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Abstract

In the accepted model of T-cell activation, parallel signal transduction pathways activate the
transcription factors NF-xB, NFAT and AP-1 to drive clonal expansion of T cells in response to
antigen. Genome-wide transcriptional profiling following antigen-induced CD8" T-cell activation
in C57BL/6 mouse T cells revealed that genes regulated by NFAT were also reduced in the
absence of NF-«xB p50 and cRel subunits. Importantly, p50~/~cRel™~ CD8" T cells had
significantly diminished NFAT and AP-1 activation compared with WT or PKCO™/~ CD8" T cells.
Attenuated NFAT activation after TCR engagement was associated with reduced calcium influx,
PLCy and Zap70 activation. Interestingly, pharmacological bypass of PLCy regulated pathways
largely rescued p50~~cRel™~ T-cell proliferative defects. These results indicate a crucial and
unexpected requirement for NF-xB p50 and cRel subunits in proximal TCR signaling and calcium
responses. They further suggest that key defects in T cells in the absence of NF-xB pathway
components may be due to impaired proximal T-cell signaling.
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Introduction

T-cell activation is initiated by TCR binding to cognate peptide/MHC complexes on
professional APCs. This interaction initiates a signaling cascade requiring several key
kinases, phosphatases, and scaffolding proteins that together drive T-cell activation [1-3]. In
the accepted model, proximal T-cell signaling mediators such as Zap70 and PLCy drive
activation of downstream transcription factors. A key event is phosphorylation-induced
activation of PLCyy, which then cleaves PIP3 into IP3 and DAG [2]. IP3 is crucial for
calcium (Ca2*) influx which in turn is necessary to activate the NFAT transcription factor
[2]. On the other hand, DAG activates PKCs which are thought to be important for
activation of the transcription factors AP-1 and NF-«B [3, 4]. These seemingly parallel
cascades of transcription factors lead to induction of key genes necessary for T-cell
development, proliferation, survival and cytokine production [2, 5, 6]. While investigating
signaling defects in PKCOH~/~ and NF-kB p50~/~cRel™~ CD8+ T cells, we found an
unexpected role for NF-xB in regulating proximal T-cell signaling that is crucial for NFAT
activation. Therefore, the downstream NF-xB transcription factor can influence proximal T-
cell signaling in a manner that results in more robust T-cell responses.

Results and Discussion

NF-xB p50~/~cRel™~ CD8* T cells exhibit pronounced clonal expansion defects in vitro and

in vivo

Previously, we found that absence of PKCO or p50+cRel in T cells impairs GVHD in
allogeneic recipients [7]. To better understand the roles of these proteins in regulating T-cell
function in response to antigen, we crossed PKC6~~ and p50~~cRel™~ mice to OVA257.064
(SIINFEKL.: referred as OVA) specific OT-1 TCR Tg mice. Stimulation of CD8* T cells
from these mice with OV A-pulsed dendritic cells (DCs) showed that while PKCO~/~ T-cell
proliferation was reduced compared with WT T cells, the most severe defect in proliferation
was in p50~~cRel™~ T cells (Figure 1A). In addition, IL-2 mRNA expression was most
significantly reduced in p50~~cRel™~ T cells (Figure 1B). Therefore, p50~/~cRel™~ T cells
have greater defects in in vitro proliferation and 1L-2 expression compared with PKCO~/~ T
cells.

To determine the in vivo effect of T-cell-specific absence of p50+cRel and PKCH, we
adoptively transferred CD45.2/0T-1 WT, PKCO~~ or p50~/~cRel™~ CD8* T cells into
congenic WT CDA45.1 hosts. 24 h later, CD45.1 recipients, along with un-injected mice,
received TriVax, a vaccine formulation with OVA peptide, anti-CD40, and Poly (1:C) [8].
Every 7 days, thereafter, peripheral blood samples were analyzed for clonal expansion. As
expected, WT T cells expanded vigorously, and by day 7, 60% of peripheral WBCs were the
transplanted CD45.2 OVA-specific T cells. Mirroring in vitro findings, PKCO™/~ T-cell
expansion was significantly reduced; however, the greatest impairment in expansion was in
p50~/~cRel™~ T cells (Figure 1C), which was evident at all time-points tested (Figure 1D).
Injection of BiVax (100 pg OVA and 50 pg Poly (1:C) vaccine 38 days after initial TriVax
treatment of WT OT-1 transplanted mice resulted in death of all 4 injected mice in 3 days.
The PKCO™~ group survived somewhat longer to day 6-7; in contrast, mice receiving
p50~/~cRel™/~ T-cell were completely protected from the lethal effect of T-cell
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restimulation. These results indicate that absence of p50+cRel results in substantially more
pronounced impairment in T-cell activation than PKCO absence.

p50~/~cRel™~ T cells have defects in NFAT and AP-1 activation and calcium influx

To better understand consequences of absence p50~/~cRel™~ and PKCO~/~, we performed
genome-wide analysis of gene expression (Supporting Information Table 1). A modest level
of overlap in PKCO and p50+cRel regulated genes was seen (34 probe sets; 22 genes), which
included previously defined targets such as IL-2 (Supporting Information Table 1). Notable
amongst p50+cRel target genes were several key cytokines (IL-17A, IL-21, IL-23A, IL-3,
and IFN-v), signal transducers (STAT5A, STAT5B, E2F1 and PRKCA), and cell surface
receptors (CTLA-4, CD2, TNFRSF4 and IL-12RB2) (Supporting Information Table 1).
Interestingly, in addition to IL-2, several of these genes are known to be regulated by
calcium/NFAT signaling, including IL-3, STAT5B, IFN-y and CTLA-4 [9-11]. These
results are suggestive of potentially broader defects in absence of p50+cRel and, in
particular, warranted a closer examination of NFAT/calcium signaling in p50~/~cRel™~ T
cells.

We next determined activation of NFAT, AP-1 and NF-«xB in CD8* T cells from all three
genotypes after stimulation with OVA-pulsed DCs. WT T cells showed strong nuclear
translocation of all three transcription factors (Figure 2A). Consistent with our previous
results [7], NF-xB levels were not substantially impacted in PKCO™~ T cells; however, a
more substantial reduction in NFAT and AP-1 was seen in these T cells (Figure 2A). As
expected, p50~/~"cRel™~ T cells showed significant reduction in NF-kB activity.
Remarkably, both NFAT and AP-1 nuclear levels were also greatly reduced in
p50~/~cRel™~ T cells (Figure 2A). A similar trend was also seen in polyclonal CD8* T cells
from WT, PKCO™~, and p50~/~cRel™~ mice that were stimulated with anti-CD3/CD28
(Figure 2B). Recently, we found redundancy in function of PKC6 and PKCa in GVHD
induction [12]. However, p50~~cRel™~ T cells also showed more significant reduction in
activation of these transcription factors than PKCO™~PKCa ™~ T cells (Figure 2B). In
addition, western blotting of nuclear extracts showed no increase in nuclear presence of
NFATc1 in p50~/~cRel™~ T cells after anti-CD3/CD28 stimulation (Figure 2C and
Supporting Information Fig. 1A). These results suggest that the substantially reduced
responsiveness of p50~/~cRel™~ T cells compared with PKC6~/~ T cells may be due to more
significant impairment in activation of multiple transcription factors in the former.

As NFAT activation requires calcium signals [13], we next determined calcium influx in T
cells after stimulation. WT T cells showed rapid increase in calcium influx when stimulated
with anti-CD3/CD28 (Fig. 2D). Importantly, calcium influx was reduced in PKCO~'~ but the
reduction was most severe in p50~/~cRel™~ T cells. Calcium signaling is also important for
continued T-cell proliferation and cytokine expression [2, 14]. Importantly, calcium influx
was also substantially reduced in p50~~cRel™~ T cells stimulated for 48 h (Fig. 2E),
although less severely than in naive T cells (Fig. 2D). We next determined calcium influx in
T cells after stimulation with unpulsed or OVA-pulsed DCs. WT T cells stimulated with
OVA-pulsed DC showed substantially enhanced calcium influx compared with T cells with
unpulsed DCs (Fig. 2F). This difference was substantially reduced in PKC6~~ T cells (Fig.
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2G). Strikingly, no difference in calcium influx was seen in p50~~cRel ™~ T cells stimulated
with unpulsed versus OVA-pulsed DCs (Fig. 2H). Together, our results indicate that
impaired NFAT activation in p50~/~cRel™~ is likely due to defects in calcium influx.

Reduced PLCy and Zap70 activation in p50~/~cRel™~ CD8" T cells

Upon TCR engagement, PLCy cleaves PIP2 into IP3 (leading to ER calcium release
followed by store-operated calcium influx and NFAT activation) and DAG (leading to PKC
and AP-1/NF-xB activation) [2]. Since p50~~cRel™~ T cells have defects in both NFAT and
AP-1 activation, we next determined whether this was due to impaired PLCy activation.
While total PLCy levels were equivalent, a decrease in activation-induced phosphorylation
(Y783) of PLCy was seen in p50~~cRel™~ CD8* T cells (Fig. 3A and Supporting
Information Fig. 1B). To gain broader insight into additional proteins that displayed a
reduction of phosphorylation in p50~/~cRel ™~ CD8+ T cells, we detected pan-tyrosine
phosphorylation using the 4G10 antibody. These resulted pointed to reduction in
phosphorylation of proteins in the p50~/~cRel™~ T cells (Supporting Information Figure 2)
that may correspond to molecular weight range of PLCy, Zap70/Slp76/Itk, and LAT. We
next specifically determined Zap70 and LAT phosphorylation as they are in a direct pathway
leading to PLCy activation.

Upon TCR engagement, the tyrosine kinase Zap70 plays a key role in initiating proximal
signaling required for T-cell activation [1]. Interestingly, Zap70 phosphorylation (Y319)
was also reduced in p50~~cRel™~ T cells compared with WT T cells (Fig. 3A and
Supporting Information Fig. 1C). Moreover, LAT Y132 and Y171 phosphorylation was also
reduced in the p50~/~cRel™~ T cells (Fig. 3B and Supporting Information 1C). These two
sites are Zap70 targets and potential docking sites for PLCy. This indicates that the
reduction in Zap70 phosphorylation in the p50~~cRel™~ T cells translates to reduced
activation of this protein, and points to a less robust LAT signalisome as a crucial step in the
subsequent reduction in activation of PLCy. Furthermore, these results suggest that defects
in proximal T-cell signaling in p50~/~cRel™~ T cells may be responsible for defects in
calcium/NFAT and AP-1 activation. Since calcium/NFAT and AP-1 also contribute to T-
cell activation and proliferation, we hypothesized that observed defects in p50~7~cRel™~ T
cells may also be due to impaired PLCy signaling rather than p50+cRel absence per se. To
test this possibility, we used two agents that bypass the need for activated PLCy mediated
IP3 and DAG generation: ionomycin (10; calcium ionophore) and PMA (PKC inducer).
Intriguingly, IO+PMA largely rescued calcium influx defects (Fig. 3C), the nuclear
translocation of NF-AT, RelA/p65, and c-Jun (Fig. 3D and Supporting Information Fig. 1D),
and the proliferative response in p50~/~cRel™~ T cells (Fig. 3E). Therefore, a significant
component of defects in proliferation of p50~/~cRel™~ T cells stem from impaired proximal
T-cell signaling leading to suboptimal activation of PLCy. Importantly, these results further
indicate that key defects in T-cell responses in absence of NF-xB subunits can be due to
defects in proximal T-cell signaling.

Our results show an unexpected function of NF-xB in calcium influx and NFAT activation.
We further show that this function is at least partly controlled through optimal activation of
the key mediators of T-cell signaling: Zap70 and PLCy. Pharmacological rescue of critical
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activation components in p50~/~cRel™~ T cells further showed that a substantial component
of the defects in these cells are due to impaired PLCy activation. However, we do not
believe that p50~/~cRel™~ T cells are universally incapable of activation-induced signaling:
first, expression of 96.5% genes was similar between WT and p50~~cRel™~ T cells (only
3.5% were changed) (see Supporting Information Table 1), indicating that the majority of
activation-induced genes are not impacted. Second, rescue by I0+PMA indicates that
p50~/~cRel™~ T cells are fully capable of robust proliferative responses if stimulated in a
manner that bypasses specific functional defects. Consistent with impairment in activation
of transcription factors regulating IL-2 expression, p50~~cRel™~ T-cell proliferation was
also partially rescued by addition of exogenous IL-2 (Supporting Information Fig. 3). Our
results also indicate the novel function for NF-xB described here appear to be a redundantly
controlled by p50 and cRel, since CD8* T cells lacking either p50 or cRel showed only a
slight reduction in calcium influx and proliferation (Supporting Information Fig. 4A and B).
Preliminary results also indicate that p50~/~cRel™~ CD4* cells exhibit defective calcium
influx (not shown).

A key question is how PLCy activation and Ca2*/NFAT signaling is regulated by NF-xB.
Given the fact that calcium influx was measured minutes after stimulation, it is unlikely that
this is due to defective gene induction by activation-induced NF-«xB. Instead, regulation of
calcium influx likely represents a function for constitutive NF-xB activity. We believe that
similar, albeit less severe, defects in PKCO™~ T cells seen here as well as previous PKCO
studies may suggest some possible answers [3, 15-19]. Both NF-xB subunits and PKCH
associate with the IKK complex [3], which is comprised of IKKa/B/y. Importantly, IKKpB/y
can localize to the immune synapse (IS) where key proximal signaling events are initiated
[20, 21]. It is possible that absence of either PKCO or NF-xB subunits can somehow impact
IKK activation, localization or stability. While IS presence of IKKJ is thought to be
important for NF-xB activation, it is interesting to speculate that IKKp regulates additional
events in TCR signaling, which are adversely impacted by PKCO or p50+cRel absence.

Concluding Remarks

Our results demonstrate a vital function for NF-xB p50 and cRel subunits in calcium/NFAT
signaling that is mediated through optimal activation of proximal TCR signaling mediators.
Previous studies have defined a crucial role of the NF-xB pathway in promoting T-cell
survival [6, 22, 23]. The results shown here indicate that in addition to promoting survival,
NF-xB is also crucial for early T-cell activation signaling important for regulating NFAT
and AP-1 transcription factors.

Materials and Methods

Mice and cells

PKC67/~, p50~/~cRel™~ and OT-1 transgenic mice were described previously [7]. All mice
were maintained under specific pathogen-free conditions, and all experiments using mice
were carried out in accordance with institutional guidelines. T-cell culture and proliferation
were performed as previously described [7]. BM-derived dendritic cells (DCs) were
generated as described [24]. OT-1 T cells and polyclonal T cells were stimulated with either
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1 or 10 pg anti-CD3/CD28 (ebioscience) and/or 50 ng Phorbol 12-Myristate 13-Acetate
(PMA\) and 500 ng lonomycin (both Fisher).

In vivo T-cell expansion and FACS analysis

OT-1 CD8* T cells (in C57BL/6 background) were isolated from the spleens of CD45.2
mice and 1 x 108 cells were transplanted into C57BL/6 CD45.1 hosts. 24 h later,
transplanted and control mice were injected i.p. with 100 pg OVA, 100 ug anti-CD40, and
50 pg Poly (I:C). Peripheral blood was acquired through submandibular bleed every 7 days
thereafter. Peripheral blood was RBC lysed (ACK Buffer, Fisher) and Fc-blocked
(eBioscience) and WBCs were stained with CD45.1, CD45.2, and CD8 (eBioscience) and
KB-OVA tetramer (MLB International) in PBS supplemented with 0.5% Bovine Serum
Albumin for 30 min on ice. Cells were washed twice and data was collected on an LSRII
(Beckman Dickinson) and analyzed with FlowJo 9.6 (TreeStar). Cells were gated on strict
forward and side scatter parameters, to ensure single cell analysis. Additionally, the DAPI-
population was used for viable cells. Finally, cells were separated by CD45.1 or CD45.2
positivity, and assessed for CD8/OVA-tetramer expression.

Calcium Assay

T cells were suspended at 1 x 108/mL in Calcium Buffer [No-Phenol Red RPMI (Fisher)
with 2% FBS and 10% Probenecid (Thermo-Scientific)] and stained with 4 uM Fluo-4
(Invitrogen) for 45 min at 37°C. Cells were washed 3 times in Calcium Buffer and replated
at 2 x 10%well in a 96-well flat-bottom plate. Cells were then rested for 20 min at RT, and
incubated at 37°C for 10 min immediately preceding the assay. Where indicated, cells
received the following: 1 ug/mL anti-CD3/CD28 (mouse & human-ebioscience) and 3 mM
EGTA. Samples were read on a Wallac EnVision 2102 Multilabel Reader (Perkin Elmer).

Microarray, EMSA and Western blotting

Microarray analysis was performed as described in [25] (also see Supporting Information
Table 1). EMSA on T cells has been described [23]. Western Blotting was performed using
anti-NFATc1 (H-110) and anti-Rel A/p65 (372) both from Santa Cruz; anti-pLAT Y132
(4476) & anti-pLAT Y171 (73205) both from Abcam; anti-pZap70 (2717), anti-Zap70
(2705), anti-pPLCy (2821), anti-LAT (9166), anti-c-Jun (9165) all from Cell Signaling and
anti-PLCy (610027 — BD Biosciences).

Statistical analyses

All statistical analyses were performed using the Student t-test; a p value <0.05 was
considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NF-xB p50'/'cReI'/‘ CD8™" T cells exhibit pronounced clonal expansion defects in
vitro and in vivo
(A) In vitro proliferation of OT-1 WT, PKC6~/~ and p50~~cRel~'~ CD8* T cells cultured

alone or in the presence of DC + OVA. CPM values represent 3H-thymidine incorporation.
(B) Relative amount of IL-2 mRNA present in WT OT-1, PKC6™~ and p50~/~cRel”~ CD8*
T cells after 18 h culture without or with DC + OVA, determined by microarray and
normalized to 18S ribosomal RNA. (C) Clonal expansion of transplanted OT-1 WT,
PKCO~/~ and p50~/~cRel™~ CD8" T cells was determined in peripheral blood 7 days post
TriVax administration by flow cytometry; values represent % of endogenous (45.1) and
transplanted (45.2) OVA-Tetramer* CD8" T cells/viable (DAPI-) PBMCs. (D) Percentage
of transplanted (CD45.2) OVA-Tetramert CD8* T cells/PBMC over 5 weeks, determined
by flow cytometry. ((A-D) Data are shown as mean + SEM (n=4 mice per genotype) and
are representative of two independent experiments. Statistical significance is indicated as
*p<0.05, **p<0.01, ***p<0.001, Student’s t-test.
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Figure 2. pSO'/‘cReI'/‘ T cells have defects in NFAT and AP-1 activation and calcium influx
(A) Unstimulated and stimulated OT-1 WT, PKCO~/~ and p50~-cRel™~ CD8* T cells after

18 h culture with DC and OV A were used to prepare nuclear lysates and EMSA was

performed to detect NF-xB, NFAT and AP-1. (B) Same as (A) except polyclonal WT,

PKCO™~, PKCa™"PKCO™~ and p50~/~cRel/~ CD8" T cells were used, and stimulated with
1 ug/mL anti-CD3/CD28 for 18 h. (C) Western blotting to determine NFATc1 in nuclear
fraction of WT and p50~/~cRel™~ CD8* T cells unstimulated or stimulated with 1 ug/mL
CD3/CD28 for 18 h. (D) WT, PKCO™~, and p50~/~cRel '~ polyclonal CD8* T cells were
analyzed for the ability to influx calcium: the first 60 s represent a baseline after which the
following components were added to the culture: (*)10 pg/mL CD3/CD28 and (#) 9 mM

EGTA. Points are Arbitrary Fluorescent Units (AFU) and lines represent one of three

repeats within each assay. (E) Same as (D) except polyclonal CD8* cells were cultured for
48 h with 1 pg/mL CD3/CD28, rested for 2 h, and then assayed for calcium after anti-CD3/
CD28 treatment. (F-H) Same as (D) except OT-1 T cells were used and graphs compare
calcium influx based on T-cell:DC interaction £ OVA. (A-H) Data are from one experiment
(n=4 mice/genotype/pooled and spread across treatments), representative of three

independent experiments.
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Figure 3. Reduced PLCy and Zap70 activation in p50"‘cReI‘/‘ CD8+* T cells
(A) WT and p50~/~cRel™~ CD8* T cells untreated or stimulated with 10 pg/ml anti-CD3/

CD28 for 2, 5 or 10 min after which lysates were made and western blotting was performed
to detect pPLCy, total PLCy, pZap70 and total Zap70. (B) Same as (A), but only the 5 min
time-point was used for detection of pZap70, total Zap70, pLAT (Y132), pLAT (Y171), and
total LAT. (C) WT and p50~/~cRel™~ CD8* T cells were assayed for the ability to influx
calcium as in Figure 2C, in unstimulated or either 10 pg/mL CD3/CD28 or 50 ng PMA and
500 ng ionomycin stimulated cells. (D) WT and p50~~cRel™~ CD8+ * T cells were cultured
alone or with 50 ng PMA and 500 ng ionomycin for 6 h; nuclear lysates were made and
western blotting was performed to detect NFAT, RelA and c-Jun. (E) In vitro proliferation
of WT and p50~/~cRel™~ CD8" T cells cultured alone or with 1 pg/mL anti-CD3/CD28
and/or 50 ng PMA and 500 ng ionomycin for 48 h; values represent CPM of 3H-thymidine
incorporation and are given as mean + SD. (A-E) Data are from one experiment (n=2-4
mice/genotype), representative of three independent experiments. Statistical significance is
indicated as *p<0.05, **p<0.01, ***p<0.001, Student’s t-test.

Eur J Immunol. Author manuscript; available in PMC 2015 December 01.



