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ABSTRACT
Kaposi sarcoma-associated herpesvirus (KSHV) is the cause of several tumors, 

including Kaposi sarcoma and primary effusion lymphoma (PEL). Most viruses 
have evolved means of escaping immune recognition. KSHV downregulates MHC-I 
expression during lytic infection, and expression of ICAM-1 and B7-2 (CD86) during 
latent infection, allowing evasion of T cell and natural killer immunity respectively. 
These effects are largely mediated by two KSHV-encoded proteins, K3 and K5. 
We show here that lenalidomide (Len) and pomalidomide (Pom) prevent down-
regulation of MHC-I during lytic activation, and restore ICAM-1 and B7-2 surface 
expression in latently infected PEL cells. Importantly, these changes occurred at 
clinically achievable concentrations and prior to any cytotoxic effects. Exploration of 
the mechanism revealed that Pom blocked lytic down-regulation of MHC-I induced 
by transfection with K3 but not K5. Although Pom alone did not significantly increase 
HLA mRNA expression in PEL cells, it did blunt the butyrate-induced decrease in MHC-I 
mRNA expression and decreased the upregulation of K3 mRNA in lytic cells. Virus-
induced tumors express foreign antigens, but immunotherapy can be thwarted by 
viral strategies to evade immune recognition. The effects of Pom and Len described 
here can prevent these strategies and support the use of these drugs to treat KSHV-
induced tumors.

INTRODUCTION

Kaposi’s sarcoma-associated herpesvirus (KSHV), 
also known as human herpesvirus 8 (HHV-8), is an 
oncogenic virus that is the causative agent of two tumors, 
Kaposi’s sarcoma (KS) and primary effusion lymphoma 
(PEL); a B cell hyperproliferative disease, multicentric 
Castleman’s disease; and an inflammatory cytokine 
syndrome, KSHV inflammatory cytokine syndrome [1-
4]. These conditions predominantly arise in HIV-infected 

patients. KSHV establishes a latent infection in target 
cells including B-cells and endothelial cells. A limited 
number of viral proteins expressed in latency maintain the 
viral genome, enhance target cell survival, and function 
to curtail anti-viral strategies of the host. Several viral 
proteins help prevent immune recognition in latency. For 
example, latency-associated nuclear antigen (LANA) 
interferes with MHC-I expression and antigen presentation 
[5]. Latent cells can undergo lytic activation resulting in 
expression of all KSHV genes and production of progeny 
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virus. KSHV has evolved additional mechanisms to 
avoid immune recognition during lytic activation when 
more viral genes are expressed. K3 and K5 are two 
virus-encoded E3 ubiquitin ligases that are upregulated 
upon lytic activation and down-regulate MHC-I through 
ubiquitination and degradation [6-9]. By this mechanism 
K3 and K5 can render cells invisible to cytotoxic T-cells. 
In addition, K5, which is expressed very early upon 
infection and at a low level during latency [10], can 
down-regulate expression of ICAM-1 (CD54) and B7-2 
(CD86) [11], which are ligands for natural killer (NK) 
cell mediated cytotoxicity. Inhibition of their expression 
can block killing by NK cells, and reestablishing their 
expression restores killing [11]. Other KSHV-encoded 
proteins also contribute to down-regulation of surface 
immune recognition molecules. For example, KSHV 
replication and transcription activator (RTA) down-
regulates MHC class II expression [12], and vIRF-1 is able 
to prevent viral FLICE inhibitory protein (vFLIP)-induced 
expression of MHC-I mRNA in endothelial cells [13]. 
These lytic proteins are also transiently produced during 
de novo KSHV infection and contribute to establishment 
of latency by avoiding immune recognition [10]. 

Thalidomide (Tha) is an effective treatment for 
multiple myeloma (MM), and two analogs of Tha, 
lenalidomide (Len) and pomalidomide (Pom), have 
more recently been approved for MM and are more 
effective than Tha; Len is also approved for mantle cell 
lymphoma and myelodysplastic syndromes [14, 15]. The 
principal target of these drugs is cereblon, a component 
of certain cullin-4 (CUL4) E3 ubiquitin ligase complexes 
that provides substrate specificity [16-20]. Many anti-
tumor effects of these drugs are related to an increase 
in degradation of transcription factors Aiolos and Ikaros 
(encoded by IKZF-3 and IKZF-1 respectively); this in 
turn can lead to down-regulation of c-Myc and interferon 
regulatory factor 4 (IRF4) in MM cells, and also to 
immunomodulation and effector T cell co-stimulation [17, 
21]. Len and Pom also inhibit NF-κB in diffuse large B 
cell lymphoma (DLBCL) and MM, and this, along with 
effects on IRF4, is associated with inhibition of cell 
growth and cellular toxicity [22, 23]. These drugs have 
been reported to be cytotoxic to PEL cells and to display 
synergistic toxicity with BRD4 inhibitors [24]. Our group 
showed Tha has some clinical activity against KS, and it 
has more recently been reported that Len and Pom have 
substantial clinical anti-KS activity at doses that are well-
tolerated [25, 26]. Also, there is a report that Len was 
effective in a patient with PEL [27].

We explored the possibility that one of the reasons 
for the activity of Tha, Len, and Pom against KSHV-
induced tumors might be that they prevented KSHV-
induced downregulation of surface immune recognition 
molecules by the activity of K3 or K5, or enhanced 
immunologic recognition by other mechanisms [28]. In 
this study, we found that these immunomodulatory agents 

prevent down-regulation of MHC-I surface expression 
during lytic activation in KSHV infected cells and restore 
ICAM-1 and B7-2 expression in latent cells. Pom also 
restored MHC-I expression in K3 transfected cells. 
Interestingly, Pom prevented a decrease in MHC-I mRNA 
transcription during lytic activation, which could account 
at least in part for its effects on MHC-I expression. Pom 
also decreased K3 expression in lytically activated cells, 
but not latently infected cells. It is unclear if Pom also 
affects surface immune molecules by other mechanisms. 
This novel finding suggests these drugs not only inhibit 
PEL growth but can also disrupt viral immune evasion 
mechanisms, thus providing a rationale for their use in the 
treatment of KSHV-induced tumors.

RESULTS

Len and Pom inhibit KSHV-induced lytic down-
regulation of MHC I expression

We investigated the effects of the 
immunomodulatory drugs Tha, Len, and Pom, on 
KSHV-induced down-regulation of MHC-I. As expected 
[29], PEL cells induced to lytic activation with butyrate 
exhibited a substantial down-regulation of MHC-I 
expression (73% decrease in median fluorescence 
compared to control) (Figure 1A, 1D, and 1E, compare 
blue line to solid black line). Pretreatment of BCBL-1 
cells with 10 µM Tha had essentially no effect on down-
regulation of MHC-I expression by butyrate (red line) 
(Figure 1A). However, 10 µM Len (Figure 1B) or Pom 
(Figure 1C) substantially prevented butyrate-induced 
down-regulation of MHC-I (Figure 1B, 1C, compare 
blue line to red line). By contrast, the drugs alone had 
little effect on the basal MHC-I expression in BCBL-1 
cells (Figure 1A, compare dashed to solid black lines). 
Pom was most effective on a molar basis at preventing 
lytic downregulation of MHC-I and inhibited 85% of the 
decrease in MHC-I expression induced by butyrate (Figure 
1C) while Len inhibited 26% of MHC-I expression 
induced by butyrate (Figure 1B). These effects by Len 
and Pom were also observed at clinically achievable 
concentrations (Cmax of Len 2 µM and for Pom 0.3 µM 
[30, 31]), with 30% and 63% inhibition of the decrease in 
MHC-I expression, respectively (Supplementary Figure 
S1A & B). 

We also investigated the ability of Pom to affect 
MHC-I expression in BC-3 and JSC-1 PEL cells and in 
uninfected BJAB B-cells. Interestingly, in these cell lines 
10 µM Pom treatment alone led to discernable increases 
in MHC-I expression over control levels in the absence 
of sodium butyrate (MHC-I expression increased 33%, 
82%, and 30% over control for BC-3, JSC-1, and BJAB, 
respectively) (Figure 1D-1F). Pom pretreatment also 
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prevented the MHC-I down-regulation by butyrate in BC-3 
and JSC-1 but appeared somewhat less effective than in 
BCBL-1 cells (Figure 1D and 1E). For example, butyrate 
treatment caused a 68% decrease in MHC-I expression in 
BC-3 cells and pretreatment with 10 µM Pom inhibited 
63% of this decrease (Figure 1D, compare blue line to red 
line). In the uninfected B-cell line, BJAB, butyrate slightly 
decreased MHC-I expression (from median fluorescence 
of 1165 to 914) and this was prevented with Pom (Figure 
1F). Further studies indicated that Pom at 1 µM also 
prevented down-regulation of MHC-I in PEL cells from 
butyrate treatment and that this effect was statistically 
significant at both 1µM and 10µM (Figure 2A-2D). 
Although there was a trend towards increased baseline 
MHC-I expression after exposure to 10 µM Pom alone in 

both cell lines, this change was less pronounced than the 
effects on butyrate-treated cells (Figure 2B and 2D). 

It has previously been reported that Len and Pom can 
reduce the growth of PEL cells [24]. It is important to point 
out, however, that at the time that the MHC-I expression 
was analyzed in our cultures (48 hrs of treatment with 
Pom), the cell viability (% of live cells) remained high 
(average viability > 88% of vehicle treated cells for both 
1 and 10 µM) (Supplementary Figure S2A) and there was 
only modest reduction in the number of viable cells over 
the time period of the experiment compared to the vehicle 
control (79% and 63% in butyrate and butyrate/Pom-
treated cells, respectively) (Supplementary Figure S2B). 
This indicates that these effects on MHC-I were not simply 
due to the toxic effects of these compounds. Pom also 

Figure 1: Effect of Tha, Len and Pom on the lytic-induced down-regulation of MHC-I in KSHV infected cells. Cells 
(300,000 cells/ml in 10 ml) were pretreated for 24 h with Tha, Len or Pom or DMSO vehicle control. Cells were then treated with sodium 
butyrate (0.3 mM) for another 24 h and then analyzed by flow cytometry for surface protein expression. Cells were washed with cold 
FACS buffer (10% FBS, 0.1% sodium azide in PBS) and incubated with conjugated monoclonal antibodies (2 µL) for 30 min at 4°C. After 
washing twice, MHC-I expression was determined by FACS. A. BCBL-1 cells pretreated for 24 h with DMSO vehicle control (Unt) or 
10 µM Tha, B. 10 µM Len or C. 10 µM Pom, followed by treatment with PBS or 0.3 mM butyrate (But). T/B, L/B, and P/B indicate Tha, 
Len, or Pom pretreatment followed by butyrate 24 hrs later. MHC-I expression by FACS in BC-3 cells D., JSC-1 cells E., or BJAB cells F. 
pre-treated with DMSO vehicle control (Unt) or 10 µM Pom followed by treatment with PBS or 0.3 mM butyrate (But) 24 h before FACS 
analysis for MHC I expression. Results shown are representative of 3 separate experiments in A-E and 2 experiments in F. The isotype 
control is shown in grey shading in each Figure. Control cells (solid black line, Pom, Len or Tha treated cells (dashed black line, butyrate 
treated cells (blue line) and drug then butyrate treated (T/B, L/B, and P/B) (red line). The median fluorescent value is indicated within each 
Figure.
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prevented the downregulation of MHC-I induced by TPA 
another lytic inducer of viral replication (Supplementary 
Figure S1C and S1D) suggesting the effect was not simply 
due to blocking the butyrate signaling pathway.

We also investigated the effect of Pom on the 
cytoplasmic levels of MHC-I. Cells were treated without 
or with 10 µM Pom for 24 h followed by treatment with 
0.3 mM butyrate for 24 h. Cytoplasmic extracts were 

prepared and analyzed by immunoblot. Pom alone caused 
a discernable increase in MHC-I levels in cytoplasmic 
extracts of BCBL-1 and BC-3 cells even in the absence 
of butyrate (Figure 2E and 2F). Quantification relative to 
tubulin levels revealed that butyrate treatment substantially 
decreased cytoplasmic levels of MHC-I and this decrease 
was substantially prevented by pretreatment of cells with 
Pom (Figure 2G). In addition, this analysis showed that 

Figure 2: Pretreatment with Pom at 1 µM or 10 µM prevents the KSHV lytic-induced down-regulation of MHC-I in 
BCBL-1 and BC-3 cells. MHC-I expression as determined by FACS in BCBL-1 cells pretreated with 1 µM Pom A. or 10 µM Pom B. 
or in BC-3 cells pretreated with 1 µM Pom C. or 10 µM Pom D.. Cells were pretreated with DMSO vehicle control (Control), 1 µM Pom, 
or 10 µM Pom. After 24 h cells were treated with 0.3 mM butyrate to induce lytic replication and then analyzed for MHC-I expression by 
FACS. The average median fluorescent value for each control was set at 100% and the treatment values are percent of the control. Values 
plotted are the average +/- standard deviation from four experiments for each cell line. Statistics were done using Student’s two tailed paired 
t-test, *P < 0.05. E. Immunoblot analysis of MHC-I expression in cytoplasmic extracts from BCBL-1 cells pretreated for 24 h with 10 µM 
Pom followed by 0.3 mM butyrate treatment for 24 h or F. BC-3 cells. Tubulin was used as a loading control. G. Relative MHC-I protein 
expression from immunoblots of BCBL-1 cells and BC-3 cells normalized to tubulin control using the Licor analysis system. Legend:  
Black bars, DMSO vehicle control; Dark grey bars; 10 µM Pom; Light grey bars, 0.3 mM But; Diagonal hatched bars, 10 µM Pom/0.3 
mM But.
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Figure 3: Restoration of ICAM-1 and B7-2 but not ICAM-3 expression in BCBL-1 cells treated with Pom. A. ICAM-1 
expression in BCBL-1 cells and in B. BJAB cells as determined by FACS after pretreatment for 48 h with DMSO vehicle control or Pom 
(1 µM). C. B7-2 expression in BCBL-1 cells and in D. BJAB cells as determined by FACS after pretreatment for 48 h with DMSO vehicle 
control or Pom (1 µM). E. ICAM-3 expression in BCBL-1 cells and in F. BJAB cells as determined by FACS after pretreatment for 48 h 
with DMSO vehicle control or Pom (1 µM). The data shows a representative experiment of four independent experiments for A. and C. and 
two independent experiments for B., D., and F. with similar results. The grey shading shows the isotype control.
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Figure 4: Effect of Len on ICAM-1 and B7-2 expression in BCBL-1 cells, effect of Pom on MHC-II expression in 
BCBL-1 and BJAB cells, and effect of Pom on ICAM-1 and B7-2 in JSC-1 cells. A. ICAM-1 expression and B. B7-2 
expression in BCBL-1 cells pretreated for 48 h with DMSO vehicle control or Pom (1 µM) as determined by FACS. C. ICAM-1 expression 
D. B7-2 expression in JSC-1 cells pretreated for 48 h with DMSO vehicle control or Pom (0.2 µM) as determined by FACS. E. MHC-II 
expression in BCBL-1 cells or F. BJAB cells pretreated for 48 h with DMSO vehicle control or Pom (1 µM) as determined by FACS. The 
data is representative of two independent experiments in A, one experiment in B-D, and two experiments in E and F. The grey shading 
shows the isotype control.
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cytoplasmic levels of MHC-I increased over basal levels 
in cells with Pom alone (Figure 2G) although this effect 
on the cytoplasmic levels was less noticeable at 1 µM Pom 
(see Figure 5B).

Pom and Len restore ICAM-1 and B7-2 surface 
expression in uninduced BCBL-1 cells

KSHV also down-regulates ICAM-1 and B7-2, 
which are ligands for NK cell-mediated cytotoxicity 
receptors [7, 11]. These ligands are undetectable or poorly 
expressed in PEL lines and latently infected cells [11, 
32, 33]. The mechanism responsible for their decreased 
expression in latent cells is not completely clear, but 
K5 is expressed at low levels in latently infected cells 
and has been shown to down-regulate these ligands in 
model systems [7, 11, 29]. We investigated the effects of 
1 µM Pom and Len on ICAM-1 and B7-2 expression in 
unstimulated PEL lines. In BCBL-1 cells, these ligands 
were virtually undetectable (Figure 3A and 3C), while 
they were readily detectable in KSHV-uninfected BJAB 
cells (Figure 3B and 3D). Treatment of BCBL-1 cells 
with Pom increased ICAM-1 to levels close to that seen 
in untreated BJAB (Figure 3A and 3B). B7-2 expression 
was also increased but remained less than that observed 
for untreated BJAB cells (Figure 3C and 3D). Pom had 
little or no effect on the levels of ICAM-1 or B7-2 in 
BJAB cells (Figure 3B and 3D, red line). Len (1 µM) also 
increased ICAM-1 and B7-2 expression in BCBL-1 cells 
(Figure 4A and 4B). ICAM-1 and B7-2 also increased in 
Pom-treated JSC-1 cells (Figure 4C and 4D). By contrast 
to these effects on ICAM-1 and MHC-I, expression of 
ICAM-3 and MHC-II, which are not targets of K3 or 
K5, were unaffected by Pom (Figure 3E and 4E). Thus, 
Len and Pom selectively restore expression of immune 
recognition proteins in latent and lytic PEL cells. 

Differential effects of Pom on latent and lytic 
KSHV gene expression

To better understand the mechanism by which 
Pom increases the expression of these immune surface 
receptors, we sought to investigate its effects on K3 and 
K5 gene expression in both latent and lytic induced cells. 
Although the viral mechanisms by which latent cells 
decrease ICAM-1 and B7-2 expression are not completely 
clear, there is evidence that K3 and K5 are the primary 
mediators of MHC-I down-regulation in lytic cells [7, 9, 
34]. In addition, K5 is known to downregulate ICAM-1 
and B7-2 in transfected cell models [11] and therefore 
may play a role in downregulating these ligands in latently 
infected cells. BCBL-1 cells were pretreated 24h with 1 
µM Pom and then induced to lytic replication with 0.3 
mM butyrate. The gene expression levels for K3 as well 

as the protein levels of K3, ORF45 (an immediate early 
lytic protein), vIL-6 (an early lytic protein), and MHC-I 
were then assessed 24h later (Figure 5A and 5B). MHC-I 
increased in cells treated with Pom alone and increased 
in cells exposed to Pom and butyrate as compared with 
butyrate alone (Figure 5B). Treatment of BCBL-1 cells 
with Pom led to a small but statistically significant 
increase (P < 0.05) in K3 gene expression over control 
levels (Figure 5A). This corresponded to an increase 
in K3 protein expression as well (Figure 5B). In cells 
induced with sodium butyrate, K3 expression increased 
substantially (Figure 5A); however, pretreatment with Pom 
decreased K3 mRNA and protein expression in butyrate-
induced cells (Figure 5A and 5B). Thus, in butyrate-
induced cells Pom decreases K3 mRNA expression and 
this may contribute to the Pom-induced upregulation 
of MHC-I. We sought to assess the changes in K5 gene 
expression, but it was at the limit of detection with our 
primers and we were not able to reliably determine 
changes in expression with butyrate and/or Pom. As 
expected, ORF45, an immediate early lytic protein, was 
strongly induced by butyrate and Pom prevented some 
of the butyrate-induced increase of this lytic gene as well 
(Figure 5B). However, vIL-6, another lytic gene that 
increased with butyrate was only weakly decreased by 
Pom treatment in the presence of butyrate (Figure 5B) 
suggesting that Pom may selectively affect certain viral 
lytic genes. 

Effect of Pom on K3 and K5 induced down-
regulation of MHC-I in transfected BJAB cells

Since KSHV-encoded K3 and K5 are both expressed 
during lytic replication and play a major role in down-
regulating MHC-I [7], we further explored the effects of 
Pom in K3- and/or K5-transfected BJAB cells. Previously, 
K3 and K5 expression in BJAB cells was shown to 
decrease expression of MHC-1 and several other surface 
immune molecules [34]. Cells were transfected with a 
plasmid encoding either GFP-K3 or GFP-K5. Expression 
of GFP-K3 or GFP-K5 in BJAB cells showed a substantial 
down-regulation of MHC-I expression (Figure 6A and 
6C, dashed lines). Pretreatment of cells with Pom almost 
completely inhibited down-regulation of MHC-I by K3 
(on average by 95%; P < 0.05) (Figure 6B). However, 
Pom only slightly prevented down-regulation in GFP-K5-
transfected cells (Figure 6C and 6D).

Pom prevents a decrease in HLA class I mRNA 
expression during lytic activation

Previous studies have shown that KSHV-encoded 
proteins can affect MHC-I expression both at the level 
of synthesis [13] and degradation [7, 8, 29, 32, 34]. In 
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Figure 5: Effect of Pom on K3 mRNA gene expression and effects on protein expression in latent and lytic BCBL-
1 cells. BCBL-1 cells were treated with control (DMSO) or Pom (1 µM) for 24 h followed by treatment with PBS or butyrate for an 
additional 24 h. Total mRNA was isolated and analyzed for expression levels by real time QT-PCR and was normalized to 18S levels. 
A. Shown is the fold changes in mRNA expression for K3, ** P < 0.01, * P < 0.05, for two tailed paired Student’s t-test. B. Immunoblot 
analysis of whole cell lysate protein (20 µg) for ORF45, K3, vIL-6, MHC-I of BCBL-1 cells treated with vehicle controls, Pom 1 µM, 
Butyrate (But) 0.3 mM, or Pom/But. Actin was run as a loading control.
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addition to K3 and K5, which down-regulate MHC-I by 
increasing degradation, vIRF-1, a lytic gene of KSHV 
also expressed at low levels in latency, has been shown 
to suppress MHC-I by decreasing expression of MHC-I 
mRNA [13]. We found that treatment of BCBL-1 with 
butyrate decreased expression of total HLA mRNA 
and HLA subtypes A, B and C (Figure 7A). However, 
when cells were pretreated with Pom for 24 h prior to 
butyrate, almost half of the butyrate-induced decrease in 

mRNA expression was prevented. This was statistically 
significant for the combination of HLAs (P < 0.05), for 
HLA-A (P < 0.01), and for HLA-B (P < 0.05), but not for 
HLA-C (Figure 7A). Pom was most effective at restoring 
HLA-A mRNA (Figure 7A). However, Pom alone had 
little effect on the basal mRNA expression levels of 
HLA-A and HLA-C and only modestly increased HLA-B 
in uninduced cells (P < 0.01) (Figure 7A). We explored 
whether restoration of HLA mRNA expression in butyrate-

Figure 6: Effect of Pom on down-regulation of MHC-I in BJAB cells transfected with K3 or K5. FACS analysis showing 
the effect of GFP-K3 and GFP-K5 transfection on MHC-I down regulation in BJAB cells without or with pretreatment (48 hr) with Pom (10 
µM). A. Cells were transfected with GFP plasmid control or GFP-expressing K3 and MHC-I levels were assessed 24 h after transfection on 
cells expressing similar levels of GFP (gated for GFP) as determined by FACS to control for protein expression levels. The grey shading 
shows the isotype control in A and C. Shown is a representative experiment. Median fluorescent values for DMSO control, K3, and Pom/
K3 were 334, 67 and 246, respectively. B. Data compiled on the MHC-I expression in control, K3 and Pom/K3 treated cells as described 
above from 4 separate experiments. Median fluorescent values for DMSO control, K3, and Pom/K3 were 757, 126 and 195, respectively. 
C. Cells were transfected with GFP plasmid control or GFP-expressing K5 and MHC-I levels were assessed on cells expressing similar 
levels of GFP, shown is a representative experiment. D. Data compiled on the MHC-I expression in control, K5 and Pom/K5 treated cells 
as described above from 3 separate experiments. Values plotted are the mean of the median fluorescence values +/- standard deviation. 
Statistics comparing K3 or K5 with Pom-treated cells were performed using Student’s two tailed paired t-test, *P < 0.05.
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treated PEL cells by Pom coincided with a reduction of the 
lytic switch gene, RTA, and vIRF-1 mRNA expression. 
However, the effect of Pom on these lytic genes was not 
significant (Supplementary Figure S3). Pom alone did 
not induce RTA over control levels. Also, vFLIP, which 
enhances MHC-I transcription in KSHV infected cells 
[13], did not consistently increase in the presence of Pom 
without or with butyrate (Supplementary Figure S3). 
We also determined whether the restoration of ICAM-

1 and B7-2 surface expression was a result of increased 
mRNA expression for these proteins. However, Pom had 
no significant effect on ICAM-1 expression (Figure 7B). 
Although there was a trend of increased B7-2 mRNA 
expression following Pom treatment in the absence or 
presence of butyrate, the changes were not significant 
(Figure 7B) suggesting these drugs do not act at the level 
of synthesis to restore these surface molecules.

Figure 7: Effect of Pom on MHC-I (HLA-A, B and C), ICAM and B7-2 mRNA gene expression in BCBL-1 cells 
induced with butyrate. BCBL-1 cells were treated with control (DMSO) or Pom (1 µM) for 24 h followed by treatment with PBS or 
butyrate for an additional 24 h. Total mRNA was isolated and analyzed for expression levels by real time QT-PCR and was normalized 
to 18S levels. Shown are the fold changes in mRNA expression for total A. HLA and HLA A, B and C alleles following treatment and B. 
ICAM-1 and B7-2. Values are the average +/- standard deviation of four independent experiments. *** P < 0.001, **P < 0.01, *P < 0.05, 
for two tailed paired Student’s t-test. ns = not significant. Tests were not significantly different for comparisons within ICAM-1 and B7-2 
samples.
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Pom treatment is associated with inhibition of cell 
growth and decreases in Ikaros, Aiolos and IRF4 
expression, but does not induce interferon gamma 
(IFNγ)

Len and Pom alter substrate specificity for cereblon, 
leading to changes in expression of proteins including 

decreases in Ikaros, Aiolos, IRF4, and cMyc, and increases 
in IFNγ and interlukin-2 (IL-2) [17-21]. Some of the 
effects of Len and Pom on cell proteins, such as increases 
in IFNγ [35, 36], could also potentially be responsible 
for changes observed in MHC-I expression in PEL cells. 
To explore this, we investigated whether Pom and Len 
affected expression of Aiolos, Ikaros, and IRF4 in latent 

Figure 8: Effect of Pom on Ikaros, Aiolos, and IRF-4 expression in latent and lytic BCBL-1 and BC-3 cells. A. BCBL-1 
or B. BC-3 cells were treated with vehicle control (DMSO) or Pom (1 µM and 10 μM) for 24 h. Cells were then treated with butyrate (30 
µM or 300 µM) to induce lytic activation or treated with PBS as a control. After 24 h, extracts were prepared and analyzed by immunoblot. 
A. Protein (20 µg) from BCBL-1 cells and B. BC-3 cells were analyzed by immunoblot for Ikaros, Aiolos, and IRF-4 following treatment 
with butyrate (30 µM and 300 µM), Pom (1 µM and 10 µM) or the combination of both butyrate and Pom. Actin was used as a loading 
control. Shown is a representative experiment from 2 separate experiments for each cell line.
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and lytic PEL cells. Cells were pretreated with Pom for 24 
h and then induced to lytic gene expression with butyrate 
or treated with PBS. Nuclear extracts were analyzed for 
Aiolos, Ikaros, and IRF4 by immunoblot. Aiolos and 
Ikaros were detectable in latent and lytic BCBL-1 and 
BC-3 cells, although butyrate treatment somewhat reduced 
expression of Ikaros and Aiolos (Figure 8A and 8B, lanes 
1-3. Treatment of latent and lytic BCBL-1 and BC-3 cells 
with Pom resulted in a dramatic loss of Ikaros and Aiolos 
(Figure 8A and 8B, lanes 4-8). Loss of Ikaros and Aiolos 
also coincided with a decrease in IRF4 expression (Figure 
8A and 8B, lanes 4-8). Len, tested at 1µM and 10 µM, also 
substantially decreased expression of Ikaros and Aiolos in 
latent and lytic BCBL-1 and BC-3 cells (Supplementary 
Figure S4A and S4B). Previous studies have shown that 
these changes in Ikaros and Aiolos can coincide with 
increased expression of IFNγ in certain cells [35, 36]. 
Since IFNγ can increase MHC-I expression in response to 
intracellular pathogens [37] we assessed IFNγ expression 
after treatment with Pom. No IFNγ (limit of detection 
16 pg/ml) could be detected in BCBL-1 supernatants or 
BC-3 PEL cells treated with Pom at 0.1, 1.0 or 10 µM 
for 48 h. This finding is consistent with what others have 
reported [24]. Thus, there was no evidence to indicate that 
induction of IFNγ causes the Pom-mediated prevention 
of down-regulation of the immune surface expression 
proteins MHC-I, ICAM-1 and B7-2. 

DISCUSSION

In this report, we demonstrate that 
immunomodulatory agents Pom and Len prevent down-
regulation of MHC-I surface expression in PEL lines 
undergoing KSHV lytic activation. These drugs also 
restore ICAM-1 and B7-2 expression in the latently 
infected PEL lines BCBL-1 and JSC-1. Through a variety 
of mechanisms, KSHV encoded proteins function to 
decrease expression of these important immune molecules. 
Down-regulation of these components is an important viral 
immune evasion strategy that can render virus-infected 
cells and tumors invisible to cytotoxic T cells and NK 
cells, respectively. The ability of Pom and Len to reverse 
these processes provides a strong rationale for their use in 
PEL and other KSHV-associated tumors. 

Surface expression of MHC-I and other surface 
proteins in infected cells represents a balance between 
production and cellular or virus-mediated destruction. 
We found that Pom increased MHC-I mRNA 
expression during lytic activation, and this is likely one 
mechanism that contributes to the prevention of MHC-I 
downregulation during the lytic cycle. However, since 
the effects on MHC-I mRNA expression may not be 
responsible for all the surface expression changes in 
MHC-I, we explored other possible mechanisms. Pom 
was found to decrease K3 mRNA expression in lytic cells, 
thus providing an additional mechanism by which these 

drugs can enhance MHC-I expression in lytic cells. By 
contrast, restoration of ICAM-1 and B7-2 by Pom did 
not appear to occur through increased mRNA expression 
and it remains possible that these drugs may indirectly 
inhibit the function of the low level of K5 present in latent 
cells. It is interesting to note that K5 expression has been 
observed in the absence of ORF50 (RTA) expression [38, 
39]. K3 and K5 are ubiquitin ligases, and while cereblon 
is one of many proteins that provide substrate specificity 
to RING E3 ubiquitin ligases, it is conceivable that Len 
and Pom also have a direct effect on K3 and/or K5, or 
that these viral proteins also interact with cereblon. The 
ability of Pom to reverse MHC-I downregulation by 
K3 transfection, but not K5 transfection, provides some 
suggestive evidence that it might have a more direct 
effect on K3-mediated MHC-downregulation. However, 
it is possible that the downregulation mediated by K5 
transfection of BJAB cells simply overwhelmed the ability 
of Pom to restore MHC-I. Additional research will be 
needed to explore whether Len or Pom interfere directly 
with the activities of K3 or K5.

Another question is how these drugs blunt the 
decrease in MHC-I mRNA expression otherwise observed 
during lytic activation. An important downstream effect 
of the binding of these drugs to cereblon is a decrease 
in the activity of Ikaros and Aiolos; this in turn leads 
to suppression of IRF4 and cMyc, cell toxicity, and 
increases in IFNγ and IL-2 [17-21]. Since IFNγ stimulates 
production of MHC-I [35], it was possible that increases 
in IFNγ could be responsible for changes observed in 
MHC-I expression in PEL cells. However, consistent with 
previous reports [24], IFN-γ was undetectable in PEL 
lines, suggesting this is not a contributing mechanism. 
However, degradation of the transcriptional repressors 
Ikaros and Aiolos may increase MHC-I transcription 
through undetermined mechanisms. Interestingly, Hagner 
et al. reported that CC-122, a related cereblon-binding 
drug, increases transcription of IFN-stimulated genes 
independent of increases in IFN-α, IFN-β, or IFN-γ [40], 
so a similar mechanism may contribute to these effects. 
Thus, multiple mechanisms may exist by which Len and 
Pom prevent down-regulation of MHC1, and restore 
ICAM-1, and B7-2.

Consistent with previous reports [24] , we found that 
Tha, Len, and Pom had some anti-proliferative effects on 
PEL cells at the doses used here, which were associated 
with decreases in IRF4. However, the effects on MHC-
1 that we observed were not likely to be due to toxicity, 
as cell viability remained almost unchanged in the period 
in which we assessed surface expression. Also, from the 
perspective of anti-cancer therapy, an increase in MHC-I 
would be beneficial in a setting of tumor cell toxicity. 
We also considered that the drugs might be causing cell 
death through induction of KSHV lytic replication. A 
knockdown in IRF4 can lead to lytic reactivation of KSHV 
in PEL cells [41], and Tha, Len, and Pom have all been 
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reported to cause lytic activation of Epstein Barr virus 
[41]. However, we and others [24] only observed a modest 
increase in lytic activation of KSHV in Pom-treated PEL 
cells and there was no significant effect on the lytic switch 
gene RTA. Also, we consistently observed inhibition of 
lytic protein production in cells induced to lytic activation 
with butyrate.

The results presented here demonstrate that in 
addition to their broad co-stimulation of effector T cells, 
Len and Pom also restore expression of important immune 
receptors on KSHV-infected tumor cells. Because viruses 
introduce foreign antigens, virus-induced tumors are 
potentially highly susceptible to immune-based therapies. 
However, a major challenge to this approach is that nearly 
all viruses have evolved strategies to render infected cells 
invisible to the immune system, particularly a down-
regulation of MHC-I and other surface receptors such 
as ICAM-1 or B7-2. By preventing down-regulation of 
MHC-I, Pom and Len could render KSHV-associated 
tumors susceptible to cytotoxic T cells, and by up-
regulating ICAM-1 and B7-2 could also increase the 
cells susceptibility to NK cells, which would otherwise 
destroy the cells if MHC-I alleles are not expressed. In 
this regard, previous studies have demonstrated that de 
novo expression of B7-2 and ICAM-1 restores NK cell-
mediated killing of K5-expressing cells [11]. Further 
studies will be required to understand the degree to which 
restoring these surface molecules render these cells 
susceptible to cytotoxic T cells and to NK cells. 

These effects of Len and Pom may be particularly 
useful from a clinical perspective, as it is focused on the 
virus-infected tumor cells rather than non-specifically 
activating the immune system with the associated risk 
of autoimmune toxicities. Also, because these drugs are 
affecting MHC-1 on the tumor cells, it may be worth 
exploring their use with an anti-PD-1, anti-PD-L1, or anti-
CTLA-4 checkpoint inhibitors, which enhance the activity 
of effector T cells [42, 43]. A similar strategy has recently 
been proposed with MAP-kinase inhibitors, which also 
have been reported to enhance expression of MHC-I in 
certain tumor cell lines [44]. 

Based on their anti-angiogenic and broad 
immunomodulatory activities Tha, Len, and Pom have 
been studied in patients with KS and all have shown 
activity [25, 26, 45-48] and Len has been reported to 
have activity in a patient with PEL [49]. In particular, 
Pom was shown to induce clinical responses in most KS 
patients with acceptable toxicity [26]. It is quite possible 
that inhibition of KSHV-induced MHC-I, ICAM-1, and 
B7-2 down-regulation contributes to this anti-KS activity. 
In summary, we demonstrate that Len and Pom prevent 
down-regulation of MHC-I and restore ICAM1 and B7-2 
in KSHV infected cells, a novel discovery that can lead 
the way in therapeutic strategies to thwart virus-mediated 
immune evasion in PEL and other KSHV-induced 
disorders. Also, given that the mechanism for prevention 
of immune surface marker downregulation may be at least 

in part independent of specific effects on KSHV-encoded 
genes, these drugs may have utility in other viral-induced 
tumors and diseases. Additional studies will be needed to 
asses this possibility.

MATERIALS AND METHODS

Cell culture

BC-3 (ATCC, Manassas, VA) and BCBL-1 cells 
(National Institutes of Health AIDS Research and 
Reagent Program, Rockville, MD) and two uninfected 
Burkitt lymphoma B-cell lines, CA-46 and BJAB (ATCC, 
Manassas, VA) and JSC-1 cells (gift from Richard 
Ambinder, John Hopkins University, Baltimore, MD) were 
maintained as described previously [50]. Stocks (20 mM 
in DMSO) of Tha, Len, and Pom (Celgene Corp., Summit, 
NJ) were stored frozen. 

Flow cytometry analysis and FACS antibodies

Cells were analyzed with a FACScalibur™ Flow 
Cytometry system (BD Biosciences, San Jose, CA). 
Antibodies used were: FITC-anti-HLA clone w6/32 
(recognizes HLA-A, B and C) (Sigma-Aldrich, St. Louis, 
MO), PE-anti-HLAdr MHC-II (Biolegend, San Diego, 
CA), FITC-ICAM-1, FITC-ICAM-3 (Santa Cruz, Santa 
Cruuz, CA), FITC-B7-2 and its FITC-IgG2a isotype 
control (Sigma-Aldrich). FACS was performed on BJAB 
cells transfected with GFP-K3 (gift from Dr. Jae Jung) 
[7] or GFP-K5 encoding plasmids. To produce GFP-K5, 
K5 was amplified by PCR from KSHV-infected BCBL-1 
viral DNA using primers K5F: CTA AGA TCT ATG GCG 
TCT AAG GAC GTA and K5R: CGC GAA TTC ACC 
GTT GTT TTT TGG ATG containing BglII and EcoRI 
restriction sites at the 5’ and 3’ ends, respectively. Products 
were digested with BglII and EcoRI, cloned into green 
fluorescent protein (GFP)-tagged pEGFP-C1 (Clontech, 
CA) and designated GFP-K5. BJAB cells, 300,000 cells/
ml, were treated with drug or DMSO. After 48 hours, 
cells were electroporated with GFP control vector for K3 
(pTracer-Ve), GFP K3 vector plasmid (pTracer-K3), GFP 
vector plasmid for K5 (pEGFP-Ctl), or a K5 expression 
vector pEGFP-K5. Cells (500,000) were washed, 
suspended in 4D-Nucleofector buffer SF with supplement 
with 0.25 μg DNA was transferred to 16-well 20 μL 
Nucleocuvette™ strips. Electroporation was performed in 
a Lonza 4D-Nucleofector™ X unit. After electroporation 
(24 h), GFP and MHC-I were assessed by flow cytometry. 
Surface expression markers were determined after gating 
the live cell population. MHC-I levels in GFP transfected 
cells were assessed using PE-conjugated antibodies to 
HLA Class I clone w6/32 (Sigma-Aldrich). Control and 
drug treated cells were analyzed by gating cells expressing 
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similar GFP levels.

Immunoblotting

Whole cell lysates were prepared with m-per 
(Pierce, Rockland, IL). In some cases, nuclear and 
cytoplasmic extracts were prepared using NE-PER 
Nuclear Extraction Reagent kit (Pierce) with protease 
inhibitors (Halt Protease Inhibitors Cocktail, Pierce). 
Protein concentrations were determined using the BCA 
assay (Pierce). Samples were subjected to LDS-PAGE (4 
to 12 % NuPAGE Tris-Bis) (Invitrogen, Carlsbad, CA) 
and transferred to a nitrocellulose membrane with iBlot 
(Life Technologies Grand Island, NY). Membranes were 
blocked overnight with 5% w/v nonfat dry milk in 1X 
TBST or Odyssey blocking buffer (Licor, Lincoln, NE). 
Primary antibodies used were: mouse anti-β-actin, mouse 
anti-β-tubulin, mouse anti-CRBN, or mouse anti-Ikaros 
(IKZF-1) (Sigma-Aldrich); mouse anti-IRF-4, rabbit 
anti-p21, mouse anti-MHC-I, mouse anti-Aiolos (IKZF-3) 
(Santa Cruz Biotechnology, Dallas, TX); mouse anti-open 
reading frame 45 (ORF45) (Abcam, Cambridge, UK), 
rabbit monoclonal antibody to vIL-6 [51], mouse anti-K3 
(gift from Dr. Jae Jung, USC); or mouse anti-K5 (gift from 
Dr. Ueda, Osaka University). Secondary antibodies were 
conjugated to alkaline phosphatase (Promega, Madison. 
WI) or conjugated to green or red fluorescent dyes for use 
with LI-COR system.

Real-time quantitative reverse transcription PCR 
on KSHV infected Cells

Cells were plated (3 x 105 cells per mL) and 
treated with 1 µM Pom. After treatment (24h) cells were 
treated with 0.3 mM butyrate (Sigma-Aldrich) (24 h) 
and RNA extracted using mirVana™ kit (ThermoFisher 
Scientific, Waltham MA). cDNA synthesis was performed 
using High-Capacity cDNA Reverse Transcription kit 
(ThermoFisher Scientific) on a T100 Thermal Cycler (Bio-
Rad). q-PCR reaction setup included enzyme activation at 
95°C for 10 min and 40 cycles of amplification at 95°C 
for 15 sec and 60°C for 1 min followed by melting curve 
analysis. Expression was normalized to 18S endogenous 
control RNA and quantification of relative mRNA 
expression was performed using ∆∆Cт method. The 
following primers (5’ to 3’) were used in this study for 
q-PCR: 

18S: GCCCGAAGCGTTTACTTTGA and 
TCCATTATTCCTAGCTGCGGTATC,

K3: CCCTGTGCATCCACAGGG and 
GAGCCAGGTGCTTAAACAAC, HLA-
all: GCGGCTACTACAACCAGAGC and 
GATGTAATCCTTGCCGTCGT,

HLA-A: AAGGCCCACTCACAGACTGA and 
ACTTGCGCTTGGTGATCTGA,

HLA-B: CTACCCTGCGGAGATCA and 
ACAGCCAGGCCAGCAACA,

HLA-C: CACACCTCTCCTTTGTGACTTCAA 
and CCACCTCCTCACATTATGCTAACA, 
RTA: GTCATGTCACCCTTGCGATC and 
ACGCTTCTTTGAGCTCCTCT, vIRF1: 
GTCTCTGCGCCATTCAAAAC and 
CCGGACACGACAACTAAGAA, vFLIP: 
CGTCTACGTGGAGAACAGTGAGCT and 
CTGGGCACGGATGACAGGGAAGTG. Primers 
for ICAM-1 and B7-2 were from Biorad (ICAM-1: 
10025636, qHsaCED0004281) and (B7-2: 10025636, 
qHsaCED0043530 (Hercules, CA). 

Statistics

Experiments performed at least 3 times show the 
mean and standard deviation. Statistical analysis was done 
using the Students two tailed paired T-test on experiments 
that were performed four times or more. 
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