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Abstract

Cyclic-AMP (cAMP) exerts suppressive effects in the innate and adaptive immune system. The
PD-1/PD-L1 immune checkpoint down-regulates T-cell activity. Here, we examined if these two
immunosuppressive nodes intersect. Using normal and malignant lymphocytes from humans, and
the phosphodiesterase 4b (Pde4b) knockout mouse, we found that cCAMP induces PD-L1
transcription and protein expression. Mechanistically, we discovered that the cAMP effectors PKA
and CREB induce the transcription/secretion of IL-10, IL-8 and IL-6, which initiate an autocrine
loop that activates the JAK/STAT pathway and ultimately increase PD-L1 expression in the cell
surface. This signaling axis is disarmed at two specific nodes in subsets of diffuse large B cell
lymphoma, which may help explain the variable PD-L1 expression in these tumors. In vivo, we
found that despite its immunosuppressive attributes, the PDE4 inhibitor roflumilast did not
decrease the clinical activity of checkpoint inhibitors, an important clinical observation given the
approved use of these agents in multiple diseases. In summary, we discovered that PD-L1
induction is a part of the repertoire of immunosuppressive actions mediated by cAMP, defined a
cytokine-mediated autocrine loop that executes this action and, reassuringly, showed that PDE4
inhibition does not antagonize immune checkpoint blockade in an in vivo syngeneic lymphoma
model.
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Introduction:

Cyclic-AMP (cAMP) is a broadly acting second messenger that relays extra-cellular signals
in a cell type and context specific manner. Through binding to effectors, notably PKA
(protein kinase A), elevation of intra-cellular cAMP leads to rapid post-translational
modifications in the cytosol, and architectural changes in discrete cellular membrane
microdomains. In addition, primarily via the PKA-mediated phosphorylation of CREB
(cAMP response element-binding protein), cAMP elicits specific gene transcription
programs.

In cells of the innate and adaptive immune system, CAMP exerts suppressive effects? 3. In B
and T lymphocytes, sustained elevation of cAMP counters the B-cell receptor (BCR) and T-
cell receptor (TCR) function, respectively, at least in part by suppressing the activity of
downstream kinases*8. In addition, cAMP provides tonic negative constraint on the
synthesis and secretion of proinflammatory cytokines in monocytes and neutrophils, and
limits the LPS-driven stimulation of innate immune response? 3. Adenylate cyclases
produce most of the cellular cAMPZ. In turn, a superfamily of enzymes, the
phosphodiesterases (PDE), hydrolyze cAMP into inert 5’AMP and terminates signaling. In
cells of the immune system, the PDE4 family accounts for most of the cAMP hydrolysis®.
This feature, alongside a catalytic structure amenable for specific small molecule-based
inhibition, has led to the development and FDA-approval of PDE4 inhibitors as anti-
inflammatory and immunosuppressive agents2. Further, in part due to cCAMP’s role in
suppressing the BCR, these agents are also being tested for the treatment of mature B cell
malignancies10-12,

Antigen-specific T lymphocytes can recognize and eliminate aberrant cells, including cancer
cells. Alongside this capability, a system of immune checkpoints has evolved to regulate the
quantity and activity of T cells, thus establishing peripheral tolerance and limiting overt
tissue damage. A prominent immune checkpoint system is executed by the PD-1-
(programmed cell death protein 1)-PD-L1/2 (programmed cell death protein ligand 1/2)
interaction!3. PD-1, a co-inhibitory receptor expressed on the surface of antigen-stimulated
T- cells, interacts ligands PD-L1 and PD-L2. This engagement inhibits T-cell proliferation,
survival, cytokine production, and other effector functions3. Cancer cells hijack this system
by expressing PD-L1 on their surface, binding to cognate PD-1 in activated T-cells, thus
foiling anti-cancer immunity, which can be successfully reengaged with checkpoint
inhibitors, primarily anti-PD1 and anti-PD-L1 antibodies!4. Considering the role of PD-L1
in halting anti-cancer T-cell activity, significant effort has been placed in identifying
regulators of PD-L1 expression. Oncogenes and tumor suppressors, as well as pro-
inflammatory cytokines, e.g., IFN-y, have been shown to induce PD-L1 expression, aiding
biomarker identification towards improved therapeutic usage®®.

A putative role for cAMP on PD-L1 expression has not yet been directly examined. An
interplay between two broadly immunosuppressive nodes - the cAMP signaling pathway and
the PD-1/PD-L1/2 immune checkpoint - is predictable and it would be consistent with
cAMP’s role as a mediator of inputs that suppress T-cells®. Testing this possibility is
important as it may unveil a novel regulatory axis that modulates PD-L1 expression and
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immune checkpoint function. In addition, this knowledge will advance our understanding of
the mechanism of action of FDA-approved PDE4 inhibitors, and may guide decisions on
their use in approved!6-22 and in investigationall? settings.

Methods:

Detailed materials and methods are provided as supplemental data.

Cell lines and primary tumor samples.

DLBCL cell lines were cultured as reported?3; the DLBCL PDX models have been
characterized earlier?4, and herein were analyzed ex vivo. De-identified primary human
lymph nodes were obtained from the Department of Pathology25, and their use was approved
by the Institutional Review Board of the UTHSCSA. All patients signed a consent form.

Mice.

The Pde4b knockout mouse was reported before26. To generate murine B-cell lymphoma
models, A20 cells were inoculated subcutaneously in Balb/c mice?’: 28, Mice were treated
with roflumilast (5mg/kg) or vehicle control (PBS/DMSQ), administered daily intra-
peritoneally (IP), and/or with anti-mouse PD-L1 (clone 10F.9G2) or rat 1gG2b isotype
control, administered IP (200ug per injection) at 2—-3 days intervals. Studies were approved
by the Institutional Animal Care and Use Committee of UTHSCSA.

Fluorescence-activated cell sorting (FACS) analysis.

Used to detect PD-L1 in human and murine cells, and to characterize immune cell
subpopulations in the mouse. Cells were acquired using a BD FACSCelesta (BD Bioscience)
or with a Cytek Aurora (Cytek BioSciences). Data were analyzed with FlowJo software
v10.6.2 (FlowJo LLC), as we described?®,

Immunoblotting analysis.

Performed to detect PD-L1, pSTAT3 (Y705) pSTAT1 (Y701), pCREB (S133) in human and
murine cells, as described30.

RNA isolation, cDNA synthesis and q-RT-PCR.

RNA was isolated and cDNA synthesized from primary human lymph nodes, murine
splenocytes, DLBCL cell lines and PDX models, as we described3!. Q-RT-PCRs were
performed as reported32, and gene expression calculated using the 2722Ct method33.
Oligonucleotide sequences are listed in Supplemental Tablel.

Chemokine array profiling and cytokine quantification.

DLBCL cells were treated with DMSO or forskolin (40 uM) for 8h and supernatant used for
the screening of 105 cytokines/chemokines (Human XL Cytokine Array Kit, R&D
Systems), or for the direct detection of 1L-10, IL-8 and IL-6.
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Luciferase Reporter Assay.

A PD-L 1 promoter reporter construct (0GL3-PD-L1-3kb) was described before34, and

luciferase and beta-galactosidase quantified as we reporteds®.

Statistical analysis.

Results:

Performed with the GraphPad Prism 8 software. P value <0.05 was considered significant

Cyclic-AMP induces PD-L1 expression in DLBCL cell lines.

We used forskolin, an adenylyl-cyclase activator, to increase CAMP levels in DLBCL cell
lines and well-characterized DLBCL PDX models analyzed ex vivo?4, and measured PD-L1
expression using FACS. In all ABC (activated B-cell)-like DLBCL models, we detected a
significant increase in PD-L1 expression in the cell surface (mean increase 2.2-fold, range
1.5to 4.1) in association with higher cCAMP levels (Fig. 1A and S1A-B). Conversely, no
PD-L1 expression, or increase, was detected in GCB (germinal center B-cell)-like DLBCL
cell lines or PDXs, even though cAMP was readily elevated and PKA activated in these
models (Fig. SIC-F). Using g-RT-PCR, we determined that cAMP induces PD-L1
expression at RNA level (Fig. 1B), and with western blot (WB) we found that an increase in
PD-L1 expression could also be detected in whole cell lysates (Fig. 1C). To validate the
concept that forskolin effects are mediated by cAMP, we used the synthetic, cell-permeable,
8-Bromo-cAMP molecule and recapitulated the induction of PD-L1 expression detected
with forskolin (Fig. 1D). In addition, blocking PKA activity with its inhibitor H-89,
abrogated cAMP effects, establishing PKA as the effector of cAMP-induced PD-L1
expression (Fig. 1E). We concluded that cAMP, in a PKA-dependent manner, induces PD-L1
transcription and protein expression in subsets of DLBCL.

Modulation of PD-L1 expression by the cAMP-PDE4 axis in vivo.

Of the members of the PDE4 family, PDE4B is a prominent regulator of cAMP levels in
lymphocytes36: 37, Thus, we used a Pde4b knockout (KO) mouse model to test the effects of
this enzyme on the expression of PD-L1 in murine B- and T-cells. We collected spleens from
8 to 16-week old, sex matched, Pde4bWT or KO mice (n=10) and used FACS to examine
surface PD-L1 expression in CD19+ and CD3+ subpopulations. The percentage of B and T-
cells expressing PD-L1 was significantly higher in Pde4b KO mice than in WT littermates
(Fig. 2A); WB of total splenocytes confirmed higher expression of PD-L1 in Pde4b KO cells
(Fig. 2B). To expand on the DLBCL models and mouse data, we examined the interplay
between cAMP/PDEA4 signals and PD-L1 expression in freshly obtained primary human
specimens, including reactive lymph nodes and B-cell lymphomas. We found that ex vivo
activation of cAMP signals with forskolin, in combination with the FDA-approved PDE4
inhibitor roflumilast, induced PD-L1 expression at RNA and protein levels (Fig. 2C);
unfortunately, additional materials were not available for FACS analysis, but the correlation
between WB and FACS data in DLBCL cell lines/PDX and Pde4b KO models (Fig. 1A, 1C,
2A-B), indicate that in these primary samples PD-L1 expression increased in the cell surface
as well. We concluded that genetic and pharmacological modulation of the cAMP-PDE4B
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axis influences PD-L1 expression in untransformed murine B and T lymphocytes and in
primary human reactive B cells and lymphomas.

Secreted factor(s) mediate cAMP effects on PD-L1 expression.

PKA phosphorylates and activates the transcription factor CREB (cAMP-response element
binding protein), which binds to cCAMP response elements (CRE) in promoters of its target
genes, and induces transcription®. Thus, to explore the mechanism(s) by which cAMP
induces PD-L1 transcription/expression, we first investigated if through PKA/CREB, cAMP
could directly modulate PD-L 1 transcription. Using the “regulatory function” of the UCSC
browser and Ensembl, as we reported before3%, and the ConSite web interface for prediction
of regulatory elements38, we mapped five putative CRE sites to the well-characterized PD-
L1 promoter34 (Fig. S2). Next, using a luciferase reporter construct, we found that elevation
of intracellular cAMP readily phosphorylated CREB, but it did not induce reporter activity;
conversely, IFN-y, used here as a positive control for PD-L1 promoter activity, consistently
increased luciferase levels (Fig. S2). We concluded that PD-L 1 promoter is not responsive to
cAMP and that the putative CRE sites are non-functional.

The JAK/STAT pathway is central to the regulation of PD-L1 expression!®: 39, Therefore, we
asked whether this signaling module could be involved in the cAMP/PDE4-mediated
induction of PD-L1. In DLBCL cell lines and PDX models, elevation of cAMP levels
resulted in pronounced STAT3 phosphorylation, and pSTAT3 was also higher in the spleen
of Pde4b KO vs. WT mice (Fig. 3A-B). Confirming the participation of JAK signals in this
process, we showed that a pan-JAK inhibitor blunted induction of PD-L1 (Fig. 3C). As the
JAK/STAT signaling pathway is an important transducer of extracellular stimuli, we
postulated that cAMP might promote the secretion of “factor(s)”, which in an autocrine
fashion could activate JAK/STAT and induce PD-L1 expression. In support to this
hypothesis, we found that the conditioned media from DLBCL cells with transient elevation
of cAMP, but not from isogenic models with low cAMP, induced PD-L1 expression and
STAT3 phosphorylation (Fig. 3D). We concluded that cAMP promotes the secretion of
extra-cellular factors, which likely via an autocrine loop mediated by the JAK-STAT
pathway, induce PD-L1 expression.

Cyclic-AMP induces the expression and secretion of multiple cytokines that increase PD-
L1 levels.

Part of CAMP’s suppressive effects on the immune system is mediated by cytokines?. Thus,
we investigated if cytokines could function as intermediaries in the cAMP-driven, JAK/
STAT mediated, induction of PD-L1. First, we utilized a protein array to profile the pattern
of cytokine secretion in isogenic DLBCL cells in low vs. high cAMP status. In this
screening strategy, focusing on cytokines that displayed significant basal signal intensity,
reflective of their abundance, and which changed between the two tested conditions, we
found that the secretion of IL-10, IL-8 and IL-6 were induced by cAMP (5.7, 1.5 and 1.6
fold increase, respectively, Fig. 4A). We validated this observation by directly quantifying
the secretion of each of these cytokines in an extended panel of DLBCL models (Fig. 4B).
We also determined that the induction of /L-10, /L-8and /L-6 occurs at RNA level, and it is
PKA-activity dependent (Fig. S3A-B). In addition, we detected the cAMP-mediated
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induction of cytokines transcription in primary human lymphoid tissues, and in normal
murine lymphocytes using either a combination of forskolin and roflumilast, or synthetic
cell-permeable 8-Br-cAMP (Fig. 4C-D). Next, we showed that recombinant IL-10, IL-8 and
IL-6 recapitulated the effects of CAMP on PD-L1 expression (Fig. 4E) and confirmed that
cytokine-mediated signaling can activate the PD-L1 promoter (Fig. S3C). Then, to firmly
link cAMP to the cytokines-mediated autocrine loop and subsequent PD-L1 induction, we
used blocking antibodies directed at IL-10 and IL-6 and/or their receptors, as well as against
the IL-8 receptor, CXCR2. Confirming the contributions of all cytokines examined as
mediators of CAMP effect, blockade of each individual signal node, significantly blunted
cAMP-mediated PD-L1 induction (Fig. 4F). Notably, in GCB-DLBCL cell models, although
cAMP activated PKA/CREB (Fig. S1F), it did not induce cytokines expression/secretion to
the levels found in ABC-DLBCL (which on average was three orders of magnitude higher in
ABC-DLBCL than GCB-DLBCL models), nor it activated the JAK/STAT signals (Fig.
S3D-E). Interestingly, although IFN+y engaged the JAK/STAT pathway in GCB-DLBCL
models, it also did not upregulate PD-L1 (Fig. S3F). These data suggest that in GCB-type
DLBCLs, lymphoma cell intrinsic defects in multiple signaling nodes (i.e., CAMP/cytokine
secretion axis, and JAK-STAT activation/PD-L1 promoter transcription module) contribute
to the lack of PD-L1 expression. Lastly, we explored public datasets, including cohorts of
epithelial tumors, such as melanoma, colon and lung cancer, and DLBCL, and found a
significant correlation between PD-L1 levels and expression of /L-10, /IL-8and /L-6 and/or
their receptors (Fig. S3F). We concluded that cAMP in a PKA-dependent manner drives the
expression of multiple cytokines, which initiates an autocrine loop that activates the JAK/
STAT pathway and induces PD-L1 expression.

PDE4 blockade does not limit the activity of immune checkpoint inhibitors in a syngeneic
murine model of B-cell lymphoma.

Given their broad anti-inflammatory and immunosuppressive effects, PDE4 inhibitors are
FDA-approved for the treatment of chronic obstructive pulmonary disease (COPD)
(roflumilast) and psoriatic arthritis (apremilast)19: 21, These observations raised the
possibility that the suppressive effects on cells on the innate and adaptive immune system,
may cause pharmacological inactivation of PDE4 to abrogate the activity of immune
checkpoint inhibitors in vivo. To examine this possibility, we developed a syngeneic A20
murine B cell lymphoma model in Balb/c mice (n=60, three cohorts of 20 mice).
Importantly, differently from human DLBCL cell lines®8, the growth of A20 cells are not
inhibited by roflumilast (Fig. S4A), thus allowing for a better understating of the role the
tumor immune microenvironment in the therapeutic response. Following tumor engraftment,
mice were randomized into four treatment arms (n=15 mice/arm) to receive vehicle control
(DMSO and isotype antibody), roflumilast (5mg/kg/day IP), anti-PD-L1 (200 ug IP, 5 doses,
alternating every 2-3 days), as described?, or the combination of roflumilast and anti-PD-
L1. Tumors grew unencumbered in the control and roflumilast-only groups but were
similarly and significantly suppressed in the anti-PD-L1 or roflumilast/anti-PD-L1 arms
(Fig. 5A), suggesting that the PDE4 inhibitor-mediated immunosuppression does not
abrogate the beneficial anti-lymphoma effects of immune checkpoint inhibitors in this
model. This difference in tumor growth translated in improved survival for the mice in the
anti-PD-L1 or roflumilast/anti-PD-L1 arms (Fig. S4B). To better understand the pattern of
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response obtained in these assays, and to define how PDE4 inhibition may influence anti-
cancer immune response, we used FACS to examine the tumor microenvironment. The
growth inhibition detected in the anti-PD-L1 arm was, expectedly, closely associated with a
significant increase in CD3+ cells in the tumor milieu (Fig. 5B), which has been previously
shown to directly account for these effects?C. In addition, as predicted given its role in
suppressing TCR-signal and T-cell survival, the CD3+ T-cells infiltrate was significantly
smaller in roflumilast-only treated mice (Fig. 5B). Remarkably, despite their similar clinical
response, the tumors of mice in the combination arm (roflumilast + anti-PD-L1) had a
significantly less pronounced T-cell infiltrate than the anti-PD-L1 only group (Fig. 5B). To
investigate the potential reasons for this intriguing observation, we characterized the CD4/
CD8 subpopulations in the tumor microenvironment. Curiously, PDE4 inhibition with
roflumilast (as single agent or in combination with anti-PD-L1), increased the proportions of
cytotoxic CD8+ T-cells and decrease the CD4+ T-cell infiltrate and, consequently, decreased
the CD4/CD8 ratio (Fig. 5C, Fig. S4B-C), a profile suggested to associate with improved
outcome in cancer®L. Surely, in isolation this qualitatively distinct tumor infiltrating
lymphocyte (TIL) profile was not sufficient to suppress tumor growth, as lymphomas grew
unimpeded in the roflumilast-only arm (Fig. 5A). However, this TIL profile may help
explain how even with significantly fewer infiltrating T-cells, the tumors in the combination
arm responded similarly to those treated with anti-PD-L1 only (Fig. 5A). Lastly, even
though the A20 cell model constitutively express high PD-L1 levels, in accordance with data
from normal and malignant human and murine lymphocytes, we detected a modest but
significant additional increase in the expression of PD-L1 in the surface of the murine A20
lymphomas in vivo (Fig. S4D). Still, this finding likely has little clinical impact since
roflumilast led to a decrease in T-cell infiltration in the microenvironment. We concluded
that despite its broad immunosuppressive attributes, the PDE4 inhibitor roflumilast did not
decrease the clinical activity of checkpoint inhibitors in a mouse model of B-cell lymphoma.
In this model, PDEA4 inhibition led to the emergence of a favorable anti-tumor immune
profiles including a relative increase in CD8+ cytotoxic T-cells.

Discussion:

We discovered that the second messenger cAMP modulates PD-L1 expression and defined
the mechanistic basis for this action. Cyclic-AMP is a well-established suppressor of innate
and adaptive immune cells? 4. To date, these effects have been mainly associated with
cAMP’s ability to dampen the synthesis of pro-inflammatory cytokines by neutrophils and
monocytes, and to “tone-down” BCR and TCR function? 12, Our data suggest that
induction of PD-L1 expression, with potential engagement of PD-1/PD-L1 pathway and
inhibition of cytotoxic T-cells activity, is an additional mechanism by which cAMP executes
immunosuppression.

We identified an elaborate autocrine loop as the mechanistic basis for the cAMP/PD-L1
interplay. In human and murine, normal and malignant, lymphocytes, cCAMP induces the
expression and secretion of the IL-10, IL-8, IL-6, which activated JAK/STAT signals,
resulting in transcriptional activation of PD-L 1. (Fig. 6) The interplay between IL-10 and
cAMP/PDEA4 has been recognized before2 42, and linking them to PD-L1 expression
expands the portfolio of immune-suppressive activities that are cAMP-driven and IL-10
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executed. Conversely, considering the mainly pro-inflammatory role of IL-6, its CAMP-
mediated transcription/secretion is less intuitive. This apparent contradiction may be in part
explained by the context-dependency of cAMP effects. For example, while cAMP dampens
LPS-mediated IL-6 induction in cells of the innate immune system, it can also directly
promote /L-6transcription/secretion3-45, as we detected in our models. IL-8 is a chemokine
produced by monocytes, neutrophils, fibroblasts and tumor cells, which plays an important
role within the tumor microenvironment as a chemotactic factor#6. This expression pattern
explains the more restricted effects of cCAMP on /L-8transcription/secretion, which in our
examination was limited to cancer cells. Analogous to the IL-6 paradigm, despite its
primarily pro-inflammatory role*®, we found that IL-8 readily induces PD-L1 in DLBCL, in
agreement with earlier reports in gastric cancer4’. However, contrary to IL-6, the link
between cAMP and IL-8 expression is likely to be indirect and may involve IL-1 (as
preliminarily shown in Fig. 4A), a cAMP-induced cytokine that transcriptionally activates
IL-848: 49, Interestingly, very recently, systemic and tumor-associated 1L-8 was identified as
modulator of the cellular profile of the tumor microenvironment, and associated with poor
response to immune checkpoint blockade 99 51, It is possible that the cytokines involved as
intermediaries in the cAMP-PD-L1 interplay will vary according to the tissue type.
However, encouragingly, we also found a significant correlation between PD-L 1 and /L-10,
IL-8, IL-6expression in melanoma, lung and colon cancer. Together, we proposed that, at
least in a B-cell tumor model, there is a cytokine hierarchy at the intersection of CAMP
production and PD-L1 expression, wherein the immunosuppressive IL-10 plays a dominant
role, while IL-6 and IL-8 contribute, possibly as a part of feedback negative loop to limit
their own pro-inflammatory effects.

We developed part of our data in DLBCL cell lines and in the ex vivo analysis of PDX
models. This aspect of the work provided an opportunity to add mechanistic understanding
to the known association between PD-L1 expression and ABC-DLBCL (non-GCB DLBCL),
which contrasts with a low/null PD-L1 levels in GCB-DLBCL52 53, While cAMP levels and
PKA activity were equally inducible in ABC-like and GCB-like DLBCL cell lines, as we
reviewed earlier2, in the latter the expression/secretion of cytokines was not elicited. This
blockade prevented the establishment of the autocrine loop identified in ABC-DLBCLs and,
as a result, CAMP did not activate JAK/STAT or induced PD-L1 expression in GCB
DLBCLs. Notably, bypassing the cAMP-signaling network with the potent PD-L1 regulator
IFN-y also did not induce PD-L1 expression in the GCB models, although in this instance
STAT was readily engaged. Thus, in respect to induction of PD-L1 expression in GCB-
DLBCL, at least two regulatory nodes appear to be deficient: a) cytokine expression and
engagement of the autocrine loop and, b) the activation of the PD-L1 promoter by
phosphorylated STATSs. These findings point to a putative architectural/functional silencing
of cytokines and PD-L1 promoters in the GCB-DLBCL, which may reflect the B-cell
developmental stage from which these tumors derive, i.e., their cell of origin. These
observations are relevant because they challenge a current paradigm, in which it is implied
that since GCB-DLBCLs often display a “non-inflamed” immune environment, the lack of
PD-L1 expression in the lymphoma cell would be secondary to the absence of local
stimuli®2, Indeed, as our data were generated in cell lines and thus without the confounding
immune microenvironment, we could establish that lymphoma cell-intrinsic defects are at
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least partially responsible for the low/null PD-L1 expression in subsets of DLBCL.
Nonetheless, it is important to highlight that irrespective of the molecular subtype, DLBCL
display very low overall response to checkpoint inhibitors®2 54, In addition, the interplay
between cAMP/PDE4 and PD-L1 expression that we describe herein, is unlikely to play a
dominant role in this lack of response.

PDE4 inhibitors, which are FDA-approved for COPD and psoriatic arthritis, elevate CAMP
levels in cells on the innate and adaptive immune system, and display broad
immunosuppressive properties, which we showed may at least part be due to PD-L1
expression. Although increase in PD-L1 levels in tumor cells has been considered a desired
biomarker for checkpoint inhibitors activityl3-15: 52, this concept needs to be contextualized
and, herein, our postulate was that the output of PDE4 inhibition, with the potential to
suppress cytotoxic secretion and the immune microenvironment, could in fact associate poor
response to immune checkpoint blockade. Remarkably, roflumilast did not decrease the anti-
lymphoma activity of an anti-PD-L1 antibody, but this “neutral” outcome was achieved in
unexpected ways. The efficacy of anti-PD-L1 used as single agent was, predictably,
associated with a substantial T-cell infiltrate in the tumor microenvironment. Conversely,
although the anti-lymphoma efficacy of the roflumilast/anti-PD-L1 combination was not
significantly inferior to anti-PD-L1 alone, the T-cell infiltrate was quantitatively modest and
instead displayed a subtle, and potentially consequential, qualitative changes, including an
increase in CD8 cytotoxic T-cells and decrease in CD4 T-cells. Certainly, the changes in the
TIL profile mediated by PDE4 inhibition are not sufficient to promote anti-tumor immunity,
as roflumilast was ineffective as a single agent. However, they may explain how even in
absence of a prominent T-cell infiltrate, the roflumilast/anti-PD-L1 combination still
maintained anti-cancer activity. In the future, it would be important to expand these
observations and better characterize the subpopulation of TILs, as well as define the role of
cAMP signals on macrophages, natural Killer and myeloid-derived suppressor cells, as they
all play a part on the response to checkpoint blockade. In extrapolating our finding to the
clinical realm, two observations may be pertinent: 1) COPD patients, who are prescribed
roflumilast “on label”, are at a significantly higher risk for lung cancer. Yet, data from the
three pivotal roflumilast trials, which include more than 9000 patients'6-18, did not show an
increase in cancer diagnosis, even though cAMP is immunosuppressive and could
compromise natural anti-cancer immunity. This observation may reflect the qualitative
changes in the tumor infiltrate that we described, which could offset the overall
immunosuppression. 2) Strategies to establish a de novo inflamed tumor microenvironment,
which could improve therapeutic responses to checkpoint inhibitors are highly sought. In
these models, PD-L1 expression in tumor cells is a regulatory counter response to T-cell
activity and is mediated in large part by IFN+y. Although somewhat paradoxically, given its
anti-inflammatory role, we speculate that PDE4 inhibitors may have a role to play in these
approaches, as it could: a) sustain PD-L1 expression independent of IFNvy signals via
traditionally suppressive cytokines, i.e., IL-10, b) it could limit undesirable systemic
inflammatory responses and, c) it could establish a favorable local anti-tumor immune
profile, as we found in the A20 model.

In summary, the data reported here expand the understanding of the mechanistic basis of
cAMP-mediated immunosuppression, by defining the existence of a hitherto unappreciated
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interplay with the PD-1/PD-L1 immune checkpoint axis (Fig. 6). These observations may

he

Supplement

Ip guide the clinical usage of FDA-approved PDE4 inhibitors.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The cAMP/PDE4 axis modulate PD-L1 expression in DLBCL.
A) FACS analysis of cell surface expression of PD-L1 in DLBCL cell line and PDX models

in low vs. high cAMP status, DMSO or forskolin (Frsk 20-40uM, 16h). Mean fluorescence
intensity (MFI) of three replicates is shown in the right panel (full data in Fig. S1B). B) g-
RT-PCR of PD-L1 in the same DLBCL cell models in ctrl (DMSO) vs. Frsk (40uM, 8-16h).
C) western blot (WB) analysis of PD-L1 expression in DLBCL models with low vs. high
CAMP levels (- and + Frsk, 40uM, 16h). Differential baseline PD-L1 expression is shown in
Fig. S1G D) WB of PD-L1 in the SU-DHL2 cell line exposed to the synthetic cell-
permeable 8-bromo-cAMP for 16h. E) WB of PD-L1 and phospho-CREB (S133) in the SU-
DHL2 cell line exposed to DMSO, forskolin (20puM) or forskolin + the PKA inhibitor H-89
(20uM) for 4h. In A) and B), data shown are mean + SD of triplicates. *p<0.05, ** P<0.01,
*** n<0.001, two-sided Student’s t-test. In C), D) and E) densitometric quantification of
biological replicates is shown below the WBs; data shown are mean + SD, p values are from
two-sided Student’s t-test.
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Figure 2. Modulation of PD-L1 expression by the cAMP-PDE4 axis in vivo.
A) FACS analysis of cell-surface PD-L1 expression in splenic B (CD19+) and T (CD3+)

cells from Pdedb+/+ (WT) and —/- (KO) mice (n=10). Data shown are mean £SD; p values
are from a two-sided Student’s t-test, *p<0.05. B) WB of PD-L1 in spleen cells of Pde4b
KO mice or WT littermates C) left panel - Q-RT-PCR-based quantification of PD-L1in 10
primary human samples — 3 reactive lymph nodes and 7 mature B cell lymphomas (MCL,
MZL, DLBCL, SLL, LPL, FL and CLL) cultured for 8h in presence of vehicle (DMSQO) or
forskolin (20uM) + roflumilast (L0uM) (F+R); each sample data point represents the mean
of quantifications performed in triplicate; data shown are mean +SEM; p value was
calculated with one-way ANOVA and Tukey’s post-test, ** P<0.01; right panel - WB of
PD-L1 in two representative human primary samples from which enough material was
available for protein isolation. Densitometric quantification is shown below the WB in B)
and C).
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Figure 3. Secreted factors acting on the JAK/STAT signals mediate cAMP induction of PD-L1
expression.

A) WB analysis of pSTAT3 (Y705) and total STAT3 in DLBCL cell lines and PDX model
following exposure to forskolin (Frsk, 40uM, 4-16h). The more modest increase in pSTAT3
in OCI-Ly3 reflects the constitutive activity of STAT signals in this cell line - densitometric
quantification (pSTAT3/STAT3) of biological replicates is shown on the right, data shown
are mean + SD of replicates, p values are from two-sided Student’s t-test. B) WB of pSTAT3
(Y705) and total STAT3 in spleen cells of Pde4b KO mice or WT littermates; densitometric
quantification (pSTAT3/STAT3) is shown below the WBs. C) WB of PD-L1 and pSTAT3
(Y705) in DLBCL cell lines exposed to DMSO, forskolin (Frsk, 40uM), JAKi (JAK
inhibitor pyridone 6, 5yM) or their combination for 16h. STAT3 phosphorylation in the
RIVA occurs early and it is labile, thus it is detected after 4h exposure to forskolin (panel A),
but not after 16h (panel C); the OCI-Ly3 pSTAT3/STAT3 displays in panels A and C are
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from the same WB; densitometric quantification is shown below the WBs (PD-L1/p-actin;
pSTAT3/STAT3), data shown are mean + SD of biological replicates, p values are from one-
way ANOVA. D) WB of PD-L1 and pSTAT3 (Y705) in DLBCL cell lines cultured for 8h in
conditioned media (CM). The forskolin-free CM was obtained from DLBCL cell lines
exposed to DMSO or forskolin (Frsk, 40uM) for 1h, followed by a drug wash-off and
replenishment with fresh media. densitometric quantification of biological replicates (n=5, 3
for DHL2, 2 for U2932) is shown on the right (PD-L1/p-actin; pSTAT3/STAT3); data are
mean + SD, p value is from a two-sided Student’s t-test.
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Figure 4. Cyclic-AMP initiates a cytokine executed autocrine loop that promotes PD-L1
expression.

A) Cytokine array exposed to conditioned media from the SU-DHL2 cell line cultured with
DMSO (Ctrl) or forskolin (CAMP, 40uM) for 8h. Increased levels of IL-6, IL-8, and IL-10 in
high cAMP supernatant is indicated by red arrow; increased IL-1 abundance is also noted B)
Top — ELISA-based quantification of IL-10 in the supernatant of DLBCL cell lines exposed
DMSO (Ctrl) or forskolin (Frsk, 40uM) for 8h. Bottom - ELISA-based quantification of
IL-6 and IL-8 in the supernatant of DLBCL cell lines exposed DMSO (Ctrl) or forskolin
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(Frsk, 40uM) for 8h. C) g-RT-PCR quantification of /L-Z0and /L-6in primary human
reactive lymph nodes or mature B cell tumors cultured for 8h in presence of vehicle
(DMSO) or roflumilast (10uM) + forskolin (20uM), R+F. D) g-RT-PCR quantification of
/l-10and //-6 in murine splenocytes cultured for 4h in presence of vehicle (DMSO) or
roflumilast (10uM) forskolin (40uM) (R+F), and 8-Br-cAMP (500uM). E) WB analysis of
PD-L1 in DLBCL cell lines exposed to recombinant IL-10 (10ng/ml), IL-6 or I1L-8 (both at
40ng/ml) for 4 to 16h. F) WB analysis of PD-L1 in SU-DHL2 cells exposed to forskolin
(Frsk, 20uM), in the presence of isotypes or anti-IL10 + IL-10 receptor antibodies (5ug/
each) for 8h (left panel), anti-1L6 (10pg) + IL-6R (5ug) antibodies for 4h (middle panel), or
anti-CXCR2 antibody (10pg) for 4h (right panel). Densitometric quantification is shown
below the WBs in E) and F); data shown are mean + SD of biological replicates, p values
are from one-way ANOVA. In B) p values are from two-sided Student’s t-test; in C) and D)
each sample data point is the mean of quantifications performed in triplicate and p values are
from one-way ANOVA. *p<0.05, ** P<0.01, *** p<0.001, **** p<0.0001.
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Figure 5. Combination of PDE4 inhibition and checkpoint blockade in a syngeneic murine model
of B cell lymphoma.
A) Tumor volume in Balb/c mice engrafted subcutaneously with the A20 lymphoma cells

and randomized in four treatment groups (n=60 total, 15/treatment arm). Data are mean +
SEM, p value is from 2-way ANOVA Tukey’s post-test. B) FACS analysis of CD3
expression in tumors harvested at the end of the therapeutic trial (n=47). Data shown are
mean +SEM of the percentage of CD3+ cell in each treatment arm, p value is from two-
sided Student’s t-test. C) Ratio of the percentages of CD4 and CD8 cells determined by
FACS in tumors harvested at the end of the therapeutic trial (n=47). Data shown are mean +
SEM, p value is from two-sided Student’s t-test. p<0.05, ** p<0.01, *** p<0.001
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Figure 6. Graphic representation of the signaling axis linking cAMP to PD-L1 expression.
Increased intra-cellular levels of cAMP via PKA-CREB transcriptionally activates the /L-10,

/L-8and /L-6genes. Secretion of these cytokines engage their receptors in an autocrine
fashion, leading to JAK activation and STAT phosphorylation. Phosphorylated STATs bind
to and activate the PD-L1 promoter, induce PD-L1 transcription and its cell surface
expression. Physiologic stimuli and pharmacological agents that impinge on this pathway
are also shown.
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