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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
IL-12  results  in increased  cytokine  mRNA  and  protein  production  following  subsequent  TCR  challenge.
The  potentiation  of  TCR-mediated  cytokine  release  was  transient  and  required  low  doses  of  IL-12  for  at
g

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  CD8T  cell  responses  at  sites  of  infection
and  inflammation,  expanding  our  understanding  of the  function  of this  clinically  important  cytokine.

© 2016  Elsevier  Ltd. All  rights  reserved.
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ted effector or memory CD8T cells are constantly bom-
ith different inflammatory signals that regulate their

 One of these signals is the proinflammatory cytokine IL-
yashi et al., 1989). IL-12 is quickly produced by antigen
g cells following induction with products from various
anisms, including bacteria, fungi, intracellular parasites,
randed RNA, bacterial DNA, and CpG-containing oligonu-

 (Trinchieri, 2003; Zundler and Neurath, 2015). IL-12 is
ally important, where it is found at sites of inflammation
er of human disorders (Trinchieri, 2003; Lee et al., 1999;
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evels of the IL-12 receptor (Desai et al., 1992). However,
tor is upregulated in activated CD8T cells, allowing them
d to IL-12 signals (Trinchieri, 2003; Zundler and Neurath,
sai et al., 1992).

 groups have examined the effects of IL-12 in altering T cell
s. The presence of IL-12 during the priming of CD4T cells

 the differentiation of naïve CD4T cells into type 1T helper
ls (Trinchieri, 2003; Zundler and Neurath, 2015; Manetti
93). Also, the presence of IL-12 during priming of CD8T
econdary lymphoid organs has been shown to promote
fector functions and memory development (Curtsinger
her, 2010). Finally, IL-12 enhances TCR-induced prolifera-
� production and cytotoxicity of T cells 14–16 (Kobayashi
9; Trinchieri, 2003; Zundler and Neurath, 2015; Perussia
2; Kubin et al., 1994; Murphy et al., 1994). Although highly
ive, this work has largely examined the effects of IL-12
sent during or following TCR activation. However, there
on situations during the immune response to infection
cells will encounter IL-12 after TCR stimulation. Upon
, naïve CD8T cells will be TCR-stimulated in secondary

 organs via antigen-bound MHC  class I present on acti-
igen presenting cells. After expansion and differentiation,
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ed CD8T cells will migrate out of the secondary lymphoid
here they will be exposed to IL-12 in the absence of TCR

on as they travel through the blood or lymph. These acti-
8T cells will then be further activated through the TCR in
nd inflamed tissue. Thus, during the normal response to

, previously activated CD8T cells will be stimulated via IL-
 subsequently receiving further TCR stimulation at sites
n. Unfortunately, how prior exposure to IL-12 alters acti-

8T cell responses to subsequent TCR activation is not well
od.
l recent studies have shown the prior exposure to inflam-
gnals enhances subsequent T cell responsiveness. To this

 exposure of human T cells to IL-7, IL-15, or the TLR5 ligand
ncreases the responsiveness of these cells to TCR stimu-
shpande et al., 2013; Tremblay et al., 2014). Similarly, we
ntly found that short exposure of human CD4 T cells to
ances the TCR-induced production of a range of cytokines
es et al., 2016). In addition, exposure to pathogen-induced
tion alters the responsiveness of murine effector/memory

ls and secondary effector CD4 T cells to subsequent activa-
gh the TCR (Richer et al., 2013; Kim et al., 2014; Raue et al.,

om the multiple cytokines which compose the inflamma-
ronment, this response was attributed to IL-12 and type
ons (Richer et al., 2013; Kim et al., 2014). Collectively,
dies demonstrate that cytokines and/or inflammatory sig-

 the function of T cells if they are present before further
ulation, suggesting a new role for IL-12 in the regula-

 cell responses. Although these studies are informative,
 still key questions unanswered. First, whether similar
ill occur in human activated CD8 T cells remains to be

d. Furthermore, the precise mechanisms by which IL-12
uld alter T cell function if they are present before TCR

 remains to be fully elucidated. Addressing these knowl-
 will increase our understanding of the basic properties of

D8 T cells, which is crucial for clinical applications due to
sing awareness that human and mice have subtly different
ms driving immune function that markedly alter clinical

 (Leist and Hartung, 2013; Seok et al., 2013; Mestas and
004). Furthermore, since IL-12 is currently been tested as

 for infections and human cancer; a better understand-
w IL-12 regulates human T cell functions could provide
or improving the current uses of IL-12 therapeutics.

ials and methods

y approval

 donors at the DeGowin Blood Center at the University
ospitals and Clinics provided written informed consent
ot used for transfusion to be used for research. The con-
ess and document were approved by the Institutional

oard (IRB) for the University of Iowa. The peripheral blood
lear cells were removed using leukocyte reduction sys-
) and the LRS cones were then provided to our laboratory.
atory was not provided with information regarding the
ge, or health status of these individual donors. However,
sted that donors were 18–55 years of age and that they

 taking any anti-viral or anti-bacterial medications at the
onation. All human subject studies were in compliance
Declaration of Helsinki.

tion of human activated CD8T cells and cytokine
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eral blood mononuclear cells (PMBCs) were obtained
nymous donors as previously described (Tremblay and

baseline 

ulated ce
fluoresce
mined us
1 (2017) 1–15

,  2015). The CD8T cells were isolated by negative selection
enrichment kit for CD8 T cells (Stem Cell Technologies).
lations yielded cells that were consistently >98% positive
cells (data not shown). CD8T cells were activated for 5 days
netic Dynabeads (Invitrogen) bound with anti-CD3 (OKT3,
d) and anti-CD28 (CD28.2, BioLegend) antibodies in the

 of 100 U/mL IL-2. Following activation and expansion, the
ry anti-CD3/anti-CD28 beads and IL-2 were removed, and
ere rested for 24 h in complete RPMI (RPMI 1640 supple-
ith 10% FBS, 50 U/mL penicillin, 50 �g/mL streptomycin,

 l-glutamine (Gibco)) before further experimentation.
 CD8 T cells were split into different flasks and exposed
nt doses of recombinant cytokines (R & D Systems) or
to IL-12 for different times. Media was not changed in

 the times. Cells were then washed three times in complete
emove the recombinant cytokines.

kine production measured by ELISA

the pretreatments, activated CD8 T cells were stimulated
rent doses of plate-bound anti-CD3 for 24 h. For the rest
nts, pretreated cells were rested for various times before

 stimulation. Media was not changed in between the rest-
. The cell culture supernatants were then collected, and the
f cytokines present in the cultures was  measured in trip-

ng standard TMB-based ELISA. The absorbance at 490 nm
sured using the Epoch plate reader (Biotek). The cut-off
y of the assays was  0.7 ng/mL for IFN-� and 0.2 ng/mL for

 cytometry for IL-12R ˇ1 and IL-12R ˇ2 expression

ted CD8T cells pretreated with IL-12 or media alone were
ith FACS buffer (PBS, 10% FBS, and 0.05% sodium azide)

ed with anti-IL-12 R�2 (R & D Systems), anti-IL-12R�1
iences), and isotype controls for 30 min  on ice. Cells were
esuspended in FACS buffer, and collected using the Accuri
ytometer (BD Biosciences). Live lymphocyte gate was  set

 forward and side scatter and then 50,000 events were col-
ide the live gate. The median fluoresce intensities (Median
expression of the IL-12 receptor subunits were then deter-
ing the BD Accuri C6 software.

kine production measured by intracellular staining

pretreatments, activated CD8T cells were resuspended in
 RPMI and stimulated with or without 1 �g/mL of plate-
ti-CD3 for 6 and 18 h. Brefeldin A (BioLegend) was added
e last 5 h of the stimulation. Cells were then washed with
fer, fixed, and permeabilized. Intracellular cytokines were
mined in IL-12 pretreated cells and control cells stimu-
h or without anti-CD3 by staining with FITC anti-IFN-�
PC anti-TNF-� (Mab11), or isotype controls per the man-
’s instructions (BioLegend). Cells were collected using the

 flow cytometer (BD Biosciences). Live lymphocyte gate
ased on forward and side scatter and then 50,000 events
lected inside the live gate (Supplementary Fig. 2A). To
the intracellular levels of the cytokines, quadrants were

 baseline cytokine production of non-TCR stimulated cells
than 1% (Supplementary Fig. 2B). Similar results were
en quadrants were set using isotype controls therefore
cytokine production was set simply using non–TCR stim-
lls (Supplementary Fig. 2C). The frequencies and median
nce intensities of cytokine expression were then deter-
ing the BD Accuri C6 software.
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titative real-time PCR

NA was isolated with an RNeasy Kit (Qiagen) from IL-12
d and untreated cells at 6 and 18 h following stimulation
/mL of plate-bound anti-CD3 (anti-CD3). Single-strand

s then synthesized from 1 �g of total RNA using the High
cDNA Reverse Transcription Kit (Applied Biosystems).

 RT-PCR was performed on an Applied Biosystems Model
g SYBR Green PCR master mix  (Applied Biosystems) and
ccording to the manufacturer’s instructions. The expres-
RNA was normalized to that of mRNA encoding �-actin
tification of fold induction of treated vs untreated was

 by the 2−��CT method (Livak and Schmittgen, 2001). The
sed for these studies were IFN-� forward (TCGGTAACT-
ATGTCCA), IFN-� reverse (TCGCTTCCCTGTTTTAGCTGC),
rward (GGAGAAGGGTGACCGACTCA) and TNF-� reverse
GACTCGGCAA).

unoblotting

mine STAT4 levels and phosphorylation, activated CD8T
e treated with IL-12 (50 ng/mL) for different times and
d with the addition of two-fold excess of hot lysis buffer
ris pH8.0, 2 mM EDTA, 2 mM Na3VO4, 20 mM DTT, 2%
0% glycerol). Lysates were then heated to 95 ◦C for 4 min
ated to reduced viscosity. Immunoblotting was then per-
ellular lysates were loaded onto a 4–15% precast Criterion
amide gel (Biorad) and proteins were separated using
E. Membranes were then blocked using 50% (v/v) SEA
ffer (Thermo Scientific) diluted in PBS. Membranes were
bated with two primary antibodies of different species

t at 4 ◦C; One towards the protein of interest and another
yceraldehyde 3-phosphate dehydrogenase GAPDH (used
ng control). Then membranes were washed 2X using PBST
.2 and 0.1% Tween 20) and incubated with DyLight 680-

ght 800-conjugated secondary antibodies for 45 min at
perature. Subsequently, the membranes were washed

 PBST containing 0.05% SDS and twice with PBST alone.
noblots were visualized using the LICOR Odyssey Infrared

he intensity of the immunoblotting bands was determined
 Licor Odyssey v3.0 software. The protein intensity was
ed to the expression of GAPDH using the following for-

alized GAPDH = Raw intensity of GAPDH of time
 ÷ raw intensity of lowest GAPDH value.
alized intensity at time point = Raw intensity of phospho-
in  at time point ÷ Normalized GAPDH value at time point.

 the control maximum = (Normalized intensity at
point ÷ Normalized intensity of maximum control

) × 100%

rmalized values were then averaged and expressed as the
.e.m. as indicated in each figure legend. The loading con-

n for each representative figure correspond to at least
e blots shown. We  do not show loading controls for all
ply because of space issues. However, for the quantifica-

 blot was quantified with its respective control.
mine TCR signaling molecules, activated CD8T cells were
ith IL-12 (50 ng/mL) for 24 h and washed. After a short
n on ice, 3 �g/mL of anti-CD3 was added, and the cells
bated on ice for 30 more minutes. Then, the cells were
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ti-IgG antibody (Southern Biotech) for various times. This
esults in a minimal, yet detectable, level of signaling com-
cells not incubated with anti-CD3 antibodies. Samples

not due t
cells had
TCR stim
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1 (2017) 1–15 3

d with the addition of two-fold excess of hot lysis buffer,
 95 ◦C for 4 min, and sonicated to reduced viscosity. Then,
lotting was performed as described above. Normalization

ospho-protein intensity to the GAPDH intensity was con-
 described above. The total protein expression of signaling
s was  calculated as follows: the average of the protein
s of the different time points = protein intensity at each
t ÷ total number of time points.

odies

dies used for immunoblotting, cell-surface, and intra-
tains were purchased from commercial sources. The
Y191 (C305) was from Millipore. The anti-LCK pY505
Y505), anti-SLP-76 pY128 (J141-668.36.58), and anti-IL-
14) were from BD Biosciences. The anti-PLC-�1 pY783
al), anti-p38 pT180/Y182 (3D7), anti-p38 (polyclonal),

 pT308 (244F9), anti-ZAP-70 pY319 (polyclonal), anti-
16 (polyclonal), anti-STAT4 (2A2), anti-JNK T183/Y185
al), anti-MKK3/MKK6 pS189/S207 (D8E9), and anti-STAT4
2E4) antibodies were purchased from Cell Signaling Tech-

 The anti-ERK1/2 pTpY185/187 (polyclonal) was  from
n. The anti-SOS1 (polyclonal) and anti-CD3-� (6B10.2)
ta Cruz Biotechnology. The anti-GAPDH was  from Merid-
Science. The DyLight 800 and DyLight 680 labeled

y antibodies were obtained from Thermo Scientific. The
IFN-� (4S.B3), APC anti-TNF-� (Mab11), anti-CD3 (OKT3),

8 (CD28.2), anti-CD2 (RPA-2.10), anti-CD49d (9F10), anti-
I111) from BioLegend. Anti-IL-12 R�2 (305719) was

d from R&D Systems. The anti-mouse IgG was  from South-
ch.

stical analysis

ical  analysis between the groups was assessed using
 Prism. Specific tests for statistical significance are indi-

he figure legends. Differences were considered significant
alues were below 0.05.

ts

itioning human activated CD8T cells with IL-12 leads to
 production of IFN-� and TNF-  ̨ upon TCR stimulation

us studies have shown that prior exposure to inflam-
ytokines alters the responses of murine CD4  and CD8T
CR stimulation (Richer et al., 2013; Raue et al., 2013).
, whether similar effects occur in human activated CD8T

 which cytokines are important in mediating these effects,
 be examined. To address this knowledge gap, human acti-
8T cells were exposed to different recombinant cytokines

 alone, washed to remove the cytokines, and stimulated
the TCR complex. Cytokine production was then used as
ut for T cell activation. No other additional costimula-
als were provided in order to determine the effects of the
tory cytokine on secondary TCR-induced T cell activation

e  found that prior exposure to IFN-�, IFN-�, IFN-�, TNF-
L-17, or IL-10 did not alter the TCR-induced production
and TNF-� in comparison to cells treated in media alone
nd B). In contrast, pretreatment with IL-12 significantly

 the TCR-induced production of IFN-� and TNF-� com-
control cells (Fig. 1A and B). Importantly, this effect was

o IL-12-driven cytokine production, since IL-12 pretreated

 undetectable levels of cytokine release in the absence of
ulation (Supplementary Fig. 1A and B). Since the cytokine
n 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-� and TNF-� production following TCR stimulation. (A–D) Human activated CD8 T cells were
exposed to  washe
for  24 h. IFN . Gra
donors. Dat *p < 0.
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a were statistically compared to no cytokine cells using a two-tail Student’s t-test. 

 mediated increase in cytokine production was  a conse-
f increased proliferation/survival of the activated CD8T
control for this, cell viability was determined in human

 CD8T cells untreated or pretreated with IL-12 or other
 before and after 24 h TCR stimulation. Similar viable cell

 were found in IL-12 pretreated and controls cells before
 TCR stimulation (Supplementary Fig. 1C), suggesting that

 effects on cytokine production were not due to altered
lity between the groups.
g a normal in vivo immune response, human activated
ls are exposed to a combination of cytokines. Therefore,
examined whether the IL-12 potentiation of cytokine
n was altered when other cytokines were present dur-
eatment. As expected, IL-12 pretreatment significantly

 the TCR-induced production of IFN-� and TNF-� in
on to control cells. However, pretreatment with IL-12

subs
IL-12
cyto
tion

3.2. 

prod

T
leng
cell r
were
ulate
for 6
cant
in co
nation with other cytokines did not have any agonis-
agonistic effects on cytokine production (Fig. 1C and D).
ly, our data suggest that human activated CD8T cells pre-
ith IL-12 have increased cytokine production following

cells pret
of IFN-� 

examined
ious dose
d, and then stimulated with 1 �g/mL of plate bound anti-CD3 antibodies
phs are shown as the mean ±SEM of values from three to seven different
05; **p < 0.01; ***p < 0.001; no symbol = not significant.

nt  TCR challenge. These effects appear to be specific for
ce pretreatment with other pro- and anti-inflammatory

 did not alter human CD8T cell responses to TCR stimula-

acterizing the IL-12 mediated priming of cytokine
n

ther characterize these effects, we  first examined the
 IL-12 pretreatment needed to alter human activated CD8T
nses. To address this question, human activated CD8T cells
treated with IL-12 for different times, washed, and stim-
rough the TCR. We found that exposing the cells to IL-12

 12 h resulted in a consistent, but not statistically signifi-
ease in the production of IFN-� following TCR stimulation
rison to cells treated in media alone (Fig. 2A). In contrast,

reated for 24 and 48 h had significantly increased amounts
production compared to control cells (Fig. 2A). We next

 the responsiveness of human activated CD8  T cells to var-
s of IL-12. Human activated CD8T cells were pretreated
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Fig. 2. The potentiation of TCR-mediated cytokine production by human activated CD8 T cells is transient and requires low physiological doses of IL-12 for at least 24 h.
Human activated CD8 T cells were left untreated (no cytokine) or (A) treated for various times with IL-12 (50 ng/mL), (B) exposed for 24 h to various doses of IL-12, or (C)
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 �g/mL of plate bound anti-CD3
antibodies for 24 h. Then IFN-� production was determined by ELISA. (D) Human activated CD8 T cells were left untreated or treated with IL-12 for 24 h (50 ng/mL), washed
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nge of physiological doses of IL-12 (Madhumitha et al.,
uyen and Biron, 1999; Lyke et al., 2004), washed, and
d through the TCR. Following TCR stimulation, we  found
reatment with doses of 5–70 ng/mL of IL-12 results in
ed TCR–induced IFN-� production in comparison to cells

 media alone; however, there were no significant differ-
the potentiation of IFN-� production between any of the
. 2B and data not shown). Next, we examined the duration
cts after removal of IL-12. Following IL-12 pretreatment,

ctivated CD8T cells were rested for various times before
llenged through the TCR. As seen in Fig. 2C, IL-12 pre-

ells stimulated through the TCR immediately after IL-12
ent had a significant increase in the production of IFN-�

rison to cells treated in media alone. We  also observed that
 of IL-12 to enhance TCR-induced IFN-� production lasted

 h. Finally, the effects of IL-12 pretreatment were exam-
wing challenge with different doses of TCR. To explore

 pretreated or untreated cells were stimulated with titrat-
 of anti-CD3. As expected, TCR stimulation with low doses
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Fig. 4. Prior exposure to IL-12 increases the frequency of human activated CD8 T cells making IFN-� and TNF-� upon TCR stimulation. 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 with 1 �g/mL of plate bound anti-CD3 antibodies for 18 h with BFA added for
the  last 5 h. Intracellular protein levels of IFN-� and TNF-� were determined by flow cytometry. Live lymphocytes were gated based on forward and side scatter. Quadrants
were set so the baseline cytokine production of non-TCR stimulated cells was less than 1%. The frequencies and median fluorescence intensities of cytokine expression for
IFN-�  and T termin
producing I ity of 
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 Student’s t-test. *p < 0.05; **p < 0.01; ***p < 0.001; n.s. = not significant.
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Fig. 7. Prior exposure to IL-12 does not alter the activation of proximal TCR signaling molecules in human activated CD8 T cells. 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 �g/mL of crosslinked anti-CD3. Then the phosphorylation of
signaling molecules was  assessed in whole cell lysates by immunoblotting as described in the materials and methods section. Results were normalized to GAPDH and the
maximal level of activation of no cytokine cells. Data are shown as (A and C) representative blots and (B and D) mean ± SEM of normalized results of three 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.
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 min  after TCR stimulation (Fig. 9A and B). We  also found
L-12 pretreated cells had significantly increased levels of
ore and after TCR stimulation in comparison to control
. 9C). Together, these data suggest that IL-12 pretreated
e increased levels of SOS1, which upon TCR stimulation,

 increased activation of MKK3/MKK6 and P38.

ssion

rous studies have examined the effects of IL-12 in reg-

T cel
antib
uli, 

bein
that
IL-12
quen
mur
type
hum
diffe
also
mur
imp
infla
our 

mec
evid
resp
syne
bina

It
� in
duri
hum
requ
sugg
prov
pote
 cell responses when it’s present during and after TCR
on. IL-12 present during priming of CD4 and CD8 T cells

 roles in the regulation of the responses of these cells
ri, 2003; Curtsinger and Mescher, 2010). Furthermore,

The requ
effects of
12 pretre
of cytoki
1 (2017) 1–15

s as a costimulatory signal by enhancing TCR-induced
ion, IFN-� production and cytotoxicity (Trinchieri, 2003).
, we have only recently begun to appreciate that exposure
matory signals like IL-12 could alter how T cells respond
uent TCR stimulation. In this regard, Richer et al. and Kim
ed that murine effector/memory CD8 T cells or secondary
D4 T cells exposed to pathogen induced-inflammation,

 driven by IL-12 and type I interferons, have enhanced
 respond to TCR stimulation (Richer et al., 2013; Kim et al.,
milarly, Raue and colleagues showed that murine mem-
T cells conditioned with IL-12 and IL-18 in vitro have

 cytokine production and cytotoxic activity upon TCR re-
 (Raue et al., 2013). Finally, we  have recently found that
treatment in human CD4 T cells enhances the production
e of cytokines following TCR induction (Vacaflores et al.,
llectively, these studies suggest that the regulation of T
nses by IL-12 is more complex than previously appreci-

ond its well-studied co-stimulatory effects, prior exposure
lters the responsiveness of murine CD4 and CD8 T cells to
enge and enhances the production of multiple cytokines

 activated CD4 T cells. The results reported in this study
r expanding understanding of the effects of IL-12 on anti-

rienced T cells to activated human CD8 T cells.
g the response to infection, naïve or central memory CD8
ill be TCR activated in secondary lymphoid organs. These

 effector or memory CD8 T cells will then be released from
dary lymphoid organs where they will encounter inflam-

ignals in the absence of TCR stimulation in the blood and
 they migrate from the lymph nodes into sites of infec-
he site of infection, the activated CD8 T cells exposed to
tory stimuli receive secondary antigen and/or inflamma-
ls that impact their activation. In this study, we  mimicked

iological setting in vitro using human peripheral blood CD8
t have been activated for 5 days with anti-CD3/anti-CD28
s and recombinant IL-2, removed from the priming stim-
ransiently pretreated with inflammatory signals before
timulated via the TCR. Interestingly, our data suggest
ng different pro and anti-inflammatory cytokines, only
rs the responses of human CD8 T cell responses to subse-
R stimulation. In contrast to the previous findings from
D8 and CD4 T cells, we found that pretreatment with

terferons (IFN-� or IFN-�) has no effect on subsequent
ctivated CD8 T cell responses. This could be attributed to
es between human and mouse T cell responses, but could
erived from differences in the experimental setup. In the
tudies, the receptor for type I interferons was  shown to be
t to alter the T cell responses following pathogen-induced
tion, which consists of multiple cytokines. In contrast,
es tested only key inflammatory cytokines to allow for
tic insight into these processes. Our results provide novel

 that prior exposure specifically to IL-12 increases the
s of CD8 T cells to TCR stimulation and that there is no
ic or antagonist effects seen when IL-12 is present in com-
with other cytokines.

 possible that the increased release of IFN-� and TNF-
IL-12-pretreated cells was  due to residual IL-12 present
R stimulation. However, the IL-12-mediated increase of

ctivated CD8 T cells responses to further TCR stimulation
pretreatments with IL-12 of at least 24 h. These results
hat the observed effects are not because residual IL-12 is

 co-stimulatory signals upon TCR stimulation, since any
 effects would be observed at all times of pretreatment.

irement for at least 24 h of treatment also suggests that

 IL-12 require transcriptional alterations. In addition, IL-
atment transiently increased the TCR-induced production
nes for 48–72 h. We  speculate that the effects of IL-12
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 lived in order to minimize the risk of immunopathol-
would occur with long term enhancement of CD8 T cell

 We  also observed that IL-12 pretreatment resulted in
 mRNA levels of IFNG and TNF following TCR stimulation.
gly, examining the intracellular levels of the cytokines,

 that IL-12 pretreatment also increased the frequency
roducing IFN-� and TNF-�, both alone and co-producing
kines, without altering the amount of cytokines produced
cell basis. These results suggest that the increased tran-
al activity of IFNG and TNF detected was because more
e making cytokine mRNA and not because each cell had

 transcription of the cytokines.
und that the effects of prior exposure to IL-12 regulated
D4 and CD8 T cells in distinct ways. In human CD8 T cells,
osure for at least 24 h or longer amplified subsequent TCR-
functions. In contrast, human CD4 T cells required only
-12 pretreatment to observe significant alterations in TCR
(Vacaflores et al., 2016). Furthermore, we observed that

 activated CD4 T cells the effects of IL-12 pretreatment in
g TCR-induced functions lasted for 3–6 h (Vacaflores et al.,

 contrast, in human activated CD8 T cells the IL-12 medi-
ntiation of TCR-induced responses lasted for 48–72 h. In

 we  found that, in human activated CD8 T cells, IL-12 pre-
t increases the mRNA expression of IFNG and TNF and the
lar levels of these cytokines after 18 h of TCR stimula-
ntrast, with the IL-12 pretreated human activated CD4 T

found that TCR stimulation for 6–8 and 18 h increased the
pression of IFNG without altering the mRNA expression of
flores et al., 2016). Finally, on the IL-12 pretreated human
ls, we saw that TCR stimulation increased the intracellu-
of IFN-� without altering the intracellular levels of TNF-�.
her hand, on the IL-12 pretreated human CD8 T cells, we
t TCR stimulation increased the intracellular levels of IFN-
F-�, especially in T cells that produce both cytokines. We

 that the different responses to IL-12 exposure in human
CD8 T cells are because of the different functions that
s play during immune responses. The mechanism for these
es is unknown and needs to be explored more fully.
signals are known to promote STAT4 activation, which is
o mediate IFN-� transcription. Therefore, it was  tempting
t that following IL-12 pretreatment high levels of phos-
d STAT4 would synergize with TCR-mediated signaling

 to enhance the production of cytokines following TCR
on. Contrary to this hypothesis, we found that IL-12 pre-
ells had little detectable phosphorylation levels of STAT4

 of treatment, which is the time when TCR stimulation
in the majority of our experiments. Thus, there is minimal
ylated, active STAT4 in T cells upon restimulation via the
restingly, we found that STAT4 expression was  reduced

 IL-12 exposure, suggesting that STAT4 is degraded fol-
-12 exposure. Our findings are supported by previous
owing that IL-12 signaling results in STAT4 degradation

 al., 2001). Even though there was no overt STAT4 phos-
on after 24 h of treatment, it is still possible that a minor
n of STAT4 bound to DNA and capable of synergizing with
ls. However, the fact that IL-12 pretreatment required at

 in order to alter how cells respond to TCR stimulation and
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s are known to activate STAT4 in human T cells (Huber
r, 2011), and pretreatments with type I interferons did
ow our human CD8 T cells responded to TCR stimulation.

speculate
leading t
nism. Ov
in mRNA
1 (2017) 1–15 13

ests that STAT4 is not solely mediating the ability of IL-12
ent to increase the responses of human activated CD8 T

CR stimulation.
sults indicate that IL-12 could be mediating its effects
ng TCR signaling pathways. We  found that IL-12 signals
tly increase the TCR-induced activation of P38, and to

extent JNK and AKT, without altering the activation of
re proximal TCR signals. Interestingly, P38 activation has
wn to have multiple roles on T cell responses, including
release. Even though the effects of IL-12 in altering the

 of AKT and JNK were not statistically significant, it is
these minor alterations have substantial biological rele-
veral recent reviews have suggested that relatively small
ions in the activation of proximal signaling proteins can
extensive changes in downstream functions (Zikherman
eung, 2015; Brownlie and Zamoyska, 2013). Thus, the sub-
es we  observe in transient proximal signaling events are
f altering subsequent cellular function.
sults fit well with previous literature from us and oth-
nstrating that prior exposure to inflammatory signals
e responses of T cells to subsequent TCR stimulation by
CR-mediated signaling. We  have recently showed that in

ctivated CD4 T cells, IL-12 exposure selectively increased
nduced activation of LCK, AKT, and P38 without altering
tion of other signaling molecules (Vacaflores et al., 2016).
st, pathogen-induced inflammation increased proximal
ced ZAP-70, PLC-�, ERK1/2 and JNK1/2 phosphorylation
ltering the activation of P38 in murine effector/memory

lls and increased ZAP-70 and ERK1/2 phosphorylation in
econdary effector CD4 T cells (Richer et al., 2013; Kim
14). In addition, in human T cells, IL-7 and IL-15 medi-
r effects by increasing the activation of ERK1/2 following
ulation (Deshpande et al., 2013). Our laboratory also

 that prior activation of T cells with a TLR5 ligand enhances
iated AKT activation, while simultaneously reducing LCK
phosphorylation (Tremblay et al., 2014). This suggests

vidual inflammatory signals that alter subsequent T cell
 mediate this phenomenon by regulating TCR-mediated

 through distinct mechanisms. Although based on the cur-
a it might seem unexpected to see an increase in the

 of downstream signals in the absence of increased acti-
more proximal signals, this disconnect has been described
e have shown that prior TLR5 ligand (flagellin) induction

 TCR-mediated activation of AKT without increasing the
 of LCK or LAT (Tremblay et al., 2014). Furthermore, we

wn that following TCR stimulation, GRB2-deficient T cells
anced LCK, ZAP-70, and SLP-76 activation and decreased
red ERK, P38 and JNK activation (Bilal and Houtman,

 examining the mechanism for the increase in TCR-
38 activation, we  found that IL-12 pretreatment resulted

sed activation of the direct upstream activators of P38
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 play a key role in regulating Ras activity (Smith-Garvin
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 ERK1/ERK2. However, recent studies suggest that SOS1
iate the activation of the P38 pathway independently of

matic function of SOS1 (Jun et al., 2013). Therefore, we

 that the IL-12 mediated increased levels of SOS1 could be

o the increased activation of P38 by an unknown mecha-
erall, our results suggest that the IL-12 mediated increase

 and protein levels of IFN-� and TNF-� are mediated by
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