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Central nervous system (CNS) lymphoma is an extranodal non-Hodgkin B-cell lymphoma characterized
by malignant lymph tissue arising in the brain or spinal cord, associated with inflammation and blood-
brain barrier (BBB) disruption. Although BBB disruption is known to occur in patients with CNS lym-
phoma, a direct link between these two has not been shown. Herein, abundant deposition of the blood
coagulation protein fibrinogen around B-cell lymphoma was detected in CNS lymphoma patients and in
the CNS parenchyma in an orthotopic mouse model. Functional enrichment analysis of unbiased ce-
rebrospinal fluid proteomics of CNS B-cell lymphoma patients showed that coagulation protein networks
were highly connected with tumor-associated biological signaling pathways. In vivo two-photon im-
aging demonstrated that lymphoma growth was associated with BBB disruption, and in vitro experi-
ments identified a role for fibrinogen in promoting lymphoma cell adhesion. Overall, these results
identify perivascular lymphoma clustering at sites of fibrinogen deposition, and suggest that fibrinogen
may be a target for pharmacologic intervention in metastatic B-cell lymphoma associated with BBB
disruption. (Am J Pathol 2021, 191: 575e583; https://doi.org/10.1016/j.ajpath.2020.12.010)
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Central nervous system (CNS) lymphoma is a form of non-
Hodgkin B-cell neoplasm that can occur as either a primary or
a metastatic disease.1e3 Both primary and metastatic CNS
lymphomas show accumulation of tumor cells around blood
vessels, implicating the cerebrovasculature in their
pathogenesis.2 Dissemination of lymphoma cells within the
CNS is associated with poor prognosis. During CNS tumor
development, the blood-brain barrier (BBB) can be damaged
as a primary or a secondary event.4,5 Loss of integrity in the
BBB closely correlates with how fast individual metastases
grow,6 and meta-analyses indicate a significant association
between BBB leakage and degree of malignancy.7,8 How-
ever, the relationship between BBB leakage and CNS
lymphoma onset or progression has not been demonstrated.

BBB disruption allows plasma protein extravasation and
deposition in the brain parenchyma. Indeed, a large-scale
proteomic profiling of the cerebrospinal fluid (CSF) of
patients with CNS lymphoma identified increased levels of
stigative Pathology. Published by Elsevier Inc
coagulation factors, including fibrinogen,9 which correlated
with tumor grade and poor clinical outcome.10 Interestingly,
activation of the coagulation cascade seems to be crucial for
tumor growth andmetastasis-associated events.11 In addition,
apart from its role in coagulation, fibrinogen has been shown
to drive tissue inflammation during CNS injury and disease.12

However, whether fibrinogen is deposited in CNS tumors in
lymphoma patients and its potential role in lymphoma
accumulation in CNS tumors have not been investigated.
. All rights reserved.
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This study makes use of human tumor samples and a
mouse model of CNS lymphoma to investigate whether
CSF protein extravasation through a permeable BBB can
alter the tumor microenvironment to regulate the CNS
tropism behavior and adhesion properties of CNS tumors.
The results demonstrate that fibrinogen deposition occurs in
the CNS parenchyma of an orthotopic mouse model of
human B-cell lymphoma and in primary CNS lymphoma
patients. Unbiased proteomic profiling of CSF from patients
with metastatic B-cell CNS lymphoma revealed a molecular
link between coagulation and signaling related to CNS
lymphoma growth and progression. Lymphoma cells
adhered to fibrinogen in vitro, and two-photon imaging of
lymphoma in the brain showed that lymphoma tends to
cluster around sites of BBB disruption. These data show, for
the first time, the cellular and molecular interplay of
fibrinogen and lymphoma growth signaling pathways, and
can provide tumor-specific targets for pharmacologic inter-
vention in lymphoma associated with BBB disruption.

Materials and Methods

Cell Lines

Raji, Ramos, and Ly3 cells were obtained from ATCC
(Manassas, VA). Lymphoma cells were cultured in high-
glucose Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum, 1% penicillin-streptomycin, and
1% nonessential amino acids. To keep genetic drift to a
minimum, cells were maintained in culture for a maximum
duration of 2 to 3 months after thawing.

Mice

Athymic male mice (nu/nu; Simonsen Laboratories, Gilroy,
CA) between the age of 4 and 6 weeks were used for tumor
implantation experiments. Mice were housed under Insti-
tutional Animal Care and Use Committee guidelines in a
temperature- and humidity-controlled facility with a 12-hour
lighte12-hour dark cycle and ad libitum feeding. All animal
protocols were approved by the Committee on Animal
Research at the University of California, San Francisco, and
were in accordance with the NIH guidelines.

Intracerebral Injection of Lymphoma Cells

Raji cells were modified to stably express firefly luciferase
by lentiviral transduction, as described.13 Cultured cells
were washed three times with phosphate-buffered saline
(PBS), counted, and maintained on ice in Dulbecco’s
modified Eagle’s medium until injection. Athymic mice
were anesthetized with a mixture of ketamine/xylazine and
placed in a stereotactic frame. Raji cells (5 � 105 cells in 5
mL serum-free medium) were slowly injected at a rate of 1
mL/minute with a Hamilton syringe attached to a 26-gauge
needle into the brain at the following coordinates:
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anteroposterior, 0.5 mm; mediolateral, e2.5 mm; and
dorsoventral, e3 mm from the bregma.

Functional Enrichment and Protein Network Analysis

Network visualization was performed in Cytoscape version
3.7.214 with the plug-in for STRING Database.15 In brief,
proteome data on differentially expressed proteins [false
discovery rate (FDR), <0.1] that were increased in CSF
from 31 patients with brain lymphoma compared with
nonneoplastic control conditions9 were used as input
(Supplemental Table S1) and queried in STRING Human
Protein Database with default parameters. A total of 75
differentially expressed proteins were clustered on the basis
of STRING functional enrichment analysis for Reactome
pathways and ranked by FDR P < 0.05 and >10 enriched
proteins per Reactome pathway term.

Immunohistochemistry

Mice were transcardially perfused with PBS and 4% para-
formaldehyde under anesthesia, and brains were frozen in
OCT compound (Tissue-Tek, Torrance, CA), then cut into
10-mm cryosections. For immunohistochemistry, sections
were permeabilized in 0.1% Triton X-100, blocked with 5%
normal donkey serum, and incubated for 24 hours at 4�C
with primary antibodies against fibrinogen (1:1000), laminin
(1:100; Sigma-Aldrich, St. Louis, MO), CD20 (1:500;
BioLegend, San Diego, CA), CD11b (1:100; Abcam,
Cambridge, MA), ionized calcium-binding adaptor protein-
1 (Iba-1; 1:1000; Wako, Richmond, VA), or CD31 (1:200;
Abcam). Sections were rinsed in PBS with 0.1% Triton X-
100 and incubated with secondary antibodies conjugated
with Alexa Fluor 488 or 594 (1:200; Jackson Immuno-
chemicals, West Grove, PA) for 1 hour in the dark. After
washing in PBS, sections were coverslipped with Prolong
Gold antifading agent (Invitrogen, Carlsbad, CA). For
diffuse large B-cell lymphoma and mucosa-associated
lymphoma tissue array (US Biomax, Inc., Derwood, MD),
deparaffinized sections were immunostained with fibrinogen
antibody (1:1000). Images were acquired using an Axioplan
II epifluorescence microscope (Zeiss, White Plains, NY)
equipped with dry Plan-Neofluar objectives (10 � 0.3,
20 � 0.5, or 40 � 0.75 numerical aperture).

Cranial Window Surgery

Micewere kept at 37�Cusing a heating pad during all surgical
and imaging procedures. Surgery was performed under
ketamine/xylazine anesthesia (100/10 mg/kg body weight).
Following shaving of the head, disinfection of the skin, and
local s.c. injection of 2% lidocaine, an incision was made to
expose the skull. The skull was thoroughly dried by removing
all bone-attached membrane and fat tissue. A circular moat of
about 3 to 4 mm in diameter was drilled over the primary
hindlimb/forelimb somatosensory cortex immediately above
ajp.amjpathol.org - The American Journal of Pathology
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the implanted Raji cells. A custom-designed (eMachineShop,
Mahwah, NJ) steel head bar that included an imaging
chamber was positioned over the craniotomy and was firmly
affixed to the skull with cyanoacrylate glue and Metabond
dental cement. A drop of prewarmed (37�C) artificial CSF
(HEPES based; 125 mmol/L NaCl, 10 mmol/L glucose, 10
mmol/L HEPES, 3.1 mmol/L CaCl2, 2.7 mmol/L KCl, and
1.3 mmol/L MgCl2; pH 7.4) was applied to the bone island.
After 1 minute, the bone island was gently lifted off with a
microscalpel blade (Nordland Blade number 6900; Salvin
Dental, Charlotte, NC), followed by gentle flushing of the
dura mater with prewarmed artificial CSF to clean and
remove potential dural bleeding. A drop of artificial CSF was
placed on top of the dura mater, and the craniotomy was
closed and sealed using a round glass coverslip (4 mm in
diameter, type 0; Warner Instruments, Holliston, MA), which
was fixed to the skull and sealed with Flow-It ALC composite
(Pentron, Orange, CA) cured under UV light.

In Vivo Two-Photon Brain Microscopy

An Ultima IV two-photon microscope (Prairie Technologies/
Bruker, Billerica,MA), equippedwith aMai Tai eHPDeepSee
(Spectra-Physics/Newport, Santa Clara, CA) and an Insight X3
Ti:Sapphire femtosecond laser [Spectra-Physics/Newport;
pulse width, <120 femtoseconds; tuning range, 690 to 1040
nm (Mai Tai) and 680 to 1300 nm (Insight X3); repetition rate,
80 MHz; Spectra-Physics/Newport], was used and tuned to an
excitation wavelength of 950 nm (Mai Tai) and 1200 nm
(Insight X3). Following retro-orbital injection of 100 mL of 10-
kDa Alexa 647elabeled dextran dissolved in artificial CSF,
imaging was performed 50 to 100 mm below the dura mater in
the somatosensory cortex for vascular and tumor cell imaging.
A 25 � 1.05 numerical aperture water-immersion lens
(Olympus, Center Valley, PA)was used. Imageswere acquired
in galvo scan mode at 512� 512 pixels, 1.5 Hz, and a 1.0-mm
z-step. The maximum laser power exiting the objective was
<40 mW. An infrared-blocking filter and 560-nm dichroic
were placed in the primary emission beam path before the
nondescanned detectors. A 660-nm dichroic and a 692/24-nm
þ 607/45-nm bandpass filter were used to separate Alexa
647elabeled dextran and red fluorescent protein emissions,
respectively; a 520-nmdichroic and a 542/27-nmþ 494/41-nm
bandpass filter were used to separate yellow fluorescent protein
and green fluorescent protein fluorescence emissions, respec-
tively. A 45-minute time-lapse series, visualizing microglial
morphology, Raji cell dynamics, and BBB leakage within a
60- to 70-mm Z-stack, was acquired in 3-minute intervals. As
described,16,17 all imagingwas performed at least 50mmbelow
dura to avoid any potential effects of the cranial window sur-
gery on cellular activity, survival, and BBB integrity.

Processing and Analysis of in Vivo Imaging Data

Three-dimensional reconstruction and volume rendering
were performed with the three-dimensional Viewer plug-in
The American Journal of Pathology - ajp.amjpathol.org
within ImageJ software version 1.51 (NIH, Bethesda, MD;
http://imagej.nih.gov/ij). Images were adjusted for
brightness/contrast and background noise with ImageJ
software using the Subtract Background and/or Remove
Outliers plug-ins. For figures, two-dimensional representa-
tions of volumes were generated via maximum intensity
projections along the z axis using ImageJ software version 1.
51. Time-lapse movies were generated using maximum in-
tensity z-projections of stacks acquired sequentially over
time. If drift occurred over the acquisition period, z shifts
were corrected manually by taking substacks represented at
all time points and lateral shifts were corrected with the
StackReg plug-ins. Parenchymal movement tracking of in-
dividual Raji cells in the in vivo two-photon time-lapse Z-
stacks was accomplished by measuring the change in xy
coordinates of the pixels representing the edge of each
identified moving Raji cell from time 0 (start of time-lapse
imaging) to time 45 (end of time-lapse imaging). Total cell
movement was defined as the sum of the change in x and y
pixel coordinates. Tracking was performed in ImageJ soft-
ware. Areas of BBB leakage were defined by the presence of
intravenously injected fluorescent Alexa 647elabeled 70-
kDa dextran in the brain parenchyma, as previously
described.16 For each time lapse interval, the presence or
absence of parenchymal Alexa 647-labeled dextran was
assessed by measuring the Alexa 647 fluorescence signal
histogram in all extravascular/parenchymal space regions, as
observed in the entire field of view. Only fields of view
showing 0% Alexa 647 fluorescence signal in all extravas-
cular/parenchymal space regions and at all imaging time
points were defined as areas without BBB leakage.

Cell Adhesion Assay

Bloodwas collected from the heart of anesthetized wild-type or
Fgae/e mice into one-tenth volume of sodium citrate (Sigma-
Aldrich). Plasma was prepared by centrifugation at 2500 � g
for 10 minutes at room temperature. Lymphoma cells were
incubated in PBS containing 0.1 mmol/L Calcein-AM (Invi-
trogen) for 20 minutes and 100,000 cells per well were plated
on 96-well black m-clearebottomed microtiter plates (Greiner
Bio-One, Monroe, NC) precoated with plasma. Cells were
incubated on plasma for 2 hours. The nonadherent cells were
washed off with PBS, and Calcein-AM fluorescence was
detected at 488 nm/520 nm using a SpectraMaxM5microplate
reader (Molecular Devices, San Jose, CA).

Statistical Analysis

Data are presented as means � SEM. Statistical calculations
were performed with GraphPad Prism version 6.03
(GraphPad Software, San Jose, CA). Statistical significance
was determined with a nonparametric two-sided U-test or
two-way analysis of variance, followed by the Tukey post-
test (multiple comparisons). All animals survived to the end
of the study, and all data points were included in analysis.
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All histopathologic analysis and quantification were per-
formed blinded to experimental groups.

Results

Biological Categorization of Significantly Altered
Proteins in CNS Lymphoma Patients

The proteome of the CSF of CNS lymphoma patients has
been shown to differ significantly from that of control CSF.9
578
Although analysis of CSF proteins provides potential
diagnostic and prognostic biomarker information, the above
study did not reveal how the proteins found in the CSF may
interact to promote CNS lymphoma. To fill this gap, CSF
proteome data were subjected to a STRING functional
enrichment analysis to rank Reactome pathway terms
(Figure 1A and Supplemental Table S2). This analysis
reveals functional links between proteins that may
contribute jointly to a specific biological function. Because
several annotations are branched together, the analysis was
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Fibrinogen is associated with central nervous system (CNS) lymphoma. Microscopy of tissue sections from postmortem brains of human patients
with CNS lymphoma, stained with antibodies to fibrinogen, laminin (basal membrane), CD20 (B cell), and ionized calcium-binding adaptor protein-1 (Iba-1;
microglia), showing fibrinogen surrounding a CD20þ B-cell lymphoma around leaky blood vessels. Scale bars: 100 mm (A); 80 mm (B and C).

Fibrinogen and CNS B-Cell Lymphoma
visualized as an enrichment network, which algorithmically
clustered Reactome pathway terms with highly similar
content, using the enrichment map plug-in in the Cytoscape
environment. This revealed the highly connected pathways
regulation of complement cascade (FDR Z 5.45 � 10�26),
extracellular matrix organization (FDR Z 1.62 � 10�9), G
proteinecoupled receptors downstream signaling
(FDR Z 0.0119), and hemostasis (FDR Z 5.13 � 10�13).
These data identified 37 coagulation proteins (hemostasis
and regulation of complement cascade) that are significantly
deregulated in CSF of CNS lymphoma patients and con-
nected with tumor-associated biological signaling, increased
extracellular matrix deposition, and G proteinecoupled re-
ceptors signaling, and support a role for BBB disruption as a
primary driver of lymphoma growth and progression.
Fibrinogen Deposits Are Abundant in Brain Specimens
from Patients with B-Cell Lymphoma

To determine whether fibrinogen forms deposits in B-cell
lymphoma, immunohistochemical stainingwas performed on
tissue arrays containing the malignant cores of diffuse large
B-cell lymphoma (n Z 72) and of mucosa-associated lym-
phoma (n Z 28) in specified tissue specimens. Most CNS
lymphoma specimens exhibited moderate to high levels of
fibrinogen deposits, whereas lymph node and colon tissues
had no observable immunoreactivity (Figure 1B). Given the
reported correlation between BBB leakage and poor
prognosis for CNS lymphoma patients,7,8 presence of
accumulated fibrinogen was examined in the brain of primary
CNS lymphoma patients. To further characterize the locali-
zation of the fibrinogen deposits, immunostaining with an
anti-pan laminin antibody was performed to detect the inner
(endothelial) and outer (parenchymal) basement membrane.
Fibrinogen was detected in the CNS parenchyma,
including as extravascular deposits, as shown by double
immunostaining with laminin (Figure 2A). Perivascular
fibrinogen deposits were found close to CD20þ lymphoma
The American Journal of Pathology - ajp.amjpathol.org
cells, suggesting the formation of a perivascular cuffing
pattern, with lymphoma cells clustering around leaky blood
vessels (Figure 2B). Perivascular B-cell lymphoma cells were
also in close proximity to Iba-1þ macrophage- or microglia-
like cells (Figure 2C). Thus, perivascular fibrin deposition
may be a key spatial determinant of perivascular B-cell
lymphoma clustering and microglia or macrophage
accumulation in primary CNS lymphoma.

Perivascular Lymphomas Cluster Near Fibrinogen
Deposits in Mouse Brains Injected with Cells from
Patients with Primary CNS Lymphoma

To investigate the spatial correlation of BBB disruption with
lymphoma growth, an orthotopic xenograft model of human
CNS B-cell lymphoma in mice was used. Lymphoma cells
from primary CNS lymphoma patients were stereotaxically
injected into the cortex of Rag2-/-gc-/- mice, which lack B,
T, and natural killer cells (Figure 3).18,19 Extravascular
fibrinogen in the brain was assessed by the presence of
fibrinogen immunoreactive areas outside CD31þ blood
vessels. At the peak of the disease, day 14 after tumor
transplantation, immunofluorescence staining revealed
massive extravascular fibrinogen deposits around CD31þ

blood vessels in the core and periphery of the lymphoma
(Figure 3, A and B). As expected,20 CNS tumor blood
vessels were structurally abnormal at the tumor-host
interface and at central regions and differed from vessels
in nontumor areas (Figure 3, AeC). Areas with no tumor
had no observable extravascular fibrinogen immunoreac-
tivity (Figure 3C). Double staining for CD20 and fibrinogen
showed lymphoma cells clustered around blood vessel leaks
stained with fibrinogen (Figure 3D), suggesting that the
injected lymphoma cells may adhere to fibrinogen deposits.
Previous studies reported a direct correlation between tumor
size and increased capillary permeability at the late stage of
tumor progression, and only minimal contribution of the
implant procedure to BBB permeability.21,22 To determine
579

http://ajp.amjpathol.org


Fi
br

in
og

en
/ C

D
31

/ D
A

PI

Fi
br

in
og

en
/ C

D
31

/ D
A

PI

Fi
br

in
og

en
/C

D
31

/D
A

PI

Nontumor areaPeritumor regionTumor core region

D

BA C

0

20

40

60

80

0 10 20 30 40

Ex
tr

av
as

cu
la

r d
ex

tr
an

 
(%

 o
f t

im
e 

= 
0 

m
in

ut
es

)

Time (minutes)

D
ex

tr
an

E

C
D

20
/ f

ib
rin

og
en

/ D
A

PI

0 Minutes 15 Minutes 45 Minutes

Al
ex

a 
64

7
-

Figure 3 Central nervous system (CNS) lymphoma is associated with leaky blood-brain barrier (BBB). AeD: Microscopy of tissue sections of mouse brain
implanted with B-cell lymphoma derived from CNS lymphoma patients, stained with antibodies to fibrinogen, CD31 (endothelial cells), and CD20 (B cell),
showing patient-derived xenografted lymphoma cells are accumulated around leaky BBB. E: Top panels: In vivo two-photon (2P) brain imaging of BBB leaks
(detection of Alexa 647elabeled dextran) in the cortex of a mouse brain implanted with B-cell lymphoma Raji cells. Bottom panel: Quantification
of extravascular dextran in cortex. Data are given as means � SEM (E, bottom panel). n Z 3 mice (E, bottom panel). Scale bars: 150 mm (AeC); 50 mm
(D and E).
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whether malignant lymphoma cells cause BBB leaks, real-
time in vivo tracking of active BBB leakage was
performed in live mice injected intracerebrally with human
B-cell lymphoma Raji cells (Figure 3E). Imaging started
immediately after a bolus i.v. injection of a fluorescently
labeled dextran solution (blue). Parenchymal tumor clusters
correlated with sites of active BBB disruption (Figure 3E).
These results identify active BBB leaks at sites of B-cell
lymphoma in the CNS.
Fibrinogen Induces Lymphoma Cell Adhesion

Over time, intravascular fluorescent dextran gradually
leaked into the perivascular tissue that was occupied by
lymphoma cells (Supplemental Figure S1). Time-lapse
imaging and cell tracking showed that perivascular
tumor cells at the site of BBB leakage exhibited reduced
cell motility compared with cells distal to the BBB
leakage areas (Figure 4A). Furthermore, lymphoma cells
at leakage sites were mostly lodged (94%), whereas cells
at adjacent perivascular areas without leakage were either
lodged (60%) or moving (40%) (Figure 4B). In cell
adhesion assays, fibrinogen coating induced significantly
580
more adhesion of lymphoma cells than the blood protein
albumin or an uncoated surface (Figure 4C). Coating with
wild-type plasma also induced lymphoma adhesion. In
contrast, lymphoma adhesion was markedly lower with
plasma from Fgae/e mice, which contain virtually every
plasma protein with the exception of fibrinogen
(Figure 4D). Overall, these results suggest that fibrinogen
is a major plasma protein facilitating adhesion of lym-
phoma cells at sites of BBB disruption.

Discussion

This study provides the first demonstration that fibrinogen
deposits associated with lymphoma accumulation are a
critical component of perivascular cuffing in CNS
lymphoma patients. Reactome pathway analysis revealed
that functional links between coagulation and hemostasis
proteins contribute jointly to a specific functional CNS
signaling pathway associated with lymphoma progression in
CNS lymphoma patients. Using in vivo two-photon imaging
in a mouse model of CNS lymphoma, lymphoma clusters
were identified early, which increased with BBB disruption.
These results further show that extravasated fibrinogen may
ajp.amjpathol.org - The American Journal of Pathology
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Fibrinogen and CNS B-Cell Lymphoma
act to retain CNS lymphoma cells near sites of BBB leakage
by increasing cancer cell adhesion.

The formation of CNS lymphoma around sites of fibrin
deposition suggests that activation of the coagulation
cascade is crucial for tumor growth and metastasis-
associated events. However, the role of fibrinogen is not
restricted to blood clotting, as components of the coagula-
tion cascade within solid tissues23,24 convert soluble
fibrinogen into insoluble fibrin, which provides a provi-
sional adhesive matrix for tumor cells.25e27 Furthermore,
previous studies have identified fibrinogen as a molecular
link between BBB disruption and neuroinflammation, as
fibrinogen interacts with the CD11b/CD18 integrins
expressed on microglia and infiltrating macrophages,
activating proinflammatory signaling.16,28e30 Thus, the
fibrinogen deposits around BBB leaks in CNS lymphoma
The American Journal of Pathology - ajp.amjpathol.org
could mediate the local inflammatory response and affect
disease progression.

Notably, the immunohistochemical methods used in this
study do not discriminate between fibrinogen and fibrin.
However, on activation of the coagulation cascade, con-
version of fibrinogen to fibrin is associated with exposure of
cryptic epitopes that transform fibrinogen from a blood
factor to a potent activator of innate immunity, by allowing
interaction with the CD11b integrin receptor.30,31 This may
facilitate the clustering and subsequent growth progression
of lymphoma cells. Future studies will explore the
contribution of the coagulation cascade in lymphoma.

This study used mouse CNS lymphoma as an experi-
mental setting to explore pathogenic events associated with
fibrinogen leakage in the CNS. However, it is important to
note that the mouse model does not recapitulate the
581
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complexity of perivascular cuffing in human lymphoma. In
the mouse model, the spatial distribution of Raji cells
around sites of BBB disruption may indicate that lym-
phoma cell localization drives BBB disruption with
leakage of fibrinogen; however, further studies are needed
to elucidate whether this pattern holds true in human CNS
lymphoma.

There is a well-established link between tumor malig-
nancy and altered hemostasis. Tumors rely heavily on blood
supply for growth, and fibrin deposited within tumors is
thought to promote angiogenesis by acting as a scaffold for
vessel formation.32 The implication of fibrinogen in primary
CNS lymphoma growth and adhesion is an important link in
understanding the relationship between BBB disruption and
lymphoma pathogenesis. Histologic evidence of fibrinogen
accumulation in close association with lymphoma cell
clustering in both a rodent model and human specimens
suggests that fibrinogen could be a key factor in the
bloodstream, promoting tumor progression. Intriguingly,
analysis of plasma samples from Fgae/e mice highlighted
that fibrinogen is a major player among blood proteins in its
ability to promote lymphoma adhesion. Taken together, the
extent and nature of interaction of lymphoma with fibrin-
ogen reported herein, and the early stage at which these
interactions emerge, support the role of fibrinogen in the
initial stages of disease pathogenesis. Whether it also sup-
ports a role for fibrinogen in the later stages of tumor growth
and a causal link with metastasis remains to be determined.

Given the potential role of blood coagulation factors in
tumor progression, anticoagulants may represent a valid
therapeutic approach. However, anticoagulants may inter-
fere with coagulation in a non-specific manner, which could
be detrimental to tumor patients. Furthermore, anticoagu-
lants may affect the initial steps of tumor dissemination,
such as tumor cell detachment from the extracellular matrix,
invasion of surrounding tissues, and access to the systemic
circulation.33 The current studies suggest that fibrinogen
deposition is an important step of perivascular cuffing
during the initial stages of CNS lymphoma formation,
suggesting that targeting fibrin might influence lymphoma
cell survival in a new microenvironment through interfer-
ence with perivascular cuffing. The therapeutic potential of
genetically or pharmacologically targeting the fibrinogen-
CD11b interaction without compromising the coagulation
properties of fibrinogen has been demonstrated in different
animal models of CNS diseases.17,29,30,34 Similar
approaches may be a promising strategy to target the early
stages of CNS lymphomas.
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