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T cell responses are important to the control of infection
but are deleterious if not regulated. IFN-y-deficient mice
infected with mycobacteria exhibit enhanced accumula-
tion of activated effector T cells and neutrophils within
granulomatous lesions. These cells do not control bacterial
growth and compromise the integrity of the infected tissue.
We show that IEN-y-deficient mice have increased num-
bers of IL-17-producing T cells following infection with
Mycobacterium bovis bacille Calmette Guérin. Further-
more, exogenous IFN-y increases IL-12 and decreases
IL-23 production by bacille Calmette Guérin-infected
bone marrow-derived dendritic cells and reduces the fre-
quency of IL-17-producing T cells induced by these bone
marrow-derived dendritic cells. These data support the
hypothesis that, during mycobacterial infection, both
IFN-y- and IL-17-producing T cells are induced, but that
IFN-7y serves to limit the IL-17-producing T cell popula-
tion. This counterregulation pathway may be an impor-
tant factor in limiting mycobacterially associated im-
mune-mediated pathology. The Journal of Immunology,

2006, 177: 1416-1420.
I vading pathogens while controlling this response. In-
appropriate stimulation and/or failure to limit this re-
sponse can result in tissue damage (1-4). Factors that limit
inappropriate responses include negative selection of autoreac-
tive T cells and innate response-mediated initiation of acquired
immunity and regulatory T cells (2, 5-9). An additional control
mechanism is negative feedback of inflammatory processes by

he immune system must mount a rapid response to in-

inflammatory cytokines (10, 11). In this regard, during myco-
bacterial infection of IFN-y-deficient mice, activated effector T
cells and neutrophils are unregulated and result in a destructive
granulomatous response (12—15).

" and Anténio G. Castro*

A pathway of T cell activation, initiated by TGFf and IL-6
(16-18) and resulting in responsiveness to IL-23 (18) results in
Ag-specific T cells that produce IL-17 (Th17). These cells are
present during autoimmune diseases such as experimental au-
toimmune encephalitis and collagen-induced arthritis (19-21).
IL-17 is an active recruiter of neutrophils to inflammatory sites
(22-24) and IFN-y regulates the induction of Th17 cells (25,
26). These facts may explain the damaging inflammatory re-
sponse seen during mycobacterial infection of IFN-vy-deficient
mice (15) in that IFN-vy and IL-17 may counterregulate each
other during chronic mycobacterial infection.

IFN-v- and IL-17-producing CD4 T cells are expanded by
Mycobacterium  tuberculosis (Mtb)*-infected dendritic cells
(DC) and are induced in vivo during infection (27). Although
both cell types are generated during primary progressing Mtb
infection (27) counterregulation may be more readily observ-
able during low-virulence mycobacterial infection, this type of
infection also may better model the type of mycobacterial ex-
posure that has been correlated with arthritis (28, 29).

To test whether counterregulation between IFN-y and IL-17
occurs during low-virulence mycobacterial infection, we in-
fected mice with bacille Calmette Guérin (BCG) and examined
the kinetics of IFN-vy- and IL-17-producing cellular responses.
We also tested the ability of IFN-vy to modulate the size of the
IL-17-producing population and the ability of IFN-y and
IL-17 to alter the production of IL-12p70 and IL-23 by BCG-
infected DC. Our data demonstrate that low-virulence myco-
bacterial infection induces a negative feedback loop whereby
IFN-y-producing cells limit IL-17-producing cells, and that
this feedback loop is perturbed by the absence of IFN-y.

Materials and Methods

Mice and experimental infection

C57BL/6 (B6) and IFN-y-deficient (BG6.129S7-Ifng™' ") were infected i.v.
with 1 X 10° or 5 X 10° BCG Pasteur. CD4" T cells were obtained from
OT-II a8 TCR transgenic (TCRTg) male mice (OT-II)(C57BL/6-TgN
(TerOT-I0)) of =8 wk of age. Breeding stocks of IL-23-deficient (B6.7/234~")
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mice were obtained from Dr. N. Ghilardi (Genentech) (27). All mice were bred
at the Trudeau Institute and were used under its Institutional Animal Care and
Use Committee guidelines.

Culture of murine bone marrow-derived DC (BMDC)

BMDC were derived from B6- and IL-23-deficient mice as described (27, 30).
Briefly, cells were cultured in medium containing murine granulocyte mono-
cyte CSF. On day 10 of culture, nonadherent cells were placed in 24-well plates
and infected with BCG at a multiplicity of infection (MOI) of 2. Some cultures
received 500 U/ml mouse IFN-vy (eBioscience) or 100 ng/ml recombinant
mouse IL-17 (R&D Systems).

ELISA

Supernatants from BMDC culture were screened for IL12p70 and IL-23 using
the mouse IL-12p70 Quantikine ELISA kit (R&D Systems) and the mouse
IL-23 Ready Set-Go ELISA kit (eBioscience).

In vitro CD4 T cell activation

Naive CD4" T cells were generated from OT-II mice as described (27) and
cultured (1 X 10° cells/ml) with BMDC (1 X10° cells/ml) for 72 or 120 h at
37°C in 5% CO,, in 10 ng/ml IL-2 and 5 uM Ovas,; 530 peptide. Some
BMDC were infected with BCG at an MOI of 2. [FN-7y was used at 100 U/ml.
Stimulated T cells were washed and counted, and the frequency of IL-17-pro-
ducing CD4™ T cells determined by ELISPOT.

ELISPOT assay

ELISPOT was performed as described previously (27). Briefly, a total of 1 X
10° cells was added to Ab-coated wells, 2-fold dilutions were made, and irradi-
ated splenocytes from B6 mice were added at 1 X 10° cells per well. A peptide
representing an I-A’-restricted epitope of Ag 85A (31) was used to stimulate
cells from infected mice, whereas Ovas,;_330 stimulated OT-II T cells (32); all
wells contained 10 ng/ml IL-2. After 24 h, plates were washed and processed as
described (27). Cells from mice infected with BCG, but cultured in the absence
of Ag, did not produce spots.

Statistical analysis

The results are given as means = SE of the mean. Statistical significance was
calculated by using Student’s ¢ test. Values of p < 0.05 were considered signif-
icant.

Results and Discussion
BCG infection induces both IFN-y- and IL-17-producing cells

IFN-7- and IL-17-producing cells are induced during progres-
sive Mtb infection (27). However, the kinetics of these popula-
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FIGURE 1. BCG infection induces the differentiation of both IFN-vy and
IL-17-producing cells. B6 mice were infected i.v. with 1 X 10° (2) or 5 X 10°
(b) CFU BCG. Splenocytes were stimulated with Ag85 peptide and IFN-y ()
and IL-17 (striped bar) production assessed by ELISPOT. Data points repre-

sent the mean of 7z = 4. Significance was determined using Student’s # test.
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tions during a self-limiting mycobacterial infection are not
known. We, therefore, infected mice with BCG, which is
cleared by the host (33), and examined the kinetics of Ag-spe-
cific CD4™ T cell responses. Splenic lymphocytes from infected
mice were stimulated in vitro with an I-A°-restricted peptide of
the dominant mycobacterial Ag, Ag85 (31), and their cytokine
expression determined by ELISPOT. Using a low dose of BCG,
we show that equal induction of IFN-v- and IL-17-producing
CD4 T cells occurs up to day 8 but that, by day 15, there is a
decreased number of IL-17-producing cells, compared with
IFN-7y-producing cells (Fig. 14). In a second experiment with a
higher dose of BCG, the same pattern is seen and extends to day
21 (Fig. 16). The increased numbers of cells also is reflected in
an increased frequency of these cells within the splenocytes cul-
ture (data not shown). These data suggest that, although my-
cobacterial infection can induce both IFN-y- and IL-17-pro-
ducing cells, the IFN-vy response may down-regulate the IL-17
response.

IFN-7y inhibits the development of IL-17-producing cells in response to
mycobacterial infection

IFN-y modulates the IL-17 response in vitro (25, 26) and in
vivo (18); to test, therefore, whether IFN-vy production was
limiting the IL-17 T cell response to BCG, we infected B6- and
IFN-7y-deficient mice and compared the expansion of the IL-
17-producing CD4 T cell population response over time. We
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FIGURE 2. BCG infection induces an expansion of IL-17-producing cells
in the absence of IFN-v. B6 (M) and IFN-vy-deficient (striped bar) mice were
infected i.v. with 4 X 10° CFU BCG and frequency of IL-17-producing cells
specific for the Ag85 peptide (2 and ¢) or BCG (b and ) in the spleen (2 and 4)
or lung (cand d) assessed by ELISPOT. Data points represent the mean of 7 =
4, significance determined by Student’s # test. Results are from one representa-
tive experiment of two independent experiments.
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Table 1. The frequency of IL-17-producing cells in BCG-infected mice is increased in the absence of IFN-y
Frequency of IL-17-Producing Cells®
Day Post
Ag” Mouse Strain Infection” Spleen Lung
Ag85 B6 15 2.7e-5 = 1.5e-6 3.2e-5 * 2.7e-6
21 4.8¢-5 £ 1.1e-5 4.3e-5 £ 1.2e-5
IFN-y 15 1.1e-4 £ 3.5e-5%%% 5.5e-5 * 8.5e-6%
Deficient 21 2.6e-4 = 1.5e-4skkk 4.6e-4 * 1.1e-4xx
B6 15 1.5e-4 = 9.0e-5 2.0e-4 * 7.6e-5
21 2.6e-4 * 1.0e-4 1.7e-4 * 2.7e-5
BCG IFN-y 15 5.3e-4 £ 1.3e-5%: 3.le-4 * 1.3e-4kk
Deficient 21 6.2e-4 * 1.4e-4urk G.4e-4 + 1.4e-4wxx

“ Single-cell suspensions from infected mice were cultured with either Ag85 peptide or BCG.
¢ B6 or IFN-vy-deficient mice were infected i.v. with BCG and harvested on day 15 or 21.
¢ The frequency of cytokine-producing cells was determined by ELISPOT.

%, p = 0.078, #%, p < 0.01, %%, p < 0.001.

show that, although the Ag85 peptide-specific IL-17-produc-
ing cellular response in B6 mice is limited in both the spleen
(Fig. 24) and lung (Fig. 2¢), this response expands to a signifi-
cantly higher degree in the IFN-y-deficient mice (Fig. 2,  and
¢). This expansion occurs despite the fact that the bacterial bur-
den differs only slightly at day 15 (B6 5.5 * 0.37 log,o; IFN-
v-deficient 6.17 % 0.12 log, ). This differential response in the
[FN-vy-deficient mice also was seen when live BCG was used to
restimulate cells (Fig. 2, 6 and ). The increased numbers of
IL-17-producing cells per organ in the IFN-vy-deficient mice
also were reflected in increased frequencies for these cells (Table
I). These data support the hypothesis that IFN-7y regulates the
extent of the IL-17 response during BCG infection.

IFN-y and IL-17 counterregulate the production of IL-23 and
IL-12p70 by mycobacteria-infected DC

Although Th1 cells require IL-12p70 for optimal induction in
response to mycobacteria-infected BMDC, IL-17-producing
cells require IL-23 (27), thus the impact of IFN-vy on the de-
velopment of IL-17-producing cells may lie in its ability to
modulate the production of these cytokines by APC. To test
this, we measured whether IFN-7y or IL-17 could modulate the
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FIGURE 3. IL-17 up-regulates IL-23, but not IL-12p70. BMDC were in-
fected with BCG at an MOI of 2 and either left untreated (@) or treated with
IFN-7y (O) or IL-17 (dashed line, [J). BMDC culture supernatants were har-
vested and analyzed by ELISA for IL-12p70 (a) and IL-23 (4). Data points
represent the mean of 7 = 3 (%, p < 0.05; *, p < 0.01; **:%, p < 0.001, relative
to BCG alone) as determined by Student’s 7 test. Results are from one repre-
sentative experiment of three independent experiments.

production of IL-12p70 or IL-23. Although little IL-12p70 was
detected from BCG-infected BMDC, this was increased in the
presence of IFN-y but not IL-17 (Fig. 34). In contrast, IL-23
was detected in the BCG-infected BMDC supernatants, and
this was significantly reduced in the presence of IFN-y and in-
creased by IL-17 (Fig. 34). These data show that IFN-y alters
the cytokine-producing profile of BCG-infected BMDC to one
that favors IFN-y-producing cells over IL-17-producing cells,
i.e., increased IL-12p70 and reduced IL-23.
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FIGURE 4. [FN-y inhibits the differentiation of CD4™" T cells into IL-17-
producing cells. 2, Purified OT-II TCR transgenic CD4 " T cells were cultured
for 5 days with BMDC from either B6 mice (M) or B6.7/234~'~ mice (striped
bars). The BMDC were either infected with BCG at an MOI of 2 or left un-
infected. Some cultures contained the Ovas,;_530-peptide (Ova) and/or IFN-y.
a, After 5 days, the cells were washed and the ability of cells to produce IL-17 in
response to peptide determined by ELISPOT. 4, The ability of cells from the
5-day culture to produce IL-17 spontaneously in the ELISPOT assay (i.e., with-
out exogenous peptide) also was determined. Data points represent the mean of
n = 3, significance was determined by Student’s # test. Results are from one
representative experiment of two independent experiments.
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Addition of IFN-y to BCG-infected BMDC reduces the frequency of
IL-17-producing T cells

To test whether exogenous IFN-y could impact the generation
of IL-17-producing cells, we added IFN-y to cultures of CD4 *
TCRTg T cells being stimulated by BCG-infected BMDC.
TCRTg T cells were used to obtain sufficient numbers of T
cells of known Ag specificity. T cells were activated by
BCG-infected BMDC pulsed with the cognate Ag, an OVA
peptide consisting of residues 323-339 (OVAj,5 53). The
ability of these activated T cells to produce IL-17 was measured
by ELISPOT. We show in this study that the presentation of Ag
by BCG-infected BMDC dramatically increases the frequency
of IL-17-producing cells, compared with that seen when unin-
fected BMDC are used (Fig. 44). Thus, BCG infection of APC
results in an increased polarization of cells to an IL-17-produc-
ing phenotype. In contrast, when IFN-y was added to the
BCG-infected BMDC cultures, there was a significant decrease
in the frequency of IL-17-producing cells induced (Fig. 4a).
This occurred despite the fact that there was not a reduction in
total number of cells (OVA + BCG 1.12 X 10° * 6.7 X 10>
cells per well, compared with OVA + BCG + IFN 1.29 X
10° = 7.6 X 10 cells per well; z = 3).

Recent publications suggest that IL-23 is not the primary fac-
tor in the inital polarization of IL-17-producing cells. Rather,
TGE initiates the IL-17-producing phenotype (16—18), and
IL-6 modifies the action of TGFf3 such that IL-17-producing,
rather than regulatory, T cells are induced (17). We, therefore,
wanted to determine whether IL-23 played any role in mediat-
ing the generation of IL-17-producing cells when mycobacteria
are used to activate the presenting cell. To do this, we used mice
lacking the IL-23 subunit p19 (B6.11234"7) as a source of
BMDC. We show in this study that IL-23 is required for opti-
mal induction of IL-17-producing cells when APC are activated
by mycobacteria. Specifically, the frequency of IL-17-produc-
ing CD4 T cells is significantly reduced in cultures with IL-23-
deficient BMDC, compared with intact BMDC (Fig. 44). To
determine the ability of the TCRTg T cells to spontaneously
make IL-17 in the absence of their peptide Ag, we omitted the
peptide during the ELISPOT and show in this study that fre-
quency of IL-17-producing cells in the absence of peptide is sig-
nificantly reduced (Fig. 46).

We hypothesize, therefore, that BCG induces TGFS and
IL-6 production by the APC, and that this results in the expres-
sion of IL-23R on newly activated T cells (18). These T cells are
then able to use the IL-23 produced by the APC in response to
BCG (Fig. 36). When IFN-vy is added to the mix either exog-
enously as in Fig. 44 or due to the expansion of IFN-y-produc-
ing T cells (Fig. 1), then it will play two roles. First, it will in-
crease the amount of IL-12p70 from BCG-infected APC (Fig.
3) and also up-regulate the IL-12R 32 on newly activated T cells
(18). In this way, the IFN-y-producing T cells will expand and
further limit the availability of IL-23 (Fig. 36), thereby limiting
the expansion of the IL-17-producing population.

In summary, we show that an IL-17-producing CD4 T cell
population can be generated by mycobacterially activated APC
and that IFN-vy regulates the generation of these cells. Our data
lend further support to the hypothesis that IFN-y is required to
control IL-17-producing cells and thus the severe pathology
that is seen in IFN-y-deficient mice with experimental autoim-
mune encephalitis and collagen-induced arthritis or mycobac-
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terial infection (15, 34-37). More specifically, an inability to
produce sufficient IFN-y to dampen IL-17-mediated inflam-
mation during chronic infection may predispose individuals to
inappropriate tissue-damaging responses. This inability may
thus provide a basis for the association between mycobacterial
exposure and arthritis (28, 29). Further, this work suggests a
basis for the epidemiological data where decrease of infectious
diseases correlates with the increase of certain inflammatory
types of autoimmune diseases (38). Specifically, increased in-
duction of IFN-vy-producing cells by pathogens may limit the
production and accumulation of IL-17-producing cells in the
periphery and thereby limit the potential for immune-mediated
pathologic consequences for the host tissue.
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