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ABSTRACT

Follicular lymphoma (FL) is a common non Hodgkin’s lymphoma subtype in which immune escape
mechanisms are implicated in resistance to chemo-immunotherapy. Although molecular studies point to
qualitative and quantitative deregulation of immune checkpoints, in depth cellular analysis of FL
immune escape is lacking. Here, by functional assays and in silico analyses we show that a subset of
FL patients displays a ‘high’ immune escape phenotype. These FL cases are characterized by abundant
infiltration of PD1* CD16" TCRVy9V&2 y& T lymphocytes. In a 3D co-culture assay (MALC), y& T cells
mediate both direct and indirect (ADCC in the presence of anti-CD20 mAbs) cytolytic activity against FL
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cell aggregates. Importantly, PD-1, which is expressed by most FL-infiltrating y6 T lymphocytes with
ADCC capacity, impairs these functions. In conclusion, we identify a PD1-regulated y6 T cell cytolytic
immune component in FL. Our data provide a treatment rational by PD-1 blockade aimed at boosting y&

T cell anti-tumor functions in FL.

Introduction

Among the B-cell type non-Hodgkin’s lymphoma (NHL),
follicular lymphoma (FL) is the second most frequent entity.
FL is characterized in more than 90% of patients by t(14,18)
translocation, conferring Bcl-2 overexpression, but also by
several alterations of genes involved in epigenetic processes,
BCR signaling, cell survival and immune escape.' This disease
is considered to be indolent, stable or with spontaneous
remissions prior to progression.” Loss of disease control sug-
gests a progressive emergence of modifications in the micro-
environment and/or in the intrinsic biology of B lymphocytes.

The FL microenvironment contains CD8" cytotoxic
T lymphocytes, regulatory T cells (T-reg cells) and dendritic
cells, which are critical to the disease biology.> Moreover, the
role of the immune system in mediating disease progression has
been suggested by signatures reflected gene expression by non-
malignant tumor-infiltrating immune cells.* Thus, FL immune
system seems to influence the transition from immune equili-
brium to escape, underlying the disease progression. In this con-
text, an improved understanding of mechanisms involved in
cancer immune evasion led to identify immune checkpoints as
promising targets in cancer therapy. Recently, we showed that FL

and diffuse large B cell lymphoma (DLBCL) frequently co-express
several immune checkpoint proteins, and simultaneously activate
several immune escape pathways.”’ Our transcriptomic
approaches delineated four successive stages in NHL, involving
cold to fully immunoedited tumors.>® At least for DLBCL, these
stages correlate with clinical outcome, as the longest overall survi-
val (OS) is observed in patients presenting immunogenic tumors
without immune escape, while the lowest OS is observed in
patients with fully immune-edited tumors. Likewise, in FL, most
patients exhibit immune-infiltrated tumors suggestive of a high
level of immune escape.”

Among the different immune checkpoints, programmed
death (PD)-1, expressed by activated T (CD4, CD8 and
TCRVYy9VS2 y6 T lymphocytes (y6 T cells)) and
B lymphocytes, NK and myeloid cells, plays a crucial
role in regulating the effector phase of immune response
when engaged by its ligands, PD-L1 and PD-L2.*° We
recently showed that, as in normal tonsils, most FL
tumors up-regulate the PD-1 axis and comprise rich infil-
trates of, as yet uncharacterized, PD-1" immune cells.>”
PD-1 is highly expressed on intratumoral and peripheral
blood CD4" and CD8" lymphocytes and is associated with
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impaired T-cell function.'”" However, an increase in PD-
1-positive tumor infiltrating lymphocytes (TILs) and T-reg
cell numbers in FL tumors is correlated with improved
patient survival, independent of FL International
Prognostic Index risk stratification.'> Not only the level
of expression or the number of PD-1-expressing cells but
also the localization of these cells seem critical for out-
come. Indeed, high rates of PD-1"¢" cells within the
follicular regions correlate with better outcomes. By con-
trast, PD-1'°% cells in interfollicular regions significantly
correlate with reduced 0S."

These data led us to propose the existence of, as yet
uncharacterized, subsets of immune cells of relevance to
immune escape phenotype in FL. In particular, we postulate
that the balance between cytolytic and regulatory immune cell
subsets might be misregulated. With this in mind, we set out
to investigate in FL the role of y§ T cells which represent key
immune effectors in solid and hematological cancers,"*'®
such as B cell lymphomas.'??* y§ T lymphocytes, as observed
for NK cells, are able to mediate antibody-dependent cellular
cytotoxicity (ADCC) in presence of anti-CD20 mAbs'>** and
they have been targeted in few cancer immunotherapy clinical
trials with only modest clinical results.'®*' The reasons of
these mitigated results remain unclear, but one could spec-
ulate the emergence of immune escape mechanisms.

Although y8 T cells are sensitive to PD-1 expression and
function,* the significance of PD-1 targeting for y§ T cell
function in NHL has not been explored yet. Thus, we char-
acterized the cytotoxic y§ T cell population infiltrating FL
tumors and evidenced the presence of frequent TCRVy9V$2
y6 T lymphocytes expressing both CD16 and PD-1. Our
original study involves a novel 3D co-culture model which
reveals that PD-1 blockade increases the spontaneous cyto-
toxicity and ADCC of FL, strongly encouraging the use of
anti-PD-1 strategies in FL treatment.

Results

FL samples are infiltrated by abundant yé T lymphocytes
expressing CD16

As a first step to assess the immune infiltrates of FL tumors, we
characterized the composition of a series of such samples by
immunostaining and flow cytometry. A series of 10 biopsies
from non-lymphomatous individuals (control samples) and 10
biopsies from grade I-IIIa FL patients were analyzed to assess
their respective levels of CD19, CD3, CD4, CD8, NK
(CD37CD56") and TCRVY9™ y§ cells (Figure 1(a,b)). No sig-
nificant difference is observed between non-tumoral and FL
samples, which both comprised CD19"-B cells (~60%), NK
(~1%) and T lymphocyte infiltrates (~30%). Among the
T lymphocyte population, the y§ subset represents about 10%
of the total lymphoid content in both healthy and FL samples
and consistently harbors a CD16" phenotype characteristic of
terminally differentiated cytolytic cells (Figure 1(a,b)).

To check whether the abundance of y8-infiltrating FL was
consistently observed beyond our series of samples, we
explored a larger cohort of FL tumors by data mining publically
available transcriptome datasets (n = 198). Then, sample

enrichment scores (SES) for gene signatures defining cell sub-
sets were computed as previously described.” These analyses
show that ‘B cell’ SES are predominant in all FL samples (mean
SES for ‘B cells’: 65.4; range: 28.1-91.3), in line with the FL cell
of origin (Figure 1(c)). The ‘gamma delta cell’ SES (mean SES:
8.5; range: <0.1-17.8), which reflect all subset of TCRyS, are
consistent with the above cytometry results. In addition, these
‘pan-gamma delta cell’ scores, which reflect abundance of all y§
T cells subsets correlate only with the expression levels of the
TRGVY9 gene (Spearman, R = 0.80), which encodes for
TCRVY9, but not with any other TCRVy or TCRVS-
encoding gene (Figure 1(c)). Consistent with the above-
depicted CD16" cytolytic phenotype of TCRVY9™ y§ cells, the
‘gamma delta cell’ scores also correlate with the cytolytic index
(SES of 8 cytolytic genes) (Spearman, R = 0.90) across the
cohort of FL samples (Figure 1(c)). Together, these data indi-
cate that in FL, infiltrating T lymphocytes are mainly cytolytic
CD16" y8 T cells.

Localization of this cell subtype was explored in FL biop-
sies. By immunohistochemical staining for pan-TCR y chain,
we reveal the presence of abundant y§ T cells in FL tumors,
mostly localized at the interfollicular spaces (Figure 1(d)).

Cytolytic yé T cells infiltrating FL express PD-1

Although immune infiltrates of FL overexpress the PD-1 axis
markers,” the above results did not specify the expression of
PD-1 by FL-infiltrating T lymphocytes. So, the cell surface expres-
sion of PD-1 was assessed by flow cytometry on FL-TIL from FL
biopsies. Of all lymphocytes, TCRVY9™ y8 T cells display the most
intense staining of PD-1 and include the highest proportion of
PD-1" cells (30%, 6% and 1% of PD-1" cells in CD3 (including y8
T cells), CD4 and CD8, respectively, versus ~20% in y8 T cells
(Figure 2(a,b)). Furthermore, these PD-1" TCRVY9" y8 FL-TILs
also express CD16 (Figure 2(c)), consistent with the above-
depicted cytolytic profile of TCRVY9" y8 TILs characterized by
flow cytometry (Figure 1(a)) and gene signatures of FL publically
available transcriptomes (Figure 1(c)). To validate these findings
across a larger set of FL samples, the enrichment scores of a ‘PD-1
axis’ gene set (PDCD1, CD274, PDCD1LG2) were computed for
each of the (n = 198) FL transcriptomes. This computational
analysis shows that the ‘PD-1 axis’ scores are positively correlated
with the 'y§ T cell’ scores (Pearson, R = 0.46) but inversely
correlate with ‘B cell’ scores (Pearson, R = — 0.33) across the FL
cohort (Figure 2(d)).

Since the PD-1 axis mediates an immune escape pathway
and NHL encompass four stages of immune escape from cold
to fully immuno-edited tumors,” the immune escape profiles
and cytolytic indexes of the above-depicted 198 FL were
determined. Thus, we observe that 25 samples (12%) have
low immune escape and cytolytic index (stage I, cold tumors),
18 samples (9%) have a low immune escape but high cytolytic
index (stage II), 147 samples (74%) have high immune escape
and cytolytic index (stage III, inflamed tumors), and 8 sam-
ples (4%) exhibit a high immune escape but low cytolytic
index (stage IV, fully immune-edited tumors) (Figure 2(e),
left panel). Their respective levels of y8 FL-TILs were deter-
mined using the same SES-based scoring system as above. The
highest (~10-fold) ‘y0 T cell’ scores and TRGV9 expression
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Figure 1. TCRVy9V62 T cells in FL lymph node biopsies. (a) Representative dot plots of y8 T cells (TCRVy9*/CD3"), B cells (CD19%/CD37), and TCRVy9*/CD16™ cells. (b)
Quantification of total B, y5 T, NK (CD37CD56") cells, CD4* and CD8* lymphocytes from healthy tonsils (black circle, n = 10) and FL lymph nodes (red circle, n = 10).
(c) Sample enrichment scores (SES) of different cells subtypes in 198 FL patients and correlation of “y6 T-cell” SES with expression levels of the TRGV9 and TRGV5
genes, and the cytolytic index. (d) Representative section from FL lymph node showing TCR gamma chain staining (red arrow) (bar = 100um); original magnification

x100; zoom insert: original magnification x400).

levels characterize the FL at immune escape stages II and III
(Figure 2(e), right panel). These results are fully consistent
with the correlation of cytolytic activity in FL biopsies and y8
TILs abundance (Figure 1(c)). Of the four stages of immune
escape characterized in FL, stages II and III correspond to
tumors highly infiltrated by cytolytic T lymphocytes.”
Accordingly, the above data identify y8 T cells as
a prominent subset of such FL-infiltrating cytolytic lympho-
cytes. Furthermore, along with high levels yd TILs, most FL

tumors up-regulate the immune-escape PD-1 axis as exempli-
fied by significant rates of PD-1-positive y6 T cells.

A 3D in vitro relevant model for ADCC in FL

In view of the above results, we next wished to explore the
function of PD-1 expressed on TCRVY9™ y8 T cells in FL. To
address this, we developed a novel 3D in vitro co-culture
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Figure 2. Expression of PD-1 on FL-infiltrating TCRVy9V82 T cells. (a) Mean of fluorescence intensity (mfi) of PD-1 in each different CD3, CD8, CD4, y6 T and
CD19 cells in FL biopsies (n = 3 + SD). (b) Percent of PD-1" cells relative to the number of CD3* cells for each lymphocyte subtype. Black bars represent the
total percent of CD3" cells, and bars with dots represent the percent of PD1* cells in three independent FL samples (+SD). (c) Percent of cDb16*, PD-1%, and
CD16*/PD-1" cells in the y& T cells fraction in three independent FL samples (+SD). (d) Correlation between SES for a ‘PD-1 axis’ gene set and that of a 'y8
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model composed of multicellular aggregates of lymphoma derived from healthy donors. In the presence of ADCC indu-
cells (MALC)***” and primary CD16"TCRVY9" y8 T cells cing mAbs, these co-cultures, which modelize cytolytic attack



of FL better than cell suspensions, were analyzed for PD-1
axis expression, y0 T cells and mAbs penetration within the
MALC and cytotoxicity against FL cells.

PD-1 expression was determined on primary yd T cells. Thus,
upon in vitro differentiation, y§ T cells alone co-express the
activation marker CD69 and PD-1 from day 3 to 10
(Figure 3(a,b)) followed by expression of CD16 (Figure 3(c)).
A fraction of y§ T cells differentiated in vitro co-expresses CD16
and PD-1 (Figure 3(c)) as observed in the FL biopsies (Figure 2(c)).
The inhibitory function of PD-1 axis relies on interaction with its
ligands PD-L1 and/or PD-L2, so their expression was explored in
MALC. Although transcriptomic analysis shows that expression of
PD-L1 and PD-L2 genes are similar in FL cell suspensions and in
MALC (not shown), flow cytometry demonstrates that the expres-
sion of their corresponding proteins is higher in MALC than in cell
suspension, and increases over time (Figure 3(d)). Confocal
microscopy experiments were performed to determine the locali-
zation of these proteins within MALC, and reveal a homogeneous
distribution of PD-L1 and PD-L2 (Figure 3(e)).

We then determined whether PD-17CD16"y8 T cells penetrate
the MALC for ADCC. For this purpose, cell far red-stained yd
T cells and GFP-MALC were co-cultured with and without fluor-
escent anti-CD20 mAbs, rituximab (RTX) and GA101. Then, y§
T cells and mAbs penetration into MALC was visualized by video
microscopy and monitored by a time-lapse image analysis algo-
rithm. This approach shows a deep penetration of MALC by both
mAbs, and that GA101 penetrates faster than RTX (Figure 4(a,e)).
Both mAbs progressively diffuse towards the center of the MALC,
yielding a more homogeneous spreading of GA101 than RTX
(Figure 4(b,f)). Despite the difference of mAbs diffusion kinetics,
the y8 T cells penetrate the MALC with similar kinetics in pre-
sence of RTX or GA101 (Figure 4(c,g) but less deeply than mAbs
(Figure 4(d;h)). An example of GA101 and yd T cells penetration
into the MALC is illustrated in Figure 4(i). To note, anti-CD20
mAb treatment induced a deeper penetration of y§ T cells com-
pared to untreated conditions (supplementary Fig 1A) suggesting
that anti-CD20 mAb facilitates y§ T cells infiltration.

Cytolytic PD-1"y8 T cells penetrate MALC in presence of
ADCC-inducing mAbs, but whether this model allows effective
ADCC remained to be addressed. For this purpose, y8 T cells
and MALC were co-cultured at different cell ratios in presence
or absence of anti-CD20 mAbs prior to analyzing y§ T cells
degranulation via the cell surface CD107" and FL cell death via
DAPI staining. Without mAbs, y8 T cells exhibit a basal cyto-
toxicity attested by ~40% of CD107" y§ T cells (Figure 5(a))
and ~10-30% of DAPI" FL cells (Figure 5(b)), which decreases
the MALC volume (Figure 5(c)). Although ADCC may be
assessed in FL cell suspension assays,"” y§ T cells cytotoxicity
capacity against whether aggregated FL cells remained unde-
termined. Thus, y§ T cells cytotoxicity upon co-culture with FL
cells in suspension (2D) or in aggregates (MALC) were com-
pared. Of note, neither of RTX or GA101 alone after 4 hrs is
directly toxic to the FL cells in any condition (Figure 5(b)). In
the presence of y§ T cells however, both CD107* y3 T cells and
DAPI" FL cells reveal that ADCC occurres in MALC as well as
in cell suspension (Figure 5(a,b)). Consequently, the MALC
volume is decreased after 24 hrs of ADCC (Figure 5(c)). The
following lines of evidence demonstrate that both cytolytic
degranulation and target cell death resulted from CDI16-
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mediated ADCC. First, both readouts are significantly inhib-
ited by Fc-blocking antibody (Figure 5(d,e)). Second, activation
signaling induces the ADCC-specific p38 phosphorylation in
v8 T cells (Supplementary Fig 2), and third, GA101, the mAb
with higher affinity for CD16 as a consequence of
glycoengineering,”® induces the strongest responses in this
assay compared to RTX (Figure 5).

Altogether, these data validate the model of PD-L1"MALC/
PD-1"CD16"y8 T cells co-culture to assess FL cells ADCC
induced by mAbs and further explore PD-1 axis function in
this model.

PD-1 blockade potentiates ADCC of FL in vitro

PD-1 plays a critical role in immune escape and PD-1 block-
ade has been proposed to reestablish the immune anti-tumor
response. To investigate this, we determined whether PD-1
blockade in the above model increases GA101 and RTX-
induced ADCC of FL. Primary TCRVY9™ 3 cells were pre-
treated with the anti-PD-1 mAb and then incubated with
MALC, either alone or with RTX or GA101. Ratios used in
these experiments were deliberately chosen low (0.5:1 and 1:1)
to be clinically relevant. y§ T cells degranulation (Figure 6(a))
and FL cell death were determined after 4 hrs (Figure 6(b))
and volume of MALC after 24 hrs (Figure 6(c)). Consistent
with the well-known TCRVY9" y§ T cells killing of B-NHL
target cells (** and Figure 5), the primary y§ T cells alone
spontaneously kill MALC cells and anti-PD-1 mAb increases
this baseline lytic activity (Figure 6). In the presence of either
anti-CD20 mAbs, MALC cytolysis increases significantly as
a result of ADCC induction. With the anti-CD20 mAbs and
TCRVY9" y8 T cells pretreatment by the anti-PD-1 mAb, the
ADCC is increased (Figure 6), yielding again higher ADCC
with GA101 than with RTX. Similar results are obtained with
lower doses of anti-CD20 mAbs (Supplementary Fig 3). The
fact that PD-1 blockade increases CD107 expression (mfi) on
Vgamma9Vdelta2 T cells (Figure 6(a)) and not rate of cells
(data not shown), suggest that anti-PD-1 mAb strengthens the
degranulation from the same pool of activated cytotoxic
Vgamma9Vdelta2 T cells. Therefore, PD-1 blockade on yd
T cells enhances in vitro ADCC of aggregated FL cells.

PD-1 blockade potentiates ADCC of FL in vivo

The above results prompted us to investigate the impact of
anti-PD-1 mAb on ADCC of FL in vivo. RL cells were
engrafted in groups of (n = 6) SCID-Beige mice, and once
tumors became palpable, primary PD-1"CD16"TCRVY9" y8
T cells were injected together with or without GA101 and
anti-PD-1 mADb, as depicted below. Tumor growth was then
monitored by tumor volume (TV). For each condition,
a polynomial regression equation of order 2 was calculated
and plotted as well as the confidence interval (Figure 7(a)).
Control mice develop FL tumors within 30 days, whereas
mice treated by y8 T cells exhibit a slower tumor growth.
Treatment by y6 T cells + anti-PD-1 mAb moderately reduces
the tumor growth, whereas y6 T cells + GA101, which
enhance active y0 T cells intratumoral infiltration (supple-
mentary Fig 1B-E), for ADCC-based treatment is more
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effective over the course of this study. As seen with y§ T cells
alone, adding anti-PD-1 mAb to the above ADCC settings
tends to improve this therapeutic response (Figure 7(a)).
Regression curves in the experimental day range were com-
pared two by two using a Kolmogorov-Smirnov test to
appreciate the kinetic evolution. Except for the condition
FL-y8 T cells compared to FL cells, all other conditions are
significantly different.

Imaging of the NIR-labeled anti-PD-1 mAb in mice at day
16 post-treatment evidences its accumulation within the bio-
luminescent FL tumor (Figure 7(b)). The tumor

bioluminescence is accordingly lower when treated by anti-
PD-1 mAb + ADCC co-treatment than by y§ T cells + anti-
PD-1 mAD alone (radiance efficiency/radiance ratio of 0.12
and 0.03, respectively). These data suggest that, in vivo, anti-
PD-1 mAb enhances the anti-CD20-induced ADCC of FL
cells.

Discussion

This study was undertaken to characterize the immune popula-
tion infiltrating FL tumors, and to explore its function in the
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Figure 7. In vivo effect and localization of anti-PD-1 mAb. (a) SCID-Beige mice were engrafted with RL cells. 5 cohorts of 6 animals were treated or not with anti-PD-1
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immune escape context associated to this pathology. Our study
was in line with previous computational predictions®*~' and
we demonstrated that cytolytic PD1* CD16" TCRVY9V 82 y8T
lymphocytes represent a significant fraction of FL-infiltrating
lymphocytes, extending previous profiling of yd TIL across
human cancer.’® The fact that intratumoral infiltration of y&
T cells is enhanced by anti-CD20 mAbs treatment both in vitro
and in vivo (supplementary Fig 1) is important in view of
applying immune checkpoint-based cancer immunotherapies
for tumors displaying peripheral exclusion, or even with cold
(desert) immune infiltrates.

Vgamma9Vdelta2 T cells can recognize tumor cells by different
mechanisms involving T-cell receptor or NK-cell receptor (** and
recently reviewed in '®). Among tumor cells, y§ T cells sponta-
neously recognize B cells lymphomas and exert a baseline level of
cytotoxicity.”****> Accordingly here, this basal level of cytotoxicity
(i.e. without any anti-CD20 mAbs) was observed as expected, both
in vitro against 3D culture of FL cells (Figure 5) and in vivo against
FL tumor xenografts (Figure 7). Such baseline activities, possibly

TCR-driven, are also under the control of PD-1 regulation as
shown by activity of PD-1 blockade (Figure 6, Figure 7(a)).
Recently our laboratory depicted that most FL tumors up-
regulate the PD-1, PD-L1, PD-L2 (immune escape axis) compared
to normal tonsil, and comprise a rich, but uncharacterized, infil-
trate of PD-1" immune cells.”” Here, we showed that high levels of
cell surface PD-1 are evidenced on nearly half of FL-infiltrating yd
T cells, unveiling their relation to immune escape stages of FL.
Based on expression of 33 genes, about 70% FL biopsies show an
immune escape stage III signature characterized by high infiltra-
tion of T lymphocytes, advanced immune escape and longer
survival rate than stage IV (IEGS™, T cell activation™).> So, the
phenotype profile of the FL-infiltrating y§ T cells depicted in this
study corresponds to this stage III (Figure 2). This is important to
consider in order to explain why the number of PD-1" cells
infiltrating the tumor is a predictor of FL patients’ survival.'* In
Carreras’s study, one could speculate that patients with lower
overall survival should exhibit a stage IV profile. Thus, our study
highlights the importance to characterize FL patients based on



their IEGS and T cell activation profiles allowing their stratification
for future immune checkpoint blockade therapies. It is clear that
patients exhibiting the “immune battlefield” type of tumors, i.e.
tumors with both activated cytolytic T cells and suppressive mye-
loid cells, are more relevant for these treatments than those pre-
senting an immune desert. The biomarkers predictive of clinical
response to immune checkpoint-based immunotherapy include
among the main criteria, tumor immune-infiltration, mutational
load, gut microbiome, and expression of the targeted biomarker.
Hence the rate of activated TILs, which means of T cells expressing
markers of TCR activation, indeed correlates with better clinical
outcome.'>"*> However, TCR activation is well known to induce
within 48-72h the cell surface expression of PD-1, among other
markers (reviewed by *°). This latter is thought to help resuming
the active phase of the T cell response. Hence, in the experimental
settings presented in our study, PD-1-blockade impairs likewise
this termination process, and extends the active phase of the
cytotoxic response.

Co-expression of CD16 and PD-1 by FL-infiltrating yd
T cells raises the question whether PD-1-mediated immune
escape impacts ADCC efficacy of y§ T cells in a PD-
I-mediated immune escape context. Indeed, 72% of FL
tumor cells express PD-L2 in situ.® So, whether anti-PD-1
mAb improves the efficacy of anti-CD20 antibodies in FL
remained to be investigated using relevant models. Very few
« realistic » in vitro models of NHL are available, they include
MALC,”™’ ex vivo engineered immune organoids integrating
the lymphoma niche’” and lymphoma-on-chip integrating
vasculature.”® Although MALC lack FL microenvironmental
cell populations,” its 3D architecture, gene and protein pro-
files make it more relevant than long-used cell suspension
cultures for exploration of drug activity.”>” Further investi-
gation will be necessary to decipher the precise mechanism by
which PD-1 is able to block y§ T cell-mediated ADCC, but
based on recent studies on NK cells, one can speculate that
PD-1 signaling blocks lytic granule polarization and conse-
quently cytotoxicity.*® Furthermore, since FL cell growth in
multicellular aggregates confers innate resistance to cytolytic
lymphocytes,”® the FL. MALC-PD-1"CD16" y§ T cells co-
culture is an adequate model to explore the immune cells
infiltration within FL mass and anti-CD20-induced ADCC.
The image production and analysis pipeline specifically devel-
oped for and applied to this model evidence for the first time
a distinct pattern of MALC penetration by the RTX and
GA101 mAbs, followed by the yd cell infiltration. Although
RTX distribution impacts efficacy,*’ whether the differential
penetration by RTX and GA101 has therapeutic relevance for
FL remains to be explored. Moreover, additional investiga-
tions deciphering the mechanisms by which anti-CD20 mAbs
enhance y0 T cells infiltration deserve further efforts. In vivo,
PD-1 blockade induces a slower growth of FL tumors com-
pared to untreated mice suggesting a direct effect on yd T cells
by enhancing their cytotoxicity. It is interesting to relate these
results with those obtained in relapsed/refractory FL patients
where the anti-PD1 mAb in monotherapy induced a 40%
ORR.** Combination of anti-PD-1 mAbs and anti-CD20
mAbs show an important benefit with 66 to 80% ORR
observed.*>** Based on our results, one could speculate that,
in these patients, blockade of PD-1 on y§ T cells improves the
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efficacy of ADCC-based therapeutic regimens. Future ancil-
lary studies should allow stratification of responsive FL
patients according to their respective immune escape profiles
involving yd infiltrating T cells.

Materials and methods
Cell lines and mAbs

The human FL cell line RL was obtained from the American
Type Culture Collection (ATCC, Rockville, MD, USA). The cells
were cultured in suspension (referred as 2D culture) in complete
RPMI1640 medium at 37°C in a humidified atmosphere con-
taining 5% CO,. We routinely tested for mycoplasma contam-
ination by using Mycoplasma Alert (Lonza, Basel, Switzerland).
The RL-GFP cell line was generated (Vector facility, CRCT,
Toulouse, France) by transduction with lentivector particles
obtained from the pTRIP-puro-CMV EGFP vector. The RL
cell line expressing luciferase (RL-LUC) was generated by trans-
fection with the retroviral vector pLHCX-luc (kindly provided
by Dr. Xavier Bofill-De Ros at the IDIBAPS, Barcelona, Spain).
Rituximab (RTX, MabThera) and obinutuzumab (GA101),
both anti-CD20 mAbs of class IgG1 were provided by Roche.
Anti-PD-1 mAb of class IgG4 was obtained from the
Department of Pharmacy at the IUCT (Toulouse). The
human Fc blocker used for the ADCC experiment was pur-
chased from BD Biosciences (Le Pont de Claix, France).

MALC preparation and volume determination

Multicellular aggregates of lymphoma cells (MALC), referred also
in the study by 3D culture were obtained with RL or RL-GFP cells
by the hanging drop method, as described previously.”>>” MAbs
were added to the MALC after 5 or 10 days of growth, as specified
in the text. The volume of MALC was calculated using the formula
V = 4/3 x tx [(L x1%)2°] (where L is the longest diameter and 1 is
the shortest diameter of the aggregate). Between five and ten
biological replicates were used for each measure.

yd T cell cultures

Primary yd T cell cultures were generated from peripheral blood
mononuclear cells of healthy donor (Etablissement Frangais du
Sang, Toulouse, France) as described previously."> After
10-12 days of culture, y8 T cell purity was > 95% as determined
by flow cytometry using an anti-TCRVYy9 mAb (FITC, clone B3,
BD Biosciences) and an anti-CD3 mAb (BV421, clone UCHT]1,
BioLegend, St-Quentin-en-Yvelines, France). Expression of other
cell surface markers was determined by flow cytometry using
antibodies against CD16 (APC-Cy7, clone 3G8, BioLegend),
CD69 (PE-cyanine 5, clone FN50, BioLegend) and PD-1 (AF647,
BD Biosciences).

In some experiments, short-term culture of y8 T cells was
used. Briefly, normal peripheral blood mononuclear cells were
cultured with CD3/CD28-activating beads (Thermofisher,
Courtaboeuf, France) (at a CD3" lymphocyte:bead ratio of
1:1), 250 nM bromohydrin pyrophosphate (BrHPP) and IL-2
(400U) for the indicated time and the resulting phenotype was
determined as described above.
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FL patients

Lymph nodes were obtained from 10 patients at the
Department of Hematology (IUC, Toulouse-Oncopole), who
were diagnosed between 2010 and 2014 with FL (Grade I to
II-a according to the WHO classification), and who had not
received prior therapy.*> The healthy specimens used as con-
trols were obtained from tonsillectomy samples (n = 10).
Tissue samples were collected and processed following the
standard ethical procedures of the Helsinki protocol, after
obtaining written, informed consent from each donor and
local ethical committee approval for the study (Comité de
Protection des Personnes Sud-Ouest et Outremer II).

Primary FL cell isolation and culture

Fresh tissues from lymph nodes or control lymphoid tissues were
dissociated using the gentleMACS™ Octo Dissociator (Miltenyi,
Paris, France). Cell suspensions were frozen in 4% human albu-
min (VIALEBEX 40 mg/ml, LFB Biomedicaments)/10% DMSO
until FL diagnosis. The cells were then rapidly defrosted, filtered
through 70 um nylon cell strainers, plated at a density of 107 cells/
ml in complete medium and their phenotypes were analyzed by
FACS after staining with Pacific Orange-labeled anti-CD3 (clone
UCHT1, BD Biosciences), PE-Cy7-labeled anti-CD4 (clone SK3,
BD Biosciences), Alexa 700-labeled anti-CD8 (clone B9.11,
Beckman Coulter), ECD-labeled anti-CD19 (clone J3-119,
Beckman Coulter), FITC-labeled anti-gamma 9 (clone BI,
BioLegend), PE-labeled anti-CD56 (clone AF12-7H3 Miltenyi-
Biotec), Alexa 647-labeled anti-CD16 (BioLegend), and BV421-
labeled anti-PD-1 (EH12.1, BD Biosciences).

Immunohistochemistry

Three-mm-thick sections of formalin-fixed and paraffin-
embedded (FFPE) normal tonsil and FL lymph node tissues
were stained with anti-TCRVYy antibodies (clone gamma 3.20,
Thermofisher) and analyzed automatically by using a Ventana
BenchMark XT immunostainer (Ventana, Tucson, AZ).
Whole slides were scanned by using Pannoramic digital slide
scanners (3DHISTECH, Budapest, Hungary) and read by
a pathologist at the IUCT (Toulouse, France).

PD-L1 and PD-L2 detection by flow cytometry and
confocal microscopy

PD-L1 and PD-L2 in RL-GFP cells cultured in 2D or in
MALC were stained with APC-labeled anti-PD-L1 (clone
MIH18) or APC-labeled anti-PD-L2 (clone MIH1) antibodies
(BD Biosciences) and analyzed by flow cytometry on a BD
LSR II flow cytometer (BD Biosciences) or by confocal fluor-
escence microscopy on a Zeiss LSM 780 confocal laser scan-
ning microscope.

Time-lapse microscopy and image analysis

MALC of RL-GFP cells, prepared as described above, were
placed in the wells of u-Slide VI slides (Ibidi, Planegg/
Martinsried, Germany) containing 60 pl of complete medium.

Twenty-four hours later, the cells were incubated with CF555-
labeled mAbs RTX or GA101 (10 ug/ml) and with cell far red-
labelled y§ T cells at an effector : target ratio (E : T) of 5: 1.
The living cells were imaged by using a 10 x/N.A. 0.30
objective on a LSM 780 confocal microscope equipped with
an incubation system (PeCon-Zeiss) to regulate the tempera-
ture (37°C) and CO, (5%). Stacks of 30 z-sections were
captured every 30 min over more than 30 hrs.

To quantify y§ T cells and antibody (RTX and GA101)
penetration into the MALC, each temporal stack of images
composed of three channels (yd T-cells, antibody, and MALC)
was processed in a fully automatized way as follows. The
MALC were tracked in the time series by using dynamical
segmentation based on non-local means (NLM) denoising46
and adaptive thresholding. Classical mathematical morphol-
ogy methods were used to obtain a mask that was applied to
the three channels of the stack for further processing. This
mask was then used to localize the signals from y8 T cells and
antibodies within the MALC before a final segmentation step
based on the thresholded convolution with a blur kernel. The
resulting data were finally processed and displayed by using
MATLAB Statistics and Machine Learning Toolbox Release
2015b (The MathWorks, Inc., Natick, MA, USA).

ADCC assay

The y§ T cells were pre-incubated overnight with or without
an anti-PD-1 mAb at 10 pg/ml. The y§ T cells were then co-
cultured with MALC (day 10 of culture) in 96-well plates at E:
T ratios of 0.5:1 and 1:1 for 4 hrs at 37°C and 5% CO, in the
presence of anti-CD20 mAbs (5 or 10 pg/ml) and anti-PD-1
mAb (10 pg/ml). PE-Cy5-labeled anti-CD107a or an isotype-
matched control antibody (BD Biosciences) was added during
the co-culture to assess y0 T cells degranulation. After 4 hrs of
incubation, the co-cultures were mechanically dissociated and
labeling solution containing TCRy9-FITC (clone B3, BD
Biosciences), = CD3-PE/Cyanine 7  (clone  UCTHI,
CliniSciences, Nanterre, France) and CDI19-PE (IoTest®,
Beckman Coulter, Marseille, France) was added for 15 min
at 4°C in the dark. The cells were then washed, stained with
DAPI (Sigma Aldrich, St Quentier Fallavier, France) and
analyzed by flow cytometry on a BD LSR II flow cytometer
(BD Biosciences). The extent of y8 T cells degranulation was
estimated from the proportion of CD107" cells in the
TCRVY9" population, and FL cell death was estimated from
the proportion of DAPI" cells among the CD19" population.

When ADCC was determined in the presence of the Fc
blocker antibody, y8 T cells were preincubated for 20 min
with 5 pug/ml of the Fc blocker antibody before they were co-
incubated, as described above, with MALC.

Gene expression analysis

The GEO Datasets*” were sourced for FL gene expression
profiles obtained with the Affymetrix HG U133 plus 2.0 micro-
array platform. We downloaded raw data from studies
GSE53820,"® GSE55267,” GSE65135," GSE16024 (unpub-
lished), GSE21554°° and GSE38816°° and normalized these
together by the method RMA. Then, these transcriptomes



were collapsed to around 21000 HUGO protein-encoding gene
symbols. The sample enrichment scores (SES) were computed
by Auto-Compare-SES (https://sites.google.com/site/fredsoft
wares/products/autocompare_ses) with normalized settings.”
The y6 T «cell and B «cell gene sets were from
CIBERSORT,”> the cytolytic T cell gene sets included
GZMA, PREN, GZMB, GZMK, GZMM, GZMH, TRAIL and
IFNG, and the PD-1 axis gene set included PDCD1 (PD-1),
CD274 (PD-L1) and PDCDILG2 (PD-L2). Whenever specified,
Pearson correlations were computed between gene ranks
and SES.

FL mouse model

Seven million RL cells were injected subcutaneously (sc) into
the right flanks of 10 weeks-old, female SCID-Beige mice,
according to the INSERM Animal Care and User Committee-
approved protocol (n° 2016-090212091849). When tumor
volumes (TV), as measured by caliper and calculated using
the formula [(length x width?)/2], reached 100 mm?®, the mice
were divided into five groups of four animals, receiving or not
10-15 millions yd Tcells (long term culture verified for
TCRVY9, CD16, PD-1 expression prior to injection) intraper-
itoneally (ip) twice a week. For treatments, GA101 (30 mg/kg,
once a week), anti-PD-1 mAb (10 mg/kg, twice a week), or
GA101 and anti-PD-1 mAbs combination were injected ip.

Anti-PD-1 mAb imaging in vivo

To follow anti-PD-1 mAb in vivo, 7 x 10® RL-LUC cells were
engrafted sc into SCID-Beige mice. When the tumors were
palpable, the mice were injected twice a week ip with 15
millions y§ T cells, prepared as described above, and treated
either with NIR-labeled anti-PD-1 mAb (PerkinElmer,
Villebon/Yvette, France) (25 pg, ip, twice a week), or with
GA101 mAb (30 mg/kg, ip, once a week), or with both.
Tumors and anti-PD-1 mAb were visualized by IVIS
Spectrum in vivo imaging of bioluminescence (at 740 nm,
after injection of 150 mg/kg XenoLight RediJect D-Luciferin
(PerkinElmer) and fluorescence (at 780 nm) respectively after
3 weeks post-treatment.

Statistics

Data shown are means + SD. For comparison of two series of
normally distributed variables, we used paired and one-tailed
Student’s ¢ tests with a = 0.05 for statistical significance. When
comparing three or more parameters, a one-way ANOVA with
Dunnett’s multiple comparison post-test correction was used.

Abbreviations

FL: follicular lymphoma

MALC: multi cellular aggregates of lymphoma cells
PD-1: programmed death-1

ADCC: antibody -dependent cell cytotoxicity

v8 T cells: TCRVY9V$2 lymphocytes

RTX: rituximab

ssGSEA: single sample gene set enrichment analysis
SES: sample enrichment score
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TCR: T cell receptor
TIL: tumor infiltrating lymphocytes.
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