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Abstract

The ligands for the natural Killer group 2 (NKG2D) protein render tumor cells susceptible to
NKG2D-dependent immune cell attack. However, cancer cells escape from immune surveillance
by downregulating NKG2D ligands. We previously discovered that engagement of activated CD8*
T cells and tumor cells induces NKG2D ligands on tumor cells, but the underlying mechanism
remains to be defined. Both /n vivo mouse tumor models and /n vitro cell assays were performed
to study the downstream signaling. Our results supported the notion that, upon engagement with
the cognate receptors, CD137 ligand and CD40 initiates activation of nuclear factor-kappa B (NF-
xB) signaling in tumor cells even in the absence of CD8" T cells. Like tumor and CD8" T cell
contact-dependent NKG2D ligand induction, this CD137L/CD40-mediated signaling activation
was associated with elevated levels of acetyltransferase P300/CBP-associated factor (PCAF),
whereas inhibition of phosphorylated NF-xB abrogated PCAF induction. Although stimulation of
CD137L/CD40-mediated signaling is vital, inflammatory cytokines, including interferon gamma
(IFN<y) and TNFa., also facilitate NKG2D ligand—induced immune surveillance via both
facilitating T cell chemotaxis and CD137L/CD40 induced NF-xB/PCAF activation. Collectively,
our results unveil a novel mechanism of NKG2D ligand upregulation involving reverse signaling
of CD40 and CD137L on tumor cells which, along with inflammatory cytokines IFNy and TNFa.,
stimulate downstream NF-xB and PCAF activation. Understanding this mechanism may help in
development of induced NKG2D ligand—dependent T cell therapy against cancers.
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Introduction

The natural Killer group 2, member D (NKG2D) protein is expressed on all natural killer
cells and activated CD8* T cells, as well as some natural Killer T cells, y6 T cells, and CD4*
T cellsl. NKG2D-expressing immune cells recognize and eradicate tumor cells and infected
cells by interacting with its cognate ligands. These ligands are expressed at undetectable
levels in normal cells, but their expression is elevated by infection and oncogenic
transformation2. In humans, the diverse NKG2D ligands belong to two families: the major
histocompatibility complex (MHC) class I chain-related family (MICA and MICB) and the
UL16-binding protein family (ULBP1-6). In mice, MICA and MICB have no cognate
proteins, and the ULBP family is subdivided into the retinoic acid early inducible-1 (Rae-1),
histocompatibility 60, and transmembrane protein murine UL16-binding protein-like
transcript 1 subfamilies® 4.

Because of its role in enhancing tumor immune surveillance, understanding how NKG2D
ligand expression is regulated in tumor cells is critical. The established mechanisms of
NKG2D ligand regulation include DNA damage pathway—mediated stabilization of NKG2D
ligand MRNAS: 6, an E2 factor-dependent hyperproliferative mechanism’, the nuclear
factor-kappa B (NF-xB) signaling—induced inflammation mechanism8 9, and the recently
identified histone acetyltransferase (HAT) CREB-binding protein (CBP)/p300-engaged
epigenetic mechanism20. These mechanisms were verified Jn vitro, but the in vivo
mechanisms have not yet been reported in the literature. Our group recently discovered
CD8* T cell-dependent upregulation of NKG2D ligands on tumor cells /n vitroand in
vivorl. We found that treating solid tumors with interleukin (I1L)-12 plus doxorubicin may
recruit CD8* T cells to engage with tumor cells, thereby increasing NKG2D ligand
expression on the tumor cell surface. However, the precise mechanism by which CD8* T
cells induce NKG2D ligands on tumor cells is yet to be identified.

Although the co-stimulatory molecules are not widely expressed on all types of cancer cells,
they are present on certain tumor cells and have an impact on tumor immunity. For instance,
CD40, CD70, and CD137 ligands, of the tumor necrosis factor receptor (TNFR) superfamily
(TNFRSF), are expressed on a variety of solid tumor cells2-17. In addition to stimulating
immune cells, engagement of TNFRSF receptors by T cells transports positive signals back
to tumor cells. These signals regulate gene expression and cellular processes in tumor cells16
through intracellular interaction with TNFR-associated factors (TRAFs)17: 18 and further
potentiate a number of signaling pathways. The best-characterized signaling activation upon
TNFRSF ligation is that of the NF-xB pathway, which regulates gene expression involved in
the inflammatory response and in cell survivall®-22,

NF-xB was reported to regulate human NKG2D ligand MICA8. There also is evidence that
the NF-xB heterodimer p50-p65 was associated with HAT (CBP/p300) and recruited the
HAT complex member p300/CBP-associated factor (PCAF)23-25, which in turn facilitated
the activation of p6524. HATS, therefore, are coactivators to bridge NF-xB and expression of
its target genes?®. Nevertheless, whether NF-xB signaling accounts for HAT-mediated
NKG2D ligand upregulation has yet to be reported.
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We hypothesized that engagement between CD8* T cells and tumor cells stimulates NF-xB
signaling, which recruits HAT to induce NKG2D ligand expression on tumor cells. This
study shows that TNFRSF member CD137 ligand and CD40 on tumor cells interact with
their cognate receptors on CD8" T cells and transmit stimulatory signals in tumor cells to
trigger the intracellular NF-xB pathway. The activated NF-xB subsequently stimulates the
HAT PCAF, thereby upregulating NKG2D ligand expression on the tumor cell surface.
Meanwhile, CD8* T cells release inflammatory cytokines that augment the production of
chemoattractants to recruit abundant effector immune cells to the tumor site, thereby
amplifying the signals of NKG2D ligand induction and strengthening tumor immune
surveillance.

Engagement via TNFRSF is necessary for Rae-1 upregulation on tumor cells

We previously discovered that NKG2D ligands can be upregulated on mouse tumor cell
surfaces by CD8* T cells and that this upregulation is associated with HAT induction!?. This
induction was independent of the known stress-induced NKG2D ligand induction and is
long-lastingL. Since results from our earlier study showed that only depletion of CD8* T
cells abolished Rae-1 upregulation, and co-culturing only with CD8* T cells, but not any
other subtypes of immune cells, induced Rae-1 on tumor cells, we solely focused on CD8* T
cells in this study. We tested this model /n vitro by co-culturing IL-12—stimulated CD8* T
cells and tumor cells and detected dramatic NKG2D ligand induction on a variety of mouse
and human tumor cells (data not shown). A possible mechanism for this upregulation was
that the inflammatory cytokines secreted by CD8" T cells trigger the activation of HATSs and
induce NKG2D ligand expression. However, we observed /n vitro that exposure to medium
conditioned by CD8* T cells was insufficient to induce expression of NKG2D ligands (Fig.
1A, 1B). Instead, direct contact with CD8"* T cells was required to upregulate expression of
the NKG2D ligand Rae-1 on CT26 (mouse colon carcinoma) cells and K7M3 (mouse
osteosarcoma) cells (Fig. 1A, 1B), suggesting that direct ligand/cognate receptor interaction
between tumor cells and CD8" T cells stimulates certain downstream signaling in tumor
cells.

We next aimed to define the interacting molecules through which CD8" T cells transduce the
signals to tumor cells. It has been accepted that the T cell co-stimulatory receptors CD80
and CD86, CD137 ligand, ICOSL, and CD40, CD70, and CD252 are expressed on certain
tumor cells12 16.26. 27 ang interact with CD8* T cells via cognate ligands. We therefore
screened the expression of these receptors on CT26 and K7M3 cells in regular culture
medium or in CD8" T cell-conditioned medium, which contains secreted inflammatory
signals from T cells (Fig. 1C, 1D). The B7 family receptor CD80 was highly expressed on
CT26 cells, but expression levels of CD80 and CD86 on K7M3 cells were very low. These
results suggested that neither receptor is associated with Rae-1 (one of the NKG2D ligands)
regulation because Rae-1 expression was upregulated on both tumor cell lines; in fact, Rae-1
induction was higher on K7M3 cells than on CT26 cells (Fig. 1A, 1B). Notably, the TNFR
family CD137 ligand was expressed on both tumor cell lines. Another TNFR family
member, CD40, was highly expressed on K7M3 cells (Fig. 1D); although it was not
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expressed on CT26 cells in the regular medium, it was induced on CT26 cells by the
conditioned medium (Fig. 1C). These results suggested that higher expression levels of
CDA40 and CD137L were associated with the stronger induction of Rae-1 on K7M3 cells
than on CT26 cells.

To validate the roles played by CD137 ligand and CD40 in NKG2D ligand upregulation, we
pretreated activated CD8* T cells with control (IgG), anti-CD137, anti-CD40 ligand, or anti-
CD137 plus anti-CD40 ligand neutralizing antibodies for 24 h before co-incubation with
CFSE-labeled tumor cells (1:1 tumor cell-to-T cell ratio). Notably, the CD8* T cells treated
with control 1gG induced Rae-1 expression on tumor cell surfaces. In contrast, disruption of
CD137 ligand signaling partially abrogated the Rae-1 upregulation caused by CD8* T-cell
stimulation. Moreover, blocking both CD137 ligand and CD40 signaling synergistically
abrogated Rae-1 upregulation on CT26 and K7M3 cells (Fig. 1E, 1F). These results
established that CD8* T cells interact with tumor cells through TNFRSF members to
upregulate Rae-1 expression.

Inhibition of NF-xB pathway abolished CD8* T cell-mediated NKG2D ligand upregulation
in mouse and human tumor cells

Given that CD8" T cells transmit their stimulation signals into tumor cells through the
engagement between TNFRSF members and cognate ligands, we sought to identify the
signaling pathway through which Rae-1 expression is upregulated on the tumor cell surface.
Normally, TNFRSF receptors recruit TRAFs to trigger complex signaling networks in
cellular processes', including NF-xB, MAPK, and PI13K. TNFRSF receptors also recruit
the TRAF-independent Janus family kinase 3 and signal transducer and activator of
transcription 3 (STAT3) pathways. We therefore employed specific inhibitors to identify the
most crucial signaling pathways for Rae-1 regulation. CT26 and K7M3 mouse tumor cells
were pretreated with vehicle control or with one of the following potent signaling inhibitors:
STAT3 inhibitor S31-201 (50 uM for 24 h), p38 inhibitor PH797804 (1 uM for 4 h), MAPK
kinase inhibitor PD98059 (2 uM for 4 h), PI3K inhibitor PKI-587 (5 nM for 4 h), or NF-xB
inhibitor QNZ (100 nM for 4 h). The treated cells were then labeled with CFSE and co-
incubated with IL-12-stimulated mouse CD8" T cells (1:1 tumor cell-to-T cell ratio). Rae-1
expression on the tumor cell surface was determined via flow cytometry (Fig. 2). Our results
show that the STAT3 inhibitor S31-201 did not affect CD8* T cell-mediated Rae-1 induction
on either CT26 or K7M3 cells, suggesting that Rae-1 upregulation is independent of STAT3
signaling. In striking contrast, however, the NF-xB inhibitor QNZ dramatically abrogated
Rae-1 induction in both tumor cell lines, indicating that NF-xB signaling plays an essential
role in Rae-1 regulation. Treatment with PH797804 or PKI-587 partially abolished Rae-1
upregulation in CT26 cells, as did PD98059 or PKI-587 in K7M3 cells, suggesting that
different cognate signaling pathways may contribute to boosting Rae-1 expression via
crosstalk effects. Nevertheless, only NF-xB signaling blockade significantly impaired
induction of Rae-1 expression in both tumor cell lines.

To determine whether the mechanism is human relevant, we characterized the critical role of
NF-xB signaling in human tumor cell lines by pre-treating HCT116 human colon carcinoma
cells and CCH.0S.0O human osteosarcoma cells with vehicle control or 100 nM QNZ for 4 h
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and labeled them with CFSE before co-incubation with IL-12-stimulated human CD8* T
cells (1:1 tumor cell-to-T cell ratio). In parallel with the results from the mouse cell lines,
inhibition of NF-xB signaling abolished CD8* T cell-induced ULBP1 upregulation,
suggesting a similar mechanism for NKG2D ligand regulation in human cancer cells through
NF-xB signaling (Fig. S1A, S1B).

NF-xB signaling and PCAF are induced in tumor cells upon CD8* T cell engagement in
vitro and in vivo

Having established that Rae-1 upregulation in mouse tumor cells requires activation of NF-
xB and HATs28, we hypothesized that the engagement of CD8* T cells with tumor cells
should simultaneously activate NF-xB and PCAF. We previously reported that treatment
with IL-12-encoding DNA plus doxorubicin enhanced the accumulation of CD8* T cells in
tumors and led to Rae-1 upregulation on tumor cells, whereas disruption of PCAF in tumors
abolished Rae-1 induction?®. In the current study, we found that treatment with 1L-12 and
doxorubicin triggered NF-xB activation and induced PCAF expression in both LLC and
K7M3 tumors /n vivo (Fig. 3A, 3B). Likewise, immunoblotting showed that the /n vitro
encounter of CD8™ T cells and K7M3 tumor cells also resulted in phosphorylation of the
NF-xB subunit p65 and upregulation of PCAF (Fig. 3C). To understand whether NF-xB
activation induced PCAF expression, we applied QNZ, which inhibits NF-xB
phosphorylation, to K7M3 cells before co-incubating them with CD8* T cells. We found
that inhibition of NF-xB activation abrogated the induction of PCAF expression, which
subsequently impaired Rae-1 upregulation (Fig. 3C). In agreement with our previous
observation /n vivotl, knocking down PCAF from K7M3 cells totally abrogated CD8* T
cell-induced Rae-1 expression (Fig. 3D). Overall, these results suggested that NF-xB
activation leads to PCAF induction, which in turn upregulates Rae-1 expression on tumor
cells.

Inflammatory cytokines are required for CD8* T cell chemotaxis to upregulate Rae-1 in

tumors

Next, we asked whether the inflammatory cytokines produced by CD8* T cells are required
for Rae-1 upregulation. In our /n vivo and in vitro models for Rae-1 induction, CD8* T cells
are activated by IL-12, so the inflammatory cytokines comprise mainly IFNy and TNFa. To
test their roles in Rae-1 induction in tumors, IFNy ~~and TNFa ~~ and wildtype LLC
tumor model mice were treated with IL-12 plus doxorubicin. Strikingly, the dramatic
induction of Rae-1 in tumors observed in wildtype mice was abrogated in the absence of
IFN-y or TNFa (Fig. 4A, 4B), revealing that inflammatory cytokines (IFNy and TNFa)
play a key role in CD8* T cell-mediated NKG2D ligand upregulation. However, the
question here is whether the inflammatory cytokines function as T cell recruiters to enhance
the encounter between CD8* T cells and tumors cells or directly trigger tumor cell signaling
to induce Rae-1.

In the tumor immune environment, inflammatory cytokines, in particular IFNy and TNFa,
may boost the production of T cell chemoattractants3%: 31, We therefore hypothesized that
the inflammatory cytokines in CD8" T cell-conditioned medium enhance T cell chemotaxis
and recruit a CD8* T cell influx into tumors, where the CD8" T cells interact with tumor
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cells to upregulate Rae-1 expression. To test this hypothesis, we assessed how efficiently
CD8™ T cells migrated to tumor cells in response to exposure to inflammatory cytokines.
CFSE-labeled CT26 or K7M3 mouse tumor cells and human colorectal adenocarcinoma
cells HT29 were incubated with regular culture medium or CD8* T cell-conditioned
medium for 24 h in the presence or absence of IFN-y and TNFa neutralizing antibodies.
Tumor cells and IL-12-stimulated CD8* T cells were plated in Matrigel-coated Transwell
chambers for cell invasion assays. After 24 h of incubation, the number of CD8" T cells that
had migrated to the conditioned medium-treated tumor cells was significantly higher than
the number of CD8" T cells that had migrated to the tumor cells treated with regular
medium (Fig. 4C, 4D, S2), suggesting that the conditioned medium promoted T cell
recruitment to tumors. Crystal violet staining of the bottom side of the Transwell inserts
showed that dramatically higher numbers of CD8* T cells had been attracted by conditioned
medium-treated tumor cells and penetrated the extracellular matrix than had been attracted
by tumor cells in regular medium (Fig. S3A-S3C). IFN+y and TNFa are known for
promoting T cell chemotaxis®2-34, We neutralized these cytokines with antibodies to
determine the impact of these cytokines in condition medium on T cell recruitment to tumor
cells. By striking contrast, neutralization of IFNy and TNFa in the conditioned medium
with the cognate antibodies significantly reduced chemotaxis (Fig. 4C, 4D), which
demonstrated that IFN-y and TNFa in the conditioned medium played an essential role in
enhancing T cell chemotaxis. In the immune context of the tumor environment, tumor-
infiltrated CD8* T cells secrete IFNy and TNFa. in response to IL-12 stimulation, augment
effector T cell chemotaxis, and therefore promote CD8* T cell and tumor cell contact-
mediated Rae-1 induction. The essential role of IFNy and TNFa in promoting chemotaxis
also explains how our /n vitro cell co-culture model can be duplicated /in vivo.

To decipher the direct impact of inflammatory cytokines on tumor cells, CT26 and K7M3
cells were cocultured with stimulated CD8* T cells or, alternatively, CD8* T cells were
substituted by cognate ligands of CD40 and CD137L (CD40L and CD137) recombinant
proteins in the presence or absence of CD8" T cell-conditioned medium. NF-xB signaling,
PCAF expression, and Rae-1 expression were assessed via immunoblotting and flow
cytometry, respectively. In theory, CD137 and CD40L play the same role as CD8" T cells in
terms of interacting with tumor cells to transduce stimulating signals. We found that
stimulation with TNFRSF ligands CD40L or CD137 alone induced moderate activation of
NF-xB signaling and minor upregulation of PCAF expression (Fig. 5A, 5C). In contrast,
TNFRSF stimulation in the presence of the CD8" T cell-conditioned medium activated NF-
xB signaling to a similar or greater extent than did CD8* T-cell co-culture (Fig. 5A, 5C).
Accordingly, the induction of Rae-1 expression on tumor cells correlated with the levels of
phospho-NF-xB and PCAF (Fig. 5B, 5D). Our results imply that the secreted components in
CD8™* T cell-conditioned medium, especially inflammatory cytokines, may facilitate the
activation of CD40 and CD137L downstream signaling and subsequently trigger PCAF and
NKG2D ligand induction in tumor cells.

Further, we validated that IFNy and TNFa are critical for TNFRSF ligand—induced Rae-1
induction by CD8+ T cell-conditioned medium depleted of IFN-y or TNFa. In the presence
of CD137 and CD40 ligand, the effect of IFNy~/~ or TNFa ™~ CD8* T cell-conditioned
medium on NF-xB signaling activation was impaired, reducing the levels of Rae-1
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upregulation compared to wildtype CD8* T cell-conditioned medium, as determined by
flow cytometry assay (Fig. 5E). Remarkably, adding IFNy or TNFa to the IFNy~/~ or
TNFa ™/~ CD8* T cell-conditioned medium, respectively, along with CD137 and CD40
ligand, substantially elevated PCAF and Rae-1 expression on LLC cells, as did wildtype
CD8* T cell-conditioned medium (Fig. 5F, 5G). These results demonstrate that, in addition
to increasing chemotaxis, IFNy and TNFa in CD8* T cell-conditioned medium facilitated
PCAF and Rae-1 induction on tumor cells. Based on these results, we can simplify the CD8*
T cell and tumor cell co-culture model for NKG2D ligand induction to include these crucial
components: CD40 and CD137L signaling as well as IFNy and TNFa to upregulate
NKG2D ligands via NF-xB signaling and PCAF activation (Fig. 6).

Discussion

Taken together, our results demonstrate that CD8* T cell-mediated NKG2D ligand
upregulation on tumor cells is initiated upon contact between TNFRSF members on tumor
cells and their cognate ligands on CD8" T cells. This contact transmits signals to activate the
NF-xB signaling pathway, which in turn boosts PCAF expression, resulting in the further
induction of NKG2D ligand expression on tumor cells. The inflammatory cytokines IFNy
and TNFa produced by CD8* T cells promote T cell chemotaxis in the tumor
microenvironment, reinforcing CD8* T cell engagement in a positive feedback loop, and
also augment the stimulus to facilitate PCAF and NKG2D ligand upregulation. According to
this mechanism, CD8* T cells in this model can, alternatively, be replaced by CD40 and
CD137L reverse signaling, activating IFNy and TNFa to substantially upregulate NKG2D
ligands on tumor cells.

The mechanisms for NKG2D ligand regulation are often context-dependent and are still
being discovered. We reported that engagement of CD8* T cells upregulates the expression
of NKG2D ligands on the tumor cell surface?®. To better understand this mechanism, we
sought to identify the stimulus that alters tumor cells to upregulate Rae-1 expression. In the
context of the tumor microenvironment, direct contact between tumor cells and CD8* T cells
and/or inflammatory cytokines produced by infiltrated CD8" T cells could provide such a
stimulus.

Since contact between tumor and CD8* T cells is crucial for the upregulation of Rae-1, we
identified the interacting receptors on these cells. In general, CD8* T cells engage in contact
with antigen-presenting cells through the T cell receptor-MHC and co-stimulatory or
inhibitory receptors to form an “immune synapse”3°. Although tumor cells express low
levels of MHC I, most types of tumor cells express the co-inhibitory receptors programmed
death ligand 1, programmed death ligand 2, B7-H3, and B7-H4. Nevertheless, the expression
of co-stimulatory receptors on tumor cells depends on the type of tumor. Previous studies
indicated that CD80 and CD86 are found on colon cancer cells26, CD40L is expressed on
bladder and cervical cancer cells!? 13, and CD70 plays different roles in lymphoma,
pancreatic cancer, renal cancer, melanoma, and ovarian cancer!® 17, In the process of
screening, we used three criteria to select the receptors for testing. First, the receptors had to
be expressed on both CT26 and K7M3 cells, which we have been using throughout this
study. Second, the receptors had to transmit activating signals to CD8" T cells. Third, the

Oncogene. Author manuscript; available in PMC 2020 February 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 8

receptors also had to transport signals back to tumor cells. Using these criteria, we excluded
the B7 family of inhibitory receptors, which do not meet the second criterion. We also
eliminated CD80, which is found only on CT26 cells and whose expression was
dramatically reduced by CD8* T cell-conditioned medium. Therefore, we focused on the
TNFRSF co-stimulatory receptors, which are often expressed on antigen-presenting cells
and are also present on various types of cancer cells. In tumor cells, TNFRSF members
CD137 ligand and CD40 trigger reverse signaling through TRAFs, adaptor proteins that
initiate the network of downstream signaling pathways, including p3836, ERK37, c-Jun N-
terminal kinase38, PI3K-AKT3?, and NF-xB*0, some of which ultimately convert to NF-xB—
dependent activating mechanisms*1. Our finding that inhibition of NF-xB activation
obstructed Rae-1 upregulation in the presence of CD8* T cells but not in their absence
revealed that NF-xB activation plays an essential role in CD8* T cell-mediated Rae-1
upregulation.

The role of inflammatory cytokines in NKG2D ligand regulation is controversial. Bui et al.
showed that mouse NKG2D ligand H60 can be diminished by interferons on sarcoma
cells#2. In contrast, Lin et al. demonstrated that human NKG2D ligand MICA on endothelial
cells may be induced by TNFa®. We discovered that loss of IFNy or TNFa abrogated the
CD8* T cell-mediated upregulation of Rae-1 on tumor cells both in vitrc®® and in vivo,
suggesting that inflammatory cytokines play critical roles in regulating expression of CD8*
T cell-induced NKG2D ligands. In fact, our data showed two ways for IFNy and TNFa to
contribute to NKG2D ligand induction. On one hand, they are crucial cytokines that
stimulate NFxB signaling, which in turn induces the NKG2D ligand. On the other hand, as
shown in Fig. 4C and 4D, IFNy and TNFa have additional roles in facilitating T cell
chemotaxis to tumor cells, which is also required for NKG2D ligand induction. In IFNy~=
or TNFa ™/~ mice, as shown in Fig. 4A and 4B, not only is IFNy- or TNFa-mediated T cell
chemotaxis mostly impaired, but more importantly, IFN-y- and TNFa- induced NFxB
signaling and PCAF activation are abrogated, resulting in complete failure of NKG2D ligand
induction. Therefore, our study shows that both direct cell-to-cell contact with CD8* T cells
and the presence of inflammatory cytokines resulted in remarkably more robust Rae-1
upregulation in tumor cells.

Given that CD8* T cell-dependent Rae-1 upregulation requires the activity of the HATs2®,
we sought in this study to decipher the connection between CD8* T cell engagement and
HAT activation. Abundant evidence shows that co-activators such as CBP/p300 and PCAF
are crucial for activating NF-xB—mediated gene expression23: 24 43. 44 |n particular,
phosphorylated p65 enhanced the engagement of NF-xB with the co-activator complex
containing multiple HATs*®. Sheppard et al. emphasized that, among the 20 co-activator
proteins, NF-xB requires PCAF HAT activity to regulate gene expression?4. In the present
study, we demonstrated not only that the status of NF-xB activation was associated with the
expression level of PCAF but also that both TNFRSF stimulation and inflammatory
cytokines were required to induce PCAF. These results suggest that, besides NF-xB
stimulation, inflammatory cytokines may play additional roles in PCAF activation, which
needs to be further validated.
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Conclusions

In conclusion, we discovered a novel mechanism of NKG2D ligand regulation on tumor
cells. This mechanism is initiated by reverse signaling activation in tumor cells through
TNFRSF members and depends on phosphorylated NF-xB and the HAT activity of PCAF.
This unique interaction could be used to “label” tumor cells so that they can be efficiently
recognized and eliminated by CD8* T cells. Furthermore, stimulation by CD137 may
promote the long-term survival of tumor-infiltrating CD8* T cells.

Materials and Methods

Animal studies

Wild-type C57BL/6, BALB/C, IFNgKO (B6.129S7-1fngtm1Ts/J), and TNFa.~ (B6.129S-
Tnftm1Gkl/J) mice, 6 to 8 weeks old, were purchased from The Jackson Laboratory (Bar
Harbor, ME). The mouse care and handling procedures were approved by the Institutional
Animal Care and Use Committee of The University of Texas MD Anderson Cancer Center.
To create the mouse tumor models, Lewis lung carcinoma (LLC) tumor cells (1.5 x 10° cells
in 30uL PBS) or CT26 tumor cells (2.0 x 10° in 30uL PBS) were inoculated subcutaneously
into the C57BL/6 or BALB/C mice, respectively. K7M3 tumor cells (1.0 x 10° in 10uL
PBS) were inoculated intraosseously into BALB/C mice. All animal studies were single
blinded during group allocation and data analysis. Tumor-bearing mice were randomly
allocated to treatment groups and subjected to treatment on day 7 after inoculation with
control DNA (10 pg/mouse), control DNA plus doxorubicin (1 mg/kg), IL-12—encoding
DNA (10 pg/mouse), or I1L-12—-encoding DNA plus doxorubicin via electroporation; a
second treatment was administered 10 days later as described previously“®.

Immune cells

Cell lines

Buffy coats from de-identified healthy human blood donors were purchased from the Gulf
Coast Regional Blood Center (Houston, TX); their acquisition or this purpose was approved
by the MD Anderson Institutional Review Board. Peripheral blood mononuclear cells were
isolated from buffy coat samples via centrifugation using the Ficoll-Paque method. Human
CD8™ T cells were enriched from peripheral blood mononuclear cells using an EasySep
human CD8* T cell isolation kit (Stemcell Technologies, Vancouver, BC, Canada). These
cells were cultured in a mixture comprising 45% RPMI-1640 medium, 45% Click medium
(Sigma-Aldrich, St. Louis, MO), and 10% fetal bovine serum, referred to in some
experiments as regular medium. Mouse CD8" T cells were enriched from splenocytes using
an EasySep mouse CD8™ T cell isolation kit (Stemcell Technologies). Mouse T cells were
cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin, and were activated with CD3/CD8 Dynabeads (Thermo Fisher
Scientific, Waltham, MA), IL-12 (10 ng/mL), and IL-2 (50 U/mL) recombinant proteins.
Supernatants of mouse T cell cultures after 24 h were used as conditioned medium.

CT26 (mouse colon cancer), K7M3 (mouse osteosarcoma) and LLC (mouse Lewis lung
carcinoma), HCT116 (human colon cancer), HT29 (human colon cancer), and CCH.0S.D
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(human osteosarcoma) were cultured in Dulbecco modified Eagle medium supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin. All the cell lines were
characterized by DNA fingerprinting within 6 months before initiating the experiments at
MD Anderson Cancer Center’s Characterized Cell Line Core Facility.

Plasmids, reagents, and drugs

Antibodies

The IL-12 DNA construct was purchased from Valentis, Inc. (Vilnius, Lithuania) and was
confirmed in-house by sequence analyses. DNA was prepared by using an endotoxin-free
Mega preparation kit from Qiagen, Inc. (Valencia, CA) according to the manufacturer’s
instructions. Doxorubicin (Bedford Laboratories, Bedford, OH) was purchased from the
pharmacy at MD Anderson Cancer Center. NF-xB pathway inhibitors S31-201, PH797804,
PD98059, PKI-587, and QNZ were purchased from Selleckchem (Houston, TX). IL-12 and
IL-2 recombinant proteins were purchased from R&D Systems (Minneapolis, MN).
Carboxyfluorescein succinimidyl ester (CFSE) was purchased from Life Technologies
(Grand Island, NY).

Phycoerythrin-conjugated anti-mouse CD80 and CD86; CD137 ligand; CD40, CD70, ICOS
ligand and OX40 antibodies; phycoerythrin-CY7-conjugated anti-mouse CD8 antibody; and
isotype control antibodies were purchased from BioLegend (San Diego, CA). Anti-mouse
phospho-NF-xB p65 (Ser536), NF-xB p65, phospho-IkBa (Ser32), IkBa (Ser32),
phospho-lkka/p (Serl76/180), Ikka, PCAF, and B-actin antibodies were purchased from
Cell Signaling Technologies (Danvers, MA). The anti-mouse Rae-1 antibody was developed
by the Monoclonal Antibody Core Facility at MD Anderson Cancer Center and validated in
our previous study4’. Goat anti-mouse Alexa Fluor 405 antibodies were purchased from Life
Technologies. Horseradish peroxidase—conjugated anti-mouse immunoglobulin G (1gG) and
anti-rabbit 1gG were purchased from Cell Signaling Technologies. Anti-mouse CD137 and
CDA40 ligand-blocking antibodies were purchased from R&D Systems. A recombinant anti-
mouse CD137 antibody was purchased from BioLegend, and a recombinant anti-mouse
CD40 ligand was purchased from eBioscience (San Diego, CA). Anti-mouse IFNvy- and
TNFa-neutralizing antibodies were purchased from R&D Systems.

Flow cytometry analysis

Tumor cells were sequentially incubated with primary and secondary antibodies for 30 min
each at 4°C. Stained cells were analyzed using an Attune acoustic focusing cytometer
(Applied Biosystems, Foster City, CA). Flow cytometry data were analyzed using the
FlowJo software program (BD Biosciences, San Jose, CA).

Immunoblotting assay

Four days after the second treatment, the mice were killed; their tumors were collected and
snap frozen in liquid nitrogen. Frozen tissue samples were smashed before being
homogenized using a minibead beater with 5 to 8 silicone beads (BioSpec Products,
Bartlesville, OK) in 0.4 mL of ice-cold lysis buffer. The tumor cells were subjected to lysis
with RIPA buffer. The protein extracts were separated from the tissue residues by
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centrifugation at the maximum speed for 20 min at 4°C. Forty micrograms of total protein
from each sample was separated by 10% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes using the iBlot gel transfer
device (Invitrogen, Grand Island, NY). The membranes were blotted with primary and
secondary antibodies to detect the proteins of interest.

T cell migration assay

The capacity of T cells to penetrate the extracellular matrix and migrate to tumor cells /n
vitrowas assessed using BioCoat Matrigel invasion assay (BD Biosciences) according to the
manufacturer’s instructions. CT26, K7M3 and HT29 tumor cells were cultured for 24 h in
regular RPMI medium, in RPMI and CD8* T cell-conditioned medium at a ratio of 1:1 plus
control IgG, or in RPMI and conditioned medium at a ratio of 1:1 plus anti-IFN-y (1 pg/mL)
and anti-TNFa (0.5 pg/mL) neutralizing antibodies. The tumor cells (1 x 10° per well) were
then stained with CFSE and plated in the lower chambers of a 24-well Transwell plate.
IL-12—stimulated CD8* T cells (5 x 10° per well) were plated in the wells of the upper
Transwell insert. After 24 h of co-culture, the insert was removed from the Transwell plate.
The cells in the lower chambers were collected and stained with an anti-CD8 antibody for
quantification of CD8* T cells via flow cytometry. The remaining cells and medium were
removed from the upper wells of the insert using cotton swabs. The cells on the lower
surfaces of the insert wells were fixed with 4% formaldehyde for 15 min and stained with
0.2% crystal violet for 20 min. The inserts were then dipped in distilled water to remove
excess crystal violet and allowed to air dry. The crystal violet stain on the membrane was
dissolved in 250 pL methanol and read with a microplate reader at 540 nm. The total number
of penetrated CD8" T cells was the sum of the cells in the lower chamber and the cells
attached to the lower surfaces of the insert.

Statistical analysis

The directly measured outcomes were analyzed using a two-sided Student #test to compare
two treatment groups or one-way analysis of variance to compare more than two treatment
groups. The statistical analyses were conducted using the GraphPad Prism software program
(GraphPad Software, La Jolla, CA). P values of less than 0.05 were considered statistically
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CD8™ T cells engage with tumor cells through TNFRSF to boost NKG2D ligand
expression.

(A, B) Murine CT26 colon carcinoma (A) and K7M3 osteosarcoma (B) cells were stained
with CFSE and co-incubated with sham, activated CD8* T cells (CD3/CD8 Dynabeads, IL-2
[50 U/mL], and I1L-12 [10 ng/mL]) at a 1:1 tumor to T cell ratio, or CD8" T cell-conditioned
medium (CM) for 24 h. Rae-1 expression on tumor cells was determined by flow cytometry.
Bar graphs show means + standard error of the mean (SEM). MFI, mean fluorescence
intensity. (C, D) CT26 (C) and K7M3 (D) cells were stained with CFSE and cultured in
regular medium (RM) or CD8* T cell CM. Expression of CD80, CD86, ICOSL, CD40,
CD137L, OX40, and CD70 was determined by flow cytometry. (E, F) Activated CD8* T
cells were pretreated with control 1gG, anti-CD137 (5 ng/mL), anti-CD40L (5 ng/mL), or
anti-CD137 plus anti-CD40L for 3 h. CT26 (E) and K7M3 (F) cells were stained with CFSE
and co-incubated with sham or pretreated CD8* T cells for 24 h. Rae-1 expression on tumor
cells was determined by flow cytometry. iso ctrl: isotype control. Bar graphs show means +
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SEM. Results are representative of three repeated experiments. * P<0.05; ** P<0.01; ***
P<0.005; **** P<0.001; ns, no statistical significance.
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Fig. 2. Inhibition of the NF-xB pathway abolished CD8* T cell-mediated NKG2D ligand
upregulation.

CT26 (A) and K7M3 (B) cells were pretreated with an NF-xB pathway inhibitor: STAT
inhibitor S31-201 (50 uM for 24 h), p38 inhibitor PH797804 (1 uM for 4 h), MAPK kinase
(MEK) inhibitor PD98059 (2 uM for 4 h), PI3K inhibitor PKI-587 (5 nM for 4 h), or NF-xB
inhibitor QNZ (100 nM for 4 h). The pretreated cells were then labeled with CFSE and
cultured in the presence or absence of stimulated mouse CD8* T cells (1:1 tumor cell-to-T
cell ratio). Rae-1 expression on the tumor cell surface was determined via flow cytometry.
iso ctrl: isotype control. Bar graphs show means £ SEM. Results are representative of three
repeated experiments. ** P<0.01; **** P<(.001; ns, no statistical significance
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Fig. 3. NF-xB signaling and PCAF are induced in tumor cells upon CD8" T cell engagement in

vitro and in vivo.

(A, B) Mice (n=3/group) were treated twice (10 days apart) with one of the four indicated
treatments: control, doxorubicin (Dox), IL-12—encoding DNA, or IL-12—-encoding DNA plus
doxorubicin. Tumors were collected on day 4 after the second treatment. Tumor samples
were subjected to immunoblotting of phospho-NF-xB, NF-xB, phospho- IkBa,, phospho-
Ikka/B, Rae-1, PCAF, and p-Actin. Values under each band indicate the density of protein
expression. (C) K7M3 cells were pretreated with vehicle control or QNZ for 4 h, labeled
with CFSE, and co-incubated with activated CD8* T cells for 24 h. Tumor cells were
isolated and subjected NF-xB and B and to immunoblotting of phospho-NF-xB, NF-xB,
phospho-1kBa, 1kBa, Rae-1, PCAF, and B-Actin. Values under each band indicate the
density of protein expression. (D) K7M3 cells were transfected with control siRNA or PCAF
(kat2b) siRNA, labeled with CFSE, and co-cultured with CD8* T cells at the ratio of 1:1.
The knockdown of PCAF was confirmed using immunoblotting, and Rae-1 levels on tumor
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cells were detected by using flow cytometry. MFI, mean fluorescence intensity. Bar graphs
show means + SEM. Results are representative of three repeated experiments. ****
P<0.001.
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Fig. 4. Inflammatory cytokines IFNy and TNFa. facilitate CD8* T cell migration to tumor cells.
(A, B) LLC tumor-bearing IFN-y™~ or TNFa. ™~ mice (n=3/group) were treated twice (10

days apart) with one of the four indicated treatments: control, doxorubicin (Dox), 1L-12—
encoding DNA, or IL-12—-encoding DNA plus doxorubicin. Tumors were collected on day 4
after the second treatment. Tumors were subjected to immunoblotting of Rae-1 in
comparison with wildtype littermates. Values under each band indicate the density of protein
expression. (C, D) CT26 (C), K7M3 (D) tumor cells were cultured for 24 h in regular RPMI
medium or with T cell-conditioned medium (CM) with or without anti-IFNy (1 pg/mL) and
anti-TNFa (0.5 pg/mL) neutralizing antibodies. CFSE-labeled tumor cells were plated in
the lower chambers of Transwell plates, while activated CD8" T cells (5 x 10°/well) were
plated in the upper wells of the insert. After 24 h of co-culture, CD8* T cells that had
migrated to the lower chambers were detected via flow cytometry. Results are representative
of three repeated experiments. ** P<0.01; *** P<0.005; **** P<0.001.
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Fig. 5. Inflammatory cytokines are crucial for CD8" T cell-mediated Rae-1 upregulation on
tumor cells.
(A-D) CT26 (A-B) and K7M3 (C-D) cells were co-cultured with stimulated CD8* T cells or,

for comparison, treated with TNFSRF CD137 and CD40 ligand recombinant proteins (Ag)
in the presence or absence of CD8" T cell-conditioned medium (CM). NF-xB signaling and
Rae-1 expression were assessed via immunoblotting (A, C) and flow cytometry (B, D),
respectively. MFI, mean fluorescence intensity. Bar graphs show means + SEM. Values
under each band indicate the density of protein expression. Results are representative of
three repeated experiments. (E) LLC tumor cells were labeled with CFSE and cultured in
medium conditioned with wildtype CD8* T cells, IFNy-knockout (KO) CD8" T cells, or
TNFaKO CD8* T cells in the presence of recombinant CD40L (0.5 pg/mL) and CD137 (10
ug/mL) proteins. LLC cells alone were used as a negative control, and LLCs co-incubated
with wildtype CD8* T cells were used as a positive control. Rae-1 expression was
determined by using flow cytometry. (F, G) LLC cells were labeled with CFSE and cultured
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in IFNyKO CD8* T cell CM (F) or TNFaKO CD8* T cell CM (G) in the presence or
absence of IFN+y (10 ng/mL) (F) or TNFa (10 ng/mL) (G), respectively. LLC cells alone
were used as a negative control, and LLCs co-incubated with wildtype CD8* T cells were
used as a positive control. Rae-1 expression was determined by using flow cytometry. iso
ctrl: isotype control. Immunoblots of PCAF after each treatment was at the bottom panel.
Bar graphs show means + SEM. Results are representative of three repeated experiments. *
P<0.05; ** P<0.01; *** P<0.005; **** P<0.001; ns, no statistical significance.
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Fig 6. Illustration of the mechanism of CD8" T cell engagement-induced Rae-1 expression on
tumor cells.

Rae-1 upregulation was through CD137L/CD40 downstream NF-xB signaling and PCAF
activation on tumor cells.
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