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Targeting ST2 expressing activated regulatory T cells in Kras-mutant lung cancer
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ABSTRACT
Oncogenic KRAS-mutant lung cancers remain treatment refractory. A better understanding of the
immune response of KRAS-mutant lung cancers is required to facilitate the development of potential
therapeutic strategies. Regulatory T cells (Tregs) are a subset of immune cells that promote tumor
progression through suppressing anti-tumor immune response. Here, we used KrasG12D lung cancer
mice to examine the characteristics of tumor-infiltrating Tregs. In tumor-bearing animals, Tregs are
increased during tumor progression. Of note, a majority of Tregs that localized in lung tumors of Kras-
mutant mice expressed ST2, a receptor for IL-33, which are different from Tregs in secondary lymphoid
organs. To investigate the function of local Tregs influencing immune response in primary lung tumor
development, we used anti-ST2 antibody to deplete Tregs in lung tumors of Kras-mutant mice.
Treatment of Kras-mutant mice with anti-ST2 antibody resulted in depletion of activated Tregs in lung
tumor while leaving Tregs in secondary lymphoid organs intact. Also, localized Tregs depletion led to
a significant reduction in lung tumor burden. Immune response after Tregs depletion in tumors showed
restoration of NK cell activity and enhanced Th1 activity, with increased CD8 cytotoxic T cell response. In
addition, we found that the M2 macrophage signature in lung tumors was suppressed upon Tregs
depletion, accompanied by upregulation of surface expression of MHC-II molecules and reduced
expression of Arg1, Mmp12, Cxcl2, and Chi3l3. These data suggest that therapeutic strategies targeting
activated Tregs in lung cancer have the potential to restrain tumor progression by enhancing anti-tumor
immunity.
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Introduction

Lung cancer is the leading cause of cancer-related deaths, with
a 5-year average survival of 15%.1 Lung adenocarcinomas are
stratified on the basis of driver mutations such as those in
KRAS, epidermal growth factor receptor (EGFR), and ana-
plastic lymphoma receptor tyrosine kinase (ALK) genes.2

Activated KRAS mutations have been identified in approxi-
mately 25% of human lung adenocarcinomas that are primar-
ily associated with smoking.2 Patients with KRAS-mutated
lung adenocarcinoma have the poorest overall survival
among the subtypes of lung cancer, partly because EGFR
and ALK adenocarcinomas are treated with targeted therapies
in addition to standard chemotherapy. Still, there is an urgent
need to develop more efficacious targeted treatments.

Recent advancements in immunotherapy provide new
waves of targeted cancer therapy. The development and test-
ing of new agents using an appropriate preclinical cancer
model is critical. Genetically engineered mouse (GEM) mod-
els of spontaneous cancer offer an advantage since pathophy-
siology of tumor growth recapitulates that of human cancer
and allows activation of the host immune system against
endogenously arising tumor. We have thus used a mouse
model of lung cancer, in which an oncogenic form of Kras
(KrasG12D) is restrictedly expressed in lung epithelial cells via

Clara cell secretory protein (CCSP)cre. In this model, we have
shown that Th17 cells and Tregs were enriched in tumor
tissues and that Th17 cells mediate a protumorigenic role.3

Since Tregs are associated with hampering anti-tumor immu-
nity during tumor development, a therapeutic approach tar-
geting Tregs is of interest.

Accumulation of Tregs in the early and late stages of
human lung adenocarcinoma has been described by
others.4,5 Tregs exist as multiple subsets that efficiently sup-
press respective subsets of effector Th cells and maintain
tissue integrity. The function of Tregs that have specific cel-
lular and molecular characteristics seems to be affected by
local cues.6 Recent studies using spontaneous cancer animal
models demonstrated that short-term depletion of Tregs is
effective in reducing tumor burden.7–9 However, complete
depletion of Tregs leads to lethal autoimmunity, whereas
Tregs-targeted therapies, such as anti-CD25 Ab, can also
deplete activated effector T cells due to low specificity.10,11

Therefore, an effective strategy to promote anti-tumor immu-
nity by localized Tregs depletion or preferential targeting of
immune suppressive Treg subsets is of interest.

In this study, we examined Tregs signatures in an attempt to
ablate tumor-infiltrating Tregs locally. We found that ST2
expressing Tregs are highly enriched in tumor tissues during
tumor progression. ST2 is a receptor for IL-33, an IL-1 family
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member, and has been described in other studies as a signature
of activated and tissue-associated Tregs in adipose tissue, intes-
tine, and muscle.12–14 In a pathogenic setting of influenza infec-
tion, ST2 expressing Tregs have been shown to be a key
mediator maintaining tissue integrity.15 Human lung adenocar-
cinoma samples expressed increased levels of IL-33,16 suggest-
ing that ST2 expressing Tregs could expand in lung cancer. In
this study, we demonstrated that the depletion of locally
expanded Tregs using anti-ST2 antibody reduced tumor burden
associated with enhanced anti-tumor innate and adaptive
immunity. We also showed that lung tumor-associated Tregs
promote the M2 phenotype of alveolar macrophages. Therefore,
this study suggests that local Tregs response during lung ade-
nocarcinoma can be controlled by ST2 targeting.

Materials and methods

Mice

Mice were maintained in a specific pathogen-free facility, and all
animal experiments were conducted in accordance with proto-
cols approved by the Institutional Animal Care and Use
Committee at MD Anderson Cancer Centre. KrasG12D x CCSP-
Cre mice were described previously.3 C57BL/6 mice were
obtained from The Jackson Laboratory (Bar Harbor, ME, USA).

Treatment with anti-ST2 antibody

For lung infiltrating Tregs depletion, 12-week-old KrasG12D

mice were injected i.p. with 150 µg of anti-ST2 antibody
(R&D Systems, clone 245707) or isotype control rat Ig
(BioXcell) 2 times per week for 3 weeks and euthanized for
analysis on week 15.

Assessment of lung tumor burden

Bronchoalveolar lavage fluid (BALF) was obtained by collect-
ing 1 ml PBS through a tracheostomy cannula after euthani-
zation. Total lung weights were measured, and the lungs were
prepared for histologic analysis first by perfusion with PBS,
and then by inflation with 10% phosphate-buffered formalin
(pH 7. 4). BALF was centrifuged at 1,250 × g for 10 min, and
the cells were subjected to FACS analysis.

Histological analyses and tumor area quantification data

Sections (4 μm) of fixed tissues were stained with H&E
according to standard procedures. Tumor area was quanti-
tated as the total area of four lobes of lung presenting lesions
in KrasG12D mice using Image J software.

Isolation of lung resident mononuclear cells

Lungs were harvested after perfusion with PBS. Lungs were
first inflated with 0.1 mg/ml collagenase IV for 30 min at 37°C.
Single-cell suspensions were prepared by mechanical dissocia-
tion of lung tissue through a 70-micron nylon mesh. Lung cells
were suspended in PBS and layered on LSM Lymphocyte
Separation (Medium MP Biomedical). Cells were centrifuged

at room temperature at 900 x g for 20 min. Mononuclear cells
were harvested from the gradient interphase. These cells were
stimulated with PMA and Ionomycin in the presence of
Brefeldin A for intracellular cytokine staining. The resultant
isolated cells were subjected to FACS analysis. The following
antibodies were used to detect macrophages, Tregs, Th cells
and CD8 T cells, and innate lymphoid cells including ILC2s.
FACS antibodies were purchased from BioLegend, eBioscience,
and BD Biosciences: CD45.2 (104), CD44 (IM7), TCRγδ (GL3),
CD25 (PC61), CD206 (C068C2), CD3 (145-2C11), CD4
(RM4–5), TCRβ (H57–597), NK1.1 (PK136), Foxp3 (FJK-16
s), CD11c (N418), CD11b (M1/70), Siglec-F (E50–2440), CD8a
(53–6.7), ST2 (RMST2-2), PD1 (J43), MHC-II (M5/114.15.2),
ICOS (7E.17G9), CD39 (24DMS1), OX40 (OX-86), CCR6
(CD196), Helios (22F6) CD103 (M290), GITR (DTA-1),
GATA3 (16E10A23), RORγt (Q31-378), GRB (GB11), IFNγ
(XMG1.2), IL-17 (eBio17B7). Cells were analyzed with the use
of the BD FACSAria instrument (Becton Dickinson) and
FlowJo software (Tree Star).

RT-PCR

Tissue samples for RNA analysis were collected and mRNA
was isolated by homogenization in TRIzol (Invitrogen) using
a tissue homogenizer. BALF cells were directly placed in
TRIzol. RNA was reverse transcribed by using an Affinity
Script Reverse Transcriptase Kit (Invitrogen), according to
the manufacturer’s instructions. Transcripts were measured
by Q-RTPCR on a Real-Time PCR system (Biorad). All of
the primers used in Q-RTPCR are shown in Table S1.

Tumor models

C57BL/6 mice were inoculated intravenously with 1.0 × 105

B16F10, a murine melanoma cell line. Mice were eutha-
nized 2 weeks later, and mononuclear cells from metasta-
sized tumor lungs were analyzed for Tregs. For the ectopic
transplantation model, 0.5 × 106 B16F10 cells were subcu-
taneously injected into B6 mice. Mice were euthanized
when the tumor diameters reached 10 mm, and tumor-
infiltrating T cells were analyzed for Tregs. Lamina propria
T cells were isolated from colons of normal C57BL/6J or
C57BL/6J-ApcMin heterozygous mice, which develop multi-
ple intestinal tumors.

Allergic lung inflammation

To induce allergic lung inflammation, we adopted an animal
model of proteinase-induced allergic asthma induced by
repeated intranasal challenge with fungal proteinase allergens,
as previously described.17 In brief, mice were anesthetized
with isoflurane and challenged intranasally with 7 μg of pro-
teinase from Aspergillus oryzae (Sigma-Aldrich) in 50 μL of
PBS every other day for 6 times (days 0, 2, 4, 6, 8, and 10).
A day after the last challenge, lungs were collected and mono-
nuclear cells from lungs were stained for Tregs.
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Statistical analysis

Statistical comparisons were performed by using a two-
tailed unpaired Student t-test using GraphPad Prism 7.
P values less than 0.05 were considered statistically signifi-
cant; *p < .05, **p < .01, ***p < .001.

Results

Tregs accumulate in KrasG12DCCSPcre lung tumors and
have an activated phenotype expressing ST2

We have previously shown that Th17 cells and Tregs increase
concurrently in the lungs of KrasG12D x CCSPcre mice.3 As lung
tumors progressed with age, we found that Tregs frequency
among CD4 T cells also increased over time (Figure 1a). To better
understand the characteristics of Tregs that develop upon onco-
gene activation and local cues driven by the lung microenviron-
ment, we examined the Tregs phenotype by using activation
markers. Tregs isolated from lung tumor of KrasG12D mice highly
expressed well-described activationmarkers such as OX40, GITR,
ICOS, and Helios; inhibitory markers such as CD39 and PD-1;
and migratory markers CCR6 and CD103, compared with those
in WT control mice (Figure 1b). We found that Tregs in lung
tumors of KrasG12D mice also expressed high levels of CD25 and
ST2, a receptor for alarmin IL-33 (Figure 2a).

The lungs are also known to harbor another ST2 expres-
sing cell population, type 2 innate lymphoid cells (ILC2s).
Lung ILC2s are defined as a population that lacks expression
of lineage markers (Lin−) and has high expression of CD90
(Thy-1), IL-7R, CD25, CD44, ICOS, GATA-3, and ST2. We
found that the frequency of ILC2s (Lin−CD90+ST2+CD25+)

among total CD45+ cells remained constant in lung parench-
yma after the tumor developed, and the absolute number of
ILC2s was also outnumbered by that of ST2+ Tregs in lungs of
KrasG12D mice (Figure 2b). We did not see any measurable
expression of ST2 in other Th cells. ST2 expressing T cells in
lung tissues were increased as the tumors grew but barely
detectable in the lung-draining lymph node or the spleen of
tumor-bearing mice (Figure 2a).

Increased levels of ST2 expressing Tregs in Kras-mutant
lung raised the question of whether IL-33 is induced in lung
tumor as well. IL-33 is known to be produced mainly by lung
epithelium and, in some cases, by lung macrophages during
allergic asthma.18,19 A few studies have shown an increase in
IL-33 in human lung adenocarcinoma16,20 and in the Kras-
activated oncogene model.21 We found that IL-33 expression
was increased in total lung cells as the tumors grew. We also
found that IL-33 was increased in BALF cells (Figure 2c).

RORγt-positive Tregs were also increased in KrasG12D lung
tumor (Figure 2d). ST2 expression of Tregs is positively
correlated with GATA3 expression in Tregs, as shown in
another study,13 but not with RORγt expression, as previously
demonstrated (Figure 2e).22 To examine whether ST2 expres-
sion in Tregs is confined to an oncogene-driven lung cancer
model, we examined ST2 expressing Tregs in various inflam-
matory settings. During asthma induction, ST2 Tregs were
marginally induced but outnumbered by the ST2 expressing
CD4+Foxp3¯ effector T cells. In a B16 melanoma lung metas-
tasis model, tumor-infiltrated cells contained some ST2 Tregs,
but not as many as those in KrasG12D mice. However, tumor-
infiltrated Tregs upon ectopic transplantation of B16 mela-
noma cells expressed little, if any, ST2, suggesting that the
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Figure 1. Characterization of tumor-infiltrated Tregs in Kras-mutated lung cancer. Freshly isolated lung mononuclear cells from WT or KrasG12D mice were analyzed by
flow cytometry. (a) Representative flow cytometric analysis of Tregs during tumor progression (n = 3–6 mice per group). Data are mean and s.d. (b) Representative
flow cytometric analysis of Tregs.

ONCOIMMUNOLOGY e1682380-3



local environment in the lung contributed to ST2 induction in
Tregs (Figure 3a,b).

Formation of transplantable tumors likely bypasses the
early steps of tumorigenesis, so the immune response may

be different from that of the oncogene-induced tumor model.
Therefore, we examined another spontaneous model of can-
cer, Apcmin mouse, an animal model of colorectal cancer. ST2
positive Tregs were, however, resident in normal colon, as

Figure 2. ST2 expressing CD4+Foxp3+ T cells were increased in Kras-mutated lung cancer. (a) Representative flow cytometric analysis of Tregs from tumor lung,
spleen (SP), and lung-draining lymph node (LLN). (b) Representative flow cytometric analysis of type 2 innate lymphoid cells (ILC2s) from lung tumor. Percentage and
absolute number of ILC2s in tumor. Each dot represents an individual mouse (n = 4–8 mice per group). (c) mRNA expression of IL-33 in tumor lung and BALF during
tumor progression at weeks 8, 14, and 18 (n = 3–6 mice per group). n/d, not detected. (d) Representative flow cytometric analysis and percentage of RORγt
expressing Tregs from normal lung and tumor tissues. (e) Correlation of ST2 expression with RORγt and GATA3 (n = 8). Data are mean and s.d.
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reported before,13 and remained at a similar level in the
tumor-bearing mouse (Figure 3a,b). Therefore, our data
demonstrated an oncogene-driven, lung cancer-specific
expansion of ST2 positive Tregs.

Anti- ST2 antibody treatment leads to effective depletion
of tumor-infiltrated tregs

Selective expression of ST2 in Tregs in the lungs of Kras-
mutant animals presented a unique opportunity to suppress
or deplete the cells in the KrasG12D model and to investigate
the function of tumor-infiltrated Tregs in spontaneous lung
cancer. Removal of Tregs with the use of CD25 antibody23 or
with Foxp3-DTR strain7,9 has been considered previously in
models of spontaneous cancer. However, systemic Tregs
depletion can cause an influx of effector Th cells, which
could result in autoimmune disease.

Since ST2 expression in Tregs is confined to lung tumors
and almost absent in secondary lymphoid organs, we asked
whether tissue-resident Tregs can be inhibited specifically and
whether local Tregs in this model are active participants of
tumor immunosurveillance. To address this question, we trea-
ted tumor-bearing animals for 3 weeks with anti-ST2 anti-
body. We observed effective depletion of ST2 expressing Tregs
in the lungs (Figure 4a).

One concern for transient Tregs depletion is
a compensatory increase in the remaining populations of
Tregs. However, we did not see the increased occurrence of
any other subsets of Tregs such as RORγt+ Tregs upon the use
of the ST2 depletion strategy in lung tumor. Since RORγt+

Tregs were also reduced after the treatment, general inhibition
of activated Tregs infiltrated in lung tumor may have
occurred (Figure 4b). Whereas effective depletion of ST2
expressing Tregs was observed in lung tumor, we did not
see any differences in the number or activation status of
Tregs in terms of CD25 expression from the spleen and lung-
draining lymph node after the treatment (Figure 4a).

These data indicate that anti-ST2 antibody is effective in
selectively depleting tumor-infiltrating activated Tregs in lung
tumor without a compensatory increase in other Tregs subsets
in the lung while preserving Tregs in secondary lymphoid
organs. We also found that ST2 expressing ILC2s remained
intact after anti-ST2 antibody treatment (Figure 4c). Since
ILC2s are not proliferating actively in this model, the inhibi-
tory effects of anti-ST2 antibody on ILC2s in KrasG12D mice
could be minimal.

Anti-ST2 antibody treatment results in suppression of
tumor development

To examine the effects of local Tregs ablation in tumor bur-
den, we evaluated lung weights and lung tumor area after the
antibody treatment. Anti-ST2 treatment was sufficient to
achieve a significant reduction in tumor burden as shown in
Figure 5a,b. The increase in total tumor volume due to the
proliferation of cancer cells was reduced by the antibody
treatment (Figure 5c). Histological evaluation of whole-lung
lobes and high-magnification histological evaluation of hema-
toxylin and eosin (H&E) lung section also revealed reduced
tumor area after the antibody treatment (Figure 5d).
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Tregs ablation promotes innate and adaptive anti-tumor
immunity

To understand the mechanisms underpinning the observed role
of Tregs in tumor development in Kras-mutant lung cancer, we
evaluated the phenotype of innate and adaptive immune cells
after treatment. Previous studies have shown detailed analyses of
immune components of the Kras-mutant model of lung
cancer.23,24 To determine whether lymphocytes with cytotoxic
potential or anti-tumor immunity are increased upon Tregs
depletion by anti-ST2 antibody treatment, we analyzed the lym-
phocyte population in lung tumors. CD3¯NK1.1 expressing con-
ventional natural killer (NK) cells represented the largest
population of granzyme B (GRB) and IFNγ production in the
normal lung (Figure 6a). Suppression of NK cells in human lung
adenocarcinoma was noted by others,4 and our study is consis-
tent with previous observations in Kras-mutant mice.24

Upon Tregs depletion, IFNγ- or GRB-producing NK cells
were significantly increased (Figure 6a). In addition to NK
cells, CD8 T cells mediate a cytotoxic T cell response in the
tumor environment. In KrasG12D mice, tumor-residing CD8
T cells expressed increased levels of PD-1 and reduced levels
of IFNγ compared with those in normal lung. We found that
the number of endogenous CD8 T cells was not dramatically
altered by Tregs depletion (data not shown). Instead, we
found that the percentage of PD-1+CD44hi exhausted CD8

T cells was considerably reduced after treatment (Figure 6a).
This result suggests that exhausted CD8 T cells in lung tumor
could have been rescued by Tregs ablation.

Consistent with the reduced PD-1 expression, CD8 T cells
expressed more IFNγ and GRB after Tregs depletion. Therefore,
reduced tumor burden after treatment might be associated with
increased activation of CD8 T cells. CD4 T cells also expressed
more IFNγ, whereas IL-17 producing CD4 T cells were reduced
upon Tregs depletion. However, IL-17 producing γδ T cell
numbers remained similar after treatment (Figure 6b). Also,
fold induction of Prf1 (encoding perforin) from tumor lungs
was increased by the antibody treatment (Figure 6c). Therefore,
our study demonstrated that depletion of activated ST2 Tregs
specifically in lung tumor of KrasG12D mice resulted in the
restoration of NK and CD8 T cell activity and Th1 activity but
the reduction of Th17 cell activity.

Tregs ablation resulted in suppression of M2 type of
macrophages

Alveolar macrophages constitute a major cell type of the
tumor microenvironment in the KrasG12D model of lung
cancer.25 The number of alveolar macrophages is associated
with the degree of tumor progression, and M2 features of
alveolar macrophages are increased during tumor

Foxp3

S
P

rIg aST2

Foxp3
S

T
2

C
D

25

Lu
ng

Lu
ng

rIg aST2

WT K-rasG12D

C
D

25
O

X
40

C
D

39
IC

O
S

%
 o

f S
T

2 
T

re
g

(L
un

g)
%

 o
f L

in
-S

T
2

Thy1

Li
n

ST2

C
D

25

rIg aST2

rIg aST2

*

a b

c

0

2

4

6

8

0

1

2

3
NS

Foxp3

R
O

R
γt

LL
N

Foxp3

C
D

25

Figure 4. Anti-ST2 antibody is effective in depletion of activated Tregs in lung tumor. (a) Representative flow cytometric analysis of Tregs from lung tumor, SP, and
LLN after anti-ST2 antibody treatment. (b) Representative flow cytometric analysis of surface expression of activation markers and RORγt expression of Tregs from
tumor lung. (c) Representative flow cytometric analysis of ILC2s from lung tumor. Each dot represents an individual mouse (n = 4–6 mice per group). Error bars
represent s.d. from average. rIg; rat IgG

e1682380-6 B.-S. KIM ET AL.



progression.25,26 Therefore, we examined whether changes in
the absolute number or the phenotype of alveolar macro-
phages occur upon depletion of tumor-associated Tregs.

Tregs ablation switched the activation status of BALF
macrophages from an immunosuppressive M2-like major his-
tocompatibility complex class II (MHC-II)low to a more inflam-
matory M1-like (MHC-II+) state (Figure 7a). Anti-ST2
antibody treatment resulted in a reduction of alveolar macro-
phages (Siglec-F+CD11c+CD11blow) in tumor lung (Figure 7b).
We further tested RNA expression of M1 and M2 markers in
the tumors after treatment. The expression of prototypic M2
markers (Arg1, Chi3l3) was reduced, whereas expression of the
M1 marker (Nos2) remained similar after the treatment. Other
macrophage-derived molecules, Mmp12 and Cxcl2, were
reduced in the treated tumors (Figure 7c). These results indi-
cate that Tregs expanded upon oncogene activation in the
lungs promote M2 polarization of alveolar macrophages asso-
ciated with a protumorigenic environment.

Discussion

Oncogenic KRAS mutations are thought to be causal drivers
in ∼30% of non-small cell lung carcinoma (NSCLC) and to
correlate with poor prognosis without targeted therapy.27,28

This prompted us to investigate distinctive immune compo-
nents of Kras-mutated lung tumor that can be targeted for
therapeutic purposes. We identified a unique signature of
Treg-associated molecule, ST2, in Kras-mutated lung tumor.
Subsequently, we provided evidence that selective depletion of
lung tumor-infiltrated Tregs can be achieved by using anti-
ST2 antibody, and the treatment resulted in reduced lung
tumor burden. In addition, we demonstrated that Tregs in
Kras-mutant lung tumors inhibit an immunosurveillance
mechanism by promoting M2 polarization of alveolar macro-
phages and by retrieving compromised activity of NK cells,
CD8 cytotoxic T cells, and CD4 Th1 cells.

The therapeutic potential of suppression or depletion of
Tregs during tumor development has been evaluated by
others.29 Prevailing technical difficulties have been ineffective
depletion of Tregs and a compensatory increase in subsets of
Tregs. In addition, prolonged depletion of Tregs could result
in increased systemic effector T cell response, leading to
undesired inflammation. Paradoxically, systemic activation
of immune cells might be needed for a long-lasting immune
response.30 Therefore, depletion of local Tregs or transient
suppression of Tregs should be further investigated for their
therapeutic potential in combination with systemic immuno-
modulation drugs.
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Our data indicated that immune cells in the local lung
microenvironment are modulated upon Tregs depletion.
Lung tumor-infiltrated Tregs may produce cytokines that
promote tumor-associated macrophages. Also, restoration of
NK cells in lung tumors upon depletion of Tregs was
observed. NK cells and Tregs may compete for IL-2
consumption,31 and TGFβ has been shown to suppress NK
cells in mucosal tissues.32 Whether direct interaction between
tumor-infiltrated Tregs and specific immune cell subsets is
required for Tregs regulation of anti-tumor immunity
remains to be elucidated.

As with many solid tumor malignancies, NSCLC is
a heterogeneous disease comprising multiple unique histolo-
gic subtypes that harbor distinct molecular signatures. Since
mutational signatures of NSCLC subtypes differ, immune cell
composition and activation status could vary as well,2,33

demonstrating the challenges encountered in searching for
an effective targeted therapy.

Several studies have examined the transcriptional land-
scape of Tregs obtained from human cancer tissues.
Although breast cancer and colon cancer Tregs express
ST2,5,34 Tregs in lung cancer did not have increased ST2
expression.5 A recent single-cell sequencing study of TILs
from a human lung adenocarcinoma patient data set, how-
ever, indicated that ST2 expression is associated with Foxp3+

T cells exclusively, but the expression level seemed low.35

Since these studies examined ST2 expression only at the

transcript level, protein expression of ST2 in human lung
cancer tissues should be examined.

Another confounding factor for ST2 expression is that
smoking may reduce ST2 expression.36 Since the current
KrasG12D animal model represents an early stage of lung
adenocarcinoma prior to metastasis, analysis of human sam-
ples in an early stage of cancer, particularly treatment-naïve
patient sets or without a smoking history, could be relevant
to our current study. While this manuscript was in revision,
it was reported that ST2 expression in Tregs promotes an
immunosuppressive environment in colorectal cancer by
using animal strains of total ST2 deficiency and Tregs-
specific ST2 deficiency.37 Although we sought to implement
loss of function or elimination of activated Tregs in lung
tumor sites with the use of anti-ST2 antibody, but not of
ST2 expression in Tregs, both studies corroborate the sig-
nificance of ST2 Tregs hampering anti-tumor immunity.
However, we cannot exclude the possibility that anti-ST2
antibody targets cellular components other than Tregs in
Kras-mutant animals and results in tumor suppression in
our study.

It remains to be validated whether local Tregs depletion
is effective in other preclinical models of lung cancer such
as EGFR mutants or advanced model of lung adenocarci-
noma accompanying metastasis. For example, it is known
that the EGFR mutation-driven lung cancer model has
fewer Tregs and CD4 helper T cells.24 The therapeutic
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window of Tregs depletion may be limited to the early stage
of tumorigenesis when tumor burden is low and immune
cells are actively recruited to the tumor tissues. This possi-
bility could be explored in the future in combination with
other immunotherapies or targeted therapies. A major
remaining challenge is to identify biomarkers that can dif-
ferentiate responders from nonresponders to improve dur-
able response rates. Although peripheral blood profiling
may not be appropriate to detect a tumor-infiltrated Tregs
signature, noninvasive tools such as BALF collection could
determine a suitable population of lung cancer patients.

Despite these drawbacks, an important contribution of the
current study is that it helps our understanding of the
immune system in the early stage of lung cancer, for which
therapeutic intervention is more effective than treatment for
late-stage metastasized tumors. Since targeted therapy against
KRAS-mutated lung tumors is not currently available, immu-
notherapy in the subset of patients with this mutation could
be helpful. In conclusion, we identified ST2 expressing tumor
Tregs as a potential novel therapeutic target and a framework
on which to design future studies to incorporate these find-
ings in a clinical setting.
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