1 AMERICAN |nfeCT|Oﬂ aﬂd FUNGAL AND PARASITIC INFECTIONS
B camveer  rnunity® n

Check for
updates

Modulation of CD4* and CD8* T Cell
Function and Cytokine Responses in

Strongyloides stercoralis Infection by
Interleukin-27 (IL-27) and IL-37

Rajamanickam Anuradha,® Saravanan Munisankar,® Yukthi Bhootra,?
Chandrakumar Dolla,? Paul Kumaran,? Thomas B. Nutman,© Subash Babu?<

National Institutes of Health-NIRT-International Center for Excellence in Research, Chennai, India?; National
Institute for Research in Tuberculosis, Chennai, India®; Laboratory of Parasitic Diseases, NIAID, NIH, Bethesda,
Maryland, USA<

ABSTRACT Strongyloides stercoralis infection is associated with diminished antigen-
specific Th1- and Th17-associated responses and enhanced Th2-associated responses.
Interleukin-27 (IL-27) and IL-37 are two known anti-inflammatory cytokines that are
highly expressed in S. stercoralis infection. We therefore wanted to examine the role
of IL-27 and IL-37 in regulating CD4* and CD8* T cell responses in S. stercoralis in-
fection. To this end, we examined the frequency of Th1/Tc1, Th2/Tc2, Th9/Tc9, Th17/
Tc17, and Th22/Tc22 cells in 15 S. stercoralis-infected individuals and 10 uninfected
individuals stimulated with parasite antigen following IL-27 or IL-37 neutralization.
We also examined the production of prototypical type 1, type 2, type 9, type 17,
and type 22 cytokines in the whole-blood supernatants. Our data reveal that IL-27 or
IL-37 neutralization resulted in significantly enhanced frequencies of Th1/Tc1, Th2/
Tc2, Th17/Tc17, Th9, and Th22 cells with parasite antigen stimulation. There was no
induction of any T cell response in uninfected individuals following parasite antigen
stimulation and IL-27 or IL-37 neutralization. Moreover, we also observed increased
production of gamma interferon (IFN-vy), IL-5, IL-9, IL-17, and IL-22 and decreased
production of IL-10 following IL-27 and IL-37 neutralization and parasite antigen
stimulation in whole-blood cultures. Thus, we demonstrate that IL-27 and IL-37 limit
the induction of particular T cell subsets along with cytokine responses in S. sterco-
ralis infections, which suggest the importance of IL-27 and IL-37 in immune modula-
tion in a chronic helminth infection.
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nterleukin-27 (IL-27) and IL-37 belong to a family of anti-inflammatory cytokines

known to downmodulate T cell and cytokine responses (1). IL-27 is a known regulator
of Th1-, Th2-, and Th17-associated responses in various inflammatory settings. Indeed,
IL-27 has been shown to antagonize the production of IL-1, inhibit Th2 and Th17
differentiation, and increase the production of IL-10 (2). IL-27 is also known to regulate
Th1 and Th2 responses in murine Schistosoma mansoni (3) and Trichuris muris (4)
infections. Similarly, IL-37 is also known to suppress inflammatory responses primarily
by suppressing cytokine production through increased production of IL-10 (5). How-
ever, the role of IL-37 in helminth infections has not been explored.

Stongyloides stercoralis is a common helminth parasite infecting between 50 and 100
million people worldwide (6). Similar to other helminth infections, immune responses
in S. stercoralis infection are characterized by relatively diminished antigen-specific
Th1/Tc1 and Th17/Tc17 responses and relatively expanded Th2/Tc2 and Th9/Tc9
responses (7, 8). The modulation of Th1-, Th2-, and Th17-associated responses has been
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FIG 1 Altered frequencies of CD4* Th1, Th2, Th9, Th17, and Th22 cells following neutralization of IL-27 and IL-37 in S. stercoralis infection. The NIE-stimulated
frequencies of CD4* Th1, Th2, Th9, Th17, and Th22 cells were measured by flow cytometry following neutralization of IL-27 (A), IL-37 (B), or isotype control
antibody in S. stercoralis-infected individuals. The data are represented as line diagrams, with each line representing a single individual. P values were calculated

by the Wilcoxon signed-rank test followed by Holm'’s correction.

previously shown to be mediated by two regulatory cytokines: IL-10 and transforming
growth factor B (TGF-B) (7, 8). As we have shown previously, IL-27 and IL-37 are present
at significantly higher levels in the circulation of S. stercoralis-infected individuals than
in uninfected individuals, which revert back to normal levels following anthelmintic therapy
(9). Thus, we sought to delineate the impact of these cytokines on T cell function in S.
stercoralis infections. We demonstrate that IL-27 and IL-37 modulate Th1/Tc1, Th2/Tc2, and
Th17/Tc17 responses primarily, with measureable effects on Th9 and Th22 responses as
well.

RESULTS

Regulation of CD4+ T cell subsets by IL-27 and IL-37. To examine the effect of
IL-27 and IL-37 on CD4™* T cells in S. stercoralis infections, we measured the frequencies
of Th1 (gamma interferon [IFN-v], tumor necrosis factor alpha [TNF-«], or IL-2 express-
ing), Th2 (IL-4, IL-5, or IL-13 expressing), Th9 (IL-9 expressing), Th17 (IL-17 expressing),
and Th22 (IL-22 expressing) cells following neutralization of IL-27 or IL-37 and stimu-
lation with NIE antigen in S. stercoralis-infected (n = 15) and S. stercoralis-uninfected
(n = 10) individuals. As shown in Fig. 1A, IL-27 neutralization resulted in significantly
increased frequencies of CD4* Th1, Th2, Th9, Th17, and Th22 cells. As shown in Fig. 1B,
IL-37 neutralization resulted in significantly increased frequencies of Th1, Th2 (except
IL-4), Th17, and Th22 cells. In addition, IL-27 or IL-37 neutralization had no significant
effect on the CD4* T cell frequencies in response to NIE in S. stercoralis-uninfected
individuals, and the frequencies were significantly lower than those in S. stercoralis-
infected individuals (Table 1). Also, neutralization of IL-27 or IL-37 on unstimulated
samples had no effect on CD4™ T cell frequencies (data not shown). Representative
whole-blood intracellular cytokine assay flow data from an infected individual showing
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TABLE 1 Frequencies of CD4* and CD8* T cells based on cytokine responses in S. stercoralis-infected and -uninfected individuals?

GM (95% Cl) % of expression by

GM (95% Cl) % of expression by

CD4+ T cells CD8* T cells

Cytokine Infected Uninfected P value Infected Uninfected P value

IL-27 blocking
IFN-y 0.4599 (0.6174) 0.1529 (0.1726) <0.0001 0.5366 (0.6438) 0.1474 (0.1567) <0.0001
IL-2 0.4322 (0.6021) 0.1436 (0.1560) 0.0001 0.2601 (0.3029) 0.1222(0.1281) <0.0001
TNF-a 0.4113(0.5198) 0.1456 (0.1609) <0.0001 0.3597 (0.5297) 0.1623 (0.2257) 0.0043
IL-4 0.5144 (0.6299) 0.1436 (0.1538) <0.0001 0.4703 (0.6425) 0.1456 (0.1578) <0.0001
IL-5 0.5812 (0.8392) 0.1325(0.1416) <0.0001 0.3639 (0.4398) 0.1455 (0.1596) <0.0001
IL-13 0.8168 (0.9149) 0.1677 (0.1732) <0.0001 0.8060 (0.9025) 0.1760 (0.1861) <0.0001
IL-9 0.3237 (0.2456) 0.1507 (0.1665) 0.0005 0.3952 (0.5303) 0.1414 (0.1515) <0.0001
IL-17 0.3874 (0.4641) 0.1279(0.1383) <0.0001 0.3169 (0.4695) 0.1376 (0.1550) <0.0001
IL-22 0.7607 (0.8985) 0.1564 (0.1666) <0.0001 0.3371 (0.3980) 0.1365 (0.1450) <0.0001

IL-37 blocking
IFN-y 0.5270 (0.6631) 0.1520(0.1692) <0.0001 0.5325 (0.6526) 0.1502 (0.1693) <0.0001
IL-2 0.3899 (0.5486) 0.1493 (0.1622) <0.0001 0.2535(0.3058) 0.1504 (0.1649) <0.0001
TNF-a 0.4153(0.5261) 0.1556 (0.1759) <0.0001 0.3811(0.5302) 0.1508 (0.1701) <0.0001
IL-4 0.4727 (0.5942) 0.1447 (0.1633) <0.0001 0.4259 (0.5708) 0.1587 (0.1764) <0.0001
IL-5 0.6105 (0.8291) 0.1407 (0.1581) <0.0001 0.3941 (0.4596) 0.1457 (0.1589) <0.0001
IL-13 0.8020 (0.8849) 0.1450 (0.1640) <0.0001 0.8115(0.8918) 0.1761 (0.1862) <0.0001
IL-9 0.3057 (0.4122) 0.1507 (0.1680) 0.0004 0.4154 (0.5372) 0.1482 (0.1620) <0.0001
IL-17 0.3859 (0.4678) 0.1542 (0.1730) <0.0001 0.3234(0.4631) 0.1420(0.1610) 0.0001
IL-22 0.6752 (0.8964) 0.1386 (0.1525) <0.0001 0.3521 (0.4094) 0.1590 (0.1745) <0.0001

aCytokine responses are shown as geometric means (GM) with 95% confidence intervals (Cl) in parentheses.

expression of CD4™" T cell cytokines are shown in Fig. S1 in the supplemental material.
Thus, IL-27 and/or IL-37 appear to act on CD4* T cells by downregulating antigen-
specific Th1, Th2, Th9, Th17, and Th22 responses in S. stercoralis infection.

Regulation of CD8+ T cell subsets by IL-27 and IL-37. To examine the effect of
IL-27 and IL-37 on CD8* T cells in S. stercoralis infections, we measured the frequencies
of Tc1 (IFN-y, TNF-a, or IL-2 expressing), Tc2 (IL-4, IL-5, or IL-13 expressing), Tc9 (IL-9
expressing), Tc17 (IL-17 expressing), and Tc22 (IL-22 expressing) CD8™ T cells following
neutralization of IL-27 or IL-37 and stimulation with NIE in S. stercoralis-infected (n = 15)
individuals. As shown in Fig. 2A, IL-27 neutralization resulted in significantly increased
frequencies of Tc1 (except TNF-a), Tc2, Tc9, Tc17, and Tc22 cells. As shown in Fig. 2B,
IL-37 neutralization resulted in significantly increased frequencies of Tc1, Tc2 (except
IL-4), Tc9, Tc17, and Tc22 cells. In addition, IL-27 or IL-37 neutralization had no
significant effect on the CD8* T cell frequencies in response to NIE in S. stercoralis-
uninfected individuals, and the frequencies were significantly lower than those in S.
stercoralis-infected individuals (Table 1). Also, neutralization of IL-27 or IL-37 on un-
stimulated samples had no effect on CD8* T cell frequencies (data not shown).
Representative whole-blood intracellular cytokine assay flow data from an infected
individual showing expression of CD8* T cell cytokines are shown in Fig. S1. Thus, IL-27
and IL-37 both appear to act on CD8* T cells by downregulating Tc1, Tc2, Tc9, Tc17,
and Tc22 responses in S. stercoralis infection.

Regulation of cytokine responses by IL-27 and IL-37. To examine the effect of
IL-27 and IL-37 on total cytokine responses in S. stercoralis infections, we measured the
levels of type 1 (IFN-v), type 2 (IL-5), type 9 (IL-9), Tr1 (IL-10), type 17 (IL-17), and type
22 (IL-22) cytokines following neutralization of IL-27 or IL-37 and stimulation with NIE
in S. stercoralis-infected individuals. As shown in Fig. 3A, IL-27 neutralization resulted in
significantly increased levels of IFN-y (geometric mean [GM] of 506.8 pg/ml in the
isotype control versus 584.7 pg/ml in anti-IL-27), IL-5 (GM of 209.1 pg/ml versus 241.4
pg/ml), IL-9 (GM of 272.5 pg/ml versus 309.9 pg/ml), IL-17 (GM of 198.1 pg/ml versus
255.5 pg/ml), and IL-22 (GM of 251.2 pg/ml versus 279 pg/ml) and significantly
decreased levels of IL-10 (GM of 149.8 pg/ml versus 126.4 pg/ml). Similarly, as shown
in Fig. 3B, IL-37 neutralization resulted in significantly increased levels of IFN-y (GM of
506.8 pg/ml versus 560.6 pg/ml), IL-5 (GM of 209.1 pg/ml versus 238.2 pg/ml), IL-17 (GM
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FIG 2 Altered frequencies of CD8* Tc1, Tc2, Tc9, Tc17, and Tc22 cells following neutralization of IL-27 and IL-37 in S. stercoralis infection. The NIE-stimulated
frequencies of CD8* Tc1, Tc17, Tc22, Tc2, Tc9, and Tr1 cells were measured by flow cytometry following neutralization of IL-27 (A), IL-37 (B), or isotype control
antibody in S. stercoralis-infected individuals. The data are represented as line diagrams, with each line representing a single individual. P values were calculated

by the Wilcoxon signed-rank test followed by Holm'’s correction.

of 198.1 pg/ml versus 256.9 pg/ml), and IL-22 (GM of 251.2 pg/ml versus 285.1 pg/ml)
and significantly decreased levels of IL-10 (GM of 149.8 pg/ml versus 120.2 pg/ml). In
addition, IL-27 or IL-37 neutralization had no significant effect on the cytokine re-
sponses to NIE in S. stercoralis-uninfected individuals. Thus, IL-27 and/or IL-37 appears
to regulate many cytokine responses in S. stercoralis infection.

DISCUSSION

Negative regulation of the immune response involving suppressor cytokines is an
intrinsic part of the immune system, and regulatory cytokines typically provide a
feedback mechanism to prevent excessive immunity and collateral host damage (1).
Two of the more recently described cytokines in this group are IL-27 and IL-37 (1). IL-27
belongs to the IL-12 family of cytokines but predominantly exhibits anti-inflammatory
properties (10). Although initially described as a Th1-promoting factor (11), it has been
shown more recently to downmodulate immune responses in a variety of settings (12).
Thus, mice deficient in the receptor for IL-27 (IL-27R) are known develop immune-
mediated pathology and lethal inflammation following infection with the parasites,
Toxoplasma gondii and Trypanosoma cruzi (13, 14). In contrast, in the setting of
helminth infection, IL-27 has been shown to be an important negative regulator of Th2
responses in that IL-27R-deficient mice show enhanced resistance to intestinal helminth
infections (4, 15). IL-37 belongs to the IL-1 family of cytokines, a family that also includes
the proinflammatory cytokines IL-1e, IL-B, and IL-18 (16). Unlike the other IL-1 family
members, IL-37 clearly functions as an anti-inflammatory cytokine, as seen in studies of
mice transgenically expressing human IL-37 that are protected from lipopolysaccharide
(LPS)-induced septic shock and dextran sulfate-induced colitis (16, 17). Moreover, IL-37
has also been reported to suppress antigen-specific T cell response immunity in mice
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FIG 3 Altered levels of different cytokines following neutralization of IL-27 and IL-37 in S. stercoralis infection. The
NIE-stimulated levels of IFN-v, IL-5, IL-9, IL-10, IL-17, and IL-22 were measured by ELISA in whole-blood supernatants
following neutralization of IL-27 (A), IL-37 (B), or isotype control antibody in S. stercoralis-infected individuals (n =
15). The data are represented as line diagrams, with each line representing a single individual. P values were
calculated by the Wilcoxon signed-rank test followed by Holm'’s correction.

through the induction of tolerogenic dendritic cells (18). In addition, IL-37 has been
shown to inhibit the production of proinflammatory cytokines in systemic lupus
erythematosus (19).

Having previously shown that IL-27 and IL-37 are two among a large panel of
anti-inflammatory cytokines induced systemically in S. stercoralis infection and whose
induction is reversed following definitive anthelmintic therapy (9), we sought to
understand the role of IL-27 and IL-37 in S. stercoralis infection. Our findings reveal the
role played by IL-27 in S. stercoralis infection by demonstrating its effect on all the
subsets of both CD4* and CD8* T cells responding to parasite antigen. Thus, IL-27
clearly downmodulates the Th1/Tc1, Th2/Tc2, Th9/Tc9, Th17/Tc17, and Th22/Tc22 arms
of T cell subsets responding to parasite antigen. In addition, our data reveal a novel role
for IL-37 in human helminth infections. However, to a lesser extent, IL-37 also induces
downmodulation of the frequencies of Th1/Tc1, Th2/Tc2, Tc9, Th17/Tc17, and Th22/
Tc22. Interestingly, this effect on the downregulation of CD4* and CD8™ T cell cytokine
responses is specific to S. stercoralis infection, since neutralization of IL-27 or IL-37 had
no significant effect on T cell cytokine responses of uninfected individuals. In addition,
T cells from S. stercoralis-infected individuals in the absence of parasite antigen stim-
ulation do not exhibit any modulation of cytokine responses, as would be expected
from the absence of a stimulus. However, it is of interest that while Th1, Th17, and Th22
responses are typically downmodulated in helminth infections, including S. stercoralis
infection, Th2 and Th9 responses are commonly upregulated. Therefore, our data
would imply that although IL-27 and IL-37 do function by downregulating Th2 and Th9
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responses, they fail to effectively do so in the context of S. stercoralis infections and
perhaps other helminth infections as well.

We also demonstrate a plausible pathway by which IL-27 and IL-37 can modulate
cytokine responses in S. stercoralis infection. Our analysis of IL-27 and IL-37 neutraliza-
tion on the total levels of cytokines produced by whole-blood supernatants of S.
stercoralis-infected individuals clearly reveals a marked downregulation of IL-10 pro-
duction. While IL-10 is known to function downstream of IL-27 and mediate its
regulatory function (20), a role for IL-10 in IL-37-mediated cytokine regulation has not
been explored. Our data suggest that the upregulation of IL-10 by IL-27 and IL-37 could
potentially account for a negative-feedback loop to induce downmodulation of CD4*
and CD8" T cell responses in this chronic helminth infection.

While IL-27 is a known modulator of Th1, Th2, Th9, and Th17 responses in different
settings (10), this is the first study (to our knowledge) to demonstrate an effect on all
of these responses in a single infection. In addition, we also elucidate a new role for
IL-27 in the modulation of Th22 responses. IL-27 is known to induce IL-10 production
and also to antagonize the expression of T-bet, Gata-3, and RORC, the master tran-
scription factors for Th1, Th2, and Th17 responses (10), likely providing a mechanism
of the downmodulation of these responses in our study as well. In contrast, the role
of IL-37 in T cell-mediated responses has not been examined in detail. Increased
levels of IL-37 have been reported in several human disease conditions, including
rheumatoid arthritis and inflammatory bowel disease, but IL-37 has been mostly
shown to downmodulate proinflammatory cytokines from antigen-presenting cells in
these diseases (5). Our study is thus one of the first studies to examine the role of IL-37
in the regulation of CD4* and CD8* T cell responses in a parasitic infection, and we
demonstrate an important effect in downmodulating the various arms of T cell differ-
entiation and/or activation in S. stercoralis infection. Whether IL-37 also modulates the
expression of master transcription factors in T cell responses remains to be elucidated.
It is also possible that IL-27 and IL-37 act on TGF-8 as a downstream regulatory effector
to mediate these effects. Our study did not examine the cellular sources of IL-27 and
IL-37 and also did not examine whether the effect of IL-27 and IL-37 is directly on T cells
or mediated via antigen-presenting cells. Another limitation is that the frequency of T
cells expressing the various cytokines in the flow cytometry assays is small, although
this is corroborated by the enzyme-linked immunosorbent assay (ELISA) data.

Our data provide evidence of an important role for IL-27 and IL-37 as regulatory
cytokines modulating the antigen-specific T cell response in a helminth infection. This
suggests that IL-27 and IL-37 can be added to a growing list of cytokine effectors that
play a regulatory role in helminth infections.

MATERIALS AND METHODS

Study population. We studied a group of 15 clinically asymptomatic, S. stercoralis-infected individ-
uals and 10 uninfected control individuals in Tamil Nadu, south India. All infected individuals were NIE
ELISA positive and because they had not received any anthelmintic treatment prior to enrollment in this
study were deemed infected with S. stercoralis. Uninfected control individuals were negative by the NIE
ELISA. All individuals were examined as part of a natural history study with the protocol approved by the
Institutional Review Boards of both the National Institutes of Allergy and Infectious Diseases and the
National Institute for Research in Tuberculosis (NCT00001230), and informed written consent was
obtained from all participants.

Parasite antigen. Recombinant NIE antigen, a previously characterized immunodominant, 31-kDa S.
stercoralis larval antigen, was used as the parasite antigen (21).

In vitro culture. Whole blood from S. stercoralis-infected and -uninfected individuals was cultured in
the presence of anti-IL-27, anti-IL-37, or isotype control antibody (all at 5 pg/ml) (R&D Systems) with NIE
antigen (10 ug/ml) for 18 h. We also performed IL-27 and IL-37 neutralization on unstimulated whole
blood from S. stercoralis-infected individuals as well. Briefly, whole blood was diluted 1:1 with RPMI 1640
medium, supplemented with penicillin-streptomycin (100 U/100 mg/ml), L-glutamine (2 mM), and HEPES
(10 mM) (all from Invitrogen, San Diego, CA), and placed in 12-well tissue culture plates (Costar, Corning,
Inc., NY). Fastimmune brefeldin A solution (10 wg/ml) (BD Biosciences) was added 2 h before the end of
the culture. Whole-blood supernatants were collected before the addition of brefeldin A. Whole blood
was then centrifuged and washed with cold phosphate-buffered saline (PBS), and then 1X fluorescence-
activated cell sorter (FACS) lysing solution (BD Biosciences, San Diego, CA) was added. The cells were
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fixed using cytofix/cytoperm buffer (BD Biosciences, San Diego, CA), cryopreserved, and stored at —80°C
until use.
Intracellular cytokine staining. The cells were thawed and washed with PBS first and PBS-1%
bovine serum albumin (BSA) next and then stained with antibodies expressed on the cell surface for 30
to 60 min. The following antibodies were used for surface marker staining: CD3-Amcyan; CD4-
allophycocyanin (APC)-conjugated H7, and CD8-phycoerythrin (PE)-conjugated Cy7 (all from BD Biosci-
ences). The cells were washed, permeabilized with BD Perm/Wash buffer (BD Biosciences), and stained
with intracellular cytokines for an additional 30 min before washing and acquisition. The following
cytokine antibodies were used: CD3-AmCyan, clone SK7 (BD Biosciences); CD4-PE-Cy7, clone SK3 (BD
Pharmingen); CD8-APC-H7, clone SK1 (BD Pharmingen); IFN-y-PE, clone 4S.B3 (BD Pharmingen); TNF-
a-fluorescein isothiocyanate (FITC), clone 6401.1111 (BD Biosciences); IL-2-APC, clone MQ1-17H12
(eBioscience); IL-4-FITC, clone MP4-25D2 (RUO) (BD Biosciences); IL-5-APC, TRFK5 (RUO) (BD Biosci-
ences); IL-9-PE, clone MH9A3 (BD Pharmingen); IL-17-FITC, clone CZ8-23G1 (Miltenyi Biotech); and
IL-22-PE, clone 142928 (R&D Systems). Flow cytometry was performed on a FACSCanto Il flow cytometer
with FACSDiva software v.6 (Becton Dickinson). The lymphocyte gating was set by forward and side
scatter, and 100,000 gated lymphocyte events were acquired. Data were collected and analyzed using
Flow Jo software (TreeStar). All data are depicted as frequencies denoted by the percentage of CD4* and
CD8™" T cells expressing the respective cytokine(s).
ELISA. Plasma and culture supernatant levels of IFN-v, IL-5, IL-10, IL-17, IL-22 (all R&D Systems), and
IL-9 (eBioscience) were measured by ELISA, according to the manufacturer’s instructions. All samples
were run in duplicates.
Statistical analysis. Data analyses were performed using GraphPad PRISM (GraphPad Software, Inc.,
San Diego, CA). Geometric means (GM) were used for measurements of central tendency. Statistically
significant differences were analyzed using the Wilcoxon signed-rank test followed by Holm’s correction
for multiple comparisons.
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