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Systemic 4-1BB activation induces

a novel T cell phenotype driven by high
expression of Eomesodermin

Michael A. Curran,! Theresa L. Geiger,> Welby Montalvo,?

Myoungjoo Kim,? Steven L. Reiner,>* Aymen Al-Shamkhani,’
Joseph C. Sun,? and James P. Allison!-

Department of Immunology, MD Anderson Cancer Center, Houston, TX 77030

?Department of Immunology, Memorial Sloan-Kettering Cancer Center, New York, NY 10065

3Department of Microbiology & Immunology and *Department of Pediatrics, Columbia University, New York, NY 10027
SCancer Sciences Division University of Southampton School of Medicine, Southampton General Hospital, Southampton,
Hampshire SO16 6YD, UK

4-1BB agonist antibody treatment induces a population of KLRG1* T cells that infiltrate
melanoma tumors. We investigated the origin and function of these cells, as well as their place
within established T cell paradigms. We find that these T cells, particularly the CD4 lineage,
represent a novel phenotype characterized by enhanced, multipotent cytotoxicity. Distinct
from described polarities, this T cell phenotype is driven by the T-box transcription factor
Eomesodermin. Formation of this phenotype requires 4-1BB signaling on both T and antigen-
presenting cells and the resulting production of the cytokines IL-27, IL-15, and IL-10. Fur-
thermore, we find CD4* T cells bearing the signature features of this phenotype in the livers of
mice infected with both bacterial and viral intracellular pathogens, suggesting a role for these
cells in infectious immunity. These T cells constitute a novel phenotype that resolves multiple
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questions associated with 4-1BB activation, including how 4-1BB enhances tumor-specific
cytotoxicity and how 4-1BB can promote tumor immunity while repressing autoimmunity.

T cell activation leads to transient up-regulation
of the TNF receptor (TNFR) family member
4-1BB (CD137) in both the CD4 and CD8
subsets (Shuford et al., 1997). When engaged by
its ligand or by agonistic antibodies, 4-1BB acts
as a T cell costimulatory molecule promoting
survival, expansion, and Th1 type cytokine pro-
duction (Wang et al., 2009). Consistent with
these costimulatory properties, 4-1BB promotes
both antiviral (Tan et al., 1999; Kwon et al.,
2002; Lin et al., 2009) and antitumor (Kocak
et al., 2006; Li et al., 2007; Lynch, 2008; Curran
et al., 2011) T cell responses. Paradoxically,
4-1BB has also been found to ameliorate auto-
immunity in an array of animal models includ-
ing collagen-induced arthritis (Seo et al., 2004),
experimental autoimmune uveoretinitis (Choi
et al., 2006), experimental autoimmune enceph-
alomyelitis (Sun et al., 2002b), inflammatory
bowel disease (Lee et al., 2005a), and systemic
lupus erythematosus (Sun et al., 2002a). Part
of the resolution of these seemingly incongru-
ous effects seems to result from the tendency of
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4-1BB activation to antagonize Th17 T cell
polarization (Kim et al., 2011).

4-1BB agonist antibodies may also increase
cytotoxicity, although a detailed mechanism be-
hind these observations remains to be described.
4-1BB activation has been reported to increase
in vivo killing of peptide-pulsed targets in a B16
melanoma model (Li et al., 2007). In both mice
and humans, increases in T cell Granzyme B and
Perforin expression after 4-1BB activation have
been observed (Lin et al., 2010; Hernandez-
Chacon et al., 2011). In a recent manuscript, the
ability of 4-1BB and OX40 (CD134) agonists
to polarize CD4 HA-specific T cells toward a
Th1-type cytotoxic phenotype dependent on
T-box transcription factors was also described
(Qui et al., 2011). Another study has shown that
OX-40 agonist antibody in conjunction with
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cyclophosphamide treatment and adoptive transfer of tumor-
specific CD4* T cells can produce cytotoxic CD4 T cells
dependent on both Eomesodermin (Eomes) and T-bet
(Hirschhorn-Cymerman et al., 2012). A detailed biological
context or full pathway leading from 4-1BB activation to en-
hanced cellular cytotoxicity, however, remains to be elucidated.

Because of their potent activity in murine tumor models,
agonist antibodies targeting 4-1BB have entered clinical trials
for melanoma and lymphoma. A potentially limiting side effect
of this therapy was described in a murine colon carcinoma ther-
apy study in which liver pathology was observed after 4-1BB
antibody treatment (Kocak et al., 2006). Although liver inflam-
mation may be manageable in the clinic at therapeutically
effective doses, the root cause of this liver pathology has yet
to be discovered (Dubrot et al., 2010).

In a previous manuscript, we reported an unexpected pop-
ulation of T cells infiltrating B16 melanoma tumors of 4-1BB
agonist antibody-treated mice (Curran et al., 2011). These
T cells expressed the inhibitory receptor KLRG1 on the sur-
face of nearly all of the CD8 and half of the CD4 compartments
and appeared to be active effectors, as greater numbers of these
cells correlated with superior tumor rejection. Here, we re-
port that these KLRG1* T cells constitute a novel phenotype/
polarity which addresses the aforementioned unresolved ques-
tions regarding 4-1BB function.

We find that these KLRG1* T cells, in both the CD4 and
CDS8 lineages, express highly elevated levels of cytotoxicity-
associated genes relative to their KLRG1~ counterparts from
the tumors of mice not receiving 4-1BB agonist antibody.
Contrary to Th1 cells, the induction of this genetic killing
program is fully dependent on the master regulatory tran-
scription factor Eomes and independent of changes to T-bet.
Unlike other TNFR family members, 4-1BB is expressed on
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Figure 1. Cytotoxic gene expression

by tumor-infiltrating KLRG1* T cells.
Tumor-infiltrating KLRG1+ T cells from mice
receiving FVAX and «a4-1BB were isolated on
day 16 and compared with KLRG1~ T cells
from mice treated with only FVAX. Gene ex-
pression from each population was calculated
using real-time PCR analysis with hprt as the
endogenous control. Relative gene expression
in KLRG1+ CD8 (A) and CD4 (B) T cells com-
pared with their KLRG1~ counterparts was
calculated using Tagman primers by the AACt
method. Values shown are the mean (+SEM)
of five to six individual experiments with 20-30
pooled mice per group. (C) Flow cytometry
histograms comparing Granzyme B expression
by tumor-infiltrating KLRG1~ and KLRG1*

T cells from single, representative mice.
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myeloid cells and these cells respond to its activation by pro-
ducing cytokines such as IL-27 and IL-15, which are critical
to development of this phenotype. These KLRG1*Eomes™
CD4 T cells do not fit any established T cell paradigm and
may have a role in physiological antiviral immunity, as we
find them in the livers of Listeria monocytogenes and lympho-
cytic choriomeningitis virus (LCMV)—infected mice. We have
termed this cytotoxic Eomes-driven CD4 T cell phenotype
ThEO and the corresponding CD8T cells phenotype TcEO.
These ThEO/TcEOT cells represent an important new class
of T cells that explain the seemingly contradictory functions
of 4-1BB, are present during the immune clearance of intra-
cellular pathogens, and may provide a template for the in vitro
polarization of highly cytotoxic T cells for adoptive trans-
fer therapy.

RESULTS
Tumor-infiltrating KLRG1+* T cells elicited
by 4-1BB agonist antibody treatment express a broad
spectrum of cytotoxicity-associated genes
Previously we have shown that therapeutic vaccination against
preimplanted B16 melanoma with a combination of irradi-
ated Flt3-ligand—expressing B16 cells (B16 fms-related tyro-
sine kinase 3 ligand [FVAX]) and 4-1BB agonist antibody
treatment results in nearly all of the tumor-infiltrating CD8
T cells and half of the CD4 T cells becoming positive for the
E-cadherin receptor KLRG1 (Curran et al., 2011). Adding anti-
bodies that block the T cell co-inhibitory receptor cytotoxic
T lymphocyte antigen 4 (CTLA-4) to this therapy increased
the number of melanoma-infiltrating CD4 KLRG1* cells and
resulted in greater tumor rejection than either antibody alone.
To determine the phenotype of these KLRG1* T cells,
we isolated them from the tumors of mice treated with FVAX

4-1BB activation induces Eomesodermin™ T cells | Curran et al.
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Figure 2. Improved killing of B16 melanoma by
KLRG1+ versus KLRG1~ tumor-infiltrating T cells.

Tumor-infiltrating KLRG1* T cells from mice receiving FVAX
and a4-1BB/aCTLA-4 were isolated on day 16 and com-
pared with KLRG1~ T cells from mice treated with only
FVAX. In vitro killing assays were performed by incubating
10° T cells with 10* dye-labeled B16-BL6 melanoma cells for
12 h at 37°C. Samples were harvested in flow cytometry

LG buffer with a fixed concentration of Pacific blue fluorescent
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and either a4-1BB or a combination of a4-1BB and a CTLA-4
(Combo).We compared gene expression by these KLRG17*
cells to that of isolated KLRG1™ T cells from mice treated
with only FVAX. KLRG1* CD4 and CD8T cells were the
dominant populations in the tumors of 4-1BB agonist anti-
body-treated mice and were qualitatively different in terms
of Granzyme B and Eomes expression from either KLRG17*
T cells from mice which didn’t receive o4-1BB or KLRG1~
T cells from mice that did (unpublished data). In the tumor-
infiltrating CD8 T cells of mice receiving a4-1BB, a broad
cytotoxicity program is strongly induced (Fig. 1 A). Six dif-
ferent granzyme genes are induced, ranging from 3-fold up to
38-fold, coupled with 2- to 3-fold increases in perforin and
fas-ligand (fasL) expression. More surprisingly, we found sig-
nificant induction of granzymes A, B, and K, as well as perforin
in the CD4 KLRG1" T cells from 4-1BB agonist-treated
mice (Fig. 1 B).This induction of Granzyme B was confirmed
at the protein level by flow cytometry (Fig. 1 C). Similar results
were obtained from mice receiving the antibody combination,
except that mice receiving CTLA-4 blockade in addition to

JEM Vol. 210, No. 4

o4-1BB also showed fivefold induction of fasL in the CD4
compartment in addition to the other cytotoxicity-associated
genes (unpublished data).

KLRG1* CD8 and CD4 T cells exhibit enhanced killing of B16
melanoma cells compared with their KLRG1~ counterparts
Induction of such a broad range of genes associated with
cytolysis suggested these KLRG1" T cells might be responsible
for the enhanced tumor killing associated with 4-1BB agonist
antibody. We therefore assayed whether or not these CD8
and/or CD4 KLRG1" T cells could kill B16 melanoma cells
better than their KLRG1~ counterparts. Because of the large
numbers of tumor-infiltrating lymphocytes (TILs) required
for in vitro killing assays, we isolated KLRG1* T cells from
Combo-treated mice rather than mice treated with a4-1BB
alone. We performed triplicate 10:1 effector-to-target killing
assays for CD8 T cells, and as many as 10:1 replicate wells for
CD4 T cells as the total numbers of isolated cells allowed.
Compared with CD8 KLRG1~ T cells from FVAX-treated
mice, the CD8 KLRG1* T cells from Combo-treated mice
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demonstrated more than double the in vitro killing capacity
against B16 melanoma cells (Fig. 2 A). The histograms from
representative wells show the increased killing of dye-labeled
B16 cells by the KLRG1™ cells relative to the KLRG1™ ones
(Fig. 2 B). The CD4 KLRG1" cells from Combo-treated
mice also exhibited 1.2-fold the cytotoxicity against B16
melanoma of their KLRG1™ counterparts which had no sig-
nificant killing activity over background (Fig. 2 C). Although
the histograms show that these KLRG17CD4 T cells had kill-
ing capacity (Fig. 2 D), these results were unimpressive in light
of the high Granzyme expression of these cells observed by
real-time PCR. Further analysis revealed that this sorted CD4
KLRG1* population consisted of ~50% FoxP3* regulatory
T cells, which could be obscuring the killing capacity of the
effector CD4s in this assay (Fig. 2 E). To test this hypothesis,
we repeated this experiment in FoxP3-GFP transgenic mice
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Figure 3. Eomes drives the cytotoxic KLRG1+ T cell
phenotype. Tumor-infiltrating KLRG1* T cells from mice
receiving FVAX and a4-1BB were isolated on day 16 and
compared with KLRG1~ T cells from mice treated with only
FVAX. Gene expression from each population was calcu-
lated using real-time PCR analysis with hprt as the endog-
enous control. Relative gene expression in KLRG1* CD8

(A) and CD4 (B) T cells compared with their KLRG1~ coun-
terparts was calculated using Tagman primers by the AACt
method. Values shown are the mean (+SEM) of two to
three individual experiments of 20-30 mice per group.
Tumors from individual mice were also isolated at day 16
and analyzed by flow cytometry. Mean fluorescence
intensity of Eomes and T-bet antibody staining in CD8
CD3*KLRG1* (C) and CD3+CD4 FoxP3~KLRG1+ (D) T cells
compared with their KLRG1-negative counterparts is
shown for 8-10 experiments with 3-10 mice per group.
(E) Representative flow cytometry histograms are shown
from a representative experiment comparing Eomes ex-
pression in these KLRG1* T cells to their KLRG1~ counter-
parts. Tumor-infiltrating T cells from CD4-CRE,Eomesfiox/fox
mice treated with Fvax and a4-1BB were isolated on day 16
and analyzed by flow cytometry. Mean fluorescence inten-
sity of Granzyme B antibody staining and percentage of
cells positive for KLRG1 expression in CD8 (F) and CD4 (G)
FoxP3~ tumor-infiltrating T cells is shown for two to three
experiments with three to five mice per group. Means are
shown + SEM. (H) Survival of five to seven mice per group
of C57BL/6 or Eomesfox/fioc x CD4-CRE mice challenged
with 1.5 x 10° B16-BL6 cells and vaccinated on days 3, 6,
and 9 with 108 Fvax intradermally and a4-1BB/ aCTLA-4 i.p.
Lack of survival was defined as death or tumor size >
1,500 mm3. Statistical significance was assessed using the

Mantel-Cox test.
omes™

from which we isolated CD4 GFP~ cells. The CD4 KLRG1™
T cells from these mice were nearly 1.6-fold more cytotoxic
than their KLRG1~ counterparts, confirming the enhanced
killing capacity of these cells (Fig. 2 F). CD4" T cells can kill
via a variety of mechanisms including direct cytolysis, ligation
of death receptors on target cells, or cytokine release. When
MHC-II blocking antibody was added to the in vitro cyto-
toxicity assay, we found that all killing activity of these CD4
KLRG1™ cells was lost, confirming the need for specific TCR—
MHC-II recognition (Fig. 2 G).

Enhanced cytotoxicity of KLRG1* TIL is driven by high
expression of the T-box transcription factor Eomes

We sought to learn the molecular mechanism driving the
highly cytotoxic phenotype of these KLRG1" T cells. Previ-
ously,aThl-type CDS8T cell population with enhanced effector

4-1BB activation induces Eomesodermin™ T cells | Curran et al.
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Figure 4. Of the TNFR family, only 4-1BB activa-
tion induces both Eomes and KLRG1 in CD4 and CD8
T cells. Mice were challenged with B16 melanoma and
vaccinated with FVAX and the indicated TNFR agonist
antibody. Tumor-infiltrating T cells were harvested at
day 16 and analyzed by flow cytometry. Mean fluorescence
intensity of Eomes antibody staining and percentage of
cells positive for KLRG1 expression in (A and B) CD8 and
(C and D) CD4 FoxP3~ tumor-infiltrating T cells is shown
for two to three experiments with 4-10 mice per group.
Means are shown + SEM.
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function had been described as the outcome of IL-12 pro-
duction eliciting high levels of the T-box transcription factor
T-bet, which in turn induced KLRG1 and higher Granzyme
B expression (Rao etal., 2010). In addition, T-bet has previ-
ously been described as controlling the formation of a cytotoxic
CD4 melanoma antigen-specific T cell line (Xie et al., 2010).

We compared the KLRG1* T cells infiltrating the tumors
of mice treated with FVAX and a4-1BB or Combo to the
KLRG1™ T cells from the tumors of mice receiving FVAX
alone. CD8 KLRG1" T cells from mice receiving a4-1BB
showed heightened levels of the T-box transcription factor
eomes and no substantial changes in levels of t-bet (Fig. 3 A).
Interestingly, we also observed increased runx3 expression,
which has been implicated as a cofactor for Eomes in induc-
ing ifn-y expression (Collins et al., 2010).

CD4 T cells generally express little to no Eomes. Like the
CD8 KLRG1* cells, however, these CD4 KLRG1* T cells
expressed >35-fold higher comes than their KLRG1~ coun-
terparts (Fig. 3 B). As in the CDS8 lineage, we see no change
in t-bet expression and some concomitant induction of runx3.
This enhanced eomes expression is also reflected at the pro-
tein level as measured by flow cytometry for both the CD8
(Fig. 3 C) and CD4 T cells (Fig. 3 D). Representative raw
flow cytometry data illustrates that the levels of Eomes expres-
sion in these CD4"KLRG1" T cells nearly equal those of the
CD8"KLRG1" CD8s (Fig. 3 E).

To confirm the central role of Eomes as the driver of
this phenotype, we vaccinated tumor-bearing CD4-CRE,
Eomes % transgenic mice with either FVAX + a4-1BB with
or without « CTLA-4 and analyzed their tumor-infiltrating
T cells at day 16 (Intlekofer et al., 2008). In the absence of
Eomes, neither CD8 T cells (Fig. 3 F) nor CD4 effector T cells
(Fig. 3 G) up-regulate Granzyme B or KLRG1 in response to

JEM Vol. 210, No. 4
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4-1BB agonist antibody treatment. Combo-treated mice showed
the same dependence on Eomes in both the CD4 and CD8
compartments as those receiving a4-1BB alone (not depicted).

Our earlier manuscript showed that these KLRG1" tumor-
infiltrating T cells were the majority of effector cells respond-
ing to a4-1BB treatment, and that the addition of aCTLA-4
increased the numbers of CD4s with this phenotype and in
turn enhanced tumor rejection (Curran et al., 2011).To con-
firm the necessity of Eomes expression for the anti-melanoma
effect of 4-1BB agonist treatment, we challenged C57BL/6
or CD4-CRE,Eomesfio/fox mice with a large 1.5 X 10° B16-
BL6 tumor challenge and treated them with Fvax + a4-1BB
and aCTLA-4. Combination therapy had a significant bene-
fit even with this high tumor challenge in wild-type mice,
but no effect at all in the mice lacking Eomes in their T cells
(Fig. 3 H). A recent manuscript showed no induction of Eomes
as a result of CTLA-4 blockade (Hirschhorn-Cymerman
et al., 2012), nor have we observed any dependence of CTLA-4
blockade on Eomes induction or expression (not depicted);
thus, any observed differences should be attributable to the
efficacy of a4-1BB.

This T cell polarity driven by Eomes and specialized for
enhanced target lysis has not been previously described but is
likely emblematic of cytotoxic CD4* T cells described in other
recent manuscripts generated using TNF-receptor agonist anti-
bodies (Qui et al., 2011; Hirschhorn-Cymerman et al., 2012).
We therefore termed this CD4 phenotype ThEO and the
Eomes-driven CD8 phenotype TcEO.

Of the major TNFR family agonists, only 4-1BB generates
this KLRG1*Eomes* phenotype in both CD4 and CD8 T cells
Having established the role of Eomes as the master regula-
tor in these KLRG1* cytotoxic T cells, we sought to determine
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Figure 5. Myeloid cells up-regulate costimulatory
ligands and production of inflammatory cytokines in
response to 4-1BB activation. Splenic myeloid cells were
cultured for 72 h in complete RPMI with FIt3-ligand and TNF
and either 20 pg/ml or 100 pg/ml a4-1BB antibody as indi-
cated. Fresh splenic myeloid cells from naive mice were
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on their CD11b and CD11c expression and assayed by flow
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whether activation of other TNFR family receptors could
also generate this phenotype. Mice were challenged with
B16 melanoma, vaccinated with FVAX and the indicated
antibody on days 4, 7, 10, and 13, and then analyzed by flow
cytometry on day 16. In tumor-infiltrating CD8 T cells,
4-1BB activation was the strongest inducer of both Eomes
(Fig. 4 A) and KLRG1 (Fig. 4 B). aOX-40 and aCD27
were also able to induce Eomes to a moderate degree but
without concomitant induction of KLRG1. Combining aOX-
40 and a4-1BB did not yield higher levels of Eomes expres-
sion than a4-1BB alone but did promote greater induction
of KLRGI1.

In the CD4 compartment, a4-1BB was the dominant
inducer of Eomes expression (Fig. 4 C). aCD27 was able to
promote a small up-regulation of Eomes but had little to no
effect on KLRG1 (Fig. 4 D). As in the CD8 compartment,
o4-1BB was the only strong single agent inducer of KLRGT1;
however, «OX-40 was able to enhance KLRG1 levels when
given in combination (Fig. 4 D).
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4-1BB is expressed by myeloid cells which produce cytokines
that support development of these KLRG1+*Eomes* T cells

As 4-1BB appeared uniquely capable of inducing these
KLRG1"Eomes* T cells in both the CD4 and CD8 lineages,
we investigated what properties of 4-1BB might functionally
distinguish it from other TNFR family members. One unique
property of 4-1BB is its expression on myeloid APCs in addi-
tion to T cells (Futagawa et al., 2002). We found that isolated
myeloid cells cultured in the presence of Flt3-ligand expressed
moderate amounts of 4-1BB in multiple lineages capable of
antigen presentation (Fig. 5 A). Previously, we showed that
4-1BB agonist antibody treatment elicits high levels of IFN-y
and TNF production from tumor-specific T cells in the lymph
nodes and tumor (Curran et al., 2011). Interestingly, we ob-
served that exposing the Flt3-ligand cultured myeloid cells to
TNEF triggered further up-regulation of 4-1BB. Although TNF
increased 4-1BB expression, its addition was not required
for these cells to express measurable levels of 4-1BB. Up-
regulation of the costimulatory ligand B7-1 by APCs in response

4-1BB activation induces Eomesodermin™ T cells | Curran et al.
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to 4-1BB-ligand had been previously observed (Futagawa et al.,
2002); however, we expanded on these observations, showing
that these cells responded to 4-1BB agonist antibody in vitro by
increasing their expression of both B7-1 and B7-2 (Fig. 5 B).

We compared CD11¢*CD11b*~ DC/monocytes and
CD11b*CD11¢™ macrophages from mice receiving FVAX and
04-1BB or Combo with those from mice receiving FVAX
alone. In both the vaccine and tumor-draining lymph nodes, we
observed that CD11b* macrophages responded to 4-1BB ac-
tivation by up-regulating il-27, il-15/il-15ra, and ifu-y (Fig. 5 C).
Even in the suppressive tumor microenvironment there is evi-
dence of a proinflammatory cytokine response after 4-1BB
activation from these CD11b* cells (Fig. 5 D). In the CD11c”*
DC-like population, il-27 again appears to be the major cytokine
induced by 4-1BB activation, although there is also evidence
for up-regulation of il-23, ifn-y, and il-15/il-15ra (Fig. 5 E).
As in the macrophage population, some proinflaimmatory ac-
tivity appears to be elicited even from CD11c™ cells in the
tumor microenvironment itself (Fig. 5 F). We measured de-
tectable levels of IL-1203 as well as Ebi3 in these samples, but
the changes in their expression were not significant enough to
merit inclusion here (unpublished data).

4-1BB activation elicits IL-27 production by myeloid cells

in the liver which may contribute to hepatitis

IL-27 production in the liver has been linked to pathological
hepatic inflammation (Siebler et al., 2008). We compared gene
expression by myeloid cells from FVAX + a4-1BB or Combo-
vaccinated mice to those of mice receiving only FVAX. Similar
to our prior observations in the nodes and tumor, there was
strong induction of i[-27 by both CD11b*¢™ (Fig. 6 A) and
CD11c¢"b*~ (Fig. 6 B) myeloid cells in the liver. There also ap-
peared to be stronger induction of il-23 than we had observed

JEM Vol. 210, No. 4

Liver Dendritic Cells:
Fvax vs a4-1BB

Article

Figure 6. The livers of a4-1BB-treated mice are
infiltrated by IL-27-producing myeloid cells and
Eomes*KLRG1+* T cells. Liver-infiltrating myeloid and
T cells from mice receiving FVAX and a4-1BB were iso-
lated on day 16 and compared with their counterparts
from mice treated with only FVAX. Gene expression
from each population was calculated using real-time
PCR analysis with gapdh (myeloid cells) or hprt (T cells)
as the endogenous control. Gene expression in
CD110b*c™ macrophages (A) and CD11c*b*/~ dendritic
cells (B) in the liver relative to the FVAX alone group
was calculated using Tagman primers by the AACt
method. Values shown are the mean (+SEM) of two
individual experiments of 20-30 pooled mice per group.

:2 Gene expression in CD8 T cells (C) and CD4 T cells (D) in

%5 the liver relative to the FVAX alone group was calcu-

5 lated using Tagman primers by the AACt method.

6 Values shown are the mean (+SEM) of two to three

3 individual experiments of 20-30 pooled mice per group.
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in other sites but less induction of ifn-y. As before, we saw no
evidence for il-12 up-regulation.

We also examined T cells in the livers of these treated mice
to determine if their activation state was affected by 4-1BB
agonist antibody treatment in a manner that could impact he-
patic homeostasis. We found that both CD8 T cells (Fig. 6 C)
and CD4 T cells (Fig. 6 D) in the livers of mice receiving
04-1BB were expressing an activated cytotoxicity program
similar to that of the Eomes"KLRG1* cells we described in
tumors. One potentially significant difference, however, was
the up-regulation of il-10 by these cells in the liver which was
not observed in the tumor. These cells were not presorted
based on KLRG1; therefore, the il-10 expressing population
may represent a separate population from the KLR G1"Eomes*
cells or the influence of the liver microenvironment on the
known capacity of IL-27 to elicit IL-10 production in certain
settings (Murugaiyan et al., 2009). Consistent with the capac-
ity of both Eomes and IL-27 to repress Th17 polarization, in
all cases we observed 1.6-fold to 8-fold decreases in il-17 ex-
pression in the mice receiving 4-1BB agonist antibody (Diveu
et al., 2009; Ichiyama et al., 2011).

IL-10, IL-15, and IL-27 contribute to the development

of Eomes*KLRG1+* cytotoxic T cells in vivo

To ascertain whether these cytokines influenced the induction
of Eomes on tumor-infiltrating T cells, we examined the im-
pact of relevant cytokine and transcription factor deficien-
cies on Eomes, KLRG1, and Granzyme B up-regulation after
4-1BB agonist or Combo treatment. Induction of Eomes was
impaired in the CD4 lineage in both IL-10 and IL-27 knock-
out mice and increased in mice lacking the IFN-vy receptor
or T-bet (Fig. 7 A). Our earlier Tagman and Eomes knock-
out mouse studies suggest that KLRGT1 is either a direct or a
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downstream target of Eomes, and here we find that KLRG1
induction shares nearly the same cytokine dependencies as
Eomes (Fig. 7 B). None of the mice we tested exhibited a
strong defect in Eomes up-regulation in CD8 T cells, but, as
in the CD4 compartment, higher levels of Eomes were seen in
the T-bet knockouts (unpublished data). The enhanced cyto-
toxicity emblematic of this phenotype appeared to depend on
IL-10, IL-27, and IL-15 for both CD4 T cells (Fig. 7 C) and
CDS8 T cells as measured by Granzyme B induction (Fig. 7 D).
These same cytokines also appear to influence Fas-ligand up-
regulation in response to 4-1BB agonist antibody (unpublished
data). Although IFN-yR knockout mice exhibited increased
Eomes expression, they failed to fully induce Granzyme B in
the CD8 compartment, illustrating the functional role of IFN-y
(which is produced in large quantities by these T cells) in this
system. Interestingly, the IL-123 knockout mice which lack
both IL-12 and IL-23 exhibited higher levels of cytotoxic
protein expression after a4-1BB treatment compared with
wild-type mice.

ThEO phenotype CD4 T cells may have a physiological role
in pathogen-specific immunity

The pathway we revealed leading from 4-1BB activation to
formation of these KLRG1"Eomes™ T cells could be benefi-
cial in clearance of pathogens that require extensive cellular
cytotoxicity to eradicate. Although CD8 Eomes*KLRG17*
T cells are difficult to distinguish from Thl-type terminal
effectors by flow cytometry alone, no CD4 KLRG1*Eomes™

T cells have been previously described nor do they fit into
any existing polarity paradigm. We examined the spleens, lymph
nodes, and livers of mice infected with either Listeria monocy-
togenes or LCMV. We chose to examine these pathogens in
particular because mice lacking 4-1BB are known to exhibit
defects in their clearance (Tan et al., 1999; Lee et al., 2005b).
In both the spleens (Fig. 8 A) and livers (Fig. 8 B) of infected
mice, there was a clear population of CD3*NK1.1-CD4
KLR G1*Eomes* cells which also expressed Granzyme B. We
sorted these CD4 KLRG17" cells from the livers of LCMV-
infected mice on day 8 after infection and analyzed their gene
expression compared with CD4 T cells from the livers of un-
infected mice. This sorted population contains all of the CD4
KLRG1"Eomes* cells but also a contaminating population of
KLRG1*Eomes™ cells. Much like the tumor-infiltrating CD4
T cells we described after systemic 4-1BB agonist treatment,
these sorted cells express elevated levels of eomes but not t-bet
and express significantly elevated levels of granzymes A, B,
and K, as well as twofold elevated perforin (Fig. 8 C). These
data suggest that further study of this novel T cell population
and its impact on immune responses to viruses and intracel-
lular bacteria is warranted.

DISCUSSION

The data presented here suggests that the cytotoxic CD4 and
CD8 KLRG1* T cells generated in vivo after systemic 4-1BB
activation comprise a novel T cell phenotype. In both lineages,
this phenotype is dependent on high expression of the T-box
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Figure 7. 1L-27, IL-10, and IL-15 knockout
mice are defective in developing the cytotoxic
Eomes*KLRG1+* T cell phenotype. Wild-type or
knockout mice of the indicated phenotype were chal-
lenged with B16 melanoma and vaccinated with
FVAX + a4-1BB with or without aCTLA-4. Tumor-
infiltrating T cells were isolated on day 16 and ana-
lyzed by flow cytometry. For CD4 FoxP3+ T cells the

g e g MFI of Eomes staining (A) and the percentage of
28 &  KLRG1* cells (B) are shown. Also, the MFI of Gran-
4 2 l_IZ'_ zyme B staining for these CD4 cells (C), as well as for

CD8 T cells (D), is shown. Knockout mouse data are
shown as the mean + SEM for 3-10 experiments
with 3-10 mice per group.

IL-27 KO + alL-10
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transcription factor Eomes and forms even in the absence of
T-bet. Among the accepted T cell polarities, these cells most
resemble Th1 (O’Shea and Paul, 2010); however, they fail to
conform to the defining criteria of Th1 cells in so many re-
spects that we consider them an entirely novel polarity. In the
classical Th1 setting, IL-12 activates Stat4 which activates the
transcription factor T-bet which in turn executes the bulk of
the Th1 transcriptional program. We find no evidence for in-
duction of il-12 on relevant APCs, no up-regulation of t-bet
gene or protein expression, and a complete dependence of the
phenotype we observe on Eomes. In contrast to existing par-
adigms, these cells appear to require IL-15, IL-27, and IL-10
for their formation, they rely on Eomes as the master regula-
tor of the phenotype, and they produce multiple Granzymes,
Perforin, and IFN-y once polarized. The unique function of
these cells appears to be multipotent cytotoxicity, involving
high expression of multiple Granzymes of varying specifici-
ties as well as Fas-ligand. In lieu of STAT4 activation, they
may depend on some subset of STAT1, STATS5, and particu-
larly STAT?3 activation based on the cytokines involved (Shuai
et al., 1993; Johnston et al., 1995; Lucas et al., 2003; Owaki
et al., 2008). Furthermore, the combination of Eomes and IL-27
in this system acts to stabilize this phenotype and block polar-
ization to other phenotypes through inhibition of ROR«YT,
FoxP3, and possibly also GATA3 (Huber et al., 2008; Diveu
et al., 2009; Ichiyama et al., 2011). This dual inhibition of Th17
polarization by both Eomes in cis and IL-27 in trans resolves
the paradox of how a4-1BB can repress autoimmunity while
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potentiating antiviral and antitumor immunity. We have termed
this CD4 T cell phenotype ThEO and the corresponding CD8
T cell phenotype T¢cEO.

A recently published manuscript provides strong support
for our observations, as they show that Trp1 melanoma-specific
CD4 T cells can be rendered capable of eradicating large estab-
lished tumors when adoptively transferred into mice treated
with cyclophosphamide and «OX-40 (Hirschhorn-Cymerman
et al., 2012). They show that the enhanced cytotoxicity of these
cells is dependent on Eomes and that they up-regulate KLR G1,
demonstrating that they have taken on the ThEO polarity de-
scribed here. The use of Trp1 transgenic cells is potentially con-
founding here, however, as they express very high basal levels
of T-bet on which their efficacy also depends. One apparent
conflict between our studies is that we find little capacity of
aOX-40 to induce Eomes in CD4" T cells, whereas they find
that it can. A major difference between OX-40 and 4-1BB is the
expression of 4-1BB by both T cells and myeloid cells, whereas
OX-40 is expressed only by T cells. They only observe this
enhanced Trp1 phenotype when cyclophosphamide is used in
addition to clOX-40, suggesting that cytokines contributed
by the lymphopenic environment are important. We hypoth-
esize that these cytokines, which are known to include IL-15
which we show as being important for the generation of this
phenotype, are substituting for the myeloid response elicited
by a4-1BB. This in fact shows that our observations are quite
similar and the ThEO phenotype is likely a more broadly ac-
cessible program which yields highly tumoricidal T cells.

LCMV ThEO
Listeria ThEO
WT Spleen CD4
Isotype Control

Figure 8. CD4 KLRG1*Eomes* T cells are active
during L. monocytogenes and LCMV infections. Mice
were challenged with 2 x 10% PFU of LCMV Armstrong
strain or 2 x 10° cells of Listeria monocytogenes and 8 d
later lymphocytes were isolated from their livers and
spleens. T cells were first gated on the CD3*CD4*NK1.1~
cells. Flow cytometry analysis of the spleens (A) and
livers (B) of infected versus naive mice reveals a popula-
tion of Eomes*KLRG1* T cells expanded in the infected
animals. These CD4 T cells from infected mice also ex-
press a high level of Granzyme B. (C) Liver CD4 KLRG1+
T cells from 8-d LCMV-infected mice were isolated and
compared with liver CD4 KLRG1~ T cells from naive mice.
Livers from five mice were pooled for each group. Gene
expression from each population was calculated using
real-time PCR analysis with hprt as the endogenous
control. Gene expression in CD4 KLRG1* T cells from
LCMV livers relative to CD4 KLRG1~ T cells from naive
livers was calculated using Tagman primers by the AACt
method. All cells were CD3*NK1.1~. Values shown are the
mean (+SEM) of 3 replicate wells from one experiment.

LCMV ThEO
Listeria ThEO
WT Spleen CD4
Isotype Control
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Although a complete signaling cascade leading from sur-
face receptor activation to activation of the eomes gene has yet
to be described, some extracellular inducers of eomes have been
discovered in other systems. IL-27, in particular, has proven ca-
pable of triggering eomes induction and appears particularly rele-
vant in this setting (Morishima et al., 2005). Activators of the
Wnt pathway have also been described as inducers of eomes ex-
pression by T cells; however, we found the T cell downstream
mediator of Wnt signaling, tf7, to be down-regulated by up to
13-fold in the CD8 and fivefold in the CD4 KLR G1*Eomes*
T cells (Zhao et al., 2010). This suggests that eomes mainte-
nance is likely independent of Wnt signaling in our system;
however, it remains possible that Wnt agonists could play a role
in induction of this phenotype, leading to feedback down-
regulation of t¢f7. Our knockout studies also implicated IL-10
as being important for Eomes up-regulation in CD4 but not
CDS8 T cells. IL-10 and IL-27 are often described to transmit
antiinflammatory signals via Stat3; however, Herrero et al. (2003)
have described a system by which Stat3 signals are converted
to proinflammatory signals in the presence of IFN-y. As all of
these cytokines seem to play a role in Granzyme induction in
the ThEO/TcEO phenotype, we believe this signal conversion
pathway may be relevant here.

Previously, it has been established that activation of 4-1BB
leads to extended survival of both T cells and APCs, as well
as facilitating expansion of antigen-specific T cells, particularly
in the CD8 compartment (DeBenedette et al., 1997; Hurtado
etal., 1997; Choi et al., 2009). Here, we demonstrate that sys-
temic a4-1BB antibody polarizes tumor-infiltrating T cells
toward a highly cytotoxic phenotype and activates a support-
ive cytokine program in myeloid cells residing in the draining
lymph node and tumor. Taken in sum, these mechanistic in-
sights explain the potent antitumor activity of a4-1BB anti-
body against a wide variety of malignancies. Although Th1
polarized T cells are capable of expressing high levels of Gran-
zyme B and Perforin, tumors may resist Granzyme B—mediated
cytolysis via the expression of serine protease inhibitors such
as Spi6 in the mouse and PI9 in man (Bots et al., 2005). The
broad spectrum of cytolytic effector mechanisms induced in
these KLRG1*Eomes*t T cells, however, would be difficult to
fully resist, likely contributing to the enhanced antitumor kill-
ing we observe.

Tumor-specific CD4 killer T cells can mediate regressions
of even large established tumors as demonstrated by the TR P-1-
specific T cells used in the B16 melanoma model (Quezada
et al., 2010; Xie et al., 2010). The phenotype and activity of
these cells seems to depend on T-bet rather than Eomes (Xie
et al.,2010) and has yet to be replicated in polyclonal T cell pop-
ulations relevant for human adoptive cell therapy. Qui et al.
(2011) recently described a protocol for in vitro polarizing CD4
T cells to this cytotoxic Th1 phenotype in which Eomes plays
an important role in Granzyme induction; however, the over-
all phenotype they describe is primarily a classical Th1 T cell in
which T-bet plays the critical role in specifying polarity. The
tumor-infiltrating CD4 KLRG1*Eomes* T cells we find after
04-1BB treatment express multiple cytotoxicity-associated
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genes and are efficient killers of B16 melanoma tumor cells
in vitro and in vivo. Furthermore, we describe cytokines relevant
to the generation of this novel T cell polarity in vivo which
may be relevant for inducing this phenotype in vitro in T cells
for future adoptive transfer applications.

It has previously been observed that 4-1BB agonist treat-
ment induces a population of CD8" T cells which express the
dendritic cell marker CD11¢ and produce high levels of [FN-y
(Juetal., 2007). We found that ~50% of our KLR G1*Eomes*
T cells also expressed CD11¢ in both the CD8 and CD4 lin-
eages and that expression of both KLRG1 and CD11c by these
TILs was absent when 4-1BB knockout mice were used (un-
published data). In the future, we will explore the relationship
between the factors inducing Eomes and KLRG1 and those
inducing CD11c downstream of 4-1BB activation.

Given that 4-1BB plays a role in the clearance of natural
LCMYV and L. monocytogenes infections (Tan et al., 1999; Lee
et al., 2005b), we investigated whether KLRG1*Eomes™ T cells
might be present at relevant sites of anti-pathogen immunity.
Using available murine antibodies, it was difficult to discrimi-
nate Thl-type terminal effector CD8 T cells from Eomes-
dependent CD8T cells like those in our B16 tumors; however,
we did find CD4 Eomes"KLRG1* T cells in both the livers and
spleens of infected mice which resemble the ThEO pheno-
type in many ways. These observations evoke the possibility
that this novel T cell polarity may be important for clearance of
these infections; however, further investigation will be required to
firmly establish the role, if any, played by these KLR G1*Eomes*
T cells in immunity to intracellular pathogens.

The potential of these Eomes"KLRG1* T cells to contrib-
ute to the memory pool remains to be elucidated. They are a
poor fit for existing memory paradigms, as Eomes expression
tends to be positively correlated with memory formation,
whereas KLRG1 marks terminal effector populations lacking
memory potential (Rutishauser and Kaech, 2010). Within the
tumors of 4-1BB agonist antibody-treated mice, we do observe
that a small percentage of these KLRG1* T cells also express
CD127 (unpublished data) which are generally described as mu-
tually exclusive in models of T cell memory precursors. Future
studies to address the memory potential and phenotype of
these Eomes"KLRG1* T cells will expand our understanding
of the populations contributing to the memory T cell pool.

The novel Eomes"KLRG1* T cell phenotype described
here answers many questions associated with the function of
4-1BB on both T cells and myeloid cells, as well as solving the
paradox of how 4-1BB could both promote antitumor im-
munity and inhibit Th17-dependent autoimmunity. These cells
do not conform to any established T cell paradigm and open
new avenues of study in antitumor immunity, antipathogen
immunity, and T cell memory.

MATERIALS AND METHODS

Mice. All mouse procedures were performed in accordance with institutional
protocol guidelines at Memorial Sloan-Kettering Cancer Center (MSKCC).
Mice were maintained according to National Institutes of Health Animal
Care guidelines, under protocol 04-07-019 approved by the MSKCC Institu-
tional Animal Care Committee. C57BL/6, IL-10/~, IL-123~/~, IEN-yR /",
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Ebi3~/~, T-bet™/~, OT-II, Pmel, and CD4-Cre mice were obtained from The
Jackson Laboratory. IL157/~ mice were obtained from Taconic. Eomesfox/flox
mice were provided by S.L. Reiner. FoxP3-GFP reporter mice were contrib-
uted by A.Y. Rudensky (MSKCC, New York, NY). 4-1BB knockout mice
were provided by R. Mittler (Emory University, Atlanta, GA) with permis-
sion from B. Kwon (University of Ulsan, Ulsan, South Korea).

Antibodies. Anti-CTLA-4 (9D9), a4-1BB (LOB12.3; Taraban et al., 2002),
aOX-40 (OX-86), a4-1BB (DTA-1), alL-10 (JES5-2A5), and alFN-vy
(XMG1.2) used in vivo were produced by BioXcell. aCD27 (AT126-1) was
provided by A. Al-Shamkhani. Dosing per injection was 100 pg 9D9 and
350 pg per injection for all others.

Staining antibodies included CD4-Q605, CD8-Pacific Orange, CD3-
APCAlexa750, and Granzyme B—APC (Invitrogen); CD4-APC, Eomes-PE,
Tbet-PerCP-Cy5.5, FasL-PE, FoxP3-ef450, KLRG1-FITC, KLRG1-
PE-Cy7,CD3-APC-¢f780, and 4-1BB-PE (eBioscience); CD8-PE and Ki67—
Alexa Fluor 700 (BD); B7-1-BV421 (BioLegend); and Runx3-APC (R&D
Systems). Some clones were conjugated using monoclonal antibody conju-
gation kits (Invitrogen) to Alexa Fluor 532, Alexa Fluor 594, or Qdot 655.

Cell lines. B16/BL6 cells, as well as B16-sFlt3L-Ig (FVAX), have been de-
scribed previously (Curran and Allison, 2009).

Tumor-infiltrating T cell analysis. Mice receivinga 1.5 X 10> B16-BL6
challenge in 30% growth factor-reduced matrigel (BD) were vaccinated on
days 4, 7, 10, and 13 and sacrificed on day 16. Vaccination consisted of 10°
FVAX cells intradermally on the contralateral flank and antibody i.p. as indi-
cated. Tumors were measured immediately before sacrifice. Excised tumors
were digested using Collagenase H (Sigma-Aldrich) and DNAase (Roche)
and lymphocytes were enriched on a ficoll gradient (Histopaque 1119; Sigma-
Aldrich). Cells were stained using the FoxP3 staining kit (eBioscience). Stained
samples were run on an LSRII (BD) cytometer.

Taqman gene expression analysis. Mice were vaccinated as above except
that mice being treated with both a4-1BB and aCTLA-4 received a 2.5 X
10> B16-BL6 challenge to ensure recovery of sufficient numbers of tumor-
infiltrating lymphocytes for analysis. Lymph nodes, livers, and tumors of mice
were digested and lymphocytes purified as above. Cells were stained for
CDS8, CD4, CD11c, CD11b, CD3, and KLRG1 and then enriched using
anti-PE and anti-APC-positive selection beads (Miltenyi Biotec). The enriched
cells were then sorted on a FACSAria (BD), counted, and then their RNA
was isolated using the RNeasy kit (QIAGEN). cDNA was then produced
from RNA using the Superscript II Reverse Transcription kit (Invitrogen).
Relative gene expression was then determined using the ABI 7500 Real-
Time PCR System using VIC- and FAM-conjugated primer probes (Applied
Biosystems). Primers for multimeric cytokines and receptors presented here
included IL-12-p35, IL-23-p19, IL-27-p28, and IL-15 receptor a chain.

In vitro cytotoxicity assays. 20—35 mice per group were vaccinated as
above with either FVAX alone or FVAX + aCTLA-4/04-1BB. Tumor-
infiltrating T cells were isolated and purified as above except that after FACS
sorting, T cells were plated with labeled B16 melanoma cells to measure target
cell lysis. Naive splenic T cells from wild-type mice were sorted as controls.
B16-melanoma cells labeled with either CFSE (Invitrogen) or Cellvue Bur-
gundy (eBioscience) were plated at 10* cells/well in a round-bottom 96-well
plate. Sorted CD8 and CD4 T cells were added at 1:1, 5:1, 10:1, and 20:1 if
sufficient cells were obtained after purification. Otherwise only 10:1 and 1:1
incubations were performed. Cells were cultured for 12 h in complete RPMI
with 20 U/ml IL-2. Cells were resuspended in HBSS with 3% fetal calf serum
and a fixed concentration of 460-nm 6-pum Peakflow beads (Invitrogen) to
standardize for the amount of each well harvested and analyzed. Cytotoxicity
was measured by running the cells on an LSRII flow cytometer and assessing
the number of surviving B16 melanoma cells relative to controls.

In vitro T cell polarization. Naive splenic OT-II or Pmel T cells were
purified using Dynal CD4 and CDS8 negative selection beads (Invitrogen).
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These T cells were then activated in vitro by co-culture with 30 TU/ml
IL-2 and DCs isolated from C57BL6 spleens using CD11c positive selection
beads (Miltenyi Biotec) which were loaded with Gp100 25-33 (EGSRN-
QDWL) or Ovalbumin 323-339 (ISQAVHAAHAFINEAGR) peptides (Bio-
synthesis Inc.). These cells were then either maintained in IL-2 alone or
cultured in a mix of IL-2 (R&D Systems), IL-15:IL-15Ra (eBioscience),
IL-27 (eBioscience), IFN-y (PeproTech), Wnt3a (R&D Systems), and
100 pg/ml o4-1BB.

Infectious disease models. Mice were either challenged i.p. with 2 X 10°
PFU of LCMV or i.v. with 2 X 103 L. monocytogenes cells. On day 8 after in-
fection, mice were sacrificed for analysis.
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