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Flagellin adjuvanted F1/V subunit plague vaccine induces
T cell and functional antibody responses with unique
gene signatures
Fahreta Hamzabegovic1,3, Johannes B. Goll2,3, William F. Hooper2, Sharon Frey1, Casey E. Gelber2 and Getahun Abate1*

Yersinia pestis, the cause of plague, could be weaponized. Unfortunately, development of new vaccines is limited by lack of
correlates of protection. We used pre- and post-vaccination sera and peripheral blood mononuclear cells from a flagellin
adjuvanted F1/V vaccine trial to evaluate for protective markers. Here, we report for the first time in humans that inverse caspase-3
levels, which are measures of protective antibody, significantly increased by 29% and 75% on days 14 and 28 post-second
vaccination, respectively. In addition, there were significant increases in T-cell responses on day 28 post-second vaccination. The
strongest positive and negative correlations between protective antibody levels and gene expression signatures were identified for
IFNG and ENSG00000225107 genes, respectively. Flagellin/F1/V subunit vaccine induced macrophage-protective antibody and
significant CD4+ T-cell responses. Several genes associated with these responses were identified that could serve as potential
correlates of protection.
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INTRODUCTION
Yersinia pestis (Yp), the causative agent of plague, is a category A
potential bioterrorism pathogen that poses a high risk to both
national security and public health. Plague has three major clinical
forms, bubonic, pneumonic, and septicemic, but the highest
concern is for the pneumonic form which allows for direct person-
to-person transmission via infectious respiratory droplets and
therefore remains a serious public health threat. Thus, due
attention should be given to public health preparedness including
prevention and early detection. Vaccines are effective in prevent-
ing and controlling infectious diseases. However, there is no
approved plague vaccine and vaccine development efforts are
hampered by a lack of reliable markers of protection.
Plague is currently a rare disease worldwide and is associated

with high mortality; therefore, measuring vaccine efficacy based
on protection from natural infection is impractical. This means, as
with other category A pathogens, plague vaccine development
efforts need to rely on inferred correlates of protection, which
requires a good understanding of immunity against Yp.
Animal studies have demonstrated that both antibody and cell-

mediated immunity (CMI) are essential for protection against
challenge with Yp.1–10 Different forms of plague vaccines
including killed Yp, live attenuated Yp, and subunit vaccines have
been studied. Subunit vaccines containing F1 capsular and
virulence (V) antigens show the most promising results. A vaccine
that had F1 and V antigens mixed with alhydrogel adjuvant was
shown to elicit antibody responses in humans, but without
measurable CMI.11 Interestingly, the post-vaccination sera from
this clinical trial protected mice from lethal Yp challenge. Similarly,
a recent dose titration clinical trial with a new F1/V subunit
vaccine containing flagellin as an adjuvant conducted by the
Vaccine and Treatment Evaluation Unit (VTEU) network showed
good antibody responses at 6 and 10 μg, again in the absence of
significant CMI.12 This vaccine was shown to induce excellent

antibody responses in mice and non-human primates (NHP), and
protect mice against respiratory challenge with Yp.13 The
protective capacity of antibody responses induced by flagellin-
adjuvanted F1/V plague vaccine in humans remains to be studied.
The lack of CMI from both clinical trials with subunit vaccines was
unexpected because these same subunit vaccines have been
shown to elicit protective CMI in animal models.4,5,10 One possible
explanation for the lack of measurable vaccine-specific CMI found
in subunit plague vaccine trials is the limitation of the in vitro
assays used (e.g., antigen concentration and duration of in vitro
restimulation of T cells). In the first trial, the T-cell activation
markers and gross changes in T-cell counts were measured ex vivo
without antigenic restimulation.11 In the recently completed VTEU
clinical trial,12 only 24 h stimulation with F1/V antigens was used
before collection of culture supernatants for cytokine quantifica-
tion. Vaccine-specific T cells are generally of low frequency and
can be measured reliably only after optimal in vitro stimulation.14

This study was carried out with the objectives of evaluating the
protective function of antibodies elicited by flagellin adjuvanted
F1/V vaccine, reevaluating vaccine-induced T-cell responses using
optimal in vitro restimulation conditions, and identifying gene
expression markers of good vaccine-induced immune responses.

RESULTS
Antibody responses induced by F1/V vaccine prevent macrophage
lytic effects of a recombinant Yptb
We used the caspase-3 assay to determine the ability of vaccine-
induced antibodies to protect macrophages from lytic effect of
recombinant Yersinia pseudotuberculosis (Yptb) expressing V
antigen. Caspase 3 release is a hallmark of apoptosis.15 Figure 1
shows the inverse anti-V caspase-3 levels by study visit day and
treatment group. Tabular results for per-visit and fold change
results are provided in Supplementary Table 3. Combined results
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Fig. 1 F1/V vaccine increased protective levels of antibody, CD4+ T-cell, and IFN-γ responses. a Macrophage-protective levels of
antibodies were statistically significantly increased from pre-vaccination on days 14 and 28 with highest response on day 28 post-second
vaccination (Wilcoxon signed-rank test P-values are shown). b–d CD4+ that expressed IL-10, IL-4, or co-expressed TNF-α and IFN-γ were
statistically increased from pre-vaccination on day 28 but not day 14. e IFN-γ cytokine concentrations measured in culture supernatants were
statistically significantly increased from pre-vaccination on day 14 but not day 28. Statistical significance is based on Wilcoxon signed-
rank test.
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for samples from volunteers vaccinated with 6 and 10 μg of F1/V
vaccine showed that median inverse caspase-3 levels increased by
29% on day 14 (median fold change of 1.29 and P= 0.0076) and
75% on day 28 (median fold change of 1.75 and P < 0.0001) post-
second vaccination (Fig. 1a, Supplementary Table 3).

Macrophage protection from lysis correlated with anti-V ELISA
antibody titer
We assessed Spearman correlation between log2 fold change in
protective levels of antibody based on inverse normalized
caspase-3 levels and change in IgG ELISA titer as well as IgG
ELISA concentration against the F1 and V antigens obtained as
part of the associated clinical trial12 (Supplementary Table 5).
Corresponding scatterplots with trend lines are shown in
Supplementary Figs 2 and 3. On day 28 post-second vaccination,
the positive correlation between change in ELISA IgG titer against
the V antigen and change in macrophage-protective antibody
levels was statistically significant (P= 0.049, Spearman r= 0.53).
Corresponding correlation results for ELISA IgG concentration
were positive as well but not statistically significant (P= 0.056,
Spearman r= 0.52). ELISA results against the F1 antigen were not
significantly correlated with macrophage protection.

F1/V subunit vaccine induced significant CD4 T-cell and IFN-γ
cytokine responses
To assess the proliferation of cytokine-producing T cells following
vaccination with F1/V subunit, we stimulated peripheral blood
mononuclear cells (PBMCs) with 10 μg/ml of F1/V antigen in vitro
and assessed the degree of proliferation compared to medium
rest (stimulation index) pre- and post-vaccination (Fig. 2,
Supplementary Table 4). Compared to pre-vaccination, day 28
post-second vaccination samples had 7.43 times more CD4+/
CFSElo/IL-10+ T cells (P= 0.042) (Fig. 1b). A less strong increase of
2.02-fold was seen in CD4+/CFSElo/IL-4+ T cells on day 28 post-
second vaccination (P= 0.029) (Fig. 1c). Interestingly, polyfunc-
tional T cells which proliferated and expressed multiple cytokines
also increased significantly after vaccination. There was a 68%
increase in CD4+/CFSElo/IFN-γ+/TNF-α+ T cells on day 28 post-
second vaccination (P= 0.049) (Fig. 1d). Among cytokines
measured in culture supernatants, the stimulation index signifi-
cantly increased by 34% for IFN-γ on day 14 post-second

vaccination (P= 0.015) (Fig. 1e, Supplementary Table 4). No
statistically significant changes were observed for CD8+ cells.
When assessing correlations for CD4+/CFSElo/IL-6+ and CD4+/

CFSElo/IFN-γ+ T cells on days 14 and 28 post-second vaccination, a
positive correlation between protective antibody responses
(inverse normalized caspase-3 levels) was observed for changes
in CD4+/CFSElo/IFN-γ+ T cells on day 14 post-second vaccination
and macrophage-protective antibody levels on day 28 post-
second vaccination (Supplementary Table 6). However, this
correlation was not statistically significant (P= 0.4, Spearman
r= 0.244). The strongest negative correlation was observed
between changes in CD4+/CFSElo/IL-6+ T cells and macrophage
protection on day 14 post-second vaccination (P= 0.026, Spear-
man r=−0.57)

Vaccination with subunit F1/V vaccine elicited unique gene
expression signatures that were primarily downregulated from
pre-vaccination
To see how the subunit F1/V vaccine modulated genome-wide
gene expression responses in PBMCs, we stimulated PBMCs
in vitro with F1/V vaccine antigens for 24 h and measured pre vs.
post-vaccination signatures for 12 subjects using RNA-Seq. A total
of 337 genes showed differentially-expressed (DE) responses on
day 14 post-second vaccination compared to pre-vaccination with
295 (88%) being downregulated (Fig. 3a, Supplementary Table 12).
On day 28 post-second vaccination, 289 genes were DE compared
to pre-vaccination, with 263 (91%) being downregulated (Supple-
mentary Table 13). The overlap between both post-vaccination
days was 181 genes of which 11 (6%) were upregulated and 170
(94%) were downregulated. Figure 3b shows heat maps that
summarize gene response for the union of 445 DE genes.

Differential gene expression signatures were enriched in
regulatory, signaling, and bacterial infection-related immune
system processes
To understand the functional composition of DE genes, we carried
out pathway enrichment analysis (Supplementary Tables 14–25).
Results for Gene Ontology Biological Processes showed that ~80
DE genes were enriched in ‘immune system process’ and in
‘positive regulation of response to stimulus’ at each assessed post-
vaccination day. The highest enrichment was observed for the

Fig. 2 Overview of median CD4+ and CD8+ proliferating T-cell and serum cytokine fold changes. a Fold change in T-cell proliferation.
b Change in serum cytokine concentration. Statistical significance (P < 0.05) based on Wilcoxon signed-rank test is highlighted by asterisks.
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‘cytokine–cytokine receptor interaction’ KEGG pathway. Bacterial-
specific infectious disease/immune response pathways included
‘Staphylococcus aureus infection’ and ‘Tuberculosis’ which were
both enriched in DE genes for both post-vaccination days. Several
innate immune signaling pathways were enriched in DE genes
including the complement and coagulation cascades, Jak-STAT
signaling pathway, and IL-17 signaling pathway.
To further assess the enrichment profile of the

‘cytokine–cytokine receptor interaction’ pathway, we visualized
gene fold change responses on top of the pathway map
(Supplementary Figs. 19 and 20), and contrasted DE gene
responses observed for this pathway using radar plots (Fig. 4).
Results showed that, on day 14 post-second vaccination, 12 genes
including several cytokine-encoding genes were significantly
upregulated including IL17F (interleukin 17F), IL-22 (interleukin-
22), IFNG (IFN-γ), and CXCL10 (IP-10) (Fig. 4a), while 10 genes were
significantly downregulated including CCL18 (chemokine (C–C
motif) ligand 18), IL10 (interleukin-10), and IL19 (interleukin-19)

(Fig. 4b). On both days 14 and 28 post-vaccination, IL-17F, IL-22,
IFNG, TNFRSF4, CSF1, and CSF2 were significantly upregulated
whereas TNFRS21, CCL18, OSM, IL-10, VEGFA, ILR1, MET, and LTBR
were significantly downregulated.
The phagosome pathway map (Fig. 5) showed that many of the

pathway members were unaffected or downregulated from pre-
vaccination. vATPase complex which is important to maintain
acidification of phagosome, p67phox associated with production
of reactive oxygen species in the phagosome, Fc receptors such as
FcαR and FcγR, integrins such as αVβ3, αVβ5, and α5β1, C-lectin
receptors such as MR, DCSIGN, and Dectin 1, TLR2, CD14, and Lox1
were downregulated, indicating reduced phagocytic activity on
day 28 post-second vaccination.

Regulatory gene expression signatures were correlated with
vaccine-induced macrophage-protective antibody responses
To identify gene expression signatures that correlated with
maximum change in macrophage-protective antibody responses
(day 14 or 28 post-second vaccination), we carried out regularized
linear regression analysis. For day-14 post-second vaccination, the
best predictive model identified 16 genes, of which 56% were
known to play a role in regulation of cellular processes (source:
UniProt GO) (Supplementary Table 27). Scatterplots that summar-
ize correlations between log2 fold changes in gene expression and
maximum protective antibody responses for each gene are
provided in Supplementary Fig. 37. In the day-14 post-second
vaccination model, the strongest positive coefficient was observed
for the IFNG (IFN-γ) gene and the strongest negative coefficient
was observed for ENSG00000225107 encoding for one of the long
noncoding RNAs (LincRNA), which may play important roles in the
regulation of gene expression and nuclear organization16 (Sup-
plementary Table 27).

Transcriptomics results were correlated with vaccine-induced
T-cell and cytokine responses
Next, we assessed changes in gene expression signatures that
were predictive of T-cell or cytokine responses using regularized
canonical correlation analysis (Supplementary Table 28). The
strongest first canonical correlation was observed between gene
responses and proliferating CD8+/CFSElo/IFN-γ+, CD4+/CFSElo/IFN-
γ+, and CD8+/CFSElo/IL-4+ T cells on day 14 post-second
vaccination (Fig. 6a), followed by changes in day 14 post-second
vaccination IFN-γ, TNF-α, and IL-10 serum cytokine concentrations
(Fig. 6b), and day 28 post-second vaccination IFN-γ, TNF-α, IL-2,
and IL-6 serum cytokine changes (Fig. 6c). Associations with
proliferating T cells on day 28 post-second vaccination did not
reach a sufficient cross-validation score (score < 0.5). Associated
genes were downregulated with the exception of MEOX1, a
transcription factor regulating vascular cell proliferation, whose
expression increased with increasing IFN-γ levels in serum on day
14 (Fig. 6b). The most frequent pathway annotation for associated
genes was tissue development for T cells and biological adhesion
for cytokines (source: GO Biological Processes). In addition,
multiple associated genes encoded for proteins that are part of
the plasma membrane or extracellular space (source: GO
Biological Component) (Fig. 6, highlighted in green). On day 14
post-second vaccination, the increase in CD8+/CFSElo/IFN-γ+ was
associated with the largest number of these genes including
CCL18 (a lymphocyte-attracting chemotactic factor) and TNFRSF21
(T-cell regulator).

DISCUSSION
Studies in animals and humans show that subunit vaccines
containing virulent antigens of Yp induce good antibody
responses.11,12,17 Although the direct mechanism of how anti-
bodies protect against Yp is not completely understood, there is

Fig. 3 Gene expression signatures following F1/V vaccine that
showed statistically differential responses compared to pre-
vaccination were primarily downregulated. a Venn digrams
summarizing overlap in DE genes between days 14 and 28 post-
second vaccination. The first shows total differentially expressed
genes and the second part shows the number of upregulated and
downregulated genes separately. b Heatmap of log2 fold change
from pre-vaccination. Rows represent DE genes, columns represent
samples. In red: upregulated compared to pre-vaccination; in blue:
downregulated compared to pre-vaccination. Dendrograms were
obtained using complete linkage clustering of uncentered pairwise
Pearson correlation distances between log2 fold changes.

F. Hamzabegovic et al.

4

npj Vaccines (2020)     6 Published in partnership with the Sealy Center for Vaccine Development



evidence that suggests that antibodies to V antigen of Yp
opsonize Yp,18,19 suppress Yop translocation20 and protect
macrophages from apoptosis.17,21,22 Sera from subjects immu-
nized with a subunit vaccine containing the F1 capsular and the V
antigens in 20% alhydrogel protected mice from the lethal
challenge of Yp.11 Animal challenge studies require containment
labs and will not be practical for all future plague vaccine trials.
Therefore, a new assay that measures the ability of vaccine-
induced antibodies to protect lysis of macrophages by a
recombinant Yersinia expressing V antigen has been devel-
oped.17,22 Yptb appears to be better than Yp for this assay
because Yptb activates apoptosis much more effectively than Yp
in vitro.23 We tested this assay for the first time on human sera
using pre- and post-vaccination samples from a recent clinical trial
where we used Flagellin/F1/V subunit vaccine.12 Flagellin/F1/V is
composed of a single protein incorporating the amino and
carboxyl regions of flagellin from Salmonella enteritidis and the
two antigenic peptides from Yp.13 Flagellin is a potent inducer of
innate immunity, mainly because of its direct interaction with toll-
like receptor 5.24,25 This new flagellin adjuvanted F1/V vaccine was
shown to induce good antibody response in a recent clinical trial.
Now, we demonstrate that post vaccination sera from individuals
vaccinated with Flagellin/F1/V vaccine protect macrophages from
apoptosis caused by infection of Yptb expressing V antigen
(median increase of 75% in protective levels on day 42). It has
been shown that the extent to which caspase 3 levels decrease
was significantly associated with survival of NHP after aerosol
challenge with Yp.17,22 Using the survival models as described by
Welkos et al.22 for NHP for day 70 post-challenge, the NHP survival
rate would be estimated at ~73% assuming protective levels as
observed on day 56 (28 days post-second vaccination) in our
study. Our results indicated that there was a significant correlation
between caspase-3 values and the anti-V ELISA IgG titer but not
against anti-F1 ELISA. This is because the recombinant Yptb that
we used in our assay to measure macrophage-protective antibody
responses expresses V but not F antigen; therefore, macrophage
protection is likely rendered by antibodies against V antigen.
The roles of T-cell immunity in protection against Yp are

increasingly recognized. Treatment of mice with exogenous IFN-γ
and TNF-α inhibits multiplication of Yersinia and protects against
lethal challenge.26 Similarly, neutralization of endogenous IFN-γ

and TNF-α make mice more vulnerable to pneumonic plague.6 In
addition, passive transfer of cells from Yersinia enterocolitica
convalescent mice partially protects naïve mice against Yp
challenge.27,28 Further studies identified that CD4 and CD8
T cells are the main cell types conferring Yp immunity in mice,
with CD4 T cells improving the cytotoxic effect of CD8 T cells, but
not having a significant effect by themselves.29 Induction of T-cell
immunity may depend on the adjuvants or vaccine types.30–32 SA-
4-1BBL adjuvant improved Th1 immune response induced by
alum-adjuvanted F1/V subunit vaccine.30 In a recent murine study,
flagellin adjuvanted subunit vaccine has been shown to induce
both humoral and cell-mediated immunity.33 Multiple antigen
peptide constructs of V antigen increases lymphoproliferative
responses in mice, with highest levels of Th1 and Th17 cytokines
in culture supernatants.34 IL-17 appears to mediate enhanced
mucosal protection, and neutralization of vaccine-induced IL-17
decreases the survival of mice following challenge with Yp.32 Our
results similarly showed that Flagellin/F1/V vaccine significantly
increased the number of proliferating and IL-10 or IL-4 producing
CD4 T cells. In addition, we showed that this flagellin-adjuvanted
F1/V vaccination induced polyfunctional CD4 T cells, which
proliferate and produce both IFN-γ and TNF-α. It has previously
been shown that neutralization of IFN-γ and TNF-α interferes with
the capacity of anti-V antibodies to decrease bacterial burden or
increase survival in murine model.9 While we found no significant
correlation between IFN-γ-producing CD4 T cell and the antibody
response, we did find a significant negative correlation for IL-6-
producing CD4 T cell in our study. IL-6 is a proinflammatory
cytokine produced mainly by monocytes35 to promote Th2 and
Th17 differentiation as well as enhance antibody production.36,37

In our study, the IL-6 levels in supernatants of cultures containing
post-vaccination PBMC were not different from the pre-
vaccination levels. Activated lymphocytes also produce IL-6 which
has autocrine function, mainly inducing Th2 responses.38 In our
study, the strongest negative correlation was between changes in
IL-6-producing CD4+ T cells and macrophage protection on day 14
post-second vaccination (P= 0.026, Spearman r=−0.57) suggest-
ing that IL-6 from CD4 T cells may not be a major factor to induce
macrophage protective antibody responses. However, because we
did not measure IL-6 produced by other major specific cell types

Fig. 4 Summary of fold change responses of cytokine–cytokine interaction pathway DE genes. a Fold change of significantly upregulated
genes. b Fold change of significantly downregulated genes. Significantly up- and downregulated genes are highlighted by asterisks (FDR-
adjusted P-value < 0.05 and fold change ≥1.5).
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such as monocytes, our result may not show the overall effects of
IL-6 on macrophage protective responses.
Unlike infection with attenuated strains of Yp, infection of mice

and brown Norway rats with wild-type Yp suppresses several
genes including genes for antigen processing and presentation, T-
cell receptor (TCR)-signaling, NF-kB signaling, and natural killer
(NK) cell function.39 The length of time after infection with Yp or
stage of disease affects gene expression, with genes for Th1
immune response induced only at the initial or the recovery
stage.39,40 To our knowledge, there are no host transcriptomics
studies following vaccination with F1/V subunit vaccine. In this
study using RNA-seq of stimulated PBMC, we showed that F1/V
vaccination led to changes in the expression of several chemokine
and cytokine genes. Genes encoding for IFN-γ, IL-22, IL-17F, CSF1,
CSF2, and TNFRSF4 were significantly upregulated whereas genes
encoding for IL-10, TNFRSF21, CCL19, OSM, VEGFA, ILR1, MET, and
LTBR were downregulated on both days 14 and 28 post-
vaccination. IFN-γ activates macrophages and increases their
ability to kill intracellular bacteria, including Yp.26 All the
upregulated genes are associated with macrophage or T-cell
function, which may be relevant for the control of Yp. Upregula-
tion of IL-17F and IL-22 genes was previously seen in mice
vaccinated with live attenuated strain of Yp.32 IL-17-producing
T cells often produce IL-22 which acts synergistically with IL-17 to
enhance the expression of anti-microbial peptides and promote
inflammation.41–43 CSF1 and CSF2 are important for monocyte
maturation and dendritic cell homeostasis.44,45 TNFRSF4 is a
member of TNF receptor superfamily and provides costimulatory

signals to activate T cells following TCR ligation.46 Most of the
downregulated genes except LTBR, IL1R1, and CCL19 encode for
ligands or receptors associated with inhibitory signals and their
inhibition likely enhances the functions of antigen-presenting
cells, Th1, or Th17 immunity. IL-10 is a known immunomodulator
that inhibits Th1 immunity.47 NFRSF21 is an orphan TNF receptor
superfamily member which belongs to a subgroup called death
receptors and its knockout or downregulation enhances antibody
response.48 OSM suppresses activation of IL-17 regulation in CD4
T cells.49 VEGFA is a proangiogenic factor but inhibits the
differentiation and function of T cells.50 MET modulates dendritic
cells to play an immunosuppressive role.51 The reasons why LTBR
which is important for homeostasis of dendritic cells,52 IL1R1
which is important for IL-17 generation, and IL-1 function53 and
CCL19 which enhances Th1 immunity54 are down regulated are
not clear.
Furthermore, genes associated with phagocytic activity were

downregulated after F1/V vaccination. In murine studies with Yp
infection, F1 and V antigen help Yp avoid phagocytosis. F1 and V
antigens acts in concert with plasmid encoded type III secretory
system to make Yp highly resistant to phagocytosis.55,56 F1, unlike
the plasmid encoded type III secretary proteins, only affects the
phagocytosis of Yp without inhibiting the general phagocytic
ability.55 F1 forms a capsule around the bacterium to increase its
resistance to phagocytosis, presumably by preventing interactions
with yet unknown phagocytic cell receptors.55,56 It is not clear why
phagocytic genes are downregulated following vaccination with
F1/V vaccine and this needs to be investigated further using

Fig. 5 F1/V vaccine resulted in a perturbation of the phagosome pathway with many genes being downregulated compared to pre-
vaccation on day 28 post-second vaccination. Node color gradient encodes fold change from pre-vaccination (for multi-gene pathway nodes
the median fold change is used). In red: upregulated compared to pre-vaccination, in blue: downregulated compared to pre-vaccination. In
black: fold change close to 1, in dark gray: genes filtered out due to low overall expression, light gray: gene missing database mapping, white:
non-human gene. DE genes are highlighted using red (significantly upregulated) and blue (significantly downregulated) node label and
border colors (FDR-adjusted P-value < 0.05 and fold change ≥1.5).
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studies that measure the function of phagocytic cells at different
times post F1/V vaccination. This study has the following
limitations: (1) the study did not measure the long-term immunity
induced by F1/V vaccine beyond 28 days post second-vaccination,
(2) gene expression markers associated with immunity induced by
the flagellin adjuvanted F1/V vaccine have not been validate by
qPCR because of inadequate clinical samples for additional assay,
(3) the caspase 3 assay was based on a murine macrophage cell
line rather than a human cell line model, and (4) recombinant
Yptb used as part of the caspase-3 assay only expressed the V
antigen and not the F1 antigen.
To our knowledge, this is the first study that used RNA-Seq to

comprehensively assess transcriptome-wide gene expression
changes following vaccination, and more particularly, gene
expression markers associated with antibody and T-cell responses
induced by F1/V plague vaccine to date. Increased expression of
the IFNG gene and decreased expression of a lincRNA
(ENSG00000225107), was most strongly associated with day 14
macrophage-protective antibody responses. The importance of
lincRNA in antibody-mediated response is not known but the IFNG
gene which encodes for the IFN-γ cytokine is essential for optimal
antibody response.57,58 Cytokine and T-cell responses were
correlated with genes encoding for tissue development, biological
adhesion, and plasma membrane or extracellular space-associated
proteins indicating that cell interaction/attachment was modu-
lated on the expression level.
In conclusion, our study indicated that Flagellin/F1/V vaccine

induced protective antibody responses and marked T-cell
immunity that were correlated with unique gene expression
signatures. These signatures serve as potential biomarker candi-
dates for predicting protective immune responses in future plague
vaccine trials.

METHODS
Study design and samples
Stored samples from a recently completed clinical trial (DMID 08-0066)
were used.12 DMID 08-0066 was a phase I, randomized, double blind,
placebo controlled, dose-escalation trial to evaluate flagellin/F1/V, a plague
vaccine, in healthy adults. In the DMID 08-0066 clinical trial, volunteers
were vaccinated with two doses of 1, 3, 6, or 10 µg of flagellin-adjuvanted
F1/V subunit plague vaccine 28 days apart. Sera and PBMCs collected at
three time points (pre-vaccination, and days 14 and 28 post-second dose)
from volunteers vaccinated with 6 μg and 10 μg of flagellin-adjuvanted F1/V

vaccine were used in this study. These two post vaccination time points
from the high-dose groups were selected because of high antibody
responses.12 Clinical samples from these two timepoints, sera stored at
−80 °C and PBMC stored in liquid nitrogen, were used in this study.
Supplementary Fig. 1 summarizes the number of subjects by treatment
group and assay type used in this study. As part of this study, DMID 15-
0104, additional blood samples were collected from seven volunteers who
received 6 μg or 10 μg of Flagellin/F1/V vaccine in the 08-0066 trial. Sera
and PBMCs from these additional blood samples were used to optimize
immunological assays for this study.

Identify macrophage-protective function of antibody responses
Antibodies to V antigen were higher than antibodies to F1 antigens in the
stored samples we have used.12 A caspase-3 assay which has previously
been shown to measure protective capacity of antibody responses to V
antigen in mice and NHP was used in this study.17,22 The assay had never
been tested on human samples and therefore, we optimized methods
used in mice and primates.17,22 Briefly, suspensions containing recombi-
nant Yptb-expressing V antigen were pretreated with heat-inactivated sera
or a positive control monoclonal antibody obtained from BEI resources
(NIAID, NIH, NR-31022) for 5 min at 38 °C in an orbital shaker at a speed of
225 rpm. The pretreated bacteria were added into 96-well plates contain-
ing J774 (ATCC TIB-67) macrophage cell line (1 × 103 cells per well) and
incubated at 37 °C. Then, the levels of caspase-3 in the culture
supernatants were quantified 1.5 h later using a caspase-3 assay kit
(EnzChek, Life Technologies). Caspase-3 levels were assessed as the mean
of triplicate measurements. Normalization was done by dividing the mean
caspase-3 values of clinical samples by caspase-3 values obtained in
serum-free infected controls. Higher normalized caspase-3 values indicated
lower macrophage protection and vice versa. For a more intuitive
interpretation of macrophage-protective function of antibodies, the
inverse of the normalized caspase-3 level variable was analyzed.

Assay to measure vaccine-induced T-cell responses
In the initial experiments, we optimized conditions for stimulation
including antigen type, antigen concentration, and duration of stimulation.
An optimized carboxyfluorescein succinimidyl ester (CFSE)-based flow
cytometric assay was used to measure T-cell responses in pre-vaccination
and post-vaccination PBMC from volunteers who received 6 or 10 μg of
flagellin-adjuvanted F1/V vaccine. The CFSE assay was performed as
described previously.59 Briefly, PBMCs were stimulated with optimal
antigen concentrations. On day 7, cells were stained for surface markers
such as CD3, CD4, and CD8 as well as intracellular cytokines such as IFN-γ,
IL-2, TNF-α, IL-4, IL-6, IL-10. Flow-cytometric acquisition was performed by
using a multi-color BD FACSCanto II instrument, and analyses were done
using the CellQuest and FlowJo (Tree Star) software. A minimum of 10,000

Fig. 6 Combination of genes that were correlated with changes in T-cell proliferation or serum cytokine concentration. Node color
gradient encodes fold change from pre-vaccination. In red: upregulated compared to pre-vaccination (in blue: downregulated compared to
pre-vaccination). Edges represent correlation between genes and T-cell or cytokine responses based on the first canonical variate pairs are
shown (in blue: negative, in red: postive correlation, only correlations >0.45 were retained). Edge thickness is scaled by increasing correlation.
In green border color: genes encoding for plasma membrane or extracellular space proteins.

F. Hamzabegovic et al.

7

Published in partnership with the Sealy Center for Vaccine Development npj Vaccines (2020)     6 



events were acquired. Cells with decreased CFSE fluorescence were
considered as proliferating cells. The absolute numbers of effector CD4+ T
and CD8+ T cells were calculated by multiplying the total number of viable
cells recovered by the percentage of the specific T-cell subset detected by
flow-cytometric analysis. Stimulation indices used for analysis were
calculated by dividing the absolute number of proliferating and cytokine
producing T cells for cultures stimulated with antigens by the absolute
number of the corresponding T-cell population for medium-rested controls
(see Supplementary Text for additional details).

Assay to measure cytokine concentrations in supernatants
Culture supernatants from the optimized CFSE-based assay were used for
measurement of cytokines using a Th1/Th2/Th17 cytokine bead array kit
(Becton Dickinson). Stimulation indices used for analysis were calculated
by dividing the concentration of cytokines (pg/ml) in supernatants from
cultures stimulated with antigen by corresponding concentrations for
cultures rested in medium.

RNA sequencing and data processing
PBMC were stimulated with F1/V vaccine antigen for 24 h before RNA was
extracted. A short stimulation time (i.e., 24 h) was selected to avoid missing
early gene expression changes. Stimulation for 18–48 h has been shown to
identify transcriptomics responses associated with immune responses.60

RNA-Seq was carried out using single-end 50 base read sequencing using
an Illumina HiSeq3000 sequencer. Forty-one libraries were multiplexed
across four sequencing lanes with targeted coverage of 39 million reads
per library. Human reference genome assembly (GRCh38), gene models,
and associated gene annotation information were obtained from the
ENSEMBL database (Version 90). The genomic reference was built by
merging all human chromosomes except for X and Y chromosomes (to
avoid gender-specific effects). Adapter sequences and low-quality 5′
ending sequences were removed from raw sequencing reads using the
Trimmomatic software (Version 0.36). Following adapter removal,
sequence reads were aligned to the index of known human rRNAs and
tRNAs using Bowtie2 with its local alignment option. Filtered reads were
aligned to the reference transcriptome/genome using the latest version of
HISAT2 splice-aware sequence aligner (Version 2.1.0). For each sample, the
quality of reference alignments was evaluated using the RSeQC software
(Version 2.6.4). Gene expression quantification was conducted on the gene
level using Subread v1.5.3 counting mapped paired-reads to obtain
fragment counts per gene (Supplementary Dataset 1, see Supplementary
Text for additional details).

Statistical analysis
Unless otherwise specified, hypothesis tests were carried out in a two-
sided manner using an individual alpha level of 0.05.

Macrophage-protective antibodies, proliferating and cytokine-
producing T-cell analysis
Statistically significant changes for each post-vaccination day compared to
pre-vaccination measurements were assessed using a two-sided Wilcoxon
signed-rank test. The 95% confidence interval (CI) of the median fold
change was obtained using the bootstrap method using 1000 replicates
for each visit.

RNA-seq analyses
Systematic sample differences in read counts were corrected for using
TMM normalization.61 Negative binomial models as implemented in edgeR
(Version 3.18.1)62 were used to identify genes that were DE from pre-
vaccination adjusting for paired samples (subject effect). Genes with an
FDR-adjusted P-value ≤ 0.05 (p.adjust R function) and a fold change
difference of ≥1.5-fold (in either direction) were deemed to be DE.
Enrichment analysis for KEGG (v83)63 and MSigDB (Version 6.1)64 pathways
was carried out using the goseq R package (v1.28.1)65 accounting for gene
length bias (FDR-adjusted P-value ≤ 0.01). TMM-normalized log2 fragment
counts per million (LCPM) as implemented in edgeR (Supplementary
Dataset 2) were used as input for calculating log2 fold changes used for
regularized linear regression analysis (glmnet Version 2.0–13 R package) to
identify gene responses that best predicted peak log2 changes in
protective levels of antibodies (based on inverse Caspase-3 levels). The
input set included genes with an average absolute fold change of 1.5 on

day 14 and/or 28 post-second vaccination. Leave-one-out cross-validation
was used to select optimal regularization parameters (see Supplementary
Text for additional details).

Ethics statement
The trial was approved by the Saint Louis University institutional review
board and is registered on ClinicalTrials.gov (No. NCT01381744). All
subjects provided written informed consent prior to initiation of study
procedures and future use of clinical samples.
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Received: 23 May 2019; Accepted: 30 December 2019;

REFERENCES
1. Jones, S. M., Griffin, K. F., Hodgson, I. & Williamson, E. D. Protective efficacy of a

fully recombinant plague vaccine in the guinea pig. Vaccine 21, 3912–3918
(2003).

2. Parent, M. A. et al. Cell-mediated protection against pulmonary Yersinia pestis
infection. Infect. Immun. 73, 7304–7310 (2005).

3. Smiley, S. T. Cell-mediated defense against Yersinia pestis infection. Adv. Exp.
Med. Biol. 603, 376–386 (2007).

4. Elvin, S. J. & Williamson, E. D. Stat 4 but not Stat 6 mediated immune
mechanisms are essential in protection against plague. Microb. Pathog. 37,
177–184 (2004).

5. Elvin, S. J. & Williamson, E. D. The F1 and V subunit vaccine protects against
plague in the absence of IL-4 driven immune responses. Microb. Pathog. 29,
223–230 (2000).

6. Kummer, L. W. et al. Antibodies and cytokines independently protect against
pneumonic plague. Vaccine 26, 6901–6907 (2008).

7. Williamson, E. D. et al. A new improved sub-unit vaccine for plague: the basis of
protection. FEMS Immunol. Med. Microbiol. 12, 223–230 (1995).

8. Heath, D. G. et al. Protection against experimental bubonic and pneumonic
plague by a recombinant capsular F1-V antigen fusion protein vaccine. Vaccine
16, 1131–1137 (1998).

9. Lin, J. S. et al. TNFalpha and IFNgamma contribute to F1/LcrV-targeted immune
defense in mouse models of fully virulent pneumonic plague. Vaccine 29,
357–362 (2010).

10. Williamson, E. D. et al. An IgG1 titre to the F1 and V antigens correlates with
protection against plague in the mouse model. Clin. Exp. Immunol. 116, 107–114
(1999).

11. Williamson, E. D. et al. Human immune response to a plague vaccine comprising
recombinant F1 and V antigens. Infect. Immun. 73, 3598–3608 (2005).

12. Frey, S. E. et al. A phase I safety and immunogenicity dose escalation trial of
plague vaccine, Flagellin/F1/V, in healthy adult volunteers (DMID 08-0066). Vac-
cine 35, 6759–6765 (2017).

13. Mizel, S. B. et al. Flagellin-F1-V fusion protein is an effective plague vaccine in
mice and two species of nonhuman primates. Clin. Vaccine Immunol. 16, 21–28
(2009).

14. Bacher, P. & Scheffold, A. Flow-cytometric analysis of rare antigen-specific T cells.
Cytometry A 83, 692–701 (2013).

15. Lavrik, I. N., Golks, A. & Krammer, P. H. Caspases: pharmacological manipulation of
cell death. J. Clin. Investig. 115, 2665–2672 (2005).

16. Quinodoz, S. & Guttman, M. Long noncoding RNAs: an emerging link between
gene regulation and nuclear organization. Trends Cell Biol. 24, 651–663 (2014).

17. Bashaw, J. et al. Development of in vitro correlate assays of immunity to infection
with Yersinia pestis. Clin. Vaccine Immunol. 14, 605–616 (2007).

18. Pettersson, J. et al. The V-antigen of Yersinia is surface exposed before target cell
contact and involved in virulence protein translocation. Mol. Microbiol. 32,
961–976 (1999).

19. Fields, K. A., Nilles, M. L., Cowan, C. & Straley, S. C. Virulence role of V antigen of
Yersinia pestis at the bacterial surface. Infect. Immun. 67, 5395–5408 (1999).

20. Philipovskiy, A. V. et al. Antibody against V antigen prevents Yop-dependent
growth of Yersinia pestis. Infect. Immun. 73, 1532–1542 (2005).

21. Williamson, E. D. et al. Immunogenicity of the rF1+rV vaccine for plague with
identification of potential immune correlates. Microb. Pathog. 42, 11–21
(2007).

F. Hamzabegovic et al.

8

npj Vaccines (2020)     6 Published in partnership with the Sealy Center for Vaccine Development

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE136878


22. Welkos, S., Norris, S. & Adamovicz, J. Modified caspase-3 assay indicates corre-
lation of caspase-3 activity with immunity of nonhuman primates to Yersinia
pestis infection. Clin. Vaccine Immunology 15, 1134–1137 (2008).

23. Zauberman, A. et al. Interaction of Yersinia pestis with macrophages: limitations
in YopJ-dependent apoptosis. Infect. Immun. 74, 3239–3250 (2006).

24. Honko, A. N. & Mizel, S. B. Effects of flagellin on innate and adaptive immunity.
Immunol. Res. 33, 83–101 (2005).

25. Mizel, S. B., West, A. P. & Hantgan, R. R. Identification of a sequence in human toll-
like receptor 5 required for the binding of Gram-negative flagellin. J. Biol. Chem.
278, 23624–23629 (2003).

26. Nakajima, R. & Brubaker, R. R. Association between virulence of Yersinia pestis
and suppression of gamma interferon and tumor necrosis factor alpha. Infect.
Immun. 61, 23–31 (1993).

27. Alonso, J. M., Mazigh, V. E. & Mollaret HH, D. Mechanisms of Acquired Resistance
to Plague in MIce Infected by Yersinia enterocolitica 03. Curr. Microbiol. 4,
117–122 (1980).

28. Wake, A. S. Y. Mechanims of protection against virulent Yersinia pestis infection
without participation of humoral antibody: H-2 restriction in athymic mouse
model. Curr. Microbiol. 8, 79–84 (1983).

29. Philipovskiy, A. V. & Smiley, S. T. Vaccination with live Yersinia pestis primes CD4
and CD8 T cells that synergistically protect against lethal pulmonary Y. pestis
infection. Infect. Immun. 75, 878–885 (2007).

30. Dinc, G., Pennington, J. M., Yolcu, E. S., Lawrenz, M. B. & Shirwan, H. Improving the
Th1 cellular efficacy of the lead Yersinia pestis rF1-V subunit vaccine using SA-4-
1BBL as a novel adjuvant. Vaccine 32, 5035–5040 (2014).

31. Szaba, F. M. et al. TNFalpha and IFNgamma but not perforin are critical for CD8 T
cell-mediated protection against pulmonary Yersinia pestis infection. PLoS
Pathog. 10, e1004142 (2014).

32. Lin, J. S., Kummer, L. W., Szaba, F. M. & Smiley, S. T. IL-17 contributes to cell-
mediated defense against pulmonary Yersinia pestis infection. J. Immunol. 186,
1675–1684 (2011).

33. Verma, S. K., Gupta, A., Batra, L. & Tuteja, U. Escherichia coli expressed flagellin C
(FliC) of Salmonella typhi improved the protective efficacy of YopE against plague
infection. Vaccine 37, 19–24 (2019).

34. Shreewastav, R. K., Ali, R., Uppada, J. B. & Rao, D. N. Cell-mediated immune
response to epitopic MAP (multiple antigen peptide) construct of LcrV antigen of
Yersinia pestis in murine model. Cell. Immunol. 278, 55–62 (2012).

35. Arango Duque, G. & Descoteaux, A. Macrophage cytokines: involvement in
immunity and infectious diseases. Front. Immunol. 5, 491 (2014).

36. Tanaka, T., Narazaki, M. & Kishimoto, T.IL-6 in inflammation, immunity, and dis-
ease. Cold Spring Harb. Perspect. Biol. 6, a016295 (2014).

37. Dienz, O. & Rincon, M. The effects of IL-6 on CD4 T cell responses. Clin. Immunol.
130, 27–33 (2009).

38. Sofi, M. H., Li, W., Kaplan, M. H. & Chang, C. H. Elevated IL-6 expression in CD4
T cells via PKCtheta and NF-kappaB induces Th2 cytokine production. Mol.
Immunol. 46, 1443–1450 (2009).

39. Yang, H. et al. Host transcriptomic responses to pneumonic plague reveal that
Yersinia pestis inhibits both the initial adaptive and innate immune responses in
mice. Int. J. Med. Microbiol. 307, 64–74 (2017).

40. Comer, J. E. et al. Transcriptomic and innate immune responses to Yersinia pestis
in the lymph node during bubonic plague. Infect. Immun. 78, 5086–5098 (2010).

41. Aujla, S. J. et al. IL-22 mediates mucosal host defense against Gram-negative
bacterial pneumonia. Nat. Med. 14, 275–281 (2008).

42. Liang, S. C. et al. Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and
cooperatively enhance expression of antimicrobial peptides. J. Exp. Med. 203,
2271–2279 (2006).

43. Sonnenberg, G. F. et al. Pathological versus protective functions of IL-22 in airway
inflammation are regulated by IL-17A. J. Exp. Med. 207, 1293–1305 (2010).

44. Louis, C. et al. Specific contributions of CSF-1 and GM-CSF to the dynamics of the
mononuclear phagocyte system. J. Immunol. 195, 134–144 (2015).

45. Doyle, A. G., Halliday, W. J., Barnett, C. J., Dunn, T. L. & Hume, D. A. Effect of
recombinant human macrophage colony-stimulating factor 1 on immuno-
pathology of experimental brucellosis in mice. Infect. Immun. 60, 1465–1472
(1992).

46. Ward-Kavanagh, L. K., Lin, W. W., Sedy, J. R. & Ware, C. F. The TNF receptor
superfamily in co-stimulating and co-inhibitory responses. Immunity 44,
1005–1019 (2016).

47. Couper, K. N., Blount, D. G. & Riley, E. M. IL-10: the master regulator of immunity
to infection. J. Immunol. 180, 5771–5777 (2008).

48. Benschop, R., Wei, T. & Na, S. Tumor necrosis factor receptor superfamily
member 21: TNFR-related death receptor-6, DR6. Adv. Exp. Med. Biol. 647,
186–194 (2009).

49. Son, H. J. et al. Oncostatin M suppresses activation of IL-17/Th17 via SOCS3
regulation in CD4+ T Cells. J. Immunol. 198, 1484–1491 (2017).

50. Li, Y. L., Zhao, H. & Ren, X. B. Relationship of VEGF/VEGFR with immune and
cancer cells: staggering or forward? Cancer Biol. Med. 13, 206–214 (2016).

51. Papaccio, F. et al. HGF/MET and the immune system: relevance for cancer
immunotherapy. Int. J. Mol. Sci. 19, 3595 (2018).

52. Upadhyay, V. & Fu, Y. X. Lymphotoxin signalling in immune homeostasis and the
control of microorganisms. Nat. Rev. Immunol. 13, 270–279 (2013).

53. Shaw, M. H., Kamada, N., Kim, Y. G. & Nunez, G. Microbiota-induced IL-1beta, but
not IL-6, is critical for the development of steady-state TH17 cells in the intestine.
J. Exp. Med. 209, 251–258 (2012).

54. Marsland, B. J. et al. CCL19 and CCL21 induce a potent proinflammatory differ-
entiation program in licensed dendritic cells. Immunity 22, 493–505 (2005).

55. Du, Y., Rosqvist, R. & Forsberg, A. Role of fraction 1 antigen of Yersinia pestis in
inhibition of phagocytosis. Infect. Immun. 70, 1453–1460 (2002).

56. Nilles, M. L., Williams, A. W., Skrzypek, E. & Straley, S. C. Yersinia pestis LcrV forms a
stable complex with LcrG and may have a secretion-related regulatory role in the
low-Ca2+ response. J. Bacteriol. 179, 1307–1316 (1997).

57. Naglak, E. K., Morrison, S. G. & Morrison, R. P. IFNgamma is required for optimal
antibody-mediated immunity against genital chlamydia infection. Infect. Immun.
84, 3232–3242 (2016).

58. Matteoli, G. et al. Role of IFN-gamma and IL-6 in a protective immune response to
Yersinia enterocolitica in mice. BMC Microbiol. 8, 153 (2008).

59. Abate, G. et al. Flow-cytometric detection of vaccinia-induced memory effector
CD4(+), CD8(+), and gamma delta TCR(+) T cells capable of antigen-specific
expansion and effector functions. J. Infect. Dis. 192, 1362–1371 (2005).

60. Blischak, J. D., Tailleux, L., Mitrano, A., Barreiro, L. B. & Gilad, Y. Mycobacterial infection
induces a specific human innate immune response. Sci. Rep. 5, 16882 (2015).

61. Robinson, M. D. & Oshlack, A. A scaling normalization method for differential
expression analysis of RNA-seq data. Genome Biol. 11, R25 (2010).

62. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics 26,
139–140 (2010).

63. Kanehisa, M., Goto, S., Kawashima, S., Okuno, Y. & Hattori, M. The KEGG resource
for deciphering the genome. Nucleic Acids Res. 32, D277–D280 (2004).

64. Liberzon, A. et al. The Molecular Signatures Database (MSigDB) hallmark gene set
collection. Cell Syst. 1, 417–425 (2015).

65. Young, M. D., Wakefield, M. J., Smyth, G. K. & Oshlack, A. Gene ontology analysis
for RNA-seq: accounting for selection bias. Genome Biol. 11, R14 (2010).

ACKNOWLEDGEMENTS
This study was funded by NIAID DMID through the VTEU (award number
HHSN27220130021I). rYptb (pTrcV) expressing V antigen was kindly provided by
Dr. Susan Welkos, United States Army Medical Research Institute of Infectious
Diseases (USAMRIID). F1/V vaccine antigen was kindly provided by Dr. Steven Mizel,
Wake Forest University School of Medicine, NC, USA. The following reagents were
obtained through BEI Resources, NIAID, NIH: Polyclonal Anti-Yersinia pestis V-Antigen
(LcrV) (antiserum, Goat), NR-31022 and Polyclonal Anti-Yersinia pestis F1-Antigen
(antiserum, Goat), NR-31024. This study was funded by NIAID DMID, Contract number
HHSN272201300021I.

AUTHOR CONTRIBUTIONS
G.A. designed the study with input from S.F. and J.B.G.; F.H. conducted the
experiments. Data analysis was done by J.B.G., C.G. and W.H. with input from G.A. All
authors participated in the preparation of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41541-020-0156-y.

Correspondence and requests for materials should be addressed to G.A.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

F. Hamzabegovic et al.

9

Published in partnership with the Sealy Center for Vaccine Development npj Vaccines (2020)     6 

https://doi.org/10.1038/s41541-020-0156-y
https://doi.org/10.1038/s41541-020-0156-y
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the

article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

F. Hamzabegovic et al.

10

npj Vaccines (2020)     6 Published in partnership with the Sealy Center for Vaccine Development

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Flagellin adjuvanted F1/V subunit plague vaccine induces T�cell and functional antibody responses with unique gene�signatures
	Introduction
	Results
	Antibody responses induced by F1/V vaccine prevent macrophage lytic effects of a recombinant Yptb
	Macrophage protection from lysis correlated with anti-V ELISA antibody titer
	F1/V subunit vaccine induced significant CD4 T-cell and IFN-&#x003B3; cytokine responses
	Vaccination with subunit F1/V vaccine elicited unique gene expression signatures that were primarily downregulated from pre-vaccination
	Differential gene expression signatures were enriched in regulatory, signaling, and bacterial infection-related immune system processes
	Regulatory gene expression signatures were correlated with vaccine-induced macrophage-protective antibody responses
	Transcriptomics results were correlated with vaccine-induced T-cell and cytokine responses

	Discussion
	Methods
	Study design and samples
	Identify macrophage-protective function of antibody responses
	Assay to measure vaccine-induced T-cell responses
	Assay to measure cytokine concentrations in supernatants
	RNA sequencing and data processing
	Statistical analysis
	Macrophage-protective antibodies, proliferating and cytokine-producing T-cell analysis
	RNA-seq analyses
	Ethics statement

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




