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Cord blood (CB)-derived natural killer (NK) cells that are
genetically engineered to express a chimeric antigen receptor
(CAR) are an attractive off-the-shelf therapy for the treatment
of cancer, demonstrating a robust safety profile in vivo. For
poor prognosis brain tumors such as glioblastoma multiforme
(GBM), novel therapies are urgently needed. Although CAR-T
cells demonstrate efficacy in preclinical GBM models, an off-
the-shelf product may exhibit unwanted side effects like
graft-versus-host disease. Hence, we developed an off-the-shelf
CAR-NK cell approach using a B7H3 CAR and showed that
CAR-transduced NK cells have robust cytolytic activity against
GBM cells in vitro. However, transforming growth factor
(TGF)-b within the tumor microenvironment has devastating
effects on the cytolytic activity of both unmodified and CAR-
transduced NK cells. To overcome this potent immune sup-
pression, we demonstrated that co-transducing NK cells with
a B7H3 CAR and a TGF-b dominant negative receptor
(DNR) preserves cytolytic function in the presence of exoge-
nous TGF-b. This study demonstrates that a novel DNR and
CAR co-expression strategy may be a promising therapeutic
for recalcitrant CNS tumors like GBM.

INTRODUCTION
Glioblastoma multiforme (GBM) is one of the most lethal primary
brain cancers, with anoverall survival rate of approximately 15months
after standard treatment including surgery, radiotherapy, and chemo-
therapy.1,2 Hence, there is an urgent need to develop novel therapies.
While immune-based therapies have been successful for the treatment
of somehematologicmalignancies, their use against brain tumors have
so far been relatively limited. Tumor antigen heterogeneity,3 limited
numbers of infiltrating lymphocytes at the tumor site, and the failure
of checkpoint inhibitors to cross the blood-brain barrier4 are major
obstacles to effective immunotherapies for the treatment of GBM.

It is postulated that altered immunity in patients with GBM (either
because of intrinsic disease-related factors or because of the immune
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suppressive nature of the treatment, which includes high-dose ste-
roids)5,6 contributes to the poor prognosis of these tumors and their
relative resistance to vaccine and checkpoint inhibitors. Adoptive
transfer of healthy donor immune cells as an off-the-shelf adoptive
cell therapymay therefore offer an attractive alternative. Natural killer
(NK) cells, one of the arms of the innate immune system, can elicit
anti-tumor activity without the need for prior sensitization. Alloge-
neic NK cells can induce target cell killing in a major histocompatibil-
ity complex (MHC)-independent manner; and recognize recipient
tumors as non-self, while sparing healthy tissues because of the
absence of activating receptor ligand expression. Unlike T cells, NK
cells do not usually induce graft-versus-host disease (GVHD), even
in an allogeneic “off-the-shelf” setting, and KIR mismatching with
HLA ligands on cancer cells can elicit a graft-versus-tumor
response.7,8 Further, several clinal trials have highlighted the robust
safety profile of allogeneic NK cells.9–11

In this study, we have used cord blood (CB) as the donor source for
allogeneic NK cell product generation. CB offers a unique advantage
of immediate availability from established CB banks and widespread
scalability as an off-the-shelf product.12,13 Peripheral blood,14 human
embryonic stem cells, induced pluripotent stem cells, and artificial
NK cell lines are also available alternative donor sources for NK cell
product manufacture.15,16

There is evidence that GBM can downregulate NK cell-activating re-
ceptor ligands such as ULBP2 by shedding, a common strategy used
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by human cancers.17 To overcome tumor immune evasion, NK cells
can be engineered to recognize additional tumor targets (e.g., B7H3).
B7H3 is a member of the B7-family with two isoforms in humans
(2Ig-B7H3 and 4Ig-B7H3). It is highly expressed in more than 70%
of GBM biopsy samples18,19 and undetectable in the normal brain,
making it an ideal target for immune therapies.20–22

The GBM tumor microenvironment is highly immune suppressive.23

Tumors cells and tumor-associated macrophages are known to
secrete transforming growth factor-beta (TGF-b)24–26 and TGF-b
has documented immune dampening sequelae on NK cell effector
functions.12,27–31 However, the effect of TGF-b on chimeric antigen
receptor (CAR)-modified NK cells has not been previously investi-
gated. Therefore, we posited that it was important to study the impact
of TGF-b on the cytolytic function of CAR-NK cells in vitro.

In this report, we demonstrated that otherwise potent B7H3 CAR NK
cells have decreased effector function against GBM in the presence of
exogenous TGF-b, thereby providing a compelling rationale to nullify
TGF-b signaling in B7H3 CAR-NK cells using a dominant negative
TGF-b receptor (DNR). We, therefore, determined whether we could
co-express the DNR and the B7H3 CAR on CB-derived NK cells to
simultaneously enhance the specificity of the NK cell product and
overcome the immune suppressive effects of TGF-b. In this report,
we demonstrate that, by co-expressing the DNR on B7H3 CAR-NK
cells, their cytolytic activity was maintained against glioma tumor
cells, even after exposure to TGF-b. Our study provides compelling
evidence that this novel DNR/CAR-engineered NK cell therapy holds
the potential to treat patients with glioblastomas and other TGF-
b-rich pediatric and adult solid tumors.

RESULTS
B7H3 is homogenously expressed on GBM cell lines

GBM cell lines U87 MG and A172 and primary GBM cell lines
derived from pediatric patients (FHTC GBM 511 and GBM 110)
used in this study were stained for the expression of B7H3. All cell
lines stained positive for B7H3 (>97% positivity within each cancer
cell line). Representative flow data are shown in Figure 1A. In addi-
tion to evaluating B7H3 expression, we also evaluated the expression
of the stress ligands MICA/MICB (Figure 1B) and PVR (ligand for
DNAM1, Figure 1C) on these cancer cells. Both adult GBM cell lines
(U87 MG and A172) showed expression of MICA/MICB (>70%) and
PVR (>80%). Expression of these stress ligands by cancer cells offers
an advantage for NK cell therapies, since NK cells innately express re-
ceptors that recognize these ligands.

CB NK cells are stably transduced with a retroviral vector

expressing a B7H3/CD28z CAR with preservation of activation

marker and chemokine receptor expression

NK cells isolated from CB units were stimulated with K562-express-
ing membrane-bound IL-15 (mbIL-15) and 4-1BB ligand (clone 4),31

supplemented with IL-2 and IL-21 for 14 days (untransduced [UT]
control) or transduced on day 4 with a retroviral vector to express a
B7H3/CD28z CAR20,21 and cultured for an additional 10 days (see
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materials and methods) (Figure 2A). The mean CAR-NK transduc-
tion efficiency on day 12 of culture was 93.51% (range, 72.50%–
98.00%; n = 9) (Figures 2B and 2C). Figure 2D summarizes the
fold-expansion data including the numbers of B7H3 CAR transduced
NK cells expanded from nine different CB units. At 6 days after trans-
duction (10 days of culture), the mean NK cell expansion was
203-fold (range, 89–500).

Expanded B7H3 CAR-transduced NK cells and UT NK cells also
showed similar activation and exhaustion marker profiles (Figure 2E)
as evidenced by staining for natural activating receptors (NKG2D
[B7H3 CAR-NK: 64.83% ± 21.63%; UT NK 65.99% ± 27.24%;
p > 0.99], NKp46 [B7H3 CAR-NK: 94.06 ± 5.46%; UT NK
95.74% ± 3.6%; p > 0.99], and NKp30 [B7H3 CAR-NK: 89.32% ±

7.7%; UT NK 90.12% ± 3.81%; p > 0.99], and CD16 [B7H3 CAR-
NK: 73.92% ± 10.32%; UTNK 67.45% ± 12.38%; p = 0.98]). As shown
in Figure 2E, no significant difference in the expression of these recep-
tors between B7H3 CAR-NK and UT NK was observed (p = 0.69).
Similarly, there was no difference in the expression of other NK cell
activation markers such as CD69 (B7H3 CAR-NK: 72.15% ±

23.79%; UT NK 68.91% ± 21.92%; p > 0.99) and CD25 (B7H3
CAR-NK: 85.64% ± 11.85%; UT NK 88.76% ± 14.38%; p > 0.99).
We also verified that B7H3 CAR-NK cells showed no significant dif-
ference in expression of the exhaustion markers TIM3 (B7H3 CAR-
NK: 96.60% ± 3.40%; UT NK 97.50% ± 2.78%; p > 0.99) and PD1
compared with UT NK cells (B7H3 CAR-NK: 23.91% ± 13.06% vs.
UT NK 13.48% ± 8.74%; p = 0.71) (Figure 2E).

Finally, CB-derived NK cells expressed a wide range of chemokine re-
ceptors, indicating that they can potentially migrate to various tissues,
further supporting their use as an off-the-shelf product for multiple
cancers (Table 1). The major chemokine receptor-ligand pairs docu-
mented to modulate the trafficking of NK cells include CCR1-CCL3/
CCL5, CCR5-CCL3/CCL5, CCR7-CCL19/CCL21, CXCR3-CXCL9/
CXCL10, and CXCR4-CXCL12 (also known as stromal derived
factor-1 alpha).32–35 We observed that CB-derived NK cells showed
a diverse chemokine receptor repertoire and transduction with the
B7H3 CAR did not alter chemokine receptor expression (n = 6)
(Table 1). Specifically, CXCR3 (B7H3 CAR-NK, 99.32% ± 0.240%;
UT NK, 98.87% ± 0.388%; p = 0.03), CXCR4 (B7H3 CAR-NK,
99.45% ± 0.48%; UT NK, 96.95% ± 3.10%; p = 0.07) and CCR10
(B7H3 CAR-NK, 99.10% ± 1.58%; UT NK, 97.47% ± 3.48%; p =
0.32) were expressed on transduced and non-transduced CBNK cells.
In contrast, other chemokine receptors including CCR3, CCR4,
CCR5, CCR7, CCR8, CCRL1, CXCR5, and CXCR7 had moderate
donor-specific variation (Table 1). Finally, other chemokine receptors
including CXCR1, CXCR2, CXCR6, CCR1, CCR2, and CCR9 had
minimal expression on transduced and non-transduced CB-derived
NK cells (Table 1).

B7H3 CAR-transduced CB NK cells have enhanced cytolytic

activity against B7H3+ cancer cells in vitro

We next tested whether B7H3 CAR-expressing NK cells showed
enhanced cytotoxicity against B7H3-expressing targets compared
ber 2022



Figure 1. GBM tumor cells express NK cell receptors ligands

(A) Flow expression of B7H3 expression in adult and primary pediatric GBM cell lines. (B and C) NK cells receptors ligand present in GBM cells lines. (B) MICA/MICB (ligand for

NKG2D) flow expression in GBM cell lines. (C) PVR (ligand for DNAM1) flow expression in GBM cell lines. Unstained cells (Tumor cells) were used as a negative control. Tumor

cells + AB are stained with respective antibodies.
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with UT NK cells (Figures 3 and S1A–S1C). Expanded B7H3 CAR-
NK cells and UT NK cells were co-cultured with glioblastoma cell
lines U87 MG (Figure 3A) and A172 (Figures 3B, S1A, and S1B)
(n = 7), or primary pediatric cell lines GBM-110 (Figure 3C) and
GBM-511 (Figures 3D and S1C) (n = 4), at different effector to target
ratios (E:T) and their target lysis was quantified using Celigo Imaging
Cytometer. Across all E:T ratios, CAR-expressing CB NK cells
showed increased killing of B7H3+ target cells compared with UT
NK cells for both adult and pediatric GBM cell lines (Figures 3A
and 3D). We observed that while there was donor-specific variation
in the baseline killing efficiency of UT NK cells (Figure S1), there
was a significant increase in the cytolytic activity of B7H3 CAR-NK
Molecular The
cells against the same target cells (p < 0.05). Pediatric GBM cell lines
seem to be more sensitive to killing by B7H3 CAR-NK cells in com-
parison with adult GBM lines (Figure S1).

CB NK cells also showed innate cytotoxicity, independent of CAR
expression, as demonstrated by the modest killing of targets by UT-
NK cells (Figure S1) via recognition of stress ligands expressed by
cancer cells. We also measured cytokine release by B7H3 CAR-NK
cells in the coculture supernatant harvested 24 h after cancer cell
exposure. Both B7H3 CAR-transduced (282.28 pg/mL ±95.02; p =
0.03) and UT-NK cells (162.22 ± 45.91 pg/mL; p = 0.04) showed
significantly increased interferon (IFN)-g secretion in response to
rapy: Methods & Clinical Development Vol. 27 December 2022 417
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Figure 2. CB NK cells are genetically modified to

express the B7H3 CAR and maintain their

expression of activating receptors

(A) Generation of CAR NK cells. (B and C) CB NK cells

were transduced with a retroviral vector encoding for the

B7H3 CAR. CD56+ NK cells (blue circular cells) selected

from CB were rested overnight in recombinant human

IL-15 (15 ng/mL) in Cell Genix Stem Cell Growth

Medium (with 10% FBS). The next day (day 0), NK cells

were stimulated with irradiated (100 Gy) clone 4 K562

cells (2:1 feeder cell:NK ratio) and IL-2 (200 IU/mL) and

IL-21 (25 ng/mL). Activated NK cells were transduced

with retroviral supernatants (red virus particles) on

day +4 in retronectin-coated plates. Three days later

(day +7), NK cells were stimulated again with irradiated

clone 4 K562 cells. On day +12, CAR-transduced NK

cells (blue cells with spikes) were collected for use.

Media change with IL-2 (200 IU/mL) and IL-21 (25 ng/

mL) was done every 2–3 days throughout the NK cells

culture duration. Illustration created using Biorender.

com. (B) Representative flow analysis of B7H3 CAR

expression on CB NK cells. (C) Transduction efficiency

of CB NK cells (n = 9). (D) Mean fold expansion of B7H3

CAR-NK cell products (n = 9). (E) The NK cell

phenotypes after 10 days of ex vivo expansion of UT CB

NK (black bar) cells versus B7H3 CAR (Red bar)

expressing CB NK cells are shown (n = 8). Bar shows

mean value. Individual point represents individual donor

and error bars represent standard deviation.
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U87 MG cells compared with non-stimulated control conditions/NK
cells alone conditions (B7H3 CAR-NK, 43.90 ± 18.73 pg/mL; UT NK,
17.04 ± 5.74 pg/mL) (Figure 3E).

In addition, a 72-h cytotoxicity assay revealed that B7H3 CAR-NK
cells generated a significantly higher target lysis at the low E:T ratio
(1:1 and 1:5) in comparison with UT-NK cells suggesting the
capability of this product to elicit multiple/serial killing (p < 0.05)
(Figure S2). Potent killing efficiency at the low E:T ratio also demon-
strated the potency of CAR NK cell products in high cancer cell load
conditions.

B7H3 CAR-NK cells are sensitive to TGF-b-induced immune

suppression by GBM cell lines

To test whether TGF-b is secreted by the GBM tumor microenviron-
ment (TME), cytokine levels were measured in supernatants harvested
from U87-MG cells cultured at different levels of confluencies. We
demonstrated that U87 MG cells do secrete different amounts of
TGF-b1, depending on cell confluence (Table 2). Despite showing the
anti-tumor activity of B7H3 CAR-NK cells against multiple GBM cell
418 Molecular Therapy: Methods & Clinical Development Vol. 27 December 2022
lines, we wanted to evaluate whether this potent
anti-tumor response would be impaired in a
TGF-b-rich immunosuppressive setting. As
shown in Figure 4A, the cytolytic activity of
B7H3 CAR-NK cells was significantly decreased
after exposure to exogenous TGF-b (p <
0.0001). Specifically, B7H3 CAR-NK cell-mediated lysis of U87 MG
target cells decreased from 89.73 ± 2.44% to 61.75 ± 3.42% in the pres-
ence of TGF-b at an E:T of 20:1 (p < 0.001) (Figure 4B) To elucidate the
mechanism that could account for this shift in CAR NK cell effector
function,25 we showed a decrease in the expression of NK cell activating
receptors including CD16 and NKG2D in the presence of exogenous
TGF-b, as shown in Figures 4C–4F.12,30,36 Specifically, themedian fluo-
rescence intensity (MFI) of NKG2D decreased from 16,422.00 ±

6,104.50 to 5,564.00 ± 1,712.16 for B7H3 CAR-NK cells after exposure
toTGF-b (n = 4) (Figures 4C and 4E). Similarly, in the presence ofTGF-
b, CD16 receptor MFI decreased from 32,820.00 ± 3,587.57 to
12,535.00 ± 3,669.77 for B7H3 CAR-NK cells (n = 4) (Figures 4D and
4F). In contrast, there was no downregulation of CAR expression on
NKcells after exposure to exogenousTGF-b, suggesting that expression
of the genetically engineered CAR is resistant to TGF-b-mediated
downregulation (Figure S3).

DNR abrogates TGF-b signaling in NK cells

Wenext hypothesized that blockingTGF-b signaling inB7H3CAR-NK
would rescue their effector function in the presence of TGF-b. Hence,

http://Biorender.com
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Table 1. CB NK cells genetically modified to express the B7H3 CAR maintain chemokine receptor expression

B7H3 CAR-NK UT-NK

Mean Median SD Mean Median SD

CD181 (CXCR1) 22.47 10.19 24.11 18.91 4.7 24.56

CD182 (CXCR2) 7.30 5.705 3.89 4.73 4.8 2.23

CD183 (CXCR3) 99.32 99.25 0.24 98.87 98.9 0.39

CD184 (CXCR4) 99.45 99.65 0.48 96.95 98.5 3.09

CD186(CXCR6) 20.52 18.15 8.41 23.73 20.7 12.00

CD191 (CCR1) 15.24 10.33 12.88 12.29 7.6 11.57

CD192 (CCR2) 12.93 8.68 9.08 9.65 8.6 3.81

CD193(CCR3) 76.53 84.3 19.65 52.73 42.9 29.12

CD194 (CCR4) 79.15 93.35 24.23 74.03 83.4 25.86

CD195 (CCR5) 86.63 91.8 11.24 80.57 84.3 17.99

CD196 (CCR6) 34.05 18.45 38.29 27.77 10.3 34.29

CD197 (CCR7) 83.32 97.95 24.26 75.57 95.9 32.56

CD198 (CCR8) 62.98 63.95 27.12 59.00 46.9 26.70

CD199 (CCR9) 23.75 26 10.19 13.56 12.6 5.17

CCR10 99.10 99.75 1.58 97.47 99.6 3.48

CCX-CCR (CCRL1) 72.62 63.8 17.13 64.63 53.4 24.08

CXCR5 79.87 89.65 17.50 62.20 72.6 25.54

CXCR7 62.73 64.1 27.65 59.98 50.7 24.99

XCR1 19.83 17.1 17.36 19.66 24.6 14.08

Data shown as percentage (%) mean, median, and standard deviation (S.D) of receptors expression (n = 6).
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we co-transduced B7H3 CAR-NK cells with a dominant-negative
TGF-b receptor.12,37 We have previously shown that gene engineering
T cells and NK cells with a dominant-negative TGF-b receptor effec-
tively abrogates TGF-b signaling, with a consequent lack of receptor
SMAD (SMAD2 and SMAD3) proteins phosphorylation required
for the production of immune-suppressive genes (Figure 5A).12,27,30,38

As shown in Figures 5B and 5C, we were able to successfully trans-
duce NK cells to express both the B7H3 CAR and the DNR with a
mean transduction efficiency of 72.21 ± 23.05% (n = 6) gated on
double-positive cells. To investigate whether co-transducing B7H3
CAR-NK cell with the DNR abrogated TGF-b-mediated signaling,
we cocultured UT, B7H3 CAR-transduced, DNR-transduced, and
DNR.B7H3 CAR co-transduced NK cells with exogenous TGF-b
(2 ng/mL). Cells were harvested 30 mins after TGF-b exposure and
phospho flow analysis was performed to characterize and quantify
intracellular protein expression. As shown in Figures 5D and 5E,
phospho flow analysis demonstrated rapid phosphorylation of
SMAD2/3 when UT NK cells (UT + TGF-b 94.83% ± 4.03% vs.
UT 1.96% ± 0.44%; p < 0.0001; n = 4) and B7H3 CAR-NK cells
(B7H3+TGF-b 95.70% ± 1.76% vs. B7H3 3.30% ± 1.38%;
p < 0.0001; n = 4) were exposed to TGF-b. In contrast, after TGF-b
exposure, phosphorylation of SMAD2/3 was not observed in NK cells
transduced with the DNR alone (DNR + TGF-b 13.43% ± 1.89% vs.
DNR 8.71% ± 0.77%; p = 0.19; n = 3) or in NK cells co-transduced
with the DNR.B7H3 CAR (DNR.B7H3+TGF-b 11.41% ± 5.43% vs.
Molecular The
DNR.B7H3 4.90% ± 2.48%; n = 4; p = 0.042) (Figures 5D and 5E).
These results confirmed that while SMAD2/3 phosphorylation is up-
regulated in UT-NK and B7H3, CAR-NK cells in the presence of
TGF-b the DNR was able to inhibit SMAD2/3 phosphorylation in
both DNR NK cells and DNR.B7H3 CAR-NK cells.

Co-transducing NK cells with the DNR and B7H3 CAR rescues

B7H3 CAR-NK cell cytolytic activity in the presence of TGF-b

We next investigated whether DNR-expressing B7H3 CAR-NK cells
could maintain their enhanced cytolytic activity against B7H3-pos-
itive targets after exposure to TGF-b. UT-NK and B7H3-CAR, DNR
and DNR.B7H3-CAR-expressing NK cells were cultured for 5 days
in the presence or absence of TGF-b (5 ng/mL). After 5 days of
treatment with TGF- b, the cytotoxic activity was evaluated using
the Celigo Imaging Cytometer system (Figures 6A and 6B). After
exposure to TGF-b, the ability of the UT-NK cell to kill the U87
cell line was significantly decreased from 69.67% ± 4.62% to
41.17% ± 3.97% at an E:T ratio of 20:1 (p = 0002; n = 3)
(Figures 6A and 6B). Further, B7H3 CAR-NK cell target lysis
decreased from 89.73% ± 2.44% to 61.75% ± 3.42% in the presence
of TGF-b (p = 0.002) (Figures 6A and 6B) at an E:T ratio of 20:1. In
contrast, DNR-transduced NK cells cultured in the presence of
TGF-b maintained their cytolytic capability (p = 0.86) and
DNR.B7H3 CAR-NK cells also retained their enhanced cytolytic ac-
tivity against B7H3+ U87 MG cells (p = 0.99) (Figures 6A and 6B) at
an E:T ratio of 20:1.
rapy: Methods & Clinical Development Vol. 27 December 2022 419
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Figure 3. B7H3 CAR-NK cells show potent cytolytic activity against multiple GBM cell lines in vitro

(A–D) Cytotoxic activity summary of B7H3 CAR-NK (red) versus UT-NK cells (black), as measured by a 4-h cytotoxicity assay, against adult GBM cell lines (A) U87 MG

(n = 7), and A172 cells (n = 7) and primary pediatric GBM lines (C) GBM-110 (n = 4) and (D) GBM-511 (n = 4). Representative data from the same donor are shown. (E)

B7H3 CAR-NK and UT-NK showed enhanced IFN-y secretion in response to the U87 MG cell line. The red bar represents NK cells cocultured with U87 MG cells and the

black bar represents NK cell cultured alone conditions (n = 3). Individual points represent the mean of replicates, and the error bars represent standard deviation.

(*p < 0.05, all comparisons). The p values were generated by the Holm-Sidak multiple comparison test after one-way analysis of variance. For more donors, see

Figure S1.
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We also investigated whether NK cell activating receptor expression
was preserved in NK cells co-transduced with the DNR and B7H3
CAR in the presence of exogenous TGF-b. Our results demonstrate
that the DNR was able to mitigate the downregulation of CD16 and
NKG2D receptors in DNR NK cells and DNR.B7H3 CAR-NK cells
(Figure 6) in the presence of TGF-b. This is in contrast to NKG2D
420 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
(Figures 6C and 6E) and CD16 (Figures 6D and 6F) receptor
downregulation observed in UT NK and B7H3 CAR-NK cells in
the presence of TGF-b (n = 4; CD16, DNR.B7H3 CAR-NK vs.
B7H3 CAR-NK [p < 0.0001]; NKG2D, DNR.B7H3 CAR-NK vs.
B7H3 CAR-NK [p = 0.005]; CD16, DNR NK vs. UT-NK [p %

0.0001]; NKG2D-DNR NK vs. UT NK [p < 0.0001]).
ber 2022



Table 2. TGF- b1 level in U87 cell MG cells at different levels of confluency

Confluency Mean TGF-b 1 conc (pg/mL) SD

90%–100% 316.7528 13.86

70%–80% 427.7014 82.10

60% 759.0877 137.52

50% 243.4502 82.64

Serum-free media 0

Data shown as mean and standard deviation (S.D) of receptors expression (n = 2).
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We also evaluated whether the DNR.B7H3 CAR-NK cell product
would maintain cytolytic activity in the presence of conditioned me-
dia collected from the U87MG cells line compared with NK cell prod-
ucts not expressing the DNR. We observed that B7H3 CAR-NK cells
elicited decreased target cell lysis (61.81% ± 8.32%) after 24 h co-cul-
ture in comparison with DNR.B7H3 CAR-NK cells (75.21% ±

17.50%) at a 1:1 E:T ratio. Both untreated B7H3 CAR-NK cells
(95.33% ± 5.70%) and DNR.B7H3 CAR-NK cells (99.39% ± 0.35%)
(used as controls) showed equivalent target lysis at the 1:1 E:T ratio
(Figure S4).

We then investigated whether the potent cytolytic activity of the
DNR CAR-NK cell product persisted after repetitive cancer cell
and TGF-b restimulation. We cocultured TGF-b-treated and un-
treated NK cells with U87 MG cells for 72 h at E:T ratios of 5:1
and 1:1. After 72 h, target lysis was recorded and NK cells were re-
stimulated with targets with or without TGF-b (Figure 7A). Repet-
itive restimulation with TGF-b at a concentration of 5 ng/mL was
performed to saturate the system (and was intentionally above the
clinically reported concentration of active TGF-b detected in GBM
patients, 0.60 ± 2.30 ng/mL).39 Conditions (transduced versus UT
NK cells; with or without TGF-b) with a target lysis of less
than 30% were removed from the next round of stimulation,
because we assumed that these cells had already lost their effector
functions.

At the 1:1 E:T ratio, we observed that all transduced NK cells
(DNR.B7H3-100.53% ± 0.17%, DNR-98.51% ± 1.83%, and B7H3
CAR-94.20% ± 1.01%) showed robust killing in comparison with
UT-NK (61.23% ± 1.91%; p < 0.05), only after the first stimulation
with U87 MG cells (Figure 7B). However, DNR.B7H3 CAR-NK
cells also showed significantly higher target lysis compared with
the B7H3 CAR-NK cells (p < 0.05) (Figure 7B). Moreover, after
the second stimulation, DNR.B7H3 CAR-NK cells (91.93% ±

1.86%) maintained their significantly higher target killing efficiency
in comparison with the B7H3 CAR-NK (33.75% ± 20.47%; p < 0.05)
and UT-NK (5.69% ± 2.90%; p < 0.05) cells (Figure 7B). DNR.B7H3
CAR-NK cell products also showed higher target lysis in compari-
son with DNR NK cell products (73.337% ± 9.49%). When the
NK cell products were TGF-b treated, there was lower target lysis
elicited by B7H3 CAR-NK cells after both the first and second stim-
ulations, in comparison to DNR.B7H3 CAR-NK cells and DNR NK
cells (p < 0.05).
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In experiments conducted using U87 MG cell line restimulations at
the 5:1 E:T ratio, we observed persistent and robust target lysis by
DNR.B7H3 CAR-NK products even after the fourth stimulation,
while other conditions showed a gradual loss in cytolytic function
(Figure 7C). Specifically, DNR NK, B7H3 CAR-NK cells, and UT
NK cells showed significantly less target lysis compared with
DNR.B7H3 CAR-NK cells after the fourth stimulation (p < 0.05).
Further, in conditions using cancer cells plus TGF-b restimulation
at the 5:1 E:T ratio, we observed a complete loss of effector function
in both the UT and B7H3 CAR-NK cell products after restimulation.
In contrast, DNR.B7H3-CAR-NK and DNR NK cells showed signif-
icant resistance to TGF-b-mediated blunting of effector function even
after the fourth restimulation compared with B7H3 CAR-NK
cells and UT-NK cells (p < 0.05) (Figure 7C). In summary, these
results further confirm that the DNR abrogates the negative
signaling of TGF-b in DNR.B7H3 CAR-NK cell products and
B7H3 CAR NK cells are resistant to TGF-b-mediated immune sup-
pression only when engineered to co-express a DNR receptor (n =
6) (Figure 6).

DISCUSSION
B7H3 CAR-T cells have shown potent antitumor activity against
GBM in preclinical models.20–22 However, autologous cell therapy
products can be complex and time consuming to manufacture, espe-
cially when generated from highly immune-suppressed patients.
Conventional abT cells have limitations in the off-the-shelf setting
because allogeneic abT cell products can pose a serious risk of
GVHD40 and additional engineering to knockout the TCR to
manage GVHD may be required.41–43 NK cells and gdT cells are
an attractive alternative for CAR-based immunotherapies, especially
in an allogeneic off-the-shelf setting.44,45 NK cells have an innate
ability to detect and eliminate malignant cells and may be safer in
the off-the-shelf setting because of the low rates of GVHD observed
with adoptively transferred allogeneic NK cells in numerous clinical
settings.46 Like NK cells, gdT cells also elicit MHC-independent
anti-tumor responses.47 Similar to NK cells, they express the
NKG2D receptor to recognize malignant cells and they mediate
cytotoxicity via the granzyme-perforin axis and antibody (Ab)-
dependent cellular cytotoxicity via FcgRIII (CD16) expression.48

However, unlike NK cells, expansion of gdT cells is still limited
and insufficient numbers for clinical use have been reported, which
is a major hurdle for their broad applicability as an off-the-shelf
adoptive cell therapy.47,49

In this study, we demonstrate that NK cells naturally express recep-
tors for the stress ligands present on GBM adult and pediatric cell
lines and exhibit cytolytic ability against GBM cells in vitro. Addition-
ally, we show that CB-derived NK cells can be gene engineered to ex-
press a B7H3 CAR. Here, we demonstrated that these CAR-engi-
neered NK cells are highly cytolytic against GBM cell lines and
primary GBM cells in vitro. However, we also observed that B7H3
CAR-NK cells are susceptible to the loss of effector function mediated
by TGF-b within the TME and this susceptibility can be rescued by
co-transduction with a DNR.
rapy: Methods & Clinical Development Vol. 27 December 2022 421
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Figure 4. TGF-b-mediated immune suppression in CAR-NK cells

Exogenous TGF-b decreases the cytolytic activity of B7H3 CAR-NK cells by downregulating NK cells’ endogenous receptors. (A) Percentage of U87 MG lysis by TGF-

b-treated (dashed lines) and untreated or control (solid lines) by UT-NK (black line) and B7H3 CAR-NK cells (red line). Representative experiment example out of n = 3 lines

generated. (B) The mean specific U87 MG cells lysis at 20:1 E:T ratio. Red bar represents the NK cell’s target lysis in presence of TGF-b and the black bar represents the NK

cell’s lysis in absence of TGF-b. The individual point represents the individual donor and error bars represent the standard deviation. (C and D) Representative surface

expression NKG2D (C) and of CD16 (D) on UT-NK and B7H3 CAR-NK cells after culture in the presence (red histogram) or absence (blue histogram) of TGF-b (5 ng/mL). (E

and F) Mean MFI of CD16 (F), NKG2D (E) for UT-NK and B7H3 CAR-NK cells after culture in the presence or absence of TGF-b (5 ng/mL) (n = 4). Red bar represents the NK

(legend continued on next page)
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Both UT and CAR-expressing NK cells showed increased secretion of
IFN-g in response to U87 MG cells, confirming that NK cells have an
innate ability to recognize cancer cell stress ligands without the need
for prior sensitization. This could represent an advantage for NK cells
over conventional abT cells for CAR-based immunotherapies since
the innate ability of NK cells to recognize and kill tumor cells remains
intact, even in the setting of tumor immune evasion with loss of the
tumor antigen targeted by the CAR.50

UT-NK cells are, however, sensitive to the immune-suppressive,
TGF-b rich TME.12,27,29,30,36 To our knowledge, this study is the first
to demonstrate that CAR-transduced NK cells are not immune to
TGF-b-mediated immune suppression. We showed that the cytolytic
activity of B7H3 CAR-transduced NK cells was significantly
decreased in the presence of exogenous TGF-b against the U87
GBM cell line. However, this decrease in effector function was not
related to a downregulation of CAR expression since B7H3 CAR-
NK cells retained their CAR expression after exposure to exogenous
TGF-b. This observation indicates that the CARmoiety is more stably
expressed on the NK cell surface and, therefore, less susceptible to
downregulation and recycling, unlike endogenous receptors (e.g.,
NKG2D, DNAM1, and CD16). The stable expression of the CAR
moiety is often attributed to the hinge and transmembrane do-
mains.51 The use of the CD8a transmembrane domain in our
construct may be a factor contributing to the transduction effi-
ciencies. This would need further investigation. Further, it would be
interesting to study the effect of TGF-b on CARs with different trans-
membrane domains and hinge regions. These observations could
educate us about the ideal CAR design for TGF-b-rich solid tumors
and will be explored in future studies.

In contrast with the stable CAR expression, we observed a significant
downregulation of NK cell-activating receptors expressed by B7H3
CAR-NK cells in the presence of TGF-b. Therefore, we posit that
the decreased cytolytic function of B7H3 CAR-NK cells is linked
to the downregulation of activating NK cells receptors, suggesting
that the innate cytolytic activity of NK cells also contributes to the
anti-tumor potency of CAR-engineered NK cell products. This obser-
vation is potentially useful when designing next generation engi-
neered NK cell therapies.

Our group has previously shown that a mutant TGF-b receptor 2
(DNR) can effectively protect CB-derived NK cells against the detri-
mental effects of TGF-b.12,27,30 Building on this experience, we genet-
ically engineered NK cells to co-express a B7H3 CAR and a DNR to
overcome the immune suppressive effects of TGF-b-mediated
signaling. We demonstrated that expression of the DNR on B7H3
CAR-NK cells abrogated the TGF-b signaling cascade. This cascade,
initiated by phosphorylation of Smad2/3, ultimately decreases surface
receptor expression with consequent impairment of the antitumor
cell’s meanMFI in presence of TGF-b and the Black bar represents the NK cell’s meanM

bars represent the standard deviation. (*p < 0.05, all comparisons). (B) The p values we

variance. (E and F) The p values were generated by the Mann-Whitney test.
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effector functions of our CAR NK cells. In this study, we show that
DNR-expressing B7H3 CAR-NK cells are resistant to the inhibitory
effects of TGF-b. Since DNR.B7H3 CAR-NK cells preserved their
NK cell-activating receptor expression in the presence of exogenous
TGF-b, these unique cell products could also retain their enhanced
cytolytic activity against TGF-b -secreting GBM cells in vitro.

When administering adoptive immunotherapy, several cell injection
or delivery routes (e.g., intravenous injection, focal injection via the
feeding vessels of the tumor, and direct intratumoral injection) may
be selected. Intravenous injection is generally preferred for the deliv-
ery of adoptive cell therapies, including NK cells, since previous
studies have shown that intravenously injected NK cells can migrate
into tumor tissues. However, only a low number of NK cells localized
to the tumor sites even at high NK cell doses. Furthermore, Holladay
et al. have shown that intravenously injected NK cells failed to exert
antitumor activity against established intracerebral gliomas.52,53

Moreover, intratumoral/intracavitary T cell therapies have success-
fully achieved tumor regression in some cases.54–58 It is therefore
posited that direct injection into a tumor cavity could lead to direct
cytotoxicity and this will be explored in our future work.

In summary, we have shown that TGF-b-rich GBM cells suppress
CAR-NK cell effector functions in vitro, which can be overcome
by co-expressing a dominant-negative receptor for TGF-b. We
have successfully demonstrated the feasibility of CAR and DNR
co-expression in NK cells, and these products have enhanced po-
tency against GBM cells. We assert that utilizing a strategy to co-ex-
press a TGF-bRII DNR and a CAR on NK cells may be a promising
therapeutic advance for the treatment of GBM and other TGF-
b-secreting solid tumors.

MATERIALS AND METHODS
Experimental model and subject details

Cell lines and cell culture

U87 MG cells and A172 cells were purchased from ATCC. U87 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM):F12
media (1:1) (ThermoFisher Scientific) with 10% FBS and 1% Gluta-
max. A172 cells were cultured in DMEM high glucose media
(ThermoFisher Scientific) with 10% fetal bovine serum (FBS) and
1% Glutamax. GBM-110 and GBM 511 FHTC primary pediatric can-
cer cell lines were purchased from Fred Hutchinson Cancer Research
Center and grown in predefined serum-free neural stem cell medium,
supplemented with epidermal growth factor and fibroblast growth
factor, on laminin (ThermoFisher Scientific) coated plates. Tissue cul-
ture plates were coated with 1 mL laminin working solution prepared
in phosphate-buffered saline (PBS) (10 mg/mL) and incubated at 37�C
for a minimum of 1 h. Plates were washed once with PBS before seed-
ing cells. Membrane-bound interleukin 15 (IL15) and 41BB ligand-
expressing K562 cells were kindly provided by Dr. Dario Campana
FI in absence of TGF-b. The individual point represents the individual donor and error

re generated by the Holm-Sidak multiple comparison test after two-way analysis of
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Figure 5. DNR abrogates TGF-b signaling in NK cells

(A) Schematic depicting the effects of TGF-b binding to the receptor complex: UT NK cells express the wild-type TGF-bRII, which, when engaged with soluble TGF-b in the

TME, initiates a signaling cascade that culminates in impaired NK cell phenotype and cytotoxicity. NK cells transduced with the DNR variant TGF-b receptors alter the

intracellular signaling and allow for maintained or enhanced NK cell phenotype and cytotoxicity in the setting of tumor-associated TGF-b. Illustration created using Biorender.

com. (B) CB NK cells can be genetically modified to co-express the B7H3 CAR and DNRII. (C) Representative flow analysis for B7H3 CAR and TGF-b RII expression on NK

cells. (Right) Results for the transduction efficiency of CB-NK cells (n = 6). (D and E) Inhibition of SMAD2/3 phosphorylation by TGF-b in CB-NK cells expressing DNRII. (D)

Representative flow analysis showing the pSMAD2/3 expression in UT-NK and transduced NK cells after exposure to exogenous TGF-b (red histogram) in comparison to

non-treated NK cells (blue histogram). (E) Mean upregulation (%) of the pSMAD2/3 in NK cell products (n = 3) after culture in the presence (red bar) or absence (black bar) of

TGF-b (2 ng/mL). The individual point represents the individual donor and error bars represent standard deviation. (*p < 0.05, all comparisons.) The p values were generated

by the Holm-Sidak multiple comparison test following two-way analysis of variance.
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(St. Jude Children’s Research Hospital, Memphis, TN) and cultured
in RPMI 1640 media (ThermoFisher Scientific) with 10% FBS and
1% Glutamax. We purchased 293T cells from ATCC and were grown
in DMEM high glucose media with 10% FBS and 1% Glutamax. Sam-
ples were obtained under the guidelines of the Institutional Review
Board at CNH - Pro0004033 and CR00000266.

Plasmid construction and retrovirus production

Generation of the retroviral vector encoding the truncated human
type II TGF-b receptor (DNRII)12,38 and B7H3 CAR20,21 has been
previously described (Figures S6A and S6B). Briefly, for the DNRII
retrovirus vector, a cassette encoding the DNRII transgene from
Dr. Joan Massagué’s group was cloned into an SFG retroviral vector
424 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
(Figures S6B and S6C).59 Transient viral supernatant generated using
the Phoenix-eco cell line was used to transduce (using multiple
rounds of transduction) the packaging cell line PG13. PG13 retrovirus
supernatant encoding the DNRII transgene was harvested and stored
at �80�C until needed. B7H3.CAR.SFG retrovirus was kindly pro-
vided by Dr. Barbara Savoldo.20,21

Transduction and expansion of NK cells

We used a B7H3 CAR derived from the B7H3 376.96 mAb (Fig-
ure S6A).60,61 Du et al. have previously shown that this B7H3 CAR
recognizes tumor cells expressing either the 2Ig-B7H3 or 4Ig-B7H3
isoform of human B7H3.21 CB units for research were provided by
the INOVA CB Bank (IRB Pro00003869) or were purchased from
ber 2022
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Figure 6. Co-transducing NK cells with DNR and B7H3-CAR rescues B7H3-CAR NK cell cytolytic activity in the presence of TGF-b

(A) Representative experiment out of n = 5 NK cell products generated, show the percentage of U87 MG target lysis by NK cells cultured in the presence (red lines) and

absence (black lines) of TGF-b. The individual point represents amean of the replicates. The error bars represent the standard deviation. (B) Themean target cells lysis in (n = 5

in each group) presence (red bar) or absence (black bar) of TGF-b (5 ng/mL). (C and D) Representative surface expression of NKG2D (C) and CD16 (D) for UT-NK versus

transduced NK cell products after culture in the presence (red histogram) or absence (blue histogram) of TGF-b. (E and F) Mean percent MFI decrease in NKG2D (E) and

CD16 (F) receptor expression in transduced versus UT-NK cell products after culture in the presence or absence of TGF-b (n = 4). Seematerials andmethods for percent MFI

calculation. The individual point represents each donor and error bars represent standard deviation (*p < 0.05, all comparisons). The p values were generated by the Holm-

Sidak multiple comparison test following two-way analysis of variance.
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Figure 7. DNR and B7H3 co-transduced NK cells show persistent cancer cell lysis after restimulation

Representative example of the cytotoxic activity of UT-NK (black), B7H3 CAR-NK (red), DNR NK (green), and DNR.B7H3 CAR-NK cells (purple) from the same donor, as

measured by a luciferase cytotoxicity assay after repetitive tumor and TGF-b restimulation (n = 2). (A) Schematic illustrating the experiment design (created using Biorender.

com). (B) Target lysis by NK cells at 1:1 E:T ratio after each tumor with or without TGF-b restimulation. (C) Target lysis by NK cells at the 5:1 E:T ratio after each tumor with or

without TGF-b restimulation. Individual points represent the mean of the replicates, and the error bars represent the standard deviation (*p < 0.05, all comparisons). (B) The p

values were generated using the Kruskal-Wallis test. (C) The p values were generated using the Holm-Sidak multiple comparison test after two-way analysis of variance.
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STEMCELL Technologies and Organa Bio. CBMNCs were isolated by
density-gradient centrifugation (Lymphoprep, STEMCELL Technolo-
gies). Isolated NK cells were expanded from CB MNCs in Stem Cell
GrowthMedia (CellGenixGMPSCGM) supplementedwith human re-
combinant IL-2 (200 IU/mL, R&D System) and IL-21 (25 ng/mL, R&D
System) as previously described.62 NK cells were transducedwith B7H3
CAR20orwith theDNRII retrovirus as previouslydescribed.30,38 For co-
transduction, NK cells were transduced with B7H3 CAR and DNR
retrovirus supernatants by sequential spinoculation (Figure S6D).

Transduction of cancer cell lines

U87MG and A172 GBM cell lines were transduced with pCDH-EF1a-
eFFly-mCherry lentivirus plasmid. pCDH-EF1a-eFFly-mCherry was a
gift from Irmela Jeremias (Addgene plasmid # 104833; http://n2t.net/
addgene:104833; RRID:Addgene_104833).63 Briefly, 2� 106 293Tcells
were seeded in T75 flask and transfected with the plasmid mixture of
the lentiviral vector, the pCDH-EF1a-eFFly-mCherry along with
RTR2, VSVG, pCAG KGP1 (kindly provided by Dr. Allistair Abraham
426 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
andSt JudeChildren’s ResearchHospital) using the lipofectamine 3000
(ThermoFisher Scientific) according to themanufacturer’s instruction.
Supernatant containing the lentivirus was collected at 72 h after trans-
fection and filtered with 0.45-mm filters. Virus culture media (VCM)
was frozen and stored at �80�C. One day before transduction,
50,000–75,000 cells were seeded in a 24-well plate. The next day, cell
culture media was replaced with 2 mL prepared lentivirus VCM per
well with 10mg/mLpolybrene (Millipore Sigma). Expressionwasdeter-
mined 72 h after transduction by flow cytometry. mCherry-expressing
cells were sorted to ensure 100% purity. Themultiplicity of infection of
pCDH-EF1a-eFFly-mCherry Lentivirus was not determined for this
study but is being evaluated for future studies. Further, while it is un-
clear whether the transduction efficiency (77.5%) will pose a potential
risk, future in vivo studies will evaluate this question in greater detail.

Flow cytometry

NK cell phenotype and chemokine receptor expression were assessed
by flow cytometry using antibodies specific for human CD3, CD16,
ber 2022
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CD25, CD56, CD57, CD69, NKp30, NKG2D, B7H3, PD-1, and
TIM3, and PD-1, CCX-CKR (CCRL1), CD195 (CCR5), CD198
(CCR8), CXCR7, CD184 (CXCR4), CD185 (CXCR5), CD193
(CCR3), CD197 (CCR7), CD183 (CXCR3), CD192 (CCR2), CD199
(CCR9), XCR1, CD181 (CXCR1), CD191 (CCR1), CD196 (CCR6),
CCR10, CD182 (CXCR2), CD186 (CXCR6), CD194 (CCR4) (from
BD bioscience, ThermoFisher Scientific, and Biolegend) conjugated
with BV421, BV510, BV605, BV650, FITC, AF488, PerCP-cy5.5,
PE, PE-cy7, APC, and APC-cy7 fluorochromes. B7H3 ligand and
NK cell receptors on human GBM cell lines were assessed by anti-
bodies specific for B7H3, MICA/MICB, PVR and B7H6 (Biolegend
and ThermoFisher Scientific). Antibody clones and manufacturer’s
details can be found in Table S1. Expression of B7H3 CAR was de-
tected using two step staining. Briefly, CAR NK cells were stained
with recombinant human B7H3 Fc Chimera Protein purchased
from R&D and then stained with secondary F(ab’)₂ Fragment Goat
Anti-Human IgG (H + L) purchased from Jackson Immunoresearch
to detect the B7-H3 protein. To distinguish between live and dead
populations, samples were stained with Fixable Viability Dyes
(ThermoFisher Scientific). After that, samples were fixed using BD
Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences).
Expression of DNRII was determined by quantifying the increase in
TGFBRII expression on transduced NK cells in comparison with
UT NK cells. Samples were acquired with CytoFLEX, Research
Flow Cytometry (Beckman Coulter). For each sample a minimum
of 10,000 events were acquired and data were analyzed using
FlowJo 10.

Short-term cytotoxicity assay

The Celigo Imaging Cytometer based cytolytic assay was performed
to determine the cytolytic activity of transduced NK cells at 4 h, as
previously described.64,65 Briefly, B7H3+ targets were labeled with
Calcein AM dye (Invitrogen). After staining, targets were cocultured
with transduced and UT control NK cells in a flat-bottom microplate
at E:T ratios of 10:1, 5:1, and 1:1. Live cells were detected by imaging
plates after 4 h of incubation using the Celigo Imaging Cytometer sys-
tem. “Target lysis” was calculated according to the manufacturer’s
recommendations as follows:

%Target lysis = 1 � # Calcein AM Target cells with Effector cell
# Calcein AM Target cells without Effector cell

� 100

Signaling assessment of NK cells after exposure to TGF-b

TGF-b was purchased from PeproTech, and stock solution was pre-
pared at a concentration of 50 ng/mL and stored at �80�C until
needed. Before using TGF-b with NK cells, stock solution was diluted
1/10 in HCl (4 mmol/L) for a final concentration of 5 ng/mL and incu-
bated for 30 min at room temperature as previously described.12

NK cells were serum starved overnight and were then treated
with 2 ng/mL TGF-b for 30 min. To distinguish between live
and dead populations, samples were stained with Fixable Viability
Dyes (ThermoFisher Scientific). Cells were then fixed by adding
fixation buffer (BioLegend 420801) and permeabilized with True
Phos perm (BioLegend 425401) for 1 h. Subsequently, cells
Molecular The
were stained with antibodies to SMAD2 (pS465/pS467)/SMAD3
(pS423/pS425), CD3, CD56, and TGFBRII. Samples were then ac-
quired using the CytoFLEX, Research Flow Cytometer (Beckman
Coulter). For each sample, a minimum of 10,000 gated events in live
cell populations were acquired and data were analyzed using FlowJo 10.

Phenotypic and functional assessment of NK cells after

exposure to TGF-b

NK cells were cultured with 5 ng/mL TGF-b (activated with 4mmol/L
HCl) added on days 1 and 3. After 5 days of treatment, NK cells were
examined by flow cytometry and cytotoxicity assays. The cytolytic
ability of the NK cell products after exposure to TGF-b was deter-
mined using the Celigo Imaging Cytometer cytotoxicity assay as
described previously.66,67 The %MFI decrease for NKG2D and
CD16 NK cells receptors is calculated as follows:

%MFI decrease =
NK cells MFIwith out TGF� b � NK cells MFIwith TGF� b

NK cells MFIwith out TGF� b

Repeat stimulation of B7H3.DNR CAR-NK

We plate 5 � 103 effector cells at a 1:1 E:T ratio with firefly luciferase
expressing U87 MG cells, in the presence and absence of exogenous
TGF-b. Three days later, antitumor activity was determined by a
luciferase-based assay as previously described.66,67 Fresh U87 MG
cells and TGF-b were added to the restimulated CAR-NK cells after
the luciferase reading.

TGF-b1 ELISA of U87 cells conditioned media

To measure TGF-b1 concentrations secreted by the GBM cell line,
U87 MG cells were allowed to grow to different levels of confluency.
Before collection, culture media was changed to serum free media. Su-
pernatants were collected after 24 h and were frozen at �80�C for
batch analysis using the TGF-b1 ELISA kit from R&D Systems.
The kit was run according to the manufacturer’s protocol and the
TGF-b1 concentration determined using the provided standards.

Quantification and statistical analysis

Measurements were summarized as mean ± standard deviation as
noted in the figure legends. Experimental sample numbers are indi-
cated in the figure legends. Normality was determined using the
Shapiro-Wilk test. For normally distributed data, analysis of variance
or Welch’s t-test (unequal variances t-test) were used to compare
quantitative differences (mean ± standard deviation) between groups.
The Holm-Sidak t-test was used for multiple comparison; p values
were two-sided; A p value of less than 0.05 was considered a signifi-
cant difference. Whenever the data were not normally distributed,
means were compared using the Kruskal-Wallis test (for multiple
comparison) or the Mann-Whitney test with error correction (be-
tween groups). The indicated statistical tests were performed using
GraphPad Prism software.
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