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Events defining the progression to human type 1 diabetes
(T1D) have remained elusive owing to the complex interaction
between genetics, the immune system, and the environment.
Type 1 interferons (T1-IFN) are known to be a constituent of
the autoinflammatory milieu within the pancreas of patients
with T1D. However, the capacity of IFNa/b to modulate
human activated autoreactive CD8+ T-cell (cytotoxic T
lymphocyte) responses within the islets of patients with
T1D has not been investigated. Here, we engineer human
b-cell–specific cytotoxic T lymphocytes and demonstrate
that T1-IFN augments cytotoxicity by inducing rapid phos-
phorylation of STAT4, resulting in direct binding at the
granzyme B promoter within 2 h of exposure. The current
findings provide novel insights concerning the regulation of
effector function by T1-IFN in human antigen-experienced
CD8+ T cells and provide a mechanism by which the pres-
ence of T1-IFN potentiates diabetogenicity within the
autoimmune islet.

Essential for the development and implementation of effective
therapies for prevention or reversal of type 1 diabetes (T1D)
is a detailed understanding of the molecular pathways and
cellular interactions that result in b-cell destruction. The
hallmark pathological lesion of T1D is a heterogeneous in-
flammatory cell infiltrate termed insulitis (1,2). CD8+

T cells, a major component of insulitis, are widely believed
to be the primary immune cell responsible for loss of
insulin-producing b-cells (2,3). Studies in the NOD mouse
model of T1D indicate that CD8+ T cells gain effector activity
following islet entry, suggesting signals within the islet mi-
croenvironment potentiate lymphocytoxicity (4).

Type 1 interferons (T1-IFNs) provide a candidate signal
responsible for facilitating b-cell destruction. Case studies
describing the induction of autoantibodies and T1D in in-
dividuals receiving T1-IFN therapies for chronic hepatitis
and cancer have been reported (5). IFNa subtypes have
been detected in the islets and circulation of patients
with T1D and possess the capacity to enhance expansion
and differentiation of cytotoxic T lymphocytes (CTLs)
(6–13). Beyond this, T1D-associated genes involved in the
induction, signaling, and regulation of the IFNa/b signaling
pathway include IFIH1, TYK2, STAT4, and PTPN2 (14). Al-
though knockout of the IFNa receptor (IFNAR) in NOD
mice has produced results to the contrary, a preponderance
of evidence in preclinical models also supports a pathogenic
role for T1-IFN in T1D (15–18). For example, CRISPR-Cas9
deletion of the IFNAR1 subunit in LEW.1WR1 rats delays
spontaneous and polyinosinic-polycytidylic acid–induced diabe-
tes (17). Additionally, studies revealed that overexpression
of IFNa in pancreatic b-cells of nondiabetes-prone mice
regulates the onset of diabetes in mice with severe insulitis,
whereas expression of IFNb in islets of NOD mice accelera-
ted autoimmunity (19–21). However, little is known regard-
ing the mechanisms by which these cytokines direct immune
responses within this microenvironment.

T1-IFNs constitute an essential component of the innate
immune response to viral infection and are known as potent
immune modulators (22). This family of cytokines displays
Janus-like activity with the ability to activate all seven STAT
molecules downstream of IFNAR (23,24). T1-IFN is a crit-
ical signal for the development of full differentiation and
cytotoxicity by mouse CTLs, which are dependent upon
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the balance between STAT1 and STAT4 signaling (6,25,26).
At present, a robust delineation of the T1-IFN signaling
mechanisms in human antigen-experienced CTLs has not
been determined.

Over the past decade, the identification of T-cell receptors
(TCR) specific for tumor antigens has enabled the successful
cloning and use of TCR gene transfer for cancer adoptive cell
therapies while also advancing the understanding of tumor-
infiltrating lymphocyte biology (27). This methodology has
been adapted for studies in T1D, where autoantigen-reactive
TCRs from patients have been identified and cloned, allow-
ing for the engineering of primary human CD8+ T cells that
express a b-cell–specific ab TCR (28,29). One prime exam-
ple is the identification of a human CTL TCR specific for
islet-specific glucose 6 phosphatase catalytic subunit (IGRP)
that displays b-cell autoreactivity (30–32). For this study, we
engineered IGRP-specific CTL avatars to investigate T1-IFN
signaling mechanisms that regulate human CTL effector func-
tion immediately following T1-IFN exposure. The current
findings define a novel mechanism where T1-IFNs potently
induce cytotoxic function in human CTLs through rapid
phosphorylation of STAT4, resulting in direct binding of
phosphorylated STAT4 to the granzyme B (GZMB) pro-
moter. These data also provide a mechanistic link between
T1-IFNs found within the islet microenvironment and reg-
ulation of CTL function that favors autoimmune destruc-
tion of b-cells.

RESEARCH DESIGN AND METHODS

Study Subjects
Peripheral blood mononuclear cell samples were obtained
from normal healthy donors through the University of
Florida Diabetes Institute study bank or from Leukopak
samples obtained from LifeSouth Community Blood Cen-
ters (Table 1). Human islets from human HLA-A*0201–
positive donors were obtained from the Integrated Islet
Distribution Program. All studies were approved by the
University of Florida Institutional Review Board.

Materials and Culture Media
T cells and BetaLox5 cells (bL5), an immortalized human
b-cell line, were cultured in complete RPMI and complete
DMEM (cDMEM) as previously published (33). Cytokines
used for these studies included IFNa2 and IFNb1 (PBL
InterferonSource), recombinant human IFNg (R&D Sys-
tems, Inc.), and IL-2 (Peprotech). Information regarding
antibodies, TaqMan probes, and chromatin immunopre-
cipitation (ChIP) primer pairs used in this study can be found in
Supplementary Tables 1–3, respectively. For all studies, cells
were cultured at 37°C in an atmosphere containing 5% CO2.

Generation of Human Antigen-Specific CD8+ T-Cell
Avatars
CD8+ T cells were negatively selected using RosetteSep Hu-
man CD8+ T Cell Enrichment Cocktail (Stemcell). After-
ward, naive CD8+ T cells (CD8+CD45RA+CD45RO2) were
isolated by FACS to 91.0 6 2.5% purity (Aria III; BD

Biosciences). Lentiviral transduction with vectors contain-
ing TCR expression constructs pCCL.IGRPopt.eGFP recog-
nizing the autoantigen IGRP (29,34) or LV.Mart1.TCR.RK
recognizing the non–b-cell antigen MART1 (27,35) and
subsequent T-cell expansion were carried out as outlined
in Supplementary Fig. 1. CTL avatars were cryopreserved
after 9 days of expansion.

T1-IFN Treatment of CTLs
Following removal from liquid nitrogen and equilibration in
cDMEM for 1 h, CTL avatars were treated with IFNa2,
IFNb1, or IFNg or left untreated for 2 h. After treatment,
CTL avatars were washed twice with PBS (Corning) and
were either immediately lysed or resuspended in cDMEM
for use in cellular assays.

Chromium Release Assays
Primary human islets or bL5 cells were used as target cells
in the chromium release assays (CML) as previously de-
scribed (36). Human islets from donors with HLA-A*02
were selected. Prior to plating, human islets were washed
with PBS and dispersed in cell dissociation buffer (Life
Technologies) for 10 min at 37°C with gentle pipetting
every 3 min. Dispersed islet cells were plated at 40,000
cells/well. bL5 cells express IGRP in the context of HLA-
A*0201 and were seeded at 10,000 cells/well in 96-well flat
bottom plates. CML was performed as described previously
using IGRP-CTL avatars as effectors (37). Specific lysis was
calculated as follows: [(Experimental Release2 Spontaneous
Release)/(Maximum Release 2 Spontaneous Release)]3
100. For inhibition of granule exocytosis, CTLs were incubated
with 100 nmol/L of concanamycin A (CMA) (Sigma-Aldrich)
for 2 h. For inhibition of Fas ligand (FasL)-mediated killing
or caspase activation, 0.5 mg/mL of anti-Fas blocking anti-
body or 50 mmol/L of the pan-caspase inhibitor, Z-VAD-
FMK (BD Biosciences), respectively, was added to target
cells 2 h prior to coculture with CTLs.

Flow Cytometry
Subsequent to cytokine treatment, cells were washed and
cultured for an additional 4 h in cytokine-free cDMEM
containing monensin. Intracellular flow cytometry staining
was performed according to standard procedures for
the Nuclear Factor Fixation and Permeabilization Buffer
set (BioLegend). Live/Dead Near-Infrared dye (Thermo Fisher)
was used to determine viability. Transduction efficiency was
detected by EGFP expression and tetramer staining (Supple-
mentary Fig. 2). CTLs were analyzed using a LSRFortessa
(BD Biosciences) and FlowJo Software (TreeStar).

Table 1—Peripheral blood donor sex, age, and CD8+ T-cell
transduction efficiency

Sex n
Mean age, years

(range)
CD8+ T-cell transduction
efficiency, % (range)

Female 7 27.64 (14.17–38.00) 75.47 (43.6–93.3)

Male 12 29.07 (12.50–46.6) 62.71 (37.5–84.2)
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Western Blotting
Western blots were performed as previously described (38).
Proteins were resolved on 4–20% SDS-PAGE gels. Blots were
probed with primary antibodies (Supplementary Table 1);
bands were detected using HRP-linked secondary antibodies
and an enhanced chemiluminescence detection system (GE
Healthcare). Images were captured with an Alpha Innotech
FluorChem HD2.

CTL Inhibition
Treatment with rapamycin or lisofylline (Cayman Chemical)
was performed for 16 h. Afterward cells were washed in
PBS and treated with IFNa as described. Due to the ability
of rapamycin to inhibit mTORc1, an important regulator of
widespread protein synthesis, we normalized the GZMB pro-
tein expression to their respective controls to correct for de-
creased protein expression observed with rapamycin treatment
alone (39).

Small Interfering RNA Knockdown
Accell SMARTpool small interfering RNAs (siRNAs) against
STAT1, STAT4, GZMB, GAPDH, and nontargeting negative
control siRNA, and siRNA delivery media were purchased
from GE Healthcare Dharmacon. Knockdown in CTLs was
performed in Accell siRNA delivery media supplemented
with IL-2 (100 units/mL) according to the manufacturer’s
protocol. After 72 h, cells were harvested for gene expres-
sion, flow cytometry, and functional assays. Specificity and
delivery efficiency of the siRNAs were evaluated using non-
targeting control siRNAs.

Gene Expression
Total RNA was isolated using the RNeasy Micro Kit (Qiagen)
and reverse transcribed using the iScript cDNA Synthesis Kit
(Bio-Rad) according to the manufacturer’s protocol. TaqMan
gene expression primer and probe sets (Supplementary Ta-
ble 2) were purchased from Applied Biosystems. All gene
expression experiments were performed in quadruplicate
on a Roche LightCycler 480 and normalized to 18S.

ChIP
Activated and expanded human CTLs (53 106) were treated
with or without IFNa (1,000 units/mL) for 1 h. ChIP was
carried out using the SimpleChIP Kit (Cell Signaling) per
manufacturer’s instructions. Chromatin-protein complex
immunoprecipitations were performed using 2 mg of
antibody (Supplementary Table 1). Oligonucleotides specific
to the promoter of GZMB were designed using Primer 3
(http://primer3.ut.ee). Immunoprecipitated DNA was quan-
tified by qPCR using SYBR Green (Qiagen) on the Roche
LightCycler 480. Data are expressed as a percentage of
input.

Statistical Analysis
All statistical analyses were performed using Prism software
(Graphpad). Statistical hypothesis tests were conducted by
using nonparametric Wilcoxon signed rank test. Statistical
significance was defined as P , 0.05.

RESULTS

Acute Exposure of CTLs to T1-IFN Increases b-Cell
Lysis
Although T1-IFNs are observed in the islets of deceased
donors with T1D, no studies to date have elucidated the
impact of these cytokines on infiltrating CTLs (8). To model
CTL interactions with b-cells in vitro, we developed a pro-
tocol to generate antigen-specific CTLs by lentiviral TCR
gene transfer using an IGRP-reactive human TCR (Supple-
mentary Fig. 1) (30,32,34). These functional CTL avatars
recognize IGRP(265–273) presented in the context of HLA-
A*0201 as shown by dextramer staining and display
markers characteristic of cytotoxic T effector cells (Sup-
plementary Figs. 2–4). IGRP avatars were exposed to
IFNa (1,000 units/mL), IFNb (500 units/mL), or IFNg
(1,000 units/mL) for 2 h prior to use in cytotoxicity cocul-
ture assays using primary human islets as targets. IGRP
avatars primed with IFNa (Fig. 1A) or IFNb (Fig. 1B) dis-
played a significantly increased ability to lyse target primary
human islets. In contrast, priming with the Type II IFN
(IFNg) did not enhance cytotoxicity (Fig. 1C). Moreover,
this phenotype was maintained over several effector-to-
target (E:T) ratios with IFNa (Fig. 1D) or IFNb (Fig. 1E)
enhancing the lysis of target bL5 cells at each ratio tested.
Similar to the studies with primary islets as targets, priming
the IGRP-CTL avatars with IFNg for 2 h did not enhance
cytotoxicity (Fig. 1F). Although significant donor-to-donor
variation was observed in the ability of CTLs to lyse islet
cells (Fig. 1A–C) or bL5 cells (Fig. 1D–F and Supplementary
Table 2), overall the 2-h exposure of each donor’s CTLs to
IFNa (Fig. 1A and D and Supplementary Table 2) and IFNb
(Fig. 1B and E, and Supplementary Table 2) resulted in an
increased capacity to lyse target b-cells.

Patients with recent-onset T1D display increased serum
concentrations of T1-IFN when compared with individuals
without T1D. This may be indicative of T1-IFN within
affected islets, where compartmentalized concentrations of
these cytokines may be higher than detected in the sera
(12,40). Thus, we performed a dose titration to investigate
whether T1-IFNs could increase CTL activity at concen-
trations similar to those found in recent-onset patients.
T1-IFN augmented CTL-targeted b-cell lysis in a dose-
dependent manner (Fig. 1G), supporting the notion that
exposure of autoreactive T cells to these cytokines enhances
function.

Short-term Exposure of CTLs to T1-IFN Increases
Cytotoxicity Through Enhanced GZMB Expression
Licensed CTLs execute their cytotoxic activities through
multiple mechanisms. Specifically, effector CTLs produce
inflammatory cytokines and mediate targeted killing by
expression of death ligands (i.e., FasL), as well as exocytosis
of granule components including perforin and granzyme
(41). To examine the underlying molecular pathways re-
sponsible for T1-IFN–induced cytolytic effector function,
IGRP-reactive CTL avatars were treated with T1-IFN
for 2 h and assessed for the expression of IFNg, FasL, and
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GZMB by flow cytometry after 4 h of incubation in media
(without antigen stimulation) or in the presence of bL5
cells (antigen stimulated) (Fig. 2A–I). No adverse effects
on viability were observed following T1-IFN stimulation
(Supplementary Fig. 5). GZMB was significantly increased
upon T1-IFN priming of the IGRP-CTL avatars (Fig. 2A–C).
No significant changes were observed in the expression of
intracellular IFNg (Fig. 2D–F) or surface FasL when compared
with the nonprimed or IFNg-primed controls (Fig. 2G–I).
Given that we obtained a range of TCR transduction efficien-
cies with the IGRP-CTL avatars generated from the 19 donors

(range 30–95%) (Table 1), we were able to gate on GFP
reporter–positive or –negative CTLs, the latter serving as an
internal control. This allowed us to assess the impact of
TCR ligation on effector phenotype. For all three output
measures (GZMB, IFNg, and FasL), the TCR transduced
and nontransduced cells were indistinguishable (Fig. 2).
This observation suggests that T1-IFNs condition CTLs
to enhance lytic potential through increasing GZMB pro-
tein levels in a manner that does not require concomi-
tant ligation with cognate antigen and signaling through
the TCR.

Figure 1—Short-term exposure of autoreactive CTLs to T1-IFNs enhances cytotoxicity toward b-cells. IGRP-CTL avatars were exposed to IFNa,
IFNb, or IFNg for 2 h. Cytokines were removed by washing, and then IGRP-CTL avatars were cocultured with dispersed primary human islets (A–
C) or bL5 (D–F) for 16 h in a standard CML. A–C: Box-and-whisker plots represent the percentage of dispersed human islets lysed by IGRP-CTL
avatars. Data for the interferon-mediated change in effector function for each individual T-cell donor is provided using a scatter plot with connecting
lines. D–F: Lines represent the percentage of specific lysis induced by IGRP-CTL avatars primed with IFNa (1,000 units/mL) (A and D), IFNb
(500 units/mL) (B and E), or IFNg (1,000 units/mL) (C and F) over several E:T ratios. G: IGRP-CTL avatars were primed with various concen-
trations of T1-IFN for 2 h and cocultured with bL5 at a 10:1 E:T for 16 h in CML. Data are plotted as mean6 SEM, where T cells from each donor
(7 donors for A–C, 6 donors for D–F, and 5 donors for G) were weighted equally. There were at least three separate experiments for each donor.
Statistical significance was assessed using a nonparametric paired t test with Wilcoxon post-test analysis. *P < 0.05; **P < 0.01; ***P < 0.001.
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Next, inhibitors were used to block T1-IFN–induced
IGRP-CTL avatar cytotoxicity during CML (Fig. 2J–M). These
included a neutralizing antibody to the Fas receptor on
b-cells to block Fas–FasL interactions; CMA, a V-ATPase
inhibitor to prevent the release of cytotoxic granules from

CTLs, and Z-VAD-FMK, a pan-caspase inhibitor to counteract
activation of caspases and granzymes within b-cells. In-
hibition of Fas–FasL interactions did not abrogate the T1-
IFN–induced gain in IGRP avatar cytotoxicity (Fig. 2K).
However, prevention of granule exocytosis and release

Figure 2—GZMB expression is increased upon T1-IFN priming of autoreactive CTLs. A–I: IGRP-CTL avatars were primed with IFNa, IFNb, or
IFNg for 2 h. Cytokines were removed by washing, and then IGRP-CTL avatars were incubated for an additional 4 h in media or stimulated by
coculture with bL5 cells. Representative histograms and mean fluorescence intensities (MFI) for GZMB (A–C), IFNg (D–F), and FasL (G–I) are
displayed. J–M: To determine the contribution of pathways important for CTL-mediated killing, IGRP-CTL avatars were cocultured with bL5 cells
(10:1 E:T) in the presence of inhibitors known to block CTL cytotoxic function. Bars represent the percentage of bL5 cell lysis by IGRP-CTL
avatars in the absence of inhibitors (J), with anti-Fas antibody (K), with CMA (L), and with pan-caspase inhibitor, Z-VAD-FMK (M). For
representative histograms (A, D, and G), all lines within a panel are from a single donor. Data plotted in B, C, E, F, and H–M are mean 6
SEM, where T cells from each donor (7 donors for B, C, E, F, H, and I and 5 donors for J–M) were weighted equally. There were at least three
separate experiments for each donor. Statistical significance was assessed by a nonparametric paired t test with Wilcoxon post-test analysis.
*P < 0.05; **P < 0.01; ***P < 0.001.
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of GZMB by CTL avatars using CMA abolished the in-
creased cytotoxicity seen in T1-IFN–primed IGRP-CTL av-
atars (Fig. 2L). Similarly, Z-VAD-FMK inhibition of protease
activity (caspases and granzymes) in bL5 cells resulted in
protection from IGRP-CTL avatar–mediated destruction
(Fig. 2M).

Rapid T1-IFN Signaling Is STAT Dependent and Does
Not Require T-bet, Eomes, or mTOR
T1-IFNs use several noncanonical signaling pathways to
induce their pleiotropic effects and have the ability to
activate all members of the STAT family (24). STAT1 and
STAT4 are heavily linked to effector T-cell function in mu-
rine models (42,43). Therefore, we hypothesized that
STAT1 and STAT4 regulate T1-IFN responses in activated
IGRP-CTL avatars. Thus, CTL avatars were treated with
IFNg (1,000 units/mL) or several concentrations of IFNa
or IFNb for 15 min. Phosphorylated and total STAT1 and
STAT4 were assessed by Western blot. T1-IFNs induced a
robust dose-dependent phosphorylation of both STAT1
and STAT4, whereas the total levels of STAT1 and STAT4
among the groups remained equal (Fig. 3A–C). Next, we
performed time course analysis and observed that the
phosphorylation of STAT1 peaks 30 min following T1-IFN
exposure, while STAT4 phosphorylation remains highly
elevated over the 1-h time course (Fig. 3D–F). We were
able to confirm these results by phospho-flow cytometry,
whereby activation of STAT1 was rapid, peaking between
15 and 30 min and returning to baseline by 2 h (Fig. 3G
and H). STAT4 reached maximal activation by 30 min and
remained elevated out to 2 h (Fig. 3G and I). IFNa was
unable to induce phosphorylation of STAT5 and STAT6
but did display minimal activation of STAT3 (Supplemen-
tary Fig. 6), suggesting that STAT1 and STAT4 are the
preferential T1-IFN signaling mediators in during acute
IFNa exposure in activated IGRP-CTL avatars.

Previous studies performed in mouse models demon-
strate that T1-IFNs regulate transcriptional programs in-
duced by T-bet and Eomes, which are known to be essential
for differentiation and development of human CTL effector
function (25,44). Additionally, these transcription factors
were upregulated in mouse CTLs exposed to IFNa and re-
ported to specifically bind the promoters of IFNg, perforin,
and GZMB (45). As T1-IFNs rapidly act to increase effector
function through the upregulation of GZMB in activated
antigen-specific T cells, we reasoned that these cytokines
could be indirectly inducing this phenotype through
T-bet or Eomes. Therefore, we examined expression of
T-bet and Eomes in IGRP-CTL avatars following a 2-h T1-
IFN exposure followed by 4 h of incubation in media (with-
out antigen stimulation) or in the presence of bL5 cells
(antigen stimulated). Intriguingly, neither T-bet nor Eomes
displayed increased expression after short-term incubation
with IFNa or IFNb (Fig. 3J and K) alone or in the presence
of bL5 cells (antigen stimulated), suggesting that these
transcription factors are not involved regulating GZMB fol-
lowing short-term T1-IFN treatment.

T1-IFNs have also been reported to regulate translation
of interferon-stimulated genes through the activation of
mTOR kinase activity (46). mTOR integrates environmental
cues to direct cellular metabolism and plays a role in T-cell
activation and differentiation (47). We assessed the impact
of rapamycin-mediated mTOR inhibition on the rapid
upregulation of GZMB detected after short-term T1-IFN
treatment. Two concentrations of rapamycin were chosen to
correlate with inhibition of mTOR complex 1 (at the lower
concentration of 1 nmol/L) and inhibition of both mTORc1
and mTORc2 (at higher concentrations of 1 mmol/L) (48).
IGRP-CTL avatars were pretreated for 16 h with rapamycin,
primed with IFNa for 2 h, and assessed by flow cytometry.
Rapamycin had no effect on CTL avatar viability (data not
shown) or the T1-IFN–mediated increase in GZMB expres-
sion (Fig. 3L). These data suggest that regulation of GZMB
by T1-IFN in CD8+ T cells is independent of TORC1 and
TORC2 complexes.

Enhanced GZMB Expression Induced by T1-IFN Priming
of Activated CTLs Is Dependent on STAT4 Activation
To investigate the whether the signaling mediators STAT1
and STAT4 are necessary for the T1-IFN induction of
GZMB and heightened lysis of target cells, we used siRNAs
to reduce the levels of STAT1 or STAT4. CTLs were
transfected with STAT1- or STAT4-specific siRNAs for 72 h.
qRT-PCR confirmed efficient and specific mRNA knock-
down of STAT1 and STAT4 mRNA by their corresponding
siRNAs (Fig. 4A and B). Next, siRNA-transfected IGRP-CTL
avatars were primed with T1-IFN and assessed for GZMB
production. Nontargeting control-transfected CTLs dis-
played an increase in GZMB after priming with IFNa
(1,000 units/mL) (Fig. 4C and D). Transfection of IGRP
avatars with siRNAs had no adverse effect on viability
(Fig. 4E). CTL avatars transfected with STAT1-specific
siRNA displayed similar levels of T1-IFN–induced GZMB
when compared with controls, whereas CTL avatars where
STAT4 was reduced by siRNA displayed a significant loss in
T1-IFN–induced GZMB (Fig. 4C and E). These data confirm
that STAT4 is critical for T1-IFN–induced amplification of
CTL avatar effector function through GZMB production.

Lisofylline is an anti-inflammatory agent known to pre-
vent IL-12–induced activation of STAT4 and has been used
in combination with other therapeutics for the reversal of
autoimmune diabetes in the NOD mouse (49,50). To con-
firm that STAT4 is critical for the early and rapid induction
of GZMB by T1-IFN, we asked whether lisofylline could prevent
T1-IFN–induced STAT4 activation in our model. IGRP-CTL
avatars were pretreated for 16 h with lisofylline. Lisofylline
exhibited no adverse effect on viability (data not shown). The
ability of lisofylline to inhibit phosphorylation of STAT4
was confirmed by immunoblot and phospho-flow analysis
(Fig. 4F and G). Lisofylline also prevented T1-IFN–mediated
induction of GZMB (Fig. 4H and I). These data confirm the
importance of STAT4 for GZMB production in response to
T1-IFN and also suggest that lisofylline can act to reduce
autoinflammation by modulating CTL responses to T1-IFN.
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Activation of Phosphorylated STAT4-Tyr693 by T1-IFN
Leads to Increased Transcription of GZMB Through
Direct Promoter Binding

Previous studies conducted in primary human T cells
showed that IFNa induced tyrosine phosphorylation of

STAT4 (pTyr693) and that this activation led to DNA
binding (51). We hypothesized that the rapid accumula-
tion of CTL avatar effector function observed after short-
term T1-IFN priming was due to binding of phosphorylated
STAT4 (pSTAT4) to the GZMB promoter and transcriptional

Figure 3—T1-IFN induces phosphorylation of STAT1 and STAT4 in IGRP-CTL avatars. A–C: Western blot analysis of IGRP-CTL avatars treated
with IFNa, IFNb, or IFNg for 15 min. Representative blots (A) and densitometry analysis of phosphorylated and total STAT1 (B) and STAT4 (C).
D–F: Time course analysis of pSTAT1 and pSTAT4 activation is shown by Western blot (D). Densitometry was performed and was plotted
against time for STAT1 (E) and STAT4 (F). Phospho-flow cytometry was performed on IGRP-CTL avatars treated with IFNa (125 units/mL and
1,000 units/mL) at several time points (5, 15, 30, 60, and 120 min).G: Representative histograms for pSTAT1 and pSTAT4 are displayed. H and I:
Mean fluorescence intensities (MFI) of pSTAT1 and pSTAT4 are plotted against time. J–L: IGRP-CTL avatars were primed with T1-IFN for 2 h and
assessed for T-bet and Eomes expression by flow cytometry. Representative histograms and MFI of T-bet (J) and Eomes (K) are displayed.
L: IGRP-CTL avatars were pretreated with rapamycin for 16 h, primed with IFNa for 2 h, and subsequently assessed for GZMB expression by
flow cytometry (representative histograms and MFI are plotted). For representative Western blots and histograms (A, D, G, and J–L), all lanes or
lines within a panel are from a single donor. Data plotted in B, C, E, F, and H–L are mean6 SEM; T cells from each donor (at least 3 donors for B,
C, E, F, and L; 5 donors for H and I; and 8 donors for J and K) were weighted equally. There were at least three separate experiments for each
donor. Statistical significance was assessed by a nonparametric paired t test with Wilcoxon post-test analysis. *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001.
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activation. To investigate this hypothesis, we first per-
formed qRT-PCR to verify that GZMB transcript levels
were increased with short-term priming by T1-IFN. Indeed,
T1-IFN significantly increased GZMB expression (Fig. 5A).
IGRP-CTL avatars also display a robust T1-IFN response with
the induction of IFIH1, a well-known interferon-stimulated
gene (Fig. 5B). Using the JASPAR database (52), we in-
terrogated the GZMB promoter for putative binding sites
for STAT1 and STAT4, which yielded one binding site
67–80 base pairs (bp) upstream of the GZMB transcription
start site (TSS) and two additional distal binding sites
within a region 625–650 bp upstream of the TSS. Oligonu-
cleotides were designed to amplify regions of DNA that

were in close proximity of these binding sites (schematics
found in Supplementary Fig. 7). There was no observed
binding of pSTAT1 or total STAT1 to the GZMB promoter
following IFNa priming at either the proximal or distal site.
This confirmed that STAT1, in this context, is not required
for regulation of GZMB following acute T1-IFN expo-
sure. Priming of activated CTL avatars with IFNa resulted
in increased binding of pSTAT4-Tyr 693 but not total
STAT4 to the GZMB promoter. pSTAT4 binding was only
observed at the proximal binding site located 67–80 bp
upstream of the GZMB TSS (Fig. 5C). Thus T1-IFN rapidly
induces pSTAT4 that directly binds to the GZMB promoter
(Fig. 5C) to increase transcription (Fig. 5A) and GZMB

Figure 4—Inhibition of STAT4 reverses T1-IFN induced cytotoxicity. IGRP-CTL avatars were transfected with Accell siRNAs specific for STAT1,
STAT4, or nontargeting (NT) controls for 72 h. A and B: RT-PCR analysis to assess gene silencing was performed for STAT1 (A) and STAT4
(B). All values were normalized relative to 18S mRNA expression. C–E: IGRP-CTL siRNA transfectants were primed with T1-IFN and assessed
for GZMB expression by flow cytometry. Representative histograms (C) and mean fluorescence intensities (MFI) for GZMB (D) are
plotted. E: Viability analysis on siRNA-transfected CTLs is plotted. F–I: IGRP-CTL avatars were pretreated with lisofylline (LSF) and analyzed
for pSTAT4 activation by Western blot (F) and phospho-flow cytometry (G). LSF-treated CTLs were primed with IFNa and analyzed for
GZMB expression by flow cytometry. Representative histograms (H) and MFI (I) for GZMB are shown. For representative Western blots
and histograms (C, F, and H), all lanes or lines within a panel are from a single donor. Data plotted in A, B, D, E, G, and I are mean 6 SEM;
T cells from each donor (3 donors for A and B; at least 5 donors for D, E, and G; and at least 7 donors for I) were weighted equally. There were at
least three separate experiments for each donor. Statistical significance was determined with a nonparametric paired t test with Wilcoxon post-
test analysis. *P < 0.05; **P < 0.01; ***P < 0.001 for comparison to control; †P < 0.05; ††P < 0.01 for comparison within IFNa dosage group.
tSTAT, total STAT.
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protein levels (Fig. 2), resulting in enhanced CTL cytolytic
function (Fig. 1).

DISCUSSION

Here, we used the activated antigen-specific human CTLs to
demonstrate that T1-IFN can induce a remarkably rapid
acquisition of effector function through activation and
direct binding of pSTAT4 to the GZMB promoter. Our data
extend previous studies in murine and human T cells dem-
onstrating that T1-IFN can act as a “third signal” cytokine
(6,7,25). In contrast to previous reports, we used our model
to define rapid T1-IFN signaling mechanisms after only
2 h of exposure, indicating that GZMB is a first responder,
rapidly produced to arm antigen-experienced CTLs with an
increased capacity to kill target cells. Unlike other reports,
we did not detect any differences in production of IFNg or
FasL (6,7,25). It is likely that the kinetics for the generation
of these effector molecules differs from GZMB and may
occur by other T1-IFN–induced signaling pathways. Addi-
tionally, the diverse activation of downstream signaling
pathways by T1-IFN may provoke a feed-forward amplifica-
tion of this signal (53).

T1-IFNs regulate a complex network of signaling path-
ways, and in order to activate alternative T1-IFN–mediated
signaling, there must be a disruption in the balance of classi-
cally activated STAT1 versus other STAT molecules (23,24).
T1-IFN–mediated CTL responses in murine and human
cells have been linked to STAT1 and STAT4 signaling down-
stream of the IFNAR (6,25,51). Phosphorylation of STAT4
can be induced through activation of TCR signaling and is
reported to counteract the antiproliferative STAT1 re-
sponse (42,43). This is the first study, to our knowledge, to
characterize the kinetics of T1-IFN–mediated activation of
pSTAT1 versus pSTAT4 in human antigen-experienced
CTLs. By design, our in vitro experiments involve a
controlled microenvironment, which limits our ability to
definitively deduce signal transduction and cellular responses
to the complex cytokine milieu within the pancreatic islet

during T1D pathogenesis. In line with mouse models of viral
infection, we show that activated human CTL avatars
responding to T1-IFN favor STAT4-dependent signaling
over the canonical STAT1-dependent signaling pathway
(42). Therefore, these pathways likely function in a positive
manner by enhancing clearance of viral infections, but
conversely in autoimmune-prone individuals arm and en-
hance pathogenicity of b-cell–reactive CTLs.

Our results also mechanistically demonstrate that T1-
IFN–induced signaling and activation of pSTAT4-Tyr693
lead to direct binding at the proximal promoter of GZMB.
Previous studies investigating the transcriptional regulation
of GZMB revealed that T-cell activation induces mRNA ex-
pression, which was mapped to a 243 bp promoter element
upstream of the GZMB TSS (54,55). Mutational analysis
and electrophoretic mobility shift assay studies confirmed
the binding sites for several transcription factors involved
in the activation and differentiation of T lymphocytes
including AP-1, Runx1, Ikaros, and CREB1 (56,57). Apart
from these studies, very little is known regarding the tran-
scriptional regulation of GZMB. T1-IFN regulation of
GZMB has been largely appreciated through studies carried
out in murine and human T cells (6,7). However, the precise
mechanisms and signal transduction pathways required for
such induction are largely uncharacterized, typically noted
as a consequence of widespread JAK/STAT signaling. In this
investigation, our data provide further insight into this reg-
ulation. Survey of the GZMB promoter using the JASPAR
database led to the identification several overlapping putative
binding sites for STAT1 and STAT4. This was not surprising
due to the fact that STAT molecules recognize palindromic core
sequences with varied binding specificity attributed to nucleo-
tide preference flanking this conserved region (58). It should
be noted that the pSTAT4 promoter element 280/267 bp
upstream of the TSS, identified here, is within the T cell–
inducible region identified by previous studies. Chromatin
remodeling by T1-IFNs is crucial for the rapid induction of
interferon-stimulated genes, which could explain the rapid
changes occurring at the GZMB promoter (25,54).

Figure 5—T1-IFN induces pSTAT4 binding to the GZMB promoter to induce transcription. A and B: qRT-PCR analysis of GZMB (A) and IFIH1
(B) expression in IGRP-CTL avatars following 2-h treatment with interferons. C and D: ChIP-qPCR with SYBR Green was performed to assess
the binding of pSTAT1 and pSTAT4 to the GZMB promoter in IGRP-CTL avatars after treatment with IFNa for 1 h. ChIP-qPCR representing the
binding of STAT1 and STAT4 to the putative proximal promoter (C) and distal promoter (D) binding sites of GZMB is displayed. Data plotted are
mean 6 SEM; T cells from 3 donors were weighted equally. There were at least three separate experiments for each donor. Statistical
significance was determined by a nonparametric paired t test with Wilcoxon post-test analysis. *P < 0.05; **P < 0.01.
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Mounting evidence suggests that stimuli within the islet
microenvironment contribute to CTL cytotoxicity and pre-
cipitate T1D. Studies in the NOD demonstrate that IGRP-
reactive NY8.3 CD8+ T cells are initially activated in the
pancreatic lymph node but only acquire full cytotoxic capac-
ity when in the islet. This occurs independently of antigen
presentation by b-cells (4). Over the years, investigators
have hypothesized that proinflammatory cytokines contrib-
ute to disease with many efforts focused on elucidating
contributions of TNFa, IL-1b, and IFNg in the NOD mouse
model. However, the only cytokine that displays a consistent
increase in patients with T1D is IFNa (8,9). Our in vitro
model has provided a potential mechanism as to how
CD8+ T cells develop enhanced effector function when ex-
posed to T1-IFN. Similar to NY8.3 CTLs found in the NOD
islet, this increase in GZMB is global and independent of syner-
gistic antigen-stimulation by the intended target cell. T1-IFN em-
bodies an essential component of the innate immune response
to viral infection, a well-known putative environmental factor
that has long been associated with the islets of patients with
T1D. Furthermore, T1D risk variants found in IFIH1, TYK2,
and STAT4 are associated with constitutive activity, aug-
mented T1-IFN signaling, and increased T1-IFN sensitivity,
respectively (59–61). Taken together with our current find-
ings, it is likely that a genetic predisposition skewed toward
dysfunctional T1-IFN responses create an islet environment
permissive to enhanced human b-cell–specific cytotoxicity.
Although the pleiotropic actions of T1-IFN are designed to
strengthen the immune response to viral pathogens, this
response proves detrimental in the case of autoimmunity
where the immune response is misdirected toward self and,
in this way, can promote b-cell death in T1D.
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