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Highlights:

e IgG & cells triggered by a Y. pseudotuberculosis live vaccine each protect against
bubonic plague

e IFNy production and IgG to F1, Yops or sonicated Y. pestis correlate to each other and
to protection

o Anti-F1 IgG is the easiest and statistically best predictor of protection, transposable to

humans
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Abstract:

Immunization with the live-attenuated Yersinia pseudotuberculosis VTnF1l strain
producing a Yersinia pestis F1 pseudocapsule efficiently protects mice against bubonic and
pneumonic plague. In clinical trials, demonstration of a plague vaccine’s efficacy in humans
will not be feasible, and correlates of protection will be needed to bridge the immune
response of protected animals to that of vaccinated humans. Using serum transfer and
vaccination of antibody-deficient uMT mice, we established that both humoral and cellular
responses elicited by VTnF1 independently conferred protection against bubonic plague.
Thus, correlates were searched for in both responses, using blood only. Mice were
vaccinated with increasing doses of VTnF1 to provide a range of immune responses and
survival outcomes. The cellular response was evaluated using an in vitro IFNy release
assay, and IFNy levels were significantly associated with protection, although some
survivors were negative for IFNy, so that IFNy release is not a fully satisfactory correlate.
Abundant serum IgG against the F1 capsule, Yop injectable toxins, and also non-F1
Y. pestis antigens were found, but none against the LcrV antigen. All readouts correlated to
survival and to each other, confirming that vaccination triggered multiple protective
mechanisms developing in parallel. Anti-F1 IgG was the most stringent correlate of
protection, in both inbred BALB/c mice and outbred OF1 mice. This indicates that
antibodies (Ab) to F1 play a dominant role for protection even in the presence of Ab to
many other targets. Easy to measure, the anti-F1 IgG titer will be useful to evaluate the

immune response in other animal species and in clinical trials.

Keywords:
Plague, live vaccine, Yersinia pestis, Yersinia pseudotuberculosis, correlates of protection,

F1, IgG
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Introduction

Plague is caused by Y. pestis, one of the deadliest infectious agents afflicting
humans. In nature, Y. pestis is mainly a zoonotic pathogen, infecting rodents in large
endemic territories throughout the world. Therefore, plague cannot be eradicated and has a
permanent capacity to pass to humans. Despite the availability of antibiotic treatments,
plague still has a high level of mortality, due mainly to the fast development of
pathogenesis. In addition, Y. pestis strains showing resistance to several antibiotics have
emerged [1, 2] and Y. pestis is a potential bioweapon [3]. To face this threat, the

development of safe and effective vaccination strategies is critical.

We previously reported that Y. pseudotuberculosis can be used as vaccine against
plague [4] because the two species share high-level genetic and antigenic identity,
including the same type Il secretion system and injectable Yop toxins (Yersinia outer
proteins [5]). We constructed the Y. pseudotuberculosis strain VTnFl1, highly and
irreversibly attenuated by deletion of three essential virulence factors (High Pathogenicity
Island, pH6/PsaA antigen and YopK toxin). In addition, insertion of the caf operon into the
chromosome allows production of a Y. pestis F1 pseudocapsule [4]. A single oral
vaccination with live VTnF1 confers protection against bubonic and pneumonic plague in

mice [4].

The licensure of a human vaccine requires evaluation of its efficacy in humans. For
plague, this is problematic because cases are too sporadic in the world for a field evaluation
and human challenge studies are not ethical. In such circumstances, demonstrating efficacy
in a well-understood animal model that resembles disease in humans can be considered for
approval under the “animal rule” in the USA [6, 7], or the “Extraordinary Use New Drugs
Pathway” in Canada [8]. In the EU, a recent perspective from the EMA stated that this does
not preclude ‘the possibility that animal models data in principle could have a critical role in

the assessment’ [9].
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To bridge protection in animals to parameters evaluated during the clinical trials in
humans, the investigational compound’s mechanism of action to prevent the toxic effects of
the pathogen need to be well understood. For vaccines, it should lead to the identification of
a relevant biomarker/correlate of protection in animals, presumed to also correlate with
protection in humans. Also, identifying correlates of protection for vaccine-induced immunity
is crucial during vaccine development [10], e.g. as it enables consistency assessment of
vaccine production for complex vaccines by identifying the essential antigen(s) for
quantification, and can be used for follow up of populations after immunization, including to

determine the need and/or frequency of boosters.

When modified or killed Y. pestis have been used as vaccine, both antibodies (Ab) and
the cellular arm of immunity contributed to protection [11-13]. The recently developed F1-V
recombinant vaccines are based on a combination of F1 and LcrV antigens and induced
high levels of Ab against these targets in mice or non-human primates (NHP). Ab against
these antigens are protective [14-16] and their level predicts protection [15, 17]. Whereas
measuring Ab as correlate for a vaccine consisting of two purified antigens seems
straightforward, the definition of a correlate is more complicated for live vaccines due to

their complex composition and the humoral and cellular immune mechanisms triggered.

Correlates must be relatively easy to measure, so serum antibodies have caught most of
the attention. However, the T cell response may also contribute to protective immunity
against Y. pestis [11]. As compared to assays measuring antibodies, those measuring
cellular responses are more challenging due to logistic and technical limitations [18]. They
include the complexity of the assays, the fragility and diversity of living cells, and the
absence of standardization of T cell functions. For any test, the biomarker must be

measured using the only biological material safely available in humans: the blood.

In this study, we examined which humoral and/or cellular immunological readout

correlated with protection in mice vaccinated with the VTnF1 strain, in order to determine
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parameters that can be further developed for evaluation in other animal models and use in

future human trials.

Materials and Methods

Bacterial strains
Y. pestis and Y. pseudotuberculosis isolates and their derivatives have previously

been described [4, 19].

Animal vaccination and infection

Institut Pasteur animal facilities are accredited by the French Ministry of Agriculture
(N° B 75 15-01; May 22", 2008), in compliance with the French and European regulations
on care and protection of the Laboratory Animals (EC Directive 86/609, French Law 2001-
486; June 6, 2001). The research protocol was approved by the Institut Pasteur Ethics
Committee for Animal Experimentation and the French Ministry of Research (N° 2013-
0038). Seven-week-old female OF1, BALB/c and C57BL/6 (B6) mice were from Charles
River France. pMT (C57BL/6 umt™) mice [20] were bred in the Institute. Vaccination
consisted in a single dose of VTnF1 (200 pl) inoculated intragastrically (ig). Blood was
collected 3 weeks after vaccination to obtain immune serum (IS).

Infections with Y. pestis were performed in a BSL3 animal facility as previously [4,
19]. Y. pestis CO92 grown at 28°C was re-suspended in saline and bubonic plague was
induced by injection of 10°® CFU (i.e. 10°xLDsy, in 50 pl) subcutaneously (sc) in ventral skin.

Animals clinical state and survival was monitored daily for 21 days.

Immuno-assays

IgG specific for Yersinia were quantified by ELISA as described previously [21]:
microtiter plates (NUNC) were coated with either purified F1 antigen, or sonicated Y. pestis
CO92Acaf (containing all Y. pestis antigens except F1 [4]), or purified recombinant LcrV
antigen, or purified Yops, all at 5 pg/ml in PBS, except LcrV: 1 pg/ml. The ELISA using

Yops was initially developed for the sero-diagnostic of infection by pathogenic Yersiniae



146
147
148
149
150

151

152
153
154
155
156
157
158
159
160

161

162
163
164
165
166
167
168
169

170
171

172

[22]. The Yops solution used contains a mix of all the Yersinia Outer Proteins (Yops)
produced in medium by bacteria grown at 37°C in the absence of Calcium, as described by
Michiels [23]. Sera diluted in PBS containing 0.1% BSA were incubated in coated plates.
Bound IgG were detected by a mouse 1gG-specific, HRPO-coupled, rat antibody (Bio-Rad.
Antibody titers were calculated as the reciprocal of the lowest sample dilution giving a

signal equal to two times the background.

Cell-mediated response of vaccinated animals

Blood collected on heparin (50 U) was centrifuged on a Lympholyte®-Mammal
gradient (Cedarlane, manufacturer' protocol) to separate leukocytes from plasma and
erythrocytes. Plasma was frozen for IgG evaluation, while leukocytes were re-suspended in
culture medium: RPMI 1640 + Glutamax™ (Invitrogen) containing 10% bovine serum
(Lonza), Penicillin /Streptomycin (Life Sciences) and 10 mM [-mercapto-ethanol.
Leukocytes (10° cells) were restimulated in vitro using either sterile F1 antigen or sonicated
Y. pestis CO92Acaf (both at 5 ug/ml). Supernatants were collected after 48 h for cytokine

measurements (IFNy and IL-17 Duosets, R&D Systems).
Transfer of immune serum and vaccination of antibody-deficient uyMT mice

To evaluate the protective value of antibodies, OF1 mice received either normal or
immune serum (500 pl) intraperitoneally (ip) two hours before a bubonic plague challenge
(C092, 10° CFU sc). To evaluate the protective value of the cellular immune response,
UMT mice (unable to produce antibodies [20]) and immune-competent B6 littermates were
vaccinated. Because VTnFl was harmful for immuno-deficient uMT mice (Fig S1),
vaccinated and control mice received immune serum (100 pl ip) at the time of vaccination,
according to Parent et al. [12]. Specific antibodies in blood were evaluated by ELISA every

four weeks, and mice were challenged when antibodies were undetectable in uMT mice.

Statistical analysis
We studied the association between IgG titers (log;o transformed) and the probability

to survive a plague challenge. Univariate logistic regressions were used to compute the
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odds ratio for survival to the plague challenge for each 10-fold increase in IgG titers (R software
3.3.2). The Akaike's Information Criterion (AIC) was calculated to compare logistic
regression models with the best fitting model, having the lowest AIC. The significance level
chosen for all analysis was p < 0.05 (two-tailed). The Prism software (GraphPad) was used
for other statistics: the Fisher exact test to compare survival rates, the unpaired, two-tailed
Mann-Whitney test to compare groups for antibody titers and cytokines levels, and the two-

tailed Spearman’s rank test for correlation analyses.

RESULTS

VTnF1 vaccine-induced protection is mediated by both humoral and cellular
immunity

We previously reported that oral vaccination with the VTnF1 strain protected against
bubonic plague and induced the production of both specific antibodies and memory cells
[4]. To determine which immunological effectors conferred protection, the contribution of
antibodies was examined by passive serum transfer. Serum from VTnF1-vaccinated mice
or naive mice (pools from 14 mice) was injected to naive mice 2 hours prior to infection.
Whereas mice with non-immune serum or no serum died, those with immune serum
survived (Fig. 1A), showing that VTnF1-specific antibodies alone protected against plague.
To evaluate the importance of cellular immunity, uMT mice (unable to produce antibodies)
were vaccinated. Because these mice are too immuno-compromised to tolerate the live
vaccine (Fig.S1), immune serum was injected to UMT mice and B6 littermates at the time of
vaccination [12], allowing 100% survival. When 1gG were no longer detected in blood of
UMT mice (> 2 months), animals were challenged with Y. pestis. All vaccinated uMT and B6
mice survived, whereas unvaccinated mice (having received and eliminated the antibodies)
died (Fig.1B), showing that VTnF1-induced cell-mediated immunity alone protected against

plague.
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Evaluation of humoral parameters as correlates of protection against plague

To mimic the heterogeneity of a vaccinated population, groups of mice were vaccinated
with suboptimal (no vaccine, 10° CFU, 10’ CFU) to optimal (1028 CFU) doses. A dose-
dependent acquisition of protection was observed in both outbred (OF1) and inbred BALB/c

or C57BL/6 (B6) mice (Table 1).

To fit with immunogenicity assays in clinical trials, all immune response analyses were
performed with blood, the simplest sample for analysis of the human response. Serum IgG
against F1, Yops and a preparation of Y. pestis antigens other than F1 were quantified. F1
is specific for Y. pestis, whereas LcrV and Yops are common to pathogenic Yersiniae. Both
are protective targets abundant in vivo [24, 25]. IgG against F1, Yops and non-F1 Y. pestis
antigens could be evidenced (Fig. 2), but no anti-LcrV IgG above the 50 pg/ml limit of
detection of the ELISA, determined using a monoclonal Ab (not shown). Comparable
results were obtained with inbred BALB/c or outbred OF1 mice. Despite intra-group
variability of 1gG levels in all groups, the dose of vaccine clearly dictated the magnitude of
the antibody response (Fig. 2 A). In addition, IgG levels against a given target significantly

correlated with the levels against the other antigens (Fig. 2 B).

Evaluation of vaccine-induced cellular memory against plague

In vitro stimulated splenocytes from VTnF1 -vaccinated mice produce IFNy, revealing a
type 1 cellular response (Thl) [4]. Here, the IFNy release assay was applied to blood
leukocytes restimulated with either F1 or sonicated Y. pestis CO92Acaf (all Y. pestis
antigens except F1). Purified F1 failed to induce any IFNy production, whereas the
sonicated Y. pestis induced IFNy in the majority of samples (Fig. 3A). Unspecific stimulation
was unlikely, because cells from naive mice did not respond. All mice positive for IFNy
survived plague, although IFNy was not detected in all protected individuals, yielding a 69%

confidence (18 mice / 26 survivors; Fig. 3A). IFNy correlated significantly with anti-F1 IgG
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(Fig. 3B) as well as with anti-Y. pestis Acaf IgG (Fig. 3C), and both increased according to

the vaccine dose.

IL-17 plays a protective role against plague [26], and is produced by splenocytes from
VTnF1l-vaccinated mice [4]. However, blood leukocyte cultures yielded only very low

amounts (not shown) and thus was not further investigated.

Logistic regression analysis of serological immune readouts

In BALB/c mice (naive and vaccinated using all doses), the three serum IgG titers
(against F1, Yops & sonicated Y. pestis) were strongly associated with survival. IgG anti-F1
and IgG anti-Yersinia titers perfectly separated mice that survived and those that died. All
mice with 1gG anti-F1 <10° and all those with IgG anti-Yersinia <3x10° died while all others
survived (Fig. 2A & 4A, Fig. S2A). IgG anti-Yops titers also almost perfectly separated the
mice by outcome: most protected mice (28/29) had IgG anti-Yops above 150, and no one

which died (Fig. S2B).

Because the human population is genetically diverse, the possibility to predict
protection was examined in outbred OF1 mice. IgG levels were more heterogeneous (Fig.
S3), but each IgG titer was significantly associated with survival as revealed using
univariate logistic regressions (Fig. 4B, Fig. S2B,2D), with p<0.001 (Table 2). Based on the
AIC, the anti-F1 IgG titer had the strongest association with survival to bubonic plague. For
each 10-fold increase in anti-F1 IgG titer, the odd ratio for survival to the plague challenge

was 3.5 (95% confidence interval: 2.1, 7.0) (Table 2; Fig. 4B).

Discussion

Identifying correlates of protection is of high interest during vaccine development, to

identify key antigenic components for consistency evaluation of vaccine production, to

10
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evaluate the responses of individuals and populations after vaccination, and, as in the case
for a plague vaccine for which efficacy trials are not ethical, to establish parameters for
evaluation [10]. In order to prepare for future evaluation of the immune response in other
animal models and particularly in volunteers in clinical trials, the present work aimed at
identifying a correlate of protection in mice vaccinated with VTnF1l, which could be
measured using blood. In addition to measuring an immune parameter with robust

statistical correlation to protection, the test had to be as simple as possible to perform.

We found that both humoral and cellular responses elicited by VTnF1 had a protective
capacity, so that parameters measuring each could correlate to protection. Among the
analyzed readouts, the anti-F1 IgG titer was the most significant predictor, and therefore
represented the best correlate of protection of our study. In agreement, the only mouse
(/14 OF1) not protected 6 months after vaccination in a previous study [4] had
progressively lost its anti-F1 1gG after vaccination (Fig S4). While it has previously been
reported that anti-F1 Ab were good correlates of protection in mice and NHP, for F1 + LcrV
vaccines [17], F1-V fusion protein [16, 27, 28], or F1-producing live Salmonella or Poxvirus
vectors [29, 30], our results highlight the fact that Ab against F1 play a dominant role for
protection even in the presence of Ab to many other targets. This supports the conclusion
that F1 is a major target for protective immunity. The function of these anti-F1 antibodies
against Y. pestis remains to be evaluated. Because F1 is the principal component of the
Y. pestis pseudocapsule, easily accessible, Ab may opsonize and aggregate bacteria,
facilitating engulfment and destruction by phagocytes. Such functions may guide the

development of functional assays [31].

In addition to anti-F1 Ab, our study also shows a significant association between
survival and serum IgG Ab directed to Yops or to Yersinia antigens (Y. pestis sonicate,
including Yops but not F1). These Ab therefore are likely to contribute to protection.
Importantly, immunization with VTnF1 protected mice also against Fl-negative plague

strains [4]. While in the present study, challenge experiments were performed with the F1-

11
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positive Y. pestis strain, Ab responses against Yops or Yersinia antigens might be essential

for protection against F1-negative Y. pestis strains and will be subject to future evaluations.

No significant serum IgG against LcrV could be observed in VTnF1-vaccinated mice.
While it is known that V is immunogenic when given with adjuvant [32, 33], and is produced
by our vaccine strain, our finding is in agreement with previous reports that almost no Ab
against V were produced by murine or human plague survivors, and only low amounts by
mice vaccinated with various attenuated Y. pestis strains [32-36], whereas Ab to F1 were
abundant [34, 37]. V produced by live Yersinia strains therefore appears poorly
immunogenic. This could results from the ability of V to induce tolerogenic dendritic cells
[38], which could prevent the development of V-specific T cells. This function could be
active in live strains, but overcome by the adjuvant's effects in molecular vaccines such as

F1V.

Besides the humoral response, cellular immune responses alone were also sufficient
for protection as demonstrated by the survival of yMT mice lacking Ab (the present work
and [12, 13]). This was in line with the expectation that in contrast to molecular vaccines
which principally prime humoral immunity and type 2 T cells [39, 40], vaccines comprised of
replicating agents (live attenuated organisms, for example BCG) [41]. Also, it has been
shown that Ab and T cells collaborate to protect against Y. pestis [12, 13]. IFNy, released
by type 1 T cells, activates macrophages and dendritic cells against bacteria, and its
injection to mice during plague induced survival [42]. Therefore, an IFNy-release assay
could have predicted protection against plague. The cellular response induced by VTnF1
indeed involved IFNy production and thus included Th1l cells. However, IFNy was detected
in most protected individuals, but not in all of them. IFNy levels and anti-F1 1gG were
correlated, indicating that humoral and cellular mechanisms developed in parallel. Thus,

IFNy release is a statistically significant but not fully satisfying correlate of protection.

F1 triggered a very low IFNy production by blood leukocytes. In a previous study,

splenocytes produced 30 times less IFNy in response to F1 than to sonicated Y. pestis,

12
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composed of multiple targets [4]. In agreement, plague patients have a low frequency of F1-
reactive T cells [37]. Furthermore, despite the contribution of IL-17 to plague survival in
mice [26], IL-17 was hardly detectable in the blood cultures, probably due to a low Th17

frequency. Thus, these parameters could not be established as correlate of protection.

Live vaccines are known to induce strong humoral and type 1 cellular immunity [41],
with the counterpart that they should not be given to people who are immunosuppressed
(either due to drug treatment or underlying illness). Public health institutions and
professionals are conscientious about this [43, 44]. Because our vaccine strain is not well
tolerated by immunodepressed mice, we currently characterize a new, completely avirulent
sub-strain derived from VTnF1, which does not present this risk. The promising results will

be the topic of a forthcoming publication.

A future step in the development of our vaccine strains will be the evaluation in
primates. In the past, the F1V vaccine failed to protect African Green Monkeys in spite of
high anti-F1 antibody titers [45], and this was ascribed to the presence of non-protective
antibodies [27]. Whether these antibodies will also be seen in primates vaccinated with
VTnF1 will be important to determine, because it is not known whether non-protective
antibodies appear to the same extend when antigens are part of a live bacteria or injected
in a pure form associated with an adjuvant. In addition, care must be taken not to over-
interpret results obtained in the mouse, because various species previously tested (mice,
guinea pigs, primates) have shown great differences in their susceptibility to attenuated
strains vaccines and in their responsiveness to vaccines and given antigens [46-48]. In
primates and humans, IFNy should also be measured in addition to antibodies to evaluate

the role of cellular immunity in protection and to determine which correlate is the best.

In conclusion, our results show that measurement of anti-F1 1gG titer is a correlate of
protection against bubonic plague after immunization with the VTnF1 candidate vaccine. A
human anti-F1 IgG ELISA test already has been used as a sero-diagnostic tool in plague

patients in Madagascar [49]. A similar assay has been used in trials of the F1-V in NHP [50,

13
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51] and a bridge ELISA for anti-F1 Ab established to compare antibody levels in different
species was used for evaluation of the rF1V vaccine to bridge results obtained in mice,
NHP and humans [16, 52]. Because all species do not respond equally to vaccination [53],
these tests will have to be adapted and evaluated for further assessment of the VTnF1
vaccine in the second animal species tested and in future clinical trials to confirm the value

of this correlate in humans.
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Figure captions

Figure 1: Cellular and humoral immunity independently protect VTnF1-vaccinated mice

against plague.

A : Groups of seven OF1 mice received either no serum, or serum from normal mice (non-
immune serum), or immune serum obtained from mice vaccinated orally with one dose of
VTnF1 (10° CFU). Immediately after, mice were infected subcutaneously to evaluate
resistance to bubonic plague (10° Y. pestis CO92 sc). B : Groups of five uMT mice (B cell-
deficient) or wild type C57BL/6 mice were vaccinated or not with VTnF1 (10® CFU)
immediately after intraperitoneal injection (100ul) of immune serum. After 2 months to allow
clearance of antibodies, mice were infected as in A. Survival significance was evaluated by
the Fisher Exact test, using the “no serum® (A) or “no vaccine” (B) condition as reference.

ns: not significant, **; p<0.01, ***: p<0.0001

Figure 2: Humoral immune response induced by vaccination against different targets.

(A) Groups of 14 BALB/c mice were vaccinated orally with one dose of VTnF1 containing

10° (triangles), 10" (squares) or 10° (circles) CFU, or were not vaccinated (diamonds).

15
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Blood was taken 3 weeks later and serum IgG specific for sonicated Y. pestis Acaf
antigens, purified F1 or purified Yops were measured by ELISA. Horizontal lines indicate
the median value for each dose. Four weeks after vaccination, mice were infected
subcutaneously to evaluate resistance to bubonic plague by sc injection of 10° Y. pestis
C092. The grey region indicates animals which did not survive. (B) Statistical correlation
between IgG levels measured in (A) was determined using Spearman's rank correlation

test. The corresponding “rs” coefficient and significance (p value) are indicated.

Figure 3: Cellular immune response of vaccinated mice and its correlation with the humoral

response.

Groups of 14 BALB/c mice were vaccinated ig with different doses of the VTnF1 strain (10°%
triangles; 10”: squares; 10%: circles), or were not vaccinated (7 mice: diamonds). Blood was
collected 3 weeks after vaccination to collect plasma and perform a leukocytes restimulation
assay using a sonicated Y. pestis Acaf as stimulus. IFNy was measured by ELISA in 48h
culture supernatants. A: Production of IFNy according to the vaccine dose. The limit of detection
(lod) is indicated by a dotted line. B, C: Correlation in the same blood samples between IFNy
levels and IgG recognizing F1 (B) or the sonicated Y. pestis Acaf (C), determined as in Fig. 2.
Correlations were estimated using Spearman’s rank test, which rs coefficient and
corresponding p value are given for each plot. Four weeks after vaccination, mice received an
sc injection of 10° Y. pestis CO92, and survival was followed 21 days. In all plots, the grey area

indicates mice which did not survive the challenge.

Figure 4: Survival as a function of anti-F1 IgG titers in BALB/c mice and OF1 mice.

Groups of 14 BALB/c (A) or OF1 (B) mice were vaccinated ig with different doses of the VTnF1
strain (10° to 10° or none, as in Figure 3). Blood was collected 3 weeks after vaccination to
collect serum and measure titers of IgG recognizing F1. Four weeks after vaccination, mice
received an sc injection of 10° V. pestis CO92, and mice were followed for 21 days. For each

individual mouse, the IgG titer is plotted against survival (blue, noted 1) or death (red, noted 0).
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For BALB/c mice (A), anti-F1 IgG titers perfectly separated mice who died (IgG anti-F1
titers <10%) from those who survived (IgG anti-F1 titers >10°%) so that the logistic model could
not be fitted to the data. For OF1 mice (B), the predicted survival probability obtained with
the logistic regression (black line) is plotted along with the 95% confidence interval (grey

area).

Supplemental material

Figure S1: Survival of antibody-deficient uMT mice to vaccination with VTnF1.

MMT mice (circles) and C57BL/6 mice (same background lineage as uMT; squares)
received one oral dose of VTnF1 (10% CFU ig; 7 mice/ group) and survival was recorded for

21 days.

Figure S2: Survival probability as a function of anti-Yersinia and anti-Yops IgG titers in

BALB/c and OF1 mice.

BALB/c mice (A, B) and OF1 mice (C, D) were vaccinated as in Figure 4, and IgG titers
against Yersinia antigens (A, C) and Yops (B, D) were plotted against the survival (blue,
noted 1) or death (red, noted 0) observed during the plague challenge. For OF1 mice, the
predicted survival probability could be calculated by logistic regression (black line) and is
plotted along with the 95% confidence interval (grey area). For BALB/c mice, the titers
almost perfectly separated mice that died from those that survived so that the logistic model

could not be fitted to the data.

Figure S3: Dose-dependent humoral immune response induced by vaccination in outbred

OF1 mice
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Groups of 14 mice were vaccinated or not with one dose of VTnF1 consisting in 10°, 10" or 10°
CFU ig, and blood was taken 3 weeks later to evaluate seric IgG specific for Y. pestis antigens
other than F1 or purified F1 or Yops by ELISA. Horizontal lines indicate the median value for

each dose of vaccine.

Figure S4: Relationship between long-term evolution of the anti-F1 IgG titer and the outcome of

a bubonic plague challenge

These results were previously reported in [4] and were re-analyzed and plotted here. OF1
mice were vaccinated once with VTnF1 (10® CFU ig) and sera were collected before and
every month after up to 6 months. Animals were then infected with Y. pestis (C092, 10°
CFU sc) and indicated is the outcome after 3 weeks. Anti-F1 serum IgG titers were

determined by Elisa. Shown are individual evolution curves of 14 mice.
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Tables

Percent survival;
proportion surviving (live /total);

significance

Mouse lineage Naives 10° CFU 10’ CFU 10® CFU
0% 23% 67% 100%
OF1 (14/14) (3/13) (14/21) (14/14)
nS *k*% *%k%
0% 7% 86% 100%
BALBI/c (0/13) (1/14) (12/14) (13/13)
ns *k% *kk
0% nt nt 100%
C57BL/6 (0/12) (12/12)

*k*k

Table 1: Protection of various mouse strains against bubonic plague provided by vaccination

with graded doses of VTnF1.

OF1 (outbred), C57BL/6 or BALB/c (inbred) mice (groups of 12-21 from 2 experiments) were
orally vaccinated with graded doses of VTnF1 (as indicated), and were exposed four weeks
later to bubonic plague (sc injection of 10° Y. pestis CO92, fatal for naive mice). Survival was
followed for 21 days, and significance of protection was calculated using the Fisher exact

test. nt: not tested. ns: not significant, *: p<0.05, ***: p<0.0001 against naive mice.



Tables

OR (95% ClI) p-value AIC
IgG anti-F1 35(2.1,7.0) <0.001 49.4
IgG anti-Yersinia 7.9 (3.1, 26.9) <0.001 54.3
IgG anti-Yops 7.8 (2.9, 29.5) <0.001 58.0

Table 2: Odds ratio for survival to the plague challenge for each 10-fold increase in IgG anti-F1,

IgG anti-Yersinia and 1gG anti-Yops titers, in OF1 mice.

Odds ratio (OR) and their 95% confidence intervals (95% CI) were computed with univariate
logistic regressions. The Akaike Information Criterion (AIC) is also provided for model

comparison. The best fitting model is the one with the smallest AIC.



Figures
Click here to download high resolution image

Figure 1

>
-
(=
o

Percent survival
(&) ]
(o}
1

Percent survival

5

5

-& |Immune serum
-®- Non-immune serum

-4~ NO serum

ns

' .1,0. — 15. —r .20

Time (days)

N uMT + VTnF1
-a= B6 + VTnF1
-~ uMT
-~ B6

Ll L4 | . Ll LS L] | B Ll L) L 1

10 15 20
Time (days)


http://ees.elsevier.com/jvac/download.aspx?id=1081662&guid=cca2f1b5-461e-457c-9a78-d558def91169&scheme=1

Figures

Click here to download high resolution image

Figure 2

A . lgGto Y. pestis Acaf
10
; O'
1044 4 “ —.-.-‘-
g ] LT ".0
%'os.ivvvv‘v v‘vvv.v.:. .
IR0 - Sa
]’Vv Vi" V‘. A vvvvv o vv'
101-'9 V.V VY VY VY'Y V
none 106 107 108
Vaccine dose (CFU)
B « 10°
8 ®d
104 o
%) 4
8 10% P &
> W
o '™ 3 rs=0.887
M p<0.0001
U’ 10"+
= 10' 10% 10° 10* 10° 10°

IgG anti- F1

" lgG against F1 IgG against Yops
10 T '
f Q050 d
1055 s agm | ] .
g a 1 °
10%3 ° o ) 0o°
d 103 Sgs  Goye
9% 1 fo o
] "“".:v v v v:v‘.'v. 2 1 a o o0
B I
- ] vvvvvv’vvvvvvvvvvvvvvvvvvﬁ b ﬂ""'!"v“-
none 1 0s 107 108 none  10° 107 108
Vaccine dose (CFU) Vaccine dose (CFU)
-
10°
§ 3 .. '06 ..
: o o =)
@ 104 “ep © L 10 ° Wowd
= : o ’ ' a
0 3 o
1 ] o = 10t o
8 IO:’! L c
: . © s
N2 ‘ 10
o 10 fee )
% ‘ rs=0.848 | D 102 l ®*e  rs=0.828
1 < <
S ol .. pe00008 ol P<0.0001
102 10° 10 10? 108 104
IgG anti- Yops IgG anti- Yops



http://ees.elsevier.com/jvac/download.aspx?id=1081663&guid=ea3545e8-2607-45a5-a037-eadc7add4318&scheme=1

Figures
Click here to download high resolution image

Figure 4
A BALB/c mice B
1.0 - T o ® a®o 1.0 -
= : =
= 0.8 | =0.8
S : S
o 06 : o 0.6
Q04 E ao
= 0.4 - = 0.4
2 i S
g 0.2 i g 0.2
o) I )]
004 o | 0.0 - o ® © ©

10" 102 10% 104 10° 10° 107 107 102 102 10% 10° 10° 107
IgG anti-F1 IgG anti-F1


http://ees.elsevier.com/jvac/download.aspx?id=1081664&guid=9aea8359-3075-48bf-a5ca-0a56974637a9&scheme=1

Figures
Click here to download high resolution image

Figure 3

—_
o
S

IFNy (pg/10° cells) >

lod=10

none 105

o
l.. :!:L.
.y °
o)
o ®e
o]

107 108

Vaccine dose (CFU)

B

0 = rs=0.821 o

3 p<0.0001 ‘..
>

- 10% P

2 :

2 °

re -

lod=10 R

10" 10?2 10° 10* 10° 10°
IgG anti F1

10" 102 10% 10* 10°
IgG anti Y.pestis Acaf



http://ees.elsevier.com/jvac/download.aspx?id=1081665&guid=631f2d10-8146-4b2e-ba4f-9f57b48ce56e&scheme=1



