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ARTICLE INFO ABSTRACT
Keywords: Insufficient infiltration of T cells severely compromises the antitumor efficacy of adoptive cell therapy (ACT)
Adoptive cell therapy (ACT) against solid tumors. Here, we present a facile immune cell surface engineering strategy aiming to substantially
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enhance the anti-tumor efficacy of Th9-mediated ACT by rapidly identifying tumor-specific binding ligands and
improving the infiltration of infused cells into solid tumors. Non-genetic decoration of Th9 cells with tumor-
targeting peptide screened from phage display not only allowed precise targeted ACT against highly heteroge-
neous solid tumors but also substantially enhanced infiltration of CD8™" T cells, which led to improved antitumor
outcomes. Mechanistically, infusion of Th9 cells modified with tumor-specific binding ligands facilitated the
enhanced distribution of tumor-killing cells and remodeled the immunosuppressive microenvironment of solid
tumors via IL-9 mediated immunomodulation. Overall, we presented a simple, cost-effective, and cell-friendly
strategy to enhance the efficacy of ACT against solid tumors with the potential to complement the current ACT.

1. Introduction inducing robust anti-tumor effects to effectively eliminate cancer cells.
As such, CD19 targeting chimeric antigen receptor (CAR)-T cells has
Adoptive cell therapy (ACT) has emerged as one of the most powerful been approved by the U.S. Food and Drug Administration (FDA) in 2017

cancer immunotherapy strategies due to its specificity, and persistence due to their extraordinary clinical responses against B cell hematologic
([1,2]). By transfusing autologous or allogenic immune cells to the malignancies ([3,4]). Besides, other types of immune cells including
cancer-bearing patients after being expanded in vitro, ACT is capable of tumor-infiltrating lymphocytes (TILs) and genetically engineered T cell
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receptor (TCR)-T cells have also been extensively explored for their
clinical application in melanoma, lung cancer, and synovial sarcoma
([5-71). Although ACT has shown impressive successes in treating he-
matologic malignancies due to its easy access to tumor cells expressing
universal tumor-specific antigens (TSA) in the bloodstream, its trans-
lation to solid tumors has been largely limited as multiple clinical trials
showed unsatisfactory therapeutic efficacy ([8-10]).

Multiple obstacles causing poor antitumor efficacy of ACT therapy
against solid tumors have been identified as solid tumors pose unusual
challenges to such therapy due to their unique physiological charac-
teristics: 1) physical barrier, mainly produced by stromal and extracel-
lular matrix, together with mismatched chemokine receptor-chemokine
axis as well as distorted blood vascular in solid tumors ([10-12]); 2) lack
of common tumor associated antigens (TAA) owing to tumor heteroge-
neity ([10,13]); 3) highly immunosuppressive and hostile microenvi-
ronment for T cell survival and activation ([10,14]). Such complexity of
the solid tumor inevitably led to insufficient infiltration of transferred
immune cells to the targeted tumor sites and compromised therapeutic
effects, as the successful arrival of transfused immune cells at tumor sites
is the prerequisite for tumoricidal effects. Numerous strategies have
been developed to augment ACT infiltration to improve the efficacy of
ACT-based solid tumor therapy. For instance, a combination of ACT and
material-based photothermal therapy has been explored to improve the
infiltration of transferred cells since the physical barrier and tumor cells
in solid tumors are directly destroyed after being heated ([15]). Another
study by Craddock et al. aimed to repair the mismatched chemokine
receptor-chemokine axis by genetic engineering of T cells or
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administration of oncolytic viruses armed with chemokines ([16-19]).
However, these strategies are limited by various side effects, such as
uncertain safety concerns raised by viral transduction or oncolytic vi-
ruses, high-cost delivery systems as well as unideal efficacy ([20]). Thus,
a simple, cost-effective, and safe strategy to improve the infiltration of
adoptively transferred cells is necessary.

Recently, Th9 cell has been identified as a new subset of CD4 " T cells
capable of eradicating advanced tumors, mainly depending on
interleukin-9 (IL-9) and interleukin-21 (IL-21) secretion ([21-23]).
Compared to conventional CD4" Th subsets, including Th1, Th2, and
Th17 cells, Th9 cells represent a unique subpopulation, which is less
exhausted, highly cytolytic, as well as hyperproliferative, therefore
endowed these cells with superior immunotherapeutic potential ([24]).
Moreover, in comparison to CD8" T cells, Th9 cells are promising po-
tential candidates in treating so-called “cold tumors”, such as osteosar-
coma (OS), pancreatic adenocarcinoma (PDAC), and prostate cancer
(PCa), due to their ability to recruit/activate other immune cells, as well
as their durable phenotype in vivo ([23]). However, the applications of
Th9 cells in conjugation with other immunotherapeutic approaches
have rarely been reported. Thus, the combination of Th9 cells with other
cancer treatment modalities could be critical to enhancing their thera-
peutic efficacy in solid tumors.

In this work, we aimed to substantially enhance the anti-tumor ef-
ficacy of Th9-mediated ACT by improving the infiltration of infused cells
into solid tumors via a facile cell surface engineering strategy. Specif-
ically, Th9 cells were non-covalently decorated with an osteosarcoma-
targeting peptide screened by phage display biopanning technique.
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Fig. 1. Schematic illustration of the working strategy. Phage display biopanning technology screens the tumor-specific binding peptides via 1 round of in vitro
biopanning and 5 rounds of in vivo biopanning. Then, the identified tumor-specific peptide is anchored to the Th9 cells membrane by PA, a hydrophobic tail syn-
thesized at the C-terminus. The transfusion of the tumor-specific peptide decorated Th9 cells further improves the infiltration of CD8" T cells and decreases the
infiltration of MDSC and TAM via the secretion of IL-9 to inhibit tumor development.
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The tumor-targeting peptide was tagged onto the Th9 cell membrane
with a palmitic acid (PA) tail via its hydrophobic interaction with the
lipid bilayer (Fig. 1). Decoration of Th9 cells with the targeting peptide
not only maintained its distribution on the cell surface without dis-
rupting the physiological function but also led to a targeted accumula-
tion of Th9 cells to osteosarcoma cells both in vitro and in vivo.
Accordingly, infusion of the peptide decorated Th9 cells substantially
improved their infiltration into osteosarcoma, which further resulted in
greater antitumor efficacy against osteosarcoma. Mechanistically, pep-
tide decoration of Th9 cells led to a dramatic increase of intratumor
CD8* T cells while a substantial decrease of myeloid-derived suppressor
cell (MDSC) and tumor-associated macrophage (TAM), which together
improved the antitumor efficacy of Th9 in the context of osteosarcoma
management (Fig. 1). Collectively, we presented a simple, cost-effective
cell surface engineering strategy to improve the infiltration of adop-
tively transferred cells into solid tumors in response to their intrinsic
physical barrier and hostile immunosuppression microenvironment.
Due to its broad applicability to a variety of cell types including TIL,
TCR-T, and CAR-T, we speculate that this strategy is an important
complement to current immune therapy to help further improve their
efficacy against solid tumor management.
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2. Results

2.1. Screen and verification of osteosarcoma targeted peptides by phage
display

Current target therapies for osteosarcoma were unsatisfactory due to
genomic alterations and few recurrent mutations of osteosarcoma
([25D. To tackle this problem, we first  identified
osteosarcoma-targeting peptides by a combination of 1 round of in vitro
and 5 rounds of in vivo phage display biopanning strategies (Fig. 2A).
The output phages from in vivo round 3 were sequenced and the
sequencing data revealed 8 potential high-binding peptides from total
26 clones (Fig. 2B). Among all 8 candidates, 3 most frequent peptides:
QYWNIQNGPYGG (8/26), QMGFMTSPLHSV (6/26), and ASEWQH-
RYMFEF (6/26) (termed Peptide 1, Peptide 2, and Peptide 3, respec-
tively) were selected as potential targeting peptides for K7M2 cells
(Fig. 2C). These targeting peptides were synthesized with the addition of
four lysine amino acids (KKKK) as a linker to the C-terminal to allow
further labeling and modification. The mass spectrum and chromato-
gram of the peptides confirmed the successful synthesis of these peptides
(Fig. S1A and S1B).

To screen the peptide with the highest targeting potency against
osteosarcoma, the binding ability between the candidate peptides and
tumor cells was tested both in vitro and in vivo. All peptides, including
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Fig. 2. Selection of tumor-targeted peptides via phage display screening. (A) Schematic description of the evolutionary selection of osteosarcoma K7M2 cells
specific peptides by a combination of in vitro and in vivo phage display biopanning against K7M2 cells and tumor tissues. (B and C) Summary of peptide sequences (B)

and frequencies (C) in each round of phage display against KZM2 tumors.
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Peptide 1, 2, 3, and the control peptide (Peptide C), were labeled with
Cy5.5 dyes to visualize their presence after being used against K7M2
cells. As revealed in Fig. 3A, only the Peptide 1 group showed a strong
Cy5.5 fluorescence signal while other groups only showed dim back-
ground. The mean fluorescence intensity (MFI) of Peptide 1 (35.65) was
6.92 and 14.32 fold stronger than that of Peptide 2 (5.51) and Peptide 3
(2.49), respectively (Fig. 3B). Next, we co-cultured Peptide 1-Cy5.5 with
mouse osteosarcoma cell K7M2, mouse Lewis lung carcinoma cell LLC,
and mouse embryonic fibroblasts cell 3T3 respectively. Similarly, we
also found that Peptide 1 was only specifically bound to K7M2 but not to
the other two cell lines, indicating that Peptide 1 possessed a unique
affinity to K7M2 cells (Fig. 3C and D).

Then, the in vivo targeting ability of candidate peptides was assessed
using a mouse osteosarcoma model bearing K7M2 tumor. Peptides-
Cy5.5 and Cy5.5 were intravenously injected into the mouse and the
distribution of injected peptides in different organs and their accumu-
lation in tumors were monitored by IVIS Spectrum Animal Imaging
System. As shown in Fig. 3E, the signal of Cy5.5 was detected in ears,
liver, feet, and tumors. However, the accumulation of Peptide 2 (35.90)
and Peptide 3 (34.20) in tumors was less than that of Cy5.5 (46.97),
while the accumulation of Peptide 1 (82.67) in tumors was 1.76-fold
higher than that of Cy5.5 (Fig. 3F). Collectively, Peptide 1 demon-
strated excellent targeting capability to K7ZM2 cells both in vitro and in
vivo, thus was chosen as the K7M2 targeting peptide (KTP) to be deco-
rated on selected immune cells to facilitate infused cell infiltration into
osteosarcoma.

2.2. Th9 decoration with osteosarcoma-specific peptide via palmitic acid
tail

Poor T cell trafficking into tumor tissue represents one of the major
obstacles to broadening the application of ACT for more solid tumor
types. One of the current approaches focuses on the genetic engineering
of T cells to overcome the mismatched chemokine receptor-chemokine
axis and physical barriers ([10]). However, ununiformed expression of
engineered proteins on account of the heterogeneous expression of their
epitopes, labor-intensive manipulations, and permanent and unpre-
dictable physiological change to T cells restrict the application of these
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strategies ([26,27]). Thus, novel approaches capable of quickly modi-
fying T cell with tumor-specific ligands without complicated cell
manipulation is highly desirable to promote T-cell infiltration into
tumor beds. Here, we present a facile cell surface engineering technique
to effectively label T cells with desired ligands leveraging the cell
membrane anchoring feature of palmitic acid (PA) ([28,29]). To realize
such a purpose, PA was grafted to the linker (KKKK) of the KTP via
EDC/NHS chemistry, then FITC was also introduced onto the peptide by
reacting with e-NH2 of the fourth lysine residue at the C-terminus for
tracking and imaging (Fig. S2). To validate the successful decoration of
immune cells with targeting peptides, Th9 cells were incubated with
PA-KTP-FITC or KTP-FITC for 10 min at 37 °C to allow them to anchor
onto the cell membrane (Fig. 4A). As shown in the flow cytometry
spectrum, the FITC fluoresce intensity on Th9 cells gradually increased
as the concentration of PA-KTP-FITC and KTP-FITC increased (Fig. 4B).
Specifically, when the concentration of peptides went up to 0.5 mg/ml,
nearly all Th9 cells (99.22%) were coated by KTP in the PA-KTP-FITC
group, but only 50.02% of FITC positive Th9 cells in the KTP-FITC
group (Fig. S3A), indicating PA facilitated uniform, dose dependent
coating of KTP onto Th9 cell membranes. Besides, when the concen-
tration of KTP-PA was kept below 0.5 mg/mL, we did not find any sig-
nificant cytotoxicity caused by such cell surface modification at various
culture times (Fig. 4C). Moving forward, the feeding concentration of
PA-KTP was set at 0.1 mg/ml. To visualize the KTP coating of the cell
membrane under the selected concentration, Th9 cells were observed by
confocal microscopy after PA-KTP-FITC or KTP-FITC incubation. As
evidenced by confocal images, PA-KTP-FITC colocalized with the Th9
cell membrane labeled by PKH26, while no such colocalization was
observed when Th9 cells were incubated with KTP-FITC, indicating that
KTP could be anchored to the membrane of Th9 cells with the modifi-
cation of PA (Fig. 4D).

Next, we evaluated whether the decoration of KTP on Th9 cells
would affect their physiological functions as immunotherapeutics. As
shown in Fig. 4E, the proliferation of Th9 cells was slightly inhibited on
day 2 and day 3 after PA-KTP-FITC decoration under TCR stimulation
(with anti-CD3/CD28). However, both Th9 and Th9-KTP cells still
significantly proliferated compared to ThO cells without TCR stimula-
tion. Moreover, IL-9 secretion of Th9-KTP was similar to unmodified Th9
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Fig. 3. In vitro confocal microscopy and in vivo fluorescence imaging to test the affinity and specificity of candidate peptides. (A) Confocal microscopy to
determine the affinity of Cy5.5-peptides with Alexa Fluor 647-phalloidin-labeled K7M2 cells at the concentration of 10 pM for 30 min. Scale bar, 50 pm. (B)
Fluorescence intensity of K7M2 cells stained with Cy5.5-peptides. (C) Confocal microscopy to determine the specificity of P1. Cy5.5-P1 was incubated with Alexa
Fluor 647-phalloidin-labeled K7M2 cells, 3T3 cells, and LLC cells respectively at the concentration of 10 pM for 30 min. Scale bar, 50 pm. (D) Fluorescence intensity
of Cy5.5-P1 incubated with K7M2 cells, 3T3 cells, and LLC cells respectively. (E) In vivo living imaging detected the accumulation of Cy5.5-peptides in K7M2 tumors
24 h after intravenous injection. (F) Fluorescence intensity of saline, Cy5.5, Cy5.5-P1, Cy5.5-P2, and Cy5.5-P3 in the K7M2 tumor site. Data were analyzed by one-

way ANOVA test. n = 3 samples per group; mean + SEM; ns indicates no significant difference,* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001,

**** indicates p < 0.0001.
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Fig. 4. Generation and characterization of Th9-KTP cells. (A) Schematic illustration of flow cytometry detection of Th9 cells after incubation with PA-KTP-FITC
or KTP-FITC. (B) Flow cytometry analysis of Th9 incubated with PA-KTP-FITC or KTP-FITC with different concentrations. (C) Viability of Th9 cells after incubation
with different concentrations of PA-KTP-FITC or KTP-FITC for different times: 10 min, 1 h, and 10 min followed by a 24 h recovery. (D) Confocal microscopy images
of Th9 cells incubated with PA-KTP-FITC or KTP-FITC for 10 min with a concentration of 0.1 mg/ml. Scale bar, 20 ym or 5 pm. (E) In vitro expansion of Th9/Th9-KTP
cells after stimulation with anti-CD3e and anti-CD28 antibodies. Naive and unstimulated T cells were used as control. (F) The percentage of CD4" IL-9" T cells
cultured under Th9 differentiation medium for 4 days with the incubation of PA-KTP-FITC for 10 min on Day 0 or Day 4. (G) Confocal microscopy images of Th9-
KTP-FITC cells after in vitro culture for 1 h, 12 h,24 h, and 48 h. Scale bar, 5 pm. Data were analyzed by one-way ANOVA test or Kruskal-Wallis test (F). n = 3 samples
per group; mean + SEM; ns indicates no significant difference,* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001. MFIL:

mean fluorescence intensity.
<
<

cells, suggesting that Th9 cells maintained their differentiation property
after KTP decoration (Fig. 4F and Fig. S3B). Together, these results
suggest that PA-KTP-FITC could be efficiently anchored to the Th9 cell
membrane without disturbing the physiological function, proliferation,
and viability of Th9 cells.

We then assessed the stability of KTP on the Th9 cell membrane by
extending culture time after PA-KTP-FITC incubation. KTP remained on
the Th9 cell membrane within 12 h of culture. After that, PA-KTP-FITC
illustrated by green fluorescence gradually started to fade out. At 48 h, it
was nearly invisible, indicating that KTP was detached from the cell
membrane (Fig. 4G). Quantification of FITC intensity showed a similar
trend but KTP decoration was at least stable for 12 h, which is sufficient
to allow the decorated Th9 cells to arrive at the tumor sites (Fig. S3C).

2.3. Th9-KTP cells exhibit a superior binding ability to K7M2 cells in vitro

The validation of KTP affinity to K7M2 and successful KTP decora-
tion on Th9 cells motivated us to explore if such ligand decoration on the
cell surface would promote interactions between Th9 cells and K7M2
cells. Th9-ZsGreen (green) cells were generated from B6-G/R mice and
then incubated with PA-KTP to form Th9-ZsGreen-KTP. Th9-ZsGreen
and Th9-ZsGreen-KTP cells were added to K7M2-mCherry (magenta)
culture respectively to observe real-time T cell-K7M2 interactions by the
living cell workstation (Movie S1 and Movie S2). Although we used the
same Th9 cells for both groups (0 h), the number of Th9 cells in contact
with tumor cells increased significantly in the Th9-KTP group (1-5 h),
while there was no obvious change in the Th9 group (Fig. 5A and B).
Quantitatively, the number of conjugated T cells/per tumor cell in the

A

-6Ul

diy-ussubsz usaubsz
-6UL

o)
o

"o The

= |2& ThokTP 4 i
33 Y, =3
[ ; 10 / 8o
[ A = ©
«
@ E f o E
'E 3 5 / "'&7__9 <E a
25 | oo e 5
[ A oo

Time(Hour}

Th9-ZsGreen-KTP group gradually increased from 2 to 13.17 within 5 h,
while the number of conjugated T cells/per tumor cell in the Th9-
ZsGreen group fluctuated between 4 and 5.5 (Fig. 5C), suggesting KTP
substantially enhanced the binding affinity of Th9 cells toward K7M2
cells in vitro. In the next set of experiments, an extra washing step was
added to exclude the non-specific binding of Th9 to K7M2 cells. Th9-
ZsGreen and Th9-ZsGreen-KTP cells were co-cultured with K7M2-
mcherry for 24 h and then thoroughly washed by PBS 3 times to
remove the loosely bound T cells. After washing, most Th9-ZsGreen cells
were removed in both groups (Fig. 5D), but KTP modification permitted
more Th9-ZsGreen cells (3.5/tumor cell) bound to tumor cells. The
average number of Th9 cells with KTP decoration bound to each K7M2
cell was about 7-fold more than unmodified Th9-ZsGreen cells (0.6/
tumor cell), which again confirmed the presence of KTP on Th9 cells
effectively improved the interactions between Th9 cells and tumor cells
(Fig. 5E). Taken together, these results suggest that decoration of im-
mune cell surface with high-affinity ligand could significantly enhance
the binding affinity of Th9 cells against corresponding tumor cells.
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2022.11.022

2.4. Th9-KTP cells exhibit stronger infiltration ability and superior anti-
osteosarcoma capacity

Given the potent binding affinity of Th9-KTP to K7M2 cells, we
investigated whether the KTP decoration could improve the infiltration
ability of Th9 cells in vivo. Ovalbumin (OVA)-expressing K7M2 (K7M2-
OVA) osteosarcoma were established by subcutaneous inoculation of
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Fig. 5. KTP decoration enhanced the binding affinity of Th9 cells to K7M2 cells. (A) The dynamic binding of Th9-ZsGreen-KTP and Th9-ZsGreen with K7M2-
mCherry cells using confocal live-cell images. Scale bar, 50 pm. (B and C) The curve (B) and quantification (C) of binding ZsGreen-Th9-KTP and ZsGreen-Th9 cells
per K7M2-OVA cell within 5 h (n = 3 samples per group). (D and E) Confocal image (D) and quantification (E) of Th9-ZsGreen-KTP and Th9-ZsGreen bonded to
K7M2-mCherry cells before or after being thoroughly washed by PBS. Scale bar, 50 pm (n = 4 samples per group). Data were analyzed by one-way ANOVA test. mean
+ SEM; ns indicates no significant difference,* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001.
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K7M2-OVA into wild-type Blab/c mice. DO11.10 mice-derived Th9-
OVA cells, which are specific for OVA antigen expressed by K7M2-OVA
cells, were labeled with carboxyfluorescein diacetate succinimidyl ester
(CSFE) to indicate the exogenously transferred Th9-OVA cells. CFSE™
Th9-OVA cells and CFSE™ Th9-OVA-KTP cells were intravenously
transferred into K7M2-OVA bearing mice. The infiltrated CFSE" Th9-
OVA cells into the tumors were detected through flow cytometry 4 h
after injection (Fig. 6A). The infiltration of CFSE™ T cells in the Th9-OVA
cell group was 22.30%, while the infiltration of CFSE™ T cells in the Th9-
OVA-KTP cell group was 51.75% (Fig. 6B and C). Thus decoration of
Th9-OVA with KTP substantially improved Th9-OVA cells infiltration
into tumor sites by 2.3 folds. To validate the enhanced homing capacity
of Th9-KTP cells, we detected the accumulation of DIR-stained Th9 cells
in luciferase (Luci)-expressing K7M2-OVA tumor by IVIS Spectrum An-
imal Imaging System 24 h after tail vein infusion (Fig. 6A). Biolumi-
nescence imaging of luciferase-transfected tumors confirmed the
existence and position of established tumors (Fig. 6D, left). As shown in
Fig. 6D, the infused T cells (right) were mainly accumulated in the liver
and tumor tissue, but in mice receiving Th9-OVA-KTP cells, increased
localization of Th9 cells was observed in tumor sites as compared to the
mice receiving undecorated Th9-OVA cells or Th9-OVA-CP cells. Sta-
tistically, decoration of Th9-OVA with CP did not increase infiltration of
Th9 cells in tumors as no significant differences were detected between
Th9-OVA and Th9-OVA-CP treatment. However, KTP decoration of Th9-
OVA cells substantially increased their infiltration into the tumor by 2.7
times (Fig. 6E), suggesting KTP decoration approach was highly effec-
tive in promoting Th9 infiltration into solid tumors.

Cytokine release syndrome (CRS), a systemic inflammatory response
aroused by cytokines derived from adoptively transferred T cells, is the
most common side effect of CAR-T therapy ([30]). CRS may also lead to
reversible damage to healthy organs, such as the cardiac and liver
([311). Thus, it is essential to evaluate the safety of Th9 cells-based ACT
therapy in the context of tumor immune therapy. The intravenous in-
jection of Th9-OVA, Th9-OVA-CP, and Th9-OVA-KTP cells (Th9
cells-based ACT therapy) did not significantly change the level of
CRS-related cytokines in serum, such as IL-6, TNF-a, IFN-y, IL-1f, IL-18,
as compared to the PBS treatment (Fig. S4A). The levels of aspartate
aminotransferase (AST) and alanine transaminase (ALT), which are
markers of liver injury, were also not significantly changed in the mice
serum after receiving Th9 ACT compared to the control group (Fig. S4B).
Th9 cells did not cause cardiac damage as indicated by the levels of
lactate dehydrogenase (LDH) and creatine kinase (CK) (Fig. S4B). Be-
sides, we did not observe obvious histopathological damage in the heart,
liver, spleen, lung, and kidneys after the Th9 cells-based treatment
(Fig. S4C). Taken together, these results suggested that Th9 cells-based
ACT therapy would not cause systemic adverse effects in our experi-
mental conditions and can be safely utilized against tumors.

Subsequently, we investigated whether improved infiltration of Th9-
OVA cells caused by KTP decoration could lead to better anti-tumor
effects of Th9 cells. 1.0x10° K7M2-OVA cells were subcutaneously
inoculated to Blab/c mice on day 1. One week later, tumor-bearing mice
were regrouped according to tumor volume to ensure that the initial
tumor volume was consistent between groups. On day 7 and day 14,
3.0x10° in vitro differentiated tumor-specific Th9-OVA cells, Th9-OVA-
CP cells, and Th9-OVA-KTP cells were intravenously injected into
tumor-bearing mice, respectively (Fig. 6F). Th9-OVA and Th9-OVA-CP
cells treatment inhibited tumor growth and reduced tumor size over
15 days as compared to PBS-treated mice, while adoptive transfer of
Th9-OVA-KTP presented the slowest rate of tumor growth and smallest
tumor size (Fig. 6G and H). In addition, Th9-OVA-KTP infusion resulted
in severe tumor cell damage and significantly inhibited tumor cell pro-
liferation as indicated by Ki-67 staining when compared to Th9-OVA
and Th9-OVA-CP treatment (Fig. S4D). In summary, these results indi-
cated that KTP decoration of Th9-OVA cells significantly improved their
infiltration ability toward tumor sites and thereby aroused better anti-
osteosarcoma efficacy.
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2.5. The anti-tumor effects of Th9-KTP cells rely on CD8" T cells and IL-9

Although the anti-tumor effect of Th9 cells has been confirmed in a
variety of tumors, the anti-tumor mechanisms of Th9 cells were debated
([24,32-35]). Therefore, we explored the underlying mechanism of KTP
decorated Th9 cells against osteosarcoma. To confirm whether
tumor-specific Th9 cells could directly kill K7M2 cells, a 1:1 mixture of
K7M2-OVA and K7M2 cells, labeled with different concentrations of
CFSE (K7M2-OVA: CFSEM8M; K7M2: CFSEY), were co-cultured with
Th9-OVA or not for 24 h. Once Th9-OVA was able to directly kill the
tumor cells, the ratio of CFSE"" would be reduced in the experimental
group. Thus, we detected the ratio of CFSEM" peak and CFSE'®" peak in
the experimental group and control group by flow cytometry. The result
showed the ratio of CFSEM8" peak and CFSE'®" peak was not influenced
by Th9-OVA cells (Fig. S5A), indicating that Th9 cells exerted their
antitumor effect via an indirect mode instead of a direct killing mode. To
dissect which type of immune cells may be involved in the indirect
antitumor effect of Th9 cells in osteosarcoma, we extracted the
tumor-infiltrating immune cells from osteosarcoma 2 days after Th9
transferring and analyzed the composition of immune cells by flow
cytometry. No difference was observed in the proportion of CD4 " T cells,
dendritic cells (DC), and nature killing cells (NK) in osteosarcoma after
Th9-OVA cells transfusion (Fig. 7A and Fig. S5B and C). However, we
noticed that the transfusion of Th9 cells improved the infiltration of
CD8" T cells (Fig. 7A and B and Fig. S5D), which was consistent with the
results observed by others ([35]). Since MDSC (CD11C" Gr1™") and TAM
(CD11b™ F4/80™) are major populations responsible for the immune
suppressive microenvironment in solid tumors, we next evaluated their
population changes within the tumor. Interestingly, we found that the
infiltration of MDSC and TAM was decreased when treated with Th9
cells (Fig. 7A and B). Besides, the ratio of CD8/TAM and CD8/MDSC was
increased after Th9 cell treatment, indicating that Th9 cells alleviated
the immunosuppressive microenvironment of osteosarcoma (Fig. 7B).
Next, we conjectured that the improved infiltration of Th9 cells in tumor
sites would further influence the infiltration of CD8™ T cells, MDSC, and
TAM. Consistent with our speculation, we observed an increased pro-
portion of intratumor CD8" T cells in tumor-specific Th9-KTP cells
treated mice compared to mice receiving tumor-specific Th9 and Th9-CP
cells (Fig. 7C and D). In addition, in comparison to the Th9-OVA and
Th9-OVA-CP group, the amounts of MDSC and TAM were further
decreased after Th9-OVA-KTP transfusion (Fig. 7C and D). Since M2
(CD11b* F4/80" CD206™)-polarized macrophage has a central role in
promoting osteosarcoma metastasis and invasion and closely related to
poor prognosis ([36]), we evaluated the change of M1 and M2 popula-
tion after Th9 infusion. First, we found that M2 macrophage was pre-
dominant in osteosarcoma as compared to M1 macrophage, which was
consistent with a recent RNA sequencing analysis of osteosarcoma
([371). More importantly, Th9 cell-based ACT treatment significantly
reduced the M2 macrophage population in osteosarcoma, while M1
macrophage population almost remined the same level after Th9 ACT
(Fig.S5D and E). We also noticed that Th9-OVA-KTP infusion was more
efficient in decreasing M2 macrophage when compared to Th9-OVA and
Th9-OVA-CP (Fig.S5D and E), suggesting the employment of tumor
targeting peptide improved Th9 infiltration into tumor sites, which
further led to stronger immunomodulatory effects. However, the overall
ratio of M2/M1 in different groups was not significantly influenced
which could be explained by the overwhelmingly dominant number of
M2 macrophage in osteosarcoma. These data underscored the potential
of Th9-OVA-KTP cells to convert “cold tumors” into “hot tumors”, and
that CD8™" T cells may play an important role in the anti-osteosarcoma
effect of Th9-OVA-KTP cells. To establish the role of CD8" T cells, we
depleted CD8" T cells with the anti-CD8a antibody while the control
group was administrated with IgG2b. As shown in Fig. 7E,
tumor-bearing mice receiving Th9-KTP treatment significantly inhibited
tumor growth, while CD8" T cell depletion revived the tumor growth.
However, the mice treated with PBS and CD8a depletion showed more
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Fig. 6. KTP decoration enhanced the infiltration and anti-tumor efficacy of Th9-OVA cells in K7M2-OVA tumor-bearing mice. (A) Schematic illustration of
flow cytometry detection and IVIS detection of infiltrated Th9-OVA cells. (B and C) Representative density plot (B) and quantification (C) of exogenous transferred
Th9 cells (CFSE* CD4™) in TILs isolated from K7M2-OVA tumors, 4 h after the injection of CFSE-labeled Th9-OVA or Th9-OVA-KTP cells (2x10°6 cells) (n = 3 sample
per group). (D) In vivo bioluminescence images of mice bearing K7M2-OVA tumors (left) and in vivo DIR fluorescence images of Th9 cells accumulation in tumor sites
(right) 24 h postinjection of DIR-labeled Th9-OVA or Th9-OVA-KTP cells (2x1076 cells) (n = 4 mice per group). (E) Quantification of the average radiant efficiency of
DIR-labeled homing Th9 cells. (F) Schematic illustration of the tumor experimental timeline and treatment placement whereby mice received either the injection of
Th9-OVA or Th9-OVA-KTP cells. (G and H) Tumor growth curves (G) and the tumor volume (H) of K7M2-OVA tumor-bearing Balb/c mice after intravenous injection
of PBS, Th9-OVA cells, Th9-OVA-CP cells, or Th9-OVA-KTP cells (3x10"6 cells on day 7 and day14) (n = 6 mice per group). Data were analyzed by one-way ANOVA
test (E and H) or unpaired t-test (C). mean + SEM; ns denote no significant difference,* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001,****

indicates p < 0.0001.

drastic tumor growth curves and larger tumor volume as compared to
the mice treated with Th9-OVA and anti-CD8a, indicating that the CD8™"
T cells-independent mechanisms might be involved in the anti-tumor
effect of Th9-OVA-KTP cells (Fig. 7E and F).

Recent studies emphasized that Th9-induced tumor eradication
relied on IL-9 and IL-9 had an important impact on the composition of
immune cells in tumors, including CD8™ T cells ([32,35,38,39]). Thus,
we sought to determine whether IL-9 was involved in the tumor rejec-
tion of osteosarcoma after the tumor-specific Th9-KTP transfusion by
using an IL-9 neutralizing antibody (a-IL-9) while the control group was
administrated with IgG2a. First, we found tumor inhibition induced by
Th9-KTP cells was remarkably abrogated after IL-9 neutralization
(Fig. 7G and H). In addition, we noticed that tumor growth was not
influenced by the administration of o-IL-9 after PBS treatment. The
tumor growth and tumor volume of the Th9-KTP + anti-IL9 group were
similar to that of the PBS or PBS+anti-IL9 group, suggesting that the
levels of Th9 cells and IL-9 in osteosarcoma were limited under physi-
ological conditions, thus highlighting the potential benefits of Th9 based
therapy (Fig. 7G and H). Next, we analyzed the immune composition in
tumors after o-IL-9 administration. We observed a significantly
decreased number of CD8" T cells as well as substantially increased
numbers of TAM and MDSC in mice treated with Th9-OVA-KTP along
with the administration of o-IL-9, compared to the mice treated with
Th9-OVA-KTP alone (Fig. 7I and J, K, and L). However, the numbers of
these immune cells were not influenced in mice receiving PBS or
PBS+anti-IL-9 treatment. In conclusion, these data suggest that the
anti-osteosarcoma effect of Th9-KTP relied on the secretion of IL-9 and
IL-9 was responsible for the remodeling of the immune composition in
osteosarcoma.

2.6. Peptide decorated T cells strategy was also applicable to y5 T cells

To broaden the application of this strategy, we further tested this
strategy in human yd T cells. OTP (TPPRVPLLTFGS), a human osteo-
sarcoma Hos targeting peptide, identified by phage display has been
verified in our previous work ([40]). OTP was decorated to yd T cells
following the same procedures to produce Th9-KTP cells. To determine
the conjugation efficiency of OTP, we incubated y& T with different
concentrations of PA-OTP-FITC or OTP-FITC (0.01-0.5 mg/ml) for
10min and then detected by flow cytometry. As shown in Fig. S6A and B,
the MFI of FITC gradually improved along with the increased concen-
trations of the peptides, while PA-OTP exhibited a stronger conjugation
ability to y8 T cells. Similar to KTP, we did not observe obvious haz-
ardous effects of OTP decoration on y8 T cells (Fig. S4C). Thus, the work
concentration of PA-OTP was also set at 0.1 mg/ml, the same as PA-KTP,
in the following experiment. Similar to that of PA-KTP-FITC, PA-OTP--
FITC was successfully anchored to the membrane of y8 T cells as indi-
cated by the FITC co-localizing with PKH26 (Fig. 8A). In addition, we
also tested the bonding persistence of PA-OPT in y8 T cells. The
OTP-FITC signal bound to the T cell membrane gradually attenuated
over time until it became faint and invisible at 48 h (Fig. S6D). Next, we
explored whether PA-OTP was capable of improving the infiltration of
vd T cells to tumor sites. The result showed that when decorated by
PA-OTP, more yd T cells were accumulated in tumor sites compared to
undecorated y& T cells (Fig. 8B). Statistically, the average radiant
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efficiency of homing y3 T cells labeled by DIR in the y3 T-OTP group was
about 1.5 times of the y8 T group (Fig. 8C). More importantly, we
observed y8 T cells transfusion inhibited tumor growth as compared to
the control group, while mice treated with y5 T-OTP cells exhibited the
slowest rate of tumor growth and minimal tumor size and tumor weight
(Fig. 8D and E, and F). Besides, y8 T-OTP cells infusion significantly
inhibited tumor cell proliferation as indicated by Ki-67 staining when
compared to y8 T cells treatment (Fig. S6E). Collectively, these experi-
ments suggested that this approach can be translated to other immune
cells, such as human 3 T cells, and resulted in enhanced infiltration of
the immune cells in tumors to reach a better anti-tumor effect.

3. Discussion

The emergence of chimeric antigen receptor (CAR)-T cells enable
genetically engineered T cells to target specific antigens overexpressed
on cancer cells, however poor infiltration of transferred T cells severely
limits the therapeutic efficacy of ACT therapy when used against solid
tumors ([10]). To tackle this problem, current strategies focus on
reducing the physical barrier, repairing the mismatched chemokine
receptor-chemokine axis mismatched, or alleviating the hostile tumor
microenvironment in solid tumors ([11,15-17,41]). However, these
approaches pose significant challenges to be translated into clinics as
they inevitably involve complicated technological and pharmaceutical
interventions. Even for CAR-T therapy, the extremely high cost and
serious side effects associated with cytokine storm also limited its
broader clinical applications. Thus, we aimed to develop a facile,
cost-effective, translatable approach to overcome these limitations in
order to further expand the clinical application of ACT. In particular, we
focused on highly heterogeneous cancers such as osteosarcomas, which
lack of recurrent tumor-specific binding ligands for target therapy. In
response, we demonstrated a novel strategy to rapidly identify
tumor-targeting ligands and effectively deliver therapeutic immune cells
to tumor sites via grafting tumor-specific targeting peptides, screened by
phage display biopanning technology, to the surface of T cell mem-
branes via a non-genetic facile engineering approach. Our data validated
that this strategy is capable of efficiently improving the infiltration of
adoptively transferred T cells since the tumor-specific targeting peptide
decoration improved the binding affinity of T cells toward tumor cells,
which resulted in substantially improved therapeutic efficacy of
Th9-based ACT against osteosarcoma. Therefore, this approach can be
readily leveraged to realize effective immunotherapy targeted to highly
heterogeneous solid tumors via rapid binding ligand screened by phage
display. Besides, this strategy is cost-saving, cell-friendly, easy to
manufacture, and applicable to various immune cells. Hence, we spec-
ulate that our approach possesses the extraordinary potential to over-
come the insufficient infiltration of ACT, which might serve as an
important complement to the current immune therapy modality.

OS is the most frequent primary malignant solid tumor of bones
characterized by genomic instability and heterogeneity ([42]). Gener-
ally, a high level of genomic instability highlights the potential of
generating neoantigens or neo-epitopes to be applied in immunother-
apies. However, it is difficult to find suitable neoantigens in osteosar-
coma, due to few of the genomic alterations ultimately expressed as
neoantigens ([43]). Moreover, most of the antigens expressed in



T. Chen et al.

Bioactive Materials 23 (2023) 508-523

A3 PBS s  Th9-OVA - FBS . Th9-OVA . Th9-OVA-CP «» Th9-OVA-KTP
3 g = % E E .='.
218.77% 218.64% 1 by by z
Y Y R = % 2 ]
kS ¥ ; 3 N
o] 2 o T E 549% = 10.93% = 10.91%| %= 18.44%
al g ) 2 B 3 3 2
cl g 10.25 § .54 1z 2 0 by 5
o % 2. % 3|2 2 ® %
it 7Y o ws. < h-a -
“01610404100510°107  "010*10°10%10+105105107 CO10M0 100105105 ©0 10H0HOTI0NOSI0E S0 10T 10H0 104105108 S0 10° 1021091010508
cpgt ~ cD8* ~
- 0, 0,
43 26.69% =3 9.59% - 62.37% . 42.62% . 40.35% . 22.90%
P 2, A2 S 2z FE
3 & & ! & g
£ % e M 3
.| 2 2 . 18 2| & 2|2
= -
= 5 . S 40 2 g
oo S—— | payc] ke o S T o |4 Tioe o 3 Fin o
1040401 04105104107 010110310310‘1051052’ S0 103 104105109107 <0 107 104105 108107 =0 10° 104105105107
cD11ct <
o, . 0,
P 2921% 4.69% - 20.29% 12.28% . 12.29%
B B 5 AT &F CE
£ N 5 B
R 2 I ol ° S
ol = |
&0 (=1 =3 ﬁ [
I < il T2 &
5 b :
=, The =i =, N
0101021011041 05104107 10‘1031u=1<141|1-’v105\o7 S5 405 100 105 105 S0 10° 104105 105 =0 109 104 105 106 S0 10° 10 10° 10°
cD11b* * CD11b*"
B - D o S A=
15 & Th3-OvA o e =
ns [+
o 2 60 L] 30
Gl o
§1n— _-I-_ &5 20 % Y = re = o pBS
a [=] ol 40 on v =2 (8 ns O Tho-OVA
O s Ol = E D'Er V¥ v Th9-OVA-CP
20 . 10 v A Th9-OVAKTP
: f*
A 6\= e " 0 0
< | @ L E F
3
Q 20 [=IFE -
] = & i
a "\E E ﬂo o PBS 0 PBS+anti-CD8a ¥ Th9-OVA-KTP+anti-CD8a A Th9-OVA-KTP —
= 10 m S - ] o ”E 800
I ©
©
© N £ \aE-; 600
a0- . 3= 5 14 % £
o0 o E 4 > 4 3 400
= 3 2] - - zFZ!;’- [=]
Sz [1] £ 2 e, 8
=4 ° = . £ 5 200
F 1o & g Tt 2
I"*ﬁ O ! 9 5791113151719 5 7 94113454719 5 7 91113154719 5 7 9 1113151719 S
G o I Time(Days) L
gy, © PBS O PBSantld v Th9-OVAKTPeantidL & Tho-OVAKTP PBS PBS+tanti-IL-g ThB'OYA' Th9-OVA-KTP
£ o " «» KTP+anti-IL-8
E A< e : i
E P i
e ~ o ~ o
E < = b o
-3
3 |3 3 3 g
£ o 8 h <+ 13.83% « 10.67%| « 21.42%
Ll — T — T T — T (2] g “ g { ° °
TN 7 9111315 7911315 7911315 o K0 o W‘ % o o= 1
Time(Days) 101 102 10° 10* 105 105 10" 102 102104 105 105 10" 102 10° 10° 105 105 10! 107 107 10¢ 105 105wy
H J °°8”
5 38.39% 38.80% % 37.49% © 13.38%
o & .. AZT g 3 | IEs
£ 600 25+ ’7 2 = 2 s
£ lf 2 S s S
= 20 + =1 3! -y by
g 400 3 L . | & e =3 =]
] 2" ¢ ooy ale 2 N e
g 200-] 810- = %—' _‘e ? =
5 5] |o 4 :c_. | 8 B | B [En | o Hin
E 10110210°104105105107 10'10210°10410510%107  10"10210310*10510°107 10710210%10410108107,
= >
o o PBS
) ' CD11c*
o PBS-antiL9 o PBS-antidL-9
K Z The-OVA-KTP+anti-IL9 L : I::g\\;::zmmv—lm ‘k‘ﬂc ) 'Aa _ 6-060/0 " 5.940/0 2 2-: 90/0
~ s A 2 =
8 g — :é :c'-": é :é'-
2 sl 2 E] 3 3
H ®| 2 2 3 EX|
g - | - - | -~ -
=] ol Y 1 ® A B
= oY GO Y (8 L W 1Y I . 3 s
~11011021010*10510° <1 107102107101 ?

05108 =1 1010210

3104109105 ©110110210°10910°10°

517

CD11b*"

(caption on next page)



T. Chen et al. Bioactive Materials 23 (2023) 508-523

Fig. 7. The anti-osteosarcoma efficacy of tumor-specific Th9-OVA-KTP cells relied on CD8* T cells and IL-9. (A and B) Flow cytometry analysis (A) and
quantification (B) of the percentage of CD4™ T cells, CD8" T cells, MDSC (Gr17CD11c™), and TAM (F4/807CD11b™), and the ratio of CD8/MDSC as well as the ratio
of CD8/TAM in immune cells isolated from subcutaneous K7M2-OVA tumor-bearing mice 3 days after injection of PBS or Th9-OVA cells (3x1076 cells) (n = 3 mice
per group). (C and D) Flow cytometry (C) analysis and quantification (D) of the percentage of CD8" T cells, MDSC, and TAM in TILs isolated from subcutaneous
K7M2-OVA tumor-bearing mice 3 days after reinfusion of PBS, Th9-OVA cells, Th9-OVA-CP cells, and Th9-OVA-KTP cells (3x10"6 cells) (n = 4 mice per group). (E
and F) Tumor growth curves (E) and the tumor volume (F) of K7M2-OVA tumor-bearing Balb/c mice after intravenous injection of PBS and Th9-OVA-KTP cells
(3x1076 cells on day 7 and day14) with the administration of anti-CD8 or IgG2b antibodies every 3 days since 1day before the inoculation of tumor cells (n = 6 mice
per group). (G and H) Tumor growth curves (G) and the tumor volume (H) of K7M2-OVA tumor-bearing Balb/c mice after intravenous injection of PBS and Th9-
OVA-KTP cells (3x10°6 cells on day 7 and day14) with the administration of anti-IL-9 or IgG2a antibodies every 3 days since 1day before the inoculation of tumor
cells (n = 6 mice per group). (I, J, K, and L) Flow cytometry analysis (I) and quantification of the percentage of CD8" T cells (J), MDSC (K), and TAM (L) in TILs
isolated from subcutaneous K7M2-OVA tumor-bearing Balb/c mice treated as (G and H) (n = 3 or n = 4 mice per group). Data were analyzed by one-way ANOVA test
(D, F, H, J, K, and I) or unpaired t-test (B). mean + SEM; ns denote no significant difference,* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001,****
i‘ndicates p < 0.0001.

osteosarcoma are also found on healthy tissues ([42]), thus their ap- increase of DC cell infiltration after Th9 cell infusion in our study. Thus,
plications in clinical practice are limited by “on target-off tumor” effects. we speculate that Th9 and Th9-KTP cells may improve the proliferation
Therefore, a specific ligand targeting osteosarcoma is of great signifi- or survival of CD8™ T cells in osteosarcoma. Since such effects on CD8' T
cance to solve the current dilemma of osteosarcoma immunotherapy. cells are highly dependent on IL-9 regulation ([47]), we also validated
Phage display biopanning technology utilizes a phage library expressing the connection between IL-9 and CD8" T cells. When IL-9 was neutral-
billions of unique polypeptides to screen the target-binding peptides ized with anti-IL-9 antibodies, the enhanced CD8™" T cell infiltration was
based on direct interaction between displayed peptides and unknown reversed and the anti-tumor effects of Th9-KTP cells were completely

targets ([44,45]). The high flexibility, efficiency, and safety of phage abolished, suggesting the enhanced antitumor effect of CD8™ T cell may
display enable its broad application in identifying antibodies and cancer be attributed to IL-9 secreted by infused Th9 cells. Put together, the

cell targeting molecules. Harnessing this technique, we successfully enhanced anti-osteosarcoma function of Th9-KTP cells may be attrib-
identified a K7M2-specific targeting peptide by phage display bio- uted to the increased number of CD8" T cells entering the tumor, which
panning after 6 rounds of in vitro and in vivo screening. Our data is closely related to the secretion of IL-9 by Th9 cells.
demonstrated that this peptide exhibited superior binding affinity to Besides, Th9 cells possess the potential to remodel the tumor
K7M2 cells as indicated by 6-14 times in vitro binding efficiency and 2.2 microenvironment since the transfusion of Th9 and Th9-KTP cells
times in vivo targeting efficiency compared to control peptides. Given significantly decreased the amounts of immunosuppressive cells such as
the successful identification of osteosarcoma-specific ligands using MDSC and TAM. Given the fact that the overwhelming immunosup-
phage display, we expect this rapid and cost-effective approach can be pressive microenvironment, represents a major reason for the failure of
translated to many other solid tumors that lack targetable neoantigens. immune checkpoint inhibitors (ICI) therapy in osteosarcoma ([42]) as
The tumor-specific targeting peptide was conjugated to the T cell such a hostile microenvironment leads to insufficient immune cell
membrane by a nongenetic modification of PA, a hydrophobic tag, based infiltration and T cell exhaustion. The scavenger effect of Th9 against
on hydrophobic interaction between the cell membrane and PA tail. This MDSC and TAM in solid tumors might be of great significance when
approach showed great efficiency to anchor peptides to Th9 cell mem- combined with other cancer immunotherapy approaches. For instance,
branes. Compared to genetic modification of cell membrane, PA modi- the combination of Th9 cell-based ACT and ICI therapy may have a
fication eliminates the risk of insertion tumorigenesis and the permanent synergistic effect to improve the anti-osteosarcoma effect, which was
changes to cells caused by the disruption of irrelevant genes ([46]). Cell initialized by the Th9 cells to disrupt the balance between immuno-
viability and in vitro differentiation and expansion studies proved that suppressive cells and effector cells, and ultimately converted osteosar-
this approach was safe and would not disturb the physiological function coma into “hot tumors” by recruiting antitumor immune cells. However,
of the Th9 cells. Besides, our results proved that with the modification of we also noticed that others observed no significant change in the
PA, peptides were conjugated to the cell membrane for at least 12 h, numbers of TAM and MDSC with the administration of a-IL-9 antibodies
ensuring the successful arrival of T cells to tumor sites. Furthermore, this in melanoma ([35]). Thus, whether this phenomenon is osteosarcoma
approach was successfully translated to y T cells and improved the specific or broadly existed in solid tumors needs to be further explored
infiltration ability of yd T cells to tumor sites, indicating the potential since osteosarcoma is characterized by a high immunosuppressive
availability to other immune cells. In addition, this method possessed phenotype as compared to other solid tumors, such as melanoma and
other advantages, including ease of operation, rapidity, and low cost, lung cancer [37,43].

highlighting the potential for broader application in clinical practice.
Mechanistically, the improved antitumor effects of Th9-KTP cells 4. Material and methods
after arrival in the tumor bed in our osteosarcoma model rely on IL-9-

mediated adaptive immunity. We observed the infiltration of DC and 4.1. Material

NK in osteosarcoma was not influenced after the infusion of tumor-

specific Th9 cells. Besides, the tumor development was not restrained Female Balb/c (5-to-8 week-old) mice were purchased from SLAC
in nude mice with impaired T cell function (data not shown). These data company (Shanghai, China). Inmune compromised Nod/SCID mice (5-
suggest that innate immunity may not be responsible for Th9-induced to-8 week-old) were purchased from Nanjing Animal Model Institute
osteosarcoma inhibition. On the other side, we observed a significant (Nanjing, China). DO11.10 mice were donated by Dr. Fang Zhang

increase of CD8"1 T cells after Th9-KTP infusion, suggesting that the (Medical School of Nanjing University, Nanjing, China) and B6-G/R
infiltration of CD8™ T cells was improved with the treatment of Th9-KTP mice were donated by Professor Junjie Gao (Shanghai Sixth People’s
cells. Correspondingly, depletion of CD8™ T cells via anti-CD8 antibodies Hospital, Shanghai Jiaotong University, Shanghai, China). Mice were
also largely abrogated the antitumor effects of Th9-KTP cells. These handled in a specific pathogen-free animal breeding facility and fed with

observations imply that the anti-osteosarcoma effect of Th9-KTP cells sterile fodder and acidified water. All animal studies were approved by
may be exerted via CD8" T cell-mediated adaptive immunity instead of the Animal Care and Use Committee of the School of Medicine, Zhejiang
innate immunity. Lu et al. reported that recruitment of CD8" T cells may University. The protocol for use of human blood was approved by the
be achieved by DC cell recruitment in the context of Th9 cell-mediated Institutional Review Board of the Second Affiliated Hospital of Zhejiang
antitumor treatment ([35]). Unfortunately, we did not observe an University (2020-071), and written informed consents were obtained
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Fig. 8. Human y8 T-OTP cells display enhanced intratumor accumulation and anti-tumor efficacy in HOS tumor-bearing mice. Human y3 T cells were
isolated from PBMC. (A) Confocal microscopy images of y5 T cells incubated with PA-OTP-FITC or OTP-FITC for 10 min with a concentration of 0.1 mg/ml. Scale bar,
20 pm or 5 pm. (B) In vivo bioluminescence images of mice bearing HOS-Luci tumors and in vivo DIR fluorescence images of y5 T cells accumulation in tumor sites 24
h postinjection of DIR-labeled y8 T or y8 T-OTP cells (2x10°6 cells) (n = 5 mice per group). (C) Quantification of the average radiant efficiency of DIR-labeled homing
vd T cells. (D and E) Tumor growth curves (D) and the tumor volume (E) of Hos tumor-bearing Balb/c-nude mice after intravenous injection of PBS, y& T cells, or y8
T-OTP cells (3x1076 cells on day 7 and day14) (n = 6 mice per group). (F) The photographs and tumor weight of tumor tissues collected on day 25 (n = 6 mice per
group). Data were analyzed by one-way ANOVA test. mean + SEM; ns denote no significant difference,* indicates p < 0.05, ** indicates p < 0.01, *
0.001,**** indicates p < 0.0001.

“ indicates p <
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from the patients.
4.2. Cell culture

K7M2, HOS, 3T3, and LLC cells were purchased from the Cell Bank of
Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences (Shanghai, China). All Cell line was identified by the Cell
Collection via DNA STR genotyping. The K7M2-Luci-OVA cell, K7M2-
mCherry, and HOS-Luci cells were constructed in our lab. K7M2, HOS,
3T3, and LLC cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) (Gibco, Rockville, MD, USA) supplemented with 10%
fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA), and 1%
penicillin/streptomycin. Cells were maintained at 37 °C in 5% CO2.

4.3. In vitro/in vivo phage display

A linear 12-amino acid peptide library (Ph.D.-12 phage display
peptide library, New England Biolabs, Inc.) was used for biopanning
according to our previous work ([40]). First, 1 x 1012 transducing units
of the phage library were co-cultured with mouse primary fibroblasts for
negative selection. Then the supernatant was collected and added to
K7M2 cells for positive selection. 1 h later, K7M2 cells were washed with
a washing buffer five times to remove the unbound phages. Then, the
cell-bound phages were eluted by the elution buffer. The selected phages
were amplified by infecting E. coli host strain ER2738 for the next round
of selection. After 1 round of in vitro biopanning, the remaining phages
were intravenously injected into K7M2-bearing mice. 1 h later, the mice
were sacrificed and the redundant phages in the blood were washed
away through heart perfusion. Then the bearing tumor was incised and
the tumor-targeted phages were extracted from the tumor homogenate
and amplified by infecting E. coli host strain ER2738.

4.4. Synthesis and Dye labeling of peptides

Four additional lysines (KKKK) were added to the C-terminal of
peptides as a linker region and manufactured by KS-V Peptide Biological
Technology Co. Ltd (Hefei, China). The conjugation of Cy5.5 dye to each
peptide was performed according to our previous work ([40]). Briefly, 1
x 1073 M Cy5.5-maleimide was mixed with 1 x 10~3 M peptide saline
solution at the ratio of 1:4 and stirred at room temperature for 3 h.
Unconjugated peptides were removed using Slide-A-Lyzer Dialysis
Cassettes (1000 MWCO, Thermo Fisher Scientific, Waltham, MA, USA).
The peptides with palmitoylation were synthesized by KS-V Peptide
Biological Technology Co. Ltd (Hefei, China), based on Fmoc/tBu
solid-phase peptide synthesis strategy. The palmitic acid was installed
on the e-NH2 of first C terminal lysine residues.

4.5. In vitro differentiation of T cells

Naive T cells (CD4+CD62LhiCD44l°) were sorted from the spleen and
lymph nodes of Balb/c mice, DO11.10 mice or B6-G/R mice according to
experiment requirements by Easy™ Mouse CD4" T cell isolation Kit
(19852 A, Stem cell Technologies, Canda) and Easy™ Mouse CD4 Pos-
itive T cell isolation Kit II (18952 A, Stem cell Technologies, Canda).
Sorted naive CD4" T cells were routinely 98% pure. The sorted naive
CD4™" T cells were stimulated with plate-bound anti-CD3 (145-2C11, 2
pg/ml, Bio X cell, USA) and anti-CD28 (PV-1, 2 pug/ml, Bio X cell, USA)
antibodies, and polarized into Th9 cells with TGF-p1 (130-095-067, 2
ng/ml, MiltenyiBiotech, Germany), IL-4 (BE0045, 20 ng/ml, Bio X Cell,
USA), and anti-IFN-y (BE0054,10 pg/ml, Bio X cell, USA). Cells were
maintained in RPMI 1640 at 37 °C in 5% CO2, supplemented with 10%
FBS and 1% penicillin/streptomycin. Th9 cells were harvested on day 4
and the purity was detected by flow cytometry analysis. Human y3 T cell
in vitro differentiation was conducted according to our previous work
([48]). Briefly, peripheral blood mononuclear cells were isolated by
Ficoll gradient centrifugation and cultured in RPMI 1640, supplemented
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with 10% FBS and 1% penicillin/streptomycin and 1 pM zoledronate
(Zometa; Novartis, Switzerland) and recombinant human IL-2 (400
IU/ml; PeproTech, USA) at 37 °C in 5% CO2. The complete culture
medium was supplemented every 3 days. 12-15 days later, the y5 T cells
were harvested and the purity was detected by flow cytometry analysis.

4.6. Peptide coating and cytotoxicity

T cells were seeded on 48-well plates (1.0 x 10° cells/well), then PA-
peptide-FITC and peptide-FITC were added (0.01-0.5 mg/ml) to the T
cells and incubated for 10 min. Then the unconjugated peptides were
washed away. The coating rates were indicated by the FITC signal and
quantized by Flow cytometry analysis. In addition, T cells were dyed
with PKH 26 following manufacturer instructions and then incubated
with 0.1 mg/ml PA-peptide-FITC or Peptide-FITC for 10 min. Finally,
the T cells were fixed by cold methyl alcohol for 15 min at 4 °C and
incubated with DAPI for 5 min, and observed under an FV3000 confocal
microscope. For stability assessment, T cells were treated with PA-
peptide-FITC as described above and observed by an FV3000 confocal
microscope at each time point (1 h, 12 h, 24 h, 48 h).

The cytotoxicity of the peptides to Th9 cells was evaluated, including
survival, proliferation, and polarization. For survival analysis, Th9 cells
were cultured under the Th9 cell polarization condition medium con-
taining TGF-f1 (2 ng/ml), IL-4 (20 ng/ml), and anti-IFN-y (10 pg/ml).
On day 4, Th9 cells were harvested and incubated with 0-0.5 mg/ml PA-
KTP-FITC or KTP-FITC for 10 min (acute effects) and 1 h (extended-in-
cubation effects) at 37 °C and then washed thoroughly in PBS 3 times.
For the long-term effects, Th9 cells were harvested on day 3 and cultured
for another 24 h after the T cells were incubated with 0-0.5 mg/ml PA-
KTP-FITC or KTP-FITC for 10 min and washed in PBS 3 times ([28]). The
survival rate was assessed by living-dead staining with PB-FVD and
detected by flow cytometry.

For the proliferation assay, naive CD4" T (Day 0) cells were incu-
bated with or without 0.1 mg/ml PA-KTP-FITC for 10 min at 37 °C and
then washed thoroughly in PBS 3 times. Then 1.0 x 10° naive CD4* T
cells were seeded on 48-well plates coated with anti-CD3 (2 pg/ml) and
anti-CD28 (2 pg/ml) antibodies and cultured in the Th9 cell polarization
condition medium. 1.0 x 10° naive CD4" T cells seeded on 48-well
plates without anti-CD3 (2 pg/ml) and anti-CD28 (2 pg/ml) antibodies
and cultured in the RPMI 1640 medium were regarded as the negative
control. Atday 0, 1, 2, and 3 the cells were collected and counted by flow
cytometry. Fold expansion = number of cells (Th9, Th9-KTP-+anti-CD3/
CD28)/number of cells (No-anti-CD3,/CD28).

For the polarization assay, naive CD4 " T cells were incubated with or
without 0.1 mg/ml PA-KTP-FITC for 10 min at 37 °C and then washed
thoroughly in PBS 3 times, and cultured in the Th9 cell polarization
condition medium. Th9-KTP or Th9 cells were harvested on day 4 and
detected the level of CD4" IL-9" by flow cytometry.

The cytotoxicity of the peptides to yd T cells was indicated by the
survival rate. Human yd T cells were cultured in RPMI 1640, supple-
mented with 10% FBS and 1% penicillin/streptomycin and 1 pM
zoledronate and recombinant human IL-2 (400 IU/ml). On day 14, y8 T
cells were harvested and incubated with 0-0.5 mg/ml PA-OTP-FITC or
OTP-FITC for 10 min at 37 °C and then washed thoroughly in PBS 3
times. For the long-term effects, y5 T cells were harvested on day 13 and
cultured for another 24 h after the y5 T cells were incubated with 0-0.5
mg/ml PA-OTP-FITC or OTP-FITC for 10 min and washed in PBS 3 times.
The survival rate was assessed by living-dead staining with Fixable
Viability Dye (FVD) and detected by flow cytometry.

4.7. In vivo fluorescence imaging

The Cy5.5-labeled peptides were constructed by ourselves. 100 pL of
5 x 107> M Cy5.5-peptides and Cy5.5 only were intravenously injected
into established tumor-bearing mice. 24 h later, mice were anesthesia
with a 4% isoflurane/oxygen mixture and scanned by the IVIS Spectrum
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Animal Imaging System (PerkinElmer, USA). For the T cell homing
experiment, T cells were incubated with 0.1 mg/ml PA-peptides for 10
min and then stained by 1,1-dioctadecyl-3,3,3,3 tetramethylindo-
tricarbocyaine iodide (DiR) (5 pM, Caliper life sciences, USA) for 20 min
at 37 °C. After being thoroughly washed in PBS 3 times, T cells were
delivered intravenously in 100ul PBS. Besides, the tumor cells used in
the T cell homing experiment were transfected with luciferase to indi-
cate the existence of tumors. D-luciferin (50 mg/kg, Yeasen, China)
suspended in PBS was intraperitoneally injected for 10 min before im-
aging. IVIS Spectrum Animal Imaging System was used to evaluate the
homing ability of T cells 24 h after T cells transfusion.

4.8. In vitro tumor-specific Th9 cell cytotoxicity

OVA-specific naive CD4™ T cells were generated from OVA-specific
DO11.10 mice, and in vitro polarized to Th9 cells in the Th9 cell polar-
ization condition medium for 4 days. K7M2-OVA and K7M2-WT tumor
cells were labeled with different concentrations of CFSE (Thermo Fisher
Scientific, Waltham, CA, USA). K7M2-OVA cells were labeled with 5 pM
CFSE (CFSE™&") while K7M2-WT cells were labeled with 0.5 uM CFSE
(CFSE!®") for 10 min at 37 °C. Then the tumor cells were mixed at a 1:1
ratio, and seeded into 96-well plates (5x10* cells/well; 2.5x1 0* K7M2-
OVA cells and 2.5x10* K7M2-WT). Th9 cells (5x10°) were added and
incubated for 24 h. A mixture of tumor cells cultured alone was regarded
as the control. 24 h later, the cells were collected and stained by FVD and
CD4 antibodies to dissect the surviving tumor cells (FVD™ CD4~ CFSE™)
and detected by flow cytometry. Ratio = % [CFSEMish] peak/% [CFSE-
oW} peak. Tumor-Specific Lysis [1-(Control ratio/Experimental
ratio)] x 100.

4.9. Tumor experiments

The mice were used for tumor inoculation at the age of 6-8 weeks. To
assess the antitumor effect of Th9 cells and KTP-Th9 cells, 1 x 10°
K7M2-Luci-OVA cells were subcutaneously injected into Balb/c mice on
day 1. On day 7 and day 14, 3 x 10° Do11.10 derived Th9 cells were
intravenously injected into tumor-bearing mice respectively. To eval-
uate the roles of CD8" T cells and IL-9 in the anti-tumor effects of Th9
cells, anti-CD8a (10 mg/kg, YTS 169.4, Bio X Cell, USA), and anti-IL-9
(10 mg/kg, 9C1, Bio X Cell, USA) were intraperitoneally delivered to
mice every 3 days at 1 day before tumor inoculation. Rat IgG2b (10 mg/
kg, LTF-2, Bio X Cell, USA) and mouse IgG2a (10 mg/kg, C1.18.4, Bio X
Cell, USA) were used as isotype control. To assess the antitumor effect of
vd T cells and OTP-yd T cells, 1 x 108 HOS-luci cells were subcutane-
ously injected into immune-compromised Balb/c mice on day 1. On day
7 and day 14, 3 x 10° vd T cells and y8 T-OTP cells were intravenously
injected into tumor-bearing mice respectively. The tumor volumes were
monitored by caliper and calculated by the formula V = a x b%/2 (a: the
maximal diameter of the tumor, b: the minimal diameter).

4.10. Tumor infiltration Lymphacyte analysis

The mice were sacrificed 48 h after T cells transfusion. The tumors
were incised and enzymatically digested with 1 mg/ml collagenase IV
(CLS-4, Worthington Biochemical Corp. USA), 0.5 mg/ml DNase I
(DN25, Sigma-Aldrich, USA), and 25 pg/ml hyaluronidase (Sigma-
Aldrich, USA) at 37 °C for 1.5 h. Then the TILs were isolated by Percoll
(17089101, GE Healthcare, Sweden) gradient purification following
manufacturer instructions.

4.11. Histological staining

PBS, Th9-OVA, Th9-OVA-CP, Th9-OVA-KTP, y5 T cells, and y5-OTP T
cells were intravenously injected into tumor-bearing mice on day 7 and
day 14.2 days after the second transfusion, the mice were sacrificed to
collect the tumor tissue and important organs, including heart, liver,
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spleen, lung, and kidney. Then, the tissues were fixed in 4% of formalin
solution for 24 h and embedded in paraffin. For H&E staining, the organ
tissues were cut into 5-pm-thick slices and manufactured according to a
standard protocol. As for immunohistochemistry (IHC) analysis, the
tumor tissues were cut into 5-pm-thick slices and incubated with
blocking fluid for 30 min. Then the slices were incubated with rabbit-
anti-Ki-67 (ab15580, Abcam, USA) or rabbit-anti-CD8a (ab217344,
Abcam, USA) overnight at 4 °C, followed by a thorough wash, and then
incubated with goat anti-rabbit IgG HRP.

4.12. Toxicity evaluation of Th9 cells and serum analysis

100p1 PBS, 3 x 10%/100p1 Th9-OVA, Th9-OVA-CP, and Th9-OVA-
KTP cells were intravenously injected into mice. 48 h later, the mice
were sacrificed and the blood was collected. Then the serum was divided
from the blood by centrifuging at 1500xg for 10 min. The levels of IL-6,
IL-1B, IL-18, IFN-y, and TNF-o were measured by multiplex secretome
analysis (ABplex Mouse 6-Plex Custom panel) according to manufac-
turer’s instructions with the assistance of ABclonal Technology. The
serum activities of AST, ALT, CK, and LDH were measured by ALT, AST,
CK, and LDH Reagent Kits (Biobase, Shandong, China).

4.13. Immunofluorescence

K7M2, 3T3, and LLC cells were seeded into a 24-well plate (1.0 x
10° cells per well), blocked with 10% BSA for 1 h at 37 °C, and then
stained with Cy5.5-peptides and Cy5.5 only (10 x 10~ M) for 30 min at
37 °Cin the dark. After being washed 3 times by PBS, the cells were fixed
in 4% paraformaldehyde for 20 min at room temperature and then
incubated with Alexa Fluor 647-phalloidin for 1 h and DAPI for 5 min at
37 °C.

For live-cell imaging, naive CD4" T-ZsGreen (green) cells were
generated from B6-G/R mice and cultured in the Th9 cell polarization
condition medium for 4 days. Then Th9-ZsGreen (green) was incubated
with 0.1 mg/ml PA-KTP for 10 min at 37 °C. 5.0 x 10* KZM2-mCherry
(magenta) cells were plated on 35-mm glass-bottom petri dishes (P35g-
1.5-14-C, MatTek, USA). Then, 5.0 x 10° Th9-ZsGreen-KTP or Th9-
ZsGreen were added to the dishes.

4.14. Cell imaging and analysis

Fixed cell images were acquired on an FV3000 confocal microscope
with a 40 x water objective or a 100 x oil immersion objective. Live-cell
images were acquired on a Nikon Al microscope using a 40 x water
objective in a temperature-controlled chamber (37 °C, 5% CO2).

Digital images were acquired on a Nikon Al microscope with Nikon
NIS Elements software. For 3D imaging, 20- to 40-pm Z-stack images,
examined in 1-pm steps, from the upper surface to bottom surface were
processed. The images were recorded at the interval of every 5 min for 5
h. All images were assembled and analyzed using FV315-SW or LAS X.

4.15. CFSE labeling and transfer

KTP-Th9, Th9 cells were incubated with 5 pM CFSE in PBS at room
temperature for 10 min at 37 °C in dark, and then washed extensively.
1.0x10° CFSE-labeled-Th9 cells or CFSE-labeled-Th9-KTP were intra-
venously transferred into mice bearing K7M2-OVA osteosarcoma. All
mice were sacrificed 4 h later, and all lymphocytes were extracted
through TIL experiment. CFSE™ Th9 cells were detected by flow
cytometry.

4.16. Flow cytometry
Isolated tumor-infiltrating immune cells and in vitro differentiated

Th9 cells were stained with antibodies against CD3 (17A2), MHC-II
(M5/114.15.2) CD8 (53-6.7), CD4 (RM4-5), IL-9 (RM9A4), CD45 (30-



T. Chen et al.

F11), NK1.1 (S17016D), CD11c (N418), CD11b (M1/70), CD86 (GL-1),
CD206 (C068C2), and Grl (R86-8C5) (all from eBioscience or Bio-
Legend, USA). For intracellular staining, cells were stimulated for 4 h by
PMA (P1585, 50 ng/ml, Sigma-Aldrich, USA), ionomycin (13909, 1 pg/
ml, Sigma-Aldrich, USA), and brefeldin A solution (00-4506-51, eBio-
science, USA) and were then manufactured following an intracellular
staining protocol. Next, cells were carried out with fixation/per-
meabilization buffer solution (00-5123-43 and 00-5223-56, eBioscience,
USA). Then, stained cells were analyzed by Novocyte Flow cytometry,
and data were analyzed using NovoExpress (Agilent Technologies, Inc,
USA).

4.17. Statistics

All the data were performed the Shapiro-Wilk test to confirm their
distribution. For the normally distributed data, an unpaired T-test was
used for means comparison between the two groups. One-way analysis
of variance (ANOVA) was used for means comparison of multiple indi-
vidual datasets. For the non-normally distributed data, the Mann-
Whitney test was used for means comparison between the two groups.
The Kruskal-Wallis test was used for the means comparison of multiple
individual datasets.

Fluorescence intensity was analyzed by Image J software. All other
statistical analysis was performed by GraphPad Prism software (Version
8.0). Results were presented as means + SEM, and a P-value <0.05 was
considered statistically significant and marked by asterisks (N-S., no
significance; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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