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Introduction
The immune system can play a critical role in protecting 
the host from cancer (Vesely et al., 2011). Innate sensing of 
tumors can lead to an adaptive T cell response through the 
presentation of tumor-associated antigens (TAAs) derived 
from mutations and epigenetic changes that contribute to 
carcinogenesis (Gajewski et al., 2013). Spontaneously primed 
CD8+ T cells can home to tumor sites in mouse tumor mod-
els (Harlin et al., 2009; Fuertes et al., 2011) and in a subset 
of patients with advanced cancer (Harlin et al., 2006). These  
tumor-infiltrating lymphocytes (TILs) have the ability to rec-
ognize tumor antigens and are believed to contribute to tumor 
control in cancer patients, based on the correlation between 
activated CD8+ T cell infiltration with improved prognosis 
and response to immunotherapy (Fridman et al., 2012; Tumeh 
et al., 2014). However, without additional manipulation, this 
endogenous anti-tumor response is usually not sufficient to 
mediate complete rejection of an established tumor (Gajew-
ski et al., 2006, 2007b; Baitsch et al., 2011; Pardoll, 2012; Lar-

kin et al., 2015). Data accumulated over the past several years 
have indicated that tumors with spontaneous antitumor T cell 
responses have high expression of immune-inhibitory path-
ways that subvert the effector phase of the response. These 
include PD-L1–PD-1 interactions (Pardoll, 2012), recruit-
ment of CD4+Foxp3+ regulatory T (T reg) cells (Gajewski, 
2007a), and metabolic dysregulation by indoleamine-2,3- 
dioxygenase (IDO; Spranger et al., 2013). However, even 
when CD8+ T cells specific for tumor antigens are isolated 
from tumors, away from these extrinsic immune inhibitory 
factors, they still show altered functional properties ex vivo 
(Harlin et al., 2006; Baitsch et al., 2011). This latter observa-
tion suggests that there are T cell–intrinsic mechanisms that 
contribute to failed de novo immune-mediated tumor rejec-
tion. A deeper understanding of this putative T cell–intrinsic 
defect should lead to further improvements of immunother-
apies aimed at restoring the function of those T cells to ulti-
mately support tumor rejection (Gajewski, 2007b).

Much of the work done dissecting CD8+ T cell dysfunc-
tion in the tumor microenvironment has been translated from 
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chronic infection examples, such as the chronic LCMV mouse 
model (Pauken and Wherry, 2015). In particular, expression of 
PD-1 has been described to identify tumor-specific exhausted 
T cells (Ahmadzadeh et al., 2009; Fourcade et al., 2012; Gros et 
al., 2014; Wu et al., 2014). However, it is becoming clear that  
T cells expressing PD-1 in the context of chronic infection 
can still retain effector function (Wherry and Kurachi, 2015), 
and that PD-1 is not required for the induction of T cell ex-
haustion (Odorizzi et al., 2015). In addition to PD-1, several 
additional co-inhibitory receptors, including CD223 (LAG-3), 
CD244 (2B4), T cell immunoreceptor with Ig and ITIM do-
mains (TIG​IT), hepatitis A virus cellular receptor 2 (TIM-3), 
and cytotoxic T lymphocyte–associated protein 4 (CTLA-4), 
can also be expressed on dysfunctional T cells, and expres-
sion of a greater number of inhibitory receptors has been 
correlated with diminished cytokine secretion (particularly 
IFN-γ and TNF), as well as proliferative capacity (Blackburn 
et al., 2009). Expression of these receptors has been observed 
in both viral and cancer models, however, a complete analysis 
of both co-inhibitory and co-stimulatory receptors on the 
same population is lacking in the tumor setting. Similarities 
between viral chronic infections and solid tumors, such as 
the persistence of antigen, do exist. However, the metabolic 
provisions and demands on the immune response, the anatom-
ical localization of the process, and the cellular components 
involved in these two chronic diseases are disparate enough 
to warrant further direct investigation into T cell dysfunction 
within the tumor environment as a specific tissue context.

Recently, we identified the transcription factor Egr2 as 
a critical regulator of the anergic state in CD4+ T cell clones 
manipulated in vitro (Zheng et al., 2012, 2013). Egr2 has also 
been shown to be involved in negative regulation of T cell 
activation in several in vivo model systems (Sumitomo et al., 
2013). Egr2 contributes to up-regulation of DGK-α and -ζ 
which act to blunt TCR-mediated Ras pathway activation 
(Zha et al., 2006). By comparing gene expression profiling of 
anergized cells along with Egr2 ChIP-Seq analysis, we iden-
tified multiple additional Egr2-driven gene targets (Zheng 
et al., 2013). These gene targets include Tnfrsf9, Lag3, Nrn1, 
Sema7a, Crtam, and Rankl, which encode cell surface pro-
teins. We reasoned that expression of these and other Egr2 
targets may have the potential to identify a global state of T 
cell differentiation associated with T cell dysfunction in vivo.

Tnfrsf9 (4-1BB or CD137) is a co-stimulatory mole-
cule transiently expressed after TCR engagement. Lag3 (lym-
phocyte-activation gene 3 or CD223) is a CD4 homologue 
and functions as an inhibitory receptor. Expression of Tnfrsf9 
and Lag3 is regulated after TCR engagement and continues 
throughout differentiation. In humans, 4-1BB and LAG-3 
can be expressed on CD8+ TILs from melanoma tumors 
(Baitsch et al., 2012; Gros et al., 2014). In both mice and 
humans, either molecule alone can be expressed on activated 
T cells. However, coexpression is more limited and is rarely 
observed in circulating T cells. The function of CD8+ TILs 
coexpressing these markers is unknown.

In this study, based on the hypothesis that coexpression 
of 4-1BB and LAG-3 might define dysfunctional T cells in 
the tumor context, we investigated the detailed characteris-
tics of CD8+ TILs expressing 4-1BB and LAG-3 using mouse 
tumor models. We found that the coexpression of 4-1BB and 
LAG-3 was sufficient to identify tumor antigen–specific dys-
functional CD8+ TILs enriched in the expression of Egr2 tar-
get genes. These CD8+ TILs failed to make IL-2 after in vitro 
stimulation, yet still produced IFN-γ and T reg cell–recruiting 
chemokines and lysed target cells ex vivo, arguing they are 
not completely functionally inert. Combinatorial treatment 
with anti–LAG-3/anti–4-1BB restored the function of this 
population and promoted in situ acquisition of KLRG-1hi 
effector cells. Additional gene expression profiling provided 
a complete phenotyping of this T cell subset, which revealed 
expression of a broad panel of both inhibitory receptors and 
co-stimulatory receptors. These approaches have thus enabled 
the characterization of the population of tumor antigen– 
specific CD8+ T cells that arise specifically within the 
tumor microenvironment having altered functional prop-
erties, and have highlighted targets for novel immunother-
apeutic approaches to restore desired functionality and 
promote tumor regression.

Results
4-1BB and LAG-3 identify a major population of CD8+ TILs
To determine whether 4-1BB and LAG-3 could identify dys-
functional CD8+ TILs, we examined the expression pattern 
of LAG-3 and 4-1BB using the well-characterized B16.SIY 
model of melanoma. On day 7 after tumor inoculation, the 
4-1BB+LAG-3+ population comprised 15.8% of all CD8+ 
TILs. The frequency of this population significantly increased 
to 44% by day 21. The frequency of 4-1BB–LAG-3+ (4–L+) 
population also increased 1.9-fold from day 7 to day 14 to 
comprise 25% of the CD8+ TIL compartment. In contrast, 
the frequency of the 4-1BB−LAG-3− (4−L−) population de-
creased by 2.7-fold by day 21. As there was no significant 
increase in the proportion or number of 4-1BB+LAG-3− 
CD8+ TILs within the time frame of the experiment (Fig. 1, 
A and B), this population was not studied further. Similar 
patterns were seen when analyzing absolute numbers of cell 
subsets (Fig.  1, C and D). Acquisition of these phenotypes 
was specific for the tumor microenvironment, as they were 
not observed in the spleen or tumor-draining lymph node 
(TdLN; Fig. 1 A). These data suggest that the tumor micro-
environment preferentially supports the induced coexpres-
sion of LAG-3 and 4-1BB.

The selective increase in cell numbers and proportional 
shift toward the 4-1BB−LAG-3+ and 4-1BB+LAG-3+ pop-
ulations during tumor progression suggested that expansion 
of these populations was occurring within the tumor micro-
environment. To investigate this possibility, CD8+ TILs were 
stained for Ki67 at day 14 after tumor inoculation and ana-
lyzed by flow cytometry. In fact, 81% of 4-1BB−LAG-3+ cells 
and 85% of 4-1BB+LAG-3+ cells were Ki67+ compared with 
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Figure 1. C o-expression of 4-1BB and LAG-3 identifies a significant fraction of the CD8+ TIL compartment found in progressing tumors.  
(A) Representative analysis of 4-1BB and LAG-3 expression on CD8+ T cells from B16.SIY tumors and the spleen and TdLN from tumor bearing mice on day 
7, 14 and 21 after s.c. tumor inoculation. (B–D) Longitudinal summary of the composition, n = 5; four to five independent experiments per time point, (C) 
absolute cell number, n = 5; seven to nine independent experiments per time point, and (D) cellular density of the CD8+ 4-1BB/LAG-3 TIL subpopulations, n 
= 5; two to five independent experiments per time point. Absolute cell numbers were estimated by acquiring the complete tumor sample by flow cytometry. 
(E) Day 14 summary of the proportion of the CD8+ 4-1BB/LAG-3 TIL subpopulations that are Ki67+. n = 3–5; two independent experiments. (F) Summary of 
BrdU uptake on day 13 in the CD8+ 4-1BB/LAG-3 TIL subpopulations after a 24-h BrdU pulse. n = 5; three independent experiments. (G–I) Representative 
flow plots (G and H) and summary (I) of the 4-1BB/LAG-3 populations in other tumor models. Mice were inoculated with 2 × 106 C1498.SIY, MC38.SIY, EL4.
SIY, B16 Parental, MC57.SIY, or 1969.SIY s.c. and analyzed for 4-1BB and LAG-3 expression on day 14 after tumor inoculation. n = 3–5; two to five indepen-
dent experiments for each time point. (J) Mice were inoculated on both flanks with 2 × 106 MC57.SIY or B16.SIY at indicated time points tumors from each 
mouse were pooled and analyzed for coexpression of 4-1BB and LAG-3 in the CD8+ TIL compartment. n = 3–5; two independent experiments for each time 
point. All error bars indicate mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001. A two-way ANO​VA with Bonferroni post-hoc test was used for longitudinal 
studies (B–D and H) and Kruskal-Wallis (nonparametric) test was used for analysis at one time point (E and F).
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only 32% of the 4-1BB−LAG-3− TILs (Fig. 1 E). To further 
investigate this process, mice were pulsed with BrdU on day 
12 and, 24 h later, the CD8+ TIL subpopulations were ana-
lyzed for BrdU incorporation. Indeed, the 4-1BB−LAG-3+ 
and 4-1BB+LAG-3+ populations incorporated more BrdU 
compared with the 4-1BB−LAG-3− population (Fig.  1  F). 
These data suggest that once CD8+ T cells arrive at the tumor 
site, a fraction of TILs expands within the tumor, and that 
these expanding TILs can be identified by increased expres-
sion of 4-1BB and LAG-3.

To determine if up-regulation of LAG-3 and 4-1BB 
was simply a product of the B16.SIY tumor model or if it 
is a more general feature of CD8+ T cells within tumors, we 
analyzed T cells from three additional progressively growing 
tumor models, C1498.SIY, MC38.SIY, EL4.SIY, and B16F10 
parental. TILs were analyzed for expression of 4-1BB and 
LAG-3 at day 14. We found that the pattern of expression 
was similar to that seen in CD8+ TILs isolated from B16.SIY 
tumors (Fig. 1, G and I). The results from the B16F10 parental 
tumor confirm that presence of SIY is not required to see co-
expression of 4-1BB and LAG-3. To determine whether the 
4-1BB+LAG-3+ TIL subset was generated only in progress-
ing tumors or also in tumors that were rejected, we analyzed 
T cell phenotypes in the 1969.SIY and MC57.SIY fibro-
sarcoma tumor models, which are more immunogenic and 
undergo spontaneous rejection. Interestingly, distinctly fewer 
4-1BB+LAG-3+ cells were found among the CD8+ TIL com-
partment in the 1969.SIY and MC57.SIY tumors (Fig. 1, H 
and I). Over time, coexpression of 4-1BB and LAG-3 was 
maintained in B16.SIY tumors, but not MC57.SIY tumors 
(Fig. 1 J). These data suggest that the acquisition of the LAG-
3+4-1BB+ TIL phenotype preferentially occurs within the 
tumor microenvironment and only upon conditions of tumor 
progression rather than regression.

CD8+4-1BB+LAG-3+ TILs express Egr2  
and multiple Egr2 gene targets
Based on previous studies describing Egr2 as a critical regulator 
of T cell activation in vitro and in vivo (Safford et al., 2005; Li 
et al., 2012; Sumitomo et al., 2013), and accompanied by our 
previous finding that Egr2 regulates the expression of 4-1BB 
and LAG-3 in an in vitro model of anergy (Zheng et al., 
2013), we investigated whether Egr2 expression itself was also 
characteristic of T cells within the CD8+ TIL compartment. 
To this end, we used an Egr2-IRES-GFP (Egr2GFP) knock-in 
reporter mouse. Approximately 14% of all CD8+ TILs were 
GFP+ on both day 7 and 14 (Fig. 2 A). To confirm that Egr2 
is faithfully reported we sorted CD8+ TILs expressing high 
and low levels of EGFP and subsequently screened for Egr2 
and several Egr2 targets by qRT-PCR. The Egr2-GFPhi pop-
ulation expressed greater levels of Egr2 and many Egr2-target 
genes previously defined using in vitro anergy models. These 
include Tnfrsf9, Lag3, Ngn, Sema7a, Crtam, Ccl1, and Nrn1 
(Fig.  2  B). Expression of 4-1BB and LAG-3 in the Egr2- 
GFPhi CD8+ TILs was confirmed by flow cytometry. The ma-

jority of Egr2-GFPhi cells expressed LAG-3 and/or 4-1BB. 
The Egr2GFPlo cells also showed expression of 4-1BB and 
LAG-3 on a subpopulation at day 14 (Fig. 2 C). This result 
suggests either that CD8+ TILs expressing Egr2 encompass 
only a subset of the TILs expressing LAG-3 and/or 4-1BB, 
or that Egr2 is transiently expressed and is subsequently 
down-regulated after the induction of LAG-3 and 4-1BB.

Using previously identified Egr2 target genes from in 
vitro anergic CD4+ T cell clones (Zheng et al., 2013), we 
examined the Egr2-driven transcriptional program in sorted 
4-1BB–LAG-3− and 4-1BB+LAG-3+ cells by qRT-PCR. Of 
the 43 Egr2 target genes examined, 10 showed detectably in-
creased expression in 4-1BB+LAG-3+ population (Fig. 2 D). 
Collectively, these data show that Egr2 is expressed in a sub-
population of CD8+ TILs expressing LAG-3 and 4-1BB, and 
that a subset of known Egr2 targets was detected in these 
larger T cell populations as a whole.

We next examined whether Egr2 was required for ex-
pression of LAG-3 and 4-1BB among CD8+ TIL in vivo. To 
this end, we used Egr2flox/flox X pLCK-CreERT2 x ROSA- 
YFP mice, in which oral tamoxifen administration results in a 
fraction of the CD8+ T cells deleting Egr2 and expressing YFP 
(Fig.  2 E). This allowed us to compare both Egr2-sufficient 
(YFP−) and Egr2-deficient (YFP+) CD8+ within the same 
tumor. To determine that Egr2 was in fact deleted from the 
YFP+ fraction, we sorted both YFP+ and YFP− CD8+ TILs and 
measured Egr2 transcripts directly ex vivo and upon ex vivo 
stimulation. As expected, the YFP+ CD8+ TILs expressed sub-
stantially less Egr2 transcripts compared with the YFP− coun-
terparts (Fig. 2 E). To determine if Egr2 is required for 4-1BB 
and LAG-3 expression, we analyzed CD8+ TILs at day 7 and 14 
after tumor inoculation and compared the YFP+ and YFP– pop-
ulations to mice not treated with tamoxifen. Indeed, at day 7, 
the YFP+ fraction expressed less 4-1BB and LAG-3 compared 
with the YFP– population and the WT CD8+ TILs. However, 
expression of 4-1BB and LAG-3 was not significantly differ-
ent at day 14 (Fig. 2 F). This suggests that other transcriptional 
regulators may compensate and contribute to the expression of 
LAG-3 and 4-1BB, especially at later time points.

Egr3 has been shown to have overlapping function 
with Egr2 (Safford et al., 2005), and HIF1α can contribute to 
4-1BB expression (Palazón et al., 2012). To investigate whether 
these transcription factors may compensate for 4-1BB and/
or LAG-3 expression we sorted Egr2GFPhi and Egr2GFPlo 
CD8+ TILs expressing 4-1BB and LAG-3 on day 7 and an-
alyzed expression of Egr3 and HIF1α by qRT-PCR. Egr3 
and HIF1α were indeed expressed in both the Egr2GFPhi  
and Egr2GFPlo populations. We confirmed differential ex-
pression of Egr2 and CCL1 between the Egr2GFPhi and 
Egr2GFPlo populations to assure sort purity (Fig. 2 G). To-
gether, these data indicate that Egr2 contributes to up-regu-
lation of 4-1BB and LAG-3 expression at early time points, 
but that other transcriptional regulators may compensate and 
drive expression of LAG-3 and 4-1BB as the T cell–tumor 
interaction progresses.
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Figure 2.  Egr2 and a component of the Egr2-transcriptional network are enriched in 4-1BB+LAG-3+ CD8+ TILs. (A) Representative flow plot and 
summary of Egr2EGFP expression. Egr2EGFP mice were inoculated with 2 × 106 B16.SIY tumors s.c. CD8+ T cells from the tumor, TdLN, and spleen were analyzed 
for Egr2EGFP expression on day 7 and 14. n = 4–5; two independent experiments. (B) Expression of Egr2 target genes (Zheng et al., 2013). CD8+ TILs from 
day 14 tumor-bearing mice were sorted based on high or low expression of Egr2EGFP and analyzed directly for expression of Egr2 targets by qRT-PCR. Two 
tumors on opposite flanks pooled per mouse. n = 3; two independent experiments. (C) Representative flow plots and summary of the 4-1BB/LAG-3 sub-
populations in CD8+ Egr2GFPhi and Egr2GFPlo TILs on day 7 and 14. n = 4–5. Two independent experiments per time point. (D) Expression of Egr2 targets in 
the 4-1BB+LAG-3+ and 4-1BB–LAG-3– subpopulations. The subpopulations were sorted and analyzed directly for the expression of targets by qRT-PCR. Two 
tumors on opposite flanks were pooled per mouse. n = 4; two independent experiments. (E) Egr2flox/flox x pLCKCreERT2 x YFP-Rosa26 mice given five doses 
of tamoxifen by gavage and inoculated 3 d later with 2 × 106 B16.SIY cells. YFP+ or YFP– CD8+ TILs were sorted and analyzed for Egr2 transcript directly and 
after in vitro stimulation. Two tumors on opposite flanks were pooled per mouse. n = 3; two independent experiments. (F) Representative flow plots and 
summary of 4-1BB/LAG-3 coexpression in YFP+ or YFP– CD8+ TILs on day 7 and 14. n = 3; two independent experiments. (G) Expression of Egr3 and Hif1α in 
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CD8+4-1BB+LAG-3+ TILs are oligoclonal and enriched  
for tumor antigen specificity
Not all T cells in the tumor microenvironment are specific for 
tumor-associated antigens, as memory T cells specific for ir-
relevant antigens are often found among TIL, and nonspecific 
T cell trafficking has been documented in vivo (Harlin et al., 
2006). We hypothesized that the 4-1BB+LAG-3+ CD8+ TILs 
are tumor-antigen specific because LAG-3, 4-1BB, and Egr2 
are up-regulated after TCR stimulation, and our initial char-
acterization suggested that this population expands within 
the tumor microenvironment in situ. To test this hypothesis, 
three complementary techniques were used. First, we isolated 
the CD8+ TILs based on LAG-3 and 4-1BB expression by 
cell sorting and performed TCRβ spectratype analysis. Com-
pared with the 4-1BB–LAG-3– TILs and CD8+ splenocytes, 
the 4-1BB+LAG-3+ TILs had a non-Gaussian distribution 
and shared one or two dominant peaks (Fig.  3  A). Analy-
sis of several Vβs displaying one dominant peak revealed that 
Vβ7 contained a single CDR3β sequence shared between 
the 4-1BB–LAG-3+ and 4-1BB+LAG-3+ populations, indi-
cating a clonal relationship (Fig. 3 A). To measure the oligo-
clonality of the CDR3β repertoires the Hamming distance 
(HD) was calculated for each Vβ between the CD8+ TIL 
subpopulations and the splenic CD8+ population within 
three separate mice (Fig. S1). By transforming each spectra-
type into area under the curve frequency profiles, the HD 
computes the changes in frequency and reports a value of 
comparison between 0 and 1, with 0 indicating a completely 
identical frequency profile and 1 signifying a completely dis-
cordant profile. As a control, we calculated the HD of the 
splenic CD8+ populations between different mice (Fig. 3 B, 
black bar). Because the splenic CD8+ spectratypes are largely 
Gaussian this value represents the HD between two similar 
distributions. Analysis of the HD between the CD8+ TIL 
subpopulations revealed that the 4-1BB+LAG-3+ and 4-1BB–

LAG-3+ but not the 4-1BB–LAG-3– CDR3β distributions 
are significantly different (less Gaussian) compared with the 
splenic CD8+ population (Fig. 3 B). These data indicate that 
the 4-1BB+LAG-3+ and 4-1BB–LAG-3+ populations are oli-
goclonal expanded subsets of TILs, suggesting likely antigen 
specificity in these subpopulations.

As a second approach, we used the B16.SIY mela-
noma and MC38.SIY adenocarcinoma models and mon-
itored CD8+ T cells specific for the H-2Kb–restricted SIY 
epitope (SIY​RYY​GL). SIY​RYY​GL/Kb pentamer+ (H-2Kb/
SIY) cells were found in expanded numbers within B16.SIY 
and MC38.SIY tumors at day 14 after tumor inoculation 
(Fig.  3 C). Nearly 47% of the H-2Kb/SIY+ cells expressed 
both 4-1BB and LAG-3, in contrast to 32% of the H-2Kb/
SIY– population (Fig. 3, C and E). This enrichment of anti-

gen-specific CD8+ TILs in the 4-1BB+LAG-3+ populations 
suggests that these markers identify tumor antigen–specific 
TILs. The H-2Kb/SIY– cells also contained significant num-
bers of 4-1BB+LAG-3+ cells, which is consistent with the no-
tion that tumor antigens other than SIY are also recognized 
by subsets of CD8+ TILs in vivo (Fig. 3 C). H-2Kb/SIY+ cells 
in the spleen (unpublished data) or TdLN did not coexpress 
4-1BB and LAG-3, indicating that this phenotype is acquired 
within the tumor microenvironment.

We also analyzed these features in the context of tu-
mor-antigen specific CD8+ TILs in two spontaneously re-
jected tumor models. To this end, we evaluated H-2Kb/
SIY-specific CD8+ TILs cells from MC57.SIY and 1969.
SIY tumors. At day 14 after tumor inoculation, ∼5% of 
the H-2Kb/SIY-specific CD8+ TILs were found in the 
4-1BB+LAG-3+ fraction. As with the B16.SIY tumors, no 
H-2Kb/SIY–specific CD8 T cells coexpressed 4-1BB and 
LAG-3 in the TdLN or spleen (not depicted; Fig.  3  D). 
Unlike the B16.SIY and MC38.SIY tumors, no significant 
enrichment of 4-1BB+LAG-3+ H-2Kb/SIY-specific CD8+ 
TILs was observed (Fig.  3, D and E). These data suggest 
that tumor antigen specificity alone does not determine 
dysfunctionality, and that this is a feature unique to the mi-
croenvironment of progressing tumors.

As a third measure to determine if tumor antigen– 
specific CD8+ T cells acquire the 4-1BB+LAG-3+ pheno-
type, we transferred congenically marked 2C and P14 Tg  
T cells, isolated from 2C/Rag2−/− and P14/Rag2−/− mice, 
into tumor-bearing hosts. The 2C TCR is specific for the SIY 
model antigen expressed by B16.SIY tumor cells, whereas 
P14 is an irrelevant TCR specific for the LCMV-derived 
gp33-41 epitope; both TCRs are H-2Kb–restricted. 2C and 
P14 Tg CD8+ T cells were transferred via tail vein 7 d after 
tumor inoculation. 7 d after transfer, tumors and TdLNs 
were extracted and the phenotypic profile of the transferred 
populations was analyzed. This system allowed for the anal-
ysis of two T cell populations with defined antigen specifici-
ties within the same tumor microenvironment, as well as the 
polyclonal host CD8+ T cells. The 2C T cells were more ef-
ficiently recruited and expanded within the tumor microen-
vironment compared with the P14 T cells and encompassed 
a large fraction of the total CD8+ TIL population (Fig. 3 F). 
Of the 2C T cells, nearly all expressed LAG-3 and or 4-1BB, 
whereas this was true for only a small percentage of the P14 
cells (Fig.  3, G and H). Consistent with the SIY-Kb pen-
tamer analysis, the coexpression of LAG-3 and 4-1BB on 
2C T cells was not observed in the TdLN. Together, these 
results firmly demonstrate that the 4-1BB+LAG-3+ pheno-
type is a property of tumor antigen–specific TIL under con-
ditions of tumor progression.

Egr2GFPhi and Egr2GFPlo from day 7 CD8+ TILs isolated from Egr2GFP mice. n = 5; two independent experiments. Error bars indicate mean± SEM. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001. A two-way ANO​VA with Bonferroni post-hoc test was used for longitudinal studies (A and C) and a Mann-Whitney test was used 
to compute significance in (B, D–F, and G).
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Figure 3. C o-expression of 4-1BB and LAG-3 identifies tumor antigen–specific TILs in progressing tumors. (A) Representative CDR3β distributions 
from the different 4-1BB/LAG-3 subpopulations and CD8+ T cells isolated from the spleen. Boxed regions represent dominant peaks in the 4-1BB+LAG-3+ 
CD8+ TIL subpopulation. (B) As a measure of skewness, the HD for each Vβ spectratype was calculated between each TIL subpopulation and CD8+ T cell 
spleen population within the same mouse. As a control, the HDs from CD8+ splenocyte populations between mice (gray bar) were calculated. n = 3; one 
independent experiment. (C and D) Representative flow analysis of the 4-1BB/LAG-3 subpopulation in H-2Kb/SIY+ and H-2Kb/SIY– CD8+ TILs on day 14 after 
(C) B16.SIY and MC38.SIY or (D) MC57.SIY and 1969.SIY tumor inoculation. n = 3–4; three to five independent experiments. (E) Summary of the composition 
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CD8+ TILs expressing LAG-3 and 4-1BB exhibit  
defective IL-2 production yet produce IFN-γ  
and T reg cell–recruiting chemokines
Based on the characteristics of the in vitro T cell anergy 
model that led to the identification of Egr2 as an important 
regulator, we hypothesized that the tumor antigen–specific 
4-1BB+LAG-3+ CD8+ TIL population might be dysfunc-
tional in their capacity to produce IL-2. To this end, we sorted 
each subpopulation and stimulated with anti-CD3 and anti- 
CD28 mAb, and analyzed IL-2 production by qRT-PCR and 
ELI​SA. Because nearly all CD8+ TILs displayed an activated 
phenotype, we used CD8+CD44+ splenocytes as a positive 
control. Indeed, the 4-1BB+LAG-3+ cells showed a 100-fold 
reduction in Il-2 mRNA, and as much as a 40-fold reduction 
in IL-2 protein levels, compared with the 4-1BB–LAG-3–  
population (Fig. 4, A and B). As a second approach, we ex-
amined Egr2hi TIL (which are also largely 4-1BB+LAG-3+) 
by using the Egr2-GFP reporter mice. Indeed, ex vivo–
stimulated Egr2-GFPhi CD8+ TILs also exhibited reduced 
Il-2 transcript compared with Egr2-GFPlo cells (Fig.  4  C). 
As a final approach, we adoptively transferred congenically 
marked 2C T cells intravenously into tumor-bearing hosts 
and recovered the 2C T cells 7 d later from the tumor and 
TdLN. 2C T cells isolated from tumors exhibited a re-
duced capacity to produce Il-2 transcripts, at a level equiv-
alent to 4-1BB+LAG-3+ TILs, compared with 2C CD44+  
T cells isolated from the TdLN (Fig. 4 D). In chronic infection 
models, expression of PD-1 has been suggested to identify 
intrinsically dysfunctional or “exhausted” CD8+ T cells. To 
determine if PD-1 alone might be sufficient to identify cells 
that lack the capacity to produce IL-2, we isolated CD8+ TILs 
that lacked expression of LAG-3 and 4-1BB, and then tested 
for the ability of the PD-1+ fraction to produce IL-2. Approx-
imately 10% of CD8+ TILs were 4-1BB–LAG-3–PD-1+ on 
day 14 and 21 (Fig. 4, E and F). Upon ex vivo stimulation, this 
population retained the capacity to produce ll-2 mRNA at a 
level comparable to the 4-1BB–LAG-3– cells (Fig. 4 G). These 
results indicate that PD-1 expression alone is not sufficient to 
identify dysfunctional TIL in the tumor microenvironment.

To further examine functional alterations during tumor 
progression we tested for protein levels of IL-2, IFN-γ, and 
TNF after TCR stimulation. As the loss of the ability of CD8+ 
TILs to produce cytokines is suggested to be a temporal pro-
cess initiated after entry into the tumor microenvironment 
(Schietinger et al., 2016; Waugh et al., 2016), or progres-
sively after 30 d in the chronic LCMV model (Wherry et 
al., 2007), we tested for cytokine production on day 7, 14, 21, 

and 28. The 4-1BB+LAG-3+ population lost the capacity to 
produce IL-2 as early as day 7, whereas the 4-1BB–LAG-3+  
population lost IL-2 production between day 7 and 14 
(Fig. 5 A). Interestingly, the 4-1BB–LAG-3– population did 
not lose the ability to produce IL-2 at any time point tested 
(Fig. 5 A), supporting the notion that this population is not 
tumor antigen–specific and that differentiation into the dys-
functional state is an antigen-dependent process (Schietinger 
et al., 2016). Unexpectedly, the 4-1BB+LAG-3+ population 
produced more IFN-γ at all time points after day 7 compared 
with their negative counterparts, albeit with a slight decrease 
in IFN-γ production over time. Although the increase in 
IFN-γ was maintained until later time points, TNF produc-
tion was lost by day 28 (Fig. 5 A).

We next evaluated production of cytokines directly in 
the tumor without in vitro restimulation, which may more 
closely reflect which T cells were receiving TCR stimula-
tion in situ. Each T cell population was sorted directly ex 
vivo without any culturing and mRNA levels were mea-
sured by qRT-PCR. Elevated Ifn-γ and Gzmb transcripts 
were observed from the 4-1BB+LAG-3+ subpopulation, 
along with a slight decrease in Tnf-α levels, compared with 
the 4-1BB–LAG-3– cells (Fig.  5  B). As an additional ap-
proach, we confirmed production of IFN-γ in primary TILs 
by injecting tumors with Brefeldin A before analysis by in-
tracellular cytokine staining. Consistent with the mRNA 
expression, the 4-1BB+LAG-3+ population produced sig-
nificantly greater amounts of IFN-γ protein (Fig.  5  C). 
Thus, the 4-1BB+LAG-3+ TIL are not completely devoid 
of functionality, as they continue to produce IFN-γ despite 
defective production of IL-2. In fact, this phenotype is con-
sistent with what had been reported previously with in vitro 
T cell anergy models (Jenkins et al., 1987).

The high level of IFN-γ and Gzmb produced by the 
4-1BB+LAG-3+ population lead us to hypothesize that this 
population may still retain cytotoxic capacity. To test this, we 
performed redirected lysis by co-culturing anti-CD3 bound 
P815 mastocytoma target cells with the different CD8+ TIL 
subpopulations directly after sorting. 4-1BB+LAG-3+ CD8+ 
TILs isolated from day 14 tumors were able to lyse target 
cells at a comparable efficacy to in vitro primed OT-I cells. 
4-1BB+LAG-3+ TILs isolated from day 21 tumors were still 
able to lyse target cells, albeit to a lesser extent compared with 
primed OT-I cells (Fig. 5 D).

We have previously shown that CD8+ T cells in the 
tumor can be the source of the chemokine CCL22 that 
recruits FoxP3+ regulatory T (T reg) cells to the tumor 

of H-2Kb/SIY+ and H-2Kb/SIY– CD8+ TILs coexpressing 4-1BB and LAG-3 comparing B16.SIY, MC38.SIY, MC57.SIY and 1969.SIY tumors on day 14 after tumor 
inoculation. n = 5; three to four independent experiments. (F and H) On day 7 after tumor inoculation 106 P14/CD45.2 and 2C/CD45.1/2 Tg T cells were 
adoptively transferred, via tail vein, into CD45.1 congenic tumor bearing hosts and analyzed for the (F) total number of recovered cells in the tumor, (G and 
H) profile of 4-1BB and LAG-3 expression in 2C, P14, and host CD8+ TILs. n = 5; two independent experiments. All error bars indicate mean ± SEM. *, P < 
0.05; **, P < 0.01; ***, P < 0.001. A Kruskal-Wallis (nonparameteric) test was used for (B) spectratype analysis and (E and F) H-2Kb/SIY analysis. A two-way 
ANO​VA with Bonferroni post-hoc test was used for (H) 2C, Host, and P14 composition analysis.
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microenvironment (Spranger et al., 2013). In addition, 
the chemokine Ccl1 was an Egr2 target in anergic T cells 
(Zheng et al., 2013), and previous work had suggested that 
CCL1 also could contribute to T reg cell recruitment in 
the tumor context in vivo (Hoelzinger et al., 2010). How-
ever, whether all CD8+ T cells in the tumor produce these 
chemokines or if they are only produced by subpopula-
tions of T cells had not been determined. To address this, 
we analyzed the CD8+ TIL phenotypic subpopulations for 
Ccl1 and Ccl22 mRNA expression directly ex vivo by 
qRT-PCR. Indeed, the 4-1BB+LAG-3+ TIL population 
produced substantially greater Ccl1 and Ccl22 compared 
with their negative counterparts or to splenic CD8+CD44+  
T cells (Fig.  5  E). As a control, expression of a distinct 
chemokine Ccl5 was found not to be differentially expressed 
(unpublished data). Together, these data show that coexpres-
sion of 4-1BB and LAG-3 delineates tumor antigen–spe-
cific CD8+ TIL that lack the ability to produce IL-2 yet 
retain the ability to produce IFN-γ, kill target cells in vitro, 
and secrete chemokines capable of T reg cell recruitment. 
Given the fact that IFN-γ is responsible for the up-regula-
tion of PD-L1 and IDO in the tumor microenvironment, 
and that chemokines produced by CD8+ TIL contribute 
to T reg cell recruitment (Spranger et al., 2013), these data 
suggest the possibility that the 4-1BB+LAG-3+ population 
might contribute to the network of immune-suppressive 
mechanisms within the tumor microenvironment that limit 
the efficacy of antitumor immunity.

Gene expression profiling reveals that CD8+4-1BB+LAG-3+ 
TILs express an extensive array of additional co-stimulatory 
and co-inhibitory receptors
Having in hand surface markers that appeared to define 
tumor antigen–specific dysfunctional CD8+ TILs, we wanted 
to compare the gene expression profile of this population 
to other published profiles of dysfunctional CD8+ T cells 
to determine genes that may regulate or be used to profile 
cells in this dysfunctional state. To this end, we conducted 
a cross-study comparison of the transcriptional profiles of 
the dysfunctional 4-1BB+LAG-3+ CD8+ TILs, hypofunc-
tional CD8+ TILs from a study using the murine CT26 
tumor model (Waugh et al., 2016), and LCMV-exhausted, 
GP33-specific CD8+ T cells (Doering et al., 2012). We only 
considered genes with a twofold increase over controls from 
each study independently. Over a twofold greater number 
of genes was found to be shared between our current the 
dysfunctional TIL dataset and the previously published hy-
pofunctional CD8+ TIL data, than with the exhausted T cell 
profile (Fig. 6 A and Table S2). In addition, a rank-rank hy-
pergeometric overlap (RRHO) analysis indicated a greater 
statistically significant overlap (Fig. S3 A) and a greater cor-
relation (Fig. S3 B) between the current dysfunctional TIL 
and the published hypofunctional CD8+ TIL gene expression 
profiles compared with the virally induced exhausted CD8+ 
T cell profile, suggesting a more similar molecular program 
between CD8+ T cells isolated from tumors compared with 
chronic viral infection.

Figure 4. C o-expression of 4-1BB and LAG-3, but not 
PD-1, define dysfunctional CD8+ TILs with diminished IL-2.  
(A and B) Sorted cells from day 14 B16.SIY tumor bearing mice 
were stimulated in vitro with anti-CD3ε and anti-CD28 for 12 h 
and analyzed for Il-2 transcript by qRT-PCR (A) and IL-2 protein 
by ELI​SA (B). Two tumors on opposite flanks pooled per mouse. n = 
4–5; three independent experiments. (C) Egr2GFPhi and Egr2GFPlo 
TILs were sorted from day 14 B16.SIY tumor bearing Egr2GFP mice 
and stimulated in vitro for 12 h and analyzed for Il-2 transcript by 
qRT-PCR. Two tumors on opposite flanks pooled per mouse. n = 5; 
two independent experiments. (D) On day 7 after tumor inocula-
tion 106 2C/CD45.1/2 Tg T cells were transferred into mice, and 7 
d later, host 4-1BB+LAG-3+ T cells sorted from the tumor and 2C T 
cells sorted from the tumor or TdLN were stimulated in vitro and 
analyzed for expression of Il-2 transcript by qRT-PCR. Two tumors 
on opposite flanks pooled per mouse. n = 3; two independent 
experiments. (E) Representative flow analysis of PD-1 expres-
sion on 4-1BB/LAG-3 CD8+ TIL subpopulations and (F) summary 
of the composition of the 4-1BB–LAG-3–PD-1+ subpopulation in 
the CD8+ TIL compartment on day 14 and 21. n = 5; three inde-
pendent experiments. (G) 4-1BB–LAG-3–PD-1+ and LAG-3+4-1BB+ 
CD8+ TILs were sorted from day 14 tumor-bearing mice, stimu-
lated in vitro, and analyzed for Il-2 transcript by qRT-PCR. Two 
tumors on opposite flanks pooled per mouse. n = 3; two indepen-
dent experiments. All error bars indicate mean ± SEM. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001. A Kruskal-Wallis (nonparametric) test 
was used for analysis of multiple comparisons (A, B, and D) and a 
Mann-Whitney test was used for pairwise comparisons (C and G).
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Figure 5. D ysfunctional CD8+ TILs retain IFN-γ production, cytolytic capacity, and produce T reg cell–recruiting chemokines. (A) Longitudinal 
analysis CD8+ TIL subpopulation cytokine production capacity. CD8+ TIL subpopulations were sorted and stimulated with anti-CD3ε and anti-CD28 for 
10–12 h and the concentration of IL-2, IFN-γ, and TNF was measured. Concentration was normalized to cell number. Two tumors on opposite flanks pooled 
for day 7 and 14. n = 4–5; two independent experiments. (B) Ifn-γ, Tnf-α, and Gzmb transcript levels in the 4-1BB/LAG-3 subpopulations analyzed directly ex 
vivo. Two tumors on opposite flanks pooled per mouse. n = 3–5; three independent experiments. (C) Representative flow plot and summary of IFN-γ produc-
tion analyzed directly ex vivo. In brief, 100 µl of PBS containing 2 mg/ml GolgiPlug was injected intratumorally on day 14 after tumor inoculation. 8 h later, 
TILs were isolated. All steps were performed on ice with media containing 1 mg/ml GolgiStop until fixation. n = 5; two independent experiments. (D) CD8+ 
TIL subpopulations at indicated time points were sorted and plated with 50,000 P815 target cells and 1 µg/ml anti-CD3ε. Lysed target cells were measured 
by positive staining for propidium iodine and/or live/dead fixable viability dye. P815 target cells plated without CTLs were used as a negative control (black 
bar). Primed OTI cells were used as a positive control. Tumors from 10 mice with two tumors on opposite flank were pooled to obtain sufficient quantities 
of CD8+ TILs. Data are representative of three independent experiments. (E) Ccl1 and Ccl22 transcript levels in the 4-1BB/LAG-3 subpopulations analyzed 
directly ex vivo by qRT-PCR. n = 4; two independent experiments. All error bars indicate mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 
A Kruskal-Wallis (nonparametric) test was used for (A–C and E) cytokine/chemokine analysis and a two-way ANO​VA with Bonferroni post-hoc test was used 
for cytolytic assay (D).
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To investigate the molecular pathways between these 
three populations, we grouped gene ontology networks into 
nodes and determined the most significant pathways within 
each node (Fig. 6 A; and Tables S3 and S4). Interestingly, gene 
ontology (GO) terms shared between our dysfunctional T cell 
dataset and the published hypofunctional T cell dataset were 
greatly enriched in cell cycle genes, consistent with our ob-

servation that the dysfunctional population is largely Ki67+. 
GO terms shared between dysfunctional and exhausted gene 
sets encompassed effector programs, such as regulation of cell 
killing, chemotaxis, and interferon-γ production. GO terms 
shared between hypofunctional and exhausted gene sets con-
sisted of cell cycle pathways, negative regulation of lympho-
cytes, and interferon-γ production. These data suggest that 

Figure 6. D ysfunctional CD8+ TILs express a wide range of co-inhibitory and co-stimulatory receptors. (A and B) Gene expression profile of cell 
surface receptors in the 4-1BB/LAG-3 CD8+ TIL subsets. Probe sets that revealed a 1.5-fold increase in the 4-1BB+LAG-3+ population relative to the 4-1BB–

LAG-3–PD-1– population are displayed. Columns show the log2-transformed signal intensity. (C) Longitudinal study of selected up-regulated cell surface 
receptors. Flow plots are representative of the CD8+ TIL subsets on day 14. n = 5; two to five independent experiments for each time point. (D) Represen-
tative flow plot and summary of KLRG-1 and IL-7Rα expression among the 4-1BB/LAG-3 subpopulations on day 14 after tumor inoculation. n = 5; two 
independent experiments. All error bars indicate mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. A two-way ANO​VA with Bonferroni 
post-hoc test was used for all analyses.
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although some conserved molecular programs likely exist in 
these dysfunctional differentiation states, many pathways may 
be differentially regulated between chronic viral infections 
and in the tumor context.

Whereas many inhibitory receptors, including Pdcd1 
(PD-1), Havcr2 (TIM-3), Cd244 (2B4), Klre1, and Lag3 
were shared between all datasets; the co-stimulatory receptors 
Tnfrsf4 (OX-40) and Tnfrsf9 (4-1BB) were up-regulated in 
dysfunctional and hypofunctional CD8+ TIL datasets. There-
fore, to enrich in potential markers and therapeutic targets 
on tumor-specific CD8+ TILs, we aimed to characterize the 
complete cell surface phenotype of the 4-1BB+LAG-3+ CD8 
TIL population. Comparing the different CD8+ TIL subpop-
ulations, we found several additional up-regulated co-stim-
ulatory receptors: Tnfrsf18 (GITR), Nkg2d (KLRK1), and 
Cd27. The transcript for Nrp1 (neuropilin-1), which encodes 
for a cell surface receptor protein implicated in CD4+ T reg 
cell function (Sarris et al., 2008), was also highly expressed. 
We confirmed expression of many of these molecules by 
flow cytometry at day 7, 14 and 21 after tumor inocula-
tion (Fig. 6 C). We also extended our analysis to include the 
co-stimulatory molecule ICOS and the inhibitory receptors 
CD160 and TIG​IT because ICOS and CD160 were close 
to the cutoff value, and no probe was present for TIG​IT in 
the gene array. In addition, recent studies indicate that tar-
geting these receptors can be therapeutic in murine models 
of cancer (Fan et al., 2014; Johnston et al., 2014). PD-1, TIG​
IT, TIM-3, CD27, and NRP1 were expressed the majority 
of the 4-1BB+LAG-3+ TIL population and expression was 
maintained over time. 2B4, CD160, CTLA4, OX-40, and 
GITR subdivided a lesser fraction of the 4-1BB+LAG-3+ 
population. The expression of several inhibitory receptors, 
2B4, TIM3, and CD160 increased over this 3-wk time frame, 
whereas expression of the co-stimulatory receptors, ICOS, 
and OX-40, decreased (Fig. 6 C).

To address if the dysfunctional CD8+ TILs are termi-
nally differentiated short-term effector cells or memory-like 
cells, we additionally analyzed the expression of KLRG-1 
and IL-7Rα (Joshi et al., 2007). Most of the CD8+ TIL were 
negative for KLRG-1 expression and there was no differ-
ence between the 4-1BB+LAG-3+ and 4-1BB–LAG-3– pop-
ulations. However, the majority of the 4-1BB+LAG-3+ TIL 
did not express the IL-7 receptor (IL-7Rα) compared with 
their negative counter parts (Fig. 6 D). These results suggest 
that the 4-1BB–LAG-3– TIL, which are not apparently spe-
cific for antigens expressed in the tumor microenvironment, 
are more memory-like, yet at the same time, the tumor anti-
gen–specific LAG-3+4-1BB+ subset has not fully acquired a 
terminal effector phenotype.

Targeting 4-1BB and LAG-3 exerts antitumor activity 
in vivo and normalizes the function and phenotypic 
composition of CD8+ TILs
Although it was conceivable that LAG-3 and 4-1BB were just 
phenotypic markers for dysfunctional tumor antigen–specific 

CD8+ TIL, it was of interest to assess whether targeting these 
receptors might have therapeutic utility. To this end, an ago-
nistic anti–4-1BB mAb was administered alone or in com-
bination with a blocking anti–LAG-3 mAb in mice bearing 
established B16.SIY tumors. Although each antibody treat-
ment alone had some therapeutic effect as reflected by slower 
tumor growth, the combination was particularly potent 
(Fig. 7 A). Analysis of the tumor microenvironment revealed 
that improved tumor control with the combination therapy 
was accompanied by an increase in the number of CD8+ TILs 
specific for the SIY antigen (Fig. 7 B), consistent with results 
reported previously with anti–PD-L1 + anti–CTLA-4 mAb 
(Spranger et al., 2014; Twyman-Saint Victor et al., 2015).

We next examined whether the therapeutic effect of 
anti-4–1BB + anti–LAG-3 mAbs was associated with a loss 
of phenotypic markers defining dysfunctional T cells in the 
steady state. We were concerned that reanalyzing the T cells 
for expression of LAG-3 and 4-1BB might be problematic, as 
the administered Abs could theoretically modulate the target 
receptors from the cell surface. To this end, we took advan-
tage of the coordinate expression of additional receptors as 
identifiedin Fig. 6 by gene expression profiling. Preliminary 
analyses of the bulk TIL subpopulations revealed decreased 
expression of NRP1 and 2B4 after anti–LAG-3 + anti–4-
1BB treatment (unpublished data). We therefore analyzed 
coexpression of 2B4 and NRP1 on SIY-reactive CD8+ TILs 
identified by pentamer staining. Indeed, a 2.7-fold decrease 
in the coexpression of 2B4 and NRP1 was observed upon 
anti–4-1BB + and anti–LAG-3 mAb treatment (Fig. 7 C), 
indicating a loss of the surface phenotype associated with 
T cell dysfunction. To determine whether this change was 
accompanied by a shift toward an effector phenotype, expres-
sion of KLGR-1 was examined. Indeed, a marked increase in 
KLGR-1 expression was observed on the SIY-reactive TIL 
after treatment, and a 3.7-fold increase in the KLRG-1hiIL-
7Rαlo population was observed (Fig. 7 D).

It was conceivable that treatment with anti–LAG-3 + 
anti–4-1BB mAbs was not altering the phenotype of T cells 
already within the tumor, but rather was supporting recruit-
ment of newly primed functional T cells from secondary 
lymphoid organs. To distinguish these possibilities, we used 
the S1PR inhibitor FTY720, which prevents T cell egress 
from lymph nodes (Halin et al., 2005). We had previously 
shown that the efficacy of anti-PD-L1-based immunother-
apies was preserved in the presence of FTY720, arguing 
for refunctionalization of TIL as the major mechanism of 
action (Spranger et al., 2014). FTY720 administration was 
started on day 6 after tumor inoculation, 24 h before the 
start of anti-LAG-3 + anti-4-1BB treatment, and continued 
every day until TIL analysis on day 14. Peripheral blood an-
alyzed at the same time point revealed marked depletion of 
circulating T cells (Fig. S2). Despite this loss of circulating  
T cells, the down-regulation of 2B4 and NRP1 and the shift 
toward the KLRG1hiIL-7Rαlo phenotype was nonetheless 
preserved (Fig. 7, E and F).
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To examine functional restoration of the TIL, we sorted 
the KLRG-1loIL-7Rαlo and KLRG-1hiIL-7Rαlo CD8+ 
TIL populations from B16.SIY tumors on day 14 follow-
ing treatment and analyzed for IL-2 after restimulation in 
vitro. Indeed, the KLRG-1loIL-7Rαlo and KLRG-1hiIL-
7Rαlo populations showed an increased capacity to produce 
IL-2 upon stimulation (Fig. 7 G). The relative level of Il-2 

mRNA was comparable between the two CD8+ TIL popu-
lations and control CD8+CD44+ TdLN T cells. Collectively, 
these data suggest that anti-4-1BB/anti-LAG-3 combina-
torial treatment induces significant changes in the pheno-
type profile and promotes functional restoration of tumor 
antigen–specific CD8+ T cells already present within the 
tumor microenvironment.

Figure 7.  Anti-4-1BB and anti-LAG-3 
acts synergistically to control tumor out-
growth and restore TIL function. (A) Tumor 
outgrowth measured in mm2. Arrows indicate 
on which days mice received antibody therapy. 
Statistical significance at indicate time points 
is in comparison to anti-4-1BB + anti-LAG-3 
treatment. n = 5; two independent experi-
ments. (B) Composition of H-2Kb/SIY+ CD8+ 
TILs on day 14. Mice received antibody doses 
(100 µg each) on days 7, 10, 13, and 16. n = 
5; two independent experiments. (C–F) Repre-
sentative flow plot and summary of NRP1/2B4 
(C and E) and KLRG-1/IL-7Rα (D and F) expres-
sion in H-2Kb/SIY+ CD8+ TILs without FTY720 
(C and D) and with FTY720 (E and F) on day 
14 after tumor inoculation. Mice received an-
tibody treatment as in (A and B) and FTY720 
was administered at a dose of 25 µg/mouse 
by gavage starting one day before treatment 
and continuing one dose per day until analysis 
(day 6 to day 13). n = 5; two independent ex-
periments. (G) IL-2 production after treatment. 
Sorted cells from treated or untreated day 14 
B16.SIY tumor bearing mice were stimulated 
in vitro for 12  h and analyzed for Il-2 tran-
script by qRT-PCR. Protein concentration was 
determined by the bead-based LEG​ENDplex 
immunoassay and normalized to cell num-
ber. Two tumors on opposite flanks pooled 
per mouse. n = 2–3; two independent exper-
iments. A two-way ANO​VA with Bonferroni 
post-hoc test was used for all analyses. All 
error bars indicate mean ± SEM. *, P < 0.05; **, 
P < 0.01; ***, P < 0.001.
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Discussion
Dysfunction of tumor antigen–specific TIL is characteristic 
of the T cell–inflamed tumor microenvironment phenotype, 
and likely explains the paradox of progressing tumors in the 
face of ongoing immunity. However, identifying tumor anti-
gen–specific TIL among the background of passively traffick-
ing irrelevant T cells, and understanding this phenotype as a 
differentiation state, had been hampered by a lack of accu-
rate surface markers. Based on our previous work identifying 
the transcription factor Egr2 as a critical regulator of CD4+  
T cell anergy under reductionist conditions in vitro, we ap-
plied knowledge of Egr2 targets to evaluate applicability of 
these markers toward understanding dysfunctional T cells 
within tumors in vivo. Our current data indeed confirm that 
coexpression of LAG-3 and 4-1BB is sufficient to identify 
the majority of tumor antigen–specific CD8+ T cells within 
the tumor microenvironment. Co-expression of these mark-
ers was not observed within peripheral lymphoid organs in 
tumor-bearing mice, suggesting that a property unique to the 
tumor context drives 4-1BB and LAG-3 expression. In ad-
dition, acquisition of LAG-3 and 4-1BB expression was not 
observed within tumors that were undergoing successful re-
jection, arguing that the acquisition of this phenotype occurs 
under conditions of incomplete antigen clearance.

Although the molecular characterization of anergic 
CD4+ T cells in vitro provided the foundational informa-
tion that enabled the study of dysfunctional CD8+ TIL in 
vivo, it is clear that these two T cell states are not identical 
and only partially overlapping. Egr2 was expressed in a sub-
population of CD8+ TILs and this population was enriched 
in several Egr2 target genes, including 4-1BB and LAG-3. 
However, Egr2 expression did not define the entire popula-
tion of 4-1BB+LAG-3+ TIL. In addition, conditional deletion 
of Egr2 in T cells only showed a partial functional role of 
Egr2 in regulating 4-1BB and LAG-3 expression, suggesting 
that other factors such as HIF-1α and Egr3 might compen-
sate in the regulation of these receptors. In addition, NF-κB 
and NFAT/AP-1 have been implicated in 4-1BB expres-
sion after TCR stimulation (Kim et al., 2003; Martinez et 
al., 2015). It will be of interest to elucidate the full transcrip-
tion factor network that mediates the dysfunctional state of 
CD8+ TIL in vivo, as inhibiting these pathways could lead to 
novel immunotherapeutics.

Significant effort has been aimed at understanding the 
molecular mechanisms of T cell dysfunction using various 
model systems, both in vitro and in vivo. The term T cell 
anergy was originally applied to describe a hyporesponsive 
state resulting from TCR ligation in the absence of co-stim-
ulation in CD4+ Th1 clones (Schwartz et al., 1989). How-
ever, the term T cell anergy has since been used to describe 
many different types of tolerance phenomena (Schwartz, 
2003). T cell exhaustion was originally described in mod-
els of chronic viral infection, particularly the LCMV clone 
13 model (Zajac et al., 1998). It has been assumed that the 
similarities between chronic infection and progressing tu-

mors, such as persistent antigen exposure and involvement of 
negative regulatory pathways, implied an identical or similar 
dysfunctional state in these two disease contexts (Schietinger 
and Greenberg, 2014). Indeed, many of the co-inhibitory re-
ceptors expressed on CD8+ TILs and exhausted virus-specific 
T cells are shared, as is a component of the gene expression 
network (Fig. 6 A; Baitsch et al., 2011; Kuchroo et al., 2014). 
However, the mechanisms inducing and maintaining CD8+ 
TIL dysfunction are likely regulated by additional factors 
that differ between chronic infections and cancer, such as the 
balance between metabolic provision and demands on the 
T cells (Pearce et al., 2013), as well as the tissue localization 
of the effects. In addition, T cells in different tumor micro-
environments could differentiate into unique dysfunctional 
states. Therefore, it may be preferable to describe this phe-
notype more descriptively, as T cell dysfunction within the 
tumor microenvironment rather than anergy or exhaustion. 
Furthermore, our current work emphasizes that the term dys-
function does not imply complete lack of function. Indeed, 
cytolytic capacity of the 4-1BB+LAG-3+ population was re-
tained as analyzed directly ex vivo. Therefore, the failure of 
the endogenous immune response to eliminate the tumor 
does not appear to be attributable to a lack of intrinsic cyto-
lytic activity by antigen-specific T cells.

The induction of T cell exhaustion during chronic 
infection is thought to be a mechanism to limit collateral 
damage to the host (Goldszmid et al., 2014) and type I and 
type II IFNs have been implicated in both proinflammatory 
and immune-regulatory roles in chronic infection (Snell and 
Brooks, 2015; Cunningham et al., 2016). Therefore, it seems 
plausible that dysfunctional antigen-specific CD8+ TIL may 
contribute to the overall immune suppressive network within 
the tumor microenvironment. IFN-γ produced by anti-
gen-specific CD8+ TILs results in up-regulation of PD-L1 
on tumors cells and IDO expression by infiltrating myeloid 
cells (Spranger et al., 2013). In addition, the production of the 
chemokines CCL22 and CCL1 by these cells likely contrib-
utes to T reg recruitment into the tumor microenvironment. 
We previously had shown that PD-L1 and IDO up-regu-
lation, as well as T reg cell accumulation within the tumor, 
all depend on CD8+ T cells (Spranger et al., 2013), and our 
current work has indicated that the 4-1BB+LAG-3+ subset is 
the major source of IFN-γ and chemokines mediating these 
effects. Thus, the dysfunctional CD8+ TIL might be viewed 
as part of the regulatory network from this perspective. Fur-
ther work will be needed to understand the full functional 
contribution of these cells to immune regulation within the 
tumor microenvironment.

The use of 4-1BB and LAG-3 as markers of dysfunc-
tional tumor-reactive T cells enabled flow cytometric sorting 
for gene expression profiling without altering transcript lev-
els that could be caused by TCR ligation through MHC/
multimer binding. Comparison of two tumor-specific dys-
functional CD8+ TIL gene expression profiles to the LCMV- 
specific exhausted profile indicated a greater overlap of the 
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transcriptional signatures in the tumor context. In addition, 
pathways regulating the cell cycle were enriched among the 
CD8+ TIL profiles, suggesting that steady-state proliferation 
may be an additional characteristic of the dysfunctional state 
within the tumor microenvironment. Gene expression analy-
sis also revealed up-regulated transcripts encoding additional 
co-inhibitory receptors, but also several co-stimulatory re-
ceptors. This latter observation was unexpected based on the 
phenotype of dysfunctional CD8+ T cells in chronic infection 
models (Crawford et al., 2014; Kuchroo et al., 2014). Obser-
vations in these models suggest that co-stimulatory receptor 
expression on exhausted CD8+ T cells is expressed at low lev-
els or wanes over time (Wherry et al., 2007; Clouthier et al., 
2014; Crawford et al., 2014). On the contrary, dysfunctional 
CD8+ TIL continually expressed several co-stimulatory re-
ceptors (4-1BB, OX-40, and GITR). These data suggests a 
scenario in which persistently activated CD8+ TILs are in a 
state of chronic activation and are awaiting engagement by 
co-stimulatory ligands, which might be inadequately available 
within the tumor microenvironment. This notion is consis-
tent with the therapeutic effect of combined 4-1BB ligation 
added to LAG-3 blockade, which might be viewed as rescuing 
TIL from a paucity of 4-1BB signaling. The net composition 
of ligands for co-stimulatory versus co-inhibitory receptors 
within the tumor could contribute to the ultimately func-
tional phenotype of tumor antigen–specific TIL and will be 
an interesting question to pursue in future studies.

Our gene expression profiling of the dysfunctional 
CD8+ TIL population allowed us to determine additional cell 
surface receptors coexpressed by this population and track 
these markers during antibody therapy. Although the signif-
icant decrease in NRP1 and 2B4 and increase in KLRG-1 
expression in the tumor-specific H-2Kb/SIY+ suggests a 
phenotypic response in the 4-1BB+LAG-3+ TIL subset, it 
remains possible that a precursor population found in the 
4-1BB–LAG-3– subset could be a source of precursor cells 
for the observed changes in the CD8+ TIL population over-
all. We believe this is unlikely, due to several observations. 
First, ∼17% of H-2Kb/SIY+ CD8+ TILs are found in the 
4-1BB–LAG-3– subpopulation and, because transcript lev-
els of Tnfrsf9 (4-1BB) and Lag3 do not change upon treat-
ment (unpublished data), it remains likely that the phenotypic 
changes occur in the 4-1BB+LAG-3+ subpopulation. Second, 
the 4-1BB–LAG-3– population displays a phenotype closely 
resembling memory precursor effector cells (MPEC; KLRG-
1loIL-7Rαhi CD44+), which are thought to not give rise to 
short-lived effector cells (SLEC; KLRG-1hiIL-7Rαlo; Kaech 
et al., 2003; Sarkar et al., 2008). Although we do not formally 
prove a direct causal relationship between antibody treatment 
and phenotypic changes in the 4-1BB+LAG-3+ population, 
indirect evidence suggests that this is the case.

Our previous work had suggested that restoration of 
IL-2 production in the CD8+ TIL compartment strongly 
correlated with the therapeutic efficacy of anti-CTLA-4 + 
anti–PD-L1 or combined with an IDO inhibitor (Spranger 

et al., 2014). Our current results also identified restored IL-2 
production by tumor antigen–specific CD8+ TILs in response 
to anti–4-1BB + anti–LAG-3 therapy. Thus, restoration of 
IL-2 might be a useful pharmacodynamic biomarker to be 
measured in posttreatment biopsies in patients participat-
ing in immunotherapy clinical trials. However, it is not yet 
known if restored IL-2 production is functionally important 
for antitumor T cell efficacy or serves as a correlate to re-
functionalized CD8+ TILs, a possibility that should be inves-
tigated in future studies.

Both anti–4-1BB and anti–LAG-3 mAbs are being 
tested in early phase clinical trials, and it is attractive to con-
sider a combination study in human cancer patients. The abil-
ity of CD8+ TILs to up-regulate KLRG-1 and down-regulate 
2B4 and NRP1 expression could be the result of additional 
translational biomarkers. As some patients do not respond to 
anti–PD-1-based therapies, novel combinations may have 
utility in such individuals. Moreover, the additional co-stim-
ulatory and co-inhibitory receptors identified in our current 
work could represent functionally relevant targets for new 
immunotherapy strategies.

Materials and methods
Mice and tumor inoculation
Female C57BL/6 mice ranging from 6 to 8 wk of age were 
purchased from Taconic Farms. CD45.1 and Rag2−/− mice 
on the C57BL/6 background were obtained from Taconic 
Farms and bred at the University of Chicago (Chicago, IL). 
2C/Rag2−/− and P14/Rag2−/− mice have been previously 
described (Brown et al., 2006). Egr2flox/flox mice were a gift 
from H. Singh (University of Chicago, Chicago, IL), and 
pLCK-CreERT2 x ROSA-YFP mice were generated in our 
laboratory and have been previously described (Evaristo et 
al., 2016). B16.SIY.dsRed (Kline et al., 2012), C1498.SIY.
GFP (Zhang et al., 2009), and MC57.SIY.GFP (Spiotto et al., 
2002) tumor cells were engineered to express either dsRed 
or GFP in frame with the H2-Kb–restricted model antigen 
SIY​RYY​GL. The 1969.SIY.GFP cell line was engineered by 
retroviral transduction of the 1969 cell line (Diamond et al., 
2011) using the pLEG​FP plasmid expressing cDNA for SIY​
RYY​GL (Spiotto et al., 2002). For experiments, mice 6–9 wk 
of age received 2 × 106 tumor cells s.c. on either the left flank 
or both the left and right flank. All mice were maintained 
according to the National Institute of Health Animal Care 
guidelines and studied under IAC​UC-approved protocols.

To generate the targeting construct for the Egr2EGFP 
knock-in reporter mice, a 12.6-kb mouse genomic DNA 
fragment, including the egr2 gene, was excisedwith SacII and 
cloned into a pEasy-Flox vector adjacent to the thymidine 
kinase selection marker. A cassette containing IRES2-eGFP 
and a LoxP-flanked neomycin selection marker was inserted 
into an Nhel site between the translation stop codon and the 
polyadenylation signal of the egr2 gene. ES cell clones from 
129 mice were electroporated and selected for Neomycin 
resistance. ES cell clones were verified for homologous in-
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sertion in the endogenous locus by PCR and Southern blot 
with 5′ and 3′ probes. Mice were backcrossed to C57BL/6 
for more than eight generations.

TIL isolation
Tumors were harvested from mice at the indicated time 
points. Tumors were dissociated through a 50-µm filter and 
washed with PBS. TILs were further enriched by layering  
Ficoll-Hypaque beneath the cell suspension, followed by cen-
trifugation without breaks for 15–30 min at 400 g. The buffy 
layer was isolated and washed twice with PBS before stain-
ing. For isolating specific cell populations by FACS, tumors 
were pooled when indicated, and the cell layer was repurified 
by Ficoll-Hypaque centrifugation twice. For day 28 tumors, 
after Ficoll-Hypaque separation, T cells were further purified 
by negative bead selection according to manufacturer’s in-
structions (MagniSort; eBioscience). Cells were then washed 
with PBS and stained at 4°C for 15 min before resuspending 
in complete DMEM (cDMEM: 10% FBS, 100 U/ml Peni-
cillin-Streptomycin, 1% MEM Non-Essential Amino Acids, 
50 µM β-ME, and 0.01 M MOPS), and were sorted into ei-
ther RLT lysis buffer (QIA​GEN) or cDMEM, depending on 
the experimental assay. Cells sorted into RLT buffer were put 
directly on dry ice as soon as the sort was finished.

Flow cytometry and antibodies
Cell suspensions were washed twice in PBS before staining 
an FACS buffer (2% FBS, 2 mM EDTA, and 0.001% NaN3). 
Cells were stained for 30 min on ice and fixed in 1% PFA. 
Antibodies against the following molecules were used: CD3 
(17A2, AX700), 2B4 (2B4, FITC), CD127 (A7R34, PE), 
OX-40 (OX-86, PE), 4-1BB (17B5, Biotin, APC), CD160 
(7H1, PE-Cy7), LAG-3 (C9B7W, PerCPeFluor710), PD-1 
(RMP1-30, PE-Cy7), NRP1 (3E12, BV421), GITR (DTA-1,  
FITC), ICOS (7E.17G9, BV421), KLRG-1 (2F1, eF450, 
BV605), TIG​IT (1G9, APC), TIM-3 (RMT3-23, PE), CD4 
(RM4-5, BV605), CD45.1 (A20, FITC), CD45.2 (104, PE), 
and CD8α (53–6.7, BV711). Fixable Viability Dye 506 (eBio-
science) was used for live/dead discrimination. Staining of 
SIY-specific T cells was performed using the SIY​RYY​GL- 
Pentamer (PE; Proimmune); a SII​NFE​KL-pentamer was 
used as a nonspecific control. All flow cytometric analysis 
was conducted on an LSRFortessa (BD) and analyzed using 
FlowJo software (Tree Star).

Quantitative real-time PCR
Total RNA was extracted from sorted cell populations using 
the RNEasy Micro kit (QIA​GEN) following the manu-
facturer’s protocol. cDNA was synthesized using the High 
Capacity cDNA Reverse Transcription kit (Applied Bio-
systems) according to manufacturer’s instructions. Transcript 
levels were determined using primer-probe sets (Table S1) 
developed through the online ProbeFinder Software and the 
Universal Probe Library (Roche) with the exception of IL-2 
(Mm00434256_m1) and 18S (Hs99999901_s1). To minimize 

batch effect, when possible, all samples probed for a gene were 
run on the same 96-well qRT-PCR plate. All primer-probe 
sets either contained a primer spanning an exon–exon 
boundary or primers spanning an intron. Expression levels of 
transcripts were normalized to 18S expression.

In vivo proliferation assay
In vivo proliferation was measured by a BrdU pulse 24 h be-
fore flow cytometric analysis. Each mouse received 0.8 mg 
BrdU injected i.p. on day 12 after tumor inoculation. TILs 
were isolated and surface staining was performed. After sur-
face staining, cells were fixed and permeabilized using the 
Foxp3 staining kit (BD), according to manufacturer’s proto-
col, and incubated with 100  µl PBS/DNase solution (300 
µg/ml) for 30 min at 37°C. Cells were washed and incubated 
for 30 min at room temperature with anti-BrdU (FITC and 
Bu20a) and then washed with and resuspended in PBS.

In vitro stimulation assays
Tissue culture–treated 96-well round bottom plates were 
coated with anti-CD3ε (1 µg/ml; 2C11) in DPBS overnight 
at 4°C or for 2 h at 37°C. Cells were sorted into cold cDMEM 
media and put on ice as soon as the sort was finished. Cells 
were then pelleted, resuspended in 50 µl cDMEM, and incu-
bated with soluble anti-CD28 (2 µg/ml; PV-1) for 10–12 h 
for a final volume of 100 µl. After stimulation, supernatants 
were removed for ELI​SA or bead-based immunoassay (Leg-
endPlex), and cells were washed once with DPBS and resus-
pended in 15 µl of RNAlater Stabilization Solution (QIA​GEN)  
or 300 µl of RLT buffer. Cells were stored at −80°C until 
RNA isolation was performed.

Protein quantification
Measurement of protein concentration was determined ei-
ther by a standard ELI​SA or bead-based immunoassay (LEG​
ENDplex; BioLegend) as indicated. ELI​SAs were performed 
according to the manufacturer's protocol (Ready-SET-Go 
ELI​SA; eBioscience) on supernatants from in vitro stimula-
tions. Absorbance values were obtained at 450 nm using an 
Emax microplate reader (Molecular Devices), and IL-2 con-
centration was determined by standard curve. Protein con-
centration values were normalized to the number of sorted 
cells plated. LEG​ENDplex assays were performed according 
to the manufacturer’s protocols. 

Spectratype analysis and sequencing
Three mice were injected with 2 × 106 B16.SIY.dsRed tumor 
cells. 14 d later, tumors were harvested and specific CD8+ TIL 
subpopulations were sorted into RLT buffer (QIA​GEN) and 
immediately frozen. cDNA was synthesized from sorted cell 
populations and CDR3 regions were amplified by PCR with 
21 different Vβ-5′ primers paired with a FAM-Cβ1.1 primer 
(Table S1). Three Vβ PCR reactions did not reach significant 
amplification for analysis and were removed from the analysis. 
For sequencing, Cβ-Vβ PCR products were purified using the 
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QIAquick PCR purification kit (QIA​GEN) and sequenced 
at the University of Chicago Genomics Core Facility. Cβ-Vβ 
PCR products were analyzed by capillary electrophoresis at 
the University of Chicago Genomics core and CDR3 peaks 
were aligned using the Liz500 ladder. Spectratype graphs 
were displayed using the GeneiousR9 software (Kearse et al., 
2012). To generate the frequency profile for each Vβ spec-
tratype, the area under each peak was measured using Peak 
Studio (A. Fodor, University of North Carolina, Charlotte, 
NC). The HD (Currier and Robinson, 2001) was calculated 
between each Vβ spectratype from each CD8+ spleen and TIL 
population within a given mouse. To determine significance 
between the HD from each comparison the HDs for each Vβ 
from 3 mice were averaged and a One-Way ANO​VA with 
Dunn’s correction for multiple comparisons was performed.

TCR transgenic T cell transfer experiments
Cell suspensions were generated from spleens and lymph 
nodes from congenic 2C/Rag2−/−/CD45.1/2 and/or P14/
Rag2−/−/CD45.2 mice, and T cells were purified by CD8+ 
negative selection (Miltenyi Biotec) over magnetic columns 
according to the manufacturer’s protocol. TCR Tg T cells were 
washed with PBS and resuspended at a concentration of 10 × 
106/ml, and 106 TCR Tg cells were adoptively transferred into 
CD45.1 tumor bearing mice by tail vein transfer in a volume 
of 0.1 ml. After the indicated times, 2C T cells and correspond-
ing host CD8+ T cells were sorted for in vitro stimulation.

In vitro cytotoxicity assay
Per individual experiment, 10 C57BL/6 mice were injected 
s.c. with 2 × 106 B16.SIY cells on both left and right flanks. 
On day 14, all 20 tumors were pooled and dissociated using 
the Tumor Dissociation kit (Miltenyi Biotec) following the 
manufacturer’s protocol. Tumor cell suspensions were washed 
three to five times with PBS, and TILs were enriched for by 
Ficoll-Hypaque gradient centrifugation. TILs were stained, 
sorted and put directly on ice. TILs were titrated and added 
directly to a 96-well plate containing 50,000 P815 masto-
cytoma cells and 1 µg/ml anti-CD3. For a positive control, 
OT-I cells were isolated from OT-I/Rag2−/− mice and stimu-
lated with plate-bound anti-CD3 (0.25 µg/ml), anti-CD28 (2 
µg/ml) and 100 U/ml IL-2 for 2–3 d. For a negative control, 
P815 cells were cultured alone or cultured with naive CD8+ 
T cells isolated from lymph nodes. After 12 h of incubation, 
cells were stained for Thy1, CD45, CD8α, Fixable Viability 
Dye 450 (eBioscience), and/or propidium iodide.

Gene expression analysis
Total RNA for the CD8+ TIL subpopulations was isolated 
following the manufacturer’s protocol (RNEasy Micro kit; 
QIA​GEN) from sorted cells pooled from 10 mice. Samples 
were analyzed by the University of Chicago Genomics Facil-
ity using Illumina MouseRef8 microarray chips. Two exper-
imental replicates were performed, and the results were log2 
transformed and averaged. Probe sets that revealed a 1.5-fold 

difference abs(log2 [ratio] > 1.5) relative to CD8+4-1BB–

LAG-3–PD-1– cells were identified and used for subsequent 
analysis. The microarray data are available in the Gene Ex-
pression Omnibus database under accession no. GSE79919. 
For cross-study comparisons, log2-fold change values were 
extracted using the GEO2R online software from the hy-
pofunctional CD8+ TIL dataset GSE79858 (GSM2107353, 
GSM2107353, and GSM2107355 versus GSM2107350, 
GSM2107351, and GSM210732) and the CD8+ T cell– 
exhausted dataset, GSE41870 (GSM1026819, GSM1026820, 
and GSM1026821 versus GSM1026786, GSM1026787, 
GSM1026788, and GSM1026789). Up-regulated genes 
showing a twofold difference were used for analysis. Mul-
tiple genes names from the GEO2R extracted data were 
identified and matched to gene names from the Illumina 
dataset. The rank-rank hypergeometric overlap (RRHO) 
analysis (Plaisier et al., 2010) was conducted through pub-
licly available Rank-Rank Hypergeometric Overlap software  
(T. Graeber, University of California, Los Angeles, Los Ange-
les, CA) and the associated Bioconductor package RRHO 
(Rosenblatt and Stein, 2014).

Gene Ontology enrichment analysis
In a pairwise fashion, shared up-regulated genes (Table S3) 
were used as the input for the ClueGO software with the 
Cytoscape application (Shannon et al., 2003). Both the Bio-
logical Process and Immune System Process Gene Ontology 
Annotations were used for analysis. Only pathways with a 
Bonferroni step down correction P value > 0.01 were con-
sidered when generating pathway nodes. Nonredundant 
pathways with the greatest number of genes found within 
each node were used as examples in Fig. 6 A.

Antibody and FTY720 treatments
Mice were treated i.p. with 100 µg/mouse of anti–4-1BB 
(Bio-X-Cell; LOB12.3) antibody and/or 100 µg/mouse 
anti–LAG-3 (Bio-X-Cell; C9B7W). For tumor outgrowth 
experiments, mice were treated on day 7, 10, 13, and 16 
after tumor inoculation. For ex vivo functional experi-
ments, mice were treated on day 7, 10, and 13, and cells 
were sorted on day 14. For experiments blocking lymph 
node egress, 25 µg of FTY720 was given by gavage 1 d be-
fore first antibody treatment (day 6) and continued every day 
until endpoint on day 14.

Online supplemental material
Fig. S1 shows all spectratype graphs used in the analysis 
in Fig.  3  B. Fig. S2 shows CD3+ T cells on day 14 after 
FTY720 administration. Fig. S3 contains statistical analy-
sis of the cross-study comparison of gene expression pro-
files. Table S1 is a list of all Vβ primers and primer/probe 
sets. Tables S2 and S3 contain the grouped gene sets from 
Fig. 6 A. Table S4 shows the complete list of the identified 
pathways from each gene set in Fig. 6 A. Tables S1–S4 are 
available as Excel files.
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