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IFNy-mediated suppression

of alternative NF-xB in
tumor-resident myeloid cells
promotes selective recruitment
of cytotoxic but not

regulatory T cells

Adam Brinkman*®, Ravikumar Muthuswamy?, Bowen Dong",
Robert P. Edwards® and Pawel Kalinski***

‘Department of Immunology, Roswell Park Comprehensive Cancer Center, Buffalo, NY, United States,
2Department of Surgery, University of Pittsburgh Hillman Cancer Center, Pittsburgh, PA, United States,
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Immunotherapy is currently effective in less than half of patients with solid
tumors, and most responders develop secondary progression. High infiltration
of the tumor microenvironment (TME) with CD8" cytotoxic T cells (CTLs) and low
infiltration with regulatory T cells (Treg) predicts the patients’ responses to
immunotherapy and long-term outcomes. To identify the mechanisms
requlating long-term stability of CTL infiltration, we analyzed the impact of
CTL-produced cytokines on the TME by co-culturing patient-isolated ascites
cells with activated T cells. Unexpectedly, we observed that activated CTLs
selectively induce cytotoxic T cell-attracting chemokines but not chemokines
that attract T regulatory cells in ovarian cancer TME and tumor-associated
myeloid cells, resulting in recruitment of additional CTLs without Tregs. This
selectivity resulted from the unique dependence of CCL22 induction on both
canonical and alternative NF-xB and the suppression of alternative NF-xB
signaling by T cell-released IFNy. Our data demonstrate that T cell-produced
IFNY suppresses alternative NF-xB signaling in TME-associated myeloid cells,
allowing for the induction of CTL-attracting chemokines with the concomitant
suppression of Treg-attracting CCL22. These novel functions of IFNy and
activated T cells in regulating the balance between canonical and alternative
NF-xB signaling in myeloid cells provide new opportunities to enhance and
stabilize the selective CTL influx in the TME.
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Introduction

Despite recent progress in cancer immunotherapy, less than half
of patients with solid tumors respond to current immunotherapies
with most of them exhibiting only transient responses (1, 2). One
factor limiting the effectiveness of immunotherapy is the composition
of the tumor microenvironment (TME) (3). High frequencies of
Granzyme B" CD8" cytotoxic T lymphocytes (CTLs) in the TME are
necessary for effective antitumor immunity and are associated with
improved prognoses and responses to immunotherapy in many
cancer types (4, 5). In contrast, TME infiltration with T regulatory
cells (Tregs) is associated with poor prognosis and diminished
response to immunotherapy and other cancer treatments (6, 7).
Although many immunotherapies and chemotherapies have been
shown to promote attraction of CTLs, the durability and selectivity of
their effects in promoting CTL but not Treg attraction remains
limited (8, 9).

Immune cell trafficking into the TME is controlled by
chemokines (8, 10). CTLs express high levels of chemokine
receptors CCR5 and CXCR3 which drive their migration towards
tissues expressing the cognate ligands CCL5/RANTES and CXCL9/
10/11 (11). Accordingly, tumors that express high levels of CCL5
and CXCL10 are associated with elevated numbers of antitumor
CTLs (12, 13). In contrast, tumors with high production of CCL22
recruit immunosuppressive CCR4" Tregs (6, 12, 14, 15). These
considerations led us to develop a chemokine modulatory (CKM)
regimen combining TLR3 agonists (double-stranded RNA species:
poly-I:C or rintatolimod) and type-1 Interferons (IFNo), which has
recently shown safety and ability to selectively reprogram the
chemokine production in the TME of cancer patients and
increase CTL infiltration without Tregs or MDSCs (12, 16-23).
However, because such intratumoral effects have been transient (18,
21, 22), there is a need to identify mechanisms which affect the
magnitude and duration of chemokine production and can be
targeted to stabilize the treatment-induced CTL accumulation and
effector function.

The canonical and alternative (non-canonical) NF-kB signaling
pathways (Supplementary Figure 1) are critical for multiple aspects

Abbreviations: TME, Tumor microenvironment; CTLs, CD8+ cytotoxic T
lymphocytes; Treg, CD4+ FoxP3+ T regulatory cells; MDSCs, myeloid-derived
suppressor cells; DC, dendritic cell; NF-kB, nuclear factor kappa-beta; TNFo,
tumor necrosis factor-alpha; IFN, interferon (IFN-alpha = IFNo,, IFN-gamma =
IFNY); TGEp, Transforming growth factor-beta; COX2, cyclooxygenase-2; PGE2,
prostaglandin E2; CCL5, C-C motif chemokine ligand 5/Regulation on activation,
normal T-cell expressed and secreted 5 (RANTES); CCL22, C-C motif chemokine
ligand 22/Macrophage-derived Chemokine (MDC); CXCL10, C-X-C motif
chemokine ligand 10/interferon gamma-induced protein 10 (IP-10); CCR5, C-
C chemokine receptor 5, CXCR3, C-X-C chemokine receptor 3; CCR4, C-C
chemokine receptor 4; CKM, Chemokine Modulatory Regimen; PBMCs,
peripheral blood-derived mononuclear cells; GM-CSF, granulocyte-monocyte
colony stimulating factor; IL-4, interleukin 4; IL-12p70, interleukin 12, bioactive
heterodimer; cAMP, cyclic Adenosine monophosphate; CREB, cAMP response
element binding protein; PI3K/Akt, phosphoinositide-3 kinase/protein kinase B.
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of cancer cell and TME biology, including chemokine production,
resulting in multiple efforts to target this pathway in cancer therapy
(24, 25). Both pathways involve pre-formed heterodimers that
remain in the cytoplasm until triggered, after which their
phosphorylation induces nuclear translocation and transcription
of target genes (26). Canonical NF-xB signaling is critical for the
induction of both tumor-promoting chemokines, such as CCL22,
and the chemokines involved in tumor rejection, such as CCL5 and
CXCL10 (12, 17, 27, 28). We have observed that the chemokine
modulatory effects of CKM depend on canonical NF-kB signaling
and selectively target tumor tissues over healthy tissues due to the
hyperactivation of the canonical NF-xB pathway in the stromal and
myeloid cells of the TME (12, 17). In contrast, the alternative NF-kB
pathway is known to be involved in the induction of homeostatic
chemokines such as CCL19, CCL21, CXCL12 and CXCL13, and the
suppressive CCL22, but its role in the attraction of effector cells
remains unclear (29-31).

Several reports indicate only transient effector function of CTLs
in the TME (2, 32-34), highlighting a need for targeted therapeutics
that result in durable CTL influx and function. Upon their
activation, CTLs release effector molecules that induce secondary
effects in the TME which can either support or diminish antitumor
immunity (35). For example, activated CTLs release TNFo and
IFNy that can induce dendritic cell (DC) maturation to support the
generation of type-1 antitumor immunity (36), and can suppress
TGF-B signaling (37). However, these same mediators also enhance
cyclooxygenase-2 (COX2)/prostaglandin E2 (PGE2) signaling in
MDSCs that self-limits antitumor immunity (38). Since the tumor
immune composition influences what secondary effects can
accumulate, we tested if activated T cells possess the ability to
remodel the TME and induce recruitment of additional immune
cells to bolster or diminish antitumor immunity.

Materials and methods
Human samples

Ovarian cancer ascites samples were collected during routine
procedures under the University of Pittsburgh IRB-approved tissue
banking protocol UPCI 07-058 (Prognostic Marker: Acquisition of
Blood Samples and Tissue for Research Purposes; Gyn-Onc # 22-
096). Ascites fluid cells were isolated by centrifugation and cultured
for subsequent analyses in AIM-V medium (Gibco #12055-091).
Human peripheral blood cones were obtained from healthy adult
volunteers (as a product of platelet collection) under the Roswell
Park Comprehensive Cancer Center IRB-approved protocol
163222. PBMCs, monocytes, and lymphocytes were isolated as
described below and stored in liquid nitrogen until ready
for experiments.

Generation of effector T cells

Naive CD8" T cells were purified from peripheral blood
mononuclear cells (PBMCs) of healthy donors using an EasySep
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naive CD8" T cell enrichment kit (StemCell Technologies, #17968).
Isolated naive CD8" T cells were stimulated with CD3/CD28
microbeads (Gibco #11131D) and IL-12p70 (20 ng/ml, Peprotech
#200-12-50UG) for 7 days. On day 7, effector CD8" T cells were
harvested, cells were counted and adjusted to 1,000,000 cells/mL,
reactivated, and used for subsequent assays.

Generation of monocyte-derived
macrophages

PBMCs were isolated from healthy donor blood through
lymphocyte separation medium (Ficoll) as previously described
(12, 27). Monocytes were isolated from light fraction of PBMCs
through Percoll density gradient centrifugation. Monocytes were
cultured at 500,000 per well in 24-well plates (Corning #353047) for
6 days in IMDM media (Gibco #12440-053) supplemented with
10% FBS (Gibco #10082-147) and 1000 IU/mL recombinant human
GM-CSF (Miltenyi #130-093-868) to generate macrophages. On
day 3 of cultures, half of the media was replenished with fresh
IMDM 10% FBS with double concentration of GM-CSF.
Macrophages were harvested by incubating wells in 0.5mL
TrypLE Select (Gibco #12563-029) at 37 degrees Celsius for 30
minutes followed by gentle scraping. Macrophages were collected,
washed, and re-plated in IMDM 10% FBS in the appropriate plates
for the indicated experiments.

Treatment of cell cultures with cytokines
and inhibitors

Ovarian ascites cells or macrophages were cultured 100,000 per
well in a 96-well plate (Corning #3599) then stimulated with either
50 ng/mL TNFo (Miltenyi #130-094-562) and/or 1000 IU/mL IFNy
(Miltenyi #130-096-484) for 24 hours. Supernatants and total RNA
were collected as described below. When indicated, cells were pre-
treated for 2 hours with small molecule inhibitors for canonical NF-
kB (JSH-23 30uM, Selleckchem #S7351) or alternative NF-xB
(NIK-SMI1 2uM, MedChemExpress #HY-112433) before
treatment. Treatment with AZD5582 (5nM Selleckchem #57362)
was used to activate alternative NF-kB signaling as a control.

Co-culture of CD8" T cells with ovarian
ascites or macrophages

Co-cultures with T cells and either ovarian ascites cells or
macrophages were done as previously described (16, 17, 27, 38,
39). Briefly, a total of 500,000 isolated ovarian ascites cells or
macrophages were cultured overnight. On the next day, plates
were spun down at 600 RPM for 5 minutes, media from the wells
were removed and replaced with either ImL of media or 1mL of
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media containing 100,000 re-stimulated CD8" T cells and cultured
for 24 hours. For neutralization of T cell-derived TNFo. and IFNYy,
10ug/mL of blocking antibodies against TNFo. (BD Biosciences
#554508, RRID: AB_395441) and IFNy (BD Biosciences Cat#
554698, RRID: AB_395516) were added to cultures. For detection
of intracellular chemokines, monensin (2uM, Bio-Rad #BUF074)
was added during the last 5 hours to block chemokine secretion.

Quantitative PCR

Total RNA was extracted using the RNeasy kit (Qiagen #74104).
Synthesis of cDNA was performed according to the qScript protocol
(QuantaBio #95047) using 250ng RNA per sample and a Bio-Rad T100
Thermal Cycler. All cDNA was diluted 5 times before analysis by
qPCR. RT-PCR was performed on a Bio-Rad CFX96 Real-Time PCR
Detection System (RRID: SCR_018064) using 4uL diluted cDNA per
reaction and iTaq universal probe supermix protocol (Bio-Rad
#1725134). Gene expression was determined using endogenous
HPRT as a control. The following primers were purchased from
ThermoFisher and used for analysis: HPRT (Life Technologies
4325801); CCL5 (TagMan Hs00174575_ml); CXCL10 (TagMan
Hs00171042_m1); CCL22 (TagMan Hs01574247_ml).

ELISA

Protein concentrations in culture supernatants were measured by
sandwich ELISA. Primary and biotinylated detection antibody pairs
were purchased from R&D Systems. High binding plates (Corning
#3361) were coated overnight with primary antibody (concentration
is target-dependent according to manufacturer protocol), followed by
washing and blocking with DPBS 2% BSA (MP Biomedicals
#160069) for 1 hour. Samples were added to plate and incubated
for 2 hours, then biotinylated detection antibodies were added for 1
hour, followed by a 30-minute incubation with Streptavidin-HRP
conjugate (R&D Systems #DY998). All antibodies and HRP
conjugates were diluted in blocking buffer at manufacturer-
recommended concentrations. Protein levels were detected by
adding 100uL TMB substrate solution (ThermoScientific #34029),
then reactions were stopped with equal volume 2N sulfuric acid.
Absorbance at 450nm was recorded using a BioTek Epoch microplate
reader (Agilent, California, RRID: SCR_019741) and analyzed using
Genb software (RRID: SCR_017317).

Flow and imaging cytometry

Cells were fixed with 4% paraformaldehyde (ThermoFisher
#]19943-K2) for 10 minutes, washed with DPBS, then kept at 4
degrees C overnight in flow buffer (DPBS with 2% BSA and 0.02%
sodium azide from Millipore Sigma with 2mM EDTA from
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Invitrogen) to block Fc receptors. Cells were surface stained with
designated antibodies in flow buffer for 30 minutes, washed, then
permeabilized using either 0.1% Triton-X (ThermoScientific
#A16046.AE, for macrophages and ascites cells) or 1x FoxP3
permeabilization buffer (BioLegend #421002, for migrated T cells)
containing appropriate dilutions of antibodies for 45 minutes. When
indicated, cells were nuclear counterstained with a 1uM DRAQ5
solution (ThermoFisher #650880-92) for 3 minutes before the final
wash. Cell viability experiments were carried out with a ImM DAPI
solution (Millipore Sigma D9542) and determined by DAPI
positivity. Flow cytometry samples were analyzed on a BD Fortessa
cytometer by collecting at least 10,000 single cells. Imaging cytometry
was performed using a Cytek Amnis Image Stream Mk II cytometer
and collected at least 3000 single cells with a Gradient RMS greater
than 50 (in focus). The following antibodies were purchased for these
studies: NF-xB p65/RelA (Santa Cruz Biotechnology Cat# sc-8008,
RRID: AB_628017), NF-kB p52/p100 (Santa Cruz Biotechnology
Cat# sc-7386, RRID: AB_2267131), CCL5 (Bd Biosciences Cat#
564754, RRID: AB_2738932), CXCL10 (BD Biosciences Cat#
555049, RRID: AB_395670), CD8 (BD Biosciences Cat# 563823,
RRID: AB_2687487), CD33 (BD Biosciences Cat# 551378, RRID:
AB_398502), CD4 (BD Biosciences Cat# 555347, RRID: AB_395752),
Granzyme B (BD Biosciences Cat# 560211, RRID: AB_1645488),
FoxP3 (BioLegend Cat# 320124, RRID: AB_2565972), and CD326
(BioLegend Cat# 324208, RRID: AB_756082). Flow cytometry data
were analyzed using FloJo software (FloJo, LLC). Image Stream data
were analyzed using IDEAS software (Amnis).

Chemotaxis

Chemotaxis assays were performed as previously described (16,
17,28, 39, 40). Briefly, in a 24 trans-well plate with 5um membrane
pore size (Corning #3421), 500uL of culture supernatants were
added to the bottom chambers and 200uL containing 200,000 T
cells (either CD4" or CD8" isolated as described above) were added
to the top chambers. After 60 minutes, bottom chambers were
collected and analyzed for CTLs (CD8" GzmB™) or Tregs (CD4"
FoxP3™) with flow cytometry. Total numbers were quantified by
using CountBright Plus Ready Tubes (Invitrogen #C40000).

Statistical analysis

All statistics were performed using GraphPad Prism 10 software
(RRID: SCR_002798). Comparisons between groups were tested
using one-way ANOVA with Tukey’s correction. The values of P
<0.05 were considered as significant (ns = not significant; *p < 0.05;
**p < 0.005; ***p < 0.0005; ****p < 0.0001). Each experiment was
performed in triplicate unless indicated otherwise. All experiments
were successfully reproduced at least three times with different
donors/patients. Data shown represent the replicates from the same
donor as mean +/- SEM. Due to the nature of the study, no
randomization, blinding, or power analysis was required.
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Data availability

All data generated in this study are available within the article
and its Supplementary Data Files or from the corresponding author
(P. Kalinski) upon reasonable request.

Results

Activated CTLs selectively induce CTL-
attracting chemokines in ovarian cancer
ascites without inducing Treg attractants

Malignant ovarian ascites and the associated ascites cells offer a
unique opportunity to study local immune modulation because they
involve inactive/dysfunctional CD4" and CD8" T cells which lack
effector functions and CCL22-dependent accumulation of
suppressive Tregs (6, 13, 17, 41). To test the impact of activated T
cells on chemokine production within the TME, we collected total
ascites cells from ovarian cancer patients undergoing cyto-reductive
surgery and stimulated them with CD3/28- beads to activate the
ascites-associated T cells. Interestingly, activation of such
endogenous T cells was highly effective in inducing CTL-
attracting chemokines CCL5 and CXCL10 (Figure 1A). Since
local activation of T cells in the ovarian TME can induce COX2/
PGE2 signaling and immunosuppression (38), we also examined
the expression of CCL22 which we previously identified as a COX2-
PGE2-dependent Treg attractant (12, 28). Unexpectedly, the
induction of CTL-attracting chemokines in response to CD3/
CD28 activation was not accompanied by enhancement of
CCL22, indicating that T cell-activating signals can allow for the
selective induction of desirable chemokines in ovarian
TME (Figure 1A).

To test if CTLs are sufficient to reprogram the ovarian TME, we
expanded healthy blood-isolated CD8" T cells ex vivo for 7 days,
using CD3/CD28 beads and IL-12p70 to generate effector CTLs
(16). After overnight activation with CD3/28 beads, these
“exogenous” CTLs were cultured with isolated ovarian cancer
ascites cells. Such activated CTLs strongly enhanced the
production of CCL5 and CXCL10 (Figures 1B, Supplementary
Figure S2A). Strikingly, these pre-activated CTLs reduced CCL22
expression in ovarian cancer ascites, compared to the levels
spontaneously produced by the ascites cells (Figure 1B). These
data demonstrate that activated CTLs, both resident and exogenous,
can reprogram the ovarian TME to selectively induce CTL-
attracting chemokines, but not suppressive chemokines.

Myeloid cells are the major source of CCL5
and CXCL10 induced in the TME by
activated CTLs

To confirm that activated T cells were indeed the inducers of
CCL5 and CXCL10 in other ascites cells (rather than being the only
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FIGURE 1

Activated CTLs selectively induce CTL-attracting chemokines in human ovarian cancer-associated myeloid cells and cultured macrophages.
(A) Patient-isolated ovarian ascites cells were stimulated with CD3/CD28 activating beads for 24 hours. Chemokine expression was measured by

TagMan gRT-PCR. (B) Patient-isolated ovarian ascites cells were co-cultured with activated ex vivo-expanded CTLs for 24 hours, then chemokine
production was measured by TagMan gRT-PCR. (C) Co-cultures of CTLs and ascites cells were surface stained for indicated markers followed by
intracellular staining for chemokines. Gray parameter represents fluorescence minus one (FMO). Bar graphs represent median fluorescence intensity
of chemokine expression in the CD8+, CD33+, or CD326+ populations (mean +/- SEM, n=3). (D) Monocyte-derived macrophages (Macs) were co-
cultured with activated CTLs for 24 hours followed by chemokine analysis by TagMan gRT-PCR. TagMan data are reported as Expression Fold
Change (2799Y) normalized to either untreated ascites (A) or to CTLs (B, D) to eliminate the background chemokine expression by T cells. All data in
this figure are mean +/- SEM of triplicate cultures from the same patient/donor and represent one of three independent experiments with similar

results from different patients/donors. ns, not significant; *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001.

source themselves), we stained the co-cultures for intracellular
CCL5 and CXCL10 and surface markers of CTLs (CD8), myeloid
cells (CD33), and epithelial cells (EpCam, CD326). As shown in
Figure 1C, CD33" myeloid cells constituted the dominant source of
CXCL10 while CCL5 was produced by both myeloid cells and CTLs.
To validate the key role of myeloid cells in CTL-induced chemokine
production, monocyte-derived macrophages were cultured with ex
vivo-expanded CTLs, which revealed similar increases in CCL5 and
CXCL10 expression, without increases in CCL22 (Figure 1D,
Supplementary Figure S2B).
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CTL-derived TNFo and IFNYy synergize in
the selective induction of CTL-attracting
chemokines

Because CTL-derived TNFo and IFNY contribute to the
undesirable enhancement of MDSC suppressive function (38) but
also to the desirable induction of DC maturation (36), we analyzed
their roles in the CTL-mediated chemokine reprogramming of the
TME. Neutralization of TNFo and IFNy abrogated the induction of
CXCL10 in co-cultures of CTLs with ovarian ascites cells or
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FIGURE 2

CTL-produced TNFo and IFNy promote selective recruitment of CTLs but not Tregs. (A, B) Chemokine expression in 24-hour cultures. Data shown
as relative mRNA levels (2°9“Y) normalized for HPRT. (C-E) Migration of CTLs and Tregs. Supernatants from 24-hour cultures of either CTL-exposed
ascites cells (C-left), CTL-exposed macrophages (C-right and (D)), or TNFo/IFNy-exposed macrophages (E) were placed into the bottom chambers
of a Transwell assay plate. Fresh CTLs or CD4" T cells were placed into the top chambers, and after 60 minutes, the bottom chambers were
collected and analyzed for migrated T cells. CD8* GzmB™* CTLs or CD4"* FoxP3™* Tregs were counted using flow cytometry. All data are shown as

mean +/- SEM of triplicate cultures from the same donor/patient and represents one of three independent experiments with similar results from
different patients/donors. Mean background migration towards control media was subtracted from all conditions shown in panels (C—E). ns, not

significant; *p < 0.05; **p < 0.005; ***p < 0.0005.

monocyte-derived macrophages (Figures 2A). The production of
CCL5 was not significantly decreased by the TNFa/IFNY blockade,
which is consistent with T cells being the main source of CCL5
rather than T cell-activated myeloid cells (Figure 1C). To validate
these causative roles, we treated the ascites cells or macrophages
with recombinant human TNFa, IFNY, or their combination. While
single treatments with either TNFo. or IFNy did not or only
marginally induced CCL5 and CXCLI10, their combination
synergistically induced CCL5 and CXCLI10 in both ascites and
macrophages (Figures 2B). In accordance with the previous data,
neither of these factors induced expression of CCL22 in the ascites
cells nor macrophages.
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TNFo and IFNy-producing CTLs promote
selective recruitment of CTLs, but not
Tregs

To test the migratory capacity of TNFo/IFNy-induced
chemokine modulation, we used a Transwell migration system to
measure migration of CTLs and Tregs towards conditioned
supernatants (Supplementary Figure S3A) (16). We observed a
strong increase in the numbers of CTLs that migrated towards
conditioned supernatants of ovarian ascites or macrophages
exposed to activated CTLs (Figure 2C). Increased CTL migration
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was dependent on the production of TNFo and IFNYy by the
activated CTLs during co-culture. Because CCL22 is a known
attractant of CCR4"™ Tregs (6, 28) (Supplementary Figure S3B),
we tested the impact of CCL22 modulation by activated CTLs. We
observed that macrophages cultured with activated CTLs or
stimulated with recombinant TNFo. and IFNY recruited additional
CTLs but not Tregs (Figures 2D, E). Together, these data
demonstrate a selective modulation of T cell recruitment to favor
CTL but not Treg recruitment.

Unique requirement for alternative NF-«xB
signaling in CCL22 induction

Prompted by the observations that CCL22 can be induced by
either canonical or alternative NF-«B signaling (17, 29, 42-44), we
compared the roles of the two pathways in the regulation of CTL
versus Treg attractants by TNFo, and IFNY, using small molecule
inhibitors of either canonical NF-xB (JSH-23) or alternative NF-xB
(NIK-SMI1) (45, 46). The specificity and selectivity of action of
these inhibitors was validated by measuring nuclear translocation of
NF-kB proteins with imaging cytometry (47) and cell viability
(Supplementary Figures S4A-C). As expected, blockade of
canonical NF-xB signaling abrogated the induction of all
chemokines tested: CCL5, CXCL10, and CCL22 (Figures 3A, B).
In contrast, alternative NF-kB blockade did not affect the
production of CCL5 or CXCLI10, showing that the induction of
CTL-attracting chemokines requires only canonical but not

10.3389/fimmu.2025.1681777

alternative NF-xB signaling (Figure 3A). Simultaneously,
alternative NF-xB blockade prevented the induction of CCL22,
demonstrating that CCL22 induction requires both canonical and
alternative NF-xB signaling (Figure 3B, Supplementary
Figure $4D).

IFNy suppresses alternative NF-xB signaling
to inhibit CCL22 production

We previously demonstrated that CCL22 induction in myeloid
cells requires canonical NF-kB and COX2/PGE?2 signaling (17) and
confirmed these results in the current system (Supplementary
Figure S5A). Since canonical NF-«B signaling was functional as
evidenced by the enhanced production of CCL5 and CXCL10 by
CTL-exposed or TNFa/IFNYy-treated macrophages, we tested if the
reduced CCL22 production was due to a loss of COX2 signaling. In
contrast to this possibility, both the expression of COX2 and a
COX2-regulated gene, indoleamine 2,3-dioxygenase 1 (IDOI1),
increased in macrophages treated with TNFa, IFNYy, and
especially in their combination, suggesting the loss of CCL22
production did not result from disrupted COX2 (Supplementary
Figure S5B). Since these results suggested a regulatory relationship
between COX2 and alternative NF-kB signaling, we tested if COX2/
PGE2 signaling induces alternative NF-xB. Indeed, exposure to
exogenous PGE2 upregulated nuclear p52 levels compared to
baseline (Supplementary Figure S5C), indicating that COX2/
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FIGURE 3

The induction of CCL22, but not CTL attractants, uniquely depends on both canonical and alternative NF-xB signaling. Macrophages were
stimulated with recombinant human TNFa and/or IFNy for 24 hours in the absence or presence of selective NF-kB inhibitors (given 2 hours prior to
stimulation). 24-hour culture supernatants were analyzed by ELISA for CTL-attractants (A) or Treg attractants (B). All data shown are mean +/- SEM
of triplicate cultures from the same donor representing one of three independent experiments with different donors. ns, not significant; **p < 0.005;

**%p < 0.0005; ****p < 0.0001
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PGE2 signaling induces CCL22 production through an alternative
NEF-kB axis.

Intriguingly, the impact of alternative NF-xB blockade on
CCL22 production closely mimicked the effects of IFNy,
suggesting a mechanistic relation between IFNy and alternative
NEF-«B signaling. To test the impact of IFNy on NF-xB signaling, we
used imaging cytometry to evaluate the nuclear translocation of the
NF-kB transcription factors (p65 for canonical, and p52 for
alternative) and determine their activation status. Because each
NF-kB pathway is activated with different kinetics (canonical NF-
KB is rapid but alternative NF-xB is slow) (48), the time points of 1
hour and 24 hours were chosen to evaluate the impact of TNFo. and
IFNY on the activation of each pathway. As expected, TNFo
activated canonical NF-xB and induced nuclear translocation of
p65 (Figure 4A). IENY alone was insufficient to induce p65 nuclear
translocation and marginally increased it when combined with
TNFo. Baseline levels of nuclear p52 were already detectable in
unstimulated macrophages, indicating baseline activation of
alternative NF-kB signaling in myeloid cells (Figure 4B)
consistent with their substantial CCL22 production at baseline
(Figure 3B). IFNYy profoundly reduced the levels of nuclear p52,
directly demonstrating a selective antagonism of alternative NF-kB
signaling by IFNy (Figure 4B).

Alternative NF-xB signaling is regulated by regulating protein
levels of the NF-xB-Inducing Kinase (NIK) (49). NIK is

10.3389/fimmu.2025.1681777

ubiquitinated and degraded in resting cells, but pathway
activation triggers the release of NIK from degradation and
accumulation of NIK to induce nuclear translocation of the
alternative NF-kB transcription factors (50). We examined if
IFNY regulates protein levels of NIK within macrophages to
suppress alternative NF-xB signaling. Baseline macrophages
exhibited background levels of alternative NF-xB signaling, and
the NIK protein levels support this finding (Figure 4B,
Supplementary Figure S6). However, we observed no changes in
NIK protein levels beyond the standard background levels in IFNYy-
stimulated macrophages, indicating IFNY suppresses alternative
NF-xB independently of NIK protein accumulation.

Discussion

Our data demonstrate a novel mechanism in which IFNy
suppresses alternative NF-xB activity in human myeloid cells to
selectively reduce production of CCL22 that recruit Tregs to the
TME, thus allowing locally-activated CTLs to induce CCL5 and
CXCL10 production and recruit additional functional CTLs
without Tregs (Supplementary Figure S7). These findings
demonstrate a novel role of alternative NF-kB signaling in
regulating the balance of different classes of chemokines produced
in the TME to control the character of immune cell infiltration.
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FIGURE 4

IFNy

IFNY selectively suppresses alternative NF-«B signaling. After 1 hour ((A) to visualize canonical NF-«kB translocation) or 24 hours ((B) to visualize
alternative NF-xB translocation) of stimulation in the indicated conditions, macrophages were fixed, permeabilized, and stained for NF-xB proteins
p65 (canonical) and p52 (alternative). Nuclear localization of NF-xB proteins was quantified by imaging cytometry using median Similarity Score
analysis (histograms) and normalized using the Fisher’s Discriminant ratio (bar graphs). Bar graphs present the mean +/- SEM of six independent
experiments with different donors. Representative images for key conditions are displayed on the right side of the histograms (40X magnification).

*p < 0.05
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Our data help explain the paradoxical tumor promoting and
anti-tumor roles of the NF-xB system in cancer immunobiology
and the regulation of tumor-associated chemokines. Previous
therapeutic interventions targeting the NF-xB system have shown
limited success, at least partially due to canonical NF-kB exhibiting
both pro-tumor and anti-tumor functions (25). Production of both
Treg-attracting chemokine CCL22 and CTL-attracting chemokines
CCL5 and CXCL10 require canonical NF-xB signaling (12, 17),
which limit the effectiveness of direct canonical NF-kB-targeting
therapeutics. These observations provide rationale for exploring
new options to enhance the desired effects but limit the detrimental
effects of canonical NF-kB signaling.

Our data are aligned with the role of canonical NF-«B signaling
as critical but insufficient alone to induce high levels of either
desirable CTL attractants or detrimental Treg attractants. Rather,
production of these factors requires both canonical NF-«B signaling
and different co-factors. Optimal CXCL10 production requires
additional IFNY signaling as a co-factor, while CCL22 production
requires the additional involvement of alternative NF-xB
(Supplementary Figure 5). These considerations highlight the role
of canonical NF-xB as a central factor for mobilizing inflammation
in the TME (30) but dependent on other factors to regulate the
specificity of its actions. Such specificity can involve interference
with intracellular signaling pathways as demonstrated by the
suppression of alternative NF-kB signaling by IFNy (Figure 4B)
and the suppression of IFNy effector function in DCs by PGE2 (51).

Our previous ex vivo study (12) demonstrated that high baseline
levels of canonical NF-xB signaling in the TME permit the CKM
regimen (double-stranded RNA and IFNo) to selectively target
tumor instead of healthy tissue. Accordingly, our recently
completed clinical trials demonstrated that selective enhancement
of CTL attraction to tumor tissues can be achieved not only by
intratumoral (21, 22) but also systemic application (18, 23) of the
CKM. Considering these results, it remains to be tested if enhanced
levels of alternative NF-kB signaling in the TME may be limiting the
positive effects of CKM and whether inhibition of alternative NF-xB
signaling can prolong the effects of CKM to achieve more durable
immune responses. Small molecule inhibitors targeting alternative
NE-«B signaling have shown efficacy and safety in murine models
(52). Administration of such drugs prior to CKM treatment could
sensitize the TME and enhance CKM-mediated reprogramming of
chemokine production and improve recruitment of CTLs.

Since the balance between canonical and alternative NF-xB
signaling and the resulting chemokine patterns regulate multiple
aspects of cancer cell and TME biology, our data imply the
activation status of T cells in the TME is relevant to both their
killing of cancer cells and to their TME remodeling functions. In
addition to directly killing target cells within the TME, the
production of effector molecules TNFa and IFNy by activated T
cells modulate immune cell recruitment within the TME by
regulating this NF-xB balance - increasing the canonical while
decreasing the alternative NF-xB activities. Since TNFo and IFNy
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can be produced by both cytolytic and non-cytolytic CD8" T cells
including effector and memory cells (36, 38, 53), these data provide
rationale for targeting tumor-resident non-effector CD8" T cells to
induce local production of CTL attractants and enhance
intratumoral entry of more effective CTLs during adoptive cell
therapy (ACT) or other forms of cancer therapy. They also raise the
possibility of CTL involvement in the regulation of additional
aspects of cancer cell biology such as proliferation, resistance to
treatment-induced apoptosis, and metastatic potential, which all
involve NF-kB. Although our current study did not test the ability
of activated CTLs to recruit different subtypes of CD8" T cells, our
past studies showing the requirement for T cell activation to
respond to CCR5- and CXCR3-binding chemokines suggest that
CTLs favor recruitment of additional type-1 effector cells (CTLs,
Thl, and NK cells) which all express CCR5 and CXCR3 (54).

Despite the ability of CTLs to promote COX2/PGE2-dependent
suppression by MDSCs (38), our current data show that the
induction of CTL-attracting chemokines was not accompanied by
the induction of Treg-attracting chemokine CCL22 which is
typically driven by the COX2/PGE2 axis (12, 17, 27, 28). Our
findings help to explain this paradox by identifying a unique
requirement for alternative NF-kB signaling for CCL22
production, the pathway which COX2 signaling enhances but
IFNy inhibits. This novel role of alternative NF-kB signaling in
the production of CCL22 also explains the high baseline production
of CCL22 by cultured macrophages since macrophages show high
baseline levels of alternative NF-kB activation. IFNY is largely
considered a stimulatory factor that induces chemokine
expression (CXCL9/10/11), but it can also suppress CCL3 and
CCL4 production in peritoneal macrophages (55). Our current
findings show that IFNYy blocks the production of suppressive
chemokines but favors chemokines that recruit type-1 immune
cells. The molecular mechanisms linking IFNY signaling with the
ability of alternative NF-xB transcription factors, RelB and p52, to
interact with the CCL22 promoter remain unclear and are a topic of
our upcoming studies, although we eliminated the involvement of
decreased NIK protein (Supplementary Figure S6). Other
mechanisms to be investigated are potential interference with
pl00 processing into the active p52 form, blocking NIK from
activating the IKKo. complex, or STAT-mediated suppression of
IKKou activity (50). Our upcoming studies will also evaluate the
interplay between TNFo, IFNY, PGE2, and alternative NF-xB in
regulating the balance between the pro- and anti-tumor functions of
different myeloid cell types. Distinct myeloid populations are
known to express different TNF receptors and may respond
differently to TNFo and IFNy (56). Additional differences may
result from cell-specific unique epigenetic mechanisms modulating
responses to TNFa and IFNy (57-59). Since PGE2 signals through
at least 4 different receptors and activates multiple pathways
including cAMP, CREB, p38, and PI3K/Akt (60) their individual
interactions with the alternative NF-kB signaling also remains to
be established.
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Interestingly, although the combination of TNFo and IFNy
could induce the production of CCL5 in ovarian cancer ascites cells
or macrophages, their joint blockade did not abrogate induction of
CCL5 in co-cultures of activated CD8" T cells with ascites cells or
myeloid cells. This result is consistent with our observation that in
contrast to CXCL10 (which was produced predominantly by
tumor-associated myeloid cells), a significant proportion of CCL5
originated from CD8" T cells themselves in addition to the myeloid
component by activated T cells. However, the combined blocking of
TNFo and IFNY eliminated the CD8" T cell-enhanced ability of the
TME to attract effector CTLs, indicating the CTL-produced CCL5 is
not sufficient and highlighting the key role of myeloid cells in the
additional CTL attraction.

In conclusion, our current study demonstrates a novel
mechanism of suppression of alternative NF-kB by IFNy that
selectively promotes the expression of CTL-attracting chemokines
and recruitment of CTLs by tumor-resident myeloid cells without the
recruitment of Tregs. Our data identify the potential for manipulating
alternative NF-xB signaling in the TME as a means of polarizing
chemokine production and immune cell recruitment to favor
recruitment of antitumor immune cells over suppressor cells. Given
the critical requirement for tumor-infiltrating functional CTLs in
durable immunity, our data provide rationale for combining
alternative NF-kB modulation with immunotherapies to promote
positive secondary immune effects, increase the influx of antitumor
immune cells into the TME, and improve the durability of
these responses.
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