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Recurrent group A Streptococcus (GAS) tonsillitis and associated
autoimmune diseases indicate that the immune response to this
organism can be ineffective and pathological. TGF-β1 is recognized
as an essential signal for generation of regulatory T cells (Tregs) and
T helper (Th) 17 cells. Here, the impact of TGF-β1 induction on the T-
cell response in mouse nasal-associated lymphoid tissue (NALT) fol-
lowing intranasal (i.n.) infections is investigated. ELISA and TGF-β1-
luciferase reporter assays indicated that persistent infection of
mouseNALTwithGAS sets the stage for TGF-β1 and IL-6 production,
signals required for promotion of a Th17 immune response. As pre-
dicted, IL-17, the Th17 signature cytokine, was induced in a TGF-β1
signaling-dependent manner in single-cell suspensions of both
human tonsils and NALT. Intracellular cytokine staining and flow
cytometry demonstrated that CD4+ IL-17+ T cells are the dominant
T cells induced in NALT by i.n. infections. Moreover, naive mice
acquired the potential to clear GAS by adoptive transfer of CD4+ T
cells from immunized IL-17A+/+ mice but not cells from IL-17A−/−

mice. These experiments link specific induction of TGF-β1 by a bac-
terial infection to an in vivo Th17 immune response and show that
this cellular response is sufficient for protection against GAS. The
association of a Th17 response with GAS infection reveals a poten-
tial mechanism for destructive autoimmune responses in humans.
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Group A Streptococcus (GAS) causes a wide spectrum of dis-
eases in humans, commonly pharyngeal mucosa and skin

infections, such as tonsillitis (strep throat) and impetigo. Addi-
tionally, this bacterium is associated with relatively rare but severe
life-threatening invasive infections, such as necrotizing fasciitis,
toxic shock, and sepsis. Tonsillitis is the most frequent GAS infec-
tion in children (1). Although antibiotic treatment efficiently
relieves symptoms, patients often have recurrent tonsil infections,
which ultimately cause hypertrophy of tonsils and account for the
fact that tonsillectomy is still the most common childhood surgical
procedure in the United States (2). Moreover, recurrent tonsillitis
may increase the risk for GAS-associated autoimmune diseases,
such as rheumatic fever and rheumatic heart disease (3). Epi-
demiological and clinical data indicate that the immune response to
GAS infection can be protective, can be insufficient for eliminating
bacteria from tonsils and preventing subsequent infections, or can
attack the host itself. Although virulence mechanisms of GAS have
been intensively studied, the molecular and cellular basis for
adaptive immunity to GAS is still obscure. This lack of knowledge
has frustrated understanding of the basis of infection sequelae and
impeded development of an efficacious and safe GAS vaccine.
Cytokines are critical for differentiation of activated antigen-

specific T cells into the appropriate effector T-cell lineage. We
previously demonstrated that GAS can induce TGF-β1 by cultured
human tonsil fibroblasts and that exogenous TGF-β1 up-regulates
expression of α5β1 integrins and fibronectin, which are required for
internalization of GAS by host cells (4). Among the diverse func-

tions of TGF-β1, this cytokine plays a pivotal role in generation of
regulatory T cells (Tregs) and T helper (Th) 17 cells (5–7). Tregs
prevent immune responses to self-antigens and also dampen the
cellular response to foreign antigens, whereas IL-17-producing
Th17 cells significantly enhance infiltration of neutrophils and
macrophages into infected tissue, leading to efficient eradication of
invading pathogens (8). Thus, TGF-β1-mediated differentiation of
T cells dramatically influences immunity to infections.
Previous studies showed that GAS has a tropism for mouse

nasal-associated lymphoid tissue (NALT) and suggested that
intranasal (i.n.) infection in the mouse is a reasonable model of
human tonsillitis (9). Our experiments used this model to test the
hypothesis that induction of TGF-β1 by GAS infection plays an
important role in T-cell immune responses. In vivo kinetics of
TGF-β1 and IL-6 induction by GAS and the impact of that
response on development of effector T-cell subtypes were inves-
tigated. Experiments showed that streptococci preferentially
skewed CD4 T-cell development toward the Th17 lineage in
NALT, and protective immunity induced by i.n. infection was
demonstrated to be dependent on this lineage.

Results
Induction of TGF-β1 in Human Tonsils and Mice by GAS.Wepreviously
demonstrated that TGF-β1 is induced in primary human tonsil
fibroblasts on prolonged exposure to GAS (7–14 days) (4). TGF-β1
canbeproducedbymanycell types and is regulatedbyautocrineand
paracrine mechanisms (8); therefore, we postulated that induction
of TGF-β1 would be greater and more rapid in mixed tonsil cell
suspensions, which contain a variety of cell types with TGF-β1-
producing potential. Single-cell suspensions were prepared from
tonsils (frompatientswith recurrent tonsillitis) (10) and treatedwith
heat-killed GAS strain 90-226 (HK-90-226). Significantly increased
TGF-β1 secretion was detected by 48 hr following treatment (Fig.
1A). In addition, activationofTGF-β1 signaling (phosphorylationof
Smad2) was detected in cell extracts as early as 24 hr following
treatment (Fig. 1B), even though secretedTGF-β1was not detected
by this time. Both TGF-β1 secretion and TGF-β1 signaling were
induced in a bacterial dose-dependent manner (Fig.1 A and B).
Because mouse NALT is a primary streptococcal target fol-

lowing i.n. infection (9) and is functionally similar to human
tonsils, we questioned whether NALT could serve as a model to
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study induction of TGF-β1 by Streptococcus further. However,
unlike human tonsils, no increase in TGF-β1 secretion or phos-
phorylated Smad2 was detected in naive NALT cell cultures
following ex vivo exposure to HK-90-226.
To determine whether the strong TGF-β1 response observed in

tonsil cell cultures could be induced in the NALT in vivo model,
mice were inoculated i.n. with sublethal doses of live 90-226
streptococci (Materials and Methods). Increased TGF-β1 expres-
sion was detected in extracts of NALT cells (SI Text and Fig. S1A)
by 48 hr using ELISA; however, significant TGF-β1 secretion was
not observed in the supernatants from NALT cells that were fur-
ther cultured.A time course showed a 2-fold change in blood levels
of TGF-β1 between 6 and 48 hr after infection (Fig. S1B), but
concentrations were not statistically different from those of the
mice before infection (0 hr) because of greater variability among
the latter. The inability of NALT cells to secretemeasurable TGF-
β1 ex vivo, in contrast to human tonsil specimens, suggests that the

latter contain larger populations of cells primed to secrete TGF-β1
on reexposure to streptococci.

PersistentGAS InfectionsAmplify TGF-β1Expression inMouse Secondary
Lymphoid Tissues. Persistent streptococcal colonization following
treatment and recovery from tonsillitis is common (11, 12). The
observation that human tonsil cell suspensions produce robust
increases in TGF-β1 relative to that of NALT following a single
stimulation suggests that persistent infection, as in recurrent ton-
sillitis, would amplify the potential of TGF-β1 expression. There-
fore, to mimic persistent infection of tonsils, mice were infected i.n.
four times with strain 90-226 at 1-week intervals. At 48 hr after the
last infection, cells from lymphoid tissues were cultured for 48 hr.
Compared with noninfected mice (PBS), significantly higher levels
of TGF-β1 were detected in the culture supernatants of cervical
lymphoid nodes (CLN), spleen, andNALT from infectedmice (Fig.
2A). Even greater increases in TGF-β1 were measured in spleno-
cytes frommultiple i.n. infectedmice, which had also received an i.p.
inoculation along with the last i.n. inoculation (Fig. 2A, SP). Fur-
thermore, serumTGF-β1 levelswere significantly elevated following
multiple infections (Fig. 2B). These results indicate that multiple
streptococcal i.n. infections increase the potential for TGF-β1
expression by lymphoid tissues.

GASInducesCytokines,WhichAreKnowntoPromoteTh17Differentiation.
TGF-β1, in combinationwith other cytokines, is known todirectCD4
T-cell differentiation toward either a Th17 or Treg phenotype. In
mice, both TGF-β1 and IL-6 are essential for de novo Th17 differ-
entiation (6, 13, 14). Hence, it was of interest to evaluate whether i.n.
infection induces IL-6 expression in NALT and other lymphoid tis-
sue.Mice were inoculated once i.n and also i.p at the same time with
viable 90-226 GAS to prime splenocytes better. At 48 hr after inoc-
ulation, NALT, CLN, and spleen were taken and single-cell sus-
pensions were restimulated with HK-90-226. At 72 hr after ex vivo
streptococcal restimulation, IL-6 was dramatically increased in lym-
phoid tissues from GAS-infected mice (P ≤ 0.001; Fig. 3, last bar in
each panel), whereas no or low levels of increases in IL-6 were
observed in response to a single in vivo (Fig. 3, second bar in each
panel) or single ex vivo (Fig. 3, third bar in eachpanel) treatmentwith
streptococci. These results indicate that theprevious infection primes
these tissues to secrete IL-6 on reexposure to bacteria. Higher con-
centrations of IL-6 in supernatants of splenocytes likely reflect the
larger number of total cells relative to NALT and CLN in cultures
(Fig. 3C).
In addition to TGF-β1 and IL-6, IL-1β and TNF-α contribute to

Th17 cellular expansion in mice (14) and in humans (15). Tran-
scription of both IL-1β and TNF-α genes was significantly increased
in NALT tissue 24 hr after i.n. infection (SI Text and Fig. S2).

Fig. 1. Induction of TGF-β1 and TGF-β1 signaling in human tonsil cells by GAS.
Single-cell suspensions from a fresh human tonsil specimen were seeded into
tissue culture plates. (A) Culture supernatants were collected 48 hr after treat-
mentwithHK-90-226at the indicatedmultiplicityof infection (MOI) andassayed
for active TGF-β1 by a TGF-β1-luciferase reporter. Data aremean± SEM of three
independent determinations. Representative results from one of three inde-
pendent experiments with different tonsils are shown. (B) Western blots of
extracts from tonsil cells treated with HK-90-226 at the indicatedMOI for 24 hr.
Phosphorylated Smad2 (P-Smad 2) was detected onWestern blots using anti-P-
Smad2. Antiactin (control) was used to assess total protein loaded.

Fig. 2. Multiple GAS infections amplify TGF-β1 expression in mouse secondary lymphoid tissues. Mice were infected i.n. four times with viable 90-226 (A) At
48 hr after the last infection, single-cell suspensions of NALT (0.5 × 106 cells per well), CLN (2.5 × 106 cells per well), and spleen (SP; 2.5 × 106 cells per well) were
prepared separately from each mouse (n = 5) and cultured for 48 hr without ex vivo exposure to GAS. Culture supernatants were assayed with the TGF-β1
reporter. The gray column in SP shows data from mice that received one i.p. infection alone with the last i.n. infection. (B) Blood specimens were taken 48 hr
after the last of four infections. Serum samples (n = 5) were assayed for TGF-β1 as in A. Data are mean ± SEM of five mice per group. Representative data from
one of three independent experiments are shown.
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GAS-Induced IL-17 Expression Is Dependent on TGF-β1 Signaling. IL-
17 is preferentially produced by Th17 cells in the presence of TGF-
β1, IL-1β, IL-6, and IL-23 (15). The previous experiments suggested
that IL-17 would be secreted by lymphoid tissue fromGAS-infected
mice. NALT is small in size, and the T-cell population in this tissue
rapidly undergoes apoptosis when cultivated ex vivo (16); therefore,
splenocytes were employed in experiments intended to measure T-
cell function.Moreover,micewere infected i.p. toensure exposureof
splenocytes to streptococci. Like TGF-β1 and IL-6, IL-17 was
secreted in greater amounts in splenocytes from infected mice on ex
vivo restimulation with HK-90-226 (Fig. 4A). Exposure of naive
splenocytes toHK-90-226 induced IL-17, but levelswere significantly
less than those produced by cells from previously infected mice.
To confirm that IL-17 production requires TGF-β1 signaling,

cultures of splenocytes frommice infected i.p. werefirst treatedwith
an inhibitor (SB 431542) of TGF-β1 signaling by inhibiting TGF-β1
type I receptor phosphorylation (4) before exposure to HK-90-226.
Blockage of TGF-β1 signaling significantly reduced IL-17 pro-
duction byup to 66.6%(Fig. 4B), suggesting thatTGF-β1 is a critical
signal for the IL-17 response to GAS. Although the target of SB
431542 is well defined and Smad2 is a primary component of TGF-
β1 signaling, it is possible that other minor functions of the receptor
could be inhibited and unexpectedly restrict the IL-17 response.

GAS Infection Induces Th17 Differentiation in Mouse NALT. The
cytokine profile induced by GAS infection suggested that the cel-
lular immune response to GAS is directed toward a Th17 pheno-
type. This was confirmed by quantitation of lineage-specific CD4+

effectorT cells.Micewere infected i.n. four timeswith viable 90-226
as described. Single-cell preparations of NALT, CLN, and spleen
were stained for CD4, CD25, and FoxP3 as well as for intracellular
cytokines IFN-γ and IL-17 and were then analyzed by flow cytom-
etry. Remarkable increases in CD4+IL-17+ T cells in NALT were
observed by 3 and 7 days after the last infection (Fig. 5A).
CD4+IFN-γ+ cells also increased but were significantly fewer in
number relative to CD4+IL-17+ cells (P ≤ 0.003) (Fig. 5B, NALT),
indicating that Th17 cells are themajor effector T-cell type induced
by GAS infection. CD4+IL-17+ T cells also increased in CLN (P ≤
0.03) and in spleen (P ≤ 0.05) but represented a much smaller
fraction of the total CD4+ population than observed inNALT (Fig.

Fig. 3. GAS infection induces IL-6. Mice were inoculated i.n. (1.5 × 108 CFUs) and i.p. (1.5 × 107 CFUs) once with viable 90-226 or PBS. At 48 hr after infection,
single-cell suspensions of NALT and CLN cells pooled from threemice and splenocytes from individualmicewere separately incubatedwith HK-90-226. (A–C) Cell
culture supernatants (n = 3) were collected after 72 hr and assayed for IL-6 by ELISA. Data are mean ± SEM of three independent treatments of pooled cells.

Fig. 4. IL-17 induction by GAS is dependent on TGF-β1 signaling. Mice were
inoculated i.p. with viable 90-226 or PBS. At 48 hr after infection, splenocyte
suspensions were prepared and incubated with HK-90-226 [multiplicity of
infection (MOI) = 10] or buffer for 72 hr (A); splenocytes were first treated
with TGF-β1 type I receptor inhibitor (SB 431542) or inhibitor solvent (DMSO)
for 1 h before incubation with HK-90-226 at an MOI of 10 for 72 hr (B).
Supernatants of splenocytes frommice (n = 3) were collected and assayed for
IL-17 by ELISA. Data are mean ± SEM of three independent treatments from
one of three experiments.

Fig. 5. GAS induces Th17 cell differentiation in mouse NALT in vivo. NALT,
CLN, and spleen were taken 3 and 7 days following four i.n. infections. Cell
suspensions were stained with allophycocyanin (APC)-CD4, followed by
intracellular staining with phycoerythrin (PE)-IL-17, and were analyzed by
FACS (Materials andMethods). (A) Analysis of stained NALT cells gated on CD4
T cells on day 3 and day 7. The percentages of CD4+IL-17+ cells were expressed
as a fraction of total CD4+ cells (Upper Right). (B) Percentages of CD4+IL-17+,
CD4+IFN-γ+, and CD4+CD25+FoxP3+ cells among total CD4+ cells are plotted (7
days following infection). Data are mean ± SEM of three mice per group.
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5B, black bar).CD4+IFN-γ+ cells did not increase inCLNor spleen
following GAS infections (Fig. 5B, gray bar). Relative to PBS con-
trols, Tregs orCD4+CD25+Foxp3+ cells underwent little change in
these tissues following infection. In preliminary experiments, CD4+

cells were also stained for intracellular IL-4 to assess the Th2
response. No increase in Th2 cells (<2.0%) was observed after i.n.
infections in any of these lymphoid tissues. Infected tonsils and
NALT are both immune inductive and effector sites; therefore,
repeated bacterial loading may result in accumulation of larger
numbers of Th17 cells.
The dependence of IL-17 expression on TGF-β1 signaling and

amplification of TGF-β1 expression by multiple i.n. infections sug-
gested that persistent infection would increase the size of the
CD4+IL-17+ population in NALT. This possibility was tested by
comparing the T-cell populations in NALT from mice infected i.n.
from one to four times with 1-week intervals. Little change in the
frequency of CD4+IL-17+ cells was observed following a single
infection; however, their numbers increased significantly following
the second infectionand stayedhighafter further infections (Fig. 6A).
As before, repeated i.n. infections also further increased levels of
TGF-β1 in serum samples (Fig. 6B) in parallel with increased num-
bers of CD4+IL-17+ cells inNALT. The increasedCD4+IL-17+ cell
number is consistentwith thediscoveryof largenumbersofTh17cells
in surgically removed human tonsils (17), which, in most cases, were
from individuals who had persistent and recurrent GAS tonsillitis.

GAS and Listeria monocytogenes Skew the T-Cell Responses Toward
Th17 and Th1 Phenotypes, Respectively. The previous experiments
suggested that the T-cell response to GAS infection would be
distinct from that ofListeriamonocytogenes (Lm), aGram-positive
pathogen known to induce strong Th1 responses inmice (18). This
was confirmed in a series of experiments, which are more com-
pletely described in SI Text. As predicted, i.n. infection with GAS
induced a Th17 cellular response, whereas infection with Lm via
the same route predominantly induced expansion ofCD4+IFN-γ+
cells (Th1) (SI Text and Fig. S3). Ex vivo restimulation of spleno-
cytes from mice infected i.p. with streptococci produced TGF-β1
and IL-17.As anticipated, infectionwithLmhad little or no impact
on TGF-β1 or IL-17 levels (SI Text and Fig. S4). These results
suggest thatTGF-β1 is the critical signal that leads to distinct T-cell
phenotypes induced by these different pathogens and are in
agreement with findings that IL-17-deficient mice are not more
susceptible to Lm infection (20).

Multiple i.n. Infections Induce Th17-Dependent Protection Against
Subsequent i.n. Challenge with GAS. The previous experiments
raised the important question of whether the Th17 cellular

response could protect against i.n. infection; therefore, clearance
of bacteria from NALT after immunizing mice by repeated i.n.
inoculations was investigated (SI Text andFig. S5).At 4 hr after i.n.
challenge, NALT from immunized and control mice contained
approximately equal numbers of bacteria (Fig. S5A); however, by
24 hr, when TGF-β1 levels were significantly elevated (Fig. S5B),
immunized animals had efficiently cleared streptococci from
NALT (P = 0.007). In contrast, streptococci had increased by
more than 10-fold in NALT from PBS controls by 24 hr.
The correlation between TGF-β1 and efficient clearance of

streptococci suggests that Th17 cells play a critical role in protection
against infection.To test thispossibility,WTB6and IL-17A−/−mice
(21) were compared for their capacity to mount protective T-cell
responses. At 24 hr after the fourth immunization, NALT samples
were assayed for colony-forming units (CFUs) and cells were
obtained from lymph nodes for transfer experiments. Immunized
WTmice (I-B6) cleared streptococcimore rapidly fromNALT than
immunized IL-17A−/− (I-IL-17−/−) mice; however, mean differ-
ences in colonizedbacteria inNALTwere not significant (P=0.14).
Both I-B6 and I-IL-17−/− mice retained significantly fewer strep-
tococci than PBS control mice (P = 0.007 and P = 0.009, respec-
tively) (Fig. 7A), an indication of protection.
CD4+ T cells were purified by negative selection (SI Text) and

characterizedby intracellular stainingof IL-17Aand IFNγ (Fig. 7B).
I-B6 preparations contained expanded nearly equal numbers of IL-
17A+ and IFNγ+ T cells, whereas I-IL-17−/− preparations con-
tainedonlyCD4+IFNγ+cells.At 24hrafter transferof cells to naive
WT mice (B6), recipients were challenged i.n. Mice that received
cells from immunized WT mice cleared streptococci from NALT
more completely (P = 0.03) by 24 hr after inoculation than those
that received CD4+ T cells from I-IL-17A−/−mice (Fig. 7C). When
data from this experiment and a second repeat experiment were
combined, analyses indicated that a larger number of mice (4 of 9)
that received IL-17A+ cells cleared streptococci fromNALT (fewer
than 100 CFUs per NALT) than those that received cells from
IL-17−/− knockout mice (0 of 10) (Fisher’s exact test, P= 0.03).
Recipients that received cells from mice inoculated with PBS

did not efficiently clear streptococci. It is notable that recipients
of IFNγ+IL-17A−/− cells were not protected even though the
number of transferred CD4+IFNγ+ cells equaled the number of
those transferred fromWT immunized mice (Fig. 7B), suggesting
that protection is primarily dependent on IL-17A+ T cells.

Discussion
Children commonly havemultiple episodes ofGAS pharyngitis and
tonsillitis, andmany carry streptococci in their tonsils (11, 12). After
they reach the age of 12 years, most have fewer infections and have
developed protective immunity. Although streptococcal-specific
antibodies develop following infections, titers do not correlate with
resistance to infections, questioning the role of antibodies in elim-
inatingGAS from tonsil tissue. However, virtually nothing is known
about the cellular immunity. Our study indicates that this pathogen
induces unique cytokine signals that direct T cells toward the Th17
phenotype and that these cells play a critical role in protective
immunity. Moreover, our experiments link the Th17 immune
response to specific induction of TGF-β1 by a bacterial pathogen.
Experiments suggested that bacterial priming by a single infection

changes the cellularity of lymphoid tissues, which sets the stage for
enhancedTGF-β1 expression.Many types of cells can produceTGF-
β1, including monocytes and dendritic cells. We observed early
influxes of neutrophils and macrophages into NALT following i.n.
infection of naive mice (19). Thus, amplification of TGF-β1 expres-
sion by persistent or multiple infections could be dependent on the
influx of polymorphonuclear (PMN) cells and macrophages or on
expansionofTcells,whichcanbea significant sourceofTGF-β1 (22).
Human peripheral T cells were shown to undergo polyclonal

expansion and to produce IL-17 on exposure to superantigens from
GAS and Staphylococcus aureus (23). This raised the possibility

Fig. 6. Th17 cell differentiation in mouse NALT paralleled TGF-β1 induc-
tion. Mice were infected i.n. one to four times. (A) Three days after the last
infection, NALT cells from each group were stained and analyzed by FACS as
described in Fig. 5. (B) Blood samples were collected, and serum TGF-β1 was
measured by a TGF-β1-luciferase reporter. Data are mean ± SEM of three to
four mice per group.
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that IL-17 secretion during infection is not antigen specific but,
instead, induced by superantigens. This is unlikely because SpeA, a
superantigen commonly produced by serotype M1 strains, is not
expressed by the 90-226 strain used in these experiments.Moreover,
only antigen-specificT-cell expansionwas observed inmice after i.n.
infection with Ova-tagged 90-226 (24).
TGF-β1 promotes T-cell differentiation to the Th17 phenotype

when accompanied by IL-6 (25, 26). Although Th17 responses to

other bacteria and fungi were reported (27), a link to induction of
specific cytokines by thesemicrobes has not been established. IL-6
is an inflammatory cytokine commonly induced by a variety of
pathogens, including Lm (28, 29). Experiments here show that
GAS elicits TGF-β1-dependent secretion of IL-17 and a dominant
Th17 response, whereas Lm fails to induce TGF-β1 and only
induces a weak Th17 response, suggesting that TGF-β1 is the
decisive signal for Th17 differentiation. Moreover, preliminary
experiments indicate that i.n. infection of IL-6−/− knockout mice
does not result in expansion of streptococcal-specificCD4+IL-17+

T cells, suggesting a requirement for this cytokine.
The role of antibody in protective immunity against mucosal

bacterial pathogens is undergoing significant revision. Indeed,
Th17 cells are known to be important for immune protection
from several mucosal pathogens (27, 30, 31). For example, in
contrast to vaccine-induced immunity, protection activated by
infection against Staphylococcus pneumoniae is independent of
B cells and antibody (31). Although numerous studies have
shown that antibody-mediated protection against GAS infection
can be induced by vaccination with recombinant proteins (32),
this study shows that i.n. infection induces T-cell-mediated
protection, specifically Th17 cells. Immunity was passively
transferred to naive mice by CD4+ T cells only when those cells
contained IL-17+ T cells.
Independence of IFNγ+ is consistent with the restrictive effect

of IFNγ on Th17 cell differentiation and our observation that
IFNγ−/− knockout mice recruit more PMN cells and macrophages
into NALT andmore effectively clear streptococci from this tissue
than WT mice (19). We suggest that IL-17 promotes recruitment
of neutrophils and macrophages, which are able to eradicate
streptococci from NALT. Interestingly, I-IL-17A−/− mice were
partially protected (Fig. 7A). This suggests that other components
of adaptive immunity, such as IL-17F and IL-22, also produced by
T cells and known to influence infection by other mucosal patho-
gens may contribute to protection (33, 34). In addition, antibody
directed against streptococci could be a factor. Another unex-
pected result is that protective immunity did not prevent invasion
of NALT during the first 4 hr after inoculation (Fig. S5). This
suggests that immune protection is not critical on the nasal epi-
thelium but primarily functions to clear streptococci from NALT.
Identification of the distinct Th17 lineage of memory and

effector T cells has opened unique avenues for understanding
microbial infections and associated autoimmune disease. The
previously discussed findings suggest that vaccines or adjuvants
that promote a Th17 response may ultimately be more effective.
On the other hand, uncontrolled Th17 responses are implicated in
various human autoimmune diseases, such as multiple sclerosis,
rheumatoid arthritis, and psoriasis (7, 30, 35). Coincidently, high
levels of TGF-β1 were found in tissues and sera from patients with
GAS-associated autoimmune diseases, such as rheumatic heart
disease, acute poststreptococcal glomerulonephritis, and psoriasis
(36–38). The link between GAS, TGF-β1, and Th17 cellular
responses could tip the balance toward autoimmunity. Although
molecular mimicry between streptococci and host antigens has
been proposed and reported to be one mechanism responsible for
rheumatic heart disease (39), a prolonged imbalance between
Th17 and Treg responses could break immune tolerance and
predispose the host to poststreptococcal diseases.

Materials and Methods
Bacterial Strains and Culture Conditions. SerotypeM1 strain 90-226 of GAS (40)
was maintained on sheep blood agar and grown in THB-Neo (Todd-Hewitt
broth supplemented with 2% Neopeptone). WT Lm strain 1043S was grown
and maintained in brain–heart infusion. Both bacteria were used at log
phase (90-226, OD560 = 0.4; Lm 1043S, OD550 = 0.5). For heat-killed bacteria,
log phase cultures were washed with PBS, resuspended in PBS, and heated at
60 °C for 1 hr. Viable bacteria were used for all in vivo infections, and heat-
killed bacteria were used for ex vivo activation of T cells.

Fig. 7. CD4+IL-17A+ T cells promote clearance of GAS from NALT. Immunized
mice were euthanized, and single-cell suspensions of lymph nodes were pooled
separately from each group. (A) Immunized IL-17A−/− (I-IL17A−/−) andWT B6 (I-B6)
mice, and nonimmunized (NI-B6) mice (PBS sham controls) are shown. (B and C)
CD4+Tcellswereseparatelypooledfromeachgroupof immunizeddonormiceand
then transferred to three groups of naiveWT B6mice (S7). At 24 hr after transfer,
micewere challenged i.n., and theywereeuthanized24hr later. (B) Representative
FACS data showing intracellular cytokine staining for IL-17A and IFNγ on enriched
cells. (C) Plots shown were gated on CD4+ cells. CFU equals the number of viable
bacteria per NALT. In A and C, the horizontal bars are geometrical means.
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Mice. Female C57BL/6 (B6) and BALB/c mice aged 5 to 6weeks were purchased
from Taconic, Inc. IL-17A knockout mice were obtained from Dr. Yoichiro
Iwakura (Institute of Medical Science, University of Tokyo, Japan) (21). Mice
infected with GAS were housed in biosafety level 2 facilities under patho-
gen-free conditions at the animal facility of the University of Minnesota,
according to National Institutes of Health guidelines.

Animal Infections. Mice were anesthetized with an isoflurane/oxygen mixture
for 1min and inoculated i.n. with a sublethal (2 × 108 CFUs per mouse) dose of
live 90-226 in 10 μL PBS (5 μL per nostril) (9). In experiments that compared
GAS and Lm, 2 × 107 CFUs per mouse were used for i.n. and i.p. inoculations of
either bacterium. Antigen-specific T-cell responses to GAS were shown to be
qualitatively very similar in NALT and spleen (24); therefore, spleen or CLN
was used as the source of T cells when questions were primarily immuno-
logical in nature and the route of infection was irrelevant. In those experi-
ments, mice were infected i.p. to maximize priming in the spleen. Blood was
taken by heart puncture or by cheek bleed from the submandibular vein.

Harvesting NALT. NALT tissues were collected as previously described (9) and
then stored in RPMI containing 10% FCS (vol/vol) until further processing.

Human Tonsil Tissues. Palatine tonsil tissue specimens were obtained and
manipulatedasdescribedbyKumaretal. (10).Thereader isalsoreferredtoSIText.

Single-Cell Suspension and ex Vivo Treatment with Bacteria for Cytokine
Analyses. The reader is referred to SI Text.

Western Blot Analysis of Smad2 Phosphorylation. Western blot analysis was
performed as described in ref. 4.

Measurement of Secretion of TGF-β1, IL-6, and IL-17A by TGF-β1 Reporter and
ELISAs. The reader is referred to SI Text.

Measurement of IL-1β and TNF-α m-RNAs. Microarrays were used to measure
cytokine RNAs as previously described (19). The reader is also referred to SI Text.

Intracellular Staining and Flow Cytometry. Single-cell suspensions of lymphoid
tissuewere stainedasdescribedbyPapeetal. (41). Thereader is also referred to
SI Text.

Enrichment and Adoptive Transfer of CD4 T Cells. Single-cell suspensions of all
lymph nodes were prepared from immunized mice, and CD4− cells were
removed by negative selection and transferred to naive B6 mice (42). The
reader is also referred to SI Text.

Statistics. Statistical analyses were performed with a one-tailed unpaired
Mann–Whitney U nonparametric t test or with Fisher exact tests using
GraphPad Prism (Version 4.03 for Windows; GraphPad Software). The data
were considered significantly different at P ≤ 0.05.
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