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Abstract

Risk of autoimmunity is associated with multiple genetic variants. Genome wide association 

studies have linked single nucleotide polymorphisms in the phosphatases PTPN22 (rs2476601) 

and PTPN2 (rs1893217) to increased risk for multiple autoimmune diseases. Previous mouse 

studies of loss-of-function or risk variants in these genes revealed hyperactive T cell responses, 

while studies of human lymphocytes revealed contrasting phenotypes. To better underand this 

dichotomy, we established a robust gene editing platform to rapidly address the consequences of 

loss-of-function of candidate genes in primary human CD4+ T cells. Using CRISPR/Cas9, we 

obtained efficient gene disruption (>80%) of target genes encoding proteins involved in antigen 

and cytokine receptor signaling pathways including PTPN22 and PTPN2. Loss-of-function data in 

all genes studied correlated with previous data from mouse models. Further analyses of PTPN2 
gene disrupted T cells demonstrated dynamic effects, whereby hyperactive IL-2R signaling 

promoted compensatory transcriptional events, eventually resulting in T cells that were hypo-

responsive to IL-2. These results imply that altered phosphatase activity promotes evolving 

phenotypes based on antigen-experience and/or other programming signals. This approach enables 

the discovery of molecular mechanisms modulating risk of autoimmunity that have been difficult 

to parse in traditional mouse models or cross-sectional human studies.

Introduction

Genome-wide-association-studies have identified a subset of genetic risk variants that are 

shared broadly across multiple, distinct autoimmune diseases (1, 2). The shared risk of these 

variants suggest they impact key signaling pathways in a manner that promotes or sustains 

the loss of immune tolerance (3). Identifying how perturbation of these pathways impacts 

autoimmunity is critical for both understanding the loss of tolerance and the development of 

therapeutic interventions. Notably, previous studies of some human risk variants have 

produced discordant data depending on the model used (4, 5). These discrepancies are likely 
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due to a combination of factors including species specific differences between mouse and 

human tissues, activation state and underlying transcriptional profile in the case of cell lines, 

and differences in genetic background or environmental factors in cross-sectional studies 

using primary human cells. The complexity demonstrated by models of human genetic risk 

variants likely reflects context specific impacts on lymphocyte programming that makes 

translation of data from some models to primary human lymphocytes difficult (6–8). Thus, a 

major challenge in understanding autoimmunity is to develop methods that accurately 

discern the impact of a candidate genetic variant on primary human cell function. Here, we 

focus on genes encoding two phosphatases with variants that are strongly associated with 

increased risk of multiple autoimmune diseases. These phosphatases participate in 

lymphocyte antigen and cytokine signaling pathways and their risk variants have shown 

contrasting functional results depending on the model systems used.

The gene, Protein Tyrosine Phosphatase Nonreceptor 22 (PTPN22), encodes for a key 

negative regulator of antigen receptor signaling in lymphocytes (9, 10). A single nucleotide 

polymorphism (SNP), rs2476601, in PTPN22 is associated with >10 autoimmune diseases, 

including type 1 diabetes (T1D), rheumatoid arthritis (RA), and systemic lupus 

erythematosus (SLE) (11–13), and impacts lymphocyte fate and function (14–17). Despite 

work from multiple groups, the functional impact of the risk variant remains controversial 

(18, 19). Mouse models of the Ptpn22 risk variant develop autoimmune pathologies driven, 

in part, by dysregulation of antigen receptor signaling, leading to enhanced activation of T 

lymphocytes, increased IL-2 secretion, and enhanced calcium flux (14, 15). Ptpn22 
knockout mouse models exhibit a largely overlapping phenotype (16, 17) and show 

improved clearance of LCMV infection due, at least in part, to a lower threshold for T cell 

activation (20–22). Consistent with mouse knockout models, a previous study using siRNA 

knockdown of PTPN22 in human lymphocytes showed an increase in IL-2 production upon 

CD3/CD28 stimulation (23). More recently, knockout PTPN22 in the human Jurkat T cell 

line using CRISPR/Cas9 resulted in increased CD69 expression and IL-2 secretion in 

response to TCR engagement (24). Loss-of-function in PTPN22 has not been described in 

human subjects, but in contrast to risk variant knock-in mouse models, human carriers of the 

rs2476601 risk variant exhibit decreased TCR dependent downstream signaling (25, 26). 

Thus, the mechanism(s) by which PTPN22 regulates primary human T cell function remains 

unclear.

Protein Tyrosine Phosphatase Nonreceptor 2 (PTPN2) is an additional key modulator of T 

cell activation that functions primarily through modulation of JAK/STAT signaling (27). A 

non-coding SNP within PTPN2 (rs1893217) is associated with multiple autoimmune 

diseases including T1D and RA (28, 29). Loss-of-function of PTPN2 in mouse tumor 

models and human cell lines have demonstrated increased pSTAT1 and pSTAT5 signaling in 

response to IFNγ and IL-2, respectively (30, 31). PTPN2 has also been suggested to inhibit 

TCR signaling in murine T cells, as T cell-specific Ptpn2 disruption results in hyperactive 

TCR signaling, development of anti-nuclear antibodies, and CD8 T cell-mediated 

autoimmunity (32). The PTPN2 risk SNP causes an allele-dose dependent reduction in 

PTPN2 mRNA transcripts in human lymphocytes (33). However, again in contrast to murine 

and cell line data, memory T cells derived from healthy human carriers of the risk variant 

exhibit blunted pSTAT5 responses to IL-2 and IL-15 (33, 34).
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Together, the largely contradictory observations from murine and cell line models versus 

primary human T cells in these genes, illustrate an urgent need to find new methods to 

understand the functional impact of candidate autoimmune risk alleles. Specifically, new 

approaches are required to better understand the alterations in T cell signaling triggered by 

variants in PTPN22, PTPN2, and other risk alleles in primary human lymphocytes.

Advances in gene editing of primary human hematopoietic cells provide a unique 

opportunity to address key questions regarding the effect of altered signaling programs in 

human primary lymphoid populations (35–38). Genetic research has been transformed by 

the introduction of designer nucleases. Among nuclease platforms, CRISPR/Cas9 is unique 

in accessing its genomic target sites by a guide RNA (gRNA) sequence. Co-delivery of 

gRNA and Cas9 protein as ribonucleoprotein complexes (RNPs) efficiently facilitates DNA 

double stranded breaks at target sites (39, 40). DNA break repair via the non-homologous 

end-joining (NHEJ) pathway results in insertion or deletion of nucleotides leading to gene 

disruption. Alternatively, in the presence of a DNA donor template, the homology directed 

repair (HDR) pathway can be utilized for repair and/or modification of the coding sequences 

surrounding the DNA break (38–40).

While multiple studies have now utilized gene editing to generate new animal and cell 

models for the study of disease, work using CRISPR to study gene function in primary 

human T cells has shown promise (41–43) but remains relatively limited. Challenges to 

progress likely reflect both the perception that primary human T cells are difficult to edit in a 

consistent fashion and the requirement to rapidly assay edited populations in a functionally 

relevant manner. In this study, we established a robust platform to utilize gene editing to 

perform rapid, reproducible, and definitive analyses of gene edited primary human T cell 

populations. We utilized co-delivery of RNPs and short, single-stranded, deoxy-

oligonucleotides (ssODNs) to efficiently introduce a stop codon within candidate genetic 

loci. This approach leveraged synergy gained by combining outcomes of both the NHEJ and 

HDR pathways, thereby permitting us to achieve highly-efficient gene disruption in 

populations of minimally manipulated, primary human T cells.

Using this optimized editing platform, we assessed the functional impact(s) of loss of 

expression of key candidate autoimmune-associated genes in an isogenic cell setting. 

Specifically, we achieved highly efficient gene disruption in the ZAP70, PTPN22, and 

PTPN2 loci of primary human CD4+ T cells. Using short-term expansion, followed by 

functional assays, our combined data demonstrate that loss-of-function predominantly 

mimics mouse knockout models, with key and informative exceptions, demonstrating 

dynamic adaptation of signaling programs driven by immune experience.

Materials and Methods

Human samples and primary T cell editing

PBMCs were collected from whole blood of consenting donors and cryopreserved at the 

Fred Hutchinson Cancer Research Center. Upon thaw, total CD4+ T cells were isolated by 

negative selection (EasySep CD4+, Stemcell Tech.) and cultured in Roswell Park Memorial 

Institute (RPMI) 1640 media supplemented with 20% FBS, 1x Glutamax (Gibco), and 1mM 
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HEPES (Gibco). Unless otherwise noted, Cells were cultured in 50ng/ml recombinant IL-2, 

5ng/ml IL-7, and 5ng/ml IL-15 (Peprotech). After thaw cells were counted and cultured at 1 

million/ml in flat bottom culture plates.

CRISPR/Cas9 and ssODN reagents

CRISPR RNAs (crRNA) targeting ZAP70, PTPN22, PTPN2, and CCR5 were identified 

using the CCTop design tool (58) and the COSMID CRISPR design tool (59), and 

commercially synthesized by Integrated DNA Technologies (IDT). ssODNs were 

commercially synthesized by (IDT; Ultramer DNA Oligonucleotides) with phosphorothioate 

linkages between the first and final 3 base pair sequences. crRNA and trans-activating RNA 

(tracrRNA; IDT) were complexed at a 1:1 ratio, as per manufacturer’s instructions. 

crRNA:tracrRNA complexes were mixed with Cas9 nuclease (IDT) at a 1.2:1 ratio and 

delivered with or without ssODNs to cells by Neon electroporation (Thermo Fisher 

Scientific). RNP crRNA sequences described: ZAP70 G1 5’- 

UUGCUACGACGGCCCACGAG-3’, ZAP70 G2 5’-CCCAGAGUAAAGUUUGCGCU-3’, 

ZAP70 G3 5’-GCACCAAGUUUGACACGCUC-3’, ZAP70 G4 5’-

GGCAAGUACUGCAUUCCCGA-3’, CCR5 5’-CUCACUAUGCUGCCGCCCAG-3’, 

PTPN22 G2 5’-AAGGCAAUCUACCAAGUACA-3’, PTPN22 G14 5’-

GACACCUGAAUCAUUUAUUG-3’, PTPN2 G2 5’-CCACUCUAUGAGGAUAGUCA-3’, 

PTPN2 G3a 5’-AAGGAGUUACAUCUUAACAC-3’, PTPN2 G3b 5’-

CAGUUUAGUUGACAUAGAAG-3’.

AAV Vectors

All AAV donor templates designed for HDR experiments were cloned into AAV plasmid 

backbones as previously described (37, 38). AAV templates were modified to possess 800 bp 

homology arm sequences homologous to the PTPN22 G14 or CCR5 RNP cut site. AAV 

stocks were produced as previously described (37, 38, 60). All AAVs used were of serotype 

6.

Gene Editing

After thaw cells were activated with CD3/CD28 Activator Beads (Gibco). After 2 days 

beads were magnetically removed and cells re-plated without changing media or adjusting 

cell number. 24 hours later cells were electroporated with 2.5μg complexed RNP +/− 

ssODN.

Prior to electroporation, cells were washed with PBS and resuspended in Neon Buffer T. 

2.5μg of complexed RNP and (if used) 20 pmol ssODN per 3×105 cells was added to the 

resuspension so that the final cell density was 3 × 107 cells/ml. Cells were electroporated 

(1400 V, 10ms, 3 pulses) in 10μl Neon tips, and then transferred into pre-warmed cell culture 

medium with IL-2, IL-7, and IL15 (unless otherwise noted). For samples transduced with 

AAV, virus was added to the culture immediately after electroporation at MOIs ranging from 

5,000 to 20,000 and comprising no more than 20% of the total well volume.

After editing, cells were maintained in media identical to pre-editing conditions (unless 

otherwise noted). Cells were counted at least every two-days using Count Bright absolute 
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counting beads (Thermo Fisher Scientific) and split to maintain cell density of 1 to 2 

million/ml. Following expansion cells were counted, washed 3 times with phosphate 

buffered saline, and cultured at 1 million/ml for 24 hours in cytokine free media consisting 

of RPMI 1640 media with 10% FBS, 1x Glutamax (Thermo Fisher Scientific), and 1mM 

HEPES. Cells were re-counted prior to stimulation.

T7 assays and ICE sequencing analysis

Gene disruption was analyzed using both the T7 endonuclease 1 assay and Inference of 

CRISPR Edits (ICE) analysis (Synthego). Total genomic DNA was isolated from 0.5 – 

1×106 cells using a DNeasy Blood & Tissue Kit (Qiagen). gRNA target genomic regions 

were first amplified PrimeSTAR GXL DNA Polymerase (Takara Bio) with primers creating 

a 400 to 700bp amplicon containing the gRNA target site. PCR amplicons were purified 

with Gene-jet PCR purification kit (Thermo Fisher Scientific).

For T7 assays 300ng of purified PCR product was denatured and re-annealed in 1x NEB 

Buffer 2 (New England Biolabs) in 19μl total volume, after which 10 U of T7 endonuclease 

I (New England Biolabs) was added to the solution for 15 minutes at 37°C then stopped with 

1ul of 0.5M EDTA. The reactions were then run on a 2.5% agarose gel for 1 hour and 

imaged. For ICE analysis (48), 25ng of purified PCR products were sanger sequenced using 

BigDye v.3.1 (Life Tech.). ab1 files were uploaded to https://ice.synthego.com/#/ for ICE 

analysis.

ddPCR

Quantification of HDR and NHEJ rates in edited human CD4+ T cells was obtained using a 

droplet digital PCR, dual-probe competition assay. All probes were ordered from Sigma 

Aldrich with a 3’ Black Hole 1 Quencher. Probes specific to sequences generated by HDR 

insertion of stop codons were labeled with a 5’ FAM reporter and used in tandem with 5’ 

HEX labeled probes specific to wild type (WT) sequences. Editing was measured after 

generating droplets with 50ng of genomic DNA (gDNA), both HDR-FAM and WT-HEX 

probes, and primers to the editing locus producing amplicons of <500bp (1× assay, 900-nM 

primers and 250-nM probe) using ddPCR supermix for probes (no deoxyuridine 

triphosphate [dUTP]) (Bio-Rad). Reference reactions were simultaneously performed using 

a 5’ HEX labeled control probe targeting a sequence at least 40bp 5’ of the RNP cut site and 

the same primers as the dual probe reaction. Droplets were generated with the QX200 

Droplet Generator (Bio-Rad) and amplified. All samples were run in triplicate and averaged. 

Fluorescence was measured using the QX200 Droplet reader (Bio-Rad) and analyzed using 

Quantasoft software. Editing rates were calculated as the relative frequency (%) of FAM+ 

corresponding to %HDR, HEX+ corresponding to %No Event, and reference – (FAM

+HEX) corresponding to %NHEJ.

Western blotting

All western blots were performed on lysates from primary human CD4+ T cells that had 

been either mock or gene edited, expanded 7 days in cytokine supplemented media, and 

subjected to 24 hours rest in cytokine free media. After rest, cells were lysed in 1x RIPA 

lysis buffer on ice for 10 minutes then clarified by centrifugation. Concentration of clarified 
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lysate was determined by BCA assay (Pierce), diluted, and suspended in 1x LDS Sample 

Buffer (Invitrogen). 10μg of lysate was run on 4–12% Bis-Tris NuPAGE gels in 1x MOPS 

buffer (Invitrogen). Protein was transferred to nitrocellulose in 1x Transfer Buffer 

(Invitrogen) and 10% methanol. Non-specific binding was minimized with a 1-hour RT 

incubation in Odessey LI-COR Blocking Buffer. Primary antibodies were stained at 1:1000 

for at least 12 hours at 4°C, excluding PTPN22 which was stained at 1:3000 for at least 12 

hours, and Actin, which was stained at 1:1000 at RT for 40 minutes. Primary antibodies used 

were from Cell Signaling Technology: ZAP70 (99F2), HSP90 (rabbit polyclonal, Cat.# 

4874), and Actin (8H10D10); from R and D Systems: PTPN22 (goat polyclonal, Cat.# 

AF3428); and from Sigma-Aldrich: PTPN2 (rabbit polyclonal, Cat.# SAB4200249). After 

primary stain membranes were washed with 1x TBST and incubated with secondary 

antibodies at 1:10,000 for 30 minutes at RT. Stained blots were washed and imaged on an 

Odyssey Infrared Imaging System (LI-COR Biotech.). Western blot quantifications were 

performed with ImageJ software.

Plate bound anti-CD3 stimulation and ELISA

Stimulation plates were made in 96-well flat bottom culture plate. 100ul of PBS 

supplemented with LEAF purified anti-CD3 (OKT3, Biolegend) at 0.25ug/ml was added to 

each well and incubated at least 12 hours at 4°C. The plate was then emptied, and wells were 

given 100ul of cytokine free T cell media. After cells were edited, expanded for 7 days, and 

rested 24 hours in cytokine free media, 100ul of cells at 2 million/ml were added to each 

well. Plates were incubated at 37°C for 24 to 48 hours.

Two days after stimulating edited cells with plate bound anti-CD3 as described, culture 

supernatants were collected. Cytokine secretion levels were determined by ELISA for IL-2 

(Life Technologies, Cat.# 88–7025-86), IFNγ (Life Technologies, Cat.# 88–7316-86), 

TNFα (Biolegend, Cat.# 430204), and IL-17 (Biolegend, Cat.# 433914). Supernatants were 

diluted between 1:40 and 1:10 for accurate quantitation and calculated quantities were then 

adjusted to reflect dilution factor. All experiments followed manufacturer’s protocols.

Flow cytometry and gating strategies

Flow cytometric analysis was performed on an LSR II flow cytometer (BD Biosciences) and 

data was analyzed using FlowJo software (Tree Star). Cells were stained with LIVE/DEAD 

Fixable Near-IR Dead Cell Stain Kit, as per the manufacturer’s instructions and cells were 

stained with fluorescence labeled antibodies for 30 minutes at 4°C. Antibodies used in this 

study include those from Biolegend: CD3 (SK7), CD4 (RPA-T4), CD69 (FN50), PD-1 

(EH12.2H7), CD71 (CY1G4), CD40L/CD154 (24–31); those from BD Biosciences: CD25 

(2A3), pSTAT5 (pY694, 47), pCD3ζ/pCD247 (pY142, K25–407.69); and those from 

Miltenyi: pSTAT1 (pY701, REA345). All antibodies were used at a dilution of 1:100, except 

for those staining phospho-sites which were used at a dilution of 1:10. All antibody stains 

were 30 minutes on ice. Gating order proceeded: lymphocytes -> singlets -> live cells. For 

viability, %events that were live, single cells were reported. Surface stains of other markers 

were subsequently gated on CD3+/CD4+ cells, then the marker of interest.
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Calcium flux was measured in edited, 7 day expanded, and 24-hour rested CD4+ T cells that 

were incubated with indo-1 AM (Life Technologies) for 45 minutes at 37°C. Cells were then 

washed and resuspended in HBSS media with calcium and Magnesium stimulated with 

5μg/ml (final concentration) OKT3 anti-CD3. Induction of Ca2+ mobilization was 

determined by flow cytometry.

For pSTAT1 or pSTAT5 staining, cells that were edited and rested 48 hours without cytokine 

or expanded 7 days then rested 24 hours without cytokine. All cells were serum starved for 2 

hours before receiving a 20-minute stimulation with 1.25ng/ml* of recombinant human 

IFNγ (Peprotech) or 0.5ng/ml* of recombinant human IL-2 (Peprotech) respectively (* - 

final concentration). Reactions were stopped by fixing cells with a final concentration of 2% 

PFA for 12 minutes at 37°C. Cells were then washed and permeabilized with BD Perm 

Buffer III for at least 30 minutes at −20°C. Cells were then washed wand stained as 

described above. For pCD3z/pCD247 staining edited/rested cells were serum starved for 1 

hour, before being stained with either 0.1 or 1ug/ml of mouse anti-CD3 (Biolegend) for 

thirty minutes on ice. Cells were then washed and cross-linked with 0.2 or 2ug/ml goat anti-

mouse Ig respectively (Southern Bio.) for 0, 2, and 5 minutes. Reactions were stopped by 

fixing cells with a final concentration of 2% PFA for 12 minutes at 37°C. Cells were then 

washed and permeabilized with BD Perm Buffer I. Unoccupied GAM was blocked with 

mouse Ig for 15 minutes at RT, and cells were then stained for pCD3ζ for 30 minutes at RT.

FACS sorting of AAV edited cells

AAV edited cells were expanded for seven days in culture then rested 24 hours without 

cytokine. Cells were then bulk sorted based on editing outcome, using a FACS Aria I. Cells 

were gated on size and singlets, then sorted on BFP/GFP positivity. After sorting cells were 

expanded with CD3/CD28 Activator Beads (Gibco) at 1 bead to 50 cells (ratios of beads to 

cells higher than 1:25 caused severe activation induced cell death).

Quantitative RT-PCR

RNA was extracted from 1×106 cells per sample with the RNeasy Kit (Qiagen) as per the 

manufacturer’s protocol. cDNA was generated from RNA with Maxima First Strand cDNA 

Synthesis Kit (Thermo Fisher Scientific). Real-Time PCR was performed on the cDNA 

using iTaq Universal Syber Green Supermix (Bio-Rad) and a BioRad C1000 Thermal 

Cycler. Primer sequences were as follows: PTPN2 forward 5’-

CGGGAGTTCGAAGAGTTGGATA-3’, reverse 5’-CGACTGTGATCATATGGGCTTA-3’, 

SOCS3 forward 5’-CCCAGAAGAGCCTATTACATCTAC-3’, reverse 5’-

CAGCTGGGTGACTTTCTCATAG-3’, SOCS1 forward 5’- 

CTTCTGTAGGATGGTAGCACAC-3’, reverse 5’-GAACGGAATGTGCGGAAGT-3’, 

PTPN11 forward 5’- GTTATGATTCGCTGTCAGGAAC-3’, reverse 5’-

CTGCTTGAGTTGTAGTACTGTACC-3’, IL-2Rβ forward 5’-

CCAGATTCTCAGAAACTGACCA-3’, reverse 5’-TTATGTTGCATCTGTGGGTCTC-3’, 

B2M forward 5’-GAGGCTATCCAGCGTACTCCA-3’, reverse 5’-

CGGCAGGCATACTCATCTTTT-3’.
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Statistics

Statistical analyses were performed using GraphPad Prism 7 (GraphPad). For all testing of 

gene edited cells, due to the low variability in culturing conditions and lack of obvious 

skewing, data was assumed to maintain a normal distribution. p-values in multiple 

comparisons were calculated using one-way ANOVA with the Tukey or Dunnet correction; 

p-values in comparisons between two groups were calculated using a paired two-tailed t test. 

For testing done with un-edited, genotyped human T cells, p-values were calculated with 

Mann-Whitney tests. Values from combined independent experiments are shown as mean ± 

SEM.

Study Approval (Human Subjects)

For gene editing experiments, human donor leukopaks were purchased from the Fred 

Hutchinson Cancer Research Center, which were obtained from consenting donors under an 

IRB-approved protocol and cryopreserved. For experiments without gene editing, 

cryopreserved PBMCs were obtained from the Benaroya Research Institute (BRI) 

biorepository, collected under the BRI Immune Mediated Diseases IRB. Subjects were 

selected from the biorepository based on PTPN2 genotype, the absence of autoimmune 

disease, and lack of autoimmunity in first-degree relatives. All PBMC donors provided 

written informed consent for the use of their tissues in research studies. After collection, all 

samples were de-identified for the protection of human PBMC donors.

Results

Loss of ZAP70 prevents TCR activation of human CD4+ T cells

Using modifications of methods developed by our laboratory for use in engineering of 

human primary B and T lymphoid cells (35–38), we designed a work-flow for the editing, 

expansion, subsequent rest, and stimulation of primary human CD4+ T cells. We utilized 

CRISPR/Cas9 nucleases delivered as RNPs to facilitate gene editing of candidate signaling 

effectors (Fig. 1A). As an initial target for proof- of-principle study we elected to disrupt 

expression of a critical TCR signaling effector, ZAP70. ZAP70 is a non-receptor tyrosine 

kinase that functions as an immediate transducer of TCR-driven, protein phosphorylation, 

required to initiate down-stream signaling and transcriptional events. Both murine models 

and human patients with ZAP70 loss-of-function mutations fail to initiate multiple 

downstream signals in response to TCR engagement, resulting in severe impairment of 

normal T cell development (44, 45). We used in silico identification software to design four 

candidate gRNAs targeting exons 4 or 5 of ZAP70, regions required for gene expression. 

Following transfection of primary human CD4+ T cells with these RNPs, a T7 nuclease 

assay was performed using PCR amplified genomic DNA. NHEJ mediated gene disruption 

was present with all gRNAs (Fig. 1B) and ZAP70 G4 displayed the highest levels of 

cleavage activity.

For our approach, assessing the functional role of candidate genes in primary T cell 

populations would require performing studies using bulk-edited, isogenic test and control 

cell populations with uniform genetic changes. Importantly, this approach should minimize 

handling and time in culture to preserve functional relevance of the cells and responsiveness 
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to subsequent TCR engagement. A critical requirement would be to achieve rapid and near 

complete gene disruption (~90%) of target genes in primary T cells from multiple 

independent donors. We reasoned that this goal would be challenging to achieve consistently 

with RNP delivery only. Therefore, using ZAP70 G4, we explored using co-delivery of a 

homology directed repair (HDR) template, introduced as short, single-stranded oligo-

deoxynucleotides (ssODN). Previous work demonstrated that co-delivery of non-

homologous DNA can promote CRISPR/Cas9 mediated NHEJ (46) and that co-delivery of 

homologous ssODNs can increase gene disruption rates in primary human CD4+ T and B 

cells (37, 47). To apply this method for targeting ZAP70, we designed a 200bp “stop” 

ssODN for co-delivery with ZAP70 G4 RNP. The ssODN was designed to introduce a stop 

codon through HDR in all potential reading frames using 91bp homology arms aligning to 

the cleavage site (37).

Consistent with the predicted increase in disruption rates, western blot analysis 

demonstrated >90% loss of ZAP70 protein expression with this approach. Co-delivery of G4 

RNP and the stop ssODN resulted in a greater reduction in ZAP70 protein compared to cells 

transfected with RNP alone (Fig. S1, A). Gene disruption in expanded, edited T cell 

populations was consistent across multiple independent donors and independent experiments 

(Fig. 1, C–D). Consistent with our protein analysis, use of stop ssODN increased allelic 

disruption by over 10% on average compared to RNP alone as determined by ICE analysis 

(48) (data not shown) and decreased variance among individual donors. As noted below, 

more dramatic enhancement of gene disruption rates were observed at other target loci using 

RNP and ssODN co-delivery.

In parallel with this approach, we established control T cell populations required for the 

comparative signaling and functional analyses of gene edited human T cells. We generated 

mock edited cells (activated, electroporated without RNP or ssODN, and cultured 

identically) from each donor. Importantly, editing the genome and exposure to ssDNA may 

have unintended effects on cell phenotype (49–52). To account for these potential impacts, 

we also generated gRNAs and “stop” ssODNs targeting the human CCR5 locus. CCR5 
encodes a chemokine receptor that, based upon individuals homozygous for a loss-of-

function allele, is dispensable for T cell immune responses including responses to TCR 

engagement. Based on this premise, all subsequent experiments utilized isogenic mock and 

CCR5 edited T cells as negative controls.

Similar to mock and CCR5 edited control populations, ZAP70 disruption exhibited minimal 

impact on cell viability (Fig. S1, B–C). Loss of ZAP70 also did not impact cell expansion 

(Fig. S1, D). As we utilized cytokines for cell expansion, we introduced a 24-hour, cytokine 

free, rest period to reduce cell activation to a baseline “rested” state prior to the assessment 

of candidate activation signals. 24-hour withdrawal of cytokine lead to a significant 

reduction in basal activation as measured by surface expression of CD40L (Fig. S1, E). 

Upon TCR stimulation with soluble anti-CD3, ZAP70 edited cultures failed to initiate 

calcium flux (Fig. 1, E). This defect correlated with markedly reduced expression of cell 

activation markers including CD69 and CD25 in response to stimulation with plate bound 

anti-CD3 for 24-hours (Fig. 1, F–I; Fig. S1, F).
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Together, these findings show that human CD4+ T cells lacking ZAP70 are unable to 

respond to TCR engagement, directly replicating data from previous murine knockout 

studies and human T lymphocyte cell line models (44, 45). Importantly, our data 

demonstrate the establishment of a robust platform to achieve efficient, rapid gene disruption 

in bulk, human primary CD4+ T cells leading to the generation of uniform gene-targeted and 

control, isogenic T cell populations.

PTPN22-deficient human CD4+ T cells are hyper-responsive to TCR stimulation

We next utilized our gene editing platform to determine the impact of PTPN22 disruption in 

human CD4+ T cells. After screening, we identified gRNAs that mediated partial reduction 

of PTPN22 in CD4+ T cells (Fig. 2, A). PTPN22 G2, targeting exon 2, exhibited the most 

robust editing rates. PTPN22 G14 was designed to target exon 14 adjacent to the rs2476601 

SNP. In parallel, we generated “stop” ssODNs to facilitate gene disruption. Co-delivery 

gRNAs and relevant stop ssODNs significantly promoted gene disruption and reduced 

PTPN22 expression (Fig. 2, B).

Based upon ICE sequencing results (48), all RNPs tested in combination with “stop” ssODN 

delivery lead to an increase in targeted gene disruption rates. The greatest relative increase in 

gene disruption was observed using PTPN22 G14 in association with ssODNs. This finding 

was consistent with the concept that ssODN co-delivery is particularly beneficial in 

association with less active gRNAs compared to higher performing guides such as ZAP70 
G4 or PTPN22 G2. To accurately assess the contribution that ssODN delivery made to 

overall editing rates, we established a droplet-digital based PCR (ddPCR) assay to quantify 

both HDR and NHEJ in T cells. We assessed both PTPN22 G14 RNP and CCR5 RNP, with 

or without co-delivery of the relevant stop ssODN (Fig. 2, C; Fig. S2, A). HDR (stop codon 

insertion) made a substantial contribution to overall editing rates (for example, 24.7% HDR 

using PTPN22 G14 RNP and ssODN co-delivery). Inclusion of ssODNs also led to an 

increase in NHEJ events for both genes (45.5% NHEJ using PTPN22 G14 RNP and ssODN 

delivery compared to 27.8% with RNP alone; Fig. 2, C; Fig. S2, A). Edited and mock edited 

cells exhibited a minimal, but significant, impact in cell viability at Day 2 (Fig. S2, B), likely 

due to the impact of electroporation. Viability was equivalent across all groups by Day 7 

(data not shown).

After editing, expansion, and cell rest as shown in Figure 1, PTPN22 edited cells were 

activated with soluble or plate-bound anti-CD3. PTPN22 deficient T cells manifested an 

increase in overall calcium flux that was inversely proportional to the level of PTPN22 
disruption (Fig. 2, D–E). Upon stimulation with plate bound anti-CD3, PTPN22 deficient 

cells also exhibited increased cell size relative to controls, and enhanced secretion of the 

effector cytokines IFNγ and IL-17 (Fig. 2, F; Fig. S2, C–D). After TCR stimulation, 

PTPN22 deficient cells also exhibited increased expression of the activation marker, CD69, 

and of the activation/exhaustion marker, PD-1, consistent with stronger levels of TCR 

engagement (Fig. 3, A–C). Expression of additional activation markers, CD71 and CD25, 

were also increased in PTPN22 deficient cells (Fig. 3, D–F), and, similar to calcium flux 

findings, increased expression of these markers correlated inversely with PTPN22 

expression.
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While PTPN22 gene disruption using co-delivery of RNP and “stop” ssODN proved fast and 

efficient, the cell populations generated are heterogeneous and include a mixture of cells 

with bi-allelic and mono-allelic gene disruption comprised of both NHEJ and HDR based 

edits and a minor population with an intact PTPN22 locus. Thus, we utilized an alternative 

HDR-based gene editing approach to both confirm some of our key findings and to permit 

direct assessment of a definitive, traceable population of bi-allelic HDR edited, PTPN22 

gene disrupted cells. Our laboratory and others have previously demonstrated efficient HDR-

based gene editing of primary human T or B cells using co-delivery of designer nucleases 

and recombinant AAV vectors engineered to deliver a homology donor cassette (35–38, 53). 

This approach can be used to efficiently disrupt coding sequences of a target gene following 

HDR via introduction of a gene cassette encoding a heterologous promoter driving 

expression of a fluorochrome reporter. We designed rAAV6 vectors that contained an MND 

promoter driving expression of either a GFP or BFP reporter and a 3’ WPRE element to 

promote efficient mRNA export (Fig. 4, A). Each donor cassette contained 1kB homology 

arms adjacent to the cleavage sites for PTPN22 G14 or the control CCR5 gRNA, 

respectively. As in Figure 1, CD4+ T cells were isolated, activated and electroporated with 

RNPs and, in this case, simultaneously transduced with the GFP and BFP bearing rAAV6 

donors. After 7 days of expansion, edited cells exhibited distinct populations including: no 

HDR (BFP/GFP double negative cells), HDR with expression of 1 fluorochrome (BFP or 

GFP single positive cells), or bi-allelic HDR with expression of both reporters (BFP/GFP 

double positive cells; Fig. 4, B–C). HDR-targeted AAV donor integration into the PTPN22 
locus was confirmed by PCR amplification in sorted populations (Fig. S2, E). The presence 

of AAV mediated HDR correlated with decreased levels of PTPN22 protein expression, with 

the lowest PTPN22 expression observed in GFP+/BFP+ dual-positive populations (Fig. 4, 

D–E). This editing approach led to a modest impact on cell viability within rAAV6 

transduced cultures (Fig. S2, F–G).

Again, after expansion and rest, edited populations were stimulated with plate bound anti-

CD3. Consistent with our results using RNP and ssODN delivery, dual-positive PTPN22 
GFP+/BFP+ cells exhibited an increase in CD25, CD71, and PD-1 expression compared to 

control, dual-positive, CCR5 edited cells (Fig. 4, F–G). PTPN22 GFP+/BFP+ cells also 

exhibited a modest, but significant, increase in phospho-CD3ζ compared to control 

populations in response to low-dose anti-CD3 stimulation, findings consistent with reduced 

negative regulation of proximal TCR signaling (Fig. S2, H–I).

Taken together, our data using both gene editing approaches demonstrate that loss of 

PTPN22 expression in primary human CD4+ T cells leads to hyperactive TCR signaling, 

consistent with a key role for the phosphatase in tuning proximal signal strength in response 

to TCR engagement. These findings directly correlate with studies in Ptpn22 deficient 

primary murine T cells and loss-of-function studies in human T cell lines (14, 15, 24).

Loss of PTPN2 alters regulation of IL-2 signaling in human CD4+ T cells

Enhanced T cell signaling has been proposed to mediate autoimmune pathology in the 

setting of PTPN2 loss-of-function (32), yet memory CD4+ T cells from human subjects with 

the PTPN2 rs1893217 risk SNP display reduced, rather than enhanced, responsiveness to 
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IL-2 stimulation (33, 34). As the PTPN2 rs1893217 variant is believed to act through 

reduced expression of PTPN2, we hypothesized that PTPN2 disruption in primary human 

CD4+ T cells would be a valid approach to investigate the functional impact of PTPN2 

modulation in isogenic T cell populations and to limit the impact of previous immune 

experience. We designed gRNAs targeting exons 2–3 of PTPN2 (Fig. 5, A), sequences 

contained within both functional isoforms of PTPN2. Three gRNAs mediated significant 

NHEJ levels in CD4+ T cells (Fig. S3, A). Notably, the human genome also encodes for two 

homologous, PTPN2 pseudo-genes on separate chromosomes. In silico predictions 

suggested that PTPN2 G2 exhibited the least likelihood for off-target editing of these 

pseudogenes. Therefore, we designed a stop ssODN for co-delivery with PTPN2 G2 RNP. 

Using a stop ssODN as opposed to RNP alone, we observed significantly increased allelic 

disruption as determined by ICE sequencing analysis (Fig. S3, B) resulting in a significant 

reduction of PTPN2 protein expression based on western blot analysis (Fig. S3, C). Co-

delivery of PTPN2 G2 with ssODN resulted in greater than 80% reduction in PTPN2 protein 

levels across multiple donors (Fig. 5, B–C).

Based on previous work in murine models, we predicted that loss of PTPN2 might lead to 

increased sensitivity to IL-2, potentially altering the phenotype of cells after expansion in 

IL-2 supplemented media. To account for this potential impact, we altered our work-flow 

(Fig. 5, D), decreasing the IL-2 concentration used for initial CD4+ T cell activation by 100-

fold (0.5ng/ml) prior to editing. Immediately post-editing, CD4+ T cells were either cultured 

in media without IL-2 for 2 days, or, alternatively, placed into IL-2 only supplemented 

media (50 ng/ml) and expanded for 7 days as in Figures 1 and 2.

Two days post-editing, in media supplemented with IL-2, surface CD25 expression was 

increased in PTPN2 disrupted cells compared to control populations. In contrast, this change 

was not present in cells cultured in the absence of IL-2 (Fig. S3, D). Viability was not 

significantly impacted 2 days post-editing (Fig. S3, E), and slightly reduced at 7 days post-

editing (Fig. S3, F). Assays performed using rested, edited cells were also consistent with an 

increased responsiveness to IL-2. Following the 2-day rest without supplemental IL-2, edited 

and control T cells were stimulated with IL-2 for 20 minutes and assayed for pSTAT5 by 

flow cytometry. PTPN2 edited cells exhibited enhanced pSTAT5 levels by increased median 

fluorescence with no alteration to percent response (Fig. 5, E–F; Fig. S3, G). These 

combined findings indicated that PTPN2 disruption promote enhanced responsiveness to 

IL-2 in human CD4+ T cells.

In contrast to this assay using short-term cultured cells, a 7-day expansion in IL-2 

supplemented media, with subsequent rest and stimulation with IL-2 showed PTPN2 and 

CCR5 edited populations to exhibit equivalent IL-2 responsiveness (Fig. S3, H–I). Together, 

these data suggest that PTPN2 disruption promotes IL-2 responsiveness and that sustained 

IL-2 signaling down-modulates this signaling program.

We also assessed the response of 7-day expanded PTPN2 edited cells to additional signals 

including TCR engagement (using plate bound anti-CD3 for 24 hours) or inflammatory 

cytokines (using a 20-minute exposure to IFNγ). PTPN2 edited cells exhibited increased 

expression of PD-1, CD69, CD25, and CD71 in response to anti-CD3 cross-linking (Fig. 6, 
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A–F; Fig. S4, A–D). PTPN2 edited cells also showed an increased response to IFNγ as 

assessed by measurement of STAT1 phosphorylation (Fig. 6, G–I).

SOCS3 is upregulated in primary T cells lacking PTPN2 or expressing the rs1893217 risk 
allele

The observations in PTPN2 edited human CD4+ T cells largely replicated data from murine 

models of Ptpn2 deficiency that identified a key inhibitory role for this phosphatase in 

multiple T cell signaling cascades. Considering these observations, it became important to 

better understand the potential mechanism(s) responsible for loss of enhanced pSTAT5 

signaling following the expansion of edited cells in IL-2 media. We hypothesized that 

sustained hyperactive IL-2 signaling leads to increased activity of an alternate regulatory 

pathway that compensates for cytokine signals; a program presumably sensitized by loss of 

PTPN2 expression. To test this hypothesis, we returned to our original work-flow using a 

seven-day, cytokine-mediated expansion of edited T cells. For this work, we utilized 

supplemental IL-2 as well as supplemental IL-7 and 15, cytokines critical for maintenance of 

memory T cell populations (Fig. 7, A). Following expansion in multi-cytokine media, T cell 

populations were rested and stimulated with IL-2 for 20 minutes. This protocol resulted in a 

slight reduction in viability of PTPN2 edited cells relative to control cells (Fig. S4, E–F). 

Under these conditions PTPN2 edited T cells exhibited a significant reduction in the 

percentage of cells responding to IL-2 stimulation measured by STAT5 phosphorylation 

(Fig. 7, B–C).

To determine a possible mechanism responsible for the reversal of IL-2 responsiveness, we 

isolated mRNA from edited cells and quantified expression of potential negative regulators 

of IL-2 signaling. As expected, transcript levels for PTPN2 were strongly reduced in PTPN2 
edited cells, but not control populations (Fig. S4, G). Strikingly, we observed a marked 

increase in expression of SOCS3 (Fig. 7, D), a key suppressor of multiple cytokine signaling 

pathways. No differences were observed in expression of other candidate negative regulators 

including SOCS1, PTPN11, or in relative levels IL-2Rβ expression (Fig. S4, H–J).

As noted above, previous studies of T cell subsets from healthy human subjects with the 

PTPN2 rs1893217 risk allele demonstrated reduced responsiveness to IL-2 stimulation, data 

analogous to the reduced responses of PTPN2 edited cells cultured in IL-2, IL-7, and IL-15. 

Therefore, we next directly assessed whether overexpression of SOCS3 correlated with the 

diminished pSTAT5 response in ex-vivo memory T cells from human carriers of the 

rs1893217 risk SNP. PBMCs were obtained from non-risk and heterozygous risk human 

subjects. After isolating CD45RO+CD25−CD4+ effector T cells through negative isolation, T 

cells were stimulated with IL-2 for 20 minutes and assayed for pSTAT5 levels by flow 

cytometry. Consistent with the observations in a previous study (33), T cells from risk 

subjects exhibited a significantly reduced percentage of pSTAT5 positive cells in response to 

IL-2 stimulation (Fig 7, E). Next, we isolated mRNA from unstimulated CD4+ effector T 

cells from these donors and assessed SOCS3 expression by RT-qPCR analysis. Consistent 

with our findings in PTPN2 edited T cells, rs1893217 risk subjects expressed significantly 

higher levels of SOCS3 compared to non-risk donors (Fig 7, F).
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Discussion

In this study, we established a robust gene editing platform to rapidly address the functional 

consequences of loss of expression of candidate autoimmune-associated genes in primary 

human CD4+ T cells. Our editing platform capitalized upon a synergy gained by using a 

repair ssDNA template to harness both the HDR and NHEJ repair pathways upon DNA 

disruption. This synergy lead to enhanced rates of gene disruption across all target loci, with 

minimal toxicity and consistent findings, in primary CD4+ T cells isolated from multiple 

independent healthy donors. A range of previous approaches have been utilized to enhance 

or select for CRISPR/Cas9 mediated gene disruption in primary human cells. These methods 

have included screening optimal gRNAs or editing conditions (54), co-delivery of nuclease 

and recombinant AAV6 homology donor templates designed to disrupt the target locus (38, 

53), co-transfection of gene editing “helper” proteins (55), and introduction of viral-based 

selection cassettes (42). Our approach reduced the time and labor required to produce 

optimal editing rates relative to previous approaches. High efficiency, single-step gene 

editing using commercially available RNPs and chemically modified “stop” ssODNs also 

eliminated a requirement for viral vectors and/or selection protocols to enrich for edited 

cells, expediting the analysis pipeline. Importantly, following gene editing, expansion, and 

short-term cell rest, edited populations remained responsive to both TCR and cytokine 

stimulation; allowing detailed functional assessment without additional steps, including no 

requirement for sub-cloning, long-term culture and/or sorting of edited cell populations. 

Most critically, the capacity to rapidly assess functional activity in minimally manipulated, T 

cell populations reduced the confounding impacts of differentiation and regulatory signals 

that likely become operative in the context of longer-term, less efficient editing methods. 

These work-flow assets allowed the discovery of a key regulatory network controlling 

reduced response to cytokine in PTPN2 ablated CD4 T cells, which is likely an indirect as 

opposed to direct consequence of gene ablation.

Use of a control gene editing locus (CCR5) was important to this study. CCR5 is not 

required for TCR or cytokine signaling. Consistent with this concept, CCR5 has been 

utilized as a “safe-harbor” locus for various gene therapy approaches. Of note, introduction 

of CRISPR gRNA and/or ssDNA can trigger innate signaling cascades and/or exert other 

stimulatory effects on primary human cells (49, 50). In addition, introduction of DNA 

double stranded breaks triggers p53-dependent inhibitory responses in many primary cell 

types (51, 52). Thus, to control for these potentially confounding effects, we generated 

equivalently edited, CCR5 disrupted isogenic control T cell populations. As expected, 

delivery gRNAs with or without ssODNs, led to modest functional and phenotypic changes 

compared to isogenic, non-edited T cells. By using the CCR5 control, we accounted for 

these non-specific impacts in primary T cells.

In parallel with our studies using RNP and ssODN co-delivery, we performed studies using 

RNP and rAAV6 co-delivery. AAV homology donor constructs were designed to track gene 

disruption using dual expression of cis-linked fluorescent markers. Gating on dual-edited T 

cell populations allowed assessment of candidate gene disruption. Functional studies of 

PTPN22 using this approach lead to findings equivalent to results using co-delivery of RNP 

and ssODNs. Comparison of the response in PTPN22 versus CCR5 disrupted CD4+ T cells 
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from multiple donors demonstrated enhanced cell activation in PTPN22-disrupted cells. The 

observed alterations to TCR-induced cell activation following AAV HDR editing were, 

however, more variable than data obtained using co-delivery of RNP and ssODNs. This 

variability likely reflects additional cellular impacts of rAAV on cell differentiation and 

phenotype in dual-edited cell populations that may partially obscure the functional 

consequences of PTPN22 deletion.

Our data of ZAP70, PTPN22, and PTPN2 loss in primary human CD4+ T cells largely 

reflect previous findings in mouse knock-out strains and in cell line models, with important 

exceptions. As predicted, ZAP70 deficient, CD4+ T cells were unable to respond to TCR 

engagement, exhibiting no increase in surface activation markers CD69 or CD25 and absent 

calcium flux upon CD3 stimulation. In contrast, PTPN22 disrupted T cells were hyper-

responsive to TCR engagement, exhibiting enhanced calcium flux as well as increased 

expression of CD69, CD25, CD71, and PD-1. These combined observations were consistent 

with findings in murine Zap70 (45) and Ptpn22 knockout models (14–17), respectively. 

PTPN22 disrupted T cells also exhibited increased secretion of effector cytokines such as 

IFNγ and IL-17. However, in contrast to previous reports using PTPN22 targeted human T 

cell models (23, 24). Secretion of other cytokines including as IL-2 and TNFα was not 

significantly different (Fig. S2, D). These differences may reflect time in culture or exposure 

to IL-2 during expansion prior to TCR stimulation. Overall, the gene editing platform 

described here faithfully reproduced data obtained using gene disruption in mouse genetic 

studies as well as studies performed in transformed human T cell lines.

Our findings provide the first demonstration of a key role for PTPN2 in both the TCR and 

cytokine receptor signaling cascades in primary human CD4+ T cells. Gene disruption led to 

increased responsiveness to TCR engagement as demonstrated by increased activation 

marker expression. PTPN2 disrupted human CD4+ T cells were also hyper-responsive to 

both IL-2 and IFNγ as demonstrated by enhanced phosphorylation of STAT5 and STAT1, 

respectively. These combined findings directly mirror previous models of Ptpn2 deficiency 

that identified alterations in proximal TCR and cytokine signaling programs (30–32).

In contrast to the above findings, culture of PTPN2 deficient human CD4+ T cells in media 

supplemented with IL-2-family cytokines lead to paradoxical changes in cell responsiveness. 

In this setting, PTPN2 deficient T cells exhibited a reduction in the response to IL-2, as 

compared to PTPN2 competent cells. Loss of IL-2 reactivity correlated with increased 

expression of the inhibitory adapter protein, SOCS3. Importantly, our findings in PTPN2 

disrupted, isogenic primary human T cells are mirrored in human carriers of the PTPN2 

autoimmune risk SNP, rs1893217. T cells from carriers of this SNP, that leads to reduced 

expression of PTPN2 (33), also expressed increased levels of SOCS3 relative to non-risk 

donors. Consistent with this finding and with previous work (33, 34), rs1893217 SNP carrier 

T cells displayed reduced IL-2 responsiveness. Together, our data demonstrate that increased 

expression of SOCS3, a key negative regulator of cytokine signaling, co-occurs with the 

decreased response to IL-2 in both gene-edited, PTPN2 deficient and PTPN2 risk variant 

human primary T cells. These findings, however, do not directly link alterations in SOCS3 

with this blunted IL-2 response. Additional work evaluating the role for SOCS3 and other 

potential regulators will be required to address these mechanistic questions. Together, our 
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data regarding PTPN2 loss in primary human T cells support a model of enhanced and 

reduced responses to various stimuli that is context dependent. These observations help to 

resolve existing discrepancies between human and murine data regarding loss of PTPN2.

The seemingly divergent and context specific phenotype of PTPN2 deficiency may help 

explain how perturbations in a single gene can predispose rs1893217 risk SNP carriers to a 

range of autoimmune diseases that may arise through functionally distinct mechanisms. 

Mouse models with T cell specific Ptpn2 deletion have shown increased TCR signaling and 

acquisition of autoimmune pathology (32) due to enhanced T cell activity. Therefore, 

enhanced responses to TCR and cytokine stimuli may alter the TCR repertoire and/or 

promote enhanced effector function, increasing self-reactivity. Our results show that loss of 

PTPN2 in human T cells can produce analogous alterations in TCR signaling as reported in 

mice with lineage-specific Ptpn2 deletion. Interestingly, recent work has demonstrated that 

Ptpn2 deficient T cells promote enhanced rates of arthritis in SKG mice due to the 

conversion of Tregs to pathogenic Th17 cells (56). In support of this finding, PTPN2 

disrupted human T cells exhibit a compensatory increase in SOCS3 expression, and 

overexpression of SOCS3 in human Treg cells has been shown to impair growth, suppressive 

function, and maintenance of FoxP3 expression (57). Our data would thus support a model 

wherein PTPN2 deficiency contextually impacts Treg function. Therefore, through hyper- 

and hypo-responsiveness to alternative stimuli present in distinct immune settings, 

disruption to PTPN2 may facilitate at least two pathways that contribute to the development 

of autoimmunity.

Given our findings with PTPN2, it is conceivable that a similar context specific impact may 

be operative for the PTPN22 risk variant, rs2476601. Recent work using CRISPR/Cas9 to 

knockout PTPN22 in Jurkat T cells (24) resulted in an increase in TCR signaling; findings 

consistent with data in Ptpn22 deficient murine T cells (14–17). The authors concluded that 

PTPN22 function is likely conserved between mice and humans. Our data in PTPN22 

disrupted primary human CD4+ T cells, while not identical, strongly supports this 

conclusion. As mouse models of Ptpn22 knock-out and Ptpn22 risk variant knock-in each 

demonstrate a loss-of-function phenotype (14, 15), we would hypothesize that primary 

human T cells engineered to express the risk variant under endogenous locus control are 

likely to phenocopy PTPN22 disrupted human T cells and exhibit increased TCR signaling. 

Of note, however, T cells from human carriers of the rs2476601 variant reproducibly display 

a reduction in TCR responsiveness (25, 26). Thus, by extrapolation of our experience with 

PTPN2, alternative regulatory pathway(s) active in the absence of negative regulation by 

PTPN22 are predicted to mediate transition into a hypo-responsive phenotype. Future work 

using HDR gene editing will be required to fully address how the PTPN22 risk variant 

impacts human T cell function under alternative activation conditions.

In summary, the gene editing platform described in this study provides a robust capacity for 

uniform and rapid analysis of cell signaling following candidate gene disruption in primary 

human T cells. Taken together, our observations for ZAP70, PTPN22, and PTPN2 show that 

loss-of-function mimics data obtained from previously established mouse genetic models 

and human cell lines. Further, our analysis of PTPN2 gene disrupted T cells demonstrates 

dynamic effects whereby hyperactive IL-2R signaling mediates compensatory transcriptional 
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events that modulate subsequent signaling responses. We postulate that, over time, these 

distinct impacts in signaling programs promote a cascade of cell intrinsic events that 

promote autoimmune risk, a hypothesis that correlates with observations of human subjects 

with the PTPN2 risk variant. Given the broad availability of the tools and optimized methods 

described here, our approach should be rapidly translatable to assess loss-of function studies 

in genetic targets across a broad range of primary human cell populations.
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Abbreviations used in this article

CRISPR clustered regularly interspaced short palindromic repeats

IL-2 interleukin 2

JAK janus kinase

STAT signal transducer and activator of transcription

IFNγ interferon gamma

HDR homology directed repair

NHEJ non-homologous end joining

RNP ribonucleoprotein

ssODN single stranded oligo-deoxynucleotide

AAV adeno-associated virus

ICE Inference of CRISPR Edits

ddPCR digital droplet polymerase chain reaction

qRT-PCR quantitative real-time polymerase chain reaction

CD25 cluster of differentiation 25

PD-1 programmed cell death protein 1
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SOCS3 suppressor of cytokine signaling 3

IL-2Rβ interleukin 2 receptor beta

PBMCs peripheral blood mononuclear cells
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Key Points

• CRISPR gene disruption in CD4+ T cells is enhanced by donor DNA 

template delivery.

• Disruption of key signaling proteins in human CD4+ T cells mimics murine 

data.

• Hyperactive signaling in human T cells can drive compensatory regulatory 

responses.
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Figure 1. ZAP70 disruption in primary human CD4+ T cells abrogates TCR-mediated activation.
(A) Editing protocol used to generate and assay ZAP70 edited CD4+ T cells and control T 

cell populations. (B) ZAP70 coding exons and representative T7 assays showing RNP 

cleavage. ZAP70 G1 & G2 target exon 4 and ZAP70 G3 & G4 target exon 5. (C) 

Representative western blot of ZAP70 expression in mock, ZAP70, and CCR5 edited CD4+ 

T cells from originating from the same human donor. Cells were expanded 7 days post-

editing and rested 24 hours in cytokine free media, as in (A), prior to lysis. Lanes were run 

on the same gel but were noncontiguous. (D) Quantified ZAP70 protein expression relative 

to actin and normalized to mock edited values from the same T cell donor (bars represent 

mean +/− SEM, n=5 human samples (4 independent donors plus 1 repeat donor, repeat 

donors were run in separate experiments), paired t test). (E) Representative TCR-induced 

calcium flux of human CD4+ T cells generated as in (A). Cells were stained with indo-1 

AM, monitored for baseline then stimulated with anti-CD3 (arrow). (F-I) Human CD4+ T 

cells edited as in (A) and stimmed with plate bound anti-CD3 for 24 hours. Representative 
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flow plots of CD69 (F) and CD25 (H) in ZAP70 and CCR5 edited cells from the same 

donor. (G&I) Summary flow data for CD69 and CD25 expression +/− 24-hour anti-CD3 

stimulation (n=5, analysis of stimmed cells only: matched one-way ANOVA with Tukey’s 

correction). Summary graphs lines and error bars represent mean +/− SEM and shapes 

correspond to individual donors. RNP- ribonucleoprotein, ODN or ssODN - single stranded 

oligo-deoxynucleotide. All data are from 2 independent experiments. * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001.
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Figure 2. Disruption of PTPN22 in CD4+ cells results in increased TCR-triggered calcium flux.
(A) PTPN22 coding exons with targeted exons highlighted. (B) Representative western blot 

of PTPN22 expression in mock, PTPN22 G14, PTPN22 G2, and CCR5 edited CD4+ T cells 

from the same human donor. Cells were expanded 7 days post-editing and rested 24 hours in 

cytokine free media, as in Fig. 1A, prior to lysis. (C) ddPCR analysis of editing frequencies 

in unedited and PTPN22 G14 edited cells +/− stop codon containing ssODN (bars represent 

mean +/− SEM, n=4 independent human donors, percentages reflect summary data). (D) 

Representative TCR-induced calcium flux of human CD4+ T cells generated, expanded, and 

rested as in Fig.1A. Cells were stained with indo-1 AM, monitored for baseline, then 

stimulated with anti-CD3 (arrow). (E) Summary of mean flux ratios for data generated as in 

(D) (graphs lines and error bars represent mean +/− SEM, n=3, matched one-way ANOVA 

with Tukey’s correction). (F) IFNγ ELISA using supernatants from mock or edited cells +/− 

stimulation with plate bound anti-CD3 for 48 hours. RNP – ribonucleoprotein, ODN or 

ssODN - single stranded oligo-deoxynucleotide, NHEJ - non-homologous end joining, HDR 

- homology directed repair. Shapes in summary plots correspond to individual donors. All 

data is from at least 2 independent experiments. * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001.
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Figure 3. PTPN22 disruption in CD4+ cells increases cell activation in response to TCR 
stimulation.
CD4+ T cells from human donors were either mock edited, or edited with PTPN22 G14, 

PTPN22 G2, or CCR5 RNPs and corresponding ssODNs containing stop codons. Cells were 

expanded and rested as in Fig.1A and subsequently stimulated with plate bound anti-CD3 

for 24 hours. (A) Representative flow-cytometry histogram overlay of CD69 expression in 

different editing conditions from the same donor. (B-C) Summary data of median flow 

values for CD69 (B) and PD-1 (C) for all editing conditions following 24-hour anti-CD3 

stimulation. (D) Representative flow overlay of CD71 expression in different editing 

conditions from the same donor. (E-F) Summary data of median flow values for CD71 (E) 

and CD25 (F) for all editing conditions following 24-hour anti-CD3 stimulation. Statistical 

analysis for all summary data (n=4) utilized a matched one-way ANOVA with Tukey’s 

correction. Data is normalized to average MFI for all genotypes from the individual donor. 

Lines and error bars represent mean +/− SEM. RNP- ribonucleoprotein, ODN or ssODN - 

single stranded oligo-deoxynucleotide. Shapes in summary plots correspond to individual 

donors. All data is from 2 independent experiments. * p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001.
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Figure 4. Bi-allelic disruption of PTPN22 in CD4+ cells using rAAV6 donor delivery leads to 
increased T cell activation in response to TCR engagement.
(A) PTPN22 disrupting AAVs within the PTPN22 locus after homology directed repair. 

Promoter – (GFP or BFP) reporter – WPRE/polyA constructs disrupt exon 14 of PTPN22. 

Identical constructs with homology arms that align to the CCR5 cut site used to make CCR5 
control populations. (B) Representative flow plots of PTPN22 and CCR5 AAV edited CD4+ 

T cells from the same human donor at Day 7 post-editing. Cells were expanded 7 days post-

editing and rested 24 hours in cytokine free media, as in Fig. 1A, prior to lysis. (C) Editing 

outcomes for PTPN22 or CCR5 AAV-edited T cells (bars represent mean +/− SEM, n=4 

independent human donors, percentages reflect summary data). (D) Quantified PTPN22 

protein expression relative to HSP90 and normalized to mock edited values from the same T 

cell donor (bars represent mean +/− SEM, n=4 independent human donors). (E) 

Representative western blot of PTPN22 expression in sorted PTPN22 AAV-edited CD4+ T 

cells from the same human donor. (F-G) Human CD4+ T cells were edited as in (A) and 
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stimulated using plate bound anti-CD3 for 48 hours. Upper panels: Representative flow 

overlays of CD25 (F) CD71 (G) and PD-1 (H) in GFP+/BFP+ PTPN22 and CCR5 AAV-

edited cells from the same donor. Lower panels: Summary data below represent median 

fluorescence of GFP+/BFP+ cells normalized to the median fluorescence of stimulated, 

mock edited CD4+ T cells from the same donor (n=4, paired t test). Lines illustrate data 

derived from each individual donor. RNP- ribonucleoprotein. * p<0.05, ** p<0.01, *** 

p<0.001, **** p<0.0001.
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Figure 5. PTPN2 disruption in CD4+ cells promotes increased IL-2 signaling.
(A) PTPN2 gene showing structure and exons used for alternative isoform expression and 

location of guide RNA target sites (in highlighted exons). (B) Representative western blot of 

PTPN2 expression in mock, PTPN2, and CCR5 edited CD4+ T cells from the same human 

donor. Cells were expanded 7 days post-editing and rested 24 hours in cytokine free media, 

as in Fig. 1A, prior to lysis. Lanes were run on the same gel but were non-contiguous. (C) 

Quantified PTPN2 protein expression relative to actin and normalized to mock edited values 

from the same T cell donor (bars represent mean +/− SEM, n=6 independent human donors, 
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paired t test). (D) Work-flow used to produce and assay PTPN2 edited CD4+ T cells and 

corresponding controls with or without IL-2 supplemented media. (E-F) Human CD4+ T 

cells edited as in (A) and rested for 2 days in cytokine free media, were stimulated with IL-2 

for 20 minutes. (E) Representative histogram overlay of pSTAT5 in mock, PTPN2, and 

CCR5 edited cells from the same donor. (F) Summary flow data of median pSTAT5 

expression post IL-2 stimulation (graph lines and error bars represent mean +/− SEM, n=9 

human samples (7 independent donors plus 2 repeat donors, repeat donors were run in 

separate experiments), matched one-way ANOVA with Tukey’s correction). RNP - 

ribonucleoprotein, ODN or ssODN - single stranded oligo-deoxynucleotide. Shapes in 

summary plots correspond to individual donors. All data is from 2 or 3 independent 

experiments. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 6. PTPN2 disruption in CD4+ cells promotes increased TCR and IFNγ signaling.
CD4+ T cells from human donors were either mock edited or edited with PTPN2 G2 or 

CCR5 RNPs and corresponding ssODNs as in Fig.5B; expanded for 7 days in IL-2, washed, 

and rested for 24 hours without cytokine. Cells were then stimulated with plate bound anti-

CD3 for 24 hours (A-F) or IFNγ for 20 minutes (G-I). (A, D, & G) Representative flow 

overlay of PD-1 (A), CD25 (D), pSTAT1 (G) expression in edited cells from the same donor. 

(B-C, E-F) Summary data of median flow values for PD-1 (B), CD69 (C), CD25 (E), and 

CD71 (F) for all editing conditions in all donors after 24-hour anti-CD3 stim. (H-I) 

Summary data of percent positive and median flow values for pSTAT1 for all editing 

conditions in all donors after IFNγ stim. (I) Median pSTAT1 values normalized to average 

MFI of all editing conditions from the individual donor. For all summary data n=6, matched 

one-way ANOVA with Tukey’s correction. Lines and error bars represent mean +/− SEM. 

RNP- ribonucleoprotein, ODN or ssODN – single stranded oligo-deoxynucleotide. Shapes 

in summary plots correspond to individual donors. All data is from 2 independent 

experiments. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Anderson et al. Page 31

J Immunol. Author manuscript; available in PMC 2020 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Sustained cytokine signals in PTPN2 disrupted CD4+ cells leads to loss of IL-2 response 
and increased SOCS3 expression.
CD4+ T cells from human donors were either mock edited or edited with PTPN2 G2 or 

CCR5 RNPs and corresponding ssODNs as in Fig.5B. Cells were then expanded for 7 days 

in IL-2, −7, and −15, washed and rested for 24 hours without cytokine, and subsequently 

stimulated with IL-2 for 20 minutes. (A) Work-flow used to produce and assay PTPN2 

edited CD4+ T cells and corresponding controls in cytokine media. (B) Flow overlay of 

pSTAT5 response to IL-2 stimulation in different cell populations from the same donor. (C) 

Summary data of %pSTAT5+ cells for all edited conditions after 20-minute IL-2 stim (n=9 

human samples (7 independent donors plus 2 repeat donors, repeat donors were run in 

separate experiments), matched one-way ANOVA with Tukey’s correction, representative of 

3 independent experiments). (D) Edited CD4+ T cells were expanded, and rested as in (A), 

and assessed for baseline SOCS3 expression by RT-qPCR (n=3, matched one-way ANOVA 

with Tukey’s correction, Cq values normalized to housekeeping gene B2M, then normalized 

to the average adjusted Cq value of mock edited cells). (E) Memory CD45RO+CD25−CD4+ 

T cells were isolated by negative selection and stratified by PTPN2 rs1893217 risk (asterisk 

denotes risk variant). Cells were stimulated with IL-2 for 20 minutes. Response to IL-2 as 

measured by percent positive for pSTAT5 is shown (n=5, Mann-Whitney). (F) Memory 

CD4+ T cells, obtained as in (E) were measured for baseline SOCS3 expression by RT-

qPCR. SOCS3 Cq values were normalized to the mean of 2 housekeeping genes (B2M, 

RPL36AL) then normalized to the average adjusted Cq value of T/T donors (n=10, Mann-

Whitney). All lines and error bars represent mean +/− SEM. RNP- ribonucleoprotein, ODN 

or ssODN - single stranded oligo-deoxynucleotide. (C&D) Shapes correspond to individual 

donors. (E&F) All dots represent individual donors. * p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001.
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