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Gamma delta T (y3T) cells are innate-like lymphocytes with strong, MHC-unrestricted cytotoxicity against cancer cells
and show a promising prospect in adoptive cellular immunotherapy for various malignancies. However, the clinical
outcome of commonly used Vy9Vd2 y8T (V32 T) cells in adoptive immunotherapy for most solid tumors is limited. Here,
we demonstrate that freshly isolated V81 3T (V81 T) cells from human peripheral blood (PB) exhibit more potent
cytotoxicity against adherent and sphere-forming human colon cancer cells than V&2 T cells in vitro. We also develop an
optimized protocol to preferentially expand V81 T cells isolated from PB of both healthy donors and colon cancer
patients by in vitro short-term culture with phytohemagglutinin (PHA) and interleukin-7 (IL-7). Expanded V&1 T cells
highly expressed cytotoxicity-related molecules, chemokine receptors and cytokines with enhanced cytolytic effect
against adherent and sphere-forming colon cancer cells in a cell-to-cell contact dependent manner. In addition, PHA and
IL-7 expanded V&1 T cells showed proliferation and survival advantage partly through an IL-2 signaling pathway.
Furthermore, ex vivo expanded V31 T cells also restrained the tumor growth and prolonged the tumor-burdened survival
of human colon carcinoma xenografted mice. Our findings suggest that human PB V31 T cells expanded by PHA and IL-
7 are a promising candidate for anticancer adoptive immunotherapy for human solid tumors such as colon cancer.

Introduction

Human y8T cells, comprising between ~0.5% and 16% of
total CD3" cells in PB,"? are innate-like lymphocytes without
MHC-restriction, which can be rapidly activated by conserved
stressed-induced ligands.” It has been reported that VyoVd2
vOT (V82 T) cells, the predominant human PB y8T cell subset
(> 70%),* are capable of killing a fraction of hematological
malignancies iz vitro.” A decade after the first adoptive immuno-
therapy for lymphoid malignancies reported by Wilhelm, M.
et al.,° many efforts have been made to improve V82 T cell-based
adoptive immunotherapy for cancer.””® However, clinic trials of
V82 T cell-based adoptive immunotherapy for solid tumors

. . o_
show limited success.” !

In contrast to V32 T cells, human V81 ydT (V31 T) cells
primarily distribute in tissues such as gut epithelia, dermis,
spleen, and liver, and constitute less than 30% of ydT cells in
PB.*"? It is reported that tissue-resident V81 T cells recognize
antigens (Ags) expressed by epithelium-derived tumor cells.'®'*
As a minority subset, human PB V81 T cells have received less
attention than V82 T cells in the past. However, recent studies
report that PB V81 T cells can eradicate cancer cells of both

15,16 . .
>1¢ and solid tumors iz vitro, par-

hematological malignancies
ticularly tumors of epithelium origin.'”'® Therefore, we
hypothesize that human PB V31 T cells provide antitumor
potential by recognizing cell surface Ags on tumor cells to pro-
mote cytolysis, and may potentially serve as an alternative candi-

date for y8T cell-based anticancer adoptive immunotherapy,
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particularly for tumors of epithelium origin such as colon
cancer.

In this study, we found that freshly isolated human PB V81 T
cells had substantially better killing activity against both adherent
and sphere-forming human colon cancer cells than V82 T cells.
Moreover, we demonstrated that human PB V81 T cells derived
from both healthy donors and colon cancer patients could be
preferentially expanded by PHA and IL-7 with enhanced cyto-
toxicity. Furthermore, ex vivo expanded V81 T cells were more
efficient in killing adherent and sphere-forming colon cancer cells
than Zoledronate (Zol) and IL-2 expanded V82 T cells. Our pro-
tocol also had remarkable advantage in promoting the prolifera-
tion and survival of human PB V81 T cells via cooperation of IL-
2 and IL-7 signaling pathway. These expanded V31 T cells also
restrained tumor growth and prolonged the survival of human
colon carcinoma xenografted mice. Taken together, our study
suggests that human PB V81 T cells are potent better cancer
killer cells than V82 T cells, and a novel strategy to expand V81
T cells with PHA and IL-7 provides potential translation pros-
pect of ydT cell-based adoptive immunotherapy for colon
cancer.

Results

Freshly isolated human PB V81 T cells are more potent
cancer killing cells than V&2 T cells

It is reported that both human PB V81 and V82 T cells show
cancer killing activity iz vitro.">'® However, the phenotypic and
cytolytic differences between these two subsets of human PB y8T
cells are still unclear. We found V81 T cells were about 1-10%
of human PB 8T cells (Fig. 1A). We found that fresh human
PB V381 T cells expressed higher level of CD69 than V82 T cells
(Fig. 1B). In addition, the expression levels of CD107a, Perforin,
GranzymeB, TRAIL, CD57, HLA-DR were higher on V81 T
cells, whereas the expression levels of DNAM-1, CD56, TNF-a,
IFNy were higher on V82 T cells (Fig. 1C). V31 T cells also
highly expressed chemokine receptors including CCR4, CCRO,
CCR7, CXCR1, CXCRS5, and CXCR7 compared to V82 T cells
(Fig. 1D), implying unique trafficking profiles for V81 T cells.
There was no significant difference in the expression of other sur-
face markers or cytokines (Figs. SIA-C).

Next, we examined their killing activity against adherent and
sphere-forming human colon cancer cells. Fresh V81 and V82 T
cells were sorted from human peripheral blood mononuclear cells
(PBMCs) and the purity was above 90% (Fig. S1D). The colon
cancer sphere-forming cells showed cancer stem cell (CSC) prop-
erties, including sphere morphology, expression of stem cell
related genes, and 7z vivo tumorigenicity (Fig. S1IF-I). In vitro
cytotoxicity assay showed that freshly isolated human PB V81 T
cells killed significant more cancer cells derived from three differ-
ent colon cancer cell lines and counterpart sphere-forming cells
than V82 T cells at the same effect : target (E:T) ratio (Fig. 1E).
Moreover, fresh V81 T cells from PB of colon cancer patients
also show higher tumoricidal activity against colon cancer cell
line HT29 than paired V82 T cells (Fig. S1E). Taken together,
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these data indicate that human PB V&1 T cells are a unique y8T
cell subset with specific phenotype, which have more potent kill-
ing activity against adherent and sphere-forming human colon
cancer cells than V82 T cells iz vitro.

V81 T cells are preferentially expanded by PHA and IL-7
with enhanced cytotoxicity against colon cancer

Since V81 T cells show high cytotoxicity but is a minor
subset of human PB y8T cells, protocols aim to achieve suffi-
cient V31 T cells number for cancer adoptive immunotherapy
are needed. Upon stimulation with PHA and IL-7 for 14 d,
we found that V81 T cells in purified PB 8T cells
(Fig. S2A) from 10 different donors were selectively enriched
(average percentages from approximately 10% to 80%), but
the percentages of V82 T cells decreased significantly
(Fig. 2A). Next, we noted that PHA and IL-7 induced V81 T
cell proliferation, but not V82 T cell (Fig. 2B). In addition,
we found that the expression levels of CD107a, GranzymeB,
FasL, TRAIL, NKG2D, NKp30, NKp44, NKp46, CD57,
LFA-1, HLA-DR, CD86, CCR3, CCR4, CCR5, CCR7,
CXCR1, CXCR2, CXCR3, CXCR5, and CXCR7 were
higher on expanded V81 T cells than V82 T cells (Figs. 2C
and D). However, the expression levels of CD56, CCRI,
CCR2, CCR6, CX3CR1, CXCR4, and CXCR6 were higher
on V32 T cells (Figs. 2C and D). There was no difference in
the expression of Perforin, DNAM-1, CD16, and CD80
between V81 and V82 T cells (Fig. S2B). Interestingly, the
expression levels of CTLA-4 and PD-1 were increased on
PHA and IL-7 expanded V32 T cells, but not V31 T cells
(Fig. 2C), suggesting expanded V81 T cells may be resistant
to suppressive regulation. The intracellular cytokine detection
showed that PHA and IL-7 expanded V81 T cells produced
more IL-1e, IL-6, IL-8, IL-9, IL-10, IL-21, TNF-a, and
GM-CSF, while V82 T cells secreted more IL-4 and IFNrvy
(Fig. 2E). In contrast to our previous study on human colon
cancer tissues,”’ neither expanded PB V31 nor V32 T cells
produced IL-1B, IL-17, IL-22, and IL-12/23 (Fig. S2B).
Noteworthily, the expression levels of GranzymeB, Perforin,
FasL, TRAIL, NKG2D, LFA-1, NKp30, NKp44, and
NKp46 were significantly increased on expanded V81 T cells
as compared to fresh V81 T cells (Fig. 2F). Moreover, these
ex vivo expanded V31 T cells eradicated more adherent and
sphere-forming colon cancer cells than V82 T cells derived
from the same sample 7 vitro (Fig. 2G). In addition, the can-
cer cell-killing capacity of expanded V81 T cells against
adherent and sphere-forming colon cancer cells were signifi-
cantly enhanced compared with freshly isolated V81 T cells
(Fig. 82C). Similarly, PB V81 T cells from colon cancer
patients could also be induced proliferation by PHA and IL-7
efficiently (Fig. S2D). Moreover, expanded patient V81 T
cells also have higher cytolytic capacity against colon cancer
cell line HT29 than V82 T cells (Fig. S2E). These findings
demonstrate that we have successfully developed an optimized
protocol to preferentially promote V81 T cell propagation
with enhanced cytotoxicity against colon cancer 77 vitro.
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Figure 1. Characteristics and cytotoxicity of freshly isolated V81 and V32 T cells from human PB. (A) (Left) Representative flow cytometric analysis of the
percentages of CD3" TCRy3™ cells in PB CD45" cells and CD45" CD3" TCRyS" TCRV31* cells and CD45" CD3" TCRy8™ TCRVS2" cells in PB CD45"
CD3" TCRy3™ cells. (Right) Bar diagram summarizes the percentages of CD45" CD3* TCRyd™ TCRV81" and CD45" CD3* TCRyd™ TCRVS2™ cells in PB
CD45" CD3* TCRy3™ cells. Data are shown as mean 4 SEM; n = 20; *** p< 0.001. (B) (Left) Representative flow cytometric analysis of CD69 expression
on fresh PB CD45" CD3+ TCRy8" TCRV&1* and CD45" CD3* TCRyd ' TCRV32™ cells. (Right) Bar diagram summarizes the percentage of CD69 expression
on fresh PB CD45" CD3" TCRyS™ TCRVS1+ and CD45" CD3 " TCRyd " TCRVS2™" cells. Data are shown as mean + SEM; n = 6; *** p < 0.001. (C) Expression
of CD107a, Perforin, GranzymeB, TRAIL, CD57, DNAM-1, CD56, HLA-DR, TNF-a, and IFNy on fresh PB CD45" CD3" TCRyd" TCRV81" and CD45" CD3™
TCRy3" TCRV32™ cells was assessed by FCM. Mean Fluorescence Intensity (MFI) of each molecular expression on CD45" CD3* TCRy3™ TCRVS1™ (red
line) and CD45" CD3" TCRyd™ TCRVS2™ cells (blue line) was represented in each histogram. Data are representative of six independent experiments
with similar results. (D) Expression of CCR4, CCR6, CCR7, CCR10, CXCR1, CXCR3, CXCR4, CXCRS5, and CXCR7 on fresh PB CD45" CD3" TCRyd " TCRVS1™"
and CD45" CD3" TCRyd™ TCRVS2* cells was assessed by FCM. MFI of each molecular expression on CD45% CD3% TCRy8™ TCRVS1™" (red line) and
CD45" CD3" TCRy8™ TCRVS2™ cells (blue line) was represented in each histogram. Data are representative of six independent experiments with similar
results. (E) The susceptibility of three colon cancer cell lines, HT29, HCT116, Y and counterpart sphere-forming cells to freshly isolated PB CD45" CD3™
TCRyS" TCRV31" and CD45% CD3" TCRyd™ TCRVS2™ cells was tested. E:T ratio was 10:1. HT29S: HT29-derived spheres; HCT116S: HCT116-derived
spheres; YS: Y-derived spheres. Data are shown as mean =+ SEM; n = 6; ns: no statistical significance; *, p < 0.05.

Expanded V61 T cell-mediated colon cancer killing requires  transwell co-culture system. As shown in Fig. 3A, tumor cell lysis
cell-to-cell contact via cytotoxicity-related receptors was significantly decreased in transwell system, suggesting cell-to-
To investigate the underlying mechanism of PHA and IL-7  cell contact is required for V81 T cell-mediated tumor cell eradi-
expanded V81 T cells mediated adherent and sphere-forming cation. Consistent with previous reports,”' > we found Fas,

colon cancer cells killing, we performed cytotoxicity assay in a  Death Receptor (DR)4, DR5, MICA/B, and ICAM-1 were
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Figure 2. For Figure legend, see page 5.
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expressed on both adherent and sphere-forming colon cancer
cells (Fig. 3B). Moreover, we demonstrated the eradication of
adherent and sphere-forming colon cancer cells by V81 T cells
was significantly inhibited by blocking antibodies against FasL,
TRAIL, NKG2D, NKp30, and LFA-1 (Fig. 3C), suggesting
V31 T cell-mediated cytotoxicity is partly dependent on these
receptor-ligand interactions. These findings suggest that PHA
and IL-7 expanded human PB V81 T cells recognize adherent
and sphere-forming colon cancer cells to eradicate them in cell-
to-cell contact and cytotoxicity-related receptors dependent
manner.

PHA and IL-7 expanded V81 T cells exhibit greater
cytotoxicity against colon cancer than Zol and IL-2 expanded
Vo2 T cells

Zol and IL-2 stimulation has been reported to efficiently
expand yST cells with cancer killing activity.?* Indeed, com-
bined Zol with IL-2 preferentially enriched V82 T cells while
PHA with IL-7 predominantly expanded V&1 T cells
(Fig. 4A). We then found that total ydT cells expanded by
PHA and IL-7 killed more adherent and sphere-forming
colon cancer cells 7z vitro than that stimulated with Zol and
IL-2 (Fig. 4B). A previous study reported that PHA and IL-2
also preferentially expanded V81 T cells.”> We found PHA
and IL-2 expanded total y8T cells also showed higher cyto-
toxicity than that expanded by Zol and IL-2 (Fig. S3A).
Interestingly, both total y8T and V81 T cells expanded by
PHA and IL-7 were more efficient in killing adherent and
sphere-forming colon cancer cells than those expanded by
PHA and IL-2 (Fig. S3B and D). Furthermore, we found
that V381 T cells derived from both PHA plus IL-7 and PHA
plus IL-2 protocols significantly killed more adherent and
sphere-forming colon cancer cells than V82 T cells derived
from Zol plus IL-2 system (Fig. 4C and Fig. S3C). These
results indicate that human PB V81 T cells expanded by our
protocol are better killer cells of colon cancer than V&2 T
cells.

Vo1 T cells stimulated by PHA and IL-7 have higher
expansion efficiency and survival advantage than those
expanded by PHA and IL-2

To further decode the underlying mechanism of our protocol
in human PB V31 T cell proliferation and survival, we dissected
the effect of each component in the expansion protocols and
found that PHA alone, PHA plus IL-2, or PHA plus IL-2 and
IL-7 were sufficient to expand V381 T cells (Fig. S4A). However,
PHA and IL-7 combination gave rise to more V81 T cells with
less dead cells (Fig. S4). After 21 d, PHA and IL-7 stimulation
preferentially expanded V31 T cells from 1 x 10° initiating cells
up to 1.2 x 107 V81 T cells, which represented over 100 fold
increase and was superior to previous PHA and IL-2 expansion
protocol (Fig. 5A). In addition, PHA and IL-7 were more effi-
cient in inducing V81 T cell proliferation with less cell apoptosis
compared to PHA plus IL-2 (Figs. 5B and C). Moreover, PHA
and IL-7 expanded V31 T cells secreted more IL-2 than V&1 T
cells expanded by PHA and IL-2 (Fig. 5D). Moreover, we found
that PHA and IL-7 combination stimulated y8T cells to produce
much more IL-2 than each component alone (Fig. 5E). Blocking
experiments showed that the proliferation and survival of V81 T
cells were significantly inhibited by IL-2 neutralizing antibody
(Fig. 5F and G). These results suggest that our protocol can
induce 8T cells to produce IL-2 to promote the expansion and
survival of V81 T cells cooperated with exogenous IL-7.

V81 T cells expanded by PHA and IL-7 greatly inhibit
tumor growth in vivo

We next examined the antitumor effect of PHA and IL-7
expanded ydT and V381 T cells iz vivo (Fig. 6A). To this end, a
xenografted tumor model was established using human colon
cancer cell line HT29. Histological examination of xenografts
derived from HT29 showed similar histopathological features as
human colon cancer (Fig. S4A). We found that tumor growth
was significantly restrained in mice transferred with y8 T cells
expanded by PHA and IL-7, but not Zol and IL-2 expanded yd
T cells (Fig. 6B). We further sorted PHA plus IL-7 expanded

Figure 2 (See previous page) . Expansion, characteristics, and cytotoxicity of V81 T cells cultured with PHA plus IL-7. (A) Percentages of CD45" CD3™
TCRy3" TCRVS1+ and CD45" CD3" TCRyd ™ TCRVS2™ cells in CD45% CD3™ TCRyd™ T cells cultured with PHA and IL-7 on day 0 and day 14. Bars represent
the median percentage; n = 10. (B) y3T cells were sorted by MACS, labeled with CFSE and cultured with PHA and IL-7. (Left) Proliferation of CD45" CD3™
TCRyS" TCRV81' and CD451 CD3" TCRyS ™ TCRVS2™ cells was evaluated on day 14 by FCM. (Right) Bar diagram summarizes the percentages of CD45™
CD3" TCRyd™ TCRV31™ CFSE and CD45" CD3™ TCRyd ' TCRVS2" CFSE™ cells; Data are shown as mean =+ SEM; n = 6; ** p< 0.01. (C) Expression levels of
CD107a, GranzymeB, FasL, TRAIL, NKG2D, NKp30, NKp44, NKp46, CD57, HLA-DR, CD56, CD86, LFA-1, CTLA-4 and PD-1 onCD45% CD3* TCRy8™ TCRVS1"
and CD45" CD3" TCRyd ' TCRVS2™ cells cultured with PHA and IL-7 for 14 d were assessed by FCM. MFI of each molecular expression on CD45" CD3™
TCRyS" TCRVS1™ (red line) and CD451 CD3* TCRyd™ TCRVS2™ cells (blue line) was represented in each histogram. Data are representative of six inde-
pendent experiments with similar results. (D) Expression of CCR1, CCR2, CCR3, CCR4, CCR5, CCR6, CCR7, CCRY, CCR10, CXCR1, CXCR2, CXCR3, CXCR4,
CXCR5, CXCR6, CXCR7, and CX3CR1 on CD45" CD3 " TCRy&8" TCRVS1" and CD45" CD3* TCRyS™ TCRVS2™ cells cultured with PHA plus IL-7 for 14 d was
assessed by FCM. MFI of each molecular expression on CD45% CD3" TCRy8™ TCRVS1™ (red line) and CD45" CD3™ TCRyS™ TCRVS2 ™" cells (blue line) was
represented in each histogram. Data are representative of six independent experiments with similar results. (E) Intracellular expression of IL-1¢, IL-6, IL-8,
IL-9, IL-10, IL-21, TNF-a, GM-CSF, IL-4 and IFN-y by CD45" CD3" TCRyd™ TCRVS1" and CD45" CD3™" TCRyd ™" TCRVS2™ cells cultured with PHA plus IL-7
for 14 d was assessed by FCM. MFI of each molecular expression on CD45% CD3" TCRyd™ TCRV&1™ (red line) and CD45% CD3™ TCRyd' TCRVS2™ cells
(blue line) was represented in each histogram. Data are representative of six independent experiments with similar results. (F) MFI of GranzymeB, Per-
forin, FasL, TRAIL, NKG2D, LFA-1, NKp30, NKp44, and NKp46 expression on day 0 (fresh) and day 14 CD45" CD3" TCRy8" TCRV31™" cells cultured with
PHA plus IL-7. Data are shown as mean =+ SEM; n = 6; *p < 0.05; **p < 0.01; ***p < 0.001. (G) The susceptibility of three colon cancer cell lines, HT29,
HCT116, Y and counterpart sphere-forming cells to CD45% CD3* TCRy8™ TCRVS1™ and CD45% CD3* TCRy8™ TCRVS2™ T cells cultured with PHA plus IL-
7 for 14 d was tested. E:T ratio was 10:1. Data are shown as mean =+ SEM; n = 6; *p < 0.05.
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Figure 3. In vitro lysis of colon cancer by V31 T cells requires cell-to-cell contact via cytotoxicity-related receptors.
(A) The specific lysis of adherent and sphere-forming colon cancer cells by V31 T cells stimulated with PHA and IL-7 in
co-culture or transwell system, respectively. Data are shown as mean + SEM; n = 6; *p< 0.05; **p < 0.01. (B) Repre-
sentative flow cytometric analysis of expression levels of Fas, Death Receptor (DR)4, DR5, MICA/B, and ICAM-1 on
both the adhered cells and sphere-forming cells of HT29, HCT116 and Y. Data are representative of six independent
experiments with similar results. (C) /n vitro tumor cytotoxicity assay performed in the presence or absence of block-
ing anti-FasL, TRAIL, NKG2D, NKp30, and LFA-1 antibodies with day 14 V31 T cells stimulated with PHA and IL-7 as
effectors and adherent and sphere-forming colon cancer cells as target cells. ET ratio was 10:1. Data are shown as
mean =+ SEM; n = 3; *p < 0.05; **p < 0.01.
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V31 T cells and Zol plus
IL-2 expanded V82 T cells
for adoptive transfer into
tumor-bearing mice and
similar results were
obtained (Fig. 6C). We
also examined the exis-
tence of human 8T cells
in mouse PB, spleen, and
xenograft tumor by FCM
and IF (Fig. 6D and Fig.
S4B). Human CD45%
cells were observed in
mouse PB, spleen, and
xenograft tumor by FCM
and IF assay, suggesting
that y8T cells indeed reach
the tumor tissue. In addi-
tion, treatment with both
PHA plus IL-7 expanded
total y8T cells and V31 T
cells prolonged the survival
of the tumor-bearing mice
(Figs. 6E and F). These
data suggest that human
PB V31 T cells expanded
by our protocol show
more potent antitumor
effect in vivo which would
be an alternative candidate
for colon cancer adoptive
immunotherapy.

Discussion

In this study, we find
human PB V81 T cells are
a minor v T cell subset
with unique phenotype
and potential cytotoxicity.
We also demonstrate for
the first time that freshly
isolated human PB V&1 T
cells have more potent can-
cer killing activity against
both adherent and sphere-
forming human colon can-
cer cells than V82 T cells.
Furthermore, we have suc-
cessfully  developed an
optimized ex vivo expan-
sion protocol using PHA
and IL-7 to preferentially
promote the proliferation

of V81 T cells derived
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Figure 4. V31 T cells expanded with PHA and IL-7 exhibit stronger cyto-
lytic effect than V82 T cells stimulated with Zol and IL-2. (A) (Left) Repre-
sentative flow cytometric analysis of CD45" CD3" TCRy3* TCRV81™ and
CD45" CD3" TCRyd™ TCRV32" cells in CD45" CD3" TCRyS™ T cells cul-
tured with Zol plus IL-2 or PHA plus IL-7 for 14 d, respectively. (Right) Bar
diagram summarizes the percentages of CD45" CD3* TCRy&™ TCRV31+
and CD45" CD3* TCRyd" TCRVS2T cells in CD45" CD3" TCRyS™ T cells
in the above culture systems. Data are shown as mean =+ SEM; n = 6;
*** p< 0.001. (B) The specific lysis of adherent and sphere-forming colon
cancer cells by day 14 3T cells stimulated with Zol plus IL-2 and PHA
plus IL-7, respectively. E:T ratio was 10:1. Data are shown as mean =+
SEM; n = 6; *, p < 0.05; **, p < 0.01. (C) The specific lysis of adherent and
sphere-forming colon cancer cells by sorted Zol plus IL-2 expaned
CD45" CD3" TCRyd" TCRV32™ cells and PHA plus IL-7 expanded CD45™
CD3" TCRy®™ TCRV31™ cells on day 14, respectively. E:T ratio was 10:1.
Data are shown as mean =+ SEM; n = 6; *, p < 0.05; **, p < 0.01.
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from both healthy donors and colon cancer patients with an
enhanced antitumor cytotoxicity. Those expanded V81 T cells
are also more effective in killing adherent and sphere-forming
colon cancer cells than V82 T cells expanded by Zol plus IL-2.
This is demonstrated by both 7 vitro cytotoxicity assay and an in
vivo human colon cancer xenograft model. We also observe that
PHA and IL-7 expanded V&1 T cells show more potent cancer
killing ability than those expanded with PHA and IL-2. More-
over, our protocol is superior in promoting the proliferation and
survival of V81 T cells than PHA and IL-2, which partly due to
the cooperation of IL-2 and IL-7 signaling pathway. These find-
ings suggest that V81 T cells expanded by PHA and IL-7 may
provide a potential alternative approach for y8T cell-based adop-
tive immunotherapy for human colon cancer.

Clinical trials show improved clinical outcomes of patients
received V82 T cell adoptive immunotherapy in hematologic
malignancies,” but not in most solid tumors.”"" Thus developing
novel strategies to improve the therapeutic effect of human y8T
cell-based adoptive immunotherapy for solid tumors is drastically
needed. It was reported that in vitro re-activated V81 T cells iso-
lated from the tumor-infiltrating lymphocytes (TIL) of colon
cancer and melanoma were cytolytic to tumor cells.>*° In con-
trast, other previous studies suggested that the tumor-infiltrating
V81 T cells of human colon cancer and breast cancer predomi-
nantly were immunosuppressive cells with limited cancer cell kill-
ing potential.”>*” Thus, we propose that circulating V31 T cells
would be an alternative candidate for adoptive immunotherapy.
There was evidence that ex vivo expanded human PB V81 T cells
were capable of killing CMV infected cells and intestinal epithe-
lial tumor cells.'® Moreover, ex vivo expanded human PB V81 T
cells also had potent cytotoxicity against a variety of malignancies
such as multiple myeloma cells,'> B-cell chronic lymphocytic leu-
kemia-derived cells,"® neuroblastoma,”® colon cancer, *° and
lymphoid leukemia cells.”” However, the difference between
freshly isolated human PB V81 and V82 T cells in tumorous
reactivity has never been evaluated. Here, we find fresh human
PB V81 T cells express higher level of CD69, CD107a, Perforin,
GranzymeB, TRAIL, and CD57 than V82 T cells. Interestingly,
V31 T cells also highly express certain chemokine receptors,
which may be related to their unique 77 vivo trafficking profiles.
Moreover, we also demonstrate that human PB V&1 T cells have
more potent tumoricidal activity directly against three colon can-
cer cell lines and counterpart sphere-forming cells than V82 T
cells. Freshly isolated V81 T cells from PB of colon cancer
patients also show higher tumoricidal activity against colon can-
cer cells than paired V82 T cells. Therefore, our study suggests
that human PB V381 T cells, even in low level activated state,
have more potent tumor killing ability, and it might be a better
candidate for adoptive y8T cell immunotherapy, especially for
solid tumors such as colon cancer. However, the major challenge
of V81 T cell-based clinical adoptive immunotherapy is to obtain
sufficient cell numbers. Two recent studies have successfully
propagated polyclonal y8T cells including V31, V82, and V81~
V82~ subsets using artificial APCs.?*" Besides, some experimen-
tal protocols based on the mitogen stimulation with Concanava-
lin A (Con A) or immobilized anti-CD3 mAbs have been
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Figure 5. PHA and IL-7 show more advantage in promoting V31 T cell expansion and survival than PHA and IL-2.
(A) The cell numbers and fold increase of CD45" CD3" TCRyd™" TCRVS1™ cells stimulated with either PHA plus IL-2 or
PHA plus IL-7 at day 0, 7, 14, and 21. Data are shown as mean =+ SEM; n = 6; **, p < 0.01; ***, p < 0.001. (B) ydT cells
were sorted by MACS, pre-labeled with CFSE and cultured with PHA plus IL-2 or PHA plus IL-7. (Left) Proliferation of
CD45" CD3" TCRy&™ TCRV31™ cells expanded by PHA plus IL-2 or PHA plus IL-7 was evaluated on day 14 by FCM.
(Right) Bar diagram summarizes the percentages of CD3" TCRyd™ TCRVS1™" CFSE cells stimulated with PHA and IL-2
and PHA and IL-7. Data are shown as mean + SEM; n = 6; *, p < 0.05. (C) (Left) CD45" CD3" TCRyd™ TCRVS1™"
Annexin-V" cells stimulated with PHA plus IL-2 or PHA plus IL-7 were detected on day 14 by FCM. (Right) Bar diagram
summarizes the percentages of CD45" CD3* TCRyd™ TCRVS1" Annexin V' cells stimulated with PHA plus IL-2 and
PHA plus IL-7. Data are shown as mean =+ SEM; n = 6; ***, p < 0.001. (D) Expression of IL-2, IL-2R and IL-7R in fresh,
and PHA plus IL-2 and PHA plus IL-7 expanded CD45" CD3" TCRy3™ TCRV31™ cells was evaluated on day 14 by FCM.
Data are representative of six independent experiments with similar results. (E) y3T cells were sorted by MACS and
cultured in conditioned medium (Medium, PHA, IL-7 or PHA plus IL-7) for 14 d, and then IL-2 concentration in cultural
supernatants was detected by ELISA. Data are shown as mean =+ SEM; n = 6; ***, p < 0.001; ****, p < 0.0001. (F) y8T
cells were sorted by MACS, labeled with CFSE and cultured in conditioned medium (Medium, PHA plus IL-7, PHA plus
IL-7 and AbIL-2 or PHA plus IL-7 and AbIL-2 and AblIL-7) for 14 d, and CD45" CD3" TCRy3" TCRV31" CFSE™ cells were
detected by FCM. Data are representative of six independent experiments with similar results. (G) y3T cells were
sorted by MACS and cultured in conditioned medium (Medium, PHA plus IL-7, PHA plus IL-7 and AbIL-2 or PHA plus
IL-7 and AbIL-2 and AbIL-7) for 14 d, and then Pl was add to the medium for another 15 min. CD45" CD3" TCRy& ™"
TCRV31™ PIT cells were detected by FCM. Data are shown as mean = SEM; n = 6; ***, p < 0.001; ****, p < 0.0001.
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established for a
propagation of both V31
and V32 T cells.'®>33 Pre-

vious studies have reported

robust

that mitogen can preferen-
tally expand human PB
V31 T cells to eliminate
hematologic  malignancies
in vitro.! 1% Despite the
published protocols  that
generate VOl T cells by
other investigators, we
firscly  demonstrate  that
PHA and IL-7 preferen-
tially promote the expan-
sion of human PB V81 T
cells from both healthy
donors and colon cancer
patients in wvitro, but not
V32 T cells. Moreover, our
protocol induces V81 T
cells to express elevated lev-
els of CD107a, Granzy-
meB, FasL, TRAIL,
NKG2D, NKp30, NKp44,
NKp46, CD57, LFA-1,
which are crucial for V81 T
cells-mediated  antitumor
cytotoxicity. It has been
reported that ydT cells
expanded by TCR with
anti-CD3 antibody or anti-
TCRV31 antibody express
increased level of T cell
inhibitory receptor CTLA-
4.3 HMB-PP expanded
V82 T cells also express
high level of PD-1,%° sug-
gestive of T cell exhaustion
phenotype.”” These studies
indicate that ex wivo
expanded V32 T cells show
activated exhaustion. How-
ever, our protocol expanded
V8l T cells express low
level of CTLA-4 or PD-1,
suggesting high cell viability
after ex vivo activation and
expansion. Above all, we
demonstrate that Vo1 T
cells from both healthy
donors and colon cancer
patients expanded by our
protocol show enhanced
cytolytic  activity

human colon cancer cells.

against
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A previous study reported
that in vitro expanded V31
T cells from PB in the
medium containing TGF-3
had a regulatory role.*
Other studies showed that
tumort-infiltrating Vol T
cells in breast cancer had a
Treg-like subset.””*® Our
recent study found there
was also a dominant Th17-
like subset in human colon
cancer infiltrating-V31 T
cells which could be polar-
ized by IL-23 in wvitro.™
This may be due to the dif-
ference  of development
origins and local microenvi-
between
and tumor types. Here, we
found PHA and IL-7
expanded V81 T cells just
expressed low levels of regu-

ronment tissues

latory-related markers and
cytokines (CD25, CTLA-4,
and IL-10). Taken together,
PHA and IL-7 may be used
as a promising expansion
protocol for potential V81
T cells-mediated allogeneic
and  autologous  cancer
adoptive immunotherapy.
Several studies report
that activated human PB
V31 T cells exert potent
cancer cell killing activ-
ity'>®?> but the underly-
ing mechanism is sdll
largely elusive. We find
PHA and IL-7 expanded
V31 T cells express higher
levels of  cytotoxicity-
related molecules such as
FasL, TRAIL, NKG2D,
NKp30, NKp44, and
NKp46 than V82 T cells.

In addition, cytotoxicity-
related  receptors  and
ligands including Fas,

DR4, DR5, MICA/B, and
ICAM-1 are  highly
expressed on both adher-
ent and sphere-forming

colon cancer cells. Moreover, blocking antibodies of FasL,
TRAIL, NKG2D, NKp30, and LFA-1 can effectively inhibit
the cytotoxic effect of expanded V81 T cells against adherent
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Figure 6. Human colon carcinoma xenografted mice treated with PHA and IL-7 expanded V31 T cells have signifi-
cantly reduced tumor growth and prolonged survival. (A) The schema of experimental design. (B) Human colon carci-
noma xenografted mice (n = 5) were adoptively transferred with or without 8T cells (1 x 10° cells) expanded with
Zol plus IL-2 or PHA plus IL-7. Tumor growth was monitored and tumor diameter was recorded. Data are shown as
mean =+ SEM; *, p< 0.05; **, p < 0.01. (C) Human colon carcinoma xenografted mice (n = 5) were adoptively trans-
ferred with or without sorted Zol plus IL-2 expanded CD45"CD3™" TCRyd" TCRVS2™ cells (1 x 10° cells) or PHA plus
IL-7 expanded CD45"CD3" TCRyS " TCRVS31 ™ cells (1 x 10° cells). Tumor growth was monitored and tumor diameter
was recorded. Data are shown as mean =+ SEM; *, p < 0.05; **, p < 0.01. (D) Paraffin sections from xenografted tumors
(Scale bars, 100 wm) were stained with anti-human CD45 (Red) IF staining. One of the three independent experi-
ments is shown. (E) Kaplan-Meier survival curve of control mice treated with PBS and those treated with day 14 ydT
cells (1 x 10° cells) cultured with Zol plus IL-2 and PHA plus IL-7, respectively; five mice were included in each group
of this experiment; ns: no statistical significance; **, p < 0.01. (F) Kaplan-Meier survival curve of control mice treated
with PBS and those treated with Zol plus IL-2 expanded CD45"CD3" TCRyd " TCRV52™ cells (1 x 10° cells) and PHA
plus IL-7 expanded CD457CD3* TCRyd™ TCRVS1 " cells (1 x 10° cells) on day 14, respectively; five mice were included
in each group of this experiment; ns: no statistical significance; **, p < 0.01.

and sphere-forming colon cancer cells. These data suggest that
V31 T cells are better killers depending, at least partly, on the
synergy among these molecules.
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Zol and IL-2 are commonly used for ex vivo expanding
human PB 8 T cells, particularly for V&2 T cell expansion.“’39
However, Zol and IL-2 expanded y8 T cells show limited success
for solid tumor therapy in clinical trials.”'" A recent study dem-
onstrates that the cytotoxicity of V82 T cells is predominantly
antibody dependent against neuroblastoma whereas V81 T cells
show significantly antibody independent cytotoxicity,”" indicat-
ing that V81 T cells may be more potent in direct tumor cell kill-
ing. Consistently, although V82 T cells expanded by Zol plus IL-
2 for 14 d may not reach the highest cytotoxic activity, we find
the direct cytolytic effect of our protocol expanded V81 T cells
against adherent and sphere-forming colon cancer cells is stronger
than that of Zol plus IL-2 expanded V82 T cells at the same day
after expansion. Moreover, V82 T cells show little response to
CSCs without Zol pretreatment.22’40 Here, we find that PHA
plus IL-7 expanded V81 T cells can recognize sphere-forming
colon cancer cells without any pretreatment iz vitro and show
more potent cytotoxicity than freshly isolated V81 T cells or Zol
plus IL-2 expanded V82 T cells. It is worth noting that human
colon carcinoma xenografted mice transferred with V82 T cells
expanded by Zol and IL-2 show no significant therapeutic effect
in tumor growth inhibition and survival improvement as previ-
ously reported,”! though tumor size decreases and survival is pro-
longed to some extent. This may be due to low numbers of
transferred cells or their inability to migrate toward tumor or dif-
ferent tumor models. Hence, our study suggests that PHA and
IL-7 expanded V81 T cells are attractive candidate effector cells
for cancer adoptive immunotherapy.

It is reported that IL-7 can promote the development and sur-
vival of ySTCR' intracpithelial lymphocytes in mice.*?
¥3TCR" TIL obtained from colorectal cancer could be
expanded 7z vitro in the presence of IL-7, which significantly
enriched V81 T cells.'” In addition, previous study showed that
PHA and IL-2 could selectively expand human V31 T cells.”
Compared with PHA and IL-2 expansion protocol, we find that
PHA and IL-7 show more advantage in V31 T cell propagation
through promoting its proliferation and survival. Our study sug-
gests that our protocol is a better strategy to preferentially expand
V31 T cells than other reported protocols in vitro.

In summary, we demonstrate for the first time that freshly iso-
lated V81 T cells from both healthy donors and colon cancer
patients are better killer cells against human colon cancer than
V32 T cells. We develop an optimized protocol to selectively
expand V81 T cells derived from both healthy donors and colon
cancer patients with enhanced cytotoxicity against colon cancer.
Moreover, the cancer cell killing capacity of y8T cells expanded
by PHA and IL-7 is superior to those expanded by Zol and IL-2
due to the tumor-killing advantage of expanded V81 T cells. We
also find PHA and IL-7 have more advantages in the cytotoxicity,
proliferation, and survival of V81 T cells than PHA and IL-2.
Furthermore, we demonstrate PHA and IL-7 can induce V81 T
cells to autocrine IL-2 to promote their proliferation and survival.
Above all, PHA and IL-7 expanded V81 T cells inhibit the tumor
growth and prolong the survival of tumor-bearing mice. Besides,
PHA and IL-7 expanded V31 T cells have a better sphere-form-
ing colon cancer cells killing activity than V82 T cells in vitro.
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Therefore, our study provides a promising approach to improve
vOT cell-based antitumor adoptive immunotherapy, particularly
in solid tumors such as human colon cancer.

Materials and Methods

Cell preparation and isolation

PBMCs were collected from healthy donors from the Zhe-
jlang Blood Center, all of whom were negative for antibodies
against hepatitis C virus, hepatitis B virus, HIV, and syphilis.
Some PB specimens were obtained from colon cancer patients at
the Second Affiliated Hospital, Zhejiang University School of
Medicine. The PB specimens were layered over Ficoll-Paque (GE
Healthcare) and centrifuged for 30 min at 1,500 rpm. The inter-
face containing mononuclear cells was collected and washed in
PBS for twice. For ydT cell isolation, PBMCs were labeled with
v3TCR microbeads (Miltenyi Biotec) and separated (to above
90% purity) by magnetic activated cell sorting (MACS) follow-
ing the manufacturer’s instruction. V81 and V82 T cells were
further purified (to above 90% purity) by fluorescence activated
cell sorting (FACS) with FITC-labeled anti-V81 TCR antibody
(GeneTex) and PerCP/Cy5.5-labeled anti-Vd2 TCR antibody
(BioLegend).

Cell culture

Isolated y3T cells (1 x 10° cells/mL) were cultured in RPMI
1640 medium (Invitrogen Gibco) containing 10% FBS, 50 mg/
mL of penicillin and streptomycin (Invitrogen Gibco) at 37°C.
The cells were cultured in the presence of rhIL-7 (20 ng/mlL,
Peprotech) and PHA (1 pg/mL, Sigma-Aldrich), rhIL-2
(100 IU/mL, R&D) and PHA (1 pg/mL), or rhIL-2 (100 IU/
mL) and Zol (5 wM, Novartis Pharmaceutials) with or without
IL-2 or IL-7 neutralizing antibody (2 wg/mL, Peprotech) for 14
d. Cells were washed and the conditioned medium was replaced
every 2-3 d.

Colon cancer cell lines

Human colon cancer cell lines HT29 and HCT116 were pur-
chased from the American Type Culture Collection (ATCC) and
Y cell line, obtained from hepatic metastatic tissue of a colon can-
cer patient, was established in our laboratory as previously
reported.* HT29 and HCT116 cells were cultured in McCoy’s
5A medium (Invitrogen Gibco) and Y cells were cultured in
RPMI 1640 medium containing 10% FBS, 50 mg/mL of peni-
cillin and streptomycin at 37°C. All sphere-forming cells were
obtained by culturing HT29, HCT116 and Y cells in DMEM/
F12 medium (Invitrogen Gibco) containing 2% FBS, 50 mg/mL
of penicillin and streptomycin, 10 ng/mL basic fibroblast growth
factor (bFGF), 20 ng/mL epidermal growth factor (EGF), 4 pg/
ml heparin, and 1.25 pg/mL amphotericin B (all from Life
Technologies) in low adhesion culture plates (Corning Costar) at

37°C for 14 d.
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Flow cytometry

For extracellular staining, y8T cells were pre-incubated in a
mixture of PBS, 2% fetal calf serum, and 0.1% (w/v) sodium
azide with FcglII/IIR-specific antibody to block nonspecific
binding and stained with different combinations of fluoro-
chrome-coupled antibodies (Table S1). For intracellular staining,
vOT cells were activated by Leukocyte Activation Cockrail (BD
PharMingen) for 6 h following the manufacturer’s protocol.
Cells were collected on a FACSCanto II system (BD Biosciences)
and data were analyzed using FlowJo software (Tree Star).

Fluorescence activated cell sorting

To sort V31 and V82 T cells, fresh PBMCs and expanded
vOT cells by PHA plus IL-7, PHA plus IL-2, and Zol plus IL-2
were stained with anti-V81 TCR and anti-V32 TCR and sorted
on a FACSAriall cell sorter (BD Biosciences). The purity of
sorted cells was above 90% assessed by flow cytometry (FCM).

In vitro cytotoxicity assay

The cytotoxicity of y8T cells against cancer cells was mea-
sured by using CellTrace Far Red DDAO-SE kit (I mM, Invi-
trogen) following the manufacturer’s instruction. y8T cells and
DDAO-SE-labeled adherent or sphere-forming colon cancer cells
were incubated at an effector : target (E:T) ratio of 10:1 at 37°C
and 5% CO, in a round-bottom 96 wells plate. On the 4th h, PI
(1 mg/mL, BD Biosciences) was added to the medium for
another 15 min and DDAO-SE* PI* cells were analyzed by
FCM. All the expanded effector cells were cultured for 14 d in
vitro and all the E:T ratio was 10:1 unless otherwise noted. The
specific lysis of target cells was calculated as follows: % of specific
lysis = (CT — TE) / CT x 100%, where CT indicates mean
number of fluorescent target cells in control tubes without effec-
tor cells and TE indicates mean number of fluorescent cells in
target plus effector cells.

RNA extraction and gene expression by qPCR

Total RNAs were extracted with the RNeasy Micro Kit (QIA-
GEN) and reverse transcribed into cDNA by oligo-dT primer
(Invitrogen) and Superscript First Strand Synthesis System (Invi-
trogen). cDNA was analyzed by real-time PCR (RT-PCR) with
SYBR Green I Master Mix (Invitrogen) on the StepOne Plus
instrument (Applied Biosystems) for the target genes (Table S2).

Data were presented as arbitrary units and calculated as 2“*
(GAPDH-gene of interest))

vOT cell proliferation assay

Purified y8T cells were labeled with CFSE (0.5 mM, Invitro-
gen) and then stimulated with different stimuli for 14 d. y8T
cells were collected and the CSFE™ cells were detected by FCM.

Apoptosis assay

The apoptosis of ¥8T cells was assessed by Annexin V-APC
(BD PharMingen) and PI staining following the manufacturer’s
instruction. Annexin-V" and PI* cells were analyzed on a FACS-
Cantoll system (BD Biosciences).

www.tandfonline.com
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In vitro neutralizing antibody blocking experiment

To investigate the effects of FasL, TRAIL, NKG2D, NKp30,
and LFA-1 in V381 T cell-mediated cancer cell lysis, blocking
antibodies (10 mg/mL each) against FasL, TRAIL, NKG2D,
NKp30, and LFA-1 (all from BioLegend) were pre-incubated for
2 h and maintained in the co-culture medium during the killing
assay. For V31 T cell proliferation assay, CESE-labeled cells were
maintained in conditioned medium (Medium, PHA plus IL-7,
PHA, IL-7, and anti-thIL-2 neutralizing antibody (AbIL-2) or
PHA, IL-7, AbIL-2, and AbIL-7) for 14 d, and TCRVS1™"
CFSE"™ cells were detected by FCM. For apoptosis assay, unla-
beled cells were maintained in the conditioned medium
(Medium, PHA plus IL-7, PHA, IL-7 and AbIL-2 or PHA, IL-7,
AbIL-2, and AbBIL-7) for 14 d respectively, and then PI was
added to the medium for another 15 min. The TCRV81+ PI™
cells were detected by FCM. The AbIL-2, AbIL-7 and control
rabbit IgG (2 pg/mL, all from Peprotech) were used in neutraliz-
ing antibody blocking experiment.

ELISA assay

To detect IL-2 production by y8T cells, sorted y8T cells were
stimulated with or without PHA, IL-7 or PHA plus IL-7 for 14
d. The concentration of IL-2 in the culture supernatants was
measured by ELISA kit (R&D Systems) according to the man-

ufacturer’s protocol.

Immunofluorescent staining and H&E staining

Paraffin-embedded and formalin-fixed samples were cut into
5-pwm sections, which were then processed for IF staining or
H&E staining. After incubation with antibodies against human
CD45 (BioLegend), followed by Dylight 633-conjugated goat
anti-rabbit IgG (Invitrogen), images were acquired with a confo-
cal microscopy (Zeiss LSM 710, Carl Zeiss).

In vivo human colon carcinoma xenograft tumor model

Nonobese diabetic/severe combined immunodeficient (NOD/
SCID) mice of male, 4- to 6-week old were used to determine the
in vivo antitumor efficacy of the y8T cells expanded by PHA plus
IL-7, and Zol plus IL-2, respectively. In brief, 5 x 10% cells of
human colon cancer cell line HT29 were subcutaneously
injected. On the following day 3, 1 x 10°/100 pL y3T cells
expanded with PHA plus IL-7, or Zol plus IL-2 were intrave-
nously injected into mice (7 = 5 for each group) for five times
every third days. Mice injected with 100 wL PBS were used as
controls (7 = 5). Tumor progression was monitored by measur-
ing tumor diameter with caliper. Tumor volume was calculated
by length (mm) x width (mm) x height (mm). In some proto-
cols, survival of tumor-bearing mice was also recorded.

Statistical analysis

Results were expressed as means = SEM. Comparisons
between groups were made by the Student’s #test, paired rtest
and ANOVA as appropriate. For the survival analysis, Kalper—
Meier curves were constructed and compared by log-rank test. p
value < 0.05 was considered statistically significant. Prism Graph
Pad version 6.1 was used for all statistical calculations.
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