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Abstract

Acute respiratory virus infection (ARI) induces CD8* T cells with diminished cytokine production
and functional impairment. The role of cellular mediators of immune impairment, specifically
CD4* regulatory T cells (Tregs), is incompletely understood in ARI. Tregs are known suppressors
of effector T cell function, but whether they are detrimental or beneficial in ARI remains
controversial. We show here that Treg depletion leads to increased CD8* T cell function and lower
virus titer in mice infected with human metapneumovirus (HMPV). We further demonstrate that
Tregs play a temporal role in the immune response to HMPV and influenza: Treg depletion before
infection pathologically reduces virus-specific CD8* T cell numbers and delays virus clearance,
while depletion 2 days post-inoculation enhances CD8" T cell functionality without reducing
virus-specific CD8* T cell numbers. Mechanistically, Treg depletion during immune priming led
to impaired dendritic cell and CD8* T cell migration. Further, early Treg depletion was associated
with immune skewing towards a type 2 phenotype characterized by increased type 2 innate
lymphoid cells and T2 CD4* T cells, which was not observed when Treg depletion was delayed
until after inoculation. These results indicate that the presence of Tregs at inoculation is critical for
efficient priming of the CD8" T cell response to ARI, whereas later in infection Tregs are
dispensable for virus clearance.
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Introduction

Acute respiratory infection by human metapneumovirus (HMPV), influenza, and other
viruses leads to CD8* T cell functional impairment (1-4). Virus-specific CD8* T cells are
produced in response to infection, but over time these cells lose their ability to degranulate
and make proinflammatory cytokines in response to cognate antigen (1-4). Our lab recently
identified that the inhibitory receptor Programmed Cell Death-1 (PD-1) mediates this
impairment early during infection with HMPV and influenza (1), and others have shown
PD-1 mediated impairment in respiratory syncytial virus (RSV) infection (5, 6). However,
CD8* T cell impairment occurs later in infection even in the absence of PD-1 (7), indicating
that other immunoregulatory mechanisms act to restrain CD8* T cell function. Optimal
immune responses to viral infections require a careful balance of effector responses to clear
infection and regulatory mechanisms to prevent immunopathology (8-11). This may be
particularly important in the lung environment, where gas exchange must be maintained,
even while the lung is flooded with inflammatory infiltrates, cell debris, and cytokines
during infection.

CD4* regulatory T cells (Tregs) are a principal mediator of immune regulation and have
been implicated in a variety of diseases, including autoimmunity, cancer, and infectious
disease (12, 13). In the setting of infection, the role of Tregs is complex and appears to be
specific to a given pathogen. While some studies have shown that Tregs are detrimental to
successful immune responses and in some cases can lead to establishment of chronic
infection, others have shown that Tregs limit immunopathology (10, 14-17). Studies of
respiratory virus infections have yielded conflicting data about the role of Tregs in these
different models. Depletion of Tregs before and during RSV infection enhanced effector
CDS8™* T cell function, but either led to delayed virus clearance, enhanced virus clearance, or
no change in clearance depending on the study (18-22). Treg depletion during influenza
infection had no effect on viral titers or clearance in adult mice (23) and delayed viral
clearance in neonates (24).

In this study, we sought to understand the role of Tregs in HMPV infection. HMPV is the
second leading cause of viral respiratory infection in pediatric populations and causes
significant morbidity and mortality in infants, elderly, and immunocompromised persons
(25-28). We further sought to differentiate the roles of Tregs at different time points of
respiratory virus infection. Other groups have found that Tregs are important for priming the
adaptive immune response (18, 20, 29), but have not investigated whether these cells are
beneficial or detrimental later in infection.

We found that Tregs became increased and activated in the murine lung in response to
HMPV, and that Treg depletion led to significantly more functional anti-viral CD8* T cell
responses and reduced HMPV peak virus titer. Treg depletion immediately before
inoculation with either HMPV or influenza reduced the frequency of virus-specific CD8* T
cells in the lung and delayed virus clearance. In contrast, depletion after inoculation
enhanced CD8* T cell function with no defect in CD8* T cell frequency, and also
accelerated clearance of influenza. In the absence of Tregs during the priming stage of
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infection, dendritic cells and CD8* T cells failed to migrate efficiently. The absence of Tregs
before inoculation led to type 2 immune skewing characterized by increased type 2 innate
lymphoid cells (ILC2s) and IL-4* CD4* cells, which was not seen when Treg depletion was
delayed to 2 days post-inoculation. Furthermore, Treg depletion skewed the T1:Ty2 cell
ratio as well as the ILC1:ILC2 ratio in favor of type 2, indicating that Tregs are strong
suppressors of both innate and adaptive type 2 immunity.

Materials and Methods

Mice and viruses

C57BL/6 and FoxP3PTR (Alexander Rudensky (30)) mice were purchased from The Jackson
Laboratory. Animals were bred and maintained in specific pathogen free conditions in
accordance with the Institutional Animal Care and Use Committees of Vanderbilt University
and University of Pittsburgh. 6-14 week-old age- and sex-matched mice were used in all
experiments. HMPV (clinical strain TN/94-49, subtype A2) and influenza virus (strain HK/
x31, H3N2) were grown and titered in LLC-MK2 or MDCK cells as previously described(1,
31). For all animal experiments, mice were anesthetized with ketamine-xylazine and
intranasally inoculated with 1x108-5x108 PFU HMPV or 50-100 PFU influenza x31, in a
100-pL volume. Mock-infected mice were inoculated with the same volume of UV-
inactivated virus or mock cell lysate after we had determined that UV inactivated virus and
cell lysate performed equally (data not shown). Viral titers were measured by plaque assay
as previously described (31, 32). For bronchoalveolar lavage, mice were euthanized and
lavaged twice with 1 ml cold PBS.

Flow cytometry

Pulmonary CD8* T cells were tetramer-stained as described previously (1). MHC class |
tetramers for HMPV (H2-DP/Fspg_536 and H2-KP/N11_19) were generated as previously
described (33). MHC class | tetramer for influenza (H2-D°/NP3g6.374) Was obtained through
the NIH Tetramer Core Facility. Lung Tregs were identified as viable (live/dead violet, Life
Technologies), CD4* (clone RM4-5, eBioscience), FoxP3* (clone FIK-16s, eBioscience), +/
— CD25* (clone PC61 or 3C7, Biolegend). Tregs were stained for PD-1 (clone RMP1-30),
LAG-3 (clone C9B7W), GITR (clone YGITR 765), TGFp (clone TW7-16B4) Helios (clone
22F6), all BioLegend, and Neuropilin-1 (clone 3DS304M, eBioscience), or with appropriate
isotype control Abs (all BioLegend). (Cell surface rather than intracellular TGFp was
measured, as reports have suggested that Treg suppression is mediated by cell surface-bound
TFGp rather than soluble TGFp.(34, 35)) Cells were fixed and permeabilized with Foxp3/
Transcription Factor Fixation/Permeabilization solution (eBioscience) before FoxP3 and
Helios staining. Type 2 innate lymphoid cells (ILC2s) were stained for viability (live/dead
violet, Life Technologies), CD45 (clone 30-F11), CD127 (clone A7R34), lineage cocktail
(TER-119 (clone TER-119), CD45R/B220 (clone RA3-6B2), Ly-6G/Ly-6C (Gr-1) (clone
RB6-8C5), CD3e (clone 145-2C11), CD11b (clone M1/70), CD4 (clone RM4-5), and
FceR1a (clone MAR-1)), CD90.2 (clone 30-H12), and ICOS (clone 15F9), all from
BiolLegend. ILC2 identity was validated by exposing sorted cells ex vivoto IL-2 and IL-33
and measuring production of IL-5 and IL-13 (Supplemental Figure 1). ILC2s were also
stained for ST2 (clone RMST2-2, eBioscience), CD25 (clone PC61, Biolegend), and
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KLRG-1 (clone 2F1/KLRG1, Biolegend). See supplemental figures 1 and 2 for ILC2 gating
schematic. Flow cytometric data were collected using an LSRII or Fortessa cytometer (BD
Biosciences) and analyzed with FlowJo software (FlowJo, LLC). MFI refers to median
fluorescence intensity in Figure 1, and geometric mean fluorescence intensity in all other
figures.

Intracellular cytokine staining

Peptide restimulation and ICS for CD8* T cells were performed as previously described (1).
For CD4* T cell and innate lymphoid cell ICS, lung cells were stimulated with PMA
(50ng/ml) and ionomycin (1ug/ml) (Sigma) in the presence of 0.067% GolgiStop (BD) for 5
hours. After stimulation, cells were stained for viability (live/dead violet, Life Technologies)
CD4 (clone RM4-5, eBioscience), IFNy (clone XMG1.2, BD), and IL-4 (clone 11B11,
Biolegend), or ILC markers (for Fig 6F, pan-ILC markers CD45, CD127, Lineage, CD90;
for all ILC2 ICS figures, pan-1LC markers plus ICOS)(see above for clones) and IL-5 (clone
TRFKS5, BD), IL-13 (clone eBiol3A, eBioscience) and IFNy (clone XMG1.2, BD).

In vivo Treg depletion

FoxP3PTR mice were injected i.p. with 50 ng/kg diphtheria toxin (Sigma) in 200 pL PBS or
with PBS alone for two days before inoculation and every other day thereafter, as previously
described (30), or for the indicated days as described in figure legends.

In vivo antibody blockade

For CD25 depletion, C57BL/6 mice were injected i.p. with 500 pg in 200 uL PBS anti-
CD25 mAb (clone PC61.5.3) or isotype control (clone HRPN) (both Bio X Cell) at days —3
and 0 of infection.

ILC2 Stimulation

ILC2s were stained with Live/Dead, CD45, Lineage markers, CD127, CD90, and ICOS (see
above) and sorted using a BD FACSAria 11. 2,500 sorted cells were plated in a total volume
of 200 ul RPMI with 10% FBS in a round-bottom 96-well plate. ILC2s were stimulated with
10 ng/ml 1L-2 and/or 10 ng/ml IL-33 (both PeproTech). After 5 days cell supernatant was
collected and IL-5 and 1L-13 were measured by ELISA according to manufacturer
instructions (DY405 and DY413, R&D Systems).

Mediastinal lymph node harvest

At indicated time points post-inoculation, mediastinal lymph nodes were collected and
placed into RPMI supplemented with 10% FBS (R10) on ice. All 3 nodes were analyzed
when possible, but when only 2 were found, these were analyzed. Absolute numbers were
not calculated due to the difference in numbers of lymph nodes collected between mice. A
single-cell suspension was made by pushing the lymph nodes through a 70 pm nylon cell
strainer (Falcon). Cells were washed with R10 and red blood cells were lysed (ACK lysing
buffer, Gibco). Cells were then stained for flow cytometry. CD8* cells from mediastinal
lymph nodes were stained for tetramers (see above) and CD69 (clone H1.2F3) (Biolegend).
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Labeling and tracking of peptide-loaded BMDCs

Bone marrow derived dendritic cells (BMDCs) were generated as previously described (1).
At day 7 of culture, BMDCs were matured overnight with 100 ng/ml LPS (Sigma-Aldrich)
and 10 uM F528 HMPV peptide. The next day BMDCs were collected, counted, and
resuspended in PBS. BMDCs were labeled as described (36) with some modifications.
BMDCs were incubated in 8 uM CFSE (Molecular Probes) for 10 min at 37°C, then washed
with RPMI supplemented with 10% FBS. BMDCs were allowed to rest for 1 hour at 37°C
before 2x106 BMDCs were intratracheally instilled into mice in a total volume of 50 L. At
various time points post-instillation, mediastinal lymph nodes were harvested and prepared
for flow cytometry as above. Migratory BMDCs were identified as CFSE*, CD11c* (clone
N418, Biolegend).

Quantitative RT-PCR

Lung homogenate from the whole lung or total mediastinal lymph node homogenate was
frozen at —80°C until use for gRT-PCR. RNA was extracted from the lung homogenate with
the Ambion MagMAX-96 Viral Isolation Kit (ThermoFisher) on an Applied Biosystems
MagMAX Express-96 Deep Well Magnetic Particle Processor (ThermoFisher) and stored at
—80°C until further use. 5 pl of extracted RNA was used for gRT-PCR in 25 pl reaction
mixtures on an ABI StepOnePlus Real-Time PCR System (ThermoFisher) using the AgPath-
ID One-Step RT-PCR kit (ThermoFisher). TagMan primers and probes were used according
to the manufacturer’s instructions (all ThermoFisher): IL-15 (Mm00434210_m1), CCL3/
MIP-1a (Mm00441259 g1), CCL4/MIP-1b (Mm00443111_m1), CXCL9
(MmO00434946_m1), CXCL10 (MmO00445235_m1), CXCL11 (Mm00444662_m1), CCL8
(Mm01297183_m1), CCL5/RANTES (Mm01302427_m1), CX3CL1 (Mm00436454 m1),
CCL21 (Mm03646971_gH). Cycling conditions were 50°C for 30 minutes, followed by an
initial activation at 95°C for 10 minutes and 45 cycles of 15 seconds at 95°C, and 30 seconds
at 60°C. All values were normalized to the housekeeping gene Hprt, and fold change in
chemokine was measured in DT or Early groups compared to PBS groups using the AACt
method.

Multiplex cytokine analysis

Histology

Lung homogenate from the whole lung (Day 5) or left lung (Day 7) was used for cytokine
analysis by Bio-plex Mouse Cytokine 23-plex Assay (BioRad, Hercules, CA) according to
manufacturer’s instructions. The following cytokines and chemokines were measured:
IL-1a, IL-1p, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, I1L-12p70, IL-13, IL-17A,
Eotaxin, G-CSF, GM-CSF, IFNy, CXCL1, MCP-1, MIP-1a, MIP-1B, RANTES, TNFa.
Observed concentrations were normalized to lung weight.

Either the left lobe or accessory lobe of the lung was inflated and fixed in formalin, then
subsequently sectioned and stained with H&E or PAS. All fields of each H&E stained slide
were scanned at 200x magnification and each field was scored as follows: 0: normal lung
tissue; 1: >0 to 25% of tissue area with inflammation; 2: 25-50% of tissue area with
inflammation; 3: 50-75% of tissue area with inflammation; 4: 75-100% of tissue area with
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inflammation (37). Scores were added for each slide and divided by total number of fields
scored to calculate average score. Scale bars represent 50 um.

Statistical Analysis

Results

Data analysis was performed using Prism v 6.0 (GraphPad Software). Comparisons between
two groups were performed using an unpaired, two-tailed Student’s t test, and significance is
noted by asterisks (*). Comparisons between multiple groups were performed using a one-
way ANOVA with Tukey’s post-hoc test, and significance is noted by hash signs (*). Error
bars on each graph represent SD unless otherwise noted. ** or # denotes p<0.01, even when
p values were calculated to be <0.001 or <0.0001.

Tregs are increased and activated in response to HMPV

To determine the Treg response to HMPV infection, we inoculated WT mice with HMPV
and measured the frequency of Tregs in the lung, bronchoalveolar lavage (BAL) fluid, and
spleen at day 6 post-inoculation. Compared to mock-infected mice, Tregs were significantly
increased in the lungs and BAL fluid (Figure 1A). We next measured the absolute number of
FoxP3* CD4* T cells in the lung and spleen throughout the course of infection. Treg
numbers peaked in the lung at day 4 of infection, while splenic Tregs did not change
significantly in number during infection (Figure 1B). To assess the activation state of these
cells, we measured expression of the inhibitory receptor PD-1 on the cell surface of
pulmonary Tregs. PD-1 is involved in activation, maintenance, and function of Tregs (38).
PD-1 was significantly upregulated on Tregs over the course of infection, suggesting that
they were becoming activated (Figure 1C). In contrast, PD-1 expression on splenic Tregs did
not change during infection (data not shown). To further characterize the Treg phenotype,
Tregs were stained for surface expression of LAG-3, TGF, GITR, and Neuropilin-1, and
intracellular expression of Helios, at day 6 of infection. The median fluorescence intensity of
activation markers was higher on Tregs in infected mice compared to mock-infected mice,
and Tregs from HMPV-infected animals expressed lower levels of Helios and Neuropilin-1,
two suggested markers of thymic Tregs (39-41) (Figure 1D-E). These results indicate that
Tregs respond to HMPV infection by becoming activated and increasing in number and
frequency.

Treg depletion leads to enhanced anti-HMPV responses during infection

We next explored whether Tregs inhibit the HMPV-specific CD8* T cell response during
infection. To determine this, we used FoxP3PTR mice, which express the human diphtheria
toxin (DT) receptor downstream of the FoxP3 promoter, so that Tregs can be specifically
eliminated by injection of DT (30). In our study, DT injection reduced Treg humbers by
>95% in the lung (data not shown). FoxP3PTR mice were depleted of Tregs before and
throughout HMPV infection, and the virus-specific CD8" T cell response was measured by
flow cytometry. At day 7 and day 10 of infection, the percentage of pulmonary CD8" T cells
that recognized the immunodominant HMPV F528 epitope (1), as well as a secondary
dominant epitope, N11 (1), was significantly reduced in Treg-depleted mice (Figure 2AE
and data not shown). However, this was primarily due to an increase in the total number of
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CDS8™* T cells in DT-treated mice, as the absolute number of epitope-specific cells was not
significantly different between DT-treated and control mice at day 7 (Figure 2B) or day 10
(Figure 2F). Similarly, at day 7 the percentage of HMPV-specific IFNy-producing CD8* T
cells was lower in Treg-depleted mice (Figure 2A), with an IFN-y mean fluorescence
intensity (MFI) similar to controls (Figure 2D). At day 10, however, Treg-depleted mice had
significantly increased numbers of IFNy™ cells (Figure 2F) with greater IFN+y production
per cell (Figure 2H). To quantify the frequency of functional cells, the percentage of IFNy*
cells was divided by the percentage of tetramer* cells in each mouse. Treg-depleted mice
had significantly more functional CD8" T cells at both day 7 and day 10 of infection (Figure
2C,G). This increase in functionality per cell was also seen for a secondary dominant
epitope, N11 (data not shown). To ensure that DT treatment had no off-target effects (42),
WT mice were injected with DT on the same days and the CD8* T cell response was
quantified. No difference was seen in CD8* T cell functionality in DT-treated WT mice
compared to PBS-treated FoxP3PTR mice (data not shown). These data indicate that the
absence of Tregs allows CD8* T cells to become more functional in response to virus
infection, even though the relative frequency of epitope-specific CD8* T cells is reduced in
proportion to bulk CD8* T cells infiltrating the lung.

Tregs inhibit immune control of HMPV replication while decreasing inflammation

Since Treg depletion led to enhanced CD8* T cell function, we next tested the biological
effect on HMPV infection. We depleted Tregs in FoxP3PTR mice as above, inoculated them
with HMPV, and at various times post-inoculation homogenized and quantified lung virus
titer by plaque assay. At day 5 of infection, which is the peak of HMPV replication in B6
mice (1), HMPV titers were significantly lower in DT-treated mice compared to PBS-treated
controls (Figure 3A). The kinetics of virus clearance on days 7 and 9 were not altered in the
absence of Tregs. Lung sections were stained with H&E and scored histologically at days 7
and 10 (Figure 3B-D) to determine whether reduced viral titers came at the cost of increased
immunopathology. While DT- and PBS-treated mice had similar lung histology at day 7,
DT-treated mice exhibited greater perivascular lymphohistiocytic inflammation than PBS
controls at day 10 post-inoculation. Additionally, Treg-depleted mice had a greater number
of lung fields that scored 3 or higher (greater than 50% inflammation) compared to PBS
controls. However, Treg-depleted, infected mice scored similarly to Treg-depleted, mock-
infected mice, which suggests that increased inflammation was due primarily to the absence
of Tregs rather than to damage mediated by the virus itself. Taken together, these data
suggest that Tregs inhibit the immune system’s ability to curtail the peak of HMPV virus
replication, but restrain immune-mediated pathology.

Depletion and blockade of Tregs using aCD25 treatment improves anti-HMPV CD8* T cell

response

As a complementary approach, and because previous studies in RSV demonstrated different
outcomes depending on the method of Treg depletion (18-22), we depleted and blocked
Tregs /n vivo using PC61, an antibody against CD25 that has been commonly used for Treg
depletion in WT mice. Since a variety of dosages and schedules have been reported in the
literature for respiratory virus infection (18-20), we performed a pilot study to determine the
optimal dose for our model. We determined that i.p. injection of 500 ug at days -3 and 0 had
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the greatest effect on Treg frequency in the lung while sparing CD8" T cells (data not
shown). Mice that received a.CD25 had increased HMPV-specific and functional CD8* T
cells, as measured by production of IFNy and CD107a, an indicator of cytotoxic granule
release (43), despite only a modest reduction in Treg percentages (Figure 4A-D).
Furthermore, aCD25-treated mice exhibited increased IFNy production by CD8" T cells
(Figure 4E). aCD25-treated mice had slightly lower virus titers than isotype-treated
controls, which approached statistical significance (Figure 4F). This intermediate phenotype
compared to Treg depletion in FoxP3PTR mice was likely due to the fact that aCD25 is not
sufficient to completely eliminate all Tregs (Figure 4A). These findings indicate that aCD25
treatment directed at Tregs during HMPV infection has a similar, though less robust, effect
on CD8* T cell cytokine production and degranulation and virus clearance compared to
complete elimination using FoxP3PTR mice.

Treg depletion early or late in HMPV infection reveals differential functions of Tregs

Since Treg depletion throughout infection led to a decreased proportion of HMPV-specific
CDS8™ T cells (Figure 2A,D), we hypothesized that Tregs might be necessary to prime the
adaptive immune response to HMPV. To test this, we depleted Tregs before and throughout
infection (DT), only before inoculation with HMPV (early), or from 2 days post-inoculation
onward (late) (Figure 5A). At day 7 of infection, Tregs in the “early” group were restored to
nearly the same level (8.42% +/- 0.41) as the PBS group (9.93% +/- 0.60). Mice that were
depleted of Treg later had a greater frequency and absolute number of HMPV-specific and
IFN+y-producing CD8* T cells at day 7 of infection (Figure 5B,C). In contrast, mice that
underwent Treg depletion only before inoculation had decreased CD8" T cell percentages
and similarly functional cells as those that received DT throughout (Figure 5D). All mice
had similar day 5 titer (Figure 5E); however, mice that received late depletion had
significantly reduced virus titers at day 7 compared to those mice that had Tregs depleted
early (Figure 5F). Both DT and early groups had delayed virus clearance compared to PBS-
treated mice. Histologic analysis showed that both early and late Treg depletion led to
increased lung immunopathology (Figure 5G), with the early group having more instances
of inflammation scores of 2 or higher (Figure 5H). Lung sections were also stained with
Periodic acid-Schiff (PAS) to detect mucus. Early Treg-depleted groups had marked PAS
positivity in large and small airways. DT and late groups had less PAS positivity than the
early group, while the PBS-treated mice had rare PAS positivity in bronchioles (Figure 51).
These data indicate that Treg depletion after inoculation is sufficient to enhance function
while also maintaining the number and frequency of HMPV-specific CD8* T cells.
Additionally, this suggests that Tregs play a role at the onset of infection for the recruitment
of CD8™ T cells, but then impair CD8* T cell function later on to prevent immune pathology.

Absence of Tregs during priming phase of infection impairs migration of DCs and CD8* T
cells to lymph nodes and lung

We next sought to understand the mechanism of how a lack of Tregs at the priming stage of
the immune response leads to a deficient proportion of HMPV-specific CD8* T cells in the
lung (Figures 2A, 5B). Others have found that in the absence of Tregs, dendritic cells (DCs)
exhibit reduced migration to lymph nodes in response to HSV infection (29). To determine
whether depletion of Tregs leads to impaired DC migration from the lung to the draining
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mediastinal lymph nodes (MLN), we instilled CFSE-labeled, HMPV peptide-loaded bone
marrow derived DCs (BMDCs) intratracheally into mice that had either been depleted of
Tregs or given PBS control. We found that at 22 hours post-instillation, significantly fewer
CFSE* BMDCs were found in the MLN of Treg-depleted mice compared to PBS controls
(Figure 6A,B). There was a similar reduction of BMDCs in Treg-depleted mice at 40 hours
post-instillation, though this was not statistically significant (Figure 6B). To better
understand the mechanism of this reduction, we measured levels of the chemokine CCL21, a
ligand for CCR7 on DCs and other cells, and found that CCL21 was reduced in MLNs of
infected Treg-depleted mice compared to infected PBS controls (Figure 6C). We next asked
whether a reduction of DCs led to decreased expansion of HMPV-specific CD8* T cells in
the MLN. We measured the percentage of CD8" T cells specific for the HMPV epitopes
F528 and N11 as well as the expression of CD69, an early marker of activation, on these
cells at day 4 of infection in the MLN. We found that despite a phenotype that suggested
impaired DC migration in Treg-depleted mice, there was a significantly greater frequency of
HMPV-specific CD8* T cells, as well as more activated CD8* cells, in the MLN compared
to PBS controls (Figure 6D). However, when we measured HMPV-specific CD8* T cell
recruitment to the lung at day 4 (the earliest time point that we could detect HMPV-specific
CD8™ T cells in the lung (data not shown)), Treg-depleted mice had significantly fewer
epitope-specific CD8* T cells by frequency and number compared to PBS controls,
suggesting a failure of migration in the absence of Tregs (Figure 6E,F). The frequency of
HMPV-specifict CD8" T cells in MLN at day 3 of infection was less than 0.05% for either
group (data not shown), which suggests that the difference in MLN and lung CD8* T cell
frequency was not due to earlier migration of HMPV-specific CD8" T cells from the MLN
to the lung in control mice.

To better understand the mechanism of how Treg depletion leads to impaired CD8* T cell
migration to the lung, we measured a variety of chemokines that contribute to T cell
migration in lung homogenate at day 5 of infection in PBS, Early, and DT treatment groups
by grtPCR (Table I). We found that CXCL11, CCL4, CX3CL1, and IL-15 were reduced up
to 2-fold in the lungs of DT and Early groups compared to PBS controls (Figure 6G,H).
These data indicate that in the absence of Tregs, cell migration in response to HMPV
infection is impaired.

Early Treg depletion leads to type 2 immune skewing, while late depletion maintains type 1

response

To further investigate the mechanism of how early Treg depletion alters the lung
environment and delays virus clearance, we analyzed protein levels of cytokines and
chemokines in lung homogenates in the groups defined in Figure 5A at days 5 and 7 post-
HMPV inoculation. At day 5 of infection, IL-10 was lower in DT, early, and late treated
groups compared to control mice. IL-5 levels were significantly higher in both DT and early
treated mice, while type 1 cytokines IL-2 and IFN-y were higher in PBS controls and late
depleted mice (Figure 7A). We found that type 2 cytokines, including IL-4, IL-5, IL-13, and
eotaxin, were increased at day 7 in mice that received early Treg depletion (Figure 7B).
Furthermore, early Treg depletion led to even higher IL-5 and IL-13 levels than DT
treatment throughout infection, indicating that the timing of Treg depletion was critical for
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this phenotype. To determine which cells were responsible for the type 2 cytokine skewing,
we stimulated lung cells from infected mice in the 4 treatment groups ex vivo with PMA/
ionomycin. We used flow cytometry to immunophenotype CD4* T cells and measure type 2
innate lymphoid cell (ILC2) numbers and cytokine production. We found that after early
Treg depletion, there was a greater frequency of IL-4-producing CD4* T cells than after DT,
late depletion, or PBS control (Figure 7C). Additionally, early Treg depletion led to greater
numbers of ILC2s compared to late depletion (Figure 7D; for gating strategy see
Supplemental Figure 1) as well as greater production of IL-5 and IL-13 from these cells
(Figure 7E,F). Since previous studies have used a variety of markers to identify ILC2s
(which may differ between tissue type and mouse strain) (54-58), we further stained the
ILC2 population for ST2, CD25, and KLRG-1 (Supplemental Figure 2A). We found that
although the overall absolute number of cells varied depending on the marker of interest, all
revealed nearly identical patterns of increased ILC2s in Treg-depleted mice (Supplemental
Figure 2B). When IFN-y (produced by ILC1s) and IL-13 (from ILC2s) were measured on
bulk ILCs, the DT and early groups had a smaller proportion of IFNy* ILC1s compared to
IL-13* ILC2s (2.5:1), while this ratio was maintained near 5:1 in PBS-treated and late
groups (Figure 7G). These data indicate that early Treg depletion is associated with skewing
of both innate and adaptive cells towards a type 2 phenotype, and that Tregs control the ratio
of both innate and adaptive type 1 and type 2 immune cells.

Tregs have differential roles in early and late influenza virus infection

To determine whether the roles of Tregs early and late in infection was specific to HMPV or
could be generalized to other respiratory viruses, we depleted Tregs either early or late
during infection with influenza x31, a mouse adapted H3N2 strain. Since x31 is a mouse-
adapted strain, mice had increased morbidity than with HMPV infection (19% vs. 5% body
weight loss at day 7 post-inoculation, data not shown). As we observed with HMPV, at day 7
post-inoculation mice depleted of Tregs either early or throughout infection had significant
reductions in epitope-specific CD8" T cells, as well as significantly fewer IFN-y-producing
cells compared to PBS-treated mice (Figure 8A,B). Though late Treg depletion led to
significantly more IFN+y production by CD8* T cells compared to DT- or early-treated
groups, the frequency of epitope-specific cells in the late group was not equivalent to the
PBS control group, in contrast to what we saw for HMPV infection (Figure 5B). This
difference may be attributable to the increased severity of the mouse-adapted influenza virus
infection. Mice depleted of Tregs at any time point had a trend towards more functional
CD8* T cells than PBS-treated mice (Figure 8C). At day 7 of infection, virus titers in the
late group were reduced by 100-fold compared to early and DT groups, and 10-fold
compared to PBS controls (Figure 8D). When we analyzed helper T cell skewing, we saw
significantly more IL-4* CD4 cells as well as more IL-4 produced per cell in the early and
DT groups (Figure 8E,F). Absolute numbers of ILC2s were significantly increased in early-
depleted mice (Figure 8G and Supplemental Figure 2C). The early group had a higher
proportion of IL-5/IL-13" ILC2s as well as more 1L-5 per cell (Figure 8H,1). These data
suggest that the temporal differences in the role of Tregs are conserved between infections
by multiple respiratory viruses.
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Discussion

The results from these studies demonstrate the importance of timing for determining
whether Tregs are detrimental or beneficial during respiratory virus infection. We found that
a complete absence of Tregs during the entire course of HMPV infection led to enhanced
CD8* T cell function and reduced peak virus titer; however, the magnitude of the HMPV-
specific CD8* T cell response was not increased. This led us to question whether the timing
of Treg depletion could influence the CD8* T cell response. We found that Tregs were
important early in infection for enhancing the CD8* T cell response through DC and CD8*
T cell migration, and that early depletion led to impaired virus clearance for both HMPV
and influenza. In contrast, when Treg depletion was delayed until 2 days post-inoculation,
the frequency of virus-specific CD8" cells was maintained, while the functionality of these
cells was enhanced. Furthermore, late Treg depletion enhanced the clearance of influenza.
These results suggest that Tregs play an important role in priming the immune response to
respiratory virus infections, but that they are dispensable and in some ways even detrimental
after the immune response has already been initiated.

The findings from our studies contrast with results from other respiratory viruses. The
closest human pathogen to HMPV is RSV. Previous studies that explored the role of Tregs in
the immune response to RSV found that while Treg depletion led to a greater percentage of
functional epitope-specific CD8* cells, virus clearance was delayed (18-20) or unchanged
(21). In contrast, for HMPV, we saw that Treg depletion led to lower peak virus titer but
unchanged virus clearance. These discordant findings could simply be due to the fact that
even though these are both pneumoviruses, they are distinct viruses. In addition, RSV is
often studied in a BALB/c mouse model, while the experiments for this study were done in
C57BL/6 mice. Most previous studies of Tregs in RSV relied on aCD25 antibodies to
deplete and block Tregs (18-20). However, we still saw increased cytokine production and
cytotoxic degranulation, with a trend towards reduced peak virus, using aCD25 treatment,
though it is possible that these differences can be explained by different dosing schedules.
aCD25 may have targeted effector cells in those earlier studies, since effector CD8* and
CD4* T cells can upregulate CD25 upon activation. If this was the case, then the reduced
CD4/CD8 response could have delayed virus clearance in those previous reports. DT-
mediated depletion of FoxP3* cells has become standard for Treg depletion studies. One
RSV study using DEREG (59) mice, which also allow for DT-mediated Treg depletion,
demonstrated lower viral titers with DT treatment, similar to our findings for HMPV
infection (22).

Several reports have suggested that Tregs of thymic origin (tTregs) are primarily involved in
preventing autoimmunity, while Tregs derived from a naive CD4" cell (pTregs) are often
specific to exogenous antigen and therefore dampen the immune response to pathogens and
other foreign insults (60-62). Some controversy exists over markers to discriminate
thymically or peripherally derived Tregs; therefore, we used both Helios and Neuropilin-1 to
phenotype the Tregs responding to HMPV infection. Both of these markers have been
suggested to have higher expression on tTregs, even if some tTregs or pTregs have been
shown to either not express or express both of these molecules (63). In our experiments, we
found that Tregs in the lungs of mice inoculated with HMPV had fewer Helios* cells
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compared to those from mock-infected mice, which suggests that more of the Tregs
responding to HMPV might be peripherally derived. However, our results cannot definitively
conclude whether the increased number of Tregs seen at days 4 and 6 in the lung are
specifically due to maturation of naive CD4™ cells into pTregs.

When we measured the effect of early and late Treg depletion, we found that the absence of
Tregs before inoculation reduced epitope-specific CD8" T cells in the lung tissue (Figures
5,8). This is consistent with earlier studies (18, 20, 29) that suggested that Tregs are
important for priming CD8* T cells at the beginning of infection.

Our finding of delayed BMDC trafficking and reduced CCL21 levels in Treg-depleted mice
is consistent with data from herpes simplex virus that showed that Tregs are necessary early
in HSV infection for DC trafficking to lymph nodes (29). We show that this is also true for
respiratory virus infection, and by pre-loading the BMDCs with antigen, we further find that
DC trafficking is impaired regardless of antigen uptake efficiency.

Additionally, we found that CD8" T cell trafficking to the lung was impaired in mice that
had been depleted of Tregs before infection. Even though Treg depletion led to reduced DC
trafficking to the mediastinal lymph node, there was still a greater frequency of HMPV-
specific CD8* T cells in the lymph node in Treg-depleted mice. This could have been due to
an overall increased proliferative capacity of these cells in the absence of Tregs. However,
these HMPV-specific cells were reduced both by frequency and number in the lung of Treg-
depleted mice compared to PBS controls. Because the absolute number of these cells was
lower in the lungs of Treg-depleted mice at day 4, it is unlikely that the difference in
frequencies between the groups at this time point was simply due to overabundant
proliferation of bulk CD8* T cells triggered by an absence of Tregs immediately before
infection.

It is possible that the reduced HMPV-specific CD8* T cell numbers and frequencies could
be due to decreased proliferation of these cells once they had migrated from the MLN to the
lung, rather than due to strict deficiencies in migration. However, when we measured lung
expression of a variety of chemokines that promote T cell migration, we found that Treg-
depleted mice had significantly reduced levels of CXCL11, CCL4, CX3CL1, and IL-15,
which supports a mechanism of a failure of virus-specific CD8* cells to traffic efficiently to
the lung.

Of the chemokines measured, CXCL11 (also known as I-TAC (Interferon-inducible T-cell
alpha chemoattractant)) had the greatest fold reduction in expression in Treg-depleted mice
compared to PBS controls (Figure 6G,H). CXCL11 is related to CXCL9 and CXCL10, but
has the highest affinity of the three for the CXCR3 receptor on activated T cells (64).
CXCL11 is strongly induced by IFN+y (65), which we saw was reduced in the lungs at day 5
of infection in the absence of Tregs (Fig 7A). Therefore, a potential mechanism for the
observed reduction in virus-specific CD8* T cells at day 7 in the lung is that the absence of
Tregs leads to reduced IFN7y in the lung early in infection, which causes reduced CXCL11
levels, and finally, deficient effector CD8* T cell migration to the infected lung.
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Interestingly, we saw that when Tregs were depleted 2 days after influenza inoculation, there
was a significant reduction in viral titer at day 7 post-inoculation compared to all other
groups (Figure 8D). This accelerated virus clearance was unique to influenza, as at day 7 of
HMPV infection, titers were equally low in the late and PBS groups (Figure 5F). This
discrepancy may be attributable to differences in the kinetics of HMPV and influenza
clearance, or due to differential roles of Tregs between the two infections, and is worth
further investigation.

We saw that early Treg depletion in both infections was associated with immunological
skewing towards a type 2 biased response. It is unclear whether this type 2 skewing
contributed to the reduction in virus-specific effector T cells during early Treg depletion or
whether type 2 skewing also occurs in the population of virus-specific effector cells in the
absence of Tregs. A future study could assess this by quantifying the ratio of IFNy*/IL-4*
CD4" cells after stimulation with a pool of HMPV peptides representing CD4* epitopes;
however, MHC-II epitopes have not yet been identified for HMPV.

A study by Josefowicz et al. found that pTregs specifically were responsible for controlling
TH2 responses in the mucosa (66). Our study depleted both tTregs and pTregs
indiscriminately, but it would be intriguing to see if our findings would be recapitulated in a
model of respiratory virus infection with deficient pTreg induction.

Other groups have shown that Tregs constrain T2 cells more strongly than they do Tyl or
TH17 cells in respiratory virus infection (21, 24, 67). We not only saw skewing towards T2
CD4" cells following early Treg depletion, but we also saw increased numbers and function
of type 2 ILCs and an increased ratio of ILC2s to ILC1s in Treg-depleted mice (Figure 7,8).
This finding is consistent with other groups that demonstrated that Tregs suppress ILC2s
(68, 69), but here we further demonstrate that Tregs also control the innate type 1 to type 2
ratio.

Though other groups have found that ST2/IL-33R is highly expressed on ILC2s (70), we
found low expression of ST2 on our ILC2s (Supplemental figure 2). Furthermore, when we
analyzed ST2* cells for ICS production of IL-5 or I1L-13, we found that the ST2* gate failed
to capture 90% of the IL-5* or IL-13* cells that were detected in our ICOS* ILC2 gate (data
not shown). Our findings here for ST2 staining are consistent with others who reported that
ILC2 surface markers can be heterogenous in mice (71). It is likely that mouse strains, tissue
types, disease models, and microbiome may all contribute to variation in surface marker
expression. To better understand the ILC2 phenotype in our model, we also stained for
KLRG-1 and CD25, two other markers that have been used to distinguish ILC2s (54-58).
Though absolute numbers of cells differed depending on the specific marker used, we found
that the trend of increased ILC2s after early Treg depletion held true regardless of ILC2
marker, in both HMPV and influenza infections (Supplemental figure 2), emphasizing the
role of Tregs in regulating innate lymphoid cells during infection.

Overall, our findings and those from other groups indicate that Tregs exert tight control over
both innate and adaptive type 2 responses in the lung, which is important when considering
the pathogenic role of T2 and ILC2s in immune-mediated diseases such as asthma (72).
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This is especially significant given the known association between infection by respiratory
viruses such as HMPV or RSV and subsequent asthma (73). It is intriguing to imagine that
Treg numbers or function during respiratory infection in early life could have predictive
value on the predisposition to future allergic asthma, and perhaps could be manipulated
during infection in order to reduce this risk.

We have demonstrated that Tregs constrain the antiviral CD8* T cell response in HMPV
infection, allowing higher virus titers while reducing immunopathology. Tregs are essential
during the priming phase of respiratory virus infection, and depletion of these cells
immediately before infection impedes immune cell migration and virus clearance.
Interestingly, early Treg depletion skews both the innate and adaptive immune response
towards a type 2 bias in viral respiratory infection.

Our findings and those of other groups emphasize the fine-tuning required to balance the
antiviral immune response against harmful immunopathology. Moving the dial too far in
either direction could lead to establishment of chronic infection or to potentially severe
reductions in lung function. This is already a potential consequence of the increasing use of
immunomodulatory drugs in diseases such as cancer. As immunomodulatory therapies such
as PD-1 blockade are used more widely, off-target effects such as immune-related lung
injury associated with common respiratory viruses could become more frequent. An
understanding of the mechanisms regulating the lung immune response to viruses is
essential to managing these therapeutic complications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tregs become increased and activated in the lungs of HM PV-infected mice
C57BL/6J mice were intranasally inoculated with HMPV and the percentage (A) of CD4*

CD25" FoxP3* Tregs was quantified in various organs at day 6 of infection compared to
naive mice. (B) The absolute number of pulmonary and splenic FoxP3* cells was quantified
for the duration of HMPV infection. (C) The expression of PD-1 on Tregs was measured
throughout infection. The expression of Treg activation markers (D) and thymic Treg
markers (E) was measured in mock and infected mice at day 6 and median fluorescence
intensity (MFI) was calculated. Shaded gray represents isotype control (GITR, TGF,
Helios, Neuropilin-1), or FMO (fluorescence minus one) control (Lag-3) when isotype
staining was brighter than sample staining, dashed line represents mock infection, and solid
line represents HMPV-inoculated. *p<0.05, **p<0.01, Student’s t test; *p<0.01, One-way
ANOVA with Tukey’s post-hoc test. B9 indicates significant compared to day 0, p<0.01,
one-way ANOVA with Tukey’s post-hoc test. N=3-6 mice/group, combined 2 repeat
experiments (A-C) or representative of 2-3 experiments (D-E).
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Figure 2. Treg depletion leadsto an enhanced HM PV-specific CD8" T cell response
FoxP3PTR mice were depleted of Tregs by injection of DT or injected with PBS before and

during infection with HMPV. The percentage (A,E), absolute number (B,F), and
functionality (C,G) of the pulmonary CD8" T cell response was analyzed by flow cytometry
at day 7 and day 10. Mean fluorescence intensity (MFI) of the IFNvy signal was quantified at
days 7 (D) and 10 (H). Functionality was calculated by dividing %IFNy*/tet*. *p<0.05,
**p<0.01, Student’s t test. N=4-5 mice per group, combined 2 repeated experiments (A-C,
E-G) or representative of 2 repeated experiments (D, H).
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Figure 3. Treg depletion reduces virustiter s but increases histopathology
FoxP3 DTR mice were injected with PBS (Mock) or DT (DT+Maock) and mock-infected, or

were injected with PBS (PBS) or DT (DT) and inoculated with HMPV. (A) Lungs were
harvested at indicated times post-inoculation to quantify virus titer by plague assay. Lung
specimens were taken at days 7 and 10 and stained with H&E (B), and scored by a
pathologist (C,D). Histological scoring was calculated by percent inflammation per field of
view, with scores of 0, 1, 2, 3, and 4 representing 0%, 1-25%, 26-50%, 51-75%, and
76-100%, respectively. **p<0.01, Student’s t test, #p<0.05, #p<0.01, One-way ANOVA
with Tukey’s post-hoc comparison. N=3-6 mice/group, combined 4 repeated experiments
(A) or representative of 3 repeated experiments (B-D).
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Figure 4. Depletion and blockade of Tregswith aCD25 restores CD8™ T cell function
WT mice were injected with 500 ug anti-CD25 antibody or isotype at days -3 and 0 of

HMPYV infection. Treg percentages (A), percent CD8* T cell response (B), function (C), and
absolute number (D) were quantified at day 7 of infection. (E) Mean fluorescence intensity
(MFI) of IFN-y signal was measured at day 7. (F) HMPV virus titer was calculated at day 5
of infection. *p<0.05, **p<0.01, Student’s t test. N=2-6/group, combined 2-3 experiments
(B-D,F) or representative of 2 experiments (A,E).
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Figure5. CD8" T cellsfail to mount arobust response and clear virus efficiently when Tregsare
depleted before inoculation
(A) FoxP3PTR mice were depleted of Tregs by injection of DT on days -2 and -1 (Early);

on days 2, 3, and 5 (Late); or before and throughout the course of infection (DT); or injected
with PBS before and throughout (PBS). Mice were inoculated with 1x108 PFU HMPV A2.
The pulmonary CD8* T cell response was analyzed by flow cytometry at day 7 for
frequency (B), absolute number (C), and percent functionality (D). Virus titers were
measured via plaque assay at days 5 (E) and 7 (F). Histological sections were stained with
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H&E (G) and scored (H) as in Figure 3, or stained with Periodic-acid Schiff (PAS) (1).
#5<0.05, #p<0.01, One-way ANOVA with Tukey’s post-hoc comparison. N=4-6 mice/
group, pooled from 2-3 experiments (E-H) or representative of 3-4 experiments (B-D, 1).
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Figure 6. Treg deficiency leadsto impaired DC and CD8" T cell migration early in infection
FoxP3 PTR mice were depleted of Tregs via i.p. injection of diphtheria toxin at days —2 and

-1 (DT) or given PBS control (PBS). BMDCs were generated and matured overnight in the
presence of 100 ng/ml LPS and 10 uM HMPV F528 peptide. Mature BMDCs were labeled
with CFSE and intratracheally instilled into mice at day 0. (A,B) 22 and 40 hours post-
instillation, mediastinal lymph nodes were collected from mice, and the percentage of CFSE
+ CD11c* cells was quantified via flow cytometry. (C) Mice were depleted of Tregs as
above, and inoculated with HMPV. At day 2 post-inoculation, mediastinal lymph nodes were
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harvested, and expression of CCL21 was measured by gRT-PCR. At day 4 of infection,
mediastinal lymph nodes (D) and lungs (E,F) were harvested, and the frequency, number,
and activation status of CD8" T cells recognizing the HMPV epitopes F528 and N11 were
measured by flow cytometry. Chemokines were measured by gRT-PCR at day 5 of infection
in the lung, and the fold change of DT (G) or Early (H) groups was compared to PBS
controls. *p<0.05, **p<0.01, Student’s t test. N=2-5 mice/group, combined from 2-3
independent experiments (A-C,G,H) or representative of 2 experiments (D-F).
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Figure 7. Early Treg depletion leads to imbalance of T2 cytokines, Ty2 cells, and ILC2s
Cytokines and chemokines were measured by Luminex multiplex analysis of lung

homogenate of groups from Figure 5A at day 5 (A) and 7 (B). FoxP3PTR mice were
depleted of Tregs and inoculated as in Figure 5, and CD4" cells (C) and ILC2s (D-F) were
quantified and phenotyped by flow cytometry at day 7 post-inoculation. (G) The ratio of
IFNy* to IL-13* ILCs was calculated. CD4* cells and ILC2s were stimulated prior to
staining in C and E-G. For panel G, pan-1LCs were defined as CD45*, CD127%, Lin~,
CD90™; for panels D-F, ILC2s were defined as pan-1LC markers plus ICOS™ (see
supplemental figure 1). #p<0.05, #p<0.01, One-way ANOVA with Tukey’s post-hoc
comparison. N=4-6 mice/group, pooled from 2-3 independent experiments (A-D) or
representative of 2 independent experiments (E-G).
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Figure 8. Tregs exert differential functionsin the early and lateimmune response to influenza
infection

FoxP3PTR mice were depleted of Tregs early, late, or throughout infection as in Figure 5,
then inoculated with 50-100 PFU influenza x31. (A-C) At day 7 of infection mice were
sacrificed and the influenza-specific CD8"* T cell response was quantified. (D) Virus titers
were measured at day 7 of infection. Cytokine production from CD4" cells was measured at
day 7 (E), and numbers (F) and cytokine production from ILC2s (H-1) was also measured.
#p<0.05, #p<0.01, One-way ANOVA with Tukey’s post-hoc comparison. N=4 mice/group,
combined from 2-3 experiments (E,G) or representative of 2-3 independent experiments (A-
D,FH-I).
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Table |

Chemokines measured for T cell migration

Chemokine Rolein T cell migration Reference
CXCL11 Recruit CD4* and CD8* effector T cells (Teff) to sites of inflammation | (44-46)
CCL4 (MIP-1b) Made by activated CD8* T cells (47)
CX3CL1 Attract and induce endothelial adhesion of activated T cells (48, 49)
IL-15 Induce migration of CD8 Teff to lung (50)
CXCL9 Recruit CD4* and CD8" Teff to sites of inflammation (45)
CCL5 (RANTES) | Recruit CD4*/CD8* T cells (51)
CCL3 (MIP-1a) Attract CD8* T cells to airways (52)
CXCL10 Recruit CD4* and CD8" Teff to sites of inflammation (45)
CCL8 (MCP-2) Attract human T cells (limited data in mice) (53)
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