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The Journal of Immunology

Control of Chronic Mycobacterium tuberculosis Infection by
CD4 KLRG1  IL-2-Secreting Central Memory Cells

Thomas Lindenstrem, Niels Peter Hell Knudsen, Else Marie Agger, and Peter Andersen

The bacille Calmette-Guérin vaccine provides very efficient protection in standard animal models of Mycobacterium tuberculosis
challenge. We show in this article that although bacille Calmette-Guérin controlled M. tuberculosis growth for 7 wk of infection,
the protection was gradually lost as the infection entered the chronic phase. The regrowth of M. tuberculosis coincided with an almost
complete disappearance of IL-2-producing CD4 T cells. Booster vaccination with a subunit vaccine (Ag85B-ESAT-6+CAF01)
expanded IL-2" CD4" T cell coexpressing either TNF-a or TNF-o/IFN-y, and the maintenance of this population in the late stage
of infection was associated with enhanced control of bacterial growth. The IL-2" CD4* T cell subsets were KLRG1™ (nonterminally
differentiated), were found to be CD62L"", and further maintained a pronounced proliferative and cytokine-producing potential in
the draining lymph nodes, when the animals were challenged 2 y postvaccination. These results suggest that the CD4* KLRG1~
IL-2-secreting subsets are central memory T cells with the potential to continuously replenish the T cells at the site of infection
and prevent attrition and functional exhaustion. The Journal of Immunology, 2013, 190: 6311-6319.

long and leads to a quiescent latent state of infection in

>90% of all individuals infected. In the remaining 10%,
clinical disease, tuberculosis (TB), will develop. Annually, 9
million new cases are reported, and it is estimated that TB
accounts for ~1.5 million deaths yearly (1). The only currently
available vaccine against TB is the bacille Calmette—-Guérin
(BCG), which is an attenuated strain of the closely related M.
bovis. BCG provides protection against severe disseminated
childhood TB, including tuberculous meningitis, but shows poor
and highly variable efficacy against pulmonary TB in adolescents
and adults (2—4). Although BCG clearly has its limitations, it
remains the most widely used vaccine in the world, primarily
because of its efficacy against the pediatric forms of disseminated
TB (5). BCG-induced Th1l immunity has been shown to decline
with time from vaccination and is generally thought to last no
more than 10-15 y (6-8), although immunity exceeding several
decades has been reported (9). One of the prevailing strategies in
TB vaccine research is to develop a BCG booster vaccine, and
there are several demonstrations in both preclinical (10, 11) and
clinical studies (12) that this is indeed a feasible way forward.
However, of key importance for our attempts to develop improved
TB vaccine strategies is a detailed understanding of BCG’s limi-
tations, and that the maintenance of vaccine promoted immuno-
logical memory in infected and noninfected individuals is one
such issue where our knowledge currently is insufficient. In high-

I nfection with Mycobacterium tuberculosis can persist life-
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endemic regions such as Sub-Saharan Africa, the incidence of
infection increases during childhood (13-15) to reach the stag-
gering level of 60-70% of latent TB infection in some of the most
afflicted populations at age >25 y (15). Memory immunity after
BCG vaccination can therefore not be studied in isolation in naive
animals but needs to be evaluated on a background of ongoing
chronic infection to reflect a scenario where people in many cases
experience a lifelong continuous exposure to the pathogen and its
Ags.

For viral pathogens, persistent or chronic infections often lead
to impaired CD8 T cell responses characterized by a stepwise
and progressive loss of T cell function (16, 17), which are closely
linked to the process of T cell exhaustion. For CD4 T cells, the
phenomenon is not nearly as well characterized and understood,
but there are clear indications that immune regulation and func-
tional exhaustion take place in a number of chronic infections
(18-22). In animal models, ongoing TB infection has recently
been reported to drive T cells into a stage of terminal differenti-
ation (23). Data from infected individuals provide the same overall
interpretation with progressive impairment of M. tuberculosis—
specific CD4 T cell responses with increasing mycobacterial load
(24-26), a development that could be abrogated by anti-TB
treatment (24). Whereas various cross-sectional studies in chil-
dren have shown that BCG primarily promotes effector/effector
memory T cells (similar to the real TB infection) (27, 28), a recent
longitudinal study in infants has documented a more complex
pattern, with BCG-specific CD4 T cells displaying characteristics
of both central and effector memory T cells (29). In mice models,
we have previously reported that adoptive transfer of M. tuber-
culosis—specific memory cells (from cleared infection or after
subunit vaccination) can confer significant protection to challenge
(30, 31), and that central memory T cells (T¢y) are the most
important subset responsible for this effect (30). Immune regula-
tion exerted by inhibitory receptor signaling such as KLRGI,
through the PD-1-PD-L1/2 axis, regulatory T cells, and immu-
nosuppressive cytokines, are all mechanisms developed to avoid
excess immunopathology (32); but in TB, there is increasing ev-
idence that these pathways also play an important role in the long-
term maintenance of the equilibrium needed to support chronic
infection (20, 21). Thus, to be successful, any novel vaccine
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strategy to boost BCG needs to be able to overcome or counteract
all these complex signals in an environment of chronic TB in-
fection and maintain a reservoir of specific self-renewing T cells
that can mediate long-term containment.

In this article, we show that BCG-mediated protection is lost
as the infection enters the chronic phase, and that this waning of
memory immunity is coincident with a loss of IL-2—producing
CD4 T cells and an increase of KLRG1™" terminally differentiated
T cells. We found that a single boost of BCG with the CAF01-
adjuvanted fusion protein Ag85B-ESAT6 (H1) significantly improves
the long-term protection compared with BCG alone and shows that
this increase in protective efficacy is associated with a selective in-
duction, expansion, and maintenance of CD4 KLRGI1 ~ central
memory cells secreting IL-2.

Materials and Methods

Animals and handling

Female C57BL/6 mice aged 67 wk were purchased from Harlan Scan-
dinavia (Allergd, Denmark). Animals were kept at the experimental animal
facilities at Statens Serum Institut and handled by authorized personnel.
All mice were allowed to rest for 1 wk before experimentation and
throughout the study were fed irradiation sterilized 2016 Global Rodent
Maintenance diet and water ad libitum. All manipulations were conducted
in accordance with the regulations of the Danish Ministry of Justice and
animal protection committees by Danish Animal Experiments Inspectorate
Permit 2009/561-1655, in compliance with European Community Direc-
tive 86/609 for the care and use of laboratory animals. Infected animals
were housed in cages contained within laminar flow safety enclosures
(Scantainer; Scanbur) in a separate biosafety level 3 facility.

Bacteria, Ags, and immunization

M. tuberculosis Erdman was grown at 37°C on Middlebrook 7H11 (BD
Pharmingen) agar or in suspension in Sauton medium (BD Pharmingen)
enriched with 0.5% sodium pyruvate, 0.5% glucose, and 0.2% Tween 80.
BCG Danish strain 1331 was grown at 37°C in Middlebrook 7H9 medium
(BD Pharmingen). All bacteria were grown to log phase and then stored at
—80°C in growth medium at ~5 X 10® CFU/ml. Bacteria were thawed,
placed in an ultrasound bath for 5 min, clumps dispersed by forcing
bacteria through a syringe, washed, and diluted in PBS before immuni-
zations and infections. The subunit vaccine Ag, a fusion protein of Ag85B
and ESAT-6 (H1), was produced as a recombinant Ag as previously de-
scribed (33). Vaccine Ag was mixed with the adjuvant CAF01 (DDA/TDB;
250/50 wg/dose) before injection. CAF01 was prepared by the film method
as described elsewhere (34). Mice primed with BCG were immunized once
with 5 X 10° CFU BCG Danish 1331 by the s.c. route at the base of the
tail. Four weeks later, one group received a single s.c. booster with 2 g of
the heterologous subunit vaccine H1 (Ag85B-ESAT-6)+CAFOI in a total
volume of 200 p.l.

Experimental infections and CFU enumeration

Six weeks after the Hl-booster (10 wk after BCG priming), mice were
aerosol challenged with M. tuberculosis Erdman using an inhalation ex-
posure system (Biaera Aero MP aerosol system) calibrated to deliver ~100
CFU M. tuberculosis Erdman/mouse as previously described (35). Mice
(six mice/group/time point) were subsequently euthanized at weeks 7,
26, and 50 into the infection, and CFU levels were determined in BCG,
BCGpime-H1+CAFO 100, as well as nonimmunized mice. Bacterial levels
were determined by plating serial dilutions of individual lung homogenates
onto Middlebrook 7HI11 agar supplemented with 2 wg 2-thiophene-
carboxylic acid hydrazide/ml (Becton Dickinson, Oxford, U.K.) to selec-
tively inhibit the growth of any residual BCG bacteria in organs from BCG
immunized mice. Colonies were enumerated after 2-3 wk of incubation at
37°C, and protective efficacy was expressed as the loglO values of the
geometric mean for six mice/group. To assess the degree of KLRGI ex-
pression, mice were immunized and challenged as described earlier, and
immunological readouts were carried out 10 wk into infection. For the
long-term memory experiment shown in Fig. 5, mice were immunized as
described earlier, but aerosol challenged ~2 y after last immunization.
Three weeks into the infection, mice were sacrificed and immune
responses in lung-draining tracheobronchial lymph nodes were analyzed.
Mice were administered BrdU (Sigma; 0.8 mg/ml) in drinking water
4 d before euthanization to determine the degree of proliferation.

Cell preparations

Lung, splenic, and lymph node cell preparations were obtained by ho-
mogenization through a 100-pm nylon cell strainer (BD Pharmingen) and
washed twice in RPMI 1640 (Life Technologies Invitrogen, Taastrup,
Denmark). All cell cultures were performed in Nuclon V-bottom microtiter
plates (96-well plates; Nunc, Roskilde, Denmark) containing 1-2 X 10°
cells/well in a volume of 200 w1 RPMI 1640 supplemented with 5 X 107>
M 2-ME, 1 mM glutamine, 1% pyruvate, 1% penicillin-streptomycin, 1%
HEPES, and 10% FCS (all Life Technologies Invitrogen, Taastrup, Den-
mark). Based on preceding dose-response assays, protein Ags (purified
protein derivative of tuberculin [PPD] and rAg85B) were used at a con-
centration of 5 pg/ml, whereas peptide mixes of 18-mer overlapping
peptides spanning mycobacterial Ags ESAT-6 and TB10.4 were used at
a concentration of 2 pg/ml (each peptide).

Flow-cytometric staining and analysis

Intracellular staining was essentially done as previously described (36).
Cells were stimulated for 1 h in the presence of specific Ags and 1 pg/ml
anti-CD28 (clone 37.51) and anti-CD49d (clone 9C10[MFR4.B]; both BD
Pharmingen), and subsequently incubated for 5-6 h at 37°C after addition of
10 pg/ml Brefeldin A (Sigma-Aldrich, Brgndby, Denmark) and 0.7 pwl/ml
Monensin/Golgi-stop (BD Pharmingen). After overnight storage at 4°C, cells
were washed in FACS buffer (PBS containing 0.1% sodium azide and 1%
FCS), and subsequently surface stained with 1:200 dilutions (unless otherwise
stated) of anti-CD4 (clone GK1.5) conjugated to either allophycocyanin-Cy7,
allophycocyanin-eF780 (1:600; eBiosciences), FITC or PerCp-Cy5.5, anti—
CDB8-PerCp-Cy5.5 (clone 53-6.7), anti-CD44-FITC (clone IM7; all BD
Pharmingen, San Diego, CA), anti-PD-1(CD279)-PE-Cy7 (data not shown;
clone RMP1-30; 1:150; BioLegend), anti—-KLLRG1-allophycocyanin (clone
2F1; eBiosciences) and anti-CD62L-allophycocyanin-eF780 (1:100; clone
MEL-14; eBiosciences). After permeabilization (Cytofix/Cytoperm kit; BD
Pharmingen), intracellular staining was performed using 1:200 dilutions of
anti-IFN-y—PE-Cy7 or FITC (clone XMG1.2; eBiosciences), anti-TNF-a—
PE (MP6-XT22; BD Pharmingen) or PerCp-eF710 (eBiosciences), and anti—
IL-2—-allophycocyanin or —allophycocyanin-Cy7 (clone JES6-5h4; BD
Pharmingen) mAbs. BrdU staining was performed as in Elvang et al. (37).
Samples were analyzed using a six-color BD FACSCanto flow cytometer
(BD Biosciences). Responses were analyzed using FlowJo software ver-
sion 8.8 (Mac; Tree Star) followed by Pestle and Spice software (38) by
Boolean gating of IFN-y, TNF-a, and IL-2* CD4/CD8 CD44"€" (gating:
Singlets, lymphocytes, CD4 versus CD8, CD44 versus cytokine). In the
Results, the percentage of total responding CD4/CD8 CD44™e" T cells
was determined by summing the percentage of cells producing IFN-y, TNF-
a, or IL-2 in any combination (“any cytokine”). Using Spice, the percentage
of IL-2-producing cells relative to the total cytokine-producing CD4*
CD44™e" was determined, and the degree of multifunctionality was finally
established by separating the CD4"CD44™" T cell population into seven
distinct subpopulations based on their production of IFN-y, IL-2, or TNF-a in
any combination and reported both in terms of frequency and the representa-
tion of each of these subpopulations relative to total responders (Fig. 1B).
Regarding exhaustion markers, “any cytokine”—producing cells were examined
for their expression of KLRG1. Further, the percentage of cytokine-responsive
cells expressing KLRG1 was determined, and the distribution of cells pro-
ducing IFN-y, TNF-a, and IL-2 in any combination among KLRG1* and
KLRG1 ~ cells was finally established. In assays staining for BrdU incorpo-
ration, BrdU +ve CD4 T cells were included in the Boolean gating strategy,
and the cytokine-producing subsets incorporating BrdU were determined.

Statistics

Significant differences between vaccination groups and nonimmunized
mice were tested by ANOVA using Tukey posttest for multiple comparisons.
A p value <0.05 was considered significant.

Results
Boosting BCG with the HI subunit vaccine results in increased
control with chronic M. tuberculosis infection

We compared the protective efficacy provided by BCG and BCG
boosted with the HI/CAFO1 subunit vaccine short term (7 wk) and
at late time points (26 and 50 wk) into a chronic TB infection.
Seven weeks after challenge with M. tuberculosis, BCG and the
prime-boost group provided comparable and significant levels of
protection relative to nonimmunized controls corresponding to an
~1 log reduction in lung CFU levels (p < 0.001; Fig. 1A). Later
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FIGURE 1. Protection and PPD responses in BCG and BCG/H1+CAFO01 boosted mice in a long-term model of M. tuberculosis infection. (A) Bacterial
load in lungs of mice chronically infected for 50 wk. Mice (C57BL/6) were immunized once with 5 X 10° BCG Danish by the s.c. route at the base of
the tail (0.2 ml 2.5 X 107 CFU/ml BCG Danish). Four weeks later, one group received a single s.c. booster with 2 wg of the heterologous subunit vaccine
HI1 (Ag85B-ESAT-6)+CAFO01 (250/50). Six weeks after the booster, mice were aerosol challenged with M. tuberculosis Erdman. Mice (6 mice/group/time
point) were subsequently euthanized at weeks 7, 26, and 50 into the infection, and CFU levels were determined in BCG, BCGpyjmme-H1+CAFO01 00, as
well as nonimmunized, challenged mice. Error bars represent SEM. ANOVA with Tukey posttest. Week 7 postinfection: ***p < 0.001; BCG versus
BCGpime-HI+CAFO0 1005 11.5.; Week 26 postinfection: ***p < 0.001; BCG versus nonimmunized n.s.; week 50 postinfection: ***p < 0.001; BCG versus
nonimmunized n.s.; BCG versus BCGpyjp,e-H1+CAFO01,,,,4 n.s. Repeated once until week 26 with comparable results. (B) Evaluation of CD4 responses to
PPD in mice preinfection and postinfection (here lung responses of BCG-H1/CAF01 mice 7 wk postimmunization). As shown, IFN-y—, TNF-a—, and IL-2—
producing CD44"e" cells were gated and based on Boolean gating, and cytokine coexpression profiles were established (seven subpopulations of cytokine-
producing cells in any combination). The frequency of Ag-specific “any cytokine-response” was established, as well as the degree of multifunctionality.
Finally, IL-2 +ve cells (in any combination) of the cytokine-responding cells were determined, both in terms of proportion and frequency to determine
levels of self-renewing memory T cells induced and maintained into chronicity by the different immunization regimens. (C) Time course of PPD-responsive
(IFN-vy, TNF-a, IL-2 in any combination) CD4 and CD8 T cells in lungs before and long into a chronic M. tuberculosis infection (n = 4 mice/group/time
point (though 3 mice/group at day 0); error bars indicate SEM. Repeated once until week 26 with comparable results. ANOVA with Tukey posttest; *p <

0.05.

during infection, the protective efficacy of BCG clearly declined
and no significant protection relative to the nonimmunized control
animals were found at weeks 26 and 50 postchallenge (Fig. 1A).
From week 7 onward, neither nonimmunized nor BCG-immunized
animals were capable of controlling the infection, and bacterial
numbers increased to log 6.15 and 5.3, respectively, at week 50.
Only the BCG-H1/CAF0O1 immunized animals provided signifi-
cant protection at all time points and controlled the late stages of
infection much more efficiently than BCG alone, leading to a
1.7-2 1log10 reduction in CFU loads at weeks 26 and 50 (p <
0.001; Fig. 1A).

The mycobacteria-specific T cell response was analyzed at
different time points during infection by restimulation of T cells
isolated from perfused lungs followed by intracellular flowcy-
tometry (Fig. 1B). Initially, we focused on describing possible
differences among the groups in the frequency of TB-specific
T cells during the course of infection. Increased numbers of
PPD-specific CD4 cells were seen in the boosted group at the 7-wk
time point compared with BCG alone, but the difference was not
statistically significant (Fig. 1C). Otherwise, no clear differences
on CD4 PPD responses were observed except at the latest time
point (50 wk), where nonimmunized mice had the highest number
of PPD-specific T cells (p < 0.05; Fig. 1C). PPD-specific CD8
responses were at the same level in the early phases of infection
(7 wk) but were quite different later during infection where both
nonimmunized and BCG-immunized mice were found to have
higher numbers of specific CD8 cells compared with the boosted

group (week 26; p < 0.05). Thus, CD8 responses to PPD seem to
correlate with infection levels as previously demonstrated in a
similar model (10). Taken together, these data demonstrate that the
magnitude of PPD-specific, cytokine-producing cells cannot read-
ily explain the large difference observed in the ability to contain
late-stage infection between the BCG immunized group and the
group boosted with H1+CAFO1.

Boosting with HI/CAFO0I maintains IL-2—producing CD4
T cells throughout infection

The cytokine profile of PPD-specific CD4 T cell responses in lung
and spleen of vaccinated and nonvaccinated mice was subsequently
analyzed at different time points postinfection. BCG-vaccinated
mice had a very significant proportion (~30%) of IL-2 +ve cells
before infection (time O, Fig. 2A), but this population was rapidly
diminished during infection, and IL-2—producing cells (in any
combination) accounted for only 5 and <2% of the cytokine-
producing CD4 T cells at weeks 26 and 50, respectively. This
cytokine expression level was similar to the unvaccinated infected
control animals (Fig. 2A). The subunit boost maintained a higher
frequency of IL-2—producing CD4 cells (TNF-a*IL-2" and IFN-
v TNF-a*IL-2"), detectable at all time points of infection (Fig.
2A). These IL-2—producing memory cells were maintained long
into chronic infection and still accounted for ~10% of the PPD-
responsive population almost a year into the infection. The dif-
ference between the BCG-vaccinated and the boost group was
most pronounced at week 26, where IL-2—producing cells in the
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FIGURE 2. Degree of multifunctional PPD 7
responses and IL-2—-producing CD4 T cell subsets
in BCG and BCG/H1+CAFO0Ol vaccinated mice
during chronic M. tuberculosis infection. (A) Fre-
quency of multifunctional PPD-specific CD4
CD44™e" T cells in lungs of mice before and at 7,

26, and 50 wk into a chronic M. tuberculosis in- 1

fection. Pies above each bar chart denote the pro-
portion of each cytokine-producing subset of the
responding cells from both lung and spleen,
whereas the arcs denote IL-2—producing cells (in
any combination) of the PPD-responding CD4 T
CD44"" cells (n = 3—4 mice/group/time point; er-
ror bars denote SEM). Repeated once until week 26
with comparable results. (B) The time course in the
proportion of IL-2 +ve self-renewing memory cells
of the PPD-responsive CD4 CD44™&" T cells in
spleen during chronic infection (n = 3-4 mice/ IL-2
group/time point; error bars indicate SEM). Re-
peated once until week 26 with comparable results.
ANOVA with Tukey posttest; *p < 0.05.
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Weeks
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boosted group equaled ~20% of the PPD-responding CD4 T cells
in the lungs, whereas such cells were almost absent in the lung of
the BCG group and accounted for only 5% of the responding cells.
Similarly, the proportions of IL-2 +ve cells in the spleen of BCG-
immunized mice were negligible in all phases of infection (<7%
at all times during infection; Fig. 2B). The prime-boost group for
comparison maintained a very high proportion of IL-2—producing
CD4 cells in the spleen up to 26 wk into the infection. At this time
point, the boosted group had a significantly higher proportion of
IL-2* CD4 T cells (30 versus 3%; p < 0.05; Fig. 2B).

IL-2—producing CD4 T cells are specific for the HI vaccine

The observed differences in T cell quality can be interpreted either
as a subset promoted by the booster vaccine or a consequence of the
efficient control with bacterial replication in the BCG boost group.
In the last case, low CFU levels would be expected to result in
a lower degree of transition to terminally differentiated effectors,
and thus to increased levels of IL-2* memory cells directed to
mycobacterial Ags in general. To distinguish these two possibil-
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ities, we analyzed whether the frequency and quality of CD4
T cells specific for Ags contained within the subunit booster
vaccine (Ag85B and ESAT-6) differed from Ags primed by BCG
(TB10.4) that did not control the chronic stage of infection. Clear
and significantly higher CD4 T cell responses to the two subunit-
derived Ags (Ag85B and ESAT-6) could be observed in the BCG-
HI1/CAFO01 group 7 wk postinfection (p < 0.05 any cytokine re-
sponse; Fig. 3A), whereas responses to TB10.4 were comparable
among the groups. In terms of magnitude of the response, no other
significant differences between the groups could be observed ex-
cept for CD4 responses to TB10.4 in the nonimmunized group at
50 wk postinfection (p < 0.01; Fig. 3A). At week 26, where the
largest difference in bacterial numbers was found (Fig. 1A), no
significant differences in the magnitude of CD4 responses to any
of the three Ags were found. However, when focusing on the
cytokine expression of responses, the BCG-H1/CAFO1 booster
group was found to promote a vaccine-specific response of a
clearly different quality than BCG alone. The booster group was
characterized by a large proportion of IL-2 +ve T cells directed to
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FIGURE 3. The maintenance of IL-2—producing
memory cell differs among Ags primed by subunit
vaccination and BCG and/or infection. (A) Time course
of rAg85B- (top), ESAT-6 pepmix- (middle), and
TB10.4 pepmix-responsive (bottom) CD4 CD44"eh
T cells (IFN-y, TNF-a, IL-2 in any combination) in
lungs before and long into a chronic M. tuberculosis
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B Lung responses 26 weeks
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—

infection. Mean * SEM; n = 3-4 mice/group/time
point. ANOVA with Tukey posttest; *p < 0.05, ***p <
0.001. Repeated once until week 26 with comparable
results. (B) Pies charts denote the proportion of each
cytokine-producing subset of the responding cells from
the lungs of infected mice 26 wk into a M. tuberculosis
infection, whereas the arcs denote IL-2—producing
cells (in any combination) of the rAg85B— (top), ESAT-
6 pepmix— (middle), and TB10.4 pepmix—responding
(bottom) CD4 T CD44"€" cells. Note that although
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Ag85B and ESAT-6 recall responses in the BCG-H1/
CAFOI group are characterized by a high proportion of
IL-2—producing cells (in any combination) even 26 wk
into infection, TB10.4 recall responses (thus primed by
the BCG vaccination and boosted/maintained by in-
fection) in this group are completely devoid of these
memory cells. n = 4 mice/group; representative of two
independent experiments.
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Ag85B and ESAT-6 (both contained in the subunit booster vac-
cine) and no IL-2+ve cells directed to TB10.4 (expressed by
BCG). In the BCG group, only a few IL-2" cells were found and
primarily directed to TB10.4. This demonstrates that the ability to
maintain an IL-2* memory population during infection is specif-
ically related to Ags contained in and promoted by the subunit
vaccine and not a consequence of a general impact on the phe-
notypic profile of all T cells primed during infection.

Boosting with HI/CAFOI prevents CD4 T cell exhaustion

We continued our characterization of immune responses in the
vaccinated groups by analyzing the differentiation marker/inhibitory
receptor KLGR1. This marker has previously been demonstrated
to identify CD4 T cell populations at different stages of differ-
entiation during persistent infections, including TB infection (23,
39). In M. tuberculosis infection, KLRG1ME"PD-11*% expression
defines a population of terminally differentiated T cells with
capacity for production of effector cytokines, but limited prolif-
erative potential (23). We examined the expression of the KLRG1
receptor on cytokine-producing CD4 T cells in the lungs of
nonimmunized, BCG-immunized, and BCG-H1/CAF01 boosted
mice 10 wk into an infection (Fig. 4). We focused our analysis on
ESAT-6 responses, which would either be primed by the subunit
boost (BCG-H1/CAFO01) or driven by the infection (nonimmu-
nized and BCG). Among ESAT-6-specific CD4 T cells producing
“any cytokine,” we observed a pronounced and highly significant
reduction in the proportion of terminally differentiated KLRGI-
expressing cells in both the BCG group (24.6%) and the boosted
group (6.1%), compared with the nonimmunized controls (56.5%;
Fig. 4A, 4B). Interestingly, we also observed a large difference
in the expression of KLRG1 among PD-1* cells in the different
groups (with KLRG1 +ve cells constituting ~50, 20, and 8%
of the PD-1-expressing cells in the nonimmunized, BCG, and
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boosted groups, respectively; data not shown). We next asked
how the T cell cytokine expression phenotypes were distributed
among KLRG1 —ve and KLRG1 +ve subsets. To address this, we
split ESAT-6-responsive cells into two groups based on KLRG1
expression, and the relative contribution of cytokine-coproducing
subsets within these two groups was determined (Fig. 4C). In the
nonimmunized and the BCG group, no clear differences could be
observed between cells expressing KLRG1 or not in terms of
their composition of cytokine-coproducing subsets. However, in
the BCG-H1/CAFO1 group, the majority of KLRG1 ESAT-6—
specific cells were IL-2 producers, and the IL-2*TNF-a* pop-
ulation accounted for half of the KLRG1~ population. This was
in contrast with the KLRG1" subset, which comprised T cells
producing cytokines in any combination (Fig. 4C). Interest-
ingly, the classical effector T cells characterized by IFN-vy single
producers or in combination with TNF-a were selectively un-
derrepresented among the KLRG1  cells in the boosted group
compared with nonvaccinated or the BCG group (<10 versus
~50%, respectively).

IL-2—producing CD4 T cells possess high proliferative capacity

In this study, we have observed a correlation between efficient
protection (in the boosted group) and the presence of IL-2* TNF-a*,
KLGR1 ™ CD4 T cells, a subset that most likely represent long-
lived, proliferating, and self-renewing central memory cells (23,
36, 40). We therefore continued by a rigorous assessment of the
memory potential of this population. First, we examined whether
the IL-2—producing cells promoted by the HI1+CAFOI subunit
vaccine are phenotypically characteristic of Tcy. To this end,
splenocytes from mice 11 wk after three immunizations with
HI1+CAFO1 were examined for coexpression of IL-2 and CD62L.
We found that the IL-2* T cells induced by the H1+CAFO01 vaccine
were almost exclusively confined to the CD62L"" population, and
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FIGURE 4. The expression of exhaustion/differentiation marker KLRGI is influenced by vaccination status. In a separate experiment, four mice/group
either nonimmunized, BCG immunized, or boosted once with HI/CAFO1 were aerosol challenged 6 wk after last immunization. Ten weeks into the in-
fection, mice were sacrificed and responses in the lung determined. Cytokine-producing cells (“any cytokine”) were subsequently examined for their
KLRGI expression. Representative of two independent experiments. (A) Representative FACS histograms showing KLRG1 expression for ESAT-6—specific
CD4 T cells (producing “any cytokine”) 10 wk postinfection in mice either nonimmunized (left panel), BCG (middle panel), or BCG-H1/CAFO1 (right
panel) immunized. Histogram overlays show KLRG1 expression in ESAT-6-specific CD4 T cells (producing “any cytokine”) relative to all CD4 T cells in
each group. (B) The proportion of ESAT-6-responsive cells being KLRG1* in nonimmunized, BCG, or BCG/H1+CAF01 boosted mice was subsequently
established. ANOVA with Tukey posttest; *p < 0.05, **p < 0.01. (C) ESAT-6-responsive cells were subdivided based on their KLRG1 expression, and the
distribution of cytokine coexpressing subsets within KLRG1 —ve versus KLRG1 +ve cells was subsequently determined. The arcs above each pie chart
denote IL-2—producing cells (in any combination) of the ESAT-6-responding CD4 T cells.

that a large proportion of these cells therefore can be characterized
as central memory cells (Supplemental Fig. 1).We next investi-
gated T cells, which are recruited to and proliferate in the lymph
nodes draining the TB-infected lung during the recall of a long-
term memory response. To this end, animals that were either
nonimmunized, BCG, or BCG boosted with HI/CAF01 were im-
munized and rested for almost 2 y to ensure the establishment of
a truly resting memory population. The mice were then aerosol
challenged and sacrificed 3 wk into the infection. Mice were ad-
ministered BrdU in their drinking water 4 d before termination, and
cytokine-producing subsets incorporating BrdU were determined
in pooled (3—4 mice/group), lung-draining tracheobronchial lymph
nodes (Fig. 5). A few mice from each group received BrdU in
drinking water for 4 d and were euthanized before infection. At this
time point before challenge (2 y after immunization), no detectable
T cell proliferation driven by the immunization could be detected
(data not shown). As we paid special attention to the IL-2—pro-
ducing CD4 T cell subset(s) specifically induced by the subunit
boost, we started by looking at BrdU incorporation in the IL-2*
ESAT-6-specific CD4 T cells (Fig. 5A). ESAT-6-specific IL-2
production was negligible in the lung-draining lymph nodes of
the nonimmunized group 3 wk into the infection regardless of
whether the CD4 T cells had incorporated BrdU (Fig. 5A). This
was clearly different in the BCG-H1/CAFO1 group, where the
ESAT-6-specific IL-2 response was pronounced and the majority
had incorporated BrdU (Fig. 5A). IL-2—producing cells were also
found in the BCG vaccinated mice but at a much lower level and

without noteworthy BrdU incorporation (Fig. 5A). We next ana-
lyzed the distribution of cytokine coproducing subsets among the
proliferating cells. We identified the TNF-o*IL-2*, but also the
IFN-y*TNF-a*IL-2", subsets to dominate the BrdU* CD4 T cell
population in the prime-boost group, although TNF-a single-
positive cells were also identified within this proliferating pool
(Fig. 5B). The BrdU  population was dominated by IL-2 single-
positive T cells, but this population was also found in the BCG
alone group (Fig. 5B). Thus, the expansion of TNF-a"IL-2" CD4
T cells (with or without concomitant production capacity for IFN-
v) seen in the lung-draining lymph nodes of the boosted animals
represents a long-lived reservoir of specific central memory cells
with proliferative potential that can be mobilized from secondary
lymphoid tissues upon challenge.

Discussion

A notable characteristic of infection with M. tuberculosis is that
adaptive immune responses can arrest progression of the disease,
but rarely (if ever) eradicate the bacteria resulting in sterile im-
munity. This is a consequence of the fact that M. tuberculosis
possesses highly effective mechanisms for evading effector T cell
responses and establishes an often lifelong coexistence with the
infected human host. To be efficient, TB vaccines need to be able
to overcome or counteract the complex regulatory signals en-
countered in such an environment of ongoing TB infection and
maintain a strong memory immunity resulting in long-term con-
tainment of infection. In agreement with previous observations
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FIGURE 5. IL-2 production and BrdU incorporation in the lung-drain-
ing lymph nodes of long-term memory mice after challenge. (A and B) In
a separate experiment, 3—4 mice/group were aerosol challenged ~2 y after
last immunization. Three weeks into the infection, mice were sacrificed
and responses in the lung-draining, tracheobronchial lymph nodes were
analyzed (pooled from 3—4 mice). Mice were given BrdU in drinking water
4 d before termination. (A) FACS plots showing BrdU incorporation rel-
ative to Ag-specific IL-2 production after ESAT-6 pepmix recall in lung-
draining lymph nodes. (B) Cytokine-producing subsets with (black bars) or
without (white bars) BrdU incorporation after stimulation with ESAT-6
pepmix.

(41, 42), we show that BCG in an animal infection model fails to
promote a T cell response with the ability to contain the later
stages of infection. The protection we observe is transient and lost
as the infection progresses into the chronic stage. In this study, we
show that this loss of immunity and regrowth of M. tuberculosis is
coincident with a change of T cell quality and almost complete
disappearance of IL-2—producing CD4 T cells. Importantly, we
demonstrate that a booster vaccination expand and maintain CD4
cells characterized by their IL-2 production, low levels of KLGR1
expression, and with proliferative potential up to 2 y after vacci-
nation. Furthermore, we show that the IL-2* T cells imprinted
by the subunit vaccine are CD62L"2" typical of a Tcy phe-
notype. The overrepresentation of the IL-2"TNF-a" subset among
KLRGI1 —ve cells supports the notion that this population repre-
sents a less differentiated cell type (40) and suggests that these
cells are intrinsically more resistant to functional exhaustion. This
subset therefore fulfills important criteria for being the key mem-
ory pool that mediates both long-term protection after vaccination
and provides the reservoir of central memory cells that continu-
ously replenish and prevent exhaustion of the T cell reservoir
during ongoing infection. The relative importance of Tcy and Ty
for protective immunity against TB is not fully settled. However,
our group has earlier reported that adoptive transfer of memory
T cells (primary M. tuberculosis infection cleared by antibiotic
treatment) into nude mice conferred protection and further
documented that the highest level of resistance to challenge with
M. tuberculosis was mediated by cells with a central memory
phenotype (CD45RBMe", CD62LMer, CD44'%) (30).

That ongoing mycobacterial infection has a detrimental influ-
ence on the quality of the T cell response is in accordance with data
from both animal models (36, 43) and infected individuals (24—
26). Progressive impairment of M. tuberculosis—specific T cell
responses in TB patients has been reported to be associated with
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increasing mycobacterial load (24-26), leading to a decrease in
polyfunctional and IL-2—producing cells (24). As the infection
was brought to a stop by anti-TB treatment, T cell quality and the
proportion of IL-2—producing subsets was again partly normalized
(24). Ag persistency is thus one important factor responsible
for T cell exhaustion, and in an elegant transgenic model of Ag
clearance by molecular switch, it has been shown that persistent
Ag by itself rapidly induces a dysfunctional state of the CD4
T cells in terms of proliferative capacity and IL-2 production,
which is only partially reversible after Ag removal (44). Henao-
Tamayo et al. (45) recently used a murine model to show that
clearance of M. tuberculosis by chemotherapy led to expansion
of both Tgy and Ty accompanied by a rapid but transient con-
tainment of a secondary infection. In this study, PD-1 expression
dropped dramatically to low levels coincident with the breakdown
of immunity (45). Thus, Ag persistency definitely plays an im-
portant role for T cell exhaustion and attrition, but the functional
abilities of T cells are also controlled by other mechanisms such as
the expression and combination of various inhibitory receptors,
including CTLA-4, KLRGI, and PD-1.

Our study demonstrates that a single HI/CAFO1 booster im-
munization after BCG significantly enhances the protection in the
later stages of infection in mice. This increased protection was most
likely not related to the number of specific T cells in the lung, as no
significant difference in CD4 frequency between the BCG and the
BCG-H1/CAFO1 group was found. For CD8 responses, even higher
numbers were found in the BCG and nonimmunized groups; data
that are in line with reports suggesting that infection-driven CD8
responses primarily reflect CFU levels (10, 24, 43, 46, 47), rather
than mediating a protective response to M. tuberculosis infec-
tion (48-51). Our data demonstrate that the main function of the
subunit booster seems to be the prevention of the accelerated
decay of the IL-2* memory CD4 T cell pool found after BCG
vaccination. Interestingly, not only live vaccines such as BCG and
Leishmania (36, 52), but also viral vectors seem inferior at pro-
moting, in particular, IL-2/TNF-a* CD4" T cells (53) (R. Billeskov,
C. Aagaard, J.P. Christensen, P. Andersen, and J. Dietrich, un-
published observations). By boosting with H1/CAF01, BCG
responses can be supplemented with a pool of TNF-aIL-2*
central memory cells possessing high proliferative potential, a
reservoir of memory cells we suggest is pivotal for the late-stage
containment of ongoing TB infection. Notably, we excluded the
possibility that the influence was indirect and simply a conse-
quence of improved bacterial control in the boosted groups, as the
maintenance of IL-2—producing memory cells were not uniform
across Ags and could be directly attributed to Ags promoted by the
subunit vaccine. In a murine model of chronic M. tuberculosis
infection, Reiley et al. (23) recently reported that CD4 T cells
transitioned into terminally differentiated KLRG1-expressing ef-
fector cells with low proliferative capacity, a transition associated
with loss of efficient immune surveillance in the chronic stages
of infection. Accordingly, we observed that nonimmunized mice
10 wk into infection harbored a large population of KLRG1-
expressing CD4 T cells, a trait consistently seen for all TB
restimulation Ags used. Prior BCG vaccination, and to an even
larger extent the HI/CAFO1 booster, significantly diminished the
emergence of this KLRG1-expressing subset, and thus blunted and
delayed the exhaustion process. We further observed that the TNF-
o'TIL-2" population was overrepresented in the KLRG1™ com-
pared with KLRG1" subset, which supports the conclusion that
this phenotype is indeed not an exhausted T cell population. In
agreement with this conclusion, the IL-2—producing T cells were
primarily confined to a CD62L"E" TCM population and exhibited
an impressive proliferative potential as demonstrated in mice
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challenged with M. tuberculosis 2 y after vaccination. Responses
in the lung-draining lymph nodes from these memory mice 3 wk
into infection revealed that the H1/CAFO1 boosted animals had
a large population of vaccine-specific BrdU and IL-2* T cells
(mostly as TNF-a"IL-2" and IFN-y*TNF-a*IL-2%). Through
eliciting a population of KLRG1 ~ IL-2—producing CD4 cells, the
improved containment of infection mediated by the H1/CAF0O1
boost most likely rely on this pool of long-lived, proliferating
central memory cells for replenishing and maintaining Ag-specific
effector T cells during the chronic stages of M. tuberculosis in-
fection. Our interpretation of these data, however, does not ex-
clude other contributing mechanisms not measured in this study,
such as differences in the expression of additional cytokines,
functional avidity, or cytotoxic potential of the different CD4
T cell subsets.

So why is the subunit boost so much more efficient than BCG
in maintaining a stable and robust memory population resistant to
infection-driven terminal differentiation and exhaustion? As dis-
cussed earlier, it seems not to be a simple consequence of a larger
memory pool in the boosted group. Clearly, the specificity of the
response is different, as boosting with H1 results in the selective
expansion of ESAT-6-specific T cells not found after BCG vac-
cination and this obviously represent one difference. However, the
most important difference probably relates to the quality of the
primary T cell response promoted by the subunit vaccine and by
BCG. It has previously been reported that BCG is unable to
maintain a large population of high-quality memory cells (10, 36,
54). BCG-promoted responses are (like the real TB infection)
dominated by effector-like T cell subsets secreting IFN-y and/or
TNF-a (41, 54, 55), and the numbers of IL-2* T cells are much
lower than after a HI/CAFO1 subunit vaccination (36). The recent
identification of BCG-specific CD4 T cells with a central memory
phenotype (based on CCR7 expression) in a longitudinal study of
infants (29) seems at odds with the observations in the mouse
model and led Soares et al. (29) to suggest that BCG might be
cleared more rapidly in humans than in mice. The fate and lon-
gevity of BCG in humans is not known with certainty (and for
obvious reasons is difficult to assess), but reports of BCG
lymphadenitis and BCG dissemination years after BCG vaccina-
tion (56-60) have been used to support a relatively long life span
of this vaccine in humans. For this discussion, it is important to
note that in the study by Soares et al. (29), the BCG-specific CD4
T cells presented functional attributes more akin to Tgy (char-
acterized by IFN-vy), which was clearly different from the IL-2*
CD4 Tcwv-specific for tetanus toxoid. Based on functional criteria,
the subset induced by BCG in humans is therefore quite similar to
the observations from the mouse model. It is, however, important
to bear in mind that in addition to Ag persistence, the observed
difference in vaccine responses between BCG and an adjuvanted
subunit vaccine may relate to the different environment that such
two fundamentally different vaccines represent during priming.
This viewpoint is further reinforced by other recent data from our
laboratory, where a TB vaccine given in the context of an adju-
vanted subunit vaccine promotes higher levels of IL-2—producing
T cells leading to better containment of a chronic M. tuberculosis
infection compared with the same Ags given in a live viral vector
(R. Billeskov, C. Aagaard, J.P. Christensen, P. Andersen, and
J. Dietrich, unpublished observation).

It is a well-established fact that BCG provides the lowest level of
protection against TB in the regions with the highest prevalence
of latent infection (4). Adult pulmonary TB in these populations
would in a large number of cases be expected to represent reac-
tivation of latent TB (13, 61, 62). Understanding the underlying
mechanism(s) for this loss of protection by BCG during ongoing

latent infection is key for the development of new TB vaccine
strategies, including prime-boost scenarios that will succeed in
the efforts to control TB. We suggest that TNF-o*IL-2* central
memory CD4 T cells, characterized by high proliferative capacity
and low KLRGI expression levels, identify the key memory pool
responsible for late-stage containment of TB infection, and ulti-
mately for preventing reactivation of latent TB.
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