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JAML promotes CD8 and γδ T cell antitumor
immunity and is a novel target for cancer
immunotherapy
Joseph M. McGraw1,2, Flavian Thelen1, Eric N. Hampton2, Nelson E. Bruno2, Travis S. Young2, Wendy L. Havran1, and
Deborah A. Witherden1

T cells are critical mediators of antitumor immunity and a major target for cancer immunotherapy. Antibody blockade of
inhibitory receptors such as PD-1 can partially restore the activity of tumor-infiltrating lymphocytes (TILs). However, the
activation signals required to promote TIL responses are less well characterized. Here we show that the antitumor activity of
CD8 and γδ TIL is supported by interactions between junctional adhesion molecule–like protein (JAML) on T cells and its ligand
coxsackie and adenovirus receptor (CXADR) within tumor tissue. Loss of JAML through knockout in mice resulted in accelerated
tumor growth that was associated with an impaired γδ TIL response and increased CD8 TIL dysfunction. In mouse tumor
models, therapeutic treatment with an agonistic anti-JAML antibody inhibited tumor growth, improved γδ TIL activation,
decreased markers of CD8 TIL dysfunction, and significantly improved response to anti–PD-1 checkpoint blockade. Thus, JAML
represents a novel therapeutic target to enhance both CD8 and γδ TIL immunity.

Introduction
Functional impairment of T cells within the tumor microenvi-
ronment (TME) is a hallmark of cancer progression (Thommen
and Schumacher, 2018). Immune checkpoint blockade targeting
inhibitory receptors such as programmed cell death protein 1 (PD-1)
and CTLA-4 can partially restore tumor-infiltrating lymphocyte
(TIL) activity within the tumor and improve patient outcomes. In
patients with metastatic melanoma, treatment with a combination
of ipilimumab (anti–CTLA-4) and nivolumab (anti–PD-1) improves
the median overall survival to >5 yr versus an average of <1 yr in
patients treated with chemotherapy or high-dose IL-2 (Larkin et al.,
2015; Larkin et al., 2019; Postow et al., 2015, Garbe et al., 2011).
Despite improvement in this population, nearly half of metastatic
melanoma patients do not respond to checkpoint blockade therapy,
and response rates in other cancers, such as prostate and brain
cancer, are far lower (Chen and Mellman, 2017; Chen et al., 2020).
Therefore, there is a critical unmet need to identify additional
mechanisms of T cell–mediated tumor immunity that can be lev-
eraged to improve response rates.

Although much research has focused on CD4 and CD8 T cells
as central targets of cancer immunotherapy, more recently, the

critical role of other immune cell subsets, such as γδ T cells, has
been elucidated (Silva-Santos et al., 2019). γδ T cells are a minor
population within lymphoid tissues (∼1–5% of T cells in pe-
ripheral blood) but are present in larger numbers in both mouse
and human epithelial tissues (10–100% of T cells) such as the
skin and gut (Nielsen et al., 2017). These tissue-resident γδ
T cells are important for maintaining epithelial homeostasis and
for the response to tissue damage via recognition of self-stress
molecules, independent of MHC antigen presentation (Nielsen
et al., 2017). Compared with all other leukocyte populations,
increased γδ T cell tumor infiltration is the best prognostic
factor of improved patient survival across a variety of cancer
types, highlighting their critical role in antitumor immunity
(Gentles et al., 2015). Furthermore, mice lacking γδ T cells
(Tcrd−/−) are more susceptible to both spontaneous and trans-
plantable tumor models (Silva-Santos et al., 2019). Mechanis-
tically, γδ T cells have been shown to provide an early source of
IFNγ within tumors that supports αβ TIL responses and helps
limit tumor formation (Girardi et al., 2001; Gao et al., 2003). In
this way, γδ T cells may serve as a bridge between the innate and
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adaptive immune systems. However, the exact mechanisms that
mediate γδ T cell responses to tumors are not well characterized.

Junctional adhesionmolecule–like protein (JAML; also known
as AMICA1 in humans) is a member of the JAM family and is
expressed by monocytes, neutrophils, activated CD8 T cells, and
tissue-resident γδ T cells (Luissint et al., 2008; Moog-Lutz et al.,
2003; Witherden et al., 2010). JAM family members facilitate
tight junction assembly; regulate leukocyte–endothelium inter-
actions; and have diverse roles in development, angiogenesis,
inflammation, and cancer (Kummer and Ebnet, 2018; Lauko
et al., 2020). We previously identified JAML as a novel co-
stimulatory receptor that is required for activation of dendritic
epidermal T cells (DETCs) in mouse skin, a prototypic tissue-
resident γδ T cell population (Witherden et al., 2010). Upon
binding to its cognate ligand, coxsackie and adenovirus receptor
(CXADR), a cell adhesion molecule expressed on non-
hematopoietic cells, JAML induces a phosphoinositide 3-kinase
(PI3K) signaling cascade, which promotes DETC activation and
proliferation (Verdino et al., 2010; Witherden et al., 2010; Ortiz-
Zapater et al., 2017). During cutaneous wound healing, epithelial
cells increase expression of CXADR to induce JAML-mediated
expression of keratinocyte growth factor 1 from DETCs, which
promotes the wound repair process (Witherden et al., 2010).
Although prior studies have defined a role for JAML in facili-
tating tissue trafficking of immune cell subsets (Guo et al., 2009;
Zen et al., 2005) and, separately, loss of CXADR expression has
been associated with epithelial–mesenchymal transition and
metastasis in certain tumor types (Reeh et al., 2013; Nilchian
et al., 2019; Anders et al., 2009; Yamashita et al., 2007), a role
for JAML–CXADR interactions in antitumor immunity has yet to
be described.

Here we show that JAML expression plays a vital role in
maintaining effective function of CD8 and γδ T cells within
tumors. JAML-deficient (Jaml−/−) mice are more susceptible to
B16F10 melanoma formation and exhibit more aggressive tumor
growth. We show that this defect is due to an impaired critical
early response of γδ T cells, which is associated with functional
exhaustion of CD8 T cells characterized by increased expression
of PD-1 and eomesodermin (Eomes) and a decrease in TNFα and
IFNγ production. Furthermore, we demonstrate that therapeutic
treatment with an agonist anti-JAML mAb (HL4E10) improves
activation of CD8 and γδ TILs, resulting in inhibition of tumor
growth and enhancement of PD-1 blockade. Collectively, this work
identifies JAML as a promising target for cancer immunotherapy.

Results
High expression of JAML is associated with improved
patient survival
To assess if JAML–CXADR interactions are potentially prognostic
in human cancers, we analyzed The Cancer Genome Atlas
(TCGA) and Prediction of Clinical Outcomes from Genomic
Profiles (PRECOG; Gentles et al., 2015) human gene expression
datasets for associations of JAML expression with clinical patient
outcomes. High JAML expression was associated with improved
patient survival in 8 of 43 TCGA cohorts and in 10 of 39 tumor
types in PRECOG, and significant associations were found for

head and neck cancer, lung cancer, and melanoma in both da-
tasets (Fig. 1 A). Further analysis of the TCGA melanoma (skin
cutaneous melanoma [SKCM]) cohort revealed that JAML ex-
pression was associated with improved median and overall
survival (Fig. 1 B). Importantly, high expression of JAMLwas also
associated with improved survival in a study of patients with
metastatic melanoma treated with anti–PD-1 antibodies (Liu
et al., 2019), supporting a prognostic association with response
to immunotherapy (Fig. 1 C). This association of JAML expression
with patient survival was independent of CXADR expression,
which was not associated with response to PD-1 in the context of
metastatic disease (Fig. S1 A). Together with the known roles of
JAML–CXADR interactions in regulating immune responses,
these data led us to hypothesize that JAML may be important in
the regulation of antitumor immunity.

JAML is highly expressed by intratumoral CD8 and γδ T cells
To determine the expression pattern of JAML during an anti-
tumor immune response, we profiled expression of JAML on
immune cell subsets in spleen and B16F10 melanoma tumor
tissue isolated from WT C57BL/6J mice (Fig. 1, D and E; flow
cytometry gating strategy in Fig. S1 B). By day 15 after tumor
challenge, ∼50–70% of both CD8 and γδ TILs expressed JAML,
whereas <10% of CD4 TILs displayed JAML expression. In con-
trast,∼25% of γδ T cells and very low numbers (<5%) of CD4 and
CD8 T cells in the spleens of tumor-bearing mice expressed
JAML (Fig. 1 F). Within the myeloid cell compartment, a higher
percentage of dendritic cells (DCs; CD11c+MHCII+CD11b+; 50%)
expressed JAML within tumor tissue than within spleen tissue
(∼10%), whereas ∼30–40% of granulocytes (Ly6G+CD11b+) and
10–20% of monocytes (Ly6C+Ly6G-CD11b+) expressed JAML
within both tissues (Fig. 1 F). Only a small proportion of tumor
macrophages (F4/80+CD11b+; <3%) expressed JAML (Fig. 1 F). As
previously published (He et al., 2010), the majority of γδ TILs
were infiltrating, lymphoid Vγ1.1+, and Vγ2+ γδ T cells (Garman
nomenclature), and a Vγ1.1− Vγ2− γδTCR+ TIL population, absent
of Vγ3+ DETCs, was also detected (Fig. S1 C). A large fraction of
each of these γδ TIL subsets expressed JAML (Fig. 1 G).

Further analysis revealed that expression of JAML on CD8
and γδ TILs was maintained at similar levels between day 11 and
day 15 after tumor challenge and did not correlate with tumor
size, suggesting initiation of JAML expression on TILs early in
tumor growth (Fig. S1 D). In vitro JAML expression was rapidly
up-regulated on splenic CD8 and γδ T cells by 4 h after stimu-
lation with PMA and ionomycin and was maintained through
the course of the 48-h experiment (Fig. S1, E and F). In vivo on
day 11 after tumor challenge, JAML expression coincided with
increased expression of CD69 and Ki67 by γδ TILs but not CD8
TILs (Fig. 1 H). However, JAML expression on CD8 TILs was
strongly associated with a decrease in coexpression of PD-1 and
Eomes (Fig. 1 I), a phenotype that has been used to identify ex-
hausted T cells (Paley et al., 2012; Li et al., 2018). Additional
analysis of published RNA-sequencing data (Mackay et al., 2013)
revealed that JAML is also highly expressed by skin and lung
tissue–resident memory T cells induced by viral infections (Fig.
S1 G). Together, these results show that expression of JAML
on T cells is increased during initial T cell activation and is
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Figure 1. JAML is associated with improved patient survival and is highly expressed by intratumoral CD8 and γδ T cells in mice. (A–C) Associations
between JAMLmRNA expression and patient survival were analyzed in publicly available datasets. (A) Cancer types in which JAML expression is associated with
improved patient survival. TCGA, Kaplan-Meier log-rank P values are based on quartile split of JAML expression; PRECOG, z-scores of JAML association with
patient survival. AD, adenocarcinoma; AML, acute myeloid leukemia; CESC, cervical squamous cell carcinoma; HPV, human papillomavirus; HNSC, head and
neck squamous cell carcinoma; LGG, low-grade glioma; LUAD, lung adenocarcinoma; Met, metastatic; SARC, sarcoma; SCC, squamous cell carcinoma; UCEC,
uterine corpus endometrial carcinoma; UVM, uveal melanoma. (B and C) Kaplan-Meier plot of patient survival in (B) TCGA SKCM cohort and (C) anti–PD-1–treated
metastatic melanoma based on JAML expression. Log-rank P values are shown. (D–G) Spleen and B16F10 tumor tissue isolated fromWTmice on day 15 after
tumor challenge were analyzed by flow cytometry. (D and E) Representative flow cytometry plots of T cell (D) and myeloid cell (E) JAML expression.
(F) Frequency of JAML expression by immune cells (n = 4). (G) Representative flow cytometry plots and frequency of JAML expression by Vγ1.1+, Vγ2+, and
Vγ1.1−Vγ2− γδ TIL subsets (n = 5). Data are expressed as mean ± SEM. (H and I) B16F10 tumor tissue isolated from WT mice on day 11 after tumor challenge
was analyzed by flow cytometry. (H) Frequency of CD69 expression and quantification of Ki67 mean fluorescence intensity (MFI; fold change compared with
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maintained at high levels on T cells within nonlymphoid tissues
and the TME.

Jaml−/− mice have a reduced ability to control B16F10
melanoma growth
Next, Jaml−/− mice were challenged with B16F10 melanoma, and
tumor formation and growthweremeasured comparedwithWT
animals. After a low tumorigenic dose (105 cells), Jaml−/− mice
developed palpable tumors at a significantly faster rate than WT
mice, with 100% of Jaml−/− mice developing tumors compared
with 50% of WT mice (Fig. 2 A). At a higher tumorigenic dose
(5 × 105 cells), tumors exhibited significantly faster growth ki-
netics in Jaml−/− mice than in WT mice (Fig. 2, B and C).

To assess if the increased susceptibility of Jaml−/− mice to
tumor growth is due to a systemic defect in the T cell com-
partments, we profiled splenic T cell numbers, phenotypes, and
cytokine production in 8-wk-old naiveWT and Jaml−/−mice. WT
and Jaml−/− mice had similar numbers of total splenocytes and
CD4, CD8, and γδ T cell subsets (Fig. S2, A–D). Similarly, central
memory (CD44+CD62L+) and effector memory (CD44+CD62L−)
T cell compartments were comparable in WT and Jaml−/− mice
(Fig. S2, E and F). Functionally, T cells isolated from WT and
Jaml−/− spleens produced similar amounts of TNFα and IFNγ
after ex vivo stimulation with PMA and ionomycin (Fig. S2, G
and H). Together, these results show that lymphoid T cells in
Jaml−/− mice do not have any obvious signs of impairment at
steady state.

Accumulation of γδ T cells and maintenance of CD8 T cells in
tumor tissue are impaired in Jaml−/− mice
To understand why Jaml−/− mice have impaired antitumor im-
munity, we characterized the abundance of T cells within the
TME on days 11 and 15 after B16F10 tumor challenge by flow
cytometry. Jaml−/− mice had similar proportions of total CD45+

immune cells within tumor tissue compared with WT mice at
both time points (Fig. 2 D). On day 11, WT and Jaml−/− mice had
similar numbers of total T cells, as assessed by Thy1.2 expression
(Fig. 2 E). The relative abundance of CD4 and CD8 TILs was
similar in WT and Jaml−/− at this time point, whereas Jaml−/−

mice had significantly fewer γδ TILs (Fig. 2, F–H). By day 15,
Jaml−/− mice had fewer total TILs than WT mice, which was
attributable to a decrease in both CD8 and γδ TILs but not CD4
TILs (Fig. 2, E–H). Consistent with a lower abundance of TILs at
day 15, CD4, CD8, and γδ TILs in Jaml−/− mice expressed a sig-
nificantly lower amount of Ki67 than TILs inWTmice (Fig. S3, A
and B). These results, together with the decreased numbers of
CD8 and γδ TILs during tumor growth, suggest that JAML is
important for accumulation of γδ T cells and maintenance of
CD8 T cell numbers within tumor tissue.

To determine if JAML was involved in myeloid cell infiltra-
tion or persistence within the TME, we profiled cell numbers
within tumor tissue from WT and Jaml−/− mice on day 15 after

B16F10 tumor challenge. At this time point, WT and Jaml−/− mice
had a similar proportion of total CD11b+ myeloid cells, gran-
ulocytes, monocytes, DCs, and macrophages within tumor tissue
(Fig. 2 I), which suggests that JAML–CXADR interactions are not
required for myeloid cell tumor infiltration and accumulation.
However, potential roles of JAML signaling in other aspects of
myeloid cell biology cannot be ruled out.

JAML supports initial γδ T cell activation in response to tumor
growth
Given the significant reduction in γδ TIL numbers in Jaml−/−

mice during early tumor growth on day 11 after tumor challenge
compared with WT mice, we additionally sought to characterize
γδ TIL subsets and activation levels at this time point. Loss of
JAML expression did not preferentially affect the relative fre-
quency of Vγ1.1+, Vγ2+, or Vγ1.1−Vγ2− γδ T cells within the total
γδ TIL population, consistent with high expression of JAML on
each subset inWTmice (Fig. 3 A). Although a similar percentage
of γδ TILs from WT and Jaml−/− mice produced IFNγ upon
ex vivo stimulation, the relative abundance of IFNγ-producing
γδ TILs was decreased in Jaml−/− mice compared with WT mice
(Fig. 3, B and C), which was associated with significantly lower
amounts of T-bet expression (Fig. 3 D). Additionally, γδ TIL
expressed similar levels of PD-1 and Eomes in WT and Jaml−/−

mice and did not coexpress PD-1 and Eomes (Fig. 3, E–G) as
observed in CD8 TILs (Fig. 1 G). γδ TILs in WT and Jaml−/− mice
also expressed similar levels of the proliferation marker Ki67 at
this time point (Fig. 3 H). Therefore, although loss of JAML ex-
pression by γδ TILs did not alter PD-1, Eomes, or Ki67 expres-
sion, the decrease in IFNγ-producing γδ TIL numbers and
reduced T-bet expression in Jaml−/− mice at this early time point
of tumor growth show that the initial activation and tumor in-
filtration of γδ T cells are impaired in the absence of JAML–
CXADR interactions.

Intratumoral CD8 T cells in Jaml−/− mice display markers of
increased T cell dysfunction
To further characterize CD8 TIL responses in WT versus Jaml−/−

mice, we analyzed cytokine production following ex vivo stim-
ulation on days 11 and 15 after tumor challenge. Jaml−/− mice had
a reduced frequency of CD8 TILs that produced TNFα or IFNγ
and polyfunctional CD8 TILs producing both TNFα and IFNγ
compared with WT mice on day 11, but not day 15, after tumor
challenge (Fig. 4 A). A similar fraction of CD4 TILs fromWT and
Jaml−/− mice produced TNFα or IFNγ at both time points (Fig. S4
A). Given the reduced percentage of cytokine-producing CD8
TILs in Jaml−/− mice on day 11, we performed additional char-
acterization at this time point and analyzed production of
granzyme B and expression of T-bet and Eomes based on recent
reports, which have shown that high expression of Eomes and
an altered T-bet/Eomes ratio are associated with increased T cell
exhaustion (Paley et al., 2012; Li et al., 2018; Lee et al., 2019).

JAML− CD8 TIL mean) by JAML− and JAML+ CD8 and γδ TILs (n = 5). (I) Representative flow cytometry plots and frequency of PD-1+Eomes+ JAML− versus
JAML+ CD8 TILs (n = 4). Unpaired (F) and paired (H and G) Student’s t tests; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Data in D–I are
representative of a minimum of two independent experiments.
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Although we observed no differences in production of granzyme
B (Fig. S4 B), CD8 TILs, but not CD4 TILs, in Jaml−/− mice ex-
pressed significantlymore Eomes and less T-bet than CD8 TILs in
WT animals (Fig. 4, B and C). Increased Eomes expression by CD8
TILs was associated with increased PD-1 expression, which re-
sulted in a substantially larger fraction of PD-1+Eomes+ CD8 TILs in
Jaml−/− than in WT mice (Fig. 4 D). Together, these results suggest
that CD8 TILs become dysfunctional at an earlier stage of tumor
growth in the absence of JAML expression but that other mecha-
nisms of tumor immunosuppression limit JAML-CXADR–mediated
antitumor immunity at later stages of tumor growth.

CXADR expression decreases during melanoma progression
Based on the role of JAML in TIL function described above and
our previous work that established the function of JAML’s cog-
nate ligand, CXADR, as a self-stress molecule during cutaneous

wounding (Witherden et al., 2010), we further examined CXADR
expression during tumor progression, starting with B16F10
melanoma. Although B16F10 cells did not express CXADR
in vitro (Fig. 5 A), CXADR expression was detected within tu-
mor tissue on day 11 after tumor challenge as well as within ad-
jacent normal epidermal tissue by confocal microscopy (Fig. 5 B).
Analysis of Cxadr mRNA expression demonstrated that overall
expression was significantly higher in normal mouse epidermis
than in bulk B16F10 tumor tissue and that Cxadr expression de-
creased during tumor growth in vivo (Fig. 5, C and D). Additional
analysis of published gene expression data (Flesher et al., 2020)
revealed that normal mouse melanocytes do not express Cxadr
(Fig. 5 E), which suggests that expression is associated with
tumorigenesis.

To determine if similar patterns of CXADR dysregulation
occur in human melanoma, we analyzed published human gene

Figure 2. JAML promotes T cell antitumor immunity against B16F10melanoma. (A–C)WT and Jaml−/−mice were challenged with B16F10melanoma cells.
(A) Kaplan-Meier plot of tumor latency following challenge with 105 cells (n = 12/group). (B and C) Tumor growth (B) and tumor weights (C) on day 15 mice
after challenge with 5 × 105 cells (n = 8–9/group). (D–I) B16F10 tumor tissue was isolated from WT and Jaml−/− mice on either day 11 or day 15 after tumor
challenge and analyzed by flow cytometry. Frequency of (D) CD45+ cells, (E) Thy1.2+ TILs, (F) CD4+ TILs, (G) CD8+ TILs, and (H) γδTCR+ TILs. (I) Frequency of
myeloid cell subsets on day 15. Data in A–H are expressed as mean ± SEM and are representative of at least three independent experiments; data shown
represent combined analysis of two independent experiments. WT (n = 8–9), Jaml−/− (n = 7–11) in D–H;WT (n = 12), Jaml−/− (n = 11) in I. *, P < 0.05; **, P < 0.01;
***, P < 0.001 as assessed by (A) log-rank P value or (B–I) Student’s t test.
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expression datasets. In the TCGA SKCM cohort, CXADR expres-
sion was decreased in metastatic lesions compared with primary
samples and compared with normal skin (derived from a head
and neck squamous cell carcinoma cohort; Fig. 5 F). In two ad-
ditional datasets that included benign melanoma nevi (Badal
et al., 2017; Talantov et al., 2005), CXADR was highly ex-
pressed at similar levels in both normal skin and benign mela-
noma nevi but was significantly decreased in primary malignant
lesions and through the stages of disease (T1–T4; Fig. 5, G and H).
In a third study (Hanniford et al., 2020), normal human mela-
nocytes expressed low levels of CXADR, consistent withwhat was
found formousemelanocytes, whereas short-term cultures (STCs)
of primary melanoma, but not metastatic melanoma from LN or
bone marrow, expressed significantly higher levels of CXADR
(Fig. 5 I). Together with our analysis of CXADR expression in the
mouse B16F10 melanoma model, these results show that CXADR
expression is low on normal melanocytes, is increased during
early stages of melanoma growth, and is then progressively lost
during malignant transformation and tumor growth.

JAML costimulation activates effector CD8 and γδ T cells
We previously described a noncompetitive JAML agonist anti-
body (HL4E10) that can be used to costimulate DETCs but not
naive lymphoid CD8 and γδ T cells, consistent with their low

expression of JAML (Fig. 1 D; Witherden et al., 2010). To de-
termine the effects of JAML agonism on previously activated
T cells, we activated and expanded naive CD8 and γδ T cells
sorted from WT mouse splenocytes and then tested restim-
ulation in vitro via anti-CD3 plus either anti-CD28 or anti-JAML
(HL4E10) agonist antibodies. After expansion, the majority of CD8
T cells expressed JAML (Fig. 6 A). JAML costimulation of expanded
CD8 T cells resulted in significant up-regulation of the T cell acti-
vation marker CD69 and increased production of TNFα and IFNγ
(Fig. 6, B and C). Following expansion, JAML was also highly ex-
pressed on splenic γδ T cells (a mixture of lymphoid Vγ1.1+, Vγ2+,
and Vγ1.1−Vγ2− subsets; Fig. 6 D). JAML costimulation of expanded
γδ T cells induced increased expression of CD69, TNFα, and IFNγ
(Fig. 6, E and F). In agreement with a less central role of CD28 in
activation of γδ T cells (Ribot et al., 2012), JAML was more effective
in inducing γδ T cell activation than CD28 (Fig. 6, E and F). Col-
lectively, these data reveal JAML’s role as a costimulatory molecule
for CD8 and lymphoid γδ T cell subsets after initial T cell priming.

Anti-JAML agonism in combination with PD-1 blockade limits
tumor growth in vivo
Based on the above results, we next sought to determine
whether the JAML–CXADR axis could be exploited therapeuti-
cally via anti-JAML agonism in vivo. To test antitumor efficacy,

Figure 3. JAML supports initial γδ T cell activation in response to tumor growth. (A–H) Tumor tissue was isolated from WT and Jaml−/− mice on day 11
after B16F10 tumor challenge and analyzed by flow cytometry. (A) Representative flow cytometry plots of γδ TIL subsets and frequency of Vγ1.1+, Vγ2+, and
Vγ1.1−Vγ2− γδ T cells within γδTCR+ TILs (n = 4/group). (B and C) Frequency of (B) IFNγ production by γδ TIL and (C) total IFNγ+ γδ TILs (n = 7–9/group).
(D) Representative histogram and quantification of T-bet expression by γδ TILs (fold change comparedwithWTmean). (E) Representative flow cytometry plots of γδ TIL
PD-1 and Eomes expression. (F) Frequency of PD-1 expression by γδ TILs. (G and H)Quantification of (G) Eomes and (H) Ki67 MFI by γδ TIL (fold change compared with WT
mean). Data in A–H are expressed as mean ± SEM and are representative of at least three independent experiments; B–H show the results of combined analysis of two
independent experiments. (B and C)WT (n = 7) and Jaml−/− (n = 9). (D and F–H)WT (n = 8–10) and Jaml−/− (n = 10–11). *, P < 0.05; **, P < 0.01; Student’s t test (B–H).

McGraw et al. Journal of Experimental Medicine 6 of 16

JAML promotes CD8 and γδ T cell antitumor immunity https://doi.org/10.1084/jem.20202644

https://doi.org/10.1084/jem.20202644


we treated tumor-bearing mice with anti-JAML alone and in
combination with anti–PD-1 (Fig. 7 A). Anti-JAML alone signif-
icantly slowed the growth of B16F10 tumors and extended
survival (Fig. 7, B and C). On day 16 after tumor challenge, anti-
JAML–treated mice had a 48.3% reduction in average tumor size
compared with isotype-treated mice. In this model, anti–PD-1
treatment alone also delayed B16F10 tumor growth (Fig. 7, B and
C). However, the combination of anti-JAML and anti–PD-1 re-
sulted in a further 39.2% reduction in tumor size compared with
anti–PD-1 alone by day 19 after tumor challenge and led to a sig-
nificant improvement in survival in this model (Fig. 7, B and C).

To confirm that findings were not specific to the B16F10
melanoma model, we tested anti-JAML treatment in the

heterotopic MC38 colon adenocarcinoma model. As with B16F10
melanoma, a high percentage (70–80%) of both CD8 and γδ TILs,
but not CD4 TILs, in MC38 tumors expressed JAML (Fig. 7 D).
Mice were treated with anti-JAML alone and in combination
with anti–PD-1 following intradermal injection of MC38 tumor
cells (Fig. 7 A). Unlike B16F10 melanoma, MC38 tumors did not
exhibit a significant response to anti-JAML treatment alone with
no decrease in tumor size or improved animal survival following
treatment (Fig. 7, E and F). We additionally found that ex-
pression of CXADR was significantly increased in bulk MC38 tu-
mor tissue compared with B16F10 tumor tissue following isolation
on day 15 after tumor challenge (Fig. S5 A), which may limit the
sensitivity to JAML agonism. MC38 tumors were sensitive to

Figure 4. CD8 T cells in Jaml−/−mice display increasedmarkers of exhaustionwithin tumor tissue. (A–D) Tumor tissue was isolated fromWT and Jaml−/−

mice on day 11 or 15 after B16F10 tumor challenge and analyzed by flow cytometry. (A) Representative flow cytometry plots and frequency of TNFα and IFNγ
production by CD8 TILs on days 11 and 15 (n = 5–6/group). (B and C) Representative histograms and quantification of (B) T-bet and (C) Eomes MFI by CD4 and
CD8 TILs (fold change compared withWT CD4 TIL mean; n = 10/group) on day 11. (D) Representative flow cytometry plots and frequency of PD-1+Eomes+ CD8
TILs (n = 10/group) on day 11. Data in A–D are expressed as mean ± SEM and are representative of at least three independent experiments; B–D show the
results of combined analysis of two independent experiments. *, P < 0.05; **, P < 0.01; ****, P < 0.0001; Student’s t test.
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anti–PD-1 treatment, reducing tumor volume and improving
overall survival, consistent with previous reports (Fig. 7, E
and F; Juneja et al., 2017). However, the combination of anti-
JAML and anti–PD-1 resulted in significant reduction in tumor
growth compared with anti–PD-1 alone, although this did not
lead to a significant difference in median survival (Fig. 7, E
and F). These results suggest that JAML agonism can improve
the efficacy of PD-1 blockade in multiple tumor models in a
manner that is not strictly dependent on CXADR expression
within the TME.

Anti-JAML therapy modulates intratumoral CD8 and γδ T cells
To investigate the effects of anti-JAML treatment on TILs
in vivo, we challengedWTmice with B16F10 melanoma, treated
mice with either isotype IgG or anti-JAML antibodies on day 7
after tumor challenge, and then profiled TIL numbers and ac-
tivation 5 d later, on day 12 after tumor challenge. At this time
point, anti-JAML treatment did not alter CD4, CD8, or γδ TIL
numbers or ex vivo cytokine production (Fig. S5, B–F). How-
ever, in anti-JAML–treated mice, a higher percentage of γδ TILs
expressed the activation marker CD69 (Fig. 7 G), consistent with

Figure 5. CXADR expression decreases during progression of both mouse and human melanoma. (A) B16F10 melanoma cells were cultured in vitro and
analyzed by flow cytometry. Representative histogram of CXADR expression. (B) B16F10 tumor tissue was isolated from WT mice on day 11 tumor challenge,
processed, and imaged by confocal microscopy. Representative image of CXADR (red) and DAPI (blue) staining; scale bar = 100 µm. (C and D) mRNA was
isolated from epidermal and B16F10 tumor tissue in WT mice and analyzed by quantitative PCR. CxadrmRNA expression in (C) mouse epidermis (n = 4) versus
bulk B16F10 tumor tissue (n = 5) on day 15 after tumor challenge and (D) bulk B16F10 tumor tissue on day 11 (n = 4) versus day 15 (n = 5) after tumor challenge.
(E–I) Expression of CXADR was analyzed in publicly available gene expression datasets. (E) Cxadr mRNA expression by mouse melanocytes and epidermal
tissue in GEO accession no. GSE138538 (n = 4/group). (F) CXADRmRNA expression in TCGA datasets; normal skin (head and neck squamous cell carcinoma; n =
44), primary melanoma (SKCM; n = 103), malignant melanoma (SKCM; n = 366). (G) CXADR mRNA expression in GEO accession no. GSE3186 dataset; normal
skin (n = 7), benign nevi (n = 18), malignant melanoma (n = 45). (H) CXADR mRNA expression in GEO accession no. GSE98394 dataset; benign nevi (n = 27),
primary T1 (n = 10), T2 (n = 10), T3 (n = 16), T4 (n = 14) melanoma. (I) CXADR mRNA expression in GEO accession no. GSE138711 dataset; melanocytes (n = 5),
primary STC (n = 3), LN STC (n = 5), bone marrow (BM) STC (n = 5). Data in A–D are representative of at least two independent experiments. Data in C–I are
expressed as mean ± SEM. *, P < 0.05; **, P < 0.01; ****, P < 0.0001; Student’s t test (C–E) and ANOVA with post hoc Tukey’s test (F–I).
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the effects of JAML costimulation on effector γδ T cells in vitro. A
similar increase in CD69 expression was not observed on CD8
TILs in anti-JAML–treated mice (Fig. S5 G). However, a lower
frequency of CD8 TILs in anti-JAML–treated mice displayed a
dysfunctional phenotype measured by coexpression PD-1 and
Eomes (Fig. 7 H). Together, these results suggest that anti-JAML
agonism increases the activity of both CD8 and γδ TILs, resulting
in improved control of tumor growth.

The antitumor effect of anti-JAML agonism is target
dependent and requires the presence of both CD8 and γδ
T cells
To confirm on-target engagement of host immune cells in vivo,
we tested the antitumor efficacy of anti-JAML in WT versus
Jaml−/− mice. As anticipated, tumor growth in WT mice treated
with anti-JAML was reduced compared with WT mice treated
with isotype IgG antibody. However, this antitumor effect was

Figure 6. JAML costimulation activates effector CD8 and γδ T cells. (A–E) CD8 and γδ T cells fromWTmice were expanded ex vivo and then analyzed by
flow cytometry before and after overnight costimulation via CD28 or JAML. (A) Representative flow cytometry plots of JAML expression by expanded CD8
T cells before costimulation. (B) Representative histogram and quantification of CD69 MFI (fold change compared with unstimulated condition) by CD8 T cells
after costimulation. (C) Representative flow cytometry plots and frequency of TNFα and IFNγ production by expanded CD8 T cells after costimulation.
(D) Representative histogram of JAML expression by expanded γδ T cells. (E) Representative histogram and quantification of CD69 MFI (fold change compared
with unstimulated condition) by γδ T cells after costimulation. (F) Representative flow cytometry plots and frequency of TNFα and IFNγ production by ex-
panded γδ T cells after costimulation. Data are expressed as mean ± SEM and are representative of three independent experiments. (B and C) n = 3 replicates per
condition. (E and F) n = 3–4 replicates per condition. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ANOVA with post hoc Tukey’s test (B, C, E, and F).
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completely lost in Jaml−/− mice, which confirms that the effect of
anti-JAML treatment is mediated through host immune cells and
excludes any possible interactions with tumor cells or nonspe-
cific effects of antibody treatment (Fig. 8, A and B).

We next sought to address the contribution of both CD8 and
γδ T cells to the effect of anti-JAML treatment in vivo. To test the
impact of γδ T cells on the antitumor effect of anti-JAML in vivo,
we challenged WT and Tcrd−/− C57BL/6J mice with B16F10
melanoma and treated each group with either isotype IgG or
anti-JAML antibodies (Fig. 7 A). Strikingly, the antitumor effi-
cacy of anti-JAML treatment observed in WT mice was not seen
in Tcrd−/− mice, demonstrating that γδ T cells are required for
the antitumor effects of anti-JAML treatment (Fig. 8, C and D).
To assess the contribution of CD8 T cells, we treated WT mice
with either isotype IgG or depleting anti-CD8 antibodies starting
on day 4 after tumor challenge and then concurrently with
isotype IgG or anti-JAML antibodies on days 7, 10, and 13. De-
pletion of CD8 T cells was confirmed by flow cytometric analysis

of peripheral blood T cells collected on day 11 (Fig. S5 H). The
effect of anti-JAML treatment was abrogated in the CD8 T cell–
depleted mice compared with the nondepleted animals (Fig. 8, E
and F). These results demonstrate that the antitumor effect of
anti-JAML agonism is dependent on the presence of both CD8
and γδ T cells in vivo.

Discussion
To date, the focus of cancer immunotherapy has centered on
reversal of T cell dysfunction and the role of inhibitory receptors
within the TME (Thommen and Schumacher, 2018). Equally
important, however, is the elucidation of mechanisms required
to promote and sustain TIL activity within the context of an
immunosuppressive TME. In our previous work, we identified
JAML–CXADR interactions as a unique costimulatory mecha-
nism that controls activation of tissue-resident γδ T cells in the
context of wound healing (Witherden et al., 2010). Given the

Figure 7. Anti-JAML agonism in combination with PD-1 blockade limits tumor growth in vivo. (A–C)WT mice were challenged with B16F10 melanoma
and treated with isotype IgG, anti-JAML, anti–PD-1, or anti–PD-1 plus anti-JAML antibodies (combination) antibodies. (A) Timing of antibody treatments. (B and
C) (B) Tumor growth and (C) mouse survival (n = 8–11/group). (D)MC38 tumor tissue isolated fromWT mice on day 15 after tumor challenge was analyzed by
flow cytometry. Representative flow cytometry plots of JAML expression by CD4, CD8, and γδ TILs. (E and F) WT mice were challenged with MC38 colon
adenocarcinoma and then treated and monitored as in B and C. (E) Tumor growth and (F) mouse survival (n = 10/group). (G and H)Mice were challenged with
B16F10 melanoma and treated with isotype IgG or anti-JAML antibodies on day 7 after tumor challenge. Tumor tissue was isolated and analyzed by flow
cytometry on day 12. Representative flow cytometry plots and frequency of (G) γδ TIL CD69 (n = 6–9/group) and (H) PD-1+Eomes+ CD8 TILs (n = 9–10/group).
Data in B–H are expressed as mean ± SEM and represent a combined analysis of two (D–H) or three (B and C) independent experiments. *, P < 0.05; **, P <
0.01; ***, P < 0.001; ****, P < 0.0001 as assessed by (B and E) ANOVA with post hoc Tukey’s test, (C and F) Kaplan-Meier log-rank P value, or (G and H)
Student’s t test.
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important roles of γδ T cells in antitumor immunity and evi-
dence that JAML–CXADR interactions may also be important for
CD8 T cell and myeloid cell responses (Luissint et al., 2008; Guo
et al., 2009), we sought to define the role of JAML–CXADR in-
teractions in antitumor immunity.

Initial analysis of human cancer gene expression datasets
revealed that high expression of JAML was a favorable prog-
nostic factor in certain cancer types, most notably head and
neck, lung, and melanoma, and for response to anti–PD-1 in the
context of metastatic melanoma. To identify roles of JAML–
CXADR interactions within the TME, we used the mouse B16F10
melanomamodel and found that a large fraction of both CD8 and
γδ TILs expressed JAML, whereas expression on resting lym-
phoid subsets was significantly lower. In vitro, we demonstrated
that naive CD8 and γδ T cells up-regulate JAML shortly after
activation and can then be further activated by JAML co-
stimulation. These data suggest that JAML is an important ac-
tivation molecule for effector CD8 and γδ T cell responses after
initial T cell priming and infiltration into the TME. In support of
this hypothesis, Jaml−/− mice were more susceptible to tumor
formation and had accelerated B16F10 melanoma growth com-
pared withWTmice, which was associated with decreased levels
of activation in γδ TILs and increased markers of CD8 TIL dys-
function. Although JAML is also expressed by myeloid cell
subsets, most notably on intratumoral DCs, JAML knockout does
not appear to impact myeloid cell infiltration or persistence in
the TME. Based on these results, we focused our investigation on

the impact of JAML–CXADR interactions in antitumor immunity
on CD8 and γδ T cells.

Tissue-resident γδ T cells constitutively express JAML, and
signaling via interactions with CXADR is a primary mechanism
of activation (Witherden et al., 2010). We previously found that
resting lymphoid γδ T cells do not respond to JAML co-
stimulation, but other potential roles of JAML on these subsets
were not examined (Witherden et al., 2010). Here we found that
lymphoid γδ T cell subsets, but not DETCs, infiltrated into
B16F10melanoma tumors and that accumulation of these subsets
within the TME was impaired in Jaml−/− mice. Furthermore, γδ
TILs in Jaml−/− mice displayed lower levels of activation, as as-
sessed by decreased numbers of IFNγ-producing cells and re-
duced T-bet expression compared with WT mice. In contrast to
CD8 TILs, this defect in γδ TIL activation was not associated with
changes in PD-1 or Eomes expression. Additionally, similar ex-
pression of the proliferation marker Ki67 by γδ TILs in WT and
Jaml−/− mice at an early stage of tumor growth supports the
notion that JAML is more important for initial γδ T cell acti-
vation and tumor infiltration than proliferation and survival
within the TME. Together with in vitro costimulation via JAML,
these data suggest that JAML is also an important costimulatory
signal to lymphoid γδ T cells.

Prior studies have reported JAML expression on human mem-
ory (CD45RO+) CD8 T cells in peripheral blood (Luissint et al.,
2008) and, more recently, by CD8 TILs of both human lung can-
cer and head and neck cancer in single-cell RNA-sequencing

Figure 8. The antitumor effect of anti-JAML ago-
nism is target dependent and requires the pres-
ence of both CD8 and γδ T cells. (A–F) Mice were
challenged with B16F10 melanoma and treated with
isotype IgG or anti-JAML antibodies on days 7, 10, and
13 after tumor challenge. (A and B) (A) Tumor growth
in and (B) survival of WT versus Jaml−/− mice (n =
11–15/group). (C and D) (C) Tumor growth in and (D)
survival of WT versus Tcrd−/− mice (n = 6–8/group).
(E and F) (E) Tumor growth in and (F) survival of WT
mice with or without CD8 T cell depletion (n = 9–11/
group). Data in A–F represents a combined analysis of
two independent experiments. Data in A, C, and E are
expressed as mean ± SEM. *, P < 0.05; **, P < 0.01;
***, P < 0.001; ****, P < 0.0001; (A, C, and E) ANOVA
with post hoc Tukey’s test or (B, D, and F) Kaplan-
Meier log-rank P value.
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studies (Clarke et al., 2019; Yost et al., 2019). However, a role for
JAML–CXADR interactions inmediating CD8 T cell responses has
not been characterized. In the B16F10 tumor model, initial CD8
T cell infiltration was not reduced in Jaml−/−mice compared with
WTmice, which suggests that JAML–CXADR interactions are not
critical for CD8 TIL tumor homing. However, at an early stage of
tumor growth (day 11), Jaml−/− CD8 TILs displayed markers of
increased T cell dysfunction, as assessed by increased expression
of PD-1 and Eomes with decreased levels of T-bet, TNFα, and
IFNγ compared with WT CD8 TILs. Consistent with this im-
paired phenotype, CD8 TIL numbers in Jaml−/− mice were re-
duced compared with WT mice at a later stage of tumor growth.
By this later time point (day 15), CD8 TIL cytokine production
was similar in WT and Jaml−/− mice, which may be due to de-
creased CXADR expression observed during tumor progression
or other mechanisms that limit JAML-CXADR–mediated antitu-
mor immunity. These data, together with the ability to induce
effector CD8 T cell activation via JAML costimulation in vitro,
strongly support the notion that direct JAML signals are im-
portant for CD8 TIL responses in vivo.

CXADR has been studied as a target for adenovirus-based
gene therapy in human cancers (Bergelson et al., 1997; Li et al.,
1999b; Li et al., 1999a), but only a small number of studies have
outlined specific functions in the context of tumor growth and
progression. Loss of CXADR expression has been associated with
increased growth of human bladder cancer, an increased rate of
gastric cancer metastasis, and epithelial–mesenchymal transi-
tion in breast cancer (Matsumoto et al., 2005; Lacher et al.,
2006; Anders et al., 2009; Nilchian et al., 2019). However, po-
tential roles of CXADR expression in melanoma development
and progression have not been characterized. In both mouse and
human melanoma, we found evidence that CXADR expression is
higher during early stages of tumor growth than on normal
melanocytes. These data suggest that, as in the context of epi-
thelial wound healing (Witherden et al., 2010), CXADR may act
as a tissue stress signal to promote immune responses. However,
CXADR expression significantly decreases as melanoma lesions
progress, which may limit immune responses within the TME
and allow increased tumor growth. Although CXADR expression
was not associated with response to PD-1 blockade in a small
cohort of patients with metastatic melanoma, these findings
highlight the need for further investigation into the impact of
CXADR down-regulation on antitumor immunity and response
to immunotherapy during tumor progression.

Although the loss of CXADR expression with increased ma-
lignancy in human melanoma samples is striking, this phe-
nomenon does not appear to be generalizable to all cancer types. In a
separate study that analyzed both normal and malignant tissues,
CXADR expression was increased in certain cancers, such as lung,
cervical, and basal cell cancers, but was decreased in others, such as
colon, prostate, and kidney cancers, compared with normal tissues
(Reeh et al., 2013). Additionally, other studies have reported both
increased and decreased expression of CXADR in response to cyto-
kines such as TNFα, IFNγ, and TGFβ (Nilchian et al., 2019; Vincent
et al., 2004; Zussy et al., 2016; Ito et al., 2000). Together, these data
suggest that regulation of CXADR expression is highly context de-
pendent and likely dependent on the cancer type and tissue of origin.

In the B16F10 melanoma tumor model, treatment with an
agonist anti-JAML antibody limits tumor growth and potentiates
the efficacy of anti–PD-1 blockade. Furthermore, anti-JAML treat-
ment improves the efficacy of anti–PD-1 in the more immunogenic
MC38 tumor model (Juneja et al., 2017). Mechanistically, we show
that anti-JAML treatment is associated with markers of increased
γδ TIL activation and reduced CD8 TIL dysfunction. To determine
the dependence of anti-JAML treatment on both CD8 and γδ T cells,
we used antibody-mediated CD8 T cell depletion and Tcrd−/− mice,
respectively. Notably, we show that the presence of both CD8 and
γδ T cells is required for the antitumor efficacy of anti-JAML
treatment in the B16F10 model. The loss of anti-JAML antitumor
efficacy upon CD8 T cell depletion clearly demonstrates that CD8
T cells are required to mediate anti-JAML–induced antitumor im-
munity. Additionally, loss of γδ T cells also results in a defective
antitumor immune response that cannot be rescued by anti-JAML
treatment, which is consistent with previous data that demon-
strated CD8 TIL dysfunction in the absence of γδ T cells (Gao et al.,
2003). Based on the known antitumor functions of γδ T cells in a
variety of tumor models and the central role of CD8 T cells in re-
sponse to immunotherapies (Girardi et al., 2001; Gao et al., 2003;
Silva-Santos et al., 2019), we expect that that the presence of both
CD8 and γδ T cells is also required for the additive effect of anti-
JAML treatment in combination with PD-1 blockade in the MC38
tumor model. Together with the ability to costimulate effector
CD8 and γδ T cells via JAML in vitro, these results suggest that
CD8 and γδ TIL are targets of JAML agonism in vivo. However,
additional work is needed to determine whether JAML ago-
nism results in sequential or concurrent activation of CD8 and
γδ T cells and if myeloid cells are also a relevant target within
the TME.

Agonism of T cell costimulatory molecules is a promising
approach for cancer immunotherapy. Other T cell agonist
therapies currently in clinical evaluation include targeting the
B7-CD28 family members CD28 and inducible T cell costimulator
as well as TNF receptor superfamily molecules such as 4-1BB,
OX40, CD40L, and CD27 (Mayes et al., 2018). The addition of
costimulatory molecule signaling motifs to the intracellular do-
mains of chimeric antigen receptor T cells further underscores
their importance in maintaining an effective T cell–mediated
antitumor response (Schultz and Mackall, 2019; Mayes et al.,
2018). JAML agonism may prove to be a novel approach to pro-
vide T cell costimulation. Indeed, though JAML has classically
been studied as a junctional adhesion molecule, it shares ho-
mology with the CD28 intracellular signaling domain, which
contains a PI3K binding motif YMxM, supportive of its role as a
costimulatory molecule (Verdino et al., 2010).

Here we demonstrate that JAML–CXADR interactions are a
novel component of antitumor immunity that supports the
function of both CD8 and γδ TIL, and, correspondingly, this may
support a mechanism for why decreased CXADR expression
within melanoma correlates with increased malignancy. Im-
portantly, treatment with an agonist anti-JAML antibody can
increase activation of CD8 and γδ TILs, afford significant de-
creases in tumor burden, and improve responses of tumors
to anti–PD-1 blockade. Overall, these findings highlight an
important role of JAML–CXADR interactions in antitumor
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immunity and identify JAML as a target for improved cancer
immunotherapy.

Materials and methods
Mice
C57BL/6J WT mice were obtained from the rodent breeding
colony at The Scripps Research Institute (TSRI). Jaml−/− mice
were obtained from Eli Lilly (project T3889 KO; line 3492), and
Tcrd−/− mice were obtained from The Jackson Laboratory.
Strains were maintained under standard specific-pathogen-
free TSRI vivarium conditions. Mice were used for experiments
at 8–10 wk of age. All procedures were approved by the TSRI
Institutional Animal Care and Use Committee.

Mouse tumor models
B16F10 melanoma cells were kindly provided by Dr. Linda
Sherman (TSRI, La Jolla, CA). MC38 cells were kindly provided
by Dr. John Teijaro (TSRI, La Jolla, CA). Tumor cells were grown
in complete DMEM (Invitrogen) supplemented with 10% heat-
inactivated FCS. For tumor challenge studies, mice were shaved
24–48 h before tumor injection. For tumor cell injections, cells
were detached using 0.05% trypsin-EDTA (Invitrogen), washed,
and suspended in 1× Dulbecco’s PBS (DPBS). Cells were then
injected intradermally with a 1-ml syringe and a 25-gauge needle
in a total volume of 100 µl. To determine tumor latency, mice
were injected with 105 B16F10melanoma cells and assessed daily
for palpable tumors. To measure tumor growth rates, mice were
injected with either 5 × 105 B16F10 or 2 × 105 MC38 cells. After
tumor formation, tumor growth was measured using calipers
every 2–3 d. Tumors were measured in two directions along the
long (D) and short (d) axes in order to calculate tumor volume
(0.5 × D × d2). Mouse survival was tracked until tumors grew to
1,200 mm3 in size. Mice that developed severe tumor ulceration
or cachexia during experiments were euthanized. For in vivo
antibody treatments, mice were treated with low-endotoxin,
functional grade anti-JAML (clone HL4E10; Verdino et al., 2011;
produced at the Scripps California Institute for Biomedical Re-
search), anti–PD-1 (clone RMP1-14; Leinco), rat IgG2a isotype
(clone 1-1; Leinco), or Armenian hamster IgG (clone PIP; Leinco)
antibodies. 200 µg of each antibody was diluted in 1× DPBS and
administered via i.p. injection in a total volume of 200 μl. Anti-
bodies were administered on days 7, 10, and 13 after tumor chal-
lenge for tumor growth studies and on day 7 for analysis of TILs
by flow cytometry. For CD8 T cell depletion studies, mice were
treated with 200 µg anti-CD8 (clone YTS-169; Leinco) or rat IgG2a
isotype (clone 1-1; Leinco) antibodies starting on day 4 after tumor
challenge and then concurrently with Armenian hamster IgG or
anti-JAML antibodies on days 7, 10, and 13 after tumor challenge.

Tissue processing and flow cytometry
B16F10 tumor tissue was isolated from mouse skin, and sur-
rounding epidermal and dermal skin tissue was removed using a
scalpel. Tumors were weighed and then briefly minced and di-
gested in RPMI 1640 medium (Invitrogen) supplemented with
0.5mg/ml collagenase type IV (Fisher Scientific), 0.1mg/ml DNase
I (Sigma-Aldrich), and 1 mg/ml trypsin inhibitor (Sigma-Aldrich)

at 37°C with shaking for 45 min. Samples were then filtered
through 70-µm mesh strainers, washed in 1× PBS, and treated
with 1× RBC lysis buffer (BioLegend). The spleen and LNs were
dissociated through 70-µm mesh strainers. Spleen samples
were additionally treated with 1× RBC lysis buffer. For ex vivo
restimulation for cytokine detection, samples were plated in
96-well round-bottomed plates (Thermo Fisher Scientific) at a
concentration of 2 × 106 cells per well in complete RPMI medium
supplemented with 10% FCS, 50 ng/ml PMA (Sigma-Aldrich),
500 ng/ml ionomycin (Sigma-Aldrich), and 4 µg/ml monensin
(Sigma-Aldrich) for 4 h at 37°C. Cells were stained with conju-
gated antibodies in 1× DPBS supplemented with 2% FCS and
0.05% sodium azide (Fisher Scientific). For intracellular staining
of cytokines and transcription factors, cells were fixed and
permeabilized using BD Cytofix/Cytoperm or eBioscience Foxp3/
transcription factor staining kits. Stained cells were quantified
by flow cytometry on LSR II (BD Biosciences) or Aurora (Cytek)
analyzers (TSRI Flow Cytometry Core). Flow cytometric data
were analyzed using FlowJo software (BD Biosciences).

Flow cytometry antibodies
B16F10 cells grown in vitro were stained with unconjugated rat
anti-mouse CXADR (provided by Dr. Luc Teyton, TSRI, La Jolla,
CA) followed by fluorescein-conjugated rabbit anti-rat IgG sec-
ondary antibody (Vector Laboratories). The following fluo-
rescently conjugated primary antibodies were purchased from
BioLegend: antibodies against mouse CD3ε (clone 145-2C11;
PerCpCy5.5), CD4 (clone GK1.5; PerCpCy5.5, Pacific Blue [PB]),
CD8 (clone 53-6.7; allophycocyanin [APC], Brilliant Violet (BV)
605, PE-Cy7), CD11b (clone M1/70; BV421), CD11c (clone N418;
APC), CD44 (clone IM7; FITC), CD45 (clone 30-F11; BV605),
CD62L (clone MEL-14; BV605), CD69 (clone H1.2F3; FITC,
BV605), F4/80 (clone BM8; PE-Cy7), γδTCR (clone GL3; BV605,
FITC, PE-Cy7), IFNγ (clone XMG1.2; PE), IL-17A (clone TC11-
18H10.1; PerCpCy5.5), JAML (clone HL4E10; Alexa Fluor 647),
Ki67 (clone 16A8; PE), Ly6C (clone HK1.4; FITC), Ly6G (clone
1A8; PerCpCy5.5), MHCII (I-A/I-E; clone M5/114.15.2; PE), PD-1
(clone 29F.1A12; PerCpCy5.5), T-bet (clone 4B10; APC), TCRβ
(cloneH57-597; PB), Thy1.2 (clone 30-H12; PB, PE-Cy7), TNFα (clone
MP6-XT22; APC, BV421), Vγ1.1 (clone 2.11; PE), and Vγ2 (clone UC3-
10A6; FITC, APC). Antibodies against mouse Eomes (clone Dan11-
mag; PE) and granzyme B (clone GB11; FITC) were purchased from
Invitrogen and BD Biosciences, respectively. Fixable viability dye
(eFluor 780) was purchased from eBioscience.

Tumor section imaging
B16F10 tumors were processed and stained for imaging as pre-
viously described (Rashidian et al., 2019). Briefly, tumors were
fixed in 4% paraformaldehyde overnight and then dehydrated in
a 30% solution of sucrose dissolved in 1× DPBS for 48 h. Tumors
were then frozen in optimal cutting temperature media (VWR)
on dry ice. Tissue was sectioned at 14 µm onto slides and then
fixed in acetone at −20°C for 20min. Slides were washed with 1×
DPBS and blocked with 2% FCS for 1 h. Tissue was then stained
with a 1:50 dilution of primary unconjugated anti-CXADR (clone
H-300, 200 µg/ml; Santa Cruz Biotechnology) or an equivalent
amount of polyclonal rabbit IgG isotype control (BioLegend)
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antibodies for 1 h followed by staining with a 1:1,000 dilution of
goat anti-rabbit Alexa Fluor 555 secondary antibody (Abcam)
and a 1:1,000 dilution of DAPI (1 mg/ml stock). Slides were
imaged using a Zeiss LSM 780 confocal laser scanning micro-
scope (TSRI Microscopy Core), and images were processed
using Imaris software (Oxford Instruments).

RNA isolation and quantitative PCR
Skin and tumor tissue were briefly minced in 1.7-ml Eppendorf
tubes and then lysed in TRIzol reagent (Thermo Fisher Scien-
tific). RNA was isolated from the aqueous phase after phenol-
chloroform extraction. cDNA was generated using SuperScript III
reverse transcription (Thermo Fisher Scientific) with random
hexamers.mRNA transcripts were quantified via quantitative PCR
using SYBR Green Master Mix (Bio-Rad Laboratories) and nor-
malized to β-actin. Primer sequences were as follows: Actb: for-
ward, 59-GATCTGGCACCACACCTTCT-39 and reverse, 59-GGGGTG
TTGAAGGTCTCAAA-39; Cxadr: forward, 59-AATGGCTGATATCCC
CGTCT-39, and reverse, 59-ATAGATGCGTCGCCAGACTT-39.

Gene expression analysis
Patient survival data across all TCGA cohorts were generated
using the Tumor Immune Estimation Resource website (https://
cistrome.shinyapps.io/timer/; Li et al., 2016). Additional analy-
sis of gene expression in the SKCM TCGA cohort was performed
by downloading data with the TCGA2STAT R package (https://rdrr.
io/cran/TCGA2STAT/). Survival z-scores were obtained from the
PRECOGdatabase (https://precog.stanford.edu/). GSE3186,GSE98394
GSE138711, GSE47045, and GSE138538 gene expression datasets were
downloaded from the National Center for Biotechnology Information
Gene Expression Omnibus (GEO) website. Datasets were analyzed
in R.

In vitro expansion of CD8 and γδ T cells
CD8 and γδ T cell splenocytes were sorted on a Sony MA900
chip cuvette sorter into RPMIc supplemented with 20% FCS.
Sorted splenic CD8 T cells were expanded in vitro with anti-CD3
plus anti-CD28 for 48 h, followed by additional culturing with
IL-2 for 72 h. Briefly, 6-well, flat-bottomed tissue culture plates
were incubated with 50 µg/well goat anti-hamster IgG (Thermo
Fisher Scientific) for 2 h at 37°C. Wells were then washed twice
with RPMIc with 10% FCS added. 2 × 106 CD8 T cells were plated
in eachwell with 1 µg/ml soluble hamster anti-mouse CD3 (clone
500A2) and 1 µg/ml anti-CD28 (clone 37.51). CD8 T cells were
activated at 37°C for 48 h and then transferred into RPMIc with
10% FCS and 100 U/ml IL-2 added for an additional 72 h. To
expand sorted splenic γδ T cells in vitro, 96-well, flat-bottomed
tissue culture plates were incubated with 10 µg/ml anti-γδ
TCR (clone GL3) for 2 h at 37°C and then washed twice with
RPMIc with 10% FCS added. 50,000 γδ T cells were plated in
each well and incubated for 72 h at 37°C and then transferred
into RPMIc supplemented with 10% FCS and 100 U/ml IL-2 for
an additional 72 h.

Costimulation assays
For CD8 T cell costimulation assays, 12-well, flat-bottomed tissue
culture plates were coatedwith a range of anti-CD3 (clone 500A2)

concentrations (0, 0.1, 0.5, or 1 µg/ml) plus 10 µg/ml Armenian
hamster IgG, anti-CD28 (clone 53-6.7), or anti-JAML (HL4E10)
for 2 h at 37°C and then washed twice with RPMIc with 10% FCS
added. For γδ T cell costimulation assays, wells were coated
with 0.5 µg/ml anti-CD3 (clone 500A2) plus 10 µg/ml Arme-
nian hamster IgG, anti-CD28 (clone 53-6.7), or anti-JAML
(HL4E10) as described above. Wells coated with 10 µg/ml of
Armenian hamster IgG alone were used as a negative control,
and 10 µg/ml of anti-CD3 was used as a positive control for
stimulation of γδ T cells. 2.5 × 105 expanded CD8 or γδ T cells
(as described above) were added to coated wells for 24 h at 37°C
before staining for FACS analysis. To detect cytokine produc-
tion, 4 µg/ml of monensin was added to each well for the last 4 h
of incubation before staining for flow cytometric analysis.

Statistics
Data shown are representative of at least two or three inde-
pendent experiments. Data are pooled between experiments
when applicable. Statistical analyses were performed using
GraphPad Prism version 8 software. Statistical testing and as-
sociated P values are listed in the figure legends. Statistically
significant data (P < 0.05) are noted in the figures.

Online supplemental material
Fig. S1 shows associations of CXADR expression with clinical
responses to PD-1 blockade in metastatic melanoma patients,
flow cytometry gating strategies for T cell and myeloid cell
subsets, and characterization of JAML expression by CD8 and γδ
T cells. Fig. S2 shows phenotypic analysis of splenic T cells in naive
WT and Jaml−/− mice. Fig. S3 shows characterization of Ki67 ex-
pression on TILs isolated fromWT and Jaml−/− mice on day 15 after
tumor challenge with B16F10 melanoma. Fig. S4 shows characteri-
zation of CD4TIL cytokine production on days 11 and 15 after B16F10
tumor challenge and CD4 and CD8 TIL granzyme B production on
day 11 after B16F10 tumor challenge. Fig. S5 shows Cxadr mRNA
expression in B16F10 versus MC38 tumor tissue, quantification
of TIL subsets and cytokine production following isolation from
B16F10 tumor tissue from mice treated with isotype IgG or anti-
JAML antibodies, and confirmation of in vivo CD8 T cell depletion.

Data availability
Jaml−/− C57BL/6J mice were obtained through an MTA with Eli
Lilly. All other data needed to evaluate the conclusions in the
paper are presented in the paper or the online supplemental
material.
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Supplemental material

Figure S1. Association of CXADR expression with response to PD-1 blockade and additional characterization of mouse CD8 and γδ T cell JAML
expression. (A) The association between CXADR expression in metastatic melanoma lesions before anti–PD-1 therapy and clinical outcomes was analyzed in a
previously published dataset (Liu et al., 2019). Kaplan-Meier plot of metastatic melanoma patients within the top and bottom quartiles of CXADR expression.
(B–D) B16F10 tumor tissue was isolated from WT mice on either day 11 or 15 after tumor challenge and analyzed by flow cytometry. (B) Representative flow
cytometry gating of T cell and myeloid cell subsets on day 15 after tumor challenge. SSC-A, side scatter area. (C) Representative flow cytometry gating of γδ TIL
subsets on day 15 after tumor challenge. (D) Frequency of JAML+ CD4, CD8, and γδ TILs on day 11 and day 15 after tumor challenge (n = 4–5/time point) and in
relation to tumor weight (n = 7–8). (E and F) Splenocytes were isolated from naive WTmice; stimulated ex vivo with PMA and ionomycin for 4, 24, or 48 h; and
then analyzed by flow cytometry. (E) Representative histograms and (F) frequency of JAML expression by CD4, CD8, and γδ T cells (n = 4/time point). (G) Gene
expression by lymphoid and tissue-resident T cell subsets was analyzed in the GEO accession no. GSE47045 dataset. Jaml mRNA expression by DETCs,
CD8 tissue-resident memory (Trm), and lymphoid CD8 T cell subsets (n = 3/group). Data in B–F are representative of at least three independent experiments.
Data in D, F, and G are expressed as mean ± SEM. Tcm, central memory T cell; Tem, effector memory T cell.
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Figure S2. Analysis of T cell splenocytes in naiveWT versus Jaml−/− mice. (A–H) Splenocytes were isolated from naive 8-wk-oldWT and Jaml−/− mice and
analyzed by flow cytometry. (A) Total splenocyte numbers (n = 7/group). (B–D) Frequency of (B) CD4, (C) CD8, and (D) γδ T cells (n = 4/group). (E and F) (E)
Representative flow cytometry plots of CD44 versus CD62L expression and (F) frequency of central memory (Tcm) and effector memory (Tem) T cell subsets
(n = 4/group). (G and H) (G) Representative flow cytometry plots and (H) frequency of TNFα and IFNγ production by splenic T cells following ex vivo
stimulation with PMA and ionomycin (n = 4/group). Data are expressed as mean ± SEM and are representative of two independent experiments.

Figure S3. Characterization of Ki67 expression by TILs inWT versus Jaml−/− mice on day 15 after B16F10 tumor challenge. (A and B) Tumor tissue was
isolated from WT and Jaml−/− mice on day 15 after B16F10 tumor challenge and analyzed by flow cytometry. (A) Representative histograms and (B) quan-
tification of Ki67 MFI by CD4, CD8, and γδ TILs (fold change compared withWT CD4 TIL mean; n = 12/group). Data are expressed as mean ± SEM and represent
combined data from three experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; Student’s t test.
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Figure S4. Ex vivo cytokine production by CD4 and CD8 TILs in WT versus Jaml−/− mice. (A and B) Tumor tissue was isolated from WT and Jaml−/− mice
on day 11 or 15 after B16F10 tumor challenge and analyzed by flow cytometry following ex vivo stimulation (WT, n = 5; Jaml−/−, n = 5–6). (A) Representative flow
cytometry plots and frequency of TNFα and IFNγ production by CD4 TILs on days 11 and 15 after tumor challenge. (B) Representative flow cytometry plots and
frequency of granzyme B production by CD4 and CD8 TILs on day 11 after tumor challenge. Data are expressed as mean ± SEM and are representative of at
least three independent experiments.
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Figure S5. B16F10 versus MC38 tumor Cxadr mRNA expression and B16F10 TIL numbers and cytokine production following anti-JAML treatment.
(A) B16F10 and MC38 tumor tissue was isolated from WT mice on day 15 after tumor challenge. Bulk tumor mRNA was isolated and analyzed by quantitative
PCR. Cxadr mRNA expression in B16F10 versus MC38 tumor tissue (n = 5/group). (B–G) WT mice were challenged with B16F10 melanoma and treated with
isotype IgG or anti-JAML antibodies on day 7 after tumor challenge. Tumor tissue was isolated on day 12 after tumor challenge and analyzed by flow cytometry.
(B) Frequency of Thy1.2+, CD4+, CD8+, and γδTCR+ TILs. (C and D) (C) Representative flow cytometry plots and (D) frequency of TNFα and IFNγ production by
CD4 and CD8 TILs following ex vivo stimulation. (E and F) (E) Representative flow cytometry plots and (F) frequency of IFNγ and IL-17A by γδ TILs following
ex vivo stimulation. (G) Frequency of CD69 expression by CD8 TILs (isotype IgG, n = 9; anti-JAML, n = 6). (H)WTmice were challenged with B16F10 melanoma
and treated with isotype IgG or anti-JAML antibodies and isotype IgG or anti-CD8 depleting antibodies on days 7 and 10 after tumor challenge. Peripheral blood
was collected on day 11 after tumor challenge and analyzed by flow cytometry. Representative flow cytometry plots of CD4 and CD8 T cells. Ham, hamster.
Data in A–H are representative of two independent experiments. Data in A, B, D, F, and G are expressed as mean ± SEM (B, D, and F; n = 9 isotype; n = 10 anti-
JAML). (A) **, P < 0.01; Student’s t test.
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