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Immunotherapy is potentially curative for patients with ad-
vanced hematological and solid malignancies (Restifo et al., 
2012; Kalos and June, 2013). CD8+ T cells play a prominent 
role in tumor clearance (Arens and Schoenberger, 2010; 
Zhang and Bevan, 2011), targeting tumor cells for destruction 
through use of effector molecules such as IFN-γ, TNF, and 
granzymes after ligation of their TCRs. However, this process 
is often blunted, and tumor-specific CD8+ T cells fail to me-
diate tumor regression despite their pronounced infiltration 
and the presence of cognate antigens (Ohashi et al., 1991; 
Kaech et al., 2002b; Mortarini et al., 2003; Overwijk et al., 
2003; Zippelius et al., 2004; Rosenberg et al., 2005; Harlin et 
al., 2006; Dranoff and Fearon, 2013). The reasons underlying 
this state of peripheral tolerance have largely been attributed 
to the negative regulatory milieu of the tumor microenvi-
ronment, inhibitory ligands, and diminished TCR signaling 
(Whiteside, 2006; Rabinovich et al., 2007; Janicki et al., 2008; 
Vazquez-Cintron et al., 2010; Gajewski et al., 2013; Maus et 
al., 2014). Many efforts to enhance antigen reactivity and cir-
cumvent this peripheral tolerance have focused on increasing 

TCR signal strength and generating highly functionally avid 
T cells. Strategies to bypass tolerance and increase avidity in-
clude TCR derivation from humanized HLA transgenic mice, 
affinity maturation using phage display, or amino acid substi-
tution using alanine screening (Zhao et al., 2007; Malecek et 
al., 2013). However these approaches are time consuming and 
many of the generated receptors elicit host rejection (Davis et 
al., 2010) and off-target toxicities (Linette et al., 2013; Mor-
gan et al., 2013). Furthermore, this is not tenable in the case 
of tumor-infiltrating lymphocytes (TILs) that contain poly-
clonal populations of T cells with low-affinity TCRs. Thus, it 
remains of paramount importance to identify novel targeta-
ble pathways to improve functional avidity to tumor antigens 
and, ultimately, sustained tumor killing.

The suppressors of cytokine signaling (SOCS) family, 
which consists of eight members (Socs1–7 and Cish), has 
long been observed to be involved in immune regulation 
(Endo et al., 1997; Naka et al., 1997; Starr et al., 1997; Hil-
ton et al., 1998). Socs1 and Socs3 in particular were found 
to have nonredundant roles in immunity, with immune-spe-
cific knockouts having aberrant T cell activation and skewed 
differentiation (Seki et al., 2003; Catlett and Hedrick, 2005; 
Davey et al., 2005; Tanaka et al., 2008; Taleb et al., 2009; 
Dudda et al., 2013). More recently, we have found that the 
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knockdown of Socs1 in adoptively transferred CD8+ T cells 
can improve their tumor-killing ability (Palmer and Restifo, 
2009; Dudda et al., 2013), whereas the role of other SOCS 
members in cancer immunology remain largely unknown 
(Palmer and Restifo, 2009).

We thought that targeting Cish, the founding member 
of the SOCS family, may have therapeutic potential for cancer 
immunotherapy. Cish is induced in T lymphocytes after TCR 
stimulation (Matsumoto et al., 1997; Li et al., 2000) or after 
the addition of cytokines such as IL-2 (Yoshimura et al., 1995; 
Jin et al., 2006). However, unlike Socs1, its role in immune 
regulation is less clear. Cish has been implicated as a positive 
regulator of CD4+ T cell proliferation (Li et al., 2000) and, 
conversely, as a negative regulator of CD4+ T cell–mediated 
allergic response (Yang et al., 2013). In the latter study, mice 
developed a late Th9-associated allergic immune response. 
More recently, polymorphisms in the CISH locus were found 
to be associated with susceptibility of several human infec-
tious diseases (Khor et al., 2010; Tong et al., 2012); however, 
the immunological basis for this remains unclear. Even less 
clear is the molecular means in which Cish regulates immune 
function. The SOCS family of molecules all share a central 
SH2 domain and a C-terminal SOCS box, and are thought 
to negatively regulate cytokine signaling by sequestering ac-
tivating signaling cascade components such as Janus kinases 
(JAKs; Yoshimura et al., 2007). This is accomplished by facili-
tating their degradation through an E3 ligase-like mechanism 
involving the recruitment of Elongin B and C with Cullin5 
to catalyze the polyubiquitination of bound target proteins 
(Zhang et al., 1999; Kamizono et al., 2001; Babon et al., 2006). 
Cish has been shown to interact with the IL-2, erythropoie-
tin, and growth hormone receptors (Landsman and Waxman, 
2005) and is thought to inhibit signal transducer and activator 
of transcription 5 (STAT5) phosphorylation by competing 
with activated receptor binding sites. Nevertheless, the no-
tion that Cish directly inhibits STAT5 phosphorylation and 
subsequent activation does not appear to be fully supported 
by the available evidence. STAT signaling is acute, with ac-
tivation occurring a few minutes after receptor–ligand bind-
ing; however, many of these studies evaluated Cish-mediated 
suppression several hours after activation and with discordant 
results (Matsumoto et al., 1997; Cohney et al., 1999; Endo et 
al., 2003; Uyttendaele et al., 2007). Despite these provocative 
and thorough studies, the immunological and molecular role 
of Cish remains obscure and controversial.

We sought to explore the role of Cish in CD8+ T cell 
biology and its molecular mode of action. In addition to TCR 
stimulation, we found that Cish expression is induced in tu-
mor-specific T cells that have infiltrated into antigen-relevant 
tumors. The deletion of Cish resulted in enhanced CD8+ 
T cell expansion, function avidity, and polycytokine release. 
Furthermore, the adoptive transfer of Cish-deficient CD8+ T 
cells resulted in profound and durable regression of a poorly 
immunogenic established cancer. Surprisingly, no differences 
in STAT5 phosphorylation or activation were observed in 

the absence of Cish. Instead, we uncovered a novel interac-
tion between Cish and a principle TCR signaling compo-
nent, PLC-γ1. Cish physically interacted with PLC-γ1 and 
targeted it for proteasomal degradation via polyubiquitina-
tion after TCR stimulation. These data reveal that Cish plays 
a significant role in CD8+ T cell biology by attenuating TCR 
signaling, functional avidity, and immunity to cancer through 
a novel molecular mode of action.

RES​ULTS
Cish is induced upon TCR stimulation  
and in the tumor microenvironment
We sought to explore the role of Cish in effector T cell im-
munity by evaluating its expression and the consequences 
of its deletion. To evaluate Cish expression, we stimulated 
naive-enriched CD8+ T cells (CD62L+CD44−) with plate-
bound αCD3 and evaluated mRNA and protein levels. We 
found that there was a basal level of Cish in naive T cells 
that was rapidly induced upon TCR stimulation, with expres-
sion increasing by several orders of magnitude a few hours 
after activation (Fig. 1, A and B). TCR stimulation initiates 
T cell differentiation, from naive to memory subsets. We 
observed a progressive increase in Cish mRNA upon dif-
ferentiation from naive, TCM and TEM effector states after in 
vivo stimulation (Fig. 1 C). We confirm and extend previous 
studies that Cish is induced after TCR stimulation (Li et al., 
2000) to CD8+ T cells.

Tumor progression occurs despite the infiltration of tu-
mor-specific T cells (Zippelius et al., 2004). We hypothesized 
that T cells interact with their target antigen on the tumor, 
and this TCR stimulation would induce Cish. To test this, we 
used the pmel-1 TCR transgenic tumor model, which uses 
a CD8+ T cell model specific against the melanoma/mela-
nocyte differentiation antigen gp100 (Overwijk et al., 2003), 
and evaluated Cish expression in T cell infiltrates from rele-
vant and irrelevant tissues. We found tumor-specific T cells 
in the tumor 6 d after adoptive transfer of naive congenically 
marked pmel-1 T cells into mice bearing the 3123 melanoma 
line expressing gp100 on their abdomen (Acquavella et al., 
2015; Fig. 1 D). The T cells in the antigen-relevant tumor, but 
not in the nondraining axillary lymph node, had pronounced 
up-regulation of Cish (Fig. 1, E and F). These findings indicate 
that Cish is dynamically up-regulated after TCR stimulation, 
progressive T cell differentiation, and in antigen-specific TILs.

To further explore the functional consequence of Cish 
expression in effector CD8+ T cells, we generated Cish 
knockout mice and a rapid PCR-based method for genotyp-
ing the mice (Fig. 1, G and H). Surprisingly, whole-mouse 
immunological characterization revealed no overt changes 
in CD4+/CD8+ cell ratios in the thymus (Fig.  1, I and J) 
or spleen (Fig. 1 K) between Cish−/− mice and age-matched 
WT littermates. Seeing as these mice are maintained in a 
pathogen-free environment, and effectively unchallenged, we 
hypothesized that TCR stimulation may help to delineate the 
role of Cish in CD8+ T cells.
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Figure 1.  Cish induction is TCR stimulation dependent. (A) Induction of Cish gene expression using real-time PCR at indicated times after αCD3 stim-
ulation of naive CD8+ T cells. Results shown as means ± SEM n = 3; two independent experiments. (B) Western Blot of Cish protein expression after αCD3 
stimulation of naive CD8+ T cells at indicated times; three independent experiments. (C) Relative Cish mRNA expression in different CD8+ T cell subsets using 
real-time PCR; Naive (Tn; CD62L+CD44−), in vivo–derived central memory (Tcm; CD62L+CD44+), and effector memory (Tem; CD62L−CD44+) after vaccination. 
n = 3; three independent experiments. (D) Representative FACS blot of tumor-resident pmel-1 thy1.1+ CD8+ T cells 7 d after ACT. n = 3; two independent 
experiments. (E and F) Representative FACS blot of Cish expression by intracellular staining of tissue-resident pmel-1 CD8+ T cells in antigen-negative nond-
raining axillary lymph node (Irr LN) or antigen-positive tumor 7 d after ACT. *, P < 0.05 by unpaired Student’s t test. n = 3; two independent experiments. 
(G) Schematic of Cish knockout targeting construct (B, BamHI; E, EcoRI; H, HindIII; P, PstI; X, XhoI). (H) PCR confirmation of genotype. Gel electrophoresis 
of DNA products after PCR amplification. n = 300+. (I) Representative FACS blot of CD8+ and CD4+ thymocytes from Cish−/− or WT mice, enumerated in J. 
Values represent mean ± SEM. P > 0.05 by unpaired Student’s t test. n = 3; three independent experiments. (K) Enumeration and flow cytometric evaluation 
of CD4+ and CD8+ splenocytes for each genotype. Values represent mean ± SEM. P > 0.05 by unpaired Student’s t test. n = 3; three independent experiments.
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Cish inhibits CD8+ T cell expansion, functional avidity,  
and cytokine polyfunctionality
To explore the role of stimulation and Cish in CD8+ T 
cells, we isolated CD8+ T cells from WT or Cish−/− pmel-1 
mice, stimulated them with peptide-pulsed splenocytes from 
C57BL/6 mice, and examined proliferation and cytokine 
production in vitro. Flow cytometric analysis after CD8+ T 
cell isolation revealed that the CD8+ T cell differentiation 
state remained unaltered in the steady state with or without 
Cish (Fig. 2 A). Enumeration of CD8+ T cells 1 wk after in 
vitro priming revealed significantly more T cells in the ab-
sence of Cish (Fig. 2 B). To evaluate if apoptosis accounted for 
this increased in vitro T cell expansion, primed T cells were 
TCR stimulated and stained with the nuclear stains 7-AAD 
and Annexin V, which bind to phosphatidylserine on the cell 
surface of preapoptotic cells. There was an ∼50% increase in 
Annexin V staining on WT T cells 4 h after TCR restimula-
tion compared with knockout T cells (Fig. 2 C). These data 
may help explain why there was an increase in Cish-deficient 
T cell expansion after TCR stimulation.

Next, we sought to determine the functional conse-
quences of Cish deletion. After an overnight co-culture with 
primed pmel-1 T cells and titrated peptide-pulsed spleno-
cytes, we measured cytokine levels in the supernatant using 
ELI​SA. In the absence of Cish, there was a significant increase 
in IFN-γ, TNF and IL-2 levels in the supernatant as com-
pared with co-cultured WT T cells (Fig. 2, D–F). In addition 
to a 100-fold increase in antigen sensitivity, we also observed 
a significant increase in the maximal amount of cytokine re-
lease as measured by IFN-γ, TNF, and IL-2 levels.

ELI​SA’s measure total cytokine levels in the superna-
tant and do not directly measure cytokine production on a 
subpopulation or cellular level. To evaluate if different sub-
populations or individual T cells were responsible for this 
skewed increase in cytokine production, CD8+ T cells were 
stimulated and co-stained for intracellular IFN-γ, TNF, and 
IL-2. We observed an increase in both two and three cyto-
kine-producing cells in the absence of Cish (Fig. 2, G and 
H). From these data, Cish appears to negatively regulate T 
cell cytokine production, inhibiting both effector cytokines 
like IFN-γ and TNF along with supportive cytokines, such as 
IL-2, after TCR stimulation in vitro.

Cish deletion or knockdown enhances CD8+  
T cell antitumor immunity
We sought to evaluate the in vivo functional significance of 
the increased in vitro expansion and functional avidity of 
Cish-deficient CD8+ T cells. To this end, we adoptively trans-
ferred (ACT) melanoma/melanocyte-specific pmel-1 T cells 
with or without Cish into established B16 melanoma-bearing 
C57BL/6 hosts in conjunction with recombinant vaccine and 
IL-2, as previously described (Palmer et al., 2008). After ACT 
of Cish-deficient pmel-1 T cells, we observed a significant 
and durable regression of large, established tumors as com-
pared with WT T cells (Fig. 3 A). This profound regression 

also resulted in improved survival, with the ACT of Cish−/− T 
cells extending the survival of tumor-bearing mice by more 
than 60 d (Fig. 3 B). Previously, we observed a direct correla-
tion with improved tumor clearance and increase in ocular 
autoimmunity when targeting the melanoma/melanocyte 
antigen gp100 (Palmer et al., 2008). In concordance with en-
hanced tumor regression, the ACT of Cish−/− pmel-1 T cells 
resulted in a significant increase in ocular autoimmunity 6 d 
after treatment, as compared with WT T cells (Fig. 3 C). We 
wanted to determine if the enhanced expansion of Cish-de-
ficient T cells in vitro would correlate to changes in in vivo 
expansion. Serial sampling of treated mice after the ACT of 
congenically marked pmel-1 T cells revealed a pronounced 
expansion and delayed contraction of Cish-deficient T cells 
over T cells obtained from their WT littermates (Fig. 3 D). 
Similar to our in vitro findings, we found a significant de-
crease in the apoptosis of Cish−/− CD8+ T cells in the spleen 
6 d after ACT (Fig. 3 E), which may account for the increase 
in in vivo T cell numbers during the peak of response. In-
terestingly, Cish does not appear to regulate the contraction 
phase of an in vivo stimulation, perhaps because of a lack of 
antigenic stimulation and subsequent hyperactivation.

It should be noted that these tumor experiments were 
performed in nonirradiated, immune-replete host mice. Pre-
viously, we found that Cish deletion in CD8+ T cells resulted 
in significantly enhanced polycytokine release (Fig.  2, E 
and F). There remains the possibility that increased cytokine 
production, in particular IL-2, may influence other adaptive 
immune components (Antony et al., 2005). To mitigate this 
potential confounder and evaluate CD8+ T cell–intrinsic in 
vivo tumor killing, we adoptively transferred subtherapeutic 
numbers of pmel-1 T cells with or without Cish (2.5 × 105) 
into empty Rag1−/− B16 tumor-bearing hosts, with reduced 
administration of vaccine (107 PFU) and exogenous IL-2 (2 × 
104 IU), and then evaluated tumor growth. Remarkably, we 
observed the long-term maintenance with the subtherapeutic 
numbers of tumor-specific Cish-deficient but not the WT 
CD8+ T cells (Fig. 4 A), with no progression of palpable tumor 
masses for >50 d. Interestingly, starting at ∼55 d after ACT, 
we observed the outgrowth of clear amelanotic tumors in 
five of the five mice treated in two independent experiments. 
Presumably, the growth of this ultimately lethal depigmented 
mass is a result of gp100 antigen loss, perhaps through long-
term tumor-pruning by Cish-deficient tumor-specific T cells 
(Fig. 4 B). We sought to determine if Cish−/− tumor-specific 
T cells maintained their increased functional avidity in vivo. 
To this end, indelibly marked pmel-1 T cells were ex vivo en-
riched from splenocytes with magnetic beads 7 d after trans-
fer and evaluated for IFN-γ release against peptide-pulsed 
targets (Fig. 4 C). We found an ∼1000-fold increase in func-
tional avidity of ex vivo–stimulated Cish−/− compared with 
WT T cells. Here, the IFN-γ release of Cish-deficient T cells 
at 1 nM (10−9 M) of antigen was similar to the IFN-γ release 
WT T cells at 1 µM (10−6 M). This apparent maintenance of 
enhanced functional avidity may be important when targeting 
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tumors that typically express low levels of antigen. Indeed, 
when we eliminated Cish−/− tumor-specific T cells even 38 d 
after ACT by CD8 depletion, we found a significant increase 
in tumor growth (Fig. 4 D). This is in stark contrast with our 
previous observation that WT pmel-1 T cells lose in vivo effi-
cacy as early as 5 d after transfer (Palmer et al., 2008). From our 

findings, it appears that genetic whole-body deletion of Cish 
significantly enhances functional avidity and licenses CD8+ T 
cells into long-lasting tumor killers which may have import-
ant implications in memory responses to a relapsing tumor.

Our work was performed using T cells derived from ger-
mline knockouts. Yang et al. (2013) observed the development 

Figure 2.  Cish inhibits CD8+ T cell expansion and functional avidity. (A) Phenotypic memory analysis of CD8+ T cells from Cish−/− and WT pmel-1 lit-
termate mice using flow cytometry. Values represent mean ± SEM. P > 0.05 by unpaired Student’s t test. n = 3; three independent experiments. (B) Enumer-
ation of T cell expansion 6 d after stimulation with hgp10025-33 peptide-pulsed splenocytes. Values represent mean ± SEM. **, P < 0.01 by unpaired Student’s 
t test. n = 3; three independent experiments. (C) Evaluation of apoptosis of primed Cish−/− or WT CD8+ T cells as assessed by flow cytometric evaluation of 
7-AAD and Annexin V staining after αCD3 restimulation at times indicated. n = 3; three independent experiments. (D–F) Enzyme-linked immunosorbent 
assay (ELI​SA) evaluation of IFN-γ, TNF or IL-2 in supernatants after an overnight co-culture of primed Cish−/− or WT pmel-1 CD8+ T cells with peptide-pulsed 
splenocytes. Values are shown as means ± SEM. ****, P < 0.0001 by two-way ANO​VA. n = 3; three independent experiments. (G) Representative FACS blot of 
intracellular IFN-γ, TNF, and IL-2 in Cish−/− or WT pmel-1 CD8+ T cells 6 h after αCD3 stimulation. n = 3; three independent experiments. (H) Assessment of 
cytokine polyfunctionality in Cish−/− or WT pmel-1 CD8+ T cells from (G) using Boolean gating strategy. Data are shown as total percentage of two or three 
concomitant cytokines present after antigenic stimulation. n = 3; three independent experiments.
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of lung inflammation in aged germline Cish knockout mice 
but not in T cell lineage-specific Cish knockout animals. 
Thus, there remains the possibility that a whole-body knock-
out might skew T cell functionality in a non-T cell–intrinsic 
manner. In addition, we sought to evaluate if targeting the 
knockdown of Cish in tumor-specific T cells might improve 
tumor immunotherapy in a clinically applicable manner. To 
accomplish this, we knocked down Cish expression in WT 
CD8+ T cells using a retrovirus encoding a short hairpin mi-
croRNA (shmiR). In concordance with T cells derived from 
germline knockout mice, we observed significantly enhanced 
CD8+ T cell immune functionality both in vitro and in vivo 
in WT T cells expressing the shmiR-Cish compared with the 
shmiR-scramble construct (Fig. 5, A and B). To evaluate the 
potential clinical benefit of CISH knockdown in patient T 
cells, we co-transduced shmiR-encoding retrovirus with a 
retrovirus encoding various tumor-specific TCRs in patient 
PBL and evaluated tumor reactivity using intracellular stain-
ing for IFN-γ. Here, we found significantly enhanced specific 

IFN-γ release in tumor-specific T cells knocked down for 
CISH over that of a shmiR scramble control (Fig. 5, C–E). 
This was consistent for T cells specific for the cancer/testis 
antigen, NY-ESO-1 (Rosati et al., 2014), and the shared/mel-
anoma antigen MART-1 (Johnson et al., 2006). Interestingly, 
by knocking down CISH, we enhanced the functionality 
of both the previously reported highly avid DMF5 and the 
poorly avid DMF4 TCRs (Johnson et al., 2006). To evaluate 
if the knockdown of CISH enhanced the cytokine polyfunc-
tionality of tumor-specific PBL, we stained for intracellular 
TNF, IL-2, and IFN-γ after a co-culture of PBL transduced 
with the CISH targeting shmiR and DMF5-TCR from 
Fig. 5 D with antigen-relevant tumor. Using a Boolean gating 
strategy, we observed a significant increase in cytokine poly-
functionality in CD8+ PBL knockdown for CISH over that 
of control shmiR (Fig. 5 F). To determine if the increase in 
the percentage of tumor-specific T cells with CISH knock-
down correlated to increased total cytokine production, we 
performed an ELI​SA on PBL cotransduced with the CISH 

Figure 3.  Cish deletion augments CD8+ T cell–mediated tumor immunity. (A–E) 7 d after s.c. implantation of 5 × 105 B16 melanoma cells, C57BL/6 tu-
mor-bearing mice received the adoptive transfer (ACT) of 106 Cish−/−, WT pmel-1 naive CD8+ T cells, or no cells (NT) in conjunction with rhgp100 VV (107 pfu) 
and IL-2 (2 × 106 IU BID for 3 d). Tumor progression, survival, and expansion of pmel-1 T cells were followed. (A) Tumor growth as assessed by measurement 
of the perpendicular diameters over time. Values are shown as means ± SEM. ****, P < 0.0001 by two-way ANO​VA. n = 5 per group; 10 independent experi-
ments. (B) Kaplan-Meier survival curve after ACT in A. **, P < 0.01 by Log-rank test for trend. n = 5–6 per group; 10 independent experiments. (C) Induction 
of ocular autoimmunity 6 d after ACT as assessed by combinatorial scoring of severity of iridiocyclitis, vitritis, and choroiditis as described in Materials and 
methods. ****, P < 0.0001. n = 6; two independent experiments. (D) In vivo growth kinetics of congenically marked T cells after ACT into C57BL/6 recipients as 
assessed by flow cytometry in conditions identical to (A). Values are shown as means ± SEM. ****, P < 0.0001 by two-way ANO​VA. n = 3; three independent 
experiments. (E) Ex vivo Annexin V staining by flow cytometry of congenically marked Cish−/− or WT pmel-1 T cells from the spleen 6 d after ACT. *, P < 0.05 
by unpaired Student’s t test. n = 3; two independent experiments.
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shmiR and MAGE-A1–specific TCR (Rao et al., 2011) with 
relevant and irrelevant targets. Here, we observed that the 
knockdown for CISH increased total specific IFN-γ produc-
tion in PBL specific for the cancer/testis antigen MAGE-A1 
in multiple patients (Fig.  5 G). From these data, it appears 
that Cish negatively regulates both mouse and human T cell 
tumor–reactivity, though the molecular mechanism by which 
Cish inhibits immunity remains to be evaluated.

Cish inhibits global functional gene 
expression after TCR stimulation
Cish has been reported to compete for STAT5-binding sites 
on the IL-2 receptor β chain, inhibiting STAT5 activation 
(Aman et al., 1999). Surprisingly, when we evaluated STAT5 
activity either after TCR stimulation (Fig. 6, A–C) or the ad-
dition of IL-2 (Fig. 6 D), we failed to observe any overt differ-
ences in STAT5 activation in the presence or absence of Cish. 
These efforts included STAT5 phosphorylation by Western 
blot, transduction of a STAT5-reporter, and IL-2 titration ex-
periments (Fig. 6 and not depicted). Evaluation of the TCR or 
IL-2 receptor complex expression also yielded no discernable 
differences between genotypes (unpublished data). Because 
we did not measure any obvious changes in phosphorylation 
of STAT5 or levels of STAT5 activity, it was imperative for us 
to find an alternative explanation for the enhanced expansion, 
functional avidity, and tumor killing of Cish−/− T cells.

We sought to examine if the presence of Cish altered 
expression of prominent regulators of CD8+ T cell func-
tion, proliferation, and antiapoptosis using Tbx21, Cmyc, and 
Bcl2l, respectively (Thaventhiran et al., 2013). 4 h after TCR 

ligation there was a dramatic increase in all three genes in the 
absence of Cish, whereas up-regulation was more modest in 
WT T cells (Fig. 7 A). This amounted to a greater than three-
fold increase in overall induction compared with WT T cells. 
The significant up-regulation of critical T cell effector genes 
in the absence of Cish led us to seek a more systematic and 
global evaluation of its role in acute T cell activation. Using 
microarray analysis, we examined relative changes in gene ex-
pression after an acute (2 h) TCR stimulation of Cish−/− and 
WT CD8+ T cells (Fig. 7 B). We found that effector associated 
genes, such as Il2, Prf1, granzymes, Myc, Prdm1, and Eomes, 
were up-regulated in the absence of Cish, whereas, conversely, 
genes associated with naive T cells, such as ID3, TCF7, and 
Bach2, or senescent T cells, like Cdkn1b, (Best et al., 2013) 
were profoundly down-regulated in the Cish−/− T cells. The 
dramatic and wide-ranging changes in gene expression after 
stimulation prompted us to use Gene Set Enrichment Anal-
ysis (GSEA) to determine transcriptomic signatures. GSEA 
profiling revealed a significant association (normalized en-
richment score [NES] = 8.75; P < 0.0005) between Cish de-
ficiency and the Goldrath antigen response gene set (Goldrath 
et al., 2004; Fig. 7 C). We found that genes up-regulated in 
Cish-deficient T cells mirrored those of genes up-regulated at 
the peak of an antigen response of stimulated naive CD8+ T 
cells. Conversely, we found a significant association (NES = 
7.60; P < 0.0005) with genes down-regulated in naive T cells 
versus CD8+ T cells from LCMV-challenged mice (Fig. 7 D; 
Kaech et al., 2002a). The dramatic and wide-ranging changes 
in effector gene expression after an acute TCR stimulation 
indicate that Cish may regulate early TCR signaling events.

Figure 4.  Cishdeletion augments long-term CD8+ 
T cell–intrinsic tumor killing. (A–D) Growth of B16 
melanoma in Rag1−/− tumor-bearing hosts after ACT 
of 2.5 × 105 indicated pmel-1 CD8+ T cells in conjunc-
tion with rhgp100 VV (3 × 106 pfu) and IL-2 (2 × 105 IU 
BID for 3 d) or no cell transfer (NT). (A) Tumor growth 
as assessed by measurement of the perpendicular 
diameters over time. Values are shown as means ± 
SEM. ****, P < 0.0001 by two-way ANO​VA. n = 5 per 
group; three independent experiments. (B) Outgrowth 
of amelanotic tumors from A in five out of five mice, 
50+ d after ACT; two independent experiments. (C) 
IFN-γ production assessed by ELI​SA 7 d after ACT, 
after co-culture with ex vivo enriched congenically 
marked Cish−/− or WT pmel-1 T cells with cognate 
peptide-pulsed splenocytes. T cells were normalized 
for cell number. Values are shown as means ± SEM. 
****, P < 0.0001 by two-way ANO​VA. n = 3; two inde-
pendent experiments. (D) Growth of B16 melanoma in 
Rag1−/− tumor-bearing hosts as assessed by measure-
ment of the perpendicular diameters over time after 
treatment. ACT of 2.5 × 105 Cish−/− pmel-1 CD8+ T cells 
or no cell transfer (NT) with or without administration 
of αCD8-depleting antibody 38 d after transfer. Values 
are shown as means ± SEM. **, P < 0.01 by two-way 
ANO​VA. n = 5; two independent experiments.
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Cish inhibits TCR signaling by 
targeting PLC-γ1 for degradation
TCR stimulation triggers a cascade of tyrosine phosphory-
lation on downstream signaling components (Smith-Garvin 
et al., 2009). To explore the involvement of Cish in TCR 
signaling, lysates from CD8+ T cells with or without Cish 
were blotted for phosphotyrosine after TCR stimulation 
(Fig. 8 A). Overall phosphotyrosine blotting revealed nominal 
differences, except for modestly increased intensity of bands 

at ∼150 kD in Cish−/− T cells after TCR ligation (Fig. 8 B). 
Proteins of this apparent molecular weight correspond to 
the migration of PLC-γ1. Immunoblotting of PLC-γ1 and 
PLC-γ1 phosphorylated at the key Y783 activation site 
(Braiman et al., 2006), revealed increased intensity and du-
ration of both variants after TCR stimulation in the absence 
of Cish (Fig. 8 C). Evaluation of more proximal TCR sig-
naling components Zap-70 and LAT revealed no differences 
of activation in the presence or absence of Cish (Fig. 8 C). 

Figure 5.  Knockdown of Cish in mice and 
man confers enhanced CD8+ T cell tumor 
reactivity. (A) IFN-γ evaluation by ELI​SA after 
an overnight co-culture of Cish shmiR or con-
trol shmiR retroviral transduced CD8+ pmel-1 
WT T cells. Values are shown as means ± SEM. 
****, P < 0.0001 by two-way ANO​VA. n = 3; two 
independent experiments. (B) Growth of B16 
melanoma in C57BL/6 tumor-bearing hosts as 
assessed by measurement of the perpendicular 
diameters over time after treatment. ACT of 1 
× 106 of retroviral transduced Cish shmiR WT, 
control shmiR WT, or control Cish−/− pmel-1 T 
cells in conjunction with rhgp100 VV (3 × 106 
pfu) and IL-2 (2 × 105 IU BID for 3 d) or no 
cell transfer (NT). Values are shown as means 
± SEM *, P < 0.05 by two-way ANO​VA. n = 
5; two independent experiments. (C–E) IFN-γ 
evaluation by intracellular staining of patient 
PBL transduced with various tumor-specific 
TCRs, knocked down for CISH, and co-cultured 
with tumor for 6 h and assessed by flow cy-
tometry. Retroviral transduced PBL with CISH 
shmiR or control shmiR and cotransduced 
with previously described TCR-encoding ret-
roviruses directed against cancer-testis anti-
gen, NY-ESO-1 (C), or MART-1 specific highly 
avid DMF5 (D) or poorly avid DMF4 TCR (E). 
5 d after transduction, PBL were co-cultured 
with antigen-positive or -negative tumors 
and assessed for intracellular IFN-γ by flow 
cytometry. *, P < 0.05 by paired Student’s t 
test. n = 3–5; three independent experiments. 
(F) Transduced PBL from D were co-stained for 
IFN-γ, TNF, and IL-2 and evaluated for poly-
cytokine functionality by flow cytometry and 
using a Boolean gating strategy. *, P < 0.05 by 
paired Student’s t test. n = 3; three indepen-
dent experiments. (G) IFN-γ evaluation by ELI​
SA of patient PBL knocked down for CISH and 
co-cultured overnight with relevant and irrel-
evant tumors. Retroviral transduced PBL with 
CISH shmiR or control shmiR and cotrans-
duced with TCR-encoding retroviruses directed 
against cancer-testis antigens, MAGE-A1. 5 d 
after transduction, PBL were co-cultured with 
antigen-positive or -negative tumors. *, P 
< 0.05 by paired Student’s t test. n = 3; two 
independent experiments.
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Thus, these results revealed the unexpected role of a potential 
Cish substrate, PLC-γ1, a critical cellular enzyme activated 
after TCR stimulation.

Activated PLC-γ1 converts phosphatidylinositol 4,5-bis-
phosphate into inositol 1,4,5-trisphosphate and diacylglyc-
erol. These factors subsequently potentiate calcium flux and 
activation of PKC and other enzymes, ultimately affecting 
transcriptional activation of critical modulators of T cell acti-
vation: NFAT and NF-κB. In addition to enhanced activation 
of PLC-γ1, we also observed an increase in the magnitude 
and duration of Ca2+ release after TCR stimulation in the 
absence of Cish (Fig. 8 D). Furthermore, the transduction of 
NFAT and NF-κB luciferase retroviral reporters into primed 
CD8+ T cells revealed a hyperactivation of these transcription 
factors in Cish-deficient T cells (Fig. 8, E and F). From these 
data, it appears that Cish alters the signaling complex at the 
level of PLC-γ1, although its direct role is unknown.

To further determine the direct consequence of Cish on 
TCR signaling, we examined Ca2+ flux, cytokine expression, 
and PLC-γ1 activation in Cish−/− T cells reconstituted with a 
retrovirus expressing N-terminal FLAG-Cish or Empty cas-
sette (Fig. 9 A). We found that Cish-reconstitution in Cish−/− 
T cells resulted in decreased Ca2+ flux (Fig. 9 B), functional 

avidity (Fig. 9 C), and cytokine polyfunctionality (Fig. 9 D), 
emulating that of WT T cells. Cish is induced in primed T 
cells and there appears to be less Ca2+ flux in primed Cish-re-
plete WT T cells compared with that of naive WT T cells. Not 
surprisingly, in the absence of Cish, there is little difference 
in Ca2+ flux between naive and primed-transduced T cells. 
These data are consistent with the notion that the relative 
expression of Cish dictates the ability of T cells to respond to 
antigenic stimulation. TCR-mediated signaling normally oc-
curs in microclusters at the site of the T cell interaction with 
antigen-presenting cells and is detectable by confocal micros-
copy (Bunnell et al., 2002; Yokosuka et al., 2005). The pres-
ence of Cish specifically diminished the intensity of PLC-γ1 
in microclusters after TCR stimulation (Fig. 9, E and F), but 
did not inhibit overall phosphotyrosine microcluster intensity. 
Cish specifically decreased the recruitment of PLC-γ1 to sites 
of TCR activation, thereby decreasing downstream TCR sig-
naling and functional avidity.

To interrogate if Cish was physically interacting with 
PLC-γ1, YFP-tagged PLC-γ1 from transfected 293T cells 
was immunoprecipitated and then immunoblotted for Cish 
(Fig. 10 A). We found that Cish co-precipitated with PLC-γ1 
and in the absence of an endogenous TCR signaling complex 

Figure 6.  No overt changes in STAT5 activation in the absence of Cish at acute time points. (A) Western blot of Cish, phosphorylated STAT5, and 
β-actin in naive Cish−/− or WT pmel-1 T cells after αCD3 stimulation at times indicated; two independent experiments. (B) Schematic of STAT5 reporter 
self-inactivating (sin) retrovirus coexpressing the congenic marker Thy1.1 under the phospholgycerate kinase 1 promoter. (C) Relative luciferase activity in 
STAT5 reporter-transduced Cish−/− or WT-primed pmel-1 T cells after αCD3 stimulation at times indicated. Values are shown as means ± SEM. P > 0.05 by 
two-way ANO​VA. n = 3; two independent experiments. (D) Flow cytometric evaluation of intracellular phosphorylated STAT5 in primed Cish−/− or WT pmel-1 
T cells after the addition of IL-2 at indicated concentrations and times. P > 0.05 by two-way ANO​VA. n = 3; three independent experiments.
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(Fig. 10 A). To further evaluate this interaction in T cells and the 
role of TCR stimulation, FLAG-tagged Cish from retrovirally 
reconstituted Cish−/− CD8+ T cells was immunoprecipitated 
and immunoblotted for PLC-γ1. We found that immunopre-
cipitation of resulted in PLC-γ1 co-precipitation in CD8+ T 
cells in a stimulation-independent manner (Fig. 10 B). Im-
portantly, we found that immunoprecipitation of endogenous 
Cish in unmanipulated Cish-replete WT T cells resulted in 
specific coimmunoprecipitation of PLC-γ1 (Fig. 10 C). Mem-
bers of the SOCS family target proteins for proteasomal deg-
radation via polyubiquitination (Zhang et al., 1999; Kamizono 
et al., 2001; Babon et al., 2006; Palmer and Restifo, 2009). 
Using various combinations of transfected 293T cells in the 
presence of the proteasome inhibitor MG-132, we found that 
immunoprecipitated PLC-γ1 was polyubiquitinated only in 
the presence of Cish (Fig. 10 D). To evaluate the physiological 

and stimulation-dependent role of Cish in PLC-γ1 polyubiq-
uitination, endogenous PLC-γ1 from retrovirally reconstituted 
Cish CD8+ T cells was co-precipitated and blotted for ubiq-
uitin. These data revealed that polyubiquitination of PLC-γ1 
was both a Cish- and TCR stimulation–dependent process 
(Fig. 10 E). Further investigation using unmanipulated WT 
CD8+ T cells confirmed that endogenous PLC-γ1 was strongly 
ubiquitinated in the presence of native Cish with TCR stim-
ulation, whereas in the absence of TCR stimulation there was 
nominal PLC-γ1 ubiquitination and none in the complete 
absence of Cish (Fig. 10 F). Overall, these data demonstrate 
that Cish inhibits CD8+ T cell expansion, functional avidity, 
and tumor killing, and serves as a negative feedback inhibitor 
of TCR signaling. This is accomplished by targeting PLC-γ1 
for degradation via polyubiquitination, a novel mechanism of 
action for the SOCS family of proteins.

Figure 7.  TCR-dependent hyperactivation pro-
gram in the absence of Cish. (A) Enhanced up-reg-
ulation of relative Tbx21, Cmyc, and Bcl2l1 gene 
expression by real-time PCR with or without αCD3 
stimulation for 4  h. Values are shown as means ± 
SEM; n = 3. *, P < 0.05; **, P < 0.01 by two-way ANO​
VA. n = 3; two independent experiments. (B) Microar-
ray volcano plot comparing in vitro–primed Cish−/− or 
WT CD8+ T cells 2 h after αCD3-stimulation. n = 3 in-
dependent mice per genotype; two independent ex-
periments. (C and D) Gene-set enrichment analysis of 
genes in Cish-deficient T cells relative to WT littermates 
reveals a strong ranking with the Goldrath antigen re-
sponse (C) and Kaech naive versus day 8 effector T cell 
down-regulated (D) profile.

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/212/12/2095/1752206/jem
_20150304.pdf by guest on 09 February 2026



2105JEM Vol. 212, No. 12

DIS​CUSSI​ON
Despite the abundance of T cell migration into tumors and 
the presence of antigen, many immunotherapies fail to elicit 
durable regressions. Much of the focus has been on how 
the tumor microenvironment suppresses the functional-
ity of these tumor-specific T cells and approaches to over-
come them (Mortarini et al., 2003; Rosenberg et al., 2005; 
Harlin et al., 2006; Hodi and Dranoff, 2010; Gajewski et al., 
2013). Ultimately, enhancing the functional avidity of these 
effector T cells remains as the underlying requirement for 
improving therapeutic outcomes. Attempts to accomplish 
this have relied largely on modifying the binding capabili-
ties of TCRs to target antigen–MHC complexes. Tactics to 
bypass tolerance, such as deriving TCRs from humanized 
HLA-transgenic mice, phage display libraries, or amino acid 
substitutions screens, have yielded increased TCR affinities; 

however, they have uncovered additional limitations. Some 
of these limitations include host immunity to these de novo 
TCRs (Davis et al., 2010) and unforeseen off-target toxic-
ities (Linette et al., 2013; Morgan et al., 2013). These find-
ings highlight the need for a universally applicable means to 
improve the functional avidity of tumor-specific T cells. We 
uncovered a novel intrinsic pathway that functions to inhibit 
TCR signaling and downstream signaling events controlling 
cytokine release and T cell expansion. This negative feedback 
inhibition revolves around the Cish–PLC-γ1 axis, where Cish 
physically interacts with this TCR signaling intermediate and 
targets it for proteasomal degradation after TCR signaling. 
Without directly modifying TCR affinity, we were able to 
significantly enhance functional avidity by several orders of 
magnitude in the absence of spontaneous nonspecific cytoki-
nesis. The adoptive transfer of these highly functionally avid 

Figure 8.  Enhanced PLC-γ1 activation 
and downstream signaling in the absence 
of Cish. (A) Cish protein evaluation WT or 
Cish−/− CD8+ T cells with or without TCR stim-
ulation by immunoblotting; three independent 
experiments. (B) Total phospho-Tyrosine (pTyr) 
blotting of cell lysates after αCD3 stimu-
lation of Cish−/− or WT CD8+ T cells at times 
indicated by immunoblotting; three indepen-
dent experiments. (C) Western blot analysis of 
phospho-PLC-γ1, total PLC-γ1, phosphor-LAT, 
whole LAT, phospho-Zap-70, whole Zap-70, 
and β-actin blot after αCD3 stimulation of 
Cish−/− or WT CD8+ T cells at times indicated; 
three independent experiments. (D) Represen-
tative Ca2+ flux as assessed by fluorometric 
evaluation after αCD3 stimulation of Cish−/− 
or WT CD8+ T cells. Kinetic of the ratio of 
Fluo3-AM by Fura Red over time shown and 
assessed by flow cytometry; five independent 
experiments. (E and F) Relative luciferase ac-
tivity of NFAT and NF-κB reporter transduced 
Cish−/− or WT CD8+ T cells after αCD3 stimula-
tion. ***, P < 0.001 by two-way ANO​VA. n = 3; 
two independent experiments.
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Cish-deficient or knocked down in tumor-specific CD8+ T 
cells resulted in significant and durable regression of a poorly 
immunogenic, established cancer.

Great effort has been aimed at obtaining effector T cells 
bearing high-affinity TCRs with the notion that this will result 
in functionally avid T cells with enhanced in vivo tumor-kill-
ing capabilities. However, recent findings have demonstrated 
that de novo generated high-affinity tumor-specific T cells are 
deleted in effector T cell populations (Chervin et al., 2013). 
This work highlights the difficulty in obtaining highly avid 
and functionally replete T cells for adoptive immunotherapies. 

In our work, we found that by targeting an intrinsic negative 
feedback inhibitor or TCR signaling, Cish, we were able to 
dramatically enhance the functional avidity and cytokine poly-
functionality of tumor-specific T cells. Furthermore, the deple-
tion of Cish unleashed a TCR-dependent hyperactive program, 
resulting in the up-regulation of pro-functional, proliferative, 
and survival genes (Tbx21, Cmyc, and Bcl2l1, respectively). In-
terestingly, this hyperactivity was TCR dependent, in the ab-
sence of which there was no background cytokinesis. This is in 
contrast to other efforts, such as the ectopic expression of flexi–
IL-12 (Kerkar et al., 2010), which resulted in high levels of basal 

Figure 9.  Cish specifically inhibits Ca2+ flux, T cell polyfunctionality, and PLC-γ1 accumulation in TCR microclusters. (A) Schematic of retroviral 
Cish expression vector. N-terminal Flag-tagged (3×) Cish, self-cleaving furin-2A (f2A) peptide, and congenic marker Thy1.1 driven by the intrinsic LTR pro-
moter. (B) Representative Ca2+ flux as assessed by flow cytometry after αCD3 stimulation of Cish, empty control transduced Cish−/− CD8+ T cells, or empty 
control transduced WT CD8+ T cells. Kinetic of the ratio of Fluo3-AM by FuraRed over time shown and assessed by flow cytometry; four independent ex-
periments. (C) Assessment of functional avidity by intracellular IFN-γ using flow cytometry. Cish or empty control transduced Cish−/− CD8+ T cells or empty 
control transduced WT CD8+ T cells from B were stimulated with indicated αCD3 concentrations for 6 h and evaluated by flow cytometry. Values represent 
mean fluorescence intensity. **, P < 0.01 by paired Student’s t test; three independent experiments. (D) Assessment of cytokine polyfunctionality in T cells 
from B using Boolean gating strategy. Data are shown as total percentage of two or three concomitant cytokines present after antigenic stimulation. n 
= 3; three independent experiments. (E and F) Evaluation of PLC-γ1 and phosphotyrosine in TCR microclusters after αCD3 stimulation. (E) Representative 
confocal images from transduced CD8+ T cells from B were dropped on to stimulatory coverslips, fixed after three minutes, immunostained for PLC-γ1 and 
phosphotyrosine (pTYR), and enumerated for intensity and area of each (F). Bars, 2 µm. ns, P > 0.05; **, P < 0.01 by unpaired Student’s t test. n = 18–24; 
three independent experiments.
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IFN-γ release and may have nonspecific toxicities (Zhang et al., 
2012). Indeed, by targeting the TCR-dependent Cish–PLC-γ1 
signaling pathway, we observed durable tumor regression and 
extended survival in the absence of immune-based toxicities.

The mainstay of work with SOCS molecules has focused 
on how they negatively regulate their namesake, cytokine 
signaling (Yoshimura et al., 2007; Palmer and Restifo, 2009). 
Cish was first implicated as being induced by STAT5 and as 
potential negative regulator of STAT5 signaling (Yoshimura 
et al., 1995) by competing for binding sites on activated re-
ceptors (Matsumoto et al., 1997; Aman et al., 1999; Yasukawa 
et al., 2000; Dif et al., 2001; Endo et al., 2003; Landsman and 
Waxman, 2005). However, the literature regarding its immu-
nological significance and mechanism of action has remained 
elusive (Cohney et al., 1999; Endo et al., 2003; Uyttendaele 
et al., 2007; Yoshimura, 2013). Recently, Yang et al. (2013) 

showed that the deletion of Cish resulted in negative feed-
back inhibition of IL-4, but not IL-2. It remains unexplained 
how Cish might accomplish this, as no data exists regarding 
its ability to interact with the IL4 receptor and it contradicts 
previous work implicating the IL-2 receptor β as the site of 
Cish-mediated inhibition (Aman et al., 1999). The authors 
did demonstrate that in the absence of Cish there was in-
creased STAT-binding occupancy to their requisite promoter 
elements at late time points, congruent with the observed 
hyperactive state and enhanced Th2 responses. Our work 
suggests that this significant increase in downstream effector 
response in Cish−/− T cells could be attributable to acute hy-
peractivation events and subsequent autocrine cytokine sig-
naling observed at later time points. In our model, we observed 
that PLC-γ1 degradation in the presence of Cish occurred in 
a matter of minutes after TCR stimulation, ultimately result-

Figure 10.  TCR stimulation–dependent polyubiquitination of PLC-γ1 by Cish. (A) Immunoprecipitation of YFP-tagged PLC-γ1 and immunoblotting 
of Cish in transfected 293T cells in the absence of TCR signaling complex; two independent experiments. (B) Immunoprecipitation of FLAG-tagged Cish 
and immunoblotting of PLC-γ1 in indicated transduced CD8+ T cells with and without CD3 stimulation (5 min). Whole lysates were blotted for PLC-γ1 and 
Cish; two independent experiments. (C) Immunoprecipitation of endogenous Cish and immunoblotting of PLC-γ1 in 3 d Cish−/− or WT CD8+ T cell blasts; 
two independent experiments. (D) 293T cells were transfected with Tagged plasmids expressing PLC-γ1-YFP, Ubiquitin-HA, and Cish-FLAG where indicated 
in the presence of the proteasome inhibitor, MG-132. After transfection, PLC-γ1 was immunoprecipitated and blotted for HA and YFP. Whole-cell lysates 
were blotted for Cish and PLC-γ1-YFP; two independent experiments. (E) Immunoprecipitation of endogenous PLC-γ1 and immunoblotting of ubiquitin in 
indicated reconstituted CD8+ T cells with or without TCR stimulation in the presence of the proteasome inhibitor, MG-132; two independent experiments. 
(F) Immunoprecipitation of endogenous PLC-γ1 and immunoblotting of ubiquitin in native CD8+ T cells blasts (3 d) with or without TCR stimulation in the 
presence of the proteasome inhibitor, MG-132; two independent experiments.
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ing in decreased functional avidity and polycytokine produc-
tion hours later. In retrospect, previous observations appear 
to support Cish as a potent novel regulator of TCR signaling 
and ultimately broad downstream signaling events. Our work 
showing that Cish targets the principle TCR-signaling inter-
mediary PLC-γ1 for proteasomal-mediated degradation via 
polyubiquitination after TCR stimulation represents a novel 
pathway in SOCS-mediated negative regulation.

Although Yang et al. (2013) detected an allergic re-
sponse in the whole-body Cish-deficient aged mice (10+ 
mo), T lineage–specific deletion of Cish had no such sponta-
neous phenotype. We also did not observe any overt changes 
in lymphopoiesis, spontaneous activation, or immunopathol-
ogy in unmanipulated Cish knockout mice. The underlying 
cause of these observations might be attributable to the TCR 
stimulation-dependent negative regulation of PLC-γ1 by Cish. 
Cish appeared to physically interact with PLC-γ1 in both the 
steady state and after TCR stimulation, but only after TCR li-
gation was there a decrease in PLC-γ1 levels and an increase in 
PLC-γ1 polyubiquitination in the presence of Cish. These data 
imply that TCR ligation and subsequent downstream phos-
phorylation of signaling components changes the nature of the 
Cish–PLC-γ1 interaction. It’s possible that the phosphorylation 
of PLC-γ1 after TCR ligation induces a conformational shift 
in the proximity of the Cish SH2-domain, perhaps pushing 
PLC-γ1 into the ubiquitination machinery, facilitating its deg-
radation. The conferred specificity for PLC-γ1 was necessary 
for Cish-mediated suppression of Ca2+ flux and downstream 
cytokine release. Importantly, our experiments were done in 
a pathogen-free environment, and it seems plausible that the 
absence of Cish may result in autoimmunity in a real-world 
environment where infectious insults are more prevalent.

We found that the genetic deletion or the knockdown 
of Cish resulted in enhanced effector T cell tumor immunity. 
Using as few as 2 × 105 T cells and reduced adjuvant, we 
observed the long-term regression and maintenance of func-
tionality and antitumor immunity by Cish-deficient CD8+ T 
cells even several months after adoptive cell transfer. Indeed, 
only after CD8 depletion nearly a month after ACT or the late 
outgrowth of amelanotic tumors did mice succumb to their 
cancer. Although we found that Cish plays a nonredundant 
role in CD8+ T cell immunity, its role in CD4+ T cell im-
munity remains unclear. The idea that Cish depletion enables 
long-term tumor pruning in T cells is supported by the obser-
vation that they maintain ex vivo functionally avidity and that 
their depletion 30+ d after ACT resulted in tumor recrudes-
cence. These findings are reminiscent of the work performed 
abrogating another TCR-negative regulator, PD1, where in-
hibition reversed the functionally tolerant state, enabling long-
term immunity against a persistent antigen. Although it isn’t 
clear from these data that Cish potentiates T cell exhaustion, 
our work does support the notion that acute signaling events 
dictate long-term immunity to persistent targets.

TCR signaling dictates T cell immunity to self, infec-
tion, and cancer and is consequently a highly regulated process 

(Acuto et al., 2008). Increased TCR signal strength has been 
shown to be critical in the induction of IL-2, T-bet, Bcl-xL, 
and cMyc expression, leading to effector differentiation, pre-
vention of apoptosis (Manicassamy et al., 2006; Nauerth et al., 
2013), and the ability to induce tissue pathology (Dissanayake 
et al., 2011; King et al., 2012). We uncovered Cish as a novel 
negative regulator of PLC-γ1 and TCR signaling, unique 
among SOCS family molecules. PLC-γ1 is a key molecule in 
TCR signal transduction, and inhibition of its activation leads 
to severe impairment in T cell survival and functionality (June 
et al., 1990; Berg et al., 2005; Sommers et al., 2005). 

After TCR ligation we observedenhanced activation of 
PLC-γ1 and downstream signaling in the absence of Cish. 
This enhanced downsteam signaling included higher levels 
and duration of Ca2+ flux, increased NFAT and NF-κB tran-
scriptional activities, a hyperactivation gene signature, and 
dramatic augmentation of the production of effector cyto-
kines such as IFN-γ, TNF and IL-2. Although it is not clear 
from our work that the Cish–PLC-γ1 axis is responsible for 
the enhanced in vivo tumor regression, the net result is in-
creased T cell expansion, decreased apoptosis, and enhanced 
functional avidity in the absence of Cish. Conversely, after 
Cish reconstitution, there was decreased Ca2+ flux, functional 
avidity, and intensity of PLC-γ1 in microclusters after TCR 
ligation. In addition to tumor regression, enhancement of 
TCR signaling by depleting Cish resulted in an increase 
ocular autoimmunity. This observation illustrates the need 
for counter-regulation of TCR signaling by Cish to restrain 
autoimmunity. In relation to cancer immunotherapy, it high-
lights the need for tumor-specific targeting without on-target 
toxicities (Palmer et al., 2008; Dranoff, 2013). Our findings 
demonstrate that proximal signaling events can have profound 
downstream consequences on immunity to self and cancer.

We identify Cish as an intrinsic TCR checkpoint-in-
hibitor with therapeutic potential. We found that the deletion 
or knock-down of Cish using a shRNA-encoding retrovirus 
significantly enhanced CD8+ T cell functionality and in vivo 
tumor killing. Cish attenuates sensitivity to TCR stimulation, 
inhibiting functional avidity at both low- and high-target an-
tigen levels that may be critical for recognition of low levels 
of endogenously processed tumor antigens. In addition to the 
phenotype we observed in animal models, we found that the 
knockdown of CISH in patient PBL significantly enhanced 
their antitumor reactivity. Lastly, the activation-dependent 
control of PLC-γ1 by Cish highlights the critical nature of 
TCR signaling in disease processes (Gronski et al., 2004) and 
emphasizes the importance of temporal control of TCR sig-
naling and T cell immunity to self and cancer (Scholer et al., 
2008; Batista and Dustin, 2013; Nauerth et al., 2013). This 
work improves our understanding of how tumors suppress 
immunity, describes a novel mechanism by which a SOCS 
molecule interferes with TCR signaling, and unveils a new 
targetable interaction that may have broad immunological and 
therapeutic implications, particularly for ACT of low-affinity, 
tumor-specific T cells.
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MAT​ERIALS AND MET​HODS
Mice and cell lines and retroviral transduction.� In brief, 
Cish−/− mice were generated by targeting Cish in RW4 ES 
(129/SvJ) cells with an ∼10% homologous recombination 
targeting efficiency. Multiple ES clones were injected, ulti-
mately generating low and high chimeric animals and with 
the latter going germline. Knockouts were confirmed by per-
forming Southern Blot analysis (PstI digest) and using the 
indicated probes (Fig. 1 A). Founders were then backcrossed 
onto C57BL/6 mice for at least eight generations. Pmel-1 
Thy1.1 and pmel-1 Ly5.1 (National Cancer Institute, Freder-
ick, MD; and The Jackson Laboratory) were crossed to 
Cish−/− mice, genotyped, and housed according to the guide-
lines of the Animal Care and Use Committee at the National 
Institutes of Health. Cish genotyping was performed using 
the following PCR primers: Cis1, 5′-GGG​AGATA​TGGAA​
GATCA​CAG-3′; Cis2, 5′-CAG​AAGGC​TAGGT​AAACT​
ATGA-3′; TKp, 5′-GCA​AAACC​ACACT​GCTCG​AC-3′, 
with expected band sizes at 326 bp for knockout and 260 bp 
for WT alleles. B16 melanoma was obtained from the NCI 
Tumor Repository and grown in 10% FCS in RPMI. Human 
tumor lines 526 (NY-ESO-1+, HLA-A2+), 624 (MART-1+, 
HLA-A2+), 888 (NY-ESO-1−, MART-1+, HLA-A2−), 928 
(NY-ESO-1+, MART-1+, HLA-A2−), 1300-A1 (MAGE-A1+, 
HLA-A2+), 1300 (MAGE-A1−, HLA-A2+), and A375 
(MAGE-A1+. HLA-A2+) were maintained in 10% FCS in 
DMEM. Where indicated, naive CD8+ T cells were isolated 
from splenocytes by magnetic bead negative selection per the 
manufacturer’s protocol (STE​MCELL Technologies). Pri-
mary stimulation was accomplished using either plate-bound 
anti-CD3 (1 µg/ml) and soluble anti-CD28 (2 µg/ml; BD) or 
0.5  µM hgp10025–33 peptide-pulsed (Anaspec) splenocytes, 
and then cultured in RPMI with 10% FCS containing 2 ng/
ml of IL-2 (Chiron Corporation) for 1 wk, as previously de-
scribed (Palmer et al., 2008). Retroviral transduction was per-
formed as described previously (Ji et al., 2011). In brief, naive 
CD8+ enriched T cells were stimulated with plate-bound 
αCD3 (1 µg/ml) and soluble αCD28 (2 µg/ml) for 2 d, and 
then incubated on RetroNectin-coated plates with viral sups 
generated from transiently transfected PlatE cells. T cells were 
cultured an additional 4 d in IL-2 (60 IU), then rested over-
night without IL-2 before assessment. These constructs were 
MSGV1-based and co-expressed the congenic marker Thy1.1 
with transduction efficiencies ranging from 70 to 90%. For 
human transductions, similar protocols were followed, with 
the exception of stimulation with soluble anti-CD3 (OKT-3; 
50 ng /ml), the use of 293-GP producer line and RD-114 
and GALV envelopes. Efficiencies were determined using 
tetramer or mouse TCR constant Vβ specific antibodies and 
ranged from 70% to 90% efficiencies.

Adoptive immunotherapy.� For immunotherapy, C57BL/6, 
Thy1.1, or Rag1−/− mice (Jackson Laboratories) were im-
planted with subcutaneous B16 melanoma (1–5 × 105 cells). 
At the time of ACT, 10–14 d after implantation, mice (n ≥ 

5 for all groups unless otherwise indicated) were injected 
intravenously with CD8+-enriched naive or in vitro acti-
vated pmel-1 splenocytes (0.25–106 CD8+ Vβ13+ T cells), 
and 0.5–2 × 107 plaque-forming units of recombinant 
VV-encoding hgp100 and intraperitoneal injections of 
hIL-2 in PBS (6 × 104 IU/ 0.5 ml) twice daily for 3 d after 
adoptive transfer (Palmer et al., 2008). Mice were random-
ized, and tumors were blindly measured using digital cali-
pers. The products of the perpendicular diameters are 
presented as mean ± SEM. At indicated times after ACT, 
spleens were harvested, ACK-lysed, enumerated, stained, and 
evaluated by flow cytometry as previously described (Palmer 
et al., 2008). Where indicated, congenically marked T cells 
were isolated using bead enrichment (Miltenyi Biotec or 
STE​MCELL Technologies) from splenocytes, cell number 
normalized, and co-cultured cognate-peptide–pulsed syn-
geneic target cells from spleens.

Flow cytometry, ELI​SA, microarray, and real-time PCR.� For 
flow cytometry, cells were stained with antibodies acquired 
from BD or eBioscience and processed as previously described 
using a FAC​SCanto II Flow cytometer (BD; Palmer et al., 
2008). Different T cells subsets were generated after ACT of 
naive FACS sorted CD8+ OT-1 T cells and rVV-OVA vaccina-
tion, and then isolated from splenocytes 5 d later using CD8, 
CD62L, CD44 staining, and high speed sorting using the FAC​
SAria. Samples were analyzed using FlowJo software (Tree 
Star). For ex vivo Cish evaluation, naive-enriched Thy1.1+ 
pmel-1 T cells were ACT into mice bearing 10 d 3123-hgp100 
tumors on the abdomen. 6 d later tumors and irrelevant axillary 
lymph nodes were harvested and stained for the congenic 
Thy1.1+ marker and intracellular stained for Cish. For intracel-
lular staining, cells were surface stained with LIVE/DEAD 
(Molecular Probes), then fix/permeabilized as per manufac-
tures instructions (BD) and stained intracellularly for IFN-γ, 
TNF, and IL-2. Calcium flux was performed by co-staining T 
cells with Fluo3-AM and Fura Red (Molecular Probes) at 
37°C for 30 min, washed three times as previously described 
(Chaigne-Delalande et al., 2013). For kinetics, T cells were col-
lected for 20  s to establish baseline, then incubated with 
αCD3-biotin for 20 s, streptavidin cross-linking added and cells 
collected at times indicated. Data represented as the ratio of 
Fluo3/Fura-Red respective of time using FlowJo software. Cy-
tokine quantities were determined by ELI​SA (R&D Systems) 
using supernatant from an overnight co-culture of T cells (105) 
and peptide-pulsed C57BL/6 splenocytes (105). T cells were 
stimulated with plate-bound anti-CD3 (1 µg/ml) for indicated 
times, harvested and then subjected to subsequent analysis.

For microarray, one week cultured primed T cells were 
stimulated with αCD3, RNA extracted and cDNA generated 
according to manufactures instructions (ABI). Gene expres-
sion levels were determined with GeneChip Mouse Gene 1.0 
ST arrays according to manufacturer's protocols (Affymetrix). 
Real-time PCR was conducted using a two-step commercially 
available intron-spanning primer/probe sets (Applied Biosys-
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tems) and analyzed using a CFX-96 (Bio-Rad Laboratories). 
Gene expression levels were calculated relative to the house-
keeping gene encoding β-actin (Actb).

Western blotting, immunoprecipitation, luminescence, and 
confocal microscopy.� Western blotting was performed using 
TGX reagents (Bio-Rad Laboratories) and protocols on nitro-
cellulose or PVDF paper, incubated with antibodies against 
FLAG, Cish, PLC-γ1, pPLC-γ1, and other listed antibodies 
with appropriate HRP-conjugated secondary antibodies (Cell 
Signaling Technology and Santa Cruz Biotechnology, Inc.). 
Blots were developed using chemiluminescence (Thermo 
Fisher Scientific), gel images were captured with the Gel Doc 
XRS (Bio-Rad Laboratories) and densitometry was evaluated 
using Quantity One software (Bio-Rad Laboratories) or by 
using x-ray film (Kodak). For coimmunoprecipitation, cells in-
cubated with soluble αCD3-biotin, cross-linked with streptavi-
din, lysed, cleared, and normalized using BCA assay (Thermo 
Fisher Scientific), as previously described (Guittard et al., 2015). 
In the ubiquitin studies, cells were cultured in the presence of 
proteasome inhibitor MG-132 (EMD Millipore). 293T cells 
were transfected with indicated plasmids using Calcium Chlo-
ride (Thermo Fisher Scientific). Cleared supernatants were ap-
plied to antibody-bound IP agarose beads and treated as per 
manufacturer’s instructions (Santa Cruz Biotechnology, Inc.). 
Luminescence was performed using 20 µl of cell culture lysis 
buffer, 100 µl of luciferase reagent (Promega) as per manufac-
turer’s instructions and evaluated using a GlowMax 96-well il-
luminometer (Promega). Confocal images were obtained using 
glass slides coated with immobilized αCD3ε (10 µg/ml). Sam-
ples were treated, stained and imaged as previously described 
(Balagopalan et al., 2011) with the following modifications: 
after permeabilization, cells were immunostained with primary 
antibodies directed to PLC-γ1 (Santa Cruz Biotechnology) 
and pTyr (4G10; EMD Millipore). The 568 channel (used for 
imaging anti-phosphotyrosine) was used to generate surfaces 
for analysis of all punctae, including number of microclusters, 
calculation of microcluster area, and channel intensity. The sur-
faces were then used to make a new channel for pixels in the 
488 channel (used for imaging of PLC-γ1) and microcluster 
number, area and intensity in the newly gener-
ated channel were obtained.

Statistics.� Averages are presented as mean ± SEM. We per-
formed analysis of variance (ANO​VA), Student’s t test, or 
Wilcoxon Rank Sum where appropriate using the StatView 
or GraphPad Prism software; significance considered at P < 
0.05. Survival analyses and graphs were performed using 
GraphPad software, p-values were determined by Log-rank 
test for trend. GSEA profiling was performed using the GSEA 
web-based interface at the Broad Institute.
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