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SUMMARY

We previously found that human NK cells lyse M. tuberculosis (M. th)-infected monocytes and
alveolar macrophages, and upregulate CD8* T-cell responses. We also found that human NK cells
produce IL-22, which inhibits intracellular growth of M. tb, and that NK cells lyse M. tb-expanded
CD4*CD25*FoxP3™ T regulatory cells (Tregs). To determine the role of NK cells during the
protective immune response to vaccination in vivo, we studied the NK cell and T-cell responses in
a mouse model of vaccination with Bacillus Calmette-Guérin (BCG), followed by challenge with
virulent M. tb H37Rv. BCG vaccination enhanced the number of IFN-y- IL-22-producing NK
cells. Depletion of NK1.1* cells at the time of BCG vaccination increased the number of
immunosuppressive Tregs (CD4*CD25M, 95% Foxp3™*) after challenge with M. t6 H37Rv, and
NK1.1* cells lysed expanded but not natural Tregs in BCG-vaccinated mice. Depletion of NK1.1*
cells at the time of BCG vaccination also increased the bacillary burden and reduced T-cell
responses after challenge with M. tb H37Rv. IL-22 at the time of vaccination reversed these
effects and enhanced antigen-specific CD4™" cell responses in BCG-vaccinated mice after
challenge with M. th H37Rv. Our study provides the first evidence that NK1.1* cells and 1L-22
contribute to the efficacy of vaccination against microbial challenge.
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INTRODUCTION

Tuberculosis causes a staggering burden of mortality, killing 1.7 million persons annually.
Effective treatment in developing countries is hampered by the cost of antituberculosis
drugs, inability to ensure completion of therapy, and rising drug resistance rates.
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Vaccination is an alternative cost-effective strategy that would contribute greatly to
tuberculosis control. Development of an effective vaccine hinges on an improved
understanding of immunity to Mycobacterium tuberculosis (M. tb).

NK cells are prominent components of the innate immune response, but limited information
is available on the role of NK cells in mycobacterial infection. Depletion of NK cells with
antibodies to NK1.1 and asialo-GM1 enhanced the growth of M. avium in mice (1), and
activated NK cells that produce IFN-y and perforin accumulate in the lungs of M. t-
infected mice (2). NK cell-derived IFN-vy also regulates the anti-mycobacterial resistance
mediated by neutrophils (3). Although depletion of NK cells did not affect the bacterial
burden during M. tbinfection in mice, NK cells may reduce immunopathology or favor
development of protective immune responses. We found that human NK cells lyse infected
monocytes and alveolar macrophages through the NKp46 receptor and NKG2D (4,5), and
that NK cells contribute to the capacity of CD8* T-cells to produce IFN-y and to lyse M. to-
infected monocytes (6). Human NK cells also produce IL-22, which inhibits intracellular
growth of M. tb (7), and NK cells lyse M. th-expanded CD4* regulatory T cells (Tregs) (8),
Human NK cells also produce IFN-y when exposed to M. bovis bacillus Calmette-Guérin
(BCG) (9), and the pleural fluid of tuberculosis patients is enriched for CD56P19MCD16™ NK
cells, which are a prominent source of IFN-y (9). Despite these studies of human cells in
response to M. thex vivo, the role of NK cell during an immune response to mycobacteria in
Vivo remains uncertain.

We hypothesized that NK cells could contribute to BCG-induced protective immunity to M.
ththrough interactions with T-cells, and tested this hypothesis in a mouse model. We found
that, in mice depleted of NK1.1* cells at the time of BCG vaccination, there was increased
expansion of CD4*CD25*Foxp3* cells and a greater bacillary burden in the lungs after
challenge with virulent M. tb. We also found that NK1.1* cells lyse Tregs (CD4*CD25Mi,
95% Foxp3*) in vivo during BCG vaccination, and that 1L-22, produced by NK1.1* cells,
induces optimal protective immunity through enhancing antigen-specific T-cell responses
after challenge with M. tb.

MATERIALS AND METHODS

Animals

All animal studies were performed on specific-pathogen-free 4-6-week-old female C57BL/6
mice and approved by The Institutional Animal Care and Use Committee of the University
of Texas Health Science Center at Tyler.

Abs and other reagents

For flow cytometry, we used FITC anti-NK1.1, FITC anti-CD3, FITC anti-CD4, FITC anti-
CD8, FITC anti-CCR?7, PE anti-CD49b, PE anti-Foxp3, PE anti-NKp46, PE anti-CD44, PE
anti-CD11b, PE-Cy5 anti-CD127, allophycocyanin anti-CD117, allophycocyanin anti-
CD25, allophycocyanin anti-1L-22 (all from Biolegend). For neutralization, we used mAb to
NK1.1 or isotype control antibody (Bio X cell). We used y-irradiated M. tb H37Rv and
Ag85a (both from BEI Resources), the BCG Tice strain (Organon USA Inc.) and Candida
antigen (Greer Laboratories). Microbeads conjugated to Abs to CD11b, CD4 or CD8
(Miltenyi Biotec) were used for cell isolation.

Flow Cytometry

Surface and intracellular staining was performed as described (8).
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BCG vaccination and aerosol infection with M. tb H37Rv

Mice were immunized subcutaneously at the base of the tail with 108 CFU of BCG in 100 pl
of PBS, or with PBS alone. In some cases, mice were sacrificed 1-8 days after vaccination.
For other experiments, two months after vaccination, mice were infected with M. tb H37Rv
in an aerosol exposure chamber, using published methods (2). In preliminary studies, mice
were exposed to different concentrations of M. tb, and CFU were enumerated in
homogenized lungs 24 hrs after infection. For further studies, we selected the concentration
which deposited ~50-100 bacteria in the lungs per mouse.

Depletion of NK1.1" cells and treatment with IL-22 during BCG vaccination

Mice were given 0.3 mg of anti-NK1.1 or isotype control Ab intravenously on days 0, 1 and
2, relative to administration of BCG. Anti-NK1.1 reduced the percentage of splenic CD3"
NKp46* cells from 2.1 + 0.3% to 0.4 + 0.09%, (p=0.02, n=4), as measured by flow
cytometry. A representative flow cytometry result is shown in supplemental Fig. 1. Some
mice received recombinant 1L-22 (2 ng) with each dose of anti-NK 1.1.

Culture of lung, spleen and lymph node cells

In some experiments, BCG-vaccinated mice, uninfected or infected with M. tb H37Rv, were
sacrificed, and cells from the lungs, spleens or peripheral lymph nodes were cultured in 24-
well plates at 2 x108 cells/well in RPMI 1640 containing penicillin (Life Technologies) and
10% heat-inactivated FCS, with or without y-irradiated H37Rv (10 pg/ml), Ag85a (3 o/
ml) or Candida (3 g/ml) at 37°C and 5% CO,. After 72 h, culture supernatants were
collected to determine cytokine levels. In other experiments, CD11b* and CD4+ cells from
spleens and peripheral lymph nodes were isolated by positive immunomagnetic selection
(Miltenyi Biotec). CD4+ cells and CD11b+ cells were cultured at a ratio of 10:1, with or
without y-irradiated H37Rv (10 pg/ml) for 72 h. Cells were either stained to identify
CD4*CD25*Foxp3™ cells, or Tregs were isolated by the Treg isolation kit (Miltenyi
Biotec),using positive immunomagnetic selection for CD4+ cells, followed by positive
selection for .CD25h' cells. CD4*CD25~ cells were also obtained. Ninety- 95% of purified
CD4*CD25M cells were FoxP3* (Supplemental Fig. 2A), and major producers of IL-10, as
determined by ELISPOT (Supplemental Fig. 2B).

Culture of monocytes, CD8* cells, and Tregs

Mice were vaccinated with BCG. One week later, freshly isolated splenic CD8* cells were
isolated and cultured (2 x 108 cells per well) with 2 x 10° autologous monocytes per well. In
some wells, 2 x 10° autologous Tregs, isolated from CD4* cells and monocytes cultured
with y-irradiated M. tb H37Rv, were added. Cells were cultured for 72 h, CD8" cells were
isolated by positive immunomagnetic selection, and IFN-y mRNA expression was
quantified by real-time PCR.

Real-time PCR for quantification of IFN-y mRNA

IFN-y mRNA was quantified in CD8* cells, using minor modifications of our published
methods (7), using primers for murine IFN-y (forward, 5’ AGCTCATCCGAGTGGTCCAC
3', reverse, 5’ AGCAGCGACTCCTTTTCCG 3') and p-actin (forward, 5'
CCTTCAACACCCAGCCATGT 3'; reverse, 5 TGTGGACCACCAGAGGCATAC 3").

In vivo cytotoxicity assay

Mice were vaccinated with BCG. After 72 h, CD4*CD25" cells from control and vaccinated
mice were isolated from pooled spleen and lymph node cells, using the Treg isolation kit
(Miltenyi Biotec). CD4*CD25M cells from BCG-vaccinated and unvaccinated mice were
labeled with 5 WM (CFSENYM and 0.5 uM (CFSE'®W) of CFSE, respectively, mixed 1:1 and

J Immunol. Author manuscript; available in PMC 2013 July 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dhiman et al.

Page 4

inoculated intravenously (6 x 106 cells/mouse) into recipient C57BL/6 mice, 72 h after BCG
vaccination. Before adoptive transfer of CD4*CD25M cells, recipient mice were treated with
anti-NK1.1 or isotype control Abs, 0, 1 and 2 days after vaccination. Eighteen h after
transfer of CD4*CD25Ni cells, CFSE!®W and CFSEN9N cells in spleens and lymph nodes
draining the vaccination site were quantified by flow cytometry. The percent of /n vivo lysis
of BCG-expanded CD4*CD25M cells by NK cells was calculated as 100-100 [(% target
population (BCG-expanded CD4*CD25M cells) in isotype-treated/% control CD4*CD25N
cells in isotype-treated) + (% BCG-expanded CD4*CD25M cells in NK1.1-depleted/%
control CD4*CD25M cells in NK1.1-depleted)].

Measurement of IFN-y concentrations by ELISA

Supernatants from cultured cells were collected after 72 h and stored at -70°C until IFN-y
concentrations were measured by ELISA (Biolegend).

Frequency of lung, spleen and lymph node cells producing IFN-y and IL-10

Lung, spleen and lymph node cells from BCG-vaccinated mice, with or without subsequent
M. thinfection, were isolated, and cells (10°-5 X 10°, depending on the experiment) were
placed on ELISPOT plates coated with 2 pg/ml of anti-IFN-y Ab (Biolegend) in PBS. In
some experiments, NK cells were isolated from spleen and lymph node cells with a negative
selection kit (Miltenyi Biotech), and placed on the ELISPOT plates. Following overnight
incubation at 37°C in 5% CO,, 2 png/ml of biotinylated anti-mouse IFN-y (Biolegend) was
added. After 2 h, plates were washed with PBS and 1 pg/ml streptavidin conjugated alkaline
phosphatase (Mabtech) was added. After 45 minutes, plates were washed with PBS and
developed with BCIP/NBT plus substrate (R&D systems). Plates were dried and the
numbers of IFN-y cells were counted. The frequency of IL-10-producing cells was
identified by using ELISPOT kits (Biolegend).

Statistical analysis

RESULTS

Results are shown as the mean + SE. Comparisons between groups were performed by a
paired or unpaired £test, as appropriate.

BCG vaccination enhances NK cell number and production of IFN-y and IL-22

To determine whether BCG vaccination affects NK cells, mice were either vaccinated or
unvaccinated with BCG. At different time points after vaccination, spleen and peripheral
lymph node (PLN) cells were isolated, and the percentages of CD3*NKp46™ or
CD3"NKp46™* cells were measured by flow cytometry. NK cells express NKp46 but not
CD3. NKT cells are CD3* and in mice some NKT cells express NKp46*. The percentage of
CD3"NKp46™ cells in PLN increased from 3.5 + 0.1% at baseline to 6.2 + 0.3%, 48 h after
vaccination (p=0.01, Fig. 1A), with similar increases in the spleen (p=0.002; Fig. 1A). In
contrast, the number of CD3*NKp46™* cells were similar in control and BCG vaccinated
mice (Fig. 1A), indicating that the number of NK cells but not NKT cells increases in PLN
and spleen in response to BCG vaccination during first 72 h.

We next measured the frequency of IFN-y-producing NK cells at different time points after
BCG vaccination. Purified NK cells were obtained from spleen and peripheral lymph node
cells by negative selection and ELISPOT was performed, as outlined in the methods. The
frequency of IFN-y producing splenic NK cells increased 4-7-fold from 44 + 5 per 108 cells
in unvaccinated mice to 182 + 7, 306 + 21 and 326 + 19 per 10° cells, 24, 48 and 72 h after
vaccination, respectively (p<0.001 for all time points, compared to unvaccinated mice; Fig.
1B). Similarly, the frequency of IFN-y-producing peripheral lymph node NK cells increased
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8-20-fold, from 30 + 6 per 106 cells in unvaccinated mice to 296 + 12, 256 + 27 and 606 +
36 per 10° cells, 24, 48 and 72 h after vaccination, respectively (p<0.001 for all time points,
compared to unvaccinated mice; Fig. 1B).

Next, we used intracellular staining to detect IL-22-producing CD3"NKp46™ NK cells or
CD3*NKp46™ NKT cells in splenocytes after BCG vaccination. The percentages of

CD3 NKp46*I1L-22* and CD3*NKp46*1L-22* cells increased from 0.05 + 0.1% to 1.15
0.2% and 0.08 + 0.05% to 0.44 + 0.1% , 48 h after vaccination (p=0.05, Fig. 1C). This
suggests that the majority of NKp46* 1L-22-producing cells upon BCG vaccination are NK
cells and not NKT cells. A representative flow cytometry result is shown in Fig. 1D.

NK cells reduce expansion of CD4*CD25*FoxP3* T-cells after BCG immunization

To determine the effect of NK cells on T-cell responses after BCG immunization, we
immunized mice subcutaneously with 108 CFU of BCG. Some BCG-immunized mice were
also treated with 3 doses of anti-NKZ1.1, or isotype control Ab. Anti-NK1.1 reduced the
percentage of CD3"NKp46™ cells from 2.1 + 0.3% to 0.4 + 0.09%, (p=0.02, n=4) in spleens
and a similar decrease was seen in peripheral lymph nodes, as measured by flow cytometry.
A representative flow cytometry result is shown in supplemental Fig. 1. To evaluate
interactions between NK1.1* cells and Tregs, we quantified CD4*CD25"FoxP3* cells by
flow cytometry. One week after BCG vaccination, more CD4+*CD25*Foxp3™ cells were
present in the spleen, compared to unvaccinated mice (890 + 66 versus 570 + 34 cells per
10* CD4* cells, respectively; p<0.02, Fig. 2A). Depleting NK1.1* cells at the time of BCG
vaccination further increased the number of CD4*CD25*Foxp3* cells to 1095 + 50 per 10%
CDA4* cells, versus 838 + 61 per 104 CD4* cells for treatment with the isotype control Ab
(Fig. 2A, p=0.01) . Similar effects were noted in the peripheral lymph nodes (Fig. 2A).

One week after immunization, we also determined the capacity of CD4* cells to expand into
CD4*CD25*FoxP3* cells in the presence of y-irradiated M. th H37Rv. CD4* and CD11b*
cells from spleens and peripheral lymph nodes were isolated and cultured, with or without
y-irradiated M. tb H37Rv for 5 days, as outlined in the methods. BCG vaccination induced
expansion of splenic CD4*CD25*Foxp3* cells to 1020 + 60 per 10* CD4* cells, compared
to 510 + 60 per 10* CD4" cells in control mice. Depletion of NK1.1* cells with antibody
further increased expansion of CD4*CD25*Foxp3* cells to 1400 + 63 per 10 CD4* cells,
compared to 930 + 76 per 10* CD4" cells after treatment with isotype control Ab (Fig. 2B,
p=0.003). Similar findings were noted in peripheral lymph nodes (Fig. 2B) where BCG
vaccination induced expansion of splenic CD4*CD25*Foxp3™ cells to 700 + 40 per 10%
CD4* cells, compared to 480 + 36 per 104 CD4™ cells in control mice. Depletion of NK1.1*
cells further increased expansion of CD4*CD25*Foxp3™ cells to 1210 + 75 per 10* CD4*
cells, compared to 778 + 23 per 10* CD4" cells after treatment with isotype control Ab (Fig.
2B, p=0.001). A representative flow cytometry result is shown in Fig. 2C.

The data above suggest that NK1.1" cells inhibit expansion of CD4*CD25*FoxP3* Tregs,
which can in turn upregulate T-cell effector function. Therefore, we evaluated the effect of
NKZ1.1* cell depletion on IFN-y production by splenocytes and lymph node cells. BCG
vaccination increased M. tb-stimulated IFN-y production by peripheral lymph node cells,
but depletion of NK1.1* cells decreased IFN-y concentrations by 60% from 11.5 + 0.5 ng/
ml in isotype-treated mice to 4.9 + 0.1 ng/ml (Fig. 2D, p=0.057). NK1.1* cell depletion had
similar but more modest effects on IFN-y production by splenocytes, which fell from 15.9 £
0.4 ng/ml in isotype-treated mice to 14.3 = 0.3 ng/ml (Fig. 2D, p=0.03).

J Immunol. Author manuscript; available in PMC 2013 July 15.
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NK1.1* cells inhibit expansion of Tregs after BCG vaccination and challenge with M. tb

H37Rv

To determine if NK1.1* cells affected Tregs during infection with M., tb H37Rv, in vivo, we
evaluated the response of mice to aerosol challenge with M. tb H37Rv after vaccination with
BCG. Mice were either unimmunized or immunized subcutaneously with BCG. Some
immunized mice were also treated with anti-NKZ1.1 or isotype control Ab, as outlined in the
methods. After 60 days, mice were challenged with M. tb H37Rv by aerosol. Thirty days
after infection, CD4* CD25*Foxp3* cells in the lungs were quantified by flow cytometry.
After infection with M. th H37Rv, the number of Tregs per lung in unvaccinated mice rose
50-fold from 4.1 + 2.3 x 103 to 2.1 + 0.6 x 10° (p=0.02, Fig. 3A). Depletion of NK1.1* cells
at the time of BCG vaccination further increased the number of Tregs after challenge with
M. thH37Rv t0 5.6 + 0.5 x 10° cells per lung, compared to 1.1 + 0.2 x 10° cells per lung
with use of isotype control Abs (Fig. 3A, p=0.0002). A representative flow cytometry result
is shown in Fig. 3B.

M. tb H37Rv-expanded CD4*CD25" cells are immunosuppressive

To determine whether the CD4*CD25*FoxP3™ cells that expand in response to M. th H37Rv
are functional Tregs, we evaluated their capacity to inhibit IFN-y production by CD8* cells
in response to M. tb H37Rv. From mice that had been vaccinated with BCG one week
previously, we isolated CD4* and CD11b* cells, and cultured them with ~y-irradiated M. b
H37Rv. After 72 h, CD4*CD25M cells and CD4*CD25" cells were isolated and cultured in
Transwells, within large wells containing CD8" and CD11b* cells from BCG-vaccinated
mice and y-irradiated M. th H37Rv. After 72 h, the Transwells were removed, and IFN-y
mMRNA was quantified in the cells in the large wells by real-time PCR. Values were
normalized, so that the value of IFN-y mRNA expression by CD8* and CD11b* cells in the
absence of M. tb H37Rv was set to 1.0. M. tb H37Rv induced a 14-fold increase in IFN-y
mRNA expression by CD8" cells (Fig. 3C). CD4*CD25" cells inhibited IFN-y mRNA
expression by CD8* T-cells to a much greater extent than CD4*CD25" cells (3 £ 0.2 vs 10.5
+ 0.5, p=0.004, Fig. 3C). Therefore, the CD4*CD25" BCG-expanded cells inhibit T-cell
responses and function as Tregs.

In the above studies we used CDA4*CD25M cells that were generated in vitro. To confirm that
CD4*CD25M (90-95% Foxp3*) generated during M. th H37Rv challenge after BCG
vaccination were also immunosuppressive, we cultured in Transwells, CD4*CD25" cells
from M. tb H37Rv-infected mice that had been previously BCG-immunized and treated with
either isotype control or anti-NK1.1 Abs. CD4*CD25M cells from both groups of mice
inhibited IFN-y mRNA expression by CD8" cells, which fell from 3.8 +0.3t0 0.3 £0.1
(Fig. 3D, p=0.01) and from 4 £ 0.2 to 1.3 + 0.3 (Fig. 3D, p=0.04).

We determined the effects of NK1.1* cell depletion on the bacterial burdens in the lungs.
BCG vaccination reduced CFU per lung in M. tb H37Rv-infected mice from 2.5 + 0.3 x 106
to 0.3 = 0.04 x 105 (p=0.0002, Fig. 3E). Depletion of NK1.1* cells at the time of vaccination
reduced the protective effect of BCG vaccination, with CFU increasing from 0.3 £ 0.03 x
108 to 1.2 £ 0.2 x 10% CFU per lung (p=0.007, Fig. 3E). These findings suggest that NK1.1*
cells during BCG vaccination inhibit expansion of immunosuppressive Tregs and limit
bacillary replication.

NK1.1* cells lyse expanded Tregs during the response to BCG vaccination in vivo

Previously, we found that activated human NK cells lyse M. tb H37Rv-expanded Tregs but
not natural Tregs in vitro (6), and our above data demonstrate that depletion of NK1.1* cells
at the time of BCG vaccination increases the number of immunosuppressive Tregs and
reduces the protective efficacy of BCG vaccination against challenge with M. tb H37Rv. To
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determine if this is due to NK1.1" cell lysis of Tregs in vivo, we performed an in vivo
cytotoxicity assay, by adoptively transferring CFSEN9M-labeled BCG-expanded
CD4*CD25Mi cells and CFSE!®W-labeled control CD4*CD25" cells to mice, 72 h after the
recipients had received BCG vaccine and treatment either with anti-NK1.1 or isotype control
Ab. Eighteen h after adoptive transfer of CD4*CD25" cells, CFSEN9" and CFSE!OW cells
were quantified by flow cytometry, and the % lysis of expanded CD4*CD25" cells was
calculated. In isotype control Ab-treated mice, 59 + 7 % and 33 + 6 % of expanded
CD4*CD25M cells were lysed in the spleen and peripheral lymph nodes, respectively.
NK1.1* cell depletion reduced these values to 5 + 5 % and 3.8 + 3.8 %, respectively
(p=0.002 and p<0.001, respectively, Fig. 4A), suggesting that NK1.1" cells lyse substantial
numbers of expanded CD4*CD25M cells in vivo. In contrast, NK1.1* cells did not lyse
natural CD4*CD25M cells in both spleen and peripheral lymph nodes. A representative flow
cytometry result is shown in Fig. 4B.

NK1.1* cells and IL-22 enhance the protective efficacy of BCG vaccination

The results above show that BCG vaccination elicits 1L-22 production by NK1.1* cells (Fig.
1C) and that depletion of NK1.1* cells at the time of BCG vaccination enhances expansion
of immunosuppressive Tregs and increases bacillary replication in the lungs of mice
challenged with M. tb H37Rv (Fig. 3E). To determine if IL-22 could substitute for the
effects of NK1.1* cells on CD4* cell responses, we treated BCG-vaccinated mice with anti-
NKZ1.1, isotype control Ab, or anti-NK1.1 plus recombinant IL-22. After 60 days, mice were
challenged with M. tb H37Rv by aerosol. Sixty days after infection, we measured the
number of Tregs in lungs. Similar to the findings in Fig. 3A, depletion of NK1.1* cells at the
time of BCG vaccination and challenging with M. t6 H37Rv markedly increased the number
of Tregs in lungs, compared to isotype control Ab-treated mice (9.2 + 1.7 x 10° versus 2.2 +
1.0 x 10° cells per lung, p=0.04, Fig. 5A). In contrast, IL-22 abrogated the effects of anti-
NKZ1.1, with the number of Tregs falling from t0 9.2 + 1.7 x 10° to 1.0 + 0.2 x 10° cells per
lung (p=0.01, Fig. 5A). A representative flow cytometry result is shown in Fig. 5B.

We next evaluated the effect of NK1.1* cell depletion and 1L-22 on mycobacterial Ag-
induced IFN-+y production by lung cells. Thirty days after M. tb H37Rv infection of BCG-
vaccinated mice, lung cells were isolated and stimulated with -y-irradiated M. th H37Rv,
Ag85a and Candida Ags. Depletion of NK1.1* cells at the time of BCG vaccination
inhibited IFN-y production by lung cells in response to -y-irradiated M. tb H37Rv by 80%,
and this was reversed by recombinant IL-22 (Fig. 5C). Similar findings were noted in the
response to Ag85, except that IL-22 increased IFN-y production to a greater extent (Fig.
5D). No IFN-y was detected when cells were stimulated with Candlida (not shown).

NK1.1* cell depletion at the time of vaccination reduced the protective efficacy of BCG
against challenge with M. tb H37Rv, with CFU two months after infection increasing 5-fold
(p=0.02; Fig. 5E). IL-22 abrogated the effect of NK1.1* cell depletion on CFU (p=0.007;
Fig. 5E).

IL-22 expands memory CD4" cells after BCG vaccination and M. tb H37Rv infection

To determine whether NK1.1* cells and IL-22 regulate antimycobacterial memory CD4*
cell responses, we immunized mice with BCG and treated some of them with anti-NK1.1,
isotype control Ab, or anti-NK1.1 plus recombinant IL-22. After 60 days, mice were
challenged with M. tb H37Rv by aerosol. Thirty days after infection,
CD4*CD44*CD117*CD127* cells in the lungs were measured by flow cytometry. CD117 is
expressed by human CD4* cells (10), CD1177 cells have previously been identified as major
producers of IFN-y (11) and we found that most CD4* IFN-y-producing cells in BCG-
vaccinated mice were CD117* (R Dhiman and R Vankayalapati, unpublished data). CD44
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and CD127 were used to identify cells with a memory and activation phenotype,
respectively. BCG vaccination doubled the number of CD4*CD44*CD117*CD127* cells
per lung in M. tb H37Rv-infected mice, from 1.6 + 0.7 x 10° to 3.6 + 1.1 x 10° (Fig. 6A).
Depletion of NK1.1* cells at the time of BCG vaccination reduced the number of
CD4*CD447CD117*CD127* cells per lung to 2.3 + 0.4 x 10°, and IL-22 increased this
number to 6.7 + 1.1 x 10° cells per lung (p=0.03, Fig. 6A). A representative flow cytometry
result is shown in Fig. 6B.

DISCUSSION

Murine cells that express NK1.1 include CD3" NK cells and CD3* NKT cells, both of which
contribute to immunity against cancer, viruses and bacteria, including M. tb. However,
limited information is available on the role of NK1.1* cells in vaccine-induced protective
immune responses. We addressed this question in a mouse model of vaccination with BCG,
followed by challenge with virulent M. tb H37Rv. Depletion of NK1.1* cells at the time of
BCG vaccination increased the number of immunosuppressive Tregs, increased the bacillary
burden and reduced antigen-specific T-cell responses after challenge with M. thb H37Rv. We
also found that IL-22 can reverse the effect of NK1.1* cell depletion, reducing the number
of Tregs, increasing T-cell IFN-y production and reducing the bacillary burden after
challenge with M. tb, and increasing the number of memory T-cells. Our study provides the
first evidence that NK1.1* cells and IL-22 contribute to the efficacy of vaccination against
microbial challenge.

BCG vaccination resulted in infiltration of IFN-y- and IL-22-producing NK1.1* cells into
the spleen and peripheral lymph nodes within 24 h after vaccination, paralleling previous
findings that intranasal immunization with the M. tb protein, Ag85B, induced accumulation
of activated and cytokine-producing NK cells in nasal-associated lymphoid tissue and
cervical lymph nodes (12). BCG vaccination induced expansion of NK cells but not NKT
cells (Fig. 1A), and elicited three-fold more 1L-22*+ NK cells than NKT cells (Fig 1C),
suggesting that NK cells may play a greater role in BCG-induced responses than NKT cells.
We found that NK1.1* cells lyse M. tb H37Rv-expanded CD4CD25M cells in vivo, and that
depletion of NK1.1* cells at the time of BCG vaccination induced expansion of
immunosuppressive CD4CD25M cells after challenge with virulent M. b H37Rv. These
findings confirm our previous work showing that activated human NK cells lyse M. tb-
expanded Tregs in vitro (8), and extend this mechanism to a physiologically relevant model
of vaccination-induced protection against subsequent infection. It is possible that NKT cells
may also destroy Tregs, although there are no published data demonstrating this effect.

Tregs inhibit immune responses to many intracellular pathogens, including M. tb, at least in
part by delaying trafficking of effector T-cells to the site of infection (13). Preventing
recruitment of Tregs by antagonism of CCR4 enhanced mycobacterial antigen-specific
responses to a vaccine expressing Ag85a (14), and depletion of Tregs with anti-CD25 Ab
increased T-cell responses and improved protection against challenge with Herpes simplex
virus and Plasmodium (15-17). In contrast, treatment with anti-CD25 prior to BCG
vaccination led to a stronger T-cell response but did not enhance protection against M. b or
M. bovis (18). In the current study, depletion of NK1.1* cells at the time of BCG
vaccination increased the number of Tregs, reduced T-cell production of IFN-y, and
increased the bacillary burden after challenge with M. b H37Rv. These findings suggest that
NK1.1* cells lyse antigen-induced Tregs that normally expand during vaccination, and may
yield memory Tregs that could further expand during secondary infection (19,20).

Our in vivo cytotoxicity results showed that NK1.1* cells in BCG-vaccinated mice lysed M.
th H37Rv-expanded but not natural Tregs. Our in vivo cytotoxicity results strongly suggest
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that NK1.1+ cells in BCG-vaccinated mice lysed M. tb H37Rv-expanded but not natural
Tregs. While it is theoretically possible that our results could be explained by reduced
homing of expanded Tregs to the spleen and lymph nodes in the absence of NK cells, no
published data suggest that depletion of any cell population has a major effect on Treg
homing to secondary lymphoid organs. Because BCG vaccination increased the number of
IFN-v- and IL-22-producing NK cells, we speculate that NK cells are activated after BCG
vaccination and have an increased capacity to lyse expanded but not natural Tregs,
paralleling findings in humans (8). NK cells lyse their targets through interactions between
NK cell activating receptors and their ligands. A prominent NK cell activating receptor is
NKG2D and its ligands in human cells include UL-16 binding proteins (ULBPs) and MHC
class I-related chain A and B (21,22). Activated Tregs express higher levels of ULBP-1 than
natural Tregs, and NK cell lysis of activated Tregs is inhibited by anti-ULBP-1 and anti-
NKG2D (8). It is intriguing to speculate that murine expanded Tregs may also have
increased expression of the NKG2D ligands RAE-1, H60, and MULT-1, compared to
natural Tregs, and thus be more susceptible to lysis by activated NK cells.

The best studied murine NKT cells are those bearing an invariant Va14-Ja18 TCR that
recognizes a-galactosylceramide and are restricted by CD1d. Pharmacologic activation of
these cells with synthetic a-galactosylceramide improves the outcome of M. b infection
(23,24). However, M. thand M. bovis BCG do not contain natural antigens for invariant
NKT cells, and infection of dendritic cells with M. bovis BCG fails to activate invariant
NKT cells (25). There are also no published data demonstrating that NKT cells lyse Tregs.
Combined with our current findings that BCG vaccination elicits expansion of NK cells but
not NKT cells (Fig. 1A), and production of IL-22 primarily by NK cells (Fig. 1C), we
believe that NK cells are likely to play the dominant role in lysing Tregs, increasing T-cell
IFN-y production and increasing protective efficacy against M. b challenge after BCG
vaccination. However, we cannot formally exclude a role for NKT cells in these processes.

IL-22 is produced by activated T-cells (26), particularly Th17 cells (27), and is a critical
mediator of early mucosal defense against bacteria that cause intestinal disease and
pneumonia in mouse models (28). IL-22 is also produced by murine mucosal cells that
express NK cell surface markers (29, 30), by human NK cells or NK-like cells in secondary
lymphoid tissue (31,32, 33), and by invariant NKT cells (34,35). IL-22 is clearly involved in
the immune response to tuberculosis, as IL-22-producing M. tb-responsive CD4* T cells are
present in persons with latent tuberculosis infection (36), IL-22 levels are elevated at the site
of disease in tuberculosis patients (37), and CD4* T-cells from non-human primates and
human NK cells produce IL-22, which inhibits growth of M. #in macrophages (38, 7).
However, IL-22 is not required for protection against tuberculosis, as neutralization of 1L-22
did not increase susceptibility to infection with M. tb by aerosol (39). We found that BCG
vaccination expands IL-22-producing NK1.1* cells, and that recombinant I1L-22 reversed the
effects of depleting NK1.1* cells by significantly reducing the number of Tregs, enhancing
antigen-specific CD4* T-cell responses upon challenge with M. tb, and increasing the
number of memory T-cells (Fig. 6). In combination with prior studies, this suggests that
NK1.1* cell-derived IL-22 contributes to vaccine-induced protective immunity but not to the
primary immune response to M. tb, as is the case for IL-17 (40). However, IL-17 and IL-22
appear to mediate vaccine-induced protective immune responses through distinct
mechanisms. IL-17 induces local chemokine production, which leads to optimal priming of
T-cells (40), whereas IL-22 inhibits expansion of induced Tregs and enhances antigen-
specific T-cell responses, resulting in a reduced bacillary burden after challenge with M. b
H37Rv.

The mechanisms through which IL-22 inhibits Treg expansion and enhances T-cell
responses remain uncertain. IL-22R is expressed by M. tb-infected monocyte derived

J Immunol. Author manuscript; available in PMC 2013 July 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dhiman et al.

Page 10

macrophages (7), but not by T-cells (41,42). Dendritic cells are potent APCs that can be
monocyte-derived, and different dendritic cell subpopulations favor expansion of Tregs and
antigen-reactive Thl cells (43-45). We speculate that IL-22 may skew dendritic cell
subpopulations toward those that favor expansion of Thl cells, and/or elicit migration of
these subpopulations toward the site of BCG vaccination or to the lung during aerosol
challenge with M. tb H37Rv.

In summary, using a mouse model of vaccination with BCG, followed by challenge with M.
tb H37Rv, we found that NK1.1* cells and I1L-22 contribute to vaccine-induced protection
against microbial challenge by reducing the numbers of immunosuppressive Tregs and
enhancing antigen-specific T-cell responses. Further delineation of the mechanisms through
which NK1.1* cells destroy Tregs and optimize Th1 responses during BCG vaccination will
facilitate development of vaccines against M. tb and other intracellular pathogens.
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Fig. 1. BCG vaccination enhances NK cell number and production of IFN-y and |L-22
C57BL/6 mice (5 mice per group) were unimmunized or immunized subcutaneously with
10% CFU of BCG in 100 pl of PBS. After 24, 48 and 72 h, spleen and peripheral lymph node
cells were isolated. A. The percentages of CD3*NKp46* and CD3"NKp46* cells were
measured by flow cytometry. B. The frequency of IFN-y-producing NK cells was
determined by ELISPOT. Purified NK cells were obtained from spleen and peripheral lymph
node cells by negative selection, and incubated overnight in triplicate wells on an ELISPOT
plate to determine the frequency of IFN-y-producing NK cells. C. Intracellular staining was
performed to detect IL-22-producing CD3*NKp46™ and CD3"NKp46™ spleen cells. Surface
staining was performed with anti-CD3 and anti-NKp46, and intracellular staining was
performed with isotype control or anti-IL22. Mean values and SEs are shown. D. A
representative flow cytometry result of staining for IL-22 and NKp46, after gating on CD3"
and CD3" spleen cells is shown.
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Fig. 2. NK1.1" cellsreduce expansion of CD4*CD25"FoxP3" T-cells after BCG immunization
C57BL/6 mice (3-6 mice per group) were unimmunized or immunized subcutaneously with
10% CFU of BCG in 100 I of PBS. Some BCG-vaccinated mice were treated with anti-
NK1.1, or isotype control Ab (0.3 mg per mouse 0, 24 and 48 h after vaccination). A. One
week after vaccination, spleen and peripheral lymph node cells were isolated and
CD4*CD25*FoxP3* T-cells were measured by flow cytometry. B. One week after
vaccination, CD4* and CD11b* cells from spleens and peripheral lymph nodes were isolated
and cultured, with or without y-irradiated M. tb H37Rv. After 5 days, CD4*CD25*FoxP3*
T-cells were measured by flow cytometry. C. A representative flow cytometry result of in
vitro expanded CD4*CD25*FoxP3* T-cells is shown. CD25* and Foxp3* cells were shown
on gated CD4* cells. D. One week after vaccination, CD4* and CD11b* cells from spleens
and peripheral lymph nodes were isolated and cultured, with or without -y-irradiated M. tb
H37Rv. After 5 days, supernatants were collected and IFN-vy levels were measured by
ELISA. Pooled cells from 3 to 5 mice were used and the experiment was performed twice.
Mean values and SEs are shown.
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Fig. 3. NK 1.1* cellsinhibit expansion of immunosuppr essive Tregs after BCG vaccination and
challenge with M. tb H37Rv

C57BL/6 mice (3-8 mice per group) were unimmunized or immunized subcutaneously with
10% CFU of BCG in 100 .l of PBS. Some BCG-vaccinated mice were treated with anti-
NKZ1.1, or isotype control Ab (0.3 mg per mouse 0, 24 and 48 h after vaccination). Sixty
days after BCG vaccination, mice were challenged with 50-100 CFU of M. tb H37Rv by
aerosol. A. Thirty days post-infection, CD4*CD25*FoxP3* T-cells in the lungs were
measured by flow cytometry. B. A representative flow cytometry result of lung cells is
shown. We gated on lung CD4* cells and then gated on CD25* and FoxP3* expressing cells.
C. M. th H37Rv-expanded CD4*CD25" cells are immunosuppressive. Three C57BL/6 mice
were immunized subcutaneously with 108 CFU of BCG. One week later, CD4* and CD11b*
cells from spleens and peripheral lymph nodes were isolated and cultured with -y-irradiated
M. thH37Rv. After 72 h, CD4*CD25M cells and CD4*CD25" cells were isolated and
cultured in Transwells, within large wells containing CD8* and CD11b* cells obtained from
mice one week after BCG vaccination and -y-irradiated M. tb H37Rv. After 72 h, the
Transwells were removed, and IFN-y mRNA was quantified in the cells in the large wells
by real-time PCR. D. C57BL/6 mice (3 mice per group) were immunized subcutaneously
with 108 CFU of BCG. Some BCG-vaccinated mice were treated with anti-NK1.1, or
isotype control Ab (0.3 mg per mouse 0, 24 and 48 h after vaccination). Sixty days after
BCG vaccination, mice were challenged with 50-100 CFU of M. tb H37Rv by aerosol.
Thirty days post-infection, CD4*CD25 Tregs from pooled lung, spleen and mediastian
lymph nodes were isolated and cultured in Transwells, within large wells containing CD8*
and CD11b* cells from BCG-vaccinated mice and y-irradiated M. tb H37Rv. After 72 h, the
Transwells were removed, and IFN-y mRNA was quantified in the cells in the large wells
by real-time PCR. Mean values and SEs are shown. E. C57BL/6 mice (8 mice per group)
were unimmunized or immunized subcutaneously with 108 CFU of BCG. Some BCG-
vaccinated mice were treated with anti-NK1.1, or isotype control Ab (0.3 mg per mouse 0,
24 and 48 h after vaccination). Sixty days after BCG vaccination, mice were challenged with
50-100 CFU of M. tb H37Rv by aerosol. Thirty days post-infection, lungs were
homogenized and plated on 7H11 agar with THC, and CFU per lung were counted after 3
weeks.
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Fig. 4. NK cellslyse expanded Tregsduring the responseto BCG vaccination in vivo

A. C57BL/6 mice (5 mice per group) were unimmunized or immunized subcutaneously with
106 CFU of BCG in 100 pl of PBS. After 72 h, CD4*CD25" cells were isolated from
pooled spleen and lymph node cells, using the Treg isolation kit. CD4*CD25Mi cells from
BCG-vaccinated mice and control unvaccinated mice were designated as expanded and
natural Tregs, respectively. Expanded and natural Tregs were labeled with 5 M (CFSENig)
and 0.5 LM (CFSE!W) of CFSE, respectively, mixed 1:1 and inoculated intravenously (6 x
108 cells/mouse) into recipient C57BL/6 mice, 72 h after BCG vaccination. Recipient mice
were treated with anti-NK1.1 or isotype control Abs, 0, 1 and 2 days after vaccination.
Eighteen h after transfer of Tregs, CFSE!®W and CFSEN9" populations were detected by flow
cytometry of single cell suspensions from spleens and peripheral lymph nodes draining the
vaccination site. The percent of /n vivo lysis of BCG-expanded Tregs was calculated, using
the formula given in the methods. Mean values and SEs of five independent experiments are
shown. B. A representative flow cytometry result of cells from a BCG-vaccinated mouse is
shown. CFSEN cells are CD4*CD25" BCG-expanded Tregs and CFSE!OW cells are
CD4*CD25M natural Tregs.
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Fig. 5. NK1.1* cellsand I L-22 enhance the pr otective efficacy of BCG vaccination

C57BL/6 mice were unimmunized or immunized subcutaneously with 106 CFU of BCG.
Some BCG-vaccinated mice were treated with anti-NK1.1, or isotype control Ab (0.3 mg
per mouse 0, 24 and 48 h after vaccination). Some anti-NK1.1-treated mice received
recombinant 1L-22 (2 ng) at the same time points. Sixty days after BCG vaccination, mice
were challenged with 50-100 CFU of M. tb H37Rv by aerosol. A. Thirty days post-
infection, CD4*CD25*FoxP3* T-cells in lungs were measured by flow cytometry. B. A
representative flow cytometry plot of CD4*CD25*FoxP3* T-cells is shown. Gating was
performed as in Fig.3B. C and D. Thirty days post-infection, lung cells were isolated and
stimulated with y-irradiated M. b (C) or Ag85a (D). After 72 h, IFN-y levels were
measured by ELISA. Values shown are those obtained after subtracting IFN-y levels from
wells containing medium alone. E. Sixty days post-infection, lungs were homogenized and
plated on 7H11 agar with THC, and CFU per lung were counted after 3 weeks.
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Fig. 6. IL-22 expands memory CD4" cells after BCG vaccination and M. th H37Rv infection

A. C57BL/6 mice (5 mice per group) were unimmunized or immunized subcutaneously with
108 CFU of BCG. Some BCG-vaccinated mice were treated with anti-NKZ1.1 or isotype
control Ab (0.3 mg per mouse 0, 24 and 48 h after vaccination). Some anti-NK1.1-treated
mice received recombinant 1L-22 (2 ng) at the same time points. Sixty days after BCG
vaccination, mice were infected with 50-100 CFU of M. th H37Rv by aerosol, and 30 days
later, the number of CD4*CD44*CD127*CD117* cells in the lungs was measured by flow
cytometry. Means +SEs are shown. B. A representative flow cytometry plot of
CD4*CD44*CD127*CD117* lung cells is shown. We gated on CD4*CD44™* cells, and then
gated on CD127* and CD117* cells.
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