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Abstract

Objectives. Francisella tularensis, the causative agent of tularaemia, is
an exceptionally infectious bacterium, potentially fatal for humans if
left untreated and with the potential to be developed as a
bioweapon. Both natural infection and live-attenuated vaccine strain
(LVS) confer good protection against tularaemia. LVS vaccination is
traditionally administered by scarification, and the formation of a
cutaneous reaction or take at the vaccination site is recognised as a
clinical correlate of protection. Although previous studies have
suggested that high antibody titres following vaccination might serve
as a useful surrogate marker, the immunological correlates of
protection remain unknown. Methods. We investigated the host T-
cell-mediated immune (T-CMI) responses elicited following
immunisation with LVS vaccine formulated by the DynPort Vaccine
Company (DVC-LVS) or the United States Army Medical Research
Institute of Infectious Diseases (USAMRIID-LVS). We compared T-CMI
responses prompted by these vaccines and correlated them with take
size. Results. We found that both LVS vaccines elicited similar T-CMI
responses. Interestingly, take size associated with the T cells’ ability to
proliferate, secrete IFN-y and mobilise degranulation, suggesting that
these responses play an essential role in tularaemia protection.
Conclusions. These results renew the appreciation for vaccination
through the scarification as a prime route of inoculation to target
pathogens driving specific T-CMI responses and provide further
evidence that T-CMI plays a role in protection from tularaemia.
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Vaccine take correlates with T-cell responses

INTRODUCTION

Francisella tularensis (F. tularensis) is an aerobic,
gram-negative, intracellular bacterium and the
causative agent of tularaemia, a zoonotic
disease.’? Although F. tularensis does not spread
from person to person through direct contact,
transmission may occur when infected insects bite
humans, or when humans inadvertently inhale the
bacteria, or handle, eat or drink contaminated
products.? Francisella tularensis can survive for
weeks in water, soil, moist hay and decaying
animal carcasses.> The worldwide incidence of
human tularaemia has declined markedly over the
past decades.? In the United States, these numbers
have changed from several thousand in the 1930s
to currently 90-154 cases annually.*®
Nevertheless, F. tularensis is very infectious and
potentially fatal if left untreated®’-®, and there is
a long history of developing it as a bioweapon.®®
As few as 10-50 inhaled organisms might result in
clinical tularaemia.'®"!

Seminal tularaemia vaccine studies have shown
that live-attenuated vaccine strain (LVS) is
immunologically superior to the killed virulent
strain for vaccination in mice, guinea pigs,
monkeys and humans.'>"'* While killed tularaemia
vaccine (Foshay) does protect against systemic
infection and decreases the severity of the
disease, it does not prevent local infection.’® In
contrast, natural infection with F. tularensis or
vaccination with LVS protects against
tularaemia.'®™ ' Our group and others have
found that LVS vaccination elicits a broad
spectrum of humoral and cellular-mediated
immune responses'® 22, including specific memory
T cells which produce IFN-y and exhibit diverse
homing characteristics.”> The LVS vaccine is
commonly administered by scarification using a
bifurcated needle. A common reaction is the
formation of vaccine-related major cutaneous
reaction or ‘take’ at the vaccination site. Similar to
smallpox®*2%, take is recognised as a clinical
correlate of protection against tularaemia.'’'®

To replenish its limited and ageing supply of
LVS vaccine, the US government has funded both
the production of new lots of LVS vaccine and a
phase 2 clinical trial to compare the new lots
produced by DynPort Vaccine Company (DVC) to
older lots prepared by the United States Army
Medical Research Institute of Infectious Diseases
(USAMRIID). In this phase 2 clinical trial,
seroconversion, as measured by a tularaemia-
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specific microagglutination assay, was observed in
over 90% of subjects and was similar for both
vaccines.'”®  However, serological  responses
overestimated vaccine efficacy if the take was
used as the gold standard for protection.
Furthermore, no correlation was found between
take and seroconversion for either vaccine.'®

We hypothesise that cellular T-cell-mediated
immune responses (T-CMI) rather than humoral
responses correlate with take after LVS vaccination.
This hypothesis is based on previous work showing
that B-cell depletion did not affect the size of skin
lesions induced by the smallpox vaccine.?” Also,
scarification is critical for the generation of
protective T-CMI following traditional vaccination
for smallpox.?® Here, we utilised specimens from
the phase 2 clinical trial to investigate the host T-
CMI responses following tularaemia vaccination
and correlated them with take.

RESULTS

No evidence of differences between the
magnitude of proliferation rates by
treatment group

First, we investigated whether there was a
difference in the number of responders among
the two vaccines, DVC-LVS and USAMRIID-LVS. To
this end, we measured F. tularensis-specific cells
that proliferated in the presence of Schu-S4, as
determined by the incorporation of the
radioactive compound [3H]-thymidine. The more
cells are proliferating, the more radioactivity is
incorporated into these expanding cells. Thus, the
number of proliferating cells is directly
proportional to the amount of radiation in the
sample. We tested a total of 228 subjects at six
time points, days 0, 8, 14, 28, 56 and 180. We
found that for the per-protocol (PP) population,
the proportion of positive responders was 90.2%
(92/102) for DVC-LVS and 88.0% (95/108) for
USAMRIID-LVS P = 0.663, two-sided Fisher’s exact
test) (Table 1). Thus, there is no evidence of a
significant  difference in the proliferative
responses.

Similarly, there were no significant differences
between DVC-LVS and USAMRIID-LVS in the
proportion of positive responders when compared
separately for each visit (Day O, 8, 14, 28, 56, and
180). For both vaccines, when analysing the cell
proliferation kinetics over 180 days of follow-up,
we detected proliferative responses as early as
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8 days with a plateau about days 56 and 180 after
immunisation (Figure 1). Finally, for both vaccines,
the magnitude of the peak responses, defined to
be the maximum response regardless of the time
point, was higher than the values on days 56 and
180 (Figure 1).

Next, a linear mixed-effects model was fit to
describe the geometric mean fold rise (GMFR) in
proliferation as a function of treatment, visit,
gender and age. The highest-order interaction
(visit*treatment*age) was not  significant,
indicating that the two groups did not behave
differently across visits for different age
categories. There were no significant interactions
between treatment and gender or age or visit.
Also, the interaction between the treatment and
visit (visit*treatment) was not significant. Thus,
the main treatment effects were averaged over
levels of the visit factor. The two vaccine types
were not significantly different (P-value = 0.350,
F-Test). The estimate was 3.7 (3.1, 4.5) for DVC-
LVS and 4.2 (3.5, 5.1) for USAMRIID-LVS. GMFR
was significantly different for age across visits
(visit*age) (P-value = 0.042, F-Test). Thus, age
effects were analysed separately for each visit.
The hypothesis of equality of proliferation GMFR
across age groups was rejected with alpha = 0.05
for. day 8 (P-value=0.035, GMFR ‘25—
29 years’ > ‘30-45 years’ > '18-24 years'), and day
56 (P-value =0.014, GMFR ‘30-45 years' > '18-
24 years’ > '25-29 years’).

Kinetics of IFN-y-secreting cells after LVS
immunisation

Since recent data suggested that IFN-y response is
required for anti-tularaemia immune
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Figure 1. No evidence of differences between proliferation

magnitude rates by treatment group. Cells from 228 subjects at six
time points (days 0, 8, 14, 28, 56 and 180) were stimulated with
Schu-S4. After 6 days of stimulation, cells were harvested, and cell
proliferation determined by [3H]-thymidine incorporation. Symbols
and error bars represent the geometric mean of the fold increase
with 95% confidence intervals. Peak, peak fold increase as defined by
the maximum fold increase among all the available measures on time
points  post-vaccination.  Per-Protocol  Population. Data are
representative of 66 independent experiments with 4 replicates.

protection,?>232932  \we  measured IFN-y

production in the cell culture supernatants 4 days
after Schu-S4 stimulation using the Meso Scale
Discovery (MSD) assay. We tested a total of 228
subjects at six time points, days 0, 8, 14, 28, 56
and 180, and found that for the PP population,
the proportion of positive responders was 90.2%
(92/102) for DVC-LVS and 90.7% (98/108) for
USAMRIID-LVS. There was no evidence in the data
of a significant difference (P> 0.99, two-sided
Fisher's exact test) (Table 2).

Similarly, there was no difference in the
proportions of positive responders using
geometric mean titres compared separately for
each visit (days 0, 8, 14, 28, 56 and 180) using a

Table 1. Positive responses based on cell proliferation after Schu-S4 exposure measured by incorporation of [3H]-thymidine

Group?

DVC-LVS USAMRIID-LVS
TimePost-Vaccination n ®/N (%) 95% Cl n/N (%) 95% Cl
Day 8 21/100 (21.0) 13.5, 30.3 16/107 (15.0) 8.8, 23.1
Day 14 32/99 (32.3) 23.3,425 26/104 (25.0) 17.0, 34.4
Day 28 59/99 (59.6) 49.3, 69.3 64/103 (62.1) 52.0, 71.5
Day 56 70/99 (70.7) 60.7, 79.4 71/102 (69.6) 59.7, 78.3
Day 180 58/89 (65.2) 54.3,75.0 67/94 (71.3) 61.0, 80.1
Any (8-180) 92/102 (90.2) 82.7,95.2 95/108 (88.0) 80.3,93.4

“Per-protocol population.

°Positive criteria: (1) Visit (SCHU-S4 [com)/Media [cpm]) > 3, (2) Visit (SCHU-S4 [cpm] — Media [cpm]) > 500 cpm and (3) Visit (SCHU-S4 [cpm)/

Media [cpm]) > 2 x baseline (day 0) (SCHU-S4 [cpm]/Media [cpm]).

© 2021 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

2021 | Vol. 10 | e1239
Page 3



Vaccine take correlates with T-cell responses

R Salerno-Gongalves et al.

Table 2. Positive responses based on the secretion of IFN-y after Schu-54 stimulation measured by MSD assay

Group?®

DVC-LVS USAMRIID-LVS
TimePost-Vaccination n°/N (%) 95% ClI nIN (%) 95% ClI
Day 8 27/100 (27.0) 18.6, 36.8 30/107 (28.0) 19.8, 37.5
Day 14 44/99 (44.4) 345, 54.8 39/104 (37.5) 28.2,475
Day 28 61/99 (61.6) 51.3,71.2 65/103 (63.1) 53.0, 72.4
Day 56 75/99 (75.8) 66.1, 83.8 69/102 (67.6) 57.7, 76.6
Day 180 65/89 (73.0) 62.6, 81.9 65/94 (69.1) 58.8, 78.3
Any (8-180) 92/102 (90.2) 82.7,95.2 98/108 (90.7) 83.6, 95.5

“Per-protocol population.

*Positive criteria: (1) Visit (SCHU-S4 [pg mL~"/Media [pg mL~"]) > 2 and (2) Visit (SCHU-S4 [pg mL~"/Media [pg mL~"]) > 2 x baseline (day 0)

(SCHU-S4 [pg mL~")/Media [pg mL™"]).

two-sided Fisher’'s exact test. For the PP
population, the null hypothesis of equality of the
geometric means could not be rejected with
P > 0.35 for any of the six visits.

A linear mixed-effects model was fit to describe
the GMFR in IFN-y as a function of treatment,
visit, gender and age. The highest-order
interaction (visit*treatment*age) was not
significant, indicating that the two groups did not
behave differently across visits for different age
categories. There were no significant interactions
between treatment and gender or age. Also, the
interaction between the treatment and visit
(visit*treatment) was not significant. Thus,
treatment main effects (treatment) were averaged
over levels of the visit factor. The two vaccine
types were not significantly different (PP: P-
value = 0.255, F-Test). The GMFR (95% Cl)
estimate (averaged over all visit levels) was 5.9
(4.6, 7.7) for DVC-LVS and 4.8 (3.7, 6.2) for
USAMRIID-LVS. The model indicated that IFN-y
GMFR did not differ by gender. Like proliferation,
GMFR was significantly different for age, with the
oldest age group obtaining the highest GMFR (PP:
P-value = 0.014, F-Test, GMFR ‘30-45 years’ > 18-
24 years' > '25-29 years’). For both vaccines, DVC-
LVS and USAMRIID-LVS, the peak response
occurred at day 56 (Figure 2a). A positive
correlation was found between proliferation
magnitude and IFN-y levels for both vaccines
(Figure 2b, ¢).

Cumulative CD4" and CD8" T-cell responses
over 180 days after immunisation

Our group and others have shown that IFN-y-
secreting CD4" and CD8" T-cell subsets are
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elicited in humans following ex vivo and in vivo
exposure to F. tularensis and are likely to be
critical for protection.?>?%33 To investigate the
relationship between IFN-y production and the
frequency and function of the CD4", and CD8"
T-cell subsets, ex vivo PBMC from LVS vaccinees
were exposed to Schu-S4 for ~20 h. After
stimulation, their production of IL-2, IFN-y and
TNF-o cytokines and/or expression of CD107a
and b molecules was assessed by flow cytometry.
The 43 volunteers recruited at the University of
Maryland site were evaluated, and analyses were
performed at six time points, days 0, 8, 14, 28,
56 and 180. For the PP population, we found
that although the proportion of positive
responders based on CD4" T-cell expression of
IFN-y was 38.1% (8/21) for DVC-LVS and 27.8%
(5/18) for USAMRIID-LVS, it did not achieve
statistical  significance (P =0.734, two-sided
Fisher's exact test) (Table 3). We also found that
the proportion of positive responders based on
CD8" T-cell expression of IFN-y was 57.1% (12/
21) for DVC-LVS and 38.9% (7/18) for USAMRIID-
LVS (Table 3). However, this was not statistically
significant (P = 0.341, two-sided Fisher's exact

test). Supplementary figure 1 shows CD4" and
CD8" T-cell responses from a representative
volunteer.

Since both vaccines appeared to induce similar
T-CMI responses with no evidence of significant
differences, we combined all individuals into a
composite and then stratified them into two
groups based on the take results: (1) take positive
(Take, n=37) or (2) take negative (non-take,
n=6). For the positive take group, when
comparing CD4" and CD8" T-cell responses, we
observed different patterns in the IFN-y, CD107a/b

© 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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Figure 2. Levels of IFN-y secretion directly correlated with cell proliferation magnitude. Cells from 228 subjects at six time points (days 0, 8, 14,
28, 56 and 180) were stimulated with Schu-S4. (a) After 4 days of stimulation, supernatants were harvested and used to measure IFN-y
production using MSD technology. Symbols and error bars represent the geometric mean of the IFN-y levels (pg mL™") with 95% confidence
interval. Peak, peak increase as defined by the maximum level of IFN-y increase among all the available measures on time points post-vaccination.
Data are representative of 32 independent experiments with one replicate. Correlation between IFN-y levels and cell proliferation magnitudes, for
both vaccines, USAMRIID-LVS (b) and DVC-LVS (c). Trendlines (solid lines), the correlation coefficient R and P-values are shown. P-values
of < 0.05 were considered statistically significant. Dashed lines represent 95% confidence intervals. Per-Protocol Population.

and TNF-o expression in the 14 days following (AUCQ) analysis as a tool to cumulatively measure
immunisation, with levels consistently being the rise and persistence of T-cell immune
above baseline (Figure 3 and Supplementary responses above baseline (day 0) after
figures 2 and 3). Interestingly, the curves immunisation. Except for CD107a/b expression, the
representing IL-2 expression showed that CD8" T- AUC values were consistently higher for CD4" T
cell levels had a sharp decline when compared to cells than for CD8" T cells (Supplementary table 1).
those of CD4" T cells at the early time points
following immunisation (Supplementary figure 4).
For volunteers without a take, regardless of the T-
cell subset, T-cell levels steadily declined 14 days
after vaccination, a timeframe used to capture the
early events occurring after LVS immunisation. LVS vaccination by scarification induces a skin
Successful vaccination is characterised by the papule that progresses to an erythematous
induction of robust and persistent immune papule, vesicle, and/or eschar with or without
responses.>* 3¢ We used the area under the curve underlying induration.' This lesion is known as

Major cutaneous reaction (Take) correlates
with cellular-mediated immune responses
after tularaemia immunisation

Table 3. Positive responses based on the IFN-y production after Schu-S4 stimulation measured by flow cytometry

Group?

CD4" T cells CD8" T cells

DVC-LVS USAMRIID-LVS DVC-LVS USAMRIID-LVS
TimePost-Vaccination n®/N (%) 95% ClI nIN (%) 95% Cl nIN (%) 95% Cl n/N (%) 95% Cl
Day 8 2/21 (9.5) 1.2, 30.4 2/18 (11.1) 1.4, 34.7 3/21 (14.3) 3.0, 36.3 4/18 (22.2) 6.4,47.6
Day 14 2/20 (10.0) 1.2,31.7 1/18 (5.6) 0.1, 27.3 3/20 (15.0) 3.2,37.9 1/18 (5.6) 0.1, 27.3
Day 28 3/21 (14.3) 3.0, 36.3 2/17 (11.8) 1.5, 36.4 2/21 (9.5) 1.2,30.4 2/17 (11.8) 1.5, 36.4
Day 56 3/21 (14.3) 3.0, 36.3 0/17 (0.0) 0.0, 19.5 6/21 (28.6) 11.3,52.2 0/17 (0.0) 0.0, 19.5
Day 180 6/21 (28.6) 11.3,52.2 2/16 (12.5) 1.6, 38.3 6/21 (28.6) 11.3,52.2 1/16 (6.3) 0.2, 30.2
Any (8-180) 8/21 (38.1) 18.1, 61.6 5/18 (27.8) 9.7, 535 12/21 (57.1) 34.0, 78.2 7/18 (38.9) 17.3,64.3

?Per-protocol population.
bPositive criteria: (1) Visit (SCHU-S4 [% cells] — Media [cells %]) > 0.1%, (2) Visit (SCHU-S4 [% cells] — Media [% cells]) — Baseline (SCHU-54 [%
cells] — Media [% cells]) > 0.1% and (3) P-value < 0.01 and Visit (SCHU-S4 [cells]) > 10.

© 2021 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of 2021 | Vol. 10 | e1239
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take. In this study, LVS vaccination-induced skin
lesions reached maximum size within 8 days post-
scarification (geometric mean of 5.85mm in
diameter with 5.41-6.33 95% Cl) and were slow to
resolve (Supplementary figure 5).

Since previous studies have shown that take is a

clinical  correlate  of  protection  against
tularaemia,’'® and smallpox,>*?® and no
correlation was found between take and

seroconversion for both DVC-LVS and USAMRIID-
LVS vaccines,’™ we next performed a correlation
between investigator take assessment and cell-

(a) Gated on CD3"CD4*CD8°CD69" T cells

0.30-
@ Take

O Non-Take

0 8 16 24 32 40 48
Days after immunization

(b) Gated on CD3"CD4'CD8*CD69" T cells

0.25-
@ Take

O Non-Take

0.20-

0.159 e .

0.1

net % of IFN+y* cells

0.05% N

0.00 OO

0 8 16 24 32 40 48
Days after immunization

Figure 3. Kinetics of F. tularensis-specific T cells over 180 days after
immunisation. Cells from 43 subjects at six time points, days 0, 8, 14,
28, 56 and 180, were stimulated with Schu-S4 in the presence of
CD107 ‘a’ and ‘b’ monoclonal antibodies. After an overnight
incubation, PBMC were stained with ViViD, followed by surface
staining with mAbs to CD3, CD4, CD8, CD14 and CD19. After
fixation and permeabilisation, cells were stained intracellularly for
CD69, as well as to IL-2, IFN-y and TNF-o cytokines and analysed by
flow cytometry. IFN-y-expressing CD4 (@) and CD8 (b) T cells are
shown. Symbols represent the means, and the filled area denotes the
standard error bands. Subjects were divided into two groups based
on their take results: (1) take positive (Take) and (2) take negative
(non-Take). Per-Protocol Population. Data are representative of 21
independent experiments with one replicate.
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mediated responses (CMI). First, the relationship
between CMI responses and the take (lesion size)
was investigated as continuous variables at all
time points in which take and CMI were measured
(i.e. days 0, 8, 14, 28, 56 and 180). We found that
except for day 180, cell proliferative responses to
Schu-S4, as measured by the [3H]-thymidine
incorporation assay, correlated with lesion size at
all time points (Table 4). Levels of IFN-y secretion
also correlated with lesion size at days 14 and 56
(Table 4). Surprisingly, expression of CD107 a/b by
CD4" T cells, but not CD8" T cells, correlated with
lesion size at day 14 (Table 4). Subsequently, we
investigated whether the maximum lesion size
could serve as a predictive factor of protective
CMI responses. To this end, we correlated the
maximum lesion size and the peak of CMI
responses. We found significant correlations
between maximum lesion size and the peak of
cell proliferative responses, IFN-y secretion, and
expression of CD107a/b by either CD4" and CD8" T
cells. Interestingly, in contrast to CD8" T cells, we
found that the peak level of IFN-y-expressing
CD4" T cells was significantly associated with the
maximum lesion size. Of note, we did not observe
positive correlations between take and either IL-2
or TNF-a production.

Multifunctional patterns of T-cell responses
elicited by F. tularensis

Our previous work?® and the results presented
above argue that multifunctional cells able both
to secrete cytokines and proliferate may play an
important role in protection from tularaemia.
Thus, we next simultaneously measured the four
T-cell functions (CD107 mobilisation and IFN-y,
TNF-o. and IL-2 production) using the automated
FCOM deconvolution tool to identify populations
exhibiting four, three, two or one functions. This
functional signature was then evaluated in the
two T-cell subsets, CD4" and CD8" T cells, using
unsupervised principal component analysis (PCA).
To increase statistical power, FCOM data from all
replicates were merged for combined analysis,
generating a matrix of 15 possible FCOM
phenotypes for T cells from the 43 University of
Maryland volunteers at 6 different time points
(3870 points). The PCA analysis revealed that the
first principal component (PC1) accounted for
most of the total variance (63.4% for CD4" T cells
and 54% for CD8" T cells) (Supplementary figure
6). Analysis of PC1 vs. PC2 loadings showed that

© 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.



R Salerno-Gongalves et al.

Vaccine take correlates with T-cell responses

Table 4. Statistically significant (Spearman'’s) correlations of variables and lesion size by per-protocol population — both vaccines

Assay

Number of Spearman'’s

Type Timing Variable Take observations Corr. (95%Cl) P-value

[3H]-thymidine Assay Day 8 Cell proliferation Day 8 202 0.16 (0.02, 0.29) 0.023
Day 14 Day 14 193 0.14 (0.00, 0.28) 0.047
Day 28 Day 28 180 0.20 (0.05, 0.33) 0.008
Day 56 Day 56 157 0.23 (0.07, 0.37) 0.004
Peak Response Max. Lesion Size 207 0.14 (0.01, 0.28) 0.037

MSD? Day 14 IFN-y Day 14 193 0.16 (0.02, 0.30) 0.023
Day 56 Day 56 157 0.26 (0.11, 0.40) 0.001
Peak Response Max. Lesion Size 207 0.16 (0.03, 0.29) 0.018

Flow Cytometry

CD4" T cells Day 14 CD107a/b
Peak Response
Peak Response IFN-y
CD8" T cells Peak Response CD107a/b

Day 14 36 —0.36 (—0.62, —0.04) 0.027
Max. Lesion Size 39 —0.46 (—0.68, —0.17) 0.002
Max. Lesion Size 39 —0.32 (—0.58, —0.00) 0.045
Max. Lesion Size 39 —0.32 (-0.57, —0.00) 0.047

"Meso scale discovery assay.

CD4" T-cell subsets displayed tighter clustering
than CD8" T-cell subsets. While most of the CD4"
T-cell subsets cluster together, monofunctional/bi-
functional CD8" T cells were scattered in the PCA
plot (Supplementary figure 6). To confirm the
variances, we next performed cell hierarchical
clustering analyses (Figure 4). Based on the
clustering tightness, the PCA arrangement of CD4"
T-cell phenotypes suggested a connection
between cells that are monofunctional for IFN-y*
with bi-functional (e.g. TNF-o and IFN-y) or tri-
functional (e.g. IFN-y" TNF-o© (CD107a/b")
(Figure 4a). Interestingly, CD8" T-cell clustering
suggested a connection between monofunctional
CD107a/b-expressing cells and those cells double
positive for TNF-o. and CD107a/b or triple positive
for IFN-y, TNF-o. and CD107a/b (Figure 4b).

DISCUSSION

Although previous studies have suggested that
high antibody titres following tularaemia
vaccination might serve as a useful surrogate
marker of vaccine efficacy,3%37:3® efforts to treat
humans with tularaemia immune sera have
provided inconclusive results. While some studies
showed that immune serum could successfully
treat individuals suffering from tularaemia, others
do not demonstrate this effect in humans or
animals.3”394% Thus, the actual immunological
correlate(s) of protection from tularaemia in
humans remain(s) unknown. Here, we report a
correlation between take lesion size and T-CMI
responses after tularaemia immunisation.

© 2021 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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As with smallpox,?*2® take is widely accepted as
a clinical correlate of protection against
tularaemia.’'® We found that lesion size induced
by LVS tularaemia correlates with the frequency of
IFN-y secretion as early as day 14 and as late as day
56 after vaccination. In contrast, volunteers who
did not develop a take exhibited low numbers of
IFN-y-secreting T cells in the first 8 days after
immunisation when compared to those who
developed a positive take. These results are in
agreement with previous work showing that the
tularaemia vaccine elicited gene expression with
signatures similar to other replicating vaccines,
such as for smallpox, and induced early
upregulation of interferon-inducible genes.*' The
results described in this report also confirm
previous observations by Bosio and colleagues
showing in a mouse model that after subcutaneous
LVS vaccination followed by SchuS4 challenge,

survival correlated with IFN-y-producing T cells.?*%?
In  contrast, one human study in which
subcutaneous and  scarification data were

combined found no correlation between the
maximum erythema measurements and IFN-y levels
produced in response to LVS vaccination.?? These
results suggest that protection involving IFN-y
might be related to the route of immunisation.
Indeed, when comparing the effects of smallpox
vaccination using the subcutaneous route of
administration with those involving scarification,
the latter was superior as judged by the induction
of protective memory T cells against challenge
with lethal doses of the pathogenic vaccinia virus
strain WR.2843:44
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(a) CD4* T cells

cpw07a/bf | |

Take
3 Non-Take
Take

2 Day

Day 0
1 Day 14
Day 180
0 Day 28
Day 56
Day 8
-1

Group

Media
Schu-S4

CD8* T cells

(b)

Figure 4. Hierarchical clustering of T-cell functions using principal component analysis (PCA). The four T-cell functions (IL-2, IFN-y, TNF-o and
CD107a/b expression) were analysed using the FCOM deconvolution tool. FCOM data of the 15 possible combinations were used to perform an
unsupervised PCA analysis. PCA compared CD4 (a) and CD8 (b) T-cell changes before and after exposure to Schu-S4 at different time points (0,
8, 14, 28 56 and 180) in cells from individuals with (1) take positive (Take, n = 37) and (2) take negative (non-Take, n = 6). Cells cultured with
media only were used as controls (media). PCA was performed using the ClustVis web tool. Rows were centred, and unit variance scaling applied
to rows. Rows were clustered using Euclidean distance and average linkage. Columns were clustered using correlation distance and average
linkage. Trees ordering for both rows and columns display the tightest cluster first.

It is important to note that our studies suggest
a strong correlation between the ability of the
cells to proliferate and secrete IFN-y after
stimulation with Schu-S4. These are in agreement

2021 | Vol. 10 | e1239
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with our previous observations that proliferative
responses were relatively lower among tularaemia
vaccinees who did not exhibit IFN-y secretion.”®
The current results also argue in favor of the
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possibility that multifunctional cells able to
produce concomitantly high levels of various
cytokines, as well as proliferate, may play an
essential role in the host’s response to tularaemia
infection. In this regard, hierarchical clustering of
T-cell functions using PCA demonstrated that
contrary to CD4" T-cell subsets, CD8" T-cell subsets
with different multifunctionalities might represent
distinct sub-populations.

Another important finding was the association
between take and CD107a/b expression. CD107a/b
is a surrogate marker of degranulation, a
mechanism crucial for the killing of infected cells
by cytotoxic T cells.*>*® Cummings and colleagues
have demonstrated that the lack of viraemia after
smallpox vaccination was due to T-cell responses
restraining infected cells at the vaccination site.*’
Surprisingly, the expression of CD107 a/b by CD4"
T cells, but not CD8" T cells, correlated with lesion
size on day 14 after immunisation. We
hypothesised that the lack of correlation by CD8"
T cells was due to their inability to secrete IL-2
and, subsequently, proliferate during the early
stages after vaccination. However, a rescue IL-2
response at later time points triggered the
observed correlation between ‘maximum’ lesion
size and the peak levels of CD107a/b-expressing
CD8" T cells.

This study provides a strong rationale for
further  pursuing  mechanistic  studies to
conclusively link take with the development of
protective T-cell responses. Although take size
predicts T-cell response levels in our study, it did
not provide a mechanistic basis for this
phenomenon. Thus, our results cannot determine
which factor is influencing the other. Moreover, it
is not possible to eliminate the possibility that
other drivers such as innate and skin-resident T
cells shape both the take size and the circulating
T-cell responses. The Mackay and Masopust
groups, for instance, found that protective
resident T cells are expandable and persisted long
term within the skin.*®*%® Consequently, how
scarification can elicit protective T-cell responses is
a fundamental vaccinology question. The
relatively small amount of vaccine required and
the easiness by which volunteers can be
vaccinated through scarification in the world’s
most remote places make this a particularly
valuable route of immunisation.

Finally, although the Schu-S4 antigen used in
our studies is closely related to the vaccines used
to immunise the volunteers, it is not possible to

© 2021 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

Vaccine take correlates with T-cell responses

exclude that some of the observations in these
studies were due to the nature of the stimulant
used. Previous findings from our group have
shown that CD4" and CD8" T-cell responses
against bacterial antigens are likely to depend on
the nature of the stimulant.*>*°>3 For example,
we found that CD4", but not CD8" T-cell
responses, to live infected target cells were
significantly associated with their counterpart
responses to purified proteins.>3

In summary, we provide the first direct evidence
of an association between take formation and T-
CMI responses such as the production of IFN-y and
expression of CD107a/b. These results reinforce
the importance of the choice of the route of
immunisation to achieve successful vaccination.
These results also renewed the appreciation for
vaccination through scarification as a prime route
of inoculation.

METHODS

Study design

This study is an ancillary laboratory study conducted
within a parent phase 2, multi-centre, double-blind,
randomised, clinical trial evaluating the safety and
immunogenicity between two live, attenuated tularaemia
vaccines: (1) Francisella tularensis Live Vaccine Strain (LVS)
produced by DynPort Vaccine Company (DVC-LVS), and (2)
LVS made by the United States Army Medical Research
Institute of Infectious Diseases (USAMRIID-LVS)."® This
parent study was conducted at five sites: The Hope Clinic
of the Emory Vaccine Center, University of Maryland
School of Medicine, Saint Louis University Medical School,
University of lowa, and Baylor College of Medicine. A
total of 228 males and non-pregnant females, aged 18-
45 years, were randomly assigned to receive a single dose
of either DVC-LVS (n = 113) or USAMRIID-LVS (n = 115) at
~1:1 ratio. After vaccination, subjects were followed for
safety, immunological responses, and take. Over 70% of
volunteers had positive takes, as defined by the
development of an erythematous papule, vesicle and/or
eschar with or without underlying induration, by study
visit 5 (7-9 days post-vaccination).'® This parent study is
registered with Clinical trials.gov #NCT01150695. Before
initiating study procedures, all volunteers were explained
the purpose of this study and signed informed consent.
The protocol and consent form were reviewed by the US
Food and Drug Administration. The human
experimentation guidelines of the US Department of
Health and Human Services and those of the sites’
Institutional Review Boards were followed in the conduct
of the clinical research. Blood was collected before and at
days 8, 14, 28, 56 and 180 after immunisation. PBMC
were isolated from the blood by standard density
gradient centrifugation and cryopreserved in liquid N;
until use.?®

2021 | Vol. 10 | e1239
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Vaccination

Lyophilised vials were reconstituted with sterile water for
injection  (WFI), U.S. Pharmacopeia (USP). When
reconstituted, each vial contained approximately 1 x 10°
colony-forming units (CFU) mL™" of live, attenuated
F. tularensis in 10% sucrose, 1.9 gelatin, and 10 mm
potassium phosphate. Both vaccines were delivered via
scarification, which consisted of the use of a sterile
bifurcated needle to make 15 superficial punctures through
a droplet of 100 uL (~10® colony-forming units of
organisms) on a skin area of approximately 0.5 cm to
permit percutaneous penetration of the vaccine (a process
known as multiple puncture technique).>® The cutaneous
reaction at the site of vaccination was measured in
millimetres by study staff. Any erythema or satellite lesions
surrounding the cutaneous lesions were measured and
recorded. Take was defined to be the development of an
erythematous papule, vesicle and/or eschar with or without
underlying induration following vaccination.

Antigens and cell culture conditions

Similar to our previous work,? cells were stimulated with
heated and formalin-killed F. tularensis strain Schu-S4
(Schu-54) (107 CFU mL™" concentration, ATCC, Manassas,
VA), obtained through the Division of Microbiology and
Infectious Diseases (DMID), NIAID, NIH, and cultured at
37°C, 5% CO,. Of note, attenuated Schu-S4 strain was used
to prepare both LVS vaccines. Cultures with media only or
with Staphylococcus enterotoxin B (SEB) (Sigma, St. Louis,
MO, 10 ug mL™") were used as negative and positive
controls, respectively. The culture medium consisted of
RPMI (Gibco, Grand Island, New York) supplemented with
100 U mL™’ penicillin, 100 pg mL™"  streptomycin,
50 pg mL~" gentamicin, 2 mm L-glutamine, 2.5 mm sodium
pyruvate, 10 mm HEPES buffer, 1% non-essential amino
acids, and 2% heat-inactivated AB human serum.

Proliferation assays by [3H]-thymidine
incorporation

The ability of PBMC to proliferate after antigenic
stimulation was measured by [3H]-thymidine
incorporation.>® To this end, cells were stimulated with
Schu-S4 for 4 days. After stimulation, half of the culture
media was removed and fresh media added to the culture.
Removed culture media was kept at —20°C for future IFN-y
measurements. Cultures were allowed to progress for 2
extra days. Six days after initiation of the cultures, 1 uCi per
well of [3H]-thymidine was added to each well, and the
cultures continued for an additional 18 h. Cultures were
then harvested and [3H]-thymidine incorporation
determined by a Beta Counter (1450 MicroBeta
TriLuxMicroplate Scintillation and Luminescence Counter,
PerkinElmer Life and Analytical Sciences, Shelton CT). A
positive responder was defined to be follows: (1) the
stimulation index is 3-fold or higher than media cultures at
a particular time point, (2) experimental (Schu-S4) minus
media control exceeds 500 counts per minutes (CPM), and
(3) the fold values (Schu-S4 divided by media) at a
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particular time point after immunisation are 2-fold or
higher than those at Day 0 (baseline) in at least one post-
vaccination visit.

Quantification of IFN-y by Meso Scale
Discovery (MSD) assay

Cell culture supernatants were used to measure IFN-y
production using MSD technology (Meso Scale Discovery,
Gaithersburg MD). MSD assays were carried out following
the manufacturer’s instructions. Briefly, PBMC were
stimulated with LVS, and the supernatants harvested after
96 h and kept at —70°C until assayed. Based on linearity,
the levels of sensitivity for IFN-y ranged from 0.47 to
2.91 pg mL~". Responses were scored positive if (1) cytokine
production was 2-fold or higher than media cultures at a
particular time point, and (2) the fold values (Schu-S4
divided by media) at a specific point of time after
immunisation were 2-fold or higher than those at Day 0
(baseline) in at least one post-vaccination visit.

Monoclonal antibodies for surface and
intracellular staining

The following mAb to surface molecules were used to stain
PBMC: CD3 (clone UCHT1), CD69 (clone TPI-55-3) (Beckman-
Coulter, Miami, FL), CD4 (clone SK3), CD8 (clone HIT8a),
CD14 (clone M5E2), CD107a (eBioscience, clone eBioH4A3),
CD107b (eBioscience clone eBioH4B4), IL-2 (clone 5344.111),
IFN-y (clone B27), TNF-a (clone MAb11) (BD Pharmingen,
San Diego, CA, USA) and CD19 (clone SJ25-C1) (Invitrogen,
Carlsbad, CA). Monoclonal antibodies conjugated to the
following fluorochromes were used in these studies:
Fluorescein isothiocyanate (FITC), Phycoerythrin (PE), ECD
(Energy Coupled Dye), PE-Cy5.5, PE-Cy7, Alexa 647,
allophycocyanin (APC)-Alexa 700, APC-Fluor 780, Pacific
blue, Quantum Dot (QD) 655, and biotin followed by
streptavidin-Pacific Orange (Molecular Probes, Eugene, OR).

Cell staining, data acquisition, and analyses

Flow cytometric assays were performed as previously
described with small modifications.*> Briefly, cells were
stimulated with SchuS4 in the presence of mAbs to CD107a
and CD107b (2 ng/10° cells each). These mAbs were used to
detect degranulation, a mechanism crucial for the killing of
target cells by the cytotoxic T cells.*>*® PBMC cultured with
media only or SEB were used as negative and positive
controls, respectively. After 2 h, protein transport blockers,
Monensin (1 pg mL~"; Sigma) and brefeldin-A (BFA)
(2 pg mL™"; Sigma), were added to the culture. After an
additional 16-18 h (overnight) incubation, cells were
harvested, stained with a dead-cell discriminator, violet
fluorescent viability dye (ViVid; Invitrogen), followed by
two successive 30-minute incubations with human Fc
receptor blocking IgG and an antibody cocktail for surface
markers to identify CD3"*, CD4", CD8" T-cell subsets, as well
as CD19 and CD14 to exclude B cells and monocytes from
analyses. Cells were then fixed and permeabilised with Fix &
Perm cell buffers (Invitrogen, Carlsbad, CA), and
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intracellularly stained with mAbs specific to IL-2, IFN-y, TNF-
o and CD69. Finally, cells were fixed with 1%
paraformaldehyde and analysed by flow cytometry on an
LSR-1I instrument (BD Biosciences). Data were analysed with
WinList 9.0 (Verity Software House, Topsham, ME) (http://
www.vsh.com/products/winlist/index.asp).

During sample acquisition, 100 000-500 000 events were
collected in the forward and side scatter (FS/SS)
lymphocyte gate. Single lymphocytes were gated based on
forward scatter height vs. forward scatter area. A ‘dump’
channel was used to eliminate dead cells (ViVid®") as well
as macrophages/monocytes (CD14%), and B lymphocytes
(CD19") from the analysis. Additional gating on CD3, CD4
and CD8 and CD69-positive cells was performed to
identify cytokine-producing (IL-2, IFN-y, and TNF-a) and
degranulation, CD107 expressing cells. Multifunctionality
analyses were performed using the FCOM function of
WinList software to determine the proportion of all
possible 16 combinations for the 4 markers, 3 for
cytokines (i.e. IL-2, IFN-y and TNF-a) and one for
degranulation (i.e. CD107a/b). Flow cytometry experiments
were performed at the Flow Cytometry and Mass
Cytometry Core Facility of the University of Maryland
School of Medicine Center for Innovative Biomedical
Resources (CIBR), Baltimore, Maryland. Positive responders
were based on the IFN-y expression and defined to be as
follows: (1) minimum number of IFN-y-secreting cells
collected in experimental cultures (Schu-S4) > 10 events,
(2) differential in the number of IFN-y-secreting cells in
experimental cultures is significantly higher than the
number of events in the negative control cultures (media)
as determined by wusing a one-tailed z test (P-
value < 0.01), and (3) net experimental % value (Schu-S4
minus media) at a particular time point > 0.1% than that
measured at Day O (baseline) in at least one post-
vaccination visit.

Statistical analysis

Fisher’'s exact test or logistic regression for a binary
outcome, and the two-sample t-test or Wilcoxon rank-sum
test for continuous outcome, were used to compare the
distributions between the two groups. The outcomes at
different time points from the same subject were expected
to be correlated. To get efficient estimates of the
regression parameters, linear mixed-effect models were
fitted on the log-transformed immunogenicity outcomes to
define an adequate error covariate structure. The covariates
for the fixed effects in the models could include group,
baseline and time post-vaccination. Other demographic
variables, such as sex and age, were considered. All
attempts were made to collect all data per protocol. No
imputations were performed for missing values. The area
under the curve (AUC) values were computed using the
trapezoid rule, which connected a straight line to every set
of adjacent points defining the curve and sums up the
areas beneath these areas starting from day 0 and ending
at day 180.

To visualise the variance of 15 possible FCOM T-cell
phenotypes, we performed principal component analysis
(PCA) as described previously with small modifications.>®
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Briefly, the calculation of principal components was
performed by ClustVis web tools.>” Columns were grouped
using correlation distance (Pearson correlation subtracted
from 1) and average linkages calculated. Rows were
centred, and unit variance scaling was applied to the rows.
Rows were clustered using Euclidean distance (square root
of the sum of squared distances) and average linkage
(average distance of all possible pairs) calculated. Trees
ordering for both rows and columns display the tightest
cluster first.
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