1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Clin Cancer Res. Author manuscript; available in PMC 2018 December 15.

-, HHS Public Access
«

Published in final edited form as:
Clin Cancer Res. 2017 December 15; 23(24): 7569-7583. d0i:10.1158/1078-0432.CCR-17-2008.

CAR T therapy targeting ICAM-1 eliminates advanced human
thyroid tumors

Irene M. Minl", Enda Shevlin2, Yogindra Vedvyas24, Marjan Zaman?, Brian Wyrwas?,
Theresa Scognamiglio®, Maureen D. Moorel, Weibin Wang?!, Susan Park2, Spencer Park?4,
Suraj Panjwanil, Katherine D. Gray!, Andrew B. Tassler®, Rasa Zarnegar!, Thomas J. Fahey
1", and Moonsoo M. Jin1:2:4.*

1Department of Surgery, Weill Cornell Medicine, 1300 York Avenue, New York, NY 10065
?Department of Radiology, Weill Cornell Medicine, 1300 York Avenue, New York, NY 10065
3Department of Pathology, Weill Cornell Medicine, 1300 York Avenue, New York, NY 10065
4Department of Biomedical Engineering, Cornell University, Ithaca, NY 14850

5Department of Head and Neck Surgery, Weill Cornell Medicine, 1300 York Avenue, New York,
NY 10065

Abstract

Purpose—~Poorly-differentiated thyroid cancer and anaplastic thyroid cancer (ATC) are rare yet
lethal malignancies with limited treatment options. Many malignant tumors including papillary
thyroid cancer (PTC) and ATC are associated with increased expression of ICAM-1, providing a
rationale for utilizing ICAM-1-targeting agents for the treatment of aggressive cancer. We
developed a third-generation CAR targeting ICAM-1 to leverage adoptive T cell therapy as a new
treatment modality.

Experimental Design—ICAM-1 CAR T cells were applied on multiple malignant and non-
malignant target cells to investigate specific target cell death and ‘off-tumor’ toxicity /n vitro. In
vivo therapeutic efficacy of ICAM-1 CAR T cells was examined in ATC mouse models
established from a cell line and patient-derived tumors that rapidly develop systemic metastases.

Results—ICAM-1 CAR T cells demonstrated robust and specific Killing of PTC and ATC cell
lines /n vitro. Interestingly, although certain ATC cell lines showed heterogeneous levels of
ICAM-1 expression, addition of cytotoxic CAR T cells induced increased ICAM-1 expression
such that all cell lines became targetable. In mice with systemic ATC, a single administration of
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ICAM-1 CAR-T cells mediated profound tumor killing that resulted in long term remission and
significantly improved survival. Patient-derived ATC cells overexpressed ICAM-1 and were
largely eliminated by autologous ICAM-1 CAR T cells /n vitro and in animal models.

Conclusions—Our findings are the first demonstration of CAR T therapy for metastatic, thyroid
cancer cell line and advanced ATC patient-derived tumors that exhibit dramatic therapeutic
efficacy and survival benefit in animal studies.

Introduction

Thyroid cancer is the most common malignancy of the endocrine system with an estimated
64,300 new cases being diagnosed in the US in 2016 (1). This rate of diagnosis is increasing
more rapidly than any other endocrine cancer in the US (2). Most thyroid cancers are
indolent and curable with standard treatments such as surgery, radioactive iodide (RAI)
therapy, and thyroid stimulating hormone (TSH) suppression therapy for localized or
regional disease. However, thyroid cancer patients can have widely different clinical
outcomes depending on the pathological subtype. The follicular-derived thyroid cancers are
divided into well-differentiated papillary thyroid cancer (PTC), follicular thyroid cancer
(FTC), poorly differentiated thyroid carcinoma, and anaplastic thyroid carcinomas (ATC).
The mortality rates of well-differentiated PTC (WDPTC), poorly-differentiated PTC
(PDPTC), and ATC are reported to be 3-10%, 38-57%, and close to 100%, respectively (1).
Moreover, distant metastases occur at higher frequencies in PDPTC and ATC patients
(representing approximately 5% of all thyroid cancer patients), reducing their 5-year
survival to 55.3% from 99.9% for localized, well-differentiated tumors (3). The occurrence
of ATC is fortunately rare and estimated to account for 2-5% of all thyroid cancers - but
when it does occur it is rapidly lethal with a median survival of 5 months and 1-year survival
rate estimated at 10-20% (4).

Research on targeted therapeutic interventions has focused on inhibiting aberrant pathways
implicated in well-differentiated thyroid cancer, including RET-PTC translocations and
BRAF point mutations (V600E) in PTC, and RAS point mutations in follicular and poorly-
differentiated thyroid carcinoma (4). Vascular endothelial growth factor and its receptors
have also been extensively studied and targeted with multikinase inhibitor drugs like
sorafenib, sunitinib, and lenvatinib. While these strategies hold promise for extension of
progression-free survival, there is little evidence for improved overall survival of thyroid
cancer patients treated with these drugs (1). Moreover, there are no systemic therapies
(cytotoxic and/or targeted) that aid survival or quality of life in patients with metastatic ATC.
Multikinase inhibitor drugs have shown very limited response in ATC patients except for a
few reported anecdotal cases (5, 6), highlighting an urgent need for new treatment
modalities.

Recently, cancer immunotherapy and in particular, adoptive cell therapy (ACT) have made
significant technological advancements leading to improvements in both efficacy and
potential availability for the treatment of hematologic and solid tumors (7). Successful
application of ACT using unmadified cytotoxic T cells relies upon isolation and ex vivo
expansion of patient T cells, typically tumor infiltrating T cells (TILs), that recognize
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mutated or overexpressed tumor-associated antigens in an MHC-dependent manner. While
successful in certain malignancies, most notably in melanoma (7), reliable extraction of
TILs from a wider range of tumors is hampered by their low availability. Furthermore,
tumors can downregulate MHC-I expression to render these T cell receptor (TCR)-based
therapies less effective (8). In order to enable effector T cells to target tumor antigens in a
non-MHC-dependent manner, a CAR molecule that integrates antibody-derived antigen
recognition via a single-chain fragment variable (scFv) and the zeta chain signaling domain
from the TCR complex was devised in the late 1980s (9). Evolution of this design led to
integration of additional signaling domains derived from co-stimulatory receptors such as
CD28 and 4-1BB (10, 11) and these 2" and 3™ generation CAR designs have shown
remarkable success in hematological cancers, particularly in B cell malignancies (12, 13).
Recently, positive outcomes have also been observed in clinical trials treating solid tumors,
including neuroblastoma, melanoma, and synovial cell carcinoma (7).

With the intention of developing a CAR T therapy applicable to recurrent, advanced thyroid
cancer patients with no alternative treatment options, we first validated ICAM-1 as a suitable
antigen for CAR-targeting by examining the correlation between ICAM-1 expression and
malignant features in PTC and ATC. ICAM-1 is a member of the immunoglobulin
superfamily, and is known to play a role in mediating cell-cell interactions such as leukocyte
endothelial transmigration during inflammation (14). Under non-inflammatory conditions,
ICAM-1 expression is constitutively low and faintly detectable on endothelial cells.
Increased ICAM-1 expression levels have been observed in multiple myeloma (15) and
across many disparate carcinomas including breast (16), pancreas (17), and gastric (18)
tumors, and are correlated with tumor progression and metastatic capability (19). Moreover,
clinical trials support the safety and tolerability of targeting ICAM-1 using monoclonal
antibodies (20-24). Previous studies have shown that ICAM-1 expression is highly
correlated with both the malignancy and metastatic status of thyroid tumors, as well as the
V600E BRAF (BRAFV600E) mytation (25, 26). The stark correlation between ICAM-1
expression and adverse prognostic outcomes in thyroid cancer patients suggests that
ICAM-1 may serve as a therapeutic target for advanced, recurrent thyroid tumors.

Extending our prior study on ICAM-1-specific CAR T cells (27), here, we describe the
development and preclinical application of ICAM-1 targeting third-generation CAR T cells
that showed marked eradication of ATC cell lines and patient-derived primary ATC cells in
an ICAM-1-specific manner. The surface expression levels of ICAM-1 on ATC cell lines and
patient-derived primary ATC cells were sufficiently high to discriminate them from healthy
primary tissue cells. Our CAR T cell-based immunological approach has potentially wide-
ranging applications for the treatment of other solid cancers where there is a strong
association between ICAM-1 expression and adverse prognosis.

Materials and Methods

Study Approval

The studies were conducted in accordance with Declaration of Helsinki. Patient sample
collection procedures were approved by the Weill Cornell Medicine Institutional Review
Board, and patients’ written consents were obtained prior to inclusion in the study.
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Cell lines and Primary cell culture

8505C and BCPAP cell lines were purchased from DSMZ, Germany. FRO and KHM-5M
cell lines were kindly provided by Dr. James A. Fagin (Memorial Sloan—Kettering Cancer
Institute, New York, New York). HEK 293T, HMEC-1, and HeLa cells were purchased from
ATCC. Primary SAEC from healthy donors and primary kidney MVEC cells were
purchased from Lonza and Cell Systems, respectively. Cell culture growth media and culture
conditions are described in detail in the Supplementary Methods section. Gene inactivation
of ICAM-1 in 8505C was carried out using CRISPR plasmids available from Santa Cruz
Biotechnology (sc-400098 and sc-400098-HDR). T cell isolation from peripheral blood
mononuclear cells and culture method has been described previously (27). Surgically
resected fresh tumor tissues were cultured to establish patient-derived primary tumor cells
with an endocrine pathologist (TS) reviewing each case to ensure correct diagnosis.

CAR T vector construction, Lentiviral production, and T cell transduction

Engineering of the R6.5 scFv into a third generation pLenti plasmid has been described
previously (27). The sequence for rLuc was inserted into the vector using Xbal and Sall
restriction sites. Production of lentivirus particles and T cell transduction was described
previously (27).

E:T assay and cytokine analysis

For details, see Supplementary Methods.

Flow cytometry analysis for protein expression and cell cycle

For details, see Supplementary Methods.

Animals and Tumor growth analysis

All animal studies were approved by Weill Cornell Medicine’s Institutional Animal Care
and Use Committee. 8-10-week-old female and male NOD-scidIL2Rg™!! (NSG) mice
(Jackson laboratory) were used for xenograft experiments with ATC cells. GFP and fLuc-
expressing 8505C (0.75x10° cells per mouse) and patient-derived ATC cells (0.36x106 cells
per mouse) were i.v. injected to establish systemic metastasis establishment (28).
Longitudinal measurements of 8505C tumor burdens were taken using a whole-body optical
imager (In-Vivo Xtreme 4MP, Bruker) 15 minutes after intraperitoneal injection of 100 pl of
150 pg/ml D-luciferin (GoldBio). Total tumor burden was measured by generating full body
region of interests (ROIs) and integrating total flux of luminescence using Bruker Analysis
software. GFP-expressing livers, spleen, heart, and lungs were extracted from mice and
imaged with a whole-body optical imager (In-vivo F-Pro, Bruker). To track ICAM-1-CAR T
cells expressing rLuc, mice were injected i.v. with 100 pl of RediJect Coelenterazine H
(Perkin Elmer) and then immediately imaged using the In-Vivo Xtreme 4MP (Bruker).

Immunohistochemistry

For details, see Supplementary Methods.
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Comparisons between categorical vs. continuous variables were performed using the Mann-
Whitney U/Kruskal-Wallis test as appropriate. The Spearman correlation test was used to
compare continuous vs. non-continuous variables. To account for multiple-testing bias, the
p-value was adjusted using the Bonferroni correction. Statistical analysis was performed
using Stata 14 (College Station, TX) or GraphPad Prism (La Jolla, CA).

Widespread overexpression of ICAM-1 in aggressive thyroid cancers

Previous reports have demonstrated a positive correlation between ICAM-1 RNA and
protein expression levels and the aggressive potential of PTC (25, 26), constituting ICAM-1
as a biomarker and a potential target for therapeutic interventions in thyroid cancer. PTCs
are most commonly driven by two mutually exclusive somatic mutations, BRAFY600E or
mutated RAS (29). The BRAFVY600E mutation is an established marker associated with
activation of MAPK and downstream ERK signaling, reduced iodine uptake (29), and
advanced clinical staging in PTCs (30). Therefore, we investigated the characteristics of
BRAFV600E yersus RAS-driven PTCs with coexistent ICAM-1-overexpression (390 PTC
patients in the Cancer Genome Atlas (TCGA) research database (29)) to understand the
underlying signaling and differentiation properties. Expression of ICAM-1 mRNA in PTC
positively correlated with an ERK activity metric (Spearman: 0.693, p<0.0001) (Fig. 1A).
ICAM-1 mRNA levels also associated better with tumors driven by BRAFY690E compared
to RAS mutations (BRAFY690E and RAS-like tumors have negative and positive values in
BRAFV600E_.RAS score (BRS), respectively; details in Supplementary Methods section)
(Fig. 1B). Moreover, ICAM-1 mRNA expression in PTC patients was higher in those with
the BRAFY600E mytation compared to WT BRAF (Supplementary Fig. S1A). These data
suggest that ICAM-1 transcriptional control is linked to the activation of the BRAF-MAPK-
ERK signaling pathway in PTC. Overexpression of ICAM-1 in PTCs was associated with
downregulation of thyroid-specific genes (Fig. 1C), increases in lymph node metastases
(Fig. 1D), and extrathyroidal extension (Fig. 1E). PTC patients with high ICAM-1
expression are more likely to suffer from recurrence (Fig. 1F) and to become refractory to
treatments with conventional therapies such as RAI and TSH therapies (Fig. 1C).

Next, we obtained tissue sections from patients with ATC, the most lethal form of thyroid
cancer, and examined ICAM-1 protein expression by histology. All ten ATC tumor
specimens displayed high grade (3*) ICAM-1 staining with both cytoplasmic and
membranous staining apparent in tumor cells (Figure 1G; hematoxylin and eosin (H & E)
images of corresponding tumor blocks are provided in Supplementary Fig. S2). The fraction
of tumor cells expressing ICAM-1 was also high, with seven out of ten samples staining
diffusely positive, thus defining them as category 3 (>60% of total tumor cells stain ICAM-1
positive). The remaining three samples were grouped in categories 1 and 2 (1 = 1-29%, 2 =
30-59% positive cells among entire tumor). The ICAM-1 intensity score (defined as
multiplying the immunoreactivity score and staining score) for our ATC patient samples was
7.8 + 2.1 standard deviation (SD)), which is similar to that previously reported for RAI-
refractory PTC and PDPTC (25). The prevalence of ICAM-1 staining in ATC bears striking
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contrast to neighboring tissues in the same tissue slice, which display structurally limited
ICAM-1 immunoreactivity at the apical membrane of WDPTC and no ICAM-1 staining of
normal thyroid follicles (Fig. 1G, right). The demonstration of increased ICAM-1 protein
expression in ATC agrees with previously reported ICAM-1 gene expression analyses that
indicated significant differences in ICAM-1 expression between normal thyroid and
PDPTCs (Supplementary Fig. S1B & S1C) (31, 32). We further analyzed ICAM-1 IHC
within eight distant metastases originating from thyroid cancers (Fig. 1H). Seven distant
metastasis sites had category 3 ICAM-1 staining and four tissues displayed level 37,
demonstrating an overall ICAM-1 intensity score of 6.9 + 2.5 (SD). Interestingly, metastatic
thyroid cancers across each pathological subtype retained a similar ICAM-1 localization
pattern. Distant metastases originating from WDPTC and follicular thyroid cancer displayed
apical ICAM-1 staining, whereas poorly-differentiated follicular carcinoma and ATC
exhibited broad ICAM-1 distribution with circumferential membranous staining (Fig. 1H).
Together, these findings demonstrate that ICAM-1 overexpression is a reliable molecular
feature associated with PDPTC and ATC, and that circumferential membranous distribution
of ICAM-1 is found in more advanced, metastatic thyroid cancers.

ICAM-1 overexpression is associated with highly aggressive ATC cells

We set out to investigate whether the level of ICAM-1 expression was linked to tumorigenic
potency in established thyroid tumor cell lines. Several PTC and ATC cell lines were tested
for their frequencies and levels of ICAM-1 expression by flow cytometry using the R6.5
monoclonal antibody (33). The majority of thyroid cancer cell lines were ICAM-1 positive
regardless of BRAF mutational status (Fig. 2A). Two ATC lines, 8505C and FRO, displayed
heterogeneous expression of ICAM-1 with ~60% of both populations staining positive for
ICAM-1 (Fig. 2A). Next, 8505C and FRO cells were stratified by sorting according to
ICAM-1 expression to determine if ICAM-1 levels were associated with tumorigenic
potential. 8505C and FRO cells that were >85% ICAM-1-positive (designated as ICAM-1Hi)
maintained their pattern of ICAM-1 expression during extended culture to at least 10
passages (Fig. 2B). 8505C-ICAM-1Hi and FRO-ICAM-1Hi cells were found to be more
refractory to treatment with the BRAF inhibitor vemurafenib, by 4.6 and 17.7-fold
respectively, compared to their parental (par) counterparts (Fig. 2C). Elevated vemurafenib
resistance was also observed in a colony formation assay, which demonstrated higher and
larger colony-forming units in ICAM-1Hi populations compared to parental cells (Fig. 2D).
Cell cycle analysis showed that both 8505C-ICAM-1Hi and FRO-ICAM-1Hi cells had a
higher percentage of cells at the proliferating stage (S-Go/M and S) relative to parental cells
(Fig. 2E & Supplementary Fig. S3). Taken together, ICAM-1-postive 8505C and FRO cells
are distinguished by an increased resistance to vemurafenib and an elevated rate of
proliferation, suggesting that ICAM-1 can serve as a biomarker for the aggressive nature of
ATC cells.

ICAM-1 targeting CAR T shows specific killing of malignant thyroid cells

As the aggressive and vemurafenib-resistant features of ATC correlate with ICAM-1
overexpression, we developed an immunotherapeutic strategy specifically targeting ICAM-1
as a novel treatment for refractory ATC. To molecularly target ICAM-1, we inserted an scFv
derived from the ICAM-1-specific R6.5 monoclonal antibody into a third-generation CAR
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construct comprised of intracellular CD3C, CD28, and 4-1BB (CD137) signal transduction
domains (Fig. 3A) (11, 27). An additional renilla luciferase (rLuc) reporter gene was also
inserted downstream of the CAR via a P2A ribosomal skipping sequence for CAR T cell
tracking /in vivo. Lentiviral transduction of this ICAM-1 targeting CAR construct (hereafter
referred to as ICAM-1 CAR) into CD3* T cells yielded between 20 and 60% CAR
expression, which could be increased to approximately 100% after CAR-based sorting using
an anti-mouse F(ab”)2 antibody (Fig. 3B). ICAM-1 CAR expression on primary T cells did
not alter the CD4:CD8 ratio or T cell proliferation (Supplementary Fig. S4), suggesting a
lack of self-directed cytotoxicity despite endogenous ICAM-1 expression on primary T cells.

We tested the ability of ICAM-1 CAR T cells to eliminate PTC, ATC, and control cells with
and without ICAM-1 expression using varying ratios of T cells (effector) to target cells (E:T)
(Fig. 3C). For this assay, we first established target cell lines with stable expression of GFP
and firefly luciferase (fLuc) via transduction with a fLuc-F2A-GFP lentivirus and flow
cytometry-based sorting for GFP* cells. PTC BCPAP cells, which are mostly ICAM-1*,
were eliminated fastest by ICAM-1 CAR T cells relative to 8505C and FRO cells which
have lower ICAM-1 expression (Fig. 3C). HEK 293T cells, with diminutive ICAM-1
expression, were largely protected from ICAM-1 CAR T cells, displaying slow, gradual cell
death from non-specific T cell activity. Compiled data from E:T assays at the 2.5:1 E:T ratio
demonstrated that ICAM-1 CAR T lysed BCPAP, HelLa, and FRO cells with similar kinetics
followed by 8505C cells at a reduced rate (Fig. 3D). Mock-transduced T cells exhibited
minimal effects on all tested cells except for BCPAP (Fig. 3D). At the 20-hr time point,
approximately 40% of 8505C cells remained viable after exposure to ICAM-1 CAR T cells,
a percentage that equates with the level of ICAM-1 expression on 8505C cells (Fig. 3C &
2A). The extent of ICAM-1 CAR T targeting of 8505C cells was dependent upon the level
of ICAM-1 expression, as evidenced by the faster killing of 8505C-ICAM-1Hi cells
compared to their lower ICAM-1-expressing parental counterparts (Fig. 3E). Genetic
disruption of ICAM-1 via CRISPR/Cas9 in 8505C cells (referred to as 8505C-ICAM-1KO)
abolished ICAM-1 CAR T mediated killing of 8505C cells, thus demonstrating the targeting
specificity of this treatment strategy /n vitro (Fig. 3E). Abolished ICAM-1 expression in
8505C-ICAM-1KO cells was confirmed by flow cytometry and western blot analysis (Fig.
3E, right).

To address the potential for ‘on-target, off-tumor’ killing by ICAM-1 CAR T cells, we
investigated whether ICAM-1 CAR T could target healthy human cells with normal ICAM-1
expression (34). We chose glomerular microvascular endothelial cells (MVEC) and small
airway epithelial cells (SAEC) that have the highest ICAM-1 expression among normal
tissues according to the Human Protein Atlas database (34). In contrast, these tissues have
also been reported to stain poorly for ICAM-1 by immunohistochemistry (IHC) (16, 35). By
immunostaining with mAb R6.5, we found that SAEC, early passage (passage 6) MVEC,
and late passage (passage 12) MVEC, were approximately 19%, 3%, and 29% ICAM-1
positive, respectively (Fig. 3F right). As an additional comparison, we also used
immortalized dermal microvascular endothelial cells (HMEC-1), which were 20% ICAM-1
positive. The levels of ICAM-1 expression in primary healthy cells were 2~10-fold lower
than the 8505C and FRO ATC lines (Fig. 3C & 3F). In turn, the level of ICAM-1 CAR T
cell-mediated killing of the healthy lung, kidney tissue cells, and HMEC-1 cells was
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significantly lower than that observed for 8505C and HeLa cells. Indeed, the cytotoxicity
directed against healthy tissue was not significantly different from that of the ICAM-1
negative cells, HEK 293T and 8505C-ICAM-1KC (Fig. 3F left). Therefore, the magnitude of
ICAM-1 CAR T cytotoxicity was reflective of the frequency and the extent of ICAM-1
expression in target cells with non-malignant, ICAM-1 low cells, exhibiting limited
susceptibility.

In order to define the threshold level of ICAM-1 expression that is required for effectual
cytotoxicity of ICAM-1 CAR T cells, we estimated the number of ICAM-1 molecules
expressed on target cell surfaces by comparing R6.5 antibody binding to cells with the signal
obtained from 8 um latex beads coated with known amounts of R6.5 antibodies (Fig. 3G).
From this comparison, we estimated that the primary healthy tissue cells and ATC lines
display approximately 10% and 10° ICAM-1 molecules on their cell surfaces respectively,
suggesting a requirement for expression of 10° ICAM-1 surface molecules per cell to enable
efficient engagement and killing by ICAM-1 CAR T cells. Therefore, due to ICAM-1 CAR
T’s ability to discriminate between target thyroid cancer cells and healthy primary tissue
cells, ICAM-1 CAR T should exhibit a sufficiently high therapeutic index for clinical use.

Surface ICAM-1 expression in thyroid cancer cells is modulated by IFN-y, which affects the
efficiency of ICAM-1 CAR T cytotoxicity

8505C cells exhibited slower ICAM-1 CAR T-induced death compared to BCPAP and HeLa
cells with approximately 40% of targets remaining alive at the 20-24 hr time points when
co-cultured at a 2.5:1 E:T ratio (Fig. 3D & 4A). Interestingly, the viable 8505C cells that
remained after incubation with ICAM-1 CAR T cells at 18 hr displayed an elevated level of
ICAM-1 expression (7.5-fold increase in MFI) relative to non-exposed cells (Fig. 4B). A
similar elevation of ICAM-1 expression was measured in 8505C, BCPAP, and FRO cells
after incubation in pre-conditioned media collected from 18 hr co-cultures of 8505C cells
with ICAM-1 CAR T cells suggesting that soluble factors released into the media by
cytotoxic CAR T cells are responsible for ICAM-1 induction (Fig. 4C). A hallmark of
cytotoxic T cell activity is secretion of the Ty1 cytokine IFN-y (11). We therefore measured
the concentration of secreted IFN-y during ICAM-1 CAR T co-culture with target cells
during the E:T assays. Release of IFN-y by CAR T cells was highest when co-cultured with
8505C-ICAM-1Hi and HeL a cells, and remained at background levels with 8505C-
ICAM-1KO and HEK 293T cells (Fig. 4D). Furthermore, addition of exogenous IFN-y into
thyroid cancer cell monocultures induced ICAM-1 expression in a dose-dependent fashion,
thus identifying IFN-y as a critical soluble factor responsible for ICAM-1 induction in target
cells (Fig. 4E).

Addition of IFN-vy at a concentration of 1x10% pg/ml was sufficient to induce an
approximate 10-fold increase in ICAM-1 expression (~10% molecules per cell) in all tested
thyroid cancer cells (Fig. 4E & 3G). The levels of IFN-y secreted by ICAM-1 CAR T cells
upon exposure to target antigen were also within a range capable of elevating ICAM-1 to
levels observed by exogenous IFN-y addition. In contrast, ICAM-1 expression in HEK 293T
cells was absent upon addition of supernatant from HeLa cells targeted by ICAM-1 CAR T
(Fig. 4C) or by administration of exogenous IFN-y (Fig. 4E). Addition of a
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supraphysiological concentration of IFN-vy to early passage MVEC cells induced an
approximate 2-3-fold increase in MFI (Fig. 4E). These data suggest that thyroid cancer cells
are hyperresponsive to IFN-y-induced ICAM-1 elevation compared to nonmalignant,
healthy cells. In addition, E:T assays with IFN-y-stimulated target cells verified that
ICAM-1 CAR T cells demonstrated increased cytotoxicity against 8505C cells (Fig. 4F). By
contrast, MVECs displayed no difference in cytolysis by non-transduced T or ICAM-1 CAR
T cells after administration of IFN-y except for the increased death of cells treated with
IFN-y relative to untreated cells. IFN-y induction of ICAM-1 expression, therefore, may
increase the therapeutic potency of ICAM-1 CAR T cells against thyroid cancer cells but
preserving tolerance of non-malignant, normal tissues.

The direct cytotoxic effects mediated by CAR T cells derive from their release of soluble
factors such as perforin and granzymes, in addition to tumor necrosis factor (TNF) death
receptor signaling triggered by direct cell-to-cell contacts. The level of granzyme B
secretion was found to mirror the rate of ICAM-1-dependent target cell killing, which was
highest in 8505C-ICAM-1Hi followed by parental 8505C, and negligible in the 8505C-
ICAM-1KO cells (Fig. 4G). The dependence upon perforin/granzyme B-mediated target
killing was also validated by the substantial inhibition of CAR-mediated cytotoxicity by
addition of EGTA to E:T co-cultures (Fig. 4H). In contrast, activation of the TNF death
receptor pathway by exogenous addition of its ligand, TRAIL, had little effect on 8505C cell
death, while gradual killing of FRO cells was observed with increasing concentrations of
TRAIL (Fig. 41 & 4J). We therefore confirmed that the degree of ICAM-1 CAR T
cytotoxicity is commensurate with the levels of surface ICAM-1 expression in target cells.
Furthermore, we identified IFN-y as a crucial cytokine that can augment CAR T
cytotoxicity that preferentially acts upon thyroid cancer cells.

CAR T cells targeting ICAM-1 achieve rapid and enduring tumor eradication in vivo

In order to evaluate the anti-tumor efficacy of ICAM-1 CAR T /n vivo, we utilized systemic
xenografts of human ATC 8505C cells in immunodeficient NOD-scidIL2Rg"™!! (NSG) mice
(28). To track and quantitate the growth of ATC in mice, we used parental 8505C cells
transduced and FACS sorted to express GFP and fLuc with approximately 100% purity. A
total of 0.75 million 8505C cells were injected intravenously (i.v.) into each NSG mouse,
with primary tumors localizing prominently in the lungs (Fig. 5A). With unimpeded growth,
tumors gradually metastasize to other organs including the bones and liver, resulting in death
within one month (median survival is 28 days). Treatment occurred on day 14 post xenograft
with mice receiving an i.v. infusion of either 3x108 T cells transduced with an ICAM-1 CAR
lentivirus (unsorted with 30—40% transduction levels) or an equal infusion of 3 x 10° non-
transduced T cells. A third group received no treatment. The specific cytotoxicity of
administered ICAM-1 CAR T cells were validated /in vitro and their CD4:CD8 ratios were
additionally confirmed to be comparable with non-transduced T cells (Supplementary Fig.
S5). At day 5 post-treatment with ICAM-1 CAR T, mice showed signs of tumor signal
decrease and recovery of body weight, culminating in complete tumor eradication and
weight rebound within 12 days of treatment (Fig. 5A-5C). The observed remission was
durable such that ICAM-1 CAR treated mice exhibited a significant and substantial increase
in survival (Fig. 5D). Non-transduced T cells demonstrated minimal tumor-killing in mice,

Clin Cancer Res. Author manuscript; available in PMC 2018 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Min et al.

Page 10

except for the occasional instances of donor T cell alloreactivity. £x vivo fluorescence
images of harvested organs taken 1 month after ICAM-1 CAR T treatment demonstrated that
tumor lesions were strikingly diminished in the lungs and livers in contrast to the untreated
group (Fig. 5E). The reduction of tumor burden mediated by ICAM-1 CAR T cells in the
lungs was also evidenced by their lower (normal) weight compared to the 2.2-fold higher
weight of the same organs from the untreated group (Supplementary Fig. S6).

The macroscopic descriptions of tumor eradication by ICAM-1 CAR T cells were validated
at the cellular level by flow cytometry and IHC analyses. Examination of whole lung and
liver tissue from ATC xenografted mice treated with ICAM-1 CAR T showed negligible
levels of GFP* tumor cells, in striking contrast to untreated groups in which approximately
18% and 4% of live cells were identified as GFP* in the lungs and liver, respectively (Fig.
5F). IHC analysis revealed that <1% of the lung and liver tissues retained GFP* tumor cells
at 70-80 days after a single administration of ICAM-1 CAR T cells (Fig. 5G). Meanwhile,
human CD3* T cells were still detectable in various organs at day 72 (Fig. 5F &
Supplementary Fig. S7A), which agreed with the assessment of CAR T cell persistence
evidenced by whole body imaging of rLuc—expressing CAR T cells (Supplementary Fig.
S7B). These findings demonstrate the ability of ICAM-1 CAR T cells to mediate potent and
enduring anti-tumor activities, leading to tumor eradication and significant improvements in
long-term survival in ATC xenograft mouse models.

Autologous ICAM-1 CAR T eliminates thyroid cancer patients’ tumor cells in vitro and in

Vivo

Acknowledging the modeling deficiencies of using healthy donor-derived T cells to treat
allogeneic, cell line-derived tumor cells, we wanted to test the therapeutic efficacy of
ICAM-1 CAR T cells in a more realistic setting using patient-derived tumors and autologous
T cells. We therefore initiated primary cultures of fresh tumor specimens derived from
PDPTC and ATC thyroid cancer patients. Aggressive tumors with known recurrences were
chosen. Specifically, PDPTC cells were extracted from a metastatic lymph node in a patient
who developed local recurrence after suppressive hormonal therapy and radioactive iodine
treatment; this same patient also went on to develop enlarging pulmonary metastases and
became debilitated from treatment and disease burden. ATC cells were harvested from the
primary tumor of a patient who developed pulmonary metastases within three months of
treatment with chemotherapy and external beam radiation. Surgically removed tumor blocks
were IHC stained for ICAM-1, which exhibited high grade ICAM-1 expression (3*) in
agreement with our previous results (Fig. 6A, B and Fig. 1G). After 2-5 days of primary
culture, the majority of PDPTC and ATC cells were dual positive by flow cytometry for
surface expression of ICAM-1 and epithelial cell adhesion molecule (EPCAM), a marker for
follicular epithelial cells (Fig. 6A & B). While PDPTC tissues indicated sparse (~10%)
ICAM-1 expression by IHC, expression after sub-culturing was over 90%. Several factors
may account for such a discrepancy in ICAM-1 expression including unintended induction
of ICAM-1 due to culturing conditions and selective growth of ICAM-17 cells in culture.

Next, we tested the cytotoxic activity of autologous ICAM-1 CAR T cells against patient-
derived tumor cells. ICAM-1 CAR T cells obtained from a PDPTC patient eliminated

Clin Cancer Res. Author manuscript; available in PMC 2018 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Min et al.

Page 11

autologous thyroid tumor cells with similar kinetics to HeLa cells with no reactivity toward
HEK 293T cells (Fig. 6A). Similarly, ICAM-1 CAR T cells derived from an ATC patient
lysed autologous primary tumor cells, HeLa, and 8505C cells at comparable rates, achieving
near 100% killing by 48 h. The rate of killing was somewhat slower in the autologous setting
compared to the previously observed response from healthy donor-derived ICAM-1 CAR
cells, which showed faster killing of target cells with high ICAM-1 expression (Fig. 3E-F).

To more closely examine and predict patient-specific efficacy of ICAM-1 CAR T therapy,
we further established ATC patient-derived xenograft models in NSG mice. The patient-
derived ATC tumors carried a mutational profile (mutations in NRAS, p53, and PTEN) that
differed from that of 8505C, which carries known mutations in BRAFY600E and p53 (36).
ATC patient-derived tumor cells were transduced with the fLuc-F2A-GFP lentivirus
obtaining GFP expression of 15%. ATC cells were first injected subcutaneously into
bilateral flanks, which, over a period of one month, grew to form uneven tumor masses
(Supplementary Fig. S8A). Tumors harvested from xenografted mice displayed distinct
pleiomorphism, hyperchromatism, increased nuclear to cytoplasmic ratio, and multiple
mitoses, which are known features of undifferentiated thyroid cancer cells (Supplementary
Fig. S8B). At this stage, the percentages of GFP* cells in the bulk tumor were reduced to
approximately 5%, yet GFP* tumor cells were found to retain the same EPCAM/ICAM-1
profile as the original primary patient cell cultures (Supplementary Fig. S8C).

Patient cells derived from subcutaneous tumors (as in Supplementary Fig. S8) were
expanded in culture for additional 2 passages, and i.v. injected to produce metastatic tumor
xenografts in NSG mice. Similar to the 8505C cell line xenografts, patient-derived ATC cells
grew predominantly in the lungs (Fig. 6C & 6D). Because of the difficulty in obtaining
primary tumor cells with sufficiently high GFP and fLuc expression for tracking tumor
growth by luminescence imaging, we used MRI to detect the tumors in lungs, and quantified
the volume fractions of tumor to the pulmonary cavity in untreated and ICAM-1 CAR T-
treated mice (Fig. 6C). Lung tumor burden at 67—72 days after xenografts was significantly
reduced in mice treated with a single infusion of autologous ICAM-1 CAR T (>1.5 million
cells per mouse) compared to untreated (No T) controls. Lung tissues obtained from
untreated mice showed tumor growth characteristics that were either diffuse, nodular, or
both in the lung parenchyma and pleura (Fig. 6D). In comparison, the alveolar space was
almost tumor free in CAR T-treated lung tissues with small remnant tumors found in pleural
and perivascular regions. The number of visible metastatic tumor nodules within the lung
lobes of ICAM-1 CAR T-treated mice was significantly reduced compared to non-CAR
controls as measured by IHC (Fig. 6D). Finally, ICAM-1 CAR T treatment led to a
significant improvement in the overall survival of ATC xenografted mice compared to non-
treated controls that lasted approximately 70-80 days post-treatment (Fig. 6E). During this
period, whole body luminescence imaging confirmed persistence of rLuc-positive CAR T
cells prominently in the head and the spleen, and weakly in lungs and other organs
(Supplementary Fig. S9).

Clin Cancer Res. Author manuscript; available in PMC 2018 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Min et al. Page 12

Discussion

Encouraged by impressive clinical developments of CAR T therapy for treatments of
hematologic malignancies, we sought to develop a CAR T therapeutic strategy for advanced
thyroid cancers. Here, we demonstrated the therapeutic potential of CAR T cells recognizing
ICAM-1 for the treatment of a metastatic, aggressive thyroid cancer such as ATC, which is
known to have one of the shortest median survival times among all solid tumors.
Remarkably, we also showed that ICAM-1 CAR T cells manufactured from the peripheral
blood of a patient already compromised by ATC led to a significant reduction of tumor
burden and led to prolonged overall survival of animals xenografted with autologous ATC
tumors. To our knowledge, our approach is the first report utilizing patient-derived CAR T
cells for the treatment of patient-derived, autologous solid tumor xenografts. This novel
modeling approach can be used to aid the optimization of clinical protocols regarding
treatment doses, timing, and administration of additional adjuvants to maximize therapy
efficacy and safety.

Our rationale for developing therapeutics targeting ICAM-1 for treatment-refractory thyroid
cancer is based upon several observations. ICAM-1 is significantly elevated in ATC and
other thyroid cancer subtypes that metastasize to distant organs, thus presenting ICAM-1 as
a useful prognostic marker for metastatic, aggressive thyroid cancer subtypes. From the
analyses of TCGA PTC genomics in combination with clinical data, the level of ICAM-1
expression was found to correlate with aggressive tumorigenic features. This correlation was
also experimentally validated in our study across multiple thyroid cancer cell lines.
Moreover, ICAM-1-targeting therapy has potential applications in the treatments of other
malignancies, including pancreatic ductal adenocarcinoma (17), breast cancer (16), multiple
myeloma (37), and gastric tumors (18), where ICAM-1 surface expression is also
significantly elevated compared to normal tissues. Along with thyroid carcinoma, TCGA
studies indicated that overall patient survival was shorter when levels of ICAM-1 mRNA
were upregulated in glioblastoma multiforme, renal clear cell carcinoma, renal papillary cell
carcinoma, and hepatocellular carcinoma (Supplementary Fig. S10) (35, 38).

To target tumor cells with high surface ICAM-1 expression, we adopted an scFv from R6.5
(33), a murine monoclonal antibody against ICAM-1, and fused it with the transmembrane
and intracellular signaling components of a third-generation CAR construct incorporating
CD28 and 4-1BB co-stimulatory domains (39). The R6.5 antibody (enlimomab) binds to the
junction between the first and second domain of ICAM-1 and prevents interaction with
LFA-1 (40). The R6.5 antibody has a proven safety and tolerability record with benefits for
relieving inflammatory activity in patients with rheumatoid arthritis, burn injuries, and
transplant recipients (20-23). Its use for the treatment of stroke cases was associated with
side effects due to a complement reaction attributable to the Fc portion of the mouse 1gG2a
(41). The F(ab) of R6.5 has an estimated affinity of 10 nM (42), and the R6.5 scFv in the
present ICAM-1 CAR T construct endowed T cells with ICAM-1 specific cytotoxicity that
recognizes ICAM-1-overexpressing target tumor cells while sparing normal tissue with basal
ICAM-1 expression.
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In addition to its function as a tumor antigen, ICAM-1 possesses additional characteristics
that can augment the anti-tumor activity of targeted CAR T cells. ICAM-1 is a well-
documented inflammatory marker, and chronic inflammation has long been known to shape
local and systemic immunity to promote an immunosuppressive tumor microenvironment
and aid tumor development (43). Specifically, tumor-associated fibroblasts and tumor-
associated macrophages are known to interact with tumor cells through ICAM-1 and
promote cancer growth and metastasis (44, 45). Selective targeting of ICAM-1 expressing
tumor and stroma by ICAM-1 CAR T may therefore yield synergistic anti-tumor activities
when treating thyroid cancer, a strategy that has yielded positive results in a separate cancer
model (46).

The marked enhancement of ICAM-1 expression in thyroid cancer cells upon addition of
exogenous IFN-y suggests that its expression in advanced thyroid cancer cells in vivois
likely to increase upon antigen recognition and subsequent IFN-y release by infused
ICAM-1 CAR T cells. In comparison, ICAM-1 expression is constitutively low in a variety
of tissues, but its expression may be induced via proinflammatory cytokines such as IFN-vy,
TNF-a, and IL-1B in endothelial cells and other cell types (14, 33, 47, 48). Given that the
IFN-+y secretion by CAR T cells is a key indicator of their anti-tumor activity (49), concerns
will arise over the possibility that paracrine IFN-y signaling may induce ICAM-1 expression
in healthy neighboring cells, thus sensitizing them to CAR T cell cytotoxicity. Activation of
T cells via their native TCR requires a threshold density of peptide/MHC expression in order
for a sufficient signal propagation to occur (50). One strategy to further increase the
therapeutic index of CAR T cells is lowering the CAR’s antigen affinity to increase T cell
selectivity for targets with highly expressed antigens only while sparing normal cells with
weaker expression. This hypothesis was tested and validated preclinically in prior studies
using Her2 and EGFR-directed CAR T cells (51, 52). Decreasing the R6.5 scFv affinity to
that of typical TCR-pMHC interactions (1-100 pM) may endow ICAM-1 CAR T cells with
a similar ability to discriminate between ATC with high ICAM-1 overexpression and
nonmalignant tissue cells with lower ICAM-1 expression. Dynamic ICAM-1 expression
across various acute and chronic medical conditions including cytokine release syndrome
(49, 53) warrant further investigation as certain comorbidities may amplify ICAM-1
expression resulting in an increased risk of on-target off-tumor toxicity. Optimizing
strategies to increase the therapeutic index and to limit off target toxicity will be crucial in
bringing ICAM-1 CAR T into a clinical setting. Currently, we are in the process of
developing affinity-tuned CAR T cells against ICAM-1 positive refractory thyroid cancers in
preparation of a clinical trial to commence next year.

In conclusion, we report the first demonstration of robust and durable CAR T therapeutic
effects in preclinical models of ATC using both cell lines and patient-derived tumors. The
substantial surface and diffuse ICAM-1 expression patterns across almost all examined ATC
samples demonstrate its potential as a target for CAR T therapies. ATC tumors are
characterized by their heterogeneity, complex mutational landscape, and poor expression of
molecules that have previously been exploited as molecular and cellular targets (1, 32, 54).
The prolonged survival achieved upon treatment of ATC inoculated mice with ICAM-1 CAR
T was particularly notable when compared with previous treatment strategies in preclinical
metastatic models using the same ATC cell line (55-57). The preclinical xenograft model
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used here is limited by the inability to monitor potential toxicity mediated by ICAM-1 CAR
against non-tumor tissue. However, additional modifications with emerging technologies
such as inducible CAR expression (58), CAR T cell elimination via suicide gene activation
(59), combinatorial antigen targeting (60), and affinity-tuned (51, 52) CAR T are likely to
enhance safety while preserving on-target efficacy, thus providing a framework for
adaptation of CAR T cells targeting ICAM-1 as a new treatment modality for advanced
thyroid cancers and other solid tumors with ICAM-1 overexpression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

First comprehensive demonstration of CAR T therapy targeting metastatic, advanced
thyroid cancers, which shows dramatic therapeutic efficacy /in vitroand in vivo.
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Translational Relevance

Most thyroid cancers are indolent and curable with standard treatments, however 5% to
10% of patients develop progressive disease that are metastatic and refractory to current
treatments. Advanced, metastatic thyroid cancers have increased expression of ICAM-1,
and we therefore developed a CAR T therapy targeting ICAM-1 for the treatment of
aggressive thyroid cancer. Our study demonstrates the significant and durable efficacy of
ICAM-1 CAR T for targeting ATC, one of the most aggressive and lethal solid tumors in
humans. Furthermore, we showed that autologous ICAM-1 CAR T cells have significant
therapeutic efficacy in animal models bearing ATC patient-specific tumors. Our CAR T
cell-based immunological approach has potentially wide-ranging applications for the
treatment of other solid cancers where there is a strong association between ICAM-1
expression and adverse prognosis.
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Figure 1. ICAM-1 overexpression is associated with recurrent, advanced thyroid cancer cells
(A,B,C) Spearman’s correlation analysis between ICAM-1 mRNA expression and ERK

activity (A), BRAFVE00E_.RAS score (BRS) (B), and thyroid differentiation score (C) were
calculated using 390 PTC patient’s genomics and clinical data available from TCGA
analysis (29). Algorithms for these scores have been described previously in detail (29). (D,
E) Box plots compare tumor ICAM-1 mRNA levels via the absence (NO) or presence (N1)
of tumors metastases to nearby lymph nodes (D) and cancer associated with extrathyroidal
extension (E, None, no extension; T3, minimal extension; T4, moderate/advanced/highly
advanced extension; n=226 and 232 for NO and N1, respectively; n=338, 133, and 18 for
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None, T3, and T4 groups respectively). The solid, horizontal middle line in each boxplot
indicates the median value; the upper and lower edges of each boxplot are the 75t and 25t
percentiles respectively, and the top and bottom short horizontal bars denote the 90t
percentile and 10t percentiles respectively. Filled circles indicate outliers. Mann-Whiney
(D) and Kruskal-Wallis (E) tests were used for determining statistical significance between
groups. (F) Kaplan-Meier plot indicating a significant difference between recurrence-free
survival rate of 490 PTC patients with unaltered or overexpressed (Z score > 1.5) ICAM-1
expression levels. (G) Representative ICAM-1-specific IHC images of ATC patient-derived
tissue. Well-differentiated PTC (WDPTC) or normal thyroid tissue images on the same slide
are shown for comparison on the right. H&E images of the corresponding tissues are
provided in Supplementary Fig. S2. 20x magnification. Inset images are 40x magnification.
(H) Representative ICAM-1 IHC results are shown for distant thyroid tumor metastases at
20x magnification.
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Figure 2. ICAM-17" is a biomarker for ATC
(A) Representative flow cytometry plots showing ICAM-1 expression in PTC (BCPAP,

TPC-1, KTC-1) and ATC (8505C, FRO, KHM-5M, SW1736) cell lines. All cell lines except
TPC-1 harbor the BRAFV800E mutation. Boxes indicate cells that were determined to be
ICAM-1 positive (shown as red dots) based on isotype controls. (B) ICAM-1 histogram
plots of parental (par) (orange lines) and FACS sorted (ICAM-1H) (blue lines) 8505C (left)
and FRO cells (right). Gray histograms indicate isotype control stained par cells. (C) MTT
analysis showing the percentage of live cells remaining after 72 hours of vemurafenib
treatment in par and ICAM-1Hi cells isolated from 8505C (left) and FRO (right). IC50
values for ICAM-1Hi cells relative to par were increased 4.6-fold and 17.7-fold in 8505C
and FRO cells, respectively (n=3, 6). (D) Representative images of cell colonies formed after
treatment with vehicle DMSO, low (1.5 and 2.5uM for 8505C and FRO, respectively) and
high (2.5 and 10uM for 8505C and FRO, respectively) doses of vemurafenib (left).
Quantification of the total number of colonies and colonies of large size (> 2mm diameter) is
shown on the right (*, p<0.05 by Mann-Whitney test, n=4). (E) Summary of cell cycle
distribution between Go/G; and proliferative phases of par and ICAM-1Hi-enriched 8505C
(left) and FRO (right) cells (*, p<0.05; **, p<0.01 by Mann-Whitney test) (n=6, 8 for 8505C
and n=4 for FRO).

Clin Cancer Res. Author manuscript; available in PMC 2018 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Min et al.

Page 23

g o 64.4% 2 4 99.8%  Non-transduced T
V. V ¥ ] k] 2L o8 .8%
EF1a [cD8|V, V,]cD28|cps|cD284-1BB]cD3c|-P2a 3 zju > m ICAM-1 CAR T
R6.5 ’ — . R o R0,
ss TM hinge signaling domains
scFv 9 S19 9 T R R v T
F(ab')2 F(ab')2
s BCPAP i FRO 150 293T - HelLa (ET)
2 I3 == 1.25:1
gmn W 1004 *1 100§ - 251
% 50- 50- 501 A 51
® =
| ! ] Sipenote | ] 5 =¥ 10:1
0 10 20 30 0 10 20 30 0 10 20 30 ] 10 20 30
time [hr] time [hr] 0 Hime [hf]° ““ time [hr] time [hr]
BCPAP 8505C " FRO 293T s Hela
1 0.5/ i )
- 3 0.6 © :: . B 04 3 ov; /\
£ o6 96.9% 2 0.4 63.8% 2o 64.3% < 0.3, 1.0% £ oe 100%
0] 0.4 O 02 ] 0.4 0] 0.2 O o4
< n.; =, = 02 /\-/\ = 0! * 02
w0 Aoy ek 100100 10° s T T T # 10 100 100 L e TR TR
ICAM-1 ICAM-1 ICAM-1 ICAM-1 ICAM-1
150 Mock
== BCPAP
“____4,-{--"}100 fmeg =% 8505C
== FRO
50 =O= 293T
= o » @&+ Hela
0 10 20 30 0 10 20 30
time [hr] time [hr]
o) 8505C-ICAM-1K° 8505C
8 = 8505C o (kDa) par ICAM-1%0
2 - 8505C-ICAM-1" & i ,f\ 03% - em  ICAM-1
% -~ 8505C-ICAM-1%° 3 “)1
0= X 02 \
& o ﬁiﬂ e = ew GAPDH
o ICAM-1
0 5 10 15 20
time [hr] SAEC HMEC-1
0.4] 0.6|
3 oy B o4
; 8o 19.02% & o 19.63%
2 - SAEC =" = o
3 ﬂﬁ T =~ HMEC-1 ¢ 1 100 100 10 e e e
° | = MVEC-p12 ICAM-1 ICAM-1
= i = 8505C
= { = 8505C-ICAM-1% MVEC-p6 MVEC-p12
° 1 - 293T il A 08
L ! & Hela B B os
&Y 2.95% 8 o4 29.04%
25 &8 82
2 ® w0 o W0 g 10° 10* 10° 100
ICAM-1 ICAM-1
@]
0.9% 2
5 Unlabeled S
% 28.4% HMEC-1 8
[ ‘100% Hela Tl
® " 67.7% 8505C © |
91.6% KHM-5M
T 10t 108 10°

ICAM-1

Figure 3. ICAM-1-targeting CAR T activity is specific to the ICAM-1 expressing target cells
(A) Schematic demonstrating the ICAM-1 CAR T construct (B) Histogram plots

demonstrating CAR expression in ICAM-1 CAR T cells was detected using a F(ab’)2
antibody before (left) and after (right) sorting via F(ab’)2. (C) (top) The percentages of live
target cells remaining after exposure to ICAM-1 CAR T plotted over time. Values were
normalized to target cells with no T cell addition. The E:T ratio was incremented by a factor
of 2 from 1.25:1 to 10:1. (bottom) Flow cytometry plots indicating the level of ICAM-1
expression in target and control cells after staining with the R6.5 anti-ICAM-1 antibody.
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Gates for ICAM-1* cells were determined based on staining with isotype control (grey filled
histogram). (D) Compilation of the percentages of live target cells remaining after exposure
to ICAM-1 CAR T and mock transduced T cells plotted over time (normalized against no T
cell addition group, n=4-7 per target cell line). (E) ICAM-1 CAR T cytotoxicity against
parental 8505C cells and 8505C cells with high (ICAM-1H1) or minimal (ICAM-1X0)
ICAM-1 expression. The plotted percentages of live cells were normalized against
corresponding target cells incubated with non-transduced T cells to minimize the T cell
alloreactivity. A statistical difference was observed between the number of live 8505C-
ICAM-1KO and 8505C-ICAM-1Hi cells remaining at the 24 and 30 hr timepoint (*, p<0.05
by Dunn’s multiple comparison test). 8505C-ICAM-1KO cells were generated using
CRISPR/Cas9, and ICAM-1 expression levels were analyzed by flow cytometry and
Western blot analysis (right). (F) ICAM-1 CAR T cytotoxicity against normal primary cells
along with control target cells. Membrane-bound ICAM-1 expression on normal primary
cells was characterized by flow cytometry (right). Statistical differences were analyzed
between the SAEC, HMEC-1, and 293T cells relative to HeLa cells. 8505C cells were
compared to 293T cells (*, p<0.05; **, p<0.01; ***, p<0.001 by Dunn’s multiple
comparison tests at 24 hr) (n=3-6 per target cells). (G) Histograms of latex beads coated
with a fixed number of R6.5 anti-ICAM-1 antibodies were analyzed by flow cytometry on
the right. Histograms plots for various target cells with R6.5 antibody on the left were used
to estimate the number of ICAM-1 molecules.
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Figure 4. ICAM-1 expression on thyroid cancer cells is IFN-y inducible by enhancing target
susceptibility to ICAM-1 CAR T

(A) The percentages of remaining viable target cells remaining after co-culturing with
ICAM-1 CAR T cells were compared between 24 hr and 43 hr timepoints (n=6-9 per target
cells). (B) After an 18 hr co-incubation with ICAM-1 CAR T cells, 8505C (blue line) and
8505C-ICAM-1KO (orange line) cells were collected and stained for ICAM-1 expression in
live cells by flow cytometry (left). 8505C cells stained with isotype control are shown by
gray filled histogram. Quantitation of the fold increase of ICAM-1 mean fluorescence
intensity (MFI) is shown on the right relative to non-exposed cells (n=6 per target cells). (C)
Representative flow cytometry plots show thyroid cancer cell ICAM-1 expression after 18 hr
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culture in media spiked with supernatant derived from E:T experiments using ICAM-1 CAR
T. Supernatants from the ICAM-1 CAR T: target cell assay were collected and added to the
indicated target cells with no dilution (blue line), 50% dilution (orange line), or no addition
(black line) to the culture media. (D) The IFN-vy levels in supernatants collected from E:T
assays involving ICAM-1 CAR T against indicated target cells were measured using ELISA
(n=4-8). Non-transduced T cells cultured with the same target cells produced levels of IFN-
vy that were below the limit of detection. (E) Flow cytometry analysis demonstrating
ICAM-1 expression changes in thyroid cancer and control cells upon direct administration of
exogenous, serially diluted IFN-y (pg/ml). (F) The percentages of cell death observed in
untreated and IFN-y (1 x 10% pg/ml) added target cells were compared after addition of
non-transduced T and ICAM-1 CAR T cells using flow cytometry analysis (n=3). (G) The
concentration of secreted granzyme B from an ICAM-1 CAR T: target cell assay (n=4-6)
per condition. (H) 4 mM EGTA was added to E:T assay media to inhibit the perforin/
granzyme cytotoxic pathway (n=4 per group). (1) Anaplastic thyroid cancer resistance to
TRAIL-induced death (J) Anaplastic thyroid cancer resistance to FasL-induced death. The
Jurkat T cell line served as a positive control for both treatments (n=3-4 per condition).
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Figure 5. ICAM-1 CAR T cells show robust and enduring tumor eradication in ATC xenograft
models

(A) Representative total body bioluminescence images of fLuc* 8505C xenografted NSG
mice following ICAM-1 CAR T cell administration. Control groups include untreated and
non-transduced T cell-administered mice. (B) Quantitation of total body bioluminescence
units in individual mice from (A) (no T cell group=open circle, non-transduced T cells=solid
square, ICAM-1 CAR T=red triangle; * marks p=0.05, n=8-10 per group). (C) Summary of
body weight changes in mice left untreated or after treatment with non-transduced T cells or
ICAM-1 CAR T cells (* marks p=0.05). (D) Survival curves of 8505C xenografted mice
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comparing no treatment, treatment with non-transduced T cells, and treatment with ICAM-1
CAR T cells until 80 days post-xenograft. Statistical differences between different
treatments were analyzed by Kaplan-Meier (n=8-10 per group). (E) (left) Gross inspection
of 8505C xenograft metastatic organs (lung, liver) taken 20 days after ICAM-1 CAR T
treatment compared with untreated mouse organs. (right) Ex vivo GFP fluorescence images
of the organs merged with bright field images. Scale bar is shown on the right. (F) (left)
Flow cytometry plots showing analysis of percentages of GFP* 8505C (y-axis) and human
CD3* T cells in indicated organs extracted from untreated and ICAM-1 CAR T treated
8505C xenografted mice (20 and 72 days after T cell administration). (bottom) Compilation
of the frequency of live, GFP* 8505C cells observed in the lung and liver with and without
ICAM-1 CAR T treatment. (G, H) Representative IHC images showing H & E staining of
low (left) and high (middle) magnifications of lung (G) and liver (H) tissues isolated from
xenografted mice receiving no T cell (top) or ICAM-1 CAR T (bottom) treatment. The
adjacent sections were stained for GFP to identify tumor cells (right). Scale bar = 2 mm
(left), 300 um (middle, right)
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Figure 6. Autologous ICAM-1 CAR T cells are effective in reducing tumor burden in thyroid
cancer patient-derived tumor cells in vitro and in vivo

(A-B) Tumors from PDPTC (A) and ATC (B) patients are analyzed by ICAM-1-specific
IHC (10x magnification) (left) and flow cytometry for EPFCAM and ICAM-1 expression
(middle). E:T assays using autologous ICAM-1 CAR T cells against primary tumors along

with control 293T and HeLa cells are shown on the right. (C) Single cell-resuspensions were

isolated from subcutaneous xenografts of ATC patient’s primary cells (Supplementary Fig.
S8) were i.v. injected into NSG mice for secondary transplantation. After 11 days,
autologous ICAM-1 CAR T and non-transduced T cells were infused i.v. to assess

therapeutic efficacy /n vivo. T1 MRI analysis was carried out in no T cell and ICAM-1 CAR
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T groups at 67—72 days post-xenograft to estimate tumor burden in the lung. Tumor outline
is demarcated with white dotted lines. Quantification of the percentages of lung tumor
burden were summarized and compared between no treatment and ICAM-1 CAR T-
treatment groups (*, p<0.05; n=3 per group) (D) H&E staining of lung lobes in untreated,
non-transduced T, and ICAM-1 CAR T administered animals. Numbers of lung tumor
nodules were guantified and analyzed to assess significant differences between non-
transduced T and ICAM-1 CAR T-treated animals. (*, p<0.05; n=3 for no T and n=4 for T
cell groups, one untreated mouse showed diffuse lung metastasis and therefore not
quantified) (E) Survival curves of ATC patient-derived tumor xenografted mice comparing
no treatment, treatment with non-transduced T cells, and treatment with ICAM-1 CAR T
cells up to 80 days post-xenograft. Kaplan-Meier analysis was performed to assess statistical
difference between different treatment groups (n = 5, 7, 10 for no T, non-transduced T, and
ICAM-1 CAR T, respectively).
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