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ABSTRACT Staphylococcus aureus is a pathogen that causes significant morbidity and
mortality. Nasal carriage is a major source of transmission and of endogenous infection.
Persistent carriage is detected in ~30% of healthy individuals. While Th17 cells have
been shown to play a role in S. aureus infection and clearance, the immune response to
carriage is not well understood. Here, we evaluate the Th17 response and its potential
inhibitors during S. aureus carriage. We recruited 25 volunteers, of whom 11 were persis-
tent carriers. Volunteers' peripheral blood mononuclear cells (PBMCs) were stimulated
with either their endogenous strain (a strain isolated from that carrier) or exogenous
ones (strains not carried by that volunteer). Changes in Th17 cell frequency and num-
bers, interleukin-17 (IL-17) mRNA expression, and IL-17 protein abundance were mea-
sured by fluorescence-activated cell sorting, real-time PCR, and enzyme-linked immu-
nosorbent assay. Similarly, responses of IL-17 suppressors (regulatory T cells [FOXP3],
IL-10, IL-27, and IL-19) were measured. Th17 and IL-17 levels in response to stimulation
with endogenous strains were significantly lower than those in response to stimulation
with exogenous ones. Of the suppressive cytokines tested, only IL-19 exhibited a stron-
ger response to endogenous than to exogenous strains. Addition of recombinant IL-19
to exogenous-strain-stimulated PBMCs caused decreased IL-17 expression, whereas addi-
tion of IL-19 antibodies to endogenous-strain-stimulated cells resulted in an increased
IL-17 response. Together, our results suggest that S. aureus carriage induced a tolero-
genic response to a carried strain that could be reproduced through the addition of re-
combinant IL-19 or prevented by the addition of IL-19 antibodies. This differential im-
mune response may play a role in the determination of S. aureus carriage patterns.
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taphylococcus aureus is a common pathogen that causes severe morbidity and high

mortality rates worldwide (1, 2). It is responsible for various infections, ranging from
minor to major skin and soft tissue infections to life-threatening infections such as
pneumonia, toxic shock syndrome, sepsis, and endocarditis. Yet, it is a ubiquitous
commensal that persistently colonizes ~30% of healthy human individuals, while
others never carry it (3). S. aureus carriers are more likely to become infected than
noncarriers, but they also have lower mortality rates from S. aureus infection than
noncarriers do (4, 5). Persistent carriers typically harbor a single S. aureus strain for many
years, while others may carry different strains for only short durations (3, 6, 7).

Studies on factors affecting S. aureus carriage are discordant. Some suggest that
bacterial factors such as staphylococcal protein A may increase the likelihood of a strain
being carried (8, 9), while others suggest that host factors are largely responsible for the
unique interactions (10, 11). However, while much research has revealed factors that
affect an individual’s susceptibility to S. aureus carriage (12-14), the interaction be-
tween the host and the individually carried strain has not yet been studied.
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The interaction between the host and bacterial cell is mediated by both innate and
adaptive immune responses. The adaptive immune response is generally two pronged,
utilizing both T cells and B cells for the detection and clearance of pathogens (15).
Clearance of S. aureus carriage has been shown to be mainly T cell dependent (16, 17)
and does not induce an effective antibody response (18). Recent work has determined
the presence of S. aureus-specific memory T cell clones in peripheral blood that elicit a
proinflammatory T cell response against S. aureus strains, specifically, T helper 17 (Th17)
cells (19). Th17 cells produce interleukin-17 (IL-17), which is essential for protection
against extracellular pathogens at mucosal surfaces (20-23), and they have previously
been shown to play a major clinical role in protective immunity against S. aureus in
both humans and mice by driving neutrophil influx. Indeed, patients with IL-17
deficiencies such as autosomal hyper-Ig syndrome suffer from recurrent S. aureus
infections (24-26). Clearance of S. aureus carriage has also been shown to be IL-17
dependent in mice (16), but the link between IL-17 and human S. aureus carriage has
not been extensively studied. Nurjadi et al. tested cytokine expression levels in persis-
tent S. aureus carriers and noncarriers. They observed no difference in IL-17 mRNA
expression between carriers and noncarriers but did observe a difference in gamma
interferon (IFN-y) expression between carriers and noncarriers and concluded that the
ratio of IFN-y to IL-17 could be used to predict carriage (27).

Regulation of these inflammatory immune responses is vital, not only during and
following infection but also as a mechanism of tolerance toward commensal or carried
bacteria. Regulatory T cells (Tregs) are largely considered to be the suppressive cells
that play the most integral role in commensal tolerance (28), but commensal bacteria
have also been shown to induce hyporesponsiveness in T cells in a Treg-independent
manner (29).

Other cytokines that have been previously shown to suppress Th17 in a Treg-
independent manner are IL-19 and IL-27. These cytokines are secreted by both mac-
rophages and dendritic cells and have been shown to orchestrate multiple suppressive
pathways. IL-19 belongs to the IL-10 family of cytokines. Although it was first reported
in 2000, its function is still largely unclear (30, 31). In an S. aureus mouse infection
model, IL-19, along with IL-20 and IL-24, was shown to downregulate IL-17, thereby
decreasing the clearance of S. aureus (32).

The cellular arm of immunity, specifically, Th17 cells, clearly plays an important role
in S. aureus infection. However, its role in healthy carriage remains relatively unstudied.
Here, we aim to understand the immune mechanisms involved in S. aureus carriage and
to determine whether this host-bacterial cross talk plays a role in an individual’s
carriage status.

RESULTS

Study population and S. aureus strains. Of the 25 healthy individuals recruited, 11
were defined as persistent carriers and 1 was defined as a transient carrier. A strain that
was carried by an individual was termed that individual’s “endogenous strain,” whereas
a strain not carried by the individual was termed an “exogenous strain.” To obtain a
larger pool of exogenous strains, we also used strains from our precharacterized S.
aureus strain collection of clinical and carried isolates (33, 34) (Table 1).

Each of the carriers carried a genetically different strain with a different spa type.
Two of the strains tested were of multilocus sequence type (MLST) 30, but each had a
different spa type.

Two carriers who persistently carried a single strain for over a year replaced their
initial endogenous strain with a genetically different strain. Healthy volunteer 1 per-
sistently carried SA-HV1a for 20 months, followed by eight negative screening results
over a 2.5-year period, and then acquired SA-HV1b. Healthy volunteer 2 replaced the
initial strain, SA-HV2a, which was persistently carried for 24 months, with SA-HV2b.

Decreased IL-17, but not IFN-vy, response to endogenous strains. To determine
whether endogenous S. aureus strains stimulate host cells differently than exogenous
strains, cultures of carrier peripheral blood mononuclear cells (PBMCs) were stimulated
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TABLE 1 Strains used in this study?

Infection and Immunity

Strain SPA Type MLST Sensitivity Duration of Carriage

Healthy Volunteer Strains

SA-HV1a t773 ST34 MSSA ] 20 months v ;  p—months,
[, ———— G — Java) & = -
SA-HV1b 2135 ST45 MSSA
SA-HV2a 11897 ST573 MSSA 24 months
I
O P P P P P e e e x| e—
SA-HV2b t176 ST1 MSSA
SA-HV3 3638 ST22 MSSA 11 months
“—.—.—.—
SA-HV4 6605 ST398 MSSA 7 months
B -
SA-HV5 t091 ST1159 MSSA 7 months
B e
24 months
SA-HV6 t276 ST30 MSSA o—e ° ®
SA-HV7 t338 ST30 MSSA 8 months
yr——
SA-HV8 2313 ST291 MSSA 9 months
B e
SA-HV9 1458 ST707 MSSA 9 months
G r——
SA-HV10 t284 ST121 MSSA 10 months
[ O —————— ]
2 weeks 6 months
SA-HV11 t304 ST6 MRSA m
SA-HV12 4070 ST12 MSSA 6 months
(B s me—
SA-HV13 t333 ST45 MSSA 12 months
=3-0-0-00 PP —0—
Additional Strains
SA-10021 t127 ST1 MRSA
SA-10130 3387 ST772 MRSA
SA-10131 t032 ST22 MRSA
SA-322 342 ST30 MSSA
USA300 t008 ST8 MRSA

aSA-HVX denotes the endogenous strain of carrier X. In cases where two strains were isolated from the same carrier, SA-HVXa and b denote the two strains. Circles
denote screening results. A black circle denotes a positive result, a gray circle denotes a positive result with a second strain, and a white circle denotes a negative

result. A broken line indicates a period of unknown carriage status.

with either endogenous or exogenous whole-cell antigens (ethanol-killed strains). IL-17
and IFN-y mRNA expression and protein secretion levels were measured.

IL-17 and IFN-y mRNA expression and protein secretion were both increased in
response to stimulation with all of the strains tested compared to negative-control
(untreated) samples (P < 0.01) (Fig. 1a to d). Stimulation of carrier PBMCs with that
individual's endogenous strain resulted in significantly lower IL-177 mRNA expression
after 48 h, compared to stimulation with all of the exogenous strains tested (P = 0.004)
(Fig. 1a and e). IL-17 protein secretion after 5 days of stimulation was also decreased in
response to an endogenous strain compared to stimulation with exogenous strains
(P = 0.005) (Fig. 1b and e). To ensure that this effect was not due to intrinsic
characteristics of carried strains but rather to a specific host response to an endogenous
carried strain, we compared the responses to a specific strain by that strain’s carrier
to responses by other carriers to whom the strain was exogenous. This analysis was
repeated for two separate strains. Indeed, IL-17 mRNA expression was significantly
lower in PBMCs from that strain’s carrier than in those from all other healthy
volunteers (P = 0.03 and 0.04). The responses to a single strain are depicted in light
gray in Fig. 1a.

IFN-y mRNA expression and protein secretion levels in response to endogenous and
exogenous strains, on the other hand, were not different (Fig. 1c to e) (P = 0.93 and
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FIG 1 Th17 and IFN-y responses to S. aureus. (a) IL-17 mRNA expression (n = 27) and (b) protein secretion (n = 12) levels in response to endogenous (SA*)
strains were lower than those in response to exogenous (SA) strains (P = 0.004 and 0.005, respectively). Light gray dots indicate the IL-177mRNA responses to
one strain by its carriers (left column) and the carriers of other strains (right column) (P = 0.03). No difference between endogenous and exogenous strains
was seen in IFN-y mRNA expression levels (n = 12; P = 0.93) (c) and protein secretion levels (n = 14; P = 0.2) (d). Each data point represents the cytokine

(Continued on next page)
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0.19, respectively). Fluorescence-activated cell sorter (FACS) analysis revealed that the
source of the IL-17 is CD4™ T cells, and there was a significant decrease in the frequency
and amounts of IL-17A-producing CD4* T cells in PBMC cultures stimulated with
endogenous strains compared to those in cultures stimulated with exogenous ones
(P = 0.04 and 0.05). (Fig. 1f and g). There was no difference between the responses of
carriers and noncarriers to exogenous strains (P = 0.6) (Fig. Th).

Potential suppressors of the IL-17 response to strains. Following the observation
of a decreased IL-17 response to the endogenous strain, we sought out potential
inhibitors that could mediate this tolerant response.

Levels of Treg-associated transcription factor FOXP3, as well as mRNA expression
and protein secretion levels of suppressive cytokines IL-10, IL-27, and IL-19, were
measured in PBMCs stimulated with endogenous or exogenous strains (Fig. 2). IL-19
was found to be the only cytokine tested whose expression and protein secretion levels
were increased significantly in response to endogenous strains compared to exogenous
strains (P = 0.05 and 0.03) (Fig. 2a, b, and h). Levels of FOXP3 (P = 0.51), IL-10 (P = 0.29;
0.95), and IL-27 (P = 0.42; 0.43) in response to stimulation with endogenous and
exogenous strains were not significantly different (Fig. 2c to h).

IL-19 alone can inhibit IL-17 expression. To further assess the role of IL-19 in the
suppression of IL-17, we added recombinant IL-19 and IL-19 antibodies to the cell
culture with and without endogenous or exogenous strains. Addition of recombinant
IL-19 to PBMC cultures resulted in a slight nonsignificant decrease in IL-17 expression.
Addition of recombinant IL-19 to PBMCs stimulated with exogenous S. aureus resulted
in a significantly suppressed IL-17 response, compared to the exogenous-strain-
stimulated sample, and IL-17 was suppressed to levels even lower than those in
endogenous-strain-stimulated PBMCs (P < 0.0001) (Fig. 3a). Addition of IL-19 antibod-
ies to PBMCs resulted in a slight nonsignificant increase in IL-17 expression. Addition of
IL-19 antibodies to PBMCs stimulated with an endogenous strain resulted in an increase
in IL-17 expression levels (P < 0.0001), similar to the increase resulting from exogenous
strain stimulation (Fig. 3b). To suggest a causal relationship between the increase in
IL-19 and suppressed IL-17, we measured the time-dependent responses of IL-19 and
IL-17 expression to an endogenous strain. We observed that IL-19 mRNA expression
increased steadily throughout the first 48 h, while IL-17 initially spiked but decreased
by 20 h poststimulation with an endogenous strain (Fig. 3c).

The tolerogenic response may be temporary. In our population, two carriers lost
their original persistent strains after more than a year and acquired new, genetically
different strains carried persistently for more than 6 months (Table 1). In one, the initial
tolerogenic response observed could not be repeated when the endogenous strain was
no longer detected; i.e., stimulation of the carrier's PBMCs with SA-HV1a resulted in an
increased IL-17 response similar to that which resulted from exogenous-strain stimu-
lation. Yet, at a later time point, when a second strain was carried persistently, both the
first and second strains induced a tolerogenic response (P = 0.007 and 0.005) (Fig. 4a
to ¢). This tolerogenic response to both strains was also observed in the second carrier,
who replaced the initial strain with a second strain with no observed noncarriage
period in between (P = 0.001 and 0.03) (Fig. 4d).

DISCUSSION

The cross talk between S. aureus and the human host is complex. While many
studies have shown that S. aureus carriage can be divided into patterns of persistent
carriage, transient carriage, and noncarriage, the underlying reasons and mechanisms
are not fully understood. One possible reason for this is the inadequacy of current

FIG 1 Legend (Continued)

Infection and Immunity

response of one carrier to one strain in one experiment. A horizontal line indicates the geometric mean of all of the data points in a column. (e) Ratios of cytokine
responses to exogenous versus endogenous strains. (f, g) The frequency (left y axis; P = 0.04) and number (right y axis; P = 0.05) of IL-17-producing CD4* T
cells were also decreased in response to endogenous compared to exogenous strains. (h) The IL-17 mRNA response to a strain was the same in carriers of a

different strain and noncarriers (P = 0.6). When the P value is >0.2, ns indicates nonsignificance.

March 2018 Volume 86 Issue 3 e00834-17

iai.asm.org 5


http://iai.asm.org

Reiss-Mandel et al. Infection and Immunity

% 10000~ . 10000+ p=0.03
S 1000 . . .
3 2 . ~ 10004 o
= 100+ ¢ o E —tt— oe®
% 4 g A . (13 *
e 10 = 100
e @ . ®e
3 1{ snmean k! -
S 0.14
£
@ 0.01 . . Lot 1 > — +
= & & ¥ @,seb ¥ F
@
N S
o d -
= | e |
g 1007 — 10000 . .
F
o [ 14 ®e 3
S o _ 2 s
- LAS [=) ° o0
A 1{ "N %00’ S0 2 10004 ¢ o
e (1Y . ~ . .
3 (14 P o . .
S 044 = ¢
s - .
[4
£
5 0.01 . . . 100 — .
P *
=] 5@6 ¥ & @6@6 ¥ &
& N
e f 4
ns -
104 2 100, ns 10000 ns
@ ' ' [ |
) *3e 5 1000
c ° o = e 30
© 99 h=d
< Y5 - ] 10+ . = o .o
5 . ° = . o. E 100 "_.-l"'.... 00,0
o _l:.e_ ®e 5 L4 E ° 2944
S 1] 2eveees . .:0 K 14 ® —_—— oo e
w o* . @ — 2 10
bd = . N
2 L ] g .' =
s Y ; 0.14 : 1 ~o-csssseseses- .o
rl [4
£
0.1 T T T e 001 r * . 0.1 T . .
* . . > -
& &F &F = £ & & % & s
& & &
) ) )

ns ns ns ns ns p=0.05 p=0.03

Ratio (SA/SA*)

2-104 semme

& & &
& &F & F &
s& oF Lo N ol S <€
LT A QNN
O Y ¥V Y Y ¥

FIG 2 Suppressive cytokine responses to endogenous and exogenous S. aureus strains. IL-19 mRNA expression (a) and protein secretion (b) in response
to endogenous strains (SA*) were increased compared to those in response to exogenous ones (SA) (n = 18 and 7; P = 0.05 and 0.03). No difference
between expression levels and protein secretion levels of IL-27 (c, d) (n = 15,9; P = 0.42; 0.43) or Treg-associated factors FOXP3 (e) (n = 12; P = 0.51)
and IL-10 (f, g) (n = 8,12; P = 0.29, 0.95) was seen. In each experiment, one endogenous strain was tested and compared to at least two exogenous strains.
Each data point represents the FOXP3 or cytokine response of one carrier to one strain in one experiment. Lines indicate the geometric means of all of
the data points in a column. (h) Ratios of cytokine responses to exogenous versus endogenous strains. When the P value is >0.2, ns indicates

nonsignificance.
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FIG 3 IL-17 expression in response to recombinant IL-19 and an anti-IL-19 antibody. (a) Addition of recombinant IL-19 to PBMCs caused a small,
insignificant decrease in IL-17 mRNA expression. Addition of recombinant IL-19 at 10 or 100 pg/ml to PBMC cultures stimulated with an
exogenous strain decreased IL-17 mRNA expression compared to that in exogenous-strain-stimulated cultures with no addition (P < 0.0001). (b)
Addition of IL-19 antibodies to PBMCs caused an insignificant increase in IL-17 mRNA expression, and addition of IL-19 antibodies at 0.8 pg/ml
to PBMC cultures stimulated with an endogenous strain resulted in an increased IL-17 mRNA response compared to that of the endogenous-
strain-stimulated culture with no addition (P < 0.0001). ANOVA with Tukey’s post hoc analysis was done on all repeats to determine differences
in IL-17 mRNA expression. (c) mRNA expression of IL-17 and IL-19 over 48 h in PBMCs isolated from one carrier in response to an endogenous

strain.

human S. aureus infection and carriage models. Mouse models of S. aureus infection
and carriage have been shown to be inconsistent with human models, and this has
been suggested as one of the reasons for the failure of S. aureus vaccine development
(35-37). We used a novel experimental model to observe carrier immune responses to
specific strains. Our model is based on that of Lu et al., which measures immune
responses to pneumococcal colonization (38).

We first aimed to determine the role of IL-17 in carriage. As expected, we observed
increased IL-17, as well as IFN-v, levels following stimulation with S. aureus strains. Yet,
a differential response to endogenous versus exogenous strains was observed, wherein
individuals who carried a persistent strain responded to their endogenous strain with
decreased IL-17, but not IFN-vy, levels. The lack of a differential IFN-y response is
interesting, considering that Nurjadi et al. found a significant difference in IFN-y mRNA
expression between carriers and noncarriers (27). However, the model used by that
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initial carriage (a), 6+ months after carriage was no longer detected (b), and during the second round of carriage, in which SA-HV1b was carried (c). Bars include
data from three separate experiments done with PBMCs from carrier SA-HV1b during each of the three periods. (d) IL-17 mRNA expression in response to
SA-HV2a and SA-HV2b during the SA-HV2b carriage period. ANOVA was done to determine the significance of differences between responses to endogenous
and exogenous strains.

group was looking at responses to one strain (essentially representing all strains) and
not individual carried strains. Additionally, they were studying both carriers and non-
carriers, whereas we studied carriers only.

A decreased inflammatory response to a carried strain presumably results in reduced
clearance of that strain and may lead to longer carriage. These results are consistent
with a recent study by Cole et al. that observed an increased inflammatory response
during nasal S. aureus clearance but not carriage (9), as well as a study by Nouwen et
al. (10) that reported that persistent carriers who were artificially inoculated with a
mixture of S. aureus strains selected for their own strain and noncarriers artificially
inoculated with S. aureus immediately purged the strain.

Evidence of tolerance toward commensal strains has been previously reported,
mostly with regard to the gut microbiome (39, 40). However, until now, studies looking
at induced tolerance to commensal microbiota have focused on host-bacterial inter-
actions at the species level (41, 42). Here, we see that even within the S. aureus species,
individual tolerance is strain dependent and not only species dependent. This was
especially evident when we compared all of the volunteer responses to an individual
strain. These results explain previous findings by us and others that have shown not
only that persistent carriers maintain a single strain over long periods of time but that
S. aureus carriage by those individuals is limited to their endogenous strain (7, 10).

In two cases, carriers displayed a tolerogenic response to two genetically different
strains: one that they were currently carrying and one that they carried previously but
was no longer detected. One possible explanation for this is that although the original
strains were not detected during the second carriage periods, they persisted at levels
under a detectability threshold, causing the tolerogenic response to both. This, how-
ever, is unlikely, since the tolerogenic response was not observed during carrier HV1's
period of noncarriage. Another explanation could be that the tolerogenic response of
PBMCs does not represent the local mucosal immune response (43). Peripheral memory
Tregs have not been extensively studied (44), but studies have shown that memory T
cells, including memory CD8™ T cells, are no longer found at measurable levels in the
peripheral blood 6 months postinfection (45-47). Further investigation into the muco-
sal response may give a deeper understanding of the cells at play. Alternatively, the two
strains may share an immunogenic protein that induces the tolerogenic response.

IL-19 is a relatively newly discovered cytokine, and its immune activity is still unclear.
It has been shown to be upregulated in mucosal epithelium-related diseases, such as
psoriasis, asthma (31, 48), and colitis (49, 50), indicating an importance in mucosal and
epithelial immunity. Various studies have found a role for IL-19 in inflammation and
inflammatory disease (51, 52), while others maintain that it is a suppressive cytokine
(53-55), like the others in the IL-10 family. Our findings that IL-19 plays a role in the
immune interaction with S. aureus during nasal carriage is consistent with its role and
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TABLE 2 Primers used in this study

Gene product

Primer sequence

Forward

Reverse

GAPDH GGA AGG TGA AGG TCG GAG TC TCA GCC TTG ACG GTG CCA TG
IL-17A CGG ACT GTG ATG GTC AAC CT GAC CAG GAT CTC TTG CTG GA
IFN-y TGA CCA GAG CAT CCA AAA GA CTC TTC GAC CTC GAA ACA GC
FOXP3 GAA ACA GCA CAT TCC AGA GTT ATG GCC CAG CGG ATG AG

IL-27 p28 GAG CAG CTC CCT GAT GTT TC AGC TGC ATC CTC TCC ATG TT
IL-19 TAC GTG GAC AGG GTG TTC AA ATG ACT CTG GTG GCA TTG GT
IL-10 AGA TCT CCG AGA TGC CCT CA CCG TGG AGC TGA AGA AT

Spa AGA CGA TCC TTC GGT GAG C GCT TTT GCA ATG TCA TTT ACT G

presence in epithelial immunity (52). Our findings of the specific interaction with IL-17
during S. aureus carriage add more proof that IL-19 acts as an inflammatory suppressor
under these conditions and are consistent with previous observations of IL-19 and
other IL-20 receptor-mediated cytokines as IL-17 suppressors during S. aureus infection
in mice (32) and in human cells (56).

A study by Peres et al. (57) found that IL-10 and TNF-a were induced by carried S.
aureus strains and that the responses varied largely between individuals. We also
observed an induction of IL-10 by carried S. aureus strains and found large deviations
between individuals in all reported cytokine responses, but as opposed to our findings
on IL-17 and IL-19, we did not see a differential IL-10 response to endogenous and
exogenous strains.

Our study has several limitations. First, we assessed immune cells in the peripheral
blood, while many of the responses are probably more pronounced at the local
mucosal level or in the regional lymphatic tissue. Second, although we found that IL-19
alone was able to suppress IL-17 expression, it may be important to assess other
IL-19-related cytokines, such as IL-20 and IL-24, that have been shown to suppress
neutrophil activity in response to S. aureus (56). Furthermore, elucidation of the in vivo
interactions between these cytokines and the cellular sources of cytokine secretion is
required. While our study is limited to a relatively small number of subjects, a high level
of statistical significance was reached.

The results presented here suggest specific differential host-strain interactions that
have not been reported previously in S. aureus or other bacterial species. Further
research to determine the cellular sources of IL-19 and the specific cellular and protein
interactions that induce this differential response is important and may have a role in
the search of new vaccine targets for S. aureus, a species that has, until now, eluded all
attempts at vaccination.

MATERIALS AND METHODS

IRB and patient consent. Institutional Review Board (IRB) approval was given by the local committee
of the Sheba Medical Center. A written informed consent form was signed by each volunteer before
recruitment.

Study population. Healthy volunteers between the ages of 21 and 50 years were recruited if they
gave written informed consent. Volunteers were either newly recruited or recruited from another study
in our lab (58). Volunteers were sampled periodically, every 3 to 6 months, over the course of 4 years by
swabbing of both anterior nares with a cotton-tipped swab. S. aureus was identified on Staph CHRO-
Magar (Hy Labs, Israel), and a positive staphylase test (Pastorex Staph Plus; Bio-Rad) was performed for
verification. One S. aureus colony was collected and frozen at —80°C for further characterization.

Volunteers who were found to be persistent carriers, defined as carriers of the same strain for >6
months, were included as persistent carriers in this study, and carriers who carried a strain for <6 months
were considered intermittent carriers and their PBMCs were not included in the experiments done with
carrier blood. PBMCs from two noncarriers were included in one experiment for comparison.

Strain characterization. Strains were characterized by sequencing of the protein A (spa) gene with
the primers listed in Table 2. Where possible, the MLST was determined on the basis of reports in the
literature. In cases where MLST was not identifiable in the literature or several MLSTs could correlate with
the identified spa type, the MLST was determined. This was done by using the MLST genes with the
primers described by Enright et al. (59). PCR products were purified (Gene JET PCR DNA purification kit;
Fermentas), and Sanger sequencing of the spa gene was carried out by Hy Laboratories Ltd. (Rehovot,
Israel) with the BigDye Terminator v1.1 Cycle Sequencing kit (Applied Biosystems, Inc.) on the 3730x|
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DNA Analyzer with DNA Sequencing Analysis Software v. 5.4. Sequences were analyzed with the
Fortinbras SpaTyper (http://spatyper.fortinbras.us/) and Ridom Spa Server (60), as well as the Multi Locus
Sequence Typing software (saureus.mlst.net) (61).

The strains used are described in Table 1.

Whole-cell antigen preparation. Whole-cell antigens used in the stimulation were prepared from
each of the S. aureus strains carried by the healthy volunteers, as well as additional previously
characterized clinical and carried strains from our laboratory collections, and USA300. USA300 was used
as an additional exogenous strain for regulation control in all experiments. To prepare whole-cell
antigens, isolates were grown and diluted to 10° CFU/ml and killed with 70% ethanol. Killed whole-cell
antigens were washed with saline and stored in Dulbecco’s modified Eagle’s medium (DMEM; Biological
Industries, Israel) at —20°C.

PBMC isolation and stimulation. PBMCs were isolated from the blood of healthy volunteers by
Ficoll centrifugation. Cells (2.5 X 10° per well of a 24-well cell culture plate [Nunc]) were incubated with
1 ml of enriched DMEM-F12 with L-glutamine (2 mM), 10% fetal bovine serum, 1% penicillin-
streptomycin, and B-mercaptoethanol (2 mM) at 37°C, 5% CO, with or without various whole-cell
antigens (multiplicity of infection, 10), recombinant protein, or antibodies for 24 h, 48 h, or 5 days. On
day 3, 1 ml of medium was added.

IL-19 stimulation experiments. Recombinant human IL-19 (R&D Systems) was reconstituted and
diluted with 0.1% bovine serum albumin in accordance with the manufacturer’s instructions. Recombi-
nant IL-19 was added to the medium after 4 h to reach a final concentration of 10 or 100 pg/ml. A human
IL-19 mouse 1gG2B monoclonal antibody (R&D Systems) was reconstituted and diluted with sterile
phosphate-buffered saline (PBS) in accordance with the manufacturer’s instructions and added to
medium to final concentrations of 0.2, 0.4, and 0.8 ug/ml at the beginning of the experiment.

Real-time PCR. After 48 h of stimulation, RNA was extracted from PBMCs with the RNeasy kit
(Qiagen) in accordance with the kit protocol. cDNA was produced with 4 ul of iScript supermix with
random primers (Bio-Rad) with RNA at a final concentration of 1.5 ng/ul. To detect cytokine expression,
cDNA was amplified with Sybr green supermix (Roche, Dyn Diagnostics) and the ABI 7000 Real-Time PCR
system (Applied Biosystems) with primers described in Table 2. Cytokine expression levels were normal-
ized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Fold changes in gene expression were
determined by calculating the relative quantification of stimulated samples (exogenous or endogenous
strains) compared to that of unstimulated PBMC samples.

ELISA. Cell cultures were centrifuged on days 2 and 5, and the cell culture supernatant was analyzed
by enzyme-linked immunosorbent assay (ELISA) (DuoSet; R&D Systems) for secreted protein cytokines
(IL-17, IFN-v, IL-19, IL-10, and IL-27) in accordance with the manufacturer’s instructions.

FACS analysis. On day 4, cells were washed, fixed, permeabilized, and stained with CD4-fluorescein
isothiocyanate (eBioscience) and IL-17-phycoerythrin (eBioscience) in accordance with the manufactur-
er's instructions. Stained cells were counted in the FACSCalibur (BD Bioscience) and analyzed with FlowJo
Diagnostic software.

Statistical analysis. To detect a difference between all cytokine responses to endogenous versus
exogenous strains within individuals, we performed a linear regression with repeated measures of the log
or square root transformation of responses with endogenous versus exogenous strains nested within the
individual volunteer. In each experiment, the carrier response to one endogenous strain was tested and
compared to the responses to at least two exogenous strains. Each observation included in the analysis
is the response of one carrier to one strain and is the average of two or three biological and two or three
technical replicates.

To detect the difference in IL-17 mRNA expression between carriers and noncarriers, we performed
a repeated-measures linear regression with the expression of IL-17 mRNA as the dependent variable and
carriage (carrier/noncarrier) as the predictor and measures nested within the subject.

To find whether the IL-17 and IFN-y responses to both endogenous and exogenous strains were
significantly different from the responses of untreated samples, we applied the same repeated-measures
linear regression with the intercept as the only predictor and estimated the significance of the intercept.

In accordance with the method of measurement, we used a complete symmetry covariance matrix
between the measurements of each volunteer.

For the analysis of all carrier and noncarrier responses to one strain, we used a Wilcoxon-Mann-
Whitney test to compare the responses of the strain’s carrier with the responses of all other healthy
volunteers to that strain. For the FACS experiment and recombinant IL-19/IL-19 antibody addition
experiments, analysis of variance (ANOVA) with Tukey’s post hoc test was used to determine differences
between treatments.
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