobic protein and induces its release in the cell
culture medium. Antiviral activity is dependent on Golgi
localization but not GTPase activity [389]. Might be similar
to the mechanism described above.
Vesicular stomatitis virus GTP hydrolysis is required for viral inhibition [372].
Encelphalomyocarditis GTP hydrolysis is not required for viral inhibition [372].
virus
Murine norovirus Inhibition of viral replication is mediated through GBP
mGbp?2

recruitment to murine norovirus replication complexes in
association with the autophagy machinery and IRGs [390].
Antiviral activity is dependent on GTP hydrolysis and is
blocked by non-structural protein 7 [376].
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Immunity against protozoa (Toxoplasma gondii and Leishmania donovanii)

Toxoplasma gondiiis an eucaryotic intracellular parasite. In the cell, it replicates in parasitophosphorus
vacuoles, composed of parts of the cell membrane but devoid of any host proteins and instead
decorated with parasitic molecules.

Human GBP1 and murine Gbp1,2,3,5,6,7 localize to and polymerize at the parasitophosphorous
vacuole (PV) of T. gondii in a prenylation-dependent manner [353,391]. GBP recruitment lyses the
vacuole and further might lyse the pathogen itself [353,391,392] (Fig. 34).

In human macrophage THP-1 cell lines, GBP1-induced liberation of T. gondii in the cytosol and its
subsequent lysis liberate parasitic DNA which is sensed by the AIM2 inflammasome [353,393]. The
activation of AIM2 induces recruitment of the adaptor protein ASC to recruit and activate pro-
apoptotic caspase-8 thus leading to apoptosis. Usually, the AIM2 inflammasome complex activates
pro-inflammatory caspase-1 (Figure 21) but T. gondii inhibits inflammatory cell death pyroptosis in
favour of apoptosis [353].
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Figure 34. mGbp2 recruitment to the T. gondii parasitophosporous membrane (A) or the plasma
membrane (B) in 37.1% (A) or 61.1% (B) of parasites [391].

In murine cells, mGbp targeting to the PV is dependent on the autophagy machinery and IRG proteins
[370,394,395]. The absence of host protein Irgm from the PV is detected as ‘missing self’ by other host
Irg and the PV is ubiquitinated; this ubiquitination and the subsequent recruitment of autophagy
effectors p62 and LC3 induce mGbp recruitment. It was suggested that mGbp2 co-localizes with p62
when not associated with PV, meaning that p62 would be involved in mGbp2 intracellular trafficking
[370].

Certain exceptions have been reported. For one, in human epithelial cells no GBP1 recruitment to the
PV was detected, but it was nevertheless shown that GBP1 restricts T. gondii replication [396]. In
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human mesenchymal stromal cells, GBP1 but not GBP2 or GBP5 knock-down increased T. gondii
burden [397]. In a very recent publication from 2022 it was shown that GBP1, GBP2 and GBP5 restricted
T. gondii growth but only GBP1 localized to the pathogen in THP-1 cells [398]. Similarly, in murine
fibroblasts mGbp2 controls growth of the parasite Leishmania donovanii without localizing to the PV;
the same was shown for human GBP1 during L. donovanii infection of A549 cells [399]. GBP targeting
to the PV of L. donovanii promoted recruitment of autophagosomal markers LAMP1 and LC3 [399].

As of today and to my knowledge, no mechanisms have been proposed yet to explain the antimicrobial
activity of GBPs at a distance from a pathogen or a pathogen-containing vacuole.

Anti-bacterial immunity

The case of Chlamydia spp

Chlamydia spp. are intracellular Gram-negative bacteria that replicate in vacuoles called inclusions. In
murine cells, human pathogen C. trachomatis inclusion membrane is ubiquitinated through the action
of IRGs and Atg proteins, similarly to protozoan T. gondii [394,395]. Murine Gbps translocate to
ubiquitinated inclusions, escorted by p62 [370,394,395]. Recruitment of mGbp1, 2, 4, 6, 7, 9 and 10
can be observed [400]. Two studies by the same group showed that murine Gbps targeted human-
adapted C. trachomatis but not rodent-adapted C. muridarum [401] and vice-versa, human GBPs were
recruited to C. muridarum but not C. trachomatis [402]. Although the authors did not observe murine
Gbp recruitment to C. muridarum, inflammasome activation was Gbp-dependent [401]. Their findings
are in discordance with earlier studies where human GBP1 and GBP2 were shown to target C.
trachomatis inclusions in HelLa [403] and THP-1 cells [404], and promoted growth restriction [403,404]
and autophagy elimination of the pathogen [404]. Further, GTP (but not GDP) hydrolysis by GBP1
controlled growth restriction of C. trachomatis in THP-1 cells; On the other hand, GBP1-catalyzed GMP
formation activated the NLRP3 inflammasome thanks to catabolism of GMP to uric acid (an danger
signal detected by NLRP3) [405].

GBPs and galectins: The chicken or the egg?

One of the earliest studies on GBP antibacterial immunity showed that mGbp1, 7 and 10 are recruited
to Listeria monocytogenes (30 min) or Mycobacterium bovis (2h) containing vacuoles. Gbps recruited
elements of the oxidative response and the autophagy machinery (p64, Atg4) by fusing Gbp-carrying
vesicles with pathogen vacuoles. [406].

In another study, murine Gbps are recruited to pathogen-containing vacuoles (Legionella
pneumophila, Salmonella enterica serovar Typhimurium, Yersinia pestis) by galectin-3 independently
of IRGs or the autophagy machinery (unlike Gbp recruitment observed for C. trachomatis above) [407].
Galectin-3 detects damaged phagosome membranes, ruptured by type 3 secretion systems of the
pathogens cited in this paragraph®®. Transfected Y. pestis T3SS components also colocalized with
galectin-3 and induced non-canonical inflammasome activation which required murine Gbp Chr3
[409].

13 Chlamydia also have a T3SS but it is unlike a typical T3SS [408].
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Several studies suggest that murine Gbps do not induce vacuolar lysis in the response to L.
pneumophila [410,411]. Rather, they mediate caspase-11 activation in response to cytosolic bacteria
when the pathogen-containing vacuole has been damaged. However in murine macrophages infected
with Brucella abortis, deletion of GBP®"" decreased two-fold the disruption of Brucella-containing
vacuoles [412]. In another study, murine Gbps promoted recruitment of galectin-8 to Salmonella
typhimurium thus indicating rather that Gbps are responsible for lysis of the pathogen vacuole [413].
In yet another publication, human GBPs did not affect galectin-8 recruitment to S. typhimurium nor
the percentage of cytosolic bacteria as it did for T. gondii [353].

What is clear without a doubt is that GBPs potentiate inflammasome activation, be it caspase-11 and
NLRP3 or Aim2 depending on the pathogen [307,414,415]. A commonly advanced theory is that GBPs
liberate bacterial ligands for inflammasome sensing — either through releasing the pathogen in the
cytosol, or through lysing the pathogen itself [307,308]. Paradoxally, several studies suggest that
murine Gbps mediate caspase-11 activation in response not only to live bacteria but also to cytosolic
LPS [411,414,416]. Further, murine Gbps control caspase-11 activation in response to bacterial OMVs
but do not seem to extract LPS from OMVs [417]. Other studies do not see GBP-dependent activation
of caspase-11 in response to cytosolic LPS [413].

Brief note: GBPs and Gram-positive bacteria

GBP1 does not localize to cytosolic Listeria [418] which is in agreement with the working model for
LPS-mediated recruitment of GBPs [417,419-421] although a pioneer publication showed a GBP-
dependent control of L. monocytogenes involving inflammasome activation [406]. The discordance of
recruitment and inflammasome activation is also seen with C. trachomatis and T. gondii (see above).

Human GBPs, cytosolic LPS and caspase-4

Although S. Typhimurium mainly replicates in a pathogen-containing vacuole, a proportion of bacteria
is released into the cytosol [422]. S. Typhimurium and professional cytosolic pathogen Shigella flexneri
are well established as models for cytosolic interactions with GBPs.

GBP1 is recruited to cytosolic Gram-negative bacteria: S. Typhimurium [353,393,419], S. flexneri
[311,418,420,421,423] and Burkholderia thailandensis [424]. Recruitment of GBP1 to these bacteria
allows recruitment of GBP2, GBP3 and GBP4. Together, GBPs induce caspase-4 activation in response
to LPS [353,419,420,424].

GBP1 interacts with bacterial LPS [419,421] thanks to a polybasic motif located near the farnesyl
moiety at the Cter [311,339,418,419]. It was proposed that the polybasic motif interacts with the
negatively charged O-antigen [418,421]. GBP1 polymerization and insertion in the LPS would fragilize
the bacterial membrane [421] (Fig. 35).

Data from several groups suggests that, in human cells, GBPs do not induce bacteriolysis
[311,418,423,426] unlike murine Gbps (who likely cooperate with murine IRGs to do so) [306,426].
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Figure 35. GBP interaction with bacterial membranes. A) In vitro recruitment of farnesylated GBP1 to
S. flexneri in the presence of GTP. Arrowheads: unattached GBP1 polymers; arrows: GBP1 polymers

attached to bacteria; Asterisks: polymeric structures that appear to fuse with bacterial surfaces.

A0

Scanning electron micrographs, scale bar 5 um. Published in Kutsch et al., 2020 [421]. B) GBP1
coatomer on S. Typhimurium OMVs without O-antigen or core. OLOM, outer leaflet of outer membrane.
ILOM, inner leaflet of outer membrane. Preprint by Zhu et al., 2021 [425].

Instead, the current model presents GBPs as caspase-4-activating platforms on the surface of bacteria
or in response to cytosolic LPS [419,420]. In GBP-transfected or siRNA-treated Hela cells, GBP4 was
required for caspase-4 recruitment and GBP3 was necessary for caspase-4 activation while GBP2 was
dispensable [419,420]. The data is conflicting on GBP2: one study showed GBP2 was involved in
caspase-4 recruitment (siRNA) [420] while in another GBP2 was dispensable (transfection) [419]. Still,
it is unclear through what mechanism GBPs promote caspase-4 activation.

In addition to inflammasome activation, GBP recruitment interferes with the intracellular actin-based
motility of S. flexneri [311,418] and the formation of giant multinucleated cells by B. thailandensis
[424]. These effects could be non-specific and instead consequences of GBP-induced steric hindrance
and LPS fragilization [423].

GBPs and F. tularensis

In murine macrophages infected with F. novicida, GBPs mediate the release of bacterial DNA to
activate the Aim2 inflammasome. This was demonstrated specifically for GBP*""® (mGbp1, 2, 3, 5, 7),
and mGbp2 and mGbp5 were recruited to F. novicida.
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In human macrophages, Aim2 does not participate in anti-Francisella response. GBPs were shown to
mediate caspase-4 activation in primary human macrophages in response to intracellular F. novicida
and Francisella LPS [234]. Knowledge is lacking on the targeting and specific roles of GBPs against F.
novicida in human cells.
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Introduction

State of the art in 2019 and scientific questions of this thesis

In 2017, two publications demonstrated recruitment of GBP1 to S. flexneri and the subsequent
recruitment of GBP2-4 [311,418].

In 2018 our group demonstrated that in human primary macrophages caspase-4 was activated by F.
novicida, unlike the murine caspase-11 [234]. Furthermore, this was the first evidence of the role of
GBPs in inflammatory responses against F. novicida in human cells.

The specific roles of GBPs in human cells against intracellular bacteria were yet to be elucidated.
Indeed, GBP1 was put forward as ‘Captain GBP1’ [427] initiating GBP2-4 recruitment and inflammatory
response to S. flexneri and S. Typhimurium. We wondered what were the contributions of other GBPs.
In hMDMs, a knock-down of GBP2 had a particularly pronounced effect on inflammasome activation
[234]. Prior to the work included in this dissertation, our group had done substantial research on the
specific roles of GBPs in inflammasome activation in U937 cells infected with F. novicida. The results
were complex and difficult to integrate within existing literature. They are yet unpublished and will be
mentioned in the discussion.

We were particularly interested as F. novicida as a model for intracellular host-pathogen interactions.
GBPs had been associated with localization to cytosolic Gram-negative bacteria in human cells [418].
Given that F. novicida has an atypical LPS but nevertheless activated caspase-4 in a GBP-dependent
manner, we wanted to understand the recruitment of GBPs to F. novicida in the human macrophage.
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I.  Francisella escapes GBP targeting

The following chapter is a research article manuscript that was submitted to PLoS
Pathogens in December 2021. The manuscript has been rejected following commentary
from reviewers.

The manuscript is currently being revisited and the work being consolidated before
resubmission to a different journal.
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Abstract

Guanylate-Binding Proteins (GBPs) are interferon-inducible GTPases that play a key role in
cell autonomous responses against intracellular pathogens. Seven GBPs are present in
humans. Despite sharing high sequence similarity, subtle differences among GBPs translate
into functional divergences that are still largely not understood. A key step for the antimicrobial
activity of GBPs towards cytosolic bacteria is the formation of supramolecular GBP complexes
on the bacterial surface. Such complexes are observed when GBP1 binds lipopolysaccharide
(LPS) from Shigella and Salmonella and further recruits GBP2, 3, and 4.

Here, we performed a comparative study on two professional cytosol-dwelling pathogens,
Francisella novicida and S. flexneri to investigate GBPs recruitment. F. novicida was coated
by GBP1 and GBP2 in human macrophages but contrary to S. flexneri, F. novicida escaped
targeting by GBP3 and GBP4. Furthermore, coinfection experiments demonstrated that GBP1
targets preferentially S. flexneri compared to F. novicida. Multiple GBP1 features were
identified as required to promote targeting to F. novicida. In contrast, GBP1 targeting to S.
flexneri was much more permissive to GBP1 mutagenesis suggesting that GBP1 has evolved
multiple domains that cooperate to recognize F. novicida atypical LPS. Finally, LpxF, a lipid A-
modifying enzyme was identified as promoting F. novicida escape from GBP3. Altogether our
results indicate that GBPs have different affinity for different bacteria and that the repertoire of
GBPs recruited onto cytosolic bacteria is dictated both by GBP-specific features and by specific
bacterial factors, including the structure of the lipid A.

Author Summary

Few bacteria have adapted to thrive in the hostile environment of the cell cytosol. As a
professional cytosol-dwelling pathogen, S. flexneri secretes several effectors to block cytosolic
immune effectors, including GBPs. This study illustrates a different approach of adapting to
the host cytosol: the stealth strategy developed by F. novicida. F. novicida bears an atypical
hypoacylated LPS, which does not elicit neither TLR4 nor caspase-11 activation. Here, this
atypical LPS and one key enzyme responsible for Lipid A modification, LpxF, are shown to
promote escape from GBP3 targeting. Furthermore, the characterization of GBP1 targeting to
F. novicida identified the different GBP1 features that cooperate to promote GBP1 recruitment
to the bacterial surface. This study illustrates the importance of investigating different bacterial
models to broaden our understanding of the intricacies of host-pathogen interactions.
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INTRODUCTION

Guanylate-Binding Proteins (GBPs) are interferon-inducible, dynamin-like GTPases, that play
an essential role in host defenses against a large variety of pathogens including viruses,
intracellular protozoa and bacteria. GBPs are present as a multigene family in vertebrates. The
GBP family exhibits signs of strong evolutionary pressure with gene loss, gene duplication and
neofunctionalisation [338,339,341] indicative of a selective adaptation to pathogens. Eleven
GBPs are encoded in mice while seven GBPs are present in humans [312]. Human GBPs
share a high degree of sequence homology and carry a conserved N-terminal globular GTPase
domain followed by a C-terminal helical domain. GTPase activity is required for the
antimicrobial activity of GBPs [355,376,393] and allows GBP dimerization and polymerization
[327,351,358]. GTP hydrolysis activity is conserved between GBPs. GBP1 is further able to
hydrolyze GDP to GMP [368] (Table 1). Additionally, three of the seven GBPs (GBP1, 2 and
5) present a C-terminal CAAX motif and undergo prenylation —i.e. a post-translational addition
of a farnesyl or geranylgeranyl lipid group (Table 1). The prenylation allows GBP1, 2, and 5 to
be targeted to membranes where they can recruit non-prenylated GBP3/4 [351]. Pioneer GBPs
recruit downstream GBPs through heterotypic interactions resulting in the formation of
supramolecular complexes containing numerous GBP proteins [391].

The antibacterial and anti-parasitic actions of GBPs are well established and most of them are
associated with a striking recruitment of GBPs at the pathogen-containing vacuoles (PCV) or
directly onto the pathogen if present in the cytosol. IFN-y treatment of Toxoplasma gondii-
infected cells leads to the recruitment of several thousand of mGBP1/2/3/6 proteins and the
formation of a densely packed mGBP coat onto the PCV[391]. This recruitment is followed by
disruption of the PCV and the ensuing GBP-targeting and lysis of the parasite in the host
cytosol. Similarly, GBPs can display antibacterial responses through the targeting of cytosolic
bacteria [305,307,308,311,344]. These GBP-mediated responses have been particularly well
studied with two enterobacteria, Shigella flexneri and Salmonella enterica serovar
Typhimurium (S. Typhimurium) and have demonstrated a hierarchy in GBP recruitment.
Indeed, GBP1 directly binds lipopolysaccharide (LPS) and recruits GBP2, GBP3 and GBP4 to
the bacterial surface [311,419,421]. GBP1 is thus considered as the master GBP orchestrating
downstream GBP recruitment.

Assembly of the GBP multimer onto cytosolic bacteria has several consequences. First, as
shown for S. flexneri and B. thailandensis, it can inhibit the formation of actin tails, bacterial
motility and cell to cell spread [311,418,428]. Second, GBPs at the bacterial surface act as a
signaling platform to recruit and activate caspase-4, leading to the activation of the non-
canonical inflammasome, thus triggering pyroptosis and releasing the pro-inflammatory
cytokine interleukin 18 [311,419]. Interestingly, the monitoring of caspase-4 recruitment and
activation allowed to ascribe specific functions to the different GBPs. GBP1 acts as the initiator
GBP: it is recruited first, exposes bacterial lipid A (the LPS moiety recognized by caspase-4)
and elicits both caspase-4 [421] and GBP2/3/4 recruitment. GBP2, 3 and 4 also display
redundant or specific roles in caspase-4 recruitment and activation, that are still not fully
understood [419,420]. Altogether, these studies suggest that the recruitment of multiple GBPs
at the bacterial surface can promote different antibacterial functions. Although highly
homologous, growing evidence indicates that subtle differences in GBP sequence and
structure may account for functionally relevant divergence. GBP1 was the first GBP to be
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crystalized and has been extensively characterized [326,356,367,369,429]. In contrast, the
specific structure-function relationship for other GBPs remains largely unknown.

Although IFN and IFN-inducible proteins, including GBPs, are potent antimicrobial agents
against intracellular bacteria, professional cytosol-dwelling bacteria can replicate to very high
number in the host cytosol suggesting that they have developed strategies to hide from or
actively inhibit GBPs action. Accordingly, S. flexneri expresses a Type |l secreted effector,
lpaH9.8, displaying E3 ubiquitin ligase functions. IpaH9.8-mediated GBP ubiquitination
addresses GBPs to the proteasome for proteolytic degradation. Consequently, S. flexneri
escapes from GBPs-mediated growth restriction [311,344,418]. Francisella tularensis, the
agent of tularemia, is another professional cytosolic Gram-negative pathogen that escapes
GBP-mediated growth restriction although to different extents depending on the subspecies
considered [308,430]. F. tularensis can infect a large number of host cells but has a particular
tropism for phagocytic cells, including macrophages [86]. Following phagocytosis, F. tularensis
rapidly escapes into the host cytosol using an atypical type IV secretion system (encoded in
the Francisella Pathogenicity Island-FPI) [114]. F. tularensis subsp. novicida (hereafter
referred to as F. novicida) is avirulent in immuno-competent individuals but can infect human
cells with a similar life cycle as the highly virulent F. tularensis subspecies tularensis strains.
F. novicida has emerged as a model pathogen to study cytosolic immune responses
[234,306,307,309]. F. novicida carries an atypical LPS with tetra-acylated lipid A, which
enables escape from the host LPS receptors TLR-4 and the murine caspase-11[216,234]. F.
novicida LPS can be recognized by caspase-4, in human cells, although its LPS requires one
order of magnitude higher concentration than LPS from enterobacteria to elicit similar
responses [234]. In the host cytosol, F. novicida is recognized by the AIM2 inflammasome in
mice, or the caspase-4 in primary human macrophages [234]. Inflammasome activation in mice
and in human macrophages (hMDMs) is mediated by GBPs [307,308]. Particularly in hMDMs,
GBP2 is recruited to F. novicida [234]. Still, a comprehensive view of the specific recruitment
of GBPs on this cytosolic stealth pathogen is lacking.

In this study, we demonstrate that, in contrast to enterobacteria, F. novicida specifically
escapes GBP3 and GBP4 targeting. Escape from GBP3 was dependent on LpxF, a enzyme
key in the biosynthesis of F. novicida tetra-acylated Lipid A. Furthermore, through coinfection
experiments we revealed that GBP1 targets preferentially S. flexneri compared to F. novicida
suggesting that GBP1 has higher affinity for enterobacteria LPS than for F. novicida LPS.
Accordingly, our study uncovered multiple GBP1 features required to target to F. novicida but
largely redundant for recruitment to S. flexneri. Our results suggest that GBP1 has evolved
distinct domains to target a large diversity of LPS although with different efficacy. Yet, F.
novicida evades targeting by GBP3 and 4, in part through the modification of its LPS, indicating
that, in contrast to the prevailing model, GBP recruitment downstream of GBP1 is not only
driven by heterotypic GBP interactions but is largely dependent on microbial envelope
structures.
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RESULTS
F. novicida specifically escapes GBP3-4 targeting

To study the specific recruitment of individual human GBP to F. novicida, we generated stable
human monocyte/macrophage U937 cell lines constitutively expressing HA-tagged GBP 1-5
(Fig S1A). GBP6 and 7 were not studied since they are not expressed at substantial level in
monocyte-derived macrophages [234]. As observed in primary human macrophages,
endogenous GBP1-5 were highly induced in U937 macrophages upon IFNy treatment (Fig
S1B). IFNy-primed, PMA-differentiated U937 macrophages were infected with F. novicida for
7 h to assess specific GBP recruitment. GBP1 and GBP2 were targeted to a subset of bacteria
(Fig 1A and 1C) and intimately colocalized with F. novicida in =25% of infected cells.
Surprisingly, targeting of GBP3 or GBP4 to F. novicida could not be observed. The absence
of GBP3/4 recruitment onto F. novicida contrasted with previous studies using other Gram-
negative pathogens. Indeed, GBP1, 2, 3 and 4 are recruited to S. flexneri, S. Typhimurium and
Burkholderia thailandensis in HelLa cells [311,419,420,424]. Importantly, GBP3 and GBP4
(and GBP1/2) were recruited to S. flexneri AipaH9.8 (hereafter referred to as S. flexneri) as
early as 3 h p.i. in infected U937 macrophages (Fig 1B and 1D), demonstrating the functionality
of these GBPs in our experimental system. As expected, GBP5, which is recruited to neither
S. Typhimurium nor S. flexneri, was not recruited to F. novicida either.

These findings show that the repertoire of GBPs recruited to F. novicida and to S. flexneri
differs, suggesting that F. novicida specifically escapes targeting by GBP3 and 4.

GBP1 is preferentially recruited onto S. flexnerithan onto F. novicida in co-infected cells

Escape from GBP3/4 recruitment might be due to either an active process (e.g. implicating a
T6SS-secreted effector) or a lack of recognition (F. novicida is described as a stealth pathogen
[431]). The role of the T6SS could not be directly tested since a AFPI mutant (lacking the T6SS)
does not escape into the cytosol and thus fails to recruit GBPs [234]. Treatment of F. novicida-
infected macrophages with chloramphenicol, an antibiotic blocking protein neosynthesis, did
not promote GBPS3 recruitment to F. novicida (Fig S2A) suggesting that the absence of GBP3
recruitment onto F. novicida is not due to active inhibition.

To further evaluate whether F. novicida could actively block GBP3/4 recruitment via secreted
proteins, U937 macrophages were co-infected with F. novicida and S. flexneri. The cells were
first infected with F. novicida and 4 h later with S. flexneri until 7 h total to ensure optimal GBP
recruitment rates for both species. In co-infected cells, GBP3/4 were robustly recruited to S.
flexneri (Fig 2A). Similar results were obtained when cells when inoculated with F. novicida
and S. flexneri at the same time (Fig S2B). Therefore, the mechanism allowing F. novicida to
escape GBP3/4 targeting does not act in trans on S. flexneri but is restricted to the bacterium
strongly suggesting that this escape is not mediated by a F. novicida secreted effector.

Interestingly, while GBP1 and GBP2 recruitment could easily be observed in F. novicida-
infected cells, we could not detect a single GBP1 or GBP2 recruitment event to F. novicida in
cells co-infected with S. flexneri (Fig 2A). This observation was true for all coinfection
experiments, regardless of the time of infection (Fig S2B) and was further validated in primary
human macrophages co-infected with S. flexneri (Fig 2B). The lack of GBP1/2 recruitment onto
F. novicida was restricted to cells co-infected with S. flexneri since GBP1/2 recruitment on F.
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novicida was detected in bystander cells infected only with F. novicida (Fig S2C). These results
indicate that in co-infected cells, GBP1 and GBP2 target preferentially S. flexneri than F.
novicida suggesting a lower affinity of GBP1/2 for F. novicida envelope than for the one of S.
flexneri. Importantly, this is also reflected in the lower frequency and the delayed recruitment
of GBP1 on F. novicida compared to S. flexneri (Compare Fig 1C and 1D) despite the two
bacteria having similar kinetics of escape into the host cytosol [432,433].

Recruitment of GBP2 to F. novicida depends on GBP1

GBP1 initiates recruitment of GBP2, 3 and 4 to S. flexneri and S. Typhimurium [311,419,420].
As the above results demonstrated differences in GBP targeting between F. novicida and the
previously studied enterobacteria, we examined the hierarchy of GBP1 and GBP2 targeting to
F. novicida.

HA:GBP1 and HA:GBP2 were expressed in GBP© U937 cells (Fig S3A and S3B) and their
recruitment to F. novicida was scored at 7 h post-infection. Individual GBP2-5 knock-out did
not affect the frequency of HA:GBP1 recruitment to F. novicida suggesting that GBP1 is
recruited independently of other GBPs (Fig 3A and 3B). Accordingly, in the absence of IFNy
(and hence of endogenous GBPs), ectopically expressed HA:GBP1 was recruited to F.
novicida (Fig S3C and S3D). In contrast, HA:GBP2 was not recruited to F. novicida in IFNy-
treated GBP1%° cells (Fig 3A and 3C), nor in WT cells in the absence of IFNy (Fig S3C and
S3D). Recruitment of HA:GBP2 was not affected by invalidation of GBP3, 4 or 5. Thus, as
previously reported for S. flexneri[311,419,420] and S. Typhimurium [419], GBP1 is recruited
to F. novicida independently of other GBPs and of other IFNy-induced factors whereas GBP2
recruitment requires GBP1.

Using validated antibodies (Fig S3E), we investigated the co-recruitment of GBP1 and GBP2
to F. novicida. Whenever one GBP (GBP1 or GBP2) was targeted to a bacterium, the other
GBP was detected on the same bacterium in more than 85% of the cases (Fig 3D). Super
resolution microscopy demonstrated intimate colocalization between endogenous GBP1,
GBP2, and the bacterial LPS in U937 macrophages, and in primary human macrophages (Fig
3E and 3F). Therefore, once recruited, GBP1 consistently recruits GBP2 onto F. novicida
where both proteins tightly colocalize with LPS on the bacterial surface.

GBP1 CAAX box is suboptimal for F. novicida targeting

GBP1 and GBP2 undergo a post-translational addition of a lipid prenyl group [351]. This
prenylation is guided by a C terminal CAAX motif, which dictates the nature of the prenyl group
(Table 1). Prenylation is required for GBP1 to target S. flexneri [418,419,421] and S.
Typhimurium [393,419]. Deletion of the GBP1 CAAX box (Fig S4A) also abolished GBP1
recruitment to F. novicida (Fig 4A). Similarly, deletion of GBP2 CAAX box abrogated its
recruitment to F. novicida (Fig 4B and 4D), and to S. flexneri (Fig 4C and 4D). GBP prenylation
is thus necessary for GBP1 and GBP2 targeting to F. novicida.
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Table 1. Properties of macrophage-expressed GBPs

CAAX box Prenylation | GDP hydrolysis Closest homologue
(s)
GBP1 | CTIS F (15C) 85% [368] GBP3
GBP2 | CNIL GG (200) 5.6% [368] GBP1
GBP3 | none none N/A GBP1
GBP4 | none none N/A GBP7
GBP5 | CVLL GG (200) 0% [434] GBP1, 3

*GMP formation calculated from [368] at GMP:GDP ratio for GBP1 = 5.7 and GBP2 = 0.06
F = farnesyl; GG = geranylgeranyl

The lipid moiety of GBP2 is a geranylgeranyl lipid that consists of a 20-carbon chain whereas
GBP1 lipid moiety is a farnesyl, which is a shorter 15 carbon chain (Table 1). Since this farnesyl
moiety likely anchors GBP1 into the lipid A leaflet (with 12-14 and 16-18 carbon-long acyl
chains in S. flexneri and F. novicida, respectively) [421,425] we assessed whether the
difference in prenylation played a role in the efficacy of GBP targeting. GBP1 and GBP2 CAAX
motives were swapped to generate cell lines expressing HA:GBP1-CNIL or GBP2-CTIS (Fig
S4A). In the absence of IFNy, both GBP1 and GBP1-CNIL were recruited to F. novicida while
GBP2 and GBP2-CTIS were not (Fig 4E). Therefore, GBP farnesylation is not sufficient to
initiate GBP recruitment. Remarkably, HA:GBP1-CNIL was consistently recruited at higher
rates than HA:GBP1 to F. novicida. The increased recruitment of GBP1-CNIL was even more
striking upon IFNy treatment. Conversely, GBP2-CTIS recruitment was significantly lower than
that of HA:GBP2 (Fig 4F, S4B) to F. novicida. No significant differences were observed upon
S. flexneri infection (Fig. 4G). Additionally, GBP1-CNIL-expressing cells responded to F.
novicida infection with faster and higher cell death rates than the other cell lines (Fig S4C),
suggesting that the increased recruitment has functional consequences on inflammasome-
mediated cell death.

Altogether, these results reveal that GBP prenylation is required to target F. novicida. While
the specificity of GBP prenyl chain does not drive GBP recruitment hierarchy, GBP prenylation
type controls GBP recruitment efficiency, possibly in relation to the lipid A acyl chain length.

Multiple GBP1 domains are specifically required for the GBP1 pioneer recruitment onto
F. novicida

As described above (Fig 3), GBP2 recruitment to F. novicida is governed by the initial GBP1
recruitment, while GBP1 is targeted to bacteria independently of IFNy-induced factors. To
identify the GBP1-specific domains driving the initial recruitment to F. novicida, GBP1-GBP2
and GBP2-GBP1 chimeras were generated (Fig 5A and S5A). A polybasic patch (RRRss4-586)
in the GBP1 C-terminus controls GBP1 recruitment to S. flexneri and S. Typhimurium
[339,418]. This CAAX-neighboring sequence is absent in GBP2 and in other human GBPs.
The chimera lacking the triple R patch but otherwise displaying most of GBP1 sequence (N1-
580-C2) was not recruited to S. flexneri nor to F. novicida (Fig 5B and 5C) in the absence of
IFNy priming indicating that the triple arginine patch also controls GBP1 targeting to F.
novicida.
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The presence of the 14 last amino-acid residues of GBP1 (including the triple R patch) was
sufficient to drive the recruitment of the corresponding GBP2 chimera (N2-577-C1) to S.
flexneriin the absence of IFNy (Fig 5C). Surprisingly, the N2-577-C1 chimera was not recruited
to F. novicida in the absence of IFNy (Fig 5B and 5C). Further addition of GBP1 central domain
and a12-13 region residues did not induce IFNy-independent recruitment of the corresponding
chimeras (N2-554-C1 or N2-315-C1) either. The pioneer recruitment (IFNy-independent) was
restored in chimera N2-26-C1 which additionally bears the globular GBP1 GTPase domain
(Q26-L316). Importantly, in the presence of IFNy, all the above chimeras were recruited to F.
novicida thus confirming their functionality in terms of recruitment (Fig S5C and S5D). These
results demonstrate that different domains (including the GTPase domain) within GBP1
specifically control recruitment to F. novicida while, as previously described [418], the
polybasic patch seems to be the only factor discriminating GBP1 from GBP2 for its pioneer
recruitment onto S. flexneri.

The GTPase domains of GBP1 and GBP2 present 90% similarity (Fig 5D) suggesting that
discrete differences are responsible for their ability to specifically initiate recruitment to F.
novicida. Several positively charged patches on the surface of GBP1, of which KKKgi.e3,
present in the GTPase domain, are required for GBP1 recruitment to S. Typhimurium [419].
GBP2 carries only two lysine residues (KKNs1.63) at the corresponding location. The K63N
mutation dramatically reduced GBP1 targeting to F. novicida in the absence of IFNy (Fig 5E).
GBP1-63N was recruited onto F. novicida in the presence of IFNy (S5G) and onto S. flexneri
even in the absence of IFNy (Fig 5F) indicating that this second patch of three basic residues
(KKKe1-63) specifically contributes to initiating GBP1 recruitment to F. novicida. Furthermore,
this result illustrates how subtle differences between GBP proteins deeply affect their hierarchy
and their ability to target F. novicida.

In addition, GBP1 efficiently hydrolyzes GDP to GMP while GBP2 does not (Table 1, [368]).
GMP formation by GBP1 is due to a "guanine cap" loop, situated between R239 and D255,
which stabilizes GDP in the GBP1 catalytic pocket. The guanine cap present in GBP2 differs
in its tertiary structure and does not promotes GMP formation [368]. To assess whether GBP1
GDPase activity may promote its pioneer recruitment to F. novicida, we first mutated GBP1
(p.G68A mutation) to block GDP hydrolysis while leaving GTP hydrolysis intact [405]. This
mutation fully abolished GBP1 recruitment to F. novicida in the absence of IFNy (Fig 5E and
S5F). GBP1-G68A mutation did not significantly decrease its recruitment to S. flexneri in the
absence of IFNy (Fig 5F) nor its recruitment to F. novicida in the presence of IFNy (Fig S5G).
To confirm the role of GBP1 GDPase activity in specifically initiating recruitment to F. novicida,
we generated a GBP1 variant carrying GBP2 guanine cap (GBP1-GC2) (Fig S5E). As
observed for the GBP1-G68A mutant, the GBP1-GC2 chimera failed to target F. novicida in
the absence of IFNy (Fig 5E). Although a significant decrease in terms of recruitment to S.
flexneri was also observed (Fig 5F), GBP1-GC2 chimera was robustly targeted to S. flexneri
in 15% of infected cells (Fig S5F) and to F. novicida in the presence of IFNy. Altogether, these
findings strongly suggest that GBP1 requires its GDPase activity in order to initiate recruitment
to F. novicida. Furthermore, they indicate that not only S. flexneri and F. novicida differ in the
repertoire of GBPs recruited to their surface (Fig 1) but also in the requirement of GBP1
motifs/activity to target the bacterial surface. While the C-terminal triple R patch accounts for
the main difference in GBP1/2 recruitment hierarchy onto S. flexneri, multiples domains in the
globular GTPase domain and the C-terminus are required to initiate GBP1 recruitment onto F.
novicida likely owing to the atypical nature of its LPS.
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LpxF promotes escape from GBP3 targeting

F. novicida LPS includes a tetra-acylated lipid A, which has been associated with immune
evasion [234,291,435]. To explore whether lipid A tetra-acylation plays a role in the escape of
F. novicida from GBP3/4 recruitment, we infected U937 macrophages with a F. novicida AlpxF
mutant. LpxF removes the phosphate in position 4' of the lipid A. Its absence results in a penta-
acylated lipid A (Fig 6A) due to steric hindrance that blocks the 3’ deacylase, LpxR [216]. The
AlpxF mutant had a lower ability than the WT strain to rupture its phagosome (Fig. S6A), which
was reflected in the lower rates of GBP1 recruitment (Fig S6B). Complementation of AlpxF
mutant either by correcting the chromosomal locus (lpxF-CAT) or by expressing JpoxF in trans
from a complementing plasmid (p-/pxF) restored GBP1 recruitment to WT level (Fig S6B). We
thus used endogenous GBP1 (Fig S6C) as a marker of cytosolic bacteria and analyzed GBP3
and GBP4 recruitment. We consistently noticed a discrete recruitment of HA-GBP3 on GBP1+
AlpxF mutant strain that was absent in GBP1* WT or JpxF-complemented F. novicida strains
(Fig 6B and 6C). The enrichment of GBP3 at the surface of GBP1* bacteria was quantified
using semi-automated analyses on confocal images (Fig S6D). GBP3 was significantly more
enriched on the AlpxF mutant than on the WT and complemented strains (Fig 6B, p < 0.001).
These results indicate that the LpxF enzyme and the consequent F. novicida Lipid A
modification contributes to the ability of F. novicida to escape to GBP3 targeting. The
recruitment of GBP3 onto the AJpxF mutant was not as extensive as onto S. flexneri (Fig 1B)
suggesting that other F. novicida-specific virulence factors contribute to escape from GBP3
recruitment. Furthermore, we did not observe any GBP4 recruitment or enrichment (Fig S6E
and 6F) onto GBP1* AlpxF mutants indicating that LpxF-mediated LPS modification controls
GBP3 but does not account for GBP4 targeting escape mechanism.

Altogether, these results underline the stealth nature of F. novicida which escapes GBP3
recognition owing to its atypical tetra-acylated LPS. Additional prokaryotic factors likely
constrain recruitment of GBP3 and, to an even greater extent of GBP4 to F. novicida.

DISCUSSION

Professional cytosol-dwelling bacteria either hide from or actively inhibit cell autonomous
responses to thrive in the host cytosol. Here, we observed that F. novicida escapes from being
targeted with specific human GBPs. Furthermore, the kinetics and the frequency of GBP1/2
recruitment onto F. novicida suggests that F. novicida dampens the whole GBP recruitment
process. While GBP1 recruitment requirements have been studied with S. flexneri and S.
Typhimurium, GBP1 recruitment to F. novicida appears to be less resilient to GBP1 mutations,
allowing us to highlight multiple independent features required for GBP1 targeting.

Four features in GBP1 drive recruitment to F. novicida. Two of them, the GBP1 CAAX box and
the C-terminal triple arginine patch also promote recruitment to S. flexneriand S. Typhimurium
[311,393,421]. Interestingly, the two others were required for GBP1 targeting to F. novicida but
were fully facultative for S. flexneri: a lysine residue (Kes) present in a patch of three
consecutive positively charged residues (KKKsi.63) in the N-terminal region of GBP1 and the
GDPase activity (invalidated by the p.G68A mutation) [405]. GMP production by GBP1 and its
ensuing catabolism in uric acid contributes to NLRP3 inflammasome activation during
Chlamydia trachomatis infection [405]. Depending on the infecting pathogen, the GDPase
activation may thus have two synergistic functions to promote inflammasome activation, the
first one at the bacterial surface to assemble the caspase-4-activating platform [419—421] and
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the second one to activate the NLRP3 inflammasome. The role of GBP1 GDPase activity to
target F. novicida was confirmed by replacing the guanine cap of GBP1 (which plays a specific
role in GMP formation [368]) with the one of GBP2. Contrary to the p.G68A mutation, the
guanine cap exchange decreased targeting to S. flexneri. The guanine cap of GBP1 contains
a third positive patch (RRKzs3.245) that is mirrored by a KKY243.245 in GBP2. Although, the
RRK243.245 Was not required for GBP1 binding to E. coli LPS in an in vitro assay [419], we
cannot exclude that this patch may play a role in S. flexneri targeting possibly in synergy with
the GDPase activity. Altogether, our study extends the findings from previous publications
demonstrating that several independent GBP1 features contribute to targeting to Gram-
negative bacteria. Furthermore, studying F. novicida targeting in comparison with S. flexneri
identified specific GBP1 features that are required for F. novicida but facultative for S. flexneri
targeting suggesting that GBP1 has evolved these different domains to recognize a diversity
of pathogens.

In addition to GBP1 prenylation, we observed that GBP2 recruitment to F. novicida and S.
flexneri was dependent on the CAAX box. This result indicates that further GBP specificities
exist to control GBP recruitment downstream of GBP1. Indeed, GBP3 and GBP4, which are
recruited to S. flexneri are devoid of a CAAX box while the prenylated GBP5 is not recruited.
More surprisingly, the presence of the GBP2 CAAX box on either GBP1 or GBP2 was
associated with a significantly higher recruitment to F. novicidathan GBP1 or GBP2 with GBP1
CAAX box. GBP1 and GBP2 CAAX boxes drive farnesylation or geranylgeranylation,
respectively (Table 1). The longer size of the GBP2 lipid anchor (20 carbons) might increase
the stability of GBP recruitment in the membrane of F. novicida, which displays long lipid A
acyl chains with 16 to 18 carbons (Fig 6A).

In addition to the above discussed host features, our work further revealed that bacterial factors
control GBP recruitment. Indeed, F. novicida escapes targeting by the non-prenylated GBP3
and GBP4. GBP2-4 recruitment to S. flexneri or S. Typhimurium depends solely on GBP1 and
on no other GBP [419,420] suggesting that no further recruitment hierarchy exists downstream
of GBP1. However, facing two different pathogens in the same experimental system, GBP2,
GBP3 and GBP4 were differentially recruited. Therefore, additional mechanisms control the
selective GBP recruitment downstream of GBP1, and those mechanisms are dependent on
bacterial factors. GBP3/4 might require the presence of a specific bacterial molecule that would
act, together with GBP1, as a co-receptor to allow GBP3/4 recruitment, and that would be
absent from F. novicida envelope. Alternatively, GBP1/2 polymer conformation at the surface
of F. novicida may not be favorable to promote GBP3 or GBP4 binding. While the O-chain
moiety of LPS drives GBP1 encapsulation of bacteria [421], several evidence suggest that
other LPS domains contribute to GBP recruitment/function. First, GBPs are recruited at the
surface of S. flexneri rough mutants (without O-chain) although at lower levels than to WT
strain [418]. Second, in vitro, GBP1 still binds S. flexneri Arfal rough mutant although it does
not promote GBP1 encapsulation [421]. Third, mGBPs are required for full inflammasome
activation in response to smooth LPS, rough LPS or even synthetic lipid A [417]. Importantly,
our work suggests that one of the bacterial factor that controls GBP recruitment is the number
of lipid A acyl chains. Indeed, GBP3 was recruited on F. novicida AlpxF mutant, which bears a
penta-acylated lipid A. Interestingly, LPS from AlpxF F. novicida mutant is also recognized by
caspase-11 [291] suggesting a convergent evolution of cytosolic LPS sensors. Of note IpxF
deletion also results in the presence of an additional phosphate group in the disaccharide
anchor of lipid A, which is absent in wild-type F. novicida but is otherwise present in
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enterobacteria LPS (Fig 6A). This phosphate addition increases the negative charge of the
LPS and may thus account for or contribute to the recruitment of GBP3.

Interestingly, the GBP3 recruitment observed on AlpxF mutant strain was not comparable to
the GBP1/2 recruitment observed on WT F. novicida or to the GBP3 recruitment observed on
S. flexneri, suggesting that besides lipid A tetra-acylation, F. novicida has evolved other
strategies to hide from GBP3 (and GBP4) recruitment. In addition to the tetra-acylation of its
LPS, F. novicida has numerous other unique envelope characteristics, including a high
proportion of free lipid A, and the presence of additional sugars in the lipid A anchor. Multiple
properties of its bacterial envelope may thus cooperate to enable escape from GBP targeting.
Finally, the highly virulent F. tularensis subspecies tularensis evades mGBP-mediated growth
restriction more efficiently than F. novicida [308]. Future studies should examine the role of the
F. tularensis envelope “invisibility cloak” in the escape of GBP-mediated immune responses.

MATERIALS AND METHODS
Ethics statement

Blood from healthy donors was obtained from the Etablissement Frangais du Sang Auvergne-
Rhéne Alpes, France under the convention EFS 16-2066. Informed consent was obtained from
all subjects in accordance with the declaration of Helsinki. Ethical approval was obtained from
Comité de Protection des Personnes SUD-EST IV (L16-189).

Bacterial strains

Francisella novicida strain Utah (U112) and related mutants were grown in Tryptic Soy agar
and broth (Pronadisa) supplemented with 0.1% w/v L-cysteine. F. novicida AFPI and AlpxF
mutants were previously described [217,436]. Lipid A composition of the AjpxF mutant was
validated by mass spectrometry. Complemented AlpxF mutants were generated and cultivated
as described below. Shigella flexneri str. MOOT AipaH9.8 [437] was grown in Tryptic Soy agar
and broth. Escherichia coli DH5a were grown in Lysogeny broth and agar (Pronadisa)
supplemented with ampicillin (100 pg/ml), kanamycin (30 pg/ml), tetracycline (50 pg/ml) or
chloramphenicol (20 pg/ml) when necessary.

Cell cultures

U937 cells were maintained in RPMI Medium 1640 - GlutaMAX™-| (ThermoFisher Scientific)
supplemented with 10% v/v fetal calf serum. HEK293T cells were maintained in Dulbecco’s
Modified Eagle Medium with GlutaMAX™-| (ThermoFisher Scientific) with 10% v/v fetal calf
serum and geneticin (200 pg/ml). Primary human CD14* monocytes were isolated from blood
and differentiated into macrophages for a week as previously described [234].

Bacterial complementation

F. novicida genome sequence was retrieved from GenBank (accession number
GCF_000014645.1 and entry number FTN_0295 for the JpxF gene). For chromosomic
complementation of JpxF, the coding sequence was amplified from wild-type F. novicida DNA
using a Phusion® High-Fidelity DNA polymerase (New England BioLabs) starting from 600 bp
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upstream of the gene to the stop (PCR A) or from the stop codon to 600 bp downstream of
IoxF (PCR C). Chloramphenicol resistance cassette (CAT gene) under the control of F.
novicida groES/EL promoter was amplified from a chloramphenicol-resistant F. novicida strain
using primers containing FRT sequences (PCR B). The FRT-flanked CAT sequence was
integrated between PCR A and PCR C using joint PCRs. The PCR product was introduced in
F. novicida AlpxF strain by chemical transformation. F. novicida culture of ODgoonm = 0.9 was
concentrated 10 times in a chemical transformation buffer (270 mM NaCl, 24 nM MgSQs4, 20
mM CaClz, 35 mM MnClz, 50 mM Tris, 2mM L-Arg, 1 mM L-His, 2 mM L-Met, 3 mM L-Asp, 0.2
mM Spermine, pH = 6.8) and incubated for 20 min at 37°C, 100 rpm with 1 ug DNA per 500 pl
of bacterial suspension. The bacteria were then incubated for 2 h in TSB + 0.1% cysteine and
0.4% glucose, then spread onto selective TSA cysteine medium containing 4 pg/pl
chloramphenicol. Selected clones were validated by sequencing.

For trans-complementation, JoxF was amplified using primers containing Pstl and EcoRlI
restriction sites. The digested PCR product was ligated into pKK214 [438] using T4 DNA ligase
(New England BiolLabs) and transformed into DH5a. Plasmids extracted from tetracycline-
resistant clones were validated by sequencing. pKK214-/pxF construct was introduced in F.
novicida AlpxF through chemical transformation as described above. Clones were selected
using tetracycline 3 pg/upl on TSA cysteine plates or routinely grown in TSB with tetracycline at
0.75 pg/ul.

Primers are available in Table S1.
Plasmid constructions

GBP fragments were amplified from pAIP plasmids containing GBP1, GBP2, GBP5 cDNA in
frame with a N-terminal HA tag-coding sequence using primers listed in Table S1. Chimeric
GBP sequences were produced by joint PCR using a Phusion® High-Fidelity DNA polymerase.
Point mutations were introduced into GBP sequences cloned in a pUC57 plasmid, using PFU
Ultra Il DNA polymerase. The methylated template was digested with Dpnl and the mutated
plasmid was transformed in E. coli DH5a cells. The chimeric or mutated GBP sequences were
then transferred into pAIP using Notl and BamHI and the T4 DNA ligase and transformed into
E. coli DH5a. All final constructs were verified by sequencing.

Lentiviral production and generation of stable U937 cell lines

HEK293T cells were seeded in complete DMEM medium at 2.108 cells per 25 cm? cell culture
flask and transfected 24h later with 4.3 pg pPAX2 (gag-pol expression), 1.43 ug pMDG (VSV-
G expression) and 5.6 ug pAIP construct. Transfection was carried out in 1.4 ml OptiMEM™
reduced serum medium (ThermoFisher Scientific) supplemented with 20 uM polyethylenimine
(Sigma-Aldrich #408727). Complete DMEM was added 4 h later. On the following day, the
medium was changed for 1.4 ml DMEM. Lentiviruses were collected 48 h after transfection.
U937 cells were seeded at 2.5x10° per well in a P24 plate and transduced by adding 5004l
lentiviral particles to the culture medium. Starting from 72 h post-transduction, transduced cells
were selected by treating with puromycin (2 ug/ml) for 14 days. Protein expression was
controlled by Western Blot. All produced cell lines are described in Table S2. Control, GBP1X°,
GBP2©, GBP3*© cells were previously described [420]. GBP4%° and GBP5X° U937 cell lines
were generated similarly using the following sgRNA: GBP4: GTAACCCTAAGAATGACTCG
(guide 1), TGTGCGGTATAGCCCTACAA (guide 2); GBP5: AAACTCACCCGACCTTGACA
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(quide 1), GTTCACAGTATTGTACACAA (guide 2). Wild-type U937 and HEK-293T cells tested
negative for Mycoplasma.

Infections

To obtain macrophages, U937 monocytes were seeded 36h prior to infection in complete RPMI
supplemented with 100 ng/ml phorbol myristate acetate (PMA, Sigma-Aldrich). Primary human
monocytes were treated with 50 ng/ml M-CSF (Sigma-Aldrich) in complete RPMI for a week
before infection. Treatment with 10 U/ml hIFN-y (Sigma-Aldrich) was done 18 h prior to
infection unless otherwise specified. Bacteria were grown in overnight culture in 2 ml TSB +
0,1% cysteine (F. novicida) or TSB (S. flexneri). Infection with F. novicida was done using
overnight culture. For infection with S. flexneri, the overnight culture was diluted at 1/100 and
the subculture was grown until it reached an ODeoonm 1. The bacteria were suspended in RPMI
at the desired MOI and added onto the cells followed by a spinoculation at 1000 g for 15 min
(32°C). After 1 h of incubation at 37°C, the cells were washed and the medium was replaced
in RPMI with gentamycin (5ug/ml for F. novicida or 100 pg/ml for S. flexneri) until the desired
time post-inoculation. When applicable, chloramphenicol (4 pg/mL) was used to inhibit protein
neosynthesis at 5 h p.i.

Immunofluorescence

U937 macrophages and hMDMs were differentiated as described above and seeded at 5.10°
cells/ml in P12 plates (U937) or onto sterile glass coverslips (hMDMSs). Infection was carried
out as described above. At the indicated time of infection, the cells were washed and fixed with
2% formaldehyde (Sigma-Aldrich) in PBS for 10 min at RT. U937 cells were mounted on poly-
L-lysine slides (Sigma-Aldrich) using Shandon Cytospin 3 cytocentrifuge for 10° cells per slide.
hMDMs were stained directly on the glass coverslips. Permeabilization was done with in PBS-
Triton 0.1% for 10 min at RT. The samples were submerged in blocking buffer (5% BSA, 0.1%
Triton, 0.02% NaNs in PBS) for 1 h at RT or 4°C O/N then stained with the appropriate
antibodies, listed in Table S3. DAPI (4',6-diamidino-2-phenylindole at 100 ng/ml,
ThermoFischer Scientific) was used for DNA staining. Coverslips were mounted using
Fluoromount G™ (Invitrogen) mounting medium. Images for statistical analysis were taken on
a Nikon Eclipse Ts2R-FL inverted microscope. For representative images, the samples were
imaged on a Zeiss LSM 800 confocal microscope or Zeiss Elyra 7 SIM/STORM microscope.
Imaged software was used for analysis.

Phagosomal rupture assay

Quantification of vacuolar F. novicida escape was done using the B-lactamase/CCF4 assay
(Life Technologies) [439]. Briefly, U937 monocytes were seeded in P48 plates at 1.25x10°
cells/well in PMA-supplemented RPMI. The cells were treated with 10° U/Im IFNy and infected
as described above., the cells were washed at 3 h post-infection and incubated with CCF4 for
1 h at RT in the presence of 2.5 mM probenecid (Sigma-Aldrich). Live cells (propidium-iodide
negative, CCF4 positive) were tested for F. novicida-mediated phagosomal rupture by flow
cytometry using excitation at 405 nm and detection at 450 nm (cleaved CCF4) or 510 nm
(intact CCF4).

Cell death assay
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U937 cells were differentiated for 10° cells/well in 96 well plates, treated with 100 U/ml IFNy
and infected with F. novicida at MOI 100 as described above. The cells were washed with PBS
at 1 h p. i. and the medium was replaced with CO2-independent medium supplemented with
10% FCS, 5 ug/ml gentamycin and 5 pg/ml propidium iodide (Pl, ThermoFischer Scientific). Pl
fluorescence was measured every 15 min during 24 h on a Tecan microplate fluorimeter. Data
were normalized using uninfected cells and cells treated with 1% Triton X100 (100% cell
death).

Real time PCR

PMA-differentiated U937 were treated or not with IFNy and infected or not as described above.
Total RNA was extracted using chloroform and TRI Reagent ® (Sigma-Aldrich #93289) and
reverse transcribed with random primer combined with Im-Prom Reverse Transcription System
(Promega #A3800). Quantitative real-time PCR was performed using FastStart Universal
SYBR Green Master Mix (Roche #04913850001) and an Applied StepOnePlus™ Real-Time
PCR System (ThermoFisher Scientific). Gene-specific transcript levels were normalized to the
amount of human HPRT transcripts. Primer sequences are available in [234].

Western blotting

U937 cells were washed in PBS and lysed for 30 min on ice using Radioimmunoprecipitation
buffer supplemented with EDTA-free protease inhibitor cocktail cOmplete™ (Roche). Cleared
lysate was obtained by centrifugation at 11,000 g for 10 min at 4°C. Total protein concentration
of the lysates was determined using a Micro BCA™ Protein Assay Kit (ThermoFisher Scientific)
according to the manufacturer’s protocol. Laemmli Sample Buffer (Bio-Rad) with 10% v/v -
mercaptoethanol (Sigma-Aldrich) was added to the protein samples before boiling them for 10
minutes at 95°C. Protein extracts were deposited onto a 4-15% Mini-PROTEAN® TGX™ gel
(Bio-Rad) for migration. Following migration, the samples were transferred onto a membrane
using Trans-Blot® Turbo™ RTA transfer system (Bio-Rad). The membranes were saturated
with 5% skimmed milk, then stained with the appropriate primary and secondary antibodies
(Table S3) and revealed with an ECL detection reagent (Dd Biolab).

Statistical analysis

Statistical analysis was performed with GraphPad Prism 9 software. Normality was assessed
for data sets with n > 20 entries using D’Agostino & Peerson omnibus normality test. Multiple
comparison was done with analysis of variance tests with post-hoc corrections (Dunnett’s or
Sidak’s depending on the selected comparisons). In the case of single comparisons, two tailed
t tests were performed.
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Data availability

All relevant data are available in the paper or the supplementary material. Plasmid constructs
have been deposited in Addgene (public access pending). Additional data is available upon
request.
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Fig 1. F. novicida and S. flexneri are targeted by a different repertoire of GBPs.

IFNy-treated, HA:GBP-expressing, U937 macrophages were infected with F. novicida (A, C)
or S. flexneri AipaH9.8 (B, D) at the indicated time post-infection (p.i.). (A) and (B) show
representative images, scale bar 5 um and 3X zoom on the right panels. (C) and (D) GBP
recruitment was quantified as the percent of infected cells in which GBPs are targeted to
bacteria. Each point represents the value from one experiment with 50-100 infected cells
counted per experiment. The bar represents the mean +/- SEM of three independent
experiments. ANOVA with Dunnett’s analysis was performed in comparison to GBP1
recruitment frequency: ***, p < 0.001; ns, not significant.
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Fig 2. GBPs are selectively recruited to S. flexneri in F. novicida-co-infected cells.

IFNy-primed U937 macrophages (A) or human monocyte-derived macrophages (hMDMs, B)
were infected with F. novicida at MOI 50 and then 4 h later with S. flexneri AipaH9.8 at MOI 50
for 3 h (A) to 4 h (B). Representative images are shown. The arrows indicate GBP recruitment
to S. flexneri. Scale bar, 5 um.
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Fig 3. GBP2 is recruited in a GBP1-dependent manner to F. novicida.

IFNy-treated U937 (A-E) or monocyte-derived macrophages (F) were infected with F. novicida
for 7 h (A-E) or 10 h (F). (A) Representative images of GBP*° or control U937 cells stably
expressing HA:GBP1 (top panels) or HA-GBP2 (lower panels) are shown with scale bar 5um
and 3X zoom. (B, C) HA:GBP recruitment was expressed as the percentage of infected cells
presenting GBP-bacteria colocalization. (D) Endogenous GBP co-recruitment to F. novicida
measured as the percent of GBP2-positive bacteria among the GBP1-positive and vice-versa.
(E, F) Structured illumination microscopy of endogenous GBP localization to F. novicida in
U937 cells (E) or human monocyte-derived macrophages (hMDMs) (F), scale bar 0.5um in (E)
and 5 um in (F).

Data information (B-D): Each point indicates the value of one experiment with 50-100 infected
cells analyzed. The bar represents the mean +/-SEM of 3 independent experiments. ANOVA
with Dunnett’s analysis was performed in comparison to recruitment frequency in control cells:
*, p < 0.05; ns, not significant.
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Fig 4. GBP1 CAAX box is suboptimal to target F. novicida.
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U937 macrophages treated (A-D, F, G) or not (E) with IFNy, were infected with F. novicida for
7 h (A, B, D-F) or S. flexneri AipaH9.8 for 2 (G) to 3 h (C-D). (D) Representative images with
scale bar 5um and 3X (F. novicida) or 2X (S. flexneri) zoom on the right panels are shown. (A-
C, E-G) GBP recruitment was scored as the percentage of infected cells with GBP-bacteria
colocalization. Each point corresponds to the value from one experiment with 50-100 infected
cells analyzed. The bar represents the mean +/- SEM of three independent experiments. Two-
tailed t test with Welch’s correction (A-C) or ANOVA with Sidak’s (E-G) analysis was
performed: *, p <0.05; **, p < 0.01; ***, p < 0.001.
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Fig 5. Multiple GBP1 features are required for the pionneer GBP1 recruitment to F.
novicida.

(A) GBP1-2 or GBP2-1 chimera are schematically shown. (B, C, E, F) U937 macrophages
were infected with F. novicidafor 7 h (B, C, E) or S. flexneri AipaH9.8 for 2 h (C, F). Recruitment
was calculated as the percentage of infected cells with HA-GBP-bacteria colocalization. (D)
Clustal alignment of GBP1 and GBP2 GTPase domains with a highlight on the studied
domain/residues. (B, E, F) Each point corresponds to the value from one experiment with 50-
100 infected cells analyzed. The bar represents the mean +/- SEM of three to six independent
experiments. ANOVA with Sidak’s (B) or Dunnett's (D, E) analysis was performed in
comparison with GBP1 recruitment: *, p <0.05; ns, not significant.
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Results: I. Francisella escapes GBP targeting

Fig 6. LpxF and lipid A modifications promote F. novicida escape from GBP3 targeting.

(A) Structure of hexa-acylated S. flexneri, tetra-acylated F. novicida and penta-acylated F.
novicida AlpxF LPS. (B, C) IFNy-treated, U937 HA:GBP3-expressing macrophages were
infected with F. novicida for 7 h. HA:GBP3 enrichment was calculated as explained in Fig. S6B.
(B) Each point represents the value of HA:GBP3 enrichment on one individual GBP1-F.
novicida colocalization area. The bar represents the mean +/- SEM of 20 to 49 events
originating from 4 independent experiments. Kruskal-Wallis multiple analysis with Dunn’s
correction was performed: **, p < 0.01; ***, p < 0.001; p < 0.0001. (C) Images with the highest
or average GBP3 enrichment values are shown as indicated. Scale bar, 5um.
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Supplemental data
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S1 Fig. GBP1-5 expression in U937 cell lines.

(A) Stable expression of HA-tagged GBPs was assessed by Western blot in U937 cell lines.
(B) Endogenous levels of GBP transcripts were quantified by gRT-PCR and normalized to
HPRT transcript levels after treatment with IFNy or infection with WT or AFPI F. novicida
strains.
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Results: I. Francisella escapes GBP targeting

S2 Fig. Inhibition of GBP recruitment by F. novicida is bacterium-intrinsic.

(A) F. novicida-infected U937 macrophages were treated with chloramphenicol for 2 h at 5 h
p.i.. Representative images are shown. Scale bar, 5um. (B) IFNy-primed U937 macrophages
were co-infected with F. novicida and S. flexneri AipaH9.8 for 4 h. Representative images are
shown. The arrows show GBP recruitment to S. flexneri. (C) GBP1 and GBP2 are recruited to
F. novicida (arrows) in cells neighboring co-infected cells. The arrows show HA-GBP
recruitment to F. novicida. Cell perimeter is depicted in white.
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S3 Fig. Expression of HA:GBPs in GBP KO cell lines.

(A) GBP or control KO U937 cells were assessed for GBP4 or GBP5 expression by Western
blot. The residual GBP5 signal in GBP5X° is due to cross-reactivity of the antibody with GBP1
as demonstrated using GBP1/5°%©. (B) Stable expression of HA:GBP1 or HA-GBP2 were
analyzed by Western blot in the indicated U937 cell lines. (C) GBP recruitment was scored as
the percentage of infected cells with GBP-bacteria colocalization in U937 macrophages in the
presence or absence of IFNy. ANOVA with Sidak’s multiple analysis test was used: **, p <
0.01. (D) Representative images with scale bar 5 ym and 3X zoom are shown. (E) Specificity
of anti-hGBP1 and anti-hGBP2 antibodies was illustrated with confocal images acquired with
identical imaging settings for both samples. The images are shown without brightness and
contrast adjustments. Scale bar, 5 um.
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S4 Fig. GBP2 CAAX box promotes recruitment to F. novicida.

(A) Stable expression of the indicated GBP constructs was analyzed by Western blot in U937
cell lines. (B) Representative images of IFNy-treated U937 macrophages, infected with F.
novicida for 7 h are shown. Scale bar, 5 um with 2X zoom on the right panels. (C) Propidium
iodide (PI) incorporation/fluorescence was monitored every 15 min in
macrophages, infected with F. novicida at MOl 100 and normalized to untreated cells and to
Triton X100-treated cells. Each point corresponds to the mean +/- SEM of a biological triplicate

from one experiment representative of 3 independent experiments.
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S5 Fig. GBP1 recruitment to F. novicida requires multiple GBP1 features.

(A, E) Stable HA-tagged GBP expression in U937 cells was analyzed by Western blot. IFNy-
primed (B-C, G) or untreated (D, F) U937 macrophages were infected with F. novicida for 7 h
(B-D, F-G) or S. flexneri AipaH9.8 for 90 min (F). (C-D, F) Representative images are shown
with a scale bar of 5 um and a 2X zoom. (B, G) GBP recruitment was quantified as the
percentage of infected cells with HA-GBP-bacteria colocalization. Each point corresponds to
the value from one experiment with 50-100 infected cells analyzed. The bar represents the
mean +/- SEM of three to six independent experiments. ANOVA with Sidak’s analysis did not
demonstrate statistical differences in recruitment between GBP chimeric/mutated and control

cell lines.
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Results: I. Francisella escapes GBP targeting

S6 Fig. Analysis of F. novicida AlpxF cytosolic escape and GBP recruitment.

IFNy-treated U937 macrophages were infected with F. novicida for 7 h. (A) Phagosomal
rupture in F. novicida-infected macrophages, was evaluated by CCF4/B-lactamase flow
cytometry assay. The cytosolic B-lactam FRET probe CCF4 emits at 535 nm when intact, and
450 nm when cleaved by F. novicida -lactamase. Mutants in the 3-lactamase gene (Abla) or
in the Francisella Pathogenicity Island (AFPI) are presented as controls. (B) HA:GBP
recruitment was calculated as the percentage of infected cells with HA-GBP-F. novicida
colocalization. Two-tailed t test with Welch'’s correction: *, p < 0.05. (C) Representative image
of endogenous GBP1 recruitment to F. novicida AlpxF strain is shown. Scale bar 5 um with 3X
zoom. (D) Pipeline for scoring HA:GBP3 (or HA:GBP4) enrichment on one bacterium (or a
cluster of bacteria) targeted by endogenous GBP1. (E) Each point represents the HA:GBP4
enrichment value of a single GBP1 recruitment area. Two-tailed Mann-Whitney analysis did
not reveal any statistical difference in HA-GBP4 recruitment between WT and AlpxF strains.
(F) Representative images are shown, scale bar 5 um.
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Supporting Table 1. Primers

Primer Sequence Template Construct
AIP-Fwd AATCAGCCTGCTTCTCGCTT pAIP All + sequencing
AlIP-Rev GCGGAATTCTGGCCAGTTAAC pAIP All + sequencing
GBP1-ACAAX AATCGAATTCTTATGCCTTTCGTCGTCTCATTTT pUC57-HA:GBP1 HA:GBP1-ACAAX
CG

GBP2- ACAAX- | ATTGTTAACTTATATTGGCTCCAATGATTTGCTT pAIP-HA:GBP2 HA:GBP2-ACAAX

rev C

GBP1-CNIL-rev | ATTGCGGCCGCTTAGAGTATGTTACATGCCTTT | pAIP-HA:GBP1 GBP1-CNIL
CGTCGTCTCAT

GBP2-CTIS-rev | ATTGTTAACTTAGCTTATGGTACATATTGGCTCC | pAIP-HA:GBP2 GBP2-CTIS
AATGATTTGC

GBP2-CVLL-rev | ATTGTTAACTTAGAGTAAAACACATATTGGCTCC | pAIP-HA:GBP2 GBP2-CVLL
AATGATTTGCTTCTC

GBP5-CNIL-rev | ATTGCGGCCGCTTAGAGTATGTTACATGGATCA | pAIP-HA-GBP5 GBP5-CNIL

TCGTTATTAACAGTCCTC

GBP2-R48A- GGGCCTCTATGCCACAGGCAAATCC pUC57-HA:GBP2 | HA:GBP2-R48A
fwd
GBP2-R48A-rev | ACAATCGCCACCACCACC pUC57-HA:GBP2 | HA:GBP2-R48A
GBP1-68A-fwd | AGGGCTTCTCTCTGGCCTCAACAGTCCAAAG pUC57-HA:GBP1 HA:GBP1-68A
GBP1-68A-rev CTTTGGACTGTTGAGGCCAGAGAGAAGCCCT pUC57-HA:GBP1 HA:GBP1-68A
GBP1-63N-fwd | AACAAGCTGGCTGGAAAGAAAAACGGCTTCTCT | pUC57-HA:GBP1 HA:GBP1-63N
CTG
GBP1-63N-rev CAGAGAGAAGCCGTTTTTCTTTCCAGCCAGCTT | pAIP-HA:GBP1 HA:GBP1-63N
GTT
GBP1-GC2-fwd | TGGCCCGCTCCTAAGAAGTACCTTGCACATCTG | pAIP-HA:GBP1 HA:GBP1-GC2
GAACAATTGAAAGAGGAAGAGCTGGACCCCGA
ATTTG
GBP1-GC2-rev | CTCTTTCAATTGTTCCAGATGTGCAAGGTACTTC | pAIP-HA:GBP1 HA:GBP1-GC2
TTAGGAGCGGGCCAATCAAAGACAAAGCATTTT
TTCTTTGGGAAG
GBP1-Nt-rev-A | TGCAGATAGGATCTTCAGAGCTTCTGGATTCGC | pUC57-HA:GBP1 HA:GBP1(26)-
CATCAG GBP2(591)
GBP2-Ct-fwd-A | CTGATGGCGAATCCAGAAGCTCTGAAGATCCTA | pUC57-HA:GBP2 | HA:GBP1(26)-
TCTGCA GBP2(591)
GBP2-Nt-rev-A | GCAGAAAGGATCTTCAGAGCTTCTGGATTCACC | pUC57-HA:GBP2 | HA:GBP2(26)-
ACCAGC GBP1(592)
GBP1-Ct-fwd-A | GCTGGTGGTGAATCCAGAAGCTCTGAAGATCCT | pUC57-HA:GBP1 HA:GBP2(26)-
TTCTGC GBP1(592)
GBP1-Nt-rev-B | TTCTCTATCTGGGCCAAGGCCAGGACTGCGTTC | pUC57-HA:GBP1 HA:GBP1(316)-
TCCAT GBP2(592)
GBP2-Ct-fwd-B | ATGGAGAACGCAGTCCTGGCCTTGGCCCAGAT | pUC57-HA:GBP2 | HA:GBP1(316)-
AGAGAA GBP2(592)
GBP2-Nt-rev-B | TTCTCTATCTGGGCCAAGGCCAGGACTGCGTTC | pUC57-HA:GBP2 | HA:GBP2(315)-
TCCAT GBP1(591)
GBP1-Ct-fwd-B | ATGGAGAACGCAGTCCTGGCCTTGGCCCAGAT | pUC57-HA:GBP1 HA:GBP2(315)-
AGAGAA GBP1(591)
GBP1-Nt-rev-C | CTTGAGAAGGCGTTCCTGTTCCTGAAGTTTAAG | pUC57-HA:GBP1 HA:GBP1(556)-
AGCGAGG GBP2(592)
GBP2-Ct-fwd-C | CCTCGCTCTTAAACTTCAGGAACAGGAACGCCT | pUC57-HA:GBP2 | HA:GBP1(556)-
TCTCAAG GBP2(592)
GBP2-Nt-rev-C | TCCCTCTTTTAGTAGTTGCTCCTGCCTCGCTCTT | pUC57-HA:GBP2 | HA:GBP2(554)-
AAACTTCAGGAA GBP1(591)
GBP1-Ct-fwd-C | TTCCTGAAGTTTAAGAGCGAGGCAGGAGCAACT | pUC57-HA:GBP1 HA:GBP2(554)-
ACTAAAAGAGGGA GBP1(591)
GBP1-Nt-rev-D | GCTCCAATGATTTGCTTCTCATCTGGAGATCCT pUC57-HA:GBP1 HA:GBP1(580)-
GTATCTCATTT GBP2(592)
GBP2-Ct-fwd-D | AAATGAGATACAGGATCTCCAGATGAGAAGCAA | pUC57-HA:GBP2 | HA:GBP1(580)-
ATCATTGGAGC GBP2(592)
GBP2-Nt-rev-D | CGTCGTCTCATTTTCGTCTGGATATCCCATATGT | pUC57-HA:GBP2 | HA:GBP2(577)-
CTTTTTGAAGTC GBP1(591)
GBP1-Ct-fwd-D | GATATCCCATATGTCTTTTTGAAGTCCAGACGAA | pUC57-HA:GBP1 HA:GBP2(577)-
AATGAGACGACG GBP1(591)
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(C1)

AGATAATAAAAATTGAATATATTAAAAGAGGTAC
GATGATGGATTTGG

FnLpxF-Fwd CAAAGCTACCACCTACTGAGC F. novicida DNA loxF-CAT
(A1) complementation
FnLpxF-UpC- gcttatcgataccgtcgacctc TCAATATTCTTTTTTACG | F. novicida DNA IpxF-CAT
Rev (A2) ATACATTAGTGCATAAACCACC complementation
CAT-FRT-Fwd gaggtcgacggtatcgataagcGGTTGTCACTCATCGTAT | F. novicida DNA IpxF-CAT
(B1) TTGG complementation
CAT-FRT-Rev gcatagctgcaggatcgatatcGGAACTTCGGAATAGGAA | F. novicida DNA IpxF-CAT
(B2) CTTCTTACG complementation
FnLF-DwC-Rev | gatatcgatcctgcagctatgcTTTATTTTTGATAAAAAT | F. novicida DNA IpxF-CAT

complementation

GTGCATAAACCACC

FnLpxF-Rev CTCCACAACAGAATTGAACTACCTGG F. novicida DNA lpxF-CAT
(C2) complementation
LpxF-Pstl-F aattCTGCAGatttaagaaggagatatacatatgGCAAGATT | F. novicida DNA pKK214-pxF (=p-
TCATATCATATTAGGTTTAGTTGTTTGTTTTTTTG lpxF)
C
LpxF-EcoRI-R aattGAATTCTCAATATTCTTTTTTACGATACATTA | F. novicida DNA pKK214-JpxF (=p-

IpxF)

92




Results: I. Francisella escapes GBP targeting

Supporting table 2. Cell lines

Note: All U937 GBP cell lines are transduced for a stable expression of a HA-tagged construct unless

otherwise specified.

Cell line Background Description Reference
HA:GBP1 U937 WT Stable expression; * Santos et al., 2018 [417]
HA:GBP2 U937 WT Stable expression; * Santos et al., 2018 [417]
HA:GBP3 U937 WT Stable expression; * This study
HA:GBP4 U937 WT Stable expression; * This study
HA:GBP5 U937 WT Stable expression; * Santos et al., 2018 [417]
OR5B17KO U937 WT Crispr/Cas9 KO (control) Wandel et al., 2020 [420]
GBP1KO U937 WT Crispr/Cas9 KO Wandel et al., 2020 [420]
GBP2KO U937 WT Crispr/Cas9 KO Wandel et al., 2020 [420]
GBP3 KO U937 WT Crispr/Cas9 KO Wandel et al., 2020 [420]
GBP4 KO U937 WT Crispr/Cas9 KO This study
GBP5KO U937 WT Crispr/Cas9 KO This study
GBP1/4 KO U937 GBP1 KO Crispr/Cas9 KO This study
GBP1/5 KO U937 GBP1 KO Crispr/Cas9 KO This study
OR5B17 KO U937 OR5B17 Stable expression This study
HA:GBP1 KO
GBP2 KOHA:GBP1 U937 GBP2 KO Stable expression This study
GBP3 KOHA:GBP1 U937 GBP3 KO Stable expression This study
GBP4 KO HA:GBP1 U937 GBP4 KO Stable expression This study
GBP5 KO HA:GBP1 U937 GBP5 KO Stable expression This study
OR5B17 KO U937 OR5B17 Stable expression This study
HA:GBP2 KO
GBP1 KOHA:GBP2 U937 GBP1 KO Stable expression This study
GBP3 KO HA:GBP2 U937 GBP3 KO Stable expression This study
GBP4 KO HA:.GBP2 U937 GBP4 KO Stable expression This study
GBP5 KOHA:GBP2 U937 GBP5 KO Stable expression This study
HA:GBP1-ACAAX U937 WT CAAX box deletion by simple PCR This study
GBP2-ACAAX U937 GBP2 KO CAAX box deletion by simple PCR; no | This study
tag; *

GBP2 U937 GBP2 KO KO complementation (Fig. 3) This study

HA:GBP2-R48A U937 WT GTPase inactive, point mutation PCR | This study

HA:GBP1-CNIL U937 WT GBP2 CAAX box, simple PCR; * This study

GBP2-CTIS U937 GBP2 KO GBP1 CAAX box, simple PCR; no tag; | This study

GBP2-CVLL U937 GBP2 KO GBP5 CAAX box, simple PCR; no tag; | This study

HA:GBP5-CNIL U937 WT GBP2 CAAX box, simple PCR; * This study

HA:N1-26-C2 U937 WT GBP1 Nter — GBP2 Cter chimera, joint | This study
PCR

HA:N1-316-C2 U937 WT GBP1 Nter — GBP2 Cter chimera, joint | This study
PCR

HA:N1-554-C2 U937 WT GBP1 Nter — GBP2 Cter chimera, joint | This study
PCR

HA:N1-580-C2 U937 WT GBP1 Nter — GBP2 Cter chimera, joint | This study
PCR; *

HA:N2-26-C1 U937 WT GBP2 Nter — GBP1 Cter chimera, joint | This study
PCR

HA:N2-315-C1 U937 WT GBP2 Nter — GBP1 Cter chimera, joint | This study
PCR

HA:N2-556-C1 U937 WT GBP2 Nter — GBP1 Cter chimera, joint | This study
PCR

HA:N2-577-CA U937 WT GBP2 Nter — GBP1 Cter chimera, joint | This study
PCR;*

HA:GBP1-63N U937 WT 63K to 63N, K patch; point mutation This study
PCR; *

HA:GBP1-68A U937 WT 68G to 68A, GDP hydrolase null; point | This study
mutation PCR; *

HA:GBP1-GC2 U937 WT Guanine cap of GBP2, joint PCR; * This study

* Negative Mycoplasma test (28.04.2021)
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Supporting Table 3. Antibodies

Primary
Antigen Made Reference Experiment (Fig.) Dilution
in
HA tag mouse | Sigma-Aldrich #H3663 | IF (all except otherwise indicated) 1:3000
HA tag rabbit Cell Signaling #3724S | WB (all except S3.A, B) 1:1000
hGBP1 rabbit Abcam #ab131255 IF (S2.A;3.D, E, F; 6.B, C; S3. E; S6. 1:150
C,E, F)
hGBP2 mouse | Novus #NBP1-47768 IF (2.B; 3.D, E, F; S3.E); non-tagged 1:2000
GBP2 mutants ; WB (S3.B)
hGBP1 rabbit ThermoFisher #15303- | WB (S3.B) 1:1000
1-AP
hGBP4 rabbit ThermoFisher #17746- | WB (S3.A) 1:1000
1-AP
hGBP5 rabbit ThermoFisher #13220- | WB (S3.A) 1:1000
1-AP
F. tularensis LPS chicken | Denise Monack lab IF (where indicated) 1:1000
Shigella group rabbit Novus #NB100-65058 | IF (where indicated) 1:1000
LPS
actin mouse | Sigma-Aldrich #A3853 | WB (all) 1:5000
Secondary
Anti-lgG Conjugate Reference Experiment (Fig.)
chicken | Alexa Fluor Life #A21207 IF (all except otherwise indicated)
594
chicken | Alexa Fluor Sigma-Aldrich IF (2.A,B; 3.D,E, F;6.B,C; S2;S6.C,D)
647 #A21449
mouse Alexa Fluor Sigma-Aldrich IF (all where otherwise indicated)
488 #A10667
mouse Alexa Fluor Sigma-Aldrich IF (Fig. 3D, E, F; S3. E)
594 #A11032
rabbit Alexa Fluor Life #A21206 IF (Fig. 3D, E, F; S3. E)
488
rabbit Alexa Fluor Invitrogen #A11012 IF (all S. flexneri staining; 6.B, C; 6.C,D;
594 S2.A; S6.C, E, F)
mouse HRP Promega #W402b WB (all)
rabbit HRP Sigma-Aldrich #A0545 | WB (all)
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II. Additional results

The results featured in this chapter were included in an earlier draft of the previous
manuscript and are published in BioRXiv as a part of a pre-print.

In this section, we identified hGBP2 domains allowing recruitment to F. novicida in IFN-
v -treated macrophages (i.e. downstream of GBP1).

This part of the manuscript was removed from the submission for PLoS Pathogens
because the biological question explored did not align with the focus of the manuscript,
therefore we believed it would distract from the key message.
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The central region of GBP2 controls its recruitment to F. novicida

Besides GBP1 and GBP2, GBP5 is the only other GBP presenting a CAAX box. Yet, GBP5 is
not recruited to bacteria [311,419,420]. GBP5 is modified by geranylgeranylation similarly to
GBP2 [351]. As expected, replacing the CAAX box of GBP2 with that of GBP5 (GBP2-CVLL,
Fig. S7.A) did not significantly alter recruitment. Likewise, GBP5 carrying the CAAX box of
GBP2 (GBP5-CNIL) did not colocalize with F. novicida (Fig. 7A). Thus, although necessary for
GBP1/2 targeting to F. novicida, GBP prenylation by itself is not sufficient for a GBP to be
targeted to bacteria indicating that additional domains govern the selective recruitment of
GBP2 to F. novicida.

The GTPase activity of GBP2 was also required to target F. novicida. Indeed, a GTPase null
mutant GBP2-R48A failed to localize to the bacteria (Fig. 7B, S7B-C). However, GBP5 is also
capable of GTP hydrolysis [434] and the catalytic residues, highly conserved in the dynamin
superfamily [325], are identical in GBP2 and GBP5 (Fig. S7K).

The crystal structures of GBP2 and GBP5 were solved recently [355]. GBP2 and GBP5,
similarly to GBP1, contain a globular GTPase domain at the N-terminus, followed by an
elongated helical region, which ends on a hairpin-like C-terminus with the CAAX motif at the
very end (Fig. 7C). GBP2 and GBP5 also share a high similarity, with the most divergence
localized in the C-terminal a12 and a13 helices (Fig. S7K). Owing to the similarity between
both proteins, multiple GBP2-GBP5 and GBP5-GBP2 chimeras were generated and stably
expressed in U937 cells (Fig. 7D, Fig. S7D). The chimeras were evaluated for gain or loss of
targeting to F. novicida to pinpoint the specific GBP2 domain driving recruitment. Chimera N2-
535-C5, consisting of GBP2 up to residue R535, followed by the GBP5 C-terminus, was
recruited to F. novicida similarly to GBP2 (Fig. 7E). Thus, contrary to our expectations, the
targeting specificity of GBP2 is not driven by the most C-terminal part of GBP2 (535-end
containing a13 and 1/3 of a12). Chimera N2-506-C5 presented a 2-fold decrease in recruitment
to F. novicida compared to GBP2 while chimera N2-475-C5 was not recruited at all. These
observations indicate that recruitment to F. novicida gradually decreases as GBP2 C-terminus
is replaced by GBP5 between residues Q475 and R535, establishing that this region is required
for GBP2 recruitment. However, the presence of this GBP2 Q475-R535 was not sufficient to
induce the recruitment of the corresponding GBP5-GBP2 chimera (termed N5-474-C2) (Fig.
7F). Further addition of GBP2 residues K340-L474 generated a chimera (termed N5-340-C2)
gaining the full ability to be recruited to F. novicida.

These experiments revealed two neighboring regions (K340-L474 and Q475-R535) in the
central part of GBP2 which are necessary for bacteria targeting in the context of GBP5-GBP2
and GBP2-GBP5 chimeras, respectively. To assess whether the GBP2 K340-R535 region
would be sufficient to drive the recruitment of a prenylated GBP to F. novicida, we generated
cells stably expressing a chimera with the central domain of GBP2 (340-535) in a GBP5
background (chimera N5M2C5, Fig. 7G). This three-part chimera, although only faintly
expressed (Fig. S7E), was indeed recruited to F. novicida (Fig. 4H, 1) thus identifying the
central domain of GBP2 (340-535) as necessary and sufficient in the context of GBPS5 to drive
recruitment to F. novicida.

A unique feature of GBP5 is its localization in the Golgi apparatus [343,350]. We thus
wondered whether the Golgi apparatus localization of GBP5 could be responsible for the lack
of recruitment to cytosolic F. novicida. We first calculated Golgi enrichment ratios for all
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GBP2/5 chimeras (Fig. S7F-1). Increasing the proportion of GBPS sequence in the C-terminus
gradually increased Golgi apparatus localization in GBP2-GBP5 chimeras. Conversely, an
increase in the C-terminal GBP2 proportion paralleled a decrease in Golgi apparatus
localization. These results indicate that the central helical domain and the a12-a13 region
contribute to GBP5 localization at the Golgi apparatus. Yet, in contrast to recruitment to F.
novicida, we could not delineate a specific Golgi-targeting domain. We thus analysed all the
GBP2/5 chimeras to assess whether the Golgi apparatus localization was inversely correlated
with recruitment to F. novicida. No correlation could be observed (Fig. S7J) suggesting that
Golgi apparatus localization and recruitment to bacteria are independent GBP features.

Altogether, the chimera recruitment assays uncovered an essential role of the central region
of GBP2 (340-535) in F. novicida targeting. These results also indicate that the corresponding
region in GBP5 diverges from GBP2 to a degree that impedes recruitment of GBP5 to F.
novicida, independently of GBP5 Golgi localization.

Discussion

The factors controlling recruitment of GBPs downstream of GBP1 are still elusive. The current
model states that pioneer prenylated GBPs recruit other GBPs through heterotypic interactions
[339,391]. Both GBP2 and GBPS5 interact with GBP1 in overexpression systems [351,365]
while GBP5 is not recruited on cytosolic bacteria indicating that GBP1 interactions are not the
only drivers of GBP recruitment. Our chimera experiments (Fig. 7) mapped the GBP2 region
directing recruitment to the central helical domain (K340-R535, spanning the second half of
the a9 helix to the first half of the a12 helix). The knowledge on the function of this central GBP
domain is still sparse [327,355,369]. According to the current model, GBP1 polymerization
requires the opening of a a9-a12 structural hairpin [327]. The central helical domain of GBP2
identified may thus allow structural rearrangement to accommodate polymerization with GBP1,
whereas this conformational change might not be possible in GBP5, at least on the bacterial
surface. The structural requirements for GBP1 homopolymerization are now well known [357].
Yet, GBP heteropolymer formation awaits to benefit from similar exquisite biochemical studies
to provide an understanding of how the central helical domain identified here drives the specific
recruitment of GBP2 to F. novicida.
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Fig. 7. The central domain of GBP2 controls GBP2 recruitment to F. novicida.

(A, B, E, G, H) IFNy-treated, U937 macrophages were infected with F. novicida. GBP
recruitment was quantified as the percentage of infected cells with F. novicida-HA-GBP
colocalization. (C) GBP2 structure is presented with coloring corresponding to the studied
chimera. (D) GBP2-5 or GBP5-2 chimera stably expressed in U937 cells are schematically
shown. (F) The GBP2 region identified as necessary and sufficient to promote GBP2
recruitment is presented with the corresponding schematic GBP5-GBP2-GBP5 chimera,
underneath. (H) Representative image is shown with scale bar 5 um and 2X zoom on the right
panels.

Two-tailed t test with Welch’s correction (B) or ANOVA with Dunnett’s (A, E, G) analyses were
performed: *, p <0.05; **, p< 0.01; ***, p <0.001; ****, p <0.0001; ns, not significant. Blue and
red star/writing indicates the result of the statistical comparison with GBP2 or GBP5,
respectively.
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S Fig. 7. Golgi localization does not explain absence of F. novicida targeting in GBP2/5
chimeras.

(A, B, D, E) Stable expression of HA-tagged GBP constructs was analyzed by Western blot in
U937 cells. (C, F, H) Representative images of IFN-y-treated, U937 macrophages infected with
F. novicida are presented with a 5 um scale bar. (G) Golgi enrichment was scored using
GM130 staining to delineate the Golgi region and extract the corresponding pixel intensity
values for the HA-GBP image channel. A similar area outside of the nucleus served to obtain
a cytosol baseline value. (H, ) Golgi enrichment ratios of infected (H) or untreated (H, 1) U937
cells. Each point represents the Golgi enrichment ratio calculated for a single cell. The bar
represents the mean of three independent experiments with the Golgi enrichment ratio
calculated in 10 or more cells per experiment. Statistical differences between GBP2 and GBP5
(****, p < 0.0001) were evaluated through two tailed Mann-Whitney analysis. (J) The mean
Golgi enrichment of each construct is plotted in function of the mean GBP recruitment.
Spearman’s correlation results are presented. (K) GBP2 and GBP5 protein sequences were
aligned with Emboss-Needle Pairwise Sequence Alignment using the BLOSUM 62 matrix.
Local identity and similarity were evaluated by separate alignments with the same matrix.
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Supplemental materials

Primers

Primer Sequence Template Construct
AlIP-Fwd AATCAGCCTGCTTCTCGCTT pAIP All + sequencing
AlIP-Rev GCGGAATTCTGGCCAGTTAAC pAIP All + sequencing
GBP5(0-303)- | TGCAGGGTAGATCCCCACTGCTGATGGCATTGA | pAIP-HA:GBP5 | HA:GBP5(0-303)-
Rev CATAGGTCA GBP2(303-591)
GBP2(303- TGACCTATGTCAATGCCATCAGCAGTGGGGATC | pAIP-HA:GBP2 HA:GBP5(0-303)-
591)-Fwd TACCCTGCA GBP2(303-591)
GBP5(0-340)- TTTCCGTGGGCAGCTGCACTTTCTGGCCCATTT | pAIP-HA:GBP5 HA:GBP2(0-340)-
Rev GCTGGT GBP5(340-586)
GBP2(340- ACCAGCAAATGGGCCAGAAAGTGCAGCTGCCC pAIP-HA:GBP2 HA:GBP2(0-340)-
591)-Fwd ACGGAAA GBP5(340-586)
GBP2(0-475)- CTGTGAGAGCCTGGTCAGTCTGTAGAAGTGCAT | pAIP-HA:GBP2 HA:GBP2(0-475)-
Rev CAGCCAC GBP5(475-586)
GBP5(475- GTGGCTGATGCACTTCTACAGACTGACCAGGCT | pAIP-HA:GBP5 HA:GBP2(0-475)-
586)-Fwd CTCACAG GBP5(475-586)
GBP5(0-474)- CTGAGAGTGACTGATCAGTCTGTAATATTGCAT pAIP-HA:GBP5 HA:GBP5(0-474)-
Rev GACTCACAGACTCCT GBP2(474-591)
GBP2(474- AGGAGTCTGTGAGTCATGCAATATTACAGACTG pAIP-HA:GBP2 HA:GBP5(0-474)-
591)-Fwd ATCAGTCACTCTCAG GBP2(474-591)
GBP2(0-506)- CATTTGCTCGTTCTGCCTTTGAATTTCCTCCAAC | pAIP-HA:GBP2 HA:GBP2(0-506)-
Rev ATTTTCTTTGCAGC GBP5(506-586)
GBP5(506- GCTGCAAAGAAAATGTTGGAGGAAATTCAAAGG | pAIP-HA:GBP5 HA:GBP2(0-506)-
586)-Fwd CAGAACGAGCAAATG GBP5(506-586)
GBP5(0-512)- CTCTTCTCTTTCTGTTCCATCATCTCCTCGTTCT pAIP-HA:GBP5 HA:GBP5(0-512)-
Rev GCCTTTGAATCGC GBP2(512-591)
GBP2(512- GCGATTCAAAGGCAGAACGAGCAGATGATGGA pAIP-HA:GBP2 HA:GBP5(0-512)-
591)-Fwd ACAGAAAGAGAAGAG GBP2(512-591)
GBP2(0-535)- TTTCTGTTGCTCTGCCAGCCACCTCTCCATCTTC | pAIP-HA:GBP2 HA:GBP2(0-535)-
Rev TCAGTCAATTGT GBP5(535-586)
GBP5(535- ACAATTGACTGAGAAGATGGAGAGGTGGCTGG pAIP-HA:GBP5 HA:GBP2(0-535)-
586)-Fwd CAGAGCAACAGAAA GBP5(535-586)
GBP5(0-543)- TAAGAGCGAGGGTCTTCTCTTGCTCTTTCTGTT pAIP-HA:GBP5 HA:GBP5(0-543)-
Rev GCTCTGCCAGCCA GBP2(543-591)
GBP2(543- TGGCTGGCAGAGCAACAGAAAGAGCAAGAGAA | pAIP-HA:GBP2 HA:GBP5(0-543)-
591)-Fwd GACCCTCGCTCTTA GBP2(543-591)
GBP2-S TTTCACCCTGGAACTGGAAG pAIP-HA:GBP2 Sequencing

Cell lines
Cell line Background Description Reference

HA:N2-475-C5 U937 WT GBP2 Nter — GBP5 Cter chimera, joint PCR This study
HA:N2-506-C5 U937 WT GBP2 Nter — GBP5 Cter chimera, joint PCR This study
HA:N2-535-C5 uo37 Wt GBP2 Nter — GBP5 Cter chimera, joint PCR This study
HA:N5-303-C2 uo37 Wt GBP2 Nter — GBP5 Cter chimera, joint PCR This study
HA:N5-340-C2 U937 Wt GBP5 Nter — GBP2 Cter chimera This study
HA:N5-474-C2 uo37 Wt GBP5 Nter — GBP2 Cter chimera This study
HA:N5-512-C2 uo37 Wt GBP5 Nter — GBP2 Cter chimera This study
HA:N5-543-C2 uo37 Wt GBP5 Nter — GBP2 Cter chimera This study
HA:N5M2C5 U937 WT GBP2 (340-535) in GBP5 background This study

103




Results: Il. GBP2 central domain controls recruitment

Antibodies: Primary

Antigen Made in Reference Experiment Dilution
HA tag mouse Sigma-Aldrich #H3663 IF 1:3000
HA tag rabbit Cell Signaling #3724S WB 1:1000
F. tularensis chicken Denise Monack lab IF 1:1000
LPS
GM130 rabbit Cell Signaling #12480 IF 1:1000
actin mouse Sigma-Aldrich #A3853 WB 1:5000

Antibodies: Secondary

Anti- Conjugate Reference Experiment (Fig.)

IgG
chicken | Alexa Fluor 568 Invitrogen #A11041 IF (Fig. S7 F-J)
chicken | Alexa Fluor 594 Life #A21207 IF (all except otherwise indicated)
mouse Alexa Fluor 488 Sigma-Aldrich #A10667 | IF (all where otherwise indicated)
rabbit Alexa Fluor 647 ThermoFisher #A21246 | IF (Fig. S7 F-J)
mouse HRP Promega #W402b WB (all)
rabbit HRP Sigma-Aldrich #A0545 WB (all)
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Discussion

Limits of the model

U937 macrophages

Unlike primary macrophages and epithelial cells, U937 cells are small and round, and the nucleus
represents more than 50% of the volume of the cell. Microscopic quantifications involving the cell
cytosol are difficult to set up and somewhat limited — often requiring high resolution microscopy and
confocal microscopy to separate events in the 2D and 3D space which would be less of an issue in an
adherent cell like a Hela cell.

Ultimately, we chose to work in a monocyte/macrophage cell line to faithfully represent the replicative
niche of F. novicida. The focus of our study being specificity and functionality of human GBPs, we could
not use a murine model. Additionally, a small number of experiments could be reproduced in h(MDMs
but given the limited tools available to investigate specifically the role and the recruitment of
endogenous GBPs (GBP1/2 antibodies, siRNA) and the high homology between GBPs, we considered a
genetically-based approach to be the most appropriate method for our objective. Thus, using point-
mutagenesis and creating chimeric proteins, we have succeeded in unravelling important factors in the
specific recruitment of GBPs to F. novicida.

However, | believe that the continuation of this work will greatly benefit from more in-depth
biochemical experiments and the use of better optimized high-resolution microscopy techniques.

F. novicida

Francisella are small (0.2 uM in diameter, 0.2 to 0.7 uM in length) organisms that replicate abundantly
in macrophages. As seen in Fig. 1 and 2 below, individual bacteria are not easily distinguished,
particularly because of abundant replication in clusters, the highly pleiomorphic nature of the
bacterium and possibly LPS shedding. Ideally, we would have counted GBP recruitment events at single
bacterium level. Yet, given the infection phenotype of F. novicida in U937 macrophages this method
of quantification was impossible to do. Instead, we decided to count the numbers of infected cells with
recruitment events. Interestingly, in the same cell not all bacteria are targeted by GBPs — this is true
both for F. novicida and S. flexneri. For further discussion on the topic, see chapter GBP ligands.

Because of the phenotype of GBP recruitment to F. novicida in U937 cells, the quantification of GBP
recruitment to F. novicida cannot be automatized like others have been able to do for T. gondii or S.
Typhimurium [440]. Optimization of High-Content Screening (HCS) microscopy [441] remains highly
challenging for F. novicida. Developing alternative assays such as proximity-based reporters (PLA, FRET)
could provide an efficient system to analyse GBP recruitment.

Despite the limits of F. novicida as a model, it is still a very interesting bacterium to study. With regards
to GBPs, the higher requirements for F. novicida targeting in comparison to S. flexneri have allowed us
to pinpoint specificities in GBPs that would not have been possible to observe with other models. As
seen with viruses and supported by their evolution patterns, GBPs have likely evolved pathogen or
pathogen type-specific mechanisms. Thus, these studies are important in order to broaden the scope
of knowledge on GBPs in the context of different pathogens. For example, as of today there have been
no studies on GBPs and Rickettsia spp., Gram-negative cytosolic bacteria responsible for several severe
vector-borne diseases (i.g., typhus, spotted fever).
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Figure 1. A) Epifluorescence images of F. novicida AFPI or WT (red) in U937 macrophages expressing
HA:GBP1 (green), infected at MOI 50 for 7h and pre-treated with IFNy for 18h.

Figure 2. Confocal image of a U937 macrophage infected with F. novicida U112 (red, anti-Francisella
LPS antibody) at MOI 50 for 7h in the absence of IFNy.

Comparing F. novicida and S. flexneri

F. novicida and S. flexneri are two professional Gram-negative cytosol-dwelling pathogens but they
have very different cell cycles. S. flexneri is primarily adapted to human epithelial cells where its
replication is considerably more efficient than in macrophages [442]. Accordingly, studies on GBPs and
S. flexneri have been predominantly done in Hela cells [311,418,420]. In our observation, F. novicida
infects close to 90% of U937 macrophages at MOI 50, while S. flexneri only infects around 30% to 50%
of macrophages at MOI 50.

The kinetics of GBP recruitment are also very different between F. novicida and S. flexneri. As seen in
Fig. 3, GBP1 and GBP2 recruitment doubles from 5h to 7h p.i. with F. novicida but stays relatively low
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(between 20-25% of infected cells). Recruitment of GBP1 to S. flexneri reaches high numbers much
earlier —between 50% to 80% in 3h.

F. novicida S. flexneri
307 == HA:GBP1 1007 == HA:GBP1
2o 251 =3 HA:GBP2 € 80 =1 HA:GBP2
S 2 50 @ £
g2 83 1
g3 ™ £2 4
E = i > ’
ES 54 = £ |
0- = -
5h  7h 2h 3h

Figure 3. Kinetics of HA:GBP1 and HA:GBP2 recruitment in U937 macrophages treated with IFNy for
18h and infected at MOI 50 with F. novicida or S. flexneri AlpaH9.8.

We cannot exclude that the late recruitment of GBP1 to F. novicida is influenced by the kinetics of
bacterial escape to the cytosol. Due to a variety of methods and cell types used, there is no consensus
on the timing of phagosomal rupture by F. novicida (Introduction chapter Escape from the
phagosome). We have used the B-lactamase/CCF4 assay to determine that at least a portion of F.
novicida has access to the cytosol at 3h p.i. (Fig. 4). Briefly, this method is based on the expression of
B-lactamase in Francisella species [443]. Infected cells are incubated with the fluorescent probe CCF4,
cleavable by the B-lactamase. A change in cytosolic fluorescence from 535 nm to 450 nm, measured
by flow cytometry, indicates cytosolic B-lactamase. As every assay, it has its limitations — i.e., it
measures cytosolic enzymatic activity instead of cytosolic bacteria. Although the two should be
strongly correlated, the assay is likely influenced by the quantity of B-lactamase and possibly by the
translocation of the B-lactamase from the periplasmic space to the bacterial surface/host cell cytosol.
S. flexneri does not naturally express B-lactamase. In order to use the CCF4 assay for comparison with
F. novicida, we would need to artificially introduce the B-lactamase gene in a AipaH9.8 background (to
allow observation of GBP recruitment).
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Figure 4. F. novicida cytosolic escape as measured by 8-lactamase activity 3h p.i. at MOI 50 in U937
macrophages (extract from Results Fig S6).
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A method for visualizing cytosolic bacteria was recently developed based on the use of a mutated
version of lysenin, a toxin from the earthworm Eisenia fetida. Lysenin binds to the sphingomyelins
exposed on the extracellular side of the cell membrane (also present on the inner side of vacuoles) and
polymerizes to form pores [444]. The lysenin mutant W20A does not polymerize but can still bind to
sphingomyelins [445]. When expressed in the host cytosol, GFP-lysenin W20A can beautifully mark the
phagosomal permeabilization mediated by Shigella (Fig. 5A). Unfortunately, collocalization of lysenin
with F. novicida is difficult to determine (Fig. 5B). Additionally, this method also does not directly mark
cytosolic bacteria but rather ruptured phagosomes.

F. novicida LPS

Figure 5. Colocalization of W20A lysenin with cytosolic bacteria. A) HeLa expressing lysenin W20A were
infected with S. flexneri at an unspecified MOI for 30 min. [445] B) U937 cells expressing GFP:Lysenin
(green) infected with F. novicida (red) for 3h at MOI 50. GBP1 was stained with anti-GBP1 antibody
(magenta).

An alternative for staining cytosolic bacteria would be the selective permeabilization with digitonin, a
detergent that binds cholesterol which is present on the plasma membrane. Intracellular membranes
(e.g., phagosomes) have a different composition and will not be permeabilized [446], allowing to
selectively stain cytosolic bacteria. If a quantification of cytosolic vs. phagosomal bacteria is to be done,
either: 1. A subset of cells should be lysed by a classical method (triton or saponin) or 2. GFP-expressing
bacteria should be used for quantification.
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Recruitment of GBP1

GBP1 ligands
Despite GBP1 being at the focus of attention, there is no consensus yet on a GBP1 ligand for the
targeting of pathogens.

GBPs mediate caspase-4/11 activation in response to cytosolic LPS [411,421]. Furthermore, shed LPS
antagonizes GBP1 recruitment to S. flexneri [421] and purified GBP1 interacts with LPS in vitro whether
farnesylated [421] or not [419]. GBP1 recruitment is decreased to S. flexneri Arfal mutant missing the
O-antigen [418], and it has been proposed that the C-terminal polybasic motif of GBP1 binds the
negatively charged polysaccharide. Later it was demonstrated through cryo-electron microscopy that
GBP1 can in fact bind S. flexneri Arfal but does not coat the bacteria [421] suggesting that O-antigen
promotes GBP1 polymerization around the bacterium but that the initial GBP1 docking proceeds
independently of the O-antigen.

In parallel, GBP1 interaction with lipids is well documented. In vitro, GBP1 binds lipid vesicles in the
presence of GTP thanks to the farnesyl moiety. The interaction is transient and is dissolved upon GTP
hydrolysis [327,358]. Furthermore, murine Chr3-encoded Gbps mediate caspase-11 response to
synthetic lipid A in the macrophage cytosol [417]. A preprint article describes that GBP1 coats S.
Typhimurium outer membrane micelles lacking O-antigen (but still carrying the oligosaccharide core)
[425].

It is possible that GBPs interact with lipids to dock onto bacterial surfaces but require carbohydrates
like the O-antigen or the core to stabilize the polymer, for example by engaging the polybasic motif in
an open conformation (Fig. 6). Though, this hypothesis is counterintuitive since lipid A is on the inner
side of the LPS and the current model postulates that GBP1 binds the O-antigen to fragilize LPS and
insure access for caspase-4 [421]. Considering the conflicting data, in my opinion this model does not
completely explain GBP1 recruitment.
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Figure 6. Dynamic GBP1 modelling based on initial size 10 estimations from cryo-EM images of 25-
27nm GBP1 coatomer length on StmDwaaG::pBAD-ftsZ OMVs. OLOM, outer leaflet of outer membrane.
ILOM, inner leaflet of outer membrane. Pre-print from Zhu et al., 2021 [425].
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Interestingly, GBP1 does not colocalize to all bacteria in a cell displaying GBP1 recruitment to bacteria
(Results Fig. 1). The distinction between targeted or non-targeted bacteria could be based on bacterial
factors (e.g., recruitment on dividing or weakened bacteria) or host factors (e.g., cellular trafficking or
recruitment by an intermediary host protein). For instance, murine Gbps are associated with p62%-
coated vesicles and localize to pathogen vacuoles marked by IRGs who recognize a missing-self
phenotype [394].

Additionally, murine Gbps are recruited to pathogen-containing vacuoles perforated by bacterial
secretion systems or to vesicles perforated by sterile stimuli (e.g., Yersinia pestis toxin YopD) [407,409],
suggesting LPS-independent GBP recruitment is possible. In our experiments with GFP:lysenin W20A,
GBP1 often colocalized with lysenin in aggregates devoid of F. novicida staining.

GBP1 GFP:Lysenin F. novicida LPS

<

Figure 7. U937 cells expressing GFP:Lysenin (green) infected with F. novicida (red) for 3h at MOI 50.
GBP1 was stained with anti-GBP1 antibody (magenta).

Murine Gbps bind T. gondii-containing vacuoles but a subset of Gbps can localize to the T. gondii
membrane directly [391]. In a similar manner, GBPs may be shuttled to damaged vacuoles and from
there, latch onto bacteria in the vicinity.

Affinity for F. novicida LPS

The requirements for GBP1 recruitment to bacteria, as established in the literature, are as follows:
ability for GTP binding and hydrolysis, the presence of a farnesyl moiety, and a polybasic motif in the
C-terminus [311,393,419]. GTP binding and hydrolysis is required for GBP1 polymerization, the farnesyl

moiety for interaction with bacterial membranes, and the polybasic motif allows interaction with
negatively charged LPS.

The above requirements are also true for GBP1 targeting of F. novicida, but they are not sufficient
(Results Fig. 4).

First, an additional 61-63KKK patch in GBP1 contributes to F. novicida targeting. Curiously, Francisella
LPS contains more than 60% free lipid A. This second polybasic motif could reinforce the interaction
with the small quantity of F. novicida O-antigen.

Second, mutating GBP1 residues essential for GDP hydrolysis (G68A catalytic residue and the stabilizing
guanine cap) completely abolished F. novicida targeting. Our results strongly suggest that GBP1 GDP

14 p62 is part of the macroa)utophagy machinery.
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hydrolysis is required to promote recruitment to F. novicida, while it is dispensable for S. flexneri
targeting. Paradoxally, GMP formation dissolves the GBP1 polymer [327,363] which is strongest upon
GTP binding. GBP1 recruitment to F. novicida may be highly dynamic and polymer turnover could be
involved in a key process mediating GBP1-F. novicida interactions.

In the coinfection assays, we observed considerably less recruitment of GBP1 and GBP2 to F. novicida
than to S. flexneri in coinfected cells (Results Fig 2, S2). We have additionally quantified the GBP
recruitment to the bacteria in co-infected cells and our results show that F. novicida is significantly less
targeted by GBP1 and GBP2 in co-infected cells in comparison to solo-infected cells from the same
microscopic slides (Fig. 8).
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Figure 8. Recruitment of GBP1 and GBP2 to F. novicida or S. flexneri AlpaH9.8 in co-infected or solo-
infected cells. Coinfection assays were done as described in Results Fig. 2. A) GBP recruitment in solo-
or co-infected cells was quantified from the same microscopic slide per bacteria. Each dot represents
an independent experiment. B) Each dot represents a ratio of [GBP recruitment in co-infected cells]
against [GBP recruitment in solo-infected cells]. Statistical analysis was done with ANOVA with
Dunnett’s correction; ****, p < 0.0001; **, p = 0.0024.

The additional requirements, along with the overall lower and slower recruitment of GBP1 to F.
novicida in comparison to S. flexneri hints at a lower affinity of GBP1 for F. novicida. Yet, this phenotype
could also be a result of active suppression by F. novicida through an unknown mechanism (see chapter
Francisella adaptations that affect GBP recruitment). The potential lower affinity of GBP1 for
Francisella LPS should be confirmed by biochemical studies.

Recruitment of GBP2

As we have demonstrated in Results Fig. 3, and in accordance with the literature, GBP2 is recruited to
F. novicida by GBP1. It is unknown whether the recruitment is direct or via an adaptor. Given the ability
of GBP2 to interact with GBP1 [351] and the structural similarities between the two proteins [355], it
is highly likely that GBP2 is recruited through dimerization and heteropolymerization with GBP1 onto
the bacterial LPS. However, we cannot exclude the possibility that, similarly to the positive patches in
GBP1, GBP2 would carry recognition motives to specifically interact with PAMPs.

We have shown that the CAAX box of GBP2 potentiates recruitment to F. novicida more efficiently than
the CAAX box of GBP1 (Results Fig. 4). The longer (20C) geranylgeranyl moiety of GBP2 may allow a
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better anchoring in the Francisella lipid A layer, which is composed of 16-18C acyl chains — longer than
the usual 12C-14C encountered in S. flexneri or E. coli.

The type of GBP prenylation had a small, not statistically significant effect in modulating GBP targeting
to S. flexneri. The experiments were performed at 2h p.i. instead of the 3h p.i. time point used in most
other S. flexneri experiments. The earlier time point was chosen to give some leeway to observe an
eventual increase in GBP1 recruitment in the GBP1-CNIL cell line. At this time, GBP1 recruitment is well
established and GBP2 recruitment is increasing. The results suggest that prenylation type is of little
importance to GBP recruitment to S. flexneri.

The GBP2 helical domain

The GBP2/5 chimera experiments identified parts of the helical domain and the GED of GBP2 (K340 in
09-R535 in al2) to control its GBP1-dependent recruitment to F. novicida. Specifically, replacing the
central region of GBP5 with the K340-R535 of GBP2 allowed recruitment of the chimeric GBP5 to F.
novicida.

The region a9-a12 of GBP2 has not been studied in the published literature. In GBP1, this region is
involved in structural rearrangements allowing polymerization and insertion in lipid vesicles
(Introduction chapter GBP structure and biochemical properties).
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In GBP1, the globular domain interacts with the GED thanks to two arginine residues in a4 (globular
domain) and several glutamine residues in a13 (GED) [361] (Fig. 9). These residues are present in GBP2
but absent in GBP5 (Introduction Fig. 26). Accordingly, GBP5 is thought to be an open monomer in
contrast to GBP1 and probably GBP2 which are folded in a hairpin (closed) structure in steady-state
[358]. Thus the geranylgeranyl tail of GBP5 is not hidden within a hydrophobic pocket between a9 and
al2 asit is for GBP1 and possibly GBP2 [358].

Table 4. Structural residues of the GBP1 central domain and implications for GBP2/5 recruitment.

Residues of Helix Function In GBP2? In GBP5? Chimera with Recruited
GBP1 GBPS5 residues to F.n.?
RK227-8 a4 Interaction with a4 Yes QK N5-340-C2 Yes
for closed monomer.
E563, E568, | al3 Interaction with a4 Yes No N2-535-C5 Yes
E575 for closed monomer.
H378, a9 Hydrophobic pocket Q-Q-K-A Q-Q-R-G | N5-474-C2 0%
Q381, K382, for farnesyl moiety.
A385
Y524, H527, | al2 Hydrophobic pocket Y-H-V-L H-Q-V-M | N2-506-C5 50%
L528, L531 for farnesyl moiety.
C589 al3 Hydrophobic pocket Yes Yes N5-340-C2 Yes
for farnesyl moiety.
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As illustrated in Table 4, the GBP1 residues involved in a4-a9 interaction are present in GBP2 but not
in GBP5, but they do not correlate with recruitment to F. novicida in the context of the GBP2/5
chimeras. The residues involved in formation of the hydrophobic pocket for GBP1 farnesyl moiety vary
in GBP2 and GBP5 and coincide somewhat with the recruitment of chimeras but their variation cannot
fully explain the divergence in F. novicida targeting. However, when it comes to structural motives,
residue identity may not be as important as the availability of particular functional groups in the 3D
space. Therefore, this region should be carefully examined in structural studies of geranylgeranylated
GBP2 and GBP5.

The open conformation of GBP5 might play a role in its basal association with membranes, particularly
the trans-Golgi apparatus. [350,351]. To the best of my knowledge, it is not clear whether GBP5 is
located on the outer or inner side of the Golgi vesicles, and whether GBP5 is retained in the Golgi or
localizes there by retrograde transport®®. Generally speaking, GBP trafficking and maturation is poorly
understood. CAAX proteins are prenylated in the endoplasmic reticulum. The AAX residues are cleaved
by a Ras converting enzyme (RCE), then the prenylcysteine is methylated to protect the exposed
carboxyl group [447]. GBP5 could localize specifically to the Golgi due to interaction with a Golgi-
specific protein or thanks to a GBP5-intrinsic localization motif [448] but such a motif or interaction
have not yet been identified. Based on data from the GBP2/GBP5 chimeras, gradual replacement of
the GBP5 C-terminus with a GBP2 sequence reduces Golgi targeting. These results favour a structural
mechanism or the involvement of hydrogen bonds/polarity, rather than a specific motif — if a motif
was involved, loss of Golgi retention would be sudden rather than gradual.

The subcellular localization of the chimeras did not correlate with a particular phenotype of
recruitment to F. novicida. This, plus the involvement of the GED in structural rearrangement and
polymerization led us to hypothesize that the absence in GBP5 recruitment could be due to inability to
oligomerize with GBP1.

The polymerization capacities of GBP2 or GBP5 have not been studied. We attempted cross-linking
assays, combined with co-immunoprecipitation, to assess whether and to what degree GBP1 could
oligomerize with GBP2 or GBP5. In Fig. 10, Flag-tagged GBP1 was transiently co-expressed with
HA:GBP2 or HA:GBP5 in 293T cells. The cells were cross-linked, then the lysates were
immunoprecipitated with HA agarose beads and assayed through Westen blotting. We observed
robust interaction between GBP1 and GBP2, or GBP1 and GBP5. GBP1 and GBP2 co-
immunoprecipitated in a dimer (140 kDa) or a >250 kDa oligomer, while GBP1 and GBP5 preferentially
interacted in a dimer. We also noted a consistent increase in GBP2 protein level when co-expressed
with GBP1 suggesting GBP2 is stabilized by GBP1. Unfortunately, while the results were promising, we
could not robustly replicate them using HA:GBP1 co-expressed with Flag:GBP2 or Flag:GBP5. For
further investigation on the subject a different biochemical approach could be envisioned, for example
HPLC or calorimetry.

15 GBPS5 blocks HIV envelope maturation which happens inside the Golgi [379] but non-prenylated GBP1 and
GBP2 can be recruited to the Golgi by GBP5 [351], suggesting GBP5 is located on the outer side.
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Figure 10. Co-immunoprecipitation of Flag:GBP1 with HA:GBP2 or HA:GBP5. 293T cells were
transfected with pMCV1.4-Flag:GBP1 [351] and/or pAIP-HA:GBP2 or pAIP-HA:GBP5 for 24h using
Lipofectamine 2000 (ThermoFischer), then crosslinked with 1mM DSS for 15 minutes at room
temperature and quenched with Tris-Glycine pH7.4 for 5 min at RT. Co-immunoprecipitation was done
with anti-Flag agarose beads (Sigma-Aldrich) with 800 mg protein from cell lysates. One experiment
representative of three independent experiments is shown.

Francisella adaptations that affect GBP recruitment

T6SS effectors

There are very few known Francisella secreted effectors and the ones with known functions are related
to phagosomal escape (T6SS substrates PdpC and PdpD [118]) or resistance to oxidative stress (e.g.
KatG secreted by a membrane fusion protein [182]). As of today, six T6SS effectors have been
identified: OpiA, OpiBi.3, PdpC, PdpD [156,158]. The role of OpiA and OpiBis in Francisella
pathogenicity is not clear and the mechanism through which PdpC and PdpD mediate phagosomal
escape remains unknown.

Coinfection of macrophages with S. flexneri and F. novicida did not inhibit GBP3 or GBP4 recruitment
to S. flexneri, strongly suggesting that GBP3/4 escape by F. novicida is not mediated by a secreted
effector. Nevertheless, mutants deleted for known T6SS effectors should be tested for GBP3/4
recruitment to fully exclude this hypothesis. Alternatively, GBP3/4 deposition could be inhibited by a
membrane protein. It would be tempting to perform a large-scale screen for GBP3/4 recruitment to F.
mutants, but the quantification of GBP-Francisella colocalization must be optimized and automatized
before such a screen can be attempted.

The human pathogen S. flexneri actively and specifically antagonizes GBPs as a result of intensive host-
pathogen co-evolution [339,344]. Humans are an accidental (dead-end) host for Francisella species.
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Given the functional differences between human and other animal GBPs, specific GBP inhibition by
Francisella is unlikely.

Francisella LPS modifications as an adaptive mechanism

The atypical Francisella LPS is synthesized, for the most part, as a classical LPS structure: the lipid A is
initially phosphorylated and penta-acylated. In the later stages, lipid A is modified by phosphatases,
deacetylases and transferases [179,222,223]. These modifications are adaptive mechanisms that allow
survival in the host and escape from innate immunity.

LPS modification is common in pathogenic bacteria. The persistent coloniser Helicobacteri pylori has a
lipid A very similar to the one of F. novicida: tetra-acylated LPS with longer (C16-C18) acyl chains and
amino-modified disaccharide, connected to a single KDO unit [449]. These modifications mediate
escape from TLR4 and resistance to cationic antibacterial peptides [449]. Many Gram-negative bacteria
are prone to LPS deacylation in conditions resembling the host environment, such as Yersinia pestis
which carries a tetra-acylated lipid A at 37°C [450].

On the other hand, the high percentage of free lipid A (>60%) is a unique property in Francisella
species. Inversely, the lower percentage of O-antigen on the F. novicida surface might play a role in
the overall lower rates of GBP-F. novicida colocalization. Unfortunately, it is still unclear which genetic
mechanisms regulate the proportion of free lipid A in Francisella so this hypothesis cannot be tested
through genetic manipulation.

LpxF and GBP3
We tested multiple F. novicida LPS biosynthesis gene mutants for recruitment of HA:GBP3 using

confocal microscopy. We observed an enrichment of HA:GBP3 on a mutant deleted for the LpxF
phosphatase. The HA:GBP3 enrichment was very clear on some images (Results Fig. 6C) but did not
present a clear-cut phenotype like the HA:GBP3 recruitment to S. flexneri or HA:GBP1 recruitment to
F. novicida (Results Fig. 1). To assess whether HA:GBP3 was significantly enriched on AlpxF, we decided
to measure HA:GBP3 localization to single GBP1-positive bacteria as a ratio to the surrounding cytosolic
HA:GBP3. Because of the distribution of bacteria and limited cytosol in U937 cells, the process could
not be scripted but instead had to be manually evaluated for each cell using the steps described in Fig.
S6 D.

The AlpxF mutant had a statistically significant enrichment of HA:GBP3, which was lost when the
mutant was complemented either in cis or in trans (Fig. S6 B).

LpxF is a phosphatase that removes the 4’ position phosphate in LPS-attached or free lipid A of
Francisella. After the phosphate is removed, an unidentified deacetylase removes the acyl chain in 3’
position. The consequences of IpxF deletion are a penta-acylated lipid A and a more negatively charged
LPS due to the presence of the phosphate.

Underacylation of the LPS is a mechanism of immune evasion and host adaptation by different Gram-
negative bacteria. For example, Yersinia pestis LPS is a mixture of tetra-, penta-, and hexaacylated
forms at 26°C but is predominantly tetraacylated at 37°C [450]. S. flexneri is tetraacylated or triacylated
while replicating in the host [451], although it is unclear if this occurs fast enough to impact the early
and fast GBP recruitment onto S. flexneri. Salmonella LPS can be deacetylated by enzymes Pagl or LpxR
to decrease TLR4 activation [452,453].
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LPS dephosphorylation or glycosylation is a strategy to increase resistance to cationic antimicrobial
peptides [454,455]. The docking of GBP1 onto Shigella LPS is allowed by hydrogen bond interactions
between positively charged triple arginine and negatively-charged LPS [421]. In F. novicida, the AlpxF
mutation did not increase GBP1 recruitment but the AlpxF mutant also was deficient in cytosolic
escape (Results Fig. S6).

GBP1 docking may be more stable onto F. novicida AlpxF compared to a WT strain, and this could
increase GBP3 recruitment, for example through the formation of a stronger polymer or by allowing a
more potent fragilization of the LPS layer and exposing possible ligands for GBP3. | do not believe that
GBP3 interacts with the acyl chains directly. Indeed, GBP3 is not known to have a hydrophobic region.
Still, GBP3 could interact with other bacterial components, such as the peptidoglycan (to my
knowledge, GBP3 recruitment to Gram-positive bacteria has not been investigated).

Different bacterial LPS can be used to test whether tetraacylation directly impacts GBP recruitment
(regardless of phosphorylation level). Homologs of the LpxL acetylase add the 3’ acyl chain in Gram-
negative bacteria [205]. For example, a Burkholderia cenocepacia strain carrying tetra-acylated LPS has
been created by deleting LpxL [456] and such a mutagenesis could also be performed on the cytosol-
dwelling Burkholderia thailandensis. On the other hand, to confirm or exclude the influence of the lipid
A charge and phosphorylation level in GBP1/3 targeting, other F. novicida mutants can be tested: IpxE,
naxD, flmF1/F2, fimK.

One caveat is that altering bacterial LPS also inevitably impacts bacterial fitness and survival in the
host, which could also indirectly impact phagosomal escape or GBP recruitment by simple fragilization
of the LPS. Alternatively, GBP1/3 polymerization can be attempted in vitro onto different bacterial LPS
as in Kutsch et al., 2020 [421] with GBP1 and Shigella binding.

It would be interesting to investigate the structure of the GBP1/2/3/4 polymer on the bacterial surface,
to see if the four GBPs interact on the same surface or if they form a multilevel polymer.
Superresolution fluorescence microscopy is still limited in the number of fluorescent probes that can
be imaged at the same time; but combinations of GBPs can be imaged in dual colour STED (stimlulated
emission depletion) or SMLM (single-molecule localization microscopy). Alternatively, GBP-coated
bacteria could be imaged by cryo-electron microscopy to see whether the absence or presence of
particular GBPs alters the structure of the polymer or the LPS.

Notes on GBP3 recruitment to bacteria

Co-transfection of mCherry:GBP1 and eGFP:GBP3 in untreated Hela cells is sufficient to allow
recruitment of GBP3 to S. Typhimurium in the absence of IFNy; the same is true for GBP4 [419]. These
results indicate that GBP3 targeting to bacteria does not require other GBPs or IFNy-inducible factors
besides GBP1.

Since GBP1 and GBP2 are both prenylated, we wondered if prenylation was a requirement for any GBP
targeting to F. novicida. We thus generated a plasmid encoding a prenylated GBP3 carrying the CAAX
box of GBP2 (GBP3-CNIL). The HA:GBP3-CNIL chimeric protein was recruited to S. flexneri but did not
target F. novicida. In the future, constructing GBP2/3 chimeras in a prenylated or non-prenylated
background should help us understand the specificities and differences between GBP2 and GBP3.
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Identifying the recruitment requirements of GBP3 could help in identifying a possible bacterial ligand
(present in Shigella but absent in Francisella) or a potential host interactant of GBP3 (non-ISG).

Functional consequences of GBP escape

Roles of GBPs in inflammasome activation

F. novicida is not targeted by GBP3 and GBP4. Importantly, what are the functional consequences? In
the current model, GBP3 and GBP4 control caspase-4 recruitment (GBP4) and activation (GBP3). In
comparison to other bacteria (E. coli, S. flexneri), caspase-4 response to F. novicida is much weaker
[234]. The lower level of caspase-4 activation could be a consequence by the lack of GBP3/4
recruitment but it is also explained by the tetraacylation of F. novicida LPS [234]. Nevertheless caspase-
4 is activated in h(MDM [234] and in U937 (Fig. 11 E).

In hMDM, LDH release (cell death) was decreased upon knock down of GBP1-4 but not GBPS5, in
accordance with the currently proposed model. However, IL-1B secretion (mediated by caspase-1
processing) was only affected by GBP1-2 knock down (Fig. 11 A).

In U937, inflammasome activation is indeed dependent on GBP1/2 and surprisingly GBP5, despite its
lack of recruitment and no discernible role in hMDMs (Fig. 11 B, C). GBP3 KO has no effect on cell death
and cytokine release and the role of GBP4 is ambiguous. The data in U937 KO cells was confirmed by
complementation experiments (not shown).

In U937 macrophages (Results Fig. S1), GBP3 is very weakly induced by IFNy and F. novicida in
comparison to other GBPs. This could explain the lack of effect of GBP3 invalidation in U937, but GBP3
is also weakly induced in hMDM (Introduction Fig. 28, p.42 [234]) and still partially mediates cell death
upon F. novicida infection.

Further functional studies are necessary to clarify the involvement of GBP3 and GBP4 in anti-Francisella
immunity. The possibility of cell type-dependent effects should be strongly considered.

Uncoupling of GBP recruitment and inflammasome activation

If GBP3 and GBP4 mediate caspase-4 activation on the bacterial surface, how is caspase-4 activated by
F. novicida in the absence of GBP3 and GBP4 recruitment?

In vitro, GBP1 by itself can bind and damage LPS [421]. Caspase-4 can directly bind LPS through its
CARD domain [457]. Yet in cellulo GBP2-4 are required for caspase-4 recruitment and activation
[419,420]. GBP-caspase-4 interactions have been demonstrated in the presence of LPS [420] but there
is no evidence for direct interaction between GBPs and caspase-4. What are the actions of GBPs 2-4?

GBP2 is not recruited to F. novicida in GBP1*C cells. Yet, GBP2 contributes to inflammasome activation
in the absence of GBP1 (Fig. 11 D). Are GBP1 and GBP2 involved in independent, but complementary
inflammatory pathways in F. novicida-infected macrophages?

What is the mechanism of GBP5-induced inflammasome activation, if recruitment to F. novicida is not
involved?
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Figure 11. Inflammasome activation by GBPs in human macrophages infected by F. novicida. A) IL-18
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In U937 cells, inflammatory response to F. novicida is partially caspase-4-independent (Fig. 11 E). Are
there alternative inflammasome pathways that are activated by F. novicida? In hMDM, Aim2 or pyrin
knock down does not influence inflammatory response to F. novicida [234]. But different
inflammasomes could be involved in redundant secondary pathways that could partially complement
a lack of CASP4.

GBPs mediate inflammasome activation in response to pathogens, but also to cytosolic OMVs or LPS
directly. In fact, LPS shedding could be a GBP-evasive strategy for some bacteria [421,425,426]. It is
possible that GBP1 breaks the cytosolic LPS micelles similarly to the detergent activity of GBP1 in
contact with lipid vesicles [358], allowing access to lipid A for caspase-4. The contributions of GBPs
2/3/4 are still a mystery.

Our observations of GBP roles in F. novicida-infected human macrophages show a dissociation of
recruitment and inflammasome activation in the roles of GBP2 and GBP5 in F. novicida. It is highly likely
that GBP2 and GBP5 are involved in pathways, complementary but independent of GBP1-mediated
recruitment to the bacteria.

The recruitment of GBP1 to T. gondii is well established [353,393]. But a recent study described roles
of GBP2 and GBP5 in T. gondii killing, without localizing to the parasite in a detectable manner [398].
These recruitment-independent effects were dubbed ‘distal control’. In addition, GBP1 and GBP2 are
not recruited to C. muridarum, yet they control inflammasome activation in response to the pathogen
[403].

Bacteria like S. flexneri and S. Typhimurium activate so quickly and robustly caspase-4 and pyroptosis,
that alternative GBP recruitment-independent processes might not detectable. Alternative
recruitment-independent pathways could be triggered based the membrane characteristics of the
pathogen. In the cytosol, T. gondii and Chlamydia survive in modified phagosomes. Because F. novicida
LPS is so unusual, it could activate parallel recruitment-dependent and independent GBP-controlled
responses.

There is no mechanism proposed as to the distal control of pathogens exercised by GBPs but this
phenomenon should absolutely be investigated. GBP1-independent effects of GBP2 and GBPS5 should
be explored in detail.

GBPs redundancy and specificity: The importance of broadening the scope

The literature shows, and we have demonstrated in this work, that subtle differences in GBP sequence
and structure have important consequences on their function.

The current body of literature puts GBP1 in a central role. The model of GBP1, followed by GBP2/3/4
recruitment to activate caspase-4 may be compelling in its simplicity but does not draw the full picture
of GBP roles in anti-bacterial immunity. The emergence of publications on the GBP distal control, and
our unpublished data highlight the importance in exploring different models for GBP activity and
alternative pathways of recruitment-independent inflammasome activation.

It is important to characterize all GBPs functionally and biochemically as rigorously as GBP1. GBPs
encoded in the human genome have gone through extensive evolution and selection, pertaining to
their key roles in cytosolic immunity. These roles are still unclear. For instance, GBP6 is recruited to
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Gram-negative bacteria in overexpression systems [418,419]. Moreover, GBP6 is basally expressed in
the mucosal tissues, barriers to the outside environment. This implies an important role of GBP6 in
innate immunity, which has been neglected.

GBPs are enzymes with no singular purpose (process substrate A to produce compound B) —they have
a variety of roles to antagonize parasites, virus, bacteria through diverse mechanisms, in addition to
their potential roles in cell proliferation, migration, differentiation. Hence, GBPs are integral part of
the cell life and immunity. They function in an environment that is shaped by the pathogen
(environment-dependent LPS remodelling, host-induced secretion of effectors, cell-type dependent
adaptations) and by the repertoire of available host partners.

The subtle but important divergences between GBPs suggest they interact differently with pathogens
or with host factors. GBPs might carry specific sequences to target different PAMPs or alternatively,
sequences that promote different interactions with host factors and immunity pathways. GBP-
controlled pathways might be redundant in the way that most of innate immunity is redundant: when
one pathway is blocked, another can take its place to protect the host. To have a full understanding of
GBP-mediated immunity, research should step beyond the established models and explore the facets
of GBP functioning in diverse environments and conditions.
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Résumé substantiel

Résumé substantiel1é

Introduction

Francisella tularensis est une bactérie a Gram-négatif et I'agent de la tularémie — une zoonose
transmise principalement par des rongeurs et des lagomorphes. L'Homme peut étre infecté par
plusieurs routes : inhalation d’aérosols, contact cutané, morsures de tiques, etc. La maladie est
associée a des symptomes non-spécifiques qui varient en fonction du mode de transmission (fievre,
céphalées, ulcération du site d'infection...). La mortalité en absence de traitement (antibiotiques) est
d’environ 2%. Cependant, la maladie a une longue période de convalescence et 15-20% des patients
sont hospitalisés.

L'espéce F. tularensis contient quelques sous-especes tres proches qui ont une virulence variable. F.
tularensis subsp. tularensis est la sous-espéce la plus virulente, la plus infectieuse et a été classée en
tant qu’agent possible de bioterrorisme. F. tularensis subsp. novicida (ici appelée F. novicida) partage
97% d’identité génétique avec la sous-espece tularensis. F. novicida ne provoque pas de maladie chez
les personnes immunocompétentes mais elle est capable d’infecter des macrophages humains in vitro
et provoque une maladie sévere chez la souris. Les faibles contraintes de biosécurité, la facilité de
manipulation génétique et sa grande similitude avec les sous-especes hautement virulentes de F.
tularensis, font de F. novicida un bon modele d’étude pour la tularémie.

F. novicida est un pathogéne cytosolique professionnel. Elle est phagocytée par les cellules hote
(macrophages, neutrophiles) mais F. novicida s’échappe du phagosome grace aux effecteurs sécrétés
par un systéme de sécrétion de type VI atypique (T6SS) pour se répliquer abondamment dans le cytosol
des cellules infectées.

En général, les bactéries a Gram-négatif sont détectées dans le cytosol par la caspase-11 chez la souris,
ou par son homologue humain la caspase-4 qui sont activées la partie ‘lipide A’ du lipopolysaccharide
(LPS) bactérien. L’activation de ces caspases induit une mort cellulaire pro-inflammatoire (la
pyroptose) et I'activation de I'inflammasome non-canonique, qui permet le clivage et sécrétion de
cytokines pro-inflammatoires. Le LPS de Francisella a une structure atypique grace a plusieurs enzymes
bactériennes. Par conséquent, Francisella n’est pas détectée par des senseurs innés du LPS comme le
TLR4 ou la caspase-11, et active faiblement la caspase-4.

Dans le macrophage murin, F. novicida est détectée le senseur d’ADN cytosolique Aim2, ce qui permet
de déclencher la cascade inflammatoire qui est essentielle a la réponse immunitaire contre F. novicida.
L'activation de Aim2 requiert la libération de ligands bactériens qui est médiée par les protéines
Guanylate-Binding Proteins (GBPs). Des souris déficientes pour les GBPs ne survivent pas a une
infection avec des doses de F. novicida non-léthales pour les souris sauvages.

16 Cette thése étant écrite en anglais, un résumé substantiel/étendu est présenté.
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Résumé substantiel

Les GBPs sont des GTPases inductibles par les interférons. Elles jouent un réle essentiel dans
I'immunité cellulaire autonome et innée contre plusieurs pathogénes (virus, bactéries, protozoaires) a
travers de mécanismes variés et souvent pathogene-spécifiques.

Le génome humain code pour 7 GBPs (GBP1-7) dont GBP1-5 sont exprimés dans les cellules myéloides.
En raison de forte pressions sélectives et d'une évolution rapide, les GBPs humaines ne sont pas
homologues aux GBPs murines (mGbp1-11). Malgré la haute similarité de séquence et de structure
entre les GBPs humaines, des faibles divergences résultent en des différences fonctionnelles
importantes.

Parmi les GBPs humaines, GBP1 est la mieux caractérisée. Les GBPs sont composées d’un domaine N-
terminal qui porte la fonctionnalité GTPase, suivi par une tige composée d’hélices a (le stalk) et par un
domaine effecteur GED (GTPase effector domain). GBP1, GBP2 et GBP5 subissent I'ajout post-
traductionnel d’un groupement lipidique (prénylation), dont la nature est dictée par un motif CAAX
localisé dans le C-terminus. GBP1 est farnésylé (15 carbones), alors que GBP2 et GBP5 sont
géranylgéranylées (20C). Les modifications sont déterminées par le dernier acide aminé du motif
CAAX : CTIS pour GBP1 versus CNIL pour GBP2 ou CVLL pour GBPS.

Les GBPs sont des enzymes mécano-chimiques : I'interaction avec le GTP et I’hydrolyse se traduisent
en changements conformationnels qui médient une dimérisation ou polymérisation des GBPs, et
controlent leurs fonctions biologiques. Grace au groupement lipidique, GBP1 peut se polymériser sur
des vésicules lipidiques tels que les vacuoles contenant des pathogénes ou les membranes
bactériennes (contenant du LPS).

Les bactéries a Gram-négatif Shigella flexneri et Salmonella Typhimurium sont tres utilisées comme
modeles pour I'étude des roles antibactériens des GBPs humaines dans le cytosol des cellules Hela.
GBP1 lie le LPS de S. flexneri grace a un motif polybasique prés du C-terminus, ce qui permet sa
polymérisation dans la membrane externe bactérienne riche en LPS. GBP1 recrute GBP2, GBP3 et GBP4
a la surface bactérienne ce qui induit le recrutement et I'activation de la caspase-4. Le mécanisme
permettant dans I’activation de la caspase-4 par les GBPs reste encore inconnu.

Objectifs de ces travaux

Dans les macrophages primaires humains, F. novicida active la caspase-4 de fagon GBP-dépendante.
Cependant F. novicida porte un LPS atypique. Le recrutement des GBPs sur F. novicida et leurs roles
spécifiques dans le macrophage humain n’ont pas encore été caractérisées, et font I'objet de cette
étude.

Résultats et discussion

Afin d’étudier le recrutement de GBPs sur F. novicida, nous avons créé des lignées stables de
monocytes humains exprimant des GBPs wild-type ou mutées fusionnées avec le tag HA. Les HA:GBPs
sont exprimées de facon constitutive mais I’expression des GBPs endogénes des U937 requiert un pré-
traitement a I'lIFNy.
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Résumé substantiel

Dans les macrophages différenciés, traités a I'IFNy, GBP1 et GBP2 sont recrutées a F. novicida dans
environ 25% des cellules infectées a 7h post-infection. En revanche, GBP1, GBP2, GBP3 et GBP4 sont
recrutées sur S. flexneri dans environ 50-70% des cellules infectées 3h p.i, en accord avec la littérature.
Conformément a ce qui est observé avec d’autres bactéries, le recrutement de GBP2 sur F. novicida
dépend de GBP1 alors que GBP1 est localisée sur F. novicida indépendamment des autres GBPs.

La farnésylation de GBP1 et la géranylgeranylation de GBP2 sont requises pour leur recrutement sur F.
novicida et sur S. flexneri. De maniere intéressante, en plus de la présence, le type de prénylation
influence le ciblage des GBPs a F. novicida. Nous avons créé des lignées exprimant GBP1 ou GBP2 avec
les CAAX interchangés : GBP1-CNIL et GBP2-CTIS. HA:GBP1-CNIL est localisée a F. novicida dans plus de
cellules, et induit plus de mort cellulaire que HA:GBP1. D’autre part, le recrutement de GBP2-CTIS a F.
novicida est plus faible que le recrutement de GBP2. Ces résultats suggérent que le motif CAAX de
GBP2 est plus efficace pour le ciblage de F. novicida que le CAAX de GBP1. Puisque le groupement
géranylgéranyl (20C) est plus long que le farnésyl, le CAAX de GBP2 pourrait permettre un meilleur
ancrage dans le LPS de F. novicida.

GBP5 est également prénylé mais n’est pas recruté sur F. novicida, ni sur S. flexneri. Afin de
comprendre |'absence de recrutement de GBP5 sur les bactéries, nous avons créé des lignées U937
exprimant des chimeéres de GBP2 et de GBP5. Ainsi, nous avons identifié la région centrale de GBP2
(K340-R535) comme étant nécessaire et suffisante pour le ciblage de F. novicida dans un contexte de
GBP prénylé. La fonction de cette région n’est pas décrite dans la littérature. Notre hypothése est que
les différences subtiles au niveau des régions centrales de GBP2 et de GBP5 influencent leurs capacités
de changement conformationnel et permettent la polymérisation de GBP2 mais pas de GBP5 avec
GBP1 a la surface de la bactérie.

Nous nous sommes également intéressés aux facteurs qui régulent le recrutement initial de GBP1
indépendamment des autres GBPs. Nous avons étudié le recrutement de chiméres GBP1/GBP2 sur F.
novicida en I'absence d’IFNy aprés vérification de la fonctionnalité des chiméres en présence d'IFNy.
Le motif polybasique dans le C-terminus de GBP1, quand il est ajouté a GBP2, est nécessaire et suffisant
pour permettre le ciblage de GBP2 a S. flexneri. Au contraire, il est nécessaire, mais pas suffisant pour
le recrutement sur F. novicida. D’autres facteurs ont été identifiés dans le N-terminus de GBP1 : un
motif polybasique KKK31-36, ainsi que des résidus impliqués dans la formation de GMP, propriété
unique a GBP1. Toutefois, ni I’hydrolyse de GDP, ni le motif KKK61-63, ne sont nécessaires pour le
recrutement de GBP1 sur S. flexneri.

Les niveaux plus faibles de ciblage de F. novicida par les GBPs, I'absence de recrutement de GBP3 et
de GBP4, en plus des facteurs supplémentaires requis pour le ciblage initial de GBP1 sur F. novicida,
suggerent que les GBPs ont moins d’affinité pour F. novicida que pour S. flexneri. Dans des cellules
infectées simultanément avec F. novicida et S. flexneri, GBP1 est principalement localisée a S. flexneri.
De plus, la co-infection par F. novicida n’inhibe pas le recrutement de GBP3 ou GBP4 sur S. flexneri ce
qui suggére que les facteurs permettant I'échappement de F. novicida au ciblage par GBP3/4 seraient
intrinseques a la bactérie, et non secrétés. Nous avons identifié une souche mutée de F. novicida qui
présentait un enrichissement en HA:GBP3 a sa surface. Cette souche est délétée pour une enzyme
(LpxF) impliquée dans la modification du LPS. Le recrutement de GBP3 sur AlpxF n’a pas atteint les
niveaux de recrutement de GBP1 et 2 sur F. novicida, suggérant que d’autres facteurs seraient
impliqués dans I’échappement par F. novicida du ciblage par GBP3.
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Conclusion

S. flexneri est un modeéle tres utilisé dans le champ grace a sa facilité de manipulation. Cependant
I’étude de F. novicida nous permet de décortiquer plus précisément les mécanismes d’action des GBPs.
En effet, le recrutement sous-optimal des GBPs sur F. novicida permet de mieux situer la hiérarchie
des GBPs et les facteurs cellulaires qui contribuent au recrutement. De plus, nos résultats sur F.
novicida démontrent l'intérét d'étudier les mécanismes de I'immunité avec des pathogenes
particuliers et de dépasser les approches classiques sur les pathogenes modeles que sont Shigella et
Salmonella.
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Abstract

Francisella novicida is a professional cytosol dwelling pathogen, internalized by host cells (macrophages,
neutrophils) through phagocytosis. F. novicida escapes from the phagosome using effectors secreted by an
unconventional type 6 secretion system. F. novicida replicates abundantly in the cytosol of infected cells.

The Francisella lipopolysaccharide (LPS) has an atypical structure shaped by several LPS modifying enzymes,
allowing the bacterium to avoid detection from LPS-binding immune receptors such as TLR4 or the murine
pro-inflammatory caspase-11. Instead, F. novicida is detected by the DNA sensor Aim2. The human caspase-
4 (caspase-11 ortholog) detects only weakly F. novicida LPS. Both caspase-4 in human cells and Aim2
activation in murine cells requires liberation of F.novicida ligands, mediated by Guanylate-Binding Proteins
(GBPs).

GBPs are interferon-inducible GTPases that play a key role in cell autonomous responses against
intracellular pathogens. Seven GBPs are present in humans. Despite sharing high sequence similarity, subtle
differences among GBPs translate into functional divergences that are still largely not understood. A key
step for the antimicrobial activity of GBPs towards cytosolic bacteria is the formation of supramolecular
GBP complexes on the bacterial surface. Such complexes are formed when GBP1 binds lipopolysaccharide
(LPS) from Shigella and Salmonella and further recruits GBP2, GBP3, and GBP4.

Because F. novicida has an atypical LPS and given the importance of GBPs in anti-Francisella immunity, our
aim was to understand the molecular and cellular mechanisms controlling recruitment of GBPs to F.
novicida in human macrophages.

F. novicida was coated by GBP1 and GBP2 in human macrophages but escaped targeting by GBP3 and GBP4.
Coinfection experiments demonstrated that GBPs target preferentially S. flexneri compared to F.
novicida. GBP1 and GBP2 features that drive recruitment to F. novicida were investigated revealing that the
unique GBP1 GDPase activity is required to initiate GBP recruitment to F. novicida but facultative to target S.
flexneri. Furthermore, analysis of chimeric GBP2/5 proteins identified a central region in GBP2 (K340-R535)
necessary and sufficient to target prenylated GBPs to F. novicida. Finally, a F. novicida AlpxF mutant with a
penta-acylated lipid A was targeted by GBP3 suggesting that LPS modification contributes to escape from
GBP3. Altogether, our results indicate that GBPs have different affinity for different bacteria and that the
repertoire of GBPs recruited onto cytosolic bacteria is dictated by GBP-intrinsic features and specific
bacterial factors, including the structure of the lipid A.

Few bacteria have adapted to thrive in the hostile environment of the cell cytosol. As a professional cytosol-
dwelling pathogen, S. flexneri secretes several effectors to block cytosolic immune actors, including GBPs.
This study illustrates a different approach of adapting to the host cytosol: the stealth strategy developed
by F. novicida. The lower affinity of GBPs for F. novicida allowed to decipher the different domains that
govern GBP recruitment to the bacterial surface. This study illustrates the importance of investigating
different bacterial models to broaden our understanding of the intricacies of host-pathogen interactions.

Keywords: Francisella novicida, Francisella tularensis, Shigella flexneri, Guanylate-Binding Proteins,
cytosolic bacteria, cell autonomous immunity, innate immunity, inflammasome
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Résumé

Francisella novicida est un pathogene cytosolique professionnel qui est internalisé par les cellules hotes
(macrophages, neutrophiles) par phagocytose. F. novicida échappe du phagosome grace aux effecteurs
sécrétés par un systéme de sécrétion de type 6 non-conventionnel. F. novicida se réplique abondamment
dans le cytosol des cellules infectées. Le lipopolysaccharide (LPS) de Francisella porte une structure
atypique formée par plusieurs enzymes modifiantes le LPS, ce qui permet a la bactérie d’éviter la détection
par des récepteurs de I'immunité liant le LPS tels que le TLR4 ou la caspase murine pro-inflammatoire
caspase-11. Dans le cytosol murin, F. novicida est détectée par le senseur d’ADN Aim2. L’orthologue humain
de la caspase-11, la caspase-4, détecte faiblement le LPS de F. novicida. L’activation de la caspase-4 chez
I'Homme et de Aim2 chez la souris nécessite la libération de ligand de F. novicida, processus médié par les
Guanylate-Binding Proteins (GBPs).

Les GBPs sont des GTPases inductibles aux interférons qui jouent un réle clé dans les réponses immunitaires
contre les pathogenes intracellulaires (virus, bactéries, protozoaires). Sept GBPs sont présentes chez
I’'Homme. Malgré une haute homologie de séquence, des différences subtiles parmi les GBPs se traduisent
dans des divergences fonctionnelles qui sont encore largement incomprises. Une étape clé pour I'activité
antimicrobienne des GBPs vers les bactéries cytosolique est la formation de complexes supramoléculaires
a la surface bactérienne. De tels complexes sont formés quand GBP1 lie le LPS de Shigella ou de Salmonella
et recrute ensuite GBP2, GBP3 et GBP4.

Puisque F. novicida porte un LPS atypique, et au vu de l'importance des GBPs dans I'immunité anti-
Francisella, notre objectif était de comprendre les mécanismes moléculaires et cellulaires contrélant le
recrutement des GBPs sur F. novicida dans les macorphages humains.

F. novicida a été recouverte de GBP1 et de GBP2 dans les macrophages humains mais a échappé le
recrutement de GBP3 et de GBP4. Des expériences de co-infection suggérent que les GBPs ciblent de
préférence S. flexneri en comparaison avec F. novicida. Nous avons étudié les caractéristiques de GBP1 et
GBP2 promouvant le recrutement a F. novicida et nous avons montré que I'activité GDPase unique de GBP1
et requise pour initier le ciblage de GBP1 a F. novicida mais est facultative pour le recrutement sur S. flexneri.
De plus, des analyses de GBP2/5 chimériques ont permis d’identifier la région centrale de GBP2 (K340-R535)
comme nécessaire et suffisante pour cibler des GBPs prénylées a F. novicida. Enfin, un mutant de F.
novicida AlpxF portant un LPS penta-acylé a été enrichi en GBP3 suggérant que les modifications du LPS
contribuent a I'échappement de GBP3. Somme toute, nos résultats suggerent que les GBPs ont une affinité
différente pour les espéces bactériennes différentes, et que le répertoire des GBPs recrutées sur une
bactérie cytosolique est dicté par des facteurs GBP-intrinseques et bactériens, tels que la structure du lipid
A bactérien.

Peu d’espéces bactériennes sont adaptées a la vie dans le cytosol cellulaire. En tant que pathogene
cytosolique, S. flexneri sécrete plusieurs effecteurs afin de bloquer des acteurs de I'immunité cytosolique,
y compris les GBPs. Cette étude démontre une approche alternative : la stratégie furtive développée par F.
novicida. La moindre affinité des GBPs pour F. novicida a permis de décortiquer les différents domaines qui
permettent le recrutement des GBPs a la surface bactérienne. Cette étude illustre I'importance d’explorer
différents modeles bactériens afin d’élargir notre compréhension des spécificités des interactions hote-
pathogene.

Mots-clés : Francisella novicida, Francisella tularensis, Shigella flexneri, Guanylate-Binding Proteins,
bactéries cytosoliques, immunité cellulaire autonome, immunité inné, inflammasome
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