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Successful tumor eradication by chimeric antigen receptor-expressing (CAR-expressing) T
lymphocytes depends on CAR T cell persistence and effector function. We hypothesized that

CD4* and CD8* T cells may exhibit distinct persistence and effector phenotypes, depending on

the identity of specific intracellular signaling domains (ICDs) used to generate the CAR. First, we
demonstrate that the ICOS ICD dramatically enhanced the in vivo persistence of CAR-expressing
CD4- T cells that, in turn, increased the persistence of CD8* T cells expressing either CD28- or 4-1BB-
based CARs. These data indicate that persistence of CD8* T cells was highly dependent on a helper
effect provided by the ICD used to redirect CD4* T cells. Second, we discovered that combining

1COS and 4-1BB ICDs in a third-generation CAR displayed superior antitumor effects and increased
persistence in vivo. Interestingly, we found that the membrane-proximal ICD displayed a dominant
effect over the distal domain in third-generation CARs. The optimal antitumor and persistence
benefits observed in third-generation ICOSBBz CAR T cells required the ICOS ICD to be positioned
proximal to the cell membrane and linked to the ICOS transmembrane domain. Thus, CARs with
1COS and 4-1BB ICD demonstrate increased efficacy in solid tumor models over our current 4-1BB-
based CAR and are promising therapeutics for clinical testing.

Introduction

Adoptive T cell immunotherapy, in which a patient’s own T lymphocytes are engineered to express chime-
ric antigen receptors (CARs), has shown great promise in treating hematological malignancies (1). Multiple
clinical trials have revealed that CARs directed against the CD19 cell surface protein can achieve long-term
complete remissions in some patients with B cell malignancies (2-7). Despite these promising results, numer-
ous technical and biological obstacles have limited the success of using CAR-modified T cells to treat solid
tumors and have resulted in suboptimal responses in the setting of metastatic and/or recurrent disease (8-10).

Robust in vivo expansion and persistence of genetically modified T cells are considered critical predic-
tors of durable clinical remissions in patients with hematologic malignancies (6, 11). It can be presumed
that durable remissions for patients with solid tumors will also require significant in vivo expansion and
long-term persistence of CAR T cells. Most CAR T cell clinical trials where lack of overall efficacy was
observed have reported poor T cell persistence (8, 12, 13). Several factors can influence the persistence of
adoptively transferred T cells, including patient preconditioning, ex vivo culture conditions, development of
T cell exhaustion, or host immune responses against the cellular infusion product (7, 9, 12, 13). Important-
ly, the molecular design of CARs is likely to strongly influence T cell expansion and persistence, and it is a
focus of intensive research efforts (14, 15).

CARs commonly contain 3 modules: an extracellular target binding module, a transmembrane domain
(TM domain), and an intracellular signaling domain (ICD) that transmits activation signals (15). TM
domains are primarily considered a structural requirement, anchoring the CAR in the cell membrane, and
are most commonly derived from molecules regulating T cell function, such as CD8 and CD28. The intra-
cellular module typically consists of the T cell receptor CD3( chain and 1 or more signaling domains from
CD28, 4-1BB, OX40, CD27, or ICOS costimulatory proteins (14). CARs containing either CD28 or 4-1BB
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costimulatory domains have been the most widely used, to date, and both of them have yielded dramatic
responses in clinical trials (2—4, 6, 14). Several studies suggest that the CD28 intracellular domain stimulates
greater CAR T cell functionality, whereas the 4-1BB intracellular domain promotes greater CAR T cell
persistence. However, the mechanisms by which different TM and intracellular domains influence T cell
expansion, function, and persistence are not yet fully understood.

Most of the recent clinical trials using CAR T cells have used cell products prepared from unselected
“bulk” T cells. However, preclinical studies indicate that some T cell subtypes show distinct properties in
vivo, such as enhanced proliferative capacity and increased antitumor effects (16, 17). CD4* T cells pro-
vide cytokines and costimulation to the CD8" populations, augmenting the priming, persistence, memory
formation, and trafficking of cytotoxic effectors (18-20). Various CD4" T cell subsets that differ in their
capacities to proliferate and persist in vivo have been described, including Th1, Th2, Th9, Th17, and Tregs.
However, CD4* T cells are plastic, and the phenotype and function of these cells can evolve in vivo (16, 21,
22). Therefore, finding strategies to stabilize the phenotype of the infused cells to maintain their effector
function and persistence would represent a significant advance in the field.

In recent work, we showed that incorporation of the ICOS intracellular domain into CARs augmented
the effector function and in vivo persistence of Th17 polarized cells, compared with CARs with CD28
or 4-1BB intracellular domains (21). Here, we hypothesized that CD4" and CD8* T cell subsets require
distinct costimulation signals for optimal persistence. We show that redirecting nonpolarized CD4* T cells
with an ICOS-based CAR significantly enhanced the persistence of CD8* T cells expressing a 4-1BB- or
CD28-based CAR. This observation led us to evaluate the efficacy of a third-generation CAR containing
both ICOS and 4-1BB intracellular domains. Interestingly, incorporation of ICOS and 4-1BB in a CAR
strongly enhanced both persistence and antitumor activity of CAR T cells, but only when ICOS was proxi-
mal to the cell membrane and linked to the ICOS TM domain. These results expand our understanding of
CAR T cell responses, and provide a new strategy to optimize CAR CD4* and CD8* T cell expansion and
persistence for superior antitumor function in patients with solid tumors.

Results

ICOS signaling drives CD4* T cells toward a Th1/Th17 phenotype. Our studies employed a CAR derived from
a single chain variable fragment (scFv; SS1) that recognizes human mesothelin (unless otherwise indi-
cated), which was fused to the T cell receptor—{ (TCR-() signal transduction domain (g) and 1 or more
ICDs derived from ICOS, CD28, and 4-1BB (Figure 1A). CARs containing the CD28 ICD were linked
to the CD28 TM domain, while CARs with a membrane-proximal ICOS ICD contained the ICOS TM
domain (unless otherwise indicated). CARs with a membrane-proximal 4-1BB ICD contained the CD8-a
TM domain, identical to the 4-1BB-based CARs used in the clinic by our group. A CAR that contained a
truncated form of the TCR-¢ intracellular domain was used as a control for signal transduction.

We first assessed the effects of individual ICDs on the effector functions of second-generation CAR
T cells. All SS1-CARs were efficiently expressed on the surface of T cells, although expression of SS1-
CARSs containing the ICOS costimulatory domain was slightly reduced compared with 28z and BBz CARs
(Figure 1B). Both CD4" and CD8* CAR T cells lysed non—small cell lung carcinoma cells (L55) efficiently
compared with control T cells expressing a truncated { ICD, although CD8* T cells killed tumor cells more
rapidly than CD4* T cells. No significant differences in cytotoxicity were observed between T cells express-
ing SS1 CARs with different signaling domains (Figure 1C).

We measured the effects of individual ICDs on cytokine release from CD4* and CD8* CAR T cells fol-
lowing exposure to tumor cells that express mesothelin (Figure 1D). CD4* ICOSz CAR T cells expressed
high levels of IFN-y, moderate levels of IL-17, and very low levels of Th2 cytokines, consistent with a
predominantly Th1/Th17 phenotype (Figure 1, D and E). In contrast, CD4* 28z CAR T cells secreted
greater levels of IL-2, TNF-a, GM-CSF, IL-21, IL-4, IL-5, and IL-10 and very high levels of IL-13, con-
sistent with a Th1/Th2 phenotype (Figure 1, D and E). Finally, CD4* BBz CAR T cells expressed high
levels of Thl cytokines but low levels of most Th17 and Th2 cytokines — except for IL-13, which was
expressed at high levels. Although no significant differences were observed on the levels of IFN-y released
among groups (Supplemental Figure 1; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.96976DS1), the ratio of IL-2/IFN-y was significantly higher in the 28z CAR T
cells when compared with ICOSz, while the ratio of IFN-y/TNF-a was significantly higher in ICOSz CAR
T cells. Overall, these data indicate preferential expression of IFN-y versus most other cytokines analyzed
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Figure 1. In vitro characterization of CD4* and CD8" T cells redirected with SS1-CARs. (A) Schematic representation of chimeric receptors that
contain the SS1 single chain fragment that binds to mesothelin and differ in the transmembrane and intracellular domains. (B) Surface expression

of the SS1-CARs on human CD4* T cells at the end of the primary expansion. Representative of 3 donors. (C) A real-time, impedance-based cyto-
toxicity assay (xCelligence) was used to evaluate the lysis of non-small cell lung L55 tumor cells when treated with CAR T cells at 1:1 E:T ratio over

a 20-hour period. Representative of 2 donors. (D) CD4* CAR T cells were cocultured with pancreatic cancer cells (Capan-2) that express mesothelin.
Supernatants were obtained 24 hours after coculture, and cytokine production was analyzed by Luminex. Representative of 3 different experiments
performed under similar conditions. (E) Ratios of cytokine expression for 28z and 1C0Sz were calculated using results from C. (F) CD4* CAR T cells
from different donors (n = 3-6) were cocultured with APC cells modified to express mesothelin. Supernatants were obtained 24 hours after coculture,
and cytokine production was analyzed by ELISA. Ratios of cytokine expression for 28z and ICOSz are shown. Box plots show median (line) and 25th to
75th percentile (box). The end of the whiskers represents the minimum and the maximum of all of the data. *P < 0.05 by t-test. (G) CD4* CAR T cells
were cocultured with Capan-2 or immobilized mesothelin. Supernatants were obtained 24 hours after coculture, and IL-6 production was analyzed by
Luminex. Representative of 3 donors (H) CD4* CAR T cells were stimulated with magnetic beads coated with recombinant mesothelin. Cell lysates
were obtained at different time points (5, 10, 30 and 60 min) and phosphorylation levels for AKT and ERK were analyzed by Western Blot and densi-
tometry. Basal phosphorylation was evaluated without stimulation (minute 0). Representative of 3 donors.
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in CD4* ICOSz cells (Figure 1F). Interestingly, CD4* BBz CAR T cells released moderate levels of IL-6
that were consistently higher than those produced by CD4* 28z or CD4* ICOSz cells (Figure 1G). Those
results were consistent when analyzed under different conditions and using different normal donors (Sup-
plemental Figure 1). Importantly, similar trends for IL-2, IFN-y, IL-13, and IL-5 expression were observed
for CD8* CAR T cells (Supplemental Figure 1).

ICOS is a member of the CD28 family (23) and, similar to CD28, signals through the recruitment
of PI3K and downstream activation of the MAP kinases JNK, p38, and ERK; however, ICOS signal-
ing results in comparatively elevated phosphatidylinositol (3,4,5)-triphosphate (PIP3) levels and a con-
comitant increase in Akt signaling (24). To assess whether our CARs transduce intracellular signals in
a manner similar to endogenous costimulatory molecules, AKT and ERK phosphorylation in response
to antigen stimulation was analyzed by Western blot. Activation of 28z CAR T cell induced greater and
more sustained pERK activity than activation of ICOSz CAR T cells (Figure 1H). In contrast, signaling
through ICOS increased AKT signaling relative to both CD3z and CD28z CAR T cells (Figure 1H and
Supplemental Figure 1).

In summary, signaling though CD28- or ICOS-based CARs induced strikingly different phenotypes.
Specifically, ICOSz CAR T cells displayed a Th1/Th17 phenotype with reduced levels of many Th1/Th2
cytokines, as well as increased pAKT signaling compared with 28z CAR T cells.

CD4" T cells expressing an ICOS-based CAR displayed enhanced in vivo persistence and significantly increased the
persistence of coinjected CD8* T cells. Because robust in vivo expansion and long-term functional persistence
of CAR T cells may be required to induce the destruction of large tumors, we next analyzed the in vivo
persistence of CAR T cells in mice bearing tumors. To better understand the effect of distinct costimulatory
domains in T cell survival, we cultured CD4* and CD8" T cells separately in vitro and redirected them
with CARs containing different costimulatory signals (z, CD28, 4-1BB, ICOS). CD4* and CD8" T cell
populations were then mixed to achieve a 1:1 CD4*/CD8" cell ratio and were injected into immunodefi-
cient NOD/scid/IL2ry”’~ (NSG) mice bearing s.c. L55 non-small cell lung tumors. This experiment was
designed to determine whether specific combinations of ICDs in each cell subset would enhance CD4* and
CD8* CAR T cell persistence. Blood was obtained 22 days following the first T cell injection, and CD4*
and CD8* T cells were quantified. CD4* ICOSz CAR T cells exhibited enhanced persistence compared
with first-generation CD4* z CAR T cells, whereas CD4"* 28z or BBz CAR T cells displayed impaired per-
sistence (Figure 2A). Of note, enhanced persistence of CD4* ICOSz CAR T cells was observed irrespective
of which SS1-CAR was used to redirect the CD8* CAR T cells. In contrast, persistence of CD8* CAR T
cells was highly dependent on the CAR used to redirect CD4* T cells; specifically, the presence of CD4*
ICOSz CAR T cells significantly increased the persistence of CD8* 28z or BBz CAR T cells (Figure 2B).
The treatment group that exhibited the greatest T cell persistence was a combination of CD4* ICOSz and
CD8* BBz CAR T cells, indicating that CD4* and CD8" CAR T cells may require distinct costimulatory
signals for optimal persistence.

To confirm these results using an independent scFv, we repeated this experiment with T cells express-
ing the MOv19-CAR, which contains an scFv specific for folate receptor-a. For this experiment, all
CD8" cells were redirected with the MOv19-BBz CAR, whereas CD4" T cells were engineered to express
MOV19-z, -ICOSz, -28z, or -BBz CARs. Two doses of CAR T cells were injected into NSG mice bearing
large xenograft tumors derived from human SKOV3 ovarian cancer cells. Consistent with our SS1-CAR
results, CD4* ICOSz-MOv19 CAR T cells showed enhanced persistence, compared with corresponding
CD4" T cells expressing 28z- or BBz-MOv19 CARs (Figure 2C), and correlated with enhanced per-
sistence of accompanying CD8" BBz-MOv19 CAR T cells. All mice treated with CAR T cells showed
robust antitumor responses (Figure 2D).

A third-generation CAR combining ICOS and 4-1BB signaling domains showed enhanced antitumor effect
with increased in vivo persistence. The above data suggest that the ICOS ICD is critical for optimal per-
sistence of CD4* CAR T cells, whereas the 4-1BB ICD enhances CD8* CAR T cell persistence when
supported by CD4* ICOSz CAR T cells. Next, we investigated whether combining these 2 costimu-
latory signals in a single, third-generation ICOSBBz CAR (Figure 1A) could enhance the function of
adoptively transferred T cells. Both CD4* and CD8* human T cells expressed the ICOSBBz CAR,
although overall surface expression was lower compared with second-generation CARs, consistent
with previous reports of third-generation CARs. When cocultured with mesothelin-expressing tumor
cell lines, CD4* ICOSBBz CAR T cells secreted levels of cytokines that were intermediate between
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Figure 2. Helper effect of CD4* CAR T cells expressing an ICOS-based CAR significantly increased the persistence of coinjected CD8* CAR T cells
expressing 4-1BB- or CD28-based CARs. (A and B) NSG mice bearing s.c. L55 tumor cells were treated 30 days after tumor implantation with 2 doses of
CD4* and CD8* T cells redirected with SS1-CARs. The concentration of (A) CD4* T cells and (B) CD8* T cells was determined in the blood of treated animals
22 days after T cell injection. Error bars represent + SEM (n = 7-10). *P < 0.05; **P < 0.01, and ***P < 0.001 by 1-way ANOVA with Tukey post hoc test.

(C and D) NSG mice bearing s.c. ovarian tumors (SKOV3) were treated 30 days after tumor implantation with 2 doses of CD4* and CD8* T cells redirected
with anti-folate receptor o Mov19-CARs. CD8* T cells were modified to express BBz, and CD4* T cells were left untransduced or redirected with Z, 28z,
BBz, or ICOSz signaling domains. (C) The concentration of CD4* and CD8* T cells were determined in the blood of treated animals 27 days after T cell
injection. Error bars represent + SEM (n = 6-8). T cell count data was transformed to reduce variance, and significance was analyzed by 1-way ANOVA
with Tukey post hoc test. (B) Tumor volume was analyzed at indicated time points; legend indicates the signaling domain in the CD4* and CD8* T cells.
Results are expressed as a mean tumor volume (+ SEM) with n = 6-8 mice per group.

those observed for CD4* ICOSz and CD4* BBz CAR T cells, indicating that the effects of combining
these ICDs in 1 molecule was not simply additive (Supplemental Figure 2). Overall, no major differ-

ences were observed among groups.

We next investigated the antitumor efficacy of ICOSBBz compared with the second-generation CARs

described in Figure 1. As a positive control, we included a treatment group containing combined CD4*
ICOSz and CD8* BBz CAR T cells (ICOSz*-BBz?). After establishing s.c. Capan-2 cell-derived pancreatic
xenograft tumors in NSG mice for 15 days, mice received 2 doses of redirected CAR T cells. Bulk T cells
(containing both CD4* and CD8" cells) redirected with either ICOSz or BBz CARs slowed tumor growth
but did not result in major tumor regression (Figure 3, A and B). The combination of ICOSz*BBz® CAR

insight.jci.org

https://doi.org/10.1172/jci.insight.96976


https://doi.org/10.1172/jci.insight.96976
https://insight.jci.org/articles/view/96976#sd

. RESEARCH ARTICLE

A B 200
1200 < Non-treated 2
o = BBz 5
£ 1000 4 + |COSz 0
E 500 o 1COSz4-BBz8 < 10
% @ |COSBBz %-
3 600 g
5 4008 2 0
5 2
35
2 2001 ”
o e -100
0 5 10 15 20 25 30 35 N _
L PBS BBz ICOSzICOSzICOSBBz CD4+
Days after T cell injection BBz ICOSz BBz ICOSBBz CD8+
€ Cp#Toels CD8* T cells D R ICOSz4-BBZ8
5 & CD4* T cells CD8* T cells
8 £ | s00 500
s ~ | 400] ° o R=0.73 400{ ° R=0.6
s g 300] © p=0.013
= =
E £
E —
° g Q. O & °© \N
— g EXANMCARTE T 2™ O
}_ A
T cells/ul of blood
E —BB F
—ICOSBBz e s RIS =1
z 8 = = [S
CD4* Tcells CD8* T cells E £« 1o S0
D 6 = = c
£ 2° 2 =
T4 N - 7
E A < 5 (_I) 5 é
0 = P —— oL Hle 0
S Voo Y ¥ o S ¥ o S
G 10° 10% 105 0 10° 10° 10° Q <& O%Q’ ® c)O% 52 Q & O%Q) 7P og@
CAR > \o N \OO \O A \O

Figure 3. Third-generation CARs containing ICOS and 4-1BB intracellular domains mediate enhanced antitumor effects and increased T cell persistence.
(A) NSG mice bearing s.c. pancreatic tumors (Capan-2) were treated 15 days after tumor implantation with 2 doses of T cells redirected with SS1-CARs. A
group containing a combination of CD4* T cells redirected with ICOSz and CD8* T cells redirected with BBz (ICOSz*-BBz®) was also included. Tumor volume
was analyzed at indicated time points. Results are expressed as a mean tumor volume (+ SEM) with n = 6-8 mice per group. *P < 0.05 by 2-way ANOVA with
Tukey's multiple comparison test. (B) Waterfall plots of the change in tumor volume on day 34 versus baseline for individual animals. (C) The concentration
of CD4* and CD8* T cells were determined in the blood of treated animals 21 days after T cell injection. Error bars represent + SEM. *P < 0.05 by 1-way ANOVA
with Tukey post hoc test. ***P < 0.001. For CD8* T cell counts, data was transformed to reduce variance, and significance was analyzed by 1-way ANOVA with
Tukey post hoc test. (D) Correlation of numbers of CD4* and CD8* T cells per microliter of blood was plotted versus the tumor volume on day 21 for the ani-
mals treated with IC0Sz*-BBz®. (E and F) NSG mice were sacrificed on day 34 after treatment, and human T cells were isolated from mouse spleens. (E) CAR
expression was analyzed by flow cytometry. Representative of 3-5 animals. (F) CAR T cells recovered from spleen were cocultured with K562 that express
mesothelin, and cytokine release was analyzed by ELISA 24 hours after coculture. Box plots show median (line) and 25th to 75th percentile (box). The end of
the whiskers represents the minimum and the maximum of all of the data. *P < 0.05 by 1-way ANOVA with Tukey post hoc test.

T cells caused initial rapid tumor regression and prevented further tumor growth, although tumors were
not eradicated. Mice treated with mixed ICOSz*-BBz® CAR T cells displayed enhanced persistence of both
CD4* and CD8" components, relative to mice treated with bulk ICOSz or BBz CAR T (Figure 3C), and
correlated directly with antitumor activity (Figure 3D). Interestingly, mice injected with bulk ICOSBBz
CAR T cells displayed an initial increase in tumor size, after which tumors regressed dramatically such that
tumor eradication occurred in 75% of the mice 4 weeks after treatment (Figure 3, A and B). The robust
antitumor effect of ICOSBBz CAR T cells was accompanied by increased numbers of both CD4* and
CD8* T cells when compared with second-generation CARs (Figure 3C).

We next characterized the phenotype and function of persisting ICOSBBz CAR T cells obtained from
the spleens of treated animals at the end of the study (Day 35). ICOSBBz CAR T splenocytes showed
lower frequencies and surface-expression levels of CAR protein (Figure 3E); however, these cells produced
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similar levels of cytokines as BBz CAR T splenocytes following coculture with mesothelin-expressing anti-
gen presenting cells (APCs) (Figure 3F).

Surface levels of CAR expression influences antitumor effects in vivo. Next, we sought to investigate the mech-
anism behind the enhanced antitumor effect of ICOSBBz CAR T cells. Previous studies suggested that
elevated CAR expression can induce antigen-independent tonic signaling, which can promote T cell exhaus-
tion and limit the potency of CAR T cells (25, 26). Therefore, we hypothesized that the lower mean CAR
expression in ICOSBBz T cells could prevent T cell exhaustion and enhance antitumor effects. To test this
hypothesis, we attempted to equilibrate T cell surface expression of ICOSBBz and BBz CARs. Specifically,
we first transduced T cells with the corresponding lentiviral vector (LV) at different multiplicities of infection
(MOI). Increasing the MOI elevated the percentage of T cells expressing the ICOSBBz to greater than 80%;
however, cell-surface CAR expression remained significantly lower than that of BBz CAR T cells at every
MOI tested (Figure 4A). In order to assess whether the elevated CAR expression observed in BBz CAR T
cells resulted in increased tonic signaling, we measured the mean cell volumes following primary expansion
as a measurement of metabolic status and cell cycle. Mean T cell volume was higher in BBz CAR T cells
compared with all other groups, consistent with 4-1BB signaling in the absence of cognate antigen (Figure
4B). Increasing the viral MOI used to transduce T cells also increased T cell volume in all groups, confirming
previous reports that elevated cell-surface CAR expression contributes to tonic signaling.

Next, we attempted to equilibrate T cell surface expression of ICOSBBz and BBz CARs using a less
active promoter to drive BBz expression. Specifically, we replaced the EF-1a promoter, which was used
in all other LV vectors in our study, with a truncated promoter from the Phosphoglycerate kinase (Pgk) gene,
designated pGK300 (26). T cells transduced with the modified pGK300-BBz LV displayed cell surface CAR
expression levels similar to those observed for EF-1a-ICOSBBz CAR T cells (Figure 4, C and D). To ana-
lyze the effect of CAR expression levels on tonic signaling, we monitored the mean T cell volume and T cell
phenotype after activation with anti-CD3 and anti-CD28 beads, in the absence of cognate antigen. After T
cell activation, ICOSBBz cell volume increased to nearly 600 fl by day 5 of culture and returned to a resting
cell volume of less than 250 fl, similar to untransduced (UTD) T cells, by days 10-11 (Figure 4E). By day
14 following activation, ICOSBBz T cells showed a T cell phenotype similar to that of UTD T cells, with
no signals of T cell activation, exhaustion, or differentiation (Figure 4F). In contrast, when BBz expression
was driven by the EF-1a promoter, T cells failed to return to a resting cell volume within 12 days of culture,
and by day 14, EF-1a-BBz cells still expressed high levels of IL-2 receptor o CD25. EF-10-BBz cells showed
reduced levels of CD28 and CD27 — 2 markers that typically decrease throughout differentiation — and
higher frequencies of the inhibitory receptors PD1, TIM-3, and CD200, typically expressed on chronically
stimulated T cells. As previously suggested, lowering baseline CAR expression reduced tonic costimulation,
as BBz expression from the less-active pGK300 promoter normalized the T cell phenotype (Figure 4F).

Next, we sought to analyze whether reducing the levels of BBz expression could result in an enhanced
antitumor effect. Surprisingly, when administered into animals bearing xenograft pancreatic tumors, pGK300-
BBz T cells were unable to induce any antitumor effect relative to UTD T cell controls (Figure 4G), suggesting
that lower CAR expression is not generally beneficial. In contrast, although ICOSBBz CAR T cells expressed
significantly less cell-surface CAR protein than EF-10-BBz CAR T cells, they were significantly more proficient
at controlling tumor growth (Figure 4G). These results demonstrate that the superior antitumor efficacy of the
ICOSBBz CAR is not simply a consequence of its lower surface expression and its reduced tonic signaling.

ICOS proximity to the cell membrane in a third-generation CAR is necessary for improved survival. We hypothesized
that, if combining ICOS and 4-1BB signaling enhances antitumor effect, a third-generation CAR containing
both ICOS and 4-1BB in reversed orientation (BBICOSz), in which the 4-1BB domain is positioned proximal
to (and the ICOS domain distal to) the plasma membrane should also show superior antitumor effect when
compared with second-generation CARs. To test this, we generated BBICOSz CAR T cells (Figure 1A) and
compared their in vitro phenotype and function to BBz, ICOSz, and ICOSBBz CAR T cells. All second- and
third-generation CARs demonstrated equivalent kinetics of target cell lysis in vitro (data not shown). Incorpo-
ration of the 4-1BB intracellular domain in third-generation CARs slightly increased IL-2 secretion and T cell
proliferation when compared with ICOSz T cells in the 3 normal donors tested (Figure 5, A and B). Interesting-
ly, cytokine secretion patterns were most similar between BBICOSz and BBz cells, as well as between ICOSBBz
and ICOSz cells. For example, BBICOSz and BBz cells exhibited significantly higher IT.-13 and IL-6 secretion
than ICOSz and ICOSBBz cells, whereas the reverse pattern was observed for IL-10 and IT.-17 (Figure 5A).
These data suggest that the membrane-proximal ICD has an important effect on cytokine responses.
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Figure 4. Levels of surface CAR expression influence antitumor effects. (A and B) T cells were transduced with indicated MOI with lentiviral vectors
encoding CAR proteins. CAR expression (A) and mean cell volume (B) was analyzed on day 13 after T cell transduction by flow cytometry. (C) Surface
expression of the CAR proteins on human T cells at the time of functional evaluation. Transduction efficiencies are indicated with MFI of the transduced
populations in parentheses. (D) Fold-change CAR expression (MFI) in pGK300-BBz and EF-1a-BBz relative to EF-1a-ICOSBBz was analyzed in 3 donors.
**P < 0.01 by 1-way ANOVA with Tukey post hoc test. (E) T cell volume during ex vivo expansion in the absence of cognate antigen. Results are expressed
as the mean T cell volume (+ SD) with n = 2 donors. (F) Representative histograms showing the expression of activation, differentiation, and exhaustion
markers in CAR T cell 14 days after stimulation with anti-CD3/CD28 beads. Representative of 2 donors. (G) NSG mice bearing s.c. Capan-2 pancreatic
tumors were treated 20 days after tumor implantation with 2 doses of UTD or CAR T cells with the indicated promoter and signaling domain. Tumor
volume was analyzed at indicated time points. Results are expressed as the mean tumor volume (+ SEM) with n = 7-10 mice per group. Statistical signifi-

cance: *P < 0.05 by 2-way ANOVA with Tukey’s multiple comparison test.
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To determine the antitumor effect of BBICOSz, NSG mice bearing pancreatic tumors were treated with
redirected T cells (50% CAR, 1:1 CD4*/CD8"), and overall survival was analyzed (Figure 5C). Injection of
BBz or BBICOSz cells effectively doubled the median survival of NSG mice bearing s.c. xenograft pancreatic
tumors, compared with UTD controls. Remarkably, 100% of NSG mice receiving ICOSz or ICOSBBz CAR
T cells were alive by day 56, compared with only 40% survival in the BBz and BBICOSz treatment groups.
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Figure 5. ICOSBBz enhanced in vivo functions are only observed when I1COS is proximal to the cell membrane. (A and B) CAR T cells obtained from 3
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tured with APC cells transduced with mesothelin (K562meso). (A) Supernatants were obtained 24 hours later, and cyto-

kine production was analyzed by Luminex. Floating bars show mean (line) and the minimum and maximum values (box). *P < 0.05, **P < 0.01, and ***P
< 0.001 by 1-way ANOVA with Tukey post hoc test. (B) Proliferation was assessed by determining the total number of live CAR T cells within the coculture
flow cytometry using counting beads 8 days after coculture. Total cell count at the end of the experiment was normalized to the total cell count at day 0.
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flow cytometry (n = 7-10 mice per group). ***P < 0.001 by 1-way ANOVA with Tukey post hoc test.

Analyses conducted 44 days after injection revealed that more than 90% of surviving T cells in animals treated
with BBz T cells were CD8", whereas 50% of the persisting ICOSz T cells were CD4" (Figure 5D). These data
suggest that 4-1BB signaling is critical for the survival of CD8" CAR T cells, and ICOS signaling is critical for
the survival of CD4* CAR T cells. Animals treated with third-generation CARs containing both ICOS and
4-1BB showed an intermediate pattern, composed of 70%—80% of CD8" CAR T cells (Figure 5D). Collec-
tively, these results indicate that ICOS proximity to the cell membrane is key to enhancing antitumor effects,
whereas incorporation of 4-1BB in CD8" T cells is required to enhance proliferation and elevate the CD8*/
CD4" ratio in vivo.

ICOS TM domain regulates antitumor effect and increases persistence. Although the identity of the mem-
brane-proximal ICD has a strong influence on CAR T cell function and persistence, it remained possible that
the different TM domains used to construct ICOSBBz and BBICOSz CARs contributed to their phenotype.
To test this, we created an additional third-generation CD8-ICOSBBz CAR in which the ICOS TM domain in
the ICOSBBz CAR was replaced with the CD8a TM used to produce the BBICOSz CAR (Figure 1A). Surface
expression of the CD8-ICOSBBz CAR was very similar to that of ICOSBBz CAR T cells in all donors tested
(Figure 6, A and B), suggesting that the TM domain does not have a key role on cell-surface CAR expression.

To investigate whether the TM domain could be responsible for tonic CAR signaling, we analyzed
the mean cell volume and T cell phenotype during the primary expansion, in the absence of cognate
antigen. All CAR constructs containing the ICOS ICD proximal to the cell membrane showed growth
curves and phenotypes similar to control cells (Figure 6, C and D). Replacement of the ICOS TM
domain by the CD8o TM did not have any effect in tonic signaling. By contrast, both BBz and BBI-
COSz CAR T cells showed increased mean cell volume during the primary expansion (Figure 6C).
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Figure 6. 1COS transmembrane domain is necessary for improved antitumor effect and increased persistence. (A) Surface expression of the CAR proteins
on human T cells at the time of functional evaluation. ICOSBBz has an ICOS transmembrane region and TM CD8-1COSBBz and BBICOSz have a CD8a trans-
membrane domain. Transduction efficiencies are indicated with MFI of the transduced populations in parentheses. (B) Fold-change CAR expression (MFI)
in CD8-1COSBBz and BBICOSz relative to ICOSBBz was analyzed in 3 normal donors. *P < 0.05 by 1-way ANOVA with Tukey post hoc test. (C) T cell volume
during ex vivo expansion in the absence of cognate antigen. Representative of 2-4 donors (D) Representative histograms showing the expression of activa-
tion, differentiation, and exhaustion markers in CAR T cells 13 days after stimulation with anti-CD3/CD28 beads. Representative of 2 donors. (E) CAR T cells
were cocultured with APC cells transduced with mesothelin (K562meso). Supernatants were obtained 24 hours later, and cytokine production was analyzed
by Luminex. (F and G) NSG mice bearing s.c. Capan-2 pancreatic tumors were treated 36 days after tumor implantation with 2 doses of UTD or CAR T cells.
(F) Tumor volume was analyzed at indicated time points. Results are expressed as a mean tumor volume (+ SEM) with n = 5-7 mice per group. *P < 0.05, **P
< 0.01by 2-way repeated-measure ANOVA. (G) The concentration of CD4* T cells and CD8* T cells was determined in the blood of treated animals 21 days
after T cell injection. Error bars represent + SEM (n = 5-7). To analyze differences among groups, T cell count data was transformed to reduce variance, and
significance was analyzed by 1-way ANOVA with Tukey post hoc test; *P < 0.05.

By day 13 after T cell activation with CD3/CD28 beads, when most of the groups had rested down,
BBz and BBICOSz groups showed signs of proliferation (Ki67"), differentiation (CD28°, CD27%) and
exhaustion (PD1%, TIM-3" and CD200 ™), suggesting that 4-1BB proximity to the cell membrane could
account for the tonic signaling phenotype (Figure 6D).
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In vitro functional studies did not reveal any notable differences between the CD8-ICOSBBz and origi-
nal ICOSBBz CAR T cells in terms cytotoxicity (data not shown) or cytokine release (Figure 6E) following
antigen encounter. Notably, BBICOSz CAR T cells expressed higher levels of IL-13 and IL-6 when com-
pared with TM CD8-ICOSBBz confirming that the membrane-proximal ICD has an important role in
driving the cytokine profile of this third-generation CAR.

Despite the absence of the tonic signaling phenotype in the CD8-ICOSBBz CAR T cells, CD8-ICOSB-
Bz and BBICOSz cells displayed similar, modest antitumor effects in vivo (Figure 6F), whereas ICOSBBz
cells caused 100% tumor regression by 35 days. Importantly, ICOSBBz CAR T cells showed an enhanced
expansion and persistence in vivo (Figure 6G) when compared with CD8-ICOSBBz and BBICOSz cells.
These data indicate that both the ICOS TM and ICD domains contribute to the robust antitumor effect and
enhanced persistence in vivo observed for ICOSBBz CAR T cells.

In summary, our third-generation ICOSBBz CAR displayed enhanced persistence of CD4* and CD8*
CAR T cell subsets and superior antitumor activity and survival in solid tumor models compared with oth-
er CARs tested, notably the BBz CAR — which, when targeting CD19, has achieved long-term remissions
in patients with B cell malignancies.

Discussion

The in vivo expansion and persistence of CAR T cells correlates with clinical response to B cell malignan-
cies; however, CAR T cells have not persisted well in patients with solid tumors or demonstrated robust
efficacy in trials reported to date. Herein, we investigated whether CAR T cell persistence and efficacy
could be improved by redirecting CD4* and CD8" cells with optimized costimulatory domains. CAR
T cell functionality is commonly studied in bulk CD4* and CD8" T cells. However, there is compelling
evidence that costimulatory signals may have differential effects on CD4* and CD8" cells (27). While
ICOS costimulation plays an essential role in the function of CD4* T cells, 4-1BB signaling is known to
preferentially enhance the survival of CD8" T cells (28, 29). Here, we find that CAR T cells can have a
“helper effect”, in that the redirection of CD4" T cells with an ICOS-based CAR enhances CD8* CAR
T cell persistence and killing in multiple in vivo solid tumor models. A third-generation CAR composed
of ICOS and 4-1BB ICD was shown to have the most potent antitumor efficacy in preclinical solid tumor
models, which is notable because it is more potent than the second-generation CAR that we previously
developed that contains only 4-1BB and CD3( ICD (30) and has potent effects in patients with refractory
leukemia (4-6). The underlying mechanisms by which ICOS and 4-1BB signaling differentially promote
proliferation of CD4* and CD8* CAR T cells may be related to distinct patterns of cytokine secretion and
other effects that are currently under investigation.

Our results show that redirection of CD4* T cells with a second-generation CAR containing the ICOS
ICD drives T cells toward a Th1/T17 phenotype, with increased production of IL-17A, reduced IL-2 secre-
tion, and enhanced in vivo survival when compared with second-generation CARs containing the widely
used CD28 or 4-1BB ICD. We also demonstrate that the CD28-based CAR T cells selectively secrete TNF-a,
while 4-1BB-based CARs have preferential secretion of IL-6, which may be related to an emerging clinical
spectrum of adverse effects with CD19 CARs, including cerebral edema and cytokine release syndrome (31).

These data extend our previous report demonstrating that Th17 cells redirected with an ICOS-based
CAR had enhanced CD4* T cell survival and were as effective as CD28-based CARs in killing tumor cells
(21). These results also correlate with clinical observations in ICOS-deficient patients, whose CD4* T cells
exhibit normal IL-2 production but reduced secretion of the cytokines IL-4, IFN-y, IL-10, and IL-17 upon
in vitro stimulation, as well as a decreased percentage of CD4" central and effector memory T cells (32).
Interestingly, the percentage of ICOSMCD4* T cells increases in the peripheral blood and tumor tissues of
cancer patients treated with anti-CTLA-4 antibodies, and the ICOS* population comprises the majority of
tumor-specific, IFN-y—producing CD4* T cells (33, 34). Here, we have further demonstrated that redirection
of CD4* T cells with an ICOS-based CAR enhances the persistence of CD8" T cells redirected with CD28-
or 4-1BB-based CARs, revealing the importance of proper redirection of CD4* T cells. The role of CD4* T
cells in enhancing the persistence of CD8* has been previously suggested in patients treated with adoptive
cell transfer. In a trial using GD2-CAR T cells in patients with neuroblastoma, an extremely strong correla-
tion was found between the proportion of CD4* T cells and CD45RO*CD62L" central memory cells present
in infused T cells and the subsequent blood persistence of CAR T cells in patients (11). Similarly, adop-
tive transfer of tumor-infiltrating lymphocytes to patients with metastatic melanoma showed an increase in
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objective responses and T cell persistence in patients who received tumor-infiltrating lymphocytes containing
CD4* T cells compared with CD8" T cell clones (35).

ICOS costimulation has also been shown to enhance antitumor activity mediated by CD8* effector
cells in the absence of CD4" T cell help (36). We found that signaling through an ICOS-based CAR
increased the cytokine release and in vivo persistence of CD8" T cells when compared with first-gen-
eration CARs. However, the persistence of CD8* T cells was further increased when CD8* T cells
were redirected with a 4-1BB-based CAR. It has been demonstrated previously that endogenous 4-1BB
signaling affects the size, quality, and maintenance of the memory CD8" T cell pool (28, 37). 4-1BB
stimulation can rescue T cells from anergy and exhaustion (25, 38), and 4-1BB has been implicated
in imparting long-term survival benefits to T cells (39). CAR T cells containing the 4-1BB ICD have
induced complete responses in patients with B cell malignancies and have shown long-term survival and
sustained effector functions (6, 40). Interestingly, we recently reported that 4-1BB signaling enhances
respiratory capacity and mitochondrial biogenesis in CAR T cells and is associated with the expansion
of a CD8* central memory population, which may explain — in part — the differential persistence
observed in clinical trials (41). Here, we provide evidence that it is possible to further increase the per-
sistence of CAR T cells redirected with 4-1BB by combining 4-1BB and ICOS signaling domains in a
third-generation CAR.

A previous report documented that constructs in which CD28 is placed distal to the cell membrane
and CD3( is moved to a proximal-distal location are nonfunctional (42). Most of the third-generation
CARs reported, to date, combine CD28 and 4-1BB or CD28 and OX40, with CD28 placed proximal
to the cell membrane (43-45). While it has been clearly demonstrated that second-generation CARs
outperform first-generation CARs both in preclinical studies and clinical trials (14, 46), the degree to
which inclusion of additional costimulatory domains increases efficacy remains unclear. Third-genera-
tion CARs have shown similar or slightly improved effector functions compared with second-generation
CARs, although cytokine production levels vary in comparison with second-generation CARs, with
both increased and decreased production levels reported. Initial attempts to increase T cell persistence
in vivo with third-generation CARs have focused primarily on combined CD28 and 4-1BB signaling.
Using a different strategy, Zhao et al. examined the effects of using actual ligands for different costim-
ulatory receptors to identify the optimal combination of signals to support the persistence and function
of engineered CD19 CAR T cells (47). Here, we found that combination of ICOS and 4-1BB in a
third-generation CAR showed enhanced antitumor effects and synergistic effects on T cell in vivo sur-
vival but only when ICOS is placed proximal to the membrane. Collectively, these results support the
importance of optimizing costimulation on CAR T cells.

ICOS and CD28, both members of the CD28 family, have unique and overlapping functions that syn-
ergize to regulate T cell differentiation. Here, we show that both CD4* and CD8* T cells expressing an
ICOS-based CAR persisted significantly better than T cells expressing a CD28-based CAR. Several studies
have shown that ICOS activates PI3K signaling more potently than CD28 (24, 48), resulting in increased
Akt signaling. Here, we show that signaling through ICOS-based second-generation CARs induced Akt
phosphorylation to greater levels than CD28-based second-generation CARs. The potent activation of Akt
may explain, in part, the enhanced T cell persistence of ICOS-based CAR T cells, as Akt is a known T cell
survival factor. Although PI3K is the main signaling molecule that is known to interact with ICOS, it has
been recently reported that the cytoplasmic tail of ICOS has 2 potentially novel evolutionary conserved
motifs (49). The ICOS proximal motif is homologous to a conserved motif found in the TNFR-associated
factors TRAF2 and TRAF3, and it binds to the kinase TBK1 (49). How these ICOS-specific motifs contrib-
ute to the observed phenotype of ICOS-based CAR T cells is currently under investigation.

Some CAR T cells can have antigen-independent tonic signaling during ex vivo expansion, which
can induce T cell differentiation and exhaustion. Tonic signaling may result when CARs are highly
expressed from strong promoters in viral vectors, leading to clustering of CAR molecules. CARs with
constitutive signaling have been associated with inferior antitumor activity in vivo (26, 50, 51), high-
lighting the advantage of CARs whose configuration does not induce tonic signaling. Our results show
that ICOS-based second-generation CARs and third-generation CARs in which ICOS is proximal to the
cell membrane fail to induce tonic signaling. In contrast, CARs containing membrane-proximal 4-1BB
ICD displayed tonic signaling, accompanied by accelerated T cell differentiation and exhaustion in the
absence of cognate antigen. Different strategies have been proposed to reduce tonic signaling, including
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use of the 4-1BB ICD (25), optimization of the spacer length (50), targeting of a CAR to the T cell recep-
tor a constant TRAC locus (52), or use of self-inactivating LVs instead of gammaretroviral vectors (51).
While Long et al. showed that in a CAR targeting GD2 tonic signaling could be averted by substituting
the CD28 ICD by the 4-1BB (25), a recent study suggested that tonic signaling observed in 4-1BB-based
CARs can induce T cell apoptosis via continuous TRAF2-dependent activation of the NFkB pathway
and FAS-dependent cell death (51). Here, we propose that, by placing the 4-1BB intracellular domain
distal to the cell membrane in a ICOSBBz third-generation CAR, we can reduce tonic signaling and
increase antitumor efficacy and T cell persistence.

Although initially considered to be an inert link between the extracellular domains and ICDs of the
CAR, it is becoming clear that the TM domain may be important (53). For example, it has been previ-
ously shown that the CD3{ TM domain is necessary for signaling by a first-generation CAR targeting
carcinoembryonic antigen (54). It has also been demonstrated that CARs incorporating the native CD3(
TM domain form a complex with the endogenous TCR/CD3 complex, resulting in optimal T cell acti-
vation, whereas CARs containing mutated CD3¢ TM lacked these interactions. Here, we show that the
ICOS TM domain is required for the optimal in vivo phenotype of the ICOSBBz CAR T cells. We found
that the ICOS TM domain does not have a key role in CAR cell-surface expression or mitigation of tonic
signaling. Whether the ICOS TM is interacting with elements of the TCR complex or other endogenous
molecules that enhance T function is an interesting question for future investigation.

Therapeutic treatments should balance efficacy and toxicity. However, the lack of good animal models
has limited the evaluation of the toxicity of ICOSBBz CAR T cells. Different centers performing clinical
trials with CAR T cells for the treatment of hematologic malignancies have reported toxicities, including
cytokine release syndrome, tumor lysis syndrome, or neurologic toxicity (2, 5, 6, 55). These toxicities usual-
ly result from in vivo CAR T cell proliferation after antigen recognition. In our clinical trial testing SS1-BBz
CAR T cells for the treatment of solid tumors expressing mesothelin, we observed poor T cell persistence
and minimal efficacy with no signs of toxicity. These results correlate with results observed in other clinical
trials testing CAR T cells against solid tumors in which disappointing clinical trial outcomes were also
associated with poor T cell persistence (8, 56, 57). Therefore, the goal of the current study was to increase
T cell persistence to achieve improved antitumor effects. We are currently investigating different strategies
to attenuate activity of CAR T cells against normal tissues that may express the target antigen, like intro-
duction of a safety off-switch, which may help decrease the risk/benefit ratio of our ICOSBBz CAR T cells.

In summary, we demonstrate that the selection of specific costimulatory domains to redirect CD4*
and CD8" CAR T cells, as well as the configuration of scFv, TM domain, and intracellular domains, are
essential to optimize CAR T cell function. These results provide important information that should inform
the design of next-generation cellular therapies with enhanced function and persistence, and they provide a
strong rationale to test ICOSBBz-based CAR T cells in human trials.

Methods

Cell lines. All cell lines were obtained from American Type Culture Collection (ATCC), with the exception of
L55 (non—small cell lung cancer), which was derived from a patient’s tumor at the University of Pennsylvania.
The human cancer cell lines SKOV3 (ovarian cystadenocarcinoma), L55, and K562 (myelogenous leukemia)
were cultured in RPMI-1640. The Capan-2 (pancreatic adenocarcinoma) and ASPC-1 (pancreatic adenocar-
cinoma ascites metastasis) cell lines were cultured in DMEM/F12. All media was supplemented with 10%
FCS. All tumor cell lines were regularly validated to be Mycoplasma free. SKOV 3, Capan-2, ASPC1, and K562
cells were authenticated in 2016 by the University of Arizona Genetics Core (Tucson, Arizona, USA).

Vector design. LVs expressing EF-1a promoters and CARs SS1-8-z, SS1-z, SS1-BBz, SS1-28z, and
SS1-ICOSz have been previously described (21, 43), as have LVs with truncated PGK promoters (26). Chi-
meric cDNA sequences containing TM ICOS-ICOS-BB-CD3z, TM CD8u-1COS-41BB-CD3z, and TM
CD8a—41BB-ICOS-CD3z were custom synthesized (Integrated DNA Technologies), digested with Nael
and Sall and ligated into the pTRPE LV containing SS1-ICOSz digested with Nael and Sall.

Isolation, transduction, and expansion of primary human t lymphocytes. Blood samples were obtained from
the Human Immunology Core at the University of Pennsylvania. Peripheral blood CD4* and CD8* T cells
were negatively isolated using RosetteSep Kits (Stem Cell Technologies). T cells were stimulated with anti-
CD3/CD28 magnetic beads (Invitrogen) and transduced by LVs at an MOI of 5, as previously described.
For CD8* T cells, human IL-2 (Prometheus) was added every other day to a final concentration of 50 IU/
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ml. CAR T cell preparations were mixed to achieve a 1:1 CD4*/CD8" cell ratio and normalized to 50%
CAR expression before functional evaluation.

In vitro coculture experiments. Tumor cells (1 x 10° cells) were seeded in 48-well plates and, after 24
hours, 3 x 10° T cells were added (effector/target ratio [E:T] of 3). For assays using artificial APC
(aAPC), 2 x 10° mesothelin-expressing K562 (K562meso) cells were mixed with 4 X 10° T cells in
48-well plates (E:T of 2). For cytokine production assays, supernatants were collected 24 hours after
coculture and analyzed using the human cytokine 30-plex panel on the Luminex system (ThermoFisher
Scientific) as previously described or assessed for human IL-2, TNF-a, and IFN-y using the DuoSet
ELISA Development Kit (R&D Systems). For T cell proliferation assays, cells were collected before
coculture and after 8 days of incubation with K562meso cells and were stained for viability followed
by surface staining for CD45, CD4, CDS, and CARs. Absolute T cell counts were determined using
CountBright fluorescent beads (Invitrogen)

Flow cytometry. For all experiments, T cell suspensions were stained with a fixable live/dead violet
stain (L34955, Invitrogen) in PBS followed by surface antibody staining in FACS buffer. The Foxp3/
Transcription Factor Staining Buffer set (Invitrogen) was used for Ki67 detection. The following anti-
bodies were used: anti-CD45-PerCp-Cy5.5 (catalog 45-9459-42), anti-CD8-APC (catalog 17-0086-42),
anti—-CD4-PE (catalog 12-0048-42), anti-TIM3-PerCPeF710 (catalog 46-3109-42), anti-CD200-PECy7
(catalog 25-9200-42), anti-CD25-PECy7 (catalog 25-0257-42), and anti—-Ki67-FITC (11-5699-42) (all
from Invitrogen); anti-CD8-APC-H7 (catalog 560179) and anti-CCR7-FITC (catalog 150503) (both
from BD biosciences); anti-CD4-BV510 (catalog 317444) and anti—-PD-1-BV711 (catalog 329928)
(both from BioLegend); and anti-CD27-PECy7 (catalog A54823) and anti-CD28-PE-CF594 (catalog
6607111) (both from Beckman Coulter). Expression of CAR proteins was evaluated using biotinylated
goat anti-mouse IgG (115-065-072, Jackson ImmunoResearch) with streptavidin (APC or PE) (BD
Biosciences). All experiments were conducted on a BD Fortessa flow cytometer (BD Biosciences) and
analyzed with FlowJo software (Tree Star Inc.).

Western blot. T cells (1 x 10° cells) were stimulated with magnetic beads coated with a yeast-de-
rived recombinant mesothelin (58). Cell pellets were collected and frozen at indicated time points after
antigen recognition. Protein lysates from cells lines were prepared in a lysis buffer containing 2% SDS
(MilliporeSigma), 62.5 mM Tris-HCI (MilliporeSigma), pH 6.8, 10% glycerol (Invitrogen), 5% 2-mer-
captoethanol (Bio-Rad), and 0.002% bromophenol blue (Bio-Rad). Equivalent amounts of protein were
resolved by SDS-PAGE and processed by immunoblotting analysis. The following primary antibodies
were used: anti—-phospho-Erk1/2 (catalog 9106), anti-Erk1/2 (catalog 9102), anti-phospho-Akt (catalog
4051), and anti-Akt (catalog 11E7) (all from Cell Signaling Technology) and anti-CD3 (catalog 551033,
BD Biosciences). Bands were visualized by enhanced chemiluminescence (ECL). Images were captured
using an Odyssey Fc system (Li-Cor Biosciences). Image processing and densitometry analysis were
carried out using the Image Studio Lite software (Li-Cor Biosciences).

Mice. NSG mice were purchased from The Jackson Laboratory and bred and housed in the vivarium at
the University of Pennsylvania in pathogen-free conditions.

In vivo xenograft studies. Xenograft tumors were established by s.c. injection of 5 x 10° L55, SKOV3,
or Capan-2 cells in the presence of a 50% solution of Matrigel (BD Biosciences) in PBS. After mean
tumor volume reached 200-250 mm?, mice were treated with 2 i.v. injections of 1 x 107 CART cells
(50% CAR*, 1:1 CD4/CD8 ratio) on days 0 and 5. Tumor dimensions were measured with calipers, and
tumor volumes calculated using the formula V = 122 X L X W x W, where L is length and W is width.
For survival studies, the endpoint was established at tumor volume = 1,000 mm?3. Peripheral blood was
obtained from retro-orbital bleeding and stained for the presence of human CD45, CD4, and CD8 T
cells. After gating on the human CD45" population, the CD4* and CD8" subsets were quantified using
TruCount tubes (BD Biosciences). At the endpoint, spleens were harvested and filtered through 100-um
nylon mess cell strainers. RBC were lysed, and the cell suspension was filtered again through 70-um
cell strainers. Intrasplenic human T cells were isolated using the mouse Lineage Cell Depletion Kit
(Miltenyi Biotec). All experiments were performed in a blinded, randomized fashion.

Ex vivo analysis of splenocytes. Isolated human T cells from mouse spleens were stained for human
CD45, CD4, CD8, and CAR expression. To analyze T cell function, isolated T cells were cocultured
with K562meso (2:1 E:T ratio), and supernatants were collected 24 hours later. Cytokines were ana-
lyzed using the human cytokine 30-plex panel on the Luminex system (ThermoFisher Scientific).
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Statistics. All statistical analysis was performed using GraphPad Prism v6 (GraphPad Software Inc.).
For comparisons of 2 groups, 2-tailed unpaired ¢ tests were used. One-way ANOVA with Tukey post hoc
test was used for comparison of 3 or more groups in a single condition. Statistical analysis for tumor vol-
ume was performed using 2-way repeated-measures ANOVA. Kaplan-Meier survival data were analyzed
using a log rank (Mantel-Cox) test. Correlation was estimated by calculation of 2-tailed Pearson coef-
ficients and significance. Data was transformed when needed to normalize variance. Symbols indicate
statistical significance as follows: *P < 0.05; **P < 0.01, and ***P < 0.001.

Study approval. The University of Pennsylvania IACUC approved all animal experiments.
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