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Abstract

It has been shown that protein tyrosine phosphatase non-receptor type (PTPN) 3 inhibits T-cell activation. However, there
is no definitive conclusion about how the inhibition of PTPN3 in lymphocytes affects immune functions in human lym-
phocytes. In the present study, we showed that PTPN3 inhibition significantly contributes to the enhanced activation of
activated human lymphocytes. The PTPN3 expression of lymphocytes was significantly increased through the activation
process using IL-2 and anti-CD3 mAb. Interestingly, inhibiting the PTPN3 expression in activated lymphocytes significantly
augmented the proliferation, migration, and cytotoxicity through the phosphorylation of zeta-chain-associated protein kinase
70 (ZAP-70), lymphocyte-specific protein tyrosine kinase (LCK), and extracellular signal-regulated kinases (ERK). Lym-
phocyte activation by PTPN3 inhibition was observed only in activated CD3* T cells and not in NK cells or resting T cells.
In therapy experiments using autologous tumors and lymphocytes, PTPN3 inhibition significantly augmented the number
of tumor-infiltrated lymphocytes and the cytotoxicity of activated lymphocytes. Our results strongly imply that PTPN3 acts
as an immune checkpoint in activated lymphocytes and that PTPN3 inhibitor may be a new non-antibody-type immune
checkpoint inhibitor for cancer therapy.
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PTP Protein tyrosine phosphatase therapy. Many authors have reported the effectiveness of

immune check point inhibitors [1, 2]. However, the response
rate is still limited, and many severe adverse effects are
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and no non-antibody-type immune checkpoint inhibitors are
available at the present time.

The actions of protein tyrosine phosphatase non-receptor
type (PTPN) 3, which removes phosphorylation from protein
tyrosyl residues, may be the opposite of those of protein
tyrosine kinase [S]. The role of PTPN3 in lymphocytes is
still controversial. PTPN3 has been shown to inhibit T-cell
activation [5]. On the other hand, some authors have dem-
onstrated that PTPN3 is dispensable for the negative regu-
lation of T-cell activation using PTPN3 knockout mice [6].
However, how the inhibition of PTPN3 affects the immune
function against cancer in human activated lymphocytes
remains unclear. The development of new immunotherapy is
significantly important for solving problems of the response
rate, treatment cost, and adverse effects of existing antibody
agents. In the present study, we focused on PTPN3 in acti-
vated lymphocytes as a target for non-antibody-type immune
checkpoint inhibitors and investigated the functions of lym-
phocytes by inhibiting PTPN3.

Materials and methods
Induction of activated lymphocytes

In vitro and in vivo experiments used peripheral blood
mononuclear cells (PBMCs) collected from the heparinized
peripheral blood of ten healthy volunteers and three cancer
patients via HISTOPAQUE-1077 (Merck KGaA, Darm-
stadt, Germany) density gradient centrifugation. PBMCs
were cultured in RPMI-1640 (Nacalai Tesque, Kyoto, Japan)
supplemented with 0.5% human serum, 2000 units/ml peni-
cillin (Meijiseika, Tokyo, Japan), 10 pg/ml streptomycin
(Meijiseika), and 200 U/ml IL-2 (Primmune, San Diego,
CA, USA) in a 2.5 pg/ml anti-CD3 monoclonal antibody
(OKT3, JANSSEN PHARMACEUTICAL K.K., Osaka,
Japan)-coated T-75/T-25 flask or 6-well plate for 7 days.
Non-adherent fractions were collected as activated lympho-
cytes. In the microarray analysis, activated lymphocytes
from two patients with pancreatic cancer and lung cancer
were used. In in vivo therapy experiments, tumor cells and
autologous-activated lymphocytes from a patient with ovar-
ian cancer were used.

For CD3*CD4"NKG2D™ T cell and CD3*CD8*NKG2D*
T-cell selection, a magnetic cell separation system was used
(Mojosort Human CD4 T-cell isolation kit and Mojosort
Human CD8 T-cell isolation kit, respectively; Biolegend,
San Diego, CA, USA).

Induction of dendritic cell (DC)-stimulated activated
lymphocytes (DALs)

DC-stimulated activated lymphocytes were induced as
described previously [7]. PBMCs were incubated in RPMI
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supplemented with 2000 units/ml penicillin, 10 mg/ml
streptomycin, 0.5% human serum, and 200 U/ml IL-2. After
30-60 min, the supernatant was discarded, and adherent
cells were cultured for 4-7 days in new medium supple-
mented with 50 ng/ml IL-4 (Primmune) and 100 ng/ml GM-
CSF (Primmune). Following this, 200 pg of SUIT-2 tumor
lysate was added to the culture. After 4-12 h, TNF-a (500 U/
ml; Gentaur Molecular Products, Brussels, Belgium) and
500 U/ml IFN-a (MSD, Kenilworth, NJ, USA) were added
to the culture. After 1 day of incubation, lymphocytes were
added to the culture and cultured for 4 days. Non-adherent
fractions were collected and cultured in RPMI medium sup-
plemented with 200 U/ml IL-2 in 2.5 pg/ml OKT3-coated
culture plates for 5 days. Cells were then collected as DALs.

Cancer cell culture

The human pancreatic ductal adenocarcinoma cell line
SUIT-2 and human tongue squamous cell carcinoma cell
line SCC-9 were maintained in RPMI 1640 medium sup-
plemented with 10% fetal calf serum (FCS; Thermo Fisher
Scientific, Waltham, MA, USA) and antibiotics (2000 units/
ml of penicillin and 10 pg/ml of streptomycin).

RNA interference

Nucleotide sequences for short hairpin RNA (shRNA) tar-
geting PTPN3 were as follows: shPTPN3#1, CAATCAGAA
GCAGAATCCTGCTATA; and shPTPN3#2, GACAGC
TACTTAGTCTTGATCCGTA. These oligonucleotides
were ligated in the plasmid vector (pcDNA™6.2-GW/Em-
miR,#K4934-00; Thermo Fisher Scientific). This plasmid
vector was then co-transfected with the ViraPower™ Pack-
aging Mix (included in BLOCK-iT™ Lentiviral Poll Il miR
RNAI Expression Systems; Thermo Fisher Scientific) into
the 293FT cell line to produce the lentiviral stock. PTPN3
transfection using lentivirus in lymphocytes was performed
from culture days 3-6.

DNA microarray

The methodology of the DNA microarray which we used
has been described previously [8]. Intensity-based Z-scores
and ratios (nonlog-scale fold-change) were calculated from
the normalized signal intensities of each probe to compare
lymphocytes before and after activation. The registration
numbers are GSE86293 and GSE89328.

Reverse transcription (RT)-polymerase chain
reaction (PCR)

Total RNA was extracted using a High Pure RNA Isola-
tion kit (Roche, Basel, Switzerland) and quantified by
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spectrophotometry (Ultrospec 2100 Pro; Amersham Phar-
macia Biotech, Piscataway, NJ, USA). For RT-PCR, 1.0 pg
of RNA was reverse transcribed to cDNA with the Verso
cDNA Synthesis Kit (Thermo Fisher Scientific) according
to the manufacturer’s protocol. RT-PCR reactions were per-
formed using MasterMix kit (Qiagen, Valencia, CA, USA).
All primer sets used were as follows: PTPN3 forward,
5" TGGTATCGTG GAAGGACTCA-3’; reverse, 5'-AGC
TCCACCTA GAAGCACAGAA-3'; and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) forward, 5'-CCA
CCCATGGCAAATTCCATGGCA-3"; reverse, 5'-TCTAGA
CGGCAGGTCAGGTCCACC-3".

Real-time RT-PCR

RNA (1 pg) was treated with DNase and reverse transcribed
using the Quantitect Reverse Transcription kit (Qiagen).
Reactions were run on a DNA Engine Opticon 2 System
(Bio-Rad, Hercules, CA, USA) using SYBR Premix Ex
Taq II (Takara, Otsu, Japan) as previously described in
[9]. Human PTPN3 real-time primer was purchased from
Bio-Rad. f-actin forward, 5'-TTGTTACAGGAAGTCCCT
TGCC-3'; reverse, 5'-ATGCTATCACCTCCCCTGTGTG-
3'. The amount of each target gene in a given sample was
normalized to the level of B-actin in that sample.

Fluorescence-activated cell sorting (FACS)

Cells were stained with fluorescein isothiocyanate (FITC)-
conjugated anti-CD3, CD4, and monoclonal antibodies
(mAbs), or phycoerythrin (PE)-conjugated anti-NKG2D,
CD8 and CD69 mAbs (BD Pharmingen, San Diego, CA,
USA). Mouse IgG was used as an isotype control (BD
Pharmingen). In the proliferation experiment, cells were
labeled with CFSE and the Far Red cell Proliferation Kit
(Thermo Fisher Scientific) according to the manufacturer’s
protocol. The labeled cells were incubated 48 h before the
FACS analysis.

After washing with PBS, the fluorescence intensity or
percent positive cells were measured using an FACSCali-
bur flow cytometer (BD Pharmingen) and analyzed with the
CELLQuest software program (BD Pharmingen).

For cell separation, CD3" and CD3~ T cells were col-
lected separately using an MoFlo XDP system (Beckman
Coulter, Brea, CA, USA).

Following the established method, gating strategy for
lymphocytes was based on forward and side scatter.

Western blotting
Western blotting was performed as described previously

[10]. In brief, the blots were incubated with an anti-PTPN3
(1:200, sc-9789; Santa Cruz Biotechnology, Dallas, TX,

USA), anti-ERK1/2 (1:1000, No. 9102; Cell Signaling Tech-
nology, Danvers, MA, USA), anti-pERK (1:1000, No. 9101;
Cell Signaling Technology), anti-Zap (1:2000, No. 3165;
Cell Signaling Technology), anti-pZap (1:1000, No. 2701;
Cell Signaling Technology), anti-Lck (1:1000, No. 2657,
Cell Signaling Technology), anti-pSrc (1:1000, No. 2101;
Cell Signaling Technology), and anti-a tubulin (1:1000;
Sigma Aldrich) overnight at 4 °C. The blots were then incu-
bated in HRP-linked secondary antibody (GE Healthcare
UK Ltd., Buckinghamshire, UK) at room temperature for
1 h. Immunocomplexes were detected with Amersham ECL
Prime Western Blotting Detection Reagent (GE Healthcare
UK Ltd.) and visualized with EZ Capture ST (ATTO, Tokyo,
Japan). a-Tubulin was used as a protein loading control.
Results were quantified using the imageJ software program
(USA).

Migration assay

The migration of activated lymphocytes was assessed based
on the number of migrated cells using transwell inserts (pore
size 3.0 um; BD Biosciences) and confirmed by time-lapse
imaging as previously described in detail in [11].

Cytotoxic assay

Target SUIT-2 cells or SCC-9 cells (1 x 10* cells/well) were
seeded into a 96-well flat-bottom plate and incubated for
12 h to allow adherence. Effector cells (activated lympho-
cytes) were then added to the culture. Target and effector
cells were co-incubated for 72 h. Viable adherent cancer
cells were quantified as previously described in detail in
[11]. Viable cancer cells were detected by subtracting the
absorbance of lymphocytes alone from that of co-culture.

To confirm the cytotoxicity of activated lymphocytes, tar-
get and effector cells were co-incubated for 15 h at effector/
target ratios of 5:1, 10:1, and 20:1. The fluorescent intensity
of viable cancer cells was measured by the Image-Pro Ana-
lyzer software program (Nippon Roper KK).

Xenograft mouse model

SUIT-2 cells or cells from a patient with ovarian cancer
(1x10° cells) in 50 ul RPMI medium were injected subcu-
taneously into the bilateral flank of four NODScid female
mice (4-6 weeks old) per group. 1 week after the tumor
injection, 50 pl of saline or activated lymphocytes (1x 10°
cells) was injected intraperitoneally two times in 2 weeks
(four times total).

The tumor size was determined twice a week, and the
tumor volume was calculated with the following formula:
AxB%*x0.5, where A is the larger and B is the smaller of the
two perpendicular diameters.
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«Fig. 1 Activated lymphocytes express high levels of PTPN3, which
inhibits tyrosine kinase and the MAPK pathway. a A heat map of a
microarray analysis in lymphocytes before and after activation by
anti-antiCD3 antibody and IL-2 in two different cancer patients. The
PTPN3 mRNA expression in lymphocytes from healthy volunteers
during the activation process was estimated by conventional RT-PCR
(b) and real-time RT-PCR (c). Similar results were obtained in three
different healthy volunteers. d The expression of pZap70 and pSrc in
lymphocytes from two different healthy volunteers during the activa-
tion process was investigated by Western blotting, and the relative
quantification of the protein expression is shown. The PTPN3 mRNA
expression in lymphocytes from healthy volunteers transfected with
PTPN3 shRNA was investigated by RT-PCR (e) and real-time PCR
(f). Similar results were obtained in two different healthy volunteers.
g The expression of pZap70/pSrc in lymphocytes from healthy vol-
unteers transfected with PTPN3 shRNA was investigated by Western
blotting, and the relative quantification of the protein expression is
shown. Similar results were obtained in three different healthy vol-
unteers. h The expression of pERK1/2 in lymphocytes from three
different healthy volunteers transfected with PTPN3 shRNA was
investigated by Western blotting, and the relative quantification of the
protein expression is shown

Immunohistochemistry

Paraffin sections of the tumors formed in mice were depar-
affinized and rehydrated. The sections were immersed in 3%
H,0, and 10% goat serum, and incubated with a primary
antibody for CD3 (Dako, Tokyo, Japan), CD4 (Abcam,
Cambridge, MA, USA), CD8 (Dako), and CD56 (Novocas-
tra, Buffalo Grove, IL, USA) at 4 °C overnight. The samples
were incubated with HISTOFINE simple stain MAX-PO (R)
(Nichirei, Tokyo, Japan) and finally visualized by 3,3'-diam-
inobenzidine (DAB) with hematoxylin counterstain.

Absolute numbers of labeled tumor-infiltrating cells were
counted manually. The total numbers in the ten selected
areas were represented as intratumoral CD3" T cells, CD8"
T cells, CD4* T cells, and CD56™ NK cells.

Enzyme-linked immunosorbent assay (ELISA)

SCC-9 cells (1 x10* cells/well) were seeded in a 96-well
flat-bottom plate and incubated for 12 h to allow adherence.
Activated lymphocytes at a target/effector ratio of 1:10 were
added to the culture. After 6 and 48 h, the supernatant was
collected, and cytokine production of IFN-y and perforin
was measured using a Biotrak visible plate reader (Amer-
sham Biosciences) with Human IFN-y ELISA Ready-SET-
Go! (Thermo Fisher) and a Perforin ELISA Kit (Diaclone,
Besancon Cedex, France).

Statistical analyses

The data are presented as the mean + standard deviation
(SD). Student’s ¢ test was used to compare continuous vari-
ables between two groups. p values of <0.05 were consid-
ered statistically significant.

Results
PTPN3 is highly expressed in activated lymphocytes

To evaluate the nature of activated lymphocytes, a micro-
array analysis was performed using lymphocytes before
and after activation by anti—anti-CD3 antibody and
IL-2 (GSE86293) (Fig. 1a and Supplementary Table 1).
Among the elevated genes, protein tyrosine phosphatase
non-receptor type (PTPN) 3, which showed the second
highest level of expression among all the evaluated genes,
was selected for this study, since we considered that PTP,
which dephosphorylates protein tyrosyl residues, might
exert an activity which is completely opposite from the
activity associated with protein tyrosine kinase, as shown
previously [5]. Interestingly, among the members of the
PTPN family (PTPN1-23), only PTPN3 was found to be
dramatically increased by the activation of lymphocytes
in a microarray analysis (GSE86293) (Supplementary
Table 2).

The biological functional role for PTPN3 in activated
lymphocytes was also investigated. PTPN3 was shown to
be strongly expressed throughout the activation process
(Fig. 1b, c). The expression of pZap70 and pSrc was also
increased throughout this process (Fig. 1d). To inhibit the
PTPN3 expression, shPTPN3 plasmid transfected with
lentivirus was used. Although the PTPN3 expression
was not inhibited by 0.1 multiplicity of infection (MOI)
of lentivirus, its expression was successfully suppressed
with 1.0 MOI (Fig. le, f). When PTPN3 was inhibited, the
expression of pZAP70 and pSrc increased over that noted
in controls (Fig. 1g). The MAPK pathway was activated
by PTPN3 inhibition (Fig. 1h and Supplementary Fig. 1).

PTPN3 inhibition augmented functions of activated
lymphocytes

We next assessed the migration ability of activated lym-
phocytes in two different manners, discovering that the
inhibition of PTPN3 significantly augmented the migra-
tion ability of activated lymphocytes (Fig. 2a—c). The
proliferative capacity was then investigated in two dif-
ferent methods, and the inhibition of PTPN3 was found
to significantly increase the proliferative capacity of acti-
vated lymphocytes (Fig. 2d, e, and Supplementary Fig. 2).
Early cell death was not observed in PTPN3-inhibited
lymphocytes during the culture period. Regarding surface
antigens, no significant changes were noted in the expres-
sion of CD3, CD4, CDS8, CD69, or NK-G2D (Fig. 2f).
The cytotoxicity against allo-tongue cancer (SCC-9) and
pancreatic cancer (SUIT-2) cells was estimated in two
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«Fig.2 PTPN3 inhibition augments the functions of activated T lym-
phocytes from healthy volunteers in vitro. a The migration ability
of lymphocytes of the day of the 7 day culture was analyzed by the
chamber method. b The migration ability of lymphocytes of the day
of the 7 day culture was analyzed by time-lapse imaging. The graph
shows the moving distance of lymphocytes analyzed by the Image-
Pro Analyzer software program. ¢ Representative pictures of time-
lapse imaging. The tracking line shows the moving distance. Original
magnification X20. d The proliferation of lymphocytes was estimated.
Cell numbers at the indicated days were counted using a light micro-
scope. e 5 days after activation, lymphocytes were labeled by CFSE,
and after an additional 2 days of culture, the immunofluorescence
intensity of CFSE in lymphocytes was analyzed by FACS. f The sur-
face antigen expression of lymphocytes was analyzed by FACS. g
The cytotoxicity of lymphocytes after cancer cells and lymphocytes
were co-cultured was analyzed. After WST reagent solution had been
added to the well, the absorbance of viable cancer cells was detected
by subtracting the absorbance of lymphocytes alone from that of co-
culture. OD shows the calculated absorbance of viable cancer cells. h
The cytotoxicity of lymphocytes was estimated by time-lapse imag-
ing. After co-culture of lymphocytes and calcein-labeled SCC cells,
the fluorescent intensity of viable cancer cells was measured by the
Image-Pro Analyzer software program. i Representative pictures
of time-lapse imaging of viable cancer cells. Original magnifica-
tion X20. The IFN-y (j) and perforin (k) secretion capacity of lym-
phocytes was measured by an ELISA. The lymphocytes used in each
experiment of a—g were obtained from three different healthy volun-
teers. Similar results were obtained in two different healthy volun-
teers (h—-K). Data are presented as the mean +SD. *p <0.05

different manners, and PTPN3 inhibition was found to
significantly augment the cytotoxicity in vitro (Fig. 2g—i).
However, unexpectedly, the IFN-y secretion in PTPN3-
inhibited lymphocytes was significantly lower than that
in control lymphocytes (Fig. 2j). In addition, the per-
forin secretion in PTPN3-inhibited lymphocytes was
also significantly lower than that in control lymphocytes
(Fig. 2k). These results suggest the presence of another
mechanism underlying the augmentation of cytotoxicity
in PTPN3-inhibited lymphocytes. PTPN3 may, therefore,
play a role in the secretion of cytokines, including IFN-y
and perforin.

Antigen presentation from dendritic cells (DCs) is a
very important process prefacing the activation of lym-
phocytes in vivo. We, therefore, induced allo-pancreatic
cancer (SUIT-2) cell-pulsed mature DCs-activated lym-
phocytes (DALs) and investigated their biological func-
tions. The migration (Supplementary Fig. 3a, b) and pro-
liferation (Supplementary Fig. 3c) abilities in PTPN3sh
RNA-transfected DALs were significantly increased com-
pared to the control lymphocytes. Cytotoxicity targeting
SUIT-2 cells in PTPN3sh RNA-transfected DAL was also
significantly augmented (Supplementary Fig. 3d). These
results suggest that lymphocytes stimulated by DCs were
also activated by PTPN3 inhibition.

Lymphocyte activation by PTPN3 inhibition
was observed only in activated CD3* T cells

Activated lymphocytes include CD3" T cells and
CD3 NKG2D* (NK) cells (Fig. 3a). We, therefore, assessed
which populations were affected by PTPN3 inhibition.
CD3*CD4*NKG2D" cells (Fig. 3b), CD3*CD8*NKG2D"*
cells (Fig. 3¢), and CD3™ (NK) cells (Fig. 3d) were sepa-
rately collected using microbeads and FACS sorting. The
migration (Fig. 3e and Supplementary Fig. 4a) and pro-
liferative abilities (Fig. 3f and Supplementary Fig. 4b)
were significantly increased by PTPN3 inhibition in
CD3*CD4*NKG2D~ cells and CD3*CD8*NKG2D*
cells but not in CD37"NK cells. The PTPN3 expression
in CD3*-activated lymphocytes was significantly higher
than that in CD3™ activated lymphocytes (Fig. 3g). These
results suggest the importance of stimulation through CD3
signaling.

The PTPN3 expression is relatively low in resting lym-
phocytes (Fig. 1b), and the migration and cytotoxicity of
lymphocytes before activation were not markedly changed,
even after PTPN3 knockdown (Fig. 3h, i). Consistent with
our results, Bauler et al. [12] showed that the functions of
resting lymphocytes derived from PTPN3 knockout mice
were similar to those from control mice. In contrast, the
PTPN3 expression in lymphocytes stimulated by DCs
without anti-CD3 mAb stimulation was 30-fold increased
(Fig. 3j). The migration of DC-activated lymphocytes was
significantly greater than that of anti-CD3 Ab-activated
lymphocytes (Supplementary Fig. 5a). In contrast, the pro-
liferation of DC-activated lymphocytes was lower than that
of anti-CD3 Ab-activated lymphocytes (Supplementary
Fig. 5b).

PTPNS3 inhibition increased cytotoxicity in vivo

In therapy experiments using allo-activated lymphocytes tar-
geting SUIT-2 cells, activated lymphocytes transfected with
control or PTPN3 shRNA were administered intraperito-
neally on days 6, 9, 13, and 16 after tumor injection. Tumors
formed in six of eight in the PTPN3 shRNA group and in all
eight in the control group (Fig. 4a). The tumors that formed
on the mice in the PTPN3 shRNA group were significantly
smaller (Fig. 4b, ¢) and lower in weight (Fig. 4d) in compari-
son to the controls. There were no metastases to the distant
organs in any mice.

Significantly greater infiltration of CD8* T cells into
the cancer tissue was noted in the PTPN3 shRNA group
than in the control shRNA group (Fig. 4e, f). CD4" T cells
and CD56™ T cells could not be detected in either group
(Fig. 4f). These results suggest that CD8" T cells contributed
to the volume shrinkage of allo-pancreatic cancer.
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«Fig.3 Lymphocyte activation by PTPN3 inhibition was observed
only in CD3* T cells, not in CD3™ cells. a An FACS analysis of acti-
vated lymphocytes before selection. CD3TCD4*NKG2D™ cells (b)
and CD3*CD8*NKG2D™ cells (c¢) were separately collected using
microbeads. CD3™ (NK) cells (d) were collected using FACS sorting.
e The migration ability of lymphocytes was analyzed by time-lapse
imaging. The graph shows the moving distance of lymphocytes ana-
lyzed by the Image-Pro Analyzer software program. f The prolifera-
tion of FAR red-labeled lymphocytes was estimated by FACS. g The
PTPN3 mRNA expression in CD3™ cells and CD3" cells after acti-
vation was estimated by real-time RT-PCR. h The migration ability
of non-activated lymphocytes was analyzed by the chamber method.
i The cytotoxicity of non-activated lymphocytes was investigated.
After co-culture of SCC cells and lymphocytes for 72 h, the absorb-
ance of viable cancer cells was measured. j The PTPN3 mRNA
expression in lymphocytes stimulated by allo-pancreatic cancer
(SUIT-2) cell-pulsed mature DCs without using anti CD3 mAb was
estimated by real-time RT-PCR. Similar results were obtained in two
different healthy volunteers in all experiments. Data are presented as
the mean + SD. Lymphocytes and DCs from healthy volunteers were
used in all experiments. *p <0.05

More interestingly, in therapy experiments using tumors
and autologous lymphocytes transfected with control or
PTPN3 shRNA from a patient with ovarian cancer, PTPN3
inhibition also significantly augmented the cytotoxicity of
activated lymphocytes (Fig. 4g—i). In addition, delayed effect
which is a characteristic of immunotherapy was observed
(Fig. 4h). The number of CD3" tumor-infiltrating-admin-
istrated lymphocytes (TILs) was significantly greater in
the PTPN3 shRNA group than in the control shRNA group
(Fig. 4j, k). There were no metastases to the distant organs,
including the lung, liver, and spleen, in any mice. The num-
ber of non-tumor-tissue-infiltrating-administrated lympho-
cytes (ntTILs) that infiltrated the spleen in the control group
was significantly higher than that in the PTPN3 shRNA
group, while the number of ntTILs in the liver and lung was
almost the same in the two groups (Fig. 41).

Discussion

In the present study, we demonstrated—for the first time—
that PTPN3 inhibition could be a crucial new treatment for
cancer as the first non-antibody-type immune checkpoint
inhibitor. Figure 5 is a schematic figure of this study. The
novel findings are that the inhibition of PTPN3, the expres-
sion of which was greater in activated lymphocytes than
in non-activated lymphocytes, leads to further activation
of lymphocytes through the enhanced phosphorylation of
ZAP70, LCK, and ERK1/2, suggesting that PTPN3 may be
a new therapeutic target as an immune checkpoint. Taken
together, our results imply that PTPN3 inhibition is effective
as adoptive immunotherapy using activated lymphocytes.
In this study, lymphocyte activation was achieved using
anti-CD3 Ab and IL-2. In the activation process using our

method, lymphocytes were co-cultured with monocytes,
thereby ensuring that lymphocytes would receive stimula-
tion from CD28. There were no significant differences in
the migration, proliferation, or cytotoxicity between lym-
phocytes activated using only anti-CD3 antibody and those
activated using anti-CD3 and anti-CD28 antibodies together
(Supplementary Fig. 6).

Importantly, our results showed that the activation of lym-
phocytes by PTPN3 inhibition was only observed in acti-
vated CD3" T cells, and not in CD3~ NK cells or resting
T cells. Based on our results (Fig. 3g, j), PTPN3 inhibition
may only be useful in patients harboring cytotoxic T lym-
phocytes (CTLs) that have been stimulated through CD3
signaling from antigen-presenting cells, such as DCs. Thus,
PTPN3 inhibition may induce few major adverse effects;
however, it will be necessary to verify this point in the clini-
cal setting.

Cytokines such as IFN-y, perforin, and granzyme are
thought to contribute to the cytotoxicity of lymphocytes.
However, conversely, PTPN3 inhibition led to the decreased
secretion of cytokines in our repeated experiments. We also
analyzed the cytokine secretion at 8 h after co-culture,
because the half-life of cytokines is short. However, no
significant change was observed between the control and
PTPN3 inhibition group. These results suggest that the
mechanism underlying the enhanced cytotoxicity caused by
PTPN3 inhibition may not involve the killing of cytokines.
PTPN3 is one of the enzymes in lymphocytes that may play
a role in the secretion of cytokines including IFN-y and
perforin.

PTPN3 shRNA transfection to lymphocytes using a
virus is methodologically difficult, and inhibition rate is not
very high. Only after PTPN3 was successfully inhibited at
1.0 MOI could phenotypic changes be observed (Supple-
mentary Fig. 7). We, therefore, believe that our results were
not off-target effects. In addition, shRNA is difficult to use
clinically. We made an antisense peptide of the PTPN3 acti-
vation site and tried to transfect it to lymphocytes using lipo-
fectamine; however, this attempt failed. We then attempted
to use the pan-PTPN inhibitor RK-682 (Sigma Aldrich) to
investigate the function of activated lymphocytes. However,
unexpectedly, RK-682 did not affect the proliferation or
migration abilities of activated lymphocytes (Supplemen-
tary Fig. 8). This suggests that a PTPN3-specific inhibitor is
required to activate lymphocytes. Our finding of a large dif-
ference in the cytotoxic effect in vivo despite relatively small
phenotypic changes in vitro is quite promising. If an effec-
tive specific molecular targeting agent against PTPN3 can
be developed, the therapeutic effect could be much higher
than was observed in this study.

PTPN11 was recently reported to be a key mediator of
programmed cell death 1 (PD-1) and the B- and T-lym-
phocyte attenuator immune checkpoint pathways [13—15].
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«Fig.4 PTPN3 inhibition increases the cytotoxicity against cancer
cells in vivo. a—f Therapy experiments using allo-activated lympho-
cytes targeting SUIT-2 cells from healthy volunteers are shown. Allo-
activated lymphocytes transfected with control shRNA or PTPN3#2
shRNA were administered at 6, 9, 13, and 16 days after tumor injec-
tion (arrows in b). a Representative photos of formed tumors. b The
tumor volume at the indicated days and ¢ Kaplan—-Meier plot of the
tumor growth are shown. d The tumor weight at 22 days after tumor
injection was assessed. e Representative photos of immunohisto-
chemical staining of CD8 in formed tumors. Original magnification
x%200. f The numbers of labeled tumor-infiltrating-administrated lym-
phocytes (TILs) were counted. g-1 Therapy experiments using tumor
and autologous lymphocytes from a patient with ovarian cancer are
shown. Autologous-activated lymphocytes transfected with control
SshRNA or PTPN3#2 shRNA were administered at 11, 14, 18, and
21 days after tumor injection (arrows in h). g Representative photos
of formed tumors. h The tumor volume at the indicated days and i
Kaplan—Meier plot of the tumor growth are shown. j Representative
photos of immunohistochemical staining of CD3 in formed tumors.
Original magnification X200. k The numbers of non-tumor-tissue-
infiltrating-administrated lymphocytes (ntTILs) were counted. 1 The
numbers of ntTILs in the spleen, liver and lung were counted. Data
are presented as the mean+SD. *p <0.05

Based on these findings, PTPN3 may be related to the
PD-1/PD-L1 axis. Clinically, a PTPN3 inhibitor may be
co-used with an anti PD-1/PD-L1 Ab, or also the single
use of a PTPN3 inhibitor may be effective. If PTPN3
inhibitor is developed as a low-molecular-eight compound,
it should reduce treatment costs and may be administered
orally in an outpatient setting. If the clinical effect of a
PTPN3 inhibitor is equivalent to that of existing antibody
agents, then it may be able to replace these existing agents
as a new immune checkpoint inhibitor.

Although why the PTPN3 expression is upregulated
by activation through CD3 signaling remains unclear,
increased PTPN3 expression is thought to induce nega-
tive feedback that regulates the over-activation of lympho-
cytes. It has been shown that PTPN22 inhibition improves
the immunosuppressive function of regulatory T (Treg)
cells [16, 17]. Some authors have shown the direct tumor

Fig.5 A schematic illustration
of this study. The expression of
PTPN3 was increased by signal-
ing from CD3. The inhibition of
PTPN3 led to the further activa-
tion of lymphocytes, including
their proliferation, migration,
and cytotoxicity, through the
augmentation of phospho-
rylation of ZAP70, LCK, and

ERK1/2 Lymphocyte

suppressive effect of PTPN3 inhibition in cancer cells
[18-20]. To develop a PTPN3 inhibitor and use it clini-
cally, we must address many unresolved issues, such as
how PTPN3 inhibition affects the Treg function and the
cancer biology itself. Furthermore, the application of
PTPN3 inhibitors may reduce treatment costs and elimi-
nate adverse effects of immunotherapy. Taken together,
our results strongly imply that PTPN3 inhibitors may be a
new non-antibody-type immune checkpoint inhibitor for
cancer therapy.
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