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IL-23 and IL-17 in the establishment of protective
pulmonary CD4* T cell responses after vaccination and
during Mycobacterium tuberculosis challenge

Shabaana A Khader!, Guy K Bell', John E Pearl!, Jeffrey ] Fountain!, Javier Rangel-Moreno!, Garth E Cilley!,
Fang Shen?, Sheri M Eaton!, Sarah L Gaffen2, Susan L Swain!, Richard M Locksley3, Laura Haynesl,

Troy D Randall! & Andrea M Cooper!

Interferon-vy is key in limiting Mycobacterium tuberculosis infection. Here we show that vaccination triggered an accelerated
interferon-y response by CD4* T cells in the lung during subsequent M. tuberculosis infection. Interleukin 23 (IL-23) was
essential for the accelerated response, for early cessation of bacterial growth and for establishment of an IL-17-producing
CD4+* T cell population in the lung. The recall response of the IL-17-producing CD4* T cell population occurred concurrently
with expression of the chemokines CXCL9, CXCL10 and CXCL11. Depletion of IL-17 during challenge reduced the chemokine
expression and accumulation of CD4* T cells producing interferon-y in the lung. We propose that vaccination induces IL-17-
producing CD4* T cells that populate the lung and, after challenge, trigger the production of chemokines that recruit CD4*

T cells producing interferon-y, which ultimately restrict bacterial growth.

Tuberculosis is a leading cause of morbidity and mortality in the
world, with 8 million new cases and 2 million deaths annually!.
Improved control of tuberculosis requires improvement of the vaccine
now in use, bacille Calmette-Guerin, which is of limited value. People
vaccinated with bacille Calmette-Guerin show strong cellular
responses to Mycobacterium tuberculosis?, but protection from natural,

sYe) aerosol infection is highly variable’. In animal models of vaccination,

he recall response is not detected in the lung until 15 d after aerosol
challenge; this delay allows bacterial growth to occur®’. Development
of a vaccine that can overcome this delay requires elucidation of the
molecular and cellular events underlying the recall response to aerosol
challenge with M. tuberculosis.

The importance of interferon-y (IFN-y)-producing CD4* T cells
in primary resistance to M. tuberculosis has been established®.
Furthermore, cytokines linked to the development of T helper type
1 (Tyl) cells, such as interleukin 12 (IL-12), are involved in primary
resistance in humans”® and in animal models®~'!. IFN-y and IL-12
have also been linked to recall responses in vaccinated mice®>!>13, In
contrast, the related cytokine, IL-23, is not involved in primary
resistance to M. tuberculosis even though IL-23 is required for the
generation of an IL-17-producing, mycobacteria-specific CD4* T cell
response! 413, IL-17-producing cells (Ty-17 cells) represent a T helper
lineage that requires transforming growth factor-B (TGF-B)'*!8 and
IL-6 (ref. 18) for initiation and IL-23 (refs. 17,19,20) to become an

established population. Ty-17 cells are associated with autoimmune
disease?~22, mediate neutrophil recruitment, participate in inflamma-
tory responses'>?>=27 and are negatively regulated by IFN-y!>282,
Despite the lack of involvement of IL-23 in primary resistance to
M. tuberculosis, the fact that IL-23 acts on T cells with an activated or
memory phenotype?®30-32 suggests that this cytokine may be involved
in recall responses.

To investigate the involvement of IL-23 in CD4% T cell recall
responses, we used a defined molecular vaccine to induce epitope-
specific, long-lived CD4* T cells without inducing responses to
other mycobacterial proteins. Vaccination elicited antigen-specific
T cells producing IFN-y and T cells producing that persisted in
the central lymphoid organs and antigen-specific T cells producing
IL-17 that persisted in the lung. Establishment of persistent
IL-17-producing T cells required IL-23. After challenge, the IL-17
recall response preceded the IFN-y recall response, and the
accelerated IFN-y response and lower bacterial burden in vaccinated
wild-type mice was not present in IL-23-deficient mice. Treatment
with exogenous IL-17 restored the IFN-y recall response in IL-23-
deficient mice, whereas depletion of IL-17 in vaccinated wild-type
mice reduced the response. We propose that vaccination results in the
generation of T cells producing IFN-y or IL-17, and that T cells
producing IL-17 populate the lung and respond rapidly to infection.
This release of IL-17 promotes chemokine expression in the lung

1Trudeau Institute, Saranac Lake, New York 12983, USA. 2Department of Oral Biology, School of Dental Medicine, University at Buffalo, The State Univeristy of New York,
Buffalo, New York 14214, USA. 3Howard Hughes Medical Institute, Department of Medicine and Microbiology & Immunology, University of California San Francisco,
San Francisco, California 94143, USA. Correspondence should be addressed to A.M.C. (acooper@trudeauinstitute.org).

Received 12 December 2006; accepted 7 February 2007; published online 11 March 2007; doi:10.1038/ni1449

NATURE IMMUNOLOGY VOLUME 8 NUMBER 4 APRIL 2007

369



ARTICLES

a 65 b 7 : c d 5 | - Naive € - 8.0 -
] 6.0 s 6 ! o o ! *:**: - Vac 2 25
2 X £ ' < < 4 (LS E} 2.0
82 520 ; ER 2~ 1 e
E_g;S.S o gg4 @)8; gg;s %81.5
5% S 3 . E L= i == 1.0
g 50 s g =T, >
> > 2 : £ i I z o5
45 14 : 1 14— ) -
G\ 0 5 10 15 20 25 30 35 0 6 12 18 24 30 0 6 12 18 24 30 Naive Vac
<~ Q/%\?' O Time after infection (d) Time after infection (d) Time after infection (d)
3.0
Figure 1 Vaccination reduces bacterial burden and accelerates the accumulation of antigen-specific cytokine-producing T cells in the 5 o5 .
lung after challenge. (a,b) Bacterial burden in the lungs of wild-type mice left unvaccinated (Naive) or vaccinated with ESAT-6(1-20) SA 20
in MPL plus TDM plus DDA (ESAT-6), with OVA(323-339) in MPL plus TDM plus DDA (OVA) or with MPL plus TDM plus DDA alone 5 S 15
(Sham), then challenged 30 d later by infection via the aerosol route with about 75 colony-forming units of M. tuberculosis H37Rv = 10
bacteria, and assessed 30 d later (a) or at various time points after challenge (b). (c,d) ESAT-6(1-20)-specific T cells producing IFN-y & 0'5
(¢) or IL-17 (d) in the lungs of wild-type mice left unvaccinated (Naive) or vaccinated with ESAT-6(1-20) in MPL plus TDM plus DDA = ’

each containing pooled cells from four mice per group).

and the recruitment of T cells producing IFN-y, which stop
bacterial growth.
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RESULTS

Vaccine-induced T cell responses after challenge

To investigate the ability of vaccination to elicit a protective immune
response to M. tuberculosis, we vaccinated mice with an [-AP-restricted
peptide comprising amino acids 1-20 of the M. tuberculosis
6-kilodalton early secreted antigenic target protein (ESAT-6(1-20)),
which is recognized early during M. tuberculosis infection®?, in an adju-
vant composed of MPL (monophosphoryl lipid A), a Toll-like receptor
4 stimulant®%, TDM (trehalose dicorynomycolate), which acts through
pathway dependent on the MyD88 adaptor protein®, and the small
cationic molecule DDA (dimethyl dioctadecylammonium bromide),
which acts as an antigen ‘depot’. Vaccination resulted in protection
l .I against aerosol challenge with M. tuberculosis; this protective effect

© 2007 Nature Publishing Group
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epended on the presence of the M. tuberculosis peptide ESAT-6(1-20)
= (Fig. 1a). Vaccination suppressed the growth of the bacterial popula-
tion between days 15 and 20 (Fig. 1b), similar to the protection
reported before®®. These data demonstrated that vaccination with a
single mycobacterial peptide in the appropriate adjuvant was sufficient

to mediate protection against aerosol M. tuberculosis challenge.
We next compared the T cell responses in the lungs of vaccinated
and unvaccinated mice after aerosol challenge with M. tuberculosis. We
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(Vac) and then challenged as described in a, assessed throughout the first 30 d of infection. Vertical lines indicate the response on ’ Naive Vac
day 12 (c,d) or 15 (b). (e,f) Real-time PCR of transcripts encoding IFN-y (e) or IL-17 (f) in CD4* T cells isolated from lung cell

suspensions from mice vaccinated and infected as described in c,d collected 15 d after infection. *, P < 0.05, and **, P < 0.01,

versus naive (Student’s t-test). Data are one representative of a total of four experiments (a,b; mean + s.d. of four mice per group; some error bars are
covered by symbols in b), or one experiment for total kinetics (values at day 12 and day 15 are representative of results from three other independent
experiments), with four mice (c,d), or one representative of a total of two experiments (e,f; mean + s.d. relative to uninfected naive mice; n = 3 samples

noted accelerated accumulation of ESAT-6(1-20)-specific IFN-y-
producing T cells in vaccinated mice beginning on day 15 after
infection (Fig. 1c). Notably, IL-17-producing ESAT-6(1-20)-specific
T cells accumulated in the lung beginning at day 12 (Fig. 1d), 3 d
before the accumulation of IFN-y-producing cells. By 15 d after
infection, CD4" T cells purified from the lungs of vaccinated mice
expressed more Ifng transcripts (Fig. 1e) and Il17a transcripts (Fig. 1f)
than did CD4" T cells isolated from the lungs of unvaccinated mice.
Thus, during the recall response to aerosol M. tuberculosis challenge,
IL-17-producing cells accumulated more rapidly in the lung than did
IFN-y-producing T cells.

Cytokines in vaccine-induced protection

As IL-12 (composed of IL-12p40 and IL-12p35 subunits) is required
for the generation of IFN-y-producing CD4* T cells, and IL-23
(composed of IL-12p40 and IL-23p19 subunits) is required for
generation of IL-17-producing CD4" T cells'4, we sought to test the
function of each cytokine in recall responses. Therefore, we vaccinated
wild-type mice, IL-12p35-deficient mice and IL-12p40-deficient mice
with ESAT-6(1-20) in adjuvant, waited 30 d and challenged the mice
with M. tuberculosis by the aerosol route. Vaccination elicited a
protective response in wild-type and IL-12p35-deficient mice but
not in IL-12p40-deficient mice (Fig. 2a). Furthermore, the accumula-
tion of IFN-y-producing and IL-17-producing T cells was accelerated
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Figure 2 [L-12p40 but not IL-12p35 is essential for vaccine-induced reduced bacterial burden and the accelerated accumulation of antigen-specific
cytokine-producing T cells in the lungs. Wild-type (B6), IL-12p35-deficient (IL-12p35KO0) or IL-12p40-deficient (IL-12p40KO) mice were left naive or
were vaccinated and then challenged as described in Figure 1a,b. (a) Bacterial burden in the lungs at 30 d after challenge. (b,c) ELISPOT analysis of

the number of ESAT-6(1-20)-specific IFN-y-producing cells (b) and IL-17-producing cells (c) in the lungs at 15 d after challenge. *, P < 0.01, **,

P < 0.001, and ***, P < 0.0001, versus naive (Student’s t-test). Data (mean + s.d. of four mice per group) are one representative of three (wild-type) or

Two (IL-12p35-deficient and IL-12p40-deficient) independent experiments.
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covered by symbols in b,c) are one representative experiment of three independent experiments (a) or represent one experiment for total kinetics or results
from six experiments for values at day 15 (b,c). (d) Intracellular staining and flow cytometry of the frequency of cytokine-producing CD4* T cells from wild-
type mice vaccinated as described in a; cells from draining lymph nodes were grown in vitro with peptide and IL-23 before analysis. (e) ELISPOT assay of
peptide-specific T cells producing IFN-y or IL-17 in the lung at day 15 after transfer of CD4* T cells (purified from cultures generated as described in d) into
wild-type host mice (black bars) and IL-23p19-deficient host mice (gray bars). (f) ELISPOT analysis of ESAT-6(1-20)-specific IFN-y-producing T cells in the
lungs of wild-type (black bars) and 1L-23p19-deficient (gray bars) host mice generated as described in e, allowed to ‘rest’ for 15 d and then left naive or
infected (Inf) as described in Figure 1a,b. (g) Bacterial burden in recipient mice (Transfer) generated as described in e, and unmanipulated mice (No
transfer), infected as described in Figure 1a,b and assessed at day 30 after challenge in wild-type host mice (black bars) and IL-23p19-deficient host

mice (gray bars). *, P < 0.05, **, P < 0.001, and ***, P < 0.0001, relative to IFN-y* (e), naive (f) or No transfer (g; Student’s t-test). Data are one
representative of three independent cultures done twice (d) or one representative of two independent experiments (e-g; mean + s.d. of four mice per group).

in the lungs of vaccinated wild-type and IL-12p35-deficient mice but
not in those of IL-12p40-deficient mice by day 15 (Fig. 2b,c). These
data demonstrated that IL-12p40 but not IL-12p35 was essential for
the vaccine-induced protective recall response.

We next investigated the function of IL-23 in the recall response and
found that in contrast to the situation in wild-type mice (Fig. 1),
vaccination of IL-23-deficient mice did not lower the bacterial burden
in the lung 30 d after challenge and failed to elicit an accelerated IFN-y

L-23 but not IL-12 was essential for the induction of recall responses

l, .I or IL-17 T cell recall response (Fig. 3a—c). These data showed that

=" and protection. To determine whether IL-23 was required during

challenge, we removed draining lymph nodes from wild-type mice
10 d after vaccination, grew CD4* T cells in vitro with ESAT-6(1-20)
and IL-23, and transferred those CD4" T cells into naive wild-type
or IL-23-deficient host mice. The transferred CD4* T cell population
had equivalent frequencies of cells producing IFN-y- and IL-17, but
by day 15 after transfer, recipient mice had 16-fold more antigen-
specific IL-17-producing CD4" T cells than antigen-specific IFN-y-
producing CD4* T cells in the lung (Fig. 3d,e). Recipient mice
challenged with M. tuberculosis by the aerosol route on day 15 after
transfer showed rapid accumulation of ESAT-6(1-20)-specific IFN-y-
producing CD4" T cells (Fig. 3f). Recipient mice were also protected
and had a lower bacterial burden even in the absence of IL-23
(Fig. 3g). These data suggested that IL-23 was not directly required
for the recall response.

Vaccination-induced antimycobacterial function

To determine how the absence of IL-23 affects the ability of vaccina-
tion to protect against challenge infection, we compared the accumu-
lation of activated effector cells and antimycobacterial agents in
granulomatous structures in the lungs of vaccinated wild-type and
cytokine-deficient mice. At 15 d after aerosol challenge with

NATURE IMMUNOLOGY VOLUME 8 NUMBER 4 APRIL 2007

M. tuberculosis, more CD4" T cells with an activated CD44MCXCR3*
phenotype® were present in the lungs of vaccinated wild-type than
in those of vaccinated IL-23p19-deficient mice (Fig. 4a—c). Large
mononuclear granulomatous structures were present in vaccinated
wild-type but not IL-23p19-deficent mice (Fig. 4d). The localization
of activated CD4" T cells together with myeloid cells in granulomas
coincided with the vaccine-induced accelerated upregulation of
major histocompatibility complex (MHC) class II on CD1lc*
dendritic cells (DCs) in the lungs of vaccinated wild-type and
IL-12p35-deficient mice but not on DCs from the lungs of vaccinated
mice deficient in either IFN-y or IL-12p40 (Fig. 4e). Upregulation of
MHC class II was detectable 15 d after challenge in vaccinated mice
and 21 d after challenge in unvaccinated mice. Finally, vaccination-
induced antimycobacterial responses occurred rapidly in the lungs of
wild-type mice, as demonstrated by the higher expression of inducible
nitric oxide synthase on lung macrophages (Fig. 4f) and by the
significant increase in mRNA encoding the LRG-47 antimycobacterial
molecule’” by day 15 (Supplementary Fig. 1 online). These data
demonstrated that the vaccine-induced antimycobacterial function in
the lung was temporally associated with the accumulation of activated
IFN-y-producing CD4* T cells.

Vaccine-induced chemokine expression

The failure of vaccinated IL-23p19-deficient mice to generate granu-
lomas and to accumulate activated CXCR3*CD4" T cells in the lung
(Fig. 4) indicated a recruitment deficiency in the recall response to the
lung. As chemokines mediate cell recruitment, we compared the
induction of chemokine transcripts in the lungs of vaccinated wild-
type and IL-23p19-deficient mice after challenge. In wild-type but not
IL-23p19-deficient mice, vaccination triggered expression of the genes
encoding the CXCR3 ligands CXCL9, CXCL10 and CXCLI11 at day 12
after infection (Fig. 5a). The expression of these chemokines
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corresponded with the accumulation of IL-17-producing antigen-
specific T cells (Fig. 1) and the expression of IlI7a but not Ifng
or Tnf mRNA (Fig. 5a) in the lungs of vaccinated wild-type mice.
To determine whether IL-17 induced the chemokines, we used

IL-23p19KO

that the promoters of Cxcl9, Cxcl10 and Cxcll1 contain transcription
factor-binding patterns that resemble patterns associated with IL-17-
responsive genes®® (data not shown). Furthermore, treatment with
IL-17-neutralizing antibody on day 12 after challenge significantly
inhibited induction of the genes encoding all three chemokines in
vaccinated wild-type mice (Fig. 5b). Administration of antibody to
IL-17 (anti-IL-17) on d 12 and 14 after challenge also significantly
reduced the frequency of antigen-specific IFN-y-producing T cells in
the lungs of vaccinated wild-type mice (Fig. 5c).

Finally, to determine whether IL-17 was able to restore the IFN-y
recall response in the lungs of vaccinated IL-23p19-deficient mice, we
delivered exogenous IL-17 to these mice on day 12 after challenge, the
time when vaccinated wild-type mice showed an IL-17 recall response.
Exogenous IL-17 restored the accelerated accumulation of IFN-y-
producing CD4" T cells in the lungs of vaccinated but not unvacci-
nated IL-23p19-deficient mice (Fig. 5d). These data showed that the
accelerated chemokine response after challenge in the lungs of
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Figure 5 Vaccinated mice show early IL-17- and IL-23-dependent chemokine production. (a) RT-PCR of gene expression in lung tissues from wild-type mice
(black bars) and 1L-23p19-deficient mice (gray bars), vaccinated and infected as described in Figure 1a,b; tissues were collected on day 12 after challenge
and assessed relative to uninfected vaccinated wild-type or IL-23p19-deficient tissue. (b) RT-PCR of the induction of chemokine transcripts in wild-type
mice vaccinated and infected as described in Figure 1a,b and then treated with isotype control antibody or anti-IL-17 on day 12 after infection; lung tissue
was isolated on day 13 for analysis of induction relative to that in uninfected vaccinated mice. (c) ELISPOT analysis of the frequency of ESAT-6(1-20)-
specific IFN-y-producing cells in wild-type mice vaccinated and challenged as described in Figure 1a,b and treated on days 12 and 14 with isotype control
antibody or anti-IL-17, assessed at day 16 after challenge. (d) ELISPOT analysis of the frequency of ESAT-6(1-20)-specific (Ag-specific) IFN-y-producing
cells in IL-23p19-deficient mice left naive (dark gray bars) or vaccinated (light gray bars) and challenged as described in Figure 1a,b and then injected
intratracheally with saline (Control) or recombinant IL-17 (rIL-17) on day 12 after infection, assessed at day 15 after infection. *, P < 0.05, **,

P < 0.01, ***, P < 0.001, and **** P < 0.0001, versus wild-type vaccinated (a), isotype (b), vaccinated, isotype-treated (c) or vaccinated, saline-treated
(d; Student’s t-test). Data (mean + s.d.) are one representative of two independent experiments with four (a) or five (b—d) mice.
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Figure 6 Vaccination-induced IL-23-dependent lung IL-17-producing CD4* T cell population. (a) ELISPOT analysis of the number of peptide-specific
IL-17-producing T cells in the draining lymph nodes of mice vaccinated with ESAT-6(1-20) in MPL plus TDM plus DDA. *, P < 0.05, **, P < 0.01, and
*** P < 0.001, relative to day O for wild-type (WT) or IL-23p19-deficient (Student’s t-test). The response of vaccinated IL-23p19-deficient mice was also
significantly less than that of wild-type mice on days 14 (P < 0.001), 21 (P < 0.05) and 42 (P < 0.01). Values were not obtained for IL-12p35-deficient
mice at day O; however, historical values (n = 8 mice in two other experiments) were equivalent to values for wild-type and IL-23p19-deficient mice at

day 0. (b) RT-PCR of gene expression by CD11c*YFP* cells from draining lymph nodes of B6.yet40 mice vaccinated as described in a. (c) RT-PCR of gene
expression by CD4* T cells purified from draining lymph nodes of wild-type mice (black bars), I1L-23p19-deficient mice (dark gray bars) and IL-12p35-
deficient mice (light gray bars) vaccinated as described in a. Data are expressed as ‘fold induction’ relative to day O (b) or unvaccinated (Un; c).

(d,e) Frequency (d) and total number (e) of cells that divided in the draining lymph nodes of wild-type mice (black bars), IL-23p19-deficient mice (dark
gray bars) and IL-12p35-deficient mice (light gray bars) that received naive CFSE-labeled OT-11 CD4* T cells and were then vaccinated with OVA(323-339)
in MPL plus TDM plus DDA, assessed by CFSE dilution in transferred cells by day 3. (f,g) ELISPOT analysis of the frequency (f,g) and total number

(Supplementary Fig. 1) of IL-17-producing cells (f) or IFN-y-producing cells (g)

in various organs of wild-type mice (black bars), IL-23p19-deficient mice

dark gray bars) and IL-12p35-deficient mice (light gray bars) vaccinated as described in a, assessed 30 d after vaccination. DLN, draining lymph node.

@V*, P < 0.05, **, P < 0.01, ***, P < 0.001, and ****, P < 0.0001, versus day O (b), unvaccinated (c) or wild-type (e-g; Student’s t-test). Data
(mean + s.d.) are one representative of two independent experiments with four (a,d,e) or four to six (b,c,f,g) mice.

vaccinated mice was dependent on IL-23 and IL-17 and that IL-17
alone was able to restore the IFN-y recall response in vaccinated
IL-23p19-deficient mice.

Cytokines in vaccination-induced T cell responses

To investigate how IL-23 affects T cell activation after vaccination, we
tracked the formation of antigen-specific IL-17-producing CD4*
T cells in wild-type and cytokine-deficient mice after vaccination.
Wild-type and IL-12p35-deficient mice showed a measurable and
sustained IL-17 response after vaccination, whereas IL-23p19-deficient
mice showed an early but short-lived antigen-specific IL-17 T cell
response (Fig. 6a). To determine whether IL-23 acted during
the priming of IL-17-producing cells, we analyzed the kinetics of
expression of IL-23 and its receptor after vaccination. For this, we
vaccinated mice expressing yellow fluorescent protein (YFP) in the
locus encoding IL-12p40 (B6.yet40 mice; ref. 39) and compared
IL-12p40-expressing YFP*CD11c* cells from the draining lymph
nodes of vaccinated and naive mice. Transcripts encoding IL-23p19
(I123a) were expressed early (day 4) but not late, whereas the gene
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encoding IL-12p35 (IlI2a) was expressed by day 17 (Fig. 6b).
YFP*CD11c* cells also had significant early induction of transcripts
encoding TGF-B (Tgfbl) and IL-6 (1I6) (Fig. 6b), both of which have
been linked to the differentiation of Ty-17 cells!®!8, Although we
found no change in the expression of IL-12 and IL-23 receptors in
CD4" T cells from draining lymph nodes of vaccinated mice relative to
unvaccinated mice on days 2 and 4 (data not shown), we detected
significant induction of transcripts encoding the IL-23 receptor (1123r)
but not IL-12 receptor-B2 (Il12rb2) by day 7 (Fig. 6¢). At day 7, CD4"
T cells did not yet express Ifng transcripts, but had substantial
expression of Il17a mRNA in an IL-23-independent way (Fig. 6c).
These data suggested that both IL-23 and its receptor were present on
CD4* T cells rapidly after vaccination but that IL-23 was dispensable
for inducing the differentiation of Ty-17 cells.

To determine whether IL-23 influenced the initial proliferation
of naive antigen-specific CD4" T cells after vaccination, we labeled
naive CD4" T cells expressing the OT-II TCR transgene, which
recognizes the peptide antigen comprising ovalbumin amino acids
323-339 (OVA(323-339)), with CSFE (5-(and-6)-carboxyfluorescein
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succinimidyl ester). We then transferred the CFSE-labeled cells into
wild-type or cytokine-deficient mice. Vaccination with OVA (323—
339) in adjuvant triggered the proliferation of naive OT-II CD4* T
cells in wild-type and IL-12p35-deficient mice, but IL-23p19-deficient
mice had less proliferation (Fig. 6d.e).

To determine whether the absence of IL-23 affected the generation
of long-lived cells after vaccination, we determined the frequency
(Fig. 6f,g) and number (Supplementary Fig. 2 online) of antigen-
specific CD4" T cells in the central and peripheral tissues of mice 30 d

o after vaccination. We detected a substantial population of antigen-
@speciﬁc IL-17-producing CD4" T cells in the lungs of vaccinated wild-
=" type and IL-12p35-deficient but not IL-23p19-deficient mice (Fig. 6f
and Supplementary Fig. 2), until at least 105 d after vaccination (data
not shown). In contrast, few antigen-specific IFN-y-producing CD4*
T cells were present in the lung (Fig. 6g). We found substantial
populations of vaccination-induced IFN-y- and IL-17-producing
CD4" T cells in the spleens and draining lymph nodes. In all organs,
the number of IL-17- but not IFN-y-producing cells depended on the
presence of IL-23. Antigen-specific T cells present in the lung after
vaccination had high surface expression of CD44 and the tissue-
homing chemokine receptor CCR4 (Supplementary Fig. 2). These
data demonstrated the requirement for IL-23 for the establishment of
a Ty-17 memory population after vaccination.

To define the component of the vaccine responsible for the
induction of IL-17-producing cells, we cultured bone marrow—derived
DCs (BMDCs) with various adjuvant components and measured their
expression of transcripts encoding various cytokines and their ability
to polarize OT-II T cells. MPL plus TDM promoted significantly
greater induction of mRNA encoding IL-12p35 and IL-1 than did
DDA alone, whereas the addition of DDA to MPL plus TDM
promoted significant upregulation of transcripts encoding IL-12p40,
IL-6 and IL-23p19 relative to MPL plus TDM alone (Fig. 7a). In
contrast, DDA triggered higher expression of TgfbI; this induction was
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CFSE-labeled naive OT-1I T cells cultured for 3 d with OVA(323-339)-pulsed wild-type BMDCs (black bars) or IL-23p19-deficient BMDCs (dark gray bars)

, ¥** P < 0.001, and **** P < 0.0001, relative to MPL plus TDM plus

DDA (a), no adjuvant (b) or wild-type (c,d; Student’s t-test). Data (mean + s.d.) are one representative of two independent experiments with three (a—c) or

not lost when MPL, TDM and DDA were added together (Fig. 7a).
These adjuvant components also stimulated antigen-pulsed BMDCs to
prime OT-II T cells producing IL-17 and OT-II T cells producing
IEN-y; however, DDA alone was most potent in eliciting cytokine-
producing cells (Fig. 7b). This ability was minimally dependent on
IL-23 (Fig. 7c), consistent with the observation that the presence of
IL-23 did not affect the amount of vaccine-induced Il17a in CD4* T
cells in the draining lymph nodes (Fig. 6¢). However, absence of [L-23
reduced the ability of naive OT-II CD4" T cells to progress through
multiple cell divisions in vitro (Fig. 7d). That observation supported
in vivo data showing that division of naive T cells after vaccination was
lower in the absence of IL-23 (Fig. 6d). These data collectively
demonstrated a function for IL-23 in promoting optimal proliferation
of newly activated T cells but not in polarizing naive T cells toward the
Ty-17 lineage. We propose a model for the potential pathway
by which vaccine-induced protection depends on IL-23 and IL-17
(Supplementary Fig. 3 online).

DISCUSSION

Here, a population of IL-23-dependent, IL-17-producing, antigen-
specific T cells was induced in response to vaccination and populated
the lung. The recall response of this population preceded the IFN-y
recall response in the lungs and occurred simultaneously with induc-
tion of the CXCR3 ligand chemokines CXCL9, CXCL10 and CXCL11.
In the absence of IL-23 or IL-17, there was less chemokine expression
and a lower IFN-y recall response in vaccinated mice, whereas IL-17
restored the IFN-y recall response in the absence of IL-23. These data
demonstrate a previously unappreciated function for IL-23 and IL-17
in vaccination and support a new model for understanding CD4*
T cell recall responses to lung infections. Specifically, IL-17-producing
CDA4* T cells provide a surveillance function in peripheral tissues, such
that when antigen is detected, they respond rapidly and recruit other
effector recall responses, which then stop pathogen growth.
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Our data alter the understanding of the relative functions of IL-12
and IL-23 in vaccine-induced, long-lived, antigen-specific T cell
responses. Specifically, an IFN-y recall response to challenge was
triggered, albeit to a lower degree, in the absence of IL-12. In contrast,
whereas IL-23 was not required for the initiation of IFN-y-producing
CDA4* T cells after vaccination, in its absence, IL-17 as well as IFN-y
recall responses were impaired. Our results shed new light on
published studies using IL-12p40-deficient mice and antibodies
specific for IL-12p40, which indicated involvement of IL-12 but
were done before 1L-23 was identified'>!. It is likely that those data
were a result of inhibition of both IL-12 and IL-23 rather than of
IL-12 alone. In contrast, however, other published data have demon-
strated that protection mediated by DNA vaccination is restored by
either IL-23 or IL-12, suggesting that when cells other than CD4*
T cells are induced by vaccination, the dependence on IL-23 is
not absolute®’.

IL-23 seemed to act during vaccination rather than challenge, as
IL-17-producing cells generated in the presence of IL-23 persisted as a
peripheral population and promoted both a recall response and
protection against bacterial challenge. However, priming of antigen-
specific IL-17-producing cells occurred in the absence of IL-23 both
in vivo and in vitro, but this response was not maintained in vivo and
was compromised over time in vitro'®!>. This is in agreement with
published studies demonstrating a need for IL-23 in the proliferation
and persistence but not the induction of IL-17-producing
cells20-28:293241 - However, our data have shown that IL-23 was
expressed early in the draining lymph nodes after vaccination and at
the same time as the canonical IL-17-inducing cytokines TGF-f and
IL-6. Furthermore, CD4" T cells from the draining lymph nodes
expressed IL-23 receptor but not IL-12 receptor-f2 early, and the
absence of IL-23 affected the proliferation of newly activated cells both
in vivo and in vitro. As IL-23 can act directly on DCs*?, we cannot
distinguish between a direct effect on T cells or an indirect effect
through defective DC function; this remains to be investigated. These
data suggest that IL-23 acts early during priming but that its absence
has consequences in terms of persistence of the antigen-specific IL-17-
producing population rather than priming itself.

Several pathogens promote the differentiation of IL-17-producing

ells in vivo'#1>%, suggesting that such cells can be induced by a

=" variety of stimuli. We have shown here that the small cationic

molecule DDA drove the polarization of naive T cells to an IL-17-
producing phenotype in vitro. We presume that DDA acted by
promoting TGF-f and IL-6 expression in BMDCs and that these
cytokines ‘provoke’ naive T cells to become IL-17 producers rather
than regulatory T cells'®!8. The relative functions of DDA, MPL and
TDM in driving the development of persistent peripheral IL-17-
producing cells in vivo remain to be determined.

Notably, IL-17-producing cells induced by vaccination populated
the lung, whereas IFN-y-producing cells remained in the central
lymphoid tissue. The lung cells seemed to be activated, as they
expressed CD44. They also expressed CCR4, which has been associated
with the ability of cells to traffic into peripheral tissues**. This suggests
that IL-17-producing cells either ‘preferentially’ trafficked through or
resided in the lungs. Regardless of which is true, we hypothesize that
IL-17-producing cells responded directly in the lung, as we detected
ESAT-6(1-20)-specific IL-17-producing cells earlier in the lung than in
the draining lymph nodes after challenge in vaccinated mice (data not
shown). Other studies have also shown that previously activated CD4*
T cells can encounter antigen in the lung before the lymph node®’.
This ‘preference’ for the periphery and the rapid response of these cells
makes them candidate immune surveillance cells.
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Although we have proposed new functions for IL-23 and IL-17, it
was the arrival of IFN-y-producing cells, not the IL-17-producing
cells, in the lung that correlated with the expression of antibacterial
molecules and the cessation of bacterial growth in this tissue. How-
ever, as the absence of an IL-17 recall response precluded the IFN-y
recall response and the accumulation of CXCR3*CD44*CD4" T cells,
it seems that the IL-17-dependent chemokine response was indirectly
essential for the accelerated antimycobacterial activity. The ability of
IL-17 to mediate cellular infiltration through chemokine induction
has been reported for neutrophils*® and macrophages*’, but its ability
to promote T cell accumulation is not widely accepted. These data
demonstrating the ability of anti-IL-17 to block chemokine induction
and the presence of transcription factor-binding patterns associated
with IL-17-responsive genes in the promoter regions of genes encod-
ing these chemokines suggest direct induction by IL-17. Alternatively,
IL-17 could promote the recruitment of neutrophils, which might
produce the chemokines, as suggested before*®. The mechanism
whereby IL-17 promotes the induction of chemokines remains to
be determined.

It has been shown that IL-17-producing cells are induced by
vaccination and that treatment with anti-IL-17 reduces protection
from pulmonary challenge with Bordetella pertussis**. The function of
IL-17 in promoting recruitment of the IFN-y recall response was not
assessed in that model, and IL-17 was thought to be acting through
macrophage activation, based on in vitro data*3. We believe that a
function for IL-17 in activating macrophages in our model is unlikely,
as we found no sign of macrophage activation until IFN-y-producing
cells arrived in the lung. Other studies have failed to identify a
function for IL-23 or IL-17 in a bacille Calmette-Guerin vaccine
model with challenge administered intravenously*’; that probably
reflects a limited need for a surveillance population when recall
responses are rapid and systemic?.

In summary, we propose that IL-17-producing cells induced by
vaccination can provide a surveillance function in the periphery. This
is important, as greater numbers of these cells may promote more
rapid responses to pulmonary challenge. However, peripherally
located IL-17-producing cells are known to have a destructive func-
tion?>?20, and balancing the positive and negative activities of these
cells to use them as mediators of vaccine-induced protection will thus
require thorough understanding of their biology.

METHODS

Mice. C57BL/6] mice, C57BL/6] CD90.1 congenic mice (B6.PL-ThyI®/Cy),
IL-12p35-deficient mice (B6.129S1-1112atmVmyy) IL-12p40 deficient mice
(B6.129S1-11126"™U™/]) and IFN-y-deficient mice (B6.129S7-Ifng™ ™/]) were
purchased from The Jackson Laboratory. IL-23p19-deficient mice (B6.1123a7"")
have been described®!. B6.yet40 mice were generated as described®®. OT-II
TCR-transgenic male mice have been described®. Mice between 8 and
12 weeks of age were used; experimental mice were age and sex matched. All
studies were approved by the Trudeau Institute Institutional Animal Care and
Use Committee.

Immunization. Epitope-specific protective CD4" T cells were induced with the
immunodominant I-AP-restricted ESAT-6(1-20) epitope® (New England Pep-
tide). This peptide was mixed with DDA (Eastman Kodak) and then was
emulsified with the adjuvant MPL plus TDM (Sigma-Aldrich) as described™’.
MPL plus TDM is a stable oil-in-water emulsion containing inflammatory,
nontoxic MPL and the trehalose dimycolate analog TDM. Mice were injected
once subcutaneously with 400 pg peptide in 0.2 ml adjuvant. Some mice
received the I-AP-restricted epitope OVA(323-339).

Infection, challenge and cytokine and antibody treatment. The H37Ryv strain
of M. tuberculosis was used to infect mice by the aerosol route, as described!4.
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Some mice received recombinant IL-17A (R&D Systems) intratracheally at a
dose of 1.5 pg in 50 pl saline per mouse®®; this product had less than 0.1 ng
endotoxin per microgram of cytokine (as determined by manufacturer). Some
mice received 100 pg of isotype control antibody (50104) or anti-IL-17 (54447;
both from R&D Systems) intraperitoneally on days 12 and 14 after infection.
Bacteria in the lungs were measured by counting of viable colony-forming units
in homogenized tissue as described4.

Cell preparation and culture. Lung, lymph node and spleen cell suspensions
were prepared as described'*. Cells were used for enzyme-linked immunospot
(ELISPOT) assay or flow cytometry or were fractionated based on CD4
expression. CD4" T cells were isolated from cell suspensions with magnetic
CD4* beads (GK1.5; Miltenyi Biotech) on an AutoMACS machine according to
the manufacturer’s instructions. Naive CD4" T cells from OT-II mice were
‘loaded’ with CFSE as described, and 1 x 10° cells were transferred intrave-
nously into wild-type or cytokine-deficient host mice®2. Mice receiving CFSE-
loaded naive T cells were then vaccinated and the frequency of divided cells in
the draining lymph nodes was determined by flow cytometry.

In vitro stimulation of naive T cells and BMDCs. BMDCs were generated as
described'* and then were cultured with 10 pl of vaccine preparation compo-
nents; RNA was extracted with the RNeasy kit (Qiagen) from stimulated
BMDC:s over time. Adjuvant-stimulated BMDCs were also pulsed with cognate
antigen and were used to drive the activation for 3 d of naive CD4* T cells
purified from OT-II mice. ELISPOT assays were used to measure cytokine
production. Cells were labeled with CFSE and loss of CFSE was measured by
flow cytometry.

http://www.nature.com/natureimmunology

ELISPOT assay. Antigen-specific IFN-y- and IL-17-producing cells in infected
lungs were detected by ELISPOT assay as described!*. Cells were seeded in
antibody-coated plates at an initial density of 5 x 10° or 1 x 10° cells per well.
Irradiated wild-type splenocytes, 10 pug/ml of ESAT-6(1-20) or OVA(323-339)
peptide, and 10 U/ml of mouse recombinant IL-2 (Sigma) were added to each
well. After 18 h, plates were developed and the frequency and total number of
responding cells was determined. Neither cells cultured in the absence of
peptide nor cells from uninfected mice produced detectable spots.

Real-time PCR. RNA was extracted from total lung tissue or CD4* separated
cells with the RNeasy Kit (Qiagen) as recommended by the manufacturer. RNA
samples were treated with DNase and reverse-transcribed and ¢cDNA was
amplified with Tagman reagents on the ABI Prism 7700 sequence detection
system (Applied Biosystems)!*. Samples were prepared without reverse-
@transcription enzyme to confirm that signal was derived from RNA. The ‘fold

«fincrease’ in signal relative to that of uninfected or unvaccinated samples was
determined with the ‘AACy’ (change in cycling threshold) calculation recom-
mended by Applied Biosystems. The primer and probe sequences for mouse
Ifng, Irgm (encoding LRG-47), Tnf, Il17a and Cxcl10 have been published!»>>.
Primers and probes for Cxcl9 (mm0434946) and Ccll1l (mm0044662) were
purchased from Applied Biosystems Gene Expression Assays.

© 2007 Nature Publishing Group
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Flow cytometry. Single-cell suspensions from the lungs or draining lymph
nodes were prepared as described above and cells were stained with labeled
antibodies specific for CD11c (HL3), I-AP (AF6-120.1), CD4 (GK1.5), CD3
(145-2C11; all from Becton Dickinson), CCR4 (205410; Caprologics), CXCR3
(220803; R&D Systems) or CD44 (IM7; eBiosciences). Data were collected with
CellQuest software on a FACSCalibur (Becton Dickinson). DCs were identified
based on forward scatter, CD1lc expression and low autofluorescence®2.
CD11c* yellow fluorescent cells from the draining lymph nodes of both
vaccinated and unvaccinated B6.yet40 mice were sorted with a FACSVantage
SE with the DIVA option (Becton Dickinson) as described®.

Morphometric analysis and immunohistochemistry. Caudal lobes of lungs
from vaccinated and naive mice were inflated with 10% (vol/vol) formalin in
buffered saline, were fixed for 72 h and were embedded in paraffin. Sections
5 pm in thickness were stained with hematoxylin and eosin. Caudal lobes from
four mice per group were analyzed by researchers ‘blinded’ to sample identify
using the morphometric tool of the Zeiss Axioplan microscope (Zeiss). This
tool determines the area defined by the squared pixel value for each granuloma.
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Paraffin was removed from the formalin-fixed lung sections, which were then
washed with xylene, alcohol and PBS. Antigens were ‘unmasked” with
DakoCytomation Target Retrieval Solution (Dako) and were blocked with
5% (vol/vol) normal donkey serum and Fc block (5 pg/ml; 2.4G27; Trudeau
Institute). Endogenous biotin was neutralized with avidin followed by biotin
(both from Sigma Aldrich). Sections were probed with goat anti-mouse specific
for inducible nitric oxide synthase (M-19.G; Santa Cruz Biotechnology), which
was detected with Alexa Fluor 594—conjugated polyclonal donkey anti-goat
(Molecular Probes). DAPI (4’,6-diamido-2-phenylindole hydrochloride) was
used to counterstain tissues and to detect nuclei. Pictures were obtained with a
Zeiss Axioplan 2 microscope. Images were recorded with a Zeiss AxioCam
digital camera.

In vitro population expansion of ESAT-6-specific T cells. Lymphocytes were
isolated from draining lymph nodes and spleens of B6 CD90.1 congenic mice
vaccinated 10 d before with ESAT-6(1-20) in MPL plus TDM plus DDA. Cells
were cultured for 6 d in vitro with wild-type APCs, 10 U/ml of IL-2, 10 pg/ml of
ESAT-6(1-20), 10 pg/ml of anti-IL-4 (clone 11B11), 10 pg/ml of anti-IFN-y
(clone XMG1.2) and 50 ng/ml of recombinant IL-23 (R&D Systems). Cells
were then analyzed for their ability to produce IFN-y or IL-17 after 5 h of
culture with 50 ng/ml of phorbol 12-myristate 13-acetate and 750 ng/ml of
ionomycin (both from Sigma). Cytokines were measured by intracellular
staining as described!®. CD4™ T cells were purified from cultures as described
above, and 1 x 10° cells were transferred intravenously into host mice.

Statistical analysis. Differences between the means of experimental groups were
analyzed with the two-tailed Student’s t-test. Differences with a P value of 0.05
or less were considered significant. Inherently logarithmic data from bacterial
growth, cell proliferation and RT-PCR were transformed for statistical analysis.

Note: Supplementary information is available on the Nature Immunology website.
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