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T Cells Expressing NKG2D CAR with a DAP12
Signaling Domain Stimulate Lower Cytokine
Production While Effective in Tumor Eradication
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Cytokine-related toxicity associated with the use of highly
active chimeric antigen receptor T cells (CAR-T cells) is a sig-
nificant clinical problem. By fusing the natural killer group
2D (NKG2D) ectodomain to 4-1BB and the DAP12 cyto-
plasmic domain containing only one immunoreceptor tyro-
sine-based activation motif, we have developed a 2nd-genera-
tion (2nd-Gen) NKG2D CAR for stable expression in human
T cells. When compared to T cells modified with NKG2D
CAR containing the commonly used CD3¢ activation domain,
T cells expressing the NKG2D-DAP12 CAR stimulated lower
level release of interferon gamma (IFN-v), tumor necrosis fac-
tor alpha (INF-a), and interleukin (IL)-2 during tumor cell
lysis and their proliferative activity was lower upon repeated
antigen stimulation, although no difference between the two
CARs was observed in mediating in vitro tumor cell lysis.
In tumor-bearing NSG mice, both types of CAR-T cells dis-
played similar anti-tumor activity, being able to completely
eradicate established solid tumor xenografts. However, treat-
ment with the NKG2D-CD3{ CAR-T cells led to the death
of most mice from xenogeneic graft versus host disease start-
ing 30 days post-CAR-T cell injection, which was associated
with a higher level of cytokine release, whereas all the mice
treated with the NKG2D-DAP12 CAR-T cells survived well.
Thus, the incorporation of the DAP12 activation domain in
a CAR design may possibly provide a potential clinical advan-
tage in mitigating the risk of cytokine release syndrome
(CRS).

INTRODUCTION

Adoptive transfer of chimeric antigen receptor (CAR)-modified T
lymphocytes provides a highly promising strategy for cancer ther-
apy and has produced impressive results in treating patients with B
cell leukemia and lymphoma.' > A typical CAR configuration con-
sists of an extracellular tumor antigen-targeting domain, a trans-
membrane domain, and one or more intracellular signaling do-
mains for T cell activation. While the single-chain fragment
variable (scFv) from a monoclonal antibody is often used as the
CAR extracellular domain, a special group of CARs have been
developed that uses a natural killer (NK) cell receptor, the NK
group 2D (NKG2D) receptor, for tumor antigen recognition.””

These NKG2D-based CARs comprise either the full-length
NKG2D receptor (aa 1-216) or the NKG2D ectodomain (aa 83-
216) and incorporate the cytoplasmic tail of the T cell receptor
(TCR) CD3{ chain containing three immunoreceptor tyrosine-
based activation motifs (ITAMs) for intracellular signaling. The
transfer of T cells modified with NKG2D CARs containing the
CD3{ activation domain is effective in cancer treatment in several
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NKG2D, as an activating receptor, is expressed by several types of
human cytotoxic lymphocytes, including NK cells, CD8+ af
T cells, v& T cells, and NK T (NKT) cells."” The NKG2D receptor
is composed of two homodimeric, transmembrane glycoproteins
with a short cytoplasmic tail that is incapable of initiating intracel-
lular signaling. Thus, NKG2D does not activate on its own, and
signaling is mediated by specialized signaling adaptor molecules.
In mouse immune cells, both the Tyr-X-X-Meth (YXXM) motif-
containing DAP10 and ITAM-containing DAP12 (also known as
TYROBP and KARAP) can be used as adaptors, while in human
immune cells, NKG2D exclusively uses DAP10 as an adaptor.*’
One NKG2D homodimer interacts noncovalently with two
DAP10 homodimers, and this assembled hexameric structure
then activates intracellular signaling. For DAPI0, intracellular
signaling is through phosphorylation of its cytoplasmic YXXM
motif, while for DAP12, the only signaling domain that mediates
all of the known effector functions of the protein is its single
ITAM motif.*"**

To improve CAR function, much work has been done to test
different costimulatory motifs, whereas only very limited work
was performed on optimizing an activating domain with ITAMs.
Based on the observation that DAP12 is expressed in NK cells

Received 16 December 2019; accepted 21 August 2020;
https://doi.org/10.1016/j.ymthe.2020.08.016.

*These authors contributed equally to this work.

Correspondence: Dr. Shu Wang, Department of Biological Sciences, National
University of Singapore, 14 Science Drive 4, Singapore 117543, Singapore.
E-mail: dbsws@nus.edu.sg

Molecular Therapy Vol. 29 No 1 January 2021 © 2020 The American Society of Gene and Cell Therapy. 75

aaaaaa


https://doi.org/10.1016/j.ymthe.2020.08.016
mailto:dbsws@nus.edu.sg
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2020.08.016&domain=pdf

Molecular Therapy

C 350000

NKG2Dp, [P NKG2D IgG4 | CD28 oo —a@—— NKG2Dp
15'G CAR &l ctodomain+ST2 Tag  Hinge - 300000
e} —@— NKG2Db p
NKG2Dbp, [l NK IgG4  CD28 D O 5 250000
pLUCTV Bl CSFSP  Ectodomain+ST2 Tag  Hinge ™ g’ S 200000
NKG2Dbz GM- NKG2D IgG4 CD28 4188 CD3zeta- a é 150000
LYo CBl CSFSP  EctodomaintST2 Tag . Hinge M ITAM1,2,3 38
< @ 100000
NKG2Dbz1, GM- NKG2D eG4 CD28 4 CD3zeta z
PLTYV B CSFSP  Ectodomain:ST2 Tag , Hinge = TM AR ram 50000
E 0 @
Ctrl CAR GM aCD22 scFv 1gG4 cD28
CSFSP +ST2 Tag i el s 17 27 37

NGK2Dp NKG2Dbp

100 ; CAOV3 100  Detroit-562 73.6%—>096.5% 47.2%—>03.4%
s —e— Ctrl CAR MFT: MFI:

80 80 —— NKG2Dp 28263 19037
& ¢ ® —&— NKG2Dbp
3 60 g 60
ey =
L o
5 40 540 s
g g
n 0 CAR

20 20 Expression

[ Unstained sample
0

I CAR-T expansion on Day 17
I CAR-T expansion on Day 37

20:1 10:1 51 11

Effector: Target Ratio

20:1 10:1 5:1 11

Effector: Target Ratio

Figure 1. Characterization of NKG2D CAR-T Cells Bearing the DAP12-Activating Domain

(A) Schematic representations of CAR constructs used in the present study. NKG2Dp, 1st-Gen CAR construct containing the DAP12-activating domain only; NKG2Dbp,
2nd-Gen CAR construct containing a single 4-1BB costimulatory domain and DAP12; NKG2Dbz, 2nd-Gen CAR construct containing 4-1BB and the WT CD3¢-activating
domain with 3 ITAM motifs; NKG2Dbz1, 2nd-Gen CAR construct containing 4-1BB and a CD3¢ mutant with a single ITAM motif; and Ctrl CAR, an anti-CD22 scFv that was
used to replace NKG2D ectodomain in NKG2Dbp. A Strep-Tag Il (ST2) tag was included to facilitate the detection of CAR expression by flow cytometry analysis. (B) NKG2D
CAR-T cells activated by DAP12 lyse cancer cells expressing NKG2D ligands. NKG2D ligand-positive CAOV3 (left) and Detroit-562 (right) cancer cell lines were used as target
cells in a 2-h Delfia cytotoxicity assay. CAR-T cells were seeded with target cells at E:T ratios of 20:1, 10:1, 5:1, and 1:1. Data represent mean + SD of triplicates, repre-
sentative of three independent experiments. Statistical analysis was performed using one-way ANOVA, followed by Tukey’s multiple comparisons. **p < 0.001. Hash (#)
signs indicates E:T ratios where NKG2Dp CAR is statistically different from NKG2Dbp CAR. (C) Antigen-dependent expansion of NKG2D CAR-T cells with y-irradiated WT
K562 feeder cells. Data indicate cell expansion folds obtained from cell counting by trypan blue exclusion assay on days 17, 27, and 37 post-DNA electroporation from one
donor, representative of three independent experiments. (D) Intensity of CAR expression and proportion of CAR-expressing T cells increased consecutively upon repeated
cultures with K562 feeder cells. Within each CAR group, CAR expression intensity (MFI values) and proportion of CAR-expressing cells (%) were analyzed in the middle (on
day 17) and at the end (on day 37) of the expansion phase. Histogram diagrams from the middle and end of the expansion phase were superimposed to illustrate the
enrichment of CAR-expressing T cells.

associates several

RESULTS

and with NK cell-activating  receptors,

Temme’s*>”* lab has developed two CARs with a scFv targeting
the prostate stem cell Ag (PSCA) or epidermal growth factor recep-
tor variant III (EGFRVIII) fused to DAP12, which was then used to
modify NK cells. They demonstrated the phosphorylation of the
DAP12-associated ZAP-70 kinase and interferon gamma (IFN-y)
release of CAR-engineered NK cells after contacting with target tu-
mor cells. A recent study with the mRNA electroporation approach
has further confirmed that 1st-generation (1st-Gen) NKG2D CAR
generated by fusing the NKG2D ectodomain with DAPI2 can
improve tumor responses of human NK cells.”

However, no studies were reported so far in literature on effects of a
DAPI12-containing CAR in T cells, where in contrast to NK cells,
DAP12 expression is rarely observed.”” In the present study, we con-
structed a 2nd-generation (2nd-Gen) CAR with the NKG2D ectodo-
main linked to 4-1BB and the cytoplasmic domain of human DAP12
and tested its function after stable expression in human T cells. We
report here that this CAR configuration was effective in tumor killing
yet stimulated lower cytokine release.
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Comparison between 1st-Gen and 2nd-Gen NKG2D DAP12-
CARs: In Vitro

CAR expression cassettes used in the present study are shown in Fig-
ure 1A. In our initial effort to produce CAR T cells (CAR-T cells)
(Figure SIA), human peripheral blood mononuclear cells (PBMCs)
were activated with TransAct for 2 days before electroporation. Elec-
troporated cells were then cultured with interleukin (IL)-2 for 5 days
before CAR-T cell enrichment. We used the gamma-irradiated wild-
type (WT) human K562 myelogenous leukemia cell line that naturally
expresses NKG2D ligands (Figure S1B) for CAR-T cell enrichment at
the low effector:target (E:T) ratio of 1:2 in the presence of IL-2. After
repeated stimulation with the antigens presented by WT K562 cells,
50%-70% of T cells became NKG2D CAR positive by day 17 (Fig-
ure S1C). These CAR-T cells were tested for their ability to lyse target
cancer cells expressing natural NKG2D ligands (Figure S2) using a
2-h Delfia Europium release in vitro cytotoxicity assay (Figure 1B).
In a dose-dependent manner, NKG2D CAR-T cells efficiently lysed
both CAOV3 and Detroit-562 target cells. At all E:T ratios,
NKG2Dbp CAR-T cells exhibited lower killing efficiency compared
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Figure 2. Effects of NKG2D CARs with DAP12in a
Mouse Model of HCT116 Human CRC Cells

(A) Four groups of mice received i.p. injection of 2 x 10°
HCT116 cells (day 0) followed by i.p. injection of PBS,
control CAR-T cells, DAP12-containing NKG2D 1st- or
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images of 5 mice per group are shown. (B) Biolumines-
cence flux values from each mouse in the respective groups
were plotted to monitor growth of tumors. (C) Kaplan-Meier
analysis of survival of the in vivo experiment. Statistical
analysis between groups was performed using the log-rank
test.
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to that of NKG2Dp CAR-T cells, likely due to their lower level of CAR
expression relative to that on NKG2Dp CAR-T cells (Figure S1C).

As demonstrated previously, T cells expressing 1st-Gen CD3{ CARs
are prone to undergo anergy, and a CAR design possessing both CD3¢
and costimulatory properties (2nd-Gen CARs) is required to obtain
absolute expansion of human peripheral blood T cells upon repeated
exposure to antigens.”® We examined the hypothesis that the incorpo-
ration of the 4-1BB costimulatory domain into DAP12 CARs would
also positively modulate the antigen-dependent expansion of NKG2D
DAP12 CAR-T cells. T cells stably expressing DAP12-bearing
NKG2D CARs were continuously stimulated with K562 cells, as out-
lined in Figure S1A, and collected on days 17, 27, and 37 post-PBMC
activation for counting and analysis. Both NKG2Dp and NKG2Dbp
CAR-T cells underwent proliferation in response to antigenic stimu-
lation from WT K562 cells. While expansion folds from both groups
were comparable in the initial phases of co-culture with K562, a more
pronounced expansion of CAR-T cells driven by 4-1BB signaling was
observed: approximately 20 (+10) thousand-fold expansion for
NKG2Dp CAR-T cells versus 70 (+50) thousand-fold expansion for
NKG2Dbp CAR-T cells by day 37 (n = 3 per group). A representative
cell expansion figure is shown in Figure 1C.

Pertinent to the persistent expansion of CAR-T cells, we observed
that the incorporation of 4-1BB into NKG2D DAP12 CAR down-
regulated the expression of T cell exhaustion markers PD1 and
LAG3 (Figures S3A and S3B). The 4-1BB costimulatory domain
also improved the formation of memory T subsets (Figure S3C).
We observed a clear divergence in memory T development by
the end of the expansion phase: 39.6% effector memory T for
NKG2Dp versus 87.5% for NKG2Dbp on day 37. Concomitantly,
CAR expression intensity and the proportion of CAR-expressing
T cells increased as antigen-dependent proliferation took place
(Figure 1D). The frequencies of CAR-positive T cells were between
50% and 70% on day 17, and by day 37, around 90% of T cells in
both NKG2D groups were CAR positive. While the proportions

10 20 30 40 50 60 70 80 90

Days post tumour inoculation

were comparable, the expression intensity of NKG2Dbp (mean
fluorescence intensity [MFI] = 22.637 + 5.091; n = 3) was lower
compared to that of NKG2Dp (32,957 + 6,638; n = 3).

Comparison between 1st-Gen and 2nd-Gen NKG2D DAP12-

CARs: in a Human Colorectal Xenograft Model in NSG Mice

We went on to investigate whether there would be a difference in
mediating in vivo tumor eradication between T cells stably expressing
NKG2Dp and NKG2Dbp CARs. In view of the divergence in memory
T cell development observed by day 37 (Figure S3C), we used day-27
NKG2D CAR-T cells in the experiment, as they had relatively compa-
rable compositions of memory T subsets. We established a human
colorectal cancer xenograft model in NSG mice by intraperitoneal
(i.p.) injection of HCT116-Luc cells, which express NKG2D ligands
(Figure S2). Tumor progression was monitored by whole-body biolu-
minescence imaging. As shown in Figures 2A and 2B, the biolumines-
cence intensities in the PBS group and the control CAR-T groups
increased rapidly, and the mice in the two groups were all euthanized
prior to day 28, when the moribund condition was developed. Mice
that received 1st-Gen NKG2Dp CAR-T cells or 2nd-Gen NKG2Dbp
CAR-T cells showed reduction in tumor burden on day 14 after
receiving a single-dose T cell injection, especially after the injection
of NKG2Dbp CAR-T cells, in which tumor xenografts were totally
eliminated (Figures 2A and 2B). However, from day 14 onward,
tumor burden for mice that received NKG2Dp CAR-T cells increased
progressively, and although a second CAR T cell injection was given
at day 30, the tumor burden did not decrease significantly (Figure 2B).
All mice that received the NKG2Dp CAR-T cell injection were eutha-
nized by day 62. In contrast, tumor burden in the group of mice that
received NKG2Dbp CAR-T cells remained undetectable up to day
62 (Figure 2B). Mice continued to survive up to day 90 at the termi-
nation of the animal study (Figure 2C). These results demonstrated
that the incorporation of a costimulatory domain is crucial in medi-
ating the in vivo persistence of NKG2D DAP12 CAR-T cell function
and, more importantly, in achieving in vivo tumor eradication. Of
note, the superiority of 2nd-Gen over 1st-Gen DAP12 CAR T cells
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is consistent with what observed in both preclinical and clinical
studies with CD3¢ CAR-T cells.

Comparison between 2nd-Gen DAP12 CAR and 2nd-Gen CD3¢
CAR: In Vitro

After showing that 2nd-Gen NKG2D DAP12 CAR (NKG2Dbp) dis-
played impressive in vivo tumor Kkilling effects, we moved on to
compare this NKG2D CAR construct against an NKG2D CAR
construct with CD3(, termed NKG2Dbz (Figure 1A). In particular,
we constructed another NKG2Dbz CAR in which the zeta chain
was mutated to contain the first ITAM only through deletion of the
remaining CD3{ chain and named it NKG2Dbzl1 (Figure 1A). We
continued to use the piggyBac transposon methodology for CAR-T
cell generation. A modified 28-day protocol was adopted with the
use of K562 cells engineered to express CD64, CD86, and CD137L,
named K562C6,” for CAR-T cell expansion and enrichment (Fig-
ure S4A). We examined and confirmed that electroporated T cells
did not express NKG2D ligands before co-culturing with K562C6
and that CAR-T cell proliferation and enrichment could be signifi-
cantly enhanced by co-culturing with K562C6 cells (Figure S5).
This modified protocol shortened the entire CAR-T cell production
process yet still provided a similar CAR-T cell production efficiency:
all types of CAR-T cells were enriched to around 40% on day 7 to 90%
on day 28 (Figure S4B).

Reports have shown that calibration of CAR activation potential di-
rects alternative T cell fate and therapeutic potency.”® We investigated
whether there is a difference in the generation of T cell memory sub-
sets between NKG2Dbz, NKG2Dbz1, and NKG2Dbp CAR-T cells.
Staining of CD45RO and CCR7 showed that, relative to NKG2Dbz
with three ITAM motifs, the two CARs with a single ITAM,
NKG2Dbz1 and NKG2Dbp, increased the fraction of effector mem-
ory CAR T cells and reduced the proportion of effector cells in
response to in vitro stimulation with K562C6 cells (Figure S6).

We then compared NKG2Dbz, NKG2Dbz1, and NKG2Dbp CAR-T
cells for their in vitro tumor cell lysis activities against a panel of solid
tumor cancer cells lines in 4-h and 16-h cytotoxicity assays. We found
that the three CAR-T types showed indistinguishable tumor cell lysis
activities, while all of them were highly effective in killing the inves-
tigated tumor cell lines (Figures 3A and S7). However, the cytokine
production levels after co-culturing of CAR-T cells with target tumor
cells were different, as assessed by ELISA assays. NKG2Dbz CAR-T
cells, in general, promoted higher amounts of IL-2, IFN-v, and tumor
necrosis factor alpha (TNF-a) production as compared to
NKG2Dbzl and NKG2Dbp CAR-T cells, although the statistical
differences were significant (p < 0.05) only between NKG2Dbz-T
and NKG2Dbzl-T for IL-2 and between NKG2Dbz-T and
NKG2Dbp-T for all three examined pro-inflammatory cytokines
(Figures 3B and S8). Between NKG2Dbz1-T cells and NKG2Dbp-T
cells, the latter stimulated the production of IL-2 and IFN-vy at lower
levels (p < 0.05). In another set of experiments to compare
NKG2Dbz and NKG2Dbp CAR-T cells using a sensitive multiplex
cytokine quantification technology and an enzyme-linked immune
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absorbent spot (ELISpot) assay, NKG2Dbp CAR-T cells promoted
significantly lower amounts of IFN-y, TNF-a, and IL-2 production
as compared to NKG2Dbz CAR-T cells (p < 0.05) (Figures S8 and S9).

To determine whether changes in cytokine release exert any effects on
CAR-T cell proliferation, in the next series of in vitro experiments,
NKG2Dbz, NKG2Dbzl, and NKG2Dbp CAR-T cells were co-incu-
bated with K562C6 cells either in the absence or presence of exoge-
nous IL-2. Expanded cells were enumerated on day 21 and day 28,
at the end of two consecutive 7-day co-culture phases. We observed
that, in the absence of exogenous IL-2, cell numbers were consistently
lower in the CAR-T samples modified with NKG2Dbzl and
NKG2Dbp as compared with those modified with NKG2Dbz (Fig-
ure 3C), indicating that NKG2Dbz1 and NKG2Dbp CAR-T cells
proliferated less than NKG2Dbz CAR-T without the support of exog-
enous IL-2. The difference in cell proliferation was confirmed when a
7-day CFSE dilution assay without exogenous IL-2 was performed
(Figures 3D, 3E, and S10), in which NKG2Dbzl and NKG2Dbp
CAR-T cell samples displayed a lower number of CFSE peaks, corre-
sponding to low division numbers, than NKG2Dbz CAR-T cell sam-
ples. Nevertheless, in the presence of exogenous IL-2 (300 IU/mL),
there were no obvious differences in the antigen-stimulated CAR-T
cell proliferation between the three types of CAR-T cells (Figures
3C-3E, and S10).

Thus, our in vitro CAR-T cell characterization assays indicated that,
while being similarly effective in mediating in vitro tumor cell killing,
two types of CAR-T cells modified with CARs containing one single
ITAM—NKG2Dbzl and NKG2Dbp—were less active in antigen-
stimulated cytokine production and CAR-T cell proliferation than
NKG2Dbz CAR-T cells containing three ITAM signaling motifs.
Since the activation of NKG2Dbp CAR stimulated lower levels of
cytokine secretion than the activation of NKG2Dbzl CAR, in the
following experiments to compare in vivo effects between one single
ITAM-containing and three ITAM-containing NKG2D CARs, we
focused on the comparison between NKG2Dbz and NKG2Dbp
CAR-T cells.

Comparison between 2nd-Gen DAP12 CAR and 2nd-Gen CD3¢
CAR: in a Human Colorectal Xenograft Model in NSG Mice

We then performed in vivo experiments to investigate whether there
would be a difference between NKG2Dbp CAR-T cells and
NKG2Dbz CAR-T cells in controlling tumor growth. The same
mouse model with i.p.-injected HCT116-Luc cells as described earlier
was used, and on day 7, animals were randomly divided into 4 groups
for treatment, including PBS, control T cells, NKG2Dbp CAR-T cells,
and NKG2Dbz CAR-T cells (Figure 4A). As shown in Figure 4B, the
bioluminescence intensities in the PBS group and in the group of mice
that received control T cells either increased or remained high during
the imaging period from day 7 to day 28. NKG2Dbp and NKG2Dbz
CAR-T cells eradicated peritoneal tumors efficiently: biolumines-
cence signals became undetectable on day 14 after a single-dose
T cell injection. The signals on day 7 and day 28 are quantitatively
indicated in bar graphs in Figure 4C. By day 28, while tumor burdens
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Figure 3. In Vitro Characterization of Three Different 2nd-Gen NKG2D CAR T Cells

(A) Cytolytic activity. Human HCT116 colorectal cancer cells were labeled with DELFIA BATDA Reagent (DELFIA EUTDA Cytotoxicity Reagents, PerkinElmer) followed by co-
culture with CAR-T cells at indicated E:T ratios. Cytotoxicity assay was carried out over 4 h (left) and 16 h (right), and percent cytotoxicity was then calculated by measuring
Europium release signal from the target tumor cells using a plate reader. The results shown are from one representative experiment out of two independent experiments with
2 different donors. (B) Cytokine release. HCT116 tumor cells were co-cultured with CAR-T cells at a 1:1 ratio for 16 h. Supernatants were collected to determine cytokine
production by using the CBA (Cytometric Bead Array) Human Th1/Th2 Cytokine Kit (BD Biosciences). Data in bar graph represent mean + SD for 3 cytokines in supernatants
tested with CAR-T cells from 3 different PBMC donors. (C) CAR-T cell expansion. Antigen-dependent expansion of NKG2D CAR-T cells with y-irradiated K562C6 feeder cells
in the absence or presence of exogenous IL-2 (300 IU/mL) was examined. Data indicate total cell numbers obtained at the end of 1-week expansion from day 14 to day 21
(top) and day 21 to day 28 (bottom) from cell counting by trypan blue exclusion assay. Data represent mean + SD of three independent experiments with CAR-T cells from
3 different PBMC donors. (D) CFSE T cell proliferation assay. At day 21, CAR-T cells were labeled with CFSE and co-cultured with K662C6 at a 1:1 ratio with or without IL-2 for
7 days, and proliferation was assessed at day 28 by flow cytometry. Flow cytometry plots for CFSE peak dilution are indicated, with the CFSE staining of stimulated CAR-T
cells indicated as histograms on the left and the CFSE staining of non-stimulated CAR-T cells indicated as histograms on the right. The results shown are for one
representative experiment out of three independent experiments with 3 different donors. (E) Total number of CFSE peaks. Data in bar chart graphs represent mean + SD of
the total number of CFSE peaks (left) in CAR-T samples from 3 different PBMC donors. Statistical significance was evaluated by one-way ANOVA followed by multiple
correction. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
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Figure 4. Effects of NKG2Dbp or NKG2Dbz CAR-T Cells in a Human CRC HCT116-Luc Xenograft Model

(A) Experimental outline for the animal study. Four groups of mice (5 mice per group) received an i.p. injection of 2 x 10® HCT116 cells (day 0) followed by an i.p. injection of
PBS, control CAR-T cells, NKG2Dbz CAR-T cells, or NKG2Dbp CAR-T cells on day 7 (1 x 107 cells per mouse). (B) Growth of HCT116 xenografts was monitored by
bioluminescent imaging on the indicated days. Bioluminescent images are shown. (C) Bioluminescence flux values on day 7 and day 28 from each mouse in the respective

groups were plotted.

in most of the CAR-T-cell-treated mice remained undetectable, biolu-
minescence signals were detected at the injection site in two mice, one
in the NKG2Dbp CAR-T cell group and another in the NKG2Dbz
CAR-T cell group, suggesting tumor relapse (Figure 4B). The 2nd in-
jection of CAR-T cells at a lower dose (2 x 10° cells per mice) was
given to the two groups of mice, and the relapsed tumors were suc-
cessfully eradicated.

While being successful in tumor eradication, we noticed, however,
that NKG2Dbz CAR-T cell injection resulted in significant body
weight loss (>15%) in several mice after the 2nd injection of CAR-
T cells. These mice started to display other symptoms of xenogeneic
graft versus host disease (x-GVHD) such as ruffled fur, hunched
posture and significantly reduced mobility from day 35 onward and
had to be humanely euthanized according to the Institutional Animal
Care and Use Committee (IACUC) protocol (Figure 5A). Post-mor-
tem examination did not detect any tumors, confirming that death of
the animals was not caused by tumor growth. Body weight loss and
other x-GVHD symptoms were not observed in the group of mice
that had received NKG2Dbp CAR-T cells. We terminated the animal
study at day 150 post-tumor inoculation. All mice that received
NKG2Dbp CAR-T cells remained healthy without signs of illness un-
til the scheduled end of the experiment, whereas only 1 out of 5 mice
from the NKG2Dbz CAR-T cell group survived by then (Figure 5B).

To confirm the aforementioned observation and also to examine
whether x-GVHD was related to repeated injections of CAR-T cells,
we performed another experiment with 4 groups of mice treated with
PBS, 1 injection of NKG2Dbz-T, 2 injections of NKG2Dbz-T, and 2
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injections of NKG2Dbp-T. We collected blood samples through tail
vein bleeding on day 5 after PBS or CAR-T cell infusion and measured
serum concentrations of IL-2, TNF-a, and IFN-vy. Similar to what was
observed in vitro, the treatment with NKG2Dbp CAR-T cells trig-
gered significantly lower levels of secretions of the 3 cytokines as
compared to the treatment with NKG2Dbz CAR-T cells (p < 0.05)
(Figure 5C). Importantly, we observed again that x-GVHD symptoms
and animal death were associated with NKG2Dbz-T treatment,
regardless of 1 or 2 injections, but not with NKG2Dbp-T treatment
(Figures 5B and S11). At euthanization, livers were collected, and
morphological detail was investigated using hematoxylin and eosin
(H&E) staining. Multiple irregular patchy areas of hepatic coagulative
necrosis were observed in liver sections from NKG2Dbz-T-treated
mice but not in those from NKG2Dbp-T-treated mice (Figure 5D).
The pathological necrosis was characterized by hepatocellular loss
and absence of nuclei, being accompanied with the infiltration of
mononuclear inflammatory cells and bile duct hyperplasia. These
findings from the in vivo experiments support the interpretation
that the robust expansion of highly active NKG2Dbz CAR-T cells
during in vivo tumor cell lysis led to x-GVHD.

Evaluation of Acute Toxic Effects of 2nd-Gen DAP12 CAR-T Cells

Obviously, human CAR-T cell dose is critical in inducing x--GVHD in
NSG mice. To further evaluate possible side effects of NKG2Dbp
CAR-T cells, normal NSG mice (5 per group) were treated with i.p.
injection of an increased dose of 6 x 107 CAR-T cells, and control
mice were given PBS. Acute toxic effects were monitored over
7 days. Based on the body surface area (BSA) normalization method,
the human equivalent dose of the 6 x 10" CAR-T cell dose used in this
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Figure 5. Effects of Human CAR-T Cells in NSG Mice: Animal Death Caused by x-GVHD

(A) Growth of HCT116-Luc tumors was monitored by bioluminescent imaging on day 7 up to day 70. Mice from the NKG2Dbz CAR-T cell group were euthanized starting from
day 35 onward due to evidence of xenogeneic GVHD (x-GVHD), despite negligible tumor burden based on bioluminescent imaging. Criteria of xenogeneic GVHD included
>15% weight loss, hunched posture, ruffled fur, and significantly reduced mobility. (B) Survival of mice was monitored up to day 150 post-tumor inoculation and analyzed by
the Kaplan-Meier method. Data shown were pooled from two separate animal experiments; ns = 3, 10, and 7 in the NKG2Dbz (1 injection), NKG2Dbz (2 injections), and
NKG2Dbp (2 injections) groups, respectively. (C) Serum cytokine concentrations. Five days after PBS or T cell infusion, blood samples were collected through mouse tail vein
bleeding. Serum cytokine concentrations were determined with the CBA (Cytometric Bead Array) Human Th1/Th2 Cytokine Kit (BD Biosciences). Data in bar graph represent
mean + SD of the blood samples collected from 3 NKG2Dbz-T-treated mice, 2 NKG2Dbp-T-treated mice, and 3 PBS-treated mice. *p < 0.05; **p < 0.01. (D) Different
pathological effects of the two types of NKG2D CAR-T cells on the liver. Representative H&E staining images of formalin-fixed, paraffin-embedded mouse liver sections from
tumor-bearing mice treated with NKG2Dbz-T or NKG2Dbp-T. Top: a liver tissue section from an NKG2Dbp-T-treated mouse showed minor focal necrosis (N). Bottom: a liver
tissue section from an NKG2Dbz-T-treated mouse with multiple patchy areas of hepatic coagulative necrosis (N) associated with bile duct hyperplasia. On the right side is a

higher magnification view of a necrotic area.

mouse study would be 24 x 107 cells/kg human body weight, or
1.48 x 10" cells/62 kg (average body mass/weight globally).” This
total dose per person per injection is approximately 5-fold higher
than the highest dose (3 x 10°) in the THINK (Therapeutic Immuno-
therapy With NKR-2) trial (ClinicalTrials.gov: NCT03018405, an
ongoing clinical trial to test NKG2D CAR-T cells.

We did not observe any significant changes in body weight and body
temperature following NKG2Dbp CAR-T injection (Figures 6A and
6B). No signs of toxicity (abnormal behaviors) and animal death
were observed during the 7-day period. Animals were then sacrificed,
and lungs, livers, and kidneys were harvested and weighed. There
were no significant changes in organ weight between the CAR-T
and PBS groups (Figure 6C). The lungs, livers, and kidneys from three
mice per group were used for histological analysis. Representative
photos of the liver sections from each mouse are shown in Figure 6D,
and those from the lung and kidney are shown in Figure S12. The his-
tological changes are summarized in Table S1. Overall, there was no
histological evidence of NKG2Dbp CAR-induced acute and active
toxicities (e.g., necrosis and inflammation) or pathological changes
in all the examined organ sections. Thus, the findings from the acute

toxicological study demonstrated that mice were able to tolerate a
higher dose of 6 x 10" NKG2Dbp CAR-T cells administered via
i.p. route.

Effects of 2nd-Gen DAP12 CAR-T Cells in a Human Ovarian
Carcinoma Xenograft Model

To extend our studies to another tumor model, we established a xeno-
graft mouse model of human ovarian carcinoma by i.p. injection of
SKOV3-Luc human ovarian cancer cells, which also express
NKG2D ligands (Figure S2), into NSG mice and tested in vivo tu-
mor-killing effects of T cells expressing 2nd-Gen NKG2D DAP12
CAR. Seven days after tumor inoculation, three groups of mice started
to receive treatments of PBS, control T cells without CAR, or
NKG2Dbp CAR-T cells on day 7 and day 14 (Figure 7A). Growth
of SKOV3 tumors was monitored by bioluminescent imaging. Tu-
mors progressed rapidly in the PBS and control T cell groups (Fig-
ure 7B), resulting in animal death/euthanasia due to being moribund
within 41 days (median survival: 38 days for the PBS group and
35 days for the control T cell group). Autopsies confirmed extensive
i.p. cancer growth in all animals (data not shown). With the treatment
of NKG2Dbp CAR-T cells, tumor xenografts were totally eliminated
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Figure 6. Preclinical Acute Toxicology Study of NKG2Dbp CAR-T Cells
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PBS and the CAR-T cells (6 x 107 cells per mouse) were i.p. injected into NSG mice, 5 mice per group. (A and B) Temperatures (A), body weight change (B), and survival were
monitored over the course of 7 days. (C) Animals were then sacrificed, and organs were harvested and weighted. (D) Pathological examination of liver tissues. Organs from 3
control mice and 3 CAR-T-treated mice were collected for H&E staining and histological examination.

as detected by whole-body bioluminescence imaging from day 14 on-
ward (Figure 7B). The tumor control effect was sustained, and the
treated mice survived for at least 80 days (Figure 7C), the longest
time point monitored in the experiment, demonstrating the potent ef-
fects of NKG2Dbp CAR-T cells in eradicating established peritoneal
ovarian tumors.

DISCUSSION

DAPI2 is a short 12-kDa transmembrane protein of 113 aa expressed
on the cell surface, with a single ITAM harbored within the 48-aa
cytoplasmic domain.”' The DAP12 has less than 25% homology
with the ITAM motifs identified in human CD3Y chain and FceRI-
v chain. Ligation of a DAP12-associated receptor leads to activation
of SRC-family kinases, phosphorylation of paired tyrosine residues in
the ITAM of DAPI12, and the subsequent recruitment of the cyto-
plasmic ZAP70 tyrosine kinases, converting the ligation event into
downstream signaling and cytokine production.”

While DAP12 is not found to assemble with NKG2D in human im-
mune cells, it does form noncovalent complexes with other receptors;
for example, the killer Ig-like receptors (KIRs), of which expression is
observed in both human T cells and NK cells, and the triggering re-
ceptor expressed on myeloid cell members (TREM).** Wang and col-
leagues® developed a KIR-based CAR (KIR-CAR) to target the tu-
mor-associated antigen mesothelin through T cells by fusing a
mesothelin-specific scFv to the transmembrane and short cyto-
plasmic domain of KIR2DS2. They then generated a bicistronic, len-
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tiviral vector encoding SS1-KIR2DS2 and DAPI12 to co-express both
molecules in T cells. Primary human T cells modified with this bicis-
tronic lentivirus exhibited superior antitumor activity compared with
conventional 1st- and 2nd-Gen CD3% CARs in a xenograft model of
mesothelioma. A similar CAR-T cell design was reported recently, in
which a CD19- or mesothelin-specific scFv fused with TREM-1 was
co-expressed with DAP12 in T cells.”’ Although these two studies
did not examine whether a single-chain CAR design with a scFv fused
directly with DAP12 would be functioning in T cells, their results,
together with the findings from the studies testing NK cells expressing
DAPI12-containing CARs, inspired us to investigate whether NKG2D
ligand-targeting CARs with a single ITAM-motif-containing DAP12
activation domain could be used to improve T cell responses against

cancer.”>™»

The NKG2D receptor recognizes eight stress-induced ligands
belonging to two families: two major histocompatibility complex
(MHC) class I chain-related proteins, MICA and MICB, and six hu-
man cytomegalovirus (HCMV) UL16-binding proteins (ULBP1-6).
These NKG2D ligands are not usually present on the cell surface of
most healthy tissues but can be upregulated upon DNA damage,
infection, and transformation of cells, thus being commonly detected
on hematopoietic tumors and carcinomas.””* For example, MICA or
MICB was found to be expressed by 100% of colorectal tumors, 97%
of breast cancers, 95% of renal cell carcinomas, 81% of ovarian cancer,
77% of primary cutaneous melanomas, and 50% of primary uveal
melanomas.™ Because of the tumor-associated overexpression, the
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Figure 7. Effects of NKG2Dbp CAR-T Cells in a Mouse Model of SKOV3
Human Ovarian Cancer Cells

(A) The experimental outline for the investigation of anti-tumor effects of NKG2Dbp
CAR-T cells in an i.p. injection SKOV3 xenograft model. Three groups of mice (5
mice per group) received an i.p. injection of 1 x 107 SKOV3 cells (day 0) followed by
an i.p. injection of PBS, control CAR-T cells, or NKG2Dbp CAR-T cells on day 7 and
day 14 (1 x 107 cells per injection per mouse). Growth of SKOV3 was monitored by
bioluminescent imaging on the indicated days. (B) Tumor burden images by
bioluminescent imaging from day 7 to day 42. (C) Kaplan-Meier analysis of survival
of the in vivo experiment. Statistical analysis of survival between groups was per-
formed using the log-rank test.

NKG2D ligands have been a favorable therapeutic target for anti-
cancer strategies.”> The widespread expression of NKG2D ligands
in human cancer provides T cells armed with NKG2D CARs with
great therapeutic potential to treat a broad range of tumor indica-

. 4-7
tions.” ™’

The natural NKG2D receptor has been well documented to act as a
costimulatory molecule in T cells through the DAP10 signaling.'’
All human CD8+ T cells constitutively express DAP10 but rarely ex-
press DAP12.%” Thus, T cells, although they display potent effector
functions, cannot be directly activated by interaction between
NKG2D and their ligands. Teng et al.>* have genetically engineered
T cells by retroviral transduction to express DAP12. These DAP12-
expressing T cells mediate effector function in an NKG2D-dependent
manner: secreting IFN-v following co-culture with NKG2D ligand-
expressing, MHC class I-deficient tumor cells and mediating the spe-

cific lysis of the tumor cells. Another work has further shown that
CD8+ T cells from DAP12 transgenic mice can proliferate in response
to ligation with plate-bound anti-NKG2D monoclonal antibody
(mAb).” These results demonstrate the principle that DAP12 intro-
duced through genetic engineering can function with NKG2D to acti-
vate T cells. Our study has extended the two previously reported
DAPI12 genetic engineering studies by generating NKG2D-DAP12
chimeric receptors with a single-molecule design.

Currently, CAR designs often use the cytoplasmic tail of TCR CD3{
as the activation domain. By comparing CARs encoding a single
ITAM derived from the CD3{ chain with those containing the triple-
and double-ITAM motifs, Sadelain and colleagues28
a single functional ITAM is sufficient for potent in vivo antitumor ef-
ficacy and superior to that afforded by the triple-ITAM-containing
WT CD3{ chain. Moreover, the single ITAM configuration favors
the persistence of highly functional CARs, balancing the replicative
capacity of long-lived memory cells and the acquisition of effective
antitumor function, thereby yielding CAR designs with enhanced
therapeutic profiles.

demonstrate that

Even more attractive, a very recent study demonstrates that,
decreasing the number of ITAMs of the CD3{ chain in a CD19-spe-
cific CAR construct from three to two ITAMs, the CAR-T cells
become substantially more selective for target cells expressing
CD19 at a high density.”® With a CD19-blocking antibody that can
artificially shift antigen densities required for CAR-T cell responses,
the author has demonstrated that those target cells that expressed
physiological amounts of CD19, but not those cells that overexpressed
CD19, can be protected from CAR-T cell killing, suggesting that
manipulating ITAM multiplicity may inform new strategies to
improve CAR-T cell specificity.

This study focused primarily on DAP12 with a single ITAM. Upon
interaction with target cells, our NKG2Dbp CAR-T cells with one
ITAM motif per CAR molecule stimulate a relatively lower level
release of cytokines as compared to that for T cells expressing
NKG2Dbz that contain three ITAM motifs per CAR molecule, but
the two CAR-T products generate similar in vivo anti-tumor activ-
ities. These observations suggest that cytokine release upon CAR acti-
vation could possibly be controlled by simply decreasing the ITAM
density of a CAR construct. The reduction in cytokine release was
also observed in the recent study reported by Feucht and colleagues®®
for two of three single ITAM configurations tested in their CD3{
CAR-T cells. We hypothesize that the reduction in cytokine release
by NKG2Dbp is primarily attributable to the use of the single
ITAM configuration, which can affect downstream functional output
through the mitogen-activated protein kinase pathway.”* This effect
provided by NKG2Dbp CAR-T would possibly provide a potential
clinical advantage in reducing excess serum levels of cytokines and
is one of the most important findings of this study.

The most common toxicities observed after CAR T cell therapy are
cytokine release syndrome (CRS) and cerebral edema/neurotoxicity

Molecular Therapy Vol. 29 No 1 January 2021 83


http://www.moleculartherapy.org

that involves release of excess amounts of cytokines and could be
potentially life threatening.®” Several factors have been identified as
associated with a higher risk of CRS and/or neurotoxicity among pa-
tients receiving CD19-targeted CAR-T cell therapies, including high
tumor burden, high CAR-T cell dose, and lymphodepletion using
cyclophosphamide and fludarabine. Using engineered T cell plat-
forms associated with lower cytokine release has been suggested to
improve safety and facilitate the extension of this therapeutic modal-
ity." Indeed, CAR T cells containing the CD8a hinge and transmem-
brane domain have been developed, which release lower levels of IFN-
¥, TNF-a, and IL-2 as compared to those having the CD28 hinge and
transmembrane domain during in vitro tumor cell lysis yet retain
sufficient functional capability to eradicate established tumors from
mice.”® The clinical advantage of the CAR-T platform is confirmed
in a phase 1 dose-escalation trial, in which an anti-CD19 CAR
T cell product with CD8 hinge and transmembrane region was
observed to cause a 5% incidence rate of grade 3 or 4 neurologic
toxicity, which is strikingly different from 55% of grade 3 or 4 neuro-
logic toxicity observed in a previous clinical trial using anti-CD19
CAR T cells that incorporated CD28 hinge and transmembrane
domain.”” The anti-lymphoma activities of the two CAR-T cell prod-
ucts were comparable.

While our NKG2D CAR constructs utilize the immunoglobulin G4
(IgG4) hinge and CD28 transmembrane domain, we adopted another
strategy to control cytokine release, i.e., incorporating one ITAM
motif per CAR molecule to reduce ITAM density. Whether the pre-
clinical findings from our NKG2Dbp CAR-T cells, especially in
reducing cytokine release and yet retaining tumor eradication capac-
ity, can be translated into clinical benefit is worthy of investigation in
future patient trials.

MATERIALS AND METHODS

Cells and Cell Culture Conditions

Human PBMCs were isolated from fresh buffy coats by density
gradient centrifugation using Ficoll-Paque (GE Healthcare, Milwau-
kee, WI, USA). PBMCs were cultured in T cell media (AIM-V +
5% AB serum) with recombinant IL-2 (PeproTech, Rocky Hill, NJ,
USA) and activated with TransAct (Miltenyi Biotec, Bergisch Glad-
bach, Germany) or soluble OKT3 (eBioscience, San Diego, CA,
USA). Human tumor cell lines were from ATCC (Manassas, VA,
USA) and cultured as recommended.

Construction of Chimeric NKG2D CAR Vectors and Generation
of CAR-T Cells

To construct NKG2D CAR vectors, the extracellular domain of hu-
man NKG2D (NKG2D ED; Uniprot: P26718-1; aa 83-216) was
amplified by PCR from a PBMC cDNA library. The 1st-, and 2nd-
Gen NKG2D CAR vectors were generated by fusing NKG2D-ED to
the IgG4 hinge region, CD28 transmembrane region, and CD3( or
DAPI2 signaling moiety, with or without the intracellular costimula-
tory domain of 4-1BB. To construct a control CAR, an anti-CD22
scFv was used to replace NKG2D-ED in 2nd-Gen NKG2D CARs.
Three Strep-Tag II (ST2; NWSHPQFEK) tags were included in all
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constructs to facilitate the detection of CAR expression by flow
cytometry analysis. These constructs were placed into a piggyBac
transposon plasmid. To generate CAR-T cells, a CAR-construct-con-
taining plasmid was co-electroporated with a piggyBac-transposase-
encoding plasmid into human peripheral blood T cells using the
4D-Nucleofector device (Lonza Biotech, Basel, Switzerland). Trans-
fected cells were enriched as detailed in the Supplemental Materials
and Methods.

Flow-Cytometric Analysis and Cytotoxicity Assay
Flow-cytometric analysis was performed with the Accuri C6 cytome-
ter (BD Biosciences, Franklin Lakes, NJ, USA). The cytolytic activity
of CAR-modified T cells was examined with a non-radioactive
method (DELFIA EuTDA Cytotoxicity Reagents Kit, PerkinElmer,
Waltham, MA, USA).

Animal Experiments

NSG mice were inoculated via i.p. injection of HCT116-luc or
SKOV3-Luc cells to generate tumor models. To investigate in vivo
anti-tumor effects of CAR-T cells, human T cells expressing an
NKG2D CAR (1 x 107) were i.p. injected into tumor-bearing mice.
Mice treated with PBS, control T cells, or T cells with the control
CAR were used as controls. For the acute toxicology study, healthy
NSG mice were given one dose of PBS or 6 x 10” CAR-T cells
expressing NKG2Dbp CAR.

Statistical Analysis

Data are presented as mean + standard deviation (SD). All statistics
were performed with GraphPad Prism 7 (San Diego, CA, USA).
p values < 0.05 were considered significant.

For the details of Materials and Methods, see Supplemental
Information.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2020.08.016.
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