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ABSTRACT

Co-stimulatory and inhibitory receptors expressed by immune cells in the tumor microenvironment
modulate the immune response and cancer progression. Their expression and regulation are still not fully
characterized and a better understanding of these mechanisms is needed to improve current
immunotherapies. Our previous work has identified a novel ligand/receptor pair, LLT1/CD161, that
modulates immune responses. Here, we extensively characterize its expression in non-small cell lung
cancer (NSCLC). We show that LLT1 expression is restricted to germinal center (GC) B cells within tertiary
lymphoid structures (TLS), representing a new hallmark of the presence of active TLS in the tumor
microenvironment. CD161-expressing immune cells are found at the vicinity of these structures, with a
global enrichment of NSCLC tumors in CD161" CD4" and CD8* T cells as compared to normal distant
lung and peripheral blood. CD161" CD4" T cells are more activated and produce Th1-cytokines at a
higher frequency than their matched CD161-negative counterparts. Interestingly, CD161" CD4" T cells
highly express OX40 co-stimulatory receptor, less frequently 4-1BB, and display an activated but not
completely exhausted PD-1-positive Tim-3-negative phenotype. Finally, a meta-analysis revealed a
positive association of CLEC2D (coding for LLT1) and KLRB1 (coding for CD161) gene expression with
favorable outcome in NSCLC, independently of the size of T and B cell infiltrates. These data are consistent
with a positive impact of LLT1/CD161 on NSCLC patient survival, and make CD161-expressing CD4™ T cells

ARTICLE HISTORY
Received 26 October 2017
Revised 21 December 2017
Accepted 22 December 2017

KEYWORDS

LLT1; CD161; non-small cell
lung cancer; tertiary
lymphoid structures;
germinal center; tumor-
infiltrating lymphocytes;
co-stimulatory receptor; th1
response; immune
checkpoints

ideal candidates for efficient anti-tumor recall responses.

Introduction

Cancer progression is associated with defective immunosur-
veillance by innate and adaptive immune cells." However,
numerous studies have demonstrated over the past decades
that high densities of immune cells within the tumor microen-
vironment, especially T cells and B cells, correlate with
increased patient survival.”* Besides their density, the organi-
zation of these tumor-infiltrating immune cells has also
been shown to strongly determine clinical outcome.” Based on
a better understanding of the molecular mechanisms underly-
ing T-cell activation and inhibition,® recent immunotherapies
reprogramming the anti-tumoral immune responses with
immune check-point (ICP) blockers have yielded durable pos-
itive results.” New strategies combining ICP blockers with

agonistic antibodies for co-stimulatory receptors are also
under investigation.® The study of the immune contexture
thus provides an informative way to predict prognosis and
responses to treatments.’

Our team and others previously identified LLT1 as the
ligand of CD161,''" a C-type lectin-like receptor expressed on
the majority of Natural Killer (NK) cells and on T cell subsets."
We found that LLT1/CD161 interaction inhibits NK cell func-
tions and co-stimulates T cell proliferation, IFN-y- and 1I-17-
secretion.'™"* Using specific anti-LLT1 monoclonal antibodies
(mAD),'* we characterized LLT1 expression profile which is
restricted to hematopoietic cells."> LLT1 is not expressed at the
cell surface of resting peripheral blood mononuclear cells
(PBMCs) but can be transiently expressed on activated B cells,

CONTACT Dr. Claire Germain @ claire.germain@upmc.fr @ “Immune Intervention and Biotherapies”, UPMC UMRS CR7 — Inserm U1135 — CNRS ERL 8255, Centre
d'Immunologie et des Maladies Infectieuses (CIMI), Groupe hospitalier Pitié-Salpétriere, 91 Boulevard de I'Hopital, 75651 Paris Cedex 13, France.

@ Supplemental data for this article can be accessed on the publisher’s website.

£ Current affiliation: Laboratory “Immune Intervention and Biotherapies”, UPMC UMRS CR7 — Inserm U1135 — CNRS ERL 8255, Centre d’lImmunologie et des Maladies

Infectieuses (CIMI), Paris, France.
© 2018 Taylor & Francis Group, LLC


https://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2017.1423184&domain=pdf&date_stamp=2018-01-20
mailto:claire.germain@upmc.fr
http://doi.org/10.1080/2162402X.2017.1423184
https://doi.org/10.1080/2162402X.2017.1423184

e14231842 (&) V.M.BRAUDETAL.

dendritic cells (DCs), T cells and NK cells with a synergic effect
of IFN-y."* This indicates that LLT1 up-regulation is preferen-
tially triggered by a T helper 1 (Th1)-polarizing environment,
and suggests that LLT1/CD161 interaction may modulate Th1-
adaptive immune responses. Importantly, we reported high
expression of LLT1 on germinal center (GC) B cells in tonsils
and lymph nodes (LN) and a sustained expression in GC-
derived B cell lymphomas.'”

In the tumor microenvironment of Non-Small Cell Lung
Cancer (NSCLC), we previously identified the presence of ter-
tiary lymphoid structures (TLS) that display the same organiza-
tion as Secondary Lymphoid Organs (SLOs).'*"” TLS are
composed of a T cell zone with mature DCs, and of a B cell
zone characterized by a mantle of naive B cells surrounding a
germinal center (GC) with proliferating B cells, follicular den-
dritic cells (FDCs) and follicular T helper cells (Tfh).'® We
hypothesized that like in SLOs, LLT1 may be expressed within
tumor-associated TLS, on GC-B cells. Because a high density of
TLS is associated with improved patient survival™'®'” and has
been shown to signal a Th1 immune contexture,'® we hypothe-
sized that the ligand/receptor pair LLT1/CD161 could repre-
sent an additional important immune regulation mechanism.
A recent cancer wide analysis of prognostic gene signatures,
identifying KLRBI coding for CD161 receptor as the gene most
frequently associated with favorable outcomes, further supports
that hypothesis.*

We thus undertook a thorough analysis of LLT1 and CD161
expression in NSCLC. We report that like in SLOs, LLT1 is
prominently expressed on the cell surface of GC-B cells within
TLS. No expression was detected on tumor cells, neither on
adjacent non-tumoral lung tissue. We also found that lung
tumors are highly infiltrated by CD161-expressing CD4" and
CD8™ T cells displaying an effector-memory (EM) phenotype.
The CD161% CD4" tumor infiltrating lymphocytes (TILs)
express less FoxP3, are more prone to produce Thl cytokines,
and are more activated and less exhausted than their matched
CD161-negative counterparts. CD161 expression on CD4"
TILs parallels OX40 co-stimulatory receptor expression, which
suggests that CD161 could similarly play a role in favoring
rapid antigen recall responses. Lastly, we found CLEC2D
(LLT1) and KLRBI (CD161) gene expression associated with a
favorable outcome in NSCLC. All together, these findings docu-
ment that LLT1/CD161 interaction may actively participate to
the anti-tumoral immune response.

Results

Expression of LLT1 and its receptor CD161 in NSCLC
primary tumors

We first investigated the expression of LLT1 and CD161 in
tumor samples from untreated NSCLC patients by immunohis-
tochemistry (IHC) (Fig. 1 and Sup Fig. 1). We observed the
presence of LLT1" cells organized in follicles at the invasive
margin (Fig. 1A, 1B) and LLT1" cells within NSCLC tumor
stroma (Fig. 1A, 1C). No LLT1 staining could be observed in
tumor cells (Fig. 1C), nor in the adjacent non-tumoral lung tis-
sue (Fig. 1D), underlying that LLT1 is specifically expressed in
immune cells within the tumor microenvironment. We also

looked at LLT1 expression in lung tissue sections from hyper
pulmonary arterial pressure disease, another highly inflamma-
tory lung pathology, and we did not detect any LLT1-express-
ing cells (Sup Fig. 1C, 1D).

Similarly, we observed the presence of CD1617 cells within
NSCLC tumor stroma (Fig. 1E, 1G), and at the vicinity of lym-
phoid aggregates (Fig. 1E, 1F). But by contrast to LLT1, CD161
expression was also detected within adjacent non-tumoral lung
tissue (Fig. 1H).

These results highlight the presence of CD161-expressing
cells within the lung and identify LLT1 expression as being
restricted to the tumor microenvironment.

LLT1 is predominantly expressed on GC-B cells within
NSCLC-associated TLS

We next characterized LLT1 expression within the tumor
microenvironment. As depicted in Fig. 1A and 1B, a strong
labeling was detected in cells organized in follicles. On
serial sections of tumors from untreated NSCLC patients,
we showed that LLT1" cells (Fig. 2A) are part of a CD20™
B-cell follicle, characterized by a GC of proliferating Ki67"
B cells (Fig. 2B) and a network of CD21* FDCs (Fig. 2C),
hallmarks of TLS. A moderate positive correlation could be
observed between the number of LLT1" follicles and the
number of CD217" follicles in a cohort of 32 tumors from
untreated NSCLC patients (Fig. 2D), indicating that LLT1
can be used as a marker of active TLS-derived GC-B cells,
in addition to CD21 marker. We also stained tumor sec-
tions from 20 NSCLC patients treated with neo-adjuvant
chemotherapy and found similar expression in active TLS
(Sup Fig. 1E-1I). This pattern of expression resembles
what can be observed in SLOs, with LLT1 (Sup Fig. 2A,
2B) co-localizing with CD21" (Sup Fig. 2C) and CD20™
Ki67" (Sup Fig. 2D) cells within GC.

By immunofluorescence (IF) on FFPE NSCLC sections
(Fig. 2 and Sup Fig. 3), LLT1 mainly co-localized with
CD20% cells within GC of TLS (Fig. 2E), similarly to what
was observed in tonsil (Sup Fig. 2E and in a previous
report'®). LLT1 was also found expressed on scattered cells
around GC (Fig. 2E, 2F and Sup Fig. 2F) and in non-TLS
areas, within tumor stroma (Fig. 2G-K), mostly in CD3* T
cells (Fig. 2F, 2H, 2I and Sup Fig. 2F), and to a lesser
extend in CD20" and/or CD19" B cells (Fig. 2G, 2J). No
colocalization of LLT1 could be observed with NKp46* NK
cells (Fig. 2K), neither with DC-LAMP* mature DCs (Sup
Fig. 3E) nor with CD68" macrophages (Sup Fig. 3F).

By multiparametric flow cytometry (Sup Fig. 4), we selec-
tively detected cell surface expression of LLT1 on NSCLC
tumor-infiltrating CD19" cells, more precisely on a subset of
CD38" GC/pre-GC B cells (Fig. 3A).>' This was in agreement
with the staining of LN cells (Sup Fig. 2G), tonsils'> and with
IHC stainings. Importantly, in 6 out of 10 NSCLC patients, the
frequency of LLT1-expressing GC/pre-GC B cells was signifi-
cantly increased compared to matched distant lung (Fig. 3B).
These data demonstrate a specific enrichment of LLT1%"
CD38% GC/pre-GC B cells within the tumor microenviron-
ment. By contrast, no expression of LLT1 was detected on the
cell surface of other B cell subsets, T cells, myeloid cells or



ONCOIMMUNOLOGY e1423184-3

Figure 1. Expression of LLT1 and CD161 in NSCLC tumors. (A-H) Hematoxylin (HE) counterstained IHC stainings of (A-D) FFPE and (E-H) frozen sections of two representa-
tive tumors from untreated NSCLC patients using (A-D) anti-human LLT1 clone 2F1 and (E-H) anti-human CD161 clone DX12. (B-D) represent higher magnifications (x100)
of areas (black rectangles) in (A) (magnification x10). (F-H) represent higher magpnifications (x100) of areas (black rectangles) in (E) (magnification x10). (A-D) Solid adeno-

carcinoma (ADC) subtype. (E-H) Lepidic ADC subtype. Str, Stroma; Tu, Tumor Nests.

plasmacytoid dendritic cells (pDCs) (Fig. 3A, 3C) or in blood
(data not shown).

Lung tumors are infiltrated with CD161 expressing CD4*
and CD8™ T cells accumulating within tumor stroma at the
vicinity of TLS

As for LLT1, we thoroughly characterized CD161 expression in
the tumor microenvironment of NSCLC patients. IHC staining
indicated that CD161 was expressed in the stroma and at the
vicinity of lymphoid aggregates (Fig. 1F-1G). By IF on serial
sections, we confirmed CD161 expression in the T cell zone of
the TLS (Fig. 4A-4G, 41-4]), at the periphery of LLT1-express-
ing GC-B cells (Fig. 4F-4G), and within tumor stroma
(Fig. 4H). CD161 expression was detected mostly on CD3" T
cells (Fig. 4D-4E, 4H-4J), and not on CD20™ B cells (Fig. 4C,
4G, 41I-4]), consistently with stainings of LN sections (Sup
Fig. 5A-5B). No expression of CD161 was observed on CD21*

FDCs within TLS (Sup Fig. 5C-5F) or tonsils (Sup Fig. 5G),
whatever the mAb clone used.

Flow cytometry stainings showed that CD161 was expressed
at the cell surface of a proportion of T cells and of the vast
majority of NK cells in NSCLC patients (Sup Fig. 4 and Sup
Fig. 6A). However, their distribution strongly varied with the
anatomical site (Fig. 5A). In the blood of patients and healthy
donors (HD), as well as in distant lung in NSCLC patients, NK
cells encompassed about 50% of the CD1617 cells, followed by
CD3" CD4" T cells (about 30%) and CD3" CD8" T cells
(15-20%). In contrast, CD3" CD4™" T cells were highly repre-
sented in NSCLC tumors and LN (48.743.1% and 79.547.9%,
respectively), followed by CD3*CD8* T cells (26.5+3.9% and
440.9%, respectively) and NK cells (18+2.6% and 11.3+6.4%,
respectively). In each compartment, a small percentage of
cells were CD3" CD4~ CD87, accounting for TCR-y§ T cells
(2.8£1.4% in tumor, n = 7, data not shown) and CD3™ CD56~
cells (3.3£0.5% in tumor), most likely being related to innate
lymphoid cells (ILCs). Overall, these data identified a higher
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Figure 2. LLT1co-localizes with GC-B cells within NSCLC-associated TLS and with CD3* (NKp46 ™) T cells within tumor stroma. (A) HE counterstained IHC staining of a FFPE
section of tumor from untreated NSCLC patient using anti-human LLT1 clone 2F1, with a focus on a TLS at high magnification (x100). (B,C) represent the same TLS on
serial sections stained with anti-human CD20 and anti-human Ki67 (B) or anti-human CD20 and anti-human CD21 (C). (D) Correlation between the number of LLT17 fol-
licles and the number of CD21 follicles in 32 tumors from untreated NSCLC patients. Linear regression curve, spearman r value and p value (95% confidence interval)
are shown. (E-K) Double IF stainings of FFPE sections from NSCLC tumors (magnification x200) using anti-human LLT1 clone 2F1 associated with anti-human CD20 (E, G),
anti-human CD3 (F, H), anti-human CD19 (J), or anti-human NKp46 (K). (E, F) represent the same TLS on serial sections. (G-J) represent the same area of tumor stroma on

serial sections. K represents another area of NSCLC tumor stroma.

frequency of CD4" and CD8" T cells and a decreased fre-
quency of NK cells among the CD161%" cell population in
tumors compared to distant lung and blood.

Interestingly, the frequency of CD161" cells within CD4* T
cells was increased by two-fold in tumors compared to LN and
blood from patients and HD. An increased frequency of
CD161-expressing CD4™ T cells was also observed in tumor as
compared to distant lung, although not significant (Fig. 5B,
5C). These TILs were mostly conventional T cells as we found
a significantly lower frequency of FoxP3" Tregs among

CD161" CD4% TILs, together with lower frequencies of
CD1617 cells among Tregs (Sup Fig. 7A, B). This is consistent
with higher frequencies of CD127" and lower frequencies of
CD25" cells among CD161" CD4*" TILs (Sup Fig. 7C). PD-
178" CXCR5"8" Tth are CD4" T cells located within GC, in
close interaction with GC-B cells. In both NSCLC tumors and
LN, we detected very low frequencies of CD161" Tfh compared
to non-Tth (Sup Fig. 7F), in agreement with previous
reports.'>** This result correlated with IF staining showing no
co-localization of PDI1 expressed by Tth and CDI161 within
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Figure 3. LLT1 is expressed on GC-B cells in NSCLC tumors. (A) Representative dot plots of LLT1 expression by flow cytometry on all B cells and B cell subsets in two differ-
ent NSCLC tumors (upper and lower panels), using anti-human LLT1 mAb clone 4F68 and isotype control. Percentages of cells expressing LLT1 among each B cell subset in
NSCLC tumors are indicated, n = 10. (B) Representative dot plots of LLT1 expression on GC/pre-GC B cells in a NSCLC tumor and matched non-tumoral distant lung, with
percentages of cells expressing LLT1 among GC/pre-GC B cells in each compartment, n = 10. (C) Representative dot plots of LLT1 expression on different cell subsets in a
NSCLC tumor, with percentages of cells expressing LLT1 among each cell subset in NSCLC tumors, n = 10. Mean percentages are indicated by red horizontal lines. P val-
ues were calculated using (A, C), One-way Anova, Kruskal-Wallis test, Dunn’s Multiple Comparison Test and (B), unpaired t test. “p<0.05, **p<0.005.

TLS (Sup Fig. 7D-7E). These data suggest that the increased
frequency of CD161" TILs is more frequently associated with
conventional CD4™ T cells.

The frequency of CD161" cells within CD8" T cells was
also increased but moderately in tumors compared to

distant lung and blood (Fig. 5B, 5C). The level of CD161
expression on CD8" T cells is not homogenous and
CD161°"8™ cells have been described as Mucosal-Associated
Invariant T (MAIT) cells.”> We therefore separately ana-
lyzed these CD8" T cell populations and found a significant
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Figure 4. Accumulation of CD161-expressing CD3™ T cells within NSCLC tumor stroma and at the vicinity of TLS. (A-B) IF staining of a frozen section from NSCLC tumor
using anti-human CD161 clone DX12 (B) or isotype control (A) associated with DAPI. (C-E, H) Double IF stainings of serial frozen sections from the same NSCLC tumor
using anti-human CD161 clone DX12 associated with (C) anti-human CD20, (D-E, H) anti-human CD3, and (H) DAPL. (E) represents a higher magnification (x400) of area
(white rectangle) in (D). (F) Double IF staining of a serial frozen section from the same NSCLC tumor using anti-human LLT1 clone 2F1 associated with anti-human CD20.
(G) ImagelJ-processed overlay of LLT1 IF staining from (F) and CD161/CD20 double IF staining from (C), at high magnification. (I-J) Triple IF stainings of frozen sections
from two NSCLC tumors using anti-human CD161 clone DX12 associated with anti-human CD20 and anti-human CD3. (A-G, I-J) focus on TLS. (H) focus on tumor stroma

and tumor nests. (A-D, F, H-J) magnification x200. (E, G) magnification x400.

increase of the frequency of CD1617" cells between tumors
and blood or LN when looking at CD161"/4™ CD8" T cells
(Sup Fig. 6B-C). Besides, we found no influence of gender,
histological subtype, chronic obstructive pulmonary disease
(COPD) status, age and smoking exposure on the propor-
tion of CD1617" cells within CD4" T cells (Sup Fig. 8) or
within CD8" T cells (data not shown) in NSCLC tumors,
distant lung and blood. A non-significant difference was
however seen between late tumor stage III and earlier stages
I and II. Moreover, a large majority of NK cells expressed
CD161 in NSCLC patients (Fig. 5B, 5C), but the frequency

of CD1617 cells within NK cells was significantly higher in
blood of HD compared to patient’s blood (Fig. 5B).

CD161 defines functional heterogeneity within T cells
in the tumor microenvironment

To further characterize CD161-expressing T cells, we identified the
genes most positively and negatively associated with KLRBI
encoding for CD161 within highly purified CD4* and CD8* TILs.

In CD4" TILs (Fig. 6A), the genes most positively and sig-
nificantly (R>0.6; FDR<0.05) correlated with KLRBI were
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Figure 5. High frequencies of CD161-expressing CD4" T cells in NSCLC tumors. (A) Histogram representing the mean percentages of each cell subset among viable
CD45" CD161% lymphocytes, in each compartment. (B) Histogram representing the percentages of cells expressing CD161 among each cell subset, in each compartment,
n = 33. Means are indicated by red horizontal lines. P values were calculated using One-way anova/Kruskal-Wallis/Dunn’s test. (C) Graphs representing the percentages
of cells expressing CD161 among each cell subset, in each compartment, in matched patients, n = 24. P values were calculated with One-way anova/Friedman/Dunn’s

test. “p<0.05, **p<0.005, ***p<0.001.

CCR2, RPS6, GZMA, CCL4 and CD96. Other genes such as
GZMH or PPARG were also highly positively and significantly
correlated with KLRBI but they were expressed at lower levels
within CD4" TILs (Sup Fig. 9A). While CCR2 expression has
been characterized has a marker of a stable population of EM
CD4™" T cells,”* CCL4 production has been shown to be associ-
ated with a Th1 phenotype.”® RPS6 is part of activation path-
ways downstream TCR signaling,”® and CD96, also known as
Tactile (T cell activation, increased late expression) plays a role
in the adhesion of activated T and NK cells to their target cells
and may also function in antigen presentation.””*®* KLRBI gene
was also positively and significantly (R>0.5; FDR<0.10) corre-
lated with CTSH, ICAM3, CCND3, CYFIP2, AMICAI, DUSPs,
CD81 and TNFSF8. ICAM3, AMICAL1 (also known as JAML)

and CYFIP2 are all three adhesion molecules playing a role
in T cell-APC (antigen-presenting cells) interactions and/or
leukocyte migration.”>' CD81 on T cells associates with
CD4 or CD8 and provides a co-stimulatory signal with
CD3.** TNFSF8, encodes for CD30L (CDI153), which is
expressed on activated T cells and acts as a co-stimulatory
receptor.”” Among other genes positively correlated with
KLRB1 (R>0.5; 0.10<FDR<0.15) we also found NUPI107,
ITGA6, SIGIRR, CD6, CD53 and CD40LG. Like CD96, CD6
is a cell adhesion molecule with co-stimulatory properties.”*
SIGIRR (Single immunoglobulin and toll-interleukin 1
receptor (TIR) domain) is a negative regulator of IL-1
receptor, and was suggested to play a major role in suppres-
sion of Th17 differentiation.’>*® When considering all the



e1423184-8 V. M. BRAUD ET AL.

Figure 6. Heterogeneity of CD161-expressing CD4™" and CD8™ T cells within NSCLC tumors. (A-B) Correlation factors between KLRB1 gene expression and expression of
genes from the “PanCancer Immune Profiling Panel” (NanoString Technologies) in highly purified intra-tumoral CD4™ T cells (A) or CD8" T cells (B). Genes significantly
correlated with KLRBT (FDR < 0.05, 0.05 < FDR < 0.10, and up to 0.10 < FDR < 0.15) are shown. Vertical dashed lines represent limits for correlation factors <-0.5 and
>-0.5. (C-D) Potential associations between genes positively (C) and negatively (D) correlated with KLRBT in CD4™ T cells (FDR < 0.15) with corresponding pathways

determined using ClueGo software.

genes positively correlated with KLRBI (FDR<0.15), Cluego
analysis® identified several pathways associated with mono-
nuclear cell migration or extravasation, and also with the
immunological synapse (Fig. 6C). When genes negatively
correlated with KLRBI (FDR<0.15) were considered,
Cluego analysis highlighted pathways linked to apoptosis
(Fig. 6D).

Regarding CD8 TILs (Fig. 6B), only few genes were posi-
tively correlated with KLRBI gene, including CCL20, NT5E,
IL17A and NCRI. Positive correlation between KLRBI gene
and IL-17A gene but also CCL20 would suggest the presence
within the tumor microenvironment of previously described
CD161-expressing IL-17-producing CD8 T cells.’® However,
the low number of genes positively or negatively correlated
with KLRBI in CD8 TILs did not allow ClueGo analysis to
highlight any functional pathways.

Overall, these gene expression profiles revealed a link
between CD161 and T-cell activation, co-stimulation and dif-
ferentiation, and strongly suggest that CD161 may actively par-
ticipate to tumor immunosurveillance.

Tumor infiltrating CD161" T cells display an effector-
memory phenotype and predominantly secrete IFN-y

Using CD45RA and CCRY7 cell surface markers (Sup Fig. 10A),
we found that most CD161-expressing CD4™ and CD8™ T cells
displayed an EM phenotype within tumor and non-tumoral
distant lung, a feature shared with their CD161-negative coun-
terparts (Fig. 7A). Besides, CD4™ T cells also displayed a cen-
tral-memory (CM) phenotype in both tumor and distant lung,
while their frequency was much higher in the blood of patients
and HD. Regarding CD8" CD161" *™ ~ T cells, in addition to
EM, a small proportion of cells displayed an effector phenotype
(EMRA) in tumor, and this subset was even more represented
in normal distant lung and in the blood of patients and HD. Of
note, whatever the considered anatomical site, extremely low
frequencies of naive cells could be observed among the CD161-
expressing CD4" and CD8" T cells as compared to their
CD161-negative counterparts. In agreement with this finding,
we detected lower frequencies of CD1617 cells among CD62L-
expressing CD4™ T cells, which include naive and CM cells, as



ONCOIMMUNOLOGY e1423184-9

Figure 7. Higher frequencies of CD161-expressing central-memory CD4™ T cells in NSCLC tumors as compared to distant lung and peripheral blood. (A) Rings illustrating
the mean percentages of naive, effector memory (EM), central memory (CM) and effectors (EMRA) subsets within CD161~ CD4™ or CD161" CD4™ T cells (left panels), or
within CD161~ CD8™ or CD161" CD8™ T cells (right panels), in each compartment, n = 12. (B) Histograms representing the percentages of CD161 expression within each
CD4™" (left panel) and CD8™ (right panel) T cell subsets in each compartment, n = 12. Means are indicated by red horizontal lines. “p <0.05 (One-way anova/Kruskal-
Wallis/Dunn’s test). (C) Mean percentages of CD161 expression within each CD4" (left panel) and CD8" (right panel) T cell subsets in matched compartments, n = 11.

*p<0.05, **p<0.005 (One-way anova/Friedman/Dunn’s test).

compared to CD62L-negative CD4™ T cells, which include EM
and effector cells (Sup Fig. 10B).

Interestingly, we found a significant increase in the fre-
quency of CD161-expressing CM CD4*" and CD8" TILs com-
pared to distant lung and blood (Fig. 7B, 7C), which suggests
that they have been shaped by the tumor microenvironment.

To gain insights into the functions of CD161-expressing
CD4" and CD8" T cells within NSCLC tumors, we assessed
their cytotoxic potential and their cytokine secretion (Fig. 8).
We detected lower frequencies of Granzyme B* CD161"
CD4" and CD8" T cells, indicating decreased potential cyto-
toxicity. By contrast, the frequencies of IFN-y-secreting cells
and of TNF-a-secreting cells were significantly higher among
CD161" CD4" TILs compared to their matched CD161~
CD4" TILs. No differences were observed for CD8" T cells,
and only very low frequencies of IL-17-producing CD4" or
CD8" T cells were detected, with no significant differences
between the CD161" and the CD161~ fractions (data not

shown). These data support a more prominent Thl-oriented
differentiation of the CD161-expressing CD4" TILs.

CD4" TILs expressing CD161 are more activated
and not terminally exhausted

Next, we investigated whether activation markers, co-stimula-
tory receptors and ICP molecules could be differentially associ-
ated with CD161 expression (Fig. 8C-8D, Sup Fig. 11 and Sup
Fig. 12). When evaluating activation markers, we did not
observe significant differences regarding CD38 expression but
found that both CD161" CD4" and CD161" CD8" T cells
expressed more frequently CD69 as compared to their CD161™
counterparts.

Gene expression analysis has revealed a positive association
between KLRBI gene and genes coding for CD96, CD30L and
CD40L among CD4% TILs (Fig. 6A). By flow cytometry
(Fig. 8C-8D, Sup Fig. 11 and Sup Fig. 12), we also detected
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Figure 8. CD161-expressing CD4" and CD8™ T cell phenotypes in NSCLC tumors. (A-B) Histograms represent the percentages of cells producing Granzyme B (GzB), IFN-y
or TFN-oe among PMA/lonomycin-stimulated CD161~ or CD161" CD4™ T cells (A), and CD161~ or CD161" CD8™ T cells (B) in NSCLC tumors, n = 18. (C-D) Upper heat
maps illustrate the percentages of cells producing Granzyme B (GzB), IFN-y or TFN-o among PMA/lonomycin-stimulated CD4* CD1617 T cells and CD4* CD161" T cells
(A) or CD8" CD161™ T cells and CD8" CD161™ T cells (B) in NSCLC tumors, n = 18. Lower heat maps illustrate the percentages of cells expressing CD38 (n = 14), CD69
(n=11),CD9% (n = 9), CD30L (n = 9), CD4OL (n = 11), OX40 (n = 11), 4-1BB (n = 11), CD27 (n = 13), PD-1 (n = 15), Tim-3 (n = 13) or CD103 (n = 12) among D4+
(D161 T cells and CD4* CD161% T cells (A), or CD8" CD161~ T cells and CD8" CD161" T cells (B) in NSCLC tumors. P values were calculated using Wilcoxon (paired,
non-gaussian) test between CD161~ and CD161% cells. *p<0.05, **p<0.005, “**p<0.001.

significantly higher frequencies of CD96 and CD30L-express-
ing cells in CD161" CD4™ T cells compared to their CD161~
counterparts, while no differences were found for CD40L. Of
note, very low percentages of cells expressed CD30L and
CD40L. CD30L and its receptor CD30 belong to the TNFR/
TNEF-Ligand family of TCR co-stimulating receptors. This fam-
ily also includes OX40/0X40L, GITR/GITRL, 4-1BB/4-1BBL
and CD27/CD70 receptor/ligand pairs, found on activated T

cells and APCs.”” We detected significantly higher frequencies
of OX40" CD4™ T cells and significantly lower frequencies of
CD4" T cells expressing 4-1BB and CD27 in the CD161" ver-
sus the CD161™ fraction. These co-stimulatory receptors were
not differentially expressed on CD8" T cells. Very interestingly,
significantly higher frequencies of both CD161" CD4™ T cells
and CD161" CD8" T cells expressed PD-1 as compared to
their CD161™ counterparts (Fig. 8C-8D, Sup Fig. 11 and Sup



ONCOIMMUNOLOGY e1423184-11

Figure 9. Correlation of CLEC2D and KLRB1 with clinical outcome. (A-B) Forest plot depicting the meta-analysis of (A) CLEC2D and (B) KLRB1 gene expression associated
with better clinical outcome in different cohorts of NSCLC patients as indicated. Global p values are indicated. The width of the diamond shows the confidence intervals
for each Hazard ratio. HR, Hazard Ratio. (C-D) Kaplan-Meier curves of overall survival among the GSE50081 cohort, according to CLEC2D gene expression combined with
estimated B cell density (C), or KLRBT gene expression combined with estimated cytotoxic cell density (D), after transformation of each variable into binary (high or low)

variables (median cut-off value).

Fig. 12). In agreement with Sup Fig. 7F, PD-1-expressing
CD161" CD4" T cells showed lower frequencies of PD-1"&"
CXCR5"€" Tfh cells (data not shown), highlighting that the
increased frequencies of PD-1-expressing cells is mostly
observed among non-Tth CD161" CD4™ T cells. When analy-
zing Tim-3" cells, we found a lower frequency among CD161%
CD4™" T cells together with a higher frequency among CD161%
CD8* T cells, compared to their respective CD161~ counter-
parts. Finally, when looking at the residency marker CD103,
significantly higher frequencies of cells were observed in the
CD161" CD8" T cell fraction, but no differences could be
observed among CD4" T cells. Thus, while CD161*" CD8" T
cells express markers associated with T-cell exhaustion® simi-
larly to their CD161~ counterparts, CD161" CD4" T cells dis-
play a phenotype which is more activated and less
dysfunctional than their CD161™ counterparts, suggesting a
functional diversity within CD4* TILs.

CLEC2D and KLRB1 are associated with favorable clinical
outcome in NSCLC

Lastly, we assessed the clinical impact of KLRBI and CLEC2D,
respectively coding for CD161 receptor and its ligand LLTI.
We processed 730 publically-available transcriptomic profiles
of NSCLC tumors, originating from 8 unique studies and

annotated for overall survival. By performing a meta-analysis
over these individual series, we found a positive association
between CLEC2D expression and favorable clinical outcome in
most of the NSCLC cohorts we analyzed (p = 0.044, HR =
0.86) (Fig. 9A). In agreement with Gentles et al.>® we also
observed an association between KLRBI expression and favor-
able clinical outcome in the majority of these cohorts (p =
0.016, HR = 0.88) (Fig. 9B).

To exclude that the favorable prognostic value of KLRBI
could only reflect tumor infiltration by immune cell popula-
tions classically associated with anti-tumor response and favor-
able clinical outcome, namely CD8" T cells and NK cells, we
used the “Microenvironment Cell Populations-counter” (MCP-
counter) method developed in our group,”’ to determine the
level of tumor infiltration by cytotoxic cells (CD8" T cells and
NK cells) and B cells, from GSE50081 transcriptomic dataset.
After transformation of each variable into binary variables
(high or low) according to a median cut-off value, we per-
formed Kaplan-Meier analyses combining CLEC2D and esti-
mated B cell density (Fig. 9C), and KLRBI and estimated
cytotoxic cell density (Fig. 9D). Results indicate that high
expression of both KLRBI and CLEC2D are significantly
associated with better clinical outcome, even after accounting
for tumor infiltration in cytotoxic cells or B cells (Fig. 9C, 9D
and Sup Table 2), and that the prognostic value of KLRBI and
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CLEC2D is thus not solely due to tumor infiltration by these
immune cells.

These findings are consistent with the observed association
between CD161 expression and IFN-y production by T cells
and suggest a role for LLT1/CD161 in NSCLC tumor
immunosurveillance.

Discussion

By performing an exhaustive analysis of retrospective and pro-
spective cohorts of NSCLC patients, we show here that CD161
and its ligand LLT1 are expressed in the lung tumor microenvi-
ronment. Importantly, both CLEC2D (coding for LLT1) and
KLRBI (coding for CD161) gene expressions are associated
with a favorable clinical outcome in NSCLC, independently of
the level of infiltration by B cells or cytotoxic cells.

We observed that LLT1 expression is restricted to immune
cells within NSCLC tumors and is absent from non-tumoral
distant lung and peripheral blood. LLT1 is also not expressed
in HPAP samples, ruling out a sole link with inflammation of
the lung. Importantly, LLT1 is expressed at the cell surface of
GC-B cells within TLS. This is consistent with our previous
work identifying LLT1 as a marker of GC-B cells within SLOs
and of GC-derived B cell lymphomas."> The presence of TLS in
tumors has been associated with better clinical outcome and
anti-tumor immune responses in a large variety of cancers.’
Our observation makes LLT1 a new hallmark of active TLS in
the tumor microenvironment.

Expression of its receptor CD161 can similarly be observed
in the tumor microenvironment, and also in normal lung
and blood. In tumor, CD161 is found within tumor stroma and
tumor nests, as well as in the T-cell area of TLS. It is not found
in the GC area of TLS and is not expressed on CD21" FDCs, as
opposed to what was previously reported.”> The lack of clear
co-localization in established tumors may relate to dynamic
processes in which LLT1/CD161 could play a role, such as the
initial cross-talk between T cells and activated B cells and/or
neogenesis of TLS. Interestingly, the distribution among
CD161-expressing cells differs in tumors compared to distant
non-tumoral lung and peripheral blood. While NK cells are the
predominant CD161" population in distant lung and blood,
CD4" and CD8" T cells become the most abundant CD1617
cells in tumors. In agreement with Platonova et al.,*' we report
that most NK cells express CD161 and with similar frequencies
in tumors, distant non-tumoral lung and peripheral blood. No
clear colocalization of NK cells with LLT1-expressing GC-B
cells is seen, suggesting that LLT1/CD161 interaction may not
occur at this stage of the disease. This would also be consistent
with Platonova et al.*' who found NK cells within NSCLC
tumors, but mainly concentrated at the invasive margin of the
tumor, rarely in contact with tumor cells, and never in TLS.

By contrast to NK cells expressing CD161 at all anatomical
sites, we report higher frequencies of CD161-expressing CD4™"
and to a lesser extent of CD161" CD8" T cells within NSCLC
tumors, as compared to matched peripheral blood and distant
non-tumoral lung. Statistical significance was reached with
blood but not with distant lung which suggests that this tissue
is strongly imprinted by the ongoing immune response within
the tumor, as also observed in the context of COPD.*

Iliopoulou et al. similarly observed increased frequencies of
CD161" CD4" CD56~ T cells in blood and in malignant effu-
sions of patients with breast, ovarian, lung, colon, pancreas and
stomach cancers, compared to blood from HD, as well as in
few breast tumors where the frequency was even higher.*’ They
notably found a positive correlation between the stage of the
disease and the frequencies of CD161" CD4" CD56~ T cells in
the blood of cancer patients. Likewise, our study revealed a pos-
itive relationship between CD161" CD4™ T cell frequencies in
tumor, distant lung and blood of NSCLC patients and cancer
progression (stages I-II versus III), even if statistical signifi-
cance was not reached. This is in favor of a direct link between
the frequencies of circulating/intratumoral CD161" CD4* T
cells and disease progression.

These results lead us to speculate that the presence of TLS
and the enrichment of the tumor microenvironment in
CD161-expressing CD4* and CD8" T cells reflect an ongoing
adaptive immune response. We previously proposed that
engagement of CD161 on NK cells and T cells by its ligand
LLT1 on APCs may favor the switch from innate to adaptive
immunity, based on their capacity to inhibit NK cell cytotoxic-
ity and at the same time to co-stimulate proliferation and IFN-
y/TL-17 production by T cells.'"™"* This dual role on NK cells
and T cells may be linked to the involvement of acid sphingo-
myelinase (aSMase), a membrane lipid hydrolase that generates
ceramide by hydrolyzing sphingomyelin, in the signaling path-
way downstream CD161.***

Because of their enrichment in tumors, the phenotype of
NSCLC-infiltrating CD161* CD4" and CD161% CD8" T cells
was further characterized. We observed that within NSCLC
tumors, CD161-expressing T cells are predominantly EM and
some are CM cells. This observation is consistent with previ-
ously published studies.*****” This is also in agreement with
the positive correlation between CCR2 and KLRBI gene expres-
sion among CD4™" TILs. Indeed, CCR2 identifies a stable popu-
lation of EM T cells equipped for rapid recall response, with
increased memory character, more prone to proliferate, to pro-
duce cytokines such as IFN-y and TNF-«, and expressing less
CD25 and FoxP3 than CCR2™ EM cells.** CM cells and EM
cells differ according to their trafficking, proliferative capacity,
and cytokine profile. While EM cells express adhesion mole-
cules facilitating their entry into non-lymphoid tissues, display
lineage-specific transcriptional programs and produce appro-
priate cytokines upon rechallenge, CM cells traffic between the
SLOs via the blood, have a great proliferative potential and
produce IL-2 rather than lineage-specific cytokines upon
re-challenge.*® The finding that higher frequencies of CM cells
express CD161 in the tumor as compared to the distant non-
tumoral lung and the peripheral blood would suggest that
CD161 may play a role in the homing of CM T cells to TLS,
where it would be able to encounter its ligand LLT1 on B cells.
Interestingly, gene expression analysis also revealed a positive
association between KLRBI gene and several genes involved in
cell adhesion and/or leukocyte migration, consistent with a pre-
vious study proposing the involvement of CD161 in the process
of trans-endothelial migration.*’

On the functional level, we found significantly higher
frequencies of IFN-y- and TNF-a-producing cells among
the CD161" CD4" TILs as compared to their matched



CD161~ counterparts. This reflects an IL-12/Th1 oriented phe-
notype,19 and is consistent with the association of CLEC2D and
KLRBI with a favorable clinical outcome. Interestingly, our
findings are also in agreement with the recent report by Welters
et al,”” linking a better control of oropharyngeal cancer with a
dense infiltration of tumors with IFN-y/IL-17 oriented CD4"
and CD8" CD1617" T cells. In our study, we detected very low
frequencies of IL-17-producing CD4™ T cells, with no differen-
ces between the CD161" and the CD161~ fraction. The pre-
dominance of a Thl-oriented response is in agreement with the
finding that among CD4* TILs, KLRBI gene is positively corre-
lated with SIGIRR. SIGIRR is a negative regulator of IL-1 recep-
tor. IL-1R was shown to be expressed by a subset of “non-
classical” Th1 clones derived from Th17 cells and characterized
by the expression of CD161.°>! IL-1-mediated signaling in T
cells is essential for Th17 cell differentiation. Yet, Gulen et al.
showed that SIGIRR suppresses Th17 cell proliferation via inhi-
bition of the interleukin-1 receptor pathway.’> Within CD8" T
cells, KLRBI gene was associated with IL-17A, thus linking
Tc17 with CD161, as previously described.'>** Besides conven-
tional CD4™ T cells, we found a significantly lower frequency
of CD161" Tregs in NSCLC tumors as compared to CD161~
Tregs. CD161" Tregs have been shown to display immune-reg-
ulatory functions, similarly to their CD161 Treg counter-
parts.*>>>>* However, these CD161" Tregs were also shown to
display a high pro-inflammatory potential, as they produced
higher levels of IL-17, IFN-y and IL-2 after PMA/Ionomycin
stimulation and expressed higher percentages of CCR6, IL-23R,
CD45RO, RORC and T-bet than CD161~ Tregs. It remains to
define the exact role of these CD161" Tregs in the context of
NSCLC tumors.

Because T cells in the tumor microenvironment have been
shown to display either anti-tumoral functions or dysfunctional/
exhausted phenotypes, many studies have attempted to delineate
their phenotype. Among co-stimulatory receptors and ICP mole-
cules upregulated on both CD161" CD4" and CD161" CD8" T
cells, we found the activation marker CD69 and the well-known
inhibitory co-receptor PD-1. Expression of PD-1 has been associ-
ated with Tim-3 on exhausted CD8" T cells.*>® We found a sig-
nificantly higher frequency of Tim-3" cells among CD1617"
CD8" T cells, suggesting that some CD161-expressing CD8" T
cells could be dysfunctional. By contrast, CD161" CD4" T cells
expressed significantly lower frequencies of Tim-3 as compared
to their CD161™ counterparts, suggesting that they rather retain
high functional capacities than being terminally exhausted. Con-
sistently with gene expression analysis, a higher frequency of
CD96, CD30L, and OX40-expressing cells and a lower frequency
of 4-1BB* cells were detected among CD161" CD4" T cells
compared to CD161~ CD4" T cells. OX40, CD30 and 4-1BB
are known to synergize with TCR-CD3 to promote cell cycle
progression, cytokine production and T cell survival.”® Their
expression is induced on T cells following activation, is predomi-
nant on effector T cells, and is maintained on memory T cells.
In pre-clinical studies, the use of agonistic antibodies of these co-
receptors resulted in a marked increase of antigen-specific CTL
and CD4" T cell responses, and the generation of memory T
cells.**® Similarly, expression of these co-receptors on immune
cells in the tumor microenvironment is usually associated with
good prognosis.”’ Their ligands, OX40L, CD30L and 4-1BBL,
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are mainly expressed by activated/mature APCs but can also be
expressed by activated T cells.** The finding that within CD4 ™"
TILs, CD161 is more frequently co-expressed with OX40 but not
with 4-1BB may be explained by the fact that 4-1BB and OX40
are expressed sequentially on CD4" T cells. Dawicki et al.
showed that while 4-1BB is detected on CD4" T cells early after
immunization, OX40 is not highly expressed until after 4-1BB
levels have dropped.”® They showed that OX40/OX40L interac-
tions are critical for optimal CD4™" T cell responses, maintenance
of CD4™ T cells late in the primary response and for triggering
CD4" T cell expansion upon rechallenge, while 4-1BB/4-1BBL
interactions have a more moderated impact. Co-expression of
CD161 with OX40, and restriction of CD161 to EM and CM T
cells, lead us to hypothesize that CD161 may have a similar func-
tion as OX40 in the establishment of a robust CD4 memory pool
that can vigorously respond upon rechallenge.

Similarly to CDI161, CD30 expression has been mainly
reported on CD45RO™ memory T cells, while like LLT1, CD30L
is expressed on activated B cells. CD30L gene expression level is
higher on GC-B cells than memory B cells, and CD30L has been
reported as constitutively expressed on GC-derived cell lines
such as Burkitt's lymphomas.”® Similarly to LLT1, CD30L can
also be expressed on activated T cells. However, despite the
detection by IHC of LLT1 expression by CD3" T cells in the
tumor stroma, we could not observe any LLT1 expression on
the cell surface of CD3" T cells by flow cytometry, and we simi-
larly observed very low frequencies of TILs expressing CD30L
on the cell surface. This suggests that LLT1/CD161 and CD30L/
CD30 pairs may have a similar regulation of their expression.
Bi-directional co-signaling has been described for many TNFR/
TNF-Ligand, such as OX40L that would enhance antibody pro-
duction by plasma cells,”® or CD30L engagement on B cells that
would inhibit class-switch antibody to modulate the magnitude
of IgG, IgA or IgE production.” Whether LLT1 signals within B
cells but also within T cells, after potential trans or cis interac-
tions with CD161, and the consequences of this signaling,
remain to be elucidated.

In agreement with our previous report in tonsils and
NHLs,"” we observed a lower expression of CD161 on the cell
surface of CXCR5"" pD-1M8h Tfh cells, compared to
CXCR5™® T cells. KLRBI seems to be transcribed as it was
detected by RNAseq on Tth purified from tonsils but the level
of transcription was significantly lower than effector T cells.”?
Similarly, a recent study** confirmed lower KLRBI transcripts
and surface expression of CD161 on Tth cells. Because CD161
is known to be downregulated after engagement with LLT1,'° a
lower expression of CD161 on Tth may suggest that this
ligand/receptor pair has been involved in B/Tth interactions
within GCs and may contribute to GC development and main-
tenance. As CD30L and OX40 were both shown to play a major
role in Tth survival and GC development through the mainte-
nance of CD4 T cell memory,*® one could speculate that LLT1/
CD161 are also active players in the control of GC develop-
ment. Also, several mechanisms of post-transcriptional and/or
epigenetic regulation of gene expression have been shown to be
particularly important for limiting the numbers of Tth cells
and preventing autoimmunity. Among them, the RNA-binding
proteins ROQUIN-1 and ROQUIN-2 are able to bind to
ICOS, 0X40, IL-6 and TNF mRNAs and to induce their
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degradation.®* KLRBI mRNA within Tth could be submitted to
the same type of regulation, explaining its lower expression on
Tth cells. An interesting model has been proposed, that under
limiting IL-2 conditions, exposure to IL-21 and interaction
with B cells, CD4" T cells differentiate into a plastic population
of Tth-like cells that give rise to Tth memory or CM T cells.
Upon subsequent exposure to antigens, Tth, CM and EM T cell
pools may then differentiate into Thl effectors and Tth effec-
tors.*® Thus, we suggest that LLT1 expression on B cells and
CD161 expression on CM CD4™ T cells may participate in re-
constituting the pool of Tth memory and CM T cells for subse-
quent re-challenge. Our observation that CD62L" CD4™" T cells
express lower frequencies of CD161, together with our previous
observation that CD62L" T cells within NSCLC tumors selec-
tively localize inside TLS," are also strongly in favor of poten-
tial interactions between CD161-expressing CM CD4™ T cells
and LLTI-expressing B cells within TLS, accompanied by
CD161 downregulation.

In conclusion, LLT1 and CD161 appear as novel promising
co-receptors that are worth exploring further in the cancer con-
text. Higher frequencies of IFN-y-producing T cells and lower
frequencies of Tregs among the CD161" CD4" T cell fraction
is consistent with the positive impact of high KLRBI and
CLEC2D gene expression on NSCLC patient survival
Restricted expression of CD161 on CD4" and CD8" EM T cells
is in favor of its implication in rapid recall responses, similarly
to OX40. The fact that CD161 expression on CD4" TILs is
associated with an activated but not terminally exhausted phe-
notype is also predictive of their functional relevance. The puta-
tive role of CD161/LLT1 axis in Tth biology and in GC
development within TLS further emphasizes the importance of
TLS and their positive impact on NSCLC patient survival.
Thus, LLT1 and CD161 represent promising new targets for
immunotherapy strategies, in order to boost ongoing immune
responses that are taking place in cancer-associated TLS.

Materials and methods
NSCLC patients

Fresh, Formalin-Fixed Paraffin-Embedded (FFPE) and frozen
samples were obtained from NSCLC patients at the Institut
Mutualiste Montsouris (IMM) or Hopitaux Universitaires Paris
Centre (HUPC) (Paris, France). Pre-operative evaluation of
patients included lung, brain and adrenal computed tomogra-
phy scanning and liver ultrasound echography. They all under-
went complete surgical resection of their tumors, including
multilevel lymph node sampling or lymphadenectomy. Patients
with an Eastern Cooperative Oncology Group performance
status < 1 were eligible.

A first retrospective cohort of 32 untreated NSCLC patients
(HUPC) and a second retrospective cohort of 20 NSCLC
patients treated with neo-adjuvant chemotherapy (HUPC)
were selected for comparison and analyzed by IHC for LLT1
and CD21 expression within B-cell follicles.

A first prospective flow cytometry study was performed on
33 untreated patients with NSCLC (Table 1) (IMM or HUPC).
Fresh tumor samples were retrieved from NSCLC patients,
associated when possible with distant lung samples, draining

LN and/or peripheral blood. A second prospective study was
performed for Nanostring analysis, on 31 untreated patients
with NSCLC (Table 2) (IMM or HUPC). Only fresh tumor
samples were obtained from these NSCLC patients. Patients
who received neoadjuvant chemotherapy or radiotherapy were
ineligible. The protocol was approved by local ethic and human
investigation committee (n° 2008-133 and 2012-0612) and by
the Assistance Publique-Hopitaux de Paris (AP-HP), in appli-
cation with the article L.1121-1 of French law. A written
informed consent was obtained from patients prior to inclusion
in the studies. When possible, serial sections of the correspond-
ing FFPE NSCLC tumors were obtained for patients from these
two prospective cohorts, and analyzed by IHC for LLT1 and/or
CD20/CD21 expression.

Control tissues and primary cells

Frozen sections of NSCLC LN, obtained from IMM hospital,
and FFPE sections of hyper pulmonary arterial pressure
(HPAP) lung tissue or tonsil, obtained from HUPC and Geneti-
cist Inc (CA, USA), respectively, were used as control for IHC
and IF stainings.

Tonsil cells were obtained from discarded benign tonsils
after informed consent from patients undergoing routine ton-
sillectomies at the Lenval Hospital, Nice.

Peripheral blood was obtained from healthy volunteers at
the “Etablissement Frangais du Sang” (EFS, Paris, France, n 12/
EFS/079-E2075).

Immunohistochemistry

Sections of FFPE NSCLC tumors were stained as previously
described'” using mouse (Mo) anti-human CD20 and Mo anti-
human CD21 (Sup Table 1).

Table 1. Clinical and pathological features of the 33 untreated patients with
NSCLC used in flow cytometry analysis.

Characteristics Number (%)
Gender

Male 20 (61%)

Female 13 (39%)
Age

Mean (years) +/- SEM 70 +/-9

Range 52-90
Smoking History

Past/current 26 (79%)

Never smokers 3 (9%)

ND 4 (12%)

Pack-years (years) +/- SEM 35+/-17

Range 0-60
Histological subtype

Adenocarcinoma 18 (55%)

Squamous cell carcinoma 14 (42%)

Sarcomatoid carcinoma 1 (3%)
PTNM stage

| 13 (39%)

1l 13 (39%)

] 7 (22%)

Pathologic staging of lung cancer was determined according to the new TNM stag-
ing classification.®® Histological subtypes were determined according to the clas-
sification of the WHO.®” Patients did not receive any pre-operative chemotherapy
nor radiotherapy.



Table 2. Clinical and pathological features of the 31 untreated patients with
NSCLC used in gene expression analysis.

Characteristics Number (%)
Gender

Male 13 (42%)

Female 18 (58%)
Age

Mean (years) +/- SEM 68 +/-9

Range 51-85
Smoking History

Past/current 23 (74%)

Never smokers 4 (13%)

ND 4 (13%)

Pack-years (years) +/- SEM 31 +/-23

Range 0-80
Histological subtype

Adenocarcinoma 16 (52%)

Squamous cell carcinoma 14 (45%)

Large-cell Neuroendocrine carcinoma 1 (3%)
PTNM stage

| 14 (45%)

Il 11 (36%)

] 6 (19%)

Pathologic staging of lung cancer was determined according to the new TNM stag-
ing classification.% Histological subtypes were determined according to the clas-
sification of the WHO.?” Patients did not receive any pre-operative chemotherapy
nor radiotherapy.

For determining the number of LLT1-positive and CD21-
positive B-cell follicles, two independent IHC stainings (anti-
human LLT1 and anti-human CD20/antihuman CD21) were
performed on serial and non-serial FFPE NSCLC tumor sec-
tions for each patient.

IHC staining for LLT1 was performed as previously
described"” with Mo anti-LLT1 clone 2F1 mAb. Briefly, FFPE
tissue sections were deparaffinized and rehydrated in successive
baths of xylene, ethanol and water followed by heat-induced
epitope retrieval in Tris/EGTA buffer pH 9. Endogenous perox-
idase activity and biotin were blocked by H,0, (0.5% v/v) and
avidin-biotin blocking kit (Vector), respectively. Unspecific
protein-binding was blocked with 10% donkey serum (Do), 3%
human serum, 3% bovine serum albumin, 3% skim milk in Tris
Buffer Saline (TBS). Sections were washed in TBS with 0.05%
Tween20 between steps. FFPE sections were incubated with
Mo anti-LLT1 mAb (2F1) or Mo IgG1 isotype control (BD Bio-
sciences) at 0.1 pug/ml. Antibody binding was detected with bio-
tinylated Do anti-Mo IgGl secondary antibody (Jackson
Immunoresearch) at 0.3 ng/ml and visualized using avidin-bio-
tin-HRP complexes (PK-6100, Vector) in combination with the
highly sensitive detection method Tyramid Signal Amplifica-
tion (TSA), according to manufacturer’s instructions
(NEL700A, Perkin Elmer) (Sup Table 1). Nuclei were counter-
stained with hematoxylin.

IHC staining for CD161 was performed with Mo anti-
CD161 clone DX12 (BD Biosciences) on frozen tissue sections
fixed in acetone. Endogenous peroxidase activity and unspecific
protein-binding were blocked as described above. Mo anti-
CD161 or Mo IgGl isotype control (BD Biosciences) were used
at 1 pug/ml. Antibody binding was detected with biotinylated
Do anti-Mo IgGl secondary antibody (Jackson Immunore-
search) at 0.3 pg/ml and visualized as described above
(Sup Table 1).
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Immunostained slides were scanned using NanoZoomer
2.0HT slide scanner (Hamamatsu). Pictures were captured
with NDP.View2 software.

Immunofluorescence

FFPE tissue sections were deparaffinized, pre-treated as
described above, and incubated with Mo anti-LLT1 mAb (2F1)
or Mo IgGl isotype control (BD Biosciences) at 0.1 pg/ml fol-
lowed by secondary biotinylated Do anti-Mo IgGl (Jackson
Immunoresearch) at 0.3 ug/ml. Antibody binding was fluores-
cently stained using avidin-biotin-HRP complexes (PK-6100,
Vector) in combination with the highly sensitive detection
method Tyramid Signal Amplification (TSA), as described
above, and with AF647-conjugated streptavidin (Jackson
Immunoresearch) (Sup Table 1). Nuclei were visualized using
DAPL

IF staining for CD161 was performed as described above, on
frozen tissue sections fixed in acetone, using Mo anti-CD161
clone DX12 (BD Biosciences) at 1 pg/ml, Mo anti-CD161 clone
B199.2 (LSBio) at 2 j1g/ml or Mo IgG1 isotype control (BD Bio-
sciences), followed by secondary biotinylated Do anti-Mo IgG1
(Jackson Immunoresearch) at 0.3 ug/ml. Antibody binding
was fluorescently stained using AF647-conjugated streptavidin
(Jackson Immunoresearch), as described above (Sup Table 1).
Nuclei were visualized using DAPL.

For double and triple-IF stainings, LLT1 or CD161 staining
was repeated as described above, followed by application of pri-
mary antibodies and appropriate fluorochrome-conjugated sec-
ondary antibodies for the following immune cell subsets: B cells
(anti-human CD20 or anti-human CD19), T cells (anti-human
CD3), NK cells (anti-human NKp46), mature DCs (anti-
human DC-LAMP), macrophages (anti-human CD68), FDCs
(anti-human CD21), and Tth cells (anti-human PD-1) (Sup
Table 1). Nuclei were visualized using DAPI. Immunostained
slides were scanned using Axio Scan.Zl and pictures were
captured with Zen 2012 (blue edition) (Zeiss).

A virtual multiplexing method based on image registration
using Image] software was used in Fig. 4G, for visualizing the
localization of LLT1-expressing cells and CD161-expressing
cells together with CD20-expressing cells in the same virtual
area.

Methods for cell quantification

The number of LLT1-positive or CD21-positive B-cell follicles
was determined manually, across the whole tumor section, on
NDP.View2 software.

The density of TLS-B cells was determined automatically,
across the whole tumor section, using Calopix software
(Tribvn), and expressed as a percentage:

[Total surface of CD20" B-cell follicles (m2) / Total sur-
face of tumor area (um2)]* 100.

Flow cytometry

Fresh NSCLC-derived tissues were mechanically dissociated
and digested in the presence of non-enzymatic Cell Recovery
Solution (Corning) for 1 h at 4°C. The cell suspension was then
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filtered through a 70 pm filter and mononuclear cells were iso-
lated by centrifugation over a Ficoll Hypaque density gradient.
Multiple stainings on isolated mononuclear cells were per-
formed as previously described.'” Briefly, cells were incubated
in PBS 0.5 mM EDTA, 10% normal mouse serum and 100 g/
ml human Ig for 30 min on ice prior to incubation with bioti-
nylated anti-LLT1 (4F68) mAb or biotinylated Mo IgG1 isotype
control (BD Biosciences), followed by PE-CF594-conjugated
streptavidin (BD Biosciences) and additional fluorochrome-
labeled antibodies to CD45, CD19, CD38, CD3, CD4, CD8,
CD56, CDl11¢, CD14, CD123, CD10, CD35, CD21, TCR-y3,
CD161 (or isotype control), CD45RA, CCR7, CD25, CD127,
CD62L, CXCR5, PD-1, CD69, OX40, 4-1BB, Tim-3, CD96,
CD30L, CD40L, CD27, CD28, GITR, ICOS and CD103 (Sup
Table 1).

For intranuclear FoxP3 staining, the anti-FoxP3 staining set
(eBioscience) was used according to the manufacturer’s
instructions.

For intracellular cytokine staining, cells were stimulated for
4 h with phorbol 12-myristate 13-acetate (PMA) and ionomy-
cin (Sigma-Aldrich) in the presence of brefeldin A and monen-
sin (BD Pharmingen). After cell surface staining with
appropriate lineage markers, including anti-CD161 or isotype
control, cells were permeabilized using the Fixation/Permeabili-
zation Solution (BD Biosciences) and stained with fluoro-
chrome-labeled antibodies to IFN-y, TNF-¢, IL-17 and
Granzyme B (Sup Table 1).

Cells were fixed in PBS 0.5% formaldehyde before analysis
on a LSR Fortessa cell analyzer (BD Biosciences). Dead cells
were excluded based on a viability marker (Sup Table 1).
Results were subsequently analyzed using DIVA (BD Bioscien-
ces) and/or FlowJo software (TreeStar, Inc).

Cell sorting and NanoString-based gene expression
profiling

Fresh NSCLC tumors were mechanically dissociated and
digested in the presence of DNAse I (Sigma Aldrich) and colla-
genase A (Roche) for 1 h at 37°C. The cell suspension was then
filtered through a 70 pm filter, and mononuclear cells were iso-
lated by centrifugation over a Ficoll Hypaque density gradient.
CD3*% CD4" and CD3" CD8"' T cells were sorted using a
FACS Aria III cell sorter (BD Biosciences) among alive cells
(gated DAPI-), non-epithelial cells (gated CD227-, epithelial
antigen-, pan-cytokeratins-), and hematopoietic cells (CD45™")
(Sup Table 1). Purity was >98%.

Total RNA was extracted using RNeasy Mini Kit (Qiagen
SAS, Courtaboeuf, France), including DNAse treatment,
according to the manufacturer’s instructions. RNA quantity
and quality were determined with RNA 6000 Nano Kit on a
2100 Bioanalyzer (Agilent Technologies SAS, Les Ulis, France).
Digital multiplexed gene expression analysis using the Nano-
String nCounter system (PanCancer Immune Profiling Panel,
NanoString Technologies) was performed on 4 ng of total RNA
from each sample according to the manufacturer’s instructions.
Pre-amplification was performed using Taqman PreAmp 2x
and MTE primers (NanoString Technologies) according to the
manufacturer’s instructions. Genes with geomean counts before
normalization below a threshold determined on background,

i.e. inferior to 20 geomean counts, were excluded from subse-
quent analysis. Normalization of raw data was performed using
the nSolver software (NanoString Technologies) based on the
10 most relevant housekeeping genes. To investigate the biolog-
ical role of the genes significantly correlated with KLRBI gene,
we used ClueGO.” ClueGO integrates Gene Ontology (GO)
terms as well as KEGG/BioCarta pathways and creates a func-
tionally organized GO/pathway term network. Terms found in
the GO interval of 3 to 8, with at least three genes from the ini-
tial list, were selected.

Survival analysis of the expression of KLRB1
and CLEC2D genes

We curated publically-available transcriptomic data from
cohorts of NSCLC patients with annotation for overall survival,
from three gene expression platforms (Affymetrix 133A, Plus
2.0, and Illumina HiSeq). Samples analyzed (n = 1760) are
listed in additional online data supplement. For Affymetrix
platforms, we used the fRMA-normalized expression of the
probeset 214470_at to represent KLRBI and 220132_s_at for
CLEC2D.® For the RNAseq data, we used FPKM values corre-
sponding to each gene. For each gene we then fitted Cox pro-
portional-hazards models for each individual series using the R
package survival (version 2.41.3). We then performed a ran-
dom-effects meta-analysis using the R package meta (version
4.8-2).

For Kaplan-Meier analyses, we used the “Microenvironment
Cell Populations-counter” (MCP-counter) method,*’ to deter-
mine the level of tumor infiltration by cytotoxic cells (CD8" T
cells and NK cells) and B cells, from GSE50081 transcriptomic
data. We transformed each variable into binary variables (high
or low) according to a median cut-off value and performed
Kaplan Meier analyses combining KLRBI and estimated cyto-
toxic cell density, or CLEC2D and estimated B cell density.
Hazard Ratios and associated p values were determined using
the log-rank test.

Statistical analysis

In THC experiment, a spearman test was applied to determine
the correlation factor between the number of LLT1-positive
and the number of CD21-positive B-cell follicles (GraphPad
Prism 5 software).

In flow cytometry experiments, depending on data distribu-
tion (Shapiro normality test) and matched or not matched
observations, a Kruskal-Wallis test, an unpaired t test, a Fried-
man test, a Mann Whitney test, or a Wilcoxon (paired, non-
gaussian) test, with appropriate post-hoc comparison, was used
to compare quantitative variables across the different groups
(GraphPad Prism 5 software). A p value < 0.05 was considered
statistically significant.

In Nanostring analysis, a spearman test was applied to deter-
mine the correlation factors between KLRBI gene and all the
genes from the PanCancer Immune Profiling Panel. Benja-
mini-Hochberg correction was applied to all the associated p
values to determine the false discovery rates (FDRs) (R soft-
ware). Only FDRs < 0.10 were considered statistically



significant, but FDRs < 0.15 were still considered for subse-
quent ClueGO analyses.

Abbreviations

ADC Adenocarcinoma

APC Antigen-Presenting Cell

CM Central-Memory

COPD  Chronic Obstructive Pulmonary Disease
DC Dendritic Cell

EM Effector-Memory

FDC Follicular Dendritic Cell

FDR False Discovery Rate

FFPE Formalin-Fixed Paraffin-Embedded

GC Germinal Center

HD Healthy Donor

HR Hazard Ratio

ICP Immune Check Point
IF Immunofluorescence
IHC Immunohistochemistry
ILC Innate Lymphoid Cell
LN Lymph Node

mAb monoclonal Antibody

MAIT  Mucosal-Associated Invariant T cell
NSCLC Non-Small Cell Lung Cancer

NHL Non-Hodgkin Lymphoma

NK Natural Killer
PBMC  Peripheral Blood Mononuclear Cell
PC Plasma Cell

pDC plasmacytoid Dendritic Cell
PMA phorbol 12-myristate 13-acetate
SCC Squamous Cell Carcinoma

SLO Secondary Lymphoid Organ
Tth T follicular helper cell

Th T helper cell

TIL Tumor-Infiltrating Lymphocyte
TSA Tyramid Signal Amplification
TLS Tertiary Lymphoid Structure
Treg Regulatory T cell.
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