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Abstract

In this study, we investigated CD70 as a promising target for renal cell carcinoma (RCC) therapy and developed

a potent chimeric antigen receptor T (CAR-T) cells for potential clinical testing. CD70, found to be highly expressed

in RCC tumors, was associated with decreased survival. We generated CAR-T cells expressing VHH sequence of vari-
ous novel nanobodies from immunized alpaca and a single-chain variable fragment (scFv) derived from human
antibody (41D12). In our in vitro experiments, anti-CD70 CAR-T cells effectively eliminated CD70-positive tumor cells
while sparing CD70-negative cells. The nanobody-based CAR-T cells demonstrated significantly higher production

of cytokines such as IL-2, IFN-y and TNF-a during co-culture, indicating their potential for enhanced functionality. In
xenograft mouse model, these CAR-T cells exhibited remarkable anti-tumor activity, leading to the eradication of RCC
tumor cells. Importantly, human T cell expansion after infusion was significantly higher in the VHH groups compared
to the scFv CAR-T group. Upon re-challenging mice with RCC tumor cells, the VHH CAR-T treated group remained
tumor-free, suggesting a robust and long-lasting anti-tumor response. These findings provide strong support

for the potential of nanobody-based CD70 CAR-T cells as a promising therapeutic option for RCC. This warrants further
development and consideration for future clinical trials and applications.
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Renal cell carcinoma (RCC) is the most common form of
kidney cancer and ranks as the fourteenth most prevalent
cancer worldwide. In 2020, more than 400,000 new RCC
cases were diagnosed, resulting in over 179,000 deaths
[1]. Advanced RCC often shows resistance to chemo-
therapy, radiotherapy, and immunotherapy. Currently,
the FDA has approved various treatments, including
receptor tyrosine kinase inhibitors (RTKis) like VEGF/
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VEGER inhibitors, mTOR inhibitors, immune checkpoint
inhibitors (ICIs), and cytokines such as interferon-alpha
(IFN-a) and interleukin-2 (IL-2). In clinical practice,
first-line treatments for RCC often involve combining
ICIs with RTKis or using a combination of two ICIs.
However, for patients who do not respond to or relapse
after these therapies, the limited treatment options high-
light the need for innovative and mechanistically distinct
treatments.

CD70, as a ligand of CD27, is a surface-expressed
member of the tumor necrosis factor receptor super-
family [2]. CD70 expression is primarily found in
a small subset of lymphoid lineage cells, including
highly activated B and T cells, mature dendritic cells,
and natural killer cells [3]. It is rarely expressed in
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normal non-hematopoietic tissues, and even in lym-
phoid tissues like the thymus, spleen, and lymph nodes,
CD70+ cells are infrequent. Interestingly, CD70 is fre-
quently expressed on T- and B-cell lymphomas and a
significant fraction of solid tumors, such as thymic car-
cinoma, glioblastoma, renal cell carcinoma, osteosar-
coma, and nasopharyngeal carcinoma [4-8]. Growing
evidence suggests that tumor-associated CD70 expres-
sion may have immune suppressive properties [9, 10].
Therefore, there are ongoing efforts to target CD70 for
therapeutic purposes, utilizing approaches like anti-
bodies and cytotoxic antibody conjugates. Some of
these candidates have entered clinical trials, such as
cusatuzumab [11-14].

Chimeric antigen receptor T (CAR-T) cell immuno-
therapy has revolutionized cancer treatment by repro-
gramming a patient’s T cells to target and eliminate
cancer cells. While CAR-T cell therapy has been highly
effective against hematological malignancies [15], there
is substantial evidence from numerous clinical trials indi-
cating the need for further research to improve its effi-
cacy against solid tumors [16—19].

Recent studies have shown that CAR-T cells targeting
CD70 have displayed remarkable efficacy in combating a
variety of tumors, including renal cell carcinoma, acute
myeloid leukemia, glioblastoma, gliomas, head and neck
squamous cell carcinoma, CD19-negative B-cell lym-
phoma, and melanoma, both in animal models and pre-
clinical study [20-28]. Traditional CAR designs often use
the single-chain variable fragment (scFv) as the antigen
recognition element, which can sometimes trigger an
immune response. The use of nanobodies (Nbs) can help
mitigate this immunogenicity [29]. CAR-T cells engi-
neered with Nbs as targeting elements have proven to be
an effective strategy to prevent tumor immune evasion.
These Nb-based CAR-T cells leverage the full potential
of T cell immunotherapy, including tumor infiltration,
cytokine release, and cytotoxic activity [30, 31].

In our present study, we developed CD70 CAR-T cells
based on the VHH sequence of nanobodies as a novel
therapeutic approach for RCC. We analyzed CD70
mRNA expression in RCC using The Cancer Genome
Atlas (TCGA) database and confirmed the CD70 expres-
sion pattern in an RCC tissue array. Additionally, we
identified various nanobodies from an antibody library
through immunization in alpaca. This led to the design
of a panel of CD70 CAR-T cells based on VHH sequences
of nanobody, one of which demonstrated superior anti-
tumor efficacy both in vitro and in vivo. These findings
support CD70 as a potential target for immunotherapy,
as well as early phase clinical testing of our novel CD70
CAR-T cells in patients with CD70-positive RCC.
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Materials and methods

Cell lines

A-498 (HTB-44), 786-O (CRL-1932), ACHN (CRL-1611)
and 769-P (CRL-1933) cell lines were purchased from
ATCC and transduced to stably express firefly luciferase
(Fluc) along with eGFP. ACHN-KO cell is the CD70
knock-out cell by CRISPR/Cas9. K562s (CRL-3343) cells
were purchased from ATCC and transduced to stably
express the CD70. All cell lines were tested for myco-
plasma using the MycoAlert PLUS Mycoplasma Detec-
tion Kit (Lonza, Basel, Switzerland) and were negative.

TCGA data analysis

The University of Alabama at Birmingham caner data
analysis Portal (https://ualcan.path.uab.edu/index.html)
was used to analysis CD70 expression in RCC patients
based on the TCGA database. The survival analyses
used the pathology data of CD70 on The Human Protein
ATLAS (https://www.proteinatlas.org/).

IHC (immunohistochemistry) staining

A tissue microarray (OUTDO Biotech, Shanghai, China)
collected tumor tissue from patients diagnosed with
RCC. Tissues were fixed in formaldehyde, decalcified,
and embedded in paraffin. Rabbit polyclonal to CD70
(ab175389; Abcam, Cambridge, British) was used as the
primary antibody. Staining was performed with the DAB
staining kit (Abcarta, Suzhou, China). The primary CD70
antibody was diluted 1:800 and incubated at 4 °C over-
night. The primary CD70 antibody was diluted to a ratio
of 1:800 and incubated at 4 °C overnight. The staining
results for all samples were assessed using the H-score,
a semi-quantitative method that evaluates both staining
intensity and the percentage of positive cells. H-scores
were automatically calculated by Servicebio (Wuhan,
China) with Aipathwell, a digital pathology image analy-
sis software based on artificial intelligence (AI) learning.

Plasmid construction

To generate a panel of CD70 VHH CAR constructs,
¢DNA of VHH chains derived from nanobody we had
screened was commercially synthesized (AZENTA,
Suzhou, China) and fused to CD8 hinge and transmem-
brane domain, and intracellular domains derived from
human 4-1BB and CD3{ which was synthesis based on
genebank database and cloned into the 3rd generation
retroviral vector MSGV1 using In-fusion cloning (Takara,
Otsu, Japan). A CD70 scFv CAR was generated by linking
the VH and VL chains derived from a published antibody
41D12 [32].
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Retroviral production

Retroviruses were generated by first transfecting 70%
confluent HEK 293vec-RD114 with transfer plasmid
that was complexed with PEI at a DNA: PEI mass ratio
of 1:3. For a confluent T25 flask, 3 pg of transfer plas-
mid was used for transfection. Media was changed 18 h
after transfection and retroviral particles were har-
vested in the supernatant 48 and 72 h after transfection.
The supernatant was then filtered through a 0.45 pm
low protein binding filter and stored at — 80 °C.

Human T cell activation, transduction and expansion
Cryopreserved PBMC was thawed at a 37 °C water bath,
washed and suspended in CAR-T culturing medium
X-VIVO15 (LONZA, Valais, Switzerland) contented
1% GlutaMAX (ThermoFisher Scientific, Waltham,
MA), 1% HEPES (ThermoFisher Scientific, Waltham,
MA), 0.2% N-Acetyl-l-cysteine and 5% human plasma.
After rested for 2 h at 37 °C with 5% CO,, PBMC has
been washed and suspended with DPBS (Corning
Incorporated, Corning, NY) for CD3+T cell positive
selection. CD3+T cells was made by co-incubating
CTS Dynabeads CD3/CD28 (ThermoFisher Scientific,
Waltham, MA) with PBMC at a 1:1 ratio at room tem-
perature followed by magnetic capture of bead-bound
cells on DynaMag-5 Magnet (ThermoFisher Scien-
tific, Waltham, MA). Selected cells were suspended in
CAR-T culturing medium supplemented with 300 IU/
mL IL-2 (SL Pharm, Beijing, China) and incubated at
37 °C with 5% CO, for 24+ 4 h to complete T cell acti-
vation. After which T lymphocytes were transduced on
Retronectin-coated plates (Takara, Otsu, Japan) and
then expanded in CAR-T culturing medium supple-
mented with IL-2 for 4 days prior to characterization
and maintained at a density of 3 x 10°~2 x 10° cells/ml.

Flow cytometry

Cells were washed with 1xPBS (Sigma, Louis, MO), then
surface stained by incubating with antibodies for 30 min
at 2~ 8 °C. They were subsequently washed again prior to
flow analysis on Sony SA3800. Anti-CD4 (clone OKT4),
anti-CD8a (clone RPA-T8), anti-PD-1 (clone EH12.2H7),
anti-TIM3 (clone F38-2E2), anti-LAG3 (clone 7H2C65),
anti-CD3 (clone UCHT1 or clone HIT3a), anti-CD62L
(clone DREG-56), anti-CD45RO (clone UCHLI1), anti-
CD69 (clone FN50), anti-CD137 (clone 5F4), anti-CD25
antibodies (clone BC96), and Streptavidin were pur-
chased from Biolegend (San Diego, CA). After collecting
the supernatant, protein purification was accomplished
with a protein-A affinity Beads. Biotin were labeled to
purified CD70 protein with kit.
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Cytotoxicity assay

CD70 positive tumor cells 786-O, A498, 786-P, ACHN
and K562-CD70 expressing firefly luciferase (Fluc)
were co-cultured with CD70 CAR-T cells for 18 h in
IL-2 deficient media at various E: T ratios. Cells were
lysed and added of luciferin substrate from the ONE-
Glo Luciferase Assay System (Promega, Madison, WI).
The resulting luminescent signal was measured using
a Tecan Infinite M200 Pro. Signals were normalized
to negative controls containing only target cells. Cells
were tested with the ONE-Glo Luciferase Assay Sys-
tem after co-cultured for 48, 72, 96, and 120 h. The co-
culture well is replenished with fresh medium every
2-3 days. For serial killing assays, target cells and
CAR-T cells were co-cultured as described above at
E: T ratios of 1:1. Every two- or three-days target cells
were added into the co-cultured system. Target cell
viability in the spent plate was read out by ONE-Glo
reagent.

Cytokine release assay

Collected the supernatant during cytotoxicity assays to
measure released cytokines using Cytometric Bead Array
(CBA) Human Th1/Th2/Th17 Cytokine Kit (BD, Frank-
lin Lakes, NJ). The data were analyzed using Flowjo10.8.1
software.

Xenograft model and in vivo tests

All animal studies were conducted with the approval
of the BioDuro-Sundia Institutional Animal Care and
Use Committee (IACUC), and animal welfare and use
adhered to the guidelines set forth by the Association for
the Assessment and Accreditation of Laboratory Ani-
mal Care International (AAALAC). Female NOG mice
(NOD.Cg-PrkdcscidIL2rgtm1Sug/JicCrl, Vital River, Bei-
jing, China) of 5-7 weeks of age were maintained in spe-
cific-pathogen-free conditions, with a daily cycle of 12 h
of light and 12 h of darkness. Continuous health moni-
toring was performed regularly. Mice were humanely
euthanized when they exhibited symptoms of clinically
overt disease, such as decreased feeding, reduced activity,
abnormal grooming behavior, or a hunched back posture,
or when they experienced excessive weight loss amount-
ing to 20% of their body weight.

In these experiments, each animal received an injec-
tion of 5x10° ACHN cells. Once the average tumor
size reached approximately 100 mm?, frozen stock solu-
tion, non-transduced T cells (NT), or CAR-positive T
cells were intravenously administered via the tail vein.
In tumor re-challenge experiments, tumor-bearing mice
received a subcutaneous injection of 5% 10° ACHN cells
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into the right flank. Tumor volume and body weight were
measured and recorded twice weekly.

Blood samples (50—100 pL per mouse) were collected
from mice weekly to measure T cell frequency and abso-
lute numbers. Plasma was separated by centrifugation to
measure cytokine levels using the Human Th1/Th2/Th17
CBA Kit. Mice were euthanized if they exhibited signs of
illness or when the tumor burden reached 1500 mm?®,

Statistical analysis

The results presented in this study represent data
obtained from a minimum of three independent experi-
ments. Statistical analyses were conducted using Graph-
Pad Prism 8.0. Two-tailed Student’s t-test and two-way
ANOVA were employed for statistical analysis, with sta-
tistical significance defined as P<0.05. The number of
asterisks indicates the significance level: * for 0.05, ** for
0.01, *** for 0.001,**** for 0.0001 in bar graph.

Results

CD70 expression in RCC

In our evaluation of CD70 as a potential cell surface
target for RCC immunotherapy, we conducted an
analysis of CD70 mRNA expression across the TCGA
database by pan-cancer view. For all 24 types of can-
cer, kidney clear cell carcinoma (KIRC) and kidney
papillary cell carcinoma (KIRP), the two major sub-
types that accounts for over 85% of RCC in adults, have
highest expression level compared with normal tissues
(Fig. 1A). The analysis of 533 KIRC samples revealed
that the higher CD70 expression always related higher
grade and late cancer stage (Fig. 1B, C). By the pathol-
ogy atlas of survival analysis, CD70 is a prognostic
marker and high expression is unfavorable in renal
cancer. For total 877 RCC patients recorded in TCGA
database, 185 patients have lower CD70 mRNA level
have significantly longer survive time than 692 patients
with higher CD70 expression (Fig. 1D). To investigate
CD70 protein level in RCC sample, we detected CD70

(See figure on next page.)
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expression by IHC. The two major subtypes (KIRC and
KIRP) of RCC samples showed significantly higher sig-
nal than the normal kidney tissue (Fig. 1E, F). CD70
was also detectable on the cell surface in all tested RCC
cell lines (Fig. 1G, H). These data strongly indicated
that CD70 is a promising cancer therapy target.

Generation of CD70 CAR-T cells

Alpaca immunized with home-made CD70 extracellu-
lar domain (acid 39-193), antibody phage library con-
structed, after biopanning, we got the CD70 binder. The
affinity of new nanobody against CD70 measured by
BLI assay and kinetic analysis. The result published in
other place [33]. Our study generated a panel of CD70
VHH-based CAR constructs from 4 novel nanobod-
ies (Fig. 2A) and a scFv-based CAR constructs from
human 41D12 (Fig. 2B). CAR-T cells were generated
by retroviral transduction, with the median percent-
age of CAR-positive T cells ranging between 55.9 and
76.3%, as the expression of CAR is not detectable in
non-transduced T cells (NT) (Fig. 2C, D). In down-
stream experiments, we adjusted the number of T cells
according to the percentage of CAR-positive cells.
Further phenotype analysis revealed that anti-CD70
CAR-T cells induced T-cell activation and exhausting,
as measured by a decreased frequency of T naive-like
(CD45RO-, CD62L +), and an increased CD25+ T cells
in comparison with NT cells; exhausted biomarker
TIM-3 was also upregulated in anti-CD70 CAR-T cells
(Additional file 1: Fig. SIA-C). CD8 + composition was
lower in CD70-VHH CAR-T cells in comparison with
NT cells but did not show significant difference among
different CAR constructs (Additional file 1: Fig. S1D).
CD70 expression was also measured in T cells of PBMC
(Additional file 2: Fig. S2A). As the previous reported,
CD70 is rare in inactivated T cells, and based on our
result, there were more CD70 positive cells in CD4 pos-
itive population.

Fig. 1 CD70 Expression Analysis. A mRNA level of CD70 in TCGA sequencing database demonstrated various malignant tissue express higher

CD70 compared with normal tissue, especially in KIRC and KIRP, two major types of RCC B CD70 mRNA level in RCC samples according to patient’s
clinical stages showed significantly higher expression CD70 associated with later stages (Stage 3 and Stage 4) (=72 normal, n=267 stage 1,n=57
stage 2, n=123 stage 3, n=4 stage 4). CCD70 mRNA level in RCC samples according to pathological grading, showed higher CD70 expression
related with higher grades (Grade 3 and Grade 4) (=72 normal, n=14 grade 1, n=229 grade 2, n=206 grade 3, n=76 grade 4). *P<0.05, **P < 0.01
***P<0.001,****P<0.0001 by unpaired Student ¢ test. D Lower RCC patients survive related with higher CD70 expression (n=185 low expression,
n=692 high expression) in TCGA database. E Representative immunohistochemical staining images for CD70 expression in samples from patients
with KIRC, KIRP and KICH (Kidney Chromophobe). F Comparison of CD70 expression detected by IHC in samples from 109 RCC patients and 6
normal tissues. Total RCC patients and KIRC, KIRP but not KICH subtypes patients expressed significantly higher CD70 than the normal tissues.
*P<0.05,**P<0.01 by unpaired Student t test. G Cell surface CD70 expression in RCC cell lines detected by flow cytometry. All RCC cell lines (786-O,
769-P, A498, ACHN) expressed CD70 on cell surface. H Measurement of cell surface CD70 expression level in RCC cell line. Median fluorescence
intensity (MFI) ratio calculated by the MFI detected with CD70 antibody divided by antibody isotypes control.
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Fig. 1 (Seelegend on previous page.)

In vitro antitumor activity

All CAR-T cells showed specific cytotoxicity against
the CD70 positive kidney tumor cell lines (786-O, 769-
P, A498, ACHN). The CD70-knockout variant of ACHN

(ACHN-CD70 KO), the efficiency of CD70-knockout in
which was confirmed by FACS (Additional file 2: Fig. S2B
and C), showed resistance to CAR-T killing. K-562 s cell
which is multipotential, hematopoietic malignant cell not
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origin or related kidney tissue, without CD70 expression
(Additional file 2: Fig. S2B and C), also showed potency
to resistant. But for CD70 overexpressed k562s cells
(k562-CD70, CD70 expression showed in Additional
file 2: Fig. S2B and C), CAR-T cells showed potent cyto-
toxicity. This killing pattern confirmed our CAR-T cell
specifically recognize and eradicated CD70 positive cells.
There was no significantly different cytolytic activity
among all CAR constructs (Fig. 2E). Because CAR-T-cell
efficacy is determined not only by its cytolytic activity,
but also by the capacity of antigen-specific proliferation
upon tumor challenge, we performed repetitive co-cul-
ture assays, in which CD70 CAR-T cells were repeatedly
challenged with CD70-positive cells and ACHN-CD70
KO cells. All CD70 CAR-T eliminated tumor cells and
proliferated during the first round coculture, but lost
their capacity of killing and/or proliferation during
repetitive co-cultures. All CD70 VHH CAR-T cells elimi-
nated tumor cells for at least 7 consecutive cocultures.
However, 41D12 CAR-T cell undetectable during the co-
cultures much sooner than other CAR-T cells (Fig. 2F).
The antitumor activity of CD70 CAR-T cells was consist-
ent with the ability of expansion after tumor cell chal-
lenge (Fig. 2G). We also measured cytokine production
by CD70 CAR-T cells during the first 4 rounds repetitive
stimulation. 11C9 CAR-T cells produced the highest lev-
els of Th1/Tclcytokines, such as IL-2, IEFN-y and TNF-a
(Fig. 2H).

In vivo efficacy against RCC

In mouse xenograft model, CD70 CAR-T cells efficiently
controlled RCC tumor growth, leading to complete
remission. Our model used NOG mice received subcu-
taneous injections of ACHN cells. When the average
tumor size was about 100 mm?, animals received a sin-
gle IV dose of 2x 107 CD70-CAR or non-transduced T
cells as control. Tumor growth curve showed VHH CD70
CAR-T cells efficiently controlled RCC growth, lead-
ing to complete remission in mice by day 28 (11C9 and

(See figure on next page.)
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8B4 CAR-T), day 31 (2A5 CAR-T) and 5/7 mice by day
66 (9D8 CAR-T). In contrast, no mice received 41D12
CAR-T cells achieved complete remission (Fig. 3A).
CD70 CAR-T cell infusion didn't affect mice bodyweight,
but NT T cell treated mice lost bodyweight after day 21
post T cells infusion which might be attribute to Graft
versus Host Disease (GvHD) effect induced by unspecific
expansion of NT cells (Fig. 3C).

We compared the antitumor activity of 2A5, 11C9 and
41D12 CAR-T cells in vivo in another animal experiment
(Fig. 4A). ACHN loaded NOG mice received a single IV
dose of 5x10° or 1 x10° CD70 CAR-T cells. 11C9 CAR-T
cells still efficiently controlled RCC growth and lead-
ing to complete remission in all mice by day 28 (5X10°
dose group) and 2/3 mice by day 35 (1X10° dose group).
In contrast, 2 mice achieved complete remission in high
dose group of 2A5 (by day 52) and 41D12 CAR-T (by day
84), and no one in low dose group achieved completely
remission (Fig. 4B).

Long-term memory

In cured mice, re-challenging with tumor cells led to
long-term tumor control, indicating the establishment of
immunological memory.

In our first In Vivo study, human T cell (CD3+ CD45 +)
cells in peripheral blood achieved peak at day 16, after
that it deceased dramatically. Since day 28, the presence
of human CD3+CD45+ T cells in CAR-T treated mice
was very low and close to the detection limitation. To
evaluated capability of persistence against tumor, mice
were re-challenged subcutaneously inoculated with
ACHN cells at day 101. It showed rapid progression of
the tumor in control (CTR mice) and 2A5 treated mice.
11C9 CAR-T showed a long-term antitumor activity,
rechallenged tumor growth comparable with control in
the first 2 weeks. After that, 2 mice tumor still growing,
other 5 mice showed retarded tumor growth. To the end
of experiments, 4 mice were tumor-free or tumor too

Fig. 2 Generation and Characterization of CD70 CAR-T Cells A The amino acid sequences of CDR1-3 region of novel nanobody isolated

from the phage library and identified as the specific binder to CD70. B CAR construct with CD8a signal peptide (SP), scFv (41D12) or VHH
(Nanobody), CD8a hinge and transmembrane domain, intracellular 4-1BB co-stimulatory domain, and intracellular CD3( activation domain. C CD70
CAR expression levels of 5 different donors measured by flow cytometry after transduction of activated T cells. CAR detected by biotin-labeled
CD70 protein and BV421-conjugated streptavidin. D The percentage of CD70 CAR expressing T cells from 5 different health donors. All CAR highly
expressed on T cell surface. E Antigen specific cytotoxicity of CAR-T cells. As CD70 positive cell lines (786-O, 769-P, ACHN, A498, K562 transduced
with CD70) and CD70-negative cell lines (K562-WT, ACHN-CD70 KO) as a control, assessed by luciferase assay. All CAR-T cells were potent to kill
CD70 positive target cell without cytotoxicity to antigen negative cells. F Antigen specific cytotoxicity of CD70 CAR-T cells against CD70-positive
RCC cell lines (786-0, 769-P, ACHN, A498) during serial killing assays using luciferase assays. *P < 0.05, ****P < 0.0001 by two-way ANOVA

with Dunnett’s multiple comparisons test adjusted p value. G Fold change of CD3+T cells in CD70 CAR-T co-culture with RCC cell lines

during antigen stimulation in repetitive co-culture assay. H Analysis of cytokine production in the supernatants from repetitive co-cultures of RCC
cells and CAR-T cells. The heatmap showed an increase in cytokines, including IL-2, TNF-q, IFN-y, in the CD70 CAR-T cell groups
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small to measure, 1 mouse tumor volume decreased to  re-challenged with ACHN cells at day 66 and followed
72 mm? and keep the size about 1 month (Fig. 3B). up for another 70 days. 11C9 CAR-T still showed
In our second in vivo test, mice treated much lower a long-term antitumor activity after 5X10° CAR-T
dose of CAR-T compared with our first test, were treated, all mice maintained tumor-free; the 2A5 and
41D12 CAR-T treated group also retarded tumor
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growth after rechallenge, but just partially or none
mice achieved CR (Fig. 4C).

CAR-T cell expansion

We investigated CAR-T-cell expansion and persistence
in vivo. In the first in vivo test, we analyzed the per-
centage of circulating CD45+ CD3 + human cells over
time in all mice and observed significantly greater
expansion in day 16 after T cell infusion in mice
treated with VHH CAR-T cells than that of 41D12
CAR-T (Fig. 3D). After ACHN re-challenged, T cells
expanded again in all mice (Fig. 3E).

In the second in vivo test to confirm the anti-
tumor ability of 2A5, 11C9 and 41D12 CAR-T cells,
we measured the absolute number of circulating
CD45 + CD3 + human cells every week post cells infu-
sion, 11C9 CAR-T cells induced highest T cells expan-
sion than the other CD70 CAR-T cells at the first
expansive peak in day 14, and in day 70 (day 7 after
ACHN re-challenge), there was an obvious expansion
of T cells observed (Fig. 4D).

We also evaluated the concentration of human Th1/
Th2/Th17 cytokines (IL-2, IL-4, IL-6, IL-10, IL-17A,
IEN-y, and TNF-a) in the peripheral blood of mice on
days 7 and 14 post T cell infusion (Fig. 4E). None of
these cytokines were detectable in the vehicle and NT
groups. In the high-dose CD70 CAR-T infusion group,
only IFN-y and IL-6 were detectable.When comparing
the three CD70 CAR-T infusion groups (2A5, 41D12,
and 11C9), IFN-y plasma levels were highest in the
11C9 group on Day 7, consistent with the in vitro test
results. However, by Day 14, IFN-y levels had sharply
declined, and the difference between the 2A5 and
11C9 groups became insignificant, although IFN-y lev-
els remained higher in the 11C9 group and were unde-
tectable in the 41D12 group.Regarding IL-6, levels
were higher in the 11C9 group compared to the 41D12
group on Day 7, but not compared to the 2A5 group.
However, by Day 14, IL-6 levels had dropped signifi-
cantly, and it was undetectable in both the 11C9 and
41D12 groups.

(See figure on next page.)
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Discussion

In our current study, we have developed an innovative
approach utilizing nanobody-based CD70 CAR-T cells,
demonstrating remarkable anti-tumor activities both
in vitro and in vivo. Notably, the CD70 CAR-T based
on the VHH sequence of the novel nanobody 11C9 dis-
played superior anti-RCC activity in vivo. Mice treated
with a single dose of CAR-T achieved complete remission
by day 28 and maintained for over than 120 days at the
end of study. Furthermore, without further treatment,
these mice exhibited strong immune memory against
RCC rechallenge.

According to previous research, certain immune fac-
tors such as IL-2, IL-7, IL-12, IL-15, IL-18, IL-21, IL-23,
IFN-y, and TNF-a have demonstrated significant effects
in enhancing CAR-T therapy [34, 35]. For instance, IL-2
plays a crucial role in T cell proliferation and effector
function, and the orthogonal IL-2 receptor/ligand sys-
tem has been shown to maximize the efficacy of CAR T
therapies by selectively expanding and activating CAR T
cells in vivo.

In our in vitro studies, we observed higher levels of
IL-2, IEN-y, and TNF-«a induction with 11C9 CAR-T
compared to other variants. However, when we meas-
ured human Th1/Th2/Th17 cytokine levels in peripheral
blood, we found that IFN-y and IL-6 were highest in the
11C9 CAR-T group on day 7. Unfortunately, the concen-
tration of IL-2 and TNF-a was too low to detect in the
mouse model. This limitation highlights the challenge
posed by the limited volume of mouse blood available for
collection, which impedes the detection of cytokines.

We observed higher levels of cytokines induced and
more significant expansion of 11C9 based CAR-T com-
pared to others in our study. Several other factors, such
as moderate affinity, critical epitope targeting and a
higher CD4/CDS8 ratio may also contribute to the anti-
tumor activity, although further investigation is needed.
Importantly, our CD70 CAR-T cells were successfully
generated without succumbing to fratricide induced by
the CD70 on the activated T cells. This avoidance of frat-
ricide may be attributed to cis masking of CD70 by CAR
expression [22]. Further studies are required to optimize
the CAR-T manufacturing process.

Fig. 3 In Vivo Antitumor Activity of CD70 CAR-T Cells. 11C9 and 2A5 CAR-T cells treatment showed higher potency to eliminate tumor cell. A
Schematic representation of the ACHN xenograft RCC model in NOG mice. Mice with complete responses after CAR-T cell treated group were
re-challenged on day 101 with ACHN cells by S.C. to the flank of other side. B Tumor growth curve and € bodyweight changes of mice treated
with CD70 CAR-T, non-transduced (NT), or vehicle control (Cell Cryopreservation Solution). Tumor volumes were compared by Student's t test,
**P<0.01,***P<0.001, ***P<0.0001. D The percentage of human CD3 +CD45 + cells in peripheral blood of mice detected by flow cytometry
after CAR-T treatment. **P < 0.01, ***P<0.0001 by Student’s t test. E Tumor volume after ACHN re-challenge and the percentage of human
CD3+CD45 +cells in individual mice of the 11C9 and 2A5 CAR-T treated group. After re-challenge, growing tumor cell in the other side of flank
boosted CAR-T cell proliferation, then at least in part of mice of 11C9 treated mice, the tumor cell eradicated again
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Fig. 4 Comparison of In Vivo Antitumor Activity of VHH CD70 CAR-T. 11C9 CAR-T cells showed highest eradication potency against tumor cell. A
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CD70 represents a highly attractive therapeutic target
in RCC treatment, with numerous academic and indus-
try groups are dedicating to developing CD70 CAR-T
products. Notably, Allogene Therapeutics has reported
the success of CD70 scFv-based allogeneic CAR-T
cells (ALLO-316) exhibited potent anti-tumor activity.
ALLO-316 also demonstrated a favorable safety pro-
file, with no significant adverse effects observed during
the preclinical studies [22]. In addition, CRISPR Thera-
peutics has developed another allogeneic CD70 CAR T
cells (CTX-130), which has shown early signs of clinical
activity in advanced RCC patients, according to findings
from the phase 1 COBALT-RCC trial (NCT04438083)
[36]. Currently, both ALLO-316 and CTX-130 repre-
sent the rapidly advancing CD70 CAR-T candidates for
RCC treatment in clinical development. However, it is
essential to note that despite significant advancement in
allogeneic CAR-T therapies, they still exhibit lower effi-
cacy and raise more safety concern than the autologous
counterparts.

Autologous CD19 CAR-T cell products have been the
most successful CAR-T cell therapy and have led the
FDA approvals of three such products: tisagenlecleucel
(Kymriah, Novartis), axicabtagene ciloleucel (Yescarta,
Kite Pharmaceuticals), and brexucabtagene autoleu-
cel (Tecartus, Kite Pharmaceuticals) [37-40]. Autolo-
gous CAR T cells have shown robust anti-tumor activity
against hematological malignancies targeting BCMA,
CD20, CD22, and CD30 [41-44]. While autologous
CD19-CAR T cells have clinical and economical limita-
tions, including challenges associated with leukapher-
esis, manufacturing and efficacy in heavily pre-treated
patient population, they have shown a consistent safety
profile and durable responses [45]. On the other hand,
allogeneic CAR-T cells pose their own set of challenges,
such as the potential to induce graft-versus-host-disease
and the risk of immune-mediated rejection by the host
[46]. Importantly, the regulatory path and the Chemistry,
Manufacturing, and Controls (CMC) requirements for
autologous CAR-Ts are well established. Therefore, autol-
ogous CAR-T therapies have been shown to be a more
mature and safer product. We firmly believe that autolo-
gous CD70 CAR-T cell therapies will address the unmet
needs of RCC patients.

In conclusion, we have successfully developed a nan-
obody-derived CD70-specific autologous CAR-T cell
therapy for RCC treatment. Based on this research,
intensive preclinical studies and CMC research led to the
approval from the Center for Drug Evaluation (CDE) of
the National Medical Products Administration (NMPA)
this year. Clinical trial of autologous CD70 CAR-T will
conduct to address the more critical questions surround-
ing this novel RCC therapy.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-024-05101-1.

Additional file 1: Figure S1. The Characteristic of CD70 CART cells. (A)
Phenotypical characterization of CD70 CART cells by flow cytometry.
differentiated phenotype was determined by the expression of CD45RO
and CD62L in 5 different donors. *P<05, by paired Student t test. (B) The
activated biomarker expression of CD70 CART cells by flow cytometry.
Activation was measured by the expression of CD69, CD25, CD137in 5
different donors ***P<0.001, by paired Student t test. (C). The exhausted
marker expression of CD70 CART cells by flow cytometry. exhaustion was
measured by the expression of Tim3, PD-1 and Lag3 in 5 different donors
*P<05, by paired Student t test. (D) The percentage of CD8+ cells in CD3+
cells of CD 70 CART cells by flow cytometry. *P<05; ns, not significant, by
paired Student t test.

Additional file 2: Figure S2. CD70 expression of human tumor cell lines
and T cells in PBMC (A) Analysis of CD70 expression in T cells of a healthy
donor’s PBMC by flow cytometry. (B) Analysis of CD70 expression in ACHN
wild-type, ACHN-CD70 knockout, k562s wild-type and k562s with CD70
overexpression by flow cytometry. (C)Median fluorescence intensity (MFI)
quotients of CD70 versus the respective isotypes on tumor cell lines.
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