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Figure 2. DTA-1-modulated Tregs show reduced Helios expression and a prosurvival phenotype. A, representative FACS plots show the percentage of
Helios"°" Tregs (live, CD45", CD3", CD4" Foxp3™) in pooled spleens and individual tumors of DTA-1- and IgG-treated mice 11 days after tumor challenge.
B, example FACS histograms (top) show Helios expression of IgG- (gray filled) and DTA-1-treated (black line) tumor-infiltrating Tregs on indicated day
after tumor challenge. Bottom histograms show comparison of BCL-2 expression in Helios™'®" (dashed line) with Helios“®" (solid black line) DTA-1-treated
Tregs. Mean + SEM for the percentage of Helios*®" Tregs in IgG- and DTA-1-treated tumors, mean fluorescence intensity (MFI) of BCL-2 and BCLy,

for IgG Tregs, compared with Helios"®"/ DTA-1 Tregs at each time point is shown in the graphs. C, representative Foxp3 and CD25 expression of IgG

Tregs (gray filed) versus DTA-1-treated Helios™'®" (dashed line) and Helios

LOW (

black solid line) Tregs, 7 days after tumor challenge. D, example FACS

plots show Foxp3 and GITR (DTA-1-PE-Cy7) staining of CD4 T cells in IgG tumors (day 10 post tumor challenge) compared with DTA-1-treated
tumors on days 7, 10, and 14 posttumor challenge. Experiments were repeated three times with 4 to 5 per group, with one representative experiment shown.

*, P<0.01; **, P < 0.001; ***, P < 0.0001. TC, tumor challenge.

increased protein expression of T-cell lineage transcription
factors such as T-bet, RORYt, and Eomes, compared with
Helios™ " Tregs (Fig. 3A). Expression in Helios"*" Tregs was
also higher than in Tregs in the IgG control groups at multiple
time points (day 7 for T-bet, days 7-14 for Eomes, days 10 and
14 for RORYt; Fig. 3A).

To determine whether increased T-bet, RORYt, and Eomes
protein levels in Tregs has biologic consequence, we con-
ducted a cytokine recall assay on cells isolated from tumors
10 days after DTA-1 treatment. Foxp3-GFP mice were used
for this experiment because the staining for Foxp3 and
Helios is diminished and unreliable after PMA/ionomycin
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Figure 3. DTA-1-treated Tregs display a Teff-like profile. A, Helios expression compared with T-bet, RORyt, and Eomes in Tregs (CD45", CD3*, CD4*) from
DTA-1-treated tumors is shown in representative plots. Graphs show the mean + SEM for mean fluorescence intensity (MFI) of these markers for IgG Tregs,
compared with DTA-1-modulated Helios"°W Tregs at each time point. B, IFN-y recalls expression in GFP high (gray shaded) compared with GFP low Tregs
(black line) from day 10 IgG- and DTA-1-treated tumors. Graph shows the mean + SEM IFN-y expression in IgG Tregs, compared with GFP low DTA-1 Tregs.
C and D, Tregs and Teffs were sorted from individual mice as described in Materials and Methods from indicated tissue and time points for gene expression
analysis. Graphs compare the level of IL-10, IFN-y (C), Foxp3, and Helios (D) expression in IgG- compared with DTA-1-treated tumors. Splenic Tregs and
tumor Teffs are provided as controls. Experiments were repeated three times with 4 to 5 per group (A and B) and two times with 10 per group (C and D), with one
representative experiment shown. *, P < 0.01; **, P < 0.001; ***, P < 0.0001. TC, tumor challenge; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

stimulation (Supplementary Fig. S2B). Using Foxp3-GFP
mice also allowed us to circumvent this technical hurdle
as low levels of Foxp3 expression correlate with loss of

Helios (Fig. 2C), allowing us to subset our analysis to
Foxp3-GFP™®Y and Foxp3-GFP™" Tregs. GFP™*" Tregs
(Helios"®¥) in DTA-1-treated mice showed a more than
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2-fold increase in IFN-y production compared with control
IgG-treated Tregs (Fig. 3B). Although there was no differ-
ence in the IFN-y expression between GFP™% and GFpLOW
cells in IgG control tumors (Fig. 3B, top), IFN-y expression
was restricted to GFP"*" in DTA-1-treated Tregs (Fig. 3B,
bottom). Despite increased RORYt expression in Helios™*"
Tregs, we did not detect any significant difference between
IgG and DTA-1-treated Tregs in its related cytokine IL-17
(data not shown). To confirm this result and more closely
measure the changes in Treg lineage phenotype, we sorted
Foxp3-GFP Tregs from individual tumors and measured
the expression of relevant Tregs and Teff genes. Using this
approach, we found a maximum of 4-fold upregulation in
IFN-y expression (day 7) and approximately 2-fold decrease
in IL-10 expression (day 10) in DTA-1-treated Tregs (Fig.
3C). Other markers, such as GITR, IL-2, IL-17, TNF-o, TGF-f,
and SATBI, were expressed to equivalent levels in DTA-1-
treated and IgG-treated Tregs (data not shown). Although
Helios protein levels after DTA-1 treatment correlated with
reduced Helios gene expression, there was no major differ-
ence in Foxp3 gene expression (Fig. 3D). This would indicate
that GITR signaling may cause a posttranscription modifi-
cation that leads to reduced Foxp3 protein expression.
Regardless of the mechanism responsible for the loss of
Foxp3 and Helios expression, these results suggest that
DTA-1 induces Treg lineage instability and acquisition of
a Teff-like profile.

DTA-1-induced lineage instability removes Treg-
suppressive function from the tumor

To determine whether the phenotypic changes described
above alter Treg-suppressive function in vivo, we used an ex
vivo collagen-fibrin gel matrix culture to measure CD8™ cyto-
lytic T-cell (CTL) effector function against tumor cells from
control IgG- or DTA-1-treated mice (20). Collagen-fibrin gels
mimic a three-dimensional tissue-like environment and are
more sensitive than packed cell-pellet assays at measuring
CD8" CTL effector function (20). Furthermore, we have found
that collagen-fibrin gel cultures of explanted B16 or Blé-
expressing OVA (B16-OVA) tumors, which include all infiltrat-
ing cells, are resistant to killing by a 10- to 50-fold excess of
in vitro cognate antigen-activated CD8" CTL, recapitulating
the suppression that exists in vivo (Fig. 4A; and Budhu and
Schaer; unpublished data).

Consistent with prior results, control IgG-treated tumors
become resistant to killing by in vitro activated CTLs and
proliferate in the collagen gels after 24 hours, with the number
of tumor cells increasing overtime (Fig. 4A; Budhu and Schaer;
unpublished data). In contrast, DTA-1 treatment caused
tumors to remain susceptible to ex vivo killing by activated
CTLs, and the number of viable tumor cells continued to
decrease at 48 and 72 hours (2-fold and 3-fold, respectively,
vs. 0 hour; Fig. 4A). Calculation of the killing efficiency, & (as
described in Materials and Methods and in ref. 20) highlights
the differences between DTA-1- and control IgG-treated
tumors. Killing efficiency of CTLs in DTA-1-treated tumors
increases over 2-fold at 48 hours (5.3 x 10™'° at 24 hours to 1.3
x 10”7 at 48 hours; Fig, 4A) in contrast with that in IgG-treated

mice, which maintains suppression. Ex vivo addition of DTA-1
had no effect on the killing of DTA-1-treated tumors, control
IgG-treated tumors, or cultured B16 cells, and GITR™/~ CTL
killed tumor cells from DTA-1-treated tumors and cultured
B16 cells at the same rate as GITR "/ CTL (Fig. 4B, dashed lines
and green lines vs. red lines). This suggests that killing is
independent of GITR stimulation by DTA-1 on CTL (Fig.
4B). Combined, our data support the conclusion that GITR
modulation of Tregs by DTA-1 removes their suppressive
influence in the tumor microenvironment.

Discussion

The overarching goal of cancer immunotherapy has been
the activation of tumor-specific immunity that is able to
overcome the hurdles established by tumors to evade immune
destruction. GITR activation seems to reach an important
balance by enhancing tumor immunity while inhibiting
immune suppression in a tumor-dependent manner. The
research presented here shows that in addition to its estab-
lished role in modulating Teffs, DTA-1 treatment causes Tregs
to lose lineage stability, reducing their suppressive influence
over the tumor microenvironment.

Our data suggest that conditions present in tumor-bearing
mice and the tumor microenvironment are responsible for
making Tregs susceptible to GITR-induced Foxp3 loss.
Reduced IL-2 levels have been shown to be important for Treg
stability and homeostasis (33, 34). However, we do not believe
that the lack of IL-2 accounts for Treg instability in our system
because transferred Tregs lose Foxp3 in the periphery even
after transfer into lymphoreplete hosts. In addition, equal
numbers of cotransferred tumor-experienced and naive
Tregs are recovered from DTA-1-treated animals, despite the
loss of Foxp3 expression in tumor-experienced Tregs. This
suggests that DTA-1 does not simply deplete Foxp3™ Tregs
(Fig. 1D and Supplementary Fig. SIB). Only upon tumor
infiltration in DTA-1-treated animals do naive donor Tregs
manifest significant Foxp3 loss, highlighting further the role of
tumor conditioning on Tregs and even at steady state. There-
fore, although the detailed mechanism of GITR signaling-
induced Foxp3 loss requires further investigation, it is evident
that tumor preconditioning and the tumor microenvironment
play a major role in permitting GITR-dependent modulation of
Foxp3 expression.

The reduction of CD25 expression and the production of
IFN-y observed in intratumor Tregs during DTA-1 therapy
(Figs. 2 and 3) are similar to what has been reported when
Foxp3 is deleted in mature Tregs (35). There has been evidence
suggesting that inflammatory environments cause Tregs to
lose stability and convert to a Teff-like phenotype (29); how-
ever, recent research has brought these findings into question.
Results from Miyao and colleagues and Zhou and colleagues
suggest that the conversion of Tregs into Teffs is actually due to
a transient expression of Foxp3 in non-Tregs (36, 37). It is
unlikely that the DTA-1-induced Treg lineage conversion we
observe here is an artifact of lineage marking. The Treg transfer
and gene expression analysis experiments (Figs. 1 and 3) rely on
sorting an entire Foxp3-GFP-positive Treg population and do
not use a lineage marking Cre recombinase system. In fact, we
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Figure 4. Treg lineage instability removes intratumor immune suppression. A and B, experiment schematic: tumors were isolated and dissociated, and
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experiment is shown in B. *, P < 0.01.

were unable to use Foxp3-Cre mice due to the "leaky” lineage
marking seen during backcrossing to the C57BL/6 background
(data not shown). Thus, we believe the results presented here
illustrate that DTA-1-mediated GITR stimulation causes
tumor-specific reprogramming of Tregs into a Teff-like phe-
notype. As we were unable to isolate or phenotype repolarized
Foxp3™ Tregs using the Foxp3-Cre lineage marking mice, it
remains to be established whether the conversion of Tregs to
a Teff-like profile is necessary or secondary to the loss of
Foxp3/suppressive function. Development of complex genetic
models would be needed to answer this question and deter-

mine whether former DTA-1-modulated Tregs work to poten-
tiate antitumor immunity after losing suppressive capacity.
How DTA-1-induced GITR signaling leads to Foxp3 degra-
dation is an important question. Expression levels of Foxp3
mRNA were comparable between control IgG- and DTA-1-
treated mice, but there is a marked reduction in Foxp3 protein
levels (Figs. 3B and 2C). This would suggest that downstream
signaling from GITR imposes posttranscriptional or posttrans-
lational control of Foxp3 protein expression. Although down-
stream signaling from GITR induced by GITR-L was recently
shown to alter Treg-suppressive function through the

Cancer Immunol Res; 1(5) November 2013

Cancer Immunology Research



http://cancerimmunolres.aacrjournals.org/

Published OnlineFirst September 16, 2013; DOI: 10.1158/2326-6066.CIR-13-0086

GITR Induced Treg Lineage Instability

activation of c-jun-NH,-kinase (JNK), it is unclear whether
DTA-1 causes a similar effect (38). JNK activation after long-
term GITR-L stimulus resulted in reduced Foxp3 mRNA
expression to a level that we did not observe with DTA-1
treatment. GITR and TNFR family members use TNFR-asso-
ciated factor (TRAF) proteins to transmit downstream signals
(8, 39). Because many TRAF proteins function as E3 ubiquitin
ligases, one hypothesis could be that overstimulation of GITR
by DTA-1 could cause an intersection of this cascade with
Foxp3 protein and targeting it for degradation. Because intra-
tumor Tregs express less Foxp3 mRNA than peripheral Tregs
(Fig. 3B), this may make them uniquely sensitive to GITR-
induced degradation of Foxp3.

A propensity to modulate pTregs over tTregs would be a
logical assumption considering their unstable nature (29).
However, in the case of B16 melanoma, it seems that the
majority of intratumor Tregs have a tTreg-like phenotype, as
has been seen in 4T1 tumors, and without a minor pTreg
population as seen in other tumors (25). In fact, transfer
experiments into Rag_/ ~ mice established that a majority of
Tregs can be rendered susceptible to GITR-induced loss of
Foxp3. We found a similar result, with 75% to 80% of Tregs
modulated in the tumor microenvironment during DTA-1
therapy in wild-type mice (% of intratumor Treg Foxp3 loss
+ % Foxp3 Helios"*" Tregs; Supplementary Fig. S2A and
S2B). This suggests that the effects of DTA-1 are not limited
to a minor subset of Tregs, such as pTregs. Regardless, DTA-1
treatment caused Tregs to lose Helios protein and gene
expression, corresponding with increased levels of inflamma-
tory T-cell transcription factors, T-bet, RORyt, and Eomes.
Treg expression of T-bet or RORYt is not unprecedented, and
the expression of these transcription factors is important for
the Treg-suppressive function (29). Surprisingly, Eomes, tra-
ditionally thought of as a CD8" CTL transcription factor, is
highly upregulated in the DTA-1-treated Tregs. We have
reported recently that simulation of the closely related TNFR
family member OX40 has the ability to induce Eomes in CD4
Teffs (40). Even though there has been evidence that Tregs
could control immunity through granzyme-dependent killing
of B cells, to date no role for Eomes in Treg function has been
described (41). The significance of Eomes expression in DTA-1
modulation of Tregs will require further investigation; how-
ever, it exemplifies the level to which overstimulation of
GITR on susceptible Tregs can alter their lineage program

The end result of Treg lineage instability caused by GITR
immunotherapy is the removal of intratumor suppression
mediated by Tregs, as shown by the collagen-fibrin gel killing
assay (Fig. 4). Using the same approach, we recently deter-
mined that intratumor immune suppression in B16 tumors
is Treg dependent, as specific in vivo depletion of Tregs
restores killing of explanted tumors (Budhu and Schaer;
unpublished data). Whether or not the DTA-1 effect is due
to reduced intratumor Treg numbers, Treg lineage instabil-
ity, or a combination of both remains to be determined.
Interestingly, even though GITR treatment removes Treg
suppression and DTA-1-treated tumors are regressing
in vivo, tumor cells cocultured with total infiltrates continue
to grow ex vivo (Fig. 4). We interpret the need for additional

input of Teffs to continue killing as evidence that for optimal
in vivo therapy, GITR's ability to enhance CD8" T-cell numbers
and persistence also plays an important role (42). Consequent-
ly, targeting Tregs seems to be a major mechanism for DTA-1
treatment along with its intrinsic effects on CD8™ T cells. This
conclusion is in agreement with our prior results showing that
both Tregs and Teffs must express GITR for the optimal effects
of DTA-1 (17).

Development of new immunotherapies that accelerate
antitumor immunity is important, as checkpoint blockade
does not benefit all patients (2, 3). Our data show that ligation
of GITR can accomplish both goals. By inducing Treg lineage
instability, DTA-1 releases an important source of suppres-
sion of tumor immunity. At the same time, we and others have
shown that GITR ligation by DTA-1 accelerates antitumor
immunity to take advantage of the now permissive tumor
microenvironment (12, 17). The unique ability of GITR ligation
to target both axes, modulating Tregs primarily in the tumor
microenvironment, supports the continued clinical develop-
ment of GITR agonist agents. Accordingly, in collaborations
with GITR Inc., we are currently investigating the agonist anti-
human GITR antibody, TRX-518, in a phase I first-in-human
trial (GITR Inc., Clinical trials.gov: NCT01239134). We believe
that the knowledge gained from our study in understanding
GITR mechanism of action will help facilitate the develop-
ment of appropriate biomarkers and inform rational design
of future clinical trials.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions

Conception and design: D.A. Schaer, C. Liu, A.D. Cohen, AN. Houghton,
T. Merghoub, J.D. Wolchok

Development of methodology: D.A. Schaer, C. Liu, A.D. Cohen, T. Merghoub
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): D.A. Schaer, S. Budhu, C. Liu, C.F. Bryson, N.M.
Malandro, A.D. Cohen, H. Zhong, X. Yang, T. Merghoub

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): D.A. Schaer, S. Budhu, C. Liu, C.F. Bryson, N.M.
Malandro, A.D. Cohen, T. Merghoub, ].D. Wolchok

Writing, review, and/or revision of the manuscript: D.A. Schaer, S. Budhu,
T. Merghoub, J.D. Wolchok

Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): C. Liu, H. Zhong

Study supervision: A.N. Houghton, T. Merghoub, ].D. Wolchok

Acknowledgments

The authors thank current and former Wolchok Lab members: Dr.
Stephanie Terzulli, Andre Burey, Judith Murphy, Kelly Crowley, Rodger
Pellegrini, Drs. Arvin Yang, and Francesca Avogadri for their support on the
GITR project; Rudensky lab members: Drs. Steve Josefowicz, Rachel Niec,
Ashutosh Chaudhry, and Robert Samstein for generous sharing of reagents
and always being available for advice and thoughtful discussion about Treg
lineage stability; Dr. Joe Ponte for valuable shared insight on the mechanism
of GITR immunotherapy; Dr. Michael Curran for assistance with experimen-
tal design; members of the MSKCC flow cytometry, and molecular cytology
core facilities; and Dr. Roberta Zappasodi for her very helpful comments,
critical reading, and editing of this manuscript.

Grant Support

This work was supported by NIH grants R0O1CA56821, PO1CA33049, and
P01CA59350 (to A.N. Houghton and ].D. Wolchok), D.A. Schaer was supported
by the NIH Clinical Training for Scholar Grant K12 CA120121-01, and received
support from the NIH/NCI Immunology Training Grant T32 CA09149-30
and John D. Proctor Foundation: Margaret A. Cunningham Immune Mechanisms
in Cancer Research Fellowship Award; Swim Across America; the Mr. William

www.aacrjournals.org

Cancer Immunol Res; 1(5) November 2013

329

Downloaded from cancerimmunolres.aacrjournals.org on November 27, 2020. © 2013 American Association for Cancer Research.


http://cancerimmunolres.aacrjournals.org/

Published OnlineFirst September 16, 2013; DOI: 10.1158/2326-6066.CIR-13-0086

Schaer et al.

H. Goodwin and Mrs. Alice Goodwin and the Commonwealth Cancer Foundation
for Research and the Experimental Therapeutics Center of MSKCC (to J.D.
Wolchok).

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked

References

1. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating
immunity's roles in cancer suppression and promotion. Science 2011;
331:1565-70.

2. Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen
JB, et al. Improved survival with ipilimumab in patients with metastatic
melanoma. N Engl J Med 2010;363:711-23.

3. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDer-
mott DF, et al. Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. N Engl J Med 2012;366:2443-54.

4. Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, et al.
Safety and activity of anti-PD-L1 antibody in patients with advanced
cancer. N Engl J Med 2012;366:2455-65.

5. Hamid O, Robert C, Daud A, Hodi FS, Hwu W-J, Kefford R, et al. Safety
and tumor responses with lambrolizumab (Anti-PD-1) in melanoma. N
Engl J Med 2013;369:134-44.

6. Wolchok JD, Kluger H, Callahan MK, Postow MA, Rizvi NA, Lesokhin
AM, et al. Nivolumab plus ipilimumab in advanced melanoma. N Engl J
Med 2013;369:122-33.

7. Royal RE, Levy C, Turner K, Mathur A, Hughes M, Kammula US, et al.
Phase 2 trial of single agent Ipilimumab (anti-CTLA-4) for locally
advanced or metastatic pancreatic adenocarcinoma. J Immunother
2010;33:828-33.

8. Snell LM, Lin GHY, McPherson AJ, Moraes TJ, Watts TH. T-cell
intrinsic effects of GITR and 4-1BB during viral infection and cancer
immunotherapy. Immunol Rev 2011;244:197-217.

9. Weinberg AD, Morris NP, Kovacsovics-Bankowski M, Urba WJ, Curti
BD. Science gone translational: the OX40 agonist story. Immunol Rev
2011;244:218-31.

10. Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S. Stimu-
lation of CD25(+)CD4(+) regulatory T cells through GITR breaks
immunological self-tolerance. Nat Immunol 2002;3:135-42.

11. Turk MJ, Guevara-Patino JA, Rizzuto GA, Engelhorn ME, Sakaguchi S,
Houghton AN. Concomitant tumor immunity to a poorly immunogenic
melanoma is prevented by regulatory T cells. J Exp Med 2004;200:
771-82.

12. Schaer DA, Murphy JT, Wolchok JD. Modulation of GITR for cancer
immunotherapy. Curr Opin Immunol 2012;24:217-24.

13. Kanamaru F, Youngnak P, Hashiguchi M, Nishioka T, Takahashi T,
Sakaguchi S, et al. Costimulation via glucocorticoid-induced TNF
receptor in both conventional and CD25+ regulatory CD4+ T cells.
J Immunol 2004;172:7306-14.

14. Stephens GL, McHugh RS, Whitters MJ, Young DA, Luxenberg D,
Carreno BM, et al. Engagement of glucocorticoid-induced TNFR
family-related receptor on effector T cells by its ligand mediates
resistance to suppression by CD4+CD25+ T cells. J Immunol 2004;
173:5008-20.

15. Ramirez-Montagut T, Chow A, Hirschhorn-Cymerman D, Terwey TH,
Kochman AA, Lu S, et al. Glucocorticoid-induced TNF receptor family
related gene activation overcomes tolerance/ignorance to melanoma
differentiation antigens and enhances antitumor immunity. J Immunol
2006;176:6434-42.

16. Cohen AD, Diab A, Perales MA, Wolchok JD, Rizzuto G, Merghoub T,
et al. Agonist anti-GITR antibody enhances vaccine-induced CD8(+)
T-cell responses and tumor immunity. Cancer Res 2006;66:4904-12.

17. Cohen AD, Schaer DA, Liu C, Li Y, Hirschhorn-Cymmerman D, Kim SC,
et al. Agonist anti-GITR monoclonal antibody induces melanoma
tumor immunity in mice by altering regulatory T cell stability and
intra-tumor accumulation. PLoS ONE 2010;5:e10436.

18. Coe D, Begom S, Addey C, White M, Dyson J, Chai JG. Depletion of
regulatory T cells by anti-GITR mAb as a novel mechanism for cancer
immunotherapy. Cancer Immunol Immunother 2010;59:1367-77.

advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received June 26, 2013; revised August 23, 2013; accepted September 8, 2013;
published OnlineFirst September 16, 2013.

19. Wang S, Bartido S, Yang G, Qin J, Moroi Y, Panageas KS, et al. A role
for a melanosome transport signal in accessing the MHC class |l
presentation pathway and in eliciting CD4+ T cell responses. J Immu-
nol 1999;163:5820-6.

20. Budhu S, Loike JD, Pandolfi A, Han S, Catalano G, Constantinescu A,
et al. CD8+ T cell concentration determines their efficiency in killing
cognate antigen-expressing syngeneic mammalian cells in vitro and in
mouse tissues. J Exp Med 2010;207:223-35.

21. Komatsu N, Mariotti-Ferrandiz ME, Wang Y, Malissen B, Waldmann H,
Hori S. Heterogeneity of natural Foxp3+ T cells: a committed regu-
latory T-cell lineage and an uncommitted minor population retaining
plasticity. Proc Natl Acad Sci 2009;106:1903-8.

22. Ephrem A, Epstein AL, Stephens GL, Thornton AM, Glass D, Shevach
EM. Modulation of Treg cells/Teffector function by GITR signaling is
context-dependent. Eur J Immunol 2013 May 30. [Epub ahead of print].

23. Yadav M, Louvet C, Davini D, Gardner JM, Martinez-Llordella M,
Bailey-Bucktrout S, et al. Neuropilin-1 distinguishes natural and induc-
ible regulatory T cells among regulatory T cell subsets in vivo. J Exp
Med 2012;209:1713-22.

24. Hansen W, Hutzler M, Abel S, Alter C, Stockmann C, Kliche S, et al.
Neuropilin 1 deficiency on CD4+Foxp3+ regulatory T cells impairs
mouse melanoma growth. J Exp Med 2012;209:2001-16.

25. Weiss JM, Bilate AM, Gobert M, Ding Y, Curotto de Lafaille MA,
Parkhurst CN, et al. Neuropilin 1 is expressed on thymus-derived
natural regulatory T cells, but not mucosa-generated induced Foxp3-+
T reg cells. J Exp Med 2012;209:1723-42.

26. Gottschalk RA, Corse E, Allison JP. Expression of Helios in peripherally
induced Foxp3+ regulatory T cells. J Immunology 2012;188:976-80.

27. Zabransky DJ, Nirschl CJ, Durham NM, Park BV, Ceccato CM, Bruno
TG, et al. Phenotypic and functional properties of Helios+ regulatory T
cells. PLoS ONE 2012;7:e34547.

28. SchaerDA, LiY, Merghoub T, Rizzuto GA, Shemesh A, Cohen AD, et al.
Detection of intra-tumor self antigen recognition during melanoma
tumor progression in mice using advanced multimode confocal/two
photon microscope. PLoS ONE 2011;6:e21214.

29. Hori S. Stability of regulatory T-cell lineage. Adv Immunol 2011;112:
1-24.

30. Chaudhry A, Samstein RM, Treuting P, Liang Y, Pils MC, Heinrich JM,
et al. Interleukin-10 signaling in regulatory T cells is required for
suppression of Th17 cell-mediated inflammation. Immunity 2011;
34:566-78.

31. Getnet D, Grosso JF, Goldberg MV, Harris TJ, Yen HR, Bruno TC, et al.
A role for the transcription factor Helios in human CD4+CD25+
regulatory T cells. Mol Immunol 2010;47:1595-600.

32. Baine |, Basu S, Ames R, Sellers RS, Macian F. Helios induces
epigenetic silencing of il2 gene expression in regulatory T cells.
J Immunol 2013;190:1008-16.

33. Setoguchi R, Hori S, Takahashi T, Sakaguchi S. Homeostatic main-
tenance of natural Foxp3+ CD25+ CD4+ regulatory T cells by inter-
leukin (IL)-2 and induction of autoimmune disease by IL-2 neutraliza-
tion. J Exp Med 2005;201:723-35.

34. Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY. A function for
interleukin 2 in Foxp3-expressing regulatory T cells. Nat Immunol
2005;6:1142-51.

35. Williams LM, Rudensky AY. Maintenance of the Foxp3-dependent
developmental program in mature regulatory T cells requires continued
expression of Foxp3. Nat Immunol 2007;8:277-84.

36. Miyao T, Floess S, Setoguchi R, Luche H, Fehling HJ, Waldmann H,
et al. Plasticity of Foxp3(+) T cells reflects promiscuous Foxp3 expres-
sionin conventional T cells but not reprogramming of regulatory T cells.
Immunity 2012;36:262-75.

330 Cancer Immunol Res; 1(5) November 2013

Downloaded from cancerimmunolres.aacrjournals.org on November 27, 2020. © 2013 American Association for Cancer Research.

Cancer Immunology Research


http://cancerimmunolres.aacrjournals.org/

Published OnlineFirst September 16, 2013; DOI: 10.1158/2326-6066.CIR-13-0086

GITR Induced Treg Lineage Instability

37.

38.

39.

Zhou X, Bailey-Bucktrout SL, Jeker LT, Penaranda C, Martinez-Llor-
della M, Ashby M, et al. Instability of the transcription factor Foxp3
leads to the generation of pathogenic memory T cells in vivo. Nat
Immunol 2009;10:1000-7.

Joetham A, Ohnishi H, Okamoto M, Takeda K, Schedel M, Dome-
nico J, et al. Loss of T regulatory cell suppression following sig-
naling through glucocorticoid-induced tumor necrosis receptor
(GITR) is dependent on c-Jun N-terminal kinase activation. J Biol
Chem 2012;287:17100-8.

Hacker H, Tseng PH, Karin M. Expanding TRAF function: TRAF3 as a
tri-faced immune regulator. Nat Rev Immunol 2011;11:457-68.

40.

41,

42,

Hirschhorn-Cymerman D, Budhu S, Kitano S, Liu C, Zhao F, Zhong H,
et al. Induction of tumoricidal function in CD4+ T cells is associated
with concomitant memory and terminally differentiated phenotype.
J Exp Med 2012;209:2113-26.

Zhao D-M, Thornton AM, DiPaolo RJ, Shevach EM. Activated
CD4+CD25+ T cells selectively kill B lymphocytes. Blood 2006;107:
3925-32.

Snell LM, McPherson AJ, Lin GH, Sakaguchi S, Pandolfi PP, Riccardi
C, etal. CD8 T cell-intrinsic GITR is required for T cell clonal expansion
and mouse survival following severe influenza infection. J Immunol
2010;185:7223-34.

www.aacrjournals.org

Cancer Immunol Res; 1(5) November 2013

331

Downloaded from cancerimmunolres.aacrjournals.org on November 27, 2020. © 2013 American Association for Cancer Research.


http://cancerimmunolres.aacrjournals.org/

Published OnlineFirst September 16, 2013; DOI: 10.1158/2326-6066.CIR-13-0086

AAC_R American Association
for Cancer Research

Cancer Immunology Research

GITR Pathway Activation Abrogates Tumor Immune Suppression
through Loss of Regulatory T-cell Lineage Stability

David A. Schaer, Sadna Budhu, Cailian Liu, et al.

Cancer Immunol Res 2013;1:320-331. Published OnlineFirst September 16, 2013.

Updated version

Supplementary
Material

Access the most recent version of this article at:
doi:10.1158/2326-6066.CIR-13-0086

Access the most recent supplemental material at:
http://cancerimmunolres.aacrjournals.org/content/suppl/2013/09/17/2326-6066.CIR-13-0086.DC1

Cited articles

Citing articles

This article cites 41 articles, 19 of which you can access for free at:
http://cancerimmunolres.aacrjournals.org/content/1/5/320.full#ref-list-1

This article has been cited by 19 HighWire-hosted articles. Access the articles at:
http://cancerimmunolres.aacrjournals.org/content/1/5/320.full#related-urls

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department
at pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://cancerimmunolres.aacrjournals.org/content/1/5/320.

Click on "Request Permissions” which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerimmunolres.aacrjournals.org on November 27, 2020. © 2013 American Association for Cancer Research.



http://cancerimmunolres.aacrjournals.org/lookup/doi/10.1158/2326-6066.CIR-13-0086
http://cancerimmunolres.aacrjournals.org/content/suppl/2013/09/17/2326-6066.CIR-13-0086.DC1
http://cancerimmunolres.aacrjournals.org/content/1/5/320.full#ref-list-1
http://cancerimmunolres.aacrjournals.org/content/1/5/320.full#related-urls
http://cancerimmunolres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerimmunolres.aacrjournals.org/content/1/5/320
http://cancerimmunolres.aacrjournals.org/

