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Kaposi sarcoma herpesvirus (KSHV) is specifically associated with Kaposi sarcoma (KS) and 2 B cell lympho-
proliferative diseases, namely primary effusion lymphoma (PEL) and multicentric Castleman disease (MCD). 
KS, PEL, and MCD are largely incurable and poorly understood diseases most common in HIV-infected indi-
viduals. Here, we have revealed the role of viral FLICE-inhibitory protein (vFLIP) in the initiation of PEL 
and MCD by specifically expressing vFLIP at different stages of B cell differentiation in vivo. Mice showed 
MCD-like abnormalities and immunological defects including lack of germinal centers (GCs), impaired Ig 
class switching, and affinity maturation. In addition, they showed increased numbers of cells expressing cyto-
plasmic IgM-l, a thus far enigmatic feature of the KSHV-infected cells in MCD. B cell–derived tumors arose at 
high incidence and displayed Ig gene rearrangement with downregulated expression of B cell–associated anti-
gens, which are features of PEL. Interestingly, these tumors exhibited characteristics of transdifferentiation 
and acquired expression of histiocytic/dendritic cell markers. These results define immunological functions 
for vFLIP in vivo and reveal what we believe to be a novel viral-mediated tumorigenic mechanism involving  
B cell reprogramming. Additionally, the robust recapitulation of KSHV-associated diseases in mice provides 
a model to test inhibitors of vFLIP as potential anticancer agents.

Introduction
Understanding how viruses subvert host molecular pathways and 
cause cellular transformation has been a fascinating and chal-
lenging task since Peyton Rous’ pioneering work in 1911 that 
gave birth to the concept of viral oncogenesis (1). Kaposi sarcoma 
herpesvirus (KSHV) is one of the most recently discovered human 
cancer viruses (2), and, besides being recognized as the etiological 
agent of Kaposi sarcoma (KS), it is also associated with the patho-
genesis of 2 lymphoproliferative diseases, namely primary effu-
sion lymphoma (PEL) and multicentric Castleman disease (MCD) 
(2–4). KSHV-associated lymphoproliferative diseases are rare even 
in regions with high KSHV seroprevalence (5), suggesting that 
KSHV alone is not sufficient for their development. Nonetheless, 
the specific and consistent association of KSHV with these distinct 
clinical entities (3, 6) as well as the presence of multiple putative 
oncogenes within its genome strongly indicate that KSHV is neces-
sary for the underlying oncogenic process.

PEL is an aggressive subtype of non-Hodgkin B cell lymphoma 
characterized by body cavity lymphomatous effusions with features 
of both immunoblasts (CD30+, CD39+, IRF4+) and plasma cells 
(BLIMP1+, CD138+), even if it is clearly distinct from both (7, 8). 
Although PEL commonly lacks expression of B cell–specific mark-
ers including CD19, Oct2, Pax5, and surface Ig, the presence of Ig 
gene rearrangements (6, 9) confirms its derivation from the B cell 
lineage, and the presence of somatic hypermutation (SHM) in the 
rearranged Ig variable (V) genes indicates transition through the 
germinal center (GC) (9). Therefore, PEL might originate from anti-
gen-selected GC B cells prior to their becoming terminally differen-
tiated plasma cells. MCD is a polyclonal lymphoproliferative disor-

der (10) characterized by the presence of KSHV-infected monotypic 
cytoplasmic IgM-l–expressing plasmablasts residing primarily in 
the mantle zone (11), dissolution of the follicles, and prominent 
interfollicular vascular proliferation (12). Although negative for 
certain B cell–associated markers such as Pax5, CD20, CD30, and 
CD138, MCD cells resemble mature B cells, as they express the pre-
plasma cell markers IRF4 and BLIMP1, the memory B cell marker 
CD27, Oct2, and Ki67 (13). However, MCD plasmablasts lack SHM 
in their rearranged IgV genes (11), suggesting that KSHV may pref-
erentially target IgM-l–expressing naive B cells and sustain their 
differentiation into plasmablasts bypassing the GC reaction.

KSHV conforms to the replication paradigm shared by all her-
pesviruses, displaying both lytic and latent modes of infection. 
Although lytic KSHV infection has been documented to contrib-
ute to Kaposi sarcomagenesis (14–16), KSHV genes important 
in viral genomic persistence and cell transformation are found 
among those transcribed during latency (i.e., LANA, v-cyclin, viral 
FLICE-inhibitory protein [vFLIP]), as KSHV infection is, indeed, 
predominantly latent in KSHV-induced lymphoid tumors (17). 
Many data indicate a role for vFLIP in KSHV pathogenesis, as it 
is a latent gene capable of activating NF-κB (18, 19), a hallmark 
cellular pathway constitutively active in PEL and indispensable 
for the maintenance of the tumor phenotype (20–22). FLIP pro-
teins are a group of cellular and viral proteins identified as inhibi-
tors of death receptor–induced (DR-induced) apoptosis (23, 24). 
They contain 2 death effector domains (DED) capable of inhibit-
ing DED-DED interactions between FAS-associated protein with 
death domain (FADD) and procaspases 8 and 10 within the death-
inducing signaling complex (DISC), otherwise responsible for DR-
induced apoptosis (25). KSHV vFLIP becomes part of the DISC 
and prevents the recruitment and processing of procaspase 8 and, 
thereby, FAS-induced apoptosis (24). vFLIP can control cell death 
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also by inhibiting autophagy (26). Another established function of 
vFLIP is its binding to IκB kinase γ (IKKγ), which induces IKKα/β  
phosphorylation, IκBα degradation, and p100 cleavage, thus 
resulting in both classical and alternative NF-κB activation (18, 19, 
27). The specific elimination of vFLIP by RNA interference results 
in significantly decreased NF-κB activity and apoptosis, confirm-
ing that vFLIP is essential for the survival of PEL cells (22).

However, the role of vFLIP in the initiation of KSHV-related 
diseases is largely unknown. Moreover, even if there is evidence 
that the PEL cell of origin is GC experienced (i.e., mutated Ig 
genes), while MCD develops from earlier precursors that eventu-
ally mature into plasmablasts in a GC-independent manner, still 
unclear is the precise stage-specific histiogenesis of these diseases. 
One previously reported vFLIP Tg mouse model displayed a broad 
range of lymphoma subtypes at low incidence and did not reca-
pitulate PEL (28). Thus, in the attempt to more faithfully recapitu-
late KSHV-associated diseases, we used a recombinant activation 
approach to express vFLIP in a stage-specific manner within the  
B cell compartment, either in all CD19+ B cells or, more restricted-
ly, in GC B cells. Both Tg lines showed defects in B cell differentia-
tion as well as MCD-like abnormalities and developed tumors of  
B cell origin at high incidence. These mice also revealed a previously  
unknown function for vFLIP in inducing expansion of the mac-
rophage/DC compartment via both cellular transdifferentiation 
and paracrine mechanisms. Our findings have important impli-
cations for the pathogenesis of all KSHV-associated malignancies 
that invariably display a rich infiltrate of histiocytes, whose origin 
and function have long been enigmatic. Moreover, we believe our 
study is the first comprehensive characterization of the immuno-
logical outcomes of in vivo expression of vFLIP, which potentially 
contributes to immune dysfunction during tumor development 
and maintenance in vivo.

Results
Generation of mice conditionally expressing vFLIP in B cells. To study the 
role of vFLIP in the pathogenesis of KSHV-associated lymphop-
roliferative disorders, we generated Tg mice expressing vFLIP in a 
stage-specific manner during B cell development. We introduced 
a cDNA-encoding FLAG-tagged vFLIP preceded by a loxP-flanked 
neoR-STOP cassette and followed by frt-flanked IRES-EGFP 
sequence into the ubiquitously expressed ROSA26 locus (Figure 1,  
A and B). The elimination of the STOP cassette and subsequent 
activation of Tg expression were achieved by crossing ROSA26.
vFLIP knockin mice with mice expressing cre recombinase under 
the control of either CD19 or Cγ1 promoter, resulting in vFLIP 
expression in all CD19+ B cells or selectively in IgG1+ GC B cells, 
respectively (Figure 1C). EGFP coexpressed with vFLIP from a 
common transcript due to the insertion of an IRES between the 2 
gene sequences was used to identify cells expressing the vFLIP Tg.

Tg mice (carrying both cre and vFLIP) were born at the expected 
Mendelian frequency and were indistinguishable from their WT 
littermate controls (carrying only cre) in terms of fertility and 
developmental features. Expression of vFLIP was evaluated in  
2- to 3-month-old mice after immunization with sheep red blood 
cells (SRBC). vFLIP mRNA and protein were specifically found in 
splenic CD19+ B cells isolated from both ROSA26.vFLIP;CD19.cre 
and ROSA26.vFLIP;Cγ1.cre Tg mice, but not in the thymus or in 
the splenic CD19– cell fraction nor in any tissue from control mice 
(Figure 1, D and E). ROSA26.vFLIP;CD19.cre Tg mice expressed 
EGFP in the vast majority of splenic CD19+ B cells (80% ± 1.9%), 

but not in T cells. Moreover, the Tg, as monitored by EGFP detec-
tion, was expressed throughout the various stages of B cell dif-
ferentiation comprising immature, mature, follicular, marginal 
zone, GC B cells, and plasma cells (Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI44417DS1). Transitional B cells did not show significant EGFP 
expression, suggesting an unfavorable effect of the Tg at this par-
ticular stage of B cell differentiation. Consistent with the activa-
tion pattern of the Cγ1 promoter, in ROSA26.vFLIP;Cγ1.cre Tg 
mice, the majority of splenic GC IgG1+ B cells (67.6% ± 3.9%) and 
only a minor percentage of CD19+ B cells (5.6% ± 0.2%) expressed 
EGFP, showing that the Tg was specifically expressed upon activa-
tion of the Cγ1 promoter (Supplemental Figure 1B). Considering 
that in the ROSA26.vFLIP;Cγ1.cre Tg mice, only a small propor-
tion of B cells express the Tg, vFLIP expression level was com-
parable at the single-cell level in the targeted B cells (i.e., CD19+  
B cells and IgG1+ GC B cells) of the 2 Tg mouse lines. Taken togeth-
er, these data show that vFLIP had an expected B cell–restricted 
pattern of expression in the 2 vFLIP Tg mouse lines generated.

vFLIP expression in B cells impairs GC formation, Ig class switch 
recombination, and affinity maturation. Splenomegaly was consis-
tently observed in both immunized and unimmunized ROSA26.
vFLIP;CD19.cre and ROSA26.vFLIP;Cγ1.cre Tg mice starting from 
2–3 months of age (Figure 2A). Although ROSA26.vFLIP;Cγ1.cre 
Tg mice expressed vFLIP in a lower percentage of cells, spleno-
megaly was consistently more pronounced in this line. Staining 
of spleen sections showed that the overall architecture was intact, 
with clear demarcation between normally formed T- and B-zones 
(Supplemental Figure 2). In WT mice upon immunization with 
SRBC, H&E staining showed numerous well-developed GCs posi-
tive for 2 well-characterized GC markers, namely the receptor for 
peanut agglutinin (PNA) and BCL6. In contrast, both Tg mouse 
lines displayed complete absence of GCs within the follicular areas, 
even upon immunization, and the receptors for PNA and BCL6 
were not expressed (Figure 2B). Small clusters of BCL6+PNA+Ki67+ 
GC-like cells were occasionally observed in ROSA26.vFLIP;Cγ1.cre 
Tg mice (Figure 2B), indicating abortive GC reactions. This sug-
gests that GC reactions were only possible when the expression of 
vFLIP was turned on after the GC reactions had already begun.

To gain insights into the mechanism underlying the spleno-
megaly and the effect of the Tg expression in vivo, the major 
splenic B cell populations were analyzed by flow cytometry in 
immunized mice (Figure 3 and Supplemental Figure 1). Con-
sistent with the splenomegaly, the total splenic B cell number 
was increased (data not shown) in spite of a slightly reduced 
splenic B to T cell ratio (Figure 3A). No significant changes were 
observed in immature B cell, mature B cell, and follicular B cell 
numbers, while marginal zone and FAS+ B cells were increased 
(Figure 3, B–D). The increase of FAS+ B cells might represent a 
consequence of vFLIP-mediated NF-κB activation, leading to a 
paradoxical proapoptotic effect (29), which, however, remains 
abortive since vFLIP inhibits FAS-mediated apoptosis. Indeed, 
while WT and Tg EGFP–CD19+ B cells as well as WT and Tg  
T cells that do not express the Tg underwent apoptosis in 
response to anti-FAS treatment, Tg EGFP+CD19+ B cells were 
resistant to FAS-induced apoptosis despite having upregulated 
FAS on their surfaces (Supplemental Figure 3). The reduction in 
GC B cells (Figure 3E), IgG1+ B cells (Figure 3F), and plasma cells 
(Figure 3G) was in agreement with immunohistochemical data. 
Similar results were observed in ROSA26.vFLIP;Cγ1.cre mice 
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(Supplemental Figure 1B). Comparison with unimmunized mice 
showed that immunization failed to promote GC formation and 
production of class-switched IgG1 in both ROSA26.vFLIP;CD19.
cre (Supplemental Figure 4) and ROSA26.vFLIP;Cγ1.cre Tg mice 
(data not shown). Of interest, vFLIP Tg mice displayed the expan-
sion of side/forward scatter-high (SSC/FSChi) cells that expressed 
the macrophage antigen Gr1 and the DC antigen CD11c (Figure 
3H), but not EGFP (Supplemental Figure 1). Collectively, these 

results demonstrate the multiple abnormalities in the B cell lin-
eage, including reduction in GC and IgG1+ B cells, increase in 
FAS+ B cells, and the expansion of a macrophage/DC-like popu-
lation in the 2 B cell–specific vFLIP Tg mouse lines. The expan-
sion of the macrophage/DC-like cells may result from positive 
survival signals derived from vFLIP-expressing B cells, as it has 
been reported that vFLIP is capable of activating the expression 
of monocyte/macrophage-activating chemokines (30, 31).

Figure �
Generation of ROSA26.vFLIP;CD19.cre and ROSA26.vFLIP;Cγ1.cre mice. (A) Schematic representation of the ROSA26 locus before (top) and 
after (bottom) homologous recombination with the targeting vector (middle) carrying a triple-flagged vFLIP encoding sequence. (B) A represen-
tative Southern blot analysis of EcoRI- or BglI-digested WT and recombinant (R) ES cell DNA. Probes used and expected genomic fragment 
sizes are also indicated. (C) The strategy for recombinant activation of vFLIP expression in vivo. ROSA26.vFLIP knockin mice were bred with 
either CD19.cre or Cγ1.cre mice to obtain Tg expression from early precursor B cell stage or from GC stage, respectively. (D) Tg expression was 
specifically detected, both by RT-PCR (upper panel) and anti-FLAG immunoblotting (lower panel) in splenic CD19+ B cells derived from both 
ROSA26.vFLIP;CD19.cre and ROSA26.vFLIP;Cγ1.cre mice. Sample lanes separated by thin white lines were run on the same gel but were 
noncontiguous. Tg*, ROSA26.vFLIP;CD19.cre mice used for positive control; Spl, spleen; Thy, thymus.
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We hypothesized that class switch recombination (CSR) and SHM 
may be differentially affected in the 2 vFLIP Tg lines due to diverse 
Tg activation patterns, allowing us to predict different pathologi-
cal outcomes seen in PEL and MCD (i.e., PEL would be favored if 
CSR and SHM are permitted, while MCD would develop in their 
absence). To test this hypothesis and to investigate the effects of 
the lack of GCs on CSR and SHM, we analyzed resting and the  
T cell–dependent antigen nitrophenol-specific (NP-specific) Ig pro-
duction as well as Ig affinity maturation in both mouse Tg lines. In 
ROSA26.vFLIP;CD19.cre mice, while both resting and NP-specific 
IgM levels were unaffected, resting IgG3, IgG1, and IgG2a levels 
as well as NP-specific Igs of all isotypes except IgE were decreased 
(Figure 4, A and B), consistent with a marked reduction of IgG3 
and IgG1 post-switch transcripts (Figure 4C) as well as IgG1+ B cells 
(Figure 3F) in immunized mice. Affinity maturation was evaluated 

by measuring the binding of NP-specific IgG1 antibodies to NP3- 
and NP20-coated plates. Higher NP3/NP20 binding ratio indicates 
the presence of higher-avidity (i.e., affinity-matured) antibodies. 
Interestingly, both vFLIP Tg mice failed to develop any antibody 
affinity maturation upon sequential immunizations with NP (Fig-
ure 4D). Similar results were observed also in ROSA26.vFLIP;Cγ1.
cre mice (Supplemental Figure 5), although we cannot exclude a 
local ongoing CSR and SHM from which a mutated clone can arise, 
given the sporadic formation of small clusters of GC-like cells. 
Taken together, these data ascribe an important role to vFLIP as a 
negative regulator of both CSR and Ig affinity maturation in vivo, 
in addition to a suppressor of GC formation.

vFLIP Tg mice develop MCD-like pathological abnormalities. One of 
the unique features of MCD is the presence of monotypic cyto-
plasmic IgM-l–expressing plasmablasts residing in the mantle 

Figure �
Splenomegaly and lack of GC formation. (A) Splenomegaly was observed in both ROSA26.vFLIP;CD19.cre (left) and ROSA26.vFLIP;Cγ1.cre 
mice (right); at least 20 Tg and control animals were analyzed (error bars indicate SEM). (B) H&E, PNA, and BCL6 staining revealed the lack of 
GCs in both Tg mouse lines. Abortive GCs in Peyer patches of ROSA26.vFLIP;Cγ1.cre mice are shown (arrows). Scale bars: 200 μm.
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zone. Although the mechanism underlying this bias for Ig-l locus 
rearrangement remains obscure, the recent understanding that the 
generation of l+ B cells depends on NF-κB signals (32) suggests 
that vFLIP, as an NF-κB activator, may have a role in this process. 
As expected, WT mice predominantly expressed the κ light chain 
(κ:l ratio, 90:3) (Figure 5B). B cells of vFLIP Tg mice showed sig-
nificantly increased l light chain expression (κ:l ratio, 78:7) (Fig-
ure 5B). Double immunohistochemistry for cytoplasmic κ and l 
showed that these numerous l-expressing cells were CD138– and 
morphologically resembled the plasmablasts observed in MCD, 
being smaller, less bright, and with a much less abundant cyto-
plasm as compared with normal plasma cells (Figure 5A). Only  
2- to 2.5-fold enrichment of Ig-l chain–expressing plasmablasts 
was seen, which differs quantitatively from the almost exclusive 
expression of l chain in KSHV-infected cell seen in MCD. Never-
theless, vFLIP is likely to contribute to this phenotype, as it was 
consistently observed in a large number of mice analyzed. There-
fore, vFLIP expression during the natural history of KSHV infec-
tion might be responsible, although perhaps only partially, for this 
hallmark of MCD. In addition, more BLIMP1-expressing cells were 
found in the spleen (data not shown), consistent with BLIMP1 
expression in MCD plasmablasts. Furthermore, while the prolif-
eration marker Ki67 only stained the GCs in WT mice, numer-
ous Ki67+ cells reminiscent of the Ki67+ plasmablasts observed in 
MCD were found scattered throughout the entire follicle in vFLIP 
Tg mice (Figure 5A). Collectively, vFLIP Tg mice developed several 

pathological abnormalities typical of MCD, supporting a role for 
vFLIP in the pathogenesis of this disease.

vFLIP expression leads to B cell reprogramming and tumor development. 
Both vFLIP Tg lines developed tumors at high incidence, and nearly 
all Tg mice succumbed to disease between 7 and 19 months of age 
(Figure 6A). Tumors arose in various locations rich in lymphoid 
tissue including nasopharynx, armpit, and inguinal region (Figure 
6B). In a considerable number of cases, mice developed multiple 
tumors and in some cases tumor metastases to lymph nodes were 
found, which supported the malignant nature of the growth. Mac-
roscopically, tumors had white to tan color and soft consistency; 
abundant necrosis was occasionally present. The tumors expressed 
the Tg at both RNA and protein levels and, therefore, were derived 
from cells expressing either CD19- or Cγ1-driven cre recombi-
nase (Figure 6C). EGFP expression was detected in the tumor 
cells by flow cytometry (Figure 6C) and immunohistochemistry 
(Supplemental Figure 6). In agreement with the ability of vFLIP 
to activate NF-κB pathway, phospho-p65 and phospho-IκBα 
were detected in the tumor samples expressing the Tg, similarly 
to what was observed in the Tg B cells (Supplemental Figure 7). 
Histologically, tumors were characterized by sheets of large cells 
with abundant cytoplasm, oval to irregular nuclei, and prominent 
nucleoli, and spindling of cells was focally noted (Figure 6D). Sur-
rounding normal lymphoid tissue was present in some cases, sug-
gesting that the tumors arose in the context of lymphoid organs 
(data not shown). Unexpectedly, immunohistochemistry failed to 

Figure �
Abnormal splenic cell populations in ROSA26.vFLIP;CD19.cre mice. Flow cytometry analysis displayed (A) decrease of B versus T cell ratio, 
as shown by B220 and CD3 staining; (B) no changes in immature (B220+IgD–IgM+) and mature (B220+IgD+IgM–) B cells; (C) no changes in fol-
licular B cells (B220+CD21–CD23+) and increase of marginal zone B cells (B220+CD21+CD23–); (D) increase of FAS+ B cells; (E) reduction of GC  
B cells (B220+GL7+FAS+); (F) reduction of IgG1-expressing B cells; (G) reduction of plasma cells; (H) increase of side/forward scatter–high mac-
rophage/DCs (SSC/FSChiB220– and Gr1+ or CD11c+). Data are representative of at least 3 experiments with similar results (error bars indicate 
SEM); at least 3 Tg and control animals were analyzed in each experiment.
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detect B cell–specific markers B220, Pax5, BLIMP1, and l and κ, 
but revealed positivity for CD138 (Figure 6D). Endothelial and 
stromal/mesenchymal origins of the tumors were excluded by 
negative CD34 and SMA staining, respectively (data not shown), 
and tumor-infiltrating lymphocytes were mainly CD3+ T cells (Fig-
ure 6D). The proliferation index (Ki67+ cells) was approximately 
30%–40% for the neoplastic cells (Figure 6D). Surprisingly, tumor 
cells were positive for PU.1, a marker expressed by both B cells 
and macrophages, Vimentin, and other macrophage/DC markers 
(CD68, Lysozyme, and Mac2) (Figure 6D). Ultrastructural exami-
nation further confirmed the histiocytic features of the tumor 
cells, including irregularly folded nuclei and abundant cytoplasm 
containing numerous electron-dense vesicles indicative of lyso-
somes (Figure 6D). Collectively, these findings led to a pathologi-
cal diagnosis of histiocytic/DC sarcoma.

Given the unexpected tumor phenotype, additional flow 
cytometry analyses were performed to further characterize the 
tumor population in relation to the B cell lineage where the Tg 
was constitutively expressed. All tumor cases expressed either 
Gr1 or CD11c (Figure 7A). Although we could not detect B cell 
antigens by immunohistochemistry, most tumor cells, defined as 
Tg-expressing EGFP+ cells, expressed intermediate levels of CD19 
(Figure 7B). Of interest, while WT or Tg B cells expressed high lev-
els of CD19 and did not express Gr1 or CD11c, the tumor cells 
were characterized by downregulation of CD19 and acquisition of 

Gr1 or CD11c expression (Figure 7B), a biphenotypic feature that 
further suggested plasticity between B cell and macrophage/DC 
lineages during tumor formation.

The expression of the Tg within the tumor cells, which was 
dependent on CD19- or Cγ1-driven expression of cre recombinase, 
strongly supported the B cell origin of the tumors. To confirm the 
B cell origin of the tumor cells, analysis of Ig gene rearrangement 
was performed by RT-PCR with a set of forward primers covering 
the most commonly used IgV heavy (H) gene families and reverse 
primers located in the JH1–4 gene segments (33). A fraction of the 
analyzed tumor cases (about 35%) displayed monoclonal IgH rear-
rangements, as evidenced by the emergence of a single band yield-
ing an in-frame sequence (Figure 7C and Supplemental Figure 6). 
In most of the remaining cases, loss of heterogeneity in the PCR sig-
nal was also found, demonstrating the presence of oligoclonality.

In summary, our data showed that both ROSA26.vFLIP;Cγ1.cre 
and ROSA26.vFLIP;CD19.cre mice developed tumors at high inci-
dence with morphological and immunophenotypical features typ-
ical of histiocytic/DC sarcoma (i.e., Ki67+PU.1+Vimentin+CD68int 

Lysozyme+Mac2+CD11c+Gr1+CD19int) and favored transdifferen-
tiative ontogenesis from vFLIP-expressing B cells. The paracrine 
effect these B cells exert on surrounding macrophage/DCs may 
also contribute to tumor development as a variable proportion of 
CD11c+Gr1+, but EGFP– cells were found in some tumors (Figure 
7A). These findings are reminiscent of the cell heterogeneity with-

Figure �
Serum antibody concentration and Ig affinity maturation in ROSA26.vFLIP;CD19.cre mice. Antibody levels were analyzed by ELISA. P values 
derived from Student’s t test on the means (bars) of WT versus Tg mice are given below each antibody subclass in the graphs. (A) Resting 
serum antibody levels evaluated on preimmune serum samples. (B) NP-specific antibody response referred to the second boost. (C) Post-switch 
transcripts were significantly reduced (right panel), except for Iμ-Cγ2b, although germline transcripts were unaffected (left panel). (D) Tg mice 
showed lack of affinity maturation upon sequential immunizations performed with NP24-KLH on days 0, 21, and 42, respectively. Higher NP3/NP20 
binding ratios indicate the presence of higher-avidity (i.e., affinity-matured) IgG1 antibodies.
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in the tumor lesions as observed in human KS (34, 35) and other 
KSHV-associated diseases.

Discussion
In this study, we have investigated the effects of stage-specific vFLIP 
expression during B cell differentiation in the attempt to recapit-
ulate KSHV-associated diseases (PEL and MCD). Mice developed 
pathological abnormalities mimicking MCD and showed immu-
nological defects (i.e., lack of GC as well as impairment in Ig class 
switching and affinity maturation). These findings unveiled for 
what we believe is the first time the in vivo immunological effects 
of vFLIP expression. Most surprisingly, in vivo vFLIP expression in 

B cells led to the development of B cell–derived histiocytic/DC sar-
coma, which highlights plasticity between B cell and macrophage/
DC lineages and explains the reprogramming ability of KSHV dur-
ing tumor formation.

Given the evidence that PEL has experienced the GC reaction 
while MCD develops from earlier precursors that eventually 
mature into plasmablasts in a GC-independent manner (36), we 
predicted that ROSA26.vFLIP;Cγ1.cre mice would have repre-
sented, a priori, a mouse model more prone to develop PEL-like 
abnormalities, since Tg activation was designed to occur when 
expression of the Cγ1 promoter is activated in preparation for 
class switching, which occurs as the cells initiate the GC reaction. 

Figure �
Expansion of Ki67+l+ B cells. (A) Spleen sections immunostained with CD138, l (red), κ (brown), and Ki67. Insert shows higher magnification 
of cells expressing cytoplasmic l and κ. Scale bars: 200 μm; 20 μm (insert). (B) Flow cytometry showing percentage of B cells expressing either 
intracellular l or κ light chain (upper panel); l versus κ ratio is also reported (lower panel). Data represent 1 of 3 experiments with similar results 
(error bars indicate SEM); at least 3 Tg and control animals were analyzed in each experiment.
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Unexpectedly, both Tg mouse lines lacked GCs and developed 
MCD-like pathological abnormalities. Thus, our results indicate 
that even the selective B cell stage–specific pattern of expression 
achieved by activating vFLIP under the control of Cγ1 promoter 
might have occurred too early in the GC reaction, preventing its 
progress and an accurate recapitulation of PEL. Instead, it is pos-
sible that the activation of vFLIP at a more mature stage of B cell 
differentiation, such as in post-GC B cells, might permit comple-
tion of the GC reaction and perhaps more accurate PEL develop-
ment. The conditional knockin mouse model developed here will 
now allow us to test this hypothesis. Nevertheless, tumors occur-
ring in both vFLIP Tg lines did show some features of PEL (i.e.,  
B cell–derived tumors lacking several B cell–associated markers but 
positive for CD138), indicating that these characteristics of PEL 
can be induced by vFLIP alone. It is also likely that the expression 
of vFLIP alone, even if turned on at the most permissive stage of 
B cell differentiation, is not sufficient to induce a faithful equiva-
lent of KSHV-associated diseases as observed in humans and 
that cooperation with other latent proteins (e.g., vCyclin, LANA, 
LANA-2/vIRF-3, Kaposin B, vIL-6) and/or noncoding transcripts 
(e.g., miR-K12-11) (37) found to be coexpressed in PEL and MCD 
may be required. In this regard, previously reported Tg mice for 
LANA and vFLIP also failed to fully recapitulate KSHV-associated 
diseases, although tumorigenic properties of the viral products 
were otherwise demonstrated. Our mouse model contrasts with 
previous Tg models of KSHV-encoded genes in the high frequency 
of tumors and the presence of several, albeit not all, unique proper-
ties of MCD and PEL not seen in other Tg mouse models.

Here, we identified the in vivo immunological functions of vFLIP 
when selectively expressed in B cells by demonstrating its role in 
abrogating GC formation and negatively affecting Ig class switch-
ing and affinity maturation. These functions may have a role in 
tumor maintenance by abrogating the host immune response 
against virus-infected tumor cells, thus expanding the knowledge 
on the immune evasion mechanisms exploited by KSHV. Similarly  
to other viruses capable of efficiently establishing a persistent 
infection, KSHV has evolved several different strategies to achieve 
evasion of host immune responses, including inhibition of antigen 
presentation, molecular mimicry of host signaling, and expression 
of decoys that inhibit cell death (38). In addition to vFLIP’s abil-
ity to inhibit FAS-mediated apoptosis (39), the profound GC sup-
pression here ascribed to vFLIP might represent a novel mecha-
nism KSHV developed to achieve immune evasion by hampering 

humoral immune responses and abrogating the immunological 
microenvironment where KSHV-infected cells undergo T cell rec-
ognition. The aberrant finding of GC suppression seems to be a 
consequence of vFLIP-mediated activation of the NF-κB pathway; 
once activated (e.g., as during CD40 activation or LMP1 expres-
sion), it leads to IRF4-mediated transcriptional repression of BCL6 
(40). In turn, lack of BCL6, a molecule essential for GC formation 
(41), can account for the lack of GC observed in vFLIP Tg mice.

Based on these observations, one may speculate that the humoral 
immune response is affected by the presence of KSHV and that Ig 
affinity maturation is impaired in KSHV-infected individuals, or 
at least those with MCD or KSHV-associated lymphadenopathies. 
While cellular responses to KSHV infection have been studied, our 
understanding of antibody response to KSHV or in the context 
of KSHV infection is very limited. The general consensus is that 
KSHV-specific responses are frequent, diverse, and strongly differ-
entiated toward an effector phenotype (CTLs) in patients who con-
trol the infection (42–46). Conversely, KSHV-specific CTLs are very 
rare in patients who progress to KS, supporting the crucial role of 
cellular immune responses in controlling KSHV replication, pre-
venting malignancies and conferring resistance to persistent infec-
tion (42–44, 46). Although in few cases of MCD polyfunctional 
KSHV-specific CD8 responses have been observed, suggesting that 
cellular immunity is less protective in MCD than in KS, a level of 
immune escape is present also in MCD but restricted to fully dif-
ferentiated effector memory CD8+ T cells (47). In terms of humor-
al immunity, one study showed that KSHV-specific antibodies do 
not correlate with protection and actually positively correlate with 
viral load (48). To the best of our knowledge, the status of affinity 
maturation of KSHV-specific antibodies has not been tested, but 
it is likely to be impaired given the inefficiency in controlling viral 
load and disease progression. The hypothesis that KSHV infection 
qualitatively affects antibody responses could be tested experimen-
tally through prospective epidemiological studies.

Also, the immunological functions of vFLIP described here high-
light the fact that different strategies are exploited by even closely 
related viruses to manipulate the immune system. Indeed, EBV 
LMP1, a TNF receptor analog that shares with vFLIP its ability 
to activate NF-κB, rescues an otherwise severely impaired T cell–
dependent Ig class switching when expressed in B cells of Cd40–/–  
mice (49), even if both GC formation and affinity maturation 
remained abrogated similarly to vFLIP Tg mice. Lack of GC upon 
enforced expression of either LMP1 or vFLIP is not surprising, 
since CD40-activated NF-κB signaling is known to be selectively 
downregulated in GC cells (50) and, therefore, its constitutive acti-
vation is most likely to be unfavorable for GC formation. In addi-
tion, the different effects exerted by LMP1 and vFLIP on Ig class 
switching may be due to the differences in signaling. For example, 
it is possible that this is partially due to different intrinsic modu-
lation on noncoding RNAs, particularly miR155, an oncogenic 
noncoding transcript (51) critical for GC formation (52), normal 
immune function (53), and the generation of class-switched anti-
bodies (54). miR155-deficient mice highly expressed PU.1, a direct 
target of miR155 that favors macrophage over B-lymphocyte dif-
ferentiation (55), whose overexpression in WT B cells impairs the 
emergence of IgG1-switched cells (54). Of interest, LMP1 activates 
miR155, and reduction in PU.1 might explain the ability of LMP1 
to induce Ig class switching (56) and, in contrast to vFLIP Tg mice, 
lack of propensity to develop histiocytic sarcomas. Therefore, since 
miR155 is essential for GC formation as well as Ig CSR and SHM, 

Figure �
Tumor characterization. (A) Statistical analysis of event-free survival by 
Kaplan-Meier cumulative survival curve and the log-rank test to evaluate 
statistical significance. More than 100 mice in each group were followed 
up for up to 2 years. (B) A representative tumor in the nose and one in 
the abdominal cavity are shown. (C) Tg expression was detected in the 
tumors by RT-PCR (upper left panel), immunoblot (lower left panel), 
and flow cytometry (right panel). WT* and Tg*, ROSA26.vFLIP;CD19.
cre mice were used for negative and positive controls, respectively. 
(D) Tumor sections were stained with H&E, B cell–specific markers 
(B220, Pax5, l and κ), BLIMP1, and CD138 (upper panel). Tumors 
express markers indicative of histiocytic/DC sarcoma (Pu.1, Vimentin, 
CD68, Lysozyme, Mac2) (lower panels). Electron microscopy revealed 
electron-dense vesicles suggestive of lysozymes (arrows) (lower pan-
els). Scale bars: 100 μm, 14 μm (inset), immunohistochemistry images;  
2 μm, 1.44 μm (inset), electron microscopy images.
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we speculated that vFLIP might downregulate miR155 and cause 
the abrogation of these immunological functions. However, we 
found that vFLIP does not affect miR155 expression, despite our 
observation of the upregulation of the miR155 target gene PU.1 
within vFLIP-expressing tumors (Supplemental Figure 8), which 
implies that these immunological functions can be abrogated even 
in the presence of normal levels of miR155. The fact that vFLIP 
does not upregulate miR155 expression may explain why KSHV 
encodes a miR155 ortholog in its genome (37, 57) that may enable 
KSHV to complement vFLIP expression to allow Ig class switching 

in PEL in vivo. Lack of miR155 upregulation 
upon vFLIP expression may also partially 
explain the phenotypic differences seen in the 
LMP1 and vFLIP Tg mice.

In spite of a histiocytic/DC phenotype, the  
B cell derivation of the tumor cells is supported 
by (a) the expression of the Tg, which is driven by 
2 independent and different B cell–specific pro-
moters, CD19 and Cγ1, making the possibility of 
leaky expression in non–B cell lineage unlikely,  
(b) the intermediate expression of CD19 by 
the tumor cells, and formally proven by (c) the 
presence of monoclonal Ig gene rearrangement. 
Growing evidence supports the existence of an 
extraordinary plasticity between committed  
B cells and other cell lineages, particularly mac-
rophage/DC, in both normal and pathological 
conditions (58). Myeloid conversion of B cells, 
with retention of Ig gene rearrangement as evi-
dence of B cell ontogenesis, has been obtained 
by enforced expression of myeloid/macro-
phage determinants (i.e., CCAAT/enhancer 
binding protein [C/EBP] α/β and PU.1) and 
subsequent functional inactivation of Pax5, a 
major controller of B cell identity (59). More-
over, transdifferentiation can also occur during 
clonal evolution of B cell malignancies, a con-
cept first demonstrated by the development 
of histiocytic/DC sarcoma in a patient with a 
previously diagnosed follicular lymphoma (FL) 
found to be clonally related, as both neoplasms 

retained the same IgH rearrangement and identical breakpoint 
of the FL-specific translocation (60). Of interest, development of 
follicular/DC sarcoma has also been reported in a patient previ-
ously diagnosed with Castleman disease at the same site (61, 62), 
suggesting KSHV could have a role in this phenomenon. In our 
study, by expressing only one KSHV gene in B cells, we observed 
initially pathological alterations mimicking MCD and, eventu-
ally, development of histiocytic/DC sarcoma possibly via transdif-
ferentiation mechanism from B cells. Therefore, this surprising 
phenotype is important since it may recapitulate some peculiar 

Figure �
Biphenotypic features of the B cell–derived trans-
differentiated tumors. (A) Flow cytometry showing 
Gr1 and/or CD11c expression in the EGFP+ tumor 
cells. Analysis of 2 representative tumors and 
control WT and Tg spleens is shown. (B) Many 
tumor cells express intermediate levels of CD19 
and are, therefore, biphenotypic (i.e., CD19intGr1+ 
or CD19intCD11c+). (C) Tumor clonality analysis 
by RT-PCR with a set of forward primers cover-
ing the most commonly used IgVH gene families 
and reverse primers located in the JH1-4 gene 
segments. Polyclonal B cells show 4 bands, indi-
cating JH1, JH2, JH3, and JH4 segments were 
rearranged, while many tumors gave 1 or 2 bands 
of different size, indicating monoclonal rearrange-
ments. Arrows indicate monoclonal bands. Sam-
ple lanes separated by thin white lines were run 
on the same gel but were noncontiguous.
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examples of human pathology. This is also the first experimental 
model in which this transdifferentiation phenomenon is reported 
as entirely initiated by ectopic expression of a single (KSHV) viral 
gene product (Figure 8). This potent transdifferentiation is likely 
due to an epigenetic process resulting in the expansion of macro-
phage/DC population upon constitutive expression of vFLIP in  
B cells and is interesting for several reasons. First, it underlines 
the existence of a general potential plasticity between B cells and 
other cell lineages (33, 58), particularly macrophage/DCs (59, 60). 
Second, since KSHV is associated with diseases in which tumor 
derivation has been made extremely puzzling by the presence of a 
rich macrophage component, especially KS, our finding suggests 
this phenomenon is a result of vFLIP-driven reprogramming from  
B cells to macrophage/DCs and/or a paracrine effect due to the 
secretion of macrophage/DC-stimulating factors from vFLIP-
expressing B cells (Figure 8). Although most macrophages in KS 
lesions do not contain KSHV, largely favoring a paracrine effect, 
rare cells coexpress KSHV LANA and histiocytic antigens (63), sug-
gesting that a pathogenetic mechanism also involving cell repro-
gramming and transdifferentiation might coexist. Furthermore, 
the highly abnormal immunophenotype of PEL may be partly 
explained by vFLIP-induced transcriptional reprogramming.

Although coordinated silencing of B cell transcription factors (e.g., 
Pax5) and activation of transcriptional program related to myeloid-
macrophage lineage (e.g., PU.1 and C/EBPα/β) seem to orchestrate 
the B-to-macrophage cell lineage transition, the molecular mecha-
nisms underlying this fascinating phenomenon are far from being 

fully understood. The cell 
reprogramming observed 
in vFLIP Tg mice makes this 
mouse model an ideal system 
to obtain insights into the 
complexity of these mecha-
nisms, culminating not only 
in lineage diversion but also 
tumor formation.

In conclusion, we have 
revealed a function for vFLIP 
in inducing expansion of the 
macrophage/DC compart-
ment via both transdifferen-
tiation and paracrine mecha-
nism. This has important 
implications for the patho-
genesis of all KSHV-associ-
ated malignancies that invari-
ably display a rich infiltrate 
of histiocytes of unknown 
origin. For what we believe is 
the first time, immunological 
functions have been ascribed 
to the in vivo expression of 
vFLIP, which may contribute 
to host immune dysfunction 
during tumor development 
and maintenance. Moreover, 
we believe these are the first 
Tg mice expressing a KSHV 
gene that recapitulates the 
cytoplasmic IgM-l expression 

of the KSHV-infected cells in MCD and the abnormal B cell geno-
typic/phenotypic properties of PEL. Finally, these mice develop 
tumors with high frequency and reproducibility, providing a robust 
model to test inhibitors of vFLIP as potential anticancer agents.

Methods
Generation of ROSA26.vFLIP;CD19.cre and ROSA26.vFLIP;Cγ1.cre Tg mouse 

lines. We cloned a C-terminal flagged vFLIP sequence into the ROSA26 

locus by using a modified version of pROSA1 targeting vector (64), in 

which a unique AscI restriction site was embedded between a loxP-flanked 

neoR-STOP cassette and a frt-flanked IRES-EGFP sequence followed by a 

polyadenylation site (65). vFLIP was inserted into the AscI site. The final 

targeting vector was electroporated into 129/Sv-derived ES cells, following 

standard protocols in the Transgenic Mouse Facility at Columbia Univer-

sity. The targeted ES cells were screened for homologous recombination by 

Southern blot analysis using diagnostic digestions and probes as shown in 

Figure 1. Correctly targeted ES cells were injected into C57BL/6-derived 

blastocysts to obtain chimeric mice. The ROSA26.vFLIP Tg mouse line was 

developed by crossing the chimera males with C57BL/6 WT females for a 

few generations before being made homozygous.

To generate mice expressing the Tg in a B cell–specific manner, 

heterozygous ROSA26.vFLIP Tg mice were crossed with homozygous 

CD19.cre knockin mice (66) or Cγ1.cre knockin mice (67) of either 

C57BL/6 or BALB/c genetic background; therefore, all experimental mice 

were on 129/Sv-C57BL/6 or 129/Sv-C57BL/6-BALB/c mixed genetic back-

ground and age-matched littermates were used as controls. Genotyping 

was performed by PCR analysis on mouse tail DNA. All animal studies 

Figure �
Model of vFLIP-mediated tumorigenesis, cell reprogramming, and paracrine stimulation of histiocytic/DCs. 
The expression of KSHV vFLIP alone in B cells initially results in pathological alterations mimicking MCD and 
eventually leads to the development of B cell–derived tumors via transdifferentiation, as evidenced by the 
biphenotypic features of the tumor cells (i.e., phenotypically macrophage/DCs, genotypically B cells). This 
surprising phenotype has a correspondence in human pathology (i.e., development of follicular/DC sarcoma 
in a patient with previously diagnosed Castleman disease) and underlines an existing plasticity between B cell 
and macrophage/DC lineages, as recently reported also for other B cell malignancies (e.g., FL). Moreover, 
the expansion of phenotypically and genotypically genuine macrophage/DCs, as observed in the Tg mouse 
spleen, suggests that vFLIP-expressing B cells can sustain the proliferation of this compartment also via a 
paracrine mechanism. This process may contribute to the cell heterogeneity seen in KS, which is typically 
characterized by abundant histiocytic infiltrate of unknown origin and function.
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were approved by the Institutional Animal Care and Use Committee at 

Weill Cornell Medical College. Mice were monitored for tumor develop-

ment biweekly and sacrificed when visibly ill, according to approved proto-

cols. Statistical analysis of event-free survival was performed by GraphPad 

Prism v.5 using Kaplan-Meier cumulative survival curve and the log-rank 

test to evaluate statistical significance.

B cell purification, RT-PCR, and immunoblotting. CD19+ and CD19– splenic 

cells were isolated by magnetic cell separation using MACS columns (Milt-

enyi Biotech), following the manufacturer’s instructions. RNA extrac-

tion and RT-PCR were performed using standard protocols as detailed in 

Supplemental Methods. Total protein extracts were prepared from thymus 

as well as CD19+ and CD19– splenocytes using RIPA buffer, gel electro-

phoresed on 12% SDS-PAGE gel, transferred to a polyvinylidene difluoride 

membrane (Millipore), and immunostained according to standard meth-

ods using anti-FLAG (M2; Sigma-Aldrich), anti–phospho-p65 (93H1; Cell 

Signaling), anti–phospho-IκBα (5A5; Cell Signaling), and anti–β-actin 

(Sigma-Aldrich) antibodies.

Flow cytometry. Single-cell suspensions prepared from spleen and tumor 

biopsies were stained using standard procedures with a panel of fluores-

cent-labeled antibodies (see Supplemental Methods). 7AAD was used for 

the exclusion of dead cells. Data were acquired on FACSCalibur or LSRII 

flow cytometer (BD) and analyzed using FlowJo software (Tree Star).

Immunohistochemistry. Formalin-fixed, paraffin-embedded sections of  

4-μm thickness were stained for H&E or immunostained with the follow-

ing antibodies: anti-B220 (RA3-6B2; BD Biosciences — Pharmingen), anti-

CD3 (Dako), anti-BCL6 (N3; Santa Cruz Biotechnology Inc.), anti-CD138 

(281-2; BD Biosciences — Pharmingen), anti-CD34 (MEC14.7; Abcam), 

anti-CD68 (FA-11; Abcam), anti-Ki67 (Novocastra), anti-κ (Southern Bio-

tech), anti-l (Southern Biotech), anti-Lysozyme (BGN/06/961; Abcam), 

anti-Pax5 (24; BD Transduction Laboratories), PNA (Vector), anti-PU.1 

(G148-74; BD Biosciences — Pharmingen), anti-SMA (B4; Santa Cruz Bio-

technology Inc.), anti-Vimentin (C20; Santa Cruz Biotechnology Inc.), anti-

Mac2 (M3/38; Cedarlane), anti-EGFP (Abcam), and anti-BLIMP1 (63D; 

Santa Cruz Biotechnology Inc.).

Immunization. Mice 8–12 weeks of age were immunized intraperitoneally 

with 0.5 ml of a 2% SRBC suspension in PBS (Cocalico Biologicals) and ana-

lyzed after 12 days. For analysis of T cell–dependent antigen-specific immune 

response, 12-week-old mice were immunized on day 0 with 100 μg of NP24-

KLH in complete Freund adjuvant and bled both before immunization and 

on day 5. On days 21 and 42, mice were boosted with 100 μg NP24-KLH in 

incomplete Freund adjuvant and bled 5 days after each immunization.

ELISA. To determine the concentration of resting or NP-specific anti-

bodies of specific Ig isotypes, microtiter plates (NUNC) were coated with 

either unlabeled anti-mouse Ig antibodies (SouthernBiotech) or NP20-BSA, 

respectively. AP-labeled goat anti-mouse Ig isotype-specific antibodies 

(SouthernBiotech) and p-nitrophenyl phosphate (SouthernBiotech) were 

used as revealing antibodies and AP substrate, respectively. The OD at 405 

nm was measured and readings within the assay linear range were used to 

calculate the serum antibody concentrations against control mouse Ig iso-

type standards (SouthernBiotech). For measurement of the affinity matu-

ration of NP-specific IgG1 antibodies, each serum sample was titrated on 

both NP3-BSA– and NP20-BSA–coated plates. Low-affinity antibodies will 

only bind to the highly haptenated proteins (NP20-BSA), while high-affin-

ity Ig binds equally to both the high and low haptenated proteins. Thus, 

the ratio of the binding to NP3-BSA and NP20-BSA is a measure of the rela-

tive Ig affinity maturation.

IgVH rearrangement analysis. IgVH rearrangement analysis was performed 

on cDNA with a set of forward primers that anneal to the framework 

region of the most abundantly used IgVH gene families and reverse prim-

ers located in the JH1-4 gene segments (33). PCR products were gel-puri-

fied using the QIAquick purification method (QIAGEN) and directly 

sequenced. Sequences were compared with those in the IMGT/V-QUEST 

database (http://www.imgt.org).

Statistics. Statistical significance was assessed by a 2-tailed unpaired Stu-

dent’s t test. P < 0.05 was considered significant.
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