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Subunit vaccine H56/CAF01 induces a
population of circulating CD4 T cells that traffic
into the Mycobacterium tuberculosis-infected
lung
JS Woodworth1, SB Cohen2, AO Moguche2,3, CR Plumlee2, EM Agger1, KB Urdahl2,3 and P Andersen1

The capacity of CD4Tcells to protect againstMycobacterium tuberculosis (Mtb) is governedby their ability to localize to

the lung site of infection. Subunit vaccine H56/CAF01, a liposome-adjuvanted fusion protein of Mtb antigens Ag85B,

ESAT-6, and Rv2660, conferred durable protection and elicited polyfunctional CD4 Tcells that preferentially localized to

the lung parenchyma. These lung-resident T cells had reduced KLRG1 and increased CXCR3 expression, an

intermediate state of Th1 differentiation that has been associated with Mtb protection. Importantly, KLGR1� CXCR3þ

cells were also enriched in the lung vasculature and peripheral circulation of vaccinated animals, but not controls.

Moreover, S1P1Rblockade rapidly cleared thispopulation from thebloodandadoptive transferof Tcells recovered from

the vasculature of vaccinated, but not control, mice efficiently trafficked into the Mtb-infected lung parenchyma. Thus,

durable immunity elicited by H56/CAF01 vaccination is associated with the maintenance of circulating CD4 Tcells that

selectively home to the lung parenchyma.

INTRODUCTION

The precise nature of a protective T-cell response to
Mycobacterium tuberculosis (Mtb) infection remains unclear.
Although aTh1 response is required to control infection in both
animals and humans, many individuals that mount strong Th1
responses against Mtb still progress to disease.1–3 In contrast,
the requirement for Th17 cells in Mtb control is less absolute
and depends on the infecting Mtb strain.4–6 However, vaccine-
promoted Th17 cells can improve Mtb control in animal
models. BCG vaccine-primed Th17 cells improve control of
Mtb infection in the absence of Th1 cells.7 Moreover, peptide
vaccine-induced Th17 cells promote early Th1 cell recruitment
to the lung following aerosolMtb infection and reduce bacterial
burden.4 Similarly, early Th1 and Th17 cell recruitment and
improved protection were associated with a recombinant BCG
vaccine that promoted an enhanced Th17 response.8 Thus, the
interaction and cooperation of Th1 and Th17 cells can enhance
control of Mtb infection.

Recent studies in the mouse model have also shown that
protection is linked to the ability of Mtb-specific CD4 T cells to
localize to the lung parenchyma9,10 and to interact directly with
infected antigen-presenting cells.11 Thus, early and sustained
localization ofMtb-specific T cells within infected lung tissue is
likely integral for controlling infection. However, identifying
T cells that truly reside in the lung parenchyma has been
confounded because the common practice of lung perfusion
fails to remove many T cells that actually reside in the lung
vasculature.9,12 These vasculature-localized T cells can be
identified by in vivo labeling with intravenously injected
fluorescent antibody shortly before euthanasia. Using this
technique, two recent studies have shown that Mtb-specific
T cells in the lung parenchyma and those in the lung vasculature
represent distinct populations.9,10 Whereas, KLRG1� CD4
T cells with intermediate levels of the Th1 transcription factor
T-bet preferentially localize to the lung parenchyma, terminally
differentiated KLRG1þ CD4T cells with high T-bet expression
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accumulate in the lung vasculature.9,10 When transferred
into T cell-deficient mice recently infected with Mtb, KLRG1�

lung parenchyma-localized T cells readily re-trafficked into the
lung parenchyma of recipients and controlled Mtb growth
more efficiently than T cells transferred from the lung
vasculature. Thus, optimal Mtb control is mediated by
Th1 cells that are not terminally differentiated but
retain the capacity to traffic into the parenchyma of the
Mtb-infected lung.

Several studies have shown that vaccine-primedMtb-specific
CD4 T cells maintain distinct phenotypes from their
infection-primed counterparts.13,14 Indeed, sustained control
of chronic Mtb infection by a subunit vaccine delivered
with the cationic liposome adjuvant CAF01 is associated
with a population of vaccine-specific interleukin (IL)-2-
producing, KLRG1� CD4 central memory-like T cells
(Tcm) that persists throughout infection.13 Given that
protective, lung parenchyma-localized CD4 T cells in
Mtb-infected mice share this KLRG1� phenotype, we
hypothesized that vaccination-primed Tcm mediate their
protective effect by establishing a stable population of lung
parenchyma-homing T cells.

Here we investigated vaccine-induced CD4 T-cell responses
to the H56 candidate fusion protein (Ag85B-ESAT-6-Rv2660)
adjuvanted with CAF01 liposomes. H56/CAF01 provides
prolonged control of infection inmice, enhances BCG-mediated
protection in non-human primates, and is currently in clinical
development.15,16 We found that, compared with infection-
driven responses, vaccine-specific CD4 T cells in H56/CAF01-
immunized mice trafficked more efficiently to theMtb-infected
lung and preferentially localized to the parenchyma. Polyfunc-
tional vaccine-specific CD4 T cells producing IL-2 and/or IL-17
were enhanced in both the lung parenchyma and vasculature
compartments of vaccinated mice and displayed a non-
terminally differentiated phenotype (KLRG1� CXCR3þ ).
Blockade of the S1P1R pathway rapidly cleared these cells
from the vasculature, suggesting that these T cells represent
recent emigrants from lymphoid tissues whose presence in
circulation is relatively transient. Upon adoptive transfer into
infection-matched recipients, these cells preferentially trafficked
into the lung parenchyma. These studies show that durable
vaccine-induced immunity against Mtb infection is associated
with the presence of a circulating population of lung-homing
CD4 T cells.

RESULTS

H56-specific CD4 T cells are rapidly recruited to the lung
parenchyma after Mtb infection

Consistent with previous reports, H56/CAF01 vaccination
significantly limited bacterial growth in mice as early as 16
days post aerosol Mtb infection and maintained enhanced
control through later phases of infection, confirming its efficacy
as a prophylactic vaccine (Figure 1a).15 We investigated the
CD4 T-cell responses in these mice by determining how
vaccine-induced T cells localized within the lungs following
aerosol infection. By combining intravenous (IV) anti-CD45

staining with ex vivo intracellular cytokine staining (ICS) of
H56-stimulated lung cells, we found stark differences in the
localization of cytokine-producing H56-specific T cells in
vaccinated and adjuvant-only controls (Figure 1b and c). In
adjuvant control mice, Mtb (H56)-specific T cells were first
detectable in the lung parenchyma13days post aerosol infection
and did not peak in numbers until 28 days after infection
(Figure 1c). In contrast, in H56/CAF01-vaccinated mice, H56-
specificCD4Tcellswere found in increasednumbers in the lung

Figure 1 H56/CAF01-mediated protection is accompanied by
accelerated recruitment of Mtb-specific T cells to the lung parenchyma.
CB6F1 mice were vaccinated and rested 6 weeks prior to aerosol Mtb
challenge. (a) Total Lung CFU from adjuvant-only control (Ctrl,J) and
H56/CAF01-vaccinated (H56,K) CB6F1mice. Symbol, mean±s.d. of 5–
6 mice. (b) Mice were stained i.v. with anti-CD45-FITC to distinguish
parenchymal (IV–) from vasculature (IVþ ) cells, followed by ex vivo
stimulation of lung cells with H56 protein and ICS staining for IFNg/TNFa/
IL- 2/IL-17 production to enumerate H56-specific CD4 T cells. H56-
specific IFNg production by IVþ and IV-CD4 lung cells froma control (left)
and a H56/CAF01-vaccaninated (right) mouse 3 weeks after aerosol Mtb
infection. (c) Total number of IV-H56-specificCD4 lungcells fromadjuvant
only control (J) and H56/CAF01-vaccinated (K) CB6F1mice before and
after aerosol Mtb infection, based on ICS staining for cells producing any
cytokine (IFNg,TNFa,IL-2, or IL-17). Data are pooled from three
independent experiments each with 3–6 mice per time point. Symbol,
mean±s.e.m. Dotted line represents assay background, i.e., mean
preinfection H56-specific response in adjuvant-only control mice.
*Po0.05,**Po0.01, ***Po0.001.
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parenchyma prior to infection. This population rapidly
expanded during infection, reaching numbers 4100-fold
above unvaccinated animals and peaking 16 days post Mtb
challenge (Figure 1c).

Vaccination enhances sustained IL-2- and IL-17-producing
lung CD4 T cells

CAF01 is a Th1/Th17-promoting adjuvant,17,18 and prophy-
lactic H56/CAF01 immunization has been shown to promote
IL-2-producing CD4 T-cell populations, including multifunc-
tional IFNgþTNFaþ IL-2þ and TNFaþ IL-2þ cells.15,18 We
therefore sought to determine the tissue localization of vaccine-
specific Th1/Th17 cytokine-producing cells in the lungs of
immunized mice after Mtb infection. We focused on responses
to the H56 component ESAT-6 (EsxA) that is continually
expressed throughout Mtb infection and primes a strong T-cell
response in infected mice.10,19 We compared these ESAT-6
responses to the T-cell response with a related Mtb protein,
TB10.4 (EsxH), which has been reported to have similar
immunogenicity in the mouse model but is not present in the
H56 vaccine.20,21 This strategy allowed us to monitor vaccine-
induced T-cell responses (ESAT-6) while controlling for
inherent differences in infection-driven responses (TB10.4)
caused by reductions in bacterial burden (Figure 2a). The
number of TB10.4-specific lungCD4T cells was similar inH56/
CAF01-vaccinated and control mice. TB10.4-specific CD4 T
numbers in vaccinatedmice were slightly above controls only at
a single time point (day 16) and were then below controls at
days 28 and 42, perhaps owing to the reduced bacterial load in
immunizedmice (Figure 1a). In contrast, the number of ESAT-
6-specific CD4 T cells in the lungs of H56/CAF01-vaccinated
mice was 4100-fold higher than control mice at early time
points afterMtb infection but became similar to control mice as
infection progressed (Figure 2a).

Further analysis of the individual cytokines produced by
ESAT-6-specific T cells in the lung parenchyma revealed two
distinct patterns. T cells producing the classic Th1 cytokines
interferon (IFN)g or tumor necrosis factor (TNF)a
reached peak numbers by day 16 post infection in vaccinated
animals, whereas control animals had increasing levels until day
28. This resulted in equivalent numbers between vaccinated and
control animals at days 28 and 42 as the animals progressed
into chronic infection (Figure 2b, upper panels). In contrast,
IL-2- and IL-17-producing ESAT-6-specific CD4 T cells were
maintained in higher numbers in the lung parenchyma of H56/
CAF01-vaccinated mice relative to control mice at all time
points post infection (Figure 2b, lower panels). Combinatorial
Boolean gating analysis of ESAT-6-specific lung CD4 T cells
during the early chronic stage further showed that the majority
of IL-2- and IL-17-producing cells in vaccinated mice were
polyfunctional as they co-expressed IFNg and/or TNFa, a
cytokine profile associated with H1/CAF01-mediated
protection (Figure 2c).22 A similar pattern of IFNg/TNFa-
and IL-2/IL-17-producing CD4 T cells was also seen within the
lung vasculature (IVþ ) of thesemice (Supplementary Figure 1
online).

Lung CD4 T cells in H56/CAF01-vaccinated mice are less
differentiated and express increased parenchymal homing
markers

KLRG1 expression onMtb-specific CD4 T cells has been linked
to terminal differentiation, localization to the lung-associated
vasculature, and decreased protective capacity during infec-
tion.9,10,23 H1/CAF01 vaccination promotes vaccine-specific
KLRG1� CD4 T cells, but whether these vaccine-induced cells
localize to the lung parenchyma or vasculature has not been
examined.13 Using I-Ad:TB10.474-88 and I-Ab:ESAT-64-17

Figure 2 H56/CAF01 sustains population of IL-2 and IL-17-producing
vaccine-specific CD4 T cells in lung parenchyma during Mtb infection.
CB6F1micewere assayed before and after aerosol Mtb infection using i.v.
staining to identify parenchymal (IV–) T cells. Lung cells were stimulated
ex vivo with ESAT-61-15 (a) or TB10.471-88 (b) and stained by ICS to
determine the total number of antigen-specificCD4cells (IFNg, TNFa, IL-2,
or IL-17-producing). (c) The total number of lung parenchyma (IV-) ESAT-
6-specific CD4 T cells expressing the indicated cytokine from adjuvant
control (Ctrl,J) and H56/CAF01-vaccinated (K) mice is shown . Symbol,
mean±s.e.m. of 3–6 mice. *Po 0.05, **Po0.01 ***Po0.001 vs. Ctrl.
(d) Frequency of IV–ESAT-6-specific Lung CD4 T cells expressing each
cytokine combination, based on combinatorial Boolean gating analysis, in
adjuvant control (Ctrl, &) and H56/CAF01-vaccinated (’) mice 42 days
post Mtb infection. Bar, mean±s.d. of five(&) or six(’) mice.
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tetramers, we monitored the phenotypes of Mtb-primed versus
vaccine-induced T cells, respectively, in the IV- and IVþ lung
compartments during chronic Mtb infection. Whereas the
relative distribution of I-Ad:TB10.474-88-tetramerþ cells with
the parenchyma (IV-) versus the vasculature (IVþ ) was
similar between H56/CAF01-vaccinated and control mice, the
proportion of I-Ab:ESAT-64-17 cells that were in the parench-
yma (IV-) was markedly increased in H56/CAF01-vaccinated

mice (Figure 3a). In control animals, at least 80% of the ESAT-
6- and TB10.4-specific CD4 T cells in the lung vasculature
(IVþ ) expressed KLRG1, whereas the majority of lung
parenchymal (IV-) CD4 T cells were KLRG1� (Figure 3a
andb). The similar phenotypes of ESAT-6- andTB10.4-specific
CD4 T cells in controls support the idea that that T cells
recognizing these related antigens respond similarly to
infection. In H56/CAF01-vaccinated mice, TB10.4-specific

Figure 3 H56/CAF01 promotes a vaccine-specific population of KLRG1-CXCR3þ CD4 T cells in the lung parenchyma and vasculature. CB6F1 mice
chronically infectedwithMtbwere injected i.v. with anti-CD45-FITCprior to tissue harvest to characterize parenchymal (IV–) and intravascular (IVþ ) lung
CD4 T cells in adjuvant control (Ctrl) and H56/CAF01-vaccinated (H56) mice. (a) Representive plots of KLRG1 expression and IV labelling of
I-Ad:TB10.474-88 tetramer+ (left) and I-Ab:ESAT-64-17 tetramer+ (right) CD4 lung cells from a control (top) and H56/CAF01-vaccinated (bottom) mouse
6 wks post infection. (b) Compiled %KLRG1þ of I-Ad:TB10.474-88 and I-Ab:ESAT-64-17 tetramerþ CD4 T cells from the lung parenchyma (IV–, left) and
vasculature (IVþ , right) from (a). Bar,mean±s.d. of 4–6micewith415 tetramerþ events. *po0.05, ***po0.001bypaired t-test. (c–d) Surface staining
of I-Ab:ESAT-64-17 tetramerþ lung CD4 T cells from 14 wk Mtb-infected adjuvant control (top) and H56/CAF01-vaccinated (bottom) mice, located in the
tissue parenchyma (IV–, left) and vasculature (IVþ , right). Plots are electronically concatenated from four mice, and % expression of individual mice
plotted below. Bar, mean±s.d. **PoPo 0.01, ****Po0.0001 by t-test. All data representative of X2.
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CD4 T cells had similar KLRG1 expression as control mice in
both the parenchyma and vasculature, whereas ESAT-6-
specific CD4 T cells exhibited markedly reduced KLRG1
expression in both compartments (Figure 3a and b). Thus,
vaccine-induced CD4 T cells maintain a less-differentiated
phenotype in both the lung parenchyma and vasculature during
chronic Mtb infection.

We also investigated the expression of Th1-associated
chemokine receptors on ESAT-6-specific T cells in control
and H56/CAF01-vaccinated mice during chronic Mtb infection.
In adjuvant controls, CX3CR1 expression on ESAT-6-specific
CD4 T cells was restricted to the KLRG1þ population, primarily
located in the lungvasculature (Figure3c, upper panels),whereas
expression of the inflammatory chemokine receptor, CXCR3,
was largely restricted to KLRG1� parenchyma-localized cells
(Figure 3d, upper panels). In H56/CAF01-vaccinatedmice, as in
controls, most ESAT-6-specific T cells expressing CXCR1 were
located in the lung vasculature and co-expressed KLRG1
(Figure 3c). Furthermore, the majority of ESAT-6-specific
CD4 T cells in the lung parenchyma did not express KLRG1, and
as in controls, a significant proportion of these cells expressed
CXCR3 (Figure 3c and d lower left). Compared with controls,
H56/CAF01-vaccinated mice had a significantly increased
population of KLRG1� cells that co-expressed CXCR3 in
the lung vasculature (Figure 3d, right), accompanied by a
reciprocal significant decrease in CX3CR1þ KLRG1þ cells
(Figure 3c). A similar population of KLRG1� CXCR3þ ESAT-
6-specific CD4 T cells was also observed in the peripheral blood
of H56/CAF01-vaccinated mice (Supplementary Figure 2).
Taken together, these results show that H56/CAF01 promotes a
population of vaccine-induced KLRG1�CXCR3þ CD4 T cells
in the circulation that resemble the phenotype of lung
parenchyma-localized CD4 T cells.

KLRG1� CD4 T cells in the lung vasculature are recent
lymphoid emigrants

Given the distinct chemokine receptor expression pattern
exhibited by these vaccine-induced, circulating KLRG1� CD4
T cells, we next investigated whether their requirements for
entry into the blood differed from those of KLRG1þ CD4 T
cells typically found in the vasculature of unimmunized Mtb-
infected mice. To enable future adoptive transfer experiments,
we performed these studies in C57BL/6 mice because of the
availability of congenic strains on this genetic background.
Mtb-infectedC57BL/6mice, either unimmunized or previously
immunized with H56/CAF01, were treated with FTY720, an
S1PR1 agonist that blocks egress of lymphocytes from
lymphoid tissue into the blood. IV-labeling was performed
48 h later, and the phenotype of ESAT-6-specific cells in the
lung vasculature was assessed. Consistent with our earlier
findings in CB6F1 mice (Figure 3c and d), there was a
significantly higher proportion of KLRG1� cells among ESAT-
6-specific CD4 T cells in the lung vasculature (IVþ ) of H56/
CAF01-vaccinated compared with adjuvant control mice
(Figure 4). In both groups of FTY720-treated mice,
however, we observed a marked and selective reduction in

the number of vasculature-localized KLRG1� ESAT-6-specific
CD4 T cells. Interestingly, KLRG1þ ESAT-6-specific CD4 T
cells in the lung vasculature of H56-vaccinated Mtb-infected
CB6F1 mice were primarily co-producers of IFNg and TNFa
(Supplementary Figure 3). In contrast, polyfunctional
IL-2þ IL-17þ cells were highly represented within the
KLRG1� ESAT-6-specific CD4 T cell population (Supple-
mentary Figure 3). These results support the hypothesis that
circulating KLRG1� CD4 T cells induced by H56/CAF01
vaccination, but not KLRG1þ T cells that predominate in the
vasculature of non-vaccinatedmice, represent a population that
has recently entered the blood in an S1P1R-dependentmanner.

Circulating KLRG1� CD4 T cells readily traffic into the
Mtb-infected lung parenchyma

The fact that KLRG1� CD4 T cells were quickly cleared from
the lung vasculature by interfering with S1P1R signaling
suggested that these cells are only transiently present in the
circulation, exiting the circulation during the 48 h FTY720
treatment period. Given the phenotypic similarities between
these circulating T cells and those that reside in the Mtb-
infected lung parenchyma (KLRG1� CXCR3þ CX3CR1� ),
we hypothesized that they rapidly trafficked into the lung. To
test this idea, IVþ lung CD4T cells fromMtb-infected C57BL/
6 mice (either adjuvant controls or vaccinated with H56/
CAF01) were isolated and transferred into infection-matched,
unimmunized congenic recipients (Figure 5a). Fourteen hours
later, recipient mice were IV labeled, and lung cells were
recovered. ESAT-6-specific donor cells were identified by their
congenic marker and tetramer binding, and their homing into
the lung parenchyma was determined by the absence of IV-
labeling within the recipient mouse (Figure 5a). Consistent
with our earlier findings (Figure 3a–d), ESAT-6-specific lung
IVþ CD4 T cells from H56/CAF01-immunized donor mice
expressed significantly less KLRG1 than those from control
mice (Figure 5b). One day after transfer, onlyB30% of ESAT-
6-specific donor cells from unvaccinated mice had trafficked to
the lung parenchyma of recipient mice. In contrast, the vast
majority (B70%) of ESAT-6 specific donor cells from H56/
CAF01-immunized mice trafficked to the Mtb-infected lung
parenchyma (Figure 5c). In both groups, the donor cells that
homed to the parenchyma were almost entirely KLRG1� ,
whereas KLRG1þ cells were largely excluded (Figure 5c).
Similarly, ESAT-6-specific T cells isolated from the blood of the
same H56/CAF01-vaccinated donor mice also had enhanced
parenchymal homing upon transfer into an Mtb-infected
recipient (Supplementary Figure 2). In a subsequent
experiment to control for any variation among individual
recipients, congenic CD4 T cells from infected adjuvant
controls and H56/CAF01-vaccinated mice were co-
transferred into the same Mtb-infected mice. Again, donor
cells from H56/CAF01-vaccinated mice had superior lung
parenchyma homing within each individual recipient
(Supplementary Figure 4). Taken together, our findings
indicate that H56/CAF01 vaccination promotes a
population of circulating KLRG1� ESAT-6-specific T cells
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with enhanced ability to traffic into the Mtb-infected lung
parenchyma. This population continually recirculates during
chronic stages of Mtb infection, which may help explain the

capacity of this vaccine to promote T cells that are refractory to
terminal differentiation and that mediate long-term control in
the murine TB model.

Figure 4 S1PR1blockade reduces KLRG1-CD4T cells in the lung vasculature. (a) Representative FACSplots of lung I-Ab:ESAT-64-17 tetramerþ CD4
T cells from H56/CAF01-vaccinated (lower plots) and adjuvant control (upper plots) C57BL/6 mice infected for 7 weeks with Mtb followed by 48 hr
treatment with (right) or without (left) FTY720. (b) Bar graph shows the proportion of KLRG1– of I-Ab:ESAT-64-17 tetramerþ CD4 T cells in the lung
vasculature (IVþ ) for each treatment group. Bar, mean±s.e.m. of n¼3 mice per group. *Po0.05.

Figure 5 Vaccine-specific lung vasculature CD4 T cells from H56/CAF01-vaccinated mice efficiently traffic into the Mtb-infected lung parenchyma. (a)
Schematic of adoptive transfer system to study the parenchymal homing ability of lung-circulating H56/CAF01-inducedCD4 T cells. Total IVþ lungCD4
T cells were FACS-sorted from 7week Mtb-infected adjuvant control or H56/CAF01-immunized BL/6 mice (CD45.2) and transferred into infection-
matched congenic recipients (CD45.1). After 14 h, the migration of donor cells into the lung parenchyma was determined by a second i.v. stain of
recipients prior to lung cell isolation and surface staining. (b) KLRG1 expression of ESAT-64-17 tet+ cells from sorted IV+ donor CD4T cells from individual
adjuvant control (left) or H56/CAF01-vaccinated (right) mice prior to transfer. Bar, mean±SD of 4 mice. (c) KLRG1 expression and IV-labeling of
CD45.2+ I-Ab:ESAT-64-17 tetramer+ donor CD4 T cells isolated from the lungs of recipient mice to assess trafficking and phenotype of transferred cells.
Bar, mean±s.d. of 3–4 mice. Data representative of two experiments with similar results. *Po0.05, **Po0.01 by unpaired t-test.

ARTICLES

560 VOLUME 10 NUMBER 2 |MARCH 2017 |www.nature.com/mi

http://www.nature.com/mi


DISCUSSION

CD4 T cells require direct recognition of Mtb-infected
macrophages to control bacterial burden at the cellular level,11

and proper localization within the infected lung is therefore a
critical parameter of optimal disease control. Two recent studies
have shown that KLRG1þ Mtb-specific CD4T cells accumulate
in the lung vasculature of Mtb-infected mice and do not traffic
into the lung parenchyma when adoptively transferred into
infection-matched recipients.9,10 In contrast, KLRG1� par-
enchyma-localized lung CD4 T cells readily re-traffic into the
lung parenchymaupon transfer and aremoreprotective on a per
cell basis.9,10 In the present study, we demonstrate that H56/
CAF01 vaccination promotes a sustained population of
KLRG1� CXCR3þ CX3CR1� cytokine-producing CD4 T
cells in the peripheral and lung vasculature that efficiently
migrates into the Mtb-infected lung parenchyma.

The chemokine receptor profile of T cells is critical for their
translocation into various organs, and CXCR3 is character-
istically upregulated on vaccine-promoted T cells in the lung
parenchyma. CXCR3 is a Th1-associated receptor that recruits
cells into inflamed tissues,24 and the CXCR3 ligands (MIG,
I-TAC, and IP-10) are expressed in the granulomas of Mtb-
infected lungs and contribute to granuloma formation.25

Therefore, one model based on the chemokine receptor
expression data presented here and elsewhere9 is that
vaccine-primed T cells are recruited to the lung parenchyma
upon Mtb infection in a CXCR3-dependent manner and are
positioned within granulomas along a chemokine gradient.
Interestingly, a significant population of KLGR1�CXCR3þ T
cells was also found in the peripheral and lung vasculature of
vaccinated, but not unvaccinated mice during infection,
suggesting that these cells represent a circulating vaccine-
promoted population. Our observation that short-term treat-
ment with FTY270 rapidly depletes this population from the
peripheral circulation has two important implications: (1)
KLGR1� CXCR3þ CD4 T cells have only recently entered the
blood in an S1P1R-dependentmanner and (2) their presence in
the circulation is transient. Our finding that KLRG1� CD4 T
cells recovered from the peripheral and lung vasculature rapidly
traffic into the lung parenchyma after transfer into Mtb-
infected recipients provides a potential explanation for why
these cells do not persist long-term in the vasculature. Thus, our
results support the idea that H56/CAF01 immunization
induces a population of non-terminally differentiated CD4
T cells that continually migrate into the lung during chronic
Mtb infection. Expression of central lymphoid homingmarkers
CCR7 andCD62L onKLRG1� cells in the lung vasculaturewas
not enhanced in H56-vaccinated mice (data not shown),
suggesting that these cells are not Tcm. However, future studies
will be needed to determine whether these circulating T cells
originate from progenitors in the peripheral lymph nodes and
spleen or represent T cells re-circulating from the infected lung
itself, as S1P1R blockade can also inhibit T-cell exit from non-
lymphoid tissues via the lymphatics.26,27

The level of terminal differentiation of CD4 T cells greatly
influences their protective, or even pathogenic, capacity during

Mtb infection. Observations by Reiley et al.23 support a
developmental model whereby proliferative KLRG1� PD1þ

cells terminally differentiate into IFNg-producing KLRG1þ

PD-1� cells during chronic Mtb infection. More recent studies
have shown that KLRG1þ CXCR3� CX3CR1þ T cells
accumulate in the lung vasculature, unable to readily traffic
into the infected lung tissue.9 The increased protective capacity
of less terminally differentiated KLRG1� CD4 T cells may thus
be dependent on their improved trafficking into the par-
enchyma.9,10 Conversely, the absence of highly differentiated
KLRG1þ T cells in the granuloma has been suggested to have a
regulatory role in limiting disease pathology.28 KLRG1 itself
may have a direct role in promoting cell differentiation and
impeding protection, as KLRG1-deficient mice are more
resistant to Mtb infection, and their improved bacterial control
and survival are associated with increased numbers of activated
CD4 T cells in the lung.29 In addition, IL-27Ra deficiency and
T-bet haplo-insufficiency during Mtb infection lead to CD4 T
cells with decreased KLRG1 expression, as well as increased
lung parenchyma homing and improved control of infection.30

Interestingly, sustained production of IL-2 was also associated
with the improved fitness of IL-27Ra-deficient CD4 T cells
withinMtb-infected lungs,30 an observation consistent with the
finding that only KLRG1� CD4 T cells are capable of
producing IL-2 during chronic phases of Mtb infection.10

Here, we demonstrate that H56/CAF01 vaccination primes a
population of CD4 T cells that is capable of sustaining this
protective phenotype throughout chronic Mtb infection.
Vaccine-induced Mtb-specific KLRG1� CD4 T cells were
enhanced in the peripheral circulation and lung parenchyma,
where they maintained the capacity to produce IL-17 and IL-2.
The absence of this population in control mice is in agreement
with our earlier observation that the H56/CAF01 vaccine
maintains a stable population of IL-2- producing KLGR1-

central/effector memory-like T cells that are completely absent
during the late stages of TB infection in control mice.13 IL-17
production by vaccine-elicited CD4 T cells has previously been
associated with accelerated CD4 T-cell responses into the Mtb-
infected lung,4 whereas inferior long-term control of Mtb
infection in IL-17RA-deficient mice suggests that a maintained
IL-17-response in chronic stages of infection can contribute to
disease control.5 More recently, IL-17 production has been
associated with the positioning of T follicular helper -like cells
within the infected lung, promoting Mtb protection.31,32

Ongoing work is focused on evaluating typical T follicular
helpermarkers, such as ICOS, on these parenchyma-localizedT
cells.

Overall, we find that H56/CAF01 vaccination promotes an
early, protective lung CD4 T-cell response characterized by an
expansion of KLRG1� Mtb-specific CD4 T cells with lung
parenchyma-homing properties. As the infection progresses
into a chronic state, an enhanced population of IL-2þ and IL-
17þ ESAT-6-specific T cells is maintained in the lungs. It is
tempting to speculate that this population may be sustained by
the continual influx of KLRG1� CXCR3þ Mtb-specific CD4T
cells into the lungs, a population greatly enhanced in the
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peripheral circulation of vaccinated mice. Whether these cells
are entering the lung for the first time from the peripheral
lymphoid tissues or they are re-circulating and re-entering the
lung, perhaps this trafficking provides a fresh population of
CD4 T cells that either has not yet been exposed, or has had a
hiatus from, the intense inflammatory environment of theMtb-
infected lung. This process of renewal may help keep the T cells
from progressing to terminal differentiation and prevent them
from becoming functionally exhausted. Determining the
specific requirements for this T-cell population is crucial as
we continue to unravel mechanisms of protective T-cell
immunity during chronic TB infection. Moreover, as the
current TB vaccine pipeline contains diverse candidates
delivered in various adjuvant and live vector systems, it will
be highly informative to investigate if this vaccine-induced
population is common andhas a role in protection promoted by
these other vaccine systems.

METHODS

Mice. Six- to 8-week-old female CB6F1 (BALB/c�C57BL/6, Harlan,
Horst, Netherlands) rested 1 week were housed at Statens Serum
Institut. All handling and procedures were performed in compliance
with the EuropeanCommunityDirective 86/609 for the care and use of
laboratory animals. C57BL/6, B6.PL/(84NS)CyJ (Thy1.1), and B6.SJL-
PtprcaPep3bBoyJ (CD45.1) mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA) and bred and maintained under
specific pathogen-free conditions at the CIDR (Center for Infectious
Disease Research Institute). All experimental procedures performed at
CIDR involving animals were approved by the Institutional Animal
Care and Use Committee.

Immunizations. Mice were immunized subcutaneously three times at
2-week intervals with either CAF01 (250mg DDA/50mg TDB) alone
or CAF01 mixed with 5ug H56 protein produced as previously
described.18

Mtb infection and lungCFU enumeration. Mice were rested at least 6
weeks following the final immunization before aerosol challenge with
Mtb. Virulent Mtb Erdman (TMC 107, ATCC) grown to log-phase in
Sauton medium (BD Pharmingen, San Diego, CA) stored at � 80 1C.
was suspended in PBSTween 20 (0.05%) and aerosolized for inhalation
using a Biaera exposure system controlled via AeroMP software. An
average delivered dose of 50–150 colony-forming units (CFU)/animal
was confirmed by CFU plating of total lung homogenates 1 day after
infection. Infections for adoptive transfer experiments were performed
using aGlas-Col aerosolization chamber (TerreHaute, IN,USA).Mice
were infected with B100 CFU of Mtb Erdman, and two mice were
sacrificed immediately after infection to determine the infectious dose
for each experiment.
To enumerate bacteria after infection, left lung lobes from individual

mice were homogenized using Milteny autoMACS dissociator and
M-tubes (Miltenyi, Bergisch Gladbach, Germany), serially diluted in
PBS, grown for 2 weeks at 37 1C, and CFU enumerated as described
previously described.15

IV staining. Anti-CD45.2 FITC (BD Biosciences, San Jose, CA), 2.5mg
per mouse was given intravenously 3min prior to lung harvest to
distinguished parenchymal-localized (IV-) and vasculature-associated
(IVþ ) cells in CB6F1 mice. In C57BL/6 mice, anti-CD90.2 APC
(BioLegend, San Diego, CA, USA), anti-CD45.2 APC (BioLegend) or
CD4 FITC (RM4-4; BioLegend) was injected intravenously at 1 mg per
mouse, 1 mg per mouse, and 2.5 mg per mouse, respectively, 10min
prior to lung harvest.

Tissuepreparation. Lungs aseptically removed from euthanized mice
were perfusedwith cold RPMI or left un-perfused and kept at 4 1Cuntil
digested for 1 h at 37 1Cwith collagenase IV. Cells were forced through
a 70 mm filter and washed twice before being stained directly for MHC
II tetramers and surface markers or stimulated for ICS analysis.
Blood samples were taken by cardiac puncture and peripheral blood

mononuclear cells isolated by density centrifugation over Lympholyte
Mammal (Cedarlane Laboratories, Burlington, ON, Canada) as per
manufacturer’s protocol.

Flow cytometry. ICS for cytokines: A total of 1–2� 106 lung MNCs
were stimulated in vitro in V-bottom 96-well plates at 37 1C in media
containing anti-CD49d (1mgml-1) and anti-CD28 (1mgml-1)
without antigen or in the presence of protein or peptide antigen
(5mgml-1) for 1 h, plus 6 h in the presence of 10mgml-1 brefeldin A
(Sigma-Aldrich, Brønby, Denmark), after which cells weremaintained
at 4 1C for 2–8 h before staining.
Cells were stained for surface markers using anti–CD4-allophyco-

cyanin (clone RM4-5; BD Pharmingen) before fixation and permea-
bilization using Cytoperm/Cytofix kit (BD Pharmingen) as per
manufacturer’s instructions, and subsequently stained for intracellular
cytokines with anti–IFN-g PE-Cy7 (XMG1.2; BD Pharmingen), anti–
TNF-a–PE (MP6-XT22; BD Pharmingen), IL-2–allophycocyanin–
Cy7(JES6-5H4; BD Pharmingen), and IL-17A–PerCP–Cy5.5 (I7B7;
eBiosciences, San Diego, CA). Antigen-specific cell numbers deter-
mined from Nucleocounter (ChemTec, Deerfield Beach. FL, USA)
enumeration in combination with ICS data of % cytokine-producing
cells after stimulation. Non-specific background cytokine values were
determined for each combinatorial Boolean gate and subtracted.
Tetramer and surface staining: I-Ab:ESAT-64-17-APC,

I-Ad:TB10.470-84-BV421, and I-Ab:hCLIP-APC, I-Ad:hCLIP-BV421-
negative controls were provided by the NIH tetramer facility (Atlanta,
USA). Cells were stained with tetramers for 30min at 37 1C before
surface staining at 4Cwith anti-CD4-BV786 (GK1.5, BDPharmingen)
or -allophycocyanin (RM4-5, eBiosciences), KLRG1-BV711 (2F1, BD
Pharmingen) or -allophycocyanin (2F1, eBiosciences), CXCR3-
PerCP/Cy5.5 (CXCR3-173 (eBiosciences), and CX3CR1-PE (Goat
IgG, R&D Systems, Minneapolis MN,USA). Dead cells were excluded
by the fixable viability e506 (eBioscience) or ZombieAqua (Biolegend).
All Gates for surface markers are based on fluorescence-minus-one
controls. All flow cytometry analyses including file concatenation and
Boolean analysis was performed with FlowJo software v.X (Tree Star,
Ashland, OR, USA).

FTY720 treatment. Unimmunized C57BL/6 mice and H56/CAF01-
immunized Thy1.1 mice were infected with 30 CFU Mtb by aerosol.
After 7 weeks, half of the mice were injected i.p. with 1mg kg� 1

FTY720 (Sigma) 24 h and 48 h prior to harvest, whereas the other half
served as untreated controls. Ten min prior to harvest, all mice were
intravenously labeled with anti-CD4 (RM4-4) antibody to identify
vasculature-resident cells. Mice were euthanized, and lungs were
subsequently collected for flow cytometric analysis of Mtb-specific
T cells.

Adoptive transfer of lung T cells. Seven weeks post Mtb infection,
H56/CAF01 or CAF01 (control)-immunizedWTmice (CD45.2) were
intravenously injected with 1 mg CD90.2 APC antibody. After 10min,
cardiac punctures were performed while mice were under lethal
isoflurane anesthesia for the collection of peripheral blood. Peripheral
bloodmononuclear cells were isolated from the blood by layering over
Histopaque reagent (Sigma-Aldrich). Lungs were then individually
collected into HEPES buffer containing liberase blendzyme 3 (Roche)
and DNAse (Sigma-Aldrich), homogenized using a gentleMacs
dissociator (Miltenyi Biotec), and incubated at 37 1C for 30min and
passed through a 100 mM cell strainer to generate a single cell sus-
pension. Red blood cells were lysed using RBC lysis buffer
(eBioscience), and then CD4 T cells enriched by removal of CD19þ B
cells using Magnisort negative selection magnetic beads (eBioscience).
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Lung vasculature-resident CD4 T cells were then sorted based on co-
expression of the IV label (CD90.2 APC) and CD4 using a FACS Aria
cell sorter (BD) maintained in a BSL3 facility. An aliquot was reserved
tomeasureKLRG1 expression among IVþESAT6þ CD4T cells, and
the remaining IVþ cells as well as the bulk eripheral blood
mononuclear cells were adoptively transferred into individual con-
genic (CD45.1), infection-matched recipients. The following day,
recipient mice were i.v. injected with 2.5 mg CD4 FITC (RM4-4), and
lungs were harvested 10min later for generation of single cell sus-
pensions for analysis of translocation of adoptively transferred among
congenically marked (CD45.2) ESAT6þ cells using flow cytometry
(LSRII, BD).

Statistical analysis. Prism software (v.5.6. GraphPad, San Diego, CA,
USA) was used to perform all statistical analyses. CFU data and total
cytokine-positive cells numbers were log-transformed to normalize
variance before analysis. t-test was used to compare control and
vaccinated groups, and results are described in the figure legends.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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