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Abstract

Background: Primary effusion lymphoma (PEL) is a Kaposi’s sarcoma herpes virus (KSHV)–induced lymphoma that typically
arises in body cavities of HIV-infected patients. PEL cells are often co-infected with Epstein-Barr virus (EBV). “PEL-like” lymph-
oma is a KSHV-unrelated lymphoma that arises in body cavities of HIV-negative patients. “PEL-like” lymphoma is sometimes
EBV positive. The derivation of PEL/“PEL-like” cells is unclear.
Methods: Mesothelial cells were cultured from body cavity effusions of 23 patients. Cell proliferation, cytokine secretion,
marker phenotypes, KSHV/EBV infection, and clonality were evaluated by standard methods. Gene expression was measured
by quantitative polymerase chain reaction and immunoblotting. A mouse model of PEL (3 mice/group) was used to evaluate
tumorigenicity.
Results: We found that the mesothelia derived from six effusions of HIV-infected patients with PEL or other KSHV-associated
diseases contained rare KSHVþ or EBVþmesothelial cells. After extended culture (16–17 weeks), some mesothelial cells under-
went a trans-differentiation process, generating lymphoid-type CD45þ/B220þ, CD5þ, CD27þ, CD43þ, CD11cþ, and CD3� cells
resembling “B1-cells,” most commonly found in mouse body cavities. These “B1-like” cells were short lived. However, long-
term KSHVþEBV� and EBVþKSHV� clonal cell lines emerged from mesothelial cultures from two patients that were clonally
distinct from the monoclonal or polyclonal B-cell populations found in the patients’ original effusions.
Conclusions: Mesothelial-to-lymphoid transformation is a newly identified in vitro process that generates “B1-like” cells and
is associated with the emergence of long-lived KSHV or EBV-infected cell lines in KSHV-infected patients. These results iden-
tify mesothelial cultures as a source of PEL cells and lymphoid cells in humans.

Primary effusion lymphoma (PEL) is a malignancy that predom-
inantly arises in HIV-infected patients. PEL was first recognized
as a distinct clinical entity in patients with AIDS based on its
unusual presentation as a liquid malignancy generally confined
to body cavities, the “indeterminate” phenotype of the tumor
cells (1), and the presence of Kaposi’s sarcoma herpes virus

(KSHV) in the tumor cells, with or without Epstein-Barr virus
(EBV) (2). KSHVþ PEL cells are of B-cell lineage as they display Ig
gene rearrangements, the common leukocyte antigen CD45 (2),
and the plasmablast/plasma cell marker CD138 in some cases
(3) but usually lack surface and cytoplasmic Ig and the mature
B-cell markers CD19 and CD20 (4). KSHV is also associated with
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Kaposi’s sarcoma (KS), plasmablastic multicentric Castleman dis-
ease (KSHV-MCD), and a KSHV-associated inflammatory cytokine
syndrome (KICS). Patients with KS, KICS, and KSHV-MCD may de-
velop recurrent pleural effusions of unclear etiology (5).

KSHV-unrelated “PEL-like” lymphomas anatomically con-
fined to body cavities constitute a distinct entity (6,7). These
PEL-like lymphomas have a mature B-cell phenotype with CD19
and CD20 expression, tend to occur in elderly patients, and
often have a favorable prognosis (6,7). A proportion of “PEL-like”
lymphomas are EBV positive (7).

The body cavity site of PEL and PEL-like lymphomas sug-
gested that this microenvironment contributes to their develop-
ment and/or progression. To gain insight into this process, we
focused on the mesothelium that lines these cavities (8). Here,
we have examined potential mechanisms by which the meso-

thelium may contribute to the emergence and progression of
PEL and PEL-like lymphomas.

Methods

Patients

HIVþ patients with KSHV-related diseases (17 patients) (Table 1)
and patients with ovarian carcinoma (six patients) at the
Clinical Center, National Cancer Institute (NCI), Bethesda,
Maryland, provided biospecimens. PEL, KS, and KSHV-MCD
diagnoses were confirmed pathologically. KICS diagnosis was
based on a working definition (9). KSHVþ patients enrolled in
an institutional review board (IRB)–approved protocol
(NCT00006518) provided written informed consent. Samples

from patients with ovarian carcinoma were IRB exempt under
the Office of Human Subjects Research Protection (OHSRP) re-
view No. 12727.

Cells and Proliferation

Primary cultures of mesothelial cells were established from ef-
fusions (detailed in the Supplementary Methods, available on
line). The PEL cell lines BC-1, BC-3, and BCBL-1 were cultured as
described (10–12). Cell proliferation was measured by 3H-thymi-
dine incorporation as described (13). Population doublings were
calculated from viable cell counting as log2(Ct/Co), where Co was
number cells seeded and Ct was number cells harvested; meso-
thelial cells when confluent status was first achieved were con-

sidered population doubling at 0.

Gene Expression and Clonality

Lentivirus for Azurite expression was generated in 293T cells
(American Type Culture Collection) Manassas, VA, USA by
transfection of the pLV-Azurite short hairpin RNA construct
(Addgene, 36086) Cambridge, MA, USA and third-generation
packaging plasmids (pMDLg/pRRE; pRSV-Rev and a VSVG en-
velop), as described (14). RNA was purified, and cDNA was syn-
thesized as described (14). Quantitative polymerase chain
reaction (qPCR) was performed as described in Supplementary
Methods (available online) using the primers listed in
Supplementary Table 1 (available online). B-cell clonality and
immunoglobulin gene rearrangements were evaluated as
described (15,16) and detailed in the Supplementary Methods
(available online).

KSHV and EBV Sequencing

KSHV-K1 and EBV B95-8-deleted region were sequenced (17,18)
and comparative sequence analysis performed as described (19)
and detailed in Supplementary Methods (available online).

Immunoblotting and Immunofluorescence

Immunoblotting was performed as described in the
Supplementary Methods (available online). Immunostaining is
detailed in the Supplementary Methods (available online), with
primary and secondary antibodies listed in Supplementary
Table 2 (available online).

Mouse Model

The animal protocol (20) was approved by the Institutional
Animal Care and Use Committee of the Center for Cancer
Research, NCI, National Institutes of Health (NIH) (Bethesda,
MD); the studies were conducted in adherence to the NIH Guide
for Care and Use of Laboratory Animals. Groups of female NOD/
SCID mice (three mice/group; six weeks old) were injected intra-
peritoneally (i.p.) with lymphoid cell lines emerging from meso-
thelial cultures (5x106 cells/mouse in 0.2 mL PBS) or with the
PEL cell line BC-1 (10x106 cells/mouse in 0.2 mL PBS) as
described (12). The mice were observed until evidence of exces-
sive abdominal distension interfering with mouse motility or
causing distress emerged, at which time the mice were killed
and evaluated for evidence of ascites and intraperitoneal
tumor.

Statistical Analysis

The standard deviation and standard error of the mean (SEM)
were calculated by standard methods; the statistical signifi-
cance of differences between two groups was calculated by
two-tailed Student’s t test, where P values of less than .05 are
considered statistically significant.

Results

Isolation of Mesothelial Cell Monolayers From Effusions

Pleural or peritoneal effusions from HIV-infected patients with
PEL (henceforth called “PEL-effusions”; n ¼ 6); HIV-associated
KS, KSHV-MCD, and/or KICS without PEL (henceforth called
“KSHV-effusions”; n ¼ 11); and ovarian cancer (n ¼ 6) (Table 1)
generated typical cobblestone-like mesothelial monolayers (21)
(Supplementary Figure 1A, available online). Cells within these
monolayers were uniformly Vimentinþ (Supplementary
Figure 1B, available online), consistent with a mesothelial iden-
tity (22). Similar to omentum-derived human mesothelial cells
(23), effusion-derived mesothelial cells reached confluency
within five to seven days during initial (1–4) passages, and this
proliferative capacity declined after seven to 14 passages, par-
ticularly in mesothelial cultures from ovarian carcinoma pa-
tients, attributable perhaps to chemotherapy-induced
mesothelial toxicity (Figure 1A) (23).

When cytokines were evaluated in conditioned media of
mesothelial cultures (at week 3 or 4), IL-6 was unique as it was
detected at statistically significantly higher levels in culture
supernatants from PEL (P ¼ .02) and KSHV (P ¼ .03) effusions
compared with cultures from ovarian cancer effusions
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(Figure 1B). The opposite was true for VEGF-A, IFNc, IP-10, and
IL6 receptor (R). Most of the remainder cytokines were present
at similar levels in the three groups.

It was previously shown that PEL cells proliferate in re-
sponse to IL-10 and IL-6 (20,24). We found that PEL cell lines BC-
1, BCBL-1, and primary PEL cells proliferated better in the pres-
ence of mesothelial monolayers from PEL and KSHV effusions
than in their absence (BC-1: P ¼ .01 and P ¼ .02, respectively;

BCBL-1: P ¼ .01 and P ¼ .02, respectively; primary PEL: P ¼ .005
and P ¼ .003, respectively) (Figure 1C). This shows that mesothe-
lial monolayers support PEL cell growth, attributable perhaps to
the biologically active IL-10 and IL-6 they produce.

By immunoblotting, HIVþ patient-derived mesothelial cell
lysates from passage 3 or 4 lacked the viral protein latency-
associated nuclear antigen (LANA)–1, which marks KSHV infec-
tion (Supplementary Figure 1C, available online). In two cases,
we could test lysates from fresh PEL cells and mesothelium
from the same effusion; LANA-1 was detected in PEL but not in
the mesothelium (Supplementary Figure 1C, available online).

Emergence of Lymphoid “B1-Type” Cells From
Mesothelium

We monitored mesothelial cell cultures beyond the proliferative
stage into “senescence” (23), characterized by enlarged/flat-
tened cells with vacuolated nuclei and loss of monolayer integ-
rity (Figure 2A). Initially rare, round cells with lymphoid
morphology appeared within the adherent monolayer, which
retained mesothelial morphology with some evidence of “sen-
escence” (Figure 2A, week 16). By week 17, numerous lymphoid-
type cells emerged, first isolated and later forming cell clusters
over the monolayer (Figure 2A); this process subsided over five
to 10 days. Thereafter, most lymphoid cells assumed a granular
morphology and died along with the disappearance of the
mesothelial monolayer (Figure 2A, week 19). Most mesothelial
cultures (16/17 from HIVþ patients and 3/6 from ovarian carcin-
oma) displayed a similar process. The overall output of
lymphoid-type cells from three KSHV-derived cultures (contain-
ing �3–5x105 mesothelial cells) was estimated at approximately
3 to 10.5x105 cells by daily counting the nonadherent cells.

KSHV effusion-derived mesothelial cells rendered Azurite-
fluorescent displayed the emergence of Azuriteþ sessile bodies
from the mesothelium and occasional floating Azuriteþ small
lymphoid-like cells (Figure 2B). Time-lapse microscopy docu-
mented emergence and movement of lymphoid-type cells from a
mesothelial cell culture (Supplementary Video, available online).

Cytospun preparations of these lymphoid cells revealed
lymphocytic-type and plasmablast/plasma cell-type cells; larger
mesothelial-type cells were also identified (Figure 2C). The
lymphocytic-type cells displayed the hematopoietic/panleuko-
cyte CD45 marker (Supplementary Figure 2, available online) ab-
sent from mesothelial cells (25), suggesting that hematopoietic
cells/leukocytes had emerged from mesothelial cultures.

Flow cytometry (Figure 3, A and B) showed that most lympho-
cytic cells were CD45þ, confirming their hematopoietic lineage
(26). A proportion of the CD45þ cells were B220/CD45Rþ (B-
lymphocyte marker) and CD11cþ (dendritic cell marker also de-
tected in some B cells [27]). A minority of CD45þ cells were
CD138þ (plasma cell marker [28]). Most cells were CD5þ (mouse
and human B1 cells marker, also found on T-lymphocytes
[29,30]), CD27þ (human memory B-cells marker [31] also detected
in human B1 cells [32] and plasmablasts [33]), and CD43þ (present
on mouse B1 and human cells of various lineages, including T
cells, B cell precursors, and plasma cells [29,30,34,35]). Only sub-
sets of cells displayed the B-lineage markers CD19 and CD20. T-
cell markers, including CD3; the myeloid-lineage markers CD11b
and CD68; and surface IgD were generally absent.

Mesothelial cultures initially produced little IgM
(67616.4 pg/mL; detection limit 50 pg/mL) and no IgG (week 5–6),
but when lymphoid-like cells were present (week 14–18) pro-
duced more IgM (4336295 ng/mL) and IgG (6.662.9 ng/mL)

Figure 1. Derivation of mesothelial cells from effusions. A) Proliferative capacity

of primary mesothelial cells over time in culture. Mesothelial cells from primary

effusion lymphoma (PEL): PEL effusion; Kaposi’s sarcoma herpes virus (KSHV):

KSHV effusion; ovarian: ovarian carcinoma effusion. B) Cytokines in mesothelial

conditioned medium (n¼3/group) at week 3 or 4. Bar graphs: group means

(6SEM). C) Proliferation of PEL cells alone, mesothelia alone, or coculture of PEL

cells over mesothelia (PELþ/Mesoþ). Dot plot: data from triplicate cultures from a

representative experiment (three performed); the horizontal red line reflects the

means. EGF ¼ endothelial growth factor; IL ¼ interleukin; KHSV ¼ Kaposi’s sar-

coma herpes virus; PDGF ¼ platelet-derived growth factor; PEL ¼ primary effu-

sion lymphoma; TNF ¼ tumor necrosis factor; VEGF ¼ vascular endothelial

growth factor.
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(Figure 3C). Thus, lymphoid-type cells from mesothelial cultures
resemble phenotypically B1 cells in mice (CD19þCD11bþCD5þ or
CD19hiCD23� CD43þIgMhiIgDvariable) (29,36–38) and humans

(CD3-CD20þCD19þCD27þCD43þCD69�CD70� with a subset
CD11bþ) (39–42). In the mouse, B1 cells represent the main B-
cell population in the peritoneal and pleural cavities (41,43). In
humans, B1 cells were reported in cord blood and adult periph-
eral blood (32,42). Thus, human mesothelial cell cultures can
generate “B1-type” cells through a newly identified process of
“mesothelial-to-lymphoid transition” (MLT).

Outgrowth of KSHV1/EBV2 and KSHV2/EBV1 Cell Lines

Mesothelial cultures from patient 81 (subject with PEL, KS, and
KICS) and patient 90 (subject with KS and KICS but not PEL) dif-
fered because they generated lymphoid-type cells that did not
die, instead displaying sustained growth. Culture 81 produced
lymphoid cells from two wells (named 81a and 81b), culture 90
from one well only. The outgrowing cells were lymphoblast-like
(Figure 4A) and produced lymphoid cell-rich ascites with or

without associated solid tumors when injected intraperito-
neally in three of three NOD/SCID mice (20).

Lysates from the 81a and 81b lines were LANA1þ, EBNA1�,
and Vimentinþ (Figure 4B, left), whereas a lysate from early pas-
sage mesothelium (M) 81 was LANA�, EBNA1� and Vimentinþ

(Figure 4B, left). Lysates from the 90 line were EBNA1þ, LANA�,
Vimentin� (Figure 4B, right), whereas lysates of mesothelium 90
from early passages were EBNA1�, LANA�, and Vimentinþ

(Figure 4B, right).
Confirming this, a proportion of 81a and 81b cells displayed

the typical speckled nuclear LANA1 staining, whereas a propor-
tion of the 90 cells displayed nuclear EBNA2 staining
(Supplementary Figure 3, available online). qPCR (Figure 4C)
showed that the 81a and 81b lines express the open reading
frame (ORF) 73/LANA and several other latency KSHV genes
(44–46), the lytic cycle inducer ORF50/Rta (47), and the lytic tran-
script ORF26 (48). Line 90 expressed none of the KSHV-coded
genes tested (Figure 4C), expressing instead the EBV latency
genes EBNA-1, EBNA-2, LMP-1, LMP-2, and the immediate-early
gene BZLF-1 (Figure 4D). The mesothelia (meso) from patients
81 and 90 did not express the KSHV- and EBV-coded genes

Figure 2. Emergence of lymphoid-type cells from mesothelial cell cultures. A) Mesothelial cell culture imaged at weeks 4, 16, 17, and 19; phase contrast microscopy.

Arrows: lymphoid-type cells; asterisks: “senescent” mesothelial cells; area limited by the red dotted line is magnified in the inset. B) Sessile bodies and lymphoid-like

cell in an Azuriteþ mesothelial culture. C) Cytospun cells from culture supernatant of mesothelial cells at week 17. Giemsa staining showing small lymphoid-like

(lymph), plasmablast/plasma cell-like (plasm), and mesothelial-like (meso) cells.
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tested (Figure 4, C and D). Culture supernatants of the 81 lines
contained vIL-6 (81a: 1371 pg/mL; 81b: 721 pg/mL; BC1 culture
supernatant: 911pg/mL); culture supernatants of the 90line did
not (<250pg/mL).

Derivation of the 81a and 81b lines from patient 81 and der-
ivation of line 90 from patient 90 was confirmed by HLA typing.
KSHV (K1 protein-encoding region) sequencing (17,19) revealed
the identity of the virus from the pleural effusion of patient 81
and the 81a and 81b lines. EBV (B95-8 deletion region) sequenc-
ing (18) revealed the identity of the virus from the pleural effu-
sion of patient 90 and the 90 line.

By flow cytometry (Figure 4E), the 81a and 81b lines dis-
played an “indeterminate” phenotype typical of PEL (49,50),
whereas the 90 line displayed a mature B-cell phenotype.

Thus, surface markers distinguish the 81a and 81b lines
from the 90 line, each line sharing some of the markers of
“B1-like” cells.

Analysis of clonality based on immunoglobulin (IGH and IGK
loci) gene rearrangement (16,51) revealed that the mesothelial
culture–derived lines are clonal (Figure 4F). The pattern of K
light chain restriction of the 81b line differed from that found in
the primary PEL cells from the patient’s 81 effusion, indicating
that this line was not an outgrowth of the original PEL
(Figure 4F). However, the K light chain restriction in the 81a
line was not distinguishable from the original PEL. The clonal
population detected in the EBVþ 90 line was not evident
within the polyclonal primary cells from the effusion of pa-
tient 90 (Figure 4F).

Figure 3. Characterization of lymphoid-like cells from mesothelial cell cultures. A and B) Nonadherent cells recovered from mesothelial cell cultures analyzed by flow

cytometry. A) Representative profiles from antibody and control Ig staining; percent cells in quadrants are shown. B) Cumulative results; cultures were derived from ef-

fusions of primary effusion lymphoma (PEL) patients (n¼3) and patients with KS, KSHV-associated inflammatory cytokine syndrome (KICS), or KSHV-associated

plasmablastic multicentric Castleman disease (KSHV-MCD; n¼4); percent mean positive cells (6SD) shown. C) Immunoglobulin (Ig)M and IgG content in supernatants

of mesothelial cell cultures at weeks 5 to 6 and 14 to 18. Top: representative mesothelial cell monolayers at supernatant harvest. Bottom: bar graphs showing the

means (n¼5; 6SD; error bars). Ig ¼ immunoglobulin; KICS ¼ KSHV-associated inflammatory cytokine syndrome; KS ¼ Kaposi’s sarcoma; MCD ¼ multicentric

Castleman disease; PE ¼ primary effusion.
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Figure 4. Emergence of cell lines from mesothelial cultures. A) Anaplastic morphology of cytospun 81a, 81b, and 90 cells; Giemsa staining. B) Immunoblotting de-

tection of EBV nuclear antigen (EBNA1), latency-associated nuclear antigen (LANA1), Vimentin and actin in cell lysates from patient 81 (left): 81a and 81b lines

(passage 3) and mesothelial cells (M, week 4); and patient 90 (right): mesothelial cells (M, weeks 3 and 4); and 90 line (passage 1 and 4). LCL: EBVþ lymphoblastoid

cell line; BC-1 (EBVþ/KSHVþ) and BC-3 (EBV-/KSHVþ): PEL lines. Relative KSHV (C) and EBV (D) mRNA levels in mesothelial cells (Meso) from patients 81 and 90

(weeks 2–4) and cell lines 81a, 81b, and 90 (passage 1 to 3). E) Flow cytometric analysis of 81a, 81b, and 90 cell lines. Results reflect percent positive cells. F)

Analysis of clonality in primary cells from patient (81 and 90) effusion and cell lines (81a, 81b, and 90) derived from mesothelial culture. EBNA ¼ EBV nuclear anti-

gen; EBV ¼ Epstein-Barr virus; KSHV ¼ Kaposi’s sarcoma herpes virus; LANA ¼ latency-associated nuclear antigen; LCL ¼ lymphoblastoid cell line; LMP ¼ latent

membrane protein; ORF ¼ open reading frame.
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Immunoglobulin (Ig) heavy chain (IGH) sequencing showed
that the 90 and 81b lines display productively rearranged IGH
sequences (IGHV4 and IGHV1 families, respectively) containing
numerous point mutations. We did not detect a productively
rearranged IGH sequence in the 81a cell line. However, 81a dis-
plays a productive rearrangement of the light chain (IGKV2)
containing no mutations.

KSHV and EBV Can Infect Mesothelial Cells

Immunoblotting and qPCR did not show that the mesothelia
from patients 81 and 90 were infected with KSHV or EBV during
culture. However, immunofluorescence staining revealed rare
KSHV (LANA-1) and EBV (LMP-2A) infection in mesothelia 81
and 90 more than four weeks prior to the emergence of the
KSHVþ 81a and 81b and the EBVþ 90 cell lines (Figure 5A). The
frequency of LANAþ and EBVþ cells was low in mesothelium 81
and 90 (estimated at �1:5000 for LANA and at �1:8000 for
LMP2A). Only one cell had evidence of EBV and KSHV co-
infection in mesothelium 81 (Figure 5B). Rare KSHVþ or EBVþ

cells were also identified in mesothelia established from
effusions of four distinct HIVþ patients with or without PEL
(Figure 5C). No continuous cell lines grew from these four meso-
thelial cultures.

We tried to experimentally infect mesothelial cells with EBV
and KSHV. Culture supernatant of the B95-8 marmoset cell line
(contained 106 cord-blood transforming units/mL) did not infect

primary mesothelial cells by EBNA2 immunostaining. Instead,
rKSHV.219 virus (marks latent viral infection with GFP from the
EF-1a promoter and lytic viral infection with RFP from the KSHV
PAN promoter) (52) infected most primary mesothelial cells; la-
tent infection could be established (GFP, but little/no RFP ex-
pression) (Supplementary Figure 4A, available online).
Mesothelial cells infected with rKSHV were LANA-1þ

(Supplementary Figure 4B, available online). Monitoring nonin-
fected and rKSHV-infected cultures showed that rKSHVþ infec-
tion does not provide mesothelial cells with a growth
advantage.

Based on these observations, we propose that occasional
mesothelial cells within mesothelia that line body cavities of
KSHV and/or EBV-infected individuals become naturally in-
fected with KSHV, EBV, and infrequently both viruses (Figure 6).
In the presence of activating signals (21), some mesothelial cells
undergo mesothelial-to-lymphoid transition (MLT), resulting in
the generation of B1-type lymphoid cells. When this process in-
volves a KSHV and/or EBV-infected mesothelial cell, the result-
ing B1-type cell can be KSHV-infected, EBV-infected, or
KSHVþEBV co-infected. Because these viruses can establish
long-term latency in B-lineage cells and have oncogenic proper-
ties, the KSHV/EBV-infected B1-type cells acquire new capabil-
ities, including responsiveness to mesothelium-derived
cytokines and other factors, which prevents the rapid death typ-
ically observed in noninfected B1-type cells and leads to devel-
opment of PEL or PEL-like tumors.

Figure 5. Kaposi’s sarcoma herpes virus (KSHV) and Epstein-Barr virus (EBV) infect primary mesothelial cells. A–C) KSHV and EBV infection in primary mesothelial cells

from effusions of patients with primary effusion lymphoma (PEL; mesothelia 81 and 11) and KSHV-associated diseases but no PEL (mesothelia 90 and 19).

Immunofluorescence detection of KSHV-latency-associated nuclear antigen (LANA)–1 (green or red) and EBV-latent membrane protein–2A (green); nuclear DAPI: blue.

LANA ¼ latency-associated nuclear antigen; LMP ¼ latent membrane protein.
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Discussion

The current study provides a novel and unifying insight into
PEL and PEL-like lymphomagenesis. We made three observa-
tions. First, we discovered that mesothelial cell monolayers
undergo a mesothelial-to-lymphoid transition, resulting in the
emergence of lymphoid-type cells. This discovery extends the
spectrum of mesothelial functional capabilities beyond secre-
tion of lubricants, maintenance of surface integrity, and ability
to repair (53). MLT resembles the emergence of hematopoietic
cells from the endothelium of the yolk sac and the dorsal aorta
identified as “endothelial-to-hematopoietic” transition (EHT)
(54–56). Endothelial and mesothelial cells can undergo pheno-
typic and functional change through “endothelial-to-mesenchy-
mal” (EMT) and “mesothelial-to-mesenchymal” transitions
(MMT) (13,22,53,57,58). MLT, described here, may simply reflect
an additional feature of mesothelial plasticity occurring in vitro
when mesothelial cells senesce. Mesothelial cell senescence is
not an artifact of culture as it also occurs physiologically in vivo
and is accelerated by stress signals (23).

The second discovery we made is that the lymphocytes
emerging from mesothelial cultures have a B1-like phenotype,
supporting a mesothelial origin of human B1-type cells. B1
lymphocytes are the main B-cell population in murine body
cavities but are rare elsewhere (29,43). Human B1-like lympho-
cytes have been identified in cord and peripheral blood, but to
our knowledge not in body cavities (35,42,59,60). Despite their
importance in immune defense (41), the origin of B1-type cells
is unclear. During mouse development, B1 lymphocytes are first
detected at embryonic day (E) 8.0-8.5 in the para-aortic

mesoderm prior to the emergence of hematopoietic stem cells
(HSCs) from the dorsal aorta (41,61), suggesting an HSC-
independent origin of B1 cells (38,62,63). All mesothelia that line
body cavities derive from the para-aortic splanchnopleural
mesoderm. Thus, B1-type cells and mesothelia have a common
developmental derivation, raising the possibility that persist-
ence of mesodermal precursors within adult mesothelia (64)
confers B1-cell differentiation potential to these mesothelia.

The third observation we made is that mesothelial cells can
be infected by KSHV and EBV, a finding consistent with our pre-
vious detection of LANA1þ mesothelial-like cells in pleural effu-
sions of three patients with pulmonary KS (65), and can yield
EBVþ or KSHVþ monoclonal B-lineage lines resembling PEL or
PEL-like lymphomas. The emergence of monoclonal B-lineage
cell lines from mesothelial cultures suggests that PEL and PEL-
like lymphoma may derive from KSHV- or EBV-infected meso-
thelial cells. It is noteworthy that two of the three lines so
derived were clonally distinguishable from the cells originally
found in the patient. It remains possible that these lines may
have emerged as a result of outgrowth from rare clones of PEL-
or EBV-infected cells in the original effusion. However, the evi-
dence of MLT transition and clonal analysis suggests that a
more likely explanation is that the unique clonal lines derived
from the KSHV- or EBV-infected mesothelial cells. Interestingly,
the “indeterminate” surface phenotype of PEL cells and cell
lines, including the KSHVþ 81 lines, resembles the predominant
surface phenotype of the B1-like cells. In addition, the monoclo-
nal KSHV�/EBVþ clone resembles the KSHV� “PEL-like” lymph-
oma in showing a mature B-cell phenotype and EBV infection,
raising the possibility that the CD20þ cell subset recovered from

Figure 6. A model for primary effusion lymphoma origin. A) Mesothelial cells lining body cavities become infected with endogenous Kaposi’s sarcoma herpes virus

(KSHV), Epstein-Barr virus (EBV), or both viruses. B) VimentinþCD45- senescent mesothelial cells undergo mesothelial-to-lymphoid transition (MLT), giving rise to

Vimentin-CD45þCD5þCD43þCD27þ “B1-like” lymphoid cells that cluster onto the mesothelium and then detach from it. C) Clonal population of CD45þ, KSHVþ, and

EBVþ leukocytes emerge concurrent with the death of “B1-like” leukocytes. EBV ¼ Epstein-Barr virus; KSHV ¼ Kaposi’s sarcoma herpes virus; MLT ¼ mesothelial-to-

lymphoid transition.
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mesothelial cultures is a source of PEL-like lymphoma. From
this perspective, body cavity–associated PEL and “PEL-like”
malignancies would have a common mesothelial derivation.

There are several limitations of this study. First, the mech-
anisms responsible for KSHV and EBV infection of mesothelial
cells lining the body cavities are not known. Second, the en-
dogenous signals that promote MLT in mesothelial cells are not
fully identified. Third, the mechanisms that underlie KSHV im-
mortalization of mesothelium-derived lymphoid cells need to
be further explored.
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