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Regulatory T Cells Are Critical for Clearing
Influenza A Virus in Neonatal Mice
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Abstract

We previously reported that neonatal mice infected with influenza A virus (IAV) develop interstitial pneumonia
characterized by reduced lung cytokine and chemokine responses. The failure of T cells to infiltrate the airways
of neonates correlated with delayed clearance of sublethal IAV infections compared to adults. We hypothesized
that negative regulators in the neonatal lungs such as cytokines or T regulatory (Treg) cells are responsible for
these differences. Neonates either deficient in interleukin-10 (IL-10) or with T cells unresponsive to trans-
forming growth factor-f signaling due to absence of SMAD family member 4 (Smad4) had similar IAV
clearance kinetics to wild-type pups and no difference in T-cell responses. In contrast, functional depletion of
Treg cells with anti-CD25 monoclonal antibody resulted in increased proportions of activated CD4" T cells in
the lungs, but failure to clear IAV. Similarly, scurfy pups (mutation in forkhead box P3 [Foxp3] rendering them
deficient in Treg cells) had increased proportions of activated T cells in the lungs compared to littermate
controls. Scurfy pups also had increased proportions of IL-13-producing CD4" T cells. Interestingly, like anti-
CD25-treated pups, scurfy pups had significantly elevated viral loads compared to controls. Based on these data,

we conclude that Tregs are critical for clearance of IAV in neonatal mice.

Introduction

INFLUENZA A vIrRUS (IAV) is a significant contributor to
infant morbidity and mortality in the United States. Yearly
influenza epidemics are particularly difficult for populations
known to have deficiencies in immune function such as the very
young and elderly. Very few studies have examined the neo-
natal immune response to IAV (21,47), but it has been appre-
ciated for some time that neonatal T-cell responses to antigen
are frequently biased toward T helper 2 (Th2) cytokines (1,30).
We previously reported that neonatal T cells migrated to
the lung interstitium in response to IAV infection, but did
not enter the airways (21). Interstitial pneumonia along with
elevated interleukin (IL)-4 mRNA in the lungs corresponded
with delayed clearance of IAV compared to adult mice (21).
Neutrophils and eosinophils entering the airways of IAV-
infected neonatal mice correlated with delayed type 1 cy-
tokines and chemokines (21). Our efforts to draw neonatal T
cells into the airways by intranasal administration of CCL2,
interferon-y (IFNy), or CXCL9 were unsuccessful (21).
There is evidence that regulatory T cells (Tregs) also
coordinate the trafficking of innate and adaptive immune

cells to the primary site of infection. In adult mice, Tregs
were shown to promote immune cell trafficking in CB6F1
hybrid mice infected with respiratory syncytial virus (RSV)
(31) and in mucosal herpes simplex virus (HSV)-2 infection
(22). Furthermore, Tregs altered the proportions of antigen-
specific CD8" T cells during IAV infection in adult mice
(14) and may block entry into tissue sites by altering che-
mokine receptor expression (35). In a neonatal model of
HSV type 2 infection, depletion of Tregs with the PC61
anti-CD25 antibody resulted in significant recruitment of
CDS8" T cells into the draining lymph nodes and increased
granzyme B and IFNy expression by CD8" T cells (9). The
mechanism through which Tregs alter T effector cell mi-
gration is not clear and appears to vary depending on the
model system.

In this study, we report that in IAV infection in neonatal
mice, neither IL-10 nor transforming growth factor-f
(TGFp) signaling through Smad4 in T cells had an effect on
the proportion of Tregs in the lungs or the migration of T
effector cells into the airways. In the absence of functional
Tregs, there was an enhanced proinflammatory response to
IAV in neonatal lungs, although no difference in the
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migration of T cells into the alveolar spaces. While others
have reported that adult mice depleted of Tregs had no
differences in viral lung burden (3), we report here that
the neonatal lungs had a significantly higher IAV burden
after Treg depletion using the anti-CD25 antibody and in
scurfy (Foxp3 mutant) mice. The viral burden corre-
sponded with significantly increased expression of the
Th2 cytokine, IL-13. Our data indicate that contrary to
our initial hypothesis, Tregs contribute to the clearance
of TAV in neonatal mice.

Materials and Methods
Mice

Wild-type (WT) C57BL/6 breeders were purchased from
Taconic (Hudson, NY) or the Jackson Laboratory (Bar Harbor,
ME). Breeder C57BL/6J, B.Cg-Foxp3¥ (scurfy) heterozygous
female mice were purchased from the Jackson Laboratory and
bred with WT C57BL/6 males under specific pathogen-free
conditions. Male pups were screened for Foxp3 expression in T
cells by flow cytometry to verify the scurfy mutation, and
nonscurfy littermates were used as controls. Breeder 1L-10
knockout (KO) animals were obtained from the Jackson La-
boratory and then maintained within the colony. Breeder B6.Cg-
Tg(Lck-cre)548Jxm/] were purchased from the Jackson
Laboratory and crossed with Smad4°”*° mice, which were
graciously provided by Dr. Chu-Xia Deng at the National In-
stitutes of Health (NIH) (46). Control pups were obtained from
Smad4°”*° mice crossed with C57BL/6 mice. For each Lck-
Smad4“° breeding or experiment, tail snips were performed and
mice were genotyped by polymerase chain reaction (PCR).
Primers used were Lck: 5”-gCggTCTggCAgTAAAAACTA
TC-3" and 5"-gTgAAACAgCATTgCTgTCAC TT-3’; internal
controls: 5’-CTAggCCACAgAATTgAAAgATCT-3" and 5'-
gTAggTggAAATTCTAgCATCATCC-3". PCR conditions
were according to the protocol provided by the Jackson La-
boratory. For Smad4, PCR was done according to Yang et al.
using the primers Smad4 B: 5'-gggCAgCgTAgCATATAAgZA-
3" and Smad4 C: 5-gACCCAAACZTCACCTTCAg-3" (46).
All animals were maintained at the Lexington Veterans Ad-
ministration (VA) Medical Center or University of Kentucky,
Division of Laboratory Animal Research facilities. All mouse
studies were approved by the University of Kentucky and
Lexington VA Institutional Animal Care and Use Committees
(IACUC) and Institutional Biosafety Committees.

IAV infections and stocks

Influenza A/Puerto Rico/8/34 (PR8) was grown in the al-
lantoic fluid of 10-day-old embryonated, specific pathogen-
free chicken eggs as previously described (5). Viral stocks
were tested for common mouse pathogens and were shown to
contain only IAV. Mice were given intranasal (i.n.) inocu-
lations of IAV under isoflurane anesthesia with a lethal dose
(LD)o of PR8 virus. This corresponded to 0.25 egg infectious
dose (EID)s¢/g in 10 pL for pups and 2.5 EIDsy/g in 50 uL for
adults. Multiple litters of neonatal mice were utilized with
dates of birth within 48 h of one another and infected between
postnatal days 2 and 4. Following infection, mice were
monitored daily for body weight changes and were eutha-
nized using criterion specified by the University of Kentucky
and VA TACUCs.
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Cell isolation

Lungs were lavaged with five washes of cold HBSS/3 mM
EDTA to isolate alveolar cells. Supernatants from the first
wash were frozen for subsequent analysis of albumin leak-
age using the Bromocresol Green Assay (Sigma-Aldrich,
St. Louis, MO) according to the manufacturer’s instructions.
The lungs were perfused with HBSS through the right
ventricle of the heart to remove blood from the lungs. The
lungs and tracheobronchial lymph nodes (TBLN) were ex-
cised and minced. Lungs were digested at 37°C with 50 U/
mL DNase (Sigma-Aldrich) and 1 mg/mL collagenase A
(Sigma-Aldrich) in RPMI 1640 containing 3% FCS. The
lungs and TBLN were pressed through 70-um cell strainers
(BD Biosciences, San Jose, CA) to yield single-cell sus-
pensions. The red blood cells were lysed with ammonium
chloride/potassium (ACK) lysis buffer and the remaining
cells were washed and suspended in HBSS.

Flow cytometry

For surface staining, 5%10° to 10° cells were stained
with fluorochrome-conjugated antibodies specific for murine
CD4, CDS8, CD44, CD62L, and CD25 (eBioscience, San
Diego, CA) in phosphate-buffered saline containing 0.1%
BSA and 0.02% NaNj; (PBA). Surface stained cells were
fixed at room temperature in 10% formalin for 20 min and
then washed with HBSS. For intracellular staining of nu-
clear Foxp3, cells were surfaced stained as above and were
fixed and permeabilized with the Foxp3 Staining Buffer Set
according to the manufacturer’s protocol (eBioscience). For
intracellular staining of cytoplasmic proteins, cells were
stimulated for 4h with 50ng/mL PMA and 1 pg/mL of
ionomycin. Brefeldin A (10 pug/mL) was added for the final
2 h of incubation to inhibit secretion of cytokines, and then
cells were surfaced stained as above in PBA with 10 ug/mL
of Brefeldin A. Cells were fixed and permeabilized as ear-
lier, incubated with anti-CD16/CD32 (eBioscience) fol-
lowed by antibodies for cytoplasmic proteins IFNy, IL-17a,
and IL-13 (eBioscience), and analyzed by flow cytometry.
Multiparameter analysis was performed using a FACSCa-
libur or LSRII cytofluorometer (BD Biosciences, Mountain
view, CA). Analysis was performed on 50,000 events col-
lected from each sample utilizing FlowJo software (Tree
Star, Inc., Ashland, OR).

Determination of lung virus titers

Lungs from infected mice were either unmanipulated or
lavaged and then frozen at —80°C until analysis. Viral bur-
dens were determined by plaque assay on Madin Darby
Canine Kidney (MDCK) cells (ATCC, Manassas, VA).
Cells were grown to confluence in six-well plates in Dul-
becco’s modified Eagle’s medium (DMEM) (ATCC) sup-
plemented with nonessential amino acids and 10% heat
inactivated FCS (Atlas Biologicals, Fort Collins, CO).
Tenfold dilutions of lung homogenate were incubated with
the cells for 1h at 37°C. The cells were then washed and
overlaid with DMEM in 1% Bacto Agar with 1% trypsin
(Sigma-Aldrich). Three days later, the cells were fixed with
20% acetic acid and the overlay removed. Plaques were
visualized by staining with crystal violet and counted. The
limit of detection was 10 PFU per lungs.
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Determination of lung cytokine levels

Supernatants were collected from lung homogenates be-
fore processing for plaque assays. Supernatants were as-
sayed for IL-4, IL-13, and IFNy concentrations by ELISA
(eBioscience). Cytokine concentrations were normalized by
total protein content determined using an RC DC™ Protein
Assay kit (Bio-Rad Laboratories, Inc., Hercules, CA).

Administration of neutralizing antibodies

To functionally inactivate Tregs, neonatal mice were gi-
ven intraperitoneal (i.p.) injections of 100 ug of anti-CD25
clone PC-61.5.3 (BioXcell, West Lebanon, NH) in 50 uL
HBSS on postnatal days 2 or 3, corresponding to either day
1 or O of infection. Control mice were given 100 ug of
isotype control rat IgG1 (Sigma Aldrich).

Statistics

Data are expressed as the mean+SD of 3-5 mice per
group, and each experiment was repeated two or more times.
Statistics was performed using SigmaPlot software (San
Jose, CA). Data were tested for differences using Student’s
t-test or two-way analysis of variance (ANOVA) followed
by the Holm-Sidak post hoc test for pairwise comparisons. If
variance or normality tests failed, the Mann—Whitney rank
sum test was performed or Kruskal-Wallis one-way ANO-
VA on ranks was performed at each individual time point
followed by a Dunn’s pairwise post hoc test. Differences
were considered statistically significant with p <0.05.

Results

The proportions of T regulatory cells are higher in the
neonatal lung than in adult lungs during IAV infection

Treg cells are responsible for controlling inflammatory
responses, maintaining peripheral tolerance to self-antigens
and preventing autoimmunity (33). We previously published
that there is a delay in the ability of neonatal mice to clear
IAV infection that corresponded to the inability of T cells to
infiltrate the alveolar space in neonatal lungs (21). TGFf is
known to be one of the factors important for the develop-
ment of inducible Tregs, and since we and others have re-
ported that there is elevated TGFf in the postnatal
developing lungs (2,17), we hypothesized that TGFf could
be driving Tregs that, in turn, modulate the neonatal T-cell
immune response to IAV. We first examined the proportions
of Tregs present in neonatal compared to adult lungs in
response to an LD, dose of IAV. The LD, dose (0.25 and
2.5 EID/g for pups and adults, respectively) did not signif-
icantly alter pup body weights compared to uninfected pups,
but resulted in a small transient drop in body weight in
adults (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/vim).

Tregs were defined as CD4" T cells that express Foxp3
with or without expression of CD25. Figure 1A—C shows
representative dot plots of CD4" T cells with a region drawn
around the Foxp3"CD25" populations from adult and pup
lung samples. The absolute numbers of CD4" and CD8* T
cells in the lung digests for infected and uninfected pups and
adults are shown in Figure 1D and E. IAV-infected neona-
tal mice had higher proportions of CD4" T cells that were
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Foxp3™ in the lungs than adult mice at day 6 postinfection,
but no significant differences at any other time point (Fig.
1F, H). There were either no significant differences or
higher absolute numbers of Tregs in the lungs of neonates
compared to adults after IAV infection despite the signifi-
cant difference in size of the animals (Fig. 1G, I).

Interestingly, we found that a significant proportion of CD8"
cells in the lungs of neonatal mice at day 6 postinfection were
Foxp3"CD25" (Fig. 1J), although the absolute numbers of
these cells were slightly smaller in the neonatal compared
to adult lungs (Fig. 1K). These cells disappeared by day 10
postinfection, replaced by a small proportion of CD8" cells that
were Foxp3* and CD25™ at day 14 postinfection (Fig. 1L, M).
CD8'Foxp3* cells have been shown to have a suppressive
activity against tumor immunity and autoimmune cells (24,36).
The relatively high numbers of Tregs in neonatal lungs suggest
that they could be contributing to the significant reduction in
T-cell entry into the airway and delayed clearance of 1AV
reported in neonatal mice (21).

Disruption of TGFB signaling through Smad4 in T cells
does not alter the T cell immune response to IAV

TGFp is critical for the development and differentiation
of inducible F0xp3+ Tregs (34,42). However, TGFf is also
important for lung development and homeostasis and is el-
evated during postnatal lung development (2,23). To address
whether TGFp has effects specifically on T cells during IAV
infection, we used a conditional KO approach. We crossed
transgenic mice expressing Smad4 with two loxP sites
flanking exon 8 (Smad4°°) with mice that carry the cre
transgene downstream of the T cell-specific Ick promoter
(Lck-Cre) (15). Lck-Smad4°° mice, with T cells that are not
able to transmit TGFf signals through Smad4 and Smad4°*’
controls, were infected with IAV to determine if TGFf
affects T-cell subset responses to the virus in neonates.

Our studies showed that there were no significant differ-
ences in the accumulation of CD8* or CD4" T cells in the
bronchial alveolar lavage fluid (BALF) or in the lung digests
between conditional KO and control pups (Fig. 2A-D).
Likewise, there were no differences in the number of acti-
vated (CD44"CD62L'°) CD8" or CD4™ T cells in the BALF
or lung digest between these two groups (data not shown).
Surprisingly, the lack of TGFf signaling through Smad4 did
not significantly alter the number of either CD25~ or CD25*
Tregs in the lungs compared with control animals (Fig. 2E,
F). Finally, there were no differences in viral burden in the
lungs of either group (Fig. 2G). This corresponded to no
differences in body weight between the groups during the
course of infection (Supplementary Fig. S2). These data
suggest that TGFf signaling through Smad4 in T cells is not
necessary for the induction of Tregs and does not affect the
IAV clearance mechanisms in the neonatal lungs.

IL-10-deficient neonatal mice had similar T cell
responses as WT neonatal mice

It has been shown that IL-10 acts on Tregs to maintain
Foxp3 expression and suppressive functions in a model of
experimental colitis (25). Moreover, we have previously
published that IL-10 KO pups had elevated numbers of T
cells infiltrating the lungs with expedited clearance of the
fungal pathogen Pneumocystis murina compared to WT
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neonates (17). To determine whether IL-10 contributes to
maintenance of Tregs and dampens the response to IAV,
2-day-old IL-10 KO pups and WT controls were infected
with an LD of the PR8 strain of IAV. IL-10 did not have a
significant effect on the migration of T cells into the alveolar
spaces. As we have previously shown for neonatal mice
(21), we found negligible numbers of T cells in the BALF of
WT and IL-10 KO pups (data not shown). The numbers of
CDS8*, but not CD4" cells, in the lungs of IL-10 KO pups
were elevated at day 6 postinfection and remained at these
levels through day 14 postinfection (Fig. 3A, B). In contrast,
WT CD8" cells peaked at day 10 and were significantly
lower than in IL-10 KO pups by day 14 postinfection (Fig.
3B). However, there were no differences in the proportions
of activated (CD44"MCD62L'°) CD4" or CD8" T cells in the
lung digests over the course of the experiment (Fig. 3C, D).

There were no consistent differences in the proportions or
numbers of CD4" T cells in the lungs expressing CD25 and
Foxp3 between the groups (Fig. 3E, F) and no significant
difference in the number or proportion of CD25™ Treg cells
over time (Fig. 3G, H). Consistent with the lack of signifi-
cant changes in the activated T-cell numbers in the lungs,
there were no significant differences in the viral burden of
IL-10 KO pups compared to WT controls (Fig. 3I) and no
differences in body weight between the groups (Supple-
mentary Fig. S3). These data indicate that IL-10 does not
alter IAV clearance and has a minor effect on the numbers
of T cells in the lungs of neonatal mice.

Depletion of Tregs delayed the clearance of IAV

Since neither IL-10 nor TGFf signaling through Smad4
had an effect on Tregs in neonatal lungs, we directly addressed
the role of Tregs in the neonatal response to IAV by injecting
2-day-old neonatal C57BL/6 mice with 100 pg of anti-CD25
or an isotype control rat IgG1 at the time of infection with an
LDy dose of the PRS strain of IAV. Intraperitoneal injections
of anti-CD25 depletes Tregs without preventing generation of
activated effector T cells in adult mouse models of HSV,
vaccinia virus, RSV, and IAV infections (14,18,40). The
number of CD4" and CD8* T cells in the airways was not
different between the anti-CD25-treated pups and isotype
control-treated pups (Fig. 4A, C). However, the proportion of
CD4" and CD8* T cells that expressed activation markers

<

FIG. 1. Proportions of T regulatory cells are elevated in
the lungs of neonatal mice. Adult or 2-day-old C57BL/6
mice were infected i.n. with an LD, dose of the PR8 strain
of IAV. Representative flow cytometry dot plots showing
expression of Foxp3 and CD25 on gated CD4" cells are
shown for an uninfected adult using isotype control anti-
bodies (A) and Foxp3 and CD25 expression for an infected
adult (B) and infected pup (C) at day 6 postinfection. Total
numbers of CD4" and CD8" cells in the lungs (D, E) were
determined by flow cytometry. The Proportions (F,H,J,L)
and numbers (G, I, K, M) of CD4" (F-I) or CD8"* (J-M)
cells expressing Foxp3 with or without CD25 in the lung
digest of adults or pups were determined by flow cytometry.
Data represent the mean+SD of infected adults n=4 and
pups n=>5 and control adults n=3 and pups n=5. Data are
representative of at least two separate experiments, *p <0.05
comparing adult to pups at the same time point. IAV, in-
fluenza A virus; i.n., intranasal; NS, not significant.
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FIG. 2. Disrupting TGFp signaling through Smad4 does not
alter the immune response to IAV. Two-day-old Lck-Smad4
and Smad4°* pups were either infected i.n. with an LD, dose
of the PR8 strain of IAV or left uninfected. Flow cytometry
was used to determine the number of CD8* and CD4" T cells
in the BALF (A, B) or lung digest (C, D), and CD4 T cells that
were CD25"Foxp3™ or CD25 Foxp3™" Tregs in lung digest (E,
F). Viral burden in lung homogenates was determined by
plaque assay on MDCK cells with the horizontal line re-
presenting the limit of detection (G). Data represent the
meanx SD of 3-6 mice per group and are representative of
three independent experiments. No statistically significant
differences between pups and adults were detected. BALF,
bronchial alveolar lavage fluid; MDCK, Madin Darby Canine
Kidney; TGFp, transforming growth factor-f.

CD44™ CD62L' was significantly increased in the anti-CD25-
treated pups compared to the control group at day 11 after
infection (Fig. 4B, D). In the lung parenchyma, there were
similar numbers of CD4" T cells between both groups (Fig.
4E). The anti-CD25-treated animals had significantly fewer

OLIPHANT ET AL.

CD25" Foxp3* Tregs in the lung than isotype control-treated
pups at day 11 postinfection (Fig. 4F). There was no difference
in the number of CD4"CD25 Foxp3* cells with anti-CD25
treatment (data not shown). After partial depletion of Tregs,
the anti-CD25-treated pups had higher proportions of CD4" T
cells that were IL-17a" at day 18, compared to isotype control-
treated pups, although at this late time point Tregs were at their
lowest point in anti-CD25-treated pups (Fig. 4G). We found no
consistent differences in the Th2 cytokine IL-13, as measured
by ELISA in the lungs of control versus anti-CD25-treated
pups (Supplementary Fig. S4B).

The anti-CD25-treated mice tended to have higher pro-
portions of IFNy" CD4" T cells, compared to control mice at
day 11 postinfection (Fig. 4H). Although this was not sta-
tistically significant, the pattern was seen consistently for
every experiment performed using anti-CD25 (data not
shown). Strikingly, although the anti-CD25-treated mice
had more activated T cells and more Thl cells, there was a
significantly higher viral burden at day 10 postinfection than
in control pups (Fig. 4I). There were no significant differ-
ences in body weight between the two groups (Supple-
mentary Fig. S4A). Overall, these data demonstrate that
partial depletion of Tregs with the anti-CD25 antibody de-
layed IAV clearance from the lungs of neonatal mice despite
an enhanced T-cell response in the lungs.

T cells in scurfy mice are more activated regardless
of infection with IAV

Treatment with anti-CD25 did not completely deplete
Treg cells and it has been suggested that the use of anti-
CD25 could abrogate effector T-cell function (6). Therefore,
we utilized neonatal mice with a natural mutation in the
Foxp3 transcription factor, the master regulator of the Treg
lineage, to validate the beneficial role of Treg in IAV clear-
ance in the neonatal lung (10). To obtain the Foxp3-deficient
(scurfy) pups, heterozygous females with the scurfy mutation
were bred to WT C57BL/6 males. All of the pups were in-
fected with an LD dose of IAV on day 2 of life, and at each
time point the pups were screened for Foxp3 expression in
CD4" T cells by flow cytometry to determine which animals
had the scurfy mutation and lacked Tregs. Mice with the
scurfy mutation and littermates developed normally over the
first 2 weeks of life during the experiments.

We found that IAV-infected scurfy pups and littermate
controls had similar numbers of CD8" and CD4" T cells in
the BALF (Fig. 5A, C) and the lung digest (Fig. SE, G). The
proportions of CD8" and CD4™ T cells in the infected scurfy
mice that were activated (CD44™ CD62L!°) were similar in
the BALF, but significantly elevated in the lung digest
compared to infected littermate control pups (Fig. 5B, F, D,
H). Moreover, a higher proportion of CD8" and CD4" T
cells from uninfected scurfy pups had an activated pheno-
type than the uninfected littermate controls (data not
shown). In the lung digest, the proportion of CD8" and
CD4" T cells that were activated in uninfected scurfy pups
resembled infected scurfy and littermate control pups (data
not shown). These data indicate that CD4* and CD8" T cells
from scurfy mice are more highly activated regardless of
infection status, which is consistent with the known predi-
lection of Treg-deficient mice to develop a lymphoproli-
ferative disease within a month of age (11). However, this
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IL-10 does not alter clearance of IAV in neonatal mice. Two-day-old IL-10 KO and C57BL/6 mice were infected

in. with an LD, dose of the PR8 strain of IAV or left uninfected. Flow cytometry was used to determine the number of
CD4" (A) or CD8" (B) T cells, the proportion of CD4™ (C) or CD8" (D) T cells that were activated (CD44™ CD62L'°%), and
the proportion and number of CD4" T cells that expressed Foxp3* with (E, F) or without (G, H) CD25 in the lung digest.
Viral burden was determined by plaque assay in lung homogenates on MDCK cells (I). Data represent the mean = SD of 3—
11 mice per group and are representative of two independent experiments. *p <(0.05 compared to WT C57BL/6 pups at the

same time point. IL, interleukin; WT, wild type.

did not correspond to leakage of blood into the lungs since
we were unable to detect albumin in the BALF of mice from
either group, suggesting that Tregs did not have a role in
controlling lung damage in this model of neonatal infection
(data not shown).

Tregs inhibit the Th2 response to IAV

Unlike the anti-CD25-treated pups in which there was only a
reduction in the number of Tregs (Fig. 4F), scurfy mice had no
detectable Treg cells in the lungs (Fig. 6A). It has been previ-
ously reported that adult mice depleted of Tregs had increased
IFNy production by T cells (14). Similarly, we found that the
number of CD4" T cells expressing IFNy in infected scurfy
mice at day 11 postinfection was significantly elevated over
infected littermate controls (Fig. 6B, C). Moreover, there was a
34% increase in the concentration of IFNy in the lung ho-
mogenates of scurfy mice compared to littermate controls at day
11 postinfection, as measured by ELISA (data not shown).
Uninfected (naive) scurfy pups also had significant numbers of
CD4IFNy" cells in the lungs (Fig. 6C), consistent with the
lymphoproliferative disease that begins at day 14 of life (11,12).

Because we previously found that Th2 cytokines are
elevated in influenza virus-infected neonates compared to

adults (21), we examined IL-4 and IL-13 protein levels in
the lung homogenates of influenza virus-infected scurfy and
littermate control mice. Unlike what we found in the anti-CD25-
treated pups, scurfy mice had about a twofold higher con-
centration of IL-13 compared to littermates (10.3+3.5 pg/mg
protein vs 5.410.7 pg/mg protein in scurfy and littermates,
respectively), but there was no difference in the concentration
of IL-4 (4429 and 3.5+£2.9pg/mg protein, respectively)
between the two groups at day 11 postinfection. The propor-
tion of CD4" T cells that expressed IL-13 was significantly
higher in infected scurfy than infected littermates (Fig. 6D).
This was not driven by IAV infection because naive scurfy
pups also had a significantly higher proportion of CD4"IL-
13" cells than infected or naive littermate controls (Fig. 6D).
Importantly, similar to our findings in anti-CD25 Treg-
depleted pups, scurfy pups had a significantly higher viral
burden than infected littermate controls (Fig. 6E). Together,
these data demonstrate that Treg cells are important in fa-
cilitating clearance of IAV infection in neonatal mice.

Discussion

The main function of Treg cells is to modulate immune
responses. For instance, these cells have been shown to
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prevent deleterious immune responses by dampening the
response to self-antigens as well as turning off proin-
flammatory responses to foreign antigens (26,34,45). The
beneficial anti-inflammatory activity of Treg cells is coun-
terbalanced by the negative outcomes such as allowing viral
escape and contributing to immune tolerance to tumors
(26,34,45). Neonates have significant numbers of Treg cells
in the lungs, which may suggest that they are strategically
placed to help prevent inflammation during postnatal lung
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development. We hypothesized that Tregs would suppress
migration of T cells into the lungs of neonatal mice that
develop interstitial pneumonia in response to IAV. How-
ever, we found that in the absence of Tregs, migration of T
cells into the airways was no better than in the presence of
Tregs. Instead, we made the surprising discovery that Tregs
are actually critical for promoting clearance of IAV in ne-
onates.

Loss of activity of two regulatory cytokines, IL-10 and
TGFf (through Smad4 signaling), did not improve T-cell
entry into the airways of neonatal mice (Figs. 2 and 3).
TGFp signaling can either be transduced through phos-
phorylation of Smad proteins or through less characterized
alternative pathways through MAPK, PI3 kinase, or Rho
GTPase (20,43). Phosphorylated Smad2/3 can also interact
with either Smad4 or TIF1y to regulate gene expression
(43). Tt is possible that in the Lck-Smad4“® pups, TGFf
could have exerted its immunoregulatory activity through an
alternative pathway. In a neonatal mouse model of Pneu-
mocystis infection, we found that antibody neutralization of
TGEp in IL-10 KO pups resulted in increased numbers of
CD4" cells in the airways, which suggested there are re-
dundant mechanisms for controlling lymphocyte infiltration
into the airways (17). Others have reported that conditional
KO mice with the TGFp receptor II deleted on CD11c" cells
lacked Tregs and exhibited a similar phenotype to scurfy
mice (29). We have experiments planned using the condi-
tional TGFp receptor II KO mice that may provide definitive
answers regarding the role of TGFp in suppressing immune
responses in neonatal mice.

Tregs can use IL-10 to dampen immune responses. Our
laboratory has reported that neonatal mice infected with
Pneumocystis carinii had significantly higher levels of IL-10
mRNA in the lungs than infected adult mice (28). In this
study, we showed that there were no significant differences
in T-cell activation or entry into the airway in IL-10 KO
pups compared to controls (Fig. 3). In contrast to our find-
ings, it has been shown that blocking the IL-10 receptor in
adult mice in the midst of an immune response to a lethal
dose of IAV caused severe inflammation in the lung and
increased mortality (38). The same study showed that during
pathogenic IAV infection, IL-10 was produced by effector T
cells and was necessary to modulate the inflammatory

<

FIG. 4. Functional inactivation of T regulatory cells de-
lays viral clearance. Two-day-old C57BL/6 mice were in-
fected i.n. with an LD dose of the PRS strain of IAV and
treated i.p. with 100 ug anti-CD25 PC61 or rat IgG1 isotype
control. The number of BALF CD4" (A) or CD8" (C)
T cells and the proportion of CD4" (B) or CD8" (D) T cells
that were activated (expressing CD44" and CD62L'°Y) were
determined by flow cytometry. The number of CD4" (E)
T cells, the proportion of CD4" T cells that were CD25"
Foxp3* Tregs (F), and the proportion of CD4" T cells that
expressed IL-17a (G) or IFNy (H) in the lung digest were
determined by flow cytometry. Lung viral burden was de-
termined by plaque assay on MDCK cells (I). Data represent
the mean £ SD of 6 mice per group for cell analysis and the
mean =+ SD of n=4-6 mice for viral burden and are repre-
sentative of three independent experiments. *p <0.05 com-
pared to infected anti-CD25-treated pups at the same time
point. IFNy, interferon-y. i.p., intraperitoneal.
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FIG. 5. A higher proportion of T cells in scurfy mice are
activated than heterozygous controls. Two-day-old scurfy or
heterozygous littermate control mice were infected i.n. with
an LD;q dose of the PRS8 strain of IAV or left uninfected.
The number of CD8" (A, E) or CD4" (C, G) T cells and the
proportion of CD8* (B, F) or CD4" (D, H) T cells that were
activated (CD44" CD62L'°%) in the BALF (A-D) or lung
digest (E-H) were determined by flow cytometry. Data
represent the mean+SD of 3-9 mice per group and are
representative of three independent experiments. *p <0.05
between groups at the same time point.

response (38). Other reports demonstrated that IL-10 KO
mice had increased IAV clearance due to anti-influenza
antibody titers that depended on help from CD4" T cells
(39). Although antibody responses were not analyzed here,
neonatal CD4" T cells have been shown to be less capable of
helping B cells in a humoral response due, in part, to re-
duced levels of CD40L (27). Our data indicate that anti-
inflammatory cytokines IL-10 had no effect on Treg cell
numbers or clearance of a sublethal dose of IAV from the
lungs of neonatal mice.
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FIG. 6. Tregs inhibit IL-13 production by CD4" T cells
and protect against IAV. Two-day-old scurfy or heterozy-
gous littermate control mice were infected i.n. with an LD
dose of the PR8 strain of IAV or left uninfected. Flow cy-
tometry was used to determine the number of CD4" Foxp3*
T cells in the lung digest (A) and the proportion of CD4" T
cells expressing IFNy (B, C) or IL-13 (D) in the lungs over
time. Insets (C, D) show representative histograms of IFNy
or IL-13 expression on CD4* lung digest cells of scurfy
(solid line), littermate controls (dotted line), and an isotype
control (shaded histogram). Lung viral burden was deter-
mined by plaque assay on MDCK cells (E). Data represent
the mean + SD of 3-9 mice per group and are representative
of three experiments. *p <0.05 for infected scurfy compared
to infected heterozygous littermate control, *p <0.05 com-
pared to all other groups, 1 <0.05 compared to naive lit-
termates.

Debate exists regarding whether the anti-CD25 antibody
depletes or functionally inactivates Tregs (16,37,48). Re-
gardless, studies have found that a systemic injection of the
anti-CD25 antibody neutralizes the suppressive effects of
Tregs (3,14), but may also inadvertently deplete activated T
cells (41). We found that depleting Tregs using the anti-
CD25 antibody significantly enhanced T-cell activation
(Fig. 4B, D). The number of IFNy-expressing CD4" T cells
in anti-CD25-treated pups was increased (although not sta-
tistically significant) at day 11 postinfection (Fig. 4H).
Surprisingly, anti-CD25-treated pups had significantly
higher lung IAV burdens over control-treated pups at day 10
postinfection despite the presence of higher proportions of
activated T cells in the lungs of Treg-depleted pups. This is
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in contrast to reports indicating that anti-CD25 depletion in
adult mice had no effect on IAV burden (3).

It has been reported that adult mice treated with the anti-
CD2S5 antibody had partial depletion of Tregs but, unlike our
neonatal mice, there were no differences in IAV clearance
compared to isotype-control-treated adult mice (3). This
could be due to the fact that the adult T cells responded to
IAV with a Thl biased immune response, whereas we have
shown that neonatal T cells have a mixed Th1/Th2 response
and delayed viral clearance compared to adults (21). It has
been demonstrated that a Th2 biased response is not pro-
tective against IAV (13) and instead contributes to clustered
T cells in the lung parenchyma (4). In this study, we ob-
served that partial depletion of Tregs using anti-CD25 did
not affect IL-13 production in the lungs; however, in the
complete absence of Treg cells in scurfy pups, significantly
more CD4" T cells expressed IL-13 (Fig. 6D).

The Openshaw laboratory reported that adult mice with an
inducible deletion of Foxp3 produced increased IL-13 re-
sponses to RSV infection, which corresponded with increased
lung pathology (7). In adult models of RSV infection, deple-
tion of Tregs using anti-CD25 increased the viral burden de-
spite increased accumulation of RSV-specific CD8" T cells
early after infection (18,31,32). In contrast, Fernandez et al.
found that depletion of Tregs in neonatal mice during herpes
simplex 2 infection enhanced viral clearance (9). The strains
of HSV-2 used in this study induced a Thl response from
neonatal mice, which could account for the differences in viral
clearance between our systems (8).

Neonatal Tregs have been shown to inhibit conventional
T-cell proliferation as efficiently as do natural adult Tregs
(44). This is consistent with our findings of elevated pro-
portions of activated T cells in both CD25-depleted and
scurfy pups making it curious that these pups had difficulty
clearing infection. A recent article from Le6n et al. dem-
onstrated that Treg cells promote T follicular helper (Tfh)-
cell function and germinal center B-cell responses to IAV
infection (19). They also showed that Tregs control exces-
sive IL-2 signaling, which suppressed Tth-cell differentia-
tion. We did not examine Tth- or B-cell function in the
draining lymph nodes, but this is a potential mechanism we
are interested in.

The original goal of this work was to determine whether
Tregs were responsible for the inability of neonatal T cells to
migrate efficiently to the airways as we have previously reported
(21). However, we found that in the absence of Tregs, there
were some differences in activation of T cells, but migration was
no different than in the presence of Tregs. Instead, we demon-
strated that Treg cells have an important role in promoting the
control of IAV clearance in neonatal mice. Although we were
unable to identify a mechanism for this activity of Tregs, we did
show that it is not due to IL-10, TGFp signaling through Smad4,
or possibly by promoting IL-13 production. We did not examine
the B-cell or antibody response in neonates and so future efforts
will be in that direction.
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