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The Journal of Immunology

Temporal Requirement for Pulmonary Resident and
Circulating T Cells during Virulent Francisella tularensis
Infection

Lydia M. Roberts,* Tara D. Wehrly,* Robin M. Ireland,* Deborah D. Crane,*

Dana P. Scott,† and Catharine M. Bosio*

The lung is a complex organ with anatomically distinct pools of T cells that play specific roles in combating infection. Our knowledge

regarding the generation and/or maintenance of immunity by parenchymal or circulating T cells has been gathered from either

persistent (>60 d) or rapidly cleared (<10 d) infections. However, the roles of these distinct T cell pools in infections that are

cleared over the course of several weeks are not understood. Clearance of the highly virulent intracellular bacterium Francisella

tularensis subspecies tularensis (Ftt) following pulmonary infection of immune animals is a protracted T cell–dependent process

requiring ∼30–40 d and serves as a model for infections that are not acutely controlled. Using this model, we found that intranasal

vaccination increased the number of tissue-resident CD4+ effector T cells, and subsequent challenge of immune mice with Ftt led

to a significant expansion of polyfunctional parenchymal CD4+ effector T cells compared with the circulating pool. Despite the

dominant in vivo response by parenchymal CD4+ T cells after vaccination and challenge, circulating CD4+ T cells were superior at

controlling intracellular Ftt replication in vitro. Further examination in vivo revealed temporal requirements for resident and

circulating T cells during Ftt infection. These requirements were in direct contrast to other pulmonary infections that are cleared

rapidly in immune animals. The data in this study provide important insights into the role of specific T cell populations that will be

essential for the design of novel effective vaccines against tularemia and potentially other agents of pulmonary infection. The

Journal of Immunology, 2018, 201: 1186–1193.

T
he development and dynamics of the T cell response
within the lung following vaccination and infection are
complex. Unlike in secondary lymphoid organs (e.g., the

spleen), in which T cells exist primarily in demarcated zones
within the tissues, T cells in the lung reside in the following three
anatomically distinct compartments: airway, parenchyma, or cir-
culation. Historically, lung T cells have been analyzed at the tissue
level without considering the unique contributions of each subset
to pulmonary immunity. However, in the last few years, the roles
of specific T cell pools for protective immunity or its maintenance
have been described for a variety of models of pulmonary infec-
tion. These studies have shown that the contribution of individual
subsets appears to vary depending on the source and persistence of
infection and immune status of the host. For example, airway-
resident CD4+ T cells are critical for protection against Middle
East respiratory syndrome– and severe acute respiratory syndrome
–coronavirus, whereas parenchyma-resident CD4+ T cells exhibit
superior control ofMycobacterium tuberculosis infection (1, 2). In

contrast, circulating T cells are required for the host to effectively
clear primary infection with Bordetella pertussis but are dispensable

during secondary infection (3). Influenza A elicits resident T cell

responses and although these cells are sufficient to control infection,

it has been suggested that circulating CD8+ T cells serve as a res-

ervoir of long-lived memory T cells that repopulate this resident pool

to maintain immunity for a long time postinfection (4, 5). Each of

these T cell subsets can be specifically targeted for expansion

depending on the vaccination strategy (5, 6). Thus, when considering

the protective pulmonary T cell response necessary for development

of effective long-lasting immunity, it is important to understand the

nuanced response by subsets of T cells within the lung.
Francisella tularensis subspecies tularensis (Ftt) is a highly virulent

intracellular bacterial pathogen that can cause fatal disease after expo-
sure to 10 or fewer inhaled organisms. We and others have established
that T cells are required for immune mice to survive Ftt infection (7, 8).
Following intranasal vaccination with the live vaccine strain (LVS) and
Ftt challenge in the C57BL/6 mouse, immune animals depleted of
CD4+ T cells succumb within 1 d of naive mice, whereas those lacking
CD8+ T cells survived significantly longer (7). Thus, although both sets
of T cells contribute to survival of Ftt, these data suggested there was a
pool of CD4+ T cells spatially poised to respond rapidly to Ftt challenge
within the pulmonary compartment. In those studies, it was ND whether
this immunity was dependent on parenchymal CD4+ T cells, circulating
CD4+ T cells, or both. Furthermore, because immune animals do not
clear virulent Ftt until several weeks postinfection, this model provided a
unique opportunity to study pulmonary T cells in a protracted but re-
solving infection, as compared with previously described persistent
(.60 d) or rapidly cleared (,10 d) infections.
In this study, we characterized and identified the contributions of

specific pulmonary T cell populations during vaccine-induced
immunity against tularemia. LVS vaccination and Ftt challenge
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elicited a strong parenchymal CD4+ response. However, unlike
other models of pulmonary bacterial infection, these T cells were
inadequate for complete control of Ftt. Rather, we observed a
temporal requirement for circulating T cells in control and ulti-
mate survival of Ftt infection. Our data provide important insight
into the role of T cells residing in specific pulmonary compart-
ments during extended bacterial infection in the lung and will
contribute to development of novel effective vaccines.

Materials and Methods
Bacteria

The F. tularensis subspecies holarctica LVS was originally acquired from
F. Nano (University of Victoria, Victoria, BC, Canada) and subsequently
provided by J. Celli (Rocky Mountain Laboratories [RML], National In-
stitute of Allergy and Infectious Diseases, National Institute of Health,
Hamilton, MT). Ftt strain SchuS4 was provided by J. Peterson (Centers for
Disease Control and Prevention, Fort Collins, CO). All Francisella stocks
were generated as previously described (9). Bacteria were thawed just prior
to use, and inocula were confirmed by enumerating viable bacteria on
modified Mueller Hinton (MMH) agar after serial dilution.

Mice

Five- to six-wk-old specific-pathogen free C57BL/6J (B6) female micewere
purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were
housed in sterile microisolator cages in animal biosafety level–2 and animal
biosafety level–3 facilities at RML. Studies were approved by and con-
ducted in accordance with RML’s Animal Care and Use Committee.

Inoculation of mice

Mice were inoculated with Francisella as previously described (10).
Briefly, bacteria were thawed and serially diluted in PBS to achieve the
desired inoculum dose. Mice were anesthetized with 120 ml of 13.9 mg/ml
ketamine and 0.56 mg/ml xylazine given i.p. Bacteria were then delivered
in 25 ml to a single nare. Mice were intranasally vaccinated with 150 CFU
RML LVS. Twenty-eight days later, mice were intranasally challenged
with 25 CFU Ftt. As indicated, 3 d prior to Ftt challenge and continuing
every other day, mice were i.p. injected with 1 mg/kg FTY720 (Millipore
Sigma) or 5% dextrose in water as the vehicle control. Lymphopenia
resulting from FTY720 treatment was confirmed by flow cytometric
analysis of peripheral blood.

Enumeration of bacterial burdens and collection of
tissue homogenate

Bacterial burdens in the spleen and lung were determined as previously de-
scribed (11). Briefly, tissues were aseptically removed and placed in cold
tissue lysis buffer (150 mM Tris-HCl, 5 mM EDTA, and 10 mM Trizma base)
that was supplemented with phosphatase inhibitor I, phosphatase inhibitor II,
and protease inhibitor III (AG Scientific, San Diego, CA). Tissues were ho-
mogenized by grinding through a wire mesh screen using a syringe plunger. A
portion of the homogenate was serially diluted in PBS and plated on MMH
agar to determine bacterial burdens. The remaining homogenate was clarified
by centrifugation at 14,000 3 g for 30 min at 4˚C. Homogenates were stored
at 280˚C until further analysis.

Intravenous labeling of circulating cells and tissue harvest

Mice were retro-orbitally injected with 2.5 mg of CD45.2 FITC (BioLegend,
San Diego, CA) in 100 ml PBS. Three minutes later, mice were euthanized,
and spleens, lungs, and mediastinal lymph nodes were aseptically isolated
and processed as previously described (12). Spleens and mediastinal lymph
nodes were passed through a 70-mM cell strainer to generate a single cell
suspension. The lung was minced and then digested with Liberase (Roche
Custom Biotech, Indianapolis, IN). RBCs in the spleen and lung were lysed
by ACK lysis buffer (Thermo Fisher Scientific, Waltham, MA). The total
number of viable cells in each tissue was determined by trypan blue ex-
clusion using a TC10 Automated Cell Counter (Bio-Rad, Hercules, CA).

Flow cytometry

Cells were stained with Fixable Viability Dye eF780 (eBioscience) to
distinguish live and dead cells. Cells were stained with the following di-
rectly conjugated Abs: CD3 BV510 (clone 145-2C11), CD4 AF700 (clone
GK1.5), CD8a BV605 (clone 53-6.7), CD44 PE-Cy7 (clone IM7), CD62L
Pacific Blue (clone MEL-14), Ki67 APC (clone 16A8), IFN-g PE (clone

XMG1.2), TNF-a APC (clone MP6-XT22), CD69 APC-Cy7 (clone
H1.2F3), CD103 BV711 (clone 2E7), CXCR3 BV650 (clone CXCR3-
173), and CX3CR1 BV785 (clone SA011F11). All Abs were purchased
from Thermo Fisher Scientific or BioLegend and were titrated on normal
B6 splenocytes prior to use. For intracellular cytokine staining, a single
cell suspension was incubated with 5 mg/ml Brefeldin A (Millipore Sigma)
to inhibit cytokine secretion. Cells were fixed with 2% paraformaldehyde
(Thermo Fisher Scientific) and permeabilized with 0.25% saponin (Mil-
lipore Sigma). For Ki67 staining, cells were fixed and permeabilized using
the Transcription Factor Staining Buffer Set according to the manufac-
turer’s instructions (Thermo Fisher Scientific). Cells were washed after
each staining step to remove residual unbound Ab. Data acquisition was
performed on an LSR II (BD Biosciences, San Jose, CA), and data analysis
was completed using FlowJo 10 (Tree Star, Ashland, OR). The gating
strategy for data analysis is shown in Supplemental Fig. 1.

IV2 and IV+ CD4+ T cell enrichment

Lung parenchymal (IV2) and circulating (IV+) CD4+ T cells were discrimi-
nated from each other using i.v. staining as described above. Lungs were then
processed into a single cell suspension, and IV+ and IV2 cells were sorted
using a BD FACSAria sorter (BD Biosciences). CD4+ T cells were then
positively selected from the sorted cells using Miltenyi CD4 Microbeads and
MS columns according to the manufacturer’s instructions (Miltenyi Biotec,
San Diego, CA). This enrichment process resulted in.95% purity of each cell
population as determined by flow cytometry.

Bone marrow macrophage: T cell coculture

Bone marrow macrophages (BMMs) were generated as previously de-
scribed (13) from B6 mice. BMMs were seeded at 53 104 cells per well in
a 96-well plate. BMMs were inoculated with Ftt at a multiplicity of in-
fection of 25 in cDMEM. Ninety minutes later, bacteria-containing media
was removed, and cDMEM containing 50 mg/ml gentamicin (Thermo
Fisher Scientific) was added for 45 min. Then, BMMs were washed twice,
and enriched CD4+ T cells in cDMEM containing 10 ng/ml M-CSF were
added to the BMM cultures. BMMs and T cells were incubated for 48 h at
37˚C and 7% CO2, then supernatants were removed. BMMs were washed
twice and then lysed in H2O. The number of intracellular bacteria was
enumerated by plating serial dilutions of the lysate on MMH agar.

Cytometric bead assay and ELISAs

The concentrations of CCL5 and CXCL9 in tissue homogenates were
quantified using a cytometric bead array (BD Biosciences) according to the
manufacturer’s instructions. CXCL10 (R&D Systems, Minneapolis, MN)
concentration was quantified using ELISA according to the manufacturer’s
instructions.

Histopathology

Tissues were processed for histopathology as previously described (10).
Briefly, tissues were fixed in 10% formalin (pH 7.4) for a minimum of
24 h. Tissues were embedded in paraffin, placed in cassettes, and processed
with a Sakura VIP 6 Tissue-Tek on a 12-h automated schedule, using a
graded series of ethanol, xylene, and ParaPlast Xtra. Embedded tissues
were sectioned at 5 mm and dried overnight at 42˚C prior to staining.
Tissue sections were stained with H&E and examined on an Olympus
BX51 light microscope equipped with an Olympus DP72 camera and as-
sociated cellSens Dimension 1.4.1 software. Tissues were assessed by a
board-certified pathologist.

Statistics

Statistically significant differences between two groups were determined using
an unpaired two-tailed t test, and when necessary, the Holm-Sidak method was
used to correct for multiple comparisons. An ANOVAwith Tukey posttest was
used to compare three groups. CFU data were log-transformed prior to sta-
tistical analysis. Statistical significance is set at p, 0.05 and is indicated in the
figures by an asterisk (*). Error bars represent SEM.

Results
Intranasal vaccination elicits parenchymal CD4+ T cells

We previously established that pulmonary CD4+ T cells from
immune mice directly control Ftt replication in BMMs, and im-
mune mice depleted of CD4+ T cells do not survive Ftt challenge
(7). Given the critical role of pulmonary CD4+ T cells during
tularemia, it is important to trigger sufficient expansion of immune

The Journal of Immunology 1187
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CD4+ T cells for effective immunity. Based on other models of
pulmonary infection, specific subsets of T cells in the lung may be
more important than others for controlling infection. These pools
can be differently targeted for expansion following specific vac-
cination regimes; thus, identifying parenchymal versus circulating
T cells and their relative contribution to survival of Ftt infection is
critical for development of more effective vaccines (5, 6). Because
these populations have not been examined following Francisella
infection, we first determined the kinetics and contributions of
parenchymal and circulating T cells after LVS vaccination and Ftt
challenge. Pulmonary T cell populations were distinguished using
a previously described i.v. labeling technique that stains circu-
lating, but not parenchymal, T cells with fluorochrome-conjugated
Ab (14). We confirmed that this technique yielded distinct circu-
lating (IV+) and parenchymal (IV2) CD4+ T cell populations in
naive and immune mice (Fig. 1A). Consistent with previous re-
ports, .90% of CD4+ T cells in a naive mouse within the vas-
culature were positive for FITC CD45.2 (1). FITC-negative
parenchymal CD4+ T cells were further differentiated from FITC-
positive circulating CD4+ T cells by the presence of CD69,
CD103, and CXCR3 and the absence of CX3CR1 on the surface
of parenchymal cells as previously reported (Supplemental Fig. 2)
(1, 14). We then compared these distinct pulmonary T cell pop-
ulations among naive and immune animals. Compared with naive
animals, LVS-immune mice had significantly increased the num-
ber of IV2 CD4+ T cells in the lung (Fig. 1B). There was also a
significant increase in the number and frequency of IV2 CD4+

T cells with an effector phenotype (CD44+ CD62L2; effector
T cells [Teff]) in immune mice compared with naive mice (Fig. 1C,
1D). In contrast, the number of IV+ CD4+ T cells was significantly
lower in immune animals (Fig. 1E) compared with naive mice.
However, the number of CD4+ Teff present in the IV+ pool was
similar among naive and immune animals (Fig. 1F). This resulted
in a significant increase in the ratio of IV+ CD4+ Teff to total CD4

+

T cells among immune mice compared with naive animals (Fig.
1G). Therefore, LVS vaccination established expanded pools of
both IV2 and IV+ CD4+ T cells in the lung.

IV2 CD4+ T cells are maintained and expand during the first
week of Ftt challenge

As shown above, LVS vaccination successfully expanded the pools of
the IV2 and IV+ CD4+ Teff in the lung. However, it was unclear if
these cell populations exhibit differential responsiveness (e.g., pro-
liferation or cytokine production) following Ftt infection. Therefore,
we quantified the number of IV2 and IV+ CD4+ T cells and assessed
their ability to produce cytokine directly ex vivo in mice challenged
with Ftt 28 d after vaccination. On day 3 postchallenge, and con-
tinuing throughout the time points measured, the percentage of CD4+

T cells in the IV2 pool was significantly greater than that in the IV+

population (Fig. 2A). The total number of IV2 CD4+ T cells was
significantly greater than the number of IV+ CD4+ T cells on day 7
postinfection. However, at other time points postinfection, there were
not statistical differences between the number of IV2 and IV+ CD4+

T cells (Fig. 2B). Nearly all IV2 CD4+ T cells maintained an effector
phenotype throughout Ftt challenge (Fig. 2C). Between days 3 and 7
after Ftt infection, the percentage of IV+ CD4+ T cells with an ef-
fector phenotype increased (Fig. 2C), and there was a corresponding
increase in the number of IV+ CD4+ Teff (Fig. 2D). However, there
were significantly more IV2 compared with IV+ CD4+ Teff at all time
points measured (Fig. 2D).
The expansion of IV2 CD4+ T cells could be a direct conse-

quence of proliferation and/or recruitment of additional cells to
the tissue. To determine the extent of T cell proliferation within
each compartment, we stained for the proliferation marker Ki67.

Both IV2 and IV+ CD4+ T cells proliferated after Ftt challenge,
but a significantly higher proportion of IV2 CD4+ T cells stained
positive for Ki67 compared with IV+ CD4+ T cells (Fig. 2E).
There was also a significant increase in the number of Ki67+ IV2

CD4+ T cells compared with IV+ CD4+ T cells (Fig. 2F). Although
IV2 T cells proliferated, this does not exclude the possibility that
IV+ T cells trafficked into the lung parenchyma, thereby contrib-
uting to the IV2 pool’s expansion. We therefore treated mice with
FTY720 to inhibit extravasation of circulating T cells into the lung
parenchyma and enumerated the number of CD4+ Teff during the
first week of infection. Vehicle and FTY720-treated animals had
similar numbers of IV2 CD4+ Teff at all time points, indicating
local proliferation, and not T cell infiltration, is responsible for the
expansion of the IV2 CD4+ T cell pool (Fig. 2G).
During Ftt infection, T cells that produce both IFN-g and TNF-a

are correlated with superior protective immunity in vaccinated
animals (7). Thus, we evaluated the ability of IV2 and IV+ CD4+

T cells to produce the effector cytokines IFN-g and TNF-a di-
rectly ex vivo. There was a significant increase in the frequency
and number of CD4+ T cells that produce both IFN-g and TNF-a
in the IV2 pool compared with IV+ CD4+ T cells on days 3 and 7
after Ftt challenge (Fig. 2H, 2I). Together, these data indicated that
within the first week of Ftt challenge, the IV2 CD4+ Teff pool in
vaccinated animals expanded via local proliferation and were the
key producers of effector cytokines known to control Ftt intra-
cellular replication.

IV+ CD4+ T cells exhibit superior control of intracellular Ftt
replication

We previously demonstrated that bulk pulmonary CD4+ T cells from
immune mice control Ftt replication in BMMs but did not deter-
mine the relative contribution of IV2 versus IV+ T cells in this
process (7). Given the increased proliferative capacity and height-
ened cytokine production in IV2 CD4+ T cells following Ftt chal-
lenge of immune animals, we predicted this population would be
superior at controlling intracellular Ftt replication. To test this hy-
pothesis, IV2 and IV+ cells from vaccinated mice were isolated, and
each population was individually assessed for its ability to control
intracellular replication of Ftt in vitro. The number of IV2 CD4+

T cells in naive mice was prohibitively low for purifying and ex-
amining the activity of this population for the coculture assay;
therefore, we used total CD4+ T cells from the naive lung as a
negative control. Both IV2 and IV+ CD4+ T cells from vaccinated
mice controlled Ftt replication in BMMs compared with naive
CD4+ T cells (Fig. 3). Surprisingly, when the same number of IV2

and IV+ CD4+ T cells were added to infected BMMs, IV+ CD4+

T cells controlled bacterial growth significantly better than IV2

CD4+ T cells (Fig. 3). Because of the increased frequency of Teff in
the IV2 pool, we also overlaid the same number of IV2 and IV+

CD4+ Teff and found the IV+ pool retained its superior ability to
control Ftt replication (data not shown). Although purified T cells
had .95% viability at the time of overlay, we were unable to
conclusively demonstrate that differences in T cell viability did not
contribute to the degree of bacterial control we observed. Overall,
despite the dominant in vivo response by IV2 CD4+ T cells, this
subset was not as effective as IV+ CD4+ T cells at controlling Ftt
intracellular replication on a per cell basis ex vivo.

Immune mice experience a protracted Ftt infection

The surprising result that IV+ CD4+ T cells exerted superior
control of intracellular replication of Ftt compared with the IV2

population suggested that there may be differences in the ability of
T cells among immune animals to control intracellular replication
of Ftt in vivo as compared with in vitro. Alternatively, it was
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possible that, similar to our in vitro findings, IV+ T cells are more
efficient at contributing to the control of Ftt replication in vivo. In
other models of pulmonary bacterial infection (e.g., B. pertussis),
resident T cells were sufficient to control secondary infection
within a week of challenge of immune animals (3). Therefore, we
speculated that if IV2 cells were sufficient for survival of in vivo
infection, Ftt would be cleared within a week of challenge, similar
to other models of pulmonary bacterial infection. In contrast, if
clearance were protracted, there may be specific temporal con-
tributions of each CD4+ T cell population. Therefore, we deter-
mined the kinetics of bacterial dissemination and control in naive
and LVS-vaccinated mice after intranasal Ftt challenge. There
were no differences in the number of Ftt recovered from lungs of
naive or immune animals during the first 2 d of infection. As
expected, within 4 d after Ftt infection, naive mice had high
bacterial burdens in the lung and spleen and displayed signs of
illness that met experimental end point criteria that required eu-
thanasia in accordance with our Animal Care and Use Committee
protocol (Fig. 4A, 4B). However, among immune animals, mice
had stabilized the number of bacteria in the lungs between days 2
and 14 after challenge (Fig. 4A). Ftt was eventually cleared from
their lungs between day 14 and 21 with no detectable bacteria in
most animals 42 d after Ftt challenge (Fig. 4A). Ftt infection in the
peripheral compartment of vaccinated animals was similarly
protracted. Bacteria were detected in the spleen 2 d after Ftt
challenge, and although immune mice controlled the infection,
40% of animals still had between 100 and 1000 bacteria on day 42
post–Ftt challenge (Fig. 4B). Overall, these data indicated the
immune system must respond to Ftt infection for several weeks.
Therefore, IV2 and IV+ T cells may play important temporal roles
in combatting this disseminated infection of intermediate duration
(i.e., neither acute nor chronic).

Temporal roles for IV2 and IV+ T cells after Ftt challenge

Given the prolonged nature of disseminated Ftt infection in vivo
among immune animals and the difference in the ability of IV2

and IV+ CD4+ T cells to control intracellular replication in vitro,

we hypothesized that both IV2 and IV+ T cells were necessary
for protective immunity. To determine the requirements for
control and survival of Ftt infection in immune hosts, we treated
mice with FTY720 to prevent extravasation of circulating T cells
into the lung parenchyma. At each time point up to 8 d post-
challenge, we confirmed that FTY720-treated mice had significantly
fewer IV+ T cells in the lung compared with vehicle-treated controls
(Supplemental Fig. 2). Although FTY720 treatment decreased
the number of IV+ CD4+ and CD8+ T cells in the lung, it did not
inhibit infiltration of innate immune cells, including neutrophils
and monocytes, which could also contribute to bacterial control
(Supplemental Fig. 3). Therefore, the only detectable impair-
ment in cellular recruitment among FTY720-treated animals was
the inability of IV+ T cells to enter the tissue. It is difficult to
clearly demarcate IV+ and IV2 T cells in the spleen using i.v.
staining. However, the systemic administration of FTY720
would impact the ability of IV+ T cells to traffic into other in-
fected tissues, like the spleen. Consequently, IV+ T cells could
not aid in controlling the disseminated infection in FTY720-
treated animals.
Following confirmation of the ability of FTY720 to restrict the

presence of IV+ T cells in the lung of mice in our immune model,
we first determined survival after Ftt challenge of mice treated
with vehicle or FTY720. Consistent with our previous reports,
90% of vehicle-treated immune mice survived Ftt infection
(Fig. 5A). In contrast, FTY720-treated immune mice began to
display end point criteria requiring euthanasia beginning on day
8 postinfection, and all animals succumbed to infection by day
13 after challenge (Fig. 5A). These data indicated that IV2

T cells were sufficient to survive the first week of infection but
that IV+ T cells were required for immune animals to survive
past this time point. To confirm that the lack of survival of Ftt
infection in FTY720-treated immune mice was due to unre-
stricted bacterial replication, we assessed bacterial loads in these
animals over time. There were no significant differences in
bacterial loads among immune FTY720-treated mice compared
with vehicle controls during the first 8 d of infection in the lung

FIGURE 1. Intranasal vaccination increases

the number of IV2 CD4+ Teff. IV+ and IV2

CD4+ T cell populations in naive and immune

mice were quantified 28 d after vaccination using

intravascular staining. Mice were anesthetized, i.

v. injected with anti-CD45.2 FITC, and eutha-

nized 3 min later. Lungs were harvested, and cell

populations were analyzed by flow cytometry.

(A) Representative histograms of lung CD4+

T cells from naive and LVS-vaccinated mice.

Parenchymal T cells were defined as IV2, and

circulating cells were defined as IV+. (B) Number

of IV2 CD4+ T cells. (C) Number of IV2 CD4+

Teff (CD44
+ CD62L2). (D) Percentage of IV2

CD4+ with Teff phenotype. (E) Number of IV+

CD4+ T cells. (F) Number of IV+ CD4+ Teff. (G)

Percentage of IV+ CD4+ T cells with Teff phe-

notype. Data are combined from two indepen-

dent experiments. n = 7–8 mice per group. Error

bars represent SEM. Statistical significance was

determined between naive and vaccinated mice

using a Student t test. *p # 0.05.
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(Fig. 5B). Splenic bacterial burdens in vehicle- and FTY720-
treated immune mice were also not significantly different, except
for on day 2 postchallenge (Fig. 5C). However, FTY720-treated an-
imals at time points after day 8 (i.e., day 10, 11, and 12) had sig-
nificantly higher bacterial burdens in their lungs and spleens
compared with vehicle-treated mice (Fig. 5B, 5C), indicating a global
failure in restriction of bacterial growth. In addition to significantly
higher bacterial burdens, we observed gross pathological and histo-
logical differences among FTY720- and vehicle control–treated mice.
Ftt-challenged immune animals treated with vehicle displayed mul-
tifocal pulmonary lesions characteristic of Ftt infection in animals
that resolve infection (Fig. 5D) (10). In contrast, FTY720-treated
mice had coalescing lesions with necrotic debris, fibrin, and edema
that filled and replaced alveoli and bronchioles (Fig. 5D). Naive mice
treated with vehicle or FTY720 had no evidence of histological
changes; therefore, drug treatment did not account for the observed
events (Fig. 5D). Severe pathological changes were also evident in
the spleens of FTY720-treated animals with red pulp expanded by
increased deposition of fibrin, viable and degenerate neutrophils, and
necrotic debris (Fig. 5E). The extensive inflammatory response evi-
dent in FTY720-treated animals suggested high levels of inflamma-
tory chemokines. Indeed, FTY720-treated Ftt-challenged immune
mice had significantly higher concentrations of CCL5, CXCL9, and
CXCL10 (Fig. 5F), consistent with the dramatic inflammatory re-
sponse observed in tissues of these animals. Together, these data
indicate a temporal requirement for IV2 and IV+ T cells in control-
ling Ftt infection among immune animals. Specifically, IV2 cells
were sufficient for mediating bacterial control within the first week

after Ftt inoculation; however, IV+ T cells were subsequently required
for ultimate control of the infection and survival of immune animals.

Discussion
Sublethal infections initiated in the pulmonary compartment typi-
cally expand pools of parenchymal CD4+ and/or CD8+ T cells ready
to combat secondary challenge with the infectious agent. The im-
portance of this population, as opposed to the circulating pool of
effector memory T cells, is highlighted by the fact that parenchymal
T cells are either completely sufficient or provide a greater contri-
bution to the resolution of secondary infection with several pul-
monary pathogens (1, 3, 5, 15–17). Ftt infections initiated in the
lung are typically considered the most dangerous type of tularemia.
In part, this is owing to the ability of the bacterium to undergo
unrestricted replication over the first few days of infection prior to
dissemination without triggering an inflammatory response in the
lung (9). Therefore, the presence of an effective, fast-acting immune
response is essential for the host to restrict bacterial replication and
survive pneumonic tularemia. Indeed, regardless of the route of
vaccination or challenge, a strong T cell response driven by CD4+

T cells is required for resolution of Francisella infections (7, 8, 18).
However, to our knowledge, prior to this report, it was not known
whether there were specific contributions by parenchymal and cir-
culating CD4+ T cells in immune hosts.
In this study, we uncovered specific temporal roles of parenchymal

and circulating T cells among immune animals before and after Ftt
challenge. We focused primarily on pulmonary T cells given the ease
of identifying these populations using thewell-described intravascular

FIGURE 2. The IV2 polyfunctional CD4+ T cell pool expands early after SchuS4 challenge. Naive or vaccinated mice were challenged with 25 CFU Ftt

28 d after vaccination. At the indicated time point after Ftt challenge, IV+ and IV2 CD4+ T cell populations were quantified. Additionally, cells harvested

from lungs were assessed for proliferative capability using Ki67 or were immediately incubated with Brefeldin A followed by staining for intracellular IFN-

g and TNF-a. (A) Percentage and (B) number of IV2 and IV+ CD4+ T cells. (C) Percentage and (D) number of CD4+ Teff. (E) Percentage and (F) number of

Ki67+ CD4+. (G) Number of CD4+ Teff after 5% dextrose in water (Vehicle) or FTY720 treatment. (H) Percentage and (I) number of IFN-g+ TNF-a+ CD4+

T cells. Data are combined from two independent experiments. n = 7–10 mice per group per time point. Error bars represent SEM. Statistical significance

was determined using a Student t test using the Holm-Sidak method to correct for multiple comparisons. *p # 0.05.
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staining technique (14). Our initial experiments showed that several
aspects of the pulmonary CD4+ T cell response after LVS vaccina-
tion and Ftt challenge were consistent with those observed in other
models of chronic or acute bacterial or viral pathogens. First, as
previously described for pulmonary infections of B. pertussis, in-
fluenza A, and M. tuberculosis, intranasal vaccination with LVS
significantly increased the number of IV2 CD4+ T cells (3, 5, 6, 19,
20). Second, consistent with data obtained from B. pertussis and
influenza A, IV2 CD4+ T cells expand via local proliferation after
Ftt infection (3, 19, 21). These data suggested that IV2 pulmonary
T cells have generalizable features regardless of the infecting agent.
In contrast to these similar features in CD4+ T cell responses di-
rected against pulmonary infection, we identified differences in Ftt-
driven parenchymal CD4+ T cells. Although IV2 CD4+ T cells
proliferated and produced cytokine in response to Ftt challenge,
they were not sufficient to mediate bacterial clearance. Rather, IV+

T cells must gain access to the pulmonary tissue to limit Ftt repli-
cation and inflammation. This finding is unique compared with other
pulmonary pathogens. For example, resident T cells are sufficient to
control secondary infection with B. pertussis, Nippostrongylus bra-
siliensis, and influenza A (3, 5, 19, 22). Of note, these pathogens
cause acute infections that are cleared within 7 d in immune hosts (3,
19, 22), whereas secondary Ftt infection takes 30–40 d to clear.
Furthermore, B. pertussis and influenza A infections are restricted to
the lung, whereas Ftt disseminates from this tissue and colonizes
other organs within 48 h after intranasal inoculation. Therefore, the
difference in the requirements for protection likely reflects the du-
ration and nature of secondary infection.
We propose the following model for the pulmonary T cell re-

sponse to Ftt in immune animals. Initially, parenchymal T cells
control Ftt replication as they are spatially poised to respond to
local Ag. However, because these T cells are not as effective as IV+

T cells at controlling intracellular Ftt replication, the bacteria
disseminate and infect peripheral organs such as the liver and
spleen. Final resolution of infection requires recruitment of IV+

T cells to the lung and likely other tissues infected with Ftt. Our
approach could not distinguish the relative contributions of IV+

CD4+ and CD8+ T cells in restricting Ftt replication; it is possible,
in fact likely, that both cell types cooperate to limit bacterial
growth. However, in resting immune animals, lung CD4+ T cells
exerted significantly greater control over intracellular Ftt replica-
tion as compared with CD8+ T cells in our coculture assay (data
not shown). Furthermore, unlike the CD4+ pool in which nearly

half of the total T cells are in the circulation, ∼80% of CD8+

T cells are in the vasculature (data not shown). Together, these
data suggest, at least at the onset of infection, that parenchymal
CD4+ T cells are the predominant immune cell required to control
bacterial replication but do not exclude the possibility that CD8+

T cells, particularly in the circulation, are important for Ftt control
and clearance.
There could be several mechanisms that underlie the difference

between IV2 and IV+ CD4+ T cells in their ability to control in-
tracellular Ftt replication. One possibility is the upregulation of
the inhibitory receptor PD-1 on IV2 CD4+ T cells after LVS
vaccination compared with IV+ CD4+ T cells (data not shown).
PD-1 is upregulated on T cells during chronic Ag exposure (23)
and serves as a rheostat to modulate T cell function and control
inflammation. After M. tuberculosis or influenza A infection, IV2

CD4+ T cells also express higher levels of PD-1 compared with
their IV+ counterparts (1, 19). The upregulation of PD-1 by IV2

T cells aids in constraining, but not eliminating, T cells responses
and resulting inflammation, thereby maintaining lung homeostasis
during an ongoing immune response. Despite increased PD-1
expression by IV2 CD4+ T cells, adoptively transferred IV2

T cells mediate significantly more control than transferred IV+

T cells in M. tuberculosis in the lung (1). Similarly, IV2 T cells
are sufficient for mice to control secondary influenza A infection
(5). These data suggest that resident T cells in these infection
models can overcome the inhibitory effects of PD-1 expression. In
contrast, IV2 T cells present in Ftt-immune animals may not
properly modulate PD-1 expression to allow effective T cell re-
sponsiveness and concomitant control of exuberant inflammatory
responses, as observed in other infections. This inability to alter
PD-1 expression, resulting in subpar T cell–driven immunity
among IV2 T cells in Ftt-immune mice, may also explain the
dependence of IV+ T cells that are not under this restriction for
resolution of infection.
An additional explanation for the dependence on both IV2 and

IV+ T cells is the nature of the infection. As opposed to infections
mediated by other bacteria, the requirements for both IV2 and IV+

T cells for optimal control of Ftt infection are more reminiscent of
the response to Leishmania major in the skin. Leishmaniasis, like

FIGURE 4. Prolonged Ftt infection in immune animals. Naive or mice

intranasally vaccinated with 150 CFU LVS were intranasally challenged

with 25 CFU Ftt 28 d after vaccination. At the indicated time point after

challenge, mice were euthanized and bacterial burdens in the (A) lung and

(B) spleen were determined. Data are combined from two independent

experiments. n = 6–10 mice per group per time point. Error bars represent

SEM. Statistical significance was determined on log-transformed data

using a Student t test with the Holm-Sidak method to correct for multiple

comparisons. *p # 0.05.

FIGURE 3. IV+ CD4+ T cells exhibit superior control of intracellular Ftt

replication in vitro. IV+ and IV2 CD4+ T cell populations in immune mice

were labeled 28 d after vaccination using intravascular staining. Lungs

were processed into single cell suspension and sorted into FITC+ and

FITC2 populations. CD4+ T cells were enriched from these sorted pools or

purified directly from naive lungs and added to Ftt-infected BMMs at a

ratio of one T cell per two macrophages. Forty-eight hours later, the

number of intracellular bacteria was enumerated. n = 3 biological repli-

cates per group. Data are representative of two independent experiments.

Error bars represent SEM. Statistical significance between naive, IV2

CD4+ T cells, and IV+ CD4+ T cells was determined using an ANOVAwith

Tukey posttest. *p # 0.05.
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Ftt, takes weeks to control, suggesting that prolonged infections
share the requirement for multiple T cell pools to effectively
control infection, irrespective of the affected tissue. Furthermore,
past exposure to L. major expands skin-resident CD4+ T cells, and
although these cells control parasite burden, optimal protection
occurs in the presence of resident and circulating T cells. Spe-
cifically, tissue-resident T cells serve as immune sentinels and
recruit circulating cells to the site of second exposure (24). In both
infection models, it remains unclear whether circulating-T cell
recruitment is an inherently slow process, taking ∼1 wk, or
whether this delay is a feature of immunomodulation on the part
of the pathogen. Similar to L. major, Ftt potently evades and
suppresses inflammatory responses during infection (9, 13, 25).
Thus, it is possible that the delay in recruitment of circulating
T cells may be a feature of the pathogen dampening appropriate
chemokine/cytokine responses required for extravasation of Teff
into the tissue. Alternatively, there may be a natural regulation of
chemokine/cytokine production in the lung that limits potentially

inflammation-generating T cells into the tissue. Dissection of the
relative contribution of pathogen versus host regulatory processes
for controlling T cell recruitment to the lung will be essential for
the development of new vaccines. Irrespective of the timing of
circulating T cell recruitment, the requirement for parenchymal
T cells to help recruit circulating T cells in other models of in-
fection could explain why adoptive transfer of immune T cells has
not yet been shown to protect naive animals from intranasal Ftt
challenge (24, 26, 27). Following adoptive transfer, a sufficient
pool of parenchymal T cells may not be established. Alternatively,
there may be insufficient numbers of circulating T cells to be
recruited to the tissue. Our data suggest that either scenario would
result in the absence of protection in recipient mice. To overcome
this hurdle, we plan to use mouse parabiosis to further define the
contributions of parenchymal and circulating T cells in protective
immunity to tularemia.
Together, our data suggest distinct temporal roles for paren-

chymal and circulating immune T cells following infection with

FIGURE 5. Parenchymal T cells are adequate to control SchuS4 replication early after pulmonary infection in vivo. Naive or vaccinated mice were

challenged with 25 CFU Ftt 28 d after vaccination. Beginning 3 d prior to Ftt challenge and continuing every other day, mice were i.p. treated with 1 mg/kg

FTY720 to retain T cells in peripheral lymphoid tissue. Mice treated with 5% dextrose in water served as vehicle controls (Vehicle). (A) Survival after Ftt

challenge. (B) Bacterial burdens in lung homogenates were enumerated in animals that did not display end point criteria at the time of euthanasia. (C)

Bacterial burdens in spleen homogenates were enumerated in animals that did not display end point criteria at the time of euthanasia. (D) Representative

images of lung sections stained with H&E. Arrows indicate edema. (E) Representative images of spleen sections stained with H&E. (F) Concentrations of

chemokines in lung homogenates. Data are combined from two independent experiments. n = 7–10 mice per group per time point. Error bars represent

SEM. Statistical significance was determined using a Student t test with the Holm-Sidak method to correct for multiple comparisons or Mantel–Cox test for

survival (vehicle versus FTY720). *p # 0.05.
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Ftt. Understanding this requirement is critical for development of
more effective vaccines directed against Ftt, as the route and nature
of vaccination could influence the number, location, and effector
function of memory T cells. For example, boosting bacille
Calmette-Guérin–immunized mice intranasally with adenovirus-
expressing Ag85A resulted in significantly greater protection
against secondary challenge compared with mice that received the
adenovirus vaccine i.m. This improved response was correlated
with enhanced pulmonary T cell responses in intranasally boosted
mice as compared with those vaccinated i.m. (28). We have shown
that prime/boost vaccination strategies significantly enhance the
number of memory T cells in the lung and correlates with im-
proved survival; however, that study did not distinguish between
parenchymal and circulating T cells (29). Because both vaccina-
tions were delivered intranasally, we predict that there was a
significant expansion of parenchymal T cells. We are currently
confirming this hypothesis and aim to further improve that pool of
cells as a strategy to more quickly control Ftt infection.
Data presented in this study suggest that identifying the con-

tribution of specific T cell populations in the lung (and likely
elsewhere) will aid in successful development of more effective
vaccines against tularemia. More generally, our data also suggest
that there is a critical requirement for expanding parenchymal and
circulating T cells for infections that start in the lung but dis-
seminate after colonization. Understanding the dynamics of the
T cell response will be important for vaccine design against in-
fections mediated by other virulent bacteria.

Acknowledgments
We thank Aaron Carmody of the RML Flow Cytometry Core for performing

the cell sorting. We also thank Dan Long, Tina Thomas, and Rebecca Rose-

nke for preparing and staining tissues for histopathological analysis process-

ing. Finally, we thank Robert Buntyn, Rio Hammond, and Drs. Forrest

Jessop and Benjamin Schwarz for technical assistance.

Disclosures
The authors have no financial conflicts of interest.

References
1. Sakai, S., K. D. Kauffman, J. M. Schenkel, C. C. McBerry, K. D. Mayer-Barber,

D. Masopust, and D. L. Barber. 2014. Cutting edge: control of Mycobacterium
tuberculosis infection by a subset of lung parenchyma-homing CD4 T cells. J.
Immunol. 192: 2965–2969.

2. Zhao, J., J. Zhao, A. K. Mangalam, R. Channappanavar, C. Fett,
D. K. Meyerholz, S. Agnihothram, R. S. Baric, C. S. David, and S. Perlman.
2016. Airway memory CD4(+) T cells mediate protective immunity against
emerging respiratory coronaviruses. Immunity 44: 1379–1391.

3. Wilk, M. M., A. Misiak, R. M. McManus, A. C. Allen, M. A. Lynch, and K. H.
G. Mills. 2017. Lung CD4 tissue-resident memory T cells mediate adaptive
immunity induced by previous infection of mice with Bordetella pertussis. J.
Immunol. 199: 233–243.

4. Slütter, B., N. Van Braeckel-Budimir, G. Abboud, S. M. Varga, S. Salek-
Ardakani, and J. T. Harty. 2017. Dynamics of influenza-induced lung-resident
memory T cells underlie waning heterosubtypic immunity. Sci. Immunol. 2:
eaag2031.

5. Zens, K. D., J. K. Chen, and D. L. Farber. 2016. Vaccine-generated lung tissue-
resident memory T cells provide heterosubtypic protection to influenza infection.
JCI Insight 1: e85832.
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