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induces MHC lI-independent activation of T cells via
PKCO/NF-kB and IL-2R/STAT5 signaling pathways
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SEC2, a major histocompatibility complex class II (MHC II)-
dependent T-cell mitogen, binds MHC II and T-cell receptor
(TCR) Vs to induce effective co-stimulating signals for clonal
T-cell expansion. We previously characterized a SEC2 mutant with
increased recognition of TCR Vs, ST-4, which could intensify
NF-kB signaling transduction, leading to IL-2 production and
T-cell activation. In this study, we found that in contrast to SEC2,
ST-4 could induce murine CD4* T-cell proliferation in a V[38.2-
and VB8.3-specific manner in the absence of MHC II* antigen-
presenting cells (APCs). Furthermore, although IL-2 secretion in
response to either SEC2 or ST-4 stimulation was accompanied by
up-regulation of protein kinase CO (PKC#), inhibitor of kB (IkB), &
and 3 IkB kinase (IKK«a/B), IkBe, and NF-«B in mouse spleno-
cytes, only ST-4 could activate CD4* T cells in the absence of MHC
II* APCs through the PKCO/NF-kB signaling pathway. The PKCO
inhibitor AEB071 significantly suppressed SEC2/ST-4—induced
T-cell proliferation, CD69 and CD25 expression, and IL-2 secretion
with or without MHC II" APCs. Further, SEC2/ST-4—induced
changes in PKCO/NF-kB signaling were significantly relieved by
AEBO071 in a dose-dependent manner. Using Lck siRNA, we found
that Lck controlled SEC2/ST-4-induced phosphorylation of
PKC6. We also demonstrated that the IL-2R/STAT5 pathway is
essential for SEC2/ST-4—induced T-cell activation. Collectively,
our data demonstrate that an enhanced ST-4 —TCR interaction can
compensate for lack of MHC II and stimulate MHC I1-free CD4*
T-cell proliferation via PKCO/NF-kB and IL-2R/STATS5 signaling
pathways. Compared with SEC2, intensified PKCO/NF-«B and
IL-2R/STATS5 signals induced by ST-4 lead to enhanced T-cell acti-
vation. The results of this study will facilitate better understanding
of TCR-based immunotherapies for cancer.

As members of the superantigen family, staphylococcal
enterotoxins (SEs)® secreted by Gram-positive bacteria Staph-
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ylococcus aureus (1) can directly engage as intact molecules to
outside the peptide groove of major histocompatibility com-
plex class IT (MHC II) on antigen-presenting cells (APCs) and
specific VB regions of T-cell receptors (TCRs), resulting in
hyperactivation of T lymphocytes. In this manner, activated T
cells can release excessive quantities of proinflammatory cyto-
kines and drive potent immunological responses (2). During
this process, MHC Il on APCs seems to be important for T-cell
activation induced by SEs. However, many studies have shown
that some types of SEs could directly activate T cells in the
absence of MHC II. Lando et al. (3) and Newton et al. (4) dem-
onstrated that SEA-Fab fusion protein conferred the ability to
activate human T cells in a V3-specific manner with the pres-
ence or absence of MHC II molecules. Lamphear et al. (5)
reported that enhanced SEC1-TCR-binding affinity could
compensate for a lack of MHC II with regard to stimulating
T-cell proliferation in an MHC II-independent manner.
Together, these data strongly suggest that increased affinity
between SEs and TCR Vf can trigger MHC II-independent
T-cell activation. However, the molecular signaling transduc-
tion mechanism has not been fully addressed.

Upon SE stimulation, TCR-CD3 complexes accumulate to
form TCR microclusters (MCs), including TCR, kinases, and T
cell-specific adaptor proteins at the center of the immunolog-
ical synapse (6, 7). T cell-specific adaptor proteins regulate
lymphocyte-specific tyrosine kinase (Lck) activity through
physical interaction with Lck Src-homology 2 and 3 domains
(8). Activated Lck acts as an intermediate molecule to interact
with the cytoplasmic tail of CD28 and phosphorylate protein
kinase C0 (PKC0), a novel Ca®"-independent PKC isoform (9,
10). PKC# is the only PKC isoform recruited to TCR MCs (11).
In addition, PKC6 positively regulates the early activation
marker CD69 in T cells and activates the downstream of « and
B inhibitor of kB (IkB) kinase (IKK) isoforms (12, 13). IKK«/f
phosphorylates the IkBa molecule and releases it from p50 and
p65 of nuclear factor k-light-chain-enhancer of activated B cells
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Figure 1. Analysis of splenocytes/CD4™" T cell proliferation. Proliferation of murine splenocytes (A)/CD4™ T cells (B) was determined by an MTS assay after
incubation for 72 h with SEC2 or ST-4 at concentrations of 100, 1000, 5000, and 10,000 ng/ml. Untreated splenocytes/CD4 ™ T cells served as a negative control.
Each value indicates the mean = S.D. (error bars) of results obtained from three independent experiments. *, p < 0.05.

(NF-kB/p65). Furthermore, NF-«B rapidly translocates into
the nucleus, where it engages the promoter region of the inter-
leukin-2 (IL-2) gene, leading to IL-2 secretion (14, 15). Finally,
IL-2 drives T-cell proliferation and survival through the IL-2
receptor « chain (IL-2Ra/CD25)/signal transducer and activa-
tor of transcription 5 (STAT5) pathway (16).

As a type of MHC II-dependent mitogen (5), staphylococcal
enterotoxin C2 (SEC2) has been applied in clinical trials as an
effective tumor immunotherapeutic agent in China (17). To
enhance anti-tumor activity, the SEC2-TCR enhanced mutant
ST-4 was constructed in our laboratory (18). Previous studies
have shown that compared with SEC2, ST-4 not only induces
activation of murine VB8 T lymphocytes, but also increases
secretion of the cytokine IL-2 through the classical NF-«B sig-
naling pathway (19). However, it is unclear whether ST-4 can
bypass the classical MHC II-SEs—TCR binding mechanism to
activate T cells in a MHC II-independent manner. To better
understand the underlying mechanism, we first obtained MHC
II-free CD4™ T cells using a labeled magnetic bead method. We
investigated the importance of the PKC6O/NF-«B signaling
pathway in ST-4 —induced T-cell activation and compared this
response with SEC2. Next, we chose the PKC#6 inhibitor
AEBO071 and Lck siRNA to investigate the effects of PKC#6
activity and phosphorylation, respectively, on ST-4-
induced T-cell activation in a MHC II-independent manner.
Finally, we used an anti-IL-2 neutralizing antibody to ana-
lyze the role of IL-2R/STATS5 signaling in the process of
SEC2/ST-4 —stimulated T-cell activation.

Herein, we present genetic data indicating that PKC6 acts
downstream of the NF-«B pathway, leading to IL-2 transcrip-
tionin SEC2/ST-4 —induced T-cell activation. Furthermore, we
showed that Lck is required for the phosphorylation of PKC6.
Compared with SEC2, ST-4 enhanced TCR VB-binding affin-
ity and induced intensified splenocyte activation through the
PKCO/NF-kB and IL-2R/STATS5 signaling pathways. Mean-
while, without MHC 11" APCs, only ST-4, and not its closely
similar homolog WT SEC2, can stimulate CD4" T-cell prolif-
eration via the essential PKCO/NF-«B and IL-2R/STATS5 sig-
naling pathways.
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Results

Analysis of SEC2/ST-4-stimulated splenocyte/CD4™ T-cell
proliferation

To investigate whether ST-4 could induce T-cell prolifera-
tion in the absence of MHC II molecules, murine splenocytes
and CD4™ T cells were stimulated with different concentra-
tions of SEC2 or ST-4 for 72 h. Next, proliferation was analyzed
by an MTS assay. As shown in Fig. 14, SEC2 and ST-4 signifi-
cantly induced splenocyte proliferation in a dose-dependent
manner in the presence of MHC Il molecules. At each indicated
concentration, the stimulatory activity of ST-4 was significantly
higher than that of SEC2 (p < 0.05). As shown in Fig. 1B, SEC2
could not stimulate T-cell proliferation in the absence of MHC
II. However, ST-4 could significantly stimulate CD4" T-cell
proliferation at the indicated concentrations. At a concentra-
tion of 5000 ng/ml, ST-4 —stimulated proliferation was signifi-
cantly stronger than that induced by SEC2 in the presence or
absence of MHC II molecules.

SEC2/ST-4 induced a change in TCR V3 gene expression in
murine CD4* T cells

SEs selectively activate particular TCR VB chains. TCRs are
thought to play an important role in triggering specific T-cell
proliferation. Our previous study showed that both SEC2 and
ST-4 could induce significant expression of V38.2 and V38.3 in
murine splenocytes, although ST-4 was more potent than SEC2
(18). In this study, we investigated the relative expression of
TCR Vf chains stimulated by SEC2 and ST-4 in the absence of
MHC II. As shown in Fig. 2, SEC2 elicited no changes in the
amplification levels of TCR V. However, amplification levels
of both V38.2 and V38.3 were significantly higher when stim-
ulated by ST-4 compared with SEC2 (p < 0.05). These results
support the prediction that enhanced affinity between SEs and
TCR VB can trigger MHC II-independent T-cell activation.

SEC2/ST-4 stimulation enhanced PKCO-induced NF-kB
activation and IL-2 secretion

Our previous study suggested that the NF-«B signaling path-
way is essential for SEC2/ST-4 —induced splenocyte activation
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Figure 2. SEC2/ST-4 induces changes in TCR Vf3 gene transcription in
purified murine CD4* T cells. Total RNA was collected, and the transcription
levels of VB were identified by qRT-PCR, as described under “Experimental
procedures,” after CD4™ T cells had been stimulated with 5000 ng/ml SEC2/
ST-4 for 72 h. Each value indicates the mean = S.D. (error bars) of results
obtained from three independent experiments. **, p < 0.01.

by induction of IL-2 secretion (19). Among several PKC iso-
forms, PKCB is essential for T-cell activation. Accordingly, we
tested whether SEC2/ST-4 —stimulated NF-«B activation and
IL-2 secretion were related to PKC8 signaling. As shown in Fig.
3A, SEC2/ST-4 significantly induced splenocytes to produce
IL-2 in a time-dependent manner. Furthermore, as shown in
Fig. 3 (B-F), SEC2/ST-4 stimulated expression of PKCSH,
IKKa/B, IkBa, and p65 at protein levels, consistent with the
trend for IL-2 synthesis. In addition, ST-4—induced activation
of PKCO/NF-kB and IL-2 secretion was significantly higher
than that induced by SEC2 (p < 0.05). These results suggested
that the PKCO/NF-«kB signaling pathway plays an important
role in SEC2/ST-4—induced IL-2 secretion.

Inhibited PKCO/NF-kB signaling reduced SEC2/ST-4-induced
splenocyte/CD4™ T-cell proliferation

In this study, the PKC# inhibitor AEB071 was used to assess
the role of the PKCH/NF-«B signaling pathway in SEC2/ST-4—
stimulated splenocyte/CD4" T-cell proliferation. As shown in
Fig. 44, in the presence of MHC II, both SEC2 and ST-4 signif-
icantly stimulated splenocyte proliferation. Moreover, ST-4
induced higher percentage divided values compared with
SEC2. The percentage divided value is the percentage of cells of
the original sample that divided (assuming that no cells died
during the culture). The increased percentage divided values
induced by SEC2/ST-4 were significantly reduced by AEB071
in a dose-dependent manner, as indicated in Table 1. In addi-
tion, at equivalent concentrations of AEBO71, percentage
divided values of ST-4 —treated splenocytes were significantly
higher than that of SEC2-treated cells. However, in the absence
of MHC II, as shown in Fig. 4B, ST-4 could significantly stimu-
late CD4™" T-cell proliferation. The percentage divided values
induced by ST-4 were significantly reduced by treatment with
AEBO071 in a dose-dependent manner, as indicated in Table 1.
However, SEC2 could not stimulate CD4 " T-cell proliferation.
These results demonstrated the involvement of the PKC6/
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NE-«B signaling pathway in SEC2/ST-4 —induced splenocyte/
CD4™" T-cell proliferation.

Inhibited PKCO/NF-kB signaling reduced SEC2/ST-4-induced
splenocyte/CD4* T-cell phenotypes

In this study, AEB0O71 was chosen to investigate the potential
role of the PKCO/NF-«B signaling pathway during SEC2/ST-
4 —stimulated expression of early (CD69) and late (CD25)
markers of T-cell activation. As shown in Fig. 5 (A and B) and
Tables 2 and 3, at a final concentration of 5000 ng/ml, both
SEC2 and ST-4 could significantly increase the percentage
of CD69- and CD25-positive events (p < 0.05) in the presence
of MHC II. Moreover, ST-4 stimulated a higher percentage of
CD69- and CD25-positive events (25.4 = 0.18 and 36.9 = 0.72,
respectively) compared with SEC2 (19.3 = 0.07 and 15.3 = 1.70,
respectively) (p < 0.05). However, in the absence of MHC II,
SEC2 could not induce increased percentages of CD69-positive
eventsin CD4™" T cells. Thus, ST-4 induced a higher percentage
of CD69- and CD25-positive events compared with SEC2 in the
absence of MHC II (Fig. 5, C and D). Percentages of CD69- and
CD25- positive events induced by SEC2/ST-4 were significantly
decreased by treatment with AEBO071 in a dose-dependent
manner (Tables 2 and 3, p < 0.05). These results demonstrate
the importance of the PKC6O/NF-«B signaling pathway in SEC2/
ST-4 —stimulated expression of CD69 and CD25 on T-cell
activation.

Inhibited PKCO/NF-kB signaling reduced SEC2/ST-4-induced
IL-2 secretion

SE-induced IL-2 secretion initiates the second wave of sig-
naling events resulting in T-cell activation. As shown in Fig. 64,
in the presence of MHC II, both SEC2 and ST-4 could signifi-
cantly stimulate murine splenocytes to produce large amounts
of IL-2 (p < 0.05). Notably, ST-4 was more effective than SEC2
with regard to induction of IL-2 production (p < 0.05). Without
providing MHC II™ APCs, only ST-4, but not SEC2, could stim-
ulate CD4™ T cells to secrete IL-2 (Fig. 6B). Although SEC2/ST-
4-induced IL-2 secretion could be effectively alleviated by
AEBO071 in a dose-dependent manner (p < 0.05) in the presence
or absence of MHC II. These results indicate that the PKC6/
NF-«B signaling pathway is important for enhanced IL-2 pro-
duction induced by ST-4 and results in MHC II-independent
activation of CD4™" T cells by ST-4.

Importance of PKCO signaling for SEC2/ST-4-induced NF-kB
activation

As shown in Fig. 7, in the presence of MHC II, expression of
PKC6, IKKa/B, IkBa, and p65 induced by SEC2/ST-4 was sig-
nificantly repressed by AEB071 in a dose-dependent manner
(p < 0.05). Moreover, expression of these proteins in ST-4—
treated groups was significantly higher than in SEC2-treated
groups (p < 0.05). In the absence of MHC II, only ST-4, but not
SEC2, could significantly activate PKC6O/NF-«B signaling in
CD4™" T cells (Fig. 8). Meanwhile, at a final concentration of 1.0
uM, AEB071 almost completely blocked the up-regulation of
PKC#, IKKa/B, IkBa, and p65 induced by ST-4in CD4™ T cells.
These results further demonstrate that PKC0 signaling is essen-
tial for SEC2/ST-4 —induced NF-«B activation; indeed, ST-4

J. Biol. Chem. (2018) 293(51) 19771-19784 19773
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Figure 3.IL-2 and PKCO/NF-«B signal molecules were up-regulated by SEC2/ST-4 in murine splenocytes. A, splenocytes were stimulated with 5000 ng/ml
SEC2/ST-4. After incubation for the indicated time, culture supernatants were harvested and used for measurement of IL-2 by ELISA. B-F, splenocytes were
stimulated with 5000 ng/ml SEC2/ST-4. After incubation for indicated time, total cellular proteins were collected, and PKC6, IKKa/B, IkBa, and NF-kB/p65 were
detected by Western blot analysis. Untreated splenocytes served as a negative control. Each value indicates the mean = S.D. (error bars) of results obtained

from three independent experiments. *, p < 0.05.

intensified PKC6O/NF-«B signaling transduction, ultimately lead-
ing to enhanced T-cell activation in the absence of MHC II.

Lck is required for SEC2/ST-4-induced PKCO phosphorylation

To investigate whether SEC2/ST-4—induced phosphoryla-
tion of PKCB is associated with Lck, we first verified that both
SEC2 and ST-4 could significantly up-regulate the levels of both

19774 J Biol. Chem. (2018) 293(51) 19771-19784

phosphorylated Lck and PKCB6 in the presence of MHC II (Fig.
9, A-C). Furthermore, ST-4 showed more effective potentials
than SEC2 (p < 0.05). In addition, SEC2/ST-4 —induced phos-
phorylation of Lck and PKC6 were significantly decreased by
Lck-specific siRNA transfection, but not by nonspecific control
siRNA (p < 0.05). Meanwhile, as shown in Fig. 9 (D-F), in the
absence of MHC 11, only ST-4, and not SEC2, could induce Lck

SASBMB
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Figure 4. AEB071 inhibits SEC2/ST-4-induced splenocyte/CD4* T-cell proliferation in vitro. CFSE-labeled splenocytes (A) and CD4™ T cells (B) were
cultured and preincubated with AEBO71 for 30 min at the indicated concentrations. Cells were subsequently stimulated with SEC2 or ST-4 at a final concen-
tration of 5000 ng/ml. Untreated splenocytes/CD4™" T cells served as a negative control. After 72 h, cells were harvested and analyzed by flow cytometry. Data
are representative of three independent experiments.

Table 1
SEC2/ST-4-induced splenocyte/CD4™ T cell proliferation is inhibited in vitro by AEB071

Capital letters indicate significant differences (p < 0.05) between treatments within each column. For the control columns, this includes untreated (respective control)
versus SEC2-treated splenocytes, control versus ST-4 —treated splenocytes/CD4 " T cells, SEC2-treated versus ST-4 —treated splenocytes, and SEC2-treated versus ST-4—
treated CD4™ T cells. For each inhibitor concentration, this includes SEC2-treated versus ST-4 —treated splenocytes and SEC2-treated versus ST-4 —treated CD4™" T cells.
Lowercase letters indicate significant differences (p < 0.05) between treatments within each row. For SEC2— and ST-4—treated splenocytes/CD4™" T cells, this includes

respective control versus AEBO71 (1.0 uM and 0.1 uM) as well as 1.0 uMm versus 0.1 um AEBO71.

AEB071 AEB071
Treatment groups Control 1.0 um 0.1 puMm Treatment groups Control 1.0 um 0.1 puMm
Splenocytes 142 = 0.08 A CD4" T cells 0.94 £ 0.06 A
Splenocytes + SEC2  9.05 = 0.14Ba  0.96 = 0.09Bb 298 = 0.12 Bc CD4 " Tcells + SEC2  1.06 =0.03Aa 090 *0.04Ba 1.02 = 0.03 Ba
Splenocytes + ST-4 253+ 046Ca 222*+0.18Cb 154 *2.01Cc CD4 ™" T cells + ST-4 134 +0.08Ba 0.88*0.05Bb 5.11 +0.16 Cc

and PKC6 activation in CD4™" T cells. Lck-specific siRNA also
blocked the up-regulation of phospho-Lck and phospho-PKC6
induced by ST-4 in CD4" T cells. These results demonstrate
that SEC2/ST-4—induced Lck activation is important for phos-
phorylation of PKC6, and ST-4 intensified Lck activation, ulti-
mately leading to enhanced T-cell activation in the absence of
MHCIIL.

IL-2R/STATS5 signaling is important for SEC2/ST-4-induced
splenocyte/CD4™ T-cell proliferation

It has been reported that IL-2 binding and signaling via IL-2R
is required for T-cell activation (20). To investigate whether
IL-2 and IL-2R signaling were required for SEC2/ST-4-—
induced splenocyte/CD4 ™" T-cell proliferation, we used an anti-
IL-2 neutralizing antibody to block IL-2. As shown in Fig. 10
and Fig. 5B, consistent with results shown in Fig. 11 (4 and B),
SEC2 and ST-4 could stimulate murine splenocyte prolifera-
tion, IL-2R/CD25 expression, and IL-2R downstream protein
STATS5 expression in the presence of MHC II. Furthermore,
ST-4 showed more effective induction than SEC2 (p < 0.05).
Meanwhile, as shown in Figs. 10 and 11 (C and D), in the
absence of MHC II, only ST-4, and not SEC2, could induce
proliferation and STAT5 expression in CD4™ T cells. In addi-
tion, ST-4 induced stronger CD25 expression than SEC2 (Fig.
5D). Furthermore, the anti-IL-2 neutralizing antibody could
block SEC2/ST-4—induced IL-2R/STATS5 signaling activity in
the presence or absence of MHC II molecules. Taken together,
these results suggest that the effect of SEC2/ST-4—induced
IL-2R/STATS5 signaling activity is important for splenocyte/
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CD4™ T-cell proliferation, and ST-4 intensified the IL-2R/
STATS5 signaling transduction, ultimately leading to enhanced
T-cell activation in the absence of MHC II.

Discussion

It is well-known that T-cell activation depends on two major
signal transduction events. Upon recognition of MHC II™"
APCs, the antigen-specific activation signal is induced at TCR
MCs. TCR MCs and co-stimulation receptor CD28 initiate the
first wave of signaling that regulates expression of cytokines
such as IL-2 (21, 22). Then IL-2/IL-2R initiate the second wave
of signaling, which activates diverse target genes to ultimately
result in T-cell proliferation (16). Previous reports showed
that SEs can activate particular VB-specific T cells through
enhanced affinity to TCR and co-stimulation ligands in the
presence or absence of MHC II molecules (3, 5, 23). IL-2 gene
expression stimulated by SEs is regulated by TCR and CD28
signals (24). Recently, Kaempfer ez al. (25, 26) revealed that the
some types of SEs, such as SEB, must bind directly to CD28 to
elicit inflammatory cytokines, even in the absence of MHC II
molecules. These results indicated that SEs could directly
engage TCR and co-stimulatory receptor CD28 to induce IL-2
secretion in the absence of MHC II molecules. In China, SEC2
has been employed as a drug in clinical trials for cancer treat-
ments. To further improve the immunotherapy and antitumor
activity of SEC2, a mutant SEC (ST-4) was constructed in our
laboratory. In the presence of MHC II" APCs, ST-4 can induce
stronger splenocyte activation compared with SEC2 (19). Fur-
thermore, we recently found that even in the absence of MHC

J. Biol. Chem. (2018) 293(51) 19771-19784 19775
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Figure 5. AEBO71 or anti-IL-2 antibody inhibits CD69 and CD25 expression in SEC2/ST-4 -stimulated splenocytes/CD4™ T cells in vitro. Splenocytes (A
and B)and CD4 ™ T cells (Cand D) were cultured and preincubated with AEB071 at the indicated concentrations or anti-IL-2 antibody (10 ug/ml) for 30 min. Cells
were subsequently stimulated with SEC2 or ST-4 at a final concentration of 5000 ng/ml. Untreated splenocytes/CD4 ™ T cells served as a negative control. After
72 h, cells were stained with PE-conjugated anti-CD69 or anti-CD25 antibody and APC-conjugated anti-CD3 antibody. Cells were analyzed by flow cytometry.
Dot plots of total events are shown with frequencies of cells in each quadrant. Data are representative of three independent experiments.

Table 2

CD69 expression in SEC2/ST-4 -stimulated splenocytes/CD4™ T cells is inhibited in vitro by AEB071

Capital letters indicate significant differences (p < 0.05) between treatments within each column. For the control column, this includes untreated (respective control) versus
SEC2-treated splenocytes, control versus ST-4 —treated splenocytes/CD4™" T cells, SEC2-treated versus ST-4—treated splenocytes, and SEC2-treated versus ST-4 —treated
CD4™" T cells. For each inhibitor concentration, this includes SEC2-treated versus ST-4—treated splenocytes and SEC2-treated versus ST-4—treated CD4™ T cells.

Lowercase letters indicate significant differences (p < 0.05) between treatments within each row. For SEC2— and ST-4 —treated splenocytes, this includes respective control
versus AEBO71 (1.0 uwm and 0.1 uM) as well as 1.0 um versus 0.1 um AEBO71.

AEBO071 AEBO071
Treatment groups Control 1.0 um 0.1 pm Treatment groups Control 1.0 um 0.1 um
Splenocytes 253 = 0.12 A CD4™ T cells 312023 A
Splenocytes + SEC2  19.3 =0.07Ba 297 =0.15Bb  9.43 £ 0.18 Bc CD4 " Tcells + SEC2 328 =033 Aa 3.06*0.04Ba 3.10 = 0.18 Ba
Splenocytes + ST-4 254 *=0.18 Ca 534+ 031Cb 184 %= 0.08 Cc CD4 " Tecells + ST-4 750*+020Ba 291+ 0.12Bb 4.72 +0.23 Cc

11, ST-4 could still stimulate MHC II-free purified CD4 ™" T-cell
activation in a dose-dependent manner. In contrast, SEC2 loses
almost all of its superantigen activities without the aid of MHC
II. A previous study found that both V38.2 and V38.3 sub-
groups in splenocytes were significantly up-regulated by both
SEC2 and ST-4 in the presence of MHC II molecules. However,
amplification levels of both V8.2 and V(8.3 stimulated by
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ST-4 were significantly higher than induced by SEC2 (18). In
this study, we showed that SEC2 could not induce expression of
VB subgroups in purified CD4 " T cells in the absence of MHC
II molecules. Moreover, expression of both TCR V8.2 and
V8.3 subgroups in CD4™" T cells treated with ST-4 was signif-
icantly increased compared with those treated with SEC2, by
2.12- and 3.07-fold, respectively. These results suggested that

SASBMB



SEC2 mutant induces MHC lI-independent activation of T cells

Table 3

CD25 expression in SEC2/ST-4 -stimulated splenocytes/CD4™ T cells is inhibited in vitro by AEB0O71

Capital letters indicate significant differences (p < 0.05) between treatments within each column. For the control column, this includes untreated (respective control) versus
SEC2-treated splenocytes/CD4™" T cells, control versus ST-4—treated splenocytes/CD4™ T cells, SEC2-treated versus ST-4 —treated splenocytes, and SEC2-treated versus
ST-4—treated CD4™ T cells. For each inhibitor concentration, this includes SEC2-treated versus ST-4-treated splenocytes and SEC2-treated versus ST-4 —treated CD4™ T
cells. Lowercase letters indicate significant differences (p < 0.05) between treatments within each row. For SEC2- and ST-4 —treated splenocytes/CD4 " T cells, this includes
respective control versus AEBO71 (1.0 um and 0.1 uM) as well as 1.0 uMm versus 0.1 um AEBO71.

AEBO071 AEBO071
Treatment groups Control 1.0 um 0.1 uMm Treatment groups Control 1.0 um 0.1 uMm
Splenocytes 323+ 0.28A CD4" T cells 551+ 042 A
Splenocytes + SEC2 153+ 1.70Ba  3.33 = 0.25Bb  6.68 = 0.06 Bc CD4 " Tcells + SEC2 874 +0.19Ba 6.70*0.11Bb 7.72 = 0.15Bc
Splenocytes + ST-4 369+ 0.72Ca 328 x048Bb 11.3*0.13Cc CD4 " Tecells + ST-4 164*+085Ca 915+042Cb 134 *2.10Cc
400 [ control 400+ E ;«;:nct;ol
350 E;ﬁff 350 — Sy
o o]
o SN ST-4+1.0 pM AEB071 =5 = - =
T 250 EZZA SEC2+0.1 pM AEB071 E 250 EZZASEC2+0.1 pM AEBO71
£ 0 a > ST-4+0.1 pM AEB071
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o o
4 150+ = 150
100 | 100
. S “I | 7N\ —

Figure 6. AEBO71 inhibits IL-2 secretion induced by SEC2/ST-4 in murine splenocytes/CD4" T cells in vitro. Splenocytes (A) and CD4 ™" T cells (B) were
cultured and preincubated with AEB071 for 30 min at the indicated concentrations. Cells were subsequently stimulated with SEC2 or ST-4 at a final concen-
tration of 5000 ng/ml. Untreated splenocytes/CD4™" T cells served as a negative control. Splenocytes were incubated for 12 h,and CD4™" T cells were incubated
for 48 h. Then cell culture supernatants were harvested and used for measurement of IL-2 by ELISA. Each value indicates the mean = S.D. (error bars) of results

obtained from three independent experiments. *, p < 0.05.

the enhanced affinity between ST-4 and TCR V8.2 and V38.3
could trigger MHC II-independent T-cell activation. A simple
relationship between the affinity of the SEs—TCR interaction
and the immune response has been reported: stronger binding
results in stronger T-cell responses (27, 28). As such, these
results implied that compared with SEC2, ST-4 has more pow-
erful TCR VB-binding affinity to elicit signaling capable of
inducing more TCR Vf subgroups than initially induced. Then
TCR interacts with the CD28 co-stimulation signal to mediate
stronger T-cell activation in the presence or absence of MHC
11" APCs.

The transcription factor NF-«B/p65 plays an essential role in
TCR-mediated IL-2 production (29). Studies from our labora-
tory showed that SEC2/ST-4 could induce murine T-cell acti-
vation via the NF-kB/p65 signaling pathway (19). However,
the detailed molecular signaling transduction mechanism
remained unclear. In this study, we demonstrated that SEC2/
ST-4 stimulated murine T cells to secrete IL-2. In addition,
secretion of IL-2 was significantly increased by up-regulated
expression of PKC6, IKKa/B, IkBa, and p65. These results
imply that the PKC6/NEF-«B signaling pathway plays an impor-
tant role in SEC2/ST-4 —induced secretion of IL-2. Moreover,
this conclusion is further supported by previous reports sug-
gesting that the PKCO/NF-«kB signal pathway integrates the
TCR-CD28 signal required for IL-2 production and T-cell pro-
liferation (30, 31).

PKC# is essential for T-cell activation (32). We focused on
PKC# because it is the only PKC isoform that recruits to the
immunological synapse among the PKC family (33). In addi-
tion, PKCB# is required for the activation of NF-«B, which reg-
ulates the production of IL-2 (34). Previous studies have shown
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that PKC6 can be effectively inhibited by AEB071, a specific
inhibitor of the PKC6/NEF-«B signaling pathway (35). Our cur-
rent study shows that SEC2/ST-4 could significantly induce
proliferation, IL-2 secretion, and CD69 and CD25 expression in
murine splenocytes. In addition, in the presence of MHC II,
both SEC2 and ST-4 could significantly up-regulate expression
of PKCH, IKKa/ B, IkBa, and p65. ST-4 exhibited enhanced effi-
ciency for PKCO/NF-kB pathway activation compared with
SEC2. Furthermore, SEC2/ST-4 —stimulated splenocyte activa-
tion, including proliferation and IL-2 secretion, were signifi-
cantly inhibited by AEB071 in a dose-dependent manner. Nota-
bly, unlike SEC2, we observed that ST-4 could also induce
purified CD4™ T cells to express CD69 and CD25, proliferate,
and secrete IL-2 in an MHC Il-independent manner. ST-4
could significantly up-regulate the phosphorylation and
expression of PKC6/NF-«B signaling proteins in purified CD4 ™"
T cells. Moreover, these changes induced by ST-4 could be
significantly relieved by AEB071 in a dose-dependent manner.
These results suggest a central role for the PKC6/NF-«B path-
way in SEC2/ST-4—induced splenocyte activation. Moreover,
ST-4 could stimulate purified CD4™ T-cell proliferation while
bypassing the need for MHC II" APCs via enhanced PKC6/
NE-«B signaling.

Lck, which belongs to the Src kinase family, is the major
kinase to phosphorylate TCR in T cells (36). In addition, Lck is
important in TCR-induced phosphorylation of PKC#, which in
turn modulates the activation of NF-«B (37). So far, little is
known about SE-induced Lck activity after TCR signaling.
Recently, several reports have shown that the superantigen SEE
can activate T cells independent of Lck via the phospholipase
Cp signaling pathway (38, 39). But in our study, we found that
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Figure 7. AEBO71 inhibits PKCO, IKKa/B, IkBa, and NF-kB/p65 proteins expression during SEC2/ST-4 -induced splenocyte activation. A, splenocytes
were cultured and preincubated with AEB0O71 for 30 min at the indicated concentrations. Cells were subsequently stimulated with SEC2 or ST-4 at a final
concentration of 5000 ng/ml. Untreated splenocytes served as a negative control. After 12 h, PKC6, IKKa/B, IkBa, and NF-kB/p65 protein levels were detected
by Western blot analysis. B-E, relative PKC#, IKKa/B, IkBa, and NF-«B/p65 protein levels. Each value indicates the mean = S.D. (error bars) of results obtained

from three independent experiments. *, p < 0.05.

ST-4 exhibited enhanced efficiency for Lck and PKC# activa-
tion compared with SEC2. Furthermore, SEC2/ST-4—induced
phosphorylation of Lck and PKC6 were significantly relieved by
Lck-specific siRNA in murine splenocytes. In addition, in the
absence of MHC II, only ST-4, but not SEC2, could induce
activation of PKC6, which is downstream of Lck. These findings
suggest that SEC2/ST-4 —induced phosphorylation of Lck plays
akey role in regulatory function of phospho-PKC#. ST-4 inten-
sified Lck activation and, thus, enhances phospho-PKC#, ulti-
mately leading to T-cell activation in the absence of MHC II
molecules.

19778 J Biol. Chem. (2018) 293(51) 19771-19784

A key event during T-cell activation is the IL-2 and IL-2R—
induced second wave of signaling. A previous study showed
that deprivation of IL-2 seriously impacts superantigen-reac-
tive T-cell proliferation (40). STAT5, a member of the signal
transducer and activator of transcription (STAT) family, medi-
ates T-cell development and cytokine signaling. Nkajiama et al.
(41) reported that lack of STAT5 inhibited CD25 expression,
leading to a failure of T-cell proliferation. In this study, we
found that SEC2/ST-4 could significantly up-regulate expres-
sion of CD25 and STAT5 in murine T cells. In addition, ST-4
exhibited stronger activation of IL-2R/STATS5 signaling com-
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Figure 8. AEB071 inhibits PKCO, IKKa/B, I1kBa, and NF-kB/p65 protein expression during SEC2/ST-4 -induced purified CD4™" T-cell activation in the
absence of MHC II. A, CD4™ T cells were cultured and preincubated with AEBO71 for 30 min at the indicated concentrations. Cells were subsequently
stimulated with SEC2 or ST-4 at a final concentration of 5000 ng/ml. Untreated CD4™" T cells served as a negative control. After 48 h, PKC, IKKa/p, IkBa, and
NF-kB/p65 protein levels were detected by Western blot analysis. B-E, relative PKC6, IKKa/B, kB, and NF-kB/p65 protein levels. Each value indicates the
mean = S.D. (error bars) of results obtained from three independent experiments. *, p < 0.05.
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Figure 9. Transfection of Lck-specific siRNA down-regulates phospho-PKC0 protein expression during SEC2/ST-4-induced splenocyte/CD4* T-cell
activation. Splenocytes (A-C) and purified CD4™" T cells (D-F) were transfected with Lck siRNA or nonspecific control siRNA for 4 h. Next, cells were stimulated
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CFSE

Figure 10. Anti-IL-2 antibody blockades SEC2/ST-4-induced splenocytes/CD4* T-cell proliferation. Splenocytes/CD4 ™" T cells were labeled with CFSE and
preincubated with anti-IL-2 antibody for 30 min at a final concentration of 10 ng/ml. Cells were subsequently stimulated with SEC2 or ST-4 at a final
concentration of 5000 ng/ml. Untreated splenocytes/CD4™" T cells served as a negative control. After 72 h, cells were analyzed by flow cytometry. Data are
representative of three independent experiments.
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Figure 11. Anti-IL-2 antibody inhibits STAT-5 protein expression during SEC2/ST-4 -induced splenocytes/CD4* T cell activation. Splenocytes (A and B)
and purified CD4" T cells (C and D) were preincubated with anti-IL-2 antibody for 30 min at a final concentration of 10 ug/ml. Cells were subsequently
stimulated with SEC2 or ST-4 at a final concentration of 5000 ng/ml. Untreated splenocytes/CD4 ™ T cells served as a negative control. After 72 h, STATS5 protein
was detected by Western blot analysis. B and D, relative STAT5 protein level. Each value indicates the mean = S.D. (error bars) of results obtained from three

independent experiments. *, p < 0.05.

pared with SEC2. And in the absence of MHCI, only ST-4, and
not SEC2, could induce activation of STAT5 in purified CD4™"
T cells. Furthermore, IL-2R/STAT5 up-regulated by SEC2/
ST-4 could be blocked by an anti-IL-2 antibody. These results
revealed that SEC2/ST-4—induced expression of CD25 and
STATS5 was required for T-cell proliferation. ST-4 intensified
the IL-2 secretion, CD25 expression, and STAT5 activation,
which ultimately led to activation of T cells in the absence of
MHC II molecules.

In summary, by applying the PKC6 inhibitor AEB071 and
anti-IL-2 antibody, we demonstrated the important role of
PKCH/NE-kB and IL-2R/STATS5 signaling pathways in regula-
tion of SEC2/ST-4—induced T-cell activation and proliferation.
Our data also revealed that the SEC2-TCR- enhanced mutant
ST-4 could induce purified CD4" T-cell proliferation in an
MHC Il-independent manner and exhibited stronger activa-
tion compared with SEC2. These results could be attributed to
intensified PKCH/NF-«kB and IL-2R/STATS5 signaling trans-
duction. In addition, using Lck-specific siRNA, we demon-
strated that Lck participates in SEC2/ST-4 —induced phosphory-
lation of PKC# (see schematic in Fig. 12). Results of this study
will provide new insights for understanding the molecular
mechanisms of SEs in T-cell activation.

Experimental procedures
Animals

Female WT BALB/c mice (4 -8 weeks old) were purchased
from Beijing Vital River Laboratory Animal Technology (Bei-
jing, China). All mice were bred and housed in pathogen-free
conditions with a barrier system (20-26 °C, relative humidity
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Figure 12. SEC2/ST-4 drives T lymphocyte activation through PKC6/
NF-«B and IL-2R/STAT5 signaling pathways with or without MHC II*
APCs.

of 40 — 60%) with 12-h light/dark cycles and free access to auto-
claved water and food. Experiments involving mice were
approved by the institutional animal care committee.

Purification of MCH II-free CD4™ T cells

Spleens from BALB/c mice were minced through a nylon
screen into medium to obtain splenocytes. CD4" T cells were
isolated from splenocytes by negative selection using labeled
magnetic beads following the manufacturer’s instructions
(Miltenyi Biotec, GmbH). Purified CD4" T cells were >97%
pure, and MHC I cells were <1%, as assessed by cytometry.
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Reagents and antibodies

Recombinant prototype SEC2 and its mutant ST-4 were
expressed in Escherichia coli BL21 (DE3) strains, respectively,
and purified as described previously (18, 42). Roswell Park
Memorial Institute (RPMI)-1640 and fetal bovine serum (FBS)
were purchased from Thermo Fisher Scientific (Hyclone, Wal-
tham, MA). AEBO71 was purchased from Selleck (Houston,
TX). Anti-IL-2 antibody was purchased from eBioscience (San
Diego, CA). Monoclonal CD3-APC, CD69-PE, and CD25-PE
antibodies were purchased from Biolegend (San Diego, CA).
The CellTiter 96® AQueous One Solution Cell Proliferation
Assay (MTS) was purchased from Promega (Madison, WI). The
carboxyfluorescein diacetate succinimidyl ester (CFSE) cell
proliferation assay and tracking kit was purchased from Beyo-
time (Haimen, Jiangsu, China). An ELISA kit for mouse IL-2
was purchased from Abcam (Cambridge, UK). The SYBR Pre-
mix Ex Taq™, Prime Script RT Master Kit and the RNA-ex-
tracting reagent RNAiso Plus were purchased from Takara Bio-
technology (Dalian, China). siRNA sequences for mouse Lck
and control were synthesized by Genepharma Co. (Shanghai,
China). Radioimmune precipitation assay lysis buffer was pur-
chased from Beyotime (Jiangsu, China). Antibodies against
phospho-PKC6, phospho-STATS5, B-actin, and goat anti-rabbit
IgG (horseradish peroxidase) were purchased from Abcam.
Antibody against phospho-Tyr-394 Lck was purchased from
Abnova (Taiwan, China). Antibodies against phospho-IKKa/3,
p65, and phospho-IkBa were purchased from Cell Signaling
Technology (Boston, MA).

Proliferation assay

Splenocytes/CD4™" T cells cultured in 96-well flat-bottomed
plates at a density of 1 X 10° cells/well in 200 ul of RPMI 1640
medium supplemented with 10% FBS were stimulated with 100,
1000, 5000, or 10000 ng/ml SEC2 or ST-4 to assess prolifera-
tion. Plates were incubated for 72 h at 37 °C in a humidified
atmosphere containing 5% CO,. After incubation, cell prolifer-
ation was determined with an MTS assay. Absorbance (Abs)
values were measured with a microplate reader at a measure-
ment wavelength of 490 nm and reference wavelength of 620
nm. The proliferation index of splenocytes or CD4™" T cells
(PLiprenocytes/cpat T cells) was calculated as follows: Abs value
in experimental groups/Abs value in negative control groups.

CFSE cell division

Cells were obtained and labeled with CFSE as described pre-
viously (18, 43). Labeled cells were resuspended in RPMI 1640
medium supplemented with 10% FBS at a final concentration of
5 X 10° cells/ml and then incubated with AEB071 at two differ-
ent final concentrations (1.0 or 0.1 um) or anti-IL-2 antibody at
a final concentration of 10 pg/ml to block PKC# or IL-2 signal-
ing, respectively. All cells were incubated in 48-well flat-bot-
tomed plates at a density of 3 X 10° cells/well in 0.5 ml of
culture medium at 37 °C in a humidified atmosphere contain-
ing 5% CO, for 30 min and then stimulated with SEC2/ST-4 at
a final concentration of 5000 ng/ml for the time indicated in
figures. Untreated cells served as a negative control. After incu-
bation, cell division analysis was performed using a BD LSR-
Fortessa, and data were analyzed with FlowJo software (Tree
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Star, Ashland, OR). Division index represents the average num-
ber of divisions that a cell (present in the starting population)
has undergone.

Splenocyte/CD4* T-cell phenotype analysis

Freshly isolated splenocytes/CD4™" T cells (5 X 10° cells/ml)
were incubated and stimulated as indicated above. Cell surface
markers were determined by staining with fluorochrome-con-
jugated monoclonal antibodies. The antibody panel consisted
of APC-conjugated anti-mouse CD3 for T lymphocytes, PE-
conjugated anti-mouse CD69 for early activated T cells, and
PE-conjugated anti-mouse CD25 for IL-2 receptors. Cells stim-
ulated in 48-well plates were centrifuged and washed twice
with PBS buffer. Next, cells (2 X 10° cell/tube) were resus-
pended in 50 pul of PBS containing moderate concentrations
of antibodies according to the manufacturer’s instructions
and incubated for 20 min at 4 °C in the dark. Flow cytometry
was performed using a BD LSRFortessa, and data were ana-
lyzed with FlowJo software.

Cytokine assay

Freshly isolated splenocytes/CD4" T cells (5 X 10° cell/ml)
were incubated and stimulated as indicated in the legend to Fig.
6. Cell culture supernatants were collected, and the concentra-
tion of IL-2 in the supernatant was determined using an ELISA
kit according to the manufacturer’s instructions. Absorbance
values were measured with a microplate reader at a measure-
ment wavelength of 450 nm and reference wavelength of
620 nm.

RNA extraction and quantitative real-time PCR (QRT-PCR)

CD4™" T cells were resuspended in RPMI 1640 medium sup-
plemented with 10% FBS at a final density of 5 X 10° cells/ml,
and then stimulated with SEC2/ST-4 at a final concentration of
5000 ng/ml in 48-well flat-bottomed plates at 3 X 10° cells/well
in 0.5 ml of culture medium at 37 °C in a humidified atmo-
sphere containing 5% CO, for 72 h. Untreated cells served as
a negative control. After incubation, CD4™" T cells were har-
vested, and total RNA was extracted from 5 X 10° cells using
the RNA-extracting reagent RNAiso Plus. A 0.5-ug sample
of total RNA was reverse-transcribed using the Primescript
RT Master Kit according to the manufacturer’s instructions.
Resulting ¢cDNA was used for amplification by qRT-PCR
with a SYBR Premix Ex Taq™ Kit and ABI Prism 7000
(Applied Biosystems, Norwalk, CT). PCR conditions were as
follows: initial denaturation at 94 °C (30 s), followed by 40 cycles at
94.°C (25s), 60 °C (45 s), and 72 °C (45 s). Primers for mouse TCR
VB and B-actin were as reported previously (17, 44). Relative tran-
scription levels were determined using the 2~ **<’ analysis
method. The equation is as follows: -fold change = 274 ACt =
Ct (sample) — Ct (endogenous control); AACt = ACt (sample) —
ACt (negative control).

Transfection of Lck siRNA

The siRNA sequences for mouse Lck (Lckl siRNA, 5'-ggc
ugu guc ugc agc uca aac-3' and 5'-uug agc ugc aga cac agc
cca-3'; Lck2 siRNA, 5'-ggu ucu uca aga auc uga gcc gua a-3’ and
5’-uua cgg cuc aga uuc uug aag aac caa-3’) and control (non-
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specific siRNA, 5'-uuc ucc gaa cgu guc acg utt-3' and 5'-acg uga
cac guu cgg aga att-3') were as reported previously (45-47).
Transient transfection of siRNA was performed with the
siRNA-Mate transfection regent (Genepharma Co.) according
to the manufacturer’s instructions. Briefly, 20 pmol of Lck
siRNA or control was mixed with 2 ul of siRNA-Mate and incu-
bated in 50 ul of serum-free RPMI 1640 medium for 20 min.
The siRNA-Mate—siRNA complex was allowed to incubate
with mice splenocytes/CD4™" T cells in 48-well flat-bottomed
plates at a density of 3 X 10° cells/well for 4 h. Then SEC2/ST-4
was added to mixed cultures at a final concentration of 5000
ng/ml at 37 °C in a humidified atmosphere containing 5% CO,
for the indicated times in Fig. 9. Nonspecific control
siRNA-transfected splenocytes/CD4™ T cells were used as a
negative control.

SDS-PAGE and Western blotting

After treatment with SEC2/ST-4 and inhibitor or anti-IL-2
antibody as indicated above, a total of 1 X 107 splenocytes/
CD4™" T cells were collected and lysed in radioimmune precip-
itation assay lysis buffer at 4 °C for 10 min to extract cellular
protein. Samples containing an equal amount of protein
(10-30 pg) were mixed with 5X Laemmli buffer, boiled, and
subjected to 10% SDS-PAGE. After electrophoresis, samples
were transferred from gels onto polyvinylidene difluoride
membranes (Millipore, Billerica, MA), which were blocked
with 5% skimmed milk for 1 h. Polyvinylidene difluoride mem-
branes were subsequently reacted with the primary antibody at
an appropriate dilution, followed by a horseradish peroxidase—
conjugated secondary antibody. Detection was performed
using an enhanced chemiluminescence method.

Data analysis

All values are given as mean * S.D. Data were analyzed using
a two-way analysis of variance method. The followup least sig-
nificant difference test was used for post hoc comparison to
assess which groups were different from others. p values < 0.05
were considered to indicate a significant difference between
groups. Pearson’s correlation analysis was conducted with SPSS
Statistics version 17.0 (IBM, Armonk, NY). p values < 0.05
were considered to be statistically significant.
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