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Tregs tango with Kkiller cells in acute infection
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Fig. 1. Temporal effects of Treg cells on CD8* T cell responses in infection. During the priming phase of an acute infection, the first wave of Treg cell expan-
sion occurs at day 1 postinfection. These Treg cells are capable of cell contact-independent suppressive function mediated by rapid generation of adenosine,
which inhibits A aR-expressing CD8" T cell function. A second wave of Treg cell expansion occurs at day 7 postinfection, associated with the stage of peak
CTL expansion. This Treg cell population is distinct from cells arising on day 1 postinfection and suppresses CTL proliferation by cell contact-dependent
transfer of CAMP to CTLs via GJIC. (Inset) In a chronic infection or tumor, the immunosuppressive cytokines IL-10 and IL-35 are secreted by Treg cells and pro-
mote CD8" T cell exhaustion, which is a progressive process characterized by loss of effector function and up-regulation of inhibitory receptors, such as
PD-1 and TIM-3. AR, adenosine A,a receptor; GJIC, gap junction intracellular communication; Tex, exhausted T cells.

Regulatory T (Treg) cells expressing the transcription factor
Foxp3 are a distinct subset of CD4™ helper T cells (1). Treg
cells are indispensable for the establishment of immune
homeostasis but can also inhibit effective antitumor immu-
nity (2). Additionally, Treg cells play an important role in
the prevention of immunopathogenic reactions to infec-
tion. During chronic infection, limiting Treg cell number
boosts immune responses mediated by CD8* T cells (cyto-
toxic T lymphocytes, or CTLs), leading to improved control
of the infection (3, 4). In the context of acute infection,
Treg cells inhibit the accumulation and cytotoxicity of CTL
responses, associated with diminished pathogen clearance
in multiple models (5, 6). However, Treg cells also have
beneficial effects for the host during acute infection. For
instance, in an acute infection model via the Armstrong
strain of lymphocytic choriomeningitis virus, Treg cells pro-
duce interleukin (IL)-10 that promotes the maturation of
memory T cells (7). Thus, Treg cells play complex roles dur-
ing acute infections, and the mechanisms underlying these
discrete functions of Treg cells are largely unresolved. In
PNAS, Dolina et al. (8) demonstrate that distinct Treg cell
populations arise during acute Listeria monocytogenes (Lm)
infection, with discrete effects at regulating CD8% T cell
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responses during the priming versus contraction phases
(Fig. 1).

During acute infection, naive CD8* T cells are primed
and undergo clonal expansion to generate CTLs (9). After
antigen clearance, these effector cells experience contrac-
tion where 90 to 95% of effector cells are eliminated. How-
ever, the dynamics of Treg cell responses during acute
infection remains poorly defined. To investigate the role of
Treg cells in regulating the adaptive immune response
against acute infection, Dolina et al. (8) infected C57BL/6
mice with Lm AactA-Ova (an attenuated Listeria strain with
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deletion of the virulence factor actA and expression of
chicken ovalbumin [Ova]), which could induce distinct Treg
responses according to low or high dose of bacterial chal-
lenge (10). They found that there were two distinct waves
of Treg cell responses that occurred at days 1 and 7 after
Listeria infection (called day 1 and day 7 Treg cells, respec-
tively). Dolina et al. (8) next performed lineage tracing
assay by labeling day 1 and 7 Treg cells from Foxp3-eGFP
reporter mice with EdU (5-ethynyl-2’-deoxyuridine) and
BrdU (bromodeoxyuridine), respectively. They found that
most labeled populations were either single positive for
EdU or BrdU, suggesting that day 1 and day 7 Treg cells
may not follow the same differentiation trajectory. Dolina
et al. (8) also performed hemisplenectomy to isolate Treg
cells from the same host at these two time points and
then compared the T cell receptor repertoires of day 1 and
day 7 Treg cells. The authors found that
these two Treg subpopulations were clon-
ally distinct. These results collectively show
that day 1 and day 7 Treg cells are likely to
be generated from different progenitors.

Analysis of in vitro suppressive activity
using Treg cells isolated from Foxp3-eGFP
reporter mice revealed that day 1 Treg cells
had suppressive capacity comparable to
Treg cells isolated from uninfected mice (called day 0 Treg
cells), while day 7 Treg cells up-regulated their suppressive
activity. Based on these results, Dolina et al. (8) next
explored the underlying mechanisms by RNA sequencing
(RNA-seq). Using unbiased hierarchical clustering, they
found that Treg cell signature genes were grouped into
three gene clusters, with differential expression patterns in
days 0, 1, and 7 Treg cells. Moreover, the gene expression
profiles of day 1 and day 7 Treg cells were largely distinct
based on principal component analysis. Further, pathway
enrichment analysis showed that day 1 Treg cells were
enriched for pathways related to innate immune signaling,
protein kinase A signaling, and p53 signaling, while in day
7 Treg cells adenylyl cyclase-linked pathways, including
cAMP-mediated signaling, were up-regulated. Thus, day 1
and day 7 Treg cells have distinct suppressive activities
and gene expression programs.

Furthermore, Dolina et al. (8) found that day 1 Treg cells
had increased expression of CD73, a cell-surface molecule
that aids in the conversion of extracellular ATP to adenosine
in cooperation with CD39. Indeed, high-performance liquid
chromatography analysis revealed that day 1 Treg cells had
increased enzymatic activity of CD73 to convert 5-AMP to
adenosine compared to day 0 and day 7 Treg cells. CD73 is
important for the suppressive capacity of Treg cells to inhibit
intratumoral CD8" T cell function (11). Using a transwell
assay and CD8* T cells from Adora2a~'~ mice (germline dele-
tion of AaR, an adenosine receptor), the authors found that
day 1 Treg cells regulated CTL priming via a cell contact-
independent mechanism but instead were dependent upon
the generation of adenosine that inhibits CD8" T cell function
via A;aR. Moreover, CD73 antibody blockade administered
early (days 0 to 2) after Listeria infection was associated with
increased antigen-specific CTL numbers. In contrast to day 1
Treg cells, day 7 Treg cells had increased intracellular cAMP
level, which was consistent with the up-regulation of cAMP-
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associated signatures as revealed by RNA-seq and pathway
enrichment analysis. cCAMP suppresses the activation of
responding cells via a cell contact-dependent mechanism
called gap junction intercellular communication (GJIC) (12).
Gap27,04-214, the connexin mimetic peptide, is reported to
inhibit the formation and stability of gap junctions and
impede GJIC (12). Indeed, coculture with CD8* T cells in vitro
in the presence of Gap27,04-214 markedly reduced the sup-
pressive capacity of day 7 Treg cells but had no effects on
day 1 Treg cells. Thus, day 7 Treg cells influence the contrac-
tion phase of the CTL response via cell contact-dependent
regulation, namely cAMP transfer to CD8* T cells via GJIC.
Altogether, the results from Dolina et al. (8) indicate that
developmentally distinct Treg cell populations regulate CTL
priming and contraction phases in acute infection via differ-
ent suppressive mechanisms (Fig. 1).

In PNAS, Dolina et al. demonstrate that distinct Treg
cell populations arise during acute Listeria monocyto-
genes (Lm) infection, with discrete effects at regulat-
ing CD8" T cell responses during the priming versus
contraction phases.

Treg cells are important for controlling CD8* T cell
responses in infection and cancer (3-6, 13). The study from
Dolina et al. (8) advances our understanding of the dynamic
interplay between Treg cells and CD8* T cells in acute infec-
tion. Specifically, during the priming phase of an acute
infection, Treg cells exert their suppressive capacity by rapid
generation of adenosine, which may prevent immunopath-
ological damage. In contrast, day 7 Treg cells accumulate
cAMP that is transferrable to effector CD8* T cells via GJIC
to suppress CD8" T cell function, which likely restores
immune homeostasis during the contraction phase. After
priming, expansion, and contraction, CD8* T cells can also
differentiate into long-lived memory T cells, and Treg cell-
derived IL-10 facilitates this process through the suppres-
sion of proinflammatory cytokine production by dendritic
cells (DCs) (7). Moreover, during chronic infection or in the
tumor microenvironment, continuous exposure to antigens
can trigger CD8" T cell exhaustion, which limits immune-
mediated clearance of pathogens or antitumor immunity
(14). In this scenario, Treg cells produce immunoregulatory
cytokines such as IL-10 and IL-35, which program CD8* T
cells to lose effector function and become exhausted (15).
Thus, Treg cells utilize multiple mechanisms for the regula-
tion of CD8* T cell fate and function, which may be tuned
by immunological context (e.g., infection versus tumor),
microenvironment, and inflammatory state.

This study raises important questions that warrant fur-
ther investigation. First, after the first wave of Treg cell
expansion at day 1 postinfection during the priming phase,
Treg cells rapidly reduce suppressive capacity and decline
in number (8), but the underlying mechanisms remain to
be established. Of note, the collapse of Treg cells is depen-
dent on the deprivation of IL-2 and local DCs during acute
Toxoplasma gondii infection (16), suggesting that environ-
mental cues may contribute to the dynamic regulation of
Treg cell population in acute Listeria infection. Second,
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after activation by DCs in respiratory syncytial virus infec-
tion, the stability and function of Treg cells are partially
dependent upon epigenetic reprogramming (17-19).
Therefore, it remains to be addressed whether DCs are
involved in the differentiation of these distinct Treg cell
populations in Listeria infection, and the role of epigenetic
modification also requires additional investigation. Third,
recent studies have revealed that cell-extrinsic and -intrin-
sic metabolic factors contribute to the differentiation and
function of T cells including Treg cells (20, 21). Indeed,
Dolina et al. (8) showed that extracellular ATP could be
converted into immunosuppressive adenosine by CD39
and CD73 expressed on the surface of Treg cells, which
impacts CD8* T cell function during the priming phase. As
day 1 and day 7 Treg cell populations differentiate from
separate progenitor cells and exhibit distinct suppressive
mechanisms, it will be interesting to explore whether and
how metabolic programs, such as oxidative phosphoryla-
tion and mTOR signaling that are essential for the estab-
lishment of Treg cell suppressive activity (22), orchestrate
these Treg cell populations in acute infection.

Collectively, the exciting findings from Dolina et al. (8)
provide insight into Treg cell-dependent regulation of
CD8" T cell responses in acute infection, and this dynamic
process is mediated by developmentally distinct Treg cell
populations. Strategies to manipulate Treg cell number or
function should have high therapeutic potential, as deple-
tion of Treg cells results in enhanced immune responses in
infection models. However, systemically targeting Treg
cells may not be applicable in the clinic for the treatment
of infections, as this strategy increases the risk of autoim-
mune disorders or uncontrolled immunopathology. There-
fore, the suppressive mechanisms of distinct Treg cell
populations revealed by Dolina et al. (8) present opportuni-
ties of targeted manipulation of Treg cell functions while
minimizing such risks.
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