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Type I regulatory (Tr1) cells are defined as FOXP3−IL-10-secreting clusters of differentiation (CD4+) T cells that contribute to immune
suppression and typically express the markers LAG-3 and CD49b and other co-inhibitory receptors. These cells have not been
studied in detail in the context of the resolution of acute infection in the lung. Here, we identify FOXP3- interleukin (IL)-10+ CD4+ T
cells transiently accumulating in the lung parenchyma during resolution of the response to sublethal influenza A virus (IAV)
infection in mice. These cells were dependent on IL-27Rα, which was required for timely recovery from IAV-induced weight loss.
LAG-3 and CD49b were not generally co-expressed by FOXP3- IL-10+ CD4+ T cells in this model and four populations of these cells
based on LAG-3 and CD49b co-expression were apparent [LAG-3−CD49b− (double negative), LAG-3+CD49b+ (double positive), LAG-
3+CD49b− (LAG-3+), LAG-3−CD49b+ (CD49b+)]. However, each population exhibited suppressive potential consistent with the
definition of Tr1 cells. Notably, differences between these populations of Tr1 cells were apparent including differential dependence
on IL-10 to mediate suppression and expression of markers indicative of different activation states and terminal differentiation.
Sort-transfer experiments indicated that LAG-3+ Tr1 cells exhibited the capacity to convert to double negative and double positive
Tr1 cells, indicative of plasticity between these populations. Together, these data determine the features and suppressive potential
of Tr1 cells in the resolution of IAV infection and identify four populations delineated by LAG-3 and CD49b, which likely correspond
to different Tr1 cell activation states.

Mucosal Immunology (2023) 16:606–623; https://doi.org/10.1016/j.mucimm.2023.06.003
INTRODUCTION
Respiratory infections caused by pathogens such as influenza A
virus (IAV) and SARS-CoV2 are a cause of significant morbidity
and mortality worldwide. Understanding how immune activation
and suppression are balanced during acute respiratory infection is
critical for developing effective therapeutic interventions to pro-
mote rapid tissue recovery while ensuring pathogen clearance.
Antigen-specific immune suppression mediated by regulatory T
cells (Tregs) plays an important role in control of the immune
response, both in terms of its magnitude and resolution. FOXP3+

Tregs are the best-characterized T-cell population involved in reg-
ulation of the adaptive immune response to IAV, having been
shown to permit establishment of appropriate protective
responses1,2, constrain pathological effector T-cell responses3–7,
and promote tissue repair8. However, other Treg subsets may also
make important contributions during acute infection.

Type I regulatory (Tr1) cells were first described as interleukin
(IL)-10-secreting clusters of differentiation (CD4+) T cells with a sup-
pressive function that often co-express the T helper (Th)1 cytokine
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interferon (IFN)γ9–17. However, current classification of this subset
has been refined to exclude other subsets of CD4+ T cells that have
the capacity to secrete IL-10, such as Tregs, Th2, Th3, Th9, Th17,
and other T cells that lack suppressive functionality. Specifically,
Tr1 cells are now generally accepted to be CD4+ T cells that do
not express FOXP3 or produce cytokines associated with Th2 or
Th17 cells and that suppress bystander T-cell activation10,11,18.
These cells develop in an IL-27-dependent manner from naïve pre-
cursors in vitro11,19–21 and can also emerge from other T helper lin-
eages during adaptive immune responses in vivo in settings of
chronic inflammation22. The suppressive activity of Tr1 cells is pre-
dominately due to their production of IL-10 and expression of co-
inhibitory receptors23–25. Indeed, co-expression of one specific co-
inhibitory receptor lymphocyte activation gene-3 (LAG-3) and an
adhesion molecule (CD49b) have been shown to reproducibly
identify Tr1 cells in both humans and mice during chronic inflam-
mation and lethal infection23,26,27.

Tr1 cells have been shown to inhibit pathogen clearance in
models of chronic infection12,13,28 and these cells also dampen
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immune responses during allograft survival and in autoimmu-
nity20,27,29–31. Although IL-10-producing T cells have been previ-
ously detected in acute infection settings32–39, a precise
investigation of Tr1 cells in this context using the currently
accepted Tr1 cell classification criteria and using gold standard
methods for detection of these cells has not been performed
to date. Therefore we conducted a comprehensive assessment
of Tr1 cells in IAV infection utilizing FOXP3RFPIL-10GFP dual repor-
ter mice40,41 and carefully assessed cellular phenotypes and
suppressive capabilities.
Fig. 1 FOXP3−CD4+ T-cells are the dominant source of T-cell-derived IL-1
31 IAV-intranasally and activated T-cell populations from the lungs wer
gating for identification of IL-10+ CD3+ T-cell populations from IAV-infec
CD8+, CD4+, and CD8- CD4- T-cells. (E) Frequency, (F) number, and (G) MF
(regulatory T cells) over the course of IAV infection. (B, C, E, F) The mean i
(day 7), n = 10 (day 10) biological replicates total from three independen
with Bonferroni's post-test. (D, G) The mean is shown ± standard error of
total from three independent experiments. Statistical analysis using two
p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. CD = clusters of different
IL = interleukin; MFI = mean fluorescence intensity; RFP = red fluoresce

Mucosal Immunology (2023) 16:606–623
RESULTS
FOXP3−IL-10+ CD4+ T cells emerge during acute viral
infection and this correlates with the resolution of the
response
The significance of FOXP3−IL-10+ CD4+ T cells present in the
lungs during the resolution of acute viral infection is not well
understood. To address this, we utilized intranasal (i.n.) installa-
tion of X-31 H3N2 IAV. In C57Bl/6 mice, this infection leads to
transient viral replication in the lungs associated with moderate
weight loss that completely resolves by day 10 post-infection
0 during IAV infection. FOXP3RFPIL-10GFP mice were infected with X-
e analyzed at days 0, 5, 7, and 10 post-infection. (A) Representative
ted lungs. (B) Frequency, (C) number, and (D) MFI of IL-10-secreting
I of IL-10-producing FOXP3− (FOXP3−IL-10+ CD4+ T-cells) and FOXP3+

s shown ± standard error of mean, n = 7 (day 0), n = 9 (day 5), n = 13
t experiments. Statistical analysis using one-way analysis of variance
mean, n = 6 (day 5), n = 7 (day 7), n = 7 (day 10) biological replicates
-way analysis of variance with Bonferroni's post-test * p ≤ 0.05, **
iation; GFP = green fluorescent protein; IAV = influenza A virus;
nt protein.
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(Supplementary Fig. S1). T cells that secrete IL-10 in the lung in
this setting were identified and assessed by flow cytometry
using FOXP3-RFP mice40 crossed to IL-10-GFP (TIGER)41 mice,
referred to hereafter as FOXP3RFPIL-10GFP mice (Fig. 1A). Prior
to infection, and at day 5 post-infection, the majority of T-cell-
derived IL-10 in lungs emanated from innate-like (CD4−CD8−)
cellular sources (Fig. 1B and 1C). However, by day 7, CD4+ T cells
were clearly the major T-cell subset responsible for IL-10 produc-
tion, outnumbering IL-10+ CD8+ T cells approximately 2:1
(Fig. 1C) and producing significantly more IL-10 than other T
cells in the lung on a per cell basis by mean fluorescence inten-
sity (MFI) (Fig. 1D). Although there was some contribution from
Tregs, defined here as CD4+ FOXP3+, to IL-10 production, the
predominant CD4+ T-cell subset in the lung producing IL-10
was FOXP3−, consistent with a Tr1-like phenotype (Fig. 1E–G).
These cells did not express Il4, Il17a, Il22, or Csf1 but did express
Ifng, Tgfb, and Il21 (Supplementary Fig. S2), features that are in
line with a Tr1-like cytokine signature10,27.

To establish the kinetics of CD4+ T-cell accumulation during
IAV infection, the abundance of activated effector cells (CD44+-
FOXP3−IL-10−), Tregs (CD44+FOXP3+IL-10-), IL-10+ Tregs (CD44+-
FOXP3+IL-10+), and FOXP3−IL-10+ CD4+ T cells (CD44+FOXP3−IL-
10+) were quantified during the course of infection in the spleen,
lung-draining mediastinal lymph node (mLN), lungs, and periph-
eral blood (Fig. 2). As expected, activated CD4+ effector T cells
were the most abundant of these populations in each of the dif-
ferent compartments (Fig. 2A–E). In order to interrogate the dif-
ferences in accumulation between the different Treg cell
Fig. 2 FOXP3−IL-10+ CD4+ T cells transiently accumulate in the lung durin
organs. FOXP3RFPIL-10GFP mice were infected with X-31 IAV-intranasally
peripheral blood were harvested and activated (CD44+) CD4+ T-cell pop
cytometry of CD4+ T-cell populations across all four organs on day 7. The
(B) spleen, (C) mLN, (D) lungs, (E) per ml of peripheral blood. Each symbol
mLNs, n = 10–12, lungs n = 7–29, and blood n = 7–10, all pooled from
analysis of variance with Bonferroni's post-test where * p < 0.05, **** p
protein; IAV = influenza A virus; IL = interleukin; mLN = mediastinal lym
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populations (Tregs, IL-10+ Tregs, and FOXP3−IL-10+ CD4+ T cells)
these populations were directly compared (Fig. 2A–E). This
revealed that Tregs increased in the mLN and spleen between
day 5 and 7 post-infection, however, this was not observed
FOXP3−IL-10+ CD4+ T cells or IL-10+ Tregs (Fig. 2A–C). However,
both Tregs and FOXP3−IL-10+ CD4+ T cells had accumulated to a
similar extent by day 7 in the lungs (Fig. 2A and 2D). In addition,
compared to Tregs, neither FOXP3−IL-10+ CD4+ T cells nor IL-10+

Tregs substantially increased in frequency in the blood (Fig. 2A
and 2E). Together, these findings are consistent with limited
generation of FOXP3−IL-10+ CD4+ T cells and IL-10+ Tregs in sec-
ondary lymphoid organs and instead support the notion that
both FOXP3−IL-10+ CD4+ T cells and IL-10+ Tregs are predomi-
nately generated from infiltrating precursors at the site of
infection.

FOXP3−IL-10+ CD4+ T cells transiently accumulated in the
lung at day 7, which coincided with the beginning of response
resolution (Supplementary Fig. S1A). Il27ra−/− mice, which have
been reported to have a selective deficiency in the generation
of FOXP3−IL-10+ CD4+ T cells but not in FOXP3+ Tregs20, were
used to explore the development of FOXP3−IL-10+ CD4+ T cells
during IAV infection. Il27ra−/− mice lost more weight than litter-
mate controls, exhibited a delay in post-infection weight recov-
ery (Fig. 3A), and had a selective loss of FOXP3−IL-10+ CD4+ T
cells in the lung (Fig. 3B–G) on day 7 of the response. There were
no deficits in either IL-10+ or IL-10- Tregs between Il27ra−/− and
control mice (Fig. 3B–D). In fact, there was a significant increase
in FOXP3+ IL-10− Tregs, potentially compensating for observed
g IAV infection without significant expansion in secondary lymphoid
and on days 0, 5, 7, and 10 post-infection spleens, mLN, lungs, and
ulations were quantified by flow cytometry. (A) Representative flow
number of each CD4+ T-cell population across the time course in the
represents the mean ± standard error of mean. For spleens n = 7–22,
seven independent experiments. Statistical analysis using two-way
< 0.0001. CD = clusters of differentiation; GFP = green fuorescent
ph node; RFP = red fluorescent protein.
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deficiency of FOXP3−IL-10+ CD4+ T cells. In the bronchoalveolar
lavage fluid (BALF) of wild-type (WT) mice, there was an enrich-
ment of all IL-10+ CD4+ T cells compared to the lungs, suggest-
ing IL-10+ cells preferentially localize in the airways (Fig. 3E–G).
Similar to the lungs, there was no reduction in Tregs between
Il27ra+/+ and Il27ra−/− mice in the BALF. However, there was a
stark ablation of FOXP3−IL-10+ CD4+ T cells in the BALF of
Il27ra−/− mice on day 7 post-infection (Fig. 3E–G). As the
Il27ra−/− mouse is a broad knockout model, it is also known that
there are potential defects in other cellular compartments such
as CD8+ T cells, B cells, and natural killer cells42–44, that may con-
tribute to the changes in weight loss recovery post-IAV infection.
However, on day 7 post-infection, we did not observe any signif-
icant differences in activated (CD44+) or IFNγ+ CD8+ T cells, or T
cell receptor (TCR)β− lymphocytes in terms of frequency or num-
ber in the lung (Supplementary Fig. S3). As there were no signif-
icant differences in activated CD8+ or CD4+ effector T, this could
suggest that Tr1 cells are acting on a different cell type in the
infected lungs such as antigen-presenting cells which have been
shown in other models45,46. Alternatively, as CD8+ T-cell num-
bers peak later than CD4+ T cells, at day 10 in the IAV-infected
lungs47–49, any effect of FOXP3−IL-10+ CD4+ T-cell-deficiency
on activated CD8+ T cells may be observed at later time points
than those analyzed in the current study. Together, these data
are consistent with a role for IL-27R-dependent FOXP3−IL-10+

CD4+ T cells in the resolution of acute IAV infection of the lung,
although further investigation utilizing transfer of antigen-
specific FOXP3−IL-10+ CD4+ T cells will be required to implicate
these cells unequivocally.
FOXP3−IL-10+ CD4+ T cells in IAV infection have a
heterogeneous LAG-3 and CD49b surface phenotype and
are localized in the parenchyma of the lungs
To explore the biology of FOXP3−IL-10+ CD4+ T cells in the con-
text of acute IAV infection in more detail, we examined the
expression of LAG-3 and CD49b (Supplementary Fig. S4), which
have previously been described as characteristic surface markers
of Tr1 cells23,26,27. In this model, FOXP3−IL-10+ CD4+ T cells were
predominately double negative (DN, LAG-3−CD49b−) during the
early phase of the response (day 5 post-infection). By day 7, four
populations of FOXP3−IL-10+ CD4+ T cells were apparent based
on LAG-3 and CD49b co-expression (Fig. 4A). These include
LAG-3+ CD49b+ double positive (DP) cells consistent with previ-
ously described Tr1 cells, but also substantial populations that
were DN or single-positive for either LAG-3+ or CD49b+. FOXP3−-
IL-10+ CD4+ T cells that expressed at least one of these markers
increased in the lung until day 7 post-infection, after which they
markedly dropped in frequency (Fig. 4B). In contrast, DN
Fig. 3 Il27ra−/− mice exhibit a deficiency in FOXP3−IL-10+ CD4+ T-cells a
and Il27ra−/− mice were infected with X-31-OVA323-339 IAV-intranasally and
initial weight over the course of IAV infection. (B) Representative flow cyt
(C) Percentage and (D) number of CD4+ T-cell populations in the lungs on
CD4+ T-cells in the bronchoalveolar lavage fluid at day 7 post-infection
bronchoalveolar lavage fluid on day 7 post-infection. (A) The mean is
different biological replicate, shown as mean ± standard error of mean, n
(Il27ra+/+), n = 14 (Il27ra+/-), n = 13 (Il27ra−/−) biological replicates total from
analysis of variance, (C, D, F, & G) one-way analysis of variance both wit
p ≤ 0.0001. CD = clusters of differentiation; IAV = influenza A virus; IL =
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FOXP3−IL-10+ CD4+ T cells continued to accumulate in lung up
to day 10 post-infection (Fig. 4B). FOXP3−IL-10+ CD4+ T-cell co-
expression of IL-10 with IFNγ has been shown to align with
LAG-3 and CD49b co-expression in some studies50,51. Therefore,
we also interrogated activated FOXP3− CD4+ T cells in IAV, sub-
divided on the basis of CD49b and LAG-3 co-expression, and
found that all four populations contained a population of IL-10+-
IFNγ+ cells, but that LAG-3 single-positive and DP populations
were similarly enriched for co-expression of these cytokines
(Supplementary Fig. S5). Together, these data define that a
heterogeneous population of FOXP3−IL-10+ CD4+ T cells emerge
during acute IAV infection. These include LAG-3+ CD49b+ DP
cells consistent with previously described Tr1 cell phenotypes,
although a majority of FOXP3−IL-10+ CD4+ T cells do not co-
express LAG-3 and CD49b in this model.

We next investigated the tissue distribution of these FOXP3−-
IL-10+ CD4+ T-cell populations based on LAG-3 and CD49b
expression following acute IAV infection. The peripheral blood,
mLN, lungs, and BALF were examined for the presence of
FOXP3−IL-10+ CD4+ T cells separated on the basis of LAG-3
and CD49b on day 7 post-infection. Strikingly, LAG-3 single-
positive cells were the most abundant FOXP3−IL-10+ CD4+ T-
cell population in each of these compartments (Fig. 4C and
4D). Interestingly, DP FOXP3−IL-10+ CD4+ T cells were more fre-
quent in the BALF than in other tissues examined suggesting
these cells may be preferentially expanded, recruited, or main-
tained within the airways of infected lungs. Next, we performed
intravascular labeling to determine whether these FOXP3−IL-10+

CD4+ T-cell populations differentially occupied the parenchyma
or the vasculature of the lungs. Greater than 80% of FOXP3-IL-
10+ CD4+ T cells were found within the parenchyma of the
IAV-infected lungs on day 7 post-infection (Fig. 4E). Each of
the four FOXP3−IL-10+ CD4+ T populations were enriched in
the parenchyma compared to the vasculature of the lungs
(Fig. 4E). However, the DP population was the most enriched
in the parenchymal niche amongst the FOXP3−IL-10+ CD4+ T
cells in IAV infection (Fig. 4F), suggestive of a later stage of tissue
infiltration.

FOXP3−IL-10+ CD4+ T cells from IAV-infected lungs exhibit
suppressive potential consistent with Tr1 cells
The heterogeneity observed with respect to LAG-3 and CD49b
expression in the FOXP3−IL-10+ CD4+ T-cell compartment in
acute IAV infection raised the question of whether all of these
apparent Tr1-like cells are bona fide suppressor cells, capable
of inhibiting T cell division. To address this, we performed sup-
pression assays using labeled effector T cells. FOXP3−IL-10+

CD4+ T cells of each of the four identified populations were
nd have delayed resolution of acute IAV infection. Il27ra+/+, Il27ra+/-

lungs were analyzed on day 7 post-infection. (A) The percentage o
ometry of activated CD4+ T-cells in the lungs at day 7 post-infection
day 7 post-infection. (E) Representative flow cytometry of activated
. (F) Percentage and (G) number of CD4+ T-cell populations in the
shown ± standard error of mean. (C–D) each symbol represents a
= 12 (Il27ra+/+), n = 17 (Il27ra+/-), n = 14 (Il27ra−/−) and (F-G) n = 10
six independent experiments. Statistical analysis using (A) two-way

h Bonferroni’s correction * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ****
interleukin.
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sorted from the lungs of IAV-infected FOXP3RFPIL-10GFP mice on
day 7 post-infection for these assays (Supplementary Fig. S6). All
four FOXP3−IL-10+ CD4+ T-cell populations were capable of sig-
nificant titratable inhibition of effector T cell division (Fig. 5A–C),
with the DP and LAG-3+ populations most suppressive on a per
cell basis (significantly suppressive out to a 1:8 FOXP3−IL-10+

CD4+ T:effector T cell ratio) (Fig. 5B). All four populations of
FOXP3−IL-10+ CD4+ T cells were similarly as suppressive in these
assays as FOXP3+ Tregs (Fig. 5) and significantly more suppres-
sive than co-cultured effector T cells used as negative controls
(Fig. 5). These results indicate that all four populations of
FOXP3−IL-10+ CD4+ T cells in IAV exhibit suppressive potential,
consistent with the current definition of Tr1 cells. Notably, the
DP and LAG-3+ Tr1 cells exhibited the most potent regulatory
activity, but this was not a substantial difference in suppressive
capacity in these assays. Mechanistically, Tr1 cells have been
reported to exert suppression predominately via IL-10 produc-
tion11,27,52. Thus, each of the four Tr1 cell populations was tested
for their dependence on IL-10 to elicit suppression by conduct-
ing assays with a neutralizing α-IL-10Rα antibody (Fig. 5D and
5E). DP and CD49b+ Tr1 cells exhibited some dependence on
IL-10 to elicit suppression, while DN and LAG-3+ Tr1 cells sup-
pressed effector T cell division independently of IL-10 (Fig. 5D
and 5E). Although IL-10 was important for suppression exerted
by DP and CD49b+ populations of Tr1 cells, this indicated that
other mechanisms were employed by LAG-3+ and DN Tr1 cells
to inhibit effector T cell division.

Transcriptomic analysis of lung-derived Tr1 populations
Given the differences observed in kinetics, localization, and
dependence on IL-10 for suppressive capacity between the four
Tr1 cell populations identified in IAV infection, further differ-
ences were probed at the transcriptional level. RNA sequencing
was conducted on each of the four populations sorted from
lungs of IAV-infected FOXP3RFPIL-10GFP mice on day 7 post-
infection (Supplementary Fig. S7). Using a false discovery rate
(FDR) < 0.05 and estimated log-fold-change (logFC) greater/less
than 1(+/-1), 243 differentially expressed (DE) genes were iden-
tified in total (where each unique gene was determined to be
DE in at least one comparison). An UpSet plot was generated
from a list of the DE genes across all six comparisons. This anal-
ysis revealed that the LAG-3+ and CD49b+ populations exhibited
169 DE genes, the greatest number in any one comparison and
consequently appeared the most distinct among all the popula-
Fig. 4 IAV-induced FOXP3−IL-10+ CD4+ T-cells exhibit heterogeneous
parenchyma. FOXP3RFPIL-10GFP mice were infected with X-31 IAV-intrana
Concatenated representative flow cytometry depicting expression of FO
FOXP3−IL-10+ CD4+ T-cells. (B) The number of LAG-3+ CD49b−, LAG-3+ CD
post-IAV infection. (C) Concatenated representative flow cytometry from
CD49b expression by FOXP3−IL-10+ CD4+ T-cells. (D) Frequency of DN,
lungs, and BALF. (E) Concatenated flow cytometry depicting TCR-β I.V la
lungs on day 7 post-infection. (F) The ratio of FOXP3−IL-10+ CD4+ T-cells
different biological replicate, bars show the mean, and error bars depict ±
time point from three independent experiments, (C–F) n = 9 biological re
using (B, D, F) one-way analysis of variance with Bonferroni's post-
BALF = bronchoalveolar lavage fluid; CD = clusters of differentiation; DN
protein; IAV = influenza A virus; IL = interleukin; I.V = intravenous; LAG-3 =
peripheral blood; RFP = red fluorescent protein; TCR = T cell receptor.
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tions (Fig. 6A). Unique gene set signatures were determined for
the DN, LAG-3+, and CD49b+ Tr1 cell populations but not for the
DP Tr1 cells (Fig. 6A, Supplementary Fig. S8A). This is likely due
to the DP sharing features of both the LAG-3+ and CD49b+ Tr1
cells meaning there are no significant uniquely expressed genes
by this population. Next, it was established how closely each of
the four Tr1 cell populations from acutely infected mice resem-
bled previously reported Tr1 cells and other CD4+ T-cell subsets.
To address this, a list of Tr1 cell signature genes was compiled
from previous studies19,21,23,27,30. We compared the expression
of Tr1 signature genes as well as genes associated with Th1,
Th2, Th17, Tfh, and Tregs between the four Tr1 cell populations
from IAV-infected lungs. Apart from the genes encoding the sur-
face markers used for their differential sorting, it was apparent
that all four populations of Tr1 cells strongly conform to a core
Tr1 cell gene expression signature (i.e. abundant Il10, Maf, Gzmb,
Icos, Tigit, Ctla4, and Pdcd1) (Fig. 6B). An exception amongst
these Tr1 cell-associated genes was Eomes, which encodes a
transcription factor that has been shown to control Tr1 cell
development during chronic alloantigen exposure in graft-
versus-host disease31. In acute IAV, Eomes were not highly
expressed in Tr1 cells but were present at low levels only in
the two CD49b− Tr1 cell populations. This was confirmed by
staining intracellular EOMES protein in these cells (Supplemen-
tary Fig. S9). In addition, acute IAV infection-induced Tr1 cells
generally did not express high levels of genes associated with
Th2 (except Gata3), Th17, Tfh, or Tregs (except Il2ra and Il2rb)
but did abundantly express Th1-associated genes including
Tbx21, Cxcr3, Cxcr6, and Ifng. Together, these data indicate that
the Tr1 cell populations that arise during acute IAV infection
strongly resemble previously described Tr1 cells and that the
LAG-3+ and CD49b+ populations were the most transcriptionally
distinct amongst these populations.

Next, to further explore differences between Tr1 cell popula-
tions, pathway analysis was conducted to identify the gene
ontologies (GO) significantly enriched in each comparison. First,
DN and LAG-3+ Tr1 cells were compared, and this revealed 58
GO terms significantly enriched including ‘inflammatory
response’ highlighting genes such as Havcr2, Cst7, and Lag3
expressed by the LAG-3+ Tr1 cells (Supplementary Fig. S9C).
Between the LAG-3+ and DP Tr1 cells, five significantly enriched
GO terms were identified including ‘transmembrane receptor
activity’ (e.g. Cxcr5, Itga2, Klrk1, and Gpr15) (Fig. 6C). DP Tr1 cells
expressed more Itga2, Klrk1, and Gpr15, whereas LAG-3+ Tr1 cells
expression of LAG-3 and CD49b and are localized in the lung
sally. (A) On days 0, 5, 7, and 10 post-infection lungs were harvested.
XP3 and IL-10 by activated CD4+ T-cells and LAG-3 and CD49b by
49b+, LAG-3+ CD49b−, and LAG-3− CD49b+ FOXP3−IL-10+ CD4+ T-cells
the indicated organs at day 7 post-infection, displaying LAG-3 and

DP, LAG-3+, and CD49b+ FOXP3−IL-10+ CD4+ T-cells in the mLN, PB,
beling (top TCR-β+ gate in E) of FOXP3-IL-10+ CD4+ T-cells from the
in the parenchyma versus the vasculature. Each symbol represents a
standard error of mean, (A–B) n = 3–15 biological replicates total per
plicates total from two independent experiments. Statistical analysis
test * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
= double negative; DP = double positive; GFP = green fluorescent
lymphocyte activation gene-3; mLN = mediastinal lymph node; PB =
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expressed more Cxcr5. This suggested the DP Tr1 cells expressed
more genes associated with T-cell activation and adhesion than
LAG-3+ Tr1 cells and therefore potentially constitute a more dif-
ferentiated population. Between CD49b+ and DP Tr1 cells only 2
GO terms were considered significantly enriched. These included
‘extracellular space’ (e.g. Fam20a, Igfbp7, Lgals7, Areg, S100a8,
Cst7, Csf1, S100a9, and Pla1a) (Fig. 6D). The ‘extracellular space’
GO term encompasses genes encoding surface and secreted
molecules that were DE by the DP Tr1 cells and could thus be
attributed a more activated and functional cell phenotype. The
comparison between LAG-3+ and CD49b+ Tr1 cells identified
47 significantly enriched GO terms including ‘cell-cell adhesion’
(e.g. Lgals7, Perp, Tespa1, Lag3, Itgb3, Itga2, and Il10) (Fig. 6E).
This analysis indicated that CD49b+ Tr1 cells expressed increased
levels of integrins and exhibited a more terminally differentiated
gene signature than LAG-3+ Tr1 cells. Collectively, the pathway
analysis identified differences in GO terms associated with acti-
vation and adhesion suggesting that the major differences in
these Tr1 populations are related to their activation and func-
tional state with DP cells potentially representing the most acti-
vated population.

Upon examining expression of specific genes between the
four Tr1 populations in more detail it was apparent that LAG-
3+ Tr1 cells exhibited a more activated and regulatory profile
than DN Tr1 cells (e.g. increased expression of Havcr2, Lag3,
and Areg) (Fig. 6F). Indeed, compared to each of the other pop-
ulations DN Tr1 cells appeared more Tfh-like, suggestive of a less
differentiated or stem-like activation state (Fig. 6F, Supplemen-
tary Fig. S9). Comparison between LAG-3+ and DP Tr1 cells
revealed DE genes upregulated in LAG-3+ Tr1 cells that were
suggestive of a less differentiated state (e.g. Sell and Cxcr5)
(Fig. 6G). In contrast, genes increased in DP Tr1 cells were con-
sistent with a more activated and functional phenotype than
the LAG-3+ Tr1 cells (e.g. DE genes included Klrk1, Klrg1, Gzmm,
and Itga2) (Fig. 6G). Consistent with the observations from the
GO term analysis, compared to both LAG-3+ and DP cells,
CD49b+ Tr1 cells exhibited more features of active TCR signaling
(e.g. Tespa1 and Trat1) in combination with increased expression
of receptors associated with induction of cell death (e.g. P2rx7
Fig. 5 FOXP3−IL-10+ CD4+ T-cells induced by IAV infection are capable
infected with X-31 IAV-intranasally and FOXP3−IL-10+ CD4+ T-cell popu
lungs on day 7 post-infection for suppression assays. (A) Representat
CD3+CD25− responder T cells with stimulation alone (light gray histogra
CD25+) sorted from naïve FOXP3RFPIL-10GFP mouse secondary lymphoid o
10+ CD4+ T-cells (overlaid dark gray histogram) at a 1:1 ratio (2 × 104 T
effector T cell division at each ratio of Treg cells or FOXP3−IL-10+ CD4+ T c
with effector T cells (Eff + Eff). (C) Division index of effector T cells cultur
10+ CD4+ T-cells at a 1:1 ratio (where division index = the mean number
depicting division of labeled effector T cells from suppression assays. S
each of the FOXP3−IL-10+ CD4+ T-cell populations (1:1 ratio) in the presen
nAB (dark gray histograms). Data are shown as mean ± standard error of
from three independent experiments. Statistical analysis using (B), (C) o
Eff + Eff and each Treg and FOXP3−IL-10+ CD4+ T-cell population. Two-w
compare the percentage suppression observed for Treg cells and there
suppression observed for the FOXP3−IL-10+ CD4+ T-cell populations. (E) O
Eff + Eff and each FOXP3−IL-10+ CD4+ T-cell population * p < 0.05, ** p <
CD = clusters of differentiation; DN = double negative; DP = double
IL = interleukin; nAB = neutralising antibody; RFP = red fluorescent p
regualtory.
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and Tnfrsf25) (Fig. 6H and 6I), which implied a more apoptotic
phenotype of CD49b+ Tr1 cells. Thus, there are differences
apparent in the expression of genes associated with T-cell acti-
vation and fitness between the various Tr1 cell populations from
lungs of acutely infected mice. Together this suggests the four
populations identified in our model based on expression of
LAG-3 and CD49b correspond to a dynamic developmental tra-
jectory for Tr1 cells, where LAG-3+ and DP populations appear to
represent a classical Tr1 signature, with LAG-3+ Tr1 cells perhaps
less mature than DP cells. DN cells exhibit a more stem-like sig-
nature and express Tfh-like genes, whereas the CD49b popula-
tion enriches for a more apoptotic signature perhaps
correlating with terminal differentiation. Therefore, each popula-
tion appears to correspond with a state of activation and func-
tion for FOXP3−IL-10+ CD4+ T cells.
Tr1 cell populations exhibit differences in activation and
fitness
As genes associated with activation and death were highly DE
between the four populations of Tr1 cells, several of these were
probed further. T cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3) and programmed cell death prtoein
1 (PD-1) (activation markers induced upon TCR signaling and
activation)53–55 were first selected for further investigation. Tr1
cells express a range of co-inhibitory receptors23, and expression
of receptors including PD-1 and TIM-3 has been shown to mark
suppressor cell populations in a number of different con-
texts11,56,57. Expression of such receptors is also an indication
of activation and antigen experience53, thereby allowing their
co-expression to provide a readout of the activation level of
Tr1 cells. Both DP and LAG-3+ Tr1 cells expressed significantly
greater surface PD-1 compared to DN and CD49b+ Tr1 cells
(Fig. 7A and 7B). Furthermore, the DP Tr1 cells expressed the
highest level of surface TIM-3 and exhibited the greatest propor-
tion of PD-1+ TIM-3+ double positive cells (Fig. 7A and 7D), fur-
ther supporting the notion that DP Tr1 cells are the most
activated of the four populations.

P2RX7 is a surface purinergic receptor that senses extracellu-
lar adenosine triphosphate and can induce apoptosis58. It has
of suppressing effector T-cell division. FOXP3RFPIL-10GFP mice were
lations were fluorescence-activated cell sorting (FACS)-sorted from
ive flow cytometry showing the proliferation of Efluor670-labeled
ms, Effectors) or in the presence of either Treg cells (CD4+FOXP3+-
rgans (as a positive control for suppression), or each of the FOXP3−IL-
r1 cells: 2 × 104 effector T cells). (B) The percentage suppression of
ells: effector T cells (1: 1– 1: 16) compared to effector T cells cultured
ed with APCs and α-CD3 alone or with either Treg cells or FOXP3−IL-
of divisions within a population). (D) Representative flow cytometry
timulation alone condition (light gray histograms), co-cultured with
ce of an isotype control (black histograms), in the presence of IL-10Ra
mean, (A–C) n = 3–5 biological replicates, (D & E) n = 4–7 replicates
ne-way analysis of variance with Bonferroni's post-test between the
ay analysis of variance with Bonferroni's post-test was also used to

were no statistically significant differences when compared with the
ne-way analysis of variance with Bonferroni's post-test between the
0.01, *** p < 0.001, **** p < 0.0001. APCs = antigen presenting cells;
positive; GFP = green fluorescent protein; IAV = influenza A virus;
rotein; TCR = T cell receptor;Treg = regulatory T cell, Tr1 = type I
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also been shown to regulate metabolic fitness in CD8+ T cells59

but has not previously been implicated in Tr1 cell function. P2rx7
was found to be most highly expressed by CD49b+ Tr1 popula-
tions (Supplementary Fig. S9). In keeping with this, flow cyto-
metric analysis revealed a significantly higher percentage of
CD49b+ Tr1 cells were P2RX7+ compared to DP and LAG-3+

Tr1 cells (Fig. 7E and 7F). Whether there were differences in fit-
ness, proliferative capacity, and survival between the Tr1 cell
populations was assessed by Ki67, Annexin V, and 7AAD stain-
ing. No differences were observed in cell cycling as reported
by intranuclear Ki67 staining (Fig. 7G and 7H). However, when
assessing fitness and death, DP and CD49b+ Tr1 cells contained
a greater frequency of pre-apoptotic Annexin V+ cells compared
to the other populations (Fig. 7I–L). In addition, the CD49b+ pop-
ulation contained the greatest proportion of 7AAD and Annexin
V dual-positive cells that had undergone apoptosis (Fig. 7I–L).
These data are consistent with CD49b+ Tr1 cells undergoing a
higher rate of apoptosis than the other Tr1 cell subsets and fur-
ther suggest that CD49b+ Tr1 cells represent a more terminally
differentiated Tr1 cell population. Altogether, the transcriptional
and functional data suggested a possible step-wise increase in T-
cell activation from DN to LAG-3+ to DP, with CD49b+ Tr1 cells
representing an activated population that had increased suscep-
tibility to apoptosis.
Plasticity of lung-derived Tr1 cells generated in response to
IAV infection
To test whether an exclusively linear step-wise progression
between the four Tr1 cell populations observed in IAV infection
exists, an adoptive transfer strategy was utilized. Each of the four
Tr1 cell populations was FACS-sorted from lungs on day 7 post-
infection (Supplementary Fig. S10) and transferred into
infection-matched WT hosts. Due to the technical challenges
of working with small numbers of lung-derived Tr1 cells, despite
pooling from multiple experiments, insufficient DN, DP, and
CD49b+ Tr1 cells were recovered following transfer for robust
analysis of their fate and plasticity. However, as the dominant
population of Tr1 cells, the LAG-3+ Tr1 cells could be tracked reli-
ably and were sufficient to test the hypothesis that Tr1 cells
undergo a unidirectional linear progression through the
observed populations during acute IAV infection. On day 9
post-infection, tissues were collected for analysis of transferred
cells (Fig. 8A). Transferred cells were detected in the lungs
(Fig. 8B, 8E–G) and spleen (Fig. 8H–J) of recipient mice. LAG-3+
Fig. 6 Four populations of IAV-induced Tr1 cells conform to a general Tr1
consistent with different activation states. FOXP3RFPIL-10GFP mice were in
CD49b+ and LAG-3+ subsets of Tr1 cells were FACS-sorted and analyze
depicting average messenger RNA expression of a range of genes kno
populations (generated using pheatmap in RStudio). The heatmap scale
listed. (C–E) Pathway analysis was conducted using clusterprofileR in R stu
versus DP, (D) Cd49b+ versus DP, and (E) Lag3+ versus CD49b+. Dot size i
and a Bonferroni-adjusted p < 0.05 was used as a cut-off for significantly e
in R studio with comparisons between (F) DN versus LAG-3+, (G) LAG-3+ v
20 differentially expressed genes are labeled in each comparison. Colored
FDR < 0.05 and an estimated logFC greater than/less than ±1. N = 4
experiments were analyzed for RNA sequencing. CD = clusters of diffe
DN = double negative; DP = double positive; FC = fold-change; FDR = fa
virus; IL = interleukin; LAG-3 = lymphocyte activation gene-3; RFP = red fl
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Tr1 cells predominately maintained expression of IL-10 post-
transfer and did not begin to express FOXP3 regardless of tissue
of recovery (Fig. 8D, 8E, and 8H), indicating a degree of stability
of the Tr1 cell phenotype, at least across this period of time.
Regarding plasticity of LAG-3 and CD49b co-expression, LAG-
3+ Tr1 cells either maintained their LAG-3+ profile or adopted
either a DP or DN profile following adoptive transfer. Very few
LAG-3+ Tr1 cells converted to a CD49b+ single-positive profile
over the period of time analyzed (Fig. 8F and 8G). Transferred
LAG-3+ Tr1 cells recovered from the lungs and spleens exhibited
a different distribution of surface expression of LAG-3 and
CD49b, with less conversion to a DN phenotype apparent in
the spleen than in the lung. Together, these experiments deter-
mined that LAG-3+ Tr1 cells exhibit stable IL-10 production but
have the potential to rapidly adopt different expression profiles
of LAG-3 and CD49b co-expression. Despite being limited to
evaluation of transfer of the LAG-3+ Tr1 cells, these data estab-
lish that there is significant plasticity in Tr1 cell populations dur-
ing IAV infection and that there is not a uniform linear step-wise
progression evident through Tr1 cell fates.
DISCUSSION
Tr1 cells have been shown to play an important regulatory role
by suppressing effector responses that limit chronic inflamma-
tion60–62. In this study, we have shown these IL-27R-dependent
FOXP3−IL-10+ CD4+ T cells are the dominant T-cell source of
IL-10 in the lung of IAV-infected mice, greatly outnumbering
IL-10+ Tregs, and in their absence there is delayed recovery from
infection-induced weight loss, consistent with a role for Tr1 cells
during the resolution of acute inflammation and similar to that
described for these cells in chronic inflammation22. However,
as the model used for Tr1 cell deficiency in this study removes
all IL-27R-dependent elements of the immune response, to
specifically prove direct involvement of Tr1 cells in the resolution
of acute IAV infection, adoptive transfer of Tr1 cells into IAV-
infected Il27ra−/− mice will be required in future. Given previous
studies11,57,63,64, it is likely that this will require the use of
antigen-specific Tr1 cells. In this context, it will be important to
elucidate any Tr1 cell-dependent effect on the histopathological
status of IAV-infected lungs. Previous studies have shown that
transferred memory Tregs significantly attenuate lung pathology
in IAV-infected mice7,65 so it will be of interest in future to deter-
mine whether Tr1-mediated regulation of inflammation in the
IAV-infected lung has a similar impact. Intriguingly, we also
cell gene expression signature but exhibit transcriptional divergence
fected with X-31 IAV-intranasally and on day 7 post-infection DN, DP,
d by RNA sequencing. (A) UpSet plot for all DE genes. (B) Heatmap
wn to be associated with CD4+ T-cell lineages across the four Tr1
refers to the average logCPM on a continuous scale for each gene
dio and dot plots are shown for the comparisons between (C) Lag3+

s proportional to the number of genes in a given EnterezID gene set
nriched pathways. (F–I) Volcano plots were generated using ggplot2
ersus DP (H) Lag3+ versus CD49b+, and (I) CD49b+ versus DP. The top
dots indicate significantly differentially expressed genes based on a
biological replicates for each population from two independent

rentiation; CPM = counts per million; DE = differentially expressed;
lse discovery rate; GFP = green fluorescent protein; IAV = influenza A
uorescent protein; TCR = T cell receptor; Tr1 = type I regulatory cell.
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reveal that Tr1 cells generated in response to IAV infection exhi-
bit heterogeneous expression of the Tr1 cell characteristic mark-
ers, LAG-3 and CD49b. Four Tr1 cell populations were identified
which exhibited differences in their kinetics, phenotype, and
potential function and corresponded to different states of activa-
tion for Tr1 cells. Using this model of Tr1 cell generation in acute
infection we have revealed multiple novel insights into Tr1 cell
biology, including new information on their development,
heterogeneity, mechanisms of suppression, and phenotypic
stability.

In this study, we identified four populations of FOXP3−IL-10+

CD4+ T cells based on expression of LAG-3 and CD49b. This
study builds on previous work identifying IL-10-producing
CD4+ T cells in IAV infection26,32,33, by determining that these
cells are consistent with Tr1 cells by current defining character-
istics and further investigating their biology. While we found
that >75% of FOXP3−IL-10+ T cells found in lungs of IAV-
infected do not co-express LAG-3 and CD49b, these cells
meet all other defining criteria of Tr1 cells (i.e. are capable of
suppressing bystander T cell proliferation and do not produce
IL-4 or IL-17A)18. While we do not query that LAG-3 and
CD49b are useful surface markers for enrichment of Tr1 cells
from humans, it is clear in this model of acute infection in mice
that cells meeting all other defining criteria of Tr1 cells are not
exclusively DP. Our transcriptomic analysis indicated that DP
Tr1 cells expressed more genes associated with T-cell functional-
ity and also had the highest level of TIM-3 expression, which
may indicate that DP Tr1 cells represent a more tissue-
infiltrated and functionally active stage of Tr1 cell biology than
the other populations. Indeed, we found that a substantial frac-
tion of LAG-3+ Tr1 cells converted to DP following transfer and
also revealed that DP Tr1 cells were found deeper within the
infected tissue (more parenchymal and localized in airways) than
other populations of Tr1 cells. Overall, the current study has
established significant heterogeneity within the Tr1 cell com-
partment during acute infection. Although DP Tr1 cells were
not the only population identified, they did appear to express
the most genes associated with regulatory function and hence
may represent the most functional Tr1 cells.

One important feature of the different populations of Tr1
cells that emerged during acute IAV infection was differential
dependence on IL-10 for suppression. Specifically, DP and
CD49b+ cells utilized IL-10 but the other Tr1 cell populations
were suppressed independently of IL-10. Moreover, neutralizing
IL-10 only partially inhibited suppression by DP and CD49b+

cells. Together, these observations indicate that other molecular
mechanisms are used by those cells to exert suppression. While
the mechanisms by which Tr1 cells exert suppression in vivo
Fig. 7 Activation, proliferation, and death of Tr1 cell populations. FOXP3
were harvested on day 7 post-infection. (A) Representative flow cytometr
TIM-3. (D) The percentage of PD-1 TIM-3 DP cells. (E) Representative
populations compared to naïve CD4+ T-cells. (F) Frequency of P2RX7+

intranuclear Ki67 by Tr1 cells. (H) Frequency of Ki67+ of each of the Tr1 p
co-staining. Frequency of (J) 7AAD-AV+, (K) 7AAD+AV-, and (L) 7AAD+AV+ T
mean ± standard error of mean, (B–D) n = 8, (F) n = 8, and (J–L) n = 9 bio
analysis using one-way analysis of variance with Bonferroni's post-test *
CD = clusters of differentiation; DN = double negative; DP = double
IL = interleukin; PD-1 = programmed cell death protein 1; P2RX7 = pur
immunoglobulin and mucin domain-containing protein 3; Tr1 = type I r
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remain incompletely understood and vary from study to study,
the most commonly reported mechanisms reported to be used
by Tr1 cells to suppress effector T-cell division are either IL-10 or
via co-inhibitory receptors. For example, Tr1 cell-mediated sup-
pression by Tr1 cells isolated from a model of colitis is depen-
dent on IL-1051,66. However, post α-CD3 treatment, small
intestinal Tr1 cells were enriched for expression of many co-
inhibitory receptors and potently suppressed effector T-cell pro-
liferation in vitro, whereas splenic Tr1 cells from the same mice
expressed fewer co-inhibitory receptors and were not as sup-
pressive23. In addition, Tr1 cells in models of antigen tolerization
and allergy were shown to inhibit T-cell proliferation via cell-
contact mediated mechanisms dependent on binding to PD-1
and CTLA-4 on target cells24,25,56. Studies of Tallo10 cells, a polar-
ized human Tr1 cell clinical product, have revealed that Tr1 cells
in this context suppress T-cell proliferation via cell-contact
mechanisms through binding CTLA-4 and PD-1, as well as via
soluble IL-1057. Given the results from the current study, it will
be of interest to determine any cell-contact-dependent mecha-
nisms of suppression mediated by Tr1 cell subpopulations iso-
lated from IAV-infected lungs. Notably, DN Tr1 cells are
suppressive independently of IL-10 and do not express LAG-3,
which rules out a contribution of LAG-3 to their suppressive
capacity. Other mechanisms potentially contributing to the sup-
pressive function of Tr1 cells include PD-L1 ligation of effector T
cell PD-1 or secreted transforming growth factor-β. Thus, further
investigation is required to elucidate the mechanisms used by
IAV-derived Tr1 cells to suppress T-cell division.

The circumstances under which Tr1 cells emerge contribute
to immune responses, and their subsequent fate remains some-
what enigmatic. Currently, it is not definitively known whether
these cells emerge in vivo directly from naïve precursors or
adopt an IL-10-secreting phenotype after transitioning through
another effector program, or can come from either path-
way19,21,22,26. Analysis of the appearance of Tr1 cells in the pre-
sent study indicates that, unlike Tregs, Tr1 cells do not
substantially increase in frequency in draining lymph node or
spleen following infection but accumulate abruptly in lungs on
day 7. This indicates that it is likely that a substantial fraction
of Tr1 cells derives from effector T cells that adopt IL-10 expres-
sion in situ. However, this will require future analysis of appropri-
ate fate-reporter mice, such as has been shown for Th17 cells
that transition to Tr1 in the context of autoimmunity22. The
kinetics of the appearance of Tr1 cells in the present study are
quite consistent with previous studies in lymphocytic chori-
omeningitis (LCMV), N.Brasiliensis infection, and following lethal
influenza infection26,27, where these cells were also noted to
appear between day 5 and day 7. However, the kinetics of the
RFPIL-10GFP mice were infected with X-31 IAV-intranasally and lungs
y of TIM-3 and PD-1 co-expression by Tr1 cells. MFI of (B) PD-1 and (C)
flow cytometry of P2RX7 expression by each of the four Tr1 cell
cells. (G) Representative flow cytometry depicting expression of

opulations. (I) Representative flow cytometry of annexin V and 7AAD
r1 cells. Each symbol is a different biological replicate, data shown as
logical replicates total from two independent experiments. Statistical
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. AV = annexin V;
positive; GFP = green fluorescent protein; IAV = influenza A virus;
inergic receptor P2X7; RFP = red fluorescent protein; TIM-3 = T cell
egulatory cell; 7AAD = 7-aminoactinomycin D.
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Fig. 8 Plasticity of IAV-induced LAG-3+ Tr1 cells from the lung. (A) Experimental schematic. FOXP3RFPIL-10GFP mice and age-matched C57BL/6
mice were infected with X-31 intranasally. On day 7 post-infection lungs from 3-4 FOXP3RFPIL-10GFP mice were pooled and Tr1 cells were FACS-
sorted (Live, CD3+CD4+CD44+FOXP3−IL-10+) based on expression of LAG-3 and CD49b and transferred intravenously into separate infection-
matched hosts. On day 9 post-infection the lungs and spleens were analyzed for Tr1 cell presence and plasticity. (B) Concatenated flow
cytometry of Tr1 cell detection in infection-matched lungs (pooled from three independent experiments). (C) The number of ef670+

transferred cells recovered from lungs of recipients on day 9 post-infection. (D) The frequency of ef670+ transferred cells recovered from
spleen and lungs that were LAG-3+ and became either IL-10- or remained IL-10+. Concatenated (E) lungs and (H) spleens from LAG-3+ recipient
mice showing transferred LAG-3+ Tr1 cell expression of FOXP3 and IL-10. LAG-3 and CD49b expression by input LAG-3+ transferred cells that
maintain IL-10+ (IL-10+) (left) and endogenous CD4+ T-cells (right) recovered from the (F) lungs and (I) spleen. The frequency of transferred
LAG-3+ cells recovered from lungs (G) or spleens (J) that remained IL-10+ and either maintained LAG-3+ or became DN, DP, or CD49b+. Data are
shown as mean ± standard error of mean in (C) and as individual paired replicates (D, G, and J), n = 3 biological replicates from three
independent experiments. Statistical analysis was completed using one-way analysis of variance (C) or multiple paired t tests (D, G, and J) *
p < 0.05, ** p < 0.01. (Fig. made with Biorender.com). CD = clusters of differentiation; DN = double negative; DP = double positive; ef670 =
efluor670 proliferation dye; GFP = green fluorescent protein; IAV = influenza A virus; IL = interleukin; LAG-3 = lymphocyte activation gene-3;
PBS = phosphate buffered saline; RFP = red fluorescent protein; Tr1 = type I regulatory cell.
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persistence of Tr1 cells in the present study substantially differs
from that reported in chronic LCMV infection where Tr1 cells
continued to accumulate up to day 2067, which is in contrast
to the abrupt loss of Tr1 cells observed here by day 10 post-
Mucosal Immunology (2023) 16:606–623
infection. This strict temporal control of Tr1 cells is suggestive
of an important window for regulation of the anti-IAV immune
response and raises important questions as to the fate and plas-
ticity of these cells in this context.
www.elsevier.com
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While the data in this study demonstrate the generation and
potential functions of Tr1 cells in acute respiratory virus infec-
tion, the fate and persistence of Tr1 cells after response resolu-
tion were not fully resolved. Although most Tr1 cells in the
lung were lost between day 7 and day 10 post-IAV infection, it
was notable that DN Tr1 cells persisted at day 10. On the surface,
this initially suggested that DN Tr1 cells may represent an end-
point of Tr1 cell fate in this context. However, transcriptomic
analysis instead suggested that DN Tr1 cells were actually the
least differentiated Tr1 population (e.g. expressing higher levels
of Tfh-like genes such as Cxcr5, Pdcd1, and Id3). This could sug-
gest that the DN population persists as Tfh-like cells that may
contribute to B cell responses and iBALT formation in the
infected lungs68–70. Furthermore, the CD49b+ Tr1 cells were
undergoing a higher rate of apoptosis compared to the other
populations, suggesting that they are more likely to represent
an endpoint of Tr1 cell fate. A potential explanation for these
findings is that the DN Tr1 cells observed in this study are a
heterogeneous population of IL-10-secreting T cells that con-
tains cells consistent with the definition of Tr1 cells, that have
not yet upregulated either CD49b or LAG-3 and also contain
cells that have downregulated these markers as they transition
to alternative T-cell fates such as Tfh-like cells. These questions
could be addressed by developing genetic fate-reporting sys-
tems for Tr1 cells such as have been described for Th1, Th2, Treg,
and Th17 cells71–73. In support of the concept that Tr1 cells exhi-
bit plasticity in vivo, our data indicate that LAG-3+ Tr1 cells in
acute IAV infection were capable of transitioning to non-Tr1 cells
(loss of IL-10 expression) and also to DP and DN Tr1 cells. This
suggests that there is substantial plasticity between the
observed Tr1 cell populations that emerge during acute IAV
infection. Further investigation to untangle this complex web
of cellular states using fate-mapping and single-cell approaches
is warranted to better understand these key regulatory cells in
future.
CONCLUSION
This study provides a thorough investigation into the biology of
Tr1 cells in the context of an acute resolving model of infection,
with a lack of Tr1 cells correlating with a delay in the resolution
of IAV infection in Il27ra−/− mice. Four Tr1 cell activation states
were delineated based on expression of LAG-3 and/or CD49b.
These populations exhibited differences in localization, depen-
dence on IL-10 to suppress T-cell proliferation, and had distinct
transcriptional features. LAG-3+ Tr1 cells were able to adopt a DN
or DP phenotype suggestive of significant plasticity being pre-
sent between these populations. Overall, a detailed description
of Tr1 populations and potential function has been outlined in
the present study. This could inform therapeutic efforts to target
Treg cells in acute infection to improve patient outcomes.
Limitations of this study
The Il27ra−/− mouse was used as a model of Tr1 deficiency. As
this is a broad knockout mouse, other IL-27-dependent cell pop-
ulations may also be affected. To further elucidate the extent of
Tr1 contributions to regulation of immune responses other
viruses and infection models should be investigated and these
should also be examined in human patients during the course
of acute respiratory infection.
www.elsevier.com
METHODS
Mice
C57BL/6 FOXP3RFPIL-10GFP (C57BL/6-Foxp3tm1Flv × B6.129S6-
Il10tm1Flv)31 bred at the University of Adelaide animal house.
C57BL/6 Il27ra−/− (B6N.129P2-Il27ratm1Mak mice) and genetically
matched WT control mice were inter-crossed at the University
of Adelaide animal house for littermate experimental mice.
C57BL/6J and B6.SJL.Ptprca (Ly5.1) mice were purchased from
the ARC (Perth, WA). All mice were housed under specific
pathogen-free conditions at University of Adelaide Animal Facil-
ity. Experiments used gender- and age-matched mice between 8
and 12 weeks of age. Mice were humanely euthanized by CO2

asphyxiation. All experimental and breeding protocols were
approved by the University of Adelaide Animal Ethics Commit-
tee under S-2017-040, S-2018-004, S-2019-058, and S-2021-097
ethics approvals.
IAV infection
X-31 and X-31-OVA323-339 [H3N2] IAV stocks were grown in 10-
day-old embryonated chicken eggs. Each egg was injected with
0.1 ml normal saline containing one hemagglutination unit
(HAU) virus, incubated for 48 hours at 37 °C, and held at 4 °C
overnight. The amniotic/allantoic fluids were then harvested,
pooled, clarified, and stored at −80 °C. These live virus stocks
were titrated in Madin-Darby canine kidney cells using a TCID50
assay, and the titres were 2.87 × 106 TCID50/ml for X-31 and
3.13 × 105 TCID50/ml for X-31- OVA323-339. For IAV infection, mice
were anesthetized with pentobarbitone (Ilium) intra-peritoneally
and then i.n. instilled with 923TCID50 (X-31 IAV) or 200TCID50 (X-
31-OVA323-339) in 32 µl of phosphate buffered saline (PBS). Mice
were monitored daily for weight loss. Any mouse reaching >20%
of initial weight was humanely euthanized as per institutional
animal welfare regulations.

Tissue isolation and processing
For peripheral blood collection, immediately following humane
killing, the chest cavity was opened by incisions between ribs.
A 29G insulin syringe was used to collect blood by cardiac punc-
ture. The blood was collected into heparinised vacutainer tubes
(Becton Dickinson [BD] Biosciences, San Jose, CA, USA). Between
250μL and 500μL of blood was incubated in 10mL mouse red
cell lysis buffer (mRCLB) for 20 minutes at 37°C then washed
2-3 times in PBS. Mice were perfused with a 26G needle fitted
to a 10mL syringe filled with PBS. The needle was inserted into
the left ventricle and a small incision was made in the aorta. For
bronchoalveloar lavage collection the trachea was exposed. A
superficial incision was made in the trachea just below the
nasopharynx. A 1mL syringe was filled with 1mL PBS and fitted
with an insyte autoguard catheter (BD Biosciences, San Jose, CA,
USA) this was inserted into the tracheal incision orientated
towards the lungs. Three washes were performed changing
the PBS each time and collecting the fluid. Cells were washed
once in PBS, then incubated in 1mL mRCLB for 5min at 37°C
before a final two washes in PBS. For lungs, all five lung lobes
were harvested and placed into 1mL of lung digestion medium
with sodium pyruvate (Dulbecco's modified eagle medium
(Gibco/Thermo Fisher Scientific, Grand island, NY, USA) supple-
mented with with 10% FBS (Merk/Sigma-Aldrich, Rahway, NJ,
USA), 10mM HEPES (Gibco/Thermo Fisher Scientific, Grand
island, NY, USA), 1X penicillin/ streptomycin (Gibco/Thermo
Fisher Scientific, Grand island, NY, USA), 2.5mM CaCl2 and MgCl2
(Molecular Life Sciences technical services unit, Adelaide, AUS),
Mucosal Immunology (2023) 16:606–623
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30U/mL DNase I (Merk/Sigma-Aldrich, Rahway, NJ, USA), and
1mg/mL Collagenase IA from Clostridium histolyticum (Merk/
Sigma-Aldrich, Rahway, NJ, USA)). Lungs were mechanically
minced prior to incubating at 37°C for 30 minutes with shaking
and pipetted up and down every 10-15 minutes to ensure
homogenisation. The lung suspensions were then passed
through 70μm filters (BD Biosciences, San Jose, CA, USA).
Spleens and lymph nodes were also prepared by passing
through 70μm filters. Lungs, spleens, and lymph nodes were
then washed in PBS. Lungs and spleens were then incubated
in 5mL mouse red cell lysis buffer for 5-7 minutes at 37°C. Cells
were then washed twice in PBS.
Viral load and quantitative polymerase chain reaction
For viral load analysis whole lungs were snap-frozen in liquid
nitrogen, ground into fine powder, and resuspended in TRIzol
reagent (Invitrogen/Thermo Fisher Scientific, Carlsbad, CA,
USA). RNA was then extracted following the manufacturer’s pro-
tocol. RNA samples were DNase treated using Turbo DNA-free kit
(Invitrogen/Thermo Fisher Scientific, Carlsbad, CA, USA), prior to
cDNA synthesis (High-Capacity cDNA synthesis kit, Applied
Biosystems/Thermo Fisher Scientific Baltics, UAB). Quantitative
reverse transcription-polymerase chain reaction was conducted
using LightCycler-480 SYBR Green I Power-Up Master Mix
(Applied Biosystems/Thermo Fisher Scientific Baltics, UAB) on a
LightCycler-480 instrument (Roche, Rotkreuz, Switzerland). Rela-
tive expression was calculated by normalizing to mouse Rplp0 as
previously described using the 2-ΔCp method74. All polymerase
chain reaction primers used are listed in Supplementary Table 1.
Flow cytometry, cell sorting, and antibodies
Single-cell suspensions were stained in 96 well round-bottom
plates (Sigma-Aldrich/Corning, Saint Louis, MO, USA) at 2 × 106

lymphocytes per well with antibodies and other reagents
detailed in Supplementary Table 2. Cells were washed once in
PBS then resuspended in fixable viability stain 780 (BD Bio-
sciences, San Jose, CA, USA) diluted 1/1000 in PBS and blocked
with mouse γ-globulin (Rockland, Bedford, Pennsylvania, USA) at
10 µg/ml for 5 minutes at room temperature in the dark. Cells
were stained with directly conjugated and biotinylated antibod-
ies diluted in FACS buffer or Brilliant Stain Buffer (BD Biosciences,
San Jose, CA, USA) for 20 minutes at 4 °C, with the exception of
anti-mouse CD49b (HMα2, BD Biosciences, San Jose, CA, USA)
and anti-mouse LAG-3 (C9B7W, Biolegend, San Diego, CA,
USA), which were stained for 60 minutes at 37 °C as previously
described23,27. For co-staining FOXP3 and IL-10 in WT mice,
2 × 106 cells/well were restimulated with 10 µg/ml plate bound
αCD3 (145-2C11, BioXcell, Lebanon, NH, USA) and 1 µg/ml sol-
uble αCD28 (37.51, BD Biosciences, San Jose, CA, USA) and incu-
bated at 37 °C and 5% CO2. After 2 hours, 20 µl of a solution
containing 10 µg/ml of Brefeldin A (eBioscience/Thermo Fisher
Scientific, Carlsbad, CA, USA) and 10 µM Monensin (BD Bio-
sciences, San Jose, CA, USA) in complete iscove's modified dul-
becco's (IMDM) were added and mixed gently before
incubation for a further 4 hours at 37 °C and 5% CO2. After res-
timulation, cells were transferred to a new plate for staining.
Stained cells were analyzed using a BD Fortessa X20 cytometer
(BD Biosciences, San Jose, CA, USA) at the University of Adelaide
or sorted using a BD FACSAriaIIImu (BD Biosciences, San Jose,
CA, USA) or a BD FACSAria Fusion (BD Biosciences, San Jose,
CA, USA) at The University of Adelaide or SAHMRI.
Mucosal Immunology (2023) 16:606–623
In vitro suppression assays
5 × 103 CD11c-enriched APCs were used in each well of the
assay, obtained from naïve C57BL/6 spleens using a CD11c pos-
itive isolation kit (StemCell, Vancouver, BC, Canada). Soluble
αCD3 (145-2C11, 1 µg/ml, BioXcell, Lebanon, NH, USA) was
added on top. Responding T cells were isolated from spleens
and inguinal lymph nodes of naïve Ly5.1 mice using a pan naïve
CD3+ negative selection kit (StemCell, Vancouver, BC, Canada)
and then FACS-sorted (viable, CD3+CD25−) to achieve >95% pur-
ity and labeled with Efluor670 proliferation dye (ebioscience/
Thermo Fisher Scientific, Carlsbad, CA, USA). Tr1 cells were
FACS-sorted (viable CD3+CD4+CD44+FOXP3−IL-10+, separated
into four populations based on co-expression of LAG-3 and
CD49b) from IAV-infected FOXP3RFPIL-10GFP mouse lungs on
day 7 post-infection. 2 × 104 Tr1 cells were co-cultured with
2 × 104 labeled T cells for a 1: 1 effector: Tr1 ratio. Tregs derived
from secondary lymphoid organs were used as a positive control
to establish high levels of suppression in these assays (Fig. 5).
Negative controls to set a threshold for genuine suppression
in this assay were also included. To assess the background in this
assay due to competition for stimulation and not due to sup-
pressive function of the added cells, effector cells were co-
cultured with effector cells (at a 1:1 ratio). Suppression assays
were analyzed using the proliferation modeling function in
FlowJoTM v10.8 software (Treestar, Ashland, OR, USA) and % sup-
pression was calculated using the following formula: 100*(1-
DITr1/DIeff) based on division index (DI) as described
previously75,76.

Intravascular labeling
Three µg of αTCR-β-BV421 (H57-597, Biolegend, San Diego, CA,
USA) was diluted in 200 µL of Dulbecco's phosphate buffered
saline (dPBS) (Merk/Sigma-Aldrich, Rahway, NJ, USA) per mouse,
which was injected intravenously 3 minutes prior to humane
euthanasia as previously described77.

Adoptive transfer of Tr1 cells into IAV infection-matched
hosts
FOXP3RFPIL-10GFP and C57BL/6 mice were infected i.n. with X-31
IAV. On day 7 post-infection, single-cell suspensions were pre-
pared from infected lungs from FOXP3RFPIL-10GFP mice and cells
labeled with efluor670 dye (ebioscience/Thermo Fisher Scien-
tific, Carlsbad, CA, USA). Tr1 cells were then FACS-sorted (live
CD3+CD4+CD44+FOXP3RFP−IL-10GFP+ separated into four popula-
tions based on co-expression of LAG-3 and CD49b). Infection-
matched C57BL/6 mice received intravenous injection of Tr1
cells or dPBS vehicle. On day 9 post-infection, recipients were
humanely euthanized and tissues harvested to quantify trans-
ferred Tr1 cells and assess plasticity.

RNA sequencing
For sequencing, lung cells were isolated and stained and Tr1 cell
populations were FACS-sorted using a FACSAriaIIImu. Total RNA
was extracted using a Arcturus Pico Pure RNA Extraction kit
(Applied Biosystems/Thermo Fisher Scientific, Carlsbad, CA,
USA) following the manufacturer’s protocol. DNA digestion
was performed using an RNase-free DNase kit (Qiagen, Aarhus,
Denmark). Total RNA was eluted in 20 µl elution buffer. RNA
sequencing of 150 bp paired-end reads at an average of 30 M
reads per sample was performed by Novogene. Data quality
control (QC) for the RNA sequencing experiment was conducted
using FastQC78 and ngsReports79. Read trimming and filtering
www.elsevier.com
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were performed using AdapterRemoval v2.2.180, with reads
aligned to GRCm38 using STARv2.5.381. Reads were summarized
to gene-level counts using featureCounts and gene annotations
provided by Ensembl Release 96. Differential Expression analysis
was performed using voom82 with sample-level quality weights
assigned by nesting the four cell lines within each mouse. AFDR-
adjusted p value < 0.05 along with an estimated log Fold-
Change (LFC) beyond the range ±1 was used to consider a gene
as DE, Enrichment testing was performed using ClusterProfiler83,
taking all detectable genes as the universe against which to test
for enrichment. Mapping from gene to Gene Ontology was
obtained using the Bioconductor package org.Mm.eg.db, and a
Bonferroni-adjusted p value < 0.05 was used to consider an
ontology enriched in any of the sets of DE genes,84. An UpSet
plot was generated from a complete list of DE genes after filter-
ing by FDR and LFC. For this comparison, any genes with an FDR-
adjusted p value < 0.05 was considered significant in this analy-
sis to give a comprehensive result and define population-specific
signature genes. All analytic code is available via GitHub
(https://caitlinabbott.github.io/Tr1-RNA-Sequencing-/).

Statistical Analysis
All statistical analysis aside from the RNA sequencing experi-
ment was performed using GraphPad Prism software v9 for win-
dows (GraphPad Software, San Diego, California USA,
www.graphpad.com). Statistical tests are detailed in the figure
legends.
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