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Methods: We established a patient-derived central nervous system lymphoma xenograft

central nervous system lymphoma patients using immunohistochemistry, flow cytometry
and nucleic acid sequencing technology. In reimplantation experiments, we analysed
dissemination patterns of orthotopic and heterotopic xenografts and performed RNA
sequencing of different involved organs to detect differences at the transcriptome level.

Results: We found that xenografted primary central nervous system lymphoma cells

home to the central nervous system and eye after intrasplenic transplantation, mimicking

central nervous system and primary vitreoretinal lymphoma pathology, respectively.
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INTRODUCTION

Selective growth in the central nervous system (CNS) compartment is
the key feature of primary diffuse large B-cell lymphoma (DLBCL) of
the central nervous system (PCNSL) [1].

Lymphoma manifestation in the vitreoretinal compartment occurs
in around 15%-20% of PCNSL cases [2, 3]. Despite the improvement
of therapeutic strategies, that is, by incorporating CD20-directed
treatment and high-dose chemotherapy and autologous stem cell
transplantation (HCT-ASCT), the outcome remains poor compared
with patients with nodal DLBCL [4-7]. Mechanisms that commit lym-
phoma cells to the CNS and vitreoretinal compartment are poorly
understood, and it remains unclear where the transformation into a
neoplastic cell takes place. Two mechanisms are commonly discussed:
(1) B-cells are first recruited to the CNS through immune responses
and then undergo malignant transformation or (2) malignant B-cells
exterior to the CNS home selectively to the CNS compartment due to
a highly selective tropism. The latter theory is supported by the detec-
tion of identical mutations in the peripheral blood mononuclear cell
fraction and in lymphoma cells in the CNS [8, 9]. In 2%-10% of cases,
systemic DLBCL will disseminate to the CNS, then called secondary
CNS lymphoma (SCNSL) [10, 11]. SCNSL occurs as synchronous or
more often metachronous CNS involvement at relapse and is associ-
ated with a poor median OS of 3.5-7 months [12].

Recently, multiomic data analysis of large DLBCL cohorts identi-
fied distinct molecular clusters correlating with different survival out-
comes. PCNSL frequently harbour mutations in MYD88 (MYD88 24P,
CD79B and CARD11 as well as copy number alterations such as
9p21.3/CDKN2A copy loss, placing them among the newly identified
“MCD” or “Cluster 5 (C5)” or “MYDB88-like” DLBCL subtypes
[13-20]. Despite the consensus that systemic DLBCL and SCNSL
share key features with PCNSL (e.g., DLBCL histologic phenotype and
CNS tropism), it is accepted that they differ on a genetic level.
Although the above-mentioned studies elucidate the comprehensive
genetic landscape of DLBCLs, focusing on their heterogeneity, the
functional contribution of the identified genetic drivers to CNS infil-
tration is largely unknown. Likewise, several small studies have
focused on the genetic characterisation of PCNSL [8, 21-25] as well
as chemokine expression [26-28], but the relationship of the diverse

findings to the selective CNS tropism remains elusive.

therapeutic approaches.

Transcriptomic analysis revealed distinct signatures for lymphoma cells in the brain in
comparison to the spleen as well as a small overlap of commonly regulated genes in both
primary and secondary central nervous system lymphoma.

Conclusion: This in vivo tumour model preserves key features of primary and secondary
central nervous system lymphoma and can be used to explore critical pathways for the

central nervous system and retinal tropism with the goal to find new targets for novel

CNS tropism, patient-derived xenograft, primary and secondary central nervous system lymphoma,
primary vitreoretinal lymphoma

Key points

e The establishment and characterisation of a patient-
derived xenograft mouse model of primary (PCNSL) and
secondary central nervous system lymphoma (SCNSL).

e Heterotopic intrasplenic transplantation of PCNSL and
SCNSL, but not systemic DLBCL without primary or sec-
ondary CNS manifestation led to homing of lymphoma
cells to the central nervous system and vitreoretinal com-
partment, thus mimicking the central nervous system and
primary vitreoretinal lymphoma pathology.

e Transcriptomic analysis of different organs affected by

lymphoma identified distinct transcriptomic signatures.

In our study, we established a novel patient CNS biopsy-derived
xenograft mouse model (PDX), and exploited intrasplenic adoptive
transfer to study PCNSL and SCNSL spreading to the CNS and
vitreoretinal compartment. Compared with reported orthotopic PDX
models [29, 30], this xenograft model is to our knowledge the first to
show CNS dissemination and retinal infiltration after heterotopic
implantation and thus accurately mirrors CNS homing of primary CNS
and vitreoretinal lymphoma (PVRL). In addition, this heterotopic PDX
model allows the comparison of molecular and genetic profiles
between CNS and extra-CNS lymphoma manifestations of both
PCNSL and SCNSL xenografts by flow cytometry and RNAseq to
identify gene expression signatures and related pathways potentially

involved in CNS tropism.

PATIENTS AND METHODS
Patient material

After written informed consent, tumour tissue from diagnostic stereo-

tactic CNS biopsies or cerebrospinal fluid (CSF) from patients with
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suspicion of PCNSL, patients with systemic DLBCL with suspicion of
CNS relapse, or tumour material from lymph node or bone marrow
biopsies from patients with systemic DLBCL without CNS manifesta-
tions was implanted into recipient mice within 1 h. The trial protocol
was approved by the local ethics committee (Albert Ludwig University
Freiburg, permit number 91/14_170606).

Clinical characteristics as well as treatment and outcome param-
eters were collected for 24 patients (11 PCNSL, eight SCNSL and
five systemic DLBCL) (Table S1, Figure S1). Table 1 shows clinical
data for the patients with established PDX. All four PCNSL patients
were treated within a clinical trial comprising HCT-ASCT and were
in complete remission at the last follow-up. The four SCNSL
patients presented with a high Ann-Arbor stage and high (CNS) -
international prognostic index (IPl). Thus, three of these four
patients received high-dose methotrexate in addition to R-CHOP
chemotherapy, and one patient received consolidating HCT-ASCT.
Despite incorporating CNS active agents in first-line treatment, all
four patients subsequently developed CNS relapse and died. From
two patients with systemic DLBCL without a history of CNS
involvement, one patient developed a relapse 4 months after com-
pletion of first-line therapy with R-CHOP and then had a
chemotherapy-refractory disease course over 2 years and died. The
other patient received three courses of R-CHOP and achieved com-
plete remission but then stopped treatment because of toxicity
(Table 1, Figure S1).

Establishment of PDX models

This study was carried out in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the
Society of Laboratory Animals (GV SOLAS) in an AAALAC-accredited
animal facility. All animal experiments were approved by the Commit-
tee on the Ethics of Animal Experiments of the regional council
(Permit Numbers: G-18/78 and G17/138).

Tumour tissue was implanted subcutaneously (s.c.) as tumour
fragments, or intrasplenically (i.s.), intratibial (i.t.), or intracerebrally
(i.c.) via the foramen postglenoidale as single-cell suspensions into 4-
6 week old NSG mice (NOD/Shi-scid/IL-2Rynull; Charles River,
France). Whenever animals showed neurological defects, enlarged
abdomen or an s.c. growing tumour mass of ~1000 mm?®, mice were
sacrificed and tumour material was dissected. Xenograft tumours
were stored in liquid nitrogen for future implantation or fixed in for-
malin. For storage in liquid nitrogen, single-cell suspensions of xeno-
graft tumours were prepared by mechanical dissection after removal
of macroscopically visible necrotic parts of the tumour and stored in
90% FCS, 10% DMSO in aliquots of 5 x 10° cells/ml in liquid nitro-
gen [31]. Secondary implantations were carried out after the deple-
tion of mouse cells (#130-104-694, Miltenyi Biotec, Bergisch
Gladbach, Germany) [32]. A PDX was defined as established when
regrowth from xenograft tumour tissue stored in liquid nitrogen and
stable growth over at least three transplantation passages was

achieved.

Lymphoma dissemination of established models
according to different implantation routes

Mouse-cell depleted human lymphoma cells from established PDX
were injected i.c., i.s., or s.c. in 4-6 week old NSG mice (Charles River,
France). Lymphoma cell dissemination was analysed by immunohisto-
chemistry (IHC) and flow cytometry in the brain, eyes, spleen, liver,
bone marrow (femur) and subcutaneous tumours after

s.c. implantation (Figure 1).

Histology/immunohistochemistry

Tissues of interest were collected immediately after the euthanasia
of the donor animal and fixated in 10% neutral buffered formalin
for 24 h followed by routine processing and embedding into paraf-
fin. The whole brain was cut into 2 mm thick slices with a special
focus on macroscopically suspicious areas and then fixated and
embedded into paraffin. Tissue sections of the brain, spleen, liver,
femur and eyes including the retina and optic nerve were evaluated
by light microscopy (Olympus, Model BX41 TF, Hamburg, Germany)
after staining with haematoxylin and eosin (HE) using standard
protocols.

For IHC: 2-um-thick sections were cut from paraffin-embedded
tissue specimens followed by routine processing. Patient and corre-
sponding engrafted tumour tissue was stained using antibodies from
Agilent Technologies, Waldbronn, Germany for BCL2 (clone 124, code
IR61461) BCL6 (clone PG-Bé6p, code IR62561), MUM1 (clone
MUM1p, code IR64461), CD10 (clone 56C6, code IR64861), CD19
(clone LE-CD19, code IR64861), CD79a (clone JCB117, code
IR62161), Ki-67 (clone MIB-1, code IR62661-2), from Roche,
Mannheim, Germany for PD-L1 (VENTANA PD-L1 [SP263]) and from
abcam, Cambridge, UK, for c-Myc (clone Y69, ab168727). For the
(host dependent) streptavidin-biotin-based peroxidase detection,
EnVision Flex Peroxidase-Blocking Reagent (DAKO, SM801), EnVision
Flex+ Rabbit (LINKER) (DAKO, K8019) or EnVision Flex+ Mouse
(LINKER) (DAKO, K8021) and EnVision Flex/HRP (DAKO, SM802)
from Agilent Technologies, Waldbronn, Germany, were used. Repre-
sentative images of lymphoma infiltration of the brain, spleen, liver,
bone marrow and eyes were taken with different magnifications using
an Olympus, Model BX41 TF microscope (Hamburg, Germany) and
Leica DFC450 digital microscope camera (Hamburg, Germany).

Flow cytometry analysis

The BD FACSCanto Il Flow Cytometer and FACS Aria |l
(BD Biosciences, Heidelberg, Germany) were used for analysing and
sorting. Cell suspensions from CNS, spleen and liver from i.s. PDX
were incubated with the following fluorescence-labelled anti-human
antibodies (BD Biosciences, Frankfurt am Main, Germany): CD45 FITC
(560976), CD14 PE (557154), CD19 PE (561741), CD5 FITC
(561896), CD20 FITC (560962), CD10 PE (557143), kappa FITC
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FIGURE 1 Workflow for the establishment of patient-derived xenograft (PDX) mouse models from PCNSL and SCNSL patient samples. In
the MRI with reconstruction from a patient in the study, the orange arrow indicates lymphoma manifestation before stereotactic sampling.
Patient samples, either stereotactic CNS biopsies or CSF, were implanted via different routes, intracerebral (i.c.), intrasplenic (i.s.) or subcutaneous
(s.c.) into NSG recipient mice. Mice were sacrificed when neurologic symptoms or deterioration of overall condition occurred and cells from the
brain, spleen or subcutaneous tumours were harvested and organs analysed for lymphoma infiltration. After mouse cell depletion, human
lymphoma cells were re-implanted s.c. or i.s. into recipient mice. This procedure was repeated over several passages until stable growth was
observed. Passaged human lymphoma cells were frozen in DSMO and stored. Subsequently, PDX lymphoma cells from these stocks were serially
implanted orthotopically (i.c.) or heterotopically (i.s., s.c.) into NSG mice and the organs brain, eyes, spleen, liver and bone marrow (femur) were

analysed for lymphoma infiltration.

(643773), lambda FITC (346600), CD200 PE (562125), CD184 PE
(551510), CD44 PE (561858), CD54 PE (560971), or isotype control.

Fluorescence in situ hybridisation (FISH) and targeted
next-generation sequencing

The slides were pretreated and hybridised with DNA Probes: XL
DLEU/TP53, XL CDKN2A, XL IGH BA, XL BCL2 BA, XL BCLé6 BA, XL
MYC BA, XL ATM/11cen, XL t(11;14) MYEOV/IGH DF (MetaSystems,
Altlussheim, Germany). Digital images of interphase spreads were
recorded with a Sensys digital camera (Photometric, Tucson, AZ) on an
Axioplan | fluorescence microscope (Zeiss, Jena, Germany).

The lllumina TruSight Lymphoid Sequencing Panel, including
40 genes (Table S2b) was used for targeted sequencing as described
previously [33].

Cell culture and cytokine array

A single cell suspension was prepared from the spleen of i.s. PDX
models with tumour content >95%. After 24 h of culture at 37° C, cell
culture supernates were analysed for selected human cytokines and
chemokines (Proteome Profiler Array ARYO05B, R&D Systems, Wies-
baden, Germany).

RNA isolation and RNA sequencing

Total RNA was isolated from fresh, hCD19 sorted lymphoma cells
(high pure RNA Isolation Kit, Roche Life Science, Mannheim,
Germany) and quality and quantity were controlled using Qubit and
fragment analyser technology (Thermo Fisher Scientific, Schwerte,
Germany). For library preparation, RNA was converted to cDNA and
amplified (10 PCR cycles) with the SMART Seq v4 ultra-low RNA kit
(Takara, Saint-Germain-en-Laye, France, Land). Subsequently, two
pools consisting of seven libraries each were sequenced on a HiSeq
4000 (lllumina Inc., San Diego, CA) in 100 bp paired-end mode, pro-
ducing an output of at least 48 Mio. paired-end reads per sample.
RNA sequencing data are available on Gene Expression Omnibus
under the accession number GSE189822 (using the token
ofoxiyyaznsnhoj) and GSE218285 (using the token crojugewtjqfrub).

Bioinformatics and statistics

After adapter- and bad quality-trimming using Trimmomatic (v0.38),
paired-end reads were aligned to the human genome and the read
count per gene was quantified using STAR (v2.7.0a) [34, 35]. Read
counts were further processed with R (v 4.2.1). Differential gene
expression analysis was performed with edgeR package (v 3.38.4) in
combination with SVA (v 3.44.0) to homogenise the two batches of
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eight and four samples [36, 37]. Gene-set enrichment analysis was
performed with the clusterProfiler R package (v 4.4.4) [38]. Gene sets
from MsigDB (v7) [39] were used with a threshold of an adjusted
p value <0.05 for significance. We used GraphPad version 5.3
(GraphPad Software, San Diego, USA) to generate Kaplan Meier ana-
lyses (log-rank tests, p value <0.05; progression-free survival [PFS]:
time from first diagnosis to disease progression or death; overall sur-

vival [OS]: time from first diagnosis to death).

RESULTS

Establishment of primary and secondary CNS
lymphoma PDX models

Stereotactic CNS biopsies were obtained from 10 patients with
PCNSL and six patients with SCNSL. CSF samples were taken from
one PCNSL and two SCNSL patients. Four lymph node biopsies and
one bone marrow aspiration were obtained from five patients with
systemic DLBCL without CNS manifestation. All 24 patients were
under diagnostic work-up at the time of first diagnosis (PCNSL), at the
time of first CNS relapse (SCNSL) or either at first diagnosis or relapse
(systemic DLBCL) (Table 1, Table S1 and Figure S1).

In the first series, lymphoma cell implantation was performed via
the s.c. route derived from seven patients [40]. After s.c. implantation,
two out of three SCNSL samples engrafted at the site of implantation
but only one out of four PCNSL biopsies engrafted. Interestingly, the
successfully engrafted PCNSL animal developed a distended abdomen
and after autopsy, intrasplenic lymphoma was detected, whereas no
lymphoma cells were present at the s.c. site. Intracerebral implanta-
tion led to engraftment at the implantation site in five out of seven
PCNSL CNS biopsies (71%) and three out of four SCNSL CNS/CSF
biopsies (75%). Based on reports of successful engraftment of chronic
lymphocyte leukaemia cells via intrasplenic implantation [41] and our
observation that s.c. PCNSL implantation led to intrasplenic lym-
phoma prompting us to pursue the i.s. implantation route with suc-
cessful engraftment of one SCNSL sample. Four of the five systemic
DLBCL samples were implanted via the i.s. route and led to the suc-
cessful engraftment of two samples; one biopsy derived from bone
marrow infiltration was implanted i.t. but did not lead to engraftment
(Figure S2).

Successfully engrafted lymphoma cells derived from subcutane-
ous, splenic or cerebral manifestations in xenotransplanted mice
were isolated and serially reimplanted s.c. and is. over at least
three passages to ensure stable growth. Four PCNSL (PDX 2922,
PDX 4031, PDX 4113, PDX 4282) models, four SCNSL (PDX
2835, PDX 2938, PDX 2958, PDX 2972) models and two systemic
DLBCL (PDX 4009, PDX 4289) models were successfully
established.

Subcutaneous tumour sections of the PCNSL and SCNSL PDX
models were further analysed by IHC using the “Hans classifier” panel
[42], comprising CD10, BCL6 and MUM1 as well as CD20, CD79%a
and BCL2, and compared with the original patient brain biopsy. The

PDX models showed an almost identical marker profile in comparison
to the original patient biopsy (Figure 2). Additionally, we stained for c-
MYC, Ki-67 and PD-L1 showing largely concordant expression in PDX
and corresponding patient biopsies (Table S3).

Dissemination pattern of lymphoma cells derived from
established PDX models after secondary orthotopic or
heterotopic implantation

The established PCNSL and SCNSL PDX models were used to trace
lymphoma cell spreading in vivo (Figure 1). After orthotopic
i.c. implantation, the PCNSL PDX showed strong lymphoma infiltra-
tion of the brain and eyes (Figure 3A). Of note, small lymphoma infil-
trates emerged in the spleen, liver and bone marrow, demonstrating
systemic dissemination. Similarly, the SCNSL PDX showed prominent
lymphoma infiltration of the brain and eyes as well as small lymphoma
infiltrates in the spleen, liver and bone marrow. The detection of
prominent lymphoma infiltration surrounding the optic nerve suggests
that most of the eye infiltration originated from the brain and menin-
ges via continuous growth along the optic nerve sheath in both
PCNSL and SCNSL PDX models (Figure 3A). Overall i.c. implantation
resulted in strong lymphoma growth within the brain and eyes and
minor systemic dissemination with no significant difference between
PCNSL and SCNSL PDX models.

After heterotopic i.s. implantation, PCNSL and SCNSL PDX
showed massive spleen infiltration as well as lymphoma infiltration
of various degrees in liver and bone marrow (Figure 3B). Importantly,
dissemination to the brain was detected in all three PCNSL and two
out of three SCNSL cases, and was most pronounced in PDX 2922
and 4031 (PCNSL), and PDX 2958 (SCNSL). SCNSL PDX 2972 in
addition to brain manifestation showed massive bone marrow infil-
tration (Figure 3B), also observed in the corresponding patient.
Importantly, i.s. implantation of a PDX established from bone mar-
row from the same patient again resulted in massive infiltration of
spleen and bone marrow, but consistently no lymphoma cells were
detected in CNS parenchyma, meninges or retina (data not shown).
We next analysed two PDX models derived from lymph node biop-
sies from two DLBCL patients without a history of synchronous or
metachronous secondary CNS manifestation. In contrast to PCNSL
and SCNSL PDX models, the systemic DLBCL PDXs (4009 and
4289) after i.s. implantation showed massive infiltration of the spleen
and infiltration of bone marrow, but no lymphoma infiltration in the
brain or eyes (Figure 3B). When we analysed s.c. implantation, lym-
phoma growth was observed at the s.c. implantation site, whereas
only single cell infiltrates were detected in the liver, bone marrow,
spleen and CNS with no differences between PCNSL and SCNSL
PDX. Only one PCNSL PDX (PDX 4031) showed lymphoma infil-
trates >10% in the brain and liver after s.c. implantation (Figure S3).
Together, these data demonstrate that after heterotopic
i.s. implantation, primary and secondary CNS lymphoma PDX, but
not systemic lymphoma PDX display dissemination to the brain

and eyes.
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FIGURE 2 (AB) Characterisation of PDX models by histology and immunohistochemistry. Subcutaneous tumour sections of the four PCNSL
(A) and four SCNSL (B) PDX models were analysed by histology and immunohistochemistry using a panel of immunohistochemical markers
(CD20, CD79a, CD10, MUM1, BCL2 and BCL6). Compared with the original patient samples, PDX lymphomas showed a largely identical
immunophenotypic profile. The cell of origin classification was determined according to the Hans classifier. In one case of SCNSL PDX (2938), the
generation of the PDX model was started from CSF and no initial biopsy was taken. Scale bars, 100 um. Each IHC antibody stain was evaluated
by two pathologists (S.D. and H.E.S.) through visual estimation. Positive cells in percentage with 5% increments are given for each case. For Hans
classifier markers percentages 230% are considered positive.
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FIGURE 2 (Continued)

Retinal infiltration mimics PVRL

Infiltration of the eyes was detected in the choroid in two SCNSL PDX
models, whereas infiltration of the retina was only detected in one
PCNSL, PDX 4031 (Figure 3B). To investigate the detailed eye infiltra-
tion patterns, PCNSL PDX model 4031 and SCNSL PDX model 2958
were implanted i.s. into 13 recipient mice. IHC analysis detected PCNSL
PDX 4031 lymphoma infiltration in the retina but not in the optic nerve
in nine out of 13 animals thus mimicking PVRL. Four out of 13 animals

showed no eye infiltration. SCNSL PDX model 2958 showed no retinal
lymphoma infiltration in 13 out of 13 cases (Figure 4).

Flow cytometric, molecular genetic and cytokine
secretion profiling of PDX organ lymphoma infiltrates

To further characterise lymphoma spreading after i.s. implantation, we
analysed the spleen, liver and brain of two PCNSL and one SCNSL
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FIGURE 3 (AB)CD20 staining of different organs after secondary i.c. (A) or i.s. (B) implantation of PDX lymphoma cells into NSG recipient
mice (N = 3). After i.c. (A) implantation, the PCNSL and SCNSL PDX showed strong lymphoma infiltration of the brain and eyes. In addition, small
lymphoma infiltrates in the spleen, liver and bone marrow were detectable. After i.s. (B) implantation, the PCNSL PDX showed massive spleen
infiltration, as well as lymphoma, infiltrates in the liver, bone marrow, brain and in one case infiltration of the retinal pigment epithelium (RPE)
(PDX 4031). The SCNSL PDX differed in having less brain and bone marrow infiltration and infiltration of the eyes (two cases) was localised in the
choroid, whereas no infiltration of the RPE was detected. As a control group 2 systemic DLBCL PDX 2009 and 4289 were implanted i.s. in five
recipient mice. No lymphoma infiltration of CNS and eyes was detected, whereas lymphoma infiltrates in the spleen, liver and bone marrow were
observed. Representative images of slides were selected. Bar scale 100 um, except brain and eye panel in a and brain panel in b bar with scale
500 pm. Higher magnification inserts are included in selected images with positive lymphoma cells, bar scale 12 um. Visual estimation of the
percentage of infiltration in the respective organs was performed by two pathologists (S.D., H.E.S). For each PDX, at least three slides were
analysed, representative slide sections were selected and infiltration percentages were documented in 5% increments. Below 1 means no positive

cells were detected in the three analysed slides.

PDX model via flow cytometry. PCNSL PDX 4113 showed human
CD19+ cells with kappa light chain restriction, corresponding to the
originating tumour as well as expression of the cell adhesion mole-
cules CXCR4 (CD184), ICAM1 (CD54) and HCAM (CD44) in spleen,
liver and brain (Figure S4a,b). PCNSL PDX 4031 showed human
CD19+ cells with lambda light chain restriction corresponding to

originating tumour as well as expression of cell adhesion molecules
CXCR4 (CD184), ICAM1 (CD54) and HCAM (CD44) in spleen, liver
and brain (data not shown). SCNSL PDX 2958 showed human CD19+
cells with kappa light chain restriction corresponding to originating
tumour as well as expression of cell adhesion molecules CXCR4
(CD184), ICAM1 (CD54) and HCAM (CD44) in spleen, liver and brain
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FIGURE 4 Eye infiltration pattern of PCNSL PDX model 4031. A total of 13 recipient mice were implanted intrasplenically with lymphoma
cells from PCNSL PDX model 4031. Nine out of 13 mice showed lymphoma infiltration in the retinal pigment epithelium (RPE), but not in the
optic nerve, whereas 4 out of 13 mice did not show any lymphoma infiltration in any part of the eyes. As a control group, 13 mice were implanted
with lymphoma cells from SCNSL PDX model 2958. In these mice, no lymphoma infiltration of any part of the eye was detected. Bar scale in HE
overview image 1 mm, CD20 and CD79a images 50 um, bar scale in inserts 12 um.

(data not shown). Both PCNSL PDX models were analysed with FISH
(Figure S5). PCNSL PDX 4031 showed loss of X chromosome, TP53
deletion, deletion of 14g32/IGH and deletion of 9p21/CDKNZ2A.
PCNSL PDX 4113 showed biallelic deletion of 9p21/CDKN2A. None
of the PDX showed aberrations in cMYC, BCL2, BCL6 or 11q22/ATM
(Figure S5). Sequencing of both PCNSL PDX revealed MYD88245P
mutations in both PCNSL PDX as well as a CD79A mutation in PDX
4113 (Table S2a,b).

To assess cytokine secretion profiles of organ infiltrating PDX lym-
phoma cells, isolated spleen xenograft lymphoma cells of PCNSL PDX
4031 and SCNSL PDX 2958 were cultured and supernatants were ana-
lysed by cytokine array. In supernatants of PCNSL PDX 4031, migration
inhibitory factor (MIF) and the macrophage inflammatory proteins
MIPalpha and beta were detected whereas SCNSL PDX 2958 cells
secreted MIF, IL-16, IL-6, IL-10 and CXCL10/IP-10 (Figure Sé).

Transcriptome analysis of brain vs spleen lymphoma
manifestations by RNAseq

RNAseq analysis of sorted lymphoma cells isolated from the brain

after i.c. implantation or spleen after i.s. implantation of three PCNSL

PDX (4031, 4113, 4282) and three SCNSL PDX (2958, 2938, 2972)
revealed major gene expression differences between PCNSL and
SCNSL as expected (Figure 5A). In the principal component analysis
differences between PCNSL and SCNSL PDX were more pronounced
than differences between CNS and splenic manifestations of each
PDX model (Figure 5B). Overall, 347 genes were expressed differently
in the PCNSL CNS vs SCNSL CNS comparison, whereas 287 genes
showed significant differential expression in the PCNSL spleen vs
SCNSL spleen comparison (Figure 5C). The genes that were upregu-
lated in PCNSL compared with SCNSL are involved in cell migration,
cell adhesion processes, metastasis, cell proliferation, angiogenesis
and DNA damage. Intergroup comparison between CNS and spleen in
the PCNSL as well as the SCNSL group also identified significantly dif-
ferentially expressed genes (Figure 5D,E). Genes that were highly
expressed in CNS vs spleen in the PCNSL group included genes that
are linked to the extracellular matrix, cell migration, brain develop-
ment, cell energy and inflammatory processes (Figure 5D). Moreover,
we identified a small overlap of commonly upregulated and downre-
gulated genes in the CNS-spleen comparisons of both PCNSL and
SCNSL with 11 genes upregulated and eight genes downregulated
(Figure 5F,G). On the pathway level, epithelial-mesenchymal transi-
tion, inflammatory response, myogenesis and glycolysis were among
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FIGURE 5 Transcriptomic analysis of PCNSL and SCNSL PDX. (A) Flow chart of the experimental approach. Human anti-CD19 stained flow-
sorted lymphoma cells from CNS and spleen of three PCNSL PDX and three SCNSL PDX were subjected to RNAseq analysis. (B) Principal
component analysis revealed distinct clustering for each PDX model (colour-coded, green: PCNSL CNS, purple: PCNSL spleen, blue: SCNSL CNS,
orange: SCNSL spleen). (C) Heat map showing the 20 most differentially expressed genes in both PCNSL CNS vs SCNSL CNS and PCNSL spleen
vs SCNSL spleen (adj. p value <0.05). (D) Volcano plot of differentially expressed genes of PCNSL lymphoma cells from CNS vs. spleen marking
the top 25 differentially expressed genes. AVG represents the average normalised intensity across all samples from both conditions. (E) Volcano
plot of differentially expressed genes of SCNSL lymphoma cells from CNS vs. spleen marking the top 25 differentially expressed genes. (F) Venn
diagram showing the top 100 significantly upregulated genes of PCNSL CNS vs. spleen and SCNSL CNS vs. spleen comparisons. The 11 genes
that overlap are listed. (G) Venn diagram showing the top 100 significantly downregulated genes of PCNSL CNS vs. spleen and SCNSL CNS vs
spleen comparisons. The eight genes that overlap are listed. (H) Gene-set enrichment plot for Hallmark glycolysis pathway, potentially relevant for
PCNSL and SCNSL pathogenesis. (I,J) Hallmark pathway glycolysis gene sets showing significantly regulated genes (p value <0.05) in the PCNSL
CNS vs spleen comparison (l) and SCNSL CNS vs spleen comparison (J).
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the most significantly upregulated hallmark pathways in PCNSL CNS
vs spleen comparison whereas TNFA signalling via NFkB, inflamma-
tory response and glycolysis were among the most significantly upre-
gulated hallmark pathways in SCNSL CNS vs spleen comparison
(Figure S7). The hallmark glycolysis pathway was significantly upregu-
lated in both PCNSL and SCNSL CNS vs spleen comparison
(Figure 5H-)J).

DISCUSSION

Unravelling the molecular pathways that contribute to PCNSL and
SCNSL tropism to neural tissue has been hampered by a lack of suit-
able in vivo models. In this study, we established a patient-derived
PDX mouse model that preserves the lymphoma (DLBCL) cell pheno-
type of the corresponding patient CNS biopsies after serial transplan-
tation and allows (1) to study lymphoma cell dissemination after both
orthotopic and heterotopic implantation and (2) to analyse cellular
and molecular features of lymphoma manifestations in different
organs (CNS vs non-CNS).

The establishment of patient-derived PCNSL and SCNSL xeno-
graft mouse models via orthotopic implantation into the CNS has
been reported [29, 30]. Like in our model, the lymphoma cells expand-
ing in recipient mice showed the same immune-histological phenotype
compared with patient biopsies. In contrast to reported patient-
derived PCNSL PDX models, we, for the first time, report heterotopic,
such as intrasplenic, implantation strategies to study the lymphoma
cell fate of both PCNSL and SCNSL in comparison to systemic DLBCL
without CNS manifestations as a control group. We observed sys-
temic dissemination in the spleen, liver and bone marrow in SCNSL
and systemic DLBCL PDX but surprisingly also in the PCNSL PDX.
This observation supports the hypothesis of recirculation of trans-
formed B-cells between the systemic and CNS compartment with
clinical CNS manifestation occurring due to a highly selective CNS tro-
pism [25, 26]. Although PCNSL patients display clonal B-cells in the
circulation [8, 9], the overt systemic spread to other organs observed
in our model does not occur in PCNSL patients and may be due to the
immunodeficient host state of the recipient mice affecting immune-
mediated PCNSL lymphoma cell elimination in the periphery. In addi-
tion, we observed lymphoma cells spreading to the brain and eyes
after intrasplenic implantation of both PCNSL and SCNSL-derived
PDX models, but not in PDX derived from systemic DLBCL without
CNS manifestations. Notably, the PCNSL lymphoma infiltration of the
eye in this model (which occurred in 69% of i.s. transplants of PCNSL
PDX model 4031) was limited to the retina and did not affect other
eye compartments such as the optic nerve, which closely models
PVRL at early stages of the disease [2]. This is in contrast to previ-
ously reported PVRL mouse models established by injecting B-
lymphoma cells or cell lines into the eye [43, 44] which resulted in
massive infiltration of most parts of the eye. The PVRL infiltration pat-
tern was observed only in i.s. PCNSL xenografted mice. PVRL lym-
phoma cells in this model expressed chemokine receptors CXCR4 and
CXCRS5 as well as CD44 [45].

FISH analysis and sequencing of PDX lymphoma cells detected
mostly well-known PCNSL and SCNSL alterations, notably CDKN2A
deletions [46] and the MYD88-2%°P mutation [47]. IGH deletions
(PCNSL PDX 4031 and SCNSL PDX 2972) have been described by
Montesinos-Rongen et al. in a cytogenetic study of 13 PCNSL
patients in about 60% of cases [48]. TP53 deletion (PCNSL PDX
4031) is a less common aberration [13]. Loss of X chromosome
(PCNSL PDX 4031) has to our knowledge not been described in
PCNSL, but sex chromosome abnormalities can occur in DLBCL and
brain tumours [49, 50] and have been described to arise independent
of haematologic disease with higher age [51]. Mutations in B-cell
receptors are common alterations in PCNSL, especially the CD79B
mutation [24, 52]. To our knowledge CD79A mutations (PCNSL PDX
4113), are not common in PCNSL, but have been described in sys-
temic DLBCL [53].

Characterisation of established PDX models via flow cytometry
as described for PCNSL stereotactic biopsies [54, 55] confirmed the
conserved PCNSL immunophenotype of lymphoma cells in different
organs including the CNS after is. implantation. In addition, we
detected the expression of cell adhesion molecules ICAM1 (CD54)
and HCAM (CD44) and the chemokine receptor CXCR4 in PCNSL
PDX models 4031 and 4113 as previously described [56, 57]. CD44 is
also expressed on astrocytes, microglia and cerebral endothelial cells
[57] and interacts with osteopontin, an extracellular matrix molecule
that was shown to be upregulated in PCNSL [58, 59]. He et al. associ-
ated increased expression of CD44 and CXCR4 with aggregated peri-
vascular lymphoma cell formation, a characteristic histologic feature
of PCNSL [60]. Interestingly, CD44 (via CD74) and CXCR4 are acti-
vated by MIF [61], which we found to be secreted by spleen-derived
PCNSL PDX lymphoma cells. This interaction induces ERK1/2 phos-
phorylation leading to the release of pro-inflammatory cytokines asso-
ciated with cell proliferation and tumour angiogenesis [39, 50], which
might be involved in PCNSL pathogenesis and progression.

PCNSL PDX lymphoma cells were also found to release macro-
phage inflammatory protein 1o (MIP-1a) and 1p (MIP-1p). MIP-1a or
CCL3 is a pro-inflammatory chemokine produced by many different
cell types such as immune cells, epithelial cells, fibroblasts and glial
cells and is known to play a role in cell adhesion and migration [62].
The interaction with its receptors CCR1 and CCR5 is important in
mediating pro-survival effects in various haematologic neoplasms
[63], and plays a role in multiple myeloma bone disease [64], but has
not been described in the context of PCNSL.

The cytokines that we found to be secreted by spleen-derived
SCNSL PDX 2958 lymphoma cells, notably IL-6 and IL-10 can be
induced via activation of IRAK4 by the NFkB pathway, that in turn will
be activated by the MYD882%°F mutation [57] present in this model.
A potential role for IL-10 in protecting lymphoma cells from immune
reactions in the CNS has been discussed for PCNSL [65].

The heterotopic i.s. implantation model offered the opportunity
to investigate transcriptomic differences between spleen and CNS
manifestations for SCNSL and PCNSL PDX. We found large gene
expression differences between PCNSL and SCNSL. More impor-
tantly, we identified specific gene sets that were significantly
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upregulated or downregulated in PCNSL CNS vs spleen as well as in
SCNSL CNS vs spleen comparison, defining distinct transcriptome sig-
natures for both PCNSL and SCNSL in the CNS compartment. Regu-
lated genes that shared up or downregulation in CNS vs spleen
lymphoma cells originating from both PCNSL and SCNSL are potential
candidates for a role in CNS lymphoma pathogenesis and tropism.
Regenerating islet-derived type 4 (REG4) showed a 2.3-fold (PCNSL)
and 3.5-fold (SCNSL) upregulation in CNS vs spleen lymphoma cells
and has been described to promote invasion and migration of cancer
cells in various human cancers [66]. Recently, REG4 was found to
interact with the CD44 receptor, which then can activate the tran-
scription of pro-proliferative, pro-metastatic and anti-apoptotic genes
[67]. Among the most significantly upregulated hallmark pathways in
the PCNSL CNS vs spleen comparison were epithelial-mesenchymal
transition, coagulation and myogenesis. We found SPP1, known to be
involved in the pathogenesis of PCNSL, significantly upregulated in
CNS vs spleen comparison and part of the hallmark epithelial-
mesenchymal transition gene list [58, 68]. Moreover, we identified the
glycolysis pathway as significantly upregulated in both PCNSL and
SCNSL CNS vs spleen transcriptome analysis. In accordance, a recent
study by Tateishi et al. identified the deregulation of the RELA/p65
hexokinase 2 axis, involved in the glycolytic pathway as a driver of
intracerebral lymphoma progression in an orthotopic PDX model of
PCNSL [29].

Whether the observed transcriptome differences of PCNSL and
SCNSL in different mouse tissues reflect adaption to the respective
local microenvironment (brain vs spleen) or represent a gene expres-
sion signature involved in lymphoma cell migration to distinct sites
cannot be discriminated from the obtained RNAseq data sets and
needs to be further investigated by functional blockade or overex-
pression studies of candidate molecules or signalling pathways in the
established PDX models.

In summary, we established the first patient-derived PCNSL PDX
model that explores intrasplenic implantation and reveals lymphoma
infiltration of the brain and retina mimicking PCNSL and PVRL. This
model might be used to unveil genetic and molecular hallmarks of
CNS lymphoma pathogenesis and progression and to explore targets

for therapeutic intervention.
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