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Although chimeric antigen receptor (CAR)-T cells are promising effector cells
to treat hematologic tumors, developing effective CAR-T cells for solid tumors
remains challenging. Dickkopf-1 (DKK1) protein is widely expressed by human
hematologic and solid tumors. Using the sequence of murine or humanized
monoclonal antibody recognizing DKK1-A2 complexes (DKK1-P20 peptide in
the context of HLA-A*0201) that are detected on all examined HLA-A2" tumor
samples but not normal tissues except tonsils, we generate DKK1-A2 CAR-

T cells that specifically and effectively lyse HLA-A2- and DKKI1-expressing
tumor cells but not blood or bone marrow cells from HLA-A2" healthy donors.
In xenograft models of human myeloma, pancreatic, lung, and breast cancers
and patient-derived xenograft of pancreatic cancer, DKK1-A2 but not CD19
CAR-T cells effectively control or eradicate established tumors without
detectable toxicities in NSG or human DKK1 and HLA-A2-trangenic mice. This
study indicates that DKK1-A2 CAR-T cells may be used to treat human cancers.

Chimeric antigen receptor (CAR)-T cells have demonstrated remark-
able clinical success in the treatment of hematologic tumors, especially
those targeting antigens such as CD19 and BCMA'®. These therapies
have significantly advanced the management of blood cancers,
including lymphomas, some forms of leukemia, and most recently
multiple myeloma (MM)’. However, developing effective CAR-T cell
therapies for solid tumors remains challenging®. Although some tumor
antigens, such as Mucin-1°, Glypican-3'° and Claudin 18.2" have been
explored in research, identifying safe and effective antigens for CAR-T
cell therapies for both hematologic and solid tumors continues to be a
major hurdle.

Dickkopf-1 (DKK1) is a secreted protein that acts as an antagonist
of the Wnt/B-catenin signaling pathway”. DKKI1 binds to LRP5/6 co-
receptors on the cell surface, preventing them from interacting with
Wnt proteins'". DKK1 overexpression has been observed in various
cancers, including MM, pancreatic cancer”, lung cancer'®, breast
cancer”, and hepatocellular cancer®. In MM, elevated DKK1 level leads
to bone lesions and osteoporosis due to the imbalance in bone
remodeling®. In certain tumors, DKK1 also promotes tumor progres-
sion by creating a microenvironment that supports cancer growth,
affects immune response, and facilitates metastasis**. Conversely,
DKK1 has limited expression in normal tissues, with the exception of
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the placenta and testis***. This reciprocal expression makes DKKI1 an
attractive target for cancer immunotherapy®, particularly in devel-
oping CAR-T cell therapies for both MM and solid tumors.

To target DKKI for cancer immunotherapy, we identified a DKK1
peptide, P20 (ALGGHPLLGV), that showed an excellent binding affinity
to HLA-A*0201 (for short, HLA-A2 or A2), which is a widely distributed
HLA serotype found in 30-50% of the human population®”. We
developed a T cell receptor-like monoclonal antibody (C2) that
recognizes DKK1-P20 peptide in the context of HLA-A2 molecules
(thereafter, referred as DKK1-A2 complex)®. This C2 antibody can
directly induce apoptosis in DKK1-A2 positive cancer cells and indir-
ectly lyse DKK1-A2 positive cancer cells by mediating antibody-
dependent cellular cytotoxicity and complement-dependent cyto-
toxicity. Furthermore, C2 antibody was therapeutic against established
cancers in human xenograft mouse models. Notably, C2 antibody did
not bind to or kill HLA-A2 positive blood or bone marrow cells in vitro,
nor caused tissue damage in tumor-free or tumor-bearing HLA-A2-
transgenic mice. The exceptional specificity and safety profile make
the C2 antibody a promising candidate for developing CAR-T cell
therapy.

In this study, we developed a DKKI-A2 CAR, incorporating the
single-chain variable fragment (scFv) of C2 antibody along with 4-1BB
and CD3( costimulatory domains to generate human DKK1-A2 CAR-
T cells. We hypothesized that this CAR-T cell therapy could effectively
target HLA-A2 positive MM and a broad range of solid tumors,
including pancreatic cancer, lung cancer, and breast cancers that
express DKKI. Our results clearly showed that DKK1-A2 CAR-T cells
have a strong anti-tumor effect in vitro and in vivo against established
hematologic and solid tumors with a favorable safety profile, and
DKK1-A2 CAR-T cells may be a promising therapeutic tool to treat
DKK1-A2 positive human cancers.

Results

DKK1 and DKK1-A2 expression profiles in different cancers and
normal tissues

To evaluate DKK1 expression in hematologic tumors, three gene
sequencing datasets from myeloma®, lymphoma®, and leukemia®
were analyzed. DKKI mRNA was highly expressed in many hematologic
tumors, particularly in MM and acute leukemia originated from B cells
(Fig. 1a). MM exhibited the highest DKKI expression among various
hematologic tumors, reaching up to around 70-fold higher than
plasma cells from healthy donors (Fig. 1a). To determine DKKI
expression in solid tumors, its gene expression profiles across all
tumor samples from GEPIA2 database® were utilized for analysis
(Fig. 1b). Most TCGA solid tumor types highly expressed DKK1 mRNA
compared to paired normal tissues, particularly in pancreatic adeno-
carcinoma (PAAD)* that expressed more than 90-fold DKKI than
normal pancreatic tissues (Fig. 1b). Pancreatic ductal adenocarcinoma
(PDAC) patients with a higher expression of DKK1 had inferior overall
and disease-free survivals than patients with a lower expression of
DKK1 (Fig. 1c, d). Similarly, poor prognosis was also found in other solid
tumors with higher DKK1 expression, such as lung adenocarcinoma
(LUAD), lung squamous cell carcinoma (LUSC), stomach adenocarci-
noma (STAD), and head and neck squamous cell carcinoma (HNSC)
(Supplementary Fig. 1a-d). Oncomine datasets were used to validate
DKKI1 expression in tumor types of interest. PDAC**, non-small cell lung
cancer (NSCLC)*, and triple negative breast cancer (TNBC)*® exhibited
higher DKK1 mRNA expression compared to normal tissues (Fig. 1e).
Immunohistochemistry was utilized to determine the expression of
DKK1 protein and DKKI-A2 complex by tumor tissues. Our results
showed that DKK1 protein was not detected in normal pancreatic, lung,
or breast tissues from HLA-A2 positive donors (Fig. 1f). However, all
tumor tissues from 10 randomly selected PDAC (Fig. 1g), NSCLC
(Fig. 1h), or TNBC (Fig. 1i) patients expressed high levels of DKK1
protein. Among these patients, 4/10, 6/10, and 6/10, respectively, are

HLA-A2 positive, and tumor samples from all these HLA-A2 positive
patients expressed DKKI-A2 complexes stained by C2 antibody
(Fig. 1g-i). Similarly, tissue array analysis showed that all of 40 NSCLC
tumor tissues but none of 10 normal lung tissues highly expressed
DKK1 protein, and 8 out of the 40 NSCLC patients were HLA-A2 posi-
tive and stained positive with C2 antibody (Supplementary Fig. 1e).
One DKK1 negative and HLA-A2 positive TNBC sample was included
and stained negative for C2 antibody (Supplementary Fig. 1f). Immu-
nochemistry staining of DKK1, HLA-A2 and DKKI-A2 complex was
controlled by isotype controls (Supplementary Fig. 1g). Together,
these data revealed that DKK1 protein is highly expressed by multiple
tumors, its expression is associated with poor survival of some cancer
patients, and all HLA-A2-positive tumors express high levels of DKKI-
A2 complexes recognized by C2 antibody.

DKK1-A2 CAR-T cells display strong anti-tumor activity in vitro
As C2 antibody recognizes DKK1-A2 complex on tumor cells but not
normal tissues, we generated DKK1-A2 CAR-T cells to target tumor cells
that express DKK1-A2 complex (Fig. 2a). DKK1-A2 CAR consisted of the
scFv derived from C2 antibody, 4-1BB, and CD3 intracellular domains.
Herein, both of murine C2 antibody (mC2) and humanized C2 antibody
(hC2) were used to generate DKK1-A2 CAR-T cells. If not otherwise
specified, DKK1-A2 CAR-T cells refer to mC2 CAR-T cells. CD19 CAR-T
cells were generated and utilized as a control. Enhanced green fluor-
escent protein (eGFP) was co-expressed with CAR to track CAR-T cells
(Fig. 2b). The average transduction efficiency of activated human
T cells was around 70% (Fig. 2¢). To evaluate the anti-tumor activity of
DKK1-A2 CAR-T cells, MM, PDAC, NSCLC, and TNBC cell lines were
used. As DKK1 is widely expressed by the tumor cell lines, C2 antibody
could bind to HLA-A2 positive tumor cell lines, including JeKo-1, U266,
KMS-26, CFPAC-1, PANC-1, NCI-H441, and MDA-MB-231 (Fig. 2d), but
not HLA-A2 negative tumor cell lines (Supplementary Fig. 2a). CD19
expression on the tumor cells was also determined by flow cytometry.
JeKo-1 and Daudi but not MM cell lines expressed CD19 (Supplemen-
tary Fig. 2b). The proliferation of CAR-T cells was corroborated by
Celltrace dilution assay, as DKK1-A2 CAR-T cells exhibited a strong
proliferation in response to HLA-A2 positive tumor cells compared to
CD19 or control CAR-T cells (Fig. 2e). Cytolytic activity of DKKI-A2
CAR-T cells against tumor cells was determined by a firefly lucifer-
ase (Luc)-based cytotoxicity assay. DKK1-A2 CAR-T cells significantly
lysed HLA-A2 positive tumor cells in a dose-dependent manner
(Fig. 2f). We also assessed the anti-tumor activity of DKKI-A2 CAR-
T cells against HLA-A2-transduced tumor cell lines (Supplementary
Fig. 2c) and observed significant cytolytic activity and enhanced pro-
liferation of DKK1-A2 CAR-T cells against MM.1S-A2, KMS-12-BM-A2, or
PL45-A2 tumor cells (Supplementary Fig. 2d, e). DKK1-knockout (KO)
JeKo-1 cells were generated by CRISPR-Cas9 (Supplementary Fig. 2f)
and cytolytic activity and proliferation of DKK1-A2 CAR-T cells were
not observed against JeKo-1-KO cells (Supplementary Fig. 2g, h). The
anti-tumor activity of DKK1-A2 CAR-T cells was further supported by
IFN-y and TNF-a production by both CD4* and CD8' DKK1-A2 CAR-
T cells in their co-culture with tumor cell lines by flow cytometry
(Fig. 2g, h) and ELISA (Supplementary Fig. 2i, j). Overall, DKK1-A2 CAR-
T cells exhibit strong target-specific anti-tumor activity against HLA-A2
positive tumor cells in vitro.

Therapeutic efficacy of DKK1-A2 CAR-T cells in human MM
xenograft models

To evaluate the in vivo anti-tumor effects of DKK1-A2 CAR-T cells, we
first established and used MM xenograft tumor models. U266 MM cells
were implanted intravenously into NSG mice. Four weeks later, mice
were infused intravenously with either control, CD19, or DKK1-A2 CAR-
T cells, and tumor burden, determined by measuring the amounts of
human immunoglobulin lambda (Ig\) chain secreted by MM cells, was
monitored weekly by ELISA (Fig. 3a). DKK1-A2 CAR-T cells effectively
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Fig. 1| Expression profiles of DKK1 and DKK1-A2 complex in human tumors and
normal tissues. a Expression of DKKI mRNA across hematologic tumors was
ranked, and datasets of GSE13591, GSE2350, and GSE13159 from Oncomine data-
base were used. MM (multiple myeloma), Pro-B-ALL (Pro-B cell acute lymphoblastic
leukemia), MGUS (monoclonal gammopathy of undetermined significance), PCL
(primary plasma cell leukemia), B-ALL Child (B-Cell acute lymphoblastic leukemiain
children), FL (follicular lymphoma), B-ALL (B-cell acute lymphoblastic leukemia),
MS (myelodysplastic syndrome), CML (chronic myeloid leukemia). b Expression of
DKK1 mRNA across TCGA solid tumors compared to paired normal tissues was
ranked in GEPIA2 database. PAAD (pancreatic adenocarcinoma), CHOL (cho-
langiocarcinoma), ESCA (esophageal carcinoma), HNSC (head and neck squamous
cell carcinoma), LUSC (lung squamous cell carcinoma), LIHC (liver hepatocellular
carcinoma), STAD (stomach adenocarcinoma), THYM (thymoma), UCS (uterine
carcinosarcoma), KIRC (kidney renal clear cell carcinoma), LUAD (lung adeno-
carcinoma), ACC (adrenocortical carcinoma), CESC (cervical squamous cell carci-
noma and endocervical adenocarcinoma). ¢, d Overall and disease-free survival of

pancreatic cancer patients with DKKI-high versus DKKI-low expression in GEPIA2
database. The top 50% patients with higher expressions of DKKI were defined as
DKK1-high, and the rest were defined as DKKI-low patients. Hazards ratio and p
value are demonstrated. Cox proportional hazards regression was used. e Solid
tumor datasets of Pei Pancreas (GSE16515, normal n =16, tumor n =36), Landi Lung
(GSE10072, normal n =49, tumor n=>58) and Curtis Breast (EGASO0000000083,
normal n =144, tumor n = 250) from Oncomine database showing the expression of
DKKI mRNA in tumor and paired normal tissues. Two-tailed Student’s t-test was
used. f Immunohistochemistry staining of DKK1-A2 complex on normal pancreatic,
lung, or breast tissues from 5 randomly selected HLA-A2 positive donors. g-i
Immunohistochemistry staining of DKK1, HLA-A2, and DKK1-A2 complex of 10
randomly selected HLA-A2 positive or negative PDAC, NSCLC, and TNBC tumor
tissues. The independent experiments were repeated three times, and repre-
sentative images are showed for immunohistochemistry staining. Data shown as
mean + SEM. Source data are provided as a Source data file.

controlled U266 cell growth, and all mice remained alive at 7 weeks
post CAR-T cell infusion, while CD19 CAR-T cells failed to do so
(Fig. 3b, ¢). The body weight of all treated mice was not significantly
changed after CAR-T cell therapy (Fig. 3d). Similar data were obtained
from DKKI-A2 positive and CDI9 negative KMS-26” MM model
(Supplementary Fig. 3a-d).

Therapeutic efficacy of DKK1-A2 CAR-T cells in human solid
tumor xenograft models

We then assessed the anti-tumor efficacy of DKK1-A2 CAR-T cells against
human solid tumors in their xenograft mouse models. First, firefly
luciferase-transduced CFPAC-1 PDAC tumor cells were implanted sub-
cutaneously 1 week before CAR-T cells infusion, and tumor volume and
bioluminescence intensity were monitored weekly (Supplementary
Fig. 3e). DKK1-A2 CAR-T cells effectively controlled tumor growth, evi-
denced by bioluminescence and survival rate, and body weight was not
significantly changed after CAR-T cell therapy (Supplementary Fig. 3f-i).

More importantly, we developed and used a PDAC orthotopically
xenografted model by implanting CFPAC-1-Luc tumor cells into mice
pancreas® (Fig. 3e). Again, DKK1-A2 CAR-T cells exhibited effective and
safe anti-tumor activity, evidenced by bioluminescence, survival, and
body weight monitoring (Fig. 3f-i). Second, we used an NSCLC meta-
static model by injecting Luc-transduced NCI-H441 tumor cells intra-
venously into NSG mice (Fig. 3j). DKK1-A2 CAR-T cells significantly
reduced metastatic tumor burden, and all DKK1-A2 CAR-T cell-treated
mice achieved a superior survival rate. Body weight was decreased after
control, and CD19 CAR-T cell therapy, mainly due to tumor progression,
and body weight was not significantly changed after DKK1-A2 CAR-T cell
therapy (Fig. 3k-n). Third, the anti-tumor efficacy of DKK1-A2 CAR-
T cells was examined in orthotopic (Fig. 30) and subcutaneous (Sup-
plementary Fig. 3j) Luc-transduced MDA-MB-231 TNBC models. Again,
DKK1-A2 CAR-T cell treatment effectively controlled MDA-MB-231
tumor growth and resulted in long-term survival in all mice in the
orthotopic model. DKK1-A2 CAR-T cell therapy did not significantly
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Fig. 2 | In vitro cytolytic activity of DKK1-A2 CAR-T cells against human
tumor cells. a Schematic presentation showing the recognition of DKK1-A2 CAR-
T cells and DKK1-A2 expressing tumor cells. b Schematic presentation showing
DKK1-A2 and CD19 CAR constructs. ¢ Percentage of CAR expressing T cells deter-
mined as eGFP positive T cells by flow cytometry analysis. d Expression of DKK1,
HLA-A2 or DKK1-A2 complex by JeKo-1, Daudi, U266, KMS-26, CFPAC-1, PANC-1,
NCI-H441 or MDA-MB-231 tumor cell lines determined by flow cytometry. e CAR-T
cell proliferation measured by dilution of Celltrace Violet analyzed by flow cyto-
metry. CAR-T cells were stained with Celltrace Violet and co-cultured with JeKo-1,
Daudi, U266 or CFPAC-1 tumor cells at an E:T ratio of 1:1 for 72 h. f Cytotoxicity of

CAR-T cells determined by luciferase reporter assay. CAR-T cells were co-cultured
with Luc-transduced JeKo-1, Daudi, U266, KMS-26, CFPAC-1, PANC-1, NCI-H441, or
MDA-MB-231 tumor cells at indicated E:T ratios for 12 h. n =3, technical replicates.
g, h Percentages of IFN-y and TNF-a producing CD4" or CD8" CAR-T cells deter-
mined by intracellular cytokine staining. CAR-T cells were co-cultured with JeKo-1,
Daudi, MM.1S-A2, KMS-12-BM-A2, CFPAC-1 or PANC-1 tumor cells at an E:T ratio of
1:1 overnight. In the experiments, CD19 CAR-T cells were used as a control. n=3,
technical replicates. Data shown as mean + SEM. Source data are provided as a
Source data file.

affect the body weight of all mice (Fig. 3p-s). Similarly, DKK1-A2 CAR-
T cells exhibited strong anti-tumor efficacy in the subcutaneous model
(Supplementary Fig. 3k-n). Also, the TUNEL assay was performed in
CFPAC-1 orthotopic, NCI-H441 metastatic, and MDA-MB-231 orthotopic
models after CAR-T cell therapy. We observed CAR-T cell infiltration
coupled with tumor apoptosis in the tumor tissues after DKK1-A2 CAR-T
cell but not control or CD19 CAR-T cell treatment (Supplementary

Fig. 4a-c). In most of these studies, CD19 CAR-T cells were used as a
control, and no anti-tumor effect was observed.

Therapeutic efficacy of DKK1-A2 CAR-T cells in PDAC patient-
derived xenograft model

Patient-derived xenograft (PDX) models effectively replicate the his-
tology and genetic profile of the original patient tumors®. In
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collaboration with our surgical oncologists, we obtained fresh tumor
samples from 7 PDAC patients. Primary PDAC tumors were expanded
in the flanks of NSG mice for 1-3 passages, allowing for greater
expansion of tumor tissues*’ (Supplementary Fig. 5a, b). All primary
PDAC tumor tissues expressed a high level of DKK1 protein, and DKKI-
A2 complexes were detected in two HLA-A2 positive patients (PDAC #1
and #14; Fig. 4a). Proliferation of DKK1-A2 CAR-T cells was found in

their co-culture with PDAC #1 and #14 tumor cells but not with HLA-A2
negative PDAC cells (Fig. 4b). Celltrace Violet-labeled primary PDAC
cells were co-cultured with control, CD19, or DKK1-A2 CAR-T cells for
3 days, and DKKI-A2 but not CD19 CAR-T cells eliminated nearly all
HLA-A2 positive PDAC #1 tumor cells but not HLA-A2 negative PDAC #2
cells (Fig. 4c, d). Activation of DKK1-A2 CAR-T cells was also supported
by higher levels of IFN-y, TNF-a, and Granzyme B production by both
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Fig. 3 | In vivo anti-tumor effects of DKK1-A2 CAR-T cells in human tumor
xenograft mouse models. a Schema of U266 MM xenograft model treated with
CAR-T cells, b Tumor burden measured as the levels of human IgA secreted by U266
cells. Blood was collected from U266 xenografted mice weekly and human IgA in
the serum was measured by ELISA, ¢ Survival curve of U266 xenografted mice
monitored daily before and post CAR-T cell infusion, and d Body weight change of
U266 xenografted mice. Ctrl, n=4; CD19 CAR-T, n=5; mC2 CAR-T, n=5; biological
replicates. e Schema of CFPAC-1-Luc PDAC orthotopic xenograft model treated
with CAR-T cells, f Tumor burden shown as bioluminescence intensity of CFPAC-1-
Luc PDAC orthotopic xenograft mice, g Survival curve of CFPAC-1-Luc PDAC
orthotopically xenografted mice monitored daily before and post CAR-T cell
infusion, h Body weight change of CFPAC-1-Luc PDAC orthotopic xenograft mice,
and i Bioluminescence images of CFPAC-1-Luc PDAC orthotopic xenograft mice
before and post CAR-T cell infusion. Ctrl, n=5; mC2 CAR-T, n=5; biological repli-
cates. j Schema of NCI-H441-Luc NSCLC metastatic xenograft model treated with
CAR-T cells infusion, k Bioluminescence intensity of NCI-H441-Luc NSCLC

metastatic xenograft mice, I Survival of NCI-H441-Luc NSCLC metastatic xenograft
mice, m Body weight change of NCI-H441-Luc NSCLC metastatic xenograft mice,
and n Bioluminescence images of NCI-H441-Luc NSCLC metastatic xenograft mice
before and post CAR-T cell infusion. Ctrl, n=4; CD19 CAR-T, n=4; mC2 CAR-T,
n=5; biological replicates. 0 Schema of MDA-MB-231-Luc TNBC orthotopic xeno-
graft model treated with CAR-T cells, p Bioluminescence intensity of MDA-MB-231-
Luc TNBC orthotopic xenograft mice, g Survival of MDA-MB-231-Luc TNBC
orthotopic xenograft mice, r Body weight change of MDA-MB-231-Luc TNBC
orthotopically xenografted mice, and s Bioluminescence images of MDA-MB-231-
Luc TNBC orthotopic xenograft mice before and post-CAR-T cell infusion. Ctrl,
n=5; CD19 CAR-T, n=5; mC2 CAR-T, n=5; biological replicates. Two-way ANOVA
was used for bioluminescence, tumor volume, and body weight analyses (Two-
tailed Student’s ¢-test for CFPAC-1-Luc PDAC orthotopic xenograft model). Log-
rank test was used for survival analysis. In most experiments, CD19 CAR-T cells were
used as a control. Data shown as mean + SEM. Source data are provided as a Source
data file.

CD4" and CD8" CAR-T cells in co-culture with PDAC #1 cells (Fig. 4e-g).
To characterize primary and passage tumors of PDAC #1 PDX model,
tumor tissues were digested and analyzed by flow cytometry (Sup-
plementary Fig. 5¢). Tumor cells were distinguished by carcinoem-
bryonic antigen (CEA) staining. The primary and F3 passage tumors
retained the same cellular composition, and nearly all the tumor cells
were CEA, DKKI1, and DKK1-A2 positive (Supplementary Fig. 5d). The
results were also confirmed by immunochemistry staining with both
low and high magnifications (Supplementary Fig. Se, ). To evaluate the
anti-tumor efficacy of DKK1-A2 CAR-T cells in the PDX model, expan-
ded PDAC #1 tumor fragments were implanted subcutaneously into
NSG mice, and CAR-T cells were infused intravenously 2 weeks post
tumor inoculation (Fig. 4h). DKK1-A2 CAR-T cells effectively controlled
tumor growth in vivo, and all mice achieved superior survival up to
8 weeks (Fig. 4i, j). Flow cytometry analysis showed that large numbers
of circulating and resident (in spleen and bone marrow) DKK1-A2 but
not control or CD19 CAR-T cells were detected at the end of the
experiment (Fig. 4k). Collectively, these results showed that DKK1-A2
CAR-T cells are highly therapeutic against established hematologic and
solid tumors, including primary tumors from HLA-A2 positive patients
in vivo.

Generation of DKK1-A2 CAR-T cells using a humanized C2
antibody

For future clinical application of DKK1-A2 CAR-T cells, we generated
CAR-T cells with the scFv of the hC2 antibody constructed from the
mC2 antibody. To compare the cytolytic activity of mC2 and hC2 CAR-
T cells, U266, CFPAC-1, or primary PDAC tumor cells were used as
targets and co-cultured with the CAR-T cells at different E:T ratios in a
luciferase-based cytotoxicity assay. Both mC2 and hC2 CAR-T
cells showed strong cytolysis against U266 and CFPAC-1 tumor cells
(Fig. 5a, b), and both mC2 and hC2 CAR-T cells exhibited similar
cytolytic activity against primary PDAC #1 cells at 24- or 72-h co-culture
(Fig. 5c, d). To evaluate the anti-tumor activity of the CAR-T cells
in vivo, U266, KMS-12-BM-A2, or MM.1S-A2 MM cell lines were utilized
to establish xenograft models by tail vein injection into NSG mice
(Fig. 5e and Supplementary Fig. 6a, e). Although both mC2 and hC2
CAR-T cells effectively controlled tumor growth, hC2 CAR-T cells,
compared to mC2 CAR-T cells, showed a superior anti-tumor ability in
U266 MM model evidenced by relatively lower human IgA (tumor
burden) (Fig. 5f) and better mouse survival (Fig. 5g). All mice treated
with hC2 CAR-T cells displayed long-term survival and remained tumor
free at the end of the experiment (week 12) (Fig. 5g). In MM.1S-A2
(Supplementary Fig. 6a-d) and KMS-12-BM-A2 (Supplementary
Fig. 6e-h) mouse models, hC2 CAR-T cells also showed better anti-
tumor activities evidenced by long-term survival rate up to 8 weeks
post CAR-T cell infusion. Moreover, we evaluated the therapeutic
efficacy of mC2 and hC2 CAR-T cells in PDAC mouse models (Fig. 5h

and Supplementary Fig. 6i). mC2 and hC2 CAR-T cells showed com-
parable anti-tumor activities in CFPAC-1 xenograft model (Fig. 5i-k).
However, in the primary PDAC #1 PDX model, hC2 CAR-T cells showed
a better anti-tumor activity compared to mC2 CAR-T cells, and all hC2
CAR-T cell-treated mice achieved long-term survival over 10 weeks
(Supplementary Fig. 6j, k). Hence, while both mC2 and hC2 CAR-T cells
exhibit comparable cytolytic ability in vitro, hC2 CAR-T cells show a
better anti-tumor activity in vivo.

hC2 CAR-T cells display central memory phenotype and exert
better anti-tumor effects in vivo

Multiple mechanisms and clinical studies have shown that less differ-
entiated memory T cells are required for a sustained CAR-T cell per-
sistence in vivo" . To evaluate whether mC2 and hC2 CAR-T cells
display distinct memory phenotypes, CAR-T cells generated from 4
healthy donors were analyzed for CCR7 and CD45RO expression by
flow cytometry. hC2 CAR-T cells contained a higher percentage of cells
(70%) that were CCR7" and CD45RO" (central memory phenotype),
while mC2 CAR-T cells had a large population of CCR7" and CD45RO*
effector memory cells compared to their counterpart (Fig. 6a, b). In co-
culture with DKK1-A2 positive JeKo-1 tumor cells, hC2 CAR-T cells
rapidly differentiated into effector memory phenotype to execute
cytolysis activity, while the memory phenotype of mC2 CAR-T cells had
not significantly changed (Fig. 6¢, d). mC2 and hC2 CAR-T cells were
infused into JeKo-1 bearing mice for 7 days, and CCR7 expression on
hC2 CAR-T cells was much higher than that of mC2 CAR-T cells, indi-
cating hC2 CAR-T cells as less differentiated memory T cells in vivo
(Supplementary Fig. 7a, b). Central memory-like hC2 CAR-T cells
secreted lower amounts of IFN-y and TNF-a in both CD4 and CD8
positive subsets in response to JeKo-1, but Granzyme B secretion was
similar to mC2 CAR-T cells (Fig. 6e-g). Notably, re-stimulation of the
CAR-T cells by adding more tumor cells to the co-culture led to sig-
nificantly higher IFN-y, TNF-a, and Granzyme B production by hC2
CAR-T cells compared to mC2 CAR-T cells (Fig. 6h-j). To further
evaluate the long-term response of the CAR-T cells, we performed
tumor rechallenge experiments. CAR-T cell-infused JeKo-1-bearing
NSG mice were rechallenged with JeKo-1 tumor cells at 4 weeks post
CAR-T cell infusion (Fig. 6k). In hC2 CAR-T cell-treated mice, tumor
volumes were much lower, and more mice remained alive post tumor
rechallenge (Fig. 61, m). Improved hC2 CAR-T cell persistence was
found in blood, lymph node, and spleen post tumor rechallenge
(Fig. 6n). We also observed similar results in U266-rechallenge model
that was controlled with naive mice (Supplementary Fig. 7c-e). In
CFPAC-1 rechallenge model, although all mice remained alive post-
tumor rechallenge, tumor burdens in hC2 CAR-T cell-treated mice
were significantly lower than those treated with mC2 CAR-T cells
(Supplementary Fig. 7f-i). Together, these findings showed that hC2
CAR-T cells display a less-differentiated central memory phenotype
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Fig. 4 | In vivo anti-tumor effects of DKK1-A2 CAR-T cells in human PDAC
PDX model. a Expression of DKK1, HLA-A2, and DKK1-A2 complex by primary
tumor cells of 7 randomly selected PDAC patients determined by flow cytometry.
b CAR-T cell proliferation measured by dilution of Celltrace Violet, analyzed by flow
cytometry. CAR-T cells were stained with Celltrace Violet and co-cultured with
primary PDAC tumor cells from the patients at an E:T ratio of 1:1. ¢ Representative
flow staining, and d Summarized results depicting the in vitro cytolytic activity of
CAR-T cells against primary PDAC cells determined by flow cytometry, measuring
the number or percentage of primary tumor cells and CAR-T cells in their co-
culture. Primary PDAC tumor cells were stained with Celltrace Violet and co-
cultured with CAR-T cells for 72 h. n =2, technical replicates. One-way ANOVA was
used. e-g Percentages of IFN-y, TNF-a, and Granzyme B producing cells determined

by intracellular cytokine staining. CAR-T cells were co-cultured with primary PDAC
tumor cells at an E:T ratio of 1:1 overnight. n = 4, biological replicates. Two-tailed
Student’s t-test was used. h Schema of PDAC PDX model treated with CAR-T cells,
i Tumor volume of PDAC PDX mice measured weekly. Two-way ANOVA was used,
j Survival of PDAC PDX mice monitored daily, Log-rank test was used, and

k Percentages of CAR-T cells in blood, spleen, and bone marrow in PDAC PDX mice
identified as GFP expression by flow cytometry before and post-CAR-T cell infusion.
Percentage (%) was defined as the proportion of eGFP* CAR-T cells in blood cells,
splenocytes, or bone marrow cells. Ctrl, n=5; CD19 CAR-T,n=5; mC2 CAR-T,n=5;
biological replicates. Two-tailed Student’s ¢-test was used. In some experiments,
CD19 CAR-T cells were used as a control. Data shown as mean + SEM. Source data
are provided as a Source data file.
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Fig. 5 | Anti-tumor effects of DKK1-A2 CAR-T cells generated from a humanized
C2 antibody. a, b In vitro cytotoxicity of CAR-T cells determined by luciferase
reporter assay. CAR-T cells were co-cultured with U266- or CFPAC-1-Luc tumor cells
at indicated E:T ratios for 12 h. n =2, technical replicates. ¢ Representative flow
staining, and d summarized results depicting the in vitro cytolytic activity of CAR-T
cells against primary PDAC cells determined by flow cytometry, measuring the
number or percentage of primary tumor cells and CAR-T cells in their co-culture.
Primary PDAC tumor cells were stained with Celltrace Violet and co-cultured with
CAR-T cells for 24 or 72 h. n=3, technical replicates. One-way ANOVA was used.

e Schema of U266 MM xenograft model treated with CAR-T cells, f Tumor burden
measured as the level of human Ig\ secreted by U266 cells. Blood was collected
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from U266 xenograft mice weekly, and serum was used for ELISA, Two-way ANOVA
was used, and g Survival of U266 MM xenograft mice monitored daily before and
post CAR-T cell infusion. Log-rank test was used. Ctrl, n=4; mC2 CAR-T, n=5; hC2
CAR-T, n=5; biological replicates. h Schema of CFPAC-1-Luc PDAC orthotopic
xenograft model treated with CAR-T cells, i Tumor burden measured as biolumi-
nescence intensity of CFPAC-1-Luc PDAC orthotopic xenograft mice, Two-way
ANOVA was used, j Survival of CFPAC-1-Luc PDAC orthotopic xenograft mice
monitored daily, Log-rank test was used, and k Bioluminescence images of CFPAC-
1-Luc PDAC orthotopic xenograft mice before and post CAR-T cell infusion. Ctrl,
n=4; mC2 CAR-T, n=4; hC2 CAR-T, n =4; biological replicates. Data shown as
mean + SEM. Source data are provided as a Source data file.

that may have contributed to the long-term anti-tumor immunity
against both MM and PDAC.

DKK1-A2 CAR-T cells do not cause damage to normal tissues

We assessed the expression of DKK1-A2 complex on human normal
tissues with commercially available tissue arrays. Thirty-five different
types of normal tissues from three HLA-A2 positive donors were
stained with DKK1, HLA-A2, and DKK1-A2 (C2) antibodies. Although

some normal human tissues expressed DKK1 protein, all human nor-
mal tissues were stained negative for DKK1-A2 complex except the
tonsil tissues (Fig. 7a and Supplementary Fig. 8a, b), indicating that the
target for DKK1-A2 CAR-T cells is not present on most human tissues.
To evaluate the potential hematological toxicity of DKK1-A2 CAR-
T cells, peripheral blood mononuclear cell (PBMC) and bone marrow
mononuclear cells (BMMC) from HLA-A2 positive donors were co-
cultured with CAR-T cells and cell apoptosis was analyzed by flow
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cytometry (Supplementary Fig. 8c). CD19 CAR-T cells effectively lysed
B cells in both PBMC and BMMC, while mC2 or hC2 CAR-T cells did not
cause significant cell death, evidenced by Annexin V and Caspase
3 staining in cell populations of PBMC or BMMC (Supplementary
Fig. 8d-g). We then established a tripartite co-culture model** con-
sisting of CAR-T cells, autologous monocytes and JeKo-1 cells for 24 h
(Fig. 7b). In co-culture with hC2 CAR-T cells, significantly lower levels of

human IFN-y and IL-6 were observed in comparison to co-culture with
mC2 CAR-T cells (Fig. 7c). To further assess the safety profile, we uti-
lized a cytokine release syndrome model* by infusing a large dose
(50x10° per mouse) of CAR-T cells intraperitoneally into JeKo-1
bearing mice (Fig. 7d). Similar to what was observed in vitro, CD19 and
mC2 CAR-T cells expressed a comparable level of human IFN-y and
mouse IL-6, while hC2 CAR-T cells had attenuated cytokine release
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Fig. 6 | hC2 CAR-T cells display central memory phenotype and exert better
anti-tumor effects in vivo. a, b mC2 or hC2 CAR-T cells were generated from 4
healthy donors. CCR7 and CD45RO expression on CAR-T cells was analyzed by flow
cytometry, and ¢, d mC2 or hC2 CAR-T cells were generated from 4 healthy donors
and then co-cultured with JeKo-1 tumor cells for 24 h. CCR7 and CD45RO expres-
sions on CAR-T cells were analyzed by flow cytometry. Tn/Tscm: CCR7°CD45RO",
Tcm: CCR7'CD45RO*, Tem: CCR7 CD45R0’, and Temra: CCR7 CD45RO". Percen-
tage (%) was defined as the proportion of memory phenotypes relative to eGFP*
CAR-T cells. n =4, biological replicates. Two-tailed Student’s ¢-test was used.

e-g Percentages of IFN-y, TNF-a and Granzyme B producing CD4* or CD8" CAR-T
cells analyzed by intracellular cytokine staining. mC2 and hC2 CAR-T cells were co-
cultured with JeKo-1 tumor cells overnight. n =4, biological replicates. Two-tailed
Student’s t-test was used. h-j Percentages of IFN-y, TNF-«, and Granzyme B

producing CD4" or CD8" CAR-T cells analyzed by intracellular cytokine staining.
mC2 and hC2 CAR-T cells were co-cultured with JeKo-1 tumor cells overnight, fol-
lowed by JeKo-1 tumor cells re-challenge overnight again. n = 4, biological repli-
cates. Two-tailed Student’s t-test was used. k Schema of JeKo-1-bearing NSG mice
treated with mC2 or hC2 CAR-T cells, followed by JeKo-1 re-challenge controlled
with naive mice, | Tumor volume measured weekly post tumor cell re-challenge.
Two-way ANOVA was used, m Survival of JeKo-1-bearing NSG mice. Log-rank test
was used, and n Percentages of CAR-T cells in blood, lymph node, and spleen in
JeKo-1-bearing NSG mice identified as GFP expression by flow cytometry at end-
point. Ctrl, n=5; mC2 CAR-T, n=5; hC2 CAR-T, n=35; biological replicates. Two-
tailed Student’s t-test was used. Data shown as mean + SEM. Source data are pro-
vided as a Source data file.

detected in peritoneal lavage fluid of treated mice (Fig. 7e). Body
weight loss was also monitored as a readout. Both mC2 CAR-T cells and
positive control CD19 CAR-T cells induced a more serious body weight
loss compared to hC2 CAR-T cells (Fig. 7f).

Finally, we investigated the potential efficacy and toxicity of DKK1-
A2 CAR-T cells in immunocompetent mice. We generated transgenic
C57BL/6 mice expressing human DKK1 and HLA-A2 molecules (hDKK1-
A2 mice) and developed murine CAR-T cells using mouse splenocytes
targeting murine CD19 or human DKKI1-A2 complex for in vivo tests.
We first examined the potential hematological toxicity of the murine
CAR-T cells. After intravenous infusion, murine CD19 CAR-T cells led to
depletion of mouse B cells, while murine DKK1-A2 CAR-T cells did not
affect cell populations in blood, spleen, or bone marrow (Fig. 7g-i).
Moreover, we utilized the MM 5TGM1 and pancreatic cancer
Pan02 syngeneic mouse models***’ by transducing murine 5TGM1 and
Pan02 cells with human DKK1 and HLA-A2 molecules. After the tumor
developed, mice were infused with CD19 or DKK1-A2 murine CAR-T
cells. The results showed that DKK1-A2 but not CD19 CAR-T cells
effectively controlled tumor growth in murine 5STGMI- and Pan02-
bearing mice without obvious body weight change (Supplementary
Fig. 9a-f). Since platelets were reported to express both DKK1 and
MHC molecule*®, we evaluated platelet cell count in hDKK1-A2 mice
post CAR-T cell treatment. No significant change in platelet count was
observed 7 days after CAR-T cell infusion, suggesting that DKK1-A2
CAR-T cells do not cause substantial depletion of circulating platelets
(Supplementary Fig. 9g). Overall, these results clearly showed that
DKK1-A2 CAR-T cells display a favorable safety profiles and may be less
or non-toxic in human patients.

Discussion

In this study, we investigated whether DKK1 is a clinically relevant
target for cancer immunotherapy for both hematologic and solid
tumors. We analyzed the gene datasets of MM, lymphoma and leuke-
mia from Oncomine database, and found that MM patients expressed
the highest level of DKKI among all types of hematologic tumors. We
also analyzed gene datasets from GEPIA2 database for solid tumors
and observed that most solid tumors highly expressed DKKI compared
to normal tissues. These tumor types include pancreatic, lung, and
esophagus cancer, and squamous head and neck cell carcinoma.
Notably, although breast cancer expressed relatively lower levels of
DKKI compare to the normal tissue, DKKI was highly expressed by
TNBC, which is the most invasive type of breast cancer, accounting for
10-15% of all breast cancer cases*. Survival analysis from the GEPIA2
database showed that a higher expression of DKK1 in patients had
inferior overall and disease-free survivals in multiple solid tumors,
indicating that DKKI serves as a clinically relevant target for cancer
immunotherapy.

Since DKK1 is a soluble protein participating in the Wnt/B-catenin
signaling pathway, antibodies binding directly to DKK1 protein have a
limited effect for cancer treatment®®. We screened C2 antibody that
recognizes DKK1-A2 complex on tumor cells and showed that C2

antibody displayed a high specific binding to DKK1-expressed HLA-A2
positive tumors including PDAC, NSCLC, and TNBC using IHC. The
specificity of C2 antibody was confirmed by binding to multiple HLA-
A2 positive tumor cell lines by flow cytometry. We also reported that
C2 antibody had the ability to directly induce tumor cell apoptosis and
lyse tumor cells by mediating antibody-dependent cellular cytotoxicity
and complement-dependent cytotoxicity®. One limitation of C2 anti-
body is the restriction to HLA-A2, and the prevalence does not provide
universal coverage to all patients. Exploring other DKK1-derived pep-
tides presented by additional HLA alleles would be an important future
direction. Such studies could expand to a broader patient population
and enhance the translational potential.

Based on the specificity and efficacy of C2 antibody, we translated
C2 antibody into CAR-T cell immunotherapy for both hematologic and
solid tumors. DKK1-A2 CAR-T cells showed strong anti-tumor activity
against multiple tumor cell lines in vitro and in human xenograft
models of MM and solid tumors, as well as in primary PDAC patient-
derived tumor models. In vitro tumor cytolytic activity was confirmed
by a luciferase-based cytotoxicity assay, proliferation and cytokine
release by the CAR-T cells, and in vivo anti-tumor activity against MM
and solid tumors was demonstrated by subcutaneous, orthotopic, and
metastatic xenograft models. To recapitulate the histology and genetic
profile of human PDAC tumors, primary PDAC cells and PDX model
were established and the efficacy of DKK1-A2 CAR-T cells was con-
firmed. There are limitations about these tumor models. In the CFPAC-
1 PDAC orthotopic models, CD19 CAR-T cell control was not included
mainly because of the difficulty in establishing the tumor model and
limited number of mice. In addition, NSG mice are deficient in a fully
functional immune system, which neglects the impact of the host
immune system on CAR-T cell response. To validate the results in more
physiologically relevant models, we performed CAR-T cell treatment in
murine syngeneic models using 5STGM1 and Pan02 tumor cell lines.
Another limitation is that only one primary PDAC patient sample
underwent three passages and was used for in vivo efficacy testing,
mainly due to difficulties and the long time to establish stable PDX
models.

CAR-T cell therapies are being widely developed and have proven
to be efficacious in clinical studies”. Hematologic tumors typically
involve uniform and well-characterized antigen targets, such as BCMA
for MM*, CD19 for B-cell leukemia and lymphoma®, and CD30 for
Hodgkin lymphoma and some T-cell lymphomas®. Solid tumors pre-
sent more challenges due to antigen heterogeneity and expression on
normal tissues, such as HER2 for breast cancer and glioma®~¢, claudin
18.2 for gastric cancer™”’, and GPC3 for hepatocellular cancer. Since
limited overlapping antigens are expressed on hematologic and solid
tumor cells, CAR-T cells targeting both hematologic and solid tumors
have been rarely studied or developed. Dual-targeting CAR-T cells
offer significant potential for across multiple cancer therapies, but the
complexity in design and manufacturing, as well as high risk of off-
target effects, are still huge obstacles to be sovled®*°. To our knowl-
edge, our studies offer a potential well-defined DKK1-A2 target across
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multiple tumors, including MM, pancreatic, lung, and breast cancer for
CAR-T cell therapies.

Besides the original C2 antibody generated from mice, we also
engineered a humanized C2 antibody with the human constant
regions. CAR-T cells generated from the scFv of hC2 antibody showed
similar cytolytic activity with mC2 CAR-T cells against MM and PDAC
cell lines in vitro but exhibited superior anti-tumor ability in vivo.

These surprising results sparked our curiosity to explore the under-
lying mechanisms. Our results showed that hC2 CAR-T cells displayed a
CCR7" and CD45RO" central memory-like phenotype and responded
more intensely than mC2 CAR-T cells to tumor cell rechallenge
in vitro® %, Notably, this memory phenotype of hC2 CAR-T cells con-
tributed to long-term tumor control, evidenced by the protective
effect post-tumor rechallenge in vivo. Increasing evidence suggests
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Fig. 7 | Tissue toxicity studies of DKK1-A2 CAR-T cells. a Immunohistochemistry
staining of human normal tissue microarray containing 35 different types of normal
tissues (including Marker) from three HLA-A2 positive donors stained with DKK1,

HLA-A2 and DKK1-A2 complex. b, ¢ Levels of secreted human IFN-y and IL-6 in co-
culture of CAR-T cells with autologous monocytes and JeKo-1 tumor cells for 24 h
determined by ELISA. n=5, technical replicates. One-way ANOVA was used.

d, e Levels of secreted human IFN-y and murine IL-6 in the peritoneal lavage fluid of
JeKo-1 bearing mice treated with intraperitoneally infused an excessive dose of

CAR-T cells determined 3 days post CAR-T cell infusion. n =5, biological replicates.
One-way ANOVA was used. f Body weight change of SCID mice transferred with the
excessive dose of CAR-T cells monitored every 24 h. n =5, biological replicates.
Two-way ANOVA was used. g-i Numbers of immune cell populations in blood,
spleen and bone marrow of hDKK1-A2 mice treated with murine DKK1-CAR-T cells
analyzed by flow cytometry. n =35, biological replicates. One-way ANOVA was used.
In most experiments, CD19 CAR-T cells were used as a control. Data shown as
mean + SEM. Source data are provided as a Source data file.

that the affinity of the antibody may play a significant role in regulating
the anti-tumor activity of CAR-T cells. Ghorashian and coworkers
generated a CD19 CAR with a lower affinity than FMC63, and showed
increased proliferation and cytotoxicity in vitro, as well as enhanced
anti-tumor activity compared with FMC63 CAR-T cells®*. Shabaneh and
co-workers also showed that low-affinity HER2 CAR-T cells mediated an
enhanced anti-tumor immunity and attenuated on-target off-tumor
toxicity®*. Multiple explanations demonstrated that low-affinity of CAR
molecules provided physiological receptor signaling and prevented
exhaustion and induction of early memory phenotype®. Based on our
data of C2 antibody characteristics, the binding affinity of hC2 anti-
body to DKK1-A2 complex (KD =19 nM) was lower than that of mC2
antibody (KD =1.82 nM), which may provide a reasonable explanation
of the difference between mC2 and hC2 CAR-T cells.

Although our studies demonstrated the anti-tumor efficacy of
DKK1-A2 CAR-T cells in various tumor models, the on- and off-target
toxicities against normal tissues remain a concern. Immunohis-
tochemistry staining of normal tissue arrays demonstrated the absent
expression of DKK1-A2 complex on almost all human normal tissues
but tonsil tissues. The possible reason for DKK1-A2 complex expres-
sion on tonsil could be tonsil-related inflammation, as DKK1 serves as
an immunomodulator in tissue inflammation and could be upregu-
lated under these conditions®. Flow cytometry analysis also showed
that DKK1-A2 CAR-T cells did not display detectable toxicities towards
cellular subsets of blood and bone marrow in vitro. In addition, DKK1-
A2 CAR-T cells did not induce significant killing of blood, spleen, and
bone marrow cells in vivo. Together, these results demonstrated a
favorable safety profile of DKK1-A2 CAR-T cells. However, the current
off-target screening strategy was limited in scope, as broader panels of
HLA-A2" primary human cells or iPSC-derived tissues were not eval-
uated. Incorporating such models in future studies will be important to
assess potential off-target toxicities more comprehensively and to
further support the translational potential of DKK1-A2 CAR-T cells.

Since hC2 CAR-T cells presented a central memory phenotype, we
speculated that this phenotype would contribute to mitigating cyto-
kine release syndrome. Data from an in vitro tripartite co-culture
experiment** and a cytokine release syndrome mouse model** were
performed to test our hypothesis. Arcangeli’s data illustrated that
naive/stem memory-like CAR-T cell manufacturing showed an
enhanced anti-tumor immunity while curtailing cytokine release
syndromes**. Similarly, our studies demonstrated that hC2 CAR-T cells
exhibited a central memory-like phenotype and conferred an
enhanced anti-tumor activity with long-term immunological
protection.

Overall, we developed DKK1-A2 CAR-T cells for the treatment of
human hematologic and solid tumors. DKK1-A2 CAR-T cells exhibit a
favorable safety profile without detectable on- or off-target toxicities
against normal tissues. Thus, our results suggest the applicability of
DKK1-A2 CAR-T cells in the treatment of human cancer.

Methods

Ethical statement

Our research complies with all relevant ethical regulations. The use of
primary tumor tissues was approved by the Institutional Review Board
at the Houston Methodist Research Institute. All animal studies were

approved by the Institutional Animal Care and Use Commiittee of the
Houston Methodist Research Institute.

Human and mouse cell lines

Human mantle cell lymphoma cell line JeKo-1, Burkitt’'s lymphoma cell
line Daudi, MM cell lines U266, KMS-26, ARP-1, KMS-11, KMS-12-BM,
and MM.1S, PDAC cell lines CFPAC-1, PANC-1, MIA PaCa-2, and PL45,
NSCLC cell lines NCI-H441 and NCI-H266, and TNBC cell lines MDA-
MB-231 and MDA-MB-468 were purchased from American Type Cul-
ture Collection or obtained from Arkansas Cancer Research Center.
KMS-12-BM-A2, KMS.1S-A2, and PL45-A2 were generated by transdu-
cing with the human gene HLA-A*0201. JeKo-1-KO was generated by
CRISPR/Cas9 gene-editing technology. Firefly Luciferase stably trans-
duced-JeKo-1, Daudi, U266, KMS-26, CFPAC-1, PANC-1, NCI-H441, MDA-
MB-231, KMS-12-BM-A2, KMS.1S-A2, and PL45-A2 were generated by
transducing with luciferase gene. Murine MM 5TGMI-DKK1-A2 and
Pan02-DKK1-A2 cells were generated by transducing the cells with
human HLA-A2 and DKK1 genes. All cell lines were cultured in com-
plete RPMI 1640 medium or Dulbecco modified Eagle’s medium sup-
plemented with 10% FBS and 1% penicillin and streptomycin.

Animals

NSG and SCID mice were purchased from the Jackson Laboratory.
hDKK1-A2 mice were generated by crossing HLA-A2 transgenic mice
with DKKI1 transgenic mice by Cyagen Biosciences. Male and female 6-
8-week-old mice were used in the studies. Mice were maintained in
American Association of Laboratory Animal Care-accredited facilities,
and all studies were approved by the Institutional Animal Care and Use
Committee of Houston Methodist Research Institute. We have com-
plied with all relevant ethical regulations. For MM mouse models, the
maximal tumor burden permitted by our ethics committee is the point
when they develop signs of hind limb paralysis. For solid tumor mouse
models, the maximal tumor burden permitted by our ethics commit-
tee is no more than 20 mm in diameter. In our study, the maximal
tumor burden was not exceeded.

Human samples

Human whole peripheral blood was purchased from the Gulf Coast
Regional Blood Center, Houston, Texas. Human PDAC, NSCLC, and
TNBC tissues were obtained from surgical resections of patients at
Houston Methodist Hospital. Human tumor tissues were used for
establishment of primary patient-derived tumor cells and xenograft
model, as well as immunohistochemistry and tissue microarray stu-
dies. Utility of human samples in this study was approved by the
institutional review board at the Houston Methodist Research
Institute.

Plasmid construction and retrovirus preparation

Plasmid construction and retrovirus preparation were described
previously”’. Gene sequence of light and heavy chain of murine or
humanized C2 antibody were obtained from cDNA of C2 hybridomas
amplified by using PCR. mC2, hC2, or FMC63 scFv-based chimeric
antigen receptor were cloned into SFG retroviral vector, followed by
CD8a hinge and transmembrane, 4-1BB intracellular costimulatory
domain, CD3C intracellular signaling domain and eGFP. 293T cells were
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seeded in 100 mm cell culture dish and transfected with a plasmid
mixture of chimeric antigen receptor retroviral vector, packaging
plasmid encoding Gag/Pol, and envelope plasmid encoding RD114 by
using Lipofectamine 3000 transfection reagent. Culture supernatant
was collected 48 and 72 h after transduction, and retrovirus was pre-
cipitated by PEG-400.

Retrovirus transduction and CAR-T cell culture

Transduction of T cells was described previously®®*°. Peripheral blood
mononuclear cells were obtained by Ficoll density gradient cen-
trifugation. CD3" T cells were isolated by immunomagnetic negative
selection kit from STEMCELL Technologies. T cells were activated with
CD3/CD28 Dynabeads or 10 pg/mL anti-CD3/CD28 antibodies for 24 h
and transduced with retrovirus on RetroNectin-coated plates. Three
days later, T cells were expanded in complete RPMI 1640 medium
supplemented with human IL-2. Two weeks after transduction, T cells
were collected for in vitro or in vivo experiments. Transduction effi-
ciency was determined by the percentage of eGFP expression analyzed
by flow cytometry.

Flow cytometry

Tumor cell lines were harvested and resuspended in FACS buffer (PBS
with 1% FBS and 1 mM EDTA). First, tumor cells were stained with FcR
blocker and surface-stained with BUV395-conjugated HLA-A2 antibody
(BD Bioscience, 1pg/mL) and Alexa Fluor 647-conjugated mC2 anti-
body (1pug/mL). After wash with FACS buffer, tumor cells were fixed
and permeabilized by using BD Cytofix/Cytoperm Fixation/Permeabi-
lization Kit. Tumor cells were intracellularly stained with DKK1 anti-
body (Santa Cruz Biotechnology, 1pug/mL), and then Alexa Fluor 488-
conjugated goat anti-mouse IgGl antibody (Life Technologies, 1pg/
mL). For the PDX model, tumor tissues were digested with Collagenase
and DNase I. Tumor cells were harvested and stained with purified CEA
antibody (NeoBiotechnologies, 1pug/mL), followed by staining with
Alexa Fluor 594-conjugated goat anti-mouse IgG antibody (Life Tech-
nologies, 1 ug/mL), along with anti-DKK1, HLA-A2, or mC2 antibodies as
described above. All fluorescent antibodies were controlled by corre-
sponding isotype control (1ug/mL). After wash with permeabilization
buffer, tumor cells were resuspended in FACS buffer and analyzed by
flow cytometry.

Cytotoxicity assay

Luciferase reporter assay was used to evaluate the cytotoxicity of CAR-
T cells. Firefly luciferase stably transduced tumor cells were seeded
onto a 96-well plate overnight at 0.05 million per well. The next day,
serial dilutions of CAR-T cells were prepared according to the effector
to target (E:T) ratio and incubated with target cells for the indicated
time. The supernatant was gently discarded, D-luciferin was added to
each well for 5-min incubation, and data was measured by a microplate
reader. The cytotoxicity of CAR-T cells was quantified by converting
the obtained values to percentage of specific lysis by the following
equation: [1-(S-E)/(T-B)]*100%, where S is the value of luminescence of
the sample well, E is the value of luminescence of the effector cell well,
T is the mean value of luminescence of target cell well, and M is the
mean value of luminescence of blank well. Flow cytometry-based
cytotoxicity assay was also used to evaluate lysis ability of CAR-T
cells’. Briefly, target cells were stained with Celltrace Violet and co-
cultured with effector cells at an E:T ratio of 1:1 for 24-72 h. After that,
percentages of tumor cells and CAR-T cells were analyzed by flow
cytometry.

Proliferation assay

CAR-T cells were stained with Celltrace Violet at the concentration of
1M and then co-cultured with tumor cells at a E:T ratio of 1:1 for 72 h.
Proliferation of CAR-T cells was determined by dilution of Celltrace

Violet in CAR-T cells. Data were obtained with flow cytometry and
analyzed by FlowJo software.

Cytokine assay

Cytokine secretion analysis was performed using flow cytometry-
based techniques’”. Briefly, CAR-T cells were incubated with target
tumor cells in 96-well plates overnight in the presence of phorbol
myristate acetate, ionomycin, and brefeldin A. After that, cells were
harvested then stained with FcR blocker and fluorescent antibodies
specific to CD3, CD4, and CD8 on ice. After fixation and permeabili-
zation, cells were intracellularly stained with fluorescent antibodies
specific to IFN-y, TNF-a, or Granzyme B. Data were acquired with flow
cytometry and analyzed with FlowJo software. Cytokine secretion was
also analyzed by ELISA according to the manufacturer’s instructions.

Human xenograft mouse models

Luciferase stably transduced human myeloma U266, KMS-26, KMS-12-
BM, and MM.1S, pancreatic cancer CFPAC-1 and PANC-1, lung cancer
NCI-H441, and breast cancer MDA-MB-231 xenograft models were used
to evaluate the therapeutic efficacy of CAR-T cells in vivo. For MM
models, tumor cells were inoculated intravenously into NSG mice. For
subcutaneous solid tumor models, tumor cells were inoculated sub-
cutaneously into NSG mice. For metastatic tumor models, tumor cells
were inoculated intravenously into NSG mice. For orthotropic PDAC or
breast tumor models, tumor cells were implanted into the pancreas or
mammary pad of NSG mice, respectively. Control, CD19, mC2, or hC2
CAR-T cells were intravenously transferred into tumor-bearing mice.
For the JeKo-1 rechallenge experiment, JeKo-1 tumor cells were
inoculated subcutaneously into the contralateral side of the mouse
back relative to the primary tumor. For the U266 rechallenge experi-
ment, U266 tumor cells were inoculated intravenously into the mice.
For the CFPAC-1-Luc rechallenge experiment, CFPAC-1-Luc tumor cells
were inoculated subcutaneously into the contralateral side of the
mouse back relative to the primary tumor. The numbers of rechallenge
tumor cells were the same as the primary tumor inoculation. Tumor
burdens were evaluated weekly by bioluminescence on IVIS imaging
system and images were processed by Living Image software’’. For MM
models, serum levels of human IgA secreted by MM cells were deter-
mined by ELISA”. Survival and body weight of tumor bearing mice
were monitored. Tumor volume was calculated by the formula: tumor
volume = 0.5 * length * width® Mice were sacrificed when undergoing
cancer cachexia, or tumor diameter exceeded more than 20 mm, or
tumor volume exceeded more than 2000 mm?. Mice were sacrificed at
the indicated time point for ex vivo analysis.

Patient-derived tumor cells and xenograft model

Human PDAC tumor tissues were obtained from surgical resections of
PDAC patients at Houston Methodist Hospital. Necrotic tissue and
non-tumor tissue were removed under sterile conditions, and tumor
tissues were cut into small pieces (2-4 mm3). Primary PDAC tumors
were expanded in the flanks of NSG mice for 1-3 passages, allowing for
greater expansion of tumor tissues*. For primary patient-derived
tumor cells, tumor fragments from xenograft mice models were
digested by DNase I and collagenase IV. Single tumor cell suspension
was filtered for cytotoxicity, proliferation, and cytokine assay in vitro
as described previously’*. Tumor fragments were implanted into sub-
cutaneous space of 6-8 weeks NSG mice. Fourteen days post-tumor
implantation, mice were treated with CAR-T cells intravenously. Tumor
volume and body weight were monitored weekly, and survival was
monitored daily. Tumor volume was calculated by the formula: tumor
volume = 0.5 * length * width?. Mice were sacrificed when undergoing
cancer cachexia, tumor diameter exceeded more than 20 mm, or
tumor volume exceeded more than 2000 mm?. Mice were sacrificed at
the indicated time point for ex vivo analysis.
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Immunohistochemistry, immunofluorescence, and tissue
microarray

Human PDAC, NSCLC, and TNBC tumor and normal tissues were
obtained from Houston Methodist Hospital. Inmunohistochemistry
was described before”. Formalin-fixed, paraffin-embedded tissue
sections (4-5um) were deparaffinized in xylene and rehydrated
through graded ethanol. Slides were treated with a heat-induced epi-
tope retrieval solution for 10-20 min. Endogenous peroxidase activity
was blocked with 3% hydrogen peroxide, followed by incubation with a
blocking solution to prevent non-specific binding. Sections were
incubated with the primary antibody of DKKI1 (Santa Cruz Bio-
technology, 10 ug/mL), HLA-A2 (Santa Cruz Biotechnology, 10 ug/mL),
DKK1-A2 (mC2/hC2, 10 ug/mL), or CEA (NeoBiotechnologies, 10 pg/
mL) overnight at 4 °C. All samples were controlled with corresponding
isotype control at the same concentrations. A secondary antibody
conjugated to horseradish peroxidase was applied, and the signal was
visualized using diaminobenzidine as the chromogen. Slides were
analyzed under a microscope. Immunofluorescence was described
before’. Mouse tumor tissues were collected, embedded into OCT
compound, and rapidly frozen in dry ice. The frozen blocks were then
mounted on a cryostat and sectioned. Sections were collected on glass
slides, fixed, and then stained with the TUNEL assay kit (Thermo
Fisher) and DAPI. Slides were analyzed under a microscope. Tissue
microarray was purchased from Tissue Array company. Slides were
stained with an antibody against DKK1, HLA-A2, and DKK1-A2 as
described above and analyzed under a microscope. Quantitative data
of the DKK1-A2 complex of tissue microarray were analyzed and
obtained by Image]J software.

Cytokine release syndrome model

For the cytokine release syndrome model in vitro, a tripartite coculture
of CAR-T cells, autologous monocytes, and JeKo-1 tumor cells were
performed for 24 h at a ratio of 1:1:1**. Supernatants were collected, and
human IFN-y and IL-6 were measured by ELISA. For cytokine release
syndrome model in vivo*, SCID mice were inoculated with JeKo-1
tumor cells intraperitoneally for 2 weeks followed by a large dose
(50 x10° per mouse) of CAR-T cells infusion intraperitoneally. Perito-
neal lavage was collected 3 days post CAR-T cells infusion, and human
IFN-y and murine IL-6 were measured by ELISA.

Hematologic toxicity assay

For in vitro hematologic toxicity assay, CAR-T cells were co-cultured
with PBMC or BMMC for 4 h at a ratio of 1:1. Cultured cells were stained
with anti-human CD11b, CD11c, CD3, CD4, CDS8, CD19, NK1.1, CD34, and
CD71 antibodies. Cell apoptosis was determined by staining the cells
with anti-human Annexin V or Caspase 3 antibodies and analyzed by
flow cytometry. For in vivo hematologic toxicity assay, hDKK1-A2 mice
were infused with murine CAR-T cells intravenously. Blood, spleen, and
bone marrow were collected on 7 days post CAR-T cell infusion. Single
cell suspension was prepared and stained with anti-mouse CD11b,
CDl1c, CD3, CD4, CDS8, CD19, and NK1.1 antibodies. Cell counts were
normalized by counting beads and analyzed by flow cytometry. For the
platelet cell count experiment, hDKK1-A2 mice were transferred with
control, CD19, mC2, or hC2 CAR-T cells. One week after CAR-T cell
transfer, whole blood was collected, and platelets were stained with
CD41 and CDé61 antibodies. Platelet cell count was analyzed by flow
cytometry.

Statistical analysis

All graphs and statistical analysis were generated by GraphPad Prism
software. Student’s ¢ test or ANOVA analysis was performed for sta-
tistical analysis. Log-rank test was performed for survival analysis.
Simple linear regression was performed for correlation analysis. A p
value < 0.05 was considered statistically significant. Results are pre-
sented as mean + SEM unless otherwise indicated.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

This paper does not report any sequencing or proteomics data. Other
previous published patient datasets used in the study can get access
with the following accession numbers: GSE13591, GSE2350, GSE13159,
GSE16515, GSE10072, EGASO0000000083 and GEPIA2. All the other
data supporting the findings of this study are available with in the
article, supplementary information and source files. Source data are
provided with this paper.
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