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SUMMARY Adoptive cell therapy with chimeric antigen receptor (CAR) T cells has revolu-
tionized the treatment of certain B cell malignancies but has been in ineffective against
solid tumors. Recent studies have highlighted the potential of targeting negative regulators
of T cell signaling to enhance the efficacy and extend the utility of CAR T cells to solid
tumors. Autoimmunity-linked protein tyrosine phosphatase N22 (PTPN22) has been pro-
posed as a target for cancer immunotherapy. Here, we have used CRISPR/Cas9 gene edit-
ing to generate PTPN22-deficient (Ptpn22D/D) mice (C57BL/6) and assessed the impact of
PTPN22 deficiency on the cytotoxicity and efficacy of CAR T cells in vitro and in vivo. As
reported previously, PTPN22 deficiency was accompanied by the promotion of effector T
cell responses ex vivo and the repression of syngeneic tumor growth in vivo. However,
PTPN22 deficiency did not enhance the cytotoxic activity of murine CAR T cells targeting
the extracellular domain of the human oncoprotein HER2 in vitro. Moreover, PTPN22-defi-
cient a-HER2 CAR T cells or ovalbumin-specific OT-I CD81 T cells adoptively transferred
into mice bearing HER21 mammary tumors or ovalbumin-expressing mammary or colo-
rectal tumors, respectively, were no more effective than their wild-type counterparts in
suppressing tumor growth. The deletion of PTPN22 using CRISPR/Cas9 gene editing also
did not affect the cytotoxic activity of human CAR T cells targeting the Lewis Y antigen
that is expressed by many human solid tumors. Therefore, PTPN22 deficiency does not
enhance the antitumor activity of CAR T cells in solid organ malignancies.

KEYWORDS CAR T cell, PTPN22, protein tyrosine phosphatase, T cell, immunotherapy,
tumor, tumor immunology

Therapies that enhance the immune response to tumors have revolutionized the man-
agement of cancer. However, most tumors do not have a high mutational burden and

are therefore not seen by the immune system or otherwise evolve mechanisms to escape
immune surveillance (1–4). Therefore, such tumors remain unresponsive to class-leading
immunotherapies, including those targeting immune checkpoints (3, 4). Chimeric antigen
receptor (CAR) T cell therapy has the potential to overcome such limitations, as it is not
reliant on endogenous antitumor immunity (5–7).

CAR T cell therapy involves the adoptive transfer of autologous T cells engineered to
express an extracellular short-chain variable fragment targeting a defined tumor antigen,
and an intracellular signaling domain that typically comprises components of the T cell
receptor (TCR) such as CD3z and costimulatory receptors such as CD28 (5–7). When CARs
engage their target antigen, they are thought to signal via canonical TCR and coreceptor
signaling intermediates, including via the Src family kinase (SFK) LCK, to promote CAR T
cell expansion, activation, and cytotoxicity (8, 9). CAR T cells targeting CD19 are Food and

Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Florian Wiede,
Florian.Wiede@monash.edu, or Tony Tiganis,
Tony.Tiganis@monash.edu.

The authors declare a conflict of interest. F.W.
and T.T. have patent applications on targeting
PTPN2 in cancer immunotherapy held by
Monash University. T.T. is on the Scientific
Advisory Board and receives research funding
from DepYmed.

Received 17 September 2021
Returned for modification 12 November
2021
Accepted 27 December 2021

Accepted manuscript posted online
18 January 2022
Published

March 2022 Volume 42 Issue 3 e00449-21 Molecular and Cellular Biology mcb.asm.org 1

RESEARCH ARTICLE

17 March 2022

https://orcid.org/0000-0002-8065-9942
https://doi.org/10.1128/ASMCopyrightv2
https://mcb.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/mcb.00449-21&domain=pdf&date_stamp=2022-1-18


Drug Administration (FDA)-approved for the treatment of relapsed B-cell acute lymphoblastic
leukemia (ALL) and aggressive non-Hodgkin’s lymphoma (6, 10). Indeed, CD19 CAR T cells
have resulted in remarkable efficacy in B cell ALL with clinical response rates of up to 90% (5,
9–11). However, there are numerous limitations that prohibit the widespread use of CAR T
cells (5–7). In particular, CAR T cells need to home to and infiltrate solid tumors and thereon
overcome immunosuppression and exhaustion within the tumor microenvironment (5–7).
Our recent studies have shown that such challenges can be overcome by targeting protein ty-
rosine phosphatases (PTPs) that attenuate TCR/CAR and/or cytokine signaling (12). In particu-
lar, we have shown that the deletion of the tyrosine-specific phosphatase PTPN2 (also known
as TCPTP) and the promotion of both LCK and cytokine-induced Janus-activated kinase (JAK)/
signal transducer and activator of transcription 5 (STAT5) signaling promotes both CAR T cell
homing/infiltration and activation to eradicate mammary tumors in mice (12). As with the T
cell inhibitory receptor PD-1, which normally functions to maintain T cell tolerance and pre-
vent autoimmunity (13–15), PTPN2 is instrumental in the maintenance of T cell tolerance and
its deletion in T cells or the hematopoietic compartment can promote systemic inflammation
and autoimmunity (16–18). Indeed, loss-of-function PTPN2 single-nucleotide polymorphisms
(SNPs) have been linked with autoimmune diseases, including type 1 diabetes, rheumatoid
arthritis, and Crohn’s disease in humans (19, 20). Accordingly, we reasoned that other PTPs
implicated in T cell tolerance might also serve as effective targets for enhancing the efficacy
of CAR T cells.

PTPN22 (also known as LYP in humans or PEP in mice) is also a classical tyrosine-specific
phosphatase that is expressed abundantly in hematopoietic cells (21, 22). PTPN22 has dis-
tinct roles in cells of the innate and adaptive immune compartments (21, 22). In T cells,
PTPN22 dephosphorylates several protein tyrosine kinases (PTKs) and tyrosine phosphoryl-
ated substrates, including CD3« , LCK, and the Syk family tyrosine kinase ZAP-70 to attenuate
TCR signaling (23). However, the effects of PTPN22 on TCR signaling appear to be restricted
to the effector and memory T cell subsets, where PTPN22 expression is more abundant (23).
The global deletion of PTPN22 (Ptpn222/2) in aged C57BL/6 mice results in the accumulation
of effector T cells that are more responsive to TCR ligation (23). Moreover, aged Ptpn222/2

C57BL/6 mice have increased CD41 follicular helper T cells and form spontaneous germinal
centers in the spleen (23). However, PTPN22 deletion also increases CD41 CD251 FoxP31

regulatory T cells (Tregs) and enhances their capacity to suppress CD81 T cell function (24, 25).
Beyond its role in T cells, PTPN22 also exerts effects on innate immunity, where it can elicit in-
hibitory and stimulatory functions, attenuating interferon (IFN)-a receptor signaling (26), while
promoting the release of myeloid-derived type 1 IFNs by dephosphorylating NRLP3 to regu-
late inflammasome activation (27) and by nonenzymatically regulating TRAF3 ubiquitination
and degradation (26). Notably, the PTPN22(C1858T) polymorphism results in a missense
R620Wmutation and has been linked with the development of systemic lupus erythematosus,
type 1 diabetes, rheumatoid arthritis, and other autoimmune disorders (21, 22). Moreover,
as for PTPN2 (12), the deletion of PTPN22 in mice has been reported to enhance antitumor
immunity (28), as well as the ability of adoptively transferred T cells to repress the growth
of tumors bearing low, but not high-affinity antigens (29, 30). Therefore, in this study, we
explored whether targeting PTPN22 might also enhance the efficacy of CAR T cells.

RESULTS
Generation and characterization of PTPN22-deficient mice. To assess the impact

of deleting PTPN22 on antitumor immunity and CAR T cell therapy, we used CRISPR/Cas9
genome editing (31) to produce C57BL/6 mice with a global deficiency in PTPN22 (Fig. 1).
These mice arose by nonhomologous end joining in the course of generating PTPN22
R619W mutant mice; an adenine insertion was introduced between nucleotides 1854 and
1855 resulting in a R619T substitution, followed by a 24-nucleotide insertion and a stop
codon to produce a truncated 628-amino-acid protein (as opposed to 802 amino acids for
full-length PTPN22) with a predicted molecular weight of 69 kDa (Fig. 1A). The frameshift
and premature stop codon resulted in mRNA (as assessed by real-time PCR) that was reduced
by. 70% in lymphoid cells and a truncated protein whose relative abundance was reduced
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by .95%, consistent with the introduced mutation resulting in both mRNA and protein
instability (Fig. 1B and C). The truncation was not associated with any overt increase in phos-
phatase activity, as assessed in PTPN22 immunoprecipitates using p-nitrophenol phosphate
as a substrate (Fig. 1D and E). These results are consistent with the introduced mutation gen-
erating a hypomorph that will hereon be referred to as Ptpn22D/D (encoding PTPN22D).
Given the significant reduction in PTPN22D protein, we determined the extent to which
Ptpn22D/D (C57BL/6) mice resemble Ptpn222/2 (C57BL/6) mice (23) that are null for PTPN22.
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FIG 1 Generation of Ptpn22D/D mice. (A) Ptpn22D/D mutant mice were generated on a C57BL/6 background
using CRISPR/Cas9 genome editing. These mice arose by nonhomologous end-joining in the course of
generating PTPN22 R619W mutant mice; an adenine insertion was introduced between nucleotides 1854
and 1855 resulting in a R619T substitution, followed by a 24-nucleotide insertion and a TGA stop codon to
produce a truncated 628-amino-acid protein. Real-time PCR probes targeting the boundaries of exons 4
and 5 were used to quantify Ptpn22 mRNA levels, and a rabbit monoclonal PTPN22 antibody (D6D1H)
specific for the sequence surrounding Pro-451 in the PTPN22 interdomain region was used to detect
PTPN22 by immunoblotting. (B) Ptpn22 mRNA levels in lymph node cells from Ptpn221/1 and Ptpn22D/D

C57BL/6 mice analyzed by quantitative real-time PCR. (C) PTPN22 and mutant PTPN22 (PTPN22D) protein in
lymph node cells from Ptpn221/1 and Ptpn22D/D C57BL/6 mice analyzed by immunoblotting with PTPN22
antibody (D6D1H). (D) a-PTPN22 (D6D1H) was used to immunoprecipitate (IP) PTPN22 or PTPN22D from
the thymic lysates of Ptpn221/1 and Ptpn22D/D mice and IPs processed for immunoblotting. (E) PTP activity
in PTPN22 and PTPN22D IPs from the thymic lysates of Ptpn221/1 and Ptpn22D/D mice was assessed using
p-nitrophenyl phosphate (pNPP) as a substrate in the presence or absence of 1 mM Na3VO4 as indicated.
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Aged (8-month-old) Ptpn22D/D mice exhibited splenomegaly associated with increased total
cellularity, including increased T cell, B cell, and myeloid cellularity, as reported previously for
Ptpn222/2 mice (23) (see Fig. S1a to d; gating strategy, Fig. S2a and b). Also, lymphoid and
nonlymphoid CD41 and CD81 T cells had a predominant CD44hiCD62lo effector/memory or
CD44hiCD62hi central memory phenotype, splenic and lymph node CD251FoxP31 Tregs were
more abundant (see Fig. S3a and b and Fig. S1b and c), and PNA1 germinal centers were
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FIG 2 PTPN22 deficiency enhances TCR and IL-2 signaling in in vitro generated effector T cells. LN T
cells form Ptpn221/1 and Ptpn22D/D mice were stimulated with a-CD3« (0.5 mg/mL) and a-CD28 (0.5 mg/
mL) for 48 h and then rested in T cell media supplemented with IL-7 (0.2 ng/mL) and IL-15 (10 ng/mL) for
72 h to generate rested effector T cells. (A) T cells were left untreated or stimulated with a-CD3 (5 mg/mL)
and a-hamster IgG (20 mg/mL) for the indicated times and phosphorylated ERK1/2 (p-ERK1/2) positive T
cells analyzed by flow cytometry. (B) CD25 (IL2Ra) cytokine receptor levels were determined by flow
cytometry. (C) T cells were stimulated with the indicated concentrations of IL-2 for 20 min, and intracellular
STAT-5 Y694 phosphorylation (p-STAT-5) was assessed by flow cytometry. (D) CTV-labeled rested effector T
cells were stimulated with the indicated concentrations of plate-bound a-CD3« plus a-CD28 (2 mg/mL) for
3 days, and CTV dilution was assessed by flow cytometry. Representative results (means 6 the SEM) from
at least two independent experiments are shown. Significance in panel A was determined using one-way
ANOVA, in panels B and D using a two-tailed Mann-Whitney U test, and in panel C using two-way ANOVA
(*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001).
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detected in the spleens of aged Ptpn22D/D mice, also noted previously for Ptpn222/2 mice
(23) (see Fig. S1d). Furthermore, TCR-induced PTK signaling, as assessed by monitoring for
the tyrosine phosphorylation of TCR signaling intermediates, including ZAP-70 Y493 and
LCK Y394 phosphorylation, was more pronounced in Ptpn22D/D effector T cells (see Fig. S4a
and b) and accompanied by increased downstream mitogen-activated protein kinase
(MAPK) signaling, as assessed by monitoring for ERK-1/2 phosphorylation (p-ERK1/2) by im-
munoblotting (see Fig. S4b) or by flow cytometry (Fig. 2A), as also seen in Ptpn222/2 effector
T cells (23). Consistent with this, the expression of CD25 (Fig. 2B), the high-affinity receptor
for interleukin-2 (IL-2) that is induced after TCR-induced T cell activation, as well as IL-2-
induced STAT5 Y694 phosphorylation (Fig. 2C), were increased in Ptpn22D/D in vitro gener-
ated effector T cells (see Fig. S4a); by contrast STAT5 Y694 phosphorylation was not
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FIG 3 PTPN22 deficiency enhances TCR-mediated T cell proliferation. CellTrace Violet (CTV) labeled
naive (CD44loCD62Lhi) T cells from the lymph nodes of Ptpn221/1 and Ptpn22D/D mice were stimulated with
the indicated concentrations of plate-bound a-CD3« plus a-CD28 (2 mg/mL) for 2 days at which stage the
majority of resultant expanded T cells had taken on a CD44hiCD62Lhi central memory phenotype (data not
shown) or for 4 days. On day 2 (A and C) or day 4 (B and D), blast formation was assessed (A and B), and
cell numbers (A and B), and CTV dilution (C and D) were determined by flow cytometry. Representative
results (means 6 the SEM) from at least two independent experiments are shown. Significance in panels B
and D was determined using two-way ANOVA (**, P , 0.01; ****, P , 0.0001).
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increased in response to other cytokines, including IL-7 and IL-15 (see Fig. S5a and b).
Finally, PTPN22 deficiency enhanced the expansion of lymph node naive T cells, as assessed
by the formation of blasts, the dilution of CellTrace Violet (CTV) upon cell division, and the
resultant increased cell numbers when the TCR was cross-linked with a-CD3/a-CD28 (Fig. 3).
As the enhanced T cell expansion was evident after 4 days, but not after 2 days, when T cells
stimulated with 2.5 mg/mL a-CD3 had already undergone 1 to 2 divisions (Fig. 3C and D)
and differentiated into CD44hiCD62Lhi memory T cells (data not shown), this is consistent

FIG 4 PTPN22 deficiency represses syngeneic tumor growth. (A) AT3-OVA tumor cells were ortho-
topically injected into the fourth inguinal mammary fat pads of age-matched Ptpn221/1 or Ptpn22D/D

female C57BL/6 mice. Tumor growth was monitored and tumor weights determined. (B) Tumor
infiltrating effector/memory (EM) CD44hiCD62Llo and central memory (CM) CD44hiCD62Lhi CD41 and CD81

T cell numbers were determined by flow cytometry. (C) The proportions of PD-1hiTIM-3hi- and granzyme B-
positive (GrzB1) tumor-infiltrating CD81 T cells were analyzed by flow cytometry. (D) Tumor-infiltrating
immune cells, including NK1.11TCRb- (NK cells), CD11c1 dendritic cells (DCs), CD11b1F4/80hiLy6C2Ly6G2

tumor-associated macrophages (TAMs), granulocytic CD11b1F4/80hi/loLy6CintLy6G1 (gMDSCs) and mono-
cytic CD11b1F4/80hi/loLy6C1Ly6G2 (mMDSCs) myeloid-derived suppressor cells and CD251Foxp31 CD41

regulatory T cells (Tregs) were analyzed by flow cytometry. Representative results (means 6 the SEM) from
at least two independent experiments are shown. In panels A to D, significance was determined using a
two-tailed Mann-Whitney U test (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001).
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with PTPN22 deficiency promoting TCR signaling and responses in effector/memory T cells,
but not naive T cells, as reported previously (23). In line with this, PTPN22 deficiency also
enhanced the TCR-mediated expansion of in vitro generated “rested effector” T cells that
have a memory (CD44hiCD62Lhi) phenotype (Fig. 2D; see also Fig. S4a). Taken together, these

FIG 5 CRISPR/Cas9-mediated PTPN22 deletion does not enhance the antitumor activity of adoptively
transferred OT-I CD81 T cells. Naive CD81 T cells were isolated from the spleens of Ly5.21 OT-I mice and
PTPN22 was deleted using CRISPR RNP gene-editing. T cells were then expanded in the presence of
cognate peptide antigen SIINFEKL (N4; 1 nM), IL-2 (5 ng/mL), and IL-7 (0.2 ng/mL) for 7 days before
further analysis or adoptive transfer. (A) PTPN22 levels in OT-I cells electroporated with Cas9 and control
(Ctl) or Ptpn22 sgRNAs were assessed by immunoblotting. (B) OT-I T cell CD44hi CD62Llo effector memory
(EM) and CD44hiCD62Llo central memory (CM) subsets were determined by flow cytometry. (C) OT-I cells
were restimulated with N4 (1 nM) overnight, and CD25, CD44, and CD69 levels were analyzed by flow
cytometry. (D to F) Control or PTPN22 deleted Ly5.21 CD81 OT-11 T cells were adoptively transferred into
Ly5.11 mice bearing established subcutaneous (s.c.) (D) or established AT3-OVA mammary tumors (E and
F), and tumor growth was monitored. (F) The number of Ly5.21 CD81 OT-1 tumor-infiltrating T cells with
an EM CD44hiCD62Llo and CM CD44hiCD62Lhi phenotype and PD-1, TIM-3, and CD44 levels were
determined by flow cytometry. Tumor-infiltrating T cells were also stimulated with PMA/ionomycin in the
presence of Golgi Stop/Plug and stained for intracellular IFN-g and TNF. Intracellular granzyme B (GrzB)
was detected in unstimulated tumor-infiltrating OT-1 T cells. In panel C, significance was determined
using a Student paired t test; in panel E, significance was determined by using two-way ANOVA, and in
panel F significance was determined by using a two-tailed Mann-Whitney U test (*, P , 0.05; **,
P , 0.01; ***, P , 0.001).
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results demonstrate that the Ptpn22D/D (C57BL/6) hypomorphs are for all intent and pur-
poses null for PTPN22 and phenocopy Ptpn222/2 (C57BL/6) mice.

Global PTPN22-deficiency represses syngeneic mammary tumor growth. Previous
studies have established that the global deletion of PTPN22 enhances antitumor immunity
and can repress the growth of tumors that have abundant tumor-infiltrating lymphocytes
(TILs) (28–30). Accordingly, before assessing whether PTPN22 deficiency might enhance the
efficacy of CAR T cells, we tested whether the ablation of PTPN22 in Ptpn22D/D (C57BL/6)
mice might enhance antitumor immunity and repress the growth of syngeneic tumors. To
this end, we implanted ovalbumin (OVA)-expressing AT3 (AT3-OVA) murine mammary tu-
mor cells (AT3 cells lack estrogen receptor, progesterone receptor and ErbB2 expression and
are a model of triple negative breast cancer [32, 33]) into the inguinal mammary fat pads of
Ptpn221/1 and Ptpn22D/D female mice (Fig. 4). PTPN22 deficiency repressed tumor growth
(Fig. 4A), and this was accompanied by increased tumor-infiltrating CD41 and CD81

CD44hiCD62Lhi central memory and CD44hiCD62Llo effector memory T cells (Fig. 4B); tumor-
infiltrating CD81 T cells were more activated and cytotoxic, as assessed by monitoring for
cell surface PD-1 and Tim-3 levels and intracellular granzyme B levels (Fig. 4C). Tumor-infil-
trating mature natural killer (NK) cells that promote antitumor immunity were also signifi-
cantly increased, whereas antigen-presenting CD11c1 dendritic cells (DCs) that facilitate T
cell activation trended lower and F4/801 CD11b1 tumor-associated macrophages (TAMs)
and CD41 CD25hi Tregs that can repress antitumor immunity were significantly increased (Fig.
4D); granulocytic and monocytic myeloid-derived suppressor cells (MDSCs) were not altered
(Fig. 4D). The increased abundance of activated T cells and mature NK cells, as well as Tregs
within the tumor, was not a mere reflection of systemic differences in immune subsets, since
lymphocyte numbers and T cell activation in the lymph nodes of contralateral mammary fat
pads were only modestly, if at all, altered (see Fig. S6). Therefore, the global deletion of
PTPN22 can repress the growth of syngeneic tumors, but this is accompanied by the recruit-
ment of TILs that both promote and antagonize antitumor immunity. As such, the overall
impact of immunotherapy approaches focused on systemically targeting PTPN22 to combat
cancer might ultimately be dictated by the recruitment of TILs with potentially opposing
effects on tumor growth.

PTPN22 deficiency does not enhance the antitumor activity of OT-I T cells. One
immunotherapy approach by which to overcome the potential confounding effects of
systemically targeting PTPN22 on antitumor immunity is adoptive T cell therapy. The adoptive
transfer of autologous T cells expanded ex vivo and engineered to express high-affinity TCRs
specific for defined tumor antigens has great potential in cancer therapy, especially if com-
bined with gene-editing approaches to enhance function and promote persistence in nonau-
tologous settings, with such approaches recently entering clinical trials (34). Accordingly, we
next tested whether the deletion of PTPN22 might enhance the antitumor immunity of adop-
tively transferred CD81 T cells bearing the high-affinity OT-I TCR for the OVA peptide SIINFEKL
(N4). In this case, we deleted PTPN22 in OT-I T cells with CRISPR ribonucleoprotein (RNP) gene
editing (35, 36) using a short-guide RNA (sgRNA) targeting Ptpn22 and thereon expanded the
OT-I CD81 T cells with N4 peptide and IL-2 and IL-7 to generate a mix of CD44hiCD62Llo effec-
tor and CD44hiCD62Lhi memory T cells (Fig. 5A and B). PTPN22 was effectively ablated in the
resultant T cells, as assessed by immunoblot analysis (Fig. 5A), and this was associated with
enhanced T cell activation (as assessed by the increased expression of CD44, CD25, and CD69)
upon rechallenge with N4 peptide (Fig. 5C). Next, Ly5.21 congenically marked control or
PTPN22-deficient OT-I effector and central memory T cells were adoptively transferred into
immunocompetent Ly5.11 C57BL/6 mice bearing either established (30 to 40 mm2) AT3-OVA
mammary tumors in female mice or established (40 to 50 mm2) OVA-expressing MC38
(MC38-OVA) colorectal tumors implanted into the flanks of male mice (Fig. 5D to F). The adop-
tive transfer of control OT-I T cells repressed AT3-OVA tumor growth, whereas OT-I T cells had
no effect on the growth of MC38-OVA tumors (Fig. 5D and E; see also Fig. S7a and b).
Irrespective, in each case, the adoptive transfer of PTPN22-deficient OT-I T cells had no addi-
tional effect on tumor growth (Fig. 5D and E) and did not affect the infiltration or increase the
activation (as reflected by CD44, PD-1, and Tim-3 levels) of OT-I CD81 T cells in tumors (Fig. 5F;
see also Fig. S7a). PTPN22 deficiency also did not enhance the cytotoxicity of infiltrating OT-I
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CD81 T cells, at least as assessed by measuring intracellular TNF and IFN-g levels, but increased
granzyme B levels in OT-I CD81 T cells in AT3-OVA tumors (Fig. 5F; see also Fig. S7a).
Nonetheless, these findings indicate that the targeting PTPN22 in adoptive cell therapy with T
cells engineered to express high-affinity TCRs for tumor antigens is unlikely to be of any signif-
icant benefit in repressing tumor growth.

PTPN22 deficiency does not enhance the antitumor activity of murine a-HER2
CAR T cells. Next, we assessed whether PTPN22 deficiency might enhance the efficacy of
adoptively transferred CAR T cells. First, we took advantage of a syngeneic tumor model in
which the repression of tumor growth by murine CAR T cells is assessed in an immunocom-
petent setting. Specifically, we assessed the impact of PTPN22 deficiency on the cytotoxic
activity of second-generation murine CAR T cells targeting the human orthologue of murine
ErbB2/Neu, HER2 (37, 38). Control and Ptpn22D/D a-HER2 CAR T cells were generated as
described previously (12) by retroviral means in activated splenic T cells cultured in the pres-
ence of IL-2 and IL-7 (Fig. 6A and B). PTPN22-deficiency did not significantly affect the gener-
ation of effector/memory versus central memory a-HER2 CAR T cells (Fig. 6C). However, in
line with PTPN22 deficiency promoting CAR signaling, we found that CD25 and PD-1 levels
(markers of enhanced TCR signaling and T cell activation) after challenge with HER2-express-
ing 24JK (HER2-24JK) sarcoma cells were enhanced by the deletion of PTPN22 (Fig. 6D). To
determine whether the enhanced tumor cell-specific CAR T cell activation was sufficient to
also enhance CAR T cell cytotoxicity, we monitored for (i) IFN-g production after coculturing
a-HER2 CAR T cells with 24JK versus HER2-24JK sarcoma cells, or (ii) the specific killing of
24JK-HER2 cells (Fig. 6E and F). We found that PTPN22 deficiency had no effect on a-HER2
CAR T cell cytotoxicity in vitro (Fig. 6E and F). These results indicate that the enhanced CAR T
cell activation associated with the deletion of PTPN22 is not sufficient to enhance CAR T cell
cytotoxicity. Nonetheless, we also assessed the impact of PTPN22-deficiency on the thera-
peutic efficacy of CAR T cells in vivo. To this end, we adoptively transferred mCherry1

Ptpn221/1 or Ptpn22D/D a-HER2 CAR T cells into sublethally irradiated hosts bearing estab-
lished (25 to 30 mm2) orthotopic mammary tumors arising from the injection of syngeneic
E0771 mammary tumor cells expressing the extracellular and transmembrane domains of
HER2 (HER2-E0771) (Fig. 7A to D). HER2-E0771 cells were injected into the mammary fat
pads of HER2 transgenic (TG) mice (39), so that HER2-expressing orthotopic tumors would
be regarded as self and a-HER2 host immunity repressed. In the first instance, we adoptively
purified CD44hiCD62Lhi central memory CD81 CAR T cells since they exhibit superior engraft-
ment and persistence (40) (Fig. 7A to C). Although Ptpn221/1 a-HER2 CAR T cells repressed
tumor growth compared to untreated controls, the deletion of PTPN22 had no additional
impact on tumor growth (Fig. 7A). In addition, PTPN22 deficiency did not significantly affect
the infiltration of mCherry1 CAR T cells into HER2-E0771 tumors (Fig. 7B), nor their tumor-
specific activation, as assessed by monitoring for the expression of CD44 and PD-1 in CAR T
cells in tumors versus lymphoid organs (Fig. 7C).

Previous studies have shown that effective tumor killing by CD81 CAR T cells is reliant on
the presence of CD41 CAR T cells (40, 41). This is line with studies that have shown that
CD41 T cell help is important for mounting effective CTL responses and antitumor immunity
(42, 43). Since PTPN22 also negatively regulates TCR signaling in CD41 T cells (23) and recent
studies have shown that CD41 T cells contribute to antitumor immunity in Ptpn222/2 mice
(28), we also assessed whether the adoptive transfer of CD41 PTPN22-deficient a-HER2 CAR
T cells along with CD81 PTPN22-deficient a-HER2 CAR T cells, might elicit superior tumor
control than Ptpn221/1 CAR T cells (Fig. 6C and Fig. 7D). In this case we adoptively trans-
ferred both CD44hiCD62Lhi central memory and CD44hiCD62Llo effector memory CD41 and
CD81 CAR T cells (Fig. 6C and Fig. 7D). However, yet again we found that the suppression of
tumor growth by PTPN22-deficient CAR T cells was not greater than that achieved with
wild-type CAR T cells (Fig. 7D). Therefore, the deletion of PTPN22 in murine CAR T cells has
no significant impact on CAR T cell efficacy in a solid tumor setting.

PTPN22 deficiency does not enhance the cytotoxicity of human a-LeY CAR T cells.
Although PTPN22 deficiency had no impact on murine a-HER2 CAR T cell cytotoxicity, we
sought to determine whether PTPN22 deletion might enhance the activation and cytotoxic-
ity of human CAR T cells. Once more, we utilized CRISPR RNP gene editing and
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FIG 6 PTPN22 deficiency does not enhance the cytotoxicity of a-HER2 CAR T cells in vitro. Splenic
lymphocytes were isolated from Ptpn221/1 and Ptpn22D/D C57BL/6 mice, activated, and expanded
with a-CD3« (0.5 mg/mL), a-CD28 (0.5 mg/mL), IL-2 (10 ng/mL), and IL-7 (0.2 ng/mL) and then
transduced with retroviruses encoding the a-HER2 CAR. Cells were stained with antibodies for CD8,
CD4, CD44, and CD62L and T cell populations analyzed by flow cytometry. (A) Schematic diagram of
the a-HER2 CAR that is composed of an extracellular single-chain variable fragment (scFv) that
recognizes the human orthologue of murine ErbB2/Neu (HER2) and the transmembrane (TM) and
intracellular signaling domains (cyt) of CD28 and CD3z . (B) Protocol for generating Ptpn221/1 and
Ptpn22D/D a-HER2 CAR T cells. (C) Representative dot plots and percentages of CD41 and CD81 T cells
CD81 effector/memory (EM) and central memory (CM) a-HER2 CAR T cells. (D) Ptpn221/1 and
Ptpn22D/D a-HER2 CAR T cells were cocultured with HER21 or HER22 24JK tumor cells for 16 h. CAR T
cells were then harvested and CD25 and PD-1 levels analyzed by flow cytometry. (E) Ptpn221/1 and
Ptpn22D/D a-HER2 CAR T cells were cocultured with HER21 or HER22 24JK tumor cells for 4 h in the
presence of Golgi plug/stop and intracellular IFN-g analyzed by flow cytometry. (F) Ptpn221/1 and
Ptpn22D/D a-HER2 CAR T cells were cocultured with a 1:1 ratio mixture of 5 mM CTV-labeled (CTVbright)
HER21 24JK tumor cells and 0.5 mM CTV-labeled (CTVdim) HER22 24JK tumor cells for 4 h. Antigen-
specific killing was assessed by the relative decrease of CTVbright HER21 24JK tumor cells in comparison with
CTVdim HER2-24JK tumor cells by flow cytometry. In panel D, significance was determined by using a two-
tailed Mann-Whitney U test (*, P , 0.05; ***, P , 0.001).
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electroporated human effector T cells, derived from peripheral blood mononuclear cells
(PBMCs), with Cas9 and control or PTPN22-specific sgRNAs (Fig. 8A and B). CRISPR RNP tar-
geting of PTPN22 in T cells from 5 different donors almost completely ablated PTPN22 pro-
tein as assessed by immunoblotting (Fig. 8C). As in murine T cells, the deletion of PTPN22
enhanced the expansion (as assessed by CTV dilution) of human CD81 T cells after TCR cross-
linking with a-CD3 (Fig. 8D). Next, we transduced PBMC-derived T cells from four different
human donors with retroviruses encoding a second-generation human CAR targeting the
Lewis Y (LeY) antigen that is expressed abundantly in a wide range of solid organ malignan-
cies, but has limited expression in normal tissues (44, 45) (Fig. 9A to G); a-LeY CAR T cells
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FIG 7 PTPN22 deficiency does not enhance the efficacy of a-HER2 CAR T cells in vivo. (A to C) E0771-
HER2 mammary tumor cells (2 � 105) were injected into the fourth inguinal mammary fat pads of
female HER2 transgenic (TG) mice. Six days after, when tumors were established, HER2 TG mice
received total body irradiation (4 Gy), followed by the adoptive transfer of 6 � 106 FACS-purified
CD81 CD44hi CD62Lhi central memory a-HER2 CAR T cells generated from Ptpn221/1 versus Ptpn22D/D

splenocytes. (A) Mice were injected with IL-2 (50,000 IU/day) on days 0 to 4 after adoptive CAR T-cell
transfer, and tumor growth was monitored. (B) mCherry1 HER2 CAR T cell numbers in tumor and
spleens. (C) CD44 and PD-1 levels on mCherry1 HER2 CAR T cells in tumors, spleens, or lymph nodes.
(D) E0771-HER2 mammary tumor cells (2 � 105) were injected into the fourth inguinal mammary fat
pads of female HER2 TG mice. Six days after, HER2 TG mice received total body irradiation (4 Gy),
followed by the adoptive transfer of 20 � 106 Ptpn221/1 versus Ptpn22D/D CD41 and CD81 effector/
memory and central memory a-HER2 CAR T cells, and tumor growth was monitored. Significance in
panel A was determined by using two-way ANOVA (***, P , 0.001; ****, P , 0.0001).
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are currently in a phase 1b clinical trial (NCT03851146). We thereon electroporated CAR T
cells with Cas9 precomplexed with either control or PTPN22-specific sgRNAs. CRISPR RNP
editing of PTPN22 in CAR T cells was efficient, so that little if any protein could be detected
by immunoblotting (Fig. 9D). The antigen-specific cytotoxic potential of the resultant CAR T
cells was assessed by monitoring for intracellular IFN-g (required for tumor eradication by
CAR T cells in vivo [41]) and TNF levels in CD81 CAR T cells upon coculture with human
LeY1 OVCAR3 ovarian carcinoma cells versus LeY2 MDA-MB-435 breast cancer cells (Fig.
9E). IFN-g and TNF were readily detected by flow cytometry when a-LeY CAR T cells were
cocultured with LeY1 OVCAR3 but not LeY2 MDA-MB-435 tumor cells, but this was not
affected by the deletion of PTPN22 (Fig. 9E). Consistent with this we found that antigen-
induced CAR T cell activation, as assessed by monitoring for CD25 and CD69 levels, was not
affected by the deletion of PTPN22 (Fig. 9F). In contrast the CRISPR RNP-mediated deletion of
the tyrosine phosphatase PTPN2 (Fig. 10A), also known as TCPTP, which we have shown previ-
ously markedly enhances CAR T cell cytotoxicity and antitumor immunity (12), significantly
increased the antigen-induced expression of IFN-g and TNF (Fig. 10B). Consistent with the lack
of effect on CAR T cell activation and cytotoxic potential, PTPN22 deficiency did not enhance
the ability of a-LeY CAR T cells to kill LeY1 OVCAR3 cells (Fig. 9G). Therefore, the deletion of
PTPN22 in human CAR T cells has no significant impact on CAR T cell cytotoxicity.

FIG 8 CRISPR/Cas9-mediated PTPN22 deletion in human T cells. PBMCs were stimulated with a-
CD3« (OKT3; 30 ng/mL) and IL-2 (20 ng/mL) for 3 days to activate and expand T cells. PBMC-
derived T cells (5 � 106) were electroporated with Cas9 and control (Ctl) or PTPN22 sgRNAs and
cultured for another 4 days before any further assays. (A) Protocol schematic for the generation of
PTPN22-deficient human T cells. (B) Representative subset analyses of PBMC-derived T cells. (C)
PTPN22 levels in human T cells assessed by immunoblotting. (D) Control and PTPN22-deleted T
cells were labeled with CellTrace Violet (CTV) and restimulated with OKT3 (0.25 mg/mL) for 5 days
and CTV dilution analyzed by flow cytometry. Significance in panel D was determined using a
Student paired t test (*, P , 0.05).
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FIG 9 CRISPR/Cas9-mediated PTPN22 deletion does not enhance the antigen-specific cytotoxicity of a-LeY CAR
T cells in vitro. PBMC-derived human T cells from four independent donors were stimulated with OKT3 (30 ng/mL)
and IL-2 (20 ng/mL) for 3 days. On days 3 to 4, human T cells were transduced with retroviruses encoding the a-LeY
CAR. On day 7, transduced cells were electroporated with Cas9 and control (Ctl) or PTPN22 sgRNAs and cultured for
another 7 days in media supplemented with IL-2 (20 ng/mL). (A) Schematic diagram of the a-LeY CAR structure. (B)
Protocol schematic for the generation of PTPN22-deficient human a-LeY CAR T cells. (C) Retroviral transduction
efficiency assessed by flow cytometry staining for the FLAG tag to identify a-LeY CAR1 cells. (D) PTPN22 levels in
human a-LeY CAR T cells assessed by immunoblotting. (E) Control or PTPN22 deleted a-LeY CAR T cells were
cocultured with the LeY-expressing ovarian cancer cell line OVCAR3 or the LeY-negative breast cancer cell line MDA-
MB-435 in the presence of Golgi Plug/Stop for 5 h, and intracellular IFN-g and TNF levels were analyzed by flow
cytometry. (F) Control or PTPN22 deleted a-LeY CAR T cells were cocultured with LeY-expressing OVCAR3 cells or the
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using a gamma counter, and tumor-specific lysis was determined. The results shown are representative of two
independent experiments.
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DISCUSSION

Approaches that enhance the ability of T cells and CAR T cells to infiltrate solid tumors,
become activated and overcome immune suppression, while avoiding T cell exhaustion
stand to transform cellular immunotherapies. Notably, the advent of CRISPR/Cas9 gene edit-
ing affords unprecedented opportunities for deleting T cell inhibitory receptors, such as PD-
1 (34) and the adenosine G-protein-coupled receptor A2AR (46), enzymes such as PTPN2 that
tune T cell responses (12, 16) and transcription factors such as TOX that orchestrate T cell
exhaustion (47, 48) to enhance the efficacy of adoptively transferred tumor antigen-specific
T cells and CAR T cells. Indeed, CRISPR targeting has already been used safely in the clinic to
genetically modify adoptively transferred T cells (34, 49). In this study, we explored the thera-
peutic potential of targeting the autoimmunity-linked tyrosine phosphatase PTPN22 in
adoptive T cell and CAR T cell immunotherapy. Although PTPN22’s role in establishing
immune tolerance is well established (21, 22), and recent studies have shown that its global
deletion can promote antitumor immunity (28) and enhance the ability of T cells to over-
come Treg-mediated immune suppression and respond to tumors with low-affinity antigens
(29, 30), our results suggest that targeting PTPN22 is unlikely to be of any significant benefit
in adoptive T cell therapies, especially those utilizing CAR T cells.

Cubas et al. (28) reported that although global PTPN22 deletion does not affect the
growth of subcutaneous MC38 colon adenocarcinomas, it can enhance the response to PD-1
checkpoint blockade and repress tumor growth. On the other hand, the global deletion of
PTPN22 resulted in the spontaneous repression of subcutaneous Hepa1-6.x1 tumors that are
normally highly enriched in CD81 T cells; PTPN22 deficiency did not affect overall T cell num-
bers in Hepa1-6.x1 tumors, but it did promote CD81 T cell activation and T cells were required
for the repression of tumor growth (28). In our studies, we found that the growth immuno-
genic AT3-OVA tumors implanted into Ptpn22D/D mice was also significantly reduced and that

FIG 10 CRISPR/Cas9-mediated PTPN2 but not PTPN22 deletion in a-LeY CAR T cells enhances
cytotoxic potential. PBMC-derived human T cells were stimulated with OKT3 (30 ng/mL) and IL-2
(20 ng/mL) for 3 days. On days 3 to 4, human T cells were transduced with retroviruses encoding the
a-LeY CAR. On day 7, transduced cells were electroporated with Cas9 and control (Ctl), PTPN2, or
PTPN22 sgRNAs and cultured for another 7 days in media supplemented with IL-2 (20 ng/mL). (A)
PTPN2 and PTPN22 levels in human a-LeY CAR T cells were assessed by immunoblotting. (B) Control,
PTPN2-deleted, or PTPN22-deleted a-LeY CAR T cells were cocultured with the LeY-expressing ovarian
cancer cell line OVCAR3 or the LeY-negative breast cancer cell line MDA-MB-435 in the presence of
Golgi Plug/Stop for 5 h, and intracellular IFN-g and TNF levels were analyzed by flow cytometry. The
results shown are representative of two independent experiments.
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this was accompanied by the increased recruitment of CD41 and CD81 central memory and/
or effector/memory T cells. Notably, infiltrating PTPN22-deficient CD81 T cells were more acti-
vated and cytotoxic. In addition, we found that PTPN22 deficiency not only increased the
recruitment T cells and NK cells that elicit antitumor immunity but also increased TAMs and
Tregs. Therefore, the systemic inhibition of PTPN22 might facilitate antitumor immunity or
enhance the response to immune checkpoint blockade, but such effects might be dictated by
the immunogenicity of the tumor and the abundance of T cells relative to other TILs (28–30).
Nonetheless, recent studies have shown that the systemic administration of a PTPN22-selec-
tive inhibitor can partially repress the growth of syngeneic tumor xenografts in mice and
enhance the response to PD-1 blockade by both remodeling the macrophage compartment,
so that it is predominated by proinflammatory M1-like phenotype macrophages and by
enhancing T cell-mediated antitumor immunity (50).

Some studies have suggested that targeting of PTPN22 may also be beneficial for
enhancing the antitumor immunity of adoptively transferred T cells. Brownlie et al. (30)
have shown that Ptpn222/2 CD81 T cells are resistant to the immunosuppressive effects of
transforming growth factor b (TGFb) and that adoptively transferred Ptpn222/2 OT-I CD81

T cells specific for the OVA peptide SIINFEKL can effectively repress the growth OVA-express-
ing EL4 lymphoma tumors that specifically secrete TGFb . However, the same group has sub-
sequently shown that adoptively transferred effector Ptpn222/2 OT-I CD81 T cells are no
more efficient at repressing the growth of OVA-expressing ID8 ovarian carcinoma cells than
control OT-I T cells, but effectively repress the growth of ID8 cells expressing a SIIVFEKL OVA
variant (KD for OT-I TCR . 1 mM) with an affinity for OT-I considerably lower than that for
SIINFEKL (KD for OT-I TCR of 54 mM) (29). Endogenous T cells can recognize both neo-anti-
gens, which would involve high-affinity interactions, as well as aberrantly expressed self-anti-
gens with very low affinities (51–53). It is possible that PTPN22 targeting might enhance the
antitumor activity of T cells in a setting of heightened TGFb secretion and/or enhance the
activity of T cells recognizing very low-affinity self-antigens on tumors. However, this might
occur at the expense of promoting overt autoimmunity. Irrespective, autologous T cell thera-
pies with engineered T cells generally involve the use of T cells bearing TCRs that recognize
tumor antigens with high affinity (34, 54). In our studies, adoptively transferred CD44hi

CD62Llo effector/memory and CD44hiCD62Lhi central memory OT-I CD81 T cells deficient for
PTPN22 were no more effective in repressing the growth of OVA-expressing AT3 mammary
or MC38 colorectal tumors than control OT-I CD81 T cells. Thus, our studies suggest that
PTPN22 may not be an ideal target for enhancing the therapeutic efficacy of adoptively
transferred CD81 T cells bearing high-affinity TCRs for solid tumor antigens.

Anti-CD19 CAR T cells were first approved by the FDA for the treatment of B-ALL
and aggressive lymphoma in 2017 (55). In this context, CAR T cells have shown remarkable
clinical efficacy and established curative potential (6, 10). However, this has not been realized
for many other malignancies, in particular solid organ malignancies (5, 6). Beyond the compli-
cations associated with tumor heterogeneity and the challenge of avoiding on-target off-tu-
mor toxicities, CAR T cells infiltrating solid tumors also need to operate in a hostile immuno-
suppressive tumor microenvironment and overcome the development of exhaustion
otherwise arising from persistent antigen engagement and CAR T cell activation (5, 6).
Numerous strategies have been proposed by which to overcome these and other challenges
(5–7). Our own recent studies have shown that the deletion of PTPN2 in a-HER2 CAR T cells
can markedly enhance the efficacy of adoptively transferred CAR T cells and facilitate the erad-
ication of large HER21 mammary tumors (12). This was associated with the increased homing
of CAR T cells to CXCL9/10-expressing mammary tumors and enhanced tumor-specific CAR T
cell activation and cytotoxicity attributable to the promotion of both CAR-LCK and IL-2/STAT5
signaling (12). However, other studies have shown that the deletion of PTPN2 and the promo-
tion of IFNAR1/STAT1 signaling can also overcome T cell exhaustion to facilitate antitumor im-
munity (56), but this has not been assessed in the context of CAR T cells. Nonetheless,
although PTPN22 deficiency also promoted TCR signaling and IL-2-induced STAT-5 signaling
in effector T cells and PTPN22 has been shown to attenuate IFNAR1 signaling in immune cells
(57), the deletion of PTPN22 in murine a-HER2 CAR T cells had no impact on CAR T cell
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cytotoxicity and antitumor immunity. Similarly, the deletion of PTPN22 in human a-LeY CAR T
cells had no effect on antigen-specific cytotoxicity; in contrast, CRISPR targeting of PTPN2 sig-
nificantly enhanced a-LeY-induced CAR T cell cytotoxic potential, as reflected by the increased
expression of IFN-g and TNF. The reasons for this are not clear, but probably relate to the prin-
cipal impact of PTPN22 deficiency on T cell responses to lower affinity antigens (29, 30, 58)
and the extent to which PTPN22 deficiency may otherwise enhance TCR/CAR or cytokine sig-
naling, when to compared to PTPs such as PTPN2 (12) or PTP1B (59). We and others have
shown that the deletion of PTPN2 enhances responses to both low- and high-affinity antigens
(12, 16, 17, 56) and that the deletion of PTPN2 in OT-I CD81 T cells can negate the need for
CD41 T cell help (60, 61) and enhance the ability of CD81 T cells to repress the growth of
OVA-expressing mammary tumors and melanomas (12). Similarly, we have shown that the de-
letion of PTP1B can promote IL-2/IL-15-induced STAT-5 signaling and the clonal expansion
and antitumor activity of CD81 T cells (59). Moreover, we have shown that the deletion of ei-
ther PTPN2 or PTP1B can markedly enhance the therapeutic efficacy of adoptively transferred
a-HER2 CAR T cells (12, 59). Nonetheless, although the deletion of PTPN22 alone might not
enhance responses to high-affinity antigens, recent studies have shown that engrafted
PTPN22-deficient memory T cells can prevent the establishment of implanted tumors (29).
Therefore, it remains to be determined if the combined targeting of PTPN2 or PTP1B to-
gether PTPN22 in adoptively transferred T cells and/or CAR T cells might ultimately provide
a means for both promoting tumor eradication and preventing reemergence.

In summary, in this study we have generated PTPN22-deficient mice and taken advant-
age of CRISPR/Cas9 genome editing to explore the therapeutic potential of targeting
PTPN22 in adoptive T cell/CAR T cell therapy. Although global PTPN22 deletion may
enhance antitumor immunity (28) and the response of effector T cells to low-affinity anti-
gens (29, 30, 58), our studies demonstrate that CRISPR targeting of PTPN22 in itself is insuffi-
cient to enhance the antitumor activity of adoptively transferred T cells targeting high-affin-
ity tumor antigens or the efficacy of CAR T cells in solid tumors.

MATERIALS ANDMETHODS
Materials. Hamster a-mouse CD3« (145-2C11) and hamster a-mouse CD28 (clone 37.51) were pur-

chased from BD Biosciences. Mouse a-human CD3« (OKT3) was from eBioscience; a-phospho-STAT5
(Tyr694) (D47E7) XP, rabbit a-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.144E) XP, rabbit
a-phospho ZAP-70 (Tyr493), mouse a-ZAP-70, and rabbit monoclonal a-PTPN22 (D6D1H) were from Cell
Signaling Technology; rabbit a-phospho-Lck (Y394) (sc-101728) and mouse a-Lck (sc-433), a-ERK2 (sc-
1647) and a-actin (sc-1616) were from Santa Cruz Biotechnology Inc.; a-actin (clone ACTN05) was from
Thermo Fisher Scientific and mouse a-human PTPN2 (CF4-1D) from Calbiochem. Recombinant human
IL-2, murine IL-7, and IL-15 used for T-cell stimulations and for the generation of CAR T cells were pur-
chased from Lonza, SIINFEKL peptide (OVA257-264) from Auspep, RetroNectin from TaKaRa, and DNase I
from Sigma-Aldrich. Fetal bovine serum (FBS) was purchased from Thermo Scientific, Dulbecco phos-
phate-buffered saline (d-PBS), RPMI 1640, Dulbecco modified Eagle medium (DMEM), minimal essential
medium (MEM) nonessential amino acids, and sodium pyruvate were obtained from Invitrogen, and col-
lagenase type IV was obtained from Worthington Biochemical.

Mice.Mice were maintained on a 12-h light/12-h dark cycle in a temperature controlled high-barrier
facility with free access to food and water. C57BL/6J and female B6.SJL-Ptprca Pepcb/BoyJ (Ly5.1) mice were pur-
chased from the Walter and Eliza Hall Institute (WEHI; Parkville, Victoria, Australia) or the Animal Resources
Centre (Perth, Western Australia). Human HER2 (C57BL/6) transgenic (TG) have been described previously (12).

Mice with a global deficiency in PTPN22 (referred to as Ptpn22D/D mice) were generated on a C57BL/6J back-
ground using CRISPR/Cas9 genome editing. These mice were generated in the course of generating PTPN22
R619W mutant mice. The CRISPR Design site (http://crispr.mit.edu/) was used to identify guide RNA target
sequences close to the targeting site, amino acid 619, of the mouse gene Ptpn22; the following guide RNA
sequence was used: 59-AAAGACTCGGGTGTCCGTTC-39. Complementary oligonucleotides corresponding to the
RNA guide target sites were annealed and cloned into BbsI (NEB) digested plasmid pX330-U6-Chimeric_BB-CBh-
hSpCas9 (Addgene). Single-guide RNA (sgRNA) was generated using a HiScribe T7 Quick High Yield RNA synthe-
sis kit (NEB) according to the manufacturer’s instructions. The sgRNA was purified using an RNeasy minikit
(Qiagen), and Cas9 mRNA was purchased from Sigma. A single-stranded oligonucleotide designed to change the
CGG codon, coding for R619, to TGG introducing the R619W mutation was ordered from Integrated DNA
Technologies (IDT) and used as a homology directed repair (HDR) template. It also contained a base change to
introduce a silent mutation (C to A) to alter the PAM site from GGG to GTG to prevent Cas9 digestion of the HDR
oligonucleotide; the following repair oligonucleotide was used: 59-CTATTACTTGGTTAGCTCCTTCTCGGAGGACA
GATGATGAAATCCCACCGCCACTCCCTGAATGGACACCCGAGTCTTTTATTGTGGTTGAGGAAGCCGGTGAGTACAGTCA
GTAAGTATGAAGTG-39. Cas9 mRNA (30 ng/mL), sgRNA (15 ng/mL), and the homology directed repair template
(30 ng/mL) were microinjected into the pronucleus of C57BL/6J zygotes at the pronuclei stage. Injected zygotes
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were transferred into the uteruses of pseudo pregnant females. Gene-editing events in resultant founders were
assessed by sequencing PCR products of the targeted site; the following forward (59-TTGCCTAGAGTAAGCA
AATGCAA-39) and reverse (59-AAAGGAGGC AGATGGATGCG-39) primers were used amplify a product of 292 bp.
In addition, to generating the point mutant mice, we generated mice that were the product of nonhomologous
end-joining. Specifically, we identified mice with an adenine (A) insertion between c1854 and 1855. The frame-
shift resulted in an R619T substitution and introduced a stop codon after residue 628. These mice were crossed
onto C57BL/6J mice, germ line transmission confirmed and then crossed to each other. Age- and sex-matched
C57BL6/J mice were used for all experiments. All experiments were performed in accordance with the NHMRC
Australian Code of Practice for the Care and Use of Animals. All protocols were approved by Monash University
School of Biomedical Sciences Animal Ethics Committee (ethics number MARP/2012/066/BC) or the Peter
MacCallum Animal Ethics and Experimentation Committee (ethics number E604).

Cell lines. The C57BL/6 mouse breast carcinoma cell line E0771 was a gift from Robin Anderson
(Peter MacCallum Cancer Centre) (62), and the C57BL/6 mouse sarcoma cell line 24JK was a gift from
Patrick Hwu (NIH, Bethesda, MD) (63). The corresponding cells lines engineered to express green fluores-
cent protein and the extracellular and transmembrane domains of human HER2 have been described
previously (64) and are referred to as E0771-HER2 and 24JK-HER2. The C57BL/6 mouse mammary tumor
cell line AT-3 engineered to express chicken ovalbumin (AT-3-OVA) or the mouse colon carcinoma cell
line MC38 engineered to express chicken ovalbumin (MC38-OVA) have been described previously (12, 59). The
viral packaging cell lines GP1E86 and PG13 have been described previously (37, 65, 66). The human ovarian
adenocarcinoma cell line OVCAR3 (HTB-161TM) and the human breast cancer cell line MDA-MB-435 (HTB-
219TM) were obtained from American Type Culture Collection (ATCC; Manassas, VA). The retroviral cell lines
GP1E86 and PG13 and the tumor cell lines E0771-HER2, OVCAR-3, and MDA-MB-435 were cultured and main-
tained in RPMI 1640 (Gibco/Life Technologies) supplemented with 10% (vol/vol) heat-inactivated FBS, 2 mM L-
glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 100 U/mL penicillin, and 100mg/mL streptomycin. The AT3-
OVA, MC38-OVA, 24JK, and 24JK-HER2 cell lines were maintained in high-glucose DMEM (Gibco/Life
Technologies) supplemented with 10% (vol/vol) heat-inactivated FBS, 2 mM L-glutamine, 1 mM sodium pyru-
vate, 10 mM HEPES, 100 U/mL penicillin, and 100mg/mL streptomycin.

Flow cytometry. Single cell suspensions from spleens, lymph nodes, livers, and lungs were obtained
as described previously (16). For the detection of intracellular cytokines, T cells were fixed and permeab-
ilized with a BD Cytofix/Cytoperm kit according to the manufacturer’s instructions. For the detection of
intracellular FoxP3, a Foxp3/transcription factor staining buffer set (eBioscience) was used according to
the manufacturer’s instructions. Cells were acquired using LSRII (BD Biosciences, San Jose, CA), Fortessa
(BD Biosciences), or Symphony (BD Biosciences). For fluorescence-activated cell sorting (FACS), cells
were purified using either BD FACSAria II, BD FACSAria Fusion 3, or BD FACSAria Fusion 5 instruments.
Data were analyzed with FlowJo10 software (Tree Star, Inc.). For cell quantification, a known number of
Flow-Count Fluorospheres (Beckman Coulter) were added to samples before analysis.

The following antibodies raised against mouse antigens (obtained from BD Biosciences, BioLegend,
Invitrogen, or eBioscience) were used for flow cytometry: PerCP-Cy5.5 or PE-Cy7-conjugated CD4 (RM4-5),
BUV395 or Pacific Blue-conjugated-conjugated CD8 (53-6.7); PerCP-Cy5.5- or PE-conjugated CD25 (P61),
BV711-conjugated CD11b (M1/70), APC- or V450-conjugated CD11c (N418), PE-conjugated CD19 (1D3), BV786
or FITC-conjugated CD44 (IM7), APC-conjugated CD45 (30-F11), FITC-conjugated CD45.1 (Ly5.1; A20), PE- or
APC-Cy7-conjugated CD45.2 (Ly5.2; 104), BUV737 or APC-conjugated CD62L (Mel-14), BV510-conjugated CD69
(H1.2F3), PE-Cy7-conjugated CD279 (PD-1, RMP1-14), BV711-conjugated CD366 (TIM-3, RMT3-23), FITC- or PE-
Cy7-conjugated Ly6C (HK1.4), APC-Cy7- or FITC-conjugated Ly6G (1A8), PE-Cy7-conjugated NK1.1 (PK136),
BV605-conjugated TCR (H57-597), PE-Cy7-conjugated IFN-g (XMG1.2), APC-conjugated TNF (MP6-XT22), Alexa
Fluor 647-conjugated granzyme B (GB11), and FITC-conjugated FoxP3 (FJK-16s).

The following antibodies raised against human antigens (obtained from BD Biosciences, Invitrogen,
BioLegend, and Miltenyi Biotec) were used for flow cytometry: PE-Cy7-conjugated CD4 (SK3), FITC-conju-
gated CD8 (BW135/80), APC-H7-conjugated CD8 (SK1), PE-conjugated a-FLAG (DYKDDDDK) Tag (L5),
FITC-conjugated-CD45RO (UCHL1), BV711-conjugated CD62L (SK11), PE-Cy7-conjugated IFN-g (4S.B3),
and APC-conjugated-TNF (MAb11).

Immunoprecipitation of PTPN22. Splenocytes (5 � 107) from Ptpn221/1 and Ptpn22D/D mice were
lysed in 250 mL of immunoprecipitation lysis buffer (50 mM Tris [pH 7.5], 1% [wt/vol] NP-40, 150 mM NaCl,
50 mM NaF) plus protease inhibitors (5 mg/mL leupeptin, 1 mg/mL pepstatin A, 1 mg/mL aprotinin, 1 mM
benzamidine, 2 mM phenylmethylsulfonyl fluoride) for 30 min on ice. The lysates were precleared with
50 mL of Pansorbin cells (Sigma-Aldrich) for 30 min at 4°C. Lysates were centrifuged at 4°C for 5 min at
16,000 � g, and PTPN22 was immunoprecipitated from the clarified supernatants with 5 mL of a-PTPN22
(D6D1H) for 4 h at 4°C. Immune complexes were collected on 10 mL of protein G1A agarose (Merck) for
60 min at 4°C, washed with ice cold-lysis buffer, and then either resolved by SDS-PAGE and immunoblotted for
PTPN22 or processed for PTP activity assays.

PTP activity assays. PTPN22 or PTPN22D immunoprecipitates were pelleted (2,500 � g, 5 min),
washed twice in ice-cold IP lysis buffer without NaF, washed once in ice-old STE buffer (10 mM Tris-HCl
[pH 7.8], 10 mM NaCl, 1 mM EDTA), and washed once in ice-old phosphatase assay buffer (24 mM
HEPES, 120 mM NaCl), and then beads were resuspended in 40 ml of freshly prepared p-nitrophenyl
phosphate (pNPP) reaction buffer (24 mM HEPES [pH 7.4], 150 mM NaCl, 12.5 mM pNPP, 6.25 mM DTT;
Sigma), followed by incubation at 37°C for 4 h. Where indicated, 1 mM NaVO3 was added to specifically
inhibit PTP activity. Reactions were quenched with 1 mL of 0.2 M NaOH. Beads were pelleted (2,500 � g,
30 s), and 200-mL portions of the supernatants transferred to flat-bottom 96-well plates and the p-nitro-
phenylene anion product measured at an absorbance of 405 nm using a plate reader.

Targeting PTPN22 in CAR T Cells Molecular and Cellular Biology

March 2022 Volume 42 Issue 3 e00449-21 mcb.asm.org 17

https://mcb.asm.org


Immunohistochemistry. Formalin-fixed and paraffin-embedded spleen sections were stained with
PNA (biotinylated peanut agglutinin a-mouse B-1075; Vector Laboratories) for 1 h and then incubated
with streptavidin-HRP (Biocare Medical) for 20 min. DAB (3,39 diaminobenzidine; Biocare Medical) was
used as a chromogen and nuclei were counterstained with hematoxylin and eosin. An Olympus Bx61
microscope was used for visualization images and a RT SE SPOT camera with SPOT Advanced software
v4.6 (Diagnostics Instruments) used to obtain images.

Generation of rested effector T cells. To generate rested effector T cells, 96-well U-bottom plates
were coated with a-CD3« (5 mg/mL) and a-CD28 (5 mg/mL) in PBS for 2 h at 37°C. Single lymph node
cell suspensions (300,000/200 mL) were incubated for 3 days in complete T cell medium at 37°C. T cells
were harvested and washed twice in PBS and rested in 96-well U-bottom plates (300,000/200 mL) in
RPMI 1640 medium (Gibco/Life Technologies, Grand Island, NY) supplemented with 10% (vol/vol) heat-
inactivated FBS, 2 mM L-glutamine, 0.1 mM MEM nonessential amino acids, 1 mM sodium pyruvate,
10 mM HEPES, 100 U/mL penicillin, 100 mg/mL streptomycin, 0.2 ng/mL IL-7, and 10 ng/mL IL-15 at 37°C
and 5% CO2 for 2 days.

Signaling assays. For TCR signaling assays in vitro generated rested effector T cells (5 � 106 to 10 � 106)
were incubated with hamster a-mouse CD3« (145-2C11) (1 mg/mL) in 500 mL of RPMI 1640 supplemented
with 1% (vol/vol) FBS for 30 min on ice. Cells were washed once with ice cold RPMI 1640 and supernatant was
aspirated. Cells were then incubated with goat a-hamster IgG(H1L) (20 mg/mL) antibody (Sigma-Aldrich) for
the indicated times at 37°C. Cells were washed with ice-cold PBS and lysed in radioimmunoprecipitation assay
buffer (50 mM HEPES [pH 7.4], 1% [vol/vol] Triton X-100, 1% [vol/vol] sodium deoxycholate, 0.1% [vol/vol] SDS,
150 mM NaCl, 10% [vol/vol] glycerol, 1.5 mM MgCl2, 1 mM EGTA, 50 mM NaF, 1 mM sodium vanadate) plus
protease inhibitors (5mg/mL leupeptin, 1mg/mL pepstatin A, 1mg/mL aprotinin, 1 mM benzamadine, 2 mM
phenylmethylsulfonyl fluoride) and processed for SDS-PAGE and immunoblotting.

For cytokine signaling assays in vitro generated rested effector T cells (5 � 105) were stimulated with
IL-2 (1 ng/mL), IL-7 (1 ng/mL), or IL-15 (1 ng/mL) in 100 mL of RPMI 1640 supplemented with 1% (vol/
vol) heat-inactivated FBS for the indicated times at 37°C. Cells were processed for intracellular staining
with a-p(Y694)-STAT-5 and analyzed by flow cytometry.

Cell proliferation. For analyzing T cell proliferation by CellTrace Violet (CTV; Molecular Probes,
Thermo Fisher Scientific) dilution, in vitro generated rested effector T cells (2 � 106) were incubated with
CTV in d-PBS supplemented with 0.1% (vol/vol) bovine serum albumin (BSA) at a final concentration of
2 mM for 10 min at 37°C. Cells were then washed three times with d-PBS supplemented with 10% (vol/
vol) FBS. T cells (3 � 105) in complete T cell medium (RPMI 1640 [Gibco/Life Technologies] supplemented
with 10% [vol/vol] heat-inactivated FBS, 2 mM L-glutamine, 0.1 mM MEM nonessential amino acids,
1 mM sodium pyruvate, 10 mM HEPES, 100 U/mL penicillin, 100 mg/mL streptomycin, and 50mM b-mer-
captoethanol) were incubated with plate-bound a-mouse CD3« (0 to 5 mg/mL) and a-mouse CD28
(2 mg/mL) for 2 to 4 days at 37°C. T cells were harvested, and the CTV dilution was analyzed by flow
cytometry. Flow-count Fluorospheres (Beckman Coulter) were added to samples for cell quantification.

Generation of murine CAR T cells. Single cell suspensions were generated by mechanically disrupting
spleens through a 40mm cell strainer (Pall Corporation). Cells were washed once with PBS supplemented with
2% (vol/vol) FBS and then incubated in 1 mL of Red Blood Cell Lysing Buffer Hybri-Max (Sigma-Aldrich) for
5 min at room temperature to lyse red blood cells. Complete T cell medium was added to neutralize the red
cell lysis buffer and cells pelleted (300 � g, 5 min). Cells (2.5 � 107) were resuspended in 5 mL of complete T
cell medium supplemented with a-CD3« (0.5mg/mL), a-CD28 (0.5mg/mL), 10 ng/mL IL-2, and 0.2 ng/mL IL-7,
followed by incubation in 6-well plates (Greiner BioOne) at 37°C and 5% CO2 overnight. The next day, cells
were harvested into 50-mL Falcon tubes (Corning) and resuspended in 20 mL of complete T cell medium.
Dead cells were removed by underlaying 10 mL of Ficoll (GE Healthcare), followed by 20 min of centrifugation
at 1,400 rpm at room temperature. Cells were harvested and washed twice with complete T cell medium
before retroviral transduction. Retroviruses encoding a second-generation murine CAR consisting of an extrac-
ellular scFv-a-human HER2, a membrane-proximal CD8 hinge region, and the transmembrane and cytoplasmic
signaling domains of CD28 fused to the cytoplasmic region of CD3z (scFv-a-HER2-CD28z ) were obtained
from the supernatants of the viral packaging GP1e86 cell line as described previously (37). 4-mL of retrovirus
containing medium was added to RetroNectin-coated (10 mg/mL; TaKaRa Bio) nontreated 6-well plates
(Corning Costar) and spun for 30 min (1,200 � g) at room temperature. T cells (5 � 106 to 10 � 106) were
resuspended in 1 mL of retroviral supernatant containing IL-2 (50 ng/mL) and IL-7 (1 ng/mL) and added to the
RetroNectin- and virus-coated plates. T cells were centrifuged at 1,200 � g for 90 min, followed by incubation
overnight at 37°C and 5% CO2 before a second round of viral transduction. Transduced T cells were maintained
in complete T cell medium supplemented with IL-2 (5 ng/mL) and IL-7 (0.2 ng/mL) for 3 to 5 days at 37°C and
5% CO2.

Generation of human T cells and CAR T cells. Human peripheral blood mononuclear cells (PBMCs)
were isolated from healthy donor buffy coats. Human ethics approval for the use of PBMCs was granted
by both the Australian Red Cross Blood Services and the Peter MacCallum Cancer Centre Human
Research and Ethics committee (HREC 01/14), and the studies were conducted in accordance with the
Australian Code for the Responsible Conduct of Research and the National Statement on Ethical
Conduct in Human Research (National Health and Medical Research Council Act 1992). PBMCs (1 � 107

to 1.5 � 107) were activated with a-human CD3« (OKT3; 30 ng/ml; eBioscience) in 10 mL of complete T
cell medium (without b-mercaptoethanol) supplemented with IL-2 (20 ng/mL) for 2 to 3 days at 37°C
and 5% CO2. Human T cells were used for analyses after CRISPR/Cas9 genome editing or the generation
of CAR T cells. For CAR T cell studies, retroviruses encoding a second-generation CAR consisting of an
extracellular scFv-a-human Lewis Y (LeY), a membrane-proximal CD8 hinge region, and the transmem-
brane and cytoplasmic signaling domains of CD28 fused to the cytoplasmic region of CD3z were
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obtained from the supernatants of PG13 packaging cells, as described previously (65, 66). Retroviral
supernatants (5 ml) were spun for 30 min (1,200 � g) at room temperature onto RetroNectin (TaKaRa Bio)-
coated (10mg/mL) nontreated 6-well plates (Corning Costar) and incubated for 4 h at 37°C. Supernatants were
removed and 2.5 � 106 human T cells were incubated overnight in 5 mL of complete T cell medium (without
b-mercaptoethanol) supplemented with human IL-2 (20 ng/mL) before the second viral transduction.
Transduced T cells were transferred into 25-cm2

flasks and maintained in 5 to 10 mL of complete T cell me-
dium supplemented (without b-mercaptoethanol) with IL-2 (20 ng/mL) for 1 to 2 weeks before analysis. At
day 7 after retroviral transduction, CAR expression was assessed by staining with PE-conjugated a-FLAG
(DYKDDDDK) tag (BioLegend, USA).

CAR T cell cytotoxicity assays. For the in vitro assessment of murine CAR T cell cytotoxicity, anti-
gen-expressing 24JK-HER2 cells and antigen-negative 24JK sarcoma cells were labeled with CellTrace
Violet (CTV; Invitrogen; Molecular Probes) at concentrations of 5 mM (CTVbright) and 0.5 mM (CTVdim),
respectively, in d-PBS supplemented with 0.1% (vol/vol) BSA for 15 min at 37°C. Sarcoma cells were then
washed three times with d-PBS supplemented with 10% (vol/vol) FBS and mixed at a 1:1 ratio and a con-
centration of 1 � 106/ml. CAR T cells were added at ratios of 20:1, 10:1, 5:1, 2.5:1, 1.25:1, and 0.6:1 to
5 � 104 CTV-labeled 24JK-HER2 cells (CTVbright) and 5 � 104 CTV labeled antigen-negative 24JK sarcoma cells
(CTVdim), followed by incubation for 4 h at 37°C in 200mL of complete T cell medium. Antigen-specific target cell
lysis was analyzed by flow cytometry assessing the ratio between viable antigen-expressing cells and antigen-
negative cells calculated using the formula: 100� [(ER� %CTVdim cells) –%CTVbright cells]/(ER� %CTVdim cells).

For the in vitro assessment of human CAR T cell cytotoxicity, a total of 5 � 106 cells OVCAR3 cells
were labeled with 100 mCi of 51Cr for 1 h at 37°C and 5% CO2. After 1 h of incubation, tumor cells were
washed three times with serum-free RPMI media by centrifugation (480 � g, 3 min). Cells were resus-
pended in supplemented RPMI media and plated at a density of 10,000 cells/well in V-bottom 96-well
plates. Effector T cells were added to the appropriate wells at T cell/tumor cell ratios of 0.5:1, 1:1, 2:1, 5:1,
or 10:1. In each experiment, control wells containing only 51Cr-labeled tumor cells alone and wells con-
taining tumor cells with 100 ml of SDS were included to determine spontaneous and total 51Cr release,
respectively. The total volume of supplemented RPMI media in each well was made to 200 ml, and the
plates were incubated for 4 h at 37°C and 5% CO2. After incubation, plates were centrifuged at 400 � g
for 5 min, and 100 ml of supernatant from each well was transferred to 1.2-mL tubes (Quality Scientific
Plastics). Chromium release was measured using an automatic gamma counter Wallac Wizard 1470
(General Electricity Healthcare). The percentage of tumor cell lysis was calculated according to the following
formula: [(sample counts per minute – spontaneous counts per minute)/(total counts per minute – spontaneous
counts per minute)]� 100%.

CAR T cell cytokine production assays. For murine HER2 CAR T cell analyses, 6 � 105 murine HER2
CAR T cells were cocultured with 3 � 105 HER2-expressing 24JK sarcoma cells or 3 � 105 HER2-negative
24JK sarcoma cells in round-bottom 96-well plate for 1 h at 37°C in complete T cell medium. GolgiPlug
(1:1,000 dilution; BD Biosciences, San Jose, CA) and GolgiStop (1:1,500 dilution; BD Biosciences) were
added for 3 to 4 h before cells were processed for surface and intracellular staining for CD8, IFN-g, and
TNF. The proportions of CD81 IFN-g1 or TNF1 CAR T cells were determined by flow cytometry.

For human LeY CAR T cell analyses, 3 � 105 LeY CAR T cells generated from human PBMCs were
cocultured with 3 � 105 LeY-expressing OVCAR-3 cells or 3 � 105 LeY negative MDA-MB-435 cells in round-
bottom 96-well plates for 1 h at 37°C in complete T cell medium. GolgiPlug and GolgiStop were added at a
1:1,000 ratio for 3 to 4 h before the cells were processed for surface and intracellular staining for CD8, IFN-g,
and TNF. The proportions of CD81 IFN-g1 or TNF1 CAR T cells were determined by flow cytometry.

Tumor studies in PTPN22D/D mice. Age-matched Ptpn221/1 and Ptpn22D/D female mice were anaes-
thetized with ketamine (100 mg/kg) and xylazil (10 mg/kg) (Troy Laboratories) and injected orthotopically with
2 � 105 AT3-OVA mammary tumor cells resuspended in 20 mL of d-PBS into the fourth mammary fat pad.
Tumor area was measured every 2 days by multiplying the maximum diameter by the diameter perpendicular
to the maximum diameter. Mice were sacrificed when tumor area reached$200 mm2.

Adoptive CAR T cell therapy. For CAR T cell therapy experiments, C57BL/6 human-HER2 TG female
mice were anaesthetized with ketamine (100 mg/kg) and xylazil (10 mg/kg) (Troy Laboratories) and
injected orthotopically with 2 � 105 E0771-HER2 mammary tumor cells resuspended in 20 mL of d-PBS
into the fourth mammary fat pad. Tumors were allowed to grow for 5 to 7 days prior to preconditioning
with 4 Gy total body radiation. On the same day, mice were administered an intravenous injection of
1� 107 a-HER2 CAR T cells, followed by a second CAR T cell injection the following day; control mice received
no cells. For CAR T cell transfers, mice also received five doses of intraperitoneal IL-2 (50,000 IU/injection per
mouse), with the first dose given on the same day as the first T cell injection and daily over the next 4 days.
Tumor area was measured every 2 days by multiplying the maximum diameter by the diameter perpendicular
to the maximum diameter. Mice were sacrificed when the tumor area reached$200 mm2.

Adoptive OT-I T cell therapy. For OT-I T cell therapy experiments, Ly5.11 female mice were anaes-
thetized with ketamine (100 mg/kg) and xylazil (10 mg/kg) (Troy Laboratories) and injected orthotopi-
cally with 5 � 105 AT3-OVA mammary tumor cells resuspended in 20 mL of d-PBS into the fourth mam-
mary fat pad. Alternatively, Ly5.11 male mice were injected subcutaneously with 5 � 105 MC38-OVA tumor
cells resuspended in 100 ml of d-PBS into the flank. Tumors were allowed to grow for 7 days, and mice were
then administered an intravenous injection of 1 � 107 OT-I CD81Ly5.21 T cells; control mice received no cells.
Tumor area was measured every 2 days by multiplying the maximum diameter by the diameter perpendicular
to the maximum diameter. Mice were sacrificed when tumor area reached$200 mm2.

Analysis of tumor-infiltrating lymphocytes. Tumor-bearing mice were sacrificed, tumors were
weighed, and up to 200 mg of tissue was digested in 12-well plates using a cocktail of 1 mg/mL collagenase
type IV (Worthington Biochemicals) and 0.02 mg/mL DNase (Sigma-Aldrich) in DMEM supplemented with 2%

Targeting PTPN22 in CAR T Cells Molecular and Cellular Biology

March 2022 Volume 42 Issue 3 e00449-21 mcb.asm.org 19

https://mcb.asm.org


(vol/vol) FBS. The digestion was performed in a rocking incubator at 180 rotations per min for 30 min at 37°C.
Cells were passed through a 70-mm cell strainer (BD Biosciences) twice and processed for flow cytometry.

Quantitative real-time PCR. RNA was extracted with TRIzol reagent (catalog no. 15596018; Thermo
Fisher Scientific), and RNA quality and quantity were determined using a NanoDrop 2000 (Thermo Fisher
Scientific). mRNA was reverse transcribed using a high-capacity cDNA reverse transcription kit (Applied
Biosystems) and processed for quantitative real-time PCR using TaqMan gene expression assays. Ptpn22
probe (Mm00501231_g1; Applied Biosystems) and Gapdh probe (Mm99999915_g1; Applied Biosystems)
from TaqMan gene expression assays were utilized with TaqMan Fast advanced master mix (Applied
Biosystems) to perform quantitative PCR detecting Ptpn22 and Gapdh. The relative gene expression
(DDCT) was determined by normalization to the housekeeping gene Gapdh.

CRISPR/Cas9 genome editing in murine OT-I T cells. Single splenocyte suspensions from OT-I
transgenic C57BL/6 mice were generated by mechanically disrupting spleens through a 45-mm cell
strainer (Pall Corporation). Cells were washed once with PBS supplemented with 2% (vol/vol) FBS before
incubation in 1 mL of Red Blood Cell Lysing Buffer Hybri-Max (Sigma-Aldrich) for 5 min at room tempera-
ture per spleen to lyse the red blood cells. Complete T cell medium was added to neutralize the red cell
lysis buffer. To edit OT-I cells, 300 pmol of Ptpn22 sgRNA (UUUGUCGGCCUUGUACUUGG; Synthego) or
nontargeting control sgRNA (GCACUACCAGAGCUAACUCA; Synthego) and 37 pmol of recombinant Cas9
(IDT) were mixed to form ribonucleoproteins (RNPs). A total of 1 � 107 splenocytes were resuspended in
20 mL of 4D-Nucleofector Solution (16.4 mL of primary cell nucleofector solution supplemented with
3.6 mL of supplement; P3 Primary Cell 4D-Nucleofector X kit S, V4XP-3032, Lonza), combined with RNP
and electroporated using the 4D-Nucleofector X Unit (Lonza) and the predefined nucleofection condi-
tion “T cell, mouse, unstim.” Prewarmed T cell medium was added to electroporated cells and allowed
10 min for recovery. After CRISPR editing, OT-I cells were activated in 25-cm2

flasks containing 10 mL of
prewarmed completed T cell medium supplemented with N4 peptide (1 nM), IL-2 (5 ng/mL), and IL-7
(0.2 ng/mL) for 7 days before analysis or adoptive transfer.

CRISPR/Cas9 genome editing in human T cells and CAR T cells. Human T cells or CAR T cells were
generated as described above and maintained in complete T cell medium (minus b-mercaptoethanol) supple-
mented with IL-2 (20 ng/mL) for 3 days before CRISPR RNP editing. To prepare complexes of Cas9/sgRNA RNP,
300 pmol of sgRNA targeting PTPN22 (AAGGCAAUCUACCAAGUACA) or nontargeting control sgRNA
(GCACUACCAGAGCUAACUCA) (Synthego) were premixed with 37 pmol of recombinant Cas9 (Alt-R S.p. Cas9
Nuclease V3; IDT) and incubated at room temperature for at least 10 min. 5 � 106 human T cells or CAR T cells
were twice washed with 2% (vol/vol) FBS (in PBS) and resuspended in 20 mL of 4D-Nucleofector Solution
(Lonza), followed by mixing with RNPs and incubation for 2 min at room temperature. Human T cells or CAR T
cells were transferred into the retainer of 4D-Nucleofector X Unit (Lonza) and electroporated using predefined
nucleofection condition “T cell, human, stim.” Then, 200 mL of prewarmed complete T cell medium (minus
b-mercaptoethanol) supplemented with IL-2 (20 ng/mL) was added to each well of the Nucleocuvette Strip,
and electroporated cells were allowed to recover at 37°C and 5% CO2 for 10 min before being transferred to
25-cm2

flasks with 5 mL of prewarmed complete T cell medium (minus b-mercaptoethanol), supplemented
with IL-2 (20 ng/mL), and cultured at 37°C and 5% CO2 for 2 to 3 days before analysis.

Statistical analyses. All statistical analyses were performed with Prism software 7.0b (GraphPad, San
Diego, CA) using the nonparametric using the two-tailed Mann-Whitney U test, the parametric two-
tailed Student t test, or two-way analysis of variance (ANOVA), as indicated. Significance is indicated by
asterisks in the figures (*, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001). The data are presented
as means6 standard errors of the mean (SEM).
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