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Abstract

Primary central nervous system lymphoma (PCNSL) is a rare type of non-Hodgkin lymphoma with an aggressive clinical
course. To investigate the potential of immune-checkpoint therapy, we retrospectively studied the tumor microenvironment
(TME) using high-plex immunohistochemistry in 22 PCNSL and compared to 7 secondary CNS lymphomas (SCNSL)
and 7 “other” CNSL lymphomas with the presence of the Epstein—Barr virus and/or compromised immunity. The TME in
PCNSL was predominantly composed of CD8+ cytotoxic T cells and CD163+ phagocytes. Despite molecular differences
between PCNSL and SCNSL, the cellular composition and the functional spectrum of cytotoxic T cells were similar. But
cytotoxic T cell activation was significantly influenced by pre-biopsy corticosteroids intake, tumor expression of PD-L.1 and
the presence of EBV. The presence of low numbers of CD8+ T cells and geographic-type necrosis each predicted inferior
outcome in PCNSL. Both M1-like (CD68 + CD163'°%) and M2-like (CD68 + CD163"€") phagocytes were identified, and
an increased ratio of M 1-like/M2-like phagocytes was associated with a better survival. PD-L1 was expressed in lymphoma
cells in 28% of cases, while PD1 was expressed in only 0.4% of all CD8+ T cells. TIM-3, a marker for T cell exhaustion,
was significantly more expressed in CD8P**PD-1P% T cells compared to CD8P*PD-1"¢ T cells, and a similar increased
expression was observed in M2-like pro-tumoral phagocytes. In conclusion, the clinical impact of TME composition sup-
ports the use of immune-checkpoint therapies in PCNSL. Based on observed differences in immune-checkpoint expression,
combinations that boost cytotoxic T cell activation (by blocking TIM-3 or TGFBR1) prior to the administration of PD-L1
inhibition could be of interest.
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Introduction

Primary central nervous system lymphoma (PCNSL) is
defined by the 2017 revised WHO classification as primary
diffuse large B cell lymphoma (DLBCL) of the CNS: an
intracerebral or intra-ocular lymphoma excluding lym-
phoma of the dura, intravascular large B-cell lymphoma,
lymphomas with evidence of systemic disease as well
as immunodeficiency-related lymphomas [1]. PCNSL
is categorized as a distinguishable entity from systemic
DLBCL because of its unique clinical, histopathological
and molecular features [2]. It is characterized by its rare
occurrence, aggressive clinical course and poor prognosis
which is worse compared to its non-CNS counterparts [3].
A subgroup of CNSL-DLBCL, particularly in immuno-
compromised patients with T cell immunodeficiency, are
associated with Epstein—Barr virus (EBV) [4].

In the last decade, it became clear that besides the
characteristics of the neoplastic cells, the composition
of the tumor microenvironment (TME) has a significant
prognostic importance in lymphomas, including PCNSL
[5, 6]. The TME consists of all non-malignant elements
surrounding the neoplastic cells including immune cells,

stromal cells and non-cellular components. Studies have
shown genetic and transcriptomic differences between
PCNSL and DLBCL [2], but less is known of the TME in
the CNS. The CNS is considered an immune privileged
site, where immune cell access is strictly regulated by the
blood-brain barrier.

Several retrospective studies in PCNSL using classical
immunohistochemistry have observed a link between the
TME and prognosis with a potential role for T cells and mac-
rophages [3, 7-14] (Table 1). However, the focus has mainly
been on perivascular areas without taking into account the T
cells-infiltrating tumor bulk (TILs) or intra-tumoral hetero-
geneity [9, 12, 13], and the data on the prognostic effect of
tumor-associated macrophages (TAMs) were contradictory
[9, 12, 13].

PCNSL has a recurrent amplification of the 9p24.1 locus
containing CD274 (encoding PDL1), PDCD1LG2 (encoding
PD-L2) and JAK?2 genes [15, 16]. This implies that patients
with PCNSL could benefit from immune-checkpoint ther-
apy, and phase 2 clinical trials with anti-PD-1 antibodies
(NCT03255018, NCT02857426, NCT03798314) have been
initiated. PD-L1 expression was insufficient as a biomarker
to predict response to therapy [17], and until now, only a
limited set of functional markers, such as PD-1 for cytotoxic

Table 1 Overview of published studies investigating the TME in PCNSL [3, 8-15, 22]

DLBCL-  Conclusions
PCNSL

patients

Study (references)  Year

Ponzoni et al. [7] 2007 96

Presence of reactive perivascular CD3+T cell infiltrate is associated with 1 OS. Presence of tumor

necrosis has no prognostic significance

Kumari et al. [8] 2009 30

Reactive perivascular CD3+ T cell infiltrate shows no correlation with the different IELSG risk score

groups. Tumor necrosis shows no correlation with the different IELSG risk score groups

Komohara et al. [9] 2011 43
He et al. [10] 2013 62

The number of infiltrating CD68+, CD163+ and CD204+ TAMs has no prognostic significance.
Presence of reactive perivascular CD3+ T cell infiltrate is associated with T OS. Presence of aggrega-

tive perivascular tumor cells, stained with XBP1 and CD44, is associated with | OS

Chang et al. [3] 2015 32(+30 PCNSL has a | OS in comparison with non-CNS DLBCL. PCNSL shows | HLA-DR expression, |
non-CNS  number of S100+ dendritic cells, | number of CD45RO+effector or memory T cells in comparison
DLBCL)  with non-CNS DLBCL. For PCNSL patients, | number of infiltrating granzyme B+ CTL correlated
with | OS
Fouretal. [11] 2016 32 Expression of PD-1 in CTLs and PD-L1 in tumor cells was observed in higher rates compared with
non-CNS DLBCL. PD-1 expression in CTLs correlated with PD-L1 expression in tumor cells.
Presence of PD-14CTLs is associated with | OS
Sasayama et al. 2016 47 The number of infiltrating CD204+ TAMs shows no prognostic significance. 1 number of
[12] CD68+TAMs correlates with | PFS on univariate analysis. Trends were observed for 1 num-
ber of CD163+TAMs and | PFS on univariate analysis. The number of infiltrating CD68+ and
CD163+TAMs shows no prognostic significance on multivariate analysis
Cho et al. [13] 2017 76 1 expression of CD68+TAMs is associated with | OS and | PFS. FoxP3 expression in Tregs has no
prognostic significance
Cho et al. [14] 2017 76 PD- 1 expression is associated with inferior OS

Miyasato et al. [20] 2018 5

PD-L1 and IDO1 were overexpressed by macrophage/microglia in PCNSL

TME tumor microenvironment, PCNSL primary central nervous system (CNS) lymphoma, OS overall survival, /ELSG International Extranodal
Lymphoma Study Group, TAM tumor-associated macrophage, DLBCL diffuse large B-cell lymphoma, CTL cytotoxic T cell, PFS progression-

free survival, Treg regulatory T cell
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T cells, were evaluated [11, 14]. Apart from the number of
cytotoxic T cells, also the functional status of CD8+ T cells
plays a role in response to immunotherapy [18]. Cytotoxic
T cells can vary from naive to stimulated ‘active’ cells and
finally exhausted cells which are no longer functional [18].
This activation status is characterized by the expression of
multiple markers such as OX40, CD69 for activation and
LAG-3, TIM-3 for exhaustion [19]. Furthermore, little is
known about the expression of immune checkpoints in mac-
rophages/microglial cells except for limited data regarding
PD-L1 [20]. The success of immune-checkpoint therapies
in PCNSL remains anecdotal, and more insight in the TME
is needed to determine the potential benefit for patients or
a subset of patients with DLBCL located in the CNS [21].

To address the shortcomings of previous studies and
address the new challenges raised by the development of
immune-checkpoint therapies, we performed a digital,
automated analysis of immunohistochemical stainings in
both perivascular and central tumor areas on whole tissue
slides in a cohort with available large excisional biopsies.
Furthermore, we applied a novel high-plex staining tech-
nique (M.I.LL.A.N.) [22, 23] on tissue microarrays (TMAs)
to elucidate not only the phenotype of immune cells but also
their functional status. Furthermore, we investigated micro-
array-based gene expression data.

Materials and methods
Patient selection

A list of biopsy reports over the last 20 years from the data-
base at the Department of Pathology (University Hospitals
UZ Leuven, Belgium) was generated based upon the search
terms (“PNCSL” OR “CNS lymphoma”) AND (“DLBCL”
with CNS as biopsy site). Of the 126 cases that were with-
held, histology was reviewed by two expert hematopatholo-
gists (T.T. and X.S.) and cases were classified according
to the 2017 revised WHO criteria [1]. Cases not fitting the
WHO criteria for primary DLBCL of the CNS, cases lacking
sufficient formalin-fixed paraffin embedded (FFPE) mate-
rial and biopsies with a surface smaller than 750,000 pm?
(approximately 5 high power fields) were excluded. In total,
36 patients with biopsy confirmed DLBCL were retained.
These cases were then subdivided in 3 groups: PCNSL
(n=22), secondary CNS DLBCL (SCNSL) (r=7) and a rest
group with EBV-positive CNS DLBCL or PCNSL arising
in the context of immunodeficiency (n=7). PCNSL cases
that did not meet initial inclusion criteria (n=17) due to
insufficient material for full characterization and/or small
size were used as a validation cohort for CD8 IHC-based
survival analysis. This study was approved by the Ethical

Committee of the University Hospitals Leuven (S-55498)
and was conducted according to the Declaration of Helsinki.

Clinical data

The following clinical data were retrieved from the clinical
files available at UZ Leuven: age, sex, immune status, Inter-
national Extranodal Lymphoma Study Group (IELSG) prog-
nostic score or International Prognostic Index (IPI), presence
of extra-nodal or extra-CNS disease, first-line therapy and
available follow-up data. Overall survival was calculated
based on the date of biopsy confirmed diagnosis and status
at last follow-up. The pre-biopsy therapeutic regiment was
checked for intake of corticosteroids.

Immunohistochemistry and EBV-encoded RNA
in situ hybridization

FFPE sections (3 pm) were used for all stainings. Since
we wanted a minimum tissue surface of 750,000 pmz, we
included 20 excisional biopsies and 16 stereotactical needle
biopsies. All antibodies were purchased from DAKO unless
stated otherwise (supplemental table S1) and executed on an
automated staining system (BOND RX or DAKO OMNIS).
A threshold of 40%, and resp. 50% of malignant cells, was
used to determine c-MYC and BCL2 positivity. All stainings
required for diagnosis according to the WHO criteria were
performed, and germinal center origin versus non-GC ori-
gin was determined according to the Hans algorithm (Sup-
plemental fig. S1). The following TME stainings were per-
formed on consecutive sections: CD4 and FOXP3, CD163
and PD-L1, CD8 and PD-1. The presence of EBV was deter-
mined by EBV-encoded RNA in situ hybridization (EBER)
as previously reported [24].

Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) for the 9p24.1
locus was performed in 5 cases with available frozen mate-
rial and expression of CD274 (encoding PD-L1) in the neo-
plastic cells with an XL JAK2 (DC BA) 9p24 probe from
Metasystems (Altlussheim, Germany) which encompasses
the PD-L1 region of chromosome 9 as well. The FISH was
performed according to the manufacturer’s protocol. The
number of positive signal dots per nucleus was evaluated
for minimum 100 DAPI-positive cells. (Supplemental fig.
S2). For all 11 C-MYC IHC positive cases, MYC FISH was
performed with MYC [8q24, Vysis] break-apart probes and
was evaluated as part of the routine diagnostic workflow.
Additional FISH for BCL6 and BCL 2 was performed for
those 2 cases with BCL6 [3q27, Vysis], and BCL2 [18q21,
Vysis] break-apart probes.
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Digital whole slide image analysis

All slides were scanned using the Philips ultrafast scanner
1.6, and automated analysis was performed using Qupath
software v0.1.2 [25]. Firstly, as performed in previous stud-
ies, 6 perivascular areas were selected based on the presence
of a perivascular rim of malignant cells or at a distance of
max 100 pm from the outer edge of the vascular endothelium
[7]. The size of the perivascular areas varied with blood
vessel size, but contained an identifiable lumen at 200X
magnification. Perivascular areas could be defined in 35/36
patients. Secondly, we analyzed 3 to 6 diffuse ‘central’ tumor
areas based on biopsy size (totaling 600,000 or 1,200,000
um?), corresponding to a surface of more than 5 to 10 HPFs
with a conventional light microscope. In cases with obvious
intra-tumoral variation, 3 areas with a high cell counts and 3
with low cell counts were selected to capture this heteroge-
neity. In the 2 smallest biopsy samples, only 3 central areas
could be evaluated and in the 9 cases with abundant geo-
graphic necrosis, viable tumor could only be evaluated in the
perivascular areas. The analysis was repeated for 17 small
PCNSL biopsies. Due to the small tissue size not enough
clear blood vessels were present for perivascular analysis
and the complete samples were analyzed. The percentage
absolute nuclear count (ANC), corresponding to the percent-
age of positive cells over the total amount of nucleated cells
present within each area, was calculated for CD8, PD-1,
CD4, FOXP3 and CD163, similar to previous studies [26,
27]. The threshold for CD4-positivity was selected so that
only strong staining lymphocytes were included and not the
weak staining histiocytes (Supplemental fig. S3a-c). Cells
co-expressing CD4 +/FOXP3+ were considered regulatory
T cells (Tregs). CD163 IHC was evaluated using a threshold
that only counted strongly positive cells to exclude false pos-
itive counting of neighboring cells due to a nearby dendrite.

Tissue micro-array generation and multiplex
staining

Two tissue micro-arrays (TMAs) were generated using the
3DHistech TMA Grandmaster and 2-mm diameter needles.
Cores were generated from 28/36 cases since in 8 cases
with stereotactical biopsies the initial minimum amount of
3 cores per patient could not be obtained. Per patient 3—6
cores were selected based on sample size from random
representative tumor areas to maximally capture potential
heterogeneity, and in total, 109 cores were retrieved. Nine-
teen cores were excluded due to tissue damage and/or core
detachment. In the final analysis, 90 cores consisting of 13
PCNSL, 4 secondary CNSL (SCNSL) and 5 “other” CNS
DLBCL (4 EBV+cases and one EBV-negative post-trans-
plant CNS DLBCL) were used for analysis. Given that the
total surface available for analysis of one 2-mm TMA core
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is tenfold that of a 0.6-mm-diameter core and 4 times the
surfaced of a 1-mm-diameter TMA core as used in other
PCNSL, cases with less than 3 remaining cores were not
excluded [28]. Both TME slides were stained using multiple
iterative labeling by antibody neo-deposition (M.I.LL.A.N.)
multiplex technique [22, 23] for 14 markers: CD163, CD3,
CD68, CD8, FOXP3, HLA-DR, 0X40, CD69, PD-1, LAG-
3, TIM-3, PD-L1, S100AB and VISTA (supplemental
table S2) and scanned with the Hamamatsu NanoZoomer
S60 on 20X magnification. Images were processed using
Imagel and Cellprofiler.

Populations double positive for either CD8/PD-1 and
CD68/CD163 were identified. A specific cell was defined
positive for a marker if it contained a percentage of positive
pixels over a threshold defined by Pareto optimality (Sup-
plemental fig. S4). Al operations were done using the EBIm-
age package (R statistical software). T cell activation was
defined as described in Bosisio et al. [19]. CD69 and OX40
were selected as markers for T cell activation, while TIM-3
and LAG-3 were selected as markers for T cell exhaustion
[19].

Gene expression profiling and pathway analysis

Micro-array-based gene expression data were prepared from
7 PCNSL samples as described by Morscio et al. [24] and
performed with Affymetrix HG-U133 Plus 2.0 GeneChip
(Affymetrix, HighWycombe, UK) according to manufactur-
ers’ recommendations.

Published DLBCL samples from the experiment
described by Morscio et al. [24] (n=8) were included (Gene
Expression Omnibus accession number: GSE38885) in the
analysis as well as data from healthy brain tissue from dif-
ferent brain regions (n=11) analyzed on the identical
microarray platform (GSE50161). A detailed overview of
the included samples is available in table S3. Hierarchical
clustering and inference analysis to identify differentially
expressed genes were performed as previously described
[24]. Differentially expressed genes compared to healthy
brain tissue were filtered out using a minimal fold change
of > 1.5 and Benjamin—Hochberg corrected false discovery
rate of <0.001. Criteria for significance in the final analysis
of DLBCL versus PCNSL were Benjamin—Hochberg cor-
rected false discovery rate of < 0.05 and absolute fold change
of >2.5. To identify significantly enriched gene networks,
relevant pathways and biological functions in PCNSL versus
DLBCL, the results of inference analysis were uploaded into
the ‘Ingenuity Pathway Analysis’ application (IPA, www.
ingenuity.com) as described previously [24]. Complete anal-
ysis results are available in supplemental data. Additionally,
CIBERSORT analysis [29] was performed to deconvolute
the tumor immune cell microenvironment based on the bulk
microarray gene expression data and identify the proportion
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of the 22 immune cell types present in the CIBERSORT
LM?22 panel [29].

Statistical analysis

Two patients had a very long (100 4+ months) survival com-
pared to the other patients so their survival was trimmed to
36 months. Two cases were not used in any survival analy-
sis since diagnosis was only confirmed during autopsy. For
initial survival analysis, the strictly defined group of EBV-
negative immunocompetent (IC) PCNSL (n=22) was fur-
ther divided based on the median % ANC of positive cells
for different markers (CD4, FOXP3, CD163, CD8, PD-1)
and defined areas (central, perivascular) creating each time
a positive cell-high and positive cell-low group of equal size.
For survival landscape analysis, continuous variables were
dichotomized where the log-rank test yielded the most sig-
nificant value. Given the relatively low number of patients,
multivariate survival analysis was not performed. However,
evaluation of the survival impact of each factor was per-
formed independently, and for those that could predict sur-
vival, additional analysis in combination with CD8 scores
was subsequently performed. Differences in proportions
were tested using Chi square tests with Yates correction.
The Shapiro—Wilk normality test was used to determine if
data were normally distributed. Differences in means were
tested using the Welch 2 sample ¢ test for normal distributed
data and the Mann—Whitney U test in the other cases com-
paring 2 groups. For comparisons with more than 2 groups, a
Kruskal-Wallis rank sum test was used. Statistical determi-
nation of T cell activation/exhaustion status was performed
as described by Bosisio et al. [19].

Results
General characteristics

The clinicopathological data of the final cohort of 36
patients are summarized in Table 2. Of those 36 patients,
22 were true primary CNS lymphoma (PCNSL) cases, 7
had either previous or concurrent nodal disease and were
labeled as secondary CNSL (SCNSL), and 7 remaining were
evaluated separately due to either presence of EBV (n=5) or
a presence of another factor with known effect on immune
cells such as iatrogenic immunosuppression post-organ
transplantation (n=2).

Out of 36 cases (67%), 27 showed a diffuse growing
lymphoma without dominant areas of necrosis and were
labeled as “non-necrotizing” (Fig. la), while 33% (9/36)
of cases showed a geographic type of necrosis, resulting in
an angiocentric/perivascular presence of viable tumor and
were labeled as “necrotizing” (Fig. 1b). Primary (n=22) and

secondary CNSL (n=7) had a different prevalence of necro-
sis (23% vs. 0%), but this did not reach statistical signifi-
cance in this cohort (Table 2). Necrosis was more prevalent
in EBV+ (60% (3/5) compared to 19% (6/31) in EBV-neg-
ative cases (p=0.16). The other CNS DLBCL group con-
sisted of 5 EBV+ positive cases: 3 were EBV+DLBCL, not
otherwise specified, while the 2 others developed lymphoma
while under immunosuppressive therapy (1 on systemic
methotrexate (MTX) therapy for rheumatoid arthritis and 1
after a solid organ transplantation). The 2 EBV- cases in this
group were EBV-negative post-transplant CNS lymphomas.

High-dose intravenous/intrathecal MTX was part of the
initial therapy in 77% (17/22) of patients with PCNSL. Of
the 5 other patients, 3 passed away before therapy and 2
received alternative chemotherapy regimens due to other
clinical factors. Twelve patients received cortisone therapy
prior to the biopsy, either as part of chronic maintenance
therapy (6/36) or due to severe neurological symptoms
(6/36).

BCL2 and C-MYC were expressed in 31% (11/36) and
72% (26/36) of cases, respectively. For the 11 cases overex-
pressing C-MYC by IHC, FISH analysis for MYC transloca-
tion could be interpreted in 10 cases. Two cases carried a
t(8, 14)(q24;932) IGH/MYC translocation: 1 PCNSL and 1
CNSL. Neither case had an additional BCL2 or BCL6 trans-
location. PD-L1 IHC revealed 2 patterns: PD-L1-negative
tumors only staining phagocytes (in 26/36 or 72% of cases)
and PD-L1-positive tumors, diffusely staining all malignant
cells (in 10/36 or 28% of cases) (Fig. 1c). However, FISH,
performed on the 5 PD-L1+ tumors with available frozen
material (including 3 PCNSL and 2 SCNSL), did not reveal
any amplifications of the 9p24.1 locus (Supplemental fig.
S2).

There is a large inter- and intra-tumoral
heterogeneity in the TME composition of PCNSL

Using whole tissue sections, a broad analysis was done of the
TME in both central tumor bulk areas (n=27/36, excluding
the ‘necrotizing’ cases) and perivascular areas (n=36/36).
In PNCSL (n=22), CD163+ histiocytes and CD8+ T
cells were the two major components of the TME (Fig. 1d-
e) in the central tumor bulk with an average presence of
20.7% ANC and 9.4% ANC, respectively. Next, pairwise
analysis of the central tumor bulk versus the perivascular
tumor areas showed that both areas had a distinct TME
composition. We observed an enrichment in CD8+ T
cells in the perivascular region (18.3% ANC), compared
to the central tumor bulk (9.4% ANC; p=0.001). On the
contrary, CD163 staining showed a slightly higher aver-
age histiocyte count in the tumor bulk (20.7% ANC) ver-
sus perivascular (17.6% ANC; p=0.8457) (Fig. 1f). In
the necrotizing cases, we noted a particular palisading
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Table 2 Clinicopathological characteristics

PCNSL (n=22) Secondary- Other CNSL (n=7) p value PCNSL p value
CNSL (n="7) versus SCNSL PCNSL ver-
sus Other
Age (years)
Mean [min-max] 68 [39-84] 49 [12-81] 66 [30-79] 0.013 0.98
Sex
Male/female 15/7 3/4 2/5 0.45 0.158
Necrosis
% (#) 23% (5/22) 0% (0/7) 57% (417) 0.417 0.213
EBV (EBER ISH)
0 0 5* / /
Immunosuppressive/immunomodu-
latory therapy
0 0 4+t / /
Prognostic score (IELSG +IPI) IELSG IPI IELSG (n=4)+1PI (n=3)
Low risk (0-1) 4 1 140 NR NR
Intermediate risk (2, 3) 11 6 2+1
High risk (4) 1 0 1+2
NA (incomplete data) 6 0 0+0
3 year Overall Survival
% (#) 9% (2/22) 29% (217) 20% (1/5%) 0.501 1
High-dose MTX in first line
Yes/no 17/5 52 2/5 1 0.057
Pre-biopsy corticosteroids
Yes/no (NA) 7/13 (2) 1/6 4/3 0.581 0.562
Hans algorithm THC
GC/non-GC (NA) 0/19 (3) 2/4 (1) 1/4 (2) 0.078 0.463
c-myc IHC positive (>40%P)
% (#) 36% (8/22) 29% (2I7) 14% (1/7) 1 0.53
Bcl2 THC positive (> 50%")
% (#) 82% (18/22) 57% (417) 86% (6/7) 0411 1
PD-L1 IHC positive
% (#) 23% (5/22) 29% (2I7) 43% (3/7) 1 0.581

PCNSL primary central nervous system lymphoma (CNSL), EBV Epstein—Barr virus, EBER ISH EBV-encoded RNA in situ hybridization,
IELSG International Extranodal Lymphoma Study Group, /P International Prognostic Index, NR not relevant, MTX methotrexate, /[HC immuno-

histochemistry, GC germinal center

*Two patients were excluded because diagnosis was only confirmed at the time of autopsy

bPercentage of malignant cells used as threshold for positivity

arrangement of CD163+ histiocytes lining the viable
tumor cells (Fig. 1g). There was a remarkable intra-
tumoral TME heterogeneity, both for CD163+ histiocytes
(with an average variation between highest and lowest
analyzed area of 15.4%) and CD8+ T cells (average vari-
ation of 14.2%) (Supplemental table S3). CD4+ T cells
were infrequent (average 1.8% ANC tumor bulk), and only
rare Treg cells (CD4 +/FOXP3+; 0.65% ANC) or Tth cells
(CD4+/PD-1+; 0.64% ANC) were detected in the central
tumor bulk. Only for CD44 T cells, there was a perivas-
cular enrichment observed (6.2% ANC vs. 1.8% ANC;
p=0.0003). Perivascular enrichment for FoxP3+ cells was

@ Springer

not observed (p =0.13). CD56+ natural killer cells were
not observed.

Inter-tumoral TMA heterogeneity between patients was
considerable with CD163+ histiocytes ranging from 5.8 to
36.5% ANC in the central tumor bulk. CD8+ T cells var-
ied from 2.0 to 35.6% ANC. Since CD4+T cells, PD-1+T
cells and FoxP3+ T cells were low in numbers, there was
only a minor variation (0-9.6%, 0-2.2% and 0-2.9% ANC,
respectively).

The pre-biopsy intake of corticosteroids (in 7/22 PCNSL
cases) did not significantly affect the number of T cells or
histiocytes. Neither was there a significant difference in
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Fig. 1 Immunohistochemistry analysis. a Hematoxylin and eosin
(HE) staining of a non-necrotizing case, scale bar 500 um; b HE
staining of a necrotizing PCNSL, scale bar 500 um; ¢ PD-L1 THC
illustrating staining of both neoplastic and phagocytic cells (left)
versus staining of only phagocytes (tumor negative; right), scale bar
50 um; d CD163 IHC (left) and Qupath overlay of positive/red and
negative/blue cells (right) in both central tumor bulk (top panels) and

number of T cells or histiocytes in non-necrotizing (n=17)
versus necrotizing (n=5) PCNSL cases or in EBV+ CNS-
DLBCL (n=5) versus EBV-negative (n=31) CNS-DLBCL.

FoxP3 CD163  CD8 PD1

CD4 FoxP3 CD163

perivascular (bottom panels), scale bar 100 pm; e CD8 IHC (left) and
Qupath overlay of positive/red and negative/blue cells (right) in both
central tumor bulk (top) and perivascular (bottom), scale bar 100 pm;
f boxplots of average positive % ANC of IHC markers; g CD163
IHC of a necrotizing lymphoma biopsy with lining of the tumor by
CD163+cells

However, when comparing PCNSL (n=22) versus SNCL
(n=17), a significant difference in PD-1-positive cells was
observed in the central tumor bulk (p =0.02) with an average
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of 0.65% versus 0.13% ANC, and this difference remained
true when comparing the average ratio of PD1+/CD8+cells
(»=0.01).

High CD8+T cell presence, specifically in the central
tumor bulk, is a robust predictor of better overall
survival

Within the PCNSL cases (n=22), we observed a sig-
nificantly better survival in the CD8+ T cell-high group
(divided based on the median), and this was valid both
when counting cells in the perivascular (»p =0.0014) or cen-
tral tumor bulk areas (p =0.013) (Fig. 2a, b). The median
number of CD8+cells was 17.7% ANC (perivascular) and
6.8% ANC (central tumor bulk). Importantly, when exclud-
ing all patients who received corticosteroid therapy prior
to the biopsy, only low CD8+T cell counts in the cen-
tral tumor bulk remained predictive for inferior outcome
(»=0.0023) but not perivascular (p =0.74) (Supplemental
fig. S5). Upon repeating the analysis for all CNS DLBCL
(n=36), the difference in survival remained significant for
the central bulk areas (p =0.016), but dropped just below
significance level for the perivascular regions (p =0.09).
Survival curve landscape analysis was used to determine if
the survival difference was robust when looking at all cases.
The most sensitive cutoff for CD8+ T cells was 6.8% ANC
(p=0.016) in central tumor areas and 18% ANC for perivas-
cular areas (p =0.035) (Fig. 2e, f). Analysis was repeated in
a second PCNSL cohort (n=17) consisting of all cases not
included initially due to small biopsy size (Supplemental
table S4). A similar behavior was found for the CD8+ T cell
cutoff of 6.8% ANC from the initial cohort (Fig. 2e) with
again a trend toward better survival for the high-CD8 group
(p=0.52). No significant differences for any threshold were
found for numbers of CD163+ histiocytes or CD4+T cells.

Besides the composition of the TME, the presence of
necrosis was also correlated with shorter survival in EBV-
negative immunocompetent PCNSL (p =0.024) (Fig. 2c)
as well as the IELSG risk groups (p =0.015) (Supplemen-
tal figure S6a). Of note is that necrotic cases were present
in both previously defined CD8+ high and -low T cell
groups without significant overrepresentation in one group
(p=0.082). When repeating the analysis only in the patients
with necrotizing disease (n=9), which already had a worse
prognosis compared to patients with non-necrotizing dis-
ease, CD8+ T cell-high cases still had a better outcome
(p=0.018). All 2 ‘high-risk’ patients, based on clinical
prognostic score, had necrotic lymphoma and no central
CD8 numbers could be determined. When comparing CD8
numbers within ‘intermediate-risk’ and ‘low-risk’ groups,
high cytotoxic T cell numbers still showed better overall sur-
vival with a p-value of, respectively, p=0.15 and p=0.075
(Fig. S6b).
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EBYV positivity was associated with inferior outcome as
well (p=0.02) when evaluating all CNS-DLBCL (n=34)
although only 3 EBV-positive CNSLs were included in sur-
vival analysis (Fig. 2d). Two EBV-positive CNSL cases diag-
nosed during autopsy were not included. Interestingly, 2 of
these 3 EBV+CNSL were “non-necrotizing,” and prognosis
of these 2/27 non-necrotizing EBV+ cases was still signifi-
cantly worse (p=0.0054) compared to the EBV-negative, non-
necrotizing cases.

PCSNL and SCNLS have similar patterns of T
cell activation/exhaustion but multiple factors
including the corticosteroid intake influence
functional T cell status

To investigate the TME in more detail, multiplex staining
analysis was performed on TMAs containing cores from 22/36
patients from the different groups (13 PCNSL, 4 SCNSL and
5 other CNSL of which 4 EBV +) in order to investigate the
impact of these factors on the functional status of cytotoxic T
cells in CNSL.

In the context of anti-PD-1 immunotherapy, we first deter-
mined CD8+ T cells and PD-1 co-expression in DAPI-positive
objects (Fig. 3a) and the expression of other immune-regula-
tory proteins in these cells. Only 1578 (0.4%) of CD8+T cells
co-expressed PD-1. CD8P*PD 1P cells expressed significant
higher levels of T cell exhaustion marker TIM-3 on average
compared to CD8P*PD1" cells (area under the ROC curve
of 0.046 AUC) (Fig. 3b).

Since PD-1 is expressed immediately after T cell activation,
further analysis of the functional status of cytotoxic T cells
was done based on activation markers OX40 and CD69 and
exhaustion markers LAG-3 and TIM-3 [19]. Expression of
these markers was evaluated in each of the 40.041 identified
CD8+T cells using CD8-based cell segmentation (Fig. 3a).
Different cores from the same patient showed a homogeneous
activation status between the different cores except for patient
no. 16 with 2 active and 3 exhausted TMA cores (Fig. 3c).
PCNSL versus SCNSL did not reveal a difference in T cell
functional status (p =0.44). There were clear differences in
average cytotoxic T cell activation/exhaustion status between
patients who received corticosteroids prior to the biopsy
versus those patients that did not (p=0.016, PD-L1+versus
PD-L1-disease (p=0.02) and EBV+ versus EBV-CNSL
(p=0.03)). The presence of these factors was always associ-
ated with a shift toward T cell activation.
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Fig.2 Survival analysis. Kaplan—-Meier survival plots for groups
with high versus low number of CD8+cells in the perivascular (a)
and the central (b) tumor bulk areas in PCNSL primary central nerv-
ous system lymphoma (PCNSL, n=22). Kaplan—Meier survival plots
based on the presence or absence of necrosis in PCNSL (¢) and EBV
for all CNSL (d) excluding autopsy diagnosed cases (n=234); evolu-
tion of the Kaplan—Meier p value for all thresholds of CD8+cells in

CNSL contains both M1-like and M2-like phagocytes
with distinct immune-checkpoint expression
profiles and inferior outcome for patients with low
M1-like/M2-like ratio

As CD163+ histiocytes were a major component of the
TME in CNS-DLBCL, all phagocytic immune cells
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central tumor bulk (e) and perivascular (f) in PCNSL. The survival
score is the —log10 of the p value; the relative rank is the position of
the threshold in the list of all tested thresholds; the dashed line is the
threshold for significance. Cohort 2 (n=17) is a validation cohort of
small biopsies excluded from initial analysis. Abbreviations: NS, non-
significant; S, significant

(microglial cells and tumor-associated macrophages)
were therefore further characterized by high-plex analy-
sis. Three subgroups of phagocytes were identified: a
CD68 +CD163°Y (M1-like) group (181.451 cells, 17.2%
of total), CD68 + CD163Me" (M2-like) group (77321 cells,
7.3% of total) and CD68-CD163"e" group (32,787 cells,
3.1% of total) (Fig. 4a—c). These cell populations have a
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Fig. 3 Multiplex analysis of cytotoxic T cells. a CD8+ object identifi-
cation image (Cellprofiler) used for subsequent activation/exhaustion
analysis with identified objects outlined in red. Right panel: DAPI-
based object identification (white outline) used to calculate CD8 and
PD-1 double positive cell populations (R statistical software). Scale
bar=20 pm; b selected marker expression in the identified cell popu-
lations. The numbers in each square represent the average expression
over all cells (+the standard deviation) for DAPI, CDS8, PD-1, TIM-

distinct expression profile of immune-checkpoint markers
(Fig. 4d). Both CD68 + CD163'% (M1-like) phagocytes and
CD68 + CD163"" (M2-like) phagocytes express PD-1 and
PD-L1 in a subset of cells, while TIM-3 expression is more
prominent in CD68 + CD163"&" (M2) macrophages. VISTA
was not convincingly expressed in any group.

No significant differences in average % of
CD163+ phagocyte subgroups could be identified between
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3, LAG-3, 0X40, CD69 and HLA-DR; c average T cell activation
status for each TMA core (square) of each patient (column) ranked
from most active (left) to most exhausted (right) overall T cell sta-
tus; d average T cell activation for each patient and correlation of this
activation status to the PD-L1 expression on malignant cells (PD-
L1), primary versus secondary CNS lymphoma (SNCL), presence or
absence of geographic necrosis (Necr.) and relation to EBV (EBV),
respectively

PCNSL versus SCNL, EBV+ versus EBV-, necrotizing ver-
sus non-necrotizing or PD-L1-positive versus PD-L1-neg-
ative groups. However, a tendency for a lower amount of
CD68 +CD163"°" (M1-like) phagocytes was observed in
patients with EBV+ (vs. EBV-; p=0.19) and necrotizing
(vs. non-necrotizing; p=0.2) disease.

Interestingly, while no differences in outcome could be
found based on the CD163+ histiocyte counts in IHC, an
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Fig.4 Multiplex analysis of macrophages. a Processed immunofluo-
rescence image of DAPI (blue), CD68 (red) and CD163 (green) used
for subsequent analysis. Scale bar=500 pm; b cell segmentation:
magnification from TMA core region in (a) with additional DAPI cell
segmentation mask (white outline). Scale bar=50 pm; ¢ cell popu-
lation classification: CD68 only (red), CD163 only (green), CD68/
CD163 double positive (yellow) and double negative (black). Scale
bar=50 pm; d selected marker expression in the identified cell pop-
ulations. The numbers in each square represent the average expres-
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sion over all cells (+the standard deviation) for DAPI CD163, CD68
PD-1, PD-L1, HLA-DR, TIM-3, LAG-3 and VISTA). The numbers
in each square represent the average expression over all cells (+the
standard deviation); e Kaplan—Meier survival curve (right) based
upon the most significant ratio threshold (left). The survival score is
the —logl0 of the p value, and the x-axis contains the different pos-
sible M1/M2 ratios (left). The dashed line represents the threshold for
significance. Abbreviations: NS, non-significant; S, significant
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inferior outcome was observed in patients when dividing the
patients into 2 groups of M1-like/M2-like phagocytes based
on the median ratio which was also the most significant cut-
off (ratio: 0.85; p=0.0094; Fig. 4e).

Ingenuity pathway and CIBERSORT analysis reveal
further evidence forimmune modulation in PCNSL

Ingenuity pathway analysis (IPA) was performed for dif-
ferentially expressed genes between 7 PCNSL cases and 11
DLBCL, and all cases were of non-germinal B-cell origin.
Upstream regulator analysis was performed, and results
were evaluated for factors with a potential impact on the
TME. The top differentially expressed network compared
to non-CNS DLBCL was “Hematological System Develop-
ment and Function, Lymphoid Tissue Structure and Devel-
opment, Tissue Morphology” DLBCL (p =10e—43). The
analysis revealed Transforming Growth Factor Beta Recep-
tor 1 (TGFBR1) as a top upstream regulator with inhib-
ited signaling in PCNSL compared to DLBCL (p value
of overlap =5.45e—5). The full IPA report is available as
supplemental data (Supplementary material 2). CIBER-
SORT analysis was used instead to investigate the tumor
immune microenvironment composition further based on
the microarray gene bulk RNA expression data (Supple-
mental figure S7). CD8+ T cells were identified in PCNSL
in slightly lower proportions as with IHC with an average
3.81% of total identified cells (vs. 6.8% in the central tumor
bulk based on IHC), and this was lower but not significantly
different from CD8+ T cell proportion in the DLBCL cases
(average proportion =10.09%; p=0.1; p adjusted =0.22).
Interestingly, of the top 5 cases with most abundant M2-like
macrophages, 4 were PCNSL. Higher abundance of M1/
M2-ratio trended again toward better survival for these 7
PCNSL cases (p=0.2) and performed equally to CD8+T
cell abundance (p =0.21) (Supplemental figure S8). The
most abundant immune cell type identified was memory B
cell which most likely overlap the malignant cells given that
all included PCNSL cased had a post-germinal center (non-
GC) phenotype.

Discussion

In this study, we aimed to characterize the tumor microen-
vironment in CNS-DLBCL given the growing interest in
immunotherapy for this aggressive disease. We performed
a retrospective single-center histopathological analysis in
36 cases with large tissue surface available to capture het-
erogeneity and allow in-depth characterization. Next to 22
cases of PCNSL, we also included 7 cases of DLBCL metas-
tasized to the CNS and 7 cases with other factors influenc-
ing the immune system of the patients such as iatrogenic
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immunosuppressive therapy and/or presence of EBV, factors
potentially influencing the TME [30]. This together with
evaluation of pre-biopsy intake of corticosteroids allowed
us to investigate the effects of these factors on the TME.

The TME was shown to be heterogeneous in its distribu-
tion both between different areas in the bulk of the lym-
phoma of one patient as well as between the central tumor
bulk and perivascular areas in one patient (intra-tumoral)
and between patients (inter-tumoral). This heterogeneity was
most outspoken for CD8+cytotoxic T cells and CD163+ his-
tiocytes, representing the two most prevalent cell types in
CNSL. Previous studies focused primarily on the perivascu-
lar areas, which is the hypothetical point of entry of immune
cells [31, 32] and showed little interest in the immune cells
infiltrating the central tumor bulk. Specifically, the T cell
distributions varied substantially with different amounts of
CD4+ and CD8+ positive T cells between perivascular areas
versus tumor bulk as previously suggested by some authors
[13], but never objectified before. Interestingly, while both T
cell subsets (CD8+ and CD4+) were enriched in perivascu-
lar areas, CD163+ cells on the contrary were slightly more
present in the central tumor areas compared to perivascular,
probably corresponding to activated CD163+ microglial
cells.

We confirmed the positive impact on survival of the
presence of high numbers of perivascular CD8+ cytotoxic
T cells, as previously demonstrated [7, 8, 10], but without
relying on manual counting or semiquantitative thresh-
olds. These studies also heavily focused on evaluating the
perivascular T cell component. In this cohort, we could
demonstrate that when excluding all patients who received
corticosteroids pre-biopsy, overall survival for patients with
high numbers of CD8+ cytotoxic T cells remained signifi-
cantly better in the central tumor bulk but not the perivas-
cular area. Since central tumor bulk could only be evaluated
in non-necrotizing lesions, the difference in survival was
not confounded by the presence of necrosis which was an
independent negative factor for survival in this cohort. The
only 2 high-risk patients based on IELSG score both had
necrotizing disease and were not included in central tumor
bulk CD8 IHC analysis. When looking at central tumor bulk
CDS8+T cells with the intermediate- and low-risk IELSG
groups, respectively, high cytotoxic T cell numbers still ren-
dered better overall survival. Survival landscape analysis
showed that the effect of CD8+ T cells in the central tumor
bulk is robust over different thresholds, but most significant
with 6.8% ANC CD8+T cells in central tumor bulk and 18%
ANC CD8+T cells in perivascular areas. Repeated analysis
of central tumor bulk CD8+T cells in a second cohort of
17 patients with PCNSL a similar behavior was observed.
These were, however, small biopsies which could not be
fully characterized. The small size might mean that those
samples were less representative of the overall tumor which



Cancer Immunology, Immunotherapy (2020) 69:1751-1766

1763

could explain why significance was not reached. Numbers
of tumor-infiltrating cytotoxic lymphocytes seem to have a
clear and robust impact on clinical behavior strongly arguing
in favor of immune-checkpoint therapies influencing these
T cells. In order to use CD8 T cell numbers as an independ-
ent prognostic biomarker, larger multi-center studies are
of course needed. The observed heterogeneity of CD8+ T
cell infiltration in the central tumor bulk from nearly absent
(1.9% ANC) to abundant (35.4% ANC) and impact on prog-
nosis suggest, however, that further sub-selection of patients
with PCNSL by evaluating if a PCNSL ‘hot’ or ‘cold’ might
be necessary to achieve a significant response to immune
checkpoint therapy in clinical trials. Furthermore, intra-
tumoral heterogeneity raises the question on the representa-
tivity of small stereotactical biopsies as a tool to evaluate
TME composition.

The composition of the TME, however, is not synony-
mous to the functional status of the immune cells pre-
sent. This is especially relevant when considering current
immune-checkpoint therapy aimed at rescuing exhausted
cytotoxic T cells [33]. A more detailed investigation of cyto-
toxic T cells in CNSL lymphoma revealed that only 0.4% of
all identified cytotoxic T cells expressed PD-1. However,
the presence of PD-1-positive cells alone is not a valid bio-
marker for response to anti-PD-1 therapy in malignancies
such as melanoma or lung cancer [34]. We therefore evalu-
ated the functional status of the cytotoxic T cells in more
detail. Analysis of the activation/exhaustion status of the
cytotoxic T cells (based on the 4 functional markers OX40,
CD69, LAG-3, TIM-3) revealed a wide spectrum of activa-
tion profiles between individual CD8+ T cells and between
patients. The activation/exhaustion status of cytotoxic T cell
depended upon corticosteroids intake, expression of PD-L1
by the neoplastic cells and presence of EBV. Due to the
limited cohort size, multivariate analysis to determine the
individual effect of these factors was not indicative (data
not shown). Nevertheless, patients with the most exhausted
cytotoxic T cells did not have any of these 3 factors present.
Consideration of these factors affecting the functional status
of T cell is required in the selection of patients for clinical
trials with immunotherapy. For example, pre-immunother-
apy corticosteroids to prevent cerebral edema will affect the
functional status of the cytotoxic T cells and therefore most
likely also the response to immunotherapy.

No amplification of the 9p24.1 gene locus containing
PD-L1 was detected in for the 5 cases with available frozen
material; multiple other mechanisms can explain PD-L1
expression in these non-Hodgkin lymphomas. EBV directly
influences PD-L1 expression through its viral protein LMP1
and indirectly through activation by inflammatory cytokines
[35]. PD-L1 expression through the activation of the JAK2/
STAT?3 pathway can also occur through molecular altera-
tions such as loss of SOCS-1 inhibition or via inflammatory

cytokines such as IL10. The MYD88 L256P mutation can
potentially activate JAK/STAT signaling, and PD-L1 expres-
sion is described as an early mutational event in PCNSL
[35, 36].

We also investigated the expression of other potential
immunotherapy targets, like LAG-3 and TIM-3 in T cells, for
which novel therapeutics are currently under development
[33]. TIM-3 was strongly expressed in both CD8P**PD-1P
and CD8P®PD-1"¢ T cells giving it potential synergy with
anti-PD1 therapy. Significant enrichment of TIM-3 (exhaus-
tion) in CD8P*PD-1P% cells together with higher expression
of CD69 compared to CD8P*PD-1"*¢ T cells is compatible
with the expression of PD-1 already early after activation
until exhaustion [37]. Insights in the mechanisms of T cell
activation and exhaustion are still developing quickly. CD69
is a type II glycoprotein known to regulate inflammation
through T cell migration and retention in tissues. It is, how-
ever, not just a marker of T cell activation, but also initi-
ates T cell exhaustion through first PD-1"2"TIM3- ‘weakly
exhausted’ T cells to PD-1"¢"TIM3+ ‘extremely exhausted
T cells’ [38].

The other major components of the TME were
CD163+ histiocytes. In contrast to Hodgkin lymphoma,
where abundant CD163+ histiocytes are considered a
predictor of worse prognosis [39], we could not find sig-
nificant differences in outcome for any threshold for
CD163+ counts based on immunohistochemistry. Similar
results were observed in previous studies, both in PCNSL
or all-CNSL [9, 12, 13]. Still their potential relevance in
response to immunotherapy [40] warranted further inves-
tigation. Using multiplex image analysis, we identified dif-
ferent CD163+ phagocyte populations: CD68 +CD1631°%
(M1-like), CD68 4+ CD163"e" (M2-like). Although each
independently showed no correlation with outcome, patients
with a lower ratio of M1-like/M2-like phagocytes showed
an inferior outcome. This implies that the combination of
more M2-like pro-tumoral phagocytes and less M1 anti-
tumoral phagocytes together does have an impact on the
clinical behavior in PCNSL. The detection of different
phagocyte subtypes highlights the complexity of identify-
ing immune cell subsets, the danger of identifying more
complex immune cell types based on a single marker and
the need for multiplex in TME evaluation. The expression
of immune-checkpoint proteins in phagocytes and their
impact on immunotherapy are not well characterized, but the
observed increased expression of TIM-3 in the pro-tumoral
M2-like phagocytes in combination with the exhausted cyto-
toxic T cells is of potential interest for anti-TIM-3 immuno-
therapy [33, 41].

In summary, TIM-3, a marker for T cell exhaustion, was
expressed in both CD8P**PD-1P% T cells and CD8P**PD-1"¢#
T cells and had an increased expression in M2-like pro-
tumoral phagocytes versus M1-like anti-tumoral phagocytes.
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Together with an observed impact of M1/M2 ratio on overall
survival makers, it is an interesting target for immunotherapy
in CNS-DLBCL either alone or more likely in combination
with anti-PD-1 therapy.

Microarray-based gene expression studies were per-
formed on 7 cases of PCNSL and compared to previously
published non-germinal center DLBCL cases [24]. Ingenu-
ity Pathway Analysis was done comparing PCNSL versus
nodal DLBLC after removing differences caused by the pres-
ence of CNS-tissue. TGF-f receptor 1 (TGFBR1) signaling-
related genes were shown to be highly inhibited in PCNSL.
TGEF-f signaling has previously been reported as recurrently
inactivated in DLBCL [42] and according to our data is
inhibited in PCNSL versus DLBCL pointing to an important
role for uncoupling TGF-f signaling in PCNSL. Uncoupling
of TGF-f signaling removes its tumor suppressive effect on
the malignant B-cells [42]. This implies that inhibitory phar-
maceuticals blocking TGF-f, of which multiple are currently
in phase 1 clinical trials [43], might not have an effect on the
malignant B-cells in PCNSL given expression of the recep-
tor is inhibited. However, the need for PCNSL to inhibit the
receptor further highlights the presence and role of TGF-f} in
the CNS since it is expressed by microglial cells [44]. Inter-
estingly, TGF-p also plays a central role central in creating
an immunosuppressive TME [43] and directly inhibits the
function of cytotoxic T cells contributing to tumor immune
evasion. TGF-f receptor blockers could therefore still play
arole in aiding T cell activation despite their likely lack of
effect on the malignant cells themselves [45]. Further stud-
ies to investigate this are needed, but the RNA expression
data highlights how TGF-f signaling is relevant in PCNSL.
CIBERSORT analysis was used to identify the immune cell
composition based on RNA expression. Results have to
be interpreted with some care since the tumor itself is of a
immune-cell origin in this study. This most likely explains
why the most abundant identified cell types were memory
B-cells. Interestingly, RNA expression-based quantification
was in line with the CD8 quantification based on IHC and
also identified M2-like macrophages as abundant in PNCSL,
highlighting the presence of immunosuppressive context.

In conclusion, our findings contribute to the understand-
ing of the complex nature of the TME in PCNSL and multi-
plex immunohistochemistry has been shown to be an elegant
and necessary tool to reach this goal. We show both data
in support of immunotherapy, raise some key issues that
will need to be addressed and provide a rationale for future
(combination) immunotherapy trials.
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