Lo L

P

1\

=y

Streptococcal modulation of cellular invasion
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Group A Streptococcus (GAS) and other bacterial pathogens are
known to interact with integrins as an initial step in a complex
pathway of bacterial ingestion by host cells. Efficient GAS invasion
depends on the interaction of bound fibronectin (Fn) with integrins
and activation of integrin signaling. TGF-B1 regulates expression of
integrins, Fn, and other extracellular matrix proteins, and posi-
tively controls the integrin signaling pathway. Therefore, we
postulated that TGF-B1 levels could influence streptococcal inva-
sion of mammalian cells. Pretreatment of HEp-2 cells with TGF-g1
increased their capacity to ingest GAS when the bacteria expressed
fibronectin-binding proteins (M1 or PrtF1). Western blots revealed
significant induction of a5 integrin and Fn expression by HEp-2
cells in response to TGF-B1. Increased ingestion of streptococci by
these cells was blocked by a specific inhibitor of the TGF-B1
receptor | and antibodies directed against a5 integrin and Fn,
indicating that increased invasion depends on TGF-f1 up-regula-
tion of both the a5 integrin and Fn. The capacity of TGF-B1 to
up-regulate integrin expression and intracellular invasion by GAS
was reproduced in primary human tonsil fibroblasts, which could
be a source of TGF-B1 in chronically infected tonsils. The relation-
ship between TGF-B1 and GAS invasion was strengthened by
the observation that TGF-B1 production was stimulated in GAS-
infected primary human tonsil fibroblasts. These findings suggest
a mechanism by which GAS induce a cascade of changes in
mammalian tissue leading to elevated expression of the a5p1
receptor, enhanced invasion, and increased opportunity for sur-
vival and persistence in their human host.

integrin | fibronectin | fibronectin binding protein | tonsils

G roup A Streptococcus (GAS) infections of the throat are often
recurrent. Children frequently retain streptococci in their
tonsils after an exhaustive course of antibiotic therapy, accounting
for the fact that as many as 30% of healthy school age children have
positive throat cultures during the fall-winter months in temperate
climates (1, 2). Excised tonsil tissue contains viable intra- and
extracellular streptococci, suggesting that this organ is a reservoir
for recurrent infection and that persistent streptococci are the
instigators of chronic changes that lead to hypertrophy (3). A
murine intranasal infection model confirmed that GAS has a
tropism for nasal associated lymphoid tissue (4). GAS infections in
children can result in a variety of serious, often chronic conditions,
such as rheumatic fever, rheumatic heart disease, glomerulonephri-
tis, psoriasis, and obsessive—compulsive behavior. However, a clear
understanding of the relationship between GAS infection and these
diseases is lacking (5).

GAS invasion of immortalized epithelial cells is highly efficient
(10-60% of inoculum) in the presence of fibronectin (Fn) and this
invasion is critically dependent on the interaction of bound Fn with
cellular integrins (6—8). The bacteria can express several invasins,
but the Fn-binding proteins (FnBPs), M1 and PrtF1/Sfbl, have
been studied in most detail (9-11). Engagement of «581 integrin
with Fn bound to these proteins initiates phosphoinositide 3-kinase
(10, 12) and integrin-linked kinase-dependent intracellular signals
that induce cytoskeletal rearrangement and ingestion of strepto-
cocci (10). Most studies of invasion have used immortalized human
cell lines; however, a connection between «581 integrin and Fn was
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also confirmed when GAS invasion was studied in primary cultures
of human tonsillar cells (8).

TGF-B1 is a multifunctional cytokine that regulates a wide
spectrum of biological activities including cell differentiation, an-
giogenesis, programmed cell death, fibrosis, and cellular immunity
(13, 14). Therefore, this growth factor is associated with a variety
of disease states. A well established function of TGF-p1 is regula-
tion of extracellular matrix protein (ECM) expression, including Fn,
collagen, and laminin (13, 15, 16), and a variety of integrin subunits
(17). TGF-B1 is also a positive regulator of the integrin signal
pathway by up-regulating integrin-linked kinase, phosphoinositide
3-kinase (PI3K), paxillin, and focal adhesion kinase (FAK) (18, 19).
The capacity of GAS cell walls (SCW) to promote expression of
TGF-B1 was recognized more than a decade ago (20). Latyatis et
al. (20) showed that explanted synovial tissues from patients with
rheumatoid arthritis and rats with SCW-induced arthritis produced
TGF-B1. Increased levels of TGF-B1 were induced in the blood of
rats by oral administration of SCW and in the supernatant of
cultured rat Kupffer cells exposed to SCW (21, 22). A connection
between elevated levels of TGF-B1 and streptococcal human
disease has also been noted. TGF-B1 was observed in all biopsies
of renal tissue from patients with acute poststreptococcal glomer-
ulonephritis (23) and in the culture supernatant of lymphocytes
from patients with IgA nephropathy when the cells were stimulated
with M protein (24). However, the role of TGF-B1 in GAS
pathogenesis remains largely undefined. TGF-81 was shown to
increase adherence to and invasion of brain microvascular endo-
thelial cells by Escherichia coli K1; however, the molecular basis for
this change was not further explored (25). Recent studies on the
involvement of integrin signaling associated with GAS invasion
prompted us to postulate that exposure of epithelial cells to TGF-B1
would increase their capacity to ingest GAS (10). This hypothesis
was tested with HEp-2 cells and primary human tonsil fibroblasts
(PHTF). Pretreatment of these cells with TGF-B1 increased their
capacity to ingest GAS, independent on exogenous Fn, and this
increase was found to depend on TGF-B1 up-regulation of a5
integrin and cell-associated Fn. Consistent with previous studies of
streptococcal cell walls (20-22), infection of PHTF with GAS
produced a gradual increase in TGF-B1 levels in cell culture
supernatants. These findings suggest a mechanism by which GAS
induce a cascade of changes in mammalian cells leading to elevated
expression of the a5B1 receptor, enhanced invasion, and increased
opportunity for survival and persistence in their human host.

Results

TGF-B1 Enhances GAS Invasion of Epithelial Cells. Our previous
findings demonstrated that inactivation of integrin signaling signif-
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Fig. 1. TGF-B1 enhances GAS invasion of epithelial cells. HEp-2 cells were
pretreated with TGF-B81 and infected with strains 90-226 (M1+PrtF1~) and JRS4
(M6" PrtF1%). Extracellular bacteria were killed by 2-h incubation with anti-
biotics. Intracellular bacteria were released by lysis buffer and quantified by
colony-forming units (CFU). CFU from nontreated control cells (Ctrl) was
considered as 100%. CFU from treated cells was normalized against controls
and was reported as a percent of the control. Numbers shown above the
columns are percentages of inoculated CFU internalized. Data are presented
as means + SD (n = 3) from a representative of at least three separate
experiments. *, P < 0.008; **, P < 0.004 compared with Ctrl.

icantly inhibited GAS invasion (10, 12). TGF-B1 is known to
up-regulate integrin signaling and expression of ECM proteins;
therefore, we postulated that TGF-B1 could enhance GAS inva-
sion. HEp-2 cells were pretreated with TGF-B1 or medium alone
for 24 h before invasion assays were performed with a wild type
M1+ strain, 90-226, in the absence of an exogenous source of Fn.
As previously shown, bacterial uptake was inefficient without
exogenous Fn (7). After treatment with TGF-1, significantly more
bacteria were ingested (Fig. 1). TGF-B1 inhibits cell growth by
arresting cells in late G; phase of the cell cycle and also induces cell
proliferation, depending on cell types and experimental conditions.
The numbers of cells in wells treated with TGF-B1 were 15-20%
lower than those treated with medium alone (data not shown).
Therefore, enhanced GAS ingestion by TGF-B1 treated cells was
not due to increased cell numbers.

Strain JRS4 was previously shown to express PrtF1 protein, a
FnBP that is genetically distinct from M1 protein. It has a higher
affinity for Fn and promotes more efficient internalization in a Fn-,
a5B1-, or aVB3-dependent manner (11). We expected that
TGF-B1 would also enhance internalization of this strain if the
enhanced ingestion observed above is due to up-regulation of ECM
proteins or integrins. Invasion assays with this strain showed that,
under the same experimental conditions, ingestion of strain JRS4
by TGF-Bl-treated HEp-2 cells was even more efficient than
uptake of strain 90-226 (Fig. 1).

TGF-B1 Enhanced Invasion Depends on Fn-Binding Proteins of GAS.
The observation that TGF-g1 enhanced invasion, mediated by both
M1 and PrtF1 proteins suggested dependence on FnBPs and Fn.
The 90-226 mutant, which does not express M1 protein and is
unable to invade epithelial cells efficiently in the presence of
exogenous Fn was used to assess the requirement for M1 protein to
support invasion. As shown in Fig. 2, although more M1+ 90-226
were ingested by TGF-B1-treated HEp-2 cells, the M~ 90-226
mutant was still ingested at very low levels by these cells. We
predicted that expression of a different FnBP, PrtF1, by this M~
mutant would restore the ability to invade treated cells if TGF-g1
enhanced invasion requires the bacteria to bind Fn. The prtF1 gene
was introduced into strain M1~ 90-226 to generate a M1~ PrtF1™*
recombinant of strain 90-226. This recombinant regained the
potential to invade epithelial cells efficiently in the presence of
exogenous Fn (10). Invasion assays showed that expression of PrtF1
protein by strain M1~ 90-226 resulted in greater uptake of bacteria
by TGF-Bl1-treated epithelial cells without an exogenous source of
Fn (Fig. 2). These results confirmed that the effect of TGF-S1 on
epithelial cells for GAS uptake depends on FnBPs and suggested
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Fig. 2. TGF-B1 enhanced invasion depends on expression of either M1 or
PrtF1 Fn-binding proteins. HEp-2 cells were pretreated with TGF-B1. Invasion
assays were performed with 90-226 strains: 90-226 (M1*PrtF1-), M1 deletion
mutant (M1-PrtF1-), and PrtF1* recombinant (M1-PrtF1*). Data and num-
bers above the columns are presented as described in Fig. 1. *, P<0.03; **, P <
0.05 compared with Ctrl.

that TGF-B1 affected cellular molecules that are directly involved
in interactions with these FnBPs.

TGF-B1 Up-Regulates Expression of o5 Integrin and Fn by Epithelial
Cells. TGF-p1 positively regulates expression of ECM proteins (15,
16); therefore, we tested the hypothesis that TGF-S1 enhances GAS
invasion by up-regulating expression of Fn, a581 integrins or both.
First, to determine whether a soluble or membrane associated
factor accounts for enhanced invasion, supernatants from TGF-
Bl-treated HEp-2 cells were replaced by serum/Fn free medium
before bacterial infection. Enhanced streptococcal uptake by TGF-
Bl-treated cells was still observed (data not shown), indicating that
cell-associated molecules are responsible for the effect. Cell lysates
were analyzed by Western blots to define changes in cell associated
proteins. Significantly more o5 integrin and Fn were detected in
TGF-B1-treated cells than in cells treated with medium alone by 4 h
and continuously detected thereafter (Fig. 34). Enhanced bacterial
invasion was observed when HEp-2 cells were pretreated with
TGF-B1 for 24 h (Figs. 1 and 2). No significant increases of 1
integrin were observed in extracts from TGF-B1 treated cells (Fig.
34), suggesting that this integrin subunit was not limiting invasion
of untreated cells.

TGF-B1 signals through classical Smad-dependent and through
Smad-independent pathways (14, 26, 27). Interaction with its re-
ceptors leads to activation and phosphorylation of Smad2, which
then translocates from the cytoplasm to the nucleus and induces
gene expression. Up-regulation of integrins by TGF-8 depends on
the Smad signaling pathway (28), which accounts for increased
levels of phosphorylated Smad2 in extracts of HEp2 cells treated
with TGF-B1 (Fig. 34). To confirm that enhanced invasion is
TGF-B1 specific, HEp-2 cells were pretreated with a specific
inhibitor (SB 431542) of the TGF-B1 type I receptor before
exposure to TGF-B1. This inhibitor has been shown to block
induction of integrin and ECM proteins by TGF-B1 (29). As shown
in Fig. 3B, the inhibitor prevented TGF-B1-enhanced entry of both
M1* PrtF1~ and M1 PrtF1* strains. Data shown in Fig. 34
suggested that enhanced invasion is due to increased expression of
a5 integrin, cell-associated Fn, or both. This suggestion was con-
firmed by antibody blocking assays. After pretreatment with TGF-
B1, HEp-2 cells were incubated with neutralizing anti-«5 integrin or
anti-Fn antibody before infection with bacteria. As predicted, fewer
bacteria were ingested by cells treated with TGF-B1 and anti-a5
integrin or with TGF-B1 and anti-Fn antibody than by cells treated
with TGF-B1 and control antibodies (Fig. 3C). Collectively, these
results demonstrated that TGF-B1 enhanced GAS invasion de-
pends on up-regulation of &5 integrin and Fn.

TGF-B1 Enhances Expression of a5 Integrin and Invasion of PHTF.
Recurrent tonsillitis due to both endogenous and exogenous
sources of GAS is a common problem. We postulate that fibroblasts

PNAS | February 14,2006 | vol. 103 | no.7 | 2381

MICROBIOLOGY



SINPAS

A C TGFpI C TGFpI C  TGF-pI
Lok B N B B KU
L

o
— — — — — [
Actin
4h 24 h 48 h
B 0, cl DMSO | TGF- j1
TGF- p1 SB 431542 / TGF- p1
300 * e
5 M 1
@ 250
@
2 200
2w
5
@ 100
'
m b
0
90-226 90-226
(M*/PrtF17) (M/PrtF1+)
C 300
c 2s0f .
2 |
@ =200
£
e 150 ac
T 100} 5
[}
[+
50 |

o
Ctrl No Ab Ctrl Ab Anti-a5 Ctrl Ab__ Anti-Fn
Mouse IgG Rabbit IgG
TGF-f1

Fig.3. TGF-B1 up-regulates expression of 5 integrin and Fn by epithelial cells.
(A) HEp-2 cells were pretreated with TGF-B1 and lysed in RIPA buffer (Supporting
Text, which is published as supporting information on the PNAS web site) at
indicated time. Equal amounts of protein were separated by SDS/PAGE and
blotted with anti-a5, anti-Fn, anti-phospho-smad2 (P-Smad 2), anti-B1, or anti-
actin. (B) HEp-2 cells were not treated (Ctrl) or treated with TGF-81 for 24 h after
pretreatment with the inhibitor of TGF-81 type | receptor SB 431542 (10 M), (SB
431542 /TGF-B1) or DMS (10 uM) (inhibitor solvent control), (DMSO/TGF-£1) or
medium alone (TGF-B1) for 60 min, then infected with streptococci. Data are
presented as described in Fig. 1. *, P < 0.02; **, P < 0.04. (C) HEp-2 cells were not
treated (Ctrl) or pretreated with TGF-B1 and then incubated with anti-a5 integrin
and anti-Fn and indicated corresponding control antibodies for 30 min before
infection with bacteria. *, P < 0.02; **, P < 0.04 compared with Ctrl.

or lymphocytes associated with small numbers of streptococci
within this tissue are chronic sources of TGF-£1, which up-regulates
integrin receptors on the tonsil epithelium and increases suscepti-
bility to infection. In earlier studies, we reported the potential of
GAS to invade human primary tonsil epithelial cells (PHTF) in vitro
(8). As we have continued to work with tonsil explants, we have
identified considerable variability in the populations of primary
cells that can be grown out (30). For these studies, we deliberately
focused on PHTF as a potential source of TGF-B1 because PHTF
can be propagated in larger numbers to support biochemical
analyses. PHTF were immunostained with antibody directed
against vimentin, as a marker for fibroblasts. This antibody dis-
played extensive staining of these cells (Fig. 44); whereas there was
no detectable staining with an antibody directed against cytoker-
atin, an epithelial cell marker (Fig. 4B). Immunostaining of tonsil
sections revealed elongated vimentin-positive cells in close prox-
imity to the stratified squamous epithelium covering the external
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Fig. 4. Immunocytochemical detection of vimentin-positive cells. Monolayers
of PHTF and 5-um sections of normal human palatine tonsil were processed for
routine immunocytochemistry using a monoclonal antibody against vimentin
and a peroxidase-conjugated secondary antibody as described (30). A positive
signal is indicated by the brown stain; cell nuclei were counterstained with
hematoxylin. (Original magnification: X400 in A, B, and D and X100 in C) (A)
PHTF monolayer stained with antivimentin antibody. (B) PHTF monolayer stained
with pan-cytokeratin specific antibody. (C) Tonsil section stained with anti-
vimentin antibody. (D) Enlargement of area enclosed within the box in C.

surface of tonsils (Fig. 4C). A subset of tonsil lymphocytes also
stained positively, but these round cells are easily distinguished
from the spindle-like fibroblasts (arrow, Fig. 4D).

Experiments were then performed to test whether TGF-S1
up-regulates integrin receptors on PHTF and also increases their
susceptibility to invasion. As anticipated from experiments with
HEp-2 cells, Western blots showed that treatment of PHTF with
TGF-pB1 significantly increased expression of o5 protein, which
peaked by 4 days (Fig. 54 and B). Compared to HEp-2 cells, steady
state levels of Fn associated with PHTF were low, but a greater
increase in Fn expression by these cells was observed on days 1 and
4 in response to TGF-B1 treatment (Fig. 5 4 and C). However, the
increased levels of Fn were not as dramatic as that of 5 integrin.
Invasion assays showed that in the absence of exogenous Fn,
TGF-B1-treated PHTF ingested more JRS4 (M6* PrtF1%) strep-
tococci than nontreated cells (Fig. 64); whereas strain 90-226 (M1*
PrtF17) invasion of these cells was very low under the same
condition and no increase was observed after TGF-B1 treatment
(Fig. 6B). The slight increase of cell-associated Fn upon exposure
to TGF-B1 may be insufficient to promote invasion by this strain
because M1 protein has a relatively low affinity for Fn compared
with PrtF1. This consideration prompted us to test whether TGF-1
up-regulation of «5 integrin would enhance invasion by strain
90-226 (M1* PrtF17) in the presence of exogenous Fn. Invasion
assays were performed with various concentrations of Fn. Inter-
nalization of streptococci was not efficient in the absence of Fn even
with TGF-B1 but substantially increased in the presence of Fn in a
dose-dependent manner above 5.0 pug/ml Fn and TGF-B1 signif-
icantly enhanced invasion when 5.0 ug/ml Fn was provided. This
finding suggests that insufficient Fn (<5.0 ug/ml) limits M1-
mediated invasion when integrins are in excess. At 10.0 ug/ml of
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Fig. 5. TGF-B1 enhances expression of o5 integrin and invasion of PHTF. (A)
PHTF were treated with TGF-B1 and analyzed as described in Fig. 3A. The
bands of a5, Fn, and actin were quantified with densitometry. (B and C) Each
column shows the ratio of &5 to actin (B) or the ratio of Fn to actin (C). D, days
of cells incubated with TGF-B1 before preparation of cell lysate.

Fn, invasion was highly efficient; however, no increase was observed
in TGF-Bl1-treated cells. It is possible that, at high Fn concentra-
tions, more complex mechanisms are involved, including aggrega-
tion of the bacteria by Fn or use of additional receptors. In general,
the above experiments replicated our findings with HEp-2 cells in
primary human tonsil cells with one notable difference; maximal
expression of a5 integrin after TGF-B1 induction required consid-
erably longer incubation times with primary cells than with HEp-2
cells.

GAS-Induced Production of TGF-B1 by PHTH. Both animal and human
studies have shown that GAS or their products have the potential
to induce TGF-pB1 (20, 21, 24, 31). Tonsils are a common target of
acute streptococcal infections, where bacteria are retained after
antibiotic treatment to become a reservoir for recurrent pharyngitis
(3). We tested a prediction of our model that GAS can induce
TGF-pB1 expression by PHTF (see Fig. 8). TGF-p1 is known to be
secreted as a latent form and requires activation to exert its
biological effects (13). A well characterized bioassay was used to
quantitate TGF-B1, because antibodies assays do not distinguish
active from inactive forms of TGF-B1 and mRNA measurements
may misrepresent levels of secreted protein. In this assay, the
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Fig. 6. TGF-B1 enhances invasion of PHTF. (A) PHTF were pretreated with

TGF-B1. Invasion assays were performed with strain JRS4, (M6" PrtF17). Ctrl
indicates invasion of cells that were not treated with TGF-B1. Data were
normalized and presented as described in Fig. 1. *, P < 0.02. (B) PHTF were
pretreated with TGF-B1. Cells were infected with strain 90-226 (M1 PrtF1-) in
media containing the indicated concentrations of Fn. Percentage invasion
equals internalized CFU divided by total CFU inoculated into wells, multiplied
by 100. *, P < 0.003 compared with Ctrl.
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Fig. 7.  GAS-induced production of TGF-B1 by PHTF. (A) Cell-free superna-
tants from PHTF, uninfected, and infected cells with viable strain 90-226
(M1*PrtF17) at a MOI of 1:5 were collected at days 2, 7, and 14 (2D, 7D, and
14D) after infection and heat-activated (90°C, 5 min). Total TGF-B1 activity
(active and latent forms) was measured by incubation of supernatants with
Mv1Lu reporter cells overnight at 37°C. Cells were then washed and lysed, and
luciferase activity in lysates was measured. *, P < 0.007; **, P < 0.004 com-
pared with Ctrl. (B) Supernatants were preincubated with mouse anti-TGF-g1
antibody or nonimmune antibody of the same isotype before addition to
Mv1Lu reporter cells. Data are presented as average luciferase activity of
triplicate samples = SD. *, P < 0.0001 compared with Ctrl IgG.

activity of a TGF-B1 responsive gene is measured by luciferase
activity from a reporter cell line (Mv1Lu) (32, 33). PHTFs were
incubated with medium or live 90-226 streptococci under condi-
tions that do not support multiplication of extracellular bacteria, but
the bacteria remain viable for several days. Supernatants from
treated cells were collected at different times, and aliquots were
incubated with Mv1Lu reporter cells. Luciferase assays showed
higher activity in samples from PHTF treated with bacteria than in
cells treated with medium alone at days 7 and 14 of treatment (Fig.
7A4). Exposure of reporter cells to streptococci did not induce
TGF-B1. To confirm that the functional activity in the supernatant
was caused by TGF-B1, supernatant samples were pretreated with
aneutralizing anti-TGF-B1 antibody before incubation with Mv1Lu
reporter cells. As shown in Fig. 7B, TGF-B1 antibody-treated
samples induced ~4-fold less luciferase activity than those treated
with a control antibody (Fig. 7B), indicating that the luciferase-
inducing activity in supernatants was indeed functional TGF-B1.

Discussion

FnBPs, such as M1 and PrtF1, are crucial for GAS adherence to and
subsequent entry into host cells. The capacity to bind Fn renders
these bacteria capable of employing integrins as receptors for
efficient internalization. Extensive studies established that a5B1
integrin is the primary receptor for Ml-mediated (8, 34) and
PrtF1-mediated GAS invasion of epithelial cells (9, 11). Integrin
signaling required for Streptococcus internalization has only recently
been investigated (10, 12, 35). The activities of at least two kinases,
integrin-linked kinase and phosphoinositide 3-kinase, in the inte-
grin signaling pathway are essential for efficient uptake of GAS by
epithelial cells (10, 12). Moreover, paxillin and focal adhesion
kinase are required for intracellular infection by M1 strain 90-226
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(unpublished data) and the PrtF1* strain JRS4 (35). The fact that
integrin signaling is in part controlled by TGF-B1 (17) suggested the
hypothesis that TGF-g1 could influence GAS invasion of host cells.
To test this hypothesis, we examined the effects of TGF-1 on GAS
internalization by HEp2 cells and PHTF. Our study demonstrates
that culture of HEp-2 cells with TGF-1 leads to increased bacterial
uptake in a FnBP-dependent manner. We showed that TGF-£1
enhanced GAS invasion of epithelial cells without an exogenous
source of Fn and that increased invasion correlated with increased
expression of a5 integrin and cell associated Fn. As anticipated, a
specific inhibitor of TGF-B1 receptor I, or antibodies directed
against o5 integrin or Fn, neutralized this activity of TGF-B1. The
capacity of TGF-B1 to up-regulate integrin expression and intra-
cellular invasion by GAS was also reproduced in PHTF. The
relationship between TGF-B1 enhanced invasion and streptococcal
disease was also strengthened by the observation that streptococcal
infection induces PHTF to produce measurable quantities of
TGF-B1.

Previous studies showed that either anti-a5 or anti-81 monoclo-
nal antibody alone efficiently block GAS invasion of epithelial cells,
indicating that both proteins of the o581 heterodimer serve as a
receptor for GAS entry (7, 8). However, TGF-B1-increased GAS
entry was not accompanied by increased expression of the 1
integrin, a finding previously reported (36), indicating that avail-
ability of B1 does not limit ingestion of streptococci by untreated
cells. The B1 subunit can pair with at least 10 different « subunits
to form heterodimeric receptors that display different ligand spec-
ificities (27). Thus, it is possible that increased levels of the a5
subunit compete with other « subunits for pairing with a constant
amount of B1 subunits, leading to formation of more 531 recep-
tors, thereby facilitating GAS entry.

GAS invasion of cultured epithelial cells has been extensively
studied with in vitro assays, in which invasion of epithelial cell lines
by GAS is not efficient unless exogenous Fn (serum or purified Fn)
is supplied. We demonstrate here that TGF-Bl-increased GAS
entry is mediated by M1 or PrtF1 proteins in the absence of Fn by
up-regulating expression of &5 integrin and Fn associated with
HEp-2 cells. TGF-B1 also enhanced PrtF1*-mediated invasion
(strain JRS4) of PHTF without a supply of exogenous Fn; however,
it did not enhance M1-mediated invasion (strain 90-226) of these
PHTF unless an optimal amount of soluble Fn was supplied. The
difference between these strains with regard to invasion of PHTF
is most likely explained by the much higher affinity of PrtF1 than
M1 protein for Fn. On the other hand, «VB3 integrin is also
up-regulated by TGF-B1 (37) and is known to be another receptor
to support PrtFl-mediated invasion of epithelial cells (11). This
integrin is not known to support M1-mediated invasion. Other gene
products that distinguish these strains could also account for the
failure of strain 90-226 to efficiently invade TGF-B1-treated PHTF.
These differences may have clinical implications because antibiotic
treatment failures were reported to be more frequent when the
infecting strain expressed PrtF1 (38).

Although TGF-B1 was detected in GAS-treated PHTF (Fig. 7)
but was not detected in supernatants from GAS-treated HEp2,
increased expression of «5 integrin occurred in both cell types in
response to TGF-B1. Our experiments are consistent with the
model shown in Fig. 8 and provide an explanation for the clinical
observation that some individuals experience recurrent episodes of
GAS tonsillitis. We propose that streptococci can be retained in or
near fibroblasts located beneath the tonsillar epithelium after
antibiotic therapy. Small numbers of bacteria may be sufficient to
induce these underlying fibroblasts to chronically secrete TGF-p1,
which in turn up-regulates receptors on the epithelium, permitting
increased adherence of streptococci, integrin clustering, and down-
stream signaling that leads to efficient ingestion of the bacteria, thus
sensitizing the tonsil to subsequent superinfection. Our experiments
do not indicate whether engagement of the integrin by streptococci
is required to induce TGF-B1 or whether bacteria must first be
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Fig. 8. TGF-B1 activation of group A streptococcal ingestion in the tonsils.
Interaction of streptococci (chains of banded spheres) with integrin-bound
fibronectin or other cellular molecules leads to induction of TGF-B1 from
fibroblasts. TGF-B1 then up-regulates expression of 5 integrin (gray tabs) and
Fn (open tabs) on epithelial cells and also fibroblasts with formation of a
higher density of a581 receptors and more efficient ingestion of streptococci.
Hatched tab, 1 integrin; solid line, interstitium; dashed arrow, expression of
TGF-B1; solid arrow, effect of TGF-B1.

internalized. Nor can we conclude from these experiments that
increased ingestion of streptococci by fibroblasts contributes di-
rectly to recurrent infection; rather, the infected fibroblast may just
be the primary source of TGF-B1. Local increases in TGF-£1 would
have the potential to up-regulate 5 integrin and Fn expression on
other types of surrounding cells, making these cells a better target
for streptococci. Immunostaining of human tonsil sections revealed
fibroblasts located in close proximity to both the epithelium cov-
ering the external surface of the tonsil (Fig. 4 C and D) and the
reticulated epithelium, lining tonsillar crypts (data not shown).
Persistence of even small numbers of streptococci with chronic,
localized expression of TGF-B1 could also lead to the fibrosis and
hypertrophic changes that often require surgical removal of palatine
tonsils from children (3). Moreover, because TGF-B1 has the
potential to increase the array of integrins and ECM proteins
displayed by cells, it may also significantly increase susceptibility
of specific tissues to a variety of other bacterial pathogens, known
to exploit ECM proteins or integrins to reach an intracellular
compartment.

Materials and Methods

Bacterial Strains and Culture Conditions. GAS strain 90-226 is a
serotype of M1 strain (7). The M1~ deletion variant of strain 90-226
(90-226Aemm1) that carries a complete nonpolar deletion of emm1,
is sensitive to phagocytosis, and produces no M1 antigen or peptide
fragment (10). The PrtF1-expressing variant (90-226 M1~ PrtF1™")
of strain 90-226 was constructed by introducing plasmid pPTFS,
which contains the prtF1 gene (39) into strain 90-226Aemm 1. Strain
90-226 M1~ PrtF1* was cultured in medium containing Kanamycin
(500 wg/ml). GAS strain JRS4 (emm6.1) (PrtF* and M6") was a
gift from M. Caparon (Washington University School of Medicine,
St. Louis) (25). GAS strains were maintained on sheep blood agar
and grown in THY-Neo medium at 37°C for invasion assays.

Primary Culture of PHTF. PHTF were cultured from palatine tonsil
tissue obtained from otherwise normal healthy individuals under-
going routine tonsillectomy at the Department of Surgery, Univer-
sity of Minnesota. Segments of tonsil were rinsed in complete
growth medium (RPMI medium 1640 containing 10% heat-
inactivated FCS, penicillin, streptomycin, and fungizone), and then
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the tissue was mechanically disrupted. Single-cell, mixed popula-
tions of cells were cultured in standard tissue culture flasks (=~2-5 X
107 cells per T75 flask). Microcolonies of adherent cells were first
visible within 4-8 days. Proliferating populations of large elongated
cells spread throughout the flasks to establish confluent monolay-
ers within 20-30 days. Adherent cell populations were readily
released by trypsinization and were further expanded by routine
passaging procedures for adherent cells. All experiments were
performed with cells that were cultured for no more than 6-12
weeks from the time of tissue disruption. Expanded primary cell
populations were determined to be fibroblasts by strong positive
staining with antibodies directed against vimentin. No detectable
staining with antibodies directed against cytokeratins was ob-
served (30).

Invasion Assay. Invasion assays were performed as described (7, 10,
34) with some modifications. Briefly, streptococci grown to sta-
tionary phase were washed with PBS and resuspended in DMEM.
HEp-2 cells were cultured in 24-well plates to confluence, starved
with DMEM without serum and antibiotics overnight, and infected
with bacteria at a MOI of 1:5 in DMEM in the presence of
fibronectin (10 wg/ml). After 2-h incubation, unbound bacteria
were removed by washing wells with PBS and extracellular bacteria
were killed by 2-h incubation with DMEM containing gentamicin
and penicillin. After washing off antibiotics with PBS, intracellular
bacteria were released by lysing cells with 0.025% Triton X-100 in
distilled H,O and quantified by colony-forming units (CFU).
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