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Abstract

A growing body of evidence has shown that resident memory T (TRM) cells formed in tissue 

following mucosal infection or vaccination are crucial for counteracting reinfection by pathogens. 

However, whether lung TRM cells activated by oral immunization with Yptb1(pYA5199) play a 

protective role against pneumonic plague remains unclear. In this study, we demonstrated that 

lung CD4+ and CD8+ TRM cells significantly accumulated in the lungs of orally Yptb1(pYA5199)-

vaccinated mice, and dramatically expanded with elevated IL-17A, IFN-γ, and/or TNF-α 
production following pulmonary Yersinia pestis infection and afforded significant protection. 

Short-term or long-term treatment of immunized mice with FTY720 did not affect lung TRM cell 

formation and expansion, or protection against pneumonic plague. Moreover, the intratracheal 

transfer of both lung CD4+ and CD8+ TRM cells conferred comprehensive protection against 

pneumonic plague in naïve recipient mice. Lung TRM cell-mediated protection was dramatically 

abolished by the neutralization of both IFN-γ and IL-17A. Our findings reveal that lung TRM cells 

can be activated via oral Yptb1(pYA5199) vaccination and that IL-17A and IFN-γ production play 

an essential role in adaptive immunity against pulmonary Y. pestis infection. This study highlights 

an important new target for developing an effective pneumonic plague vaccine.
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Introduction

Pneumonic plague, caused by pulmonary Yersinia pestis infection, is a rapidly progressing 

disease with ~60% mortality with prompt treatment and almost 100% mortality if treatment 

is delayed beyond 24 hours (1, 2). Due to the high fatality rate, the potential use of plague 

as a biological weapon is of great concern (3). In recent decades, only a few thousand 

cases have been reported annually around the world, leading to the disregard of past great 

devastation caused by the plague in human history (4). However, changes in the climate 

and environment, host and vector species, and human territory have recently been connected 

with several large regional plague outbreaks (2). Moreover, the emergence of multidrug-

resistant Y. pestis is another cause for increasing concern regarding this deadly agent (4). 

Therefore, developing a vaccine capable of preventing a repeat of historical tragedies or 

providing effective protection against potential terroristic attacks is imperative. However, 

there is no licensed plague vaccine recommended by the WHO (5). Additionally, current 

challenges highlight the need for a better understanding of protective immune mechanisms 

to develop new vaccines that provide comprehensive protection.

Recently, the dogma of memory T cells included the subdivision of these cells into three 

subsets: (1) central memory T (TCM) cells marked with CD62L+ that can circulate to 

secondary lymphoid organs, where they can differentiate into effector T cells in response to 

antigen stimulation; (2) effector memory T (TEM) cells marked with CD62L− CD44+ that 

can migrate to inflamed peripheral nonlymphoid tissues (NLTs), such as the skin, gut, and 

lungs, and display immediate effector function (6, 7); and (3) a newly discovered T-cell 

subset, tissue-resident memory T (TRM) cells marked with CD69+ and/or CD103+ (αEβ7 

integrin) that can reside in peripheral tissues but lose the ability to recirculate (8). An 

increasing number of studies have demonstrated that lung CD4+ and/or CD8+ TRM cells 

activated by mucosal vaccination can mediate protection against bacterial/viral infection at 

lung mucosal sites (9-12).

Previous studies have demonstrated that protection against pulmonary Y. pestis infection 

mainly requires CD4+ and/or CD8+ T cells, which are characterized by the production of 

IFN-γ, TNF-α, and IL-17A (13-15). In our previous study, oral vaccination with the live 

attenuated Y. pseudotuberculosis (Yptb) strain χ10069(pYA5199), which was engineered 

with Δasd ΔyopK ΔyopJ triple mutations and used to deliver the Y. pestis fusion protein 

YopENt138-LcrV, activated Y. pestis-specific lung CD4+ and CD8+ T cells producing high 

levels of IFN-γ, TNF-α, and IL-17A in immunized mice, which provided significant 

protection against pulmonary Y. pestis infection (16). However, whether the defined T-cell 

subclass, such as lung TRM cells, can be elicited by oral vaccination with an attenuated 

Yptb strain and confer protection against pneumonic plague has not been appreciated. In 

this study, we used a newly constructed Yptb strain, Yptb1(pYA5199), incorporating the Y. 
pestis caf1 operon encoding the F1 antigen as an oral vaccine to evaluate the roles of lung 

TRM cells in protection against pneumonic plague in outbred Swiss Webster mice.
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Materials and Methods

Bacterial strains and plasmids.

The Y. pseudotuberculosis Yptb1(pYA5199) strains used in this study (17) were grown in 

Luria Bertani (LB) broth or LB agar plates at 28 °C. Virulent Y. pestis KIM6+(pCD1Ap), 

referred to as Y. pestis, was used for challenge studies as previously reported (18). Y. pestis 
were grown in heart infusion broth (HIB) or on HIB plus Congo red agar plates at 28 °C 

(19). HIB-Congo red agar plates were used to confirm the pigmentation (Pgm+) phenotype 

of the Y. pestis pathogenic strain (20).

Animal study.

All animal procedures were approved by the Institutional Animal Care and Use Committee 

(ACUP# 20-01001) at Albany Medical College. Male and female outbred Swiss Webster 

mice aged 6-8 weeks were procured from Charles River and acclimatized for one week 

before experiments. For animal immunization, an overnight Yptb1(pYA5199) culture was 

freshly inoculated in LB broth and incubated at 28 °C with constant agitation (180 rpm) 

until reaching the exponential growth phase (OD600 nm = 0.8). Exponentially growing 

bacterial cells were collected by centrifugation and diluted to the appropriate concentration 

using sterile 1× phosphate-buffered saline (PBS, pH 7.4). Mice deprived of food and water 

for 6 h were orally administered a single dose of 5×108 CFU (colony-forming units) of 

Yptb1(pYA5199) in a 200 μl bacterial suspension. Control mice were given an equal volume 

of sterile PBS. For the pneumonic challenge, mice anesthetized with a ketamine/xylazine 

mixed solution were infected via the intranasal (i.n.) route with 1~5 × 103 CFU (10~50 

LD50) of Y. pestis resuspended in 40 μl of sterile PBS. Animal morbidity and mortality were 

recorded daily for 15 days. The bacterial burden in different organs of infected mice was 

determined as described previously (16).

Collection of serum, bronchoalveolar lavage (BAL), and tissue homogenates.

Serum, BAL, and tissue homogenates were collected from mice as described previously 

(16). The collected cell-free BAL fluid and tissue homogenates were stored at −20 °C until 

further analysis.

Antibody responses.

Antigen-specific serum IgG, its isotype, or BAL-secreted IgA antibody titers were measured 

by enzyme-linked immunosorbent assay (ELISA). The antigen-specific [Y. pestis cell lysate 

(YPL), recombinant LcrV (rLcrV), or rF1] antibody titers and isotype profiling were 

performed as described previously (16).

Western blot analysis.

The Western blot analysis of Y. pseudotuberculosis PB1+ and vaccine strain 

Yptb1(pYA5199) was performed as described previously (16). An LcrV-specific polyclonal 

antibody was used to analyze both LcrV and YopENt138-LcrV fusion protein synthesis as 

well as secretion (21), whereas, an anti-F1 monoclonal antibody (Santa Cruz Biotechnology, 

CA) was used to detect F1 synthesis.

Singh et al. Page 3

J Immunol. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Antibody transfer, T-cell depletion, and cytokine neutralization.

Eight-week-old naïve Swiss Webster mice were intraperitoneally (i.p.) injected with 50, 

100, 250, or 500 μl of serum collected from immunized mice at 28 days post-vaccination 

(dpv). Naïve mice that received 500 μl of serum from unimmunized mice (sham mice) were 

considered controls. At 24 h post-administration, mice were i.n. challenged with a 10 LD50 

lethal dose of Y. pestis.

All monoclonal antibodies (mAbs) were supplied by Bio X Cell (West Lebanon, NH). T 

cells were depleted by i.p. injection with 500 μg of anti-mouse CD4 (clone GK1.5) and/or 

CD8 (clone 2.43) mAbs initiated 1 day before infection and every other day thereafter. 

For the localized neutralization of lung CD4+ and/or CD8+ T cells, 200 μg of anti-CD4 

(clone GK1.5) and/or anti-CD8 (clone 2.43) mAbs were i.n. injected in 50 μl per mouse. 

Control mice received an equal quantity of isotype-matched rat IgG2b mAb (clone LTF-2). 

Cytokines were neutralized by i.p. administration of 200 μg of rat IgG1 mAb specific for 

IFN-γ (clone XMG1.2) and/or 200 μg of mAb specific for IL-17A (clone 17F3) to each 

mouse. Control mice received 200 μg of isotype-matched rat IgG1 mAb (clone HRPN).

FTY720 treatment.

To block circulating T cells, mice were fed FTY720 (Santa Cruz Biotechnology, TX, USA) 

in drinking water at a dose of 0.3 mg/kg/day (9, 22) for 10 days before experiments and 

maintained until the termination of experiments. Mice provided regular drinking water 

served as controls.

Isolation of lung cells, T-cell sorting, and adoptive transfer.

The lungs from euthanized mice were perfused with 50 ml of sterile PBS by heart aortic 

injection twice, removed aseptically, and then chopped and digested with a Liberase™ TL 

(1 mg/ml; Roche) and DNase I (10 mg/ml; Sigma) cocktail for 30 min at 37 °C with gentle 

agitation. Then, the digested lungs were dissociated using 70-μm strainers to obtain single 

cells, followed by red blood cell (RBC) lysis. Lung TRM cells were differentiated from 

circulating T cells by intravenous (i.v.) administration with 5 μg of FITC-conjugated anti-

CD45.2 mAbs diluted in 200 μl of sterile PBS via the tail vein. Five minutes post-injection, 

the mice were euthanized, and lung single cells were isolated as described previously (23).

Lung CD4+ and/or CD8+ T cells were purified using T-cell isolation kits (MojoSort 

Nanobeads, BioLegend) according to the manufacturer’s protocol. At 24 h post-irradiation 

(5 Gray), naïve mice were intravenously injected with 2× 106 cells/mouse via the tail vein. 

Naïve mice that received an equal number of lung T cells from sham mice were considered 

controls. FACS sorting was performed using a FACSAria II (BD) three-laser sorter. To sort 

lung TRM and circulating T cells, lung single cells were isolated from immunized and sham 

mice with i.v. injection of FITC-conjugated anti-CD45.2 mAbs as described above. Lung 

CD4+ and/or CD8+ T cells were purified using T-cell isolation kits (MojoSort Nanobeads, 

BioLegend) according to the manufacturer’s protocol. Purified lung T cells from five mice 

of the same group were pooled into each sample, and CD45+ and CD45− T cells were 

further separated by FACS sorting. Then, sorted lung TRM and circulating T cells (2 × 

105) in 50 μL of sterile PBS were injected individually into irradiated naïve mice by 
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the intratracheal route. On Day 1 post-cell transfer, the recipient mice were intranasally 

challenged with 10 LD50 of Y. pestis. Animal survival was recorded for 15 days (16).

Analysis of in vitro and in vivo T-cell or TRM activation.

To determine in vitro activation, lung single cells (2×106) were seeded in 12-well cell culture 

plates and stimulated for 72 h with 20 μg/ml of YPL, purified endotoxin-free LcrV or F1. 

Two hours before collection, culture media were supplemented with a 1× brefeldin-A and 

monensin cocktail (1:1 ratio) to block Golgi-mediated cytokine secretion. To determine in 
vivo activation, lung cells (2×106) isolated from pulmonary Y. pestis-infected mice were 

induced by 50 ng/mL phorbol myristate acetate (PMA) and 1 μg/mL ionomycin for 1 

h and then treated with the 1× brefeldin-A and monensin cocktail for another 2 h (24). 

Each T-cell culture was routinely performed in triplicate. Induced cells were harvested and 

resuspended in Flow Cytometry Staining (FACS) buffer containing Fc block (anti-mouse 

CD16/32 antibodies) (1:200) for 10 min on ice. T cells and their cytokine production were 

analyzed using FACS.

To examine whether lung resident (CD45−) cells are responsive to the specific Y. pestis 
antigen, the CD45− CD4+ or CD45− CD8+ cells sorted out from lungs of Yptb1(pYA5199) 

immunized and sham mice were induced with LcrV-pulsed lung dendritic cells for 48 h. Two 

hours before the collection of cells, culture media were supplemented with a 1× brefeldin-A 

and monensin cocktail (1:1 ratio). In vitro stimulated lung CD4+ or CD8+ TRM cells were 

FACS analyzed by following staining and acquisition procedures consistent with T cells.

Flow cytometry.

All cells were stained with dead/live Zombie-Red following labeling with the appropriate 

antibodies in FACS buffer. T lymphocytes were stained for CD3, PECy7 or APCCy7 (clone 

145-2C11), CD4, PE (clone GK1.5), CD8, APC (clone 53-6.7), CD44, BV650 (clone IM7), 

CD69, PerCPCy5.5 (clone H1.2F3), CD103, PECy7 (clone 2E7), and CD62L, HV510 

(clone MEL-14) depending on the experiment, followed by fixation and permeabilization 

by using BD Biosciences Perm-Fix Solution. To detect cytokines, permeabilized cells 

were stained for IFN-γ, BV785 (clone XMG1.2), TNF-α, BV510 (clone MP6-XT22), 

and IL-17A, APCCy7 (clone TC11-18H10.1) for 1 h on ice. Myeloid cells from the lung 

single-cell and BAL isolations were stained with dead/live (Zombie-Red) and for surface 

CD45, FITC (clone QA17A26), CD11b, BV510 (clone M1/70), CD11c, APCCy7 (clone 

N418), Ly6G, PECy7 (clone IA8), F4/80, Pacific Blue (clone BM8), and Siglec-F, APC 

(clone S17007L). Fluorescently labeled antibodies were purchased from BD Biosciences 

and BioLegend. Flow cytometry was performed using a BD FACSymphony™ A3 (BD 

Biosciences) with FACS Diva software and analyzed using FlowJo v10.8.

Statistical analysis.

All statistical calculations were performed using GraphPad Prism 9.0. Statistical analysis 

between the two groups was performed by using an unpaired t-test and a two-tailed Mann–

Whitney U test. Tests among multiple groups were performed using one-way or two-way 

ANOVA with Tukey’s test for multiple comparisons. Survival curves were evaluated by the 

log-rank Mantel-Cox test, and weight loss data were analyzed by using a two-tailed Mann–
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Whitney U test. Data are presented as the mean value ± standard deviation with significance 

indicated by ns, no significance, * p< 0.05; **, p< 0.01; ***, p<0.001; or ****, p< 0.0001.

Results

Oral Yptb1(pYA5199) vaccination confers substantial protection against pulmonary Y. 
pestis challenge.

The plague vaccine candidate, Yptb1(pYA5199), simultaneously delivered the Y. pestis 
protective antigens LcrV and F1 (Fig. S1A). A single-dose oral administration of 5×108 

CFU of Yptb1(pYA5199) afforded 83% protection against pulmonary infection via i.n. 

challenge with 5×103 CFU (50 LD50) of Y. pestis. All sham mice succumbed within 4 days 

after the same challenge (Fig. 1A). The Y. pestis titers in the lung, spleen, and liver of 

Yptb1(pYA5199)-immunized mice were substantially lower at 2 days post-infection (dpi) 

than those of sham mice (Fig. 1B). No Y. pestis was recovered from those organs at 4 dpi in 

the Yptb1(pYA5199)-immunized mice (data not shown).

Single-dose oral Yptb1(pYA5199) vaccination induced the production of high serum IgG 

titers to YPL on day 14, with a substantial increase on day 28. Both the IgG2a/IgG1 and 

IgG2b/IgG1 ratios were close to 1, indicating the induction of balanced Th1/Th2 responses 

(Fig. 1C). Yptb1(pYA5199) vaccination also primed strong LcrV- and F1-specific antibody 

titers with balanced isotype profiles (Fig. S1B). Lung CD4+/CD8+ T cells in vitro stimulated 

with either YPL, LcrV, or F1 for 72h were determined by flow-cytometric analysis (Fig. 

1D and S1C). Results showed that the number of both lung CD4+ and CD8+ T cells from 

Yptb1(pYA5199)-immunized mice was substantially higher than that from sham mice after 

YPL (Fig. 1E), LcrV, or F1 stimulation (Fig. S1D), respectively. Moreover, corresponding 

lung CD4+ or CD8+ T cells from Yptb1(pYA5199)-immunized mice generated higher IFN-

γ, IL-17A, or TNF-α levels than those from sham mice (Fig. 1F) after YPL stimulation.

To further determine whether the protection against pneumonic plague was mediated by 

antibodies or T cells, immune sera collected from Yptb1(pYA5199)-vaccinated mice were 

adoptively transferred to naïve mice. Intraperitoneal (i.p.) injection with 500 μl of sera 

from immunized mice provided partial protection against pulmonary infection with 10 

LD50 of Y. pestis, whereas administration with fewer volumes of the same sera or 500 

μl of sera from sham mice failed to offer effective protection (Fig. 1G). The titers of 

serum anti-YPL antibodies were stable and persistent in surviving recipient mice (Fig. 

S1E). The i.v. injection of either lung CD4+ or CD8+ T cells provided minimal protection 

(10-20% survival) for the recipient mice against infection with 10 LD50 of Y. pestis, 

whereas transfer of both lung CD4+ and CD8+ T cells offered 80% protection against 

the same challenge (Fig. 1H). Naïve mice that received both spleen CD4+ and CD8+ T 

cells from Yptb1(pYA5199)-immunized mice also exhibited 60% survival, whereas naïve 

mice that received lung or spleen T cells from sham mice failed to survive the same 

challenge (Figs. 1H and S1F). Moreover, depletion of either CD4+ or CD8+ T cells 

in Yptb1(pYA5199)-immunized mice moderately diminished protection (anti-CD4+, 55% 

survival and anti-CD8+, 60% survival) against pulmonary infection with 50 LD50 of Y. 
pestis, while depletion of both CD4+ and CD8+ T cells significantly reduced protection 

(33% survival) compared to the administration of isotype control antibodies (Figs. 1I and 
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S1G). Collectively, our data signified that lung CD4+ and CD8+ T cells elicited by oral 

Yptb1(pYA5199) vaccination played a dominant role in controlling pulmonary Y. pestis 
infection and that primed Y. pestis- and its antigen-specific antibodies partially conferred 

dose-dependent protection.

Lung-resident T (TRM) cells established by oral Yptb1(pYA5199) vaccination are highly 
activated upon pulmonary Y. pestis infection.

Experienced lung TRM cells after infection or immunization can rapidly respond to 

homologous and heterologous infections and facilitate pathogen clearance in the lung 

mucosal site (9, 10, 25). Therefore, we sought to determine the composition of lung-

infiltrating memory T cells in Yptb1(pYA5199)-vaccinated mice. To do so, FITC-conjugated 

mouse anti-CD45.2 antibodies were intravenously injected to label circulating lymphocytes 

but not tissue-bound lymphocytes as described previously (23) (9, 26). Memory T cells, 

such as TCM (CD44lo CD62Lhi CD69lo), TEM (CD44hi CD62Llo/− CD69lo), or TRM (CD44hi 

CD62Llo CD69hi CD103+/−) cells, can be differentiated based on CD44, CD62L, CD69, 

and/or CD103 surface markers (9, 23), as gated in Fig. S2A. At 42 dpv, the absolute 

number of lung CD4+ and CD8+ TRM cells gated with CD45− CD44+ CD62L− CD69+ 

markers in Yptb1(pYA5199)-immunized mice increased approximately 25-fold compared 

to that in sham mice upon in vitro stimulation by PMA and ionomycin. The number 

of CD4+ TRM cells producing IFN-γ, TNF-α, and/or IL-17A was substantially higher 

than that in sham mice (Figs. 2A, and S2B). Moreover, ~8-10% of lung CD4+ TRM cells 

from Yptb1(pYA5199)-immunized mice were either IL-17A+ IFN-γ+ or IL-17A+ TNF-α+ 

double-positive cells, whereas the percentage of those respective cells in sham mice was 

negligible (Fig. 2A). Similarly, the number of lung CD8+ TRM cells producing IFN-γ, TNF-

α, and/or IL-17A were substantially higher (6-15 folds) in Yptb1(pYA5199)-immunized 

mice than that in sham mice (Fig. 2A and S2B). The number of IL-17A+ IFN-γ+ but not 

IL-17A+ TNF-α+ double-positive CD8+ TRM cells from Yptb1(pYA5199)-immunized mice 

was substantially higher than that from sham mice, but the number of both double-positive 

CD8+ TRM cells was relatively low in comparison to the respective number of lung CD4+ 

TRM cells (Fig. 2A).

Next, we investigated the activation of lung TRM cells during pulmonary Y. pestis infection. 

At 2 dpi, lung CD4+ TRM cells and those cells producing IL-17A, IFN-γ, or TNF-α 
in Yptb1(pYA5199)-immunized mice showed 3-4-fold increases in counts compared to 

those in Yptb1(pYA5199)-immunized mice without infection, respectively (Figs. 2A&2B 

and S2B&S2C). The numbers of the respective lung CD4+ TRM cells in post-infected 

sham mice showed a 2-3 fold increase in comparison to those in pre-infected sham 

mice but were substantially lower than those in Yptb1(pYA5199)-immunized mice at 2 

dpi (Figs. 2A&B and S2B&S2C). Additionally, a substantial proportion of (40-60%) the 

CD4+ TRM cells (CD44+ CD69+) produced IL-17A after infection (Fig. 2B). Among 

IL-17A+ CD4+ TRM cells, ~55% of the cells coproduced IFN-γ or TNF-α. In addition, 

the counts of lung CD8+ TRM cells and those cells producing either IFN-γ or TNF-α 
in post-infected Yptb1(pYA5199)-immunized mice were increased 2-4-fold compared to 

those in pre-infected Yptb1(pYA5199)-immunized mice (Figs. 2A&B and S2B&S2C). In 

contrast to the number of CD4+ TRM cells, the number of IL-17A+ CD8+ TRM cells in 
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Yptb1(pYA5199)-immunized mice at 2 dpi producing either IFN-γ or TNF-α was slightly 

higher than that in sham mice, but the difference was not significant (Fig. 2B).

CD103, as a cell marker, is usually considered to be expressed by certain subsets of 

CD8+ TRM cells and not significantly by CD4+ TRM cells (8, 27). However, we found 

that approximately 8-9% of CD45− lung CD4 and CD8 TRM cells in Yptb1(pYA5199)-

immunized mice retained the CD103+ marker, and the number of lung CD103+ CD4+ 

TRM cells in immunized mice was ~35-fold higher than that in sham mice (Fig. S2D). 

The number of lung CD103+ CD8+ TRM cells in Yptb1(pYA5199)-immunized mice was 

12-fold higher than that in sham mice (Fig. S2D). Next, we examined lung CD4+ and CD8+ 

TRM cells expressing CD103+ during Y. pestis infection. At 2 dpi, a 4-fold increase in 

the number of lung CD4+ TRM cells expressing CD103+ was observed in comparison to 

that in pre-infected Yptb1(pYA5199)-immunized mice, while no substantial increase in the 

number of lung CD8+ CD103+ TRM cells (Fig. S2D and E). Furthermore, kinetic analysis 

of lung CD69+ CD4+ and CD69+ CD8+ TRM cells was performed from 1 to 6 dpi. The 

number of lung CD4+ TRM cells progressively increased from 1 to 4 dpi and reached a 

plateau at 6 dpi (Fig. 2C). However, the number of lung CD8+ TRM cells continued to 

increase from 1 to 2 dpi and remained constant from 2 to 6 dpi (Fig. 2C). Overall, both 

different subsets of CD4+ and CD8+ TRM cells were established at the lung mucosal site 

of Yptb1(pYA5199)-immunized mice and substantial increase in the number of both lung 

CD4+ and CD8+ TRM cells post pulmonary Y. pestis infection, suggesting that they might 

have important roles in protection against pneumonic plague.

TRM cells residing in the lungs of Yptb1(pYA5199)-immunized mice offer protection against 
pulmonary Y. pestis infection.

FTY720 treatment blocks the egress of lymphocytes from lymph nodes or secondary 

lymphoid organs to peripheral blood and prevents infiltration of lymphocytes to 

nonlymphoid organs, including the lungs (9, 22). To examine the protective role of lung 

TRM cells, circulating T cells were blocked in mice by oral feeding with FTY720 for 10 

days before infection and during the entire course of infection (Fig. 3A). The populations 

of CD3+, CD4+, and CD8+ T cells in the lungs, spleen, and blood of FTY720-treated 

mice were quantified by flow cytometry. The results showed that T lymphocytes in the 

blood of representative mice were almost completely blocked (Fig. S3A). The FTY720 

treatment led to a 20- and 50-fold reduction in the counts of lung TCM cells (CD62L+) 

of FTY720-treated Yptb1(pYA5199)-immunized mice (termed Yptb1(pYA5199)+FTY720 

mice) compared with those in sham and Yptb1(pYA5199)-immunized mice, respectively, 

but did not significantly reduce the number of CD4+ and CD8+ TCM cells in the spleens 

(Fig. S3B). Additionally, treatment with or without FTY720 did not impair the potent 

humoral and splenic T-cell immune responses in Yptb1(pYA5199)-immunized mice (Figs. 

S3C-D). Before Y. pestis challenge, FTY720 treatment increased the number of lung CD4+ 

TRM cells and those cells producing IFN-γ, TNF-α, and/or IL-17A to different extents 

compared to that with nontreatment of Yptb1(pYA5199)-immunized mice (Figs. 2A, 3B, 

S2B, and S3E). The number of respective cells was further elevated in immunized mice both 

with or without FTY720 treatment post-Y. pestis challenge (Figs. 2B, 3C, S2C, and S3F). 

However, the increased proportions of these respective cells in Yptb1(pYA5199)-immunized 
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mice before and after the challenge were comparable to those in Yptb1(pYA5199)+FTY720 

mice. In addition, the number of lung CD8+ TRM cells and those cells producing IFN-γ, 

TNF-α, and/or IL-17A in Yptb1(pYA5199)+FTY720 mice were comparable to those in 

Yptb1(pYA5199)-immunized mice before or after Y. pestis infection (Figs. 2A-B, 3B-C, 

S2B&C, and S3E-F).

Although Yptb1(pYA5199)+FTY720 mice manifested a significant decrease in the number 

of lung TCM cells (Fig. S3B), those mice still demonstrated the same protection against 

pulmonary challenge with 50 LD50 of Y. pestis (Fig. 3D) and similar Y. pestis burden in 

organs (Fig. 3E) to the Yptb1(pYA5199)-immunized mice (Fig. 1A and B). Additionally, 

we treated mice with FTY720 for 10 days to eliminate circulatory T cells before 

immunization and thereafter for the entire experiment (Fig. 3F). The treated mice were 

designated pre-FTY720-Yptb1(pYA5199) mice. At 42 dpv, the number of lung CD4+ 

and CD8+ TRM cells in pre-FTY720-Yptb1(pYA5199) mice was comparable to that 

in Yptb1(pYA5199)+FTY720 mice (Fig. 3G). In Yptb1(pYA5199)-immunized animals, 

FTY720 pretreatment slightly reduced the protection (60% survival) against pneumonic 

plague challenge, which presented no significant difference in comparison to without 

FTY720 or with FTY720 posttreatment (Fig. 3H).

Furthermore, lung circulating T cells (referred to CD45+) and TRM cells (referred to 

CD45− cells) were sorted from sham and Yptb1(pYA5199)-immunized mice intravenously 

injected with FITC-conjugated anti-CD45.2 mAbs. To check the antigen specificity in 

lung TRM, CD45− cells were in vitro stimulated with the recombinant LcrV protein 

pulsed dendritic cells and were assessed for the expression of IFN-γ, TNF-α, and/or 

IL-17A. Consistent with the pre-infection TRM data obtained from Yptb1(pYA5199) and 

Yptb1(pYA5199)+FTY720 (Figs 2A and 3B, respectively), the number of IL-17A+ CD4+ 

TRM cells in Yptb1(pYA5199)-immunized mice were increased around 45 fold compared 

to sham (Fig S3G). The majority (40-50%) of IL-17A+ CD4+ TRM were coexpressed 

with IFN-γ or TNF-α. However, CD8+ TRM in Yptb1(pYA5199)-immunized mice were 

predominantly expressing IFN-γ or TNF-α (Fig S3G). Naïve mice that intratracheally 

received both sorted CD45− lung CD4+ and CD8+ TRM cells from Yptb1(pYA5199)-

immunized mice exhibited 50% survival upon challenge with 10 LD50 of Y. pestis, while 

mice that received respective lung CD4+ and CD8+ T cells from circulating (CD45+) lineage 

showed very marginal survival (Fig. 3I). Naïve mice that received the individual population 

of lung T cells from immunized mice failed to survive the same challenge (Fig. 3I). All 

naïve mice received intratracheally injection with sham CD45− or CD45+ CD4+ and CD8+ 

together or individually were succumbed to death by 4 dpi against the similar dose of Y. 
pestis challenge (Fig S3H). Our results suggested that local induction of lung CD4+ and 

CD8+ TRM in oral Yptb1(pYA5199)-immunized mice acted as a first line of protection 

against pulmonary Y. pestis infection.

Lung CD4+ and CD8+ TRM cells counteract pulmonary Y. pestis infection.

Furthermore, we locally depleted lung T cells in Yptb(pYA5199)+FTY720 mice by 

intranasally administering anti-CD4,-CD8 mAbs, or both (Fig. 4A) and found that lung 

T-cell populations but not spleen T-cell populations were significantly reduced (S4A). In 
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comparison to the isotype control, the treatments that locally depleted either lung CD4+ 

T cells alone or CD4+ and CD8+ T cells both significantly diminished survival (40% 

survival) of the Yptb1(pYA5199)+FTY720 mice against pulmonary challenge with 10 LD50 

of Y. pestis, whereas lung CD8+ T-cell depletion alone moderately reduced survival (60%) 

(Fig. 4B). At 2 dpi, Y. pestis titers in the lung showed a 2-3 log10-fold increase in the 

Yptb1(pYA5199)+FTY720 mice with local depletion of CD4+ T cells alone or CD4+ and 

CD8+ T cells both and an ~1 log10-fold increase with local depletion of CD8+ T cells 

compared with those with the isotype control (Fig. 4C).

The hallmark of primary pneumonic plague in naïve mice after 48 h of exposure is that the 

BAL fluid and lung manifest highly increased neutrophil counts and dramatically decreased 

alveolar macrophage (AM) counts (1). Therefore, we sought to examine the effect of local 

lung T-cell depletion on neutrophil and AM counts (Fig. S4B) in the lungs and cytokine 

production at 2 dpi. In the lung and BAL fluid, the frequency and number of neutrophils 

(CD11b+ Ly6G+, Fig. S4C) substantially increased in the Yptb1(pYA5199)+FTY720 mice 

locally depleted for both CD4+ and CD8+ T cells and slightly increased in mice depleted 

for either CD4+ or CD8+ T cells compared to those in the isotype-treated mice but 

were still significantly lower than those in Y. pestis-infected sham mice (Figs. 4D&E 

and S4C&D). In contrast, a substantial reduction in the frequency and number of AMs 

(CD11bhi CD11chi F4/80hi Siglec Fhi, Fig. S4B) in the lung and BAL was observed in the 

Yptb1(pYA5199)+FTY720 mice locally depleted for CD4+, CD8+, or both T cells compared 

with those in the isotype-treated mice (Figs. 4D&F and S4C&E). The frequency and number 

of AMs in the BAL fluid and lung of Yptb1(pYA5199)+FTY720 mice depleted for either 

CD4+ or CD8+ T cells were still higher than those of Y. pestis-infected sham mice (Figs. 

4F and S4E). Consistent with previous studies (28, 29), sham mice produced high levels 

of IL-1β in the BAL fluid at 2 dpi, whereas Yptb1(pYA5199)+FTY720 mice treated with 

isotype antibodies had minimal levels of IL-1β in the BAL fluid that were comparable 

to those in the BAL fluid of noninfected naïve mice (Fig. 4G). Levels of IL-1β in the 

BAL fluid were significantly increased in the Yptb1(pYA5199)+FTY720 mice depleted 

for CD4+, CD8+, or both T cells compared to those in the isotype-treated mice but were 

comparable to those in sham mice (Fig. 4G). The patterns in the levels of chemokines such 

as granulocyte colony-stimulating factor (G-CSF) and keratinocyte cell-derived chemokine 

(KC) were similar to those in the levels of IL-1β (Fig. 4G), which were associated with high 

recruitment of lung neutrophils during infection (29). Consistent with the above results, the 

levels of IL-17A in the BAL fluid of Yptb1(pYA5199)+FTY720 mice treated with isotype 

antibodies at 2 dpi were substantially higher than those in mice depleted for CD4+, CD8+, 

or both T cells or in sham mice (Fig. 4G). The low levels of IL-17A in the BAL fluid were 

comparable among Yptb1(pYA5199)+FTY720 mice depleted for CD4+, CD8+, or both T 

cells, sham mice, and naïve mice (Fig. 4G). The patterns of IFN-γ were similar to those of 

IL-17A (Fig. 4G). Thus, our results suggest that lung CD4+ and CD8+ TRM cells primed 

by oral Yptb1(pYA5199) immunization are required to orchestrate other lung immune cells 

during pulmonary Y. pestis infection.
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The synergistic role of IFN-γ and IL-17A promotes protective immunity against pneumonic 
plague.

Previous findings have shown the synergistic role of Th1- and Th17-mediated host 

immune responses against extracellular or intracellular pathogens, including Y. pestis (13, 

14). The elicited Th17 memory cells at the lung mucosal site promote Th1-mediated 

long-term protection against bacterial pathogens (30). Our results revealed that lung 

CD4+ TRM cells from Yptb1(pYA5199)-immunized mice consistently produced significant 

amounts of IL-17A and/or IFN-γ upon restimulation in vitro and in vivo (Figs 2A&B, 

S2B&C, and S3H). Therefore, we further examined the protective and regulatory roles 

of these cytokines against pneumonic plague. In Yptb1(pYA5199)-immunized mice, IFN-

γ neutralization slightly reduced the protective efficacy (70% survival), and IL-17A 

neutralization moderately reduced protection (55% survival) against pulmonary infection 

with 50 LD50 of Y. pestis in comparison to that with the isotype IgG control (80% 

survival), while concurrent neutralization of IL-17A and IFN-γ led to marginal protection 

(15% survival) against the same challenge (Figs. 5A and B). At 2 dpi, the lung Y. pestis 
burden in each group of mice reflected animal survival to a large extent. Y. pestis CFU 

in the lungs of Yptb1(pYA5199)-immunized mice treated with anti-IFN-γ antibodies alone 

were comparable, while those of mice treated with anti-IL-17A antibodies alone were 

significantly increased compared to those of mice treated with the isotype control (Fig. 5C). 

Bacterial CFU in the lungs of Yptb1(pYA5199)-immunized mice that received both anti-

IL-17A and anti-IFN-γ mAbs were comparable to those of sham mice but were significantly 

higher than those of Yptb1(pYA5199)-immunized mice treated with the isotype control, 

anti-IFN-γ, or anti-IL-17A antibodies alone (Fig. 5C).

A previous report showed that IL-17-synthesizing neutrophils coordinating with IFN-γ-

activated macrophages conferred protection against pneumonic plague (31). Thus, we 

examined neutrophils and AMs in the BAL fluid and lungs of IL-17A-, IFN-γ-, or both 

IFN-γ/IL-17A-neutralized mice after Y. pestis infection. At 2 dpi, sham mice displayed a 

high number of neutrophils and a low number of AMs in the lungs and BAL fluid, while 

Yptb1(pYA5199)-immunized mice treated with the isotype IgG displayed a dramatically low 

number of neutrophils but a high number of AMs (Figs. 5D-G), which was consistent with 

previous results (Figs. 4E&F and S4D&E). In comparison to the isotype control, anti-IFN-γ 
treatment alone resulted in a 3-4-fold increase in BAL fluid and lung neutrophil counts but 

a 2.5-4-fold decrease in BAL fluid and lung AM counts, whereas anti-IL-17A treatment 

alone resulted in a 3-4-fold decrease in the number of AMs and a comparable number 

of neutrophils in the lung and BAL fluid samples of immunized mice, respectively (Figs. 

5D-G). Neutralization of both IFN-γ and IL-17A led to a ~4-fold increase in neutrophil 

counts in the BAL fluid and lung and a 5-6-fold reduction in AM counts in the BAL fluid 

and lung compared to those with the isotype control (Figs. 5D, E, F, and G). Additionally, 

compared to the isotype control, neutralization of IL-17A, IFN-γ, or both substantially 

reduced the numbers of lung CD4+ and CD8+ TRM cells to different extents (Figs. 5H and I).

Moreover, cytokines and chemokines in the BAL fluid of the respective mice at 2 dpi 

were analyzed. In comparison to the isotype control in Yptb1(pYA5199)-immunized mice, 

neutralization of IL-17A alone or both IL-17A and IFN-γ led to a 2-3-fold increase in IL-1β 
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production, while neutralization of IFN-γ alone did not. The levels of IL-1β in the BAL 

fluid of immunized mice treated with anti-IFN-γ antibodies were comparable to those of 

sham mice (Fig. 5J). The patterns of IL-1β were similar to those of G-CSF and KC in the 

BAL fluid of the respective mice (Fig. 5J). Compared with those with the isotype control, 

the levels of IL-17A in the BAL fluid were dramatically reduced by anti-IL-17A treatment 

alone or both anti-IL-17A and anti-IFN-γ treatment but not by anti-IFN-γ treatment alone. 

The levels of IFN-γ in the BAL fluid of mice treated with anti-IL-17A or anti-IFN-γ 
antibodies alone or both were comparable to those of sham mice but significantly lower 

than those of isotype IgG-treated mice (Fig. 5J). Compared to those in sham mice at 2 

dpi (Fig. 5K), lung histopathologic signatures in Yptb1(pYA5199)-immunized mice with 

both IL-17A and IFN-γ neutralization displayed severe lung lesions, hemorrhage, reduced 

alveolar lacunar space, and epithelial desquamation, whereas mice treated with either 

anti-IL17 or anti-IFN-γ antibodies showed moderate lung inflammation and hemorrhage. 

The isotype control-treated mice showed normal lung architecture after Y. pestis infection, 

without significant lesions (Fig. 5K). Our results suggest that both IFN-γ and IL-17A play 

pivotal roles in the coordination of lung TRM cells, neutrophils, and AMs during Y. pestis 
infection.

Lung TRM cells confer long-term protection against intranasal Y. pestis infection.

Next, we monitored antibody and T-cell responses in Yptb1(pYA5199)-immunized mice 

with or without FTY720 treatment for 120 dpv and in the course of pulmonary Y. 
pestis challenge (Fig. 6A). A single-dose oral Yptb1(pYA5199) vaccination stimulated the 

production of persistent anti-YPL IgG titers in mice that were maintained until 90 dpv and 

moderately declined at 120 dpv. Continuous treatment with FTY720 from day 20 to day 

120 had no significant impact on serum antibody titers compared to those with non-FTY720 

treatment (Fig. S4F). In addition, long-term FTY720 treatment led to the blockage of 

circulating T-cell infiltration into the lung and reduced lung YPL-specific T-cell counts in 

Yptb1(pYA5199)-immunized mice compared to those with non-FTY720 treatment (Figs. 

S4G-H).

Furthermore, the kinetics of lung CD4+ and CD8+ TRM cells were examined in the course 

of immunization. Consistent with previous studies (30, 32, 33), our results showed that those 

cells in immunized mice both with or without FTY720 treatment were substantially higher 

than those in sham mice, and lung TRM cells maintained significant levels from 30 dpv 

until 120 dpv (Fig. 6B). Similar numbers of lung CD4+ TRM cells were established in the 

lungs of Yptb1(pYA5199)-vaccinated mice with or without FTY720 treatment at different 

time points. However, the number of CD8+ TRM cells in Yptb1(pYA5199)+FTY720 

mice was substantially higher than that in sham mice but significantly less than that 

in Yptb1(pYA5199)-immunized mice at different time points (Fig. 6B). At 2 dpi, both 

Yptb1(pYA5199)-vaccinated mice with or without long-term FTY720 treatment displayed 

rapid proliferation of lung CD4+ and CD8+ TRM cells compared to that of sham mice (Fig. 

6C). The number of lung CD4+ TRM cells in long-term FTY720-treated Yptb1(pYA5199)-

immunized mice slightly increased in comparison to that in Yptb1(pYA5199)-immunized 

mice, but the difference was not significant, while the number of lung CD8+ TRM cells 

in Yptb1(pYA5199)+FTY720 mice was substantially higher than that in Yptb1(pYA5199)-
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immunized mice (Fig. 6C). The number of lung CD4+ TRM cells producing IFN-γ, 

TNF-α, and/or IL-17A was similar in both FTY720-treated and untreated Yptb1(pYA5199)-

immunized mice but was dramatically higher than that in sham mice at 2 dpi (Figs. 6C).

Challenge studies demonstrated that similar protection against pulmonary Y. pestis was 

maintained between 42 and 120 dpv with a single dose of oral Yptb1(pYA5199) (Figs. 1D 

and 6D), and long-term FTY720 treatment slightly decreased protection against the same 

challenge, but the difference was not significant (Fig. 6D). Additionally, Y. pestis CFUs in 

the lungs were comparable in Yptb1(pYA5199)-immunized mice with or without long-term 

FTY720 treatment but were significantly lower than those in unvaccinated mice (Fig. 6E). 

Interestingly, long-term FTY720-treated Yptb1(pYA5199)-immunized mice had relatively 

higher Y. pestis counts in the spleen and liver than Yptb1(pYA5199)-immunized mice (Fig. 

6E), but Y. pestis was cleared from the lung, liver, and spleen of both immunized mice 

at 4 dpi (data not shown). Collectively, these results suggested that oral Yptb1(pYA5199) 

vaccination elicited the production of Y. pestis-specific lung TRM cells that confer long-

lasting protective immunity against pneumonic plague.

Discussion

In general, the induction of both potent humoral and cellular immune responses is 

an ideal strategy to develop effective plague vaccines (14, 34, 35). Y. pestis-specific 

antibodies induced by immunization can offer protection against pneumonic plague in 

certain rodent models (36, 37), but antibody-mediated protection is highly variable, as 

demonstrated in nonhuman primate models (38, 39) and outbred mouse models (40, 41). 

Oral Yptb1(pYA5199) vaccination stimulated both robust Y. pestis-specific antibody and 

T-cell responses in Swiss Webster mice (Fig. 1). Consistent with previous studies (42, 43), T 

cells activated by oral Yptb1(pYA5199) immunization made a major contribution to protect 

against pneumonic plague, and antibodies produced in response to immunization had a 

collaborative role to a certain extent (Fig. 1). Discrepancies in the roles of Y. pestis- or its 

antigen-specific antibodies against pneumonic plague among previous studies (44-46) are 

not well examined yet. We speculate that the type of vaccine, immune components included 

in vaccines, animal genetic variation, immunization routes, and other factors may lead to 

variable pneumonic plague protection mediated by antibody responses.

TRM cells residing in nonlymphoid tissues (NLTs) lack homing molecular CCR7 and 

CD62L to secondary lymphoid organs (SLOs) and increase express of CD69, CXCR3, 

CD49a, and/or CD103 molecular (47, 48). TRM cells have been shown to act as immune 

sentinels via the rapid production of cytokines and chemokines and facilitate counteracting 

the secondary pathogen infection (49, 50). Lung cognate antigen recognition can 

substantially improve the activation of pulmonary TRM cells (9, 32, 51), and vaccines aiming 

to generate lung TRM cells should deliver antigens into the airways. The Yptb1(pYA5199) 

vaccine strain could rapidly disseminate to the lung after oral vaccination and persisted in 

the lung for 2 weeks before complete clearance (Fig. S1D). Therefore, lung TRM cells might 

be directly stimulated and expanded in situ by APCs presenting Yersinia antigens. Studies 

have revealed that TRM cells in NLTs can undergo stimulation and proliferation in response 

to local infection (52-54). Consistent with previous studies (9, 30, 32, 51), our results also 
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demonstrated that lung TRM cells afforded much better defense against Y. pestis infection 

than lung circulating T cells (Fig. 3D and H). Moreover, an intratracheal transfer of 2×105 

CD45− T cells rather CD45+ T cells demonstrated protection against pneumonic plague (Fig. 

3I). Therefore, targeting lung TRM cells with a vaccine would be an effective strategy for 

preventing pneumonic plague. In addition, we demonstrated that spleen T cells primed 

by oral Yptb1(pYA5199) immunization played an important role in protection against 

pneumonic plague (Fig. S1F), which was consistent with previous studies that documented 

Y. pestis-specific memory T cells in the spleen of mice immunized with different Y. pestis 
vaccines (55, 56). The spleen, as an SLO, has generally been considered a transit site 

for TCM and TEM cells, but recent studies have demonstrated that small numbers of TRM 

cells can also be established after exposure to antigen(s) or pathogen(s) (57-60). Thus, 

a small portion of spleen TRM cells from Yptb1(pYA5199)-vaccinated mice transferred 

by the i.v. route may reside in lung NLTs of naïve mice and provide some protection 

against pneumonic plague. However, whether the similar protection can be achieved by an 

intratracheal transfer of the same number of antigen-specific T cells from the blood or spleen 

is unknown.

Currently, upregulated expression of adhesion molecules, including CD69, CD103, and 

others, is frequently used to distinguish memory T cells in tissues (TRM) from circulating 

T cells (48). Among them, CD103 has been considered to be primarily expressed on CD8+ 

TRM cells but barely on CD4+ TRM cells (50). Recent studies are challenging this paradigm 

and have revealed that CD103+ CD4+ TRM cells isolated from human and mouse lungs may 

have a potential role in protection against a secondary challenge (9, 61-63). Our study also 

showed that CD103+ CD4+ TRM cells were elicited in the lungs of orally Yptb1(pYA5199)-

vaccinated mice (Fig. S2D) and 4-5 fold increase in number after Y. pestis challenge (Fig. 

S2E). However, the precise role of CD103+ CD4+ TRM cells in Yptb1(pYA5199)-vaccinated 

mice needs to be further examined.

Interferon-gamma (IFN-γ) is secreted largely by activated lymphocytes, such as CD4+ 

T helper type 1 (Th1) cells, CD8+ T cells, and natural killer (NK) cells (64), and is 

crucial for activating macrophages and preventing pathogenic neutrophil accumulation in the 

infected lung (65). Macrophage activation by IFN-γ could significantly mitigate Y. pestis 
infection by preventing the excessive accumulation of neutrophils (31). IL-17A, a signature 

effector cytokine of Th17 cells, induces the production of proinflammatory cytokines, 

chemokines, and antimicrobial peptides by multiple cell types in the airway and orchestrates 

the recruitment of neutrophils and macrophages into the airways to mount successful 

host defense against pathogens (66). After pulmonary Y. pestis infection, activated lung 

TRM cells producing higher amounts of IL-17A, IFN-γ, and/or TNF-α in Yptb1(pYA5199)-

vaccinated mice treated both with and without FTY720 displayed combined Th1 and Th17 

immune responses and provided substantial short-term and long-term protection against 

lethal challenge (Figs. 2, 3, and 6). In particular, we noticed that lung CD4+ TRM cells 

produced a large amount of IL-17A pre- and post-infection. Neutralization of both IFN-γ 
and IL-17A not only significantly decreased lung CD4+ and CD8+ TRM cell counts but 

also led to the imbalanced composition of neutrophils and AMs in the BAL fluid of 

Yptb1(pYA5199)-vaccinated mice and the production of an excessive amount of IL-1β, 

KC and G-CSF (Fig. 5D-G), which caused severe lung damage (Fig. 5K) and impaired 
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lung immune functions (Fig. 5). The similar results were observed for the depletion of 

both lung CD4+ and CD8+ T cells in Yptb1(pYA5199)-vaccinated mice (Fig. 4 E-G). Our 

study reinforces the dominant role of lung resident T cells and their corresponding cytokines 

(IFN-γ and IL-17A) against pulmonary Y. pestis infection, which has been documented 

in other bacterial infections (30, 67-69), and suggests that IFN-γ and IL-17A may have 

synergistic regulatory roles to orchestrate the crosstalk between lung TRM cells and lung 

neutrophils/alveolar macrophages during pulmonary Y. pestis infection.

In this study, both lung CD4+ and CD8+ T cells were required to confer maximal 

protection by depletion and adoptive transfer of respective cells (Figs. 1H&I, 3I, and 

4B). Among them, lung CD4+ TRM cells provided the main source of IL-17A along 

with IFN-γ and TNF-α production, while lung CD8+ TRM cells produced more IFN-γ 
and TNF-α than IL-17A (Figs. 2A&B and 3B&C). However, the defined function of 

lung CD8+ TRM cells in the protection is unclear thus far. Szaba et al reported that TNF-

α and IFN-γ were critical and demonstrated complementary roles in YopE69-77-specific 

CD8+ T cell-mediated protection against pneumonic plague (56). A conclusion they drew 

was that cytokine production, not cytotoxicity, was essential for CD8+ T cell-mediated 

control of pneumonic plague (56). Our unpublished data also showed that the TNF-α 
neutralization in Yptb1(pYA5199)-vaccinated mice significantly diminished the protection 

against pneumonic plague (data not shown). Based on the above information, we speculate 

that one of the functions of lung CD8+ TRM cells in Yptb1(pYA5199)-immunized mice 

may provide an additional source of IFN-γ and TNF-α to promote protection. The defined 

mechanisms will be investigated further.

In the long-term study, we observed that the number of lung CD8+ TRM cells in 

Yptb1(pYA5199)+FTY720 mice was substantially higher than that in Yptb1(pYA5199)-

immunized mice after Y. pestis challenge, while the numbers of lung CD4+ TRM cells in 

the respective mice were comparable (Fig. 6C). Overall, the identification of lung TRM cells 

activated by oral Yptb1(pYA5199) vaccination and their robust and long-term protective 

capacities against pulmonary Y. pestis infections will provide insight into a new strategy for 

developing an effective pneumonic plague vaccine.
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Key points:

1. Oral Yptb1(pYA5199) vaccination developed lung resident memory T cells 

(TRM)

2. Lung TRM expressed IFN-γ and IL-17A played a vital role against 

pneumonic plague.

3. Oral Yptb1(pYA5199) vaccination developed long-lived immunity in the 

lung.
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Figure 1. Oral immunization with the Yptb1(pYA5199) vaccine confers T cell-mediated 
comprehensive protection against pneumonic Y. pestis infection.
(A) On the 42nd day after immunization, mice (n=15, mixed males and females) were 

intranasally challenged with 5 × 103 CFU (50 LD50) of Y. pestis KIM6+(pCD1Ap). Survival 

was recorded for 14 dpi. (B) The bacterial burden in the lung, spleen, and liver at 2 dpi. 

(C) Antibody responses. Serum anti-YPL antibody titers in immunized mice at 14 and 28 

dpv [left]; the ratios of IgG2a/IgG1 and IgG2b/IgG1 to YPL [right]. (D) Representative 

flow plots showing the frequency of lung CD4+ and CD8+ T cells and the respective cells 

producing IFN-γ, TNF-α, or IL-17A in mice (n=6 females). (E) At dpv 42, lung single 

cells obtained from Yptb1(pYA5199) and sham mice were in vitro stimulated for 72 h with 

YPL. The absolute number of lung CD4+ and CD8+ T cells and (F) lung T cells expressing 

IFN-γ, TNF-α, or IL-17A were determined by Flow cytometer. (G) Serum transfer. Naïve 

mice (n=10, females) were i.p. injected with different volumes of serum collected from 

sham and Yptb1(pYA5199)-immunized mice at 42 dpv. Twenty-four hours post-injection, 

recipient mice were intranasally challenged with 10 LD50 of Y. pestis. (H) Lung T-cell 

transfer. Naïve mice treated with a single dose of irradiation (5 Gy) were intravenously 

administered CD4+ and/or CD8+ T cells (2 × 106 cells/mouse) isolated from sham or 

Yptb1(pYA5199)-immunized mice at 42 dpv. At 24 h post-administration, mice (n=10, 

females) were intranasally infected with 10 LD50 of Y. pestis, and survival was monitored 
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for 14 days. (I) T-cell depletion. Mice (n=10, females) were depleted of CD4+ and/or CD8+ 

T cells by i.p. administration of anti-CD4, anti-CD8, or anti-CD4 plus anti-CD8 monoclonal 

antibodies (500 μg/each mouse in 200 μl) and then intranasally challenged with 50 LD50 of 

Y. pestis. Each symbol in the individual bar graph represents a data point obtained from an 

individual mouse. Each experiment was performed two times with identical conditions. Data 

obtained from experiments were pooled and analyzed and are presented as the mean ± SD. 

The statistical analysis is described in the Materials and Methods.
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Figure 2. Lung CD4+ and CD8+ TRM cells are activated by oral Yptb1(pYA5199) immunization 
and expand after pulmonary Y. pestis infection.
Mice were intravenously injected via the tail vein with 5 μg of FITC-conjugated anti-

CD45.2 mAbs diluted in 200 μl of sterile PBS to distinguish lung TRM cells from circulating 

T cells. Five minutes post-injection, mice were euthanized to isolate lung single cells 

(n=5 females). Lung cells isolated from Yptb1(pYA5199)-immunized and sham mice were 

in vitro stimulation with PMA+ ionomycin. (A) Representative flow plots of lung CD4+ 

and CD8+ TRM cells producing IFN-γ, TNF-α, and/or IL-17A in immunized and sham 

mice at 42 dpv. Lung TRM cells were gated based on CD45− (i.v. injection), CD4+/CD8+, 

CD44+, and CD69+, as well as intracellular cytokines (IFN-γ+, TNF-α+, and IL-17A+), 

in the flow cytometry protocol [top]. Quantitative analysis of the number of lung CD4+ 

or CD8+ TRM cells and corresponding cells producing IFN-γ, TNF-α, and/or IL-17A 

[bottom]. (B) Representative flow plots of lung CD4+ and CD8+ TRM cells in mice at 

2 dpi [top]. Quantitative analysis of the number of lung CD4+ or CD8+ TRM cells and 

corresponding cells producing IFN-γ, TNF-α, and/or IL-17A (bottom) (n=10 females). (C) 

Kinetic analysis of lung CD4+ and CD8+ TRM cells after pulmonary Y. pestis infection 

(n=10 females). Data obtained from a minimum of two experiments are presented as the 

mean ± SD. The statistical analysis is described in the Materials and Methods.
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Figure 3. CD4+ and CD8+ TRM cells established in the lungs of FTY720-treated 
Yptb1(pYA5199)-immunized mice offer protection against pulmonary Y. pestis infection.
(A) Scheme of the immunization, FTY720 treatment, TRM cell analysis, and Y. pestis 
infection. The lung single cell isolated Yptb1(pYA5199)+FTY720 immunized and sham 

mice were in vitro stimulated with PMA+ionomycine. (B) Quantitative analysis of 

the number of lung CD4+ or CD8+ TRM cells and corresponding cells producing IFN-

γ, TNF-α, and/or IL-17A in FTY720-treated Yptb1(pYA5199)-immunized mice at 42 

dpv (n=5 females). (C) Quantitative analysis of the number of lung CD4+ or CD8+ 

TRM cells and corresponding cells producing IFN-γ, TNF-α, and/or IL-17A in FTY720-

treated Yptb1(pYA5199)-immunized mice at 2 dpi. (D) On 42 dpv, FTY720-treated 

Yptb1(pYA5199)-immunized mice (n=15, mixed males and females) were intranasally 

challenged with 50 LD50 of Y. pestis. Survival was recorded for 14 days. (E) The bacterial 

burden was evaluated in the lung, spleen, and liver at 2 dpi (n=6, mixed males and females). 

(F) Scheme of the FTY720 treatment 10 days before oral Yptb1(pYA5199) immunization 

and until the end of the experiment. (G) Quantitative analysis of the number of lung CD4+ or 

CD8+ TRM cells in pre- and post-FTY720-treated Yptb1(pYA5199)-immunized mice at 42 

dpv. (H) On 42 dpv, mice (n=5, mixed males and females) were intranasally challenged with 

50 LD50 of Y. pestis. (I) Adoptive transfer of FACS-sorted lung circulating (CD45+) T cells 

Singh et al. Page 24

J Immunol. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or TRM cells (CD45−) from Yptb1(pYA5199)-immunized mice. Sorted cells were injected 

into irradiated (5 Gy) naïve mice via the intratracheal route. At 24 h after administration, 

recipient mice (n=10 females) were i.n. challenged with 10 LD50 of Y. pestis. In the bar 

plots, each symbol represents a data point obtained from an individual mouse. Data are 

presented as the mean ± SD. The statistical analysis is described in the Materials and 

Methods.

Singh et al. Page 25

J Immunol. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Local depletion of lung resident CD4+ and/or CD8+ T cells in Yptb1(pYA5199)-
immunized mice impairs protection against pneumonic plague.
(A) Scheme of immunization, FTY720 treatment, T-cell depletion, and survival against 

pneumonic plague infection. (B) Survival study in the lung T cell-depleted mice. The 

Yptb1(pYA5199)+FTY720-immunized mice (n=6 females) were depleted of CD4+ and/or 

CD8+ T cells at the lung mucosal site by i.n. administration of 200 μg of anti-CD4, 

anti-CD8, or both mAbs and then intranasally challenged with 50 LD50 of Y. pestis. (C) 

Lung Y. pestis burden at 2 dpi (n= 5 females). (D) Representative flow plots showing the 

percentages of neutrophils and alveolar macrophages in the BAL fluid at 2 dpi. (E) The 

number of neutrophils and (F) alveolar macrophages (AMs) in the BAL fluid of control and 

T cell-depleted mice (n= 6 females) at 2 dpi. (G) Analysis of cytokines and chemokines in 

the BAL fluid samples collected at 2 dpi. Each symbol represents a data point obtained from 

an individual mouse. The statistical analysis is described in the Materials and Methods.
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Figure 5. IFN-γ and IL-17A play a critical role in protection against pulmonary Y. pestis 
challenge.
(A) Scheme of neutralization of IFN-γ, IL-17A, or both in Yptb1(pYA5199)-immunized 

mice. Mice administrated with PBS (sham) were used as control. (B) Survival study 

with cytokine neutralization. The Yptb1(pYA5199)-immunized mice (n=10 females) were 

intraperitoneally injected with 200 μg of anti-IFN-γ, anti-IL-17A, or both mAbs and then 

intranasally challenged with 50 LD50 of Y. pestis. (C) Lung Y. pestis burden in the respective 

group of mice at 2 dpi. (D) The number of neutrophils and (E) AMs in the BAL fluid. (F) 

The absolute number of lung neutrophil and (G) AMs in the lung of mice (n=6 females) 

treated with anti-IFN-γ, anti-IL-17A, anti-IFN-γ/IL-17A, or isotype control antibodies at 2 

dpi. (H) The number of CD4+ and (I) CD8+ TRM cells in the lungs of mice (n=6 females) 

treated with the respective antibodies at 2 dpi. (J) Analysis of cytokines and chemokines 

in the BAL fluid of mice (n=6 females) treated with the respective antibodies at 2 dpi. (K) 

Representative H&E-stained lung sections of oral Yptb1(pYA5199)-immunized mice treated 

with anti-IFN-γ, anti-IL-17A, anti-IFN-γ/IL-17A or isotype control antibodies, or sham 

mice collected at 2 dpi. The black arrow indicates a reduced alveolar lacunar space, while 

the red arrow indicates a lung lesion or hemorrhage. Each symbol represents a data point 

obtained from an individual mouse. Data are presented as the mean ± SD. The statistical 

analysis is described in the Materials and Methods.
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Figure 6. Lung TRM cells activated by oral Yptb1(pYA5199) immunization confer long-lasting 
protection.
(A) Scheme of the immunization, immune parameter analysis, and challenge in the 

long-term animal study. (B) Kinetic analysis of lung CD4+ and CD8+ TRM cells in 

Yptb1(pYA5199)-immunized mice treated with or without FTY720 at 30, 60, 90, and 120 

dpv. (n=6 females) (C) Mice were intravenously injected via the tail vein with 5 μg of 

FITC-conjugated anti-CD45.2 mAbs diluted in 200 μl of sterile PBS to distinguish lung 

TRM cells from circulating T cells. Five minutes post-injection, mice were euthanized 

to isolate lung single cells (n=5 females). Lung cells isolated from Yptb1(pYA5199), 

Yptb1(pYA5199)+FTY720 immunized and sham mice were in vitro stimulation with 

PMA+ ionomycin. Quantitative analysis of the number of lung CD4+ or CD8+ TRM 

cells and corresponding cells producing IFN-γ, TNF-α, and/or IL-17A in Yptb1(pYA5199)-

immunized mice treated with or without FTY720 and control mice was performed at 2 

dpi. (D) On the 120th day after immunization, mice (n=10, equal number of males and 

females) were intranasally challenged with 50 LD50 of Y. pestis. (E) The bacterial burden 

was evaluated in the lung, liver, and spleen of mice (n=6, mixed males and females) at 2 dpi. 

Data obtained from experiments are presented as the mean ± SD. The statistical analysis is 

described in Materials and Methods.
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