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During the immune response to pathogens and autoantigens, CD8T cells are exposed to numerous inflam-
matory agents including the cytokine IL-12. Previous studies have focused on how IL-12 regulates T cell
functions when present during or after the activation of the T cell receptor (TCR). However, recent stud-
ies suggest that prior exposure to IL-12 also alters the TCR responsiveness of murine T cells. Whether
similar phenomena occur in human activated CD8T cells and the mechanisms mediating these effects
remain unexplored. In this study, we observed that pretreatment of human activated CD8T cells with

ﬁ?’l_‘;v:;d_;"ceus IL-12 results in increased cytokine mRNA and protein production following subsequent TCR challenge.
CDST cells The potentiation of TCR-mediated cytokine release was transient and required low doses of IL-12 for at

IL-12 least 24 h. Mechanistically, prior exposure to IL-12 increased the TCR induced activation of select MAPKs
and AKT without altering the activation of more proximal TCR signaling molecules, suggesting that the
IL-12 mediated changes in TCR signaling are responsible for the increased production of cytokines. Our
data suggest that prior treatment with IL-12 potentiates human CDS8T cell responses at sites of infection

TCR signaling

and inflammation, expanding our understanding of the function of this clinically important cytokine.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Activated effector or memory CD8T cells are constantly bom-
barded with different inflammatory signals that regulate their
function. One of these signals is the proinflammatory cytokine IL-
12 (Kobayashi et al., 1989). IL-12 is quickly produced by antigen
presenting cells following induction with products from various
microorganisms, including bacteria, fungi, intracellular parasites,
double stranded RNA, bacterial DNA, and CpG-containing oligonu-
cleotides (Trinchieri, 2003; Zundler and Neurath, 2015). IL-12 is
also clinically important, where it is found at sites of inflammation
in a number of human disorders (Trinchieri, 2003; Lee et al., 1999;
el-Shabrawi et al., 1998; Bright et al., 1998; Pope and Shahrara,
2013). T cell subsets vary in their responsive to IL-12 based on the
expression of the IL-12 receptor. Resting CD8T cells have unde-
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tectable levels of the IL-12 receptor (Desai et al., 1992). However,
the receptor is upregulated in activated CD8T cells, allowing them
to respond to IL-12 signals (Trinchieri, 2003; Zundler and Neurath,
2015; Desai et al., 1992).

Many groups have examined the effects of IL-12 in altering T cell
responses. The presence of IL-12 during the priming of CD4T cells
promotes the differentiation of naive CD4T cells into type 1T helper
(Th1) cells (Trinchieri, 2003; Zundler and Neurath, 2015; Manetti
et al., 1993). Also, the presence of IL-12 during priming of CD8T
cells in secondary lymphoid organs has been shown to promote
strong effector functions and memory development (Curtsinger
and Mescher, 2010). Finally, IL-12 enhances TCR-induced prolifera-
tion, IFN-vy production and cytotoxicity of T cells 14-16 (Kobayashi
et al., 1989; Trinchieri, 2003; Zundler and Neurath, 2015; Perussia
etal.,, 1992; Kubinetal., 1994; Murphy et al., 1994). Although highly
informative, this work has largely examined the effects of IL-12
if it’s present during or following TCR activation. However, there
are common situations during the immune response to infection
where T cells will encounter IL-12 after TCR stimulation. Upon
infection, naive CD8T cells will be TCR-stimulated in secondary
lymphoid organs via antigen-bound MHC class I present on acti-
vated antigen presenting cells. After expansion and differentiation,
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these primed CD8T cells will migrate out of the secondary lymphoid
organs, where they will be exposed to IL-12 in the absence of TCR
stimulation as they travel through the blood or lymph. These acti-
vated CDST cells will then be further activated through the TCR in
infected and inflamed tissue. Thus, during the normal response to
infection, previously activated CD8T cells will be stimulated via IL-
12 before subsequently receiving further TCR stimulation at sites
of infection. Unfortunately, how prior exposure to IL-12 alters acti-
vated CDS8T cell responses to subsequent TCR activation is not well
understood.

Several recent studies have shown the prior exposure to inflam-
matory signals enhances subsequent T cell responsiveness. To this
end, prior exposure of human T cells to IL-7,IL-15, or the TLR5 ligand
flagellin increases the responsiveness of these cells to TCR stimu-
lation (Deshpande et al., 2013; Tremblay et al., 2014). Similarly, we
have recently found that short exposure of human CD4 T cells to
IL-12 enhances the TCR-induced production of a range of cytokines
(Vacaflores et al., 2016). In addition, exposure to pathogen-induced
inflammation alters the responsiveness of murine effector/memory
CD8 T cells and secondary effector CD4 T cells to subsequent activa-
tion through the TCR (Richeretal.,2013; Kimetal.,2014; Raueetal.,
2013). From the multiple cytokines which compose the inflamma-
tory environment, this response was attributed to IL-12 and type
I interferons (Richer et al., 2013; Kim et al., 2014). Collectively,
these studies demonstrate that cytokines and/or inflammatory sig-
nals alter the function of T cells if they are present before further
TCR stimulation, suggesting a new role for IL-12 in the regula-
tion of T cell responses. Although these studies are informative,
there are still key questions unanswered. First, whether similar
biology will occur in human activated CD8 T cells remains to be
addressed. Furthermore, the precise mechanisms by which IL-12
signals could alter T cell function if they are present before TCR
activation remains to be fully elucidated. Addressing these knowl-
edge gaps will increase our understanding of the basic properties of
human CD8 T cells, which is crucial for clinical applications due to
an increasing awareness that human and mice have subtly different
mechanisms driving immune function that markedly alter clinical
outcomes (Leist and Hartung, 2013; Seok et al., 2013; Mestas and
Hughes, 2004). Furthermore, since IL-12 is currently been tested as
a therapy for infections and human cancer; a better understand-
ing of how IL-12 regulates human T cell functions could provide
insights for improving the current uses of IL-12 therapeutics.

2. Materials and methods

2.1. Study approval

Blood donors at the DeGowin Blood Center at the University
of lowa Hospitals and Clinics provided written informed consent
for cells not used for transfusion to be used for research. The con-
sent process and document were approved by the Institutional
Review Board (IRB) for the University of lowa. The peripheral blood
mononuclear cells were removed using leukocyte reduction sys-
tems (LRS) and the LRS cones were then provided to our laboratory.
Our laboratory was not provided with information regarding the
gender, age, or health status of these individual donors. However,
we requested that donors were 18-55 years of age and that they
were not taking any anti-viral or anti-bacterial medications at the
time of donation. All human subject studies were in compliance
with the Declaration of Helsinki.

2.2. Isolation of human activated CD8T cells and cytokine
pretreatments

Peripheral blood mononuclear cells (PMBCs) were obtained
from anonymous donors as previously described (Tremblay and

Houtman, 2015). The CD8T cells were isolated by negative selection
using an enrichment kit for CD8 T cells (Stem Cell Technologies).
These isolations yielded cells that were consistently >98% positive
for CDS8T cells (data not shown). CD8T cells were activated for 5 days
with magnetic Dynabeads (Invitrogen) bound with anti-CD3 (OKT3,
BioLegend) and anti-CD28 (CD28.2, BioLegend) antibodies in the
presence of 100 U/mL IL-2. Following activation and expansion, the
stimulatory anti-CD3/anti-CD28 beads and IL-2 were removed, and
the cells were rested for 24 h in complete RPMI (RPMI 1640 supple-
mented with 10% FBS, 50 U/mL penicillin, 50 wg/mL streptomycin,
and 2mM L-glutamine (Gibco)) before further experimentation.
Activated CD8 T cells were split into different flasks and exposed
to different doses of recombinant cytokines (R & D Systems) or
exposed to IL-12 for different times. Media was not changed in
between the times. Cells were then washed three times in complete
RPMI to remove the recombinant cytokines.

2.3. Cytokine production measured by ELISA

After the pretreatments, activated CD8 T cells were stimulated
with different doses of plate-bound anti-CD3 for 24 h. For the rest
experiments, pretreated cells were rested for various times before
anti-CD3 stimulation. Media was not changed in between the rest-
ing times. The cell culture supernatants were then collected, and the
amount of cytokines present in the cultures was measured in trip-
licate using standard TMB-based ELISA. The absorbance at 490 nm
was measured using the Epoch plate reader (Biotek). The cut-off
sensitivity of the assays was 0.7 ng/mL for IFN-y and 0.2 ng/mL for
TNF-a.

2.4. Flow cytometry for IL-12R 81 and IL-12R B2 expression

Activated CDST cells pretreated with IL-12 or media alone were
washed with FACS buffer (PBS, 10% FBS, and 0.05% sodium azide)
and stained with anti-IL-12 R2 (R & D Systems), anti-IL-12R31
(BD Biosciences), and isotype controls for 30 min on ice. Cells were
washed, resuspended in FACS buffer, and collected using the Accuri
C6 flow cytometer (BD Biosciences). Live lymphocyte gate was set
based on forward and side scatter and then 50,000 events were col-
lected inside the live gate. The median fluoresce intensities (Median
FI) of the expression of the IL-12 receptor subunits were then deter-
mined using the BD Accuri C6 software.

2.5. Cytokine production measured by intracellular staining

After pretreatments, activated CDS8T cells were resuspended in
complete RPMI and stimulated with or without 1 g/mL of plate-
bound anti-CD3 for 6 and 18 h. Brefeldin A (BioLegend) was added
during the last 5 h of the stimulation. Cells were then washed with
FACS buffer, fixed, and permeabilized. Intracellular cytokines were
then examined in IL-12 pretreated cells and control cells stimu-
lated with or without anti-CD3 by staining with FITC anti-IFN-vy
(4S.B3), APC anti-TNF-oe (Mab11), or isotype controls per the man-
ufacturer’s instructions (BioLegend). Cells were collected using the
Accuri C6 flow cytometer (BD Biosciences). Live lymphocyte gate
was set based on forward and side scatter and then 50,000 events
were collected inside the live gate (Supplementary Fig. 2A). To
examine the intracellular levels of the cytokines, quadrants were
set so the baseline cytokine production of non-TCR stimulated cells
was less than 1% (Supplementary Fig. 2B). Similar results were
found when quadrants were set using isotype controls therefore
baseline cytokine production was set simply using non-TCR stim-
ulated cells (Supplementary Fig. 2C). The frequencies and median
fluorescence intensities of cytokine expression were then deter-
mined using the BD Accuri C6 software.
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2.6. Quantitative real-time PCR

Total RNA was isolated with an RNeasy Kit (Qiagen) from IL-12
pretreated and untreated cells at 6 and 18 h following stimulation
with 1 pg/mL of plate-bound anti-CD3 (anti-CD3). Single-strand
cDNA was then synthesized from 1 g of total RNA using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
Real-time RT-PCR was performed on an Applied Biosystems Model
7000 using SYBR Green PCR master mix (Applied Biosystems) and
primers according to the manufacturer’s instructions. The expres-
sion of mMRNA was normalized to that of mRNA encoding 3-actin
and quantification of fold induction of treated vs untreated was
analyzed by the 2-44CT method (Livak and Schmittgen, 2001). The
primers used for these studies were IFN-vy forward (TCGGTAACT-
GACTTGAATGTCCA), IFN-vy reverse (TCGCTTCCCTGTTTTAGCTGC),
TNF-a forward (GGAGAAGGGTGACCGACTCA) and TNF-a reverse
(CTGCCCAGACTCGGCAA).

2.7. Immunoblotting

To examine STAT4 levels and phosphorylation, activated CD8T
cells were treated with IL-12 (50 ng/mL) for different times and
then lysed with the addition of two-fold excess of hot lysis buffer
(20mM Tris pH8.0, 2mM EDTA, 2 mM Na3V04, 20 mM DTT, 2%
SDS and 20% glycerol). Lysates were then heated to 95 °C for 4 min
and sonicated to reduced viscosity. Immunoblotting was then per-
formed. Cellular lysates were loaded onto a 4-15% precast Criterion
polyacrylamide gel (Biorad) and proteins were separated using
SDS-PAGE. Membranes were then blocked using 50% (v/v) SEA
BLOCK buffer (Thermo Scientific) diluted in PBS. Membranes were
then incubated with two primary antibodies of different species
overnight at 4°C; One towards the protein of interest and another
one for glyceraldehyde 3-phosphate dehydrogenase GAPDH (used
as aloading control). Then membranes were washed 2X using PBST
(PBS pH 7.2 and 0.1% Tween 20) and incubated with DyLight 680-
and DyLight 800-conjugated secondary antibodies for 45 min at
room temperature. Subsequently, the membranes were washed
once with PBST containing 0.05% SDS and twice with PBST alone.
The immunoblots were visualized using the LICOR Odyssey Infrared
Imager. The intensity of the immunoblotting bands was determined
using the Licor Odyssey v3.0 software. The protein intensity was
normalized to the expression of GAPDH using the following for-
mulas:

(1) Normalized GAPDH=Raw intensity of GAPDH of time
point = raw intensity of lowest GAPDH value.

(2) Normalized intensity at time point = Raw intensity of phospho-
protein at time point =- Normalized GAPDH value at time point.

(3) % of the control maximum=(Normalized intensity at
time point+Normalized intensity of maximum control
value) x 100%

The normalized values were then averaged and expressed as the
mean + s.e.m. as indicated in each figure legend. The loading con-
trols shown for each representative figure correspond to at least
one of the blots shown. We do not show loading controls for all
blots, simply because of space issues. However, for the quantifica-
tion each blot was quantified with its respective control.

To examine TCR signaling molecules, activated CDS8T cells were
treated with IL-12 (50ng/mL) for 24 h and washed. After a short
incubation on ice, 3 pg/mL of anti-CD3 was added, and the cells
were incubated on ice for 30 more minutes. Then, the cells were
warmed at 37°C for 10min and stimulated with 25 pug/mL of
mouse anti-IgG antibody (Southern Biotech) for various times. This
method results in a minimal, yet detectable, level of signaling com-
pared to cells not incubated with anti-CD3 antibodies. Samples

were lysed with the addition of two-fold excess of hot lysis buffer,
heated to 95 °C for 4 min, and sonicated to reduced viscosity. Then,
immunoblotting was performed as described above. Normalization
of the phospho-protein intensity to the GAPDH intensity was con-
ducted as described above. The total protein expression of signaling
molecules was calculated as follows: the average of the protein
intensities of the different time points = protein intensity at each
time point =+ total number of time points.

2.8. Antibodies

Antibodies used for immunoblotting, cell-surface, and intra-
cellular stains were purchased from commercial sources. The
anti-LAT Y191 (C305) was from Millipore. The anti-LCK pY505
(4/Lck (pY505), anti-SLP-76 pY128 (J141-668.36.58), and anti-IL-
12RB1 (114) were from BD Biosciences. The anti-PLC-y1 pY783
(polyclonal), anti-p38 pT180/Y182 (3D7), anti-p38 (polyclonal),
anti-AKT pT308 (244F9), anti-ZAP-70 pY319 (polyclonal), anti-
SRC pY416 (polyclonal), anti-STAT4 (2A2), anti-JNK T183/Y185
(polyclonal), anti-MKK3/MKK6 pS189/S207 (D8E9), and anti-STAT4
pY693 (D2E4) antibodies were purchased from Cell Signaling Tech-
nologies. The anti-ERK1/2 pTpY185/187 (polyclonal) was from
Invitrogen. The anti-SOS1 (polyclonal) and anti-CD3-{ (6B10.2)
from Santa Cruz Biotechnology. The anti-GAPDH was from Merid-
ian Life Science. The DyLight 800 and DyLight 680 labeled
secondary antibodies were obtained from Thermo Scientific. The
FITC anti-IFN-vy (4S.B3), APC anti-TNF-a (Mab11), anti-CD3 (OKT3),
anti-CD28 (CD28.2), anti-CD2 (RPA-2.10), anti-CD49d (9F10), anti-
CD11a (HI111) from BioLegend. Anti-IL-12 RB2 (305719) was
purchased from R&D Systems. The anti-mouse IgG was from South-
ern Biotech.

2.9. Statistical analysis

Statistical analysis between the groups was assessed using
GraphPad Prism. Specific tests for statistical significance are indi-
cated in the figure legends. Differences were considered significant
when p values were below 0.05.

3. Results

3.1. Conditioning human activated CD8T cells with IL-12 leads to
increased production of IFN-y and TNF-« upon TCR stimulation

Previous studies have shown that prior exposure to inflam-
matory cytokines alters the responses of murine CD4 and CD8T
cells to TCR stimulation (Richer et al., 2013; Raue et al., 2013).
However, whether similar effects occur in human activated CD8T
cells, and which cytokines are important in mediating these effects,
remain to be examined. To address this knowledge gap, human acti-
vated CD8T cells were exposed to different recombinant cytokines
or media alone, washed to remove the cytokines, and stimulated
through the TCR complex. Cytokine production was then used as
a read out for T cell activation. No other additional costimula-
tory signals were provided in order to determine the effects of the
inflammatory cytokine on secondary TCR-induced T cell activation
alone. We found that prior exposure to IFN-vy, IFN-[3, IFN-c, TNF-
a, IL-6, IL-17, or IL-10 did not alter the TCR-induced production
of [FN-y and TNF-a in comparison to cells treated in media alone
(Fig. 1A and B). In contrast, pretreatment with IL-12 significantly
increased the TCR-induced production of IFN-y and TNF-a com-
pared to control cells (Fig. 1A and B). Importantly, this effect was
not due to IL-12-driven cytokine production, since IL-12 pretreated
cells had undetectable levels of cytokine release in the absence of
TCR stimulation (Supplementary Fig. 1A and B). Since the cytokine
production assay required 24 h of stimulation, it was possible that
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Fig. 1. Human activated CD8 T cells pretreated with IL-12 have increased IFN-y and TNF-a production following TCR stimulation. (A-D) Human activated CD8 T cells were
exposed to media alone (no cytokine) or to different recombinant cytokines (50 ng/mL) for 24 h, washed, and then stimulated with 1 .g/mL of plate bound anti-CD3 antibodies
for 24 h. IFN-y and TNF-a production were determined in the cell culture supernatants by ELISA. Graphs are shown as the mean +SEM of values from three to seven different

donors. Data were statistically compared to no cytokine cells using a two-tail Student’s t-test. *p <0.05; **p<0.0

the IL-12 mediated increase in cytokine production was a conse-
quence of increased proliferation/survival of the activated CD8T
cells. To control for this, cell viability was determined in human
activated CDS8T cells untreated or pretreated with IL-12 or other
cytokines before and after 24 h TCR stimulation. Similar viable cell
numbers were found in IL-12 pretreated and controls cells before
and after TCR stimulation (Supplementary Fig. 1C), suggesting that
the IL-12 effects on cytokine production were not due to altered
cell viability between the groups.

During a normal in vivo immune response, human activated
CD8T cells are exposed to a combination of cytokines. Therefore,
we then examined whether the IL-12 potentiation of cytokine
production was altered when other cytokines were present dur-
ing pretreatment. As expected, IL-12 pretreatment significantly
increased the TCR-induced production of IFN-y and TNF-a in
comparison to control cells. However, pretreatment with IL-12
in combination with other cytokines did not have any agonis-
tic or antagonistic effects on cytokine production (Fig. 1C and D).
Collectively, our data suggest that human activated CD8T cells pre-
treated with IL-12 have increased cytokine production following

1; ***

'p<0.001; no symbol = not significant.

subsequent TCR challenge. These effects appear to be specific for
IL-12, since pretreatment with other pro- and anti-inflammatory
cytokines did not alter human CDST cell responses to TCR stimula-
tion.

3.2. Characterizing the IL-12 mediated priming of cytokine
production

To further characterize these effects, we first examined the
length of IL-12 pretreatment needed to alter human activated CD8T
cell responses. To address this question, human activated CD8T cells
were pretreated with IL-12 for different times, washed, and stim-
ulated through the TCR. We found that exposing the cells to IL-12
for 6 and 12 h resulted in a consistent, but not statistically signifi-
cant, increase in the production of IFN-vy following TCR stimulation
in comparison to cells treated in media alone (Fig. 2A). In contrast,
cells pretreated for 24 and 48 h had significantly increased amounts
of IFN-vy production compared to control cells (Fig. 2A). We next
examined the responsiveness of human activated CD8 T cells to var-
ious doses of IL-12. Human activated CDS8T cells were pretreated
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treated with IL-12 for 24 h (50 ng/mL), washed and rested for various times. After treatment, the cells were washed and stimulated with 1 pg/mL of plate bound anti-CD3
antibodies for 24 h. Then IFN-y production was determined by ELISA. (D) Human activated CD8T cells were left untreated or treated with IL-12 for 24 h (50 ng/mL), washed
and immediately stimulated with different doses of plate bound anti-CD3 antibodies for 24 h. IFN-y production was then determined by ELISA. Graphs are shown as the mean
+SEM of values from three to five different donors. Data were statistically compared to no cytokine cells using a two-tail Student’s t test. *p <0.05; **p<0.01; ***p<0.001;

n.s. or no symbol = not significant.

with a range of physiological doses of IL-12 (Madhumitha et al.,
2014; Nguyen and Biron, 1999; Lyke et al., 2004), washed, and
stimulated through the TCR. Following TCR stimulation, we found
that pretreatment with doses of 5-70 ng/mL of IL-12 results in
augmented TCR-induced IFN-y production in comparison to cells
treated in media alone; however, there were no significant differ-
ences in the potentiation of IFN-y production between any of the
doses (Fig. 2B and data not shown). Next, we examined the duration
of the effects after removal of IL-12. Following IL-12 pretreatment,
human activated CDST cells were rested for various times before
being challenged through the TCR. As seen in Fig. 2C, IL-12 pre-
treated cells stimulated through the TCR immediately after IL-12
pretreatment had a significant increase in the production of IFN-vy
in comparison to cells treated in media alone. We also observed that
the ability of IL-12 to enhance TCR-induced IFN-y production lasted
for 48-72 h. Finally, the effects of IL-12 pretreatment were exam-
ined following challenge with different doses of TCR. To explore
this, IL-12 pretreated or untreated cells were stimulated with titrat-
ing doses of anti-CD3. As expected, TCR stimulation with low doses
of anti-CD3 increased IFN-y production in untreated cells (Fig. 2D).
Interestingly, we saw that the IL-12-pretreated cells stimulated
with different doses of anti-CD3 had a dose dependent increase
in the production of IFN-y (Fig. 2D). The IL-12-mediated increase

in IFN-y production was significant for all doses of anti-CD3 higher
than 0.12 pg/mL (Fig. 2D). Collectively these data demonstrate that
prior exposure to physiologically-relevant doses of IL-12 for at least
24 h transiently potentiates the TCR-induced production of [FN-vy.

3.3. Prior exposure to IL-12 increases the frequency of cells
capable of producing IFN-y and TNF-« upon TCR stimulation

The IL-12 receptor consists of two subunits, IL-12R 31 and 32
(Trinchieri, 2003; Watford et al., 2004). The expression of these sub-
units in T cells is highly regulated by TCR stimulation and cytokines
(Trinchieri, 2003; Watford et al., 2004). Previous literature sug-
gests that resting T cells do not express detectable levels of the
receptor, but the subunits are upregulated following TCR activation
(Watford et al., 2004). However, no studies to date have examined
the expression of the IL-12 receptor on human activated CDS8T cells.
In order to examine the cells capable of responding to IL-12 in our
system, we sought to determine the expression of the IL-12 recep-
tor subunits on these cells using flow cytometry. We found that
a substantial proportion of human activated CD8T cells expressed
IL-12R B1above the level of the isotype stained control, suggesting
that nearly all the CD8 T cells express surface levels the IL-12R 31
(Fig. 3A). In addition, we found that a small fraction of the human
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separate donors. Data were analyzed with two-tail, unpaired Student’s ¢ test. *p <0.05; **p<0.01; ***p<0.001.

activated CD8T cells expressed the IL-12R 32 above the level of the activated CDS8T cells used in our system are able to respond to IL-12
isotype stained control (Fig. 3A). Furthermore, we determined that signals.

the median fluorescence intensity (Median FI) of both the IL-12R 31 We next wanted to determine if IL-12 pretreatment potentiated
and 32 were significantly higher than isotype controls on human the production of IFN-y and TNF-a by increasing the frequency of
activated CD8 T cells (Fig. 3B). These data indicate that the human cells capable of producing cytokine or by increasing the amount
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of cytokine produced on a per-cell basis. To explore this, human of cells producing IFN-y and TNF-a (Supplementary Fig. 2A). We

activated CD8 T cells were left untreated or pretreated with IL-12, then examined the effects of IL-12 pretreatment on cytokine pro-
and then the intracellular levels of IFN-y and TNF-a were deter- duction at later points of TCR stimulation (18 h). Exposure to IL-12
mined after 6h of TCR stimulation. At 6h post TCR stimulation, before TCR stimulation for 18 h resulted in a significant increase

both IL-12 pretreated and untreated cells had similar frequencies in the frequency of cells producing IFN-y alone or IFN-y/TNF-a
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together in comparison to cells not treated with IL-12 (Fig. 4A and
B). There was no significant difference between cell treated with
or without IL-12 in the percentage of cell producing TNF-a alone
(Fig. 4B). On a per-cell basis, IL-12 pretreatment resulted in signif-
icantly increased IFN-y median fluorescence intensity (median FI)
in double producing cells compared to cells treated in media alone
(Fig. 4A and C). IL-12 pretreatment also induced a trend towards
increased median FI for IFN-y and TNF-« in single producing T
cells and TNF-a in double producing T cells in comparison to cells
treated in media alone, but these effects did not reached statisti-
cal significance (Fig. 4C). Interestingly, the median FI for both [FN-y
and TNF-a was consistently higher in double producing T cells com-
pared to signal producing T cells, irrespective of cytokine treatment
(Fig. 4C). Overall, these data demonstrate that prior exposure to IL-
12 increases the proportion of cells capable of producing cytokines
upon TCR re-stimulation.

3.4. The IL-12-mediated increase of cytokine production is a
consequence of increased transcription of cytokines

We next determined whether the IL-12-mediated increase in
IFN-vy and TNF-a was a consequence of enhanced transcription of
cytokine mRNA. To explore this possibility, the mRNA levels of I[FN-
v and TNF-a were examined in IL-12 pretreated and untreated cells
at 6 and 18 h after TCR stimulation. We found that, in the absence
of TCR stimulation, both untreated and IL-12 pretreated cells had
similar mRNA levels of IFN-y and TNF-a (Fig. 5A and B). This is con-
sistent with our results showing that IL-12 pretreatment alone has
no effect on cytokine production (Supplementary Fig. 1A and B).

As expected, in cells pretreated with media alone, TCR stimulation
for 6 and 18 h increased mRNA levels of IFN-y and TNF-a (Fig. 5A
and B). However, when cells were pretreated with IL-12, we found
that they had substantially increased mRNA levels of IFN-y com-
pared to media treated cells at both 6 and 18 h after TCR stimulation
(Fig. 5A and B). The TCR-mediated increase in TNF-oo mRNA expres-
sion at 6 h was not altered in IL-12 pretreated cells in comparison
to untreated cells (Fig. 5B). In contrast, IL-12 pretreatment consis-
tently led to a 2.5-fold increase in the mRNA levels of TNF-a at
18 h after TCR stimulation (Fig. 5B). Overall, these data show that
IL-12 pretreatment increases TCR-induced IFN-y and TNF-oc mRNA
expression.

3.5. The IL-12 mediated enhancement of cytokine production is
not due to residual STAT4 synergizing with TCR stimulation signals

To explore the mechanisms by which IL-12 pretreatment alters
the responses of human activated CD8T cells to TCR stimulation, we
first examined whether IL-12 exposure was changing the expres-
sion of surface molecules involved in T cell activation. We found
that IL-12 exposure does not substantially alter the expression of
TCR, CD2, CD49d, or CD11a (data not shown). These results suggest
that IL-12 is not mediating its effects via changes in TCR expression
or expression of the major adhesion proteins.

We next explored whether IL-12 pretreatment was altering
intracellular signaling events. IL-12 stimulation is known to induce
STAT4 phosphorylation, which allows STAT4 to translocate into the
nucleus and promote IFNG transcription (Trinchieri, 2003; Hamza
et al., 2010). Moreover, STAT4 is one of the critical mediators of
the canonical IL-12 effects, because STAT4-knockout mice have
impaired Th1 differentiation and IFN-vy production (Watford et al.,
2004). Since IL-12 pretreatment enhanced the transcription and
protein levels of IFN-y and TNF-« after TCR stimulation, we tested
the hypothesis that long-term STAT4 phosphorylation following
IL-12 pretreatment synergizes with TCR-induced signaling path-
ways to promote these effects. To test our hypothesis, we examined
the total expression and the phosphorylation levels of STAT4 in
untreated and IL-12-pretreated cells; in these experiments, no TCR
stimulation was provided. STAT4 protein levels were reduced over
time following IL-12 pretreatment (Fig. 6A and B), while there was
a transient increase in STAT4 phosphorylation that peaked at 1h
after exposure and returned to basal levels by 24 h (Fig. 6A and C).
The phosphorylation of STAT4 did not appear to be due to residual
IFN-v release by the cells during the time course of the experiment,
since IL-12-treated cells without TCR stimulation had no detectable
production of IFN-vy (Fig. 2D). The lack of overt STAT4 phospho-
rylation after 24 h of treatment suggests that the IL-12-mediated
increase of IFN-vy after TCR stimulation is not due to residual STAT4
synergizing with TCR signals.

3.6. IL-12 pretreatment enhances the TCR-induced activation of
select MAPK and AKT without altering the activation of more
proximal TCR signaling molecules

TCR stimulation results in a coordinated activation of a series
of signaling molecules that eventually promote the transcription
of cytokine genes. In murine CD4 and CD8 T cells, it was shown
that exposure to pathogen-induced inflammation enhances T cell
functions by increasing the activation of TCR signaling molecules
(Richer et al., 2013; Kim et al., 2014). In addition, pretreatment of
human T cells with IL-12, IL-7 and IL-15, or the TLR5 ligand bacte-
rial flagellin, which all potentiated TCR-mediated functions, altered
the activation of distinct sets of molecules downstream of the TCR
(Deshpande et al., 2013; Tremblay et al., 2014; Vacaflores et al.,
2016). Therefore, inflammatory stimuli that enhance subsequent
TCR-induced downstream functions all regulate TCR signaling
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Fig. 6. The IL-12 mediated enhancement of cytokine production in human acti-
vated CD8 T cells is not due to residual STAT4 synergizing with TCR signals. Human
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different times. At the indicated times, cells were lysed and immunoblotting for total
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n.s.=not significant.

through distinct mechanisms. Because of this, we explored whether
IL-12 pretreatment alters the activation of TCR signaling molecules
in human activated CD8 T cells.

To test this possibility, human activated CD8 T cells were
left untreated or exposed to IL-12, washed, and then stimulated
through the TCR for various times. Then, changes in the phospho-
rylation and total expression of TCR-induced signaling molecules

were measured using quantitative immunoblotting. The earliest
events detected following TCR stimulation are the activation of the
kinases, LCK and FYN. The activities of these kinases are positively
regulated by the phosphorylation of tyrosine residues (LCK Y394
and FYN Y417) in their kinase domains and negatively regulated
by the phosphorylation on tyrosine residues on their C-terminal
tail (LCK Y505) (Salmond et al., 2009). To detect changes in the
activation of LCK Y394 and FYN Y417, we used an anti-SRC pY416
antibody, which recognizes all SRC kinases, including LCK and FYN,
when they are phosphorylated on their activating sites. We found
that cells treated in media alone had substantial phosphorylation
of activating tyrosine kinases at basal state, and the phosphoryla-
tion of these sites remained unaltered following TCR stimulation
(Fig. 7A and B). We also found that the TCR-induced phospho-
rylation of LCK Y394 and FYN Y417 was similar between IL-12
pretreated and untreated cells (Fig. 7A and B). We observed that,
in cells treated in media alone, the phosphorylation of LCK at its
inhibitory residue (LCK Y505) was observable at basal state and
was modestly increased following TCR stimulation (Fig. 7A and B).
Again, IL-12 pretreatment had no effect on the phosphorylation
of LCK at its inhibitory site Y505 after TCR stimulation (Fig. 7A
and B). This suggests that IL-12 pretreatment does not alter the
TCR-induced activation of LCK or FYN.

LCK and FYN phosphorylate ITAMs on the CD3 subunits of
the TCR. The full phosphorylation of the ITAMs promotes the
recruitment of ZAP-70 to the TCR, where it is activated and phos-
phorylated by LCK on Y319 (Smith-Garvin et al., 2009). Activated
ZAP-70 then phosphorylates the adaptor proteins LAT and SLP-76,
inducing downstream signaling events. LAT is phosphorylated on
four key tyrosine residues that serve as docking sites for several
molecules, such as the phospholipase PLC-y (Smith-Garvin et al.,
2009; Houtman et al., 2005; Samelson, 2002). Once recruited to
LAT, PLC-vy is phosphorylated on Y783, leading to its activation and
the subsequent release of intracellular calcium and the activation
of the protein kinase C (PKC) and MAPK pathways (Smith-Garvin
et al., 2009; Irvin et al., 2000). TCR stimulation also promotes
the phosphorylation of SLP-76 on several tyrosine residues (Wu
and Koretzky, 2004). Similarly to LCK and FYN, the TCR-induced
phosphorylation of the activating tyrosine on ZAP-70 Y319 was
comparable between IL-12 treated and untreated cells (Fig. 7A and
B). We also observed that IL-12 pretreated cells and untreated cells
had no difference in the kinetics of phosphorylation of TCR-induced
LAT Y191, SLP-76 Y128, or PLC-y Y783 (Fig. 7C and D). Together,
these data show that prior exposure to IL-12 does not alter the
TCR-induced activation of proximal signaling.

Phosphorylated SLP-76 directs the recruitment and activation
of PI3 K, which is an important regulator of downstream molecules
like AKT (Smith-Garvin et al., 2009; Shim et al., 2011; Chapman
et al., 2015). AKT is phosphorylated on T308 and the phosphoryla-
tion of this residue is correlated with its activity (Liao and Hung,
2010). We observed that IL-12 pretreated cells had a trend towards
increased phosphorylation of AKT T308 in comparison to untreated
cells (Fig. 8A and B). However, the slight IL-12-mediated increase
of AKT T308 phosphorylation was variable between donors and it
did not reach statistical significance after compiling the data from
four different donors (Fig. 8A and B).

Downstream of the LAT and SLP-76 complexes is the activa-
tion of the MAP kinase pathways. This family is comprised of three
groups of kinases: ERK1/ERK2, JNK, and P38. These kinases have
multiple substrates that play key roles in a variety of cellular func-
tions, including cytokine secretion (Smith-Garvin et al., 2009). We
found that IL-12 pretreated and untreated cells had no difference
in the TCR-induced phosphorylation of ERK1/ERK2 pT187/pY187
(Fig. 8A and B). In addition, we observed that IL-12 pretreated
samples had a slight increase in the levels of JNK T183/Y185 phos-
phorylation compared to control samples that were not significant
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Fig. 8. IL-12 pretreatment enhances the TCR-induced activation of select MAP kinases and AKT in human activated CD8 T cells. Human activated CD8 T cells were left untreated
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were analyzed with two-tail, unpaired Student’s t-test. *p <0.05; **p<0.01; ***p <0.001; n.s.=not significant.

after compiling multiple donors (Fig. 8A and B). Finally, we saw that
IL-12 pretreated had an overall increase in the TCR-induced phos-
phorylation kinetics of P38 pT180/T182 in comparison to untreated
cells. The basal phosphorylation of P38 pT180/T182 was similar in
both control and IL-12 pretreated cells. However, the TCR-induced
phosphorylation of P38 pT180/T182 in IL-12 pretreated cells was
significantly increased at 0, 2, and 5 min in comparison to untreated
cells. The fact that both untreated and IL-12 pretreated cells have
similar P38 activation at basal state suggests that IL-12 is not
directly activating the P38 pathway after 24 h of stimulation. As
shown in Supplemental Fig. 2B, the increased activation of P38
was not due to altered total expression of the protein. Collectively,

these findings suggest that IL-12 signals significantly increase the
TCR-induced activation of P38, and to a lesser extent JNK and AKT,
without altering the activation of other more proximal TCR signals.

3.7. IL-12 pretreatment enhances the levels of SOS1 and increases
the activation of MKK3/MKK6 downstream of the TCR

Our previous data suggests that IL-12 signals alter the expres-
sion or activation of a positive or negative regulator of P38
activation. Although the exact mechanism regulating the activa-
tion of MAPK kinases following TCR stimulation remain unclear,
TCR activation recruits effector molecules to LAT, such as the son-
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Fig. 9. IL-12 pretreatment increases the expression of SOS1 and the phosphoryla-
tion of MKK3/MKK6 downstream of the TCR. Human activated CD8 T cells were left
untreated or pretreated with IL-12 for 24 h (50 ng/mL). Cells were then washed and
stimulated for various times using 3 pg/mL of crosslinked anti-CD3. The phosphory-
lation or total expression of signaling molecules was assessed in whole cell lysates
by immunoblotting and the results were normalized to GAPDH. Upon normaliza-
tion, the average of the total expression of SOS1 at each time point was calculated.
Data are shown as (A) representative blots and (B-C) mean + SEM of normalized
results of three to seven separate donors. Data were analyzed with two-tail, unpaired
Student’s t-test. *p<0.05; **p<0.01; ***p<0.001; n.s.=not significant.

of-sevenless (SOS) family proteins (Smith-Garvin et al., 2009). The
GRB2/S0S1 axis has recently been shown by us and others to control
the activation of P38 in human T cells (Bilal and Houtman, 2015a;
Junetal., 2013). In addition, the kinases MKK3/MKK®6 are known to
be direct upstream activators of P38 (Dodeller and Schulze-Koops,
2006). To further investigate the crosstalk between IL-12 signals
and P38 activation, we determined whether IL-12 pretreatment
altered the activation of MKK3/MKK6 and/or the total expression
of SOS1. We found that cells treated in media alone had substan-
tial basal phosphorylation of MKK3/MKK®6, and this was remained
relatively unaltered upon TCR stimulation (Fig. 9A and B). We also
we observed that upon TCR stimulation, IL-12 pretreated cells had
increased phosphorylation of MKK3/MKK6 compared to the control
cells that were significant at several time points (Fig. 9A and B). The
IL-12 mediated enhancement of MKK3/MKK6 was significant at 0,
2, and 15 min after TCR stimulation (Fig. 9A and B). We also found
that the IL-12 pretreated cells had significantly increased levels of
SOS1 before and after TCR stimulation in comparison to control
cells (Fig. 9C). Together, these data suggest that IL-12 pretreated
cells have increased levels of SOS1, which upon TCR stimulation,
results in increased activation of MKK3/MKK6 and P38.

4. Discussion

Numerous studies have examined the effects of IL-12 in reg-
ulating T cell responses when it’s present during and after TCR
stimulation. IL-12 present during priming of CD4 and CD8 T cells
plays key roles in the regulation of the responses of these cells
(Trinchieri, 2003; Curtsinger and Mescher, 2010). Furthermore,

IL-12 acts as a costimulatory signal by enhancing TCR-induced
proliferation, IFN-y production and cytotoxicity (Trinchieri, 2003).
However, we have only recently begun to appreciate that exposure
to inflammatory signals like IL-12 could alter how T cells respond
to subsequent TCR stimulation. In this regard, Richer et al. and Kim
etal. showed that murine effector/memory CD8 T cells or secondary
effector CD4 T cells exposed to pathogen induced-inflammation,
primarily driven by IL-12 and type I interferons, have enhanced
ability to respond to TCR stimulation (Richer et al., 2013; Kim et al.,
2014). Similarly, Raue and colleagues showed that murine mem-
ory CD8 T cells conditioned with IL-12 and IL-18 in vitro have
enhanced cytokine production and cytotoxic activity upon TCR re-
challenge (Raue et al., 2013). Finally, we have recently found that
IL-12 pretreatment in human CD4 T cells enhances the production
of a range of cytokines following TCR induction (Vacaflores et al.,
2016). Collectively, these studies suggest that the regulation of T
cell responses by IL-12 is more complex than previously appreci-
ated. Beyond its well-studied co-stimulatory effects, prior exposure
to IL-12 alters the responsiveness of murine CD4 and CD8 T cells to
TCR challenge and enhances the production of multiple cytokines
in human activated CD4 T cells. The results reported in this study
extend our expanding understanding of the effects of IL-12 on anti-
gen experienced T cells to activated human CD8 T cells.

During the response to infection, naive or central memory CD8
T cells will be TCR activated in secondary lymphoid organs. These
activated effector or memory CD8 T cells will then be released from
the secondary lymphoid organs where they will encounter inflam-
matory signals in the absence of TCR stimulation in the blood and
lymph as they migrate from the lymph nodes into sites of infec-
tion. In the site of infection, the activated CD8 T cells exposed to
inflammatory stimuli receive secondary antigen and/or inflamma-
tory signals that impact their activation. In this study, we mimicked
this physiological setting in vitro using human peripheral blood CD8
T cells that have been activated for 5 days with anti-CD3/anti-CD28
antibodies and recombinant IL-2, removed from the priming stim-
uli, and transiently pretreated with inflammatory signals before
being restimulated via the TCR. Interestingly, our data suggest
that among different pro and anti-inflammatory cytokines, only
IL-12 alters the responses of human CD8 T cell responses to subse-
quent TCR stimulation. In contrast to the previous findings from
murine CD8 and CD4 T cells, we found that pretreatment with
type I interferons (IFN-a or IFN-3) has no effect on subsequent
human activated CD8 T cell responses. This could be attributed to
differences between human and mouse T cell responses, but could
also be derived from differences in the experimental setup. In the
murine studies, the receptor for type I interferons was shown to be
important to alter the T cell responses following pathogen-induced
inflammation, which consists of multiple cytokines. In contrast,
our studies tested only key inflammatory cytokines to allow for
mechanistic insight into these processes. Our results provide novel
evidence that prior exposure specifically to IL-12 increases the
responses of CD8 T cells to TCR stimulation and that there is no
synergistic or antagonist effects seen when IL-12 is present in com-
bination with other cytokines.

It was possible that the increased release of IFN-y and TNF-
a in the IL-12-pretreated cells was due to residual IL-12 present
during TCR stimulation. However, the IL-12-mediated increase of
human activated CD8 T cells responses to further TCR stimulation
required pretreatments with IL-12 of at least 24 h. These results
suggest that the observed effects are not because residual IL-12 is
providing co-stimulatory signals upon TCR stimulation, since any
potential effects would be observed at all times of pretreatment.
The requirement for at least 24 h of treatment also suggests that
effects of IL-12 require transcriptional alterations. In addition, IL-
12 pretreatment transiently increased the TCR-induced production
of cytokines for 48-72h. We speculate that the effects of IL-12
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are short lived in order to minimize the risk of immunopathol-
ogy that would occur with long term enhancement of CD8 T cell
function. We also observed that IL-12 pretreatment resulted in
increased mRNA levels of IFNG and TNF following TCR stimulation.
Interestingly, examining the intracellular levels of the cytokines,
we found that IL-12 pretreatment also increased the frequency
of cells producing IFN-y and TNF-q, both alone and co-producing
both cytokines, without altering the amount of cytokines produced
on a per cell basis. These results suggest that the increased tran-
scriptional activity of IFNG and TNF detected was because more
cells were making cytokine mRNA and not because each cell had
increased transcription of the cytokines.

We found that the effects of prior exposure to IL-12 regulated
human CD4 and CD8 T cells in distinct ways. In human CD8 T cells,
IL-12 exposure for at least 24 h or longer amplified subsequent TCR-
induced functions. In contrast, human CD4 T cells required only
1.5h of IL-12 pretreatment to observe significant alterations in TCR
function (Vacaflores et al., 2016). Furthermore, we observed that
in human activated CD4T cells the effects of IL-12 pretreatment in
enhancing TCR-induced functions lasted for 3-6 h (Vacaflores et al.,
2016). In contrast, in human activated CD8 T cells the IL-12 medi-
ated potentiation of TCR-induced responses lasted for 48-72 h. In
addition, we found that, in human activated CD8 T cells, IL-12 pre-
treatment increases the mRNA expression of IFNG and TNF and the
intracellular levels of these cytokines after 18 h of TCR stimula-
tion. In contrast, with the IL-12 pretreated human activated CD4 T
cells, we found that TCR stimulation for 6-8 and 18 h increased the
mRNA expression of IFNG without altering the mRNA expression of
TNF (Vacaflores et al., 2016). Finally, on the IL-12 pretreated human
CDA4 T cells, we saw that TCR stimulation increased the intracellu-
lar levels of IFN-y without altering the intracellular levels of TNF-c.
On the other hand, on the IL-12 pretreated human CD8 T cells, we
found that TCR stimulation increased the intracellular levels of [FN-
v and TNF-q, especially in T cells that produce both cytokines. We
speculate that the different responses to IL-12 exposure in human
CD4 and CD8 T cells are because of the different functions that
these cells play during immune responses. The mechanism for these
differences is unknown and needs to be explored more fully.

IL-12 signals are known to promote STAT4 activation, which is
thought to mediate IFN-y transcription. Therefore, it was tempting
to predict that following IL-12 pretreatment high levels of phos-
phorylated STAT4 would synergize with TCR-mediated signaling
pathways to enhance the production of cytokines following TCR
stimulation. Contrary to this hypothesis, we found that IL-12 pre-
treated cells had little detectable phosphorylation levels of STAT4
after 24 h of treatment, which is the time when TCR stimulation
occurred in the majority of our experiments. Thus, there is minimal
phosphorylated, active STAT4 in T cells upon restimulation via the
TCR. Interestingly, we found that STAT4 expression was reduced
following IL-12 exposure, suggesting that STAT4 is degraded fol-
lowing IL-12 exposure. Our findings are supported by previous
studies showing that IL-12 signaling results in STAT4 degradation
(Wang et al., 2001). Even though there was no overt STAT4 phos-
phorylation after 24 h of treatment, it is still possible that a minor
proportion of STAT4 bound to DNA and capable of synergizing with
TCR signals. However, the fact that IL-12 pretreatment required at
least 24 h in order to alter how cells respond to TCR stimulation and
that IL-12 pretreated cells had increased expression of the TCR sig-
naling protein SOS1, suggest that large scale STAT4 signaling is not
synergizing with TCR-induced pathways. Instead, IL-12-induced
pathways, including STAT4 and other signaling proteins, appear to
increase the transcription of positive or negative regulators of TCR
signaling molecules such as SOS1. It should be noted that type I
interferons are known to activate STAT4 in human T cells (Huber
and Farrar, 2011), and pretreatments with type I interferons did
not alter how our human CD8 T cells responded to TCR stimulation.

This suggests that STAT4 is not solely mediating the ability of [L-12
pretreatment to increase the responses of human activated CD8 T
cells to TCR stimulation.

Our results indicate that IL-12 could be mediating its effects
by rewiring TCR signaling pathways. We found that IL-12 signals
significantly increase the TCR-induced activation of P38, and to
a lesser extent JNK and AKT, without altering the activation of
other more proximal TCR signals. Interestingly, P38 activation has
been shown to have multiple roles on T cell responses, including
cytokine release. Even though the effects of IL-12 in altering the
activation of AKT and JNK were not statistically significant, it is
possible these minor alterations have substantial biological rele-
vance. Several recent reviews have suggested that relatively small
perturbations in the activation of proximal signaling proteins can
result in extensive changes in downstream functions (Zikherman
and Au-Yeung, 2015; Brownlie and Zamoyska, 2013). Thus, the sub-
tle changes we observe in transient proximal signaling events are
capable of altering subsequent cellular function.

Our results fit well with previous literature from us and oth-
ers demonstrating that prior exposure to inflammatory signals
change the responses of T cells to subsequent TCR stimulation by
altering TCR-mediated signaling. We have recently showed that in
human activated CD4 T cells, IL-12 exposure selectively increased
the TCR-induced activation of LCK, AKT, and P38 without altering
the activation of other signaling molecules (Vacaflores et al., 2016).
In contrast, pathogen-induced inflammation increased proximal
TCR-induced ZAP-70, PLC-y, ERK1/2 and JNK1/2 phosphorylation
without altering the activation of P38 in murine effector/memory
CD8 T cells and increased ZAP-70 and ERK1/2 phosphorylation in
murine secondary effector CD4 T cells (Richer et al., 2013; Kim
et al,, 2014). In addition, in human T cells, IL-7 and IL-15 medi-
ated their effects by increasing the activation of ERK1/2 following
TCR stimulation (Deshpande et al., 2013). Our laboratory also
observed that prior activation of T cells with a TLR5 ligand enhances
TCR-mediated AKT activation, while simultaneously reducing LCK
and LAT phosphorylation (Tremblay et al., 2014). This suggests
that individual inflammatory signals that alter subsequent T cell
functions mediate this phenomenon by regulating TCR-mediated
signaling through distinct mechanisms. Although based on the cur-
rent dogma it might seem unexpected to see an increase in the
activation of downstream signals in the absence of increased acti-
vation of more proximal signals, this disconnect has been described
before. We have shown that prior TLR5 ligand (flagellin) induction
enhanced TCR-mediated activation of AKT without increasing the
activation of LCK or LAT (Tremblay et al., 2014). Furthermore, we
have shown that following TCR stimulation, GRB2-deficient T cells
have enhanced LCK, ZAP-70, and SLP-76 activation and decreased
or unaltered ERK, P38 and JNK activation (Bilal and Houtman,
2015b).

While examining the mechanism for the increase in TCR-
induced P38 activation, we found that IL-12 pretreatment resulted
in increased activation of the direct upstream activators of P38
(MKK3/MKK6) and SOS1. Even though the GRB2/SOS1 axis has
recently been shown by us and others to control the activation
of P38 (Bilal and Houtman, 2015a; Jun et al., 2013), the mecha-
nism by which this is happening remains unexplored. SOS1 is one
of the two Ras guanine nucleotide exchange factors present on T
cells that play a key role in regulating Ras activity (Smith-Garvin
et al., 2009). Ras in turn is canonically known to mediate the acti-
vation of ERK1/ERK2. However, recent studies suggest that SOS1
may mediate the activation of the P38 pathway independently of
the enzymatic function of SOS1 (Jun et al., 2013). Therefore, we
speculate that the IL-12 mediated increased levels of SOS1 could be
leading to the increased activation of P38 by an unknown mecha-
nism. Overall, our results suggest that the IL-12 mediated increase
in mRNA and protein levels of IFN-y and TNF-a are mediated by



14 A. Vacaflores et al. / Molecular Inmunology 81 (2017) 1-15

increasing the TCR-induced activation of select MAPK and AKT
without altering more proximal TCR signals.

5. Conclusion

In this study, we examined how exposure to different cytokines
alters the responses of human activated CD8 T cells to TCR stim-
ulation. Our studies are the first to show that prior exposure
specifically to IL-12 results in increased cytokine production fol-
lowing subsequent TCR challenge. Furthermore, we found that
IL-12 pretreatment increased the TCR-induced activation of select
MAPKs and AKT without altering the activation of more proximal
TCR signaling molecules. Our data expands our understanding of
the functions of IL-12 in regulating the responses of human acti-
vated CD8 T cells and provides insights into the mechanisms by
which IL-12 is mediating these effects.
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