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Abstract

AZ20 is a dual-function ubiquitin-editing enzyme that maintains immune homeostasis by
restraining inflammation. Although A20 serves a similar negative feedback function for T cell
receptor (TCR) signaling, the molecular mechanisms utilized and their ultimate impact on human
T cell function remain unclear. TCR engagement triggers the assembly of the CARD11-BCL10-
MALT1 (CBM) protein complex, a signaling platform that governs the activation of downstream
transcription factors including NF-xB and c-Jun/AP-1. Utilizing WT and A20 knockout Jurkat T
cells, we found that A20 is required to negatively regulate both NF-xB and INK. Utilizing a novel
set of A20 mutants in NF-xB and AP-1 driven reporter systems, we discovered the ZnF7 domain
is crucial for negative regulatory capacity, while deubiquitinase activity is dispensable. Successful
inactivation of A20 in human primary effector T cells congruently conferred sustained NF-xB

and JNK signaling, including enhanced upregulation of activation markers, and increased secretion
of several cytokines including IL-9. Finally, loss of A20 in primary human T cells resulted

in decreased sensitivity to restimulation induced cell death (RICD) and increased sensitivity to
cytokine withdrawal induced death (CWID). These findings demonstrate the importance of A20 in
maintaining T cell homeostasis via negative regulation of both NF-xB and JNK signaling.
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The ubiquitin-editing enzyme A20 regulates innate and adaptive immune receptor signaling,

but its intrinsic function in human T cells is poorly understood. Here we show that A20

deletion enhances cytokine secretion and alters apoptosis sensitivity in primary human T cells

by modulating both NF-kB and JNK/AP-1 signaling downstream of the CARD11-BCL10-MALT1
complex.

INTRODUCTION

The tumor necrosis factor alpha-induced protein 3 (7AVFA/P3) gene encodes the protein
A20, a ubiquitous dual-function ubiquitin-editing enzyme that modulates NF-xB signaling,
restrains inflammation, and maintains immune homeostasis [1-3]. In many cell types, A20 is
upregulated in an NF-xB-dependent manner to negatively modulate signaling through innate
immune sensors and cytokine receptors including toll-like receptors (TLRs), NOD-like
receptors (NLRs), tumor necrosis factor receptor 1 (TNFR1), and interleukin-1 receptor
(IL-1R) [2, 4-11]. The A20 open reading frame (ORF) includes an N-terminal ovarian tumor
(OTU) domain with intrinsic deubiquitinase (DUB) activity, coupled to seven zinc finger
(ZnF) domains that contain E3 ligase activity and/or ubiquitin binding capacity. Depending
on the specific upstream signal, A20 may rely on the coordinated function of these domains
to regulate ubiquitinylated signalosomes to dampen downstream NF-xB signaling [2, 3, 12,
13].

Enhanced, uncontrolled TNF-induced NF-xB signaling is observed in A20-deficient mice,
which die prematurely from hyperinflammation, cachexia, and severe tissue damage
affecting multiple organs [7]. In humans, heterozygous loss-of-function (LOF) mutations

in A20 result in A20 haploinsufficiency (HA20), a systemic autoinflammatory disease
presenting early in life with recurrent fevers, oral/genital/gastrointestinal ulcers, skin lesions
and dermal abscesses, and musculoskeletal disorders, often initially diagnosed as an atypical
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form of Behget’s disease (BD) [14-18]. Subsets of HA20 patients also exhibit signs of
lymphoproliferation (e.g. lymphadenopathy) and autoimmunity (27% harbor autoantibodies)
[19]; indeed, single nucleotide polymorphisms (SNPs) around the 7A/FA/P3locus have
been associated with autoimmune diseases in the general population such as rheumatoid
arthritis, and/or systemic lupus erythematosus (SLE) [20-23]. Patient PBMCs show little
to no expression of A20, leading to increased NF-xB activation at baseline with sustained
signaling post-TNF stimulation [14]. Indeed, systemic inflammation in HA20 is thought

to be driven primarily by innate immune dysregulation, given that loss of lymphocytes

via RAG1 deficiency does not appreciably ameliorate disease in A20 knockout mice [7].
However, mice lacking A20 expression in B cells exhibited spontaneous B cell activation,
expansion of germinal center B cells, and production of autoantibodies [10, 11, 24].
Similarly, loss of A20 in aged murine B cells was shown to lower their activation threshold,
increase NF-xB signaling, and enhance proliferation and survival, including resistance to
Fas-mediated apoptosis [10, 11]. These data collectively suggest that A20 acts to restrict

B cell growth, survival, and transformation by modulating NF-xB activity and facilitating
cell death (including for autoreactive B cells). Nevertheless, it remains unclear whether
abnormal adaptive immunity may also contribute to clinical disease in HA20, demanding
further investigation.

A20 is constitutively expressed in lymphocytes and further upregulated shortly after antigen
receptor ligation, helping to terminate NF-xB signaling for proper control of B and T cell
activation [1]. A20 was identified as a tumor suppressor gene that is frequently (~30%)
inactivated gene in human B cell lymphomas thought to exhibit oncogenic addiction to
constitutive NF-xB stimulation [25, 26]. Ectopic reintroduction of A20 into B- and T-cell
cancer lines lacking endogenous expression decreased cell proliferation and increased
apoptotic cell death. Similar to human CD4+ T cells [27], conditional A20 deletion in
murine CD8+ T cells results in enhanced NF-xB signaling and elevated production of
IL-2, IFN-y, and TNF-a [28, 29]. HA20 patient CD4+ T cells show evidence of increased
polarization toward Th9 and Th17 effector cell lineages ex vivo, hypothesized to be linked
in part to elevated IL-1p signaling [14]. Although these previous findings offer tantalizing
clues, the intrinsic effects of A20 deletion on the survival, proliferation and function of
primary human T cells remains poorly understood.

Immediately following T-cell receptor (TCR) stimulation, the CARD11-BCL10 (B cell
lymphoma 10)-MALT1 (mucosa-associated lymphoid tissue lymphoma translocation protein
1) (CBM) complex assembles to trigger several downstream signaling pathways including
NF-xB, c-Jun N-terminal kinase (JNK), and mTORC1 [30-34]. The active CBM complex
becomes highly ubiquitinated and acts as a recruiting platform for IxB kinase (IKK),
culminating in the phosphorylation and degradation of IxBa, and release of NF-xB dimers
into the nucleus [35, 36]. Pre-existing A20 protein is rapidly lost via proteosome-directed
degradation, but is quickly resynthesized when NF-xB binds to -xB elements in TNFA/P3
promoter to induce expression [31]. Several prior studies indicate A20 is an important
negative feedback regulator of the CBM complex, but the actual mechanism remains
nebulous. Early biochemical investigations were often performed in non-lymphoid cells such
as 293T, which do not always accurately predict results in T cells. One study demonstrated
A20 could remove K63-linked ubiquitin chains attached to MALT1 in a cell-free assay,
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which was assumed to preclude further recruitment and activation of signaling partners

to the CBM complex [35]. However, the DUB activity of A20 was recently confirmed to
be dispensable for TCR signal regulation [2, 3, 27, 37, 38]. Moreover, MALT1 protease
can cleave A20 at arginine 439, which helps to sustain TCR signal propagation [35].

In non-lymphoid cells, ZnF4 was shown to bind mono-ubiquitin and possess E3 ligase
activity, allowing the addition of K48-linked ubiquitin to terminate NF-xB signaling [12,
27]. Congruently, ZnF7 has been shown to bind M1-linked (linear) ubiquitin chains [39,
40]. A recent report demonstrated that mutation of ZnF4/7 sites precluded A20 recruitment
to the CBM complex [27], although the precise role of each ZnF domain for TCR-induced
NF-xB regulation has yet to be dissected. Moreover, the role of A20 in modulating other
CBM-dependent signal outputs like JNK/c-Jun has not been investigated.

In this study, we sought to address the central unresolved question of how A20-mediated
regulation of CBM-dependent signaling pathways ultimately affects intrinsic human T cell
activation andfunction. Utilizing Jurkat T cells, we discovered a role for A20 in modulating
TCR-induced activation of both transcription factors NF-xB and c-Jun/AP-1 downstream

of the CBM complex, largely through a non-enzymatic function requiring the zinc finger 7
(ZnF7) domain. We also employed a novel CRISPR/Cas9-based strategy to delete A20 in
primary human T cells to assess intrinsic impacts on effector T cell survival and function.
Inactivation of A20 enhanced TCR-mediated NF-xB and JNK signaling and produced
marked changes in cytokine secretion and apoptosis sensitivity, highlighting an intrinsic role
for A20 in regulating human T cell fate.

MATERIALS AND METHODS

Immunoblot analysis and quantification

For immunoblot analysis, cell lysates were prepared with NP-40 lysis buffer (50 mM Tris
pH 7.4, 0.5 mM EDTA, 150 mM NacCl, 1% NP-40, and 0.5% deoxycholate) with protease
and phosphatase inhibitor cocktails added (Sigma). Lysates were separated on 10% or
4-20% Tris-glycine gels (Bio-Rad or Invitrogen) and transferred to nitrocellulose using

a Trans-Blot Turbo transfer system (Bio-Rad). Incubation with primary antibodies (Abs)
was followed by incubation with anti-mouse or anti-rabbit secondary Abs conjugated to
IRDye680 or IRDye800 (LI-COR; 1:10,000) prior to imaging on an Odyssey CLx infrared
imaging system (LI1-COR Biosciences). Primary Abs used for immunoblots included anti-
FLAG/DYKDDDDK Tag (9A3), anti-Myc-tag (71D10), anti-IxBa, anti-A20/TNFAIP3
(D13H3), anti-phospho-c-Jun (Ser63), anti-phospho-SAPK/INK (Thr183/Tyr185), anti-c-
Jun (L70B11) from Cell SignalingTechnologies, A20/TNFAIP3 (59A426; ThermoFisher)
and p-actin (AC-15; Sigma). All Ab clones used in this study are listed in Table 1. Protein
bands were quantified using spot densitometry on the Odyssey system (LiCOR); target
protein bands were normalized to -actin bands as a loading control.

Cloning and mutagenesis

All primer sequences used for cloning and site-directed mutagenesis are listed in Table
2. Constructs for the expression of A20 were derived from pEGFP-C1-A20, a gift from
Yihong Ye (Addgene plasmid # 22141) [41]. First, the coding sequence for A20 was
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amplified from pEGFP-C1-A20 using A20 Amp Forward and Reverse primers. The 3x
FLAG tag was amplified from pUNO-CARD11-3x FLAG using 3x FLAG Amp Forward
and Reverse primers, adding complementary bases to both the 5’ and 3’ ends for construct
assembly [42]. The 3x MY C tag was amplified from previously described plasmid using

3x MYC Amp Forward and Reverse primers, again adding complementarity for construct
assembly [43]. The dual-tagged 3x MYC-A20-3x FLAG construct was assembled using the
NEBuilder HiFi DNA Assembly Master Mix according to the manufacturer’s instructions
(New England BioLabs, NEB) by combining the amplified 3x MYC, A20, and 3x FLAG
fragments with the pUNO1-Empty Vector construct (InvivoGen) after digestion with SgrAl
and Nhel. Successful assembly was confirmed via Sanger sequencing.

Subsequently, site-directed mutagenesis was performed using Phusion DNA polymerase
(Invitrogen) for linear amplification followed by Dpnl digest as previously described, for
the generation of a suite of novel A20 expression constructs [42]. A non-cleavable A20
construct, in which the MALT1-dependent cleavage site is mutated (non-cleavable; R439A),
was generated with Non-cleavable Forward and Reverse primers. E3 ligase activity was
removed by mutating ZnF4 (mZnF4; C609A/C612A) with mZnF4 Forward and Reverse
primers, and M1-linear ubiquitin binding activity was removed by mutating ZnF7 (mZnF7;
C764A/C767A) with mZnF7 Forward and Reverse primers. Similarly, the OTU domain
was mutated to abolish deubiquitinase (mMDUB) activity with mDUB Forward and Reverse
primers. Site-directed mutagenesis was also used to insert a stop codon at the end of A20 or
remove the start codon of the 3x MYC tag, generating constructs for singly tagged A20 (3x
MY C-A20 or A20-3x FLAG, respectively). Use of both sets of primers generated a tagless
A20 construct. To assay functional differences between the mutation of active sites in key
domains and the loss of those domains entirely, several key domains were removed via PCR
amplification and ligation using 5’-phosphorylated forward primers (A20 delta OTU, ZnF4,
ZnF7). Similarly, constructs expressing only the N- and C-terminal A20 fragments after
MALT1 cleavage were also generated via PCR and ligation with 5’-phosphorylated primers
(A20 N- and C-term fragments).

Mutations were confirmed by Sanger sequencing (Psomagen), and all plasmids were isolated
for transfection from transformed competent NEB 5-alpha £. co/i (New England BioLabs)
using a GenElute HP Plasmid MaxiPrep kit (Sigma). To construct our novel NF-xB-GFP
reporter, we began with the pGL4.32 NF-xB-driven luciferase reporter (Promega) as a
template, and all PCR amplification steps were performed using Phusion DNA polymerase.
First, we removed the luciferase expression cassette and replaced it with green fluorescent
protein 2 (GFP2; also called ppluGFP2 and copGFP; from Pontellina plumata) [44], which
was cloned out of the pmaxGFP vector (Lonza) using GFP2 Forward and Reverse primers
(Table 1). The pGL4.32 backbone was linearized, including the PEST destabilization
domain, with NF-xB Backbone Forward and Reverse primers. The amplified segments were
assembled using the NEBuilder HiFi DNA Assembly Master Mix (NEB), and successful
insertion of GFP2 was confirmed by Sanger sequencing. This NF-xB-GFP reporter was used
as template for generation of the AP-1 reporter. The NF-xB Response Element (RE) was
removed via linear amplification with RE Excision Forward and Reverse primers. The AP-1
RE was constructed with a 6x repeat of the AP-1 consensus site, TGAC/GTCA [45], via
annealing and amplification of the AP-1 RE Forward and Reverse primers. Assembly of
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the backbone and RE fragments was performed with the NEBuilder HiFi DNA Assembly
Master Mix, and successful insertion of the RE was confirmed by Sanger sequencing.

Cell line culture and transfection

WT and A20 KO Jurkat T cell lines were generously provided by Dr. Daniel Krappmann
[27]. All Jurkat cells were cultured in complete RPMI 1640 medium (Gibco) supplemented
with 1% penicillin-streptomycin (Gibco), 10% fetal bovine serum (FBS; Sigma), and 100
pg/mL normocin (InvivoGen) (cRPMI) and kept at 3-6x10° cells/mL in culture. Jurkat T
cells (3x106) were transfected with 2 g of respective A20 expression plasmid DNA, except
the N-term fragment (0.5 pg). Transfections were performed using a BTX Electroporator
(BTX Harvard Apparatus: 260 V, 950 pF) in 400 pL antibiotic-free RPMI 1640 medium
supplemented with 10% FBS and rested for 24 hours prior to subsequent experiments. When
performing NF-xB and AP-1 reporter assays, cells were simultaneously co-transfected with
2 ug of either reporter plasmid/3x10° cells.

Stimulation reagents and conditions

Reagents used for Jurkat T cell and human primary T cell stimulation experiments include
anti-human CD3 (BD; HIT3a.), anti-human CD28 (BD, CD28.2), phorbol 12-myristate 13-
acetate (PMA,; Cayman), ionomycin (Sigma), and anti-CD3/anti-CD28-conjugated beads.
PMA and ionomycin stocks were dissolved in DMSO. Anti-CD3/anti-CD28-conjugated
beads were generated by coupling Dynabeads M-450 Epoxy beads (ThermoFisher) with
anti-human CD3 and anti-human CD28 Abs [46]. For soluble antibody stimulation, anti-
human CD3/CD28 were added to complete media at a final concentration of 1 ug/mL and
mixed with cells. For plate-bound stimulation, wells of cell culture treated plates were
coated with 1 pg/mL anti-human CD3 in phosphate buffered saline (PBS) at 4°C. Anti-
human CD28 was added to complete media and mixed with cells at a final concentration
of 1 pg/mL. For bead stimulation, anti-CD3/anti-CD28-conjugated beads were added at a
1:1 cell:bead ratio. For specific experiments using pharmacological inhibitors, cells were
pre-incubated with 1 pM JNK Inhibitor 8 (JNK-IN-8; Millipore Sigma), 1 uM BI-605906
(IKKp inhibitor; Cayman), 3 uM MALT1 inhibitor (MLT-748), or DMSO solvent (1:1000)
for 1 hour prior to stimulation.

Primary human T cell isolation, generation of knockout primary human T cells, culture,
and expansion

Buffy coats from healthy donors were generously provided by Dr. Michael Lenardo and
the National Institutes of Health Blood Bank. Methods for primary T cell isolation,
manipulation, and culture including: isolation of peripheral blood mononuclear cells
(PBMC) using Ficoll gradient, purification of resting T cells from PBMC, activation,
culture conditions, and preparations, quantifications, and data analysis for RICD assays
were recently published [46]. In brief, on Day 0, peripheral blood mononuclear cells
(PBMC) were isolated via Ficoll density centrifugation, and T cells were purified

from PBMC using the EasySep Human T Cell Isolation Kit (Stem Cell Technologies).
Purified T cells were rested at 1x107 cells/mL in antibiotic free RPMI 1640 for one
hour at 37°C. Subsequently, A20 (7NVFA/P3) knockout was performed via CRISPR-
Cas9-based targeting, using the proprietary Alt-R platform from Integrated DNA
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Technologies (IDT), with a protocol adapted from Seki and Rutz [47]. Pre-designed

crRNA targeting 7NVFAIP3 (A20) (5’-AACCATGCACCGATACACAC-3’), non-targeting
(NT) crRNA (5’-CCATATCGGGGCGAGACATG-3’) and tracrRNA were acquired from
IDT and resuspended at 100 uM in RNase-free H,0. For the generation of duplexes, crRNA
and tracrRNA were mixed at a 1:1 ratio of crRNA:tracrRNA and incubated in a PCR
thermocycler at 95°C for 5 minutes, followed by slowly cooling to 25°C. Ribonucleoprotein
(RNP) complexes were prepared by mixing crRNA/tracrRNA duplexes with 61 pmol/uL
Alt-R S. pyogenes Cas9 Nuclease V3 (IDT) at a 3:1 ratio for 10 minutes at room
temperature. Subsequently, 1x107 human T cells were resuspended in 40 L primary cell
nucleofection solution (P3 Primary Cell 4D-Nucleofector X Kit, Lonza) and mixed with

15 uL of RNP mixture. The cell/RNP mixture was transferred to nucleofection cuvettes

and electroporated with a 4D-Nucleofector (Lonza) using the EH100 program. Nucleofected
cells were then immediately transferred to antibiotic free RPMI 1640 medium supplemented
with 10% FBS in 6 well plates and incubated at 37°C. On Day 2, cells were resuspended

at 2x10° cells/mL in RPMI 1640 medium supplemented with 1% penicillin-streptomycin
and 10% FBS (complete RPMI 1640) and activated for 3 days with anti-CD3/anti-CD28-
conjugated beads at a 1:1 cell:bead ratio. On Day 5, a magnet was used to remove the beads
and activated T cells were cultured in cRPMI supplemented with 100 IU/mL recombinant
human IL-2 (r-hIL-2; Peprotech) at 1-1.5x10 cells/mL, and maintained for up to 25 days.
On Day 10, deletion of A20 was confirmed by immunoblotting, and experiments with
primary human T cells were performed between Days 15-25.

Primary human T cell experiments

To confirm signaling defects in CRISPR/Cas9 RNP-edited primary human T cells, activated
non-targeting (NT) and A20 KO effector T cells were resuspended in cRPMI without IL-2
at 2.4 million cells/ml in 24 well plates and left unstimulated or stimulated for 4, 6, 8 or

24 hours with 1 ug/mL of soluble anti-CD3/CD28 Abs or 20 ng/mL PMA and 1 pg/mL
ionomycin. Lysates were collected from each time point and analyzed via immunoblotting.

To examine surface activation markers, activated NT and A20 KO effector T cells were

left unstimulated or stimulated for 24 hours with 100 ng/mL anti-human CD3 (BioGems;
OKT3), 1 ug/mL of anti-CD3/CD28 Abs, or 20 ng/mL PMA and 1 pg/mL ionomycin. Cells
were washed and stained with PE-conjugated anti-human CD25 or PE anti-human CD69
Abs (BioLegend) and analyzed on an Accuri C6 Plus flow cytometer (BD). To assess the
ratio of CD4:CD8+ T cells, cells were washed and surface stained with FITC anti-human
CD4 antibody and APC anti-human CD8 antibody (BioLegend) and analyzed on an Accuri
C6+.

To profile cytokine secretion, NT and A20 KO activated T cells were washed 2x with PBS
to remove r-hlL-2 and rested in cRPMI for 24 hours. Subsequently, T cells were seeded at
2x108 cells/mL and left unstimulated or stimulated with 1 pg/mL of anti-CD3/CD28 Abs

or 20 ng/mL PMA and 1 pg/mL ionomycin. Supernatants were collected after 24 hours and
stored at —80°C. Cytokine levels were assayed using the LEGENDplex Human Th Cytokine
Panel kit (BioLegend) on an Accuri C6+ flow cytometer, according to the manufacturer’s
instructions.

Eur J Immunol. Author manuscript; available in PMC 2025 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dabbah-Krancher et al. Page 8

For intracellular flow cytometry, samples were plated at 1x108 cells/mL in cRPMI
stimulated with 20 ng/mL PMA and 1 pg/mL ionomycin for 6 hours. At 6 hours, stimulation
was halted by placing cells on ice and adding 1 mL of ice-cold PBS to each sample. Cells
were then spun down in 2 mL tubes, resuspended in 200 uL of PBS, and plated onto a
polypropylene 96-well U-bottom plate (Thermo Fisher). Plates were centrifuged at 1500
rpm for 5 minutes, supernatants were removed by flicking, and cells were resuspended

in 100 pL of Zombie NIR (BioLegend) and kept in the dark at room temperature for

15 minutes. Cells were then washed as before and resuspended in 50 uL of surface

staining master mix. Cells were stained with BVV421 anti-CD3 (BioLegend), BUV496
anti-CD4 (BioLegend), and BUV805 anti-CD8 Abs (BioLegend) in a 50:50 mix of FACS
Buffer (98.8% PBS, 1% FBS, and 0.2% Sodium Azide) and Brilliant Staining Buffer (BD
Biosciences), on ice in the dark for 30 minutes. After surface staining, cells were washed as
before and resuspended in 100 uL True-Nuclear Fixation Buffer (BioLegend) and incubated
in the dark at room temperature for 1 hour. After centrifugation at 1500uL for 5 minutes, cell
pellets were resuspended with 50pL of intracellular staining mix: PE/Cy7 anti-PU.1, Alexa
Fluor 488 anti-FOXP3, BV785 anti-TBET, Alexa Fluor 647 anti-GATA3 Abs (BioLegend)
and PE anti-RORyT (BD Biosciences) in a 50:50 mix of Permeabilization Buffer from

the True-Nuclear Fixation Buffer Kit and Brilliant Staining Buffer. Cells were incubated in
staining mix at room temperature, in the dark, for 40 minutes. Cells were then washed with
Permeabilization buffer, and then resuspended in 200 uL into flow cytometry tubes. Cell
samples were analyzed on a 5-laser Cytek Aurora. Analysis of flow cytometry data was done
on FlowJo software. All flow cytometry experiments adhered to appropriate guidelines for
immunological studies [48].

To examine how A20 deletion impacts apoptosis sensitivity, we employed multiple flow
cytometric techniques including AnnexinV staining, propidium iodide (PI) exclusion, and
P cell cycle analysis [49]. T cell apoptosis was measured by staining with APC AnnexinV
(BioLegend) and propidium iodide (ThermoFisher) to identify early and late apoptotic cells.
For PI cell cycle analysis, stimulated T cells (0.5x10°) were washed 1x in PBS and stained
with 0.5 ml of buffer containing 50 mg/ml PI, 0.1% Triton X-100, 1 mg/ml sodium citrate,
and 1 mg/ml RNAse A (Sigma). Relative DNA content for distinct cell phases (including
subG1 apoptotic cells with fragmented DNA) was assessed by flow cytometry (Accuri C6+)
after 18-24 hrs of anti-CD3 (OKT3) or 200 nM staurosporine (STS) restimulation. RICD
assays were performed as previously described [46]. Briefly, activated T cells were treated
in triplicate with 100 ng/mL of anti-human CD3 (BioGems; OKT3) and plated at 2x10°
cells/well in 96-well round bottom plates. For some assays, cells were pretreated for 1 hour
with 1 pM IJNK and/or IKKp inhibitors (JNK-IN-8 or BI-605906, respectively) or 200 nM
staurosporine (STS). After 18-22 hours of TCR restimulation, cells were stained with PI at
a final concentration of 1 pg/mL and collected for constant time (15-30 sec) on an Accuri
C6+ flow cytometer (BD Biosciences). For CWID assays, NT and A20 KO activated T cells
were washed 2x with PBS to remove r-hlL-2 and placed in complete RPMI 1640 medium.
To inhibit IL-2, 1 pg/mL of anti-1L-2 (Mg1-17H12, eBiosciences) was added to complete
media. Cells were then seeded at 2x10° cells per well of a 96 well round bottom plate at
37°C. At 0, 24, 48, 72, and 96 hours post seeding, cells were stained with 1 pg/mL Pl to
quantify cell death by flow cytometry (Accuri C6+).
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Statistical analysis

RESULTS

All statistical analyses were performed using GraphPad Prism (v10). For in vitro assays
evaluating differences between treatments and genotypes (AP-1- and NF-xB-driven GFP
reporters), ordinary one-way ANOVAS with Dunnett’s multiple comparison tests were used,
except when inhibitors were included, for which unpaired t-tests were utilized as described
in figure legends. Relative expression of A20 fragments was compared with ordinary one-
way ANOVAs and Dunnett’s multiple comparison tests. To compare NT and A20 KO
primary human T cells, a paired t-test was used. Differences between mean values were
considered significant when p < 0.05 for all experiments, and significance is indicated in
each figure legend.

A20 is a negative regulator of CBM-dependent pathways following T-cell receptor

stimulation.

To investigate A20 as a negative regulator of TCR stimulation, we utilized wild-type (WT)
and A20 knockout (KO) Jurkat T cell lines transfected with an empty vector (EV) or WT
A20 expression vector (Figure 1A), titrated to approximate endogenous A20 expression in
WT Jurkat (Figure S1A). We first examined NF-xB signaling utilizing immunoblots and

a co-transfected NF-xB-driven GFP reporter. In response to PMA/ionomycin stimulation,
we observed sustained 1xBa degradation over 4 hours in A20 KO Jurkat cells relative to
WT Jurkat (Figure 1B). Normal IxBa degradation and re-expression was restored upon
complementation with a dual Myc/FLAG-tagged WT A20 construct (Figure 1B). Utilizing
the GFP reporter, we confirmed heightened NF-xB activity in A20 KO Jurkat cells after
PMA/ionomycin stimulation relative to WT cells, which was reversed by ectopic restoration
of WT A20 expression (Figure 1C). Similar results were obtained after stimulation with
anti-CD3/CD28 antibodies (Figure 1C, S1B) with excess NF-xB activity suppressed by
complementation with WT A20 with or without N-terminal Myc or C-terminal FLAG tags
included (Figure S1C).

Early studies connected CARD11 to JNK2 activation [50], and our group recently
illuminated the importance of CARD11 in facilitating the activation of both INK1 and
JNK2 in T cells (Bauman, in review). Although A20 has been linked to JNK regulation

in other cell types, the effect of A20 on CBM-dependent JNK signaling has yet to be
examined after acute T cell stimulation. Remarkably, deletion of A20 also led to sustained
JNK phosphorylation, as well as enhanced phosphorylation and accumulation of c-Jun
over time (Figure 1D). Similar to NF-xB signaling, ectopic A20 complementation reversed
these effects. Considering c-Jun is a component of canonical AP-1/c-Fos heterodimers, we
also assessed whether AP-1-dependent transcription was impacted by A20 loss utilizing a
co-transfected AP-1 driven GFP reporter plasmid containing repeat c-Jun/c-Fos consensus
binding sites capable of reporting the activity of multiple AP-1 dimers. We measured a
significant increase in AP-1 activity in A20 KO cells post-stimulation; introduction of WT
A20 protein restored AP-1 activity to levels comparable to WT Jurkat cells (Figure 1E).
Upon pre-treating cells with a specific JNK inhibitor (JNK-IN-8), we confirmed the increase
in AP-1 activity in A20 KO cells was due to increased CBM-dependent JNK signaling
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(Figure 1F). Our findings demonstrate that A20 regulates both NF-xB and INK signaling
downstream of the CBM complex after TCR/CD28 ligation.

A20 domains differentially regulate NF-xB and JNK in following T cell stimulation.

We next dissected the importance of distinct A20 protein domains in modulating NF-xB and
JNK signaling by employing a set of novel, dual Myc/FLAG-tagged A20 variant constructs
(Figure 2A). These expression vectors included both full-length WT A20 as well as N-and
C-terminal fragments produced after MALT1-mediated proteolytic cleavage triggered post-
TCR engagement [3]. Additional missense mutations were introduced to disrupt specific
functional domains as referenced below. A non-cleavable A20 construct was also produced
in which the MALT1-dependent cleavage site is mutated (p.Arg439Ala, R439A) [36]. To
test the role of critical A20 ZnF domains, ZnF4 was mutated to abolish E3 ligase activity
(mZnF4: C609A/C612A) and ZnF7 was mutated to disrupt the M1-linear ubiquitin binding
site (mZnF7: C764A/CT767A) [3, 37, 39, 40, 51, 52]. Similarly, the OTU domain was
mutated to inactivate deubiquitinase (DUB) activity (mDUB : C103A) [2, 3, 35, 37-39].
The expression of each mutant protein in transfected A20 KO Jurkat cells was confirmed
by immunoblotting, and constructs were titrated to approximate endogenous levels of
expression of WT A20 (Figure S2A). Utilizing the same NF-xB-driven GFP reporter assay,
we found that preventing M1-linked ubiquitin binding through ZnF7 (mZnF7) completely
abrogated the ability of A20 to negatively regulate NF-xB compared to WT (Figure 2B).
Similarly, removal of ZnF4-mediated E3 ligase activity (mZnF4) reduced A20-dependent
NF-xB regulation, although this effect did not reach statistical significance relative to WT
(Figure 2B). By contrast, the DUB function of A20 was indeed dispensable for NF-xB
regulation (mDUB), matching recent reports (Figure 2B) [27]. Similarly, neither N- nor C-
terminal fragments retained the ability to blunt NF-xB when expressed individually (Figure
2B). These results were consistent with previous work that showed co-transfection of both
N- and C-terminal fragments together cannot compensate for full length A20 and does

not dampen NF-xB [36]. To interrogate whether these structural domains conferred A20
functional activity beyond currently defined enzymatic activities, we also made constructs
with ZnF4, ZnF7, or OTU domains deleted entirely (AZnF4, AZnF7, AOTU). Loss of any
of these domains completely abrogated regulatory function, suggesting each is required to
maintain A20 protein structure and function (Figure 2C). Effects of each A20 mutant on
NF-xB activity persisted over time after PMA and ionomycin stimulation, with significant
differences noted out to 24 hours even as overall levels of NF-xB activation largely subsided
(Figure S2B).

Utilizing the AP-1 driven GFP reporter in our A20 KO transfection system, we found
similar effects with each A20 mutant construct to those observed for NF-xB activity (Figure
2C). Both noncleavable and mDUB A20 were able to negatively regulate AP-1 activity
similar to WT, congruent with effects on NF-xB activity (Figure 2D). Conversely, both ZnF4
and ZnF7 appeared to be necessary for AP-1 regulation, mirroring the pattern for NF-xB
regulation and implying that A20 is primarily acting on the CBM signalosome upstream of
both pathways (Figure 2D).
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To assess if individual A20 mutants were able to directly engage active components within
the CBM complex, we measured MALT1-dependent cleavage by immunoblotting as a
surrogate for A20-MALT1 colocalization, as recently described [27]. By utilizing A20

KO Jurkat cells transfected with dual-tagged A20 mutant constructs, the generation of
A20 cleavage products was tracked via immunoblot of N-terminal (Myc) or C-terminal
(FLAG) tagged fragments 4 hours post-stimulation, with or without pre-treatment with

a MALT1 protease inhibitor (MLT-748) (Figure 3). As expected, WT A20 was cleaved
upon stimulation and the non-cleavable A20 was not. In contrast to WT, mutation of

the ZnF7 active site completely abrogated MALT1-dependent A20 cleavage after TCR
stimulation, suggesting that ZnF7 helps localize A20 to the CBM complex via linear
ubiquitin binding (Figure 3) [13, 39]. Moreover, complete deletion of ZnF4, ZnF7, or
OTU domains also abrogated MALT1 cleavage of A20. By contrast, mDUB and mZnF4
A20 proteins were cleaved to a similar extent as WT A20, suggesting the catalytic activity
of these domains is dispensible for A20 localization to the CBM complex. Importantly,
MALT1 mutant cleavage patterns were congruent with their functional effects in NF-xB
and AP-1 reporter experiments (Figure 2A-B). In summation, ZnF7 appears particularly
important in facilitating A20-dependent regulation of the CBM complex, evidenced by
modulation of NF-xB- and JNK/AP-1-dependent transcription and MALT1 protease activity.

Loss of A20 in human primary effector T cells results in sustained NF-xB and JNK
signaling and enhanced upregulation of activation markers.

To effectively delete A20 in primary, activated human T cells isolated from healthy donors,
we utilized our recently reported CRISPR/Cas9 protocol [38]. These primary T cells were
then expanded in IL-2 to derive effector T cells for various functional experiments (Figure
4A). Successful inactivation of the A20 gene was detected on Day 10, as evidenced by
greatly reduced expression of A20 protein relative to non-targeted (NT) cells (Figure 4A).
No difference was noted in the proportion of CD4+ to CD8+ cells between A20 KO and NT
(Figure 4A, S3A). We first confirmed the same signal dysregulation that we observed in WT
and A20 KO Jurkat T cells, noting a trend for enhanced acute NF-xB and JNK signaling
readouts in A20 KO primary T cells by immunoblot, including prolonged IxBa. degradation
and sustained JNK phosphorylation and c-Jun accumulation (Figure 4B). We also observed
a significant upregulation of CD69 and CD25 (IL-2Ra) in A20 KO cells versus NT

upon restimulation, demonstrating enhanced AP-1- and NF-xB-dependent transcription,
respectively (Figure 4C) [53, 54]. Although CD25 was already expressed on effector T

cells as expected, A20 KO cells induced more cell surface CD25 expression versus NT
after restimulation (Figure 4C, S3B). Intriguingly, these differences in activation marker
upregulation were dependent on the stimulus utilized, with greater differences observed
using soluble versus bead-conjugated anti-CD3/CD28 antibodies (Figure 4C). These results
suggest a A20 is particularly important for preventing a mild to moderate TCR stimulus
from inducing an excessive response, whereas strong stimulation overrides A20-dependent
regulation [55, 56].

Increased cytokine secretion in A20 KO T cells

A recent report indicated that T cells derived from HA20 patients exhibited evidence
of enhanced Th9/Th17 differentiation when cultured in polarizing conditions [14], with

Eur J Immunol. Author manuscript; available in PMC 2025 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dabbah-Krancher et al. Page 12

elevated IL-17 and IL-9 production noted in HA20 patient sera and from stimulated PBMCs
[3]. To investigate intrinsic differences in cytokine secretion when A20 is deleted in healthy
donor T cells, we employed a bead-based multiplex assay to assess expression of twelve
different cytokines by flow cytometry. After restimulation with PMA and ionomycin, most
measured cytokines except IL-10 showed significantly increased production from A20

KO compared to NT T cells, including a trend for enhanced IL-5 and IL-17F production
(Figure 5A). Similar results were obtained after restimulation with soluble anti-CD3/CD28
Abs, although some cytokines were too low to quantify accurately (Figure 5A). Even

after substantial dilution of supernatants, IFN-y levels consistently exceeded the detection
limit with PMA and ionomycin stimulation, likely due to a very strong response from

both CD8 and CD4 T cells. When plotted as a fold-change, we noted the largest relative
increase in IL-9 produced by A20 KO cells relative to NT, congruent with enhanced Th9
skewing observed in HA20 patients [14]. Interestingly, A20 KO T cells also produced more
Th2 cytokines (IL-4/13); indeed, Th2 cells can also produce IL-9, and IL-4 is known to
promote Th9 differentiation via STAT6 signaling [57, 58]. Similar to HA20 patients, we
also observed evidence of enhanced Th17 differentiation in A20 KO effector T cells, which
produced more IL-6, IL-22, and IL-17A/F (Figure 5B). Our data suggest that in the absence
of A20, dysregulated NF-xB and JNK signaling in T cells drives elevated production of
multiple pro-inflammatory cytokines, and may predispose to enhanced Th9/Th17/Th22
differentiation in a T cell-intrinsic manner.

We also assessed expression of several relevant lineage specific transcription factors in WT
and A20 KO effector T cells using intracellular flow cytometry. Gating on CD4+ T cells,

we observed a statistically significant increase in the upregulation of RORyT, TBET, and
GATAZ3 after a 6 hour restimulation, with a modest increase in PU.1 expression (Figure 5C).
Upregulation of PU.1 and RORyT continued to increase at 24 hours post-stimulation in A20
KO T cells, suggesting potential intrinsic skewing toward Th9/Th17 subset lineages (Sup.
Fig 4). Interestingly, similar results were obtained in CD8+ A20 KO T cells, highlighting a
strong de-regulation of global cytokine expression when A20 is deleted, regardless of T cell
lineage (Figure 5C).

Loss of A20 in human primary effector T cells results in decreased sensitivity to RICD and
increases sensitivity to CWID.

In the context of infection, two distinct apoptosis programs regulate the expansion and
contraction of effector T cells populations: restimulation induced cell death (RICD) and
cytokine withdrawal induced death (CWID) [46, 59]. Both programs are critical for
preventing collateral damage to host tissues and shaping a small T cell memory pool for
effective recall responses. To examine how A20 deletion impacts apoptosis sensitivity, we
employed multiple flow cytometric techniques including AnnexinV staining, propidium
iodide exclusion, and PI cell cycle analysis. Upon TCR restimulation with OKT3, A20
KO T cells exhibited less AnnexinV staining compared to NT cells as an early indicator
of reduced RICD (Figure 6A). This correlated with a decreased proportion of A20 KO
cells in the subG1 phase of the cell cycle, which contains apoptotic cells undergoing DNA
fragmentation (Figure 6B). We also observed an increased proportion of A20 KO cells in
the S and G2/M phases, representing active DNA replication and cell division, respectively
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(Figure 6B). These results suggest that, relative to NT, A20 KO effector T cells exhibit an
increased proportion of actively cycling cells and a reduced proportion of cells undergoing
apoptosis upon TCR restimulation. We also performed conventional RICD assays in which
both NT and A20 KO T cells were restimulated with OKT3 for 24 hours, with % viable
cells quantified by flow cytometry based on Pl exclusion. We observed a trend towards
greater viability in A20 KO T cells relative to NT for six of nine donors tested, although it
did not reach statistical significance (Figure 6C). Similar results were obtained in response
to the potent apoptosis inducer staurosporine (STS), which likely acts independently of
A20/NF-xB function. (Figure 6C). However, when these cells were pre-treated with JINK
and/or NF-xB inhibitors prior to TCR restimulation, we observed a significant decrease in
cell viability with NF-xB inhibition (Figure 6D), consistent with a pro-survival advantage
conferred by enhanced activity of this transcription factor family [60]. In culture, A20 KO
cells consistently showed increased proliferation relative to NT based on cell counting,
with more lactic acid produced to indicate increased metabolic activity (data not shown).
Conversely, A20 KO cells appeared slightly more sensitive to CWID induced by 1L-2
deprivation over 4 days in culture, which was further exacerbated by treatment with an IL-2
neutralizing Ab (Supp Fig 6). Taken together, these data suggest that elevated TCR-induced
NF-xB activation in the absence of A20 renders effector T cells more proliferative and less
susceptible to RICD. By contrast, A20-deficient T cells may die more quickly upon IL-2
withdrawal without TCR restimulation.

DISCUSSION

A20 is a ubiquitously expressed modulator of inflammatory signaling pathways throughout
the body. Although mechanistic details remain unclear, the importance of A20 as a negative
regulator of TCR-driven CBM-dependent NF-xB activation is well established. However,
less is known regarding how A20-dependent regulation of crucial transcription factors
downstream of the CBM complex impacts effector T cell function. Here, we highlight

a novel role for A20 as a critical negative regulator of NF-xB and INK/AP-1 signaling
post-TCR stimulation, noting increased, sustained phosphorylation and accumulation of both
JNK and c-Jun in A20 KO T cells. Additionally, using a novel AP-1-driven GFP reporter,
we demonstrated a substantial JNK-dependent increase in AP-1-mediated transcription in
A20 KO Jurkat cells, highlighting a novel function for A20 for modulating this CBM-
dependent signaling pathway. Although we observed robust differences with mitogenic
stimuli, signaling differences in CD4+ versus CD8+ T cells may be possible with antigen-
specific stimulation.

Although A20 has been a known negative regulator of TCR cell signaling for a decade,

the importance of distinct A20 protein domains in this process has remained confusing.
Previously, A20 function was tested primarily in HEK293T cells or in cell-free contexts,
with limited studies utilizing T cell lines or primary human T cells [2, 3, 36-38]. One recent
study demonstrated augmented IL-2 and TNF secretion from primary human CD4+ T cells
in which A20 or ABIN-1 were deleted [27]. Using A20 KO Jurkat cells complemented

with a suite of mutant expression constructs and GFP reporters, we showed that the
M1-ubiquitin binding domain ZnF7 is crucial for localization to and regulation the CBM
complex; mutation or deletion of this domain abolished MALT1-dependent A20 cleavage
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and enhanced both NF-xB and AP-1 activity. We also found that A20-dependent regulation
is partially dependent on the ZnF4 domain, noting slight increases in NF-xB and AP-1
transcription and a modest decrease in MALT1-dependent cleavage of mZnF4/as compared
to WT A20. Although A20 was reported to be capable of removing K63-Ub from MALTL in
a cell-free context [35], our data confirmed recent reports that A20 DUB activity is entirely
dispensable for negative regulation of NF-xB activity in T cells [27, 36, 38], as well as AP-1
activity. Indeed, a recent report summarizing HA20 patient mutations and clinical severity
highlighted that those harboring ZnF domain mutations (versus OTU variants) presented
earlier in life with an increased proportion of patients developing musculoskeletal disorders
[18]. To further develop a mechanistic understanding of the underlying biology, future
studies should examine both A20 mRNA and protein expression across various cell types
from HA20 patients to determine if specific mutations result in stable but non-functional
protein expression.

Although the ubiquitin-editing function of A20 has been reported to target RIPK1, IKKy/
NEMO, and TRAF6 in the context of TNF signaling [3, 61], it remains unclear if/how these
observations translate to TCR signaling through the CBM complex. Employing our ectopic
expression system in Jurkat, we utilized MALT1-dependent cleavage as a surrogate for
determining how domain variants impacted A20 interaction with the active CBM complex,
mirroring results from a recent report [27]. Considering ZnF7 disruption had the most
profound impact on downstream signaling (consistent with murine studies), a non-enzymatic
mechanism for A20-dependent CBM regulation via binding to NEMO or other ubiquitinated
partners is plausible [51, 62]. Notably, our extensive attempts to biochemically identify
interactions between A20 and CBM partner proteins (including altered ubiquitination

status) by co-immunoprecipitation were unsuccessful, perhaps due to the labile nature of

the dynamic CBM signalosome in T cells. Future experiments might apply fluorescent
microscopy or proximal ligation assays to better define how A20 dynamically interacts with
the CBM complex post-TCR stimulation, alone or in concert with accessory proteins like
ABIN-1 [27].

HAZ20 has been documented in 74 cases since its initial characterization in 2016,

and the cohort continues to expand [14, 18, 63]. These patients suffer from systemic
autoinflammatory disorders and are often diagnosed with BD [64]. Reports to date have
largely focused on clinical presentation related to failed innate immune regulation. As noted
in heterozygous A20 knockout mice, severe symptoms can be linked to overwhelming
inflammation and excessive cell death triggered by cytokines (e.g. TNF, IL-1p) and/or
pattern recognition receptors (e.g. TLR/NLRsS) [2, 4, 7, 8, 14-17, 53-60]. Indeed, these
symptoms can be alleviated by treatment with corticosteroids, disease modifying anti-
rheumatic drugs (DMARDs) or biologics targeting TNF/IL-1p [14, 19, 63, 65, 66].
Nevertheless, these observations do not preclude a role for adaptive immune dysregulation
in HA20 pathogenesis. However, few studies have focused on how HA20 patient T cell
abnormalities might impact clinical disease [64, 67]. This prompted us to investigate the
effects of A20 loss on primary human effector T cells by employing a powerful CRISPR/
Cas9 RNP-based approach for highly efficient A20 deletion. Our results showed sustained
TCR-induced NF-xB and JNK signaling over time in A20 KO primary T cells, mirroring
our results in Jurkat lines. Moreover, we noted increased CD25 and CD69 expression in A20
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KO T cells across multiple stimulation conditions, reflecting enhanced NF-xB and AP-1
activity, respectively [53, 54].

With regard to T cell effector function, one study found evidence of enhanced Th9/Th17
differentiation in HA20 patient T cells, with elevated 1L-9 and IL-17 noted in HA20 patient
sera and from stimulated PBMCs ex vivo [14]. These phenomena were largely attributed to
extrinsic effects of excessive innate cytokine signaling on Th differentiation in vivo, with
less focus on T cell intrinsic effects of A20 removal. Using a multiplex bead-based flow
cytometric assay to assess expression of 12 different cytokines, we documented marked
increases in the production of all measured cytokines except IL-10 post-stimulation in
purified NT vs. A20-deleted bulk T cells. These results indicate an intrinsic global de-
regulation of cytokine secretion when A20 is absent. Indeed, lineage-specific transcription
factors were upregulated in both CD4+ and CD8+ A20 KO effector T cells upon stimulation
(Figure 5C). However, evidence of some intrinsic CD4+ T cell skewing to Th9/17 fate

may also help to explain specific phenotypes observed in HA20 and similar autoimmune
conditions. Similar to HA20 patient T cells, we observed a substantial increase in IL-6,
TNF-a, Th17A/F and IL-22 (IL-17A) production by A20 KO T cells, which may drive
Th17-related pathologies in HA20 and BD including ocular disease, retinal scarring, uveitis
and arthritis [68, 69]. Arthritis was also linked to increased Th17 cells in A20Z"F7/ZnF7
mice, with disease amelioration noted after delivery of IL-17A neutralizing antibodies [70].
Interestingly, crossing of A20Z"F7/ZnF7 mice with RagZ~~ mice abrogated arthritis whereas
a cross with UMT™ mice did not, indicating T cells were driving pathology in this model
[70]. A20 is also a direct negative regulator of IL-1R and IL-17R signaling, which can
further boost production of proinflammatory cytokines such as IL-6, IL-1p, and IL-17 if
left unchecked [6, 71]. These hallmarks of HA20 patient disease may reflect intrinsic Th17/
Th22 skewing due to intrinsically elevated IL-6 production, perpetuating a positive feedback
loop [14, 27].

A20 KO effector T cells also secreted more Th9/Th2 cytokines (I1L-9, IL-4, IL-5, and

IL-13) post-stimulation relative to NT, with the most impressive fold change noted for

IL-9 and IL-4. Indeed, HA20 patient T cells produced more IL-9 in vitro under polarizing
conditions [14]. Th9 cells are induced by TGF-p and IL-4 signaling and perhaps derived
through a Th2-dependent pathway; evidence suggests they can exacerbate Th2 cytokine
production and drive pathology in asthma and allergic disease models [72]. As noted in
HA20 T cells, we also observed upregulation of the Th9 master transcription factor PU.1

in A20 KO T cells [73, 74]. Although HA20 patients lack signs of overt Th2 skewing

noted in other primary atopic disorders [14, 75], some present with allergic symptoms (e.g.
asthma, atopic dermatitis) [76] that could be associated with increased Th9 cells. Although
T cell differentiation is always influenced by innate responses and the resulting extracellular
cytokine milieu, our data imply an intrinsic T cell differentiation abnormality in HA20 that
calls for further clinical and mechanistic investigation. Intriguingly, the anti-inflammatory
cytokine IL-10 was the only one we measured with reduced secretion from A20 KO T

cells. Although the status of 1L-10 producing Tregs has not been carefully studied in

HAZ20 patients, silencing of A20 suppressed I1L-10 expression in dendritic cells, consistent
with decreased I1L-10-secreting cells in BD patients [69, 77, 78]. Importantly, potential
differences we observed in cytokine expression may also reflect altered reactivation of naive
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versus memory T cells in unfractionated healthy donor PBMC. To pinpoint A20-dependent
alterations in Th differentiation, it would be informative to repeat experiments with purified
naive CD4+ T cells under polarizing conditions, provided technical limitations can be
overcome. Nevertheless, our data highlight a hitherto unappreciated, T-cell intrinsic role for
A20 in regulating effector T cell cytokine production even under non-polarizing conditions,
which might prompt future studies to tailor specific therapies targeted at specific T cell
subsets.

Depending on cell context, A20 has been shown to convey both pro- and anti-apoptotic
functions. Both NF-xB and AP-1 are critical for lymphocyte survival and proliferation
following antigen engagement; NF-xB in particular is linked to enhanced survival in B and
T cells. Indeed, apoptosis resistance in lymphomas with constitutive NF-xB activity can

be attributed to concomitant, often biallelic A20 loss-of-function mutations, with ectopic
A20 expression inducing spontaneous death [25, 26]. Intriguingly, we have also observed
constitutive MALT1-dependent proteolysis of A20 in apoptosis-resistant primary B cells
from patients with B-cell Expansion with NF-xB and T cell Anergy (BENTA) disease,
caused by germline heterozygous gain-of-function (GOF) CARD11 mutations capable of
constitutive NF-xB stimulation [79]. To investigate A20 function in effector T cell survival,
we investigated how A20 deletion impacted cell death sensitivity in two major apoptotic
pathways (RICD and CWID). Upon TCR re-ligation, A20 KO effector T cells showed
reduced AnnexinV staining and DNA fragmentation compared to NT, suggesting A20 KO
T cells were modestly more resistant to RICD. We also noted increased proportions of
A20 KO T cells in S and G2/M phases, consistent with enhanced proliferation and cell
cycle progression. This might explain why we observed no difference in RICD sensitivity
between NT and A20 KO T cells using our classic Pl exclusion RICD assay, which is
based on counting viable cells - relative cell loss can reflect increased apoptosis as well as
decreased proliferation, cell cycle arrest or other forms of cell death (e.g. necroptosis) (39).
However, when treated with an NF-xB inhibitor (-/+ JNK inhibition) prior to stimulation,
A20 KO T cells did show increased sensitivity to RICD using this assay. In summation,
we interpret these results to show that enhanced TCR-induced NF-xB stimulation in the
absence of A20 confers modest RICD resistance in human effector T cells, consistent

with a pro-survival function for NF-xB in lymphocytes. By contrast, slightly more A20
KO T cells died following IL-2 withdrawal as compared to NT, implying an increased
reliance on IL-2 signaling for survival when antigen is scarce. This interesting dynamic
parallels observations made in pathogen-infected mice with conditional A20 deletion in

T cells. Upon challenge with L/steria monocytogenes, antigen-specific A20 KO CD8*

T cells showed more rapid clonal expansion but accelerated contraction (and increased
apoptosis) after clearance, consistent with reduced RICD sensitivity (i.e. more robust clonal
expansion) but enhanced CWID. Relative RICD sensitivity is often inversely correlated with
CWID sensitivity, as we have observed previously in SAP-deficient T cells from X-linked
lymphoproliferative disease patients [80]. Although lymphocyte numbers appear grossly
normal in HA20 patients, future mechanistic studies aimed at replicating and expanding
these findings with HA20 patient T cells are certainly worthwhile.

In conclusion, our study provides conclusive evidence for an important T-cell intrinsic role
for A20 in influencing T cell survival and effector function. Although more biochemical
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studies are warranted, our results imply that A20 confers these functions by regulating both
NF-xB and JNK/AP-1 activity downstream of the CBM complex, engaging this signalosome
through ZnF7-dependent ubiquitin binding. Our work prompts further evaluation of how T
cell abnormalities specifically impact pathogenesis in HA20 disease.
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Figure 1. A20 is required to negatively regulate NF-xB and JNK signaling in Jurkat T cells.
(A) Schematic of transfection experimental design. (B and D) Wild-type (WT) or A20 KO

Jurkat T cells were transfected with empty vector (EV) or (B) FLAG-Myc dual-tagged WT
A20, or (D) untagged WT A20, and then stimulated 24 hrs later with 20 ng/mL PMA

and 1 pg/mL ionomycin for 0-4 hours to simulate TCR-induced signaling. (B) NF-xB
signaling was assessed by immunoblotting for IxBa degradation as a reliable and strong
marker of NF-xB signaling. Representative immunoblot of 4 independent experiments. (D)
JNK signaling was measured by immunoblotting for phosphorylation and accumulation of
JNK and c-Jun. Representative immunoblot of 4 independent experiments. Cells transfected
as in (A) plus an (C) NF-xB-driven GFP reporter or (E-F) an AP-1-driven GFP reporter
construct were stimulated with 1 pg/mL of plate-bound anti-CD3 and soluble anti-CD28
agonistic Abs or 20 ng/mL PMA and 1 ug/mL ionomycin (F) in presence of 1 uM JNK-
IN-8 inhibitor. GFP expression was measured by flow cytometry 6 hrs post-stimulation.
GFP mean fluorescence intensity (MFI) represents a readout of NF-xB or AP-1-dependent
transcriptional activity. Asterisks denote significance vs. WT Jurkat (one-way ANOVA, *
p<0.05, ***p < 0.001; n=3, unpaired T test, ns>0.05, n=3). Data are representative of 3

independent experiments.
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Figure 2: The DUB domain is dispensable, but ZnF4 and ZnF7 domains are required for
A20-dependent NF-xB and JNK regulation.

(A) A20 expression constructs were cloned into a pUNO vector (InvivoGen), including full-
length WT A20, N-and C-terminal fragments (normally generated after MALT1 cleavage),
a non-cleavable A20 construct (R439A), mutants known to compromise ZnF4 E3 ligase
activity (C609A/C612A), ZnF7 ubiquitin binding (C764A/C767A), and OTU domain
deubiquitinase (DUB) activity (C103A), and complete deletions of OTU, ZnF4 and ZnF7
domains. All vectors include N-terminal 3x-Myc and C-terminal 3X-FLAG tags. (B-D) A20
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KO Jurkat T cells were transfected with an (B-C) NF-xB-dependent GFP reporter or (D)
AP-1-dependent GFP reporter construct plus A20 expression constructs or EV, and then
stimulated with 1 pg/mL of plate-bound anti-CD3 and soluble anti-CD28 Abs or 20 ng/mL
PMA and 1 pg/mL ionomycin to simulate TCR-induced signaling. GFP MFI was recorded
by flow cytometry over a 24 hour period to monitor NF-xB-dependent transcription; data
shown are (B-C) 6 hours or (D) 4 hours post-stimulation. Asterisks denote statistical
significance vs. WT Jurkat (one-way ANOVA, *p<0.05, **p < 0.01; ***p < 0.001; ****p <
0.0001; n=3). Data are representative of (B-C) 3 or (D) 4 independent experiments.
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Figure 3: Localization of A20 to the CBM complex is dependent on ZnF7.

Relative generation of Myc-tagged N-terminal A20 fragment was quantified by spot

Page 24

densitometry, normalized to B-actin. Asterisks denote statistical significance vs. WT A20
transfectants (one-way ANOVA, *p<0.05, **p < 0.01 n=3). A20 KO Jurkat T cells were
transfected with A20 expression constructs (Fig 2a) or EV. At 24hrs post-transfection, cells
were pre-treated with DMSO or 10 nM of the MALT1 protease inhibitor MLT-748, and then
stimulated with 20 ng/mL PMA and 1 pg/mL ionomycin for 4 hrs. As a surrogate for A20
colocalization with the active CBM complex, generation of MALT1-dependent cleavage
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products was monitored by immunoblotting for N- (Myc) or C-terminal (FLAG) tagged
fragments (middle panel, which were largely eliminated by MLT-748 pre-treatment (bottom
panel). Untreated transfectants left unstimulated were utilized as a control (top panel). Data
are representative of 3 independent experiments.
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Figure 4. Loss of A20 in human primary effector T cells results in sustained NF-xB and JNK
signaling and enhanced upregulation of activation markers.

(A) Generation of A20 knockout primary human effector T cells. Protocol timeline for

generation of A20 knockout effector human T cells using Amaxa transfection of non-

targeting (NT) or A20 gRNA-targeted CRISPR-Cas9 ribonucleoproteins. After 48 hrs,

transfectants are stimulated for 3 days using anti-CD3/CD28 Ab-coupled beads, washed
and cultured in 200U/ml rIL-2 for 15-25 days to generate effector T cells. A20 deletion is
confirmed by immunoblotting lysates generated from day 10 effectors transfected with 5-10
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ml (75-150 pmol) of crRNA-Cas9 RNP complexes. (B) NT and A20 KO effector T cells
(donor 353, day 18) were stimulated with 1 ug/mL of anti-CD3/CD28 Abs or 20 ng/mL
PMA and 1 pg/mL ionomycin. Lysates were collected from unstimulated cells (0) or at
timepoints 4-24 hrs post-stimulation. Relative expression of phospho-JNK, c¢-Jun, and 1kB
was assessed by immunoblotting. Relative expression of proteins in were quantified by spot
densitometry, normalized to -actin and B-tubulin. Data are representative of 3 independent
experiments using separate donors. (C) NT and A20 KO effector T cells (donor G4, day 18)
were stimulated with 1 pg/mL of anti-CD3/CD28 Abs, 100 ng OKT3, or anti-CD3/CD28
Ab-coupled beads. CD69 and CD25 expression was assessed by flow cytometry at 24
post-stimulation; relative MFI is plotted per donor (right panel). Gating strategy is included
in Figure S6A. Asterisks denote statistical significance WT vs. A20 KO (paired T-test,
*p<0.05, **p < 0.01 n=9). Representative histogram of 9 independent experiments using
separate donors.
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Figure 5. A20 KO T cells display elevated cytokine secretion.
(A) NT and A20 KO effector T cells were left unstimulated or stimulated for 24 hrs with

1 ug/mL of anti-CD3/CD28 Abs or 20 ng/mL PMA and 1 pg/mL ionomycin. Cytokine

1duosnue Joyiny

levels were measured in cell supernatants using the flow cytometric LEGENDPIlex T Helper
Cytokine Panel. (B) Fold change was quantified as the difference between A20 KO/NT
predicted concentrations. (C) NT and A20 KO effector T cells were stimulated for 6 hours
with 20 ng/mL PMA and 1 pg/mL ionomycin. Lineage transcription factors were measured
by intracellular flow cytometry; gating strategy is included in Figure S6B. Fold change was
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guantified as the difference between A20 KO/NT relative mean fluorescence intensity for
CD4 and CD8 T cells. Asterisks denote statistical significance WT vs. A20 KO (paired
T-test, *p<0.05, **p < 0.01, ***p < 0.001, n=6). Representative of 6 independent donors
with 2 technical replicates per donor.
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Figure 6. A20 KO T cells display decreased sensitivity to restimulation-induced cell death.
(A) NT and A20 KO effector T cells were stimulated for 24 hrs with 100 ng/ml anti-

CD3 (OKT3), then stained to quantify cell death by flow cytometry with Annexin-V

and propidium iodide [46]. Representative histogram of gating strategy of 7 independent
experiments using separate donors. (B) PI cell cycle analysis was conducted and figures
show the combination of the percentage of cells in each cell cycle stage from all 7

donors. (C) NT and A20 KO effector T cells were stimulated as in (A) and with 200 nM
staurosporine, then stained with propidium iodide to quantify cell death by flow cytometry.
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(D) RICD assay as performed in (A) after 1 hr pre-treatment with 1 uM of JNK inhibitor 8
(JNK8) and/or IKKp inhibitor (NF-xB). Death assay data represent 5-9 independent donors.
Asterisks denote statistical significance WT vs. A20 KO (paired T-test, *p<0.05, **p < 0.01,
***p < 0.001).
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Primary antibodies used for immunoblot analysis and flow cytometry.

Table 1:

Supplier Antibody Target Clone Catalog #
FLAG/DYKDDDDK Tag 9A3 8146
Myc-tag 71D10 2278
IxBa L35A5 4814
A20/TNFAIP3 D13H3 5630

Cell Signaling
phospho-c-Jun (Ser63) S4B3 2361
phospho-SAPK/INK (Thr183/Tyr185) | 98F2 4671
phospho-SAPK/INK (Thr183/Tyr185) | G9 9255
c-Jun L70B11 2315
PE anti-human CD25 Antibody M-A251 356104
PE anti-human CD69 antibody FN50 310906
FITC anti-human CD4 antibody RPA-T4 300538
APC anti-human CD8 antibody SK1 344722
Zombie NIR RUO 423111

Biolegend BV421 CD3 UCHT1 300433
True-Nuclear Fixation Buffer - 424401
PE/Cyanine7 PU.1 7C6B05 658014
BV785 T-bet 4B10 644835
Alexa Fluor 647 GATA3 16E10A23 653810
APC AnnexinV - 640941
BUV496 CD4 GK1.5 612936
BUV805 CD8 SK1 612889

BD Biosciences
Brilliant Staining Buffer - 563794
PE RORyT Q21-559 563081
anti-1L-2 MQ1-17H12 | 14-7029-81

ThermoFisher
A20/TNFAIP3 59A426 MA5-16164

Sigma B-actin AC-15 A1978
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Table 2.

Primer sequences used for molecular cloning and mutagenesis.

Page 33

Reverse

Primer Name Primer Sequence (5’-3")
3x MyC Amp CCGGCGCCTACCTGAGATCAACCGGTATGGCTAGTCTTAAAGAA
X MYC Amp GCCTGAGGAAGGACTTGTTCAGCCATGAATTCACTAGTAGTATG

A20 Amp

20 o ATGGCTGAACAAGTCCTTCCTCAG
A20 A TCCGCCATACATCTGCTTGAACTGAAAG
everse

SxFLAG Amp TCAAGCAGATGTATGGCGGAGAACGCGTGGACTACAAAGACCAT
3x FLAG Amp

ATCTTATCATGTCTGGCCAGGCGGCCGCCTACTTGTCATCGTC

Non-cleavable
Forward

CTCGGGGCCTCTGCGGGAGAAGCCTAT

Non-cleavable
Reverse

ATAGGCTTCTCCCGCAGAGGCCCCGAG

mZnF4
Forward

CAAGGGCTTTGCCACACTGGCTTTCATCGAGTACAG

mZnF4 Reverse

CTGTACTCGATGAAAGCCAGTGTGGCAAAGCCCTTG

mzZnF7
Forward

ATGCCAAGTGCAACGGCTACGCCAACGAAGCCTTTCAGTTCAAGCAGATGTATGG

mZnF7 Reverse

CCATACATCTGCTTGAACTGAAAGGCTTCGTTGGCGTAGCCGTTGCACTTGGCAT

mDUB Forward

TGACGGCAATGCCCTCATGCATGCC

mDUB Reverse

GGCATGCATGAGGGCATTGCCGTCA

MYC Start
Codon Removal
Forward

TCAACCGGTAAGGCTAGTCTT

MYC Start
Codon Removal
Reverse

AAGACTAGCCTTACCGGTTGA

Reverse

A20 Stop
Codon Insert ATGTATGGCTGAGAACGCGTG
Forward
A20 Stop
Codon Insert CACGCGTTCTCAGCCATACAT
Reverse
A20 delta OTU s
Forward 5’Phos-GGGCACGCCCAGAATCC
AZOR(:L!?)EE?SSTU GAATTCACTAGTAGTATGCAAATCTTCTTCAGATATCAGC
A20 delta ZnF4 ,
Forward 5’Phos-TTTGCTGCTGCCTCAGG
A20 delta ZnF4
Reverse CCCAGGAGTCCGTGC
A20 delta ZnF7 5'Phos-GGAGAACGCGTGGACTACAAAGACC
Forward
A20 delta ZnF7

GGGGGCAGGCTCACCC
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Primer Name Primer Sequence (5’-3")

A20 N-term
Fragment 5’Phos-TAGGCGGCCGCCTGGCC
Forward

A20 N-term
Fragment CCGAGAGGCCCCGAGCG
Reverse

A20 C-term
Fragment 5’Phos-GGAGAAGCCTATGAGCCC
Forward

A20 C-term
Fragment CATACCGGTTGATCTCAGGTA

Reverse

GFP2 Forward

TGGCAATCCGGTACTGTTGGTAAAGCCACCATGCCCGCCATGAAGATC

GFP2 Reverse

CTCCTCCACCTCGGGAGGGAAGCCGTGAGATAATCGAGCTCGAGATCTGG

NF-xB
Backbone TCTCACGGCTTCCCTCCCGAGG
Forward
NF-xB
Backbone GGTGGCTTTACCAACAGTACCG
Reverse
RE Excision AGATCTGGCCTCGGCGGCCAAGCTT
Forward
RE Excision GAGCTCAGGTACCGGCCAGTTAGGCC
Reverse
AP-LRE GGCCTAACTGGCCGGTACCTGAGCTCTGAGTCAGTGACTCAGTGAGTCAGTGACTCAGTGAGTCAGTGACTCAG
AP-1 RE

Reverse

GTGTCTAAGCTTGGCCGCCGAGGCCAGATCTTGATATCCTCGAGCTGAGTCACTGACTCACTGAGTCACTGAC
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