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Abstract

Immunotherapeutic strategies are promising approaches for the treatment of follicular lymphoma
(FL). However, their efficacy may be limited by immunosuppressive elements in the immune
system and tumor microenvironment. Therefore, strategies to reverse the effects of the
immunosuppressive elements are needed. We observed that regulatory T cells (Tregs) were
increased in the peripheral blood at diagnosis and persisted in high numbers after induction of
clinical remission with a cyclophosphamide and doxorubicin-containing chemotherapy regimen in
FL patients. High levels of peripheral blood Tregs prior to therapy were associated with decreased
progression-free survival in FL patients treated with either chemotherapy or combination
immunotherapy that targeted CD20 and PD-1 with monoclonal antibodies rituximab and
pidilizumab, respectively. Intratumoral and peripheral blood Tregs potently suppressed autologous
antitumor effector T cells in FL. However, the effects of FL Tregs could be reversed by triggering
Toll-like receptors (TLR) with TLR ligands Pam3CSK4 (TLR 1/2), flagellin (TLR 5), and CpG-B
(TLR 9), and/or OX40. The TLR ligands synergized with each other as well as OX40 signaling to
inhibit Tregs. Furthermore, they restored the function of FL tumor-specific effector T cells. Our
results suggest that a state of tolerance exists in FL patients at diagnosis and after induction of
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clinical remission, and agents that activate TLRs 1/2, 5, and 9, and OX40 may serve as adjuvants
to enhance the efficacy of antitumor immunotherapeutic strategies and preventive vaccines against
infectious diseases in these patients.
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INTRODUCTION

Active immunotherapy is a promising approach for the treatment of follicular lymphoma
(FL), an incurable B-cell non-Hodgkin lymphoma.l Several studies demonstrated that
therapeutic vaccination with autologous tumor-derived idiotype protein induces humoral and
cellular immune responses in FL patients and was associated with induction of molecular
remissions and improved disease-free survival when administered in the setting of minimal
residual disease.2~% However, the efficacy of therapeutic vaccination in patients with gross
disease has been disappointing with generally low clinical response rates.> One potential
reason might be that the generation and magnitude of antitumor effector T cells after
vaccination, may be opposed by any of several immune checkpoints that have been found in
tumor microenvironments and the immune system of cancer patients with gross disease.
Among the many immunosuppressive elements, forkhead box P3 (Foxp3)* regulatory T
cells (Tregs) are considered one of the most potent suppressors of effector T cells.” In FL,
Tregs are markedly increased in number in the peripheral blood and tumor
microenvironment at diagnosis.8-11 Whether Tregs decline in number after induction of
clinical remission has not been investigated. Also, while FL Tregs were demonstrated to
potently suppress polyclonally activated autologous T cells,®-10 their effect on autologous
antitumor effector T cells has not been studied.

In retrospective studies, increased numbers of Foxp3* cells within the tumor assessed by
immunohistochemistry were associated with improved survival in FL,12-14 3 result
contradictory to the suppressive function of Tregs and to findings in non-hematopoietic
cancers.” In contrast, by focusing on the architectural pattern of Foxp3* cells in the tumor
microenvironment rather than their numbers, Farinha et al. found that intrafollicular
localization of Tregs correlated with shorter survival in advanced stage FL patients treated
uniformly with multiagent chemotherapy and radiation.14 In mouse models, depletion of
Tregs correlated with decreased lymphoma burden® 16 and in vitro studies demonstrated
the suppressive function of FL Tregs.8-10 Together, these results support the notion that
Tregs are immunosuppressive in FL and that they may adversely affect clinical outcome
after treatment with immunotherapeutic agents such as vaccines and after certain
chemotherapies. Therefore, development of therapeutic strategies that reverse the
immunosuppressive effects of Tregs is necessary to improve clinical outcome in FL.

Accumulating evidence from the literature suggests that the suppressive function of
intratumoral Tregs can be modulated by A) triggering Toll-like receptors (TLRs) and co-
stimulatory molecules (OX40, 4-1BB and GITR), or B) blocking the activities of co-
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inhibitory molecules within the B7/CD28 family and TNF/TNFR family. TLRs are
abundantly expressed by antigen-presenting cells (APC) and T cells.}” They recognize
unique molecular structures of pathogens to distinguish “infectious non-self” from “self”
antigens, and therefore constitute a critical immune sensing system. Activation of TLRs on
APCs by microbes induces maturation of APCs, which secrete pro-inflammatory cytokines
leading to the modulation of effector T cell and Treg functions. Of the nine known TLR
ligands (TLRLs) in humans, a few have been reported to block the immunosuppressive
function of Tregs, directly or indirectly through activating dendritic cells (DCs);18 however,
TLRLSs could also promote the suppressive effects of Tregs.1% 20 It is possible that TLRLS
block the function of Tregs at an early stage of innate immune responses, but promote their
function at a later stage to control tissue damage and autoimmunity. Therefore, a
combination of a TLRL with another agent that could eliminate the Treg-promoting effects
associated with TLR triggering would be critical for cancer immunotherapy. Our recent
studies and those from others suggest that triggering OX40 by OX40 agonists could fulfill
this objective, because OX40 signaling could 1) promote effector T cell function and T cell
memory by promoting T cell survival and clonal expansion;2! 2) shut down the generation
and the function of interleukin 10 (1L-10)-producing Tregs (Tr1):22 3) block TGF-f and
antigen-driven conversion of naive CD4* T cells into CD25"Foxp3* Tregs;22 4) completely
inhibit the function or survival of Foxp3™ natural occurring Tregs (nTregs);24 and 5) induce
changes in the tumor stroma, including a decrease in the number of macrophages and
myeloid-derived suppressor cells.2

Here, we evaluated changes in Treg numbers in FL patients treated uniformly with a
standard chemotherapy and determined the effects of Tregs on autologous FL-specific
antitumor effector T cells. In addition, we assessed whether peripheral blood Treg numbers
have prognostic value in FL patients treated with chemotherapy or immunotherapy. We also
determined whether triggering TLRs and OX40 could reverse the immunosuppressive
functions of FL Tregs.

MATERIALS AND METHODS

Patient samples and therapy

All blood and tissue samples were obtained after written informed consent from patients
through an institutional review board-approved protocol. Lymph node biopsies were
obtained from patients with FL at the time of their initial diagnosis prior to therapy. Tonsils
were obtained from children who had undergone elective tonsillectomy. The use of tonsils
with benign follicular hyperplasia as controls for FL has generally been accepted in the
scientific literature.26 Surgical samples were processed into single-cell suspension and
cryopreserved. Patients were treated uniformly with prednisone, doxorubicin,
cyclophosphamide, and etoposide (PACE) chemotherapy® and six to twelve months after
completion of chemotherapy, patients received autologous tumor-derived idiotype
vaccination as previously described.? 6 Physical examination; computed tomography scans
of chest, abdomen, and pelvis; and bone marrow examination were performed prior to
chemotherapy, after cycle four and every two cycles thereafter until completion of
chemotherapy. Thereafter, physical examination and CT scans were performed every 6
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months until relapse. Tumor response categorized as complete response (CR), CR
unconfirmed (CRu), partial response (PR), stable disease (SD), or progressive disease, was
assessed according to the International Workshop Response Criteria for Non-Hodgkin’s
Lymphoma.2” The details of therapy for FL patients treated with rituximab and pidilizumab,
an anti-PD-1 blocking monoclonal antibody, were recently reported.28

Reagents and cell lines

TLR ligands: Pam3CSK4, PGN, LTA, Poly(l:C), CL075, CL097, LPS, Flagellin (FLA-ST),
Flagellin (FLA-ST ultrapure grade), R848, CpG-A (ODN2216), CpG-B (ODN2006) and
CpG-C (ODN M362) were purchased from Invivogen. Poly (G3) was purchased from
Sigma. Mycabacterium tuberculosis (MT) killed bacteria and Bordetella pertussis (BP)
inactivated bacteria were purchased from BD Diagnostic Systems. Yellow fever vaccine
(YFVAX) was a generous gift from Dr. B. Pullendran, Emory Vaccine Center at Yerkes
National Primate Research Center, Emory University, Atlanta, Georgia, USA. ELISA Kits
for GM-CSF, IL-2, and IL-12 were purchased from R&D systems. Fetal calf serum and
human serum were purchased from Gemini. Carboxyfluorescein succinimidyl ester (CFSE)
was purchased from Invitrogen. Mouse fibroblast L cell line (L-cell) and OX40 ligand
expressing L cells (L-cell/OX40L) generated in our laboratory were maintained with RPMI
cultured medium containing 10% fetal calf serum, 1% Glutamax, and 1% penicillin-
streptomycin. FL-specific T-cell lines and clones generated from intratumoral T cells were
described previously.2°

Antibodies, FACS analysis, and cell sorting

The following antibodies were used for flow cytometry analysis: CD4-APC-Cy7, CD4-
PerCP, CD127-PE, CD127-Alexa Fluor® 647, CD25-FITC, CD25-PE-Cy7, CD14-FITC,
CD16-FITC, CD20-FITC, CD45R0O-PE, CD56-FITC, CD11c-FITC, TCRyS-FITC (all from
BD Pharmingen). Anti-hOX40 antibodies were purchased from eBioscience (ACT35). Anti-
Foxp3 staining antibodies (236 A/E7, PCH101) were from eBioscience and staining was
conducted using Foxp3 fixation-/permeabilization buffer according to manufacturer’s
instructions. Flow cytometry was performed on a flow cytometer (FACS Calibur or
LSRFortessa, Becton Dickinson). FACS sorting was conducted on a cell sorter (FACS Aria
I1, BD). Functional grade anti-CD3 (OKT3) was purchased from Centocor Ortho.
Antibodies against TLRs 1 were from Abcam Inc (GD2-F4), and 2, 5, 9 from BD
Biosciences (EB72-1665,).

Isolation of CD4* T-Cell subsets from healthy donors

Adult blood buffy coats from healthy donors were obtained from the Gulf Coast Regional
Blood Center in Texas. CD4* T cells were enriched using a CD4* T-cell isolation kit
(Miltenyi Biotec) according to manufacturer’s instructions. We isolated Teffs and Tregs
from enriched CD4* T cells by staining with APC-Cy7-CD4, PE-CD127, PE-Cy7-CD25,
APC-CD45RO0, PerCP5.5-CD45RA antibodies, and FITC-labeled lineage mixture
antibodies against CD14, CD16, CD19, CD56, CD11c, and d-TCR and sorting on a
FACSAria. Stained cells were gated on CD4* and FITC lineage negative populations, and
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sorted into Tregs (CD4*CD127!°CD25M) and Teffs
(CD4+CD127+CD25IOCD45RA'CD45RO+).

Isolation of T-cell subsets and APCs from FL tumors

Single cell suspensions of human FL tumors were cultured with IL-2 (300 1U/ml) in RPMI
medium supplemented with 10% human serum plus 1% penicillin-streptomycin. CD8* T
cells were depleted by CD8 micro beads (Miltenyi Biotec) and remaining cells were stained
and sorted on a FACSAria into two fractions of CD4*CD127/°CD25M and
CD4*CD127*CD25'° (Teffs). Tumor cells used as APCs were obtained from suspensions of
FL tumors by depleting T cells with CD3 micro beads (Miltenyi Biotec). In selected
experiments Tregs were isolated with the CD4*CD25"CD127'%~ Regulatory T Cell
Isolation Kit Il (Miltenyi Biotec), CD4*CD25" Teffs were purified by depleting CD25* cells
from CD4* T cells after isolating CD4* T cells using CD4* T-cell isolation kit (Miltenyi
Biotec), and CD4*CD45RA* naive T cells were isolated by Naive CD4* T cell Isolation Kit
Il (Miltenyi Biotec).

Isolation of myeloid and plasmacytoid DCs from healthy donors

Dentritic cells were enriched using human Pan-DC enrichment cocktail (STEM Cell
Technologies) from buffy coat of healthy adult donors. Myeloid DC (mDCs) and
plasmacytoid DC (pDCs) were isolated from enriched DCs by staining with APC-CY7-
CD4, APC-CD123, PE-CD11c and FITC-labeled lineage mixture antibodies against CD3,
CD14, CD16, CD19, CD20, CD56. Stained cells were gated on FITC lineage negative cells,
and sorted into CD4*CD11¢"CD123* pDCs and CD4*CD11c"9h mDCs.

Treg suppression assay

Teffs (5-8 x 10*/well) and Tregs were derived from peripheral blood or intratumoral T cells
from FL patients. CFSE (5 uM) labeled or unlabeled Teffs were cultured with or without
autologous Tregs at indicated ratios. Teffs were stimulated with soluble anti-CD3 (0.3
ug/ml) and anti-CD28 antibodies or particles preloaded with anti-CD2, -CD3 and -CD28
antibodies (Treg Suppression Inspector, Miltenyi Biotec) or autologous tumor cells pre-
activated with CD40L and IL-4 and irradiated to 3,000 Rads as previously described.3 For
evaluating synergy between OX40 and TLR signaling, Teffs were stimulated with 0.5 pg/ml
of plate-bound anti-CD3 plus increasing concentrations of plate-bound rhOX40L.
Proliferation of Teffs was measured after 4 days either by CFSE dilution or 3H thyimidine
incorporation. In selected experiments, Teffs and Tregs were derived from normal donor
peripheral blood and cultured with allogeneic T-cell depleted tumor-derived APC irradiated
to 2,000 Rads.

Screening of TLR ligands

TLR ligands (TLRL) were screened using allogeneic tumor-derived APC in Treg
suppression assay as described above. The following TLRLs and vaccines were tested at 4
different concentrations: a) TLR1/2L: Pam3zCSK4 (2, 10, 50, 100 ng/ml); b) TLR2L: PGN
(0.1,0.5, 1, 5 pg/ml) and LTA (0.05, 0.1, 0.5, 1 pg/ml); ¢) TLR3L or TLR4L: Poly I:C,
CLO75 and CL097 LPS (0.1, 0.5, 1, 5 pug/ml); d) TLR5L: Flagellin (FLA-ST, 0.05, 0.2, 1, 10
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pg/ml); ) TLR7/8L: R848 (10, 20, 100, 500 ng/ml); f) TLRIL: CpG-A (ODN2216), CpG-B
(ODN2006), and CpG-C (ODN M362) (0.1, 0.5, 1, 5 uM); g) TLR2L: MT (0.1, 0.5, 2.5, 10

pg/ml); g) TLR4L: BP (0.05, 0.1, 0.5, 1x106 inactivated, whole cell bacteria); and h) TLR2,

7,8,9L: YFVAX, (0.05, 0.1, 0.5, 1 x 106 live, attenuated virus).

Statistical analysis

RESULTS

Statistical difference of Tregs between experimental groups was determined by Wilcoxon-
Mann-Whitney U test using Prism software (Graphpad Software, Inc). P values < 0.05 were
considered statistically significant. Progression-free survival (PFS) was defined as time from
initiation of treatment to the time of progression or death, whichever occurred first, or to the
time of last contact. Progression-free survival was estimated using the Kaplan-Meier
method. Log-rank test was performed to test the difference in survival times between
groups. Multivariate regression models were developed to examine the effect of percentage
of Tregs adjusted for Follicular Lymphoma International Prognostic Index (FLIPI) score.
Regression analyses of PFS data was conducted based on the Cox proportional hazards
model. Logistic regression analysis was used to assess the multivariate relationship between
percentage of Tregs and the probability of achieving CR/CRu. SAS version 9.1 and S-Plus
version 7.0 were used to carry out the computations for statistical analyses.

FL patients had a relative increase in Tregs at diagnosis

Consistent with previous reports,8 10- 11 we observed that the percentage of Foxp3* Tregs
was significantly increased both in the peripheral blood (median, 17.3%; range, 6.5-64.5%);
n=72; p=0.0001) and at tumor site (median, 21.7%; range, 13.4-67.3%; n=14; p=0.0001) at
initial diagnosis in patients with FL as compared with peripheral blood from normal donors
(median, 6.7%; range, 2.6-10.1%; n=10) and tonsils (median, 9.32%; range, 6.1-14.5%; n=
9), respectively (Figs. 1A and B). To determine whether the Tregs decrease after induction
of clinical remission, we evaluated paired pre and post-chemotherapy peripheral blood
samples from 18 FL patients that were uniformly treated into complete remission with
PACE chemotherapy (Supplementary Table 1). Although a decrease in Tregs was observed
in a few patients, the percentage of Tregs did not differ significantly between pre and post-
chemotherapy samples when assessed for the entire group of 18 patients (p=0.125) (Fig.
1C).

Intratumoral and peripheral blood Tregs from FL patients were highly immunosuppressive

Using multiparametric flow cytometry, we observed that among the intratumoral Tregs, the
CD45RO™ Tregs were significantly higher and the CD45RA* (CD45R0O") naive Tregs were
significantly lower compared with tonsils suggesting that most Tregs in FL tumors were
activated.30 Furthermore, Ki67* Tregs were enriched in the CD45R0* Tregs compared to
the CD45RA™ naive Tregs (Fig. 2A). Consistent with this, intratumoral Tregs significantly
suppressed proliferation of tumor-specific T-cell line and clone in a dose-dependent manner
in response to stimulation with autologous tumor (Figs. 2B and C). Similarly, peripheral
blood Tregs obtained at initial diagnosis and after induction of clinical remission suppressed
polyclonally activated and tumor-induced proliferation of autologous CD4+*CD25" effector T
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cells (Supplementary Figs. 1A and B). Intratumoral Tregs also significantly inhibited the
production of Tyl cytokines IL-2, IFN-y, TNF-a, and GM-CSF from tumor-specific T-cell
line and clone (Fig. 2D and Supplementary Fig. 2).2° Together, these results suggested that
intratumoral and peripheral blood Tregs in FL patients were activated and suppressed
antitumor T cell responses. Importantly, suppression by these Tregs did not require
activation in vitro.

Peripheral blood Treg number at initial diagnosis correlated with clinical outcome

Since Tregs from FL patients suppressed antitumor T cell responses, we evaluated whether
the peripheral blood Treg number at initial diagnosis is predictive of clinical outcome.
Analysis of data from a cohort of 72 FL patients that were uniformly treated with PACE
chemotherapy (Supplementary Table 1) and had available peripheral blood samples for
analysis showed that patients that achieved a CR or CRu had a significantly lower baseline
level of Tregs (median, 13% of CD4* T cells) compared with patients that did not achieve a
CR/CRu (median 25.4% of CD4* T cells; p = 0.001) (Fig. 3A). With the adjustment of
FLIPI risk score in multivariate logistic regression model, percent of peripheral blood Tregs
remained significant. Patients with higher percentage of Tregs had a lower likelihood of
achieving CR/CRu than those with lower percentage of Tregs (Odds Ratio = 0.912 (95% CI:
0.863 to 0.965) per unit increase of Tregs; p = 0.001).

More importantly, the peripheral blood Treg percentage at baseline was also predictive of
PFS in the cohort of 38 patients that were treated uniformly with PACE chemotherapy and
idiotype vaccination. Patients with greater than median level of Tregs (> 14.4%) at initial
diagnosis had a significantly inferior PFS compared to patients with less than or equal to
median level of Tregs (median 43.9 vs. 66.0 months; p = 0.019) (Fig. 3B). With the
adjustment of FLIPI risk score in multivariate Cox proportional hazard model, percent of
peripheral blood Tregs remained significant. Patients with higher percentage of Tregs had
larger hazard of progression than those with lower percentage of Tregs (Hazard Ratio = 1.05
(95% CI: 1.017 to 1.085) per unit increase of Tregs; p = 0.003). Higher numbers of
peripheral blood Tregs were also associated with lower PFS in a second cohort of 24
relapsed FL patients treated uniformly with a combination of rituximab, an anti-CD20
monoclonal antibody that targets the tumor B cells and pidilizumab, an anti-PD-1
monoclonal antibody that blocks the co-inhibitory molecule PD-1 on T cells?® (median PFS
17.5 months vs not reached for high vs low baseline Tregs; p = 0.039) (Fig. 3C). Together,
these results suggest that high numbers of peripheral blood Tregs are associated with poor
prognosis and strategies to reverse their immunosuppressive effects might improve clinical
outcome in these patients when used in combination with chemotherapy and/or
immunotherapy.

Triggering TLRs broke Treg-mediated tolerance

Previous studies showed that TLR ligands could block Treg function either by acting
directly on Tregs or indirectly by activating tumor-infiltrating innate immune cells which in
turn might enhance the proliferation, survival, and function of effector T cells.}”- 18 To
investigate which TLR ligand could most potently block Treg function in a
microenvironment that mimics human B cell lymphomas, we systematically screened all
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known human TLR ligands for their ability to block suppressive function of Tregs in the
presence of T cell-depleted human lymphoma cells. We found that TLR ligands Pam3CSK4
(ligand for TLR1/2), flagellin (ligand for TLR5), and CpG-B (ligand for TLR9) consistently
blocked the suppressive function of healthy donor Tregs and restored the proliferation of
effector T cells in a dose-dependent manner (Fig. 4A). However, agonists of TLR2,
TLR2\7\8\9 (YFVAX), TLR2/6, TLR3, TLR4, TLR7/8, and TLR8 were ineffective (data
not shown). Since TLR9 is expressed by pDCs and B cell lineage including human B
lymphoma cells,3! the effect of CpG-B on Tregs may be indirect via tumor-infiltrating pDCs
or lymphoma B cells. To determine whether TLR 1/2 and 5 are expressed in effector T or
FL tumor B cells, we performed intracellular staining and analyzed by flow cytometry. We
observed that TLR2 and 5 were expressed in intratumoral CD4* T cells, but TLR2 was
barely detectable in FL tumor B cells (Fig. 4B), suggesting that Pam3CSK4 may act on T
cells. To determine whether TLR ligands block intratumoral Tregs, we tested them in an
autologous setting where the Tregs, effector T cells, and tumor cells were isolated from the
same FL tumor sample. We found that Pam3zCSK4 reversed the suppressive effect of Tregs,
while control rhCD40L could not (Fig. 4C). We found that the three TLR ligands,
Pam3CSKA4, flagellin, and CpG-B, when used at suboptimal doses synergized with each
other to block suppressive function of healthy donor Tregs on healthy donor effector T cells
stimulated with allogeneic FL-derived APCs (Fig. 4D). We also found that these TLR
ligands synergized with each other to block the function of FL-derived intratumoral Tregs
on autologous tumor-reactive T cells (Fig. 4E).

Triggering TLRs did not induce anti-inflammatory cytokine IL-10

Reports from mouse studies suggest that TLR2 ligands such as Pam3zCSK4 or Pam2
lipopeptides induce IL-10 secretion and expand CD4*CD25*Foxp3* Tregs.32 33 Since
induction of IL-10 by TLR ligands may offset their inhibitory effects on Tregs, we evaluated
the effects of TLR ligands on different human APCs including FL-derived APCs, PBMCs,
mDCs, and pDCs. We found that the three TLR ligands failed to induce significant secretion
of 1L-10 from all APC types even at high concentrations that were reported to induce
significant IL-10 secretion in mice (Supplementary Figs. 3A-C and data not shown). The
positive control, LPS an agonist of TLR4, induced IL-10 from PBMCs and mDCs but not
from FL-derived APCs or pDCs (Supplementary Figs. 3B and C and data not shown). CpGs
are agonists of TLR9 and CpG-A, -B, and -C induced high levels of IFNa from pDCs
(Supplementary Fig. 3D). Interestingly, Pam3CSK4 induced significant amount of IFNa
from pDCs, when used at 1 pg/ml (Supplementary Fig. 3D), suggesting that at high
concentration, it could have an antitumor effect. These results suggested that Pam3zCSK4,
flagellin, and CpGs do not induce significant amount of IL-10 and IFNa from human APCs
at concentrations that block Treg suppressive function.

Triggering OX40 receptor enhanced effector T cell function and blocked Treg suppression

Evidence from our studies and the literature suggests that activating OX40 in T cells could
promote effector T cell proliferation, shut down the generation and function of induced
Tregs, and completely inhibit the function or survival of Foxp3* natural Tregs.22: 23, 25,34
Here, we evaluated whether activating OX40 induces similar effects on FL-derived Tregs
and effector T cells. First, we found that OX40 is expressed on both Foxp3* and Foxp3-
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CD4* T cells in FL tumors (Fig. 5A). Interestingly, FL tumors had higher percentage
Foxp3+tOX40* cells of total CD4* T cells compared to those from tonsil. In contrast, FL
tumors had lower percentage of Foxp3-OX40™" cells of total CD4™ T cells compared to those
from tonsil (Figs. 5B and C). Next, we showed that CD4*CD25" intratumoral effector T
cells proliferated and produced GM-CSF in response to autologous FL tumor cells (Figs. 5D
and E). The proliferation and cytokine production was inhibited by anti-MHC class 1l but
not anti-MHC class | blocking antibodies suggesting that the CD4™* effector T cells are
responding to antigens presented in the context of MHC class Il molecules. Lastly, we
observed that OX40 triggering by OX40 ligand expressing L cells enhanced antitumor
effector T cell proliferation (increased from 60% to 80%) and reversed the suppressive
function of intratumoral FL Tregs (effector T cell proliferation increased from 42% to 67%)
(Fig. 5F). These results suggest that activating OX40 could restore the function of antitumor
effector T cells in the presence of immunosuppressive Tregs from FL tumors.

synergized with OX40 signaling to enhance T cell proliferation and block Treg

Next, we determined whether OX40 signaling would synergize with TLR signaling to
further enhance naive CD4* and CD8* T cell proliferation. We tested for synergy in the
presence of suboptimal doses of TLR ligands, a fixed amount of plate-bound anti-CD3, and
increasing concentrations of plate-bound rhOX40L. We found that both Pam3CSK4 and
flagellin synergized with 250 ng/ml of rhOX40L to enhance the proliferation of polyclonally
stimulated CD4* and CD8* effector T cells isolated from healthy donors (Figs. 6A and B).
There was no further increase in proliferation at higher concentrations of rhOX40L. In
addition to enhancement of T cell proliferation, Pam3CSK4 and CpG-B but not flagellin
were able to synergize with rhOX40L to increase the production of IFN-y by CD4* T cells
(Fig. 6C). Next, we determined whether the combination could block natural Treg
suppression of autologous naive CD4* T cell proliferation. We found that both Pam3;CSK4
and flagellin synergized with 1000 ng/ml of rhOX40L to enhance naive CD4* T cell
proliferation even in the presence of Tregs (Fig. 6D). These results suggest that activating
0OX40 in combination with TLRLs 1/2 or 5 is very effective in blocking the suppressive
function of Tregs and enhancing the proliferation of effector T cells.

DISCUSSION

Here, we showed that Tregs persisted in high numbers in peripheral blood even after
induction of complete clinical remission with standard cyclophosphamide and doxorubicin
containing chemotherapy. This result was unexpected as metronomic doses of
cyclophosphamide were previously shown to reduce the number of Tregs in cancer
patients.3% However, it is possible that the higher doses of cyclophosphamide used in our
patients may not affect Treg numbers. Like intratumoral Tregs, peripheral blood Tregs were
highly immunosuppressive and may potentially get recruited to the tumor site36 and
suppress antitumor T cells. Indeed, Navarrete et al recently demonstrated that patients with
FL and other indolent B-cell lymphomas have impaired immune responses to hepatitis B
vaccination.3” Collectively, these results suggest that a state of peripheral tolerance is
present at baseline and after induction of complete clinical remission and strategies that
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deplete or block Treg function might enhance the efficacy of therapeutic vaccines and other
immunotherapeutic strategies including anti-PD-1 antibody therapy?® in FL patients.

In contrast to prior studies where FL Tregs and effector T cells were stimulated
polyclonally,8-10 we used a completely autologous system and evaluated the effect of Tregs
on effector T cells stimulated with autologous tumor cells. Furthermore, to mimic the tumor
microenvironment and to include various types of potentially tolerizing tumor-infiltrating
APCs such as dendritic cells, myeloid cells, and other stromal cells, we used autologous T
cell-depleted tumor samples as APCs in our assays. Using these stringent conditions, we
found that TLRLs Pam3CSK4, Flagellin, and CpG-B as well as OX40 signaling potently
inhibited Treg function in FL. However, the mechanism of suppression of Tregs by TLRLS
and OX40 signaling may be different. TLR signaling could reduce the function of Tregs by
directly acting on Tregs or indirectly via APCs. Activation of TLR2 may promote Treg
differentiation into a Th17-like phenotype, induce IL-6 and IL-17, and reduce their
suppressive function.3® Activation of TLRs on APCs induces their maturation and leads to
secretion of pro-inflammatory cytokines such as IL-6 and IL-1 that may modulate effector T
cell and Treg function.39 In contrast, 0X40 signaling acts directly on T cells making effector
T cells resistant to suppression by Tregs, or blocks Treg function by inhibiting I1L-10
secretion or by inducing apoptosis.4? Our results suggest that the agents identified in this
study might be useful for reversing the suppressive effects of Tregs and may be used as
adjuvants to enhance the efficacy of therapeutic vaccines and possibly other
immunotherapeutic and chemotherapeutic strategies in FL. Furthermore, these agents may
also enhance the efficacy of preventive infectious disease vaccines in these patients.

In mice, Pam3CSK4 was reported to enhance induction of antigen-specific tolerance via
IL-10 secretion.32 However, we were unable to induce significant secretion of 1L-10 from
human FL tumor samples, PBMCs, mDC, and pDC with Pam3CSK4 at a concentration of 1
pg/ml. Our findings are consistent with other reports that also failed to induce IL-10
secretion with Pam3CSK4 in human PBMCs.#! These results suggest that there is species
associated difference between mouse and human in response to Pam3CSK4 and that it might
be useful to stimulate effector T cell function and proliferation in humans. In particular,
Pam3CSK4 could augment TCR stimulation-induced 1L-2 production from CD4* T cells.*2
These results are also supported by the observation that BLP, a TLR1/TLR2 agonist
enhanced cytotoxic effector T cell function, blocked Treg function, and led to tumor
regressions in mouse models of carcinoma, leukemia, and melanoma.*3

Preclinical models indicate that combinations of TLR agonists or the combination of a TLR
agonist with other immune modulators are superior to single use in vivo.** 4> Furthermore, a
combination of CpG, anti-CTLA-4, and anti-OX40 treatments cured lymphoma in mice
without the need for chemotherapy.16 Our results expand the list of TLR ligands that can be
used for FL and suggest that TLR ligands Pam3CSK4, Flagellin, and CpG-B are potent
stimulators of effector T cell proliferation and also block suppressive function of Tregs.
These TLR ligands synergized with each other to further boost antitumor immune responses.
We have previously shown that OX40 signaling can shut down IL-10-production by Tr1
cells.22 Others have shown that OX40 signaling can promote expansion and survival of
effector memory T cells as well as block TGF-B-induced Tregs.21: 23 Since TLR ligands may
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potentially dampen immunity during late phases of the immune response by triggering
release of anti-inflammatory cytokines, using them in combination with OX40 signaling
may be critical. Indeed, our finding that OX40 activation promotes effector T cell
proliferation, inhibits FL Treg function, and synergizes with TLR ligands in blocking Treg
function suggests that these reagents may be used for developing combination
immunotherapy for FL patients. Whether these agents also suppress the induction of Tregs
by lymphoma tumor cells!? 46 needs to be determined.

Here, we also demonstrated for the first time that high numbers of peripheral blood Tregs at
baseline was associated with poor response to therapy and/or inferior PFS in FL after
chemotherapy or immunotherapy (Fig. 3). If confirmed in additional studies, monitoring
peripheral blood Tregs by flow cytometry may serve as a useful prognostic marker for FL
patients. The ease of monitoring Tregs through a simple blood test is especially appealing as
opposed to the requirement for tissue biopsies for other prognostic factors. Wahlin et al
recently showed that higher levels of total CD4* T cells in blood predicted superior
treatment response and overall survival in FL.47 As our results suggest that peripheral blood
Tregs may adversely affect clinical outcome, additional studies are needed to fully
characterize the prognostic significance of various CD4* T cell subsets in FL.48

The unfavorable outcome we observed with peripheral blood Tregs is in contradiction with
other reports that showed a favorable prognosis with high numbers of Tregs at the tumor site
in FL patients.12: 13 A potential explanation for these differing results may be provided
based on the recent discovery that Tregs are polarized by various cues in their
microenvironment and differentiate into distinct functional subsets to regulate diverse
immune cells. For example, Tregs that express transcriptions factors T-bet, IRF4, STAT3,
and Bcl6 appear to control Tyl-, Ty2-, TH17-, and Try-mediated immune responses,
respectively.#%-52 Therefore, it is possible that intratumoral Tregs may contain multiple
subsets of Tregs: the TH1/Tc1-suppressing subset that may exert protumor effects and the
follicular regulatory T cell (Tgg) subset®2: 53 that may inhibit tumor-promoting Tgy and also
directly suppress tumor B cell proliferation. Thus, high numbers of Tgg in the tumor may
have antitumor effects and confer a favorable prognosis in FL. In contrast, it is possible that
peripheral blood Tregs are predominantly polarized towards suppressing antitumor T41/T¢cl
responses and thus confer an unfavorable prognosis.

In conclusion, our results show that high numbers of peripheral blood Tregs at baseline
adversely affect clinical outcome in FL patients and a state of peripheral tolerance is present
even after induction of clinical remission with standard chemotherapy. Agents that activate
TLRs 1/2, 5, and 9, and OX40 can inhibit the immunosuppressive functions of FL Tregs and
may be used alone or in combination to develop novel immunotherapeutic strategies and
improve clinical outcome in these patients.
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ANOVA Analysis of variance

APC Antigen-presenting cell

BLP Bacterial lipoproteins

CFSE Carboxyfluorescein succinimidyl ester

CR Complete response

CRu Complete response unconfirmed

CT Computed tomography

DC Dendritic cell

ELISA Enzyme-linked immunosorbent assay

FACS Fluorescence activated cell sorting

FL Follicular lymphoma

FLA-ST Flagellin Salmonella typhimurium

FLIPI Follicular Lymphoma International Prognostic Index
Foxp3 Forkhead box P3

GITR Glucocorticoid-induced tumor necrosis factor-related
GM-CSF Granulocyte-macrophage colony-stimulating factor
IFN Interferon

IL Interleukin

LPS Lipopolysaccharide

mDC Myeloid DC

MHC Major histocompatibility complex

ND Normal donor

nTregs Natural regulatory T cells

PACE Prednisone, doxorubicin, cyclophosphamide, and etoposide
PBMC Peripheral blood mononuclear cells
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PD-1 Programmed death 1
pDC Plasmacytoid DC
PFS Progression-free survival
PR Partial response
rhCD40L Recombinant human CD40 ligand
rhOX40L Recombinant human OX40 ligand
SD Stable disease
Tcl Type 1 cytotoxic T cell
TCR T-cell receptor
TrH Follicular helper T cells
Ter Follicular regulatory T cell
TGF-B Transforming growth factor, beta
TH T helper
TLR Toll-like receptor
TLRL Toll-like receptor ligand
TNF Tumor necrosis factor
TNFR Tumor necrosis factor receptor
Trl Type 1 regulatory T cells
Tregs Regulatory T cells
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Novelty and Impact

We show that intratumoral and peripheral blood regulatory T cells (Tregs) suppress
autologous antitumor effector T cells in follicular lymphoma and peripheral blood Treg
numbers may serve as a prognostic marker in these patients. Triggering Toll-like
receptors and OX40 reversed the immunosuppressive effects of Tregs suggesting that
such agents may enhance the efficacy of immunotherapeutic strategies and improve
clinical outcome. These agents may also serve as adjuvants for infectious diseases
vaccines in these patients.

Int J Cancer. Author manuscript; available in PMC 2015 December 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Page 18

A
2 2
g ©
>
FSC FSC FOXP3
FL prechemo PB FL postchemo PB FL tumor Tonsil
~
o~
-
o
o
294 329 [T 39
FOXP3
B C
- = =0.125
807 «p=0.0001 *p=0.0001 40 . PRae
% N

60+ 304
o .
X %e N
» 40 . ‘ % 204
g ®eg0® 4 (o
- Sedhg AR =
[ Sanse .

20+ epoe  Eits 101

re X
v T T T T v T T
ND PBMC FL PBMC FL TUMORTONSILS PBMC pre PBMC post
(n=10)  (n=72) (n=14) (n=9) (n=18) (n=18)

Figure 1. Tregs are increased in follicular lymphoma patients at diagnosis and remain elevated
after induction of clinical remission with chemotherapy

A) Gating strategy for Tregs is shown. The CD4* T cells were gated from the total
lymphocyte population identified based on forward and side scatter parameters. Tregs were
then identified as CD4*CD127!°%/Foxp3* T cells and the percentage is shown for each
sample. B) The percentage of CD4*CD127!°%Foxp3* Tregs was determined by flow
cytometry in PBMC and lymph node biopsies of FL patients and normal donor (ND) PBMC
and tonsils. Data are expressed as percentages of CD4* T cells. Horizontal bars indicate
median values for each group. C) The percentage of CD4*CD127/°W-Foxp3* Tregs cells in
paired PBMC samples obtained at diagnosis (PBMC pre) and after a median of 12 months
(range, 1-16 mo) after completion of the chemotherapy (PBMC post) is shown. P values
were calculated by Wilcoxon rank-sum test (B) or Wilcoxon signed-rank test (C).
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Figure 2. Intratumoral Tregs from FL patients are activated and suppress the function of
antitumor T cells

A) Box plots represent percentages of CD45RO* and CD45R0" Tregs in FL tumor biopsies
and tonsil controls (left panel) and of Ki67* cells in CD45RO™ and CD45RA* Tregs in FL
tumors (right panel) as determined by flow cytometry. P values were calculated by
Wilcoxon rank-sum test (left panel) or paired t-test (right panel). B-D) CD4* tumor-specific
T cell line (B, D) and clone (C) derived from FL tumor-infiltrating lymphocytes were
incubated with autologous tumor cells for 6 days in the presence or absence of autologous
intratumoral Tregs at the indicated ratios. Proliferation was assessed by 3H thymidine
incorporation (B, C) and production of cytokines (D) in supernatants was measured by
multiplex cytokine assay. The percent inhibition of proliferation or cytokine production in
the presence of Tregs is shown in each panel. Data is representative of one of three
experiments (B-D).
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Figure 3. High baseline levels of peripheral blood Tregs are associated with poor clinical

outcome in FL

A) Percentages of CD4*CD127'°W/-Foxp3* Tregs in peripheral blood at diagnosis in FL
patients who achieved complete remission (CR), CR unconfirmed (CRu), partial remission
(PR), or stable disease (SD) following PACE chemotherapy are shown. Horizontal bars
indicate median values for each group. P value was calculated by Wilcoxon rank-sum test. B
and C) Kaplan-Meier survival curves for progression free survival (PFS) in FL patients with
high (> median) and low (= median) numbers of Tregs in peripheral blood at baseline and
treated with PACE chemotherapy (B) or a combination of rituximab and pidilizumab (C) are
shown. P values were calculated by log-rank test.
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Figure 4. Identification of TLR ligands that block the function of FL-derived Tregs
The ability of TLR ligands (TLRL) to reverse Treg suppression of CD4*CD25 effector T

cell proliferation was analyzed by CFSE dilution assay. A) Healthy donor derived effector T
cells were cultured with CD3-depleted FL tumor-derived antigen-presenting cells in the
presence or absence of healthy donor derived Tregs with or without various doses of TLR
1&2, 5, and 9 agonists as described in materials and methods. Representative results from
one of two donors are shown. Proliferation of effector T cells was significantly enhanced in
the presence of Pam3CSK4, Flagellin, and CpG-B (P <0.05 compared to control). P values
were calculated by two-way ANOVA test. B) Expression of TLR2 and TLR5 in FL tumor
cells and intratumoral CD4" T cells was determined by flow cytometry. Solid and dotted
line histograms represent staining with specific antibody or its isotype control, respectively.
C), CFSE-labeled intratumoral effector T cells were cultured with autologous CD3-depleted

Int J Cancer. Author manuscript; available in PMC 2015 December 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Voo etal.

Page 22

FL tumor-derived antigen-presenting cells in the presence or absence of autologous
intratumoral Tregs and Pam3CSK4 (100 ng/ml) or rhCD40L (0.8 pg/ml). The percentage of
proliferating effector T cells as determined by CFSE dilution is shown in each plat. D and
E) CFSE dilution assays were performed using the allogeneic (D) or autologous (E) systems
as in panels A and C, respectively to test synergy between different TLRLS. The
concentrations of TLRLSs tested were: Pam3CSK4 (20 ng/ml); Flagellin (FLA-ST, 5 pg/ml);
and CpG-B (1 uM).
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Figure 5. Triggering OX40 enhanced effector T cell function and blocked Treg suppression in

FL

A-C) Expression of OX40 was determined by flow cytometry on Foxp3* (A,B) and Foxp3~
(A,C) CD4* T cells in FL tumors and tonsils. Representative data (A) and data from 5 FL
tumors and tonsils (B,C) are shown. Horizontal bars indicate median values for each group.

P values were calculated by Wilcoxon rank-sum test. D and E) CFSE-labeled (D) or

unlabeled (E) intratumoral CD4*CD25 effector T cells were cultured with autologous CD3-
depleted FL tumor-derived antigen-presenting cells in the presence or absence of anti-MHC
Class I or Il antibodies or isotype control antibody. Proliferation was assessed by CFSE
dilution after 4 days (D) and GM-CSF production was measured in the culture supernatants

after 24 hours (E). F) Effector T cells were stimulated as in panel D and cultured with

parental L cells or L cells expressing OX40 ligand in the presence or absence of autologous
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intratumoral Tregs. Numbers shown in each histogram indicate the percentage of
proliferating effector T cells (D, F).
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Figure 6. OX40 signaling synergizes with TLRLs to enhance T cell proliferation and block Treg
function

A-C) Healthy donor CD4* (A,C) and CD8* (B) effector T cells were stimulated with plate-
bound anti-CD3 and various concentrations of rhOX40L in the presence or absence of
TLRLs as described in materials and methods. The concentrations of TLRL tested were:
Pam3CSK4 (100 ng/ml); Flagellin (FLA-ST ultrapure grade, 100 ng/ml); and CpG-A/B (2.5
M). Proliferation was assessed by 3H thymidine incorporation (A,B) and IFN-y production
was measured in culture supernatants by ELISA (C). D) CFSE-labeled naive CD4* T cells
were stimulated as in panel A in the presence or absence of autologous natural Tregs
isolated from healthy donors and percentage of proliferating CD4* T cells was determined
by CFSE dilution. Data are representative of results from one of three donors tested.
Proliferation of effector T cells was significantly enhanced in the presence of Pam3CSK4
and Flagellin (P <0.05 compared to control). P values were calculated by two-way ANOVA
test.
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