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Abstract

Adoptive transfer of T cells expressing chimeric antigen receptors (CARs) has shown promising

anti-tumor activity in early phase clinical studies, especially for hematological malignancies.

However, most preclinical models do not reliably mimic human disease. We reasoned that

developing an adoptive T-cell therapy approach for spontaneous osteosarcoma (OS) occurring in

dogs would more closely reproduce the condition in human cancer. To generate CAR-expressing

canine T cells we developed expansion and transduction protocols that allow for the generation of

sufficient numbers of CAR-expressing canine T cells for future clinical studies in dogs within 2

weeks of ex vivo culture. To evaluate the functionality of CAR-expressing canine T cells we

targeted HER2-positive OS. We demonstrate that canine OS is positive for HER2, and that canine

T cells expressing a HER2-specific CAR with human-derived transmembrane and CD28.ζ

signaling domains recognize and kill HER2-positive canine OS cell lines in an antigen-dependent

manner. To reduce the potential immunogenicity of the CAR we evaluated a CAR with canine-

derived transmembrane and signaling domains, and found no functional difference between

human and canine CARs. Hence, we have successfully developed a strategy to generate CAR-
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expressing canine T cells for future preclinical studies in dogs. Testing T-cell therapies in an

immunocompetent, outbred animal model may improve our ability to predict their safety and

efficacy prior to conducting studies in humans.
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INTRODUCTION

Immunotherapy with T cells expressing chimeric antigen receptors (CARs) has shown

promise in early phase clinical studies for hematological malignancies as well as solid

tumors.1–5 However, several patients developed life-threatening cytokine storms after CAR

T-cell infusions, which were not predicted by preclinical studies conducted in murine

models.2,3 Therefore, there is a need to develop animal models that closely mimic human

disease and potentially allow for more realistic preclinical testing of CAR T-cell therapies.

Dogs present excellent models of human disease and have been used by many investigators,

particularly to study bone marrow transplantation.6,7 In addition, naturally occurring cancers

in dogs often closely mimic human disease and offer a novel platform to study

immunotherapies. Among canine malignancies, osteosarcoma (OS) has a high incidence,

affecting roughly 8,000 dogs per year in the US.8 Recent sequencing of the canine genome

and molecular studies have revealed that canine OS not only mimics human disease

clinically, but also shares common genetic mutations/gene rearrangements found in humans,

particularly human epidermal growth factor receptor 2 (HER2).9,10

While cancer vaccines have been tested in dogs,11,12 the adoptive transfer of genetically

modified antigen-specific T cells has not been evaluated. Here we report the development of

an ex vivo strategy to activate, expand, and genetically modify T cells with CARs specific

for HER2. We further validate that HER2 is expressed in canine OS, and demonstrate that

HER2-CAR expressing canine T cells recognize and kill HER2-positive canine OS cells as a

prelude to a future clinical study in dogs with OS.

METHODS

Tumor cell lines

The human tumor cell lines, MDA-MB-468, A549, and 293T cells were purchased from

American Type Culture Collection (Manassas, VA). Canine OS cell lines, UWOS-2,

BWKOS (KOS-001), CSKOS (KOS-002), MCKOS (KOS-003), and SKKOS (KOS-004),

were kindly provided by the NCI Comparative Oncology Trials Consortium (BWKOS,

CSKOS, MCKOS and SKKOS) through Dr. Heather Wilson-Robles and by Dr. David Vail

(UWOS2), University of Wisconsin Veterinary Teaching Hospital, Madison, WI. All

adherent tumor cell lines were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)

(Invitrogen, Carlsbad, CA) containing 10% heat-inactivated fetal calf serum and 1%

GlutaMax (Life Technologies, Grand Island, NY) and cultured at 37°C in 5% CO2. The

gene-modified erythroleukemic cell line K562 expressing human CD80, CD83, CD86 and
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41BBL (K562-APC) was kindly provided by Carl June, University of Pennsylvania, PA.

K562-APCs were maintained in RPMI 1640 (Life Technologies) containing 10% heat-

inactivated fetal calf serum and 1% GlutaMax and cultured at 37°C in 5% CO2.

Generation of cell lines expressing canine and human HER2

The plasmid pCMV6.Entry.hHER2 encoding human HER2 (hHER2; GeneBank accession

no. NM_004448) was purchased from Origene (Rockville, MD) and a plasmid encoding

canine HER2 (cHER2; GeneBank accession no. NP_001003217) was synthesized by Life

Technologies. Both transgenes were subcloned into a pCDH expression lentiviral vector

containing GFP reporter and puromycin resistance genes (pCDH.CMV-MCS-EF1-GFPpuro;

System Biosciences, Mountain View, CA). VSV-G pseudotyped lentiviral particles were

generated by transient transfection of 293T cells with the canine or human HER2 encoding

pCDH lentiviral vector and pPACK packaging plasmid mix (System Biosciences).

Transduced MDA-MB-468 cells were selected using 1ug/ml puromycin and grown in

DMEM containing 10% heat-inactivated fetal calf serum and 1% GlutaMax.

Immunohistochemistry

Two formalin-fixed paraffin-embedded tissue blocks previously diagnosed with HER2-

positive osteosarcoma were accessed from the Texas A&M University College of Veterinary

Medicine and Biomedical Sciences pathology archives. The tissue sections were

deparaffinized, rehydrated, and antigens were unmasked using Retrieval Buffer in a

Decloaking Chamber (Biocare Medical, USA). The slides were then washed with Tris,

incubated with 3% hydrogen peroxide, and blocked with Background Sniper (BioCare

Medical, USA). The anti-HER2/neu antibody was applied at a 1:2,000 dilution for 1 hour

(sc-284; Santa Cruz, USA) followed by a 1 hour incubation with MACH2 anti-rabbit

secondary antibody (Biocare Medical, USA). Diaminobenzedine (DAB) was used for

visualization, counterstained with hematoxylin. For antibody negative controls, the primary

antibody was replaced with homologous nonimmune sera. A HER2-positive mammary

biopsy from a mouse xenograft was used as a positive control.

Quantitative RT-PCR analysis

RNA was extracted from cell lines and nontransduced canine T cells using the RNeasy Mini

Kit (Qiagen, Valencia, CA). Relative quantification of canine HER2 mRNA in canine OS

cell lines was preformed using canine HER2-specific primers (forward: 5’-

CAGCCCTGGTCACCTACAA-3’; reverse: 5’-CCACATCCGTAGACAGGTAG-3’) and

normalized to ribosomal protein 19 (RB19) using canine RB19 specific primers (forward:

5’-CCTTCCTCAAAAAGTCTGGG-3’; reverse: 5’-GTTCTCATCGTAGGGACGAAG-3’)

as previously described.13 Relative quantification of canine and human HER2 in generated

cell lines was preformed using primers specific for the human (forward: 5’-

ACGTGCTCATCGCTCACAAC-3’; reverse: 5’-TTCAGCGGGTCTCCATTGTC-3’) and

canine (forward: 5’-GGAAGGACGTGTTCCACAAG-3’; reverse: 5’-

CTGGTCAGGCTCTGACAATC-3’) HER2 protein and normalized to human GAPDH. The

reactions were performed using a QuantiFast SYBR Green RT-PCR Kit (Qiagen) and a

BioRad iQTM5 Real time PCR detection system (Bio-Rad Laboratories, Hercules, CA)

following the manufacturer’s instructions. All reactions were performed in 25μl reaction
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volume in triplicates and the iQTM5 optical system software (Bio-Rad) was used to analyze

the results.

Canine T-cell expansion and activation

Canine whole blood was obtained from healthy client-owned canines treated at Texas A&M

University College of Veterinary Medicine on an institutionally approved protocol.

Peripheral blood mononuclear cells (PBMCs) were isolated by Lymphoprep (Greiner Bio-

One, Monroe, NC) gradient centrifugation. Canine PBMCs were stimulated with γ-

irradiated (100 Gy) K562-APCs (2:1 T-cell to K562-APC ratio), 5 ug/ml PHA (Sigma-

Aldrich), and 30 ng/ml recombinant human IL-21 (rhIL-21; eBioscience) in 24-well tissue

culture plates and maintained in RPMI 1640 medium containing 10% heat-inactivated fetal

calf serum and 1% GlutaMax and cultured at 38.5°C in 5% CO2. Expanded canine T cells

were re-stimulated on Day 7 of culture as previously described with the addition of 100 units

recombinant human IL2 (rhIL-2; Proleukin; Chiron, Emeryville, CA) and at a T cell to

K562-APC ratio of 1:5 in G-Rex culture devices. Cells were fed every 3–4 days with fresh

media and cytokines.

Flow cytometry

A FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) was used to acquire

immunofluorescence data, which was analyzed with FlowJo software Version 7.6.1 (Tree

Star). Canine T and B cell surface marker expression was assessed using Dog T lymphocyte

cocktail (anti-dog pan T-cell-APC, anti-dog CD4-PE, anti-dog CD8-FITC) and Dog

Activated T lymphocyte cocktail (anti-dog pan T-cell-APC, anti-dog B cell PE, anti-dog T-

cell activation marker-FITC) purchased from BD Biosciences. The anti-dog B-cell marker

(clone LSM 11.425) was generated against cells derived from canine peripheral lymph

nodes. The anti-dog T-cell activation marker (clone CTL 2.58) was generated by using

whole cell immunizations of IL-2 dependent feline T-cell lines stimulated with PHA and

Con A. Clone CTL 2.58 recognizes activated, canine T cells as described by the

manufacturer. Isotype controls were mouse IgG1-FITC, mouse IgG1-PE, and mouse IgM-

APC. Forward- and side-scatter gating was used to discriminate live cells from dead cells.

HER2- and kappa-CAR expression was analyzed as previously described.14,15 HER2

surface expression on tumor cells was determined using an anti-HER2/neu-PE monoclonal

antibody (clone 24.7; BD Biosciences).

Generation of retroviral vectors encoding CARs and transduction of canine T cells

The generation of 2nd generation κ-specific (pSFG.κ.CD28.ζ) and HER2-specific

(pSFG.FRP5.CD28.ζ) CARs with human CD28 transmembrane and CD28.ζ endodomains

has been previously described.16,17 A minigene encoding canine CD28 transmembrane and

CD28.ζ endodomains was synthesized by Life Technologies based on the available canine

CD28 (GeneBank accession no. NP_001003087) and CD3ζ sequences (GeneBank accession

no. XP_854348). The minigene was used to replace the human CD28 transmembrane and

CD28.ζ endodomains in pSFG.FRP5.CD28.ζ. Cloning was confirmed by sequencing

(Seqwright, Houston, TX). RD114-pseudotyped viral particles encoding the κ-specific were

produced by transient transfection of 293T cells as previously described.15 GALV-

pseudotyped viral particles encoding HER2-specific CARs were collected from a PG13
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producer cell line. To generate CAR-expressing T cells, canine T cells were transduced after

initial activation on RetroNectin (Takara Bio USA, Madison, WI) coated plates in the

presence of IL21. In all experiments, the functionality of matched (from the same donor)

transduced and nontransduced T cells was compared.

Cytotoxicity assay

Standard chromium-release assays were performed in triplicate, as described previously.18

Briefly, 1 × 106 target cells were labeled with 0.1 mCi (3.7 MBq) 51Cr and mixed with

decreasing numbers of effector cells to give effector-to-target ratios of 40:1, 20:1, 10:1, and

5:1. Target cells incubated in complete medium alone or in 1% Triton X-100 were used to

determine spontaneous and maximum 51Cr release, respectively. After 5 hours, supernatants

were collected and radioactivity was measured in a gamma counter (Cobra Quantum;

PerkinElmer). The mean percentage of specific lysis of triplicate wells was calculated

according to the following formula:

.

Analysis of cytokine production

CAR expressing canine T cells or nontransduced canine T cells were co-cultured with

HER2-negative or HER2-positive human cell lines or HER2-positive canine OS cell lines at

a 2:1 effector-to-target ratio in a 24-well plate. After 24 hours of incubation, culture

supernatants were harvested and cytokine production was measured by a canine cytokine/

chemokine multiplex assay as per manufacturer's instructions (EMD Millipore, Billerica,

MA).

Statistical Analysis

All experiments were performed at least in triplicates. For comparison between two groups,

two-tailed t-test was used. For comparisons of three or more groups, the values were

analyzed by one-way ANOVA with Bonferroni's post test.

RESULTS

Ex vivo activation and expansion of canine T cells

To activate canine T cells we modified a previously published protocol19 replacing OKT3

with PHA since we observed no canine T-cell activation in the presence of OKT3

(Supplemental Fig. 1A,B). PBMCs were stimulated in the presence of PHA and IL-21 with

irradiated K562s expressing human CD80, CD83, CD86, and 41BBL (K562-APCs) at a T-

cell:APC ratio of 2:1. Seven days post activation cell lines consisted predominately of CD3-

positive T cells (83 ± 10.7%; mean ± SD) with a mixture of CD4-(38 ± 12.9%) and CD8-

positive (47 ± 11.1%) subsets. Forty-three ± 20.6% of T cells were activated as judged by

being positive for the ‘canine T-cell activation marker’ in contrast to 7% of T cells prior to

activation (Fig. 1A,B). While T cells were activated, T-cell expansion was variable (average

1.5-fold expansion; Fig. 1C). To further expand canine T cells, we took advantage of G-Rex

culture devices.20 On day 7, T-cell cultures were re-stimulated with K562-APCs (1:5 T-

cell:K562-APC ratio) in the presence of PHA, IL-2, and IL-21. Within 8 days canine T cells

expanded on average 103-fold (n=8) (Fig. 1D). Calculated final cell numbers ranged from
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2.4×108 to 1.6×109 canine T cells starting from on average 1.4×107 PBMCs, indicating that

it is feasible to generate sufficient T cells for a clinical trial within 14 days of ex vivo culture.

Generation of CAR-expressing canine T cells

To evaluate if canine T cells can be genetically modified with CARs and expanded ex vivo,

we focused on targeting HER2 that is expressed in canine OS.21 We first confirmed HER2

expression in canine OS samples by immunohistochemistry (Fig. 2A) and in 5 canine OS

cell lines by qRT-PCR (Fig. 2B).

To optimize transduction of canine T cells, canine PBMCs were activated as described

above, and transduced on days 1, 2, 3, 4, or 5 post activation with retroviral particles

encoding a HER2-specific CAR (HER2-CAR) consisting of the HER2-specifc scFv FRP5, a

short hinge, a human CD28 transmembrane domain, and stimulatory domains derived from

human CD28 and CD3ζ.15 CAR expression was highest when PBMCs were transduced 2 to

3 days post activation (34.9% and 31.5%, respectively) (Supplemental Fig. 2). In subsequent

experiments we therefore transduced activated PBMCs on day 3 resulting in an average

transduction efficiency of 26.5% (n=6) (Fig. 3A,B). Post transduction, transduced T cells

could be expanded in G-Rex culture devices 100-fold within 8 days (mean; Fig. 3C). CAR-

expression was maintained during T cell expansion in the G-Rex culture devices (Fig. 3D),

and the final cell product consisted predominantly of CD3-positive T cells with CD4- as

well as CD8-positive T cell subsets (Fig. 3E).

T cells expressing HER2-specific CARs recognize canine HER2

Human and canine HER2 are 92% homologous.10 To confirm that canine T cells expressing

HER2-CARs recognize human and canine HER2, we transduced the HER2-negative human

breast cancer cell line MDA-MB-468 (MDA) with lentiviral vectors encoding either human

(MDA-hHER2) or canine HER2 (MDA-cHER2). While transgene expression was

confirmed by qRT-PCR with species-specific primers, the commercially available HER2

FACS antibody only recognized human HER2 (Fig. 4A,B). Canine T cells expressing

HER2-CARs (HER2-CAR T cells) killed HER2-positive cells (A549, MDA-hHER2, MDA-

cHER2) thereby indicating that the FRP5 scFv recognizes both human and canine HER2. In

contrast, HER2-negative cells (MDA, canine T cells) were not killed. Non-transduced (NT)

T cells had no cytolytic activity (Fig. 4C).

CAR-expressing canine T cells recognize and kill HER2-positive canine OS cell lines

To determine if HER2-CAR canine T cells recognize and kill HER2-positive canine cell

lines, we performed co-culture and cytotoxicity assays. Upon co-culture of HER2-specific

CAR canine T cells with a panel of HER2-positive canine OS cell lines (UWOS2, BWKOS,

CSKOS, MCKOS, SKKOS) or MDA-cHER2, canine T cells secreted significantly higher

levels of IFNγ in comparison to NT or κ-CAR canine T cells (p<0.001; Fig. 5A). No

difference in cytokine secretion was observed in the presence of HER2-negative targets

(MDA). In 51Cr release cytotoxicity assays HER2-CAR canine T cells killed all tested

HER2-positive canine OS cells lines. In contrast, only background killing was observed with

NT or κ-CAR canine T cells (Fig. 5B). These results indicate that HER2-CAR canine T cells

recognize and kill HER2-positive canine OS cells, in an antigen-dependent manner.
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HER2-CARs with canine signaling domains function in canine T cells

Thus far we have demonstrated that HER2-CARs with human CD28 transmembrane and

CD28.ζ signaling domains are functional in canine T cells. To investigate if the CAR

signaling domains derived from human proteins could be replaced with their canine

counterparts we constructed a 2nd generation HER2-CAR containing canine CD28

transmembrane and CD28 and CD3ζ stimulatory domains (HER2-canCAR) (Supplemental

Fig. 3). To test the functionality of HER2-canCARs, we conducted co-culture and

cytotoxicity assays. HER2can-CAR canine T cells secreted significantly more IFNγ than NT

canine T cells in the presence of HER2-positive cell lines (Fig. 6A). Additionally, engrafted

canine T cells selectively killed MDA-cHER2 and canine OS tumor cells compared to NT

canine T cells, while HER2-canCAR canine T cells did not show significant killing against

the parental MDA cell line (Fig. 6B, Supplemental Fig. 4). These results indicate that

HER2-CARs encoding FRP5 scFv and canine transmembrane and signaling domains are

functional in canine T cells.

DISCUSSION

We show here that canine T cells can be successfully activated and expanded ex vivo, and

genetically modified to express CARs. Canine T cells expressing HER2-CAR recognized

and killed human and canine HER2-positive target cells in an antigen-dependent manner. In

addition, we demonstrate that signaling domains derived from canine genes can be

incorporated into CARs.

Companion animal models, particularly canines, have several potential advantages over

traditional immunocompetent murine models in evaluating T-cell based therapies. Unlike

the majority of murine models in which tumors are transplanted, tumors occur

spontaneously in canines thereby recapitulating a natural tumor environment.22 In addition,

most murine studies are conducted in a single strain of mice, whereas canine tumors occur in

different breeds allowing the assessment of CAR T-cell function in animals with an intact

immune system that are not genetically identical. In regards to OS, tumor location in long

bones, metastasis to the lung, and genetic abnormalities in canines closely mimic human

disease. These features cannot be adequately recapitulated in conventional murine OS

models.23,24 Lastly, while OS is the most common pediatric bone tumor in the US it is rare

with ~400 cases per year. However there are ~ 8,000 cases of canine OS per year. Thus

testing CAR T-cell therapies in canines has the potential to serve as an intermediate between

murine models and human clinical trials, allowing the rapid testing of promising candidates

before embarking on time consuming and expensive clinical studies in humans.

Since generation of CAR T cells is dependent on ex vivo expansion to achieve both efficient

transduction and sufficient T cells for clinical trials, it is essential that canine T cells can be

successfully expanded from PBMCs. We have established an expansion protocol to expand

CD3+CD4+ and CD3+CD8+ canine T cells using PHA, K562-APCs and exogenous IL-2

and IL-21. While others have used OKT319 to activate canine T cells, we could not replicate

their findings. We speculate that the low homology between the canine and human ε

subunits of the TCR (53% homologous) contributes to our observed limited canine T-cell

activation by OKT3. Instead, we used the mitogen PHA to initially activate canine T cells as
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reported by others.25,26 To provide the second signal for T-cell activation we took advantage

of K562-APCs expressing co-stimulatory molecules.27 The presence of four co-stimulatory

molecules (human CD80, CD83, CD86 and 41BBL) on K562s resulted in increased

expansion compared to K562-APCs that only expressed human CD80 and 41BBL, or

unmodified K562 (Supplemental Fig. 5), indicating that human co-stimulatory molecules

can engage their respective canine ligands, and that optimal canine T-cell activation requires

engagement of several co-stimulatory receptors. Though there is a high homology between

the human co-stimulatory molecules and their canine counterparts, we cannot exclude the

possibility that K562-APCs expressing canine co-stimulatory molecules could provide a

stronger stimulus for ex vivo T-cell expansion. However, our current protocol resulted in

~100-fold expansion within 2 weeks of culture, which is sufficient for conducting clinical

studies in canines.

As canines are excellent models for human disease, several studies have explored the use of

retroviruses to express genes in hematopoietic cells.28,29 Similar to previous reports which

used GALV-pseudotyped retroviral particles to genetically modify canine T cells with the

herpes simplex virus thymidine kinase (HSV-tk) suicide gene,28,30 we demonstrate that

canine T cells can be genetically modified efficiently with GALV-pseudotyped retroviral

particles to express CARs. Transduction rates ranged from 17–37%, which is in the same

range as reported for the HSV-tk gene transfer studies. While CAR-engrafted bulk T-cell

cultures had the desired functional characteristics, transduction efficiency could potentially

be increased by using concentrated viral supernatant, or transduced CAR T cells could be

preferentially expanded by genetically modifying K562-APCs to express the antigen of

interest.31

OS expresses several cell surface tumor associated antigens that can be targeted with CAR T

cells including HER2, B7-H3, TEM1, and IL11Rα.32–35 In this preclinical study we focused

on HER2. HER2 is expressed in 60 to 70% of OS in humans and expression correlates with

poor outcome. Here we confirm other studies demonstrating that HER2 is also expressed in

canine OS. While HER2-CAR T cells have shown promising antitumor activity in murine

clinical models, there is some concern in regards to their safety in humans. One study

reported the death of a patient due to respiratory failure after receiving lymphodepleting

chemotherapy followed by the infusion of 1010 T cells expressing a 3rd generation HER2-

CAR and IL2.36 We have given up to 108/m2 T cells expressing a 2nd generation HER2-

CAR with a CD28.ζ endodomain. Infusions were well tolerated, but in vivo T-cell expansion

and persistence were limited.37 In our study we initially used the same HER2-CAR as in our

clinical trial, and demonstrate that the CAR ectodomain (FRP5) recognized canine HER2.

Since FRP5 does not recognize murine or rat HER2,38 the canine OS model presents an

ideal setting to evaluate the safety and efficacy of HER2-CAR T cells in a preclinical model.

While the cytolytic activity of HER2-CAR canine T cells was similar to our previous studies

using human HER2-CAR T cells and human HER2-positive target cells, cytokine

production was lower.15 These results indicate that the affinity of the HER2-specific scFv to

canine HER2 is most likely lower in comparison to human HER2. However, T-cell

activation is also dependent on antigen density.39 Since we currently cannot detect canine

Mata et al. Page 8

J Immunother. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



HER2 by FACS analysis, differences in cell surface expression of canine and human HER2

could in part also explain our finding.

To adapt the HER2-CAR to the canine model, we replaced the human CAR transmembrane

and signaling domains with their canine counterparts (HER2-canCAR). T cells expressing

HER2-canCARs had comparable effector function to standard HER2-CARs in canine T

cells, indicating that it is feasible to use canine signaling domains. However, since the FRP5

scFv is of murine origin,40 canines could develop murine anti-scFv antibodies. While we

have not observed the development of human anti murine antibodies (HAMA) in our clinical

trial against FRP5, other groups have reported the development of HAMA responses,41 and

one case of anaphylaxis has been reported.42 We plan to infuse CAR-expressing canine T

cells after standard therapy which includes surgery and chemotherapy. In this setting, the

immunogenicity of the CAR may be reduced due to chemotherapy-induced

immunosuppression.

In conclusion, we have developed a robust ex vivo technology to generate CAR-expressing

canine T cells, which should allow for preclinical testing of CAR T cells in large animal

models. While we focused on HER2-positive OS, our approach could be adapted to other

antigens and other tumors. Evaluating CAR T cells in large animal models may be of value

for the development of future clinical trials in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ex vivo activation and expansion of canine T cells
Canine T cells were activated with PHA and K562-APC in the presence of IL21, and

counted and phenotyped on day 7 (n=20). (A) Representative flow analysis (Isotype control:

white; cell marker: solid). (B) Data of 11 canine PBMC samples and 16 canine T-cell lines

(mean ± SD; * p<0.01; ** p<0.001). (C) Cell counts on day 7. (D) On day 7 T cells were re-

stimulated with K562-APC, PHA, IL21 and IL2, and were expanded for 8 days in G-Rex

culture devices (n=8) (solid grey line: individual experiment; dotted black line: mean).
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Figure 2. HER2 is expressed in canine OS samples and cell lines
(A) Tumor biopsies from canines stained with H&E (left) or for HER2 expression (right) by

IHC show that canine OS express HER2. (B) Canine HER2 expression was determined in a

panel of canine OS (cell lines UWOS2, BWKOS, CSKOS, MCKOS, SKKOS) by qRT-PCR

using canine HER2-specific primers (expression normalized to canine T cells).
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Figure 3. Transduction of canine T cells with retroviral vectors encoding HER2-CAR
(A, B) Canine T cells were transduced on day 3 post activation and CAR expression was

determined by FACS analysis on day 7 (n=6; mean ± SEM). HER2-CAR T cells were

restimulated and expanded in G-Rex culture devices for 8 days. (C) Fold expansion (n=10)

(solid grey line: individual experiment; dotted black line: mean), (D) CAR expression, (E)
Phenotype of final T cell product (n=8).
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Figure 4. Canine HER2-CAR T cells recognize human and canine HER2
(A) FACS analysis for HER2 expression of A549, MDA, MDA-hHER2, and MDA-cHER2.

(B) Detection of HER2 expression in MDA, MDA-hHER2, and MDA-cHER2 by qRT-PCR

using species-specific HER2 primers (mean of triplicates ± SEM) (C). Cytotoxicity assays

using NT (white) and HER2-CAR T cells (solid) as effectors, and A549, MDA, MDA-

hHER2, MDA-cHER2, and canine T cells as targets. Only HER2-positive targets (A549,

MDA-hHER2, and MDA-cHER were killed by HER2-CAR T cells (n=3, mean ± SEM,

*p<0.001).
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Figure 5. HER2-CAR canine T cells secrete IFNγ and lyse HER2-positive tumor cells in an
antigen dependent manner
(A) Co-culture assays of HER2-CAR, κ-CAR, and NT canine T cells with panel of HER2-

positive canine OS cell lines MDA, or MDA-cHER2. Supernatants were collected after 24

hours to determine IFNγ secretion. HER2-CAR canine T cells produced significant higher

amounts of IFNγ than NT canine T cells (*** p<0.001; n=3; mean). (B) HER2-CAR canine

T cells kill HER2-positive canine OS cell lines in contrast to NT and κ-CAR T cells at a

10:1 effector to target ratio (mean ± SEM, * p<0.05; ** p<0.01; *** p<0.001; assay done in

triplicates; for NT and HER2-CAR T cells: 3 donors; for κ-CAR T cells: 1 donor; ND not

determined)
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Figure 6. HER2-CARs with canine transmembrane and signaling domains is functional in canine
T cells
(A) Co-culture assays of HER2-canCAR canine T cells (CAR T cells) and NT T cells with

panel of HER2-positive canine OS cell lines or MDA-cHER2 from two different donors

(*p<0.05, **p<0.001; symbols represent mean of assay duplicates). (B) HER2-canCAR

canine T cells (CAR T cells) kill HER2-positive cell lines in contrast to NT T cells at an

effector to target ratio of 10:1 from two different donors (**p<0.001; mean; performed in

triplicates).
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