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To develop an animal model of Kaposi sarcoma–associated herpesvirus (KSHV) infection uniquely suited 
to evaluate longitudinal patterns of viral gene expression, cell tropism, and immune responses, we inject-
ed NOD/SCID mice intravenously with purified virus and measured latent and lytic viral transcripts in 
distal organs over the subsequent 4 months. We observed sequential escalation of first latent and then 
lytic KSHV gene expression coupled with electron micrographic evidence of virion production within the 
murine spleen. Using novel technology that integrates flow cytometry with immunofluorescence micros-
copy, we found that the virus establishes infection in murine B cells, macrophages, NK cells, and, to a lesser 
extent, dendritic cells. To investigate the potential for human KSHV–specific immune responses within 
this immunocompromised host, we implanted NOD/SCID mice with functional human hematopoietic 
tissue grafts (NOD/SCID-hu mice) and observed that a subset of animals produced human KSHV–specific 
antibodies. Furthermore, treatment of these chimeric mice with ganciclovir at the time of inoculation led to 
prolonged but reversible suppression of KSHV DNA and RNA levels, suggesting that KSHV can establish 
latent infection in vivo despite ongoing suppression of lytic replication.

Introduction
Over the past decade, studies have implicated human herpesviruses 
as the causative agents for a number of illnesses arising in patients 
with compromised immune systems related to HIV-1 infection or 
receipt of immunosuppressive therapies (1–3). A g herpesvirus, 
Kaposi sarcoma–associated herpesvirus (KSHV or HHV8), is the 
etiologic agent of KS, the most common AIDS-associated malig-
nancy worldwide, as well as other malignant lymphoproliferative 
processes, including primary effusion lymphoma and multicentric 
Castleman disease (4–6). Although initiation of highly active anti-
retroviral therapy for HIV-1 infection has reduced the incidence of 
KSHV-related complications in this population (7), prevention or 
regression of tumors is often incomplete, and therapeutic alterna-
tives, including systemic chemotherapy, or reductions in antirejec-
tion therapies are less effective (8, 9).

In vitro experiments and transgenic animal models have begun 
to elucidate the potential roles of individual KSHV proteins (2). 
However, a more thorough understanding of the relative contribu-
tion of these proteins to host-viral interactions and KSHV-related 
disease hinges on the creation of an in vivo model supporting 
whole-virus infection, latent and lytic viral gene expression, and a 

larger array of target cell and tissue types. Such an in vivo approach 
would also provide a more rigorous model for the development of 
effective anti-KSHV therapeutics. To date, attempts to establish 
long-term de novo infection within relevant target cells following 
the introduction of KSHV to either primate or chimeric hosts have 
been unsuccessful (10–12).

In this study, we injected NOD/SCID mice with purified KSHV 
and demonstrated latent and lytic viral gene expression within 
murine spleens and long-term infection within specific leukocyte 
cell populations. Parallel experiments employing NOD/SCID 
mice implanted with functional human hematopoietic tissue 
grafts (NOD/SCID-hu model) revealed a human KSHV–specific 
humoral immune response within a subset of infected animals, 
and administration of short-term “preemptive” antiviral therapy 
to these chimeric mice resulted in long-term but reversible sup-
pression of viral DNA and mRNA levels.

Results
Longitudinal increase in latent and lytic viral transcripts within NOD/SCID 
mice following intravenous injection of KSHV. To ascertain whether 
KSHV establishes long-term infection within an immunocompro-
mised murine host, we injected NOD/SCID mice intravenously 
with either KSHV or UV-inactivated KSHV (UV-KSHV) once weekly 
for 3 weeks and followed the levels of viral DNA and RNA longitu-
dinally (below). Amplification of DNA sequences within the KSHV 
open reading frame 73 (ORF73) encoding the latency-associated 
nuclear antigen (LANA) (13) from total DNA extracted from NOD/
SCID spleen tissue 24 hours after injection revealed approximately 
equivalent amounts of KSHV DNA within animals injected with 
UV-KSHV or KSHV (Figure 1A). At all subsequent time points, 
however, only the mice injected with untreated virus showed steadi-
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ing frame; qPCR, quantitative real-time PCR; qRT-PCR, quantitative reverse transcrip-
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Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J. Clin. Invest. 116:1963–1973 (2006). doi:10.1172/JCI27249.



research article

1964	 The Journal of Clinical Investigation      http://www.jci.org      Volume 116      Number 7      July 2006

ly increasing levels of KSHV DNA, reaching a viral genome copy to 
cell ratio of approximately 1:300 by 4 months after infection. In 
contrast, the levels of viral DNA from mice injected with UV-KSHV 
fell below the threshold of detection after the 1-day time point, 
likely reflecting degradation of the inactivated input virus.

To assess viral transcription programs within the NOD/SCID mice, 
we used quantitative reverse transcriptase real-time PCR (qRT-PCR)  
to amplify latent and lytic KSHV transcripts from total splenic 
RNA. Elevated levels of the ORF73 transcript were present begin-
ning as early as 1 month after injection with KSHV and increased 
by approximately 32-fold over the subsequent 3 months (Figure 1B). 
Both immediate early lytic (ORF50, encoding the lytic switch pro-
tein RTA [replication and transcription activator]; ref. 14) and late 
lytic (ORF65, encoding the structural protein SCIP [small capsomer-
interacting protein]; ref. 15–17) genes displayed a delayed pattern of 
transcription, reaching detectable levels 2 months after injection and 
increasing at later time points (Figure 1, C and D). In contrast, the 
levels of all 3 transcripts in the UV-KSHV–infected mice remained at 
or below the level of sensitivity of the assays (Figure 1, B–D).

Expression of KSHV proteins within NOD/SCID cells. To observe the 
pattern of KSHV protein expression within NOD/SCID spleens, 
we evaluated cells for the expression of 2 KSHV proteins: LANA 
and an envelope glycoprotein encoded during late lytic replication, 
K8.1, using immunofluorescence-based assays (IFAs). We found 
that 0.5–1% of host spleen cells from mice 4 months after KSHV 
injection exhibited a punctate intranuclear staining pattern (dots) 
consistent with LANA. In contrast, we saw no staining over back-
ground in spleens from either KSHV-injected mice at early time 
points or UV-KSHV–injected mice at any time point (Figure 2,  
A–D). The majority of LANA-positive cells within most organs 

contained only a small number of LANA dots (Figure 2), an obser-
vation consistent with published data suggesting that the majority 
of latently infected cells within infected human tissue contain few 
copies of the viral episome (18). In contrast, only rare (0.01–0.1%) 
cells within parallel sections from KSHV-treated mice exhibited 
peripheral staining consistent with membrane or cytoplasmic 
staining of K8.1 in cells supporting lytic viral replication (19). 
Sections from untreated animals or mice injected with UV-KSHV 
showed low background levels of reactivity (< 0.001% of cells) after 
incubation with the same antibody (Figure 2, C and D).

Examination of 50 spleens representing 4 different experiments 
with NOD/SCID (25 animals) and NOD/SCID-hu mice (25 animals) 
revealed that 1 NOD/SCID and 2 NOD/SCID-hu organs were gross-
ly enlarged (approximately 10-fold increase in their largest dimen-
sion) relative to control organs (not shown). Moreover, these organs 
contained multiple clusters of LANA-positive cells, many of which 
contained 3–10 discrete intranuclear LANA dots, as well as an over-
all proportion of LANA-positive cells (20-30%) that was significantly 
higher than in infected mice with normal-sized spleens. Although 
these events may represent KSHV-induced cell transformation or an 
expansion of infected cells within these organs, the rarity of these 
splenic tumors prevented more thorough analyses.

Virion production within NOD/SCID spleens following KSHV injection. 
Expression of late lytic structural genes (Figures 1 and 2) suggested 
ongoing virion assembly and production within host cells. Explor-
ing this issue with transmission electron microscopy (TEM), we 
detected viral capsids and mature virions within a small number 
of splenocytes from KSHV-injected mice (Figure 3, A–C) but not 
UV-KSHV–injected (or uninfected) mice (not shown). Similarly, 
spleens from KSHV-injected mice implanted with human tissue 

Figure 1
Sequential increases in KSHV genomic DNA, latent (ORF73) and lytic (ORF50 and ORF65) transcripts within the spleens of KSHV-injected 
NOD/SCID mice. Mice were administered 3 weekly doses of KSHV (squares, solid lines) or UV-KSHV (triangles, dashed lines) intravenously 
and euthanized 1 day (DNA only) and 1, 2, and 4 months following the third injection. (A) Genomic KSHV DNA values were determined using 
qPCR to calculate the ΔCt, representing KSHV Ct normalized to mouse GAPDH Ct (mean of triplicate determinations for each) for each sample. 
(B–D) Total splenic RNA was subjected to qRT-PCR using primers specific for ORFs 73 (B), 50 (C), and 65 (D) as well as mouse GAPDH.  
ΔDCt = (ΔCt(G)) – (ΔCt(K)), where ΔCt(K) and ΔCt(G) are the differences between the Ct of each sample (mean of duplicate determinations) with-
out and with reverse transcriptase (RT) for KSHV (K) and GAPDH (G), respectively. Each symbol represents the mean and SE of ΔCt (A) or 
ΔDCt (B–D). Numbers of mice are indicated in parentheses. Graph-wide dotted lines mark the lower limit of sensitivity of each assay. Of note,  
UV-KSHV did not establish infection within either primary dermal microvascular endothelial cells (pDMVECs) or HeLa cells in vitro (not shown).
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(below for details) contained viral particles (Figure 3, D–F), and 
additional magnification (Figure 3, D–F) distinguished ultrastruc-
tural features within these particles characteristic of herpesviruses, 
including condensed DNA, angular icosahedral capsids, a bilay-
ered lipid envelope surrounding a tegument layer, and finger-like 
projections representing surface glycoproteins.

Identifying the cellular targets of KSHV infection in the spleens of NOD/
SCID mice. Studies of KSHV in human patients and murine homo-
logs in immunocompetent mice have revealed that specific leuko-
cyte subsets within lymphoid organs support KSHV latency, includ-
ing B cells, monocyte lineage cells, and dendritic cells (20–23).  
Using flow cytometry, we looked for these leukocyte cell popula-
tions within the NOD/SCID spleens and found discernible popu-
lations potentially relevant to KSHV pathogenesis, including B 
cells (B220+CD11b–Ly49–CD11c–), macrophages (CD11b+CD11c+/–

B220–Ly49–), and dendritic cells (CD11c+CD11b–Ly49–B220–) (Fig-
ure 4). Earlier work has also demonstrated the presence of NK cells 
in NOD/SCID mice (24) and KSHV-specific NK cell responses in 
human patients (25). We also detected a small (approximately 5–7% 
of total) but well-defined population of cells expressing markers 
consistent with NK cells (Figure 4; Ly49+IL-2Rβ+CD11b–CD11c–

B220–CD3–). As expected for NOD/SCID spleens (26), the CD3+ T 
cell population was negligible (Figure 4H).

Since our data indicated that the KSHV infection rate was relative-
ly low in NOD/SCID mouse splenocytes (0.5–1%), accurately iden-
tifying subpopulations containing the virus necessitated the devel-
opment of an assay with sufficient sensitivity and specificity for this 
task. We employed a novel image-based flow cytometric approach 

(multispectral imaging flow cytometry [MIFC]) that has greater 
specificity and sensitivity than standard methods. This technology 
allows high-throughput quantitative and qualitative characteriza-
tion of single cells within a population by assessing a combination 
of morphology and immunofluorescence staining patterns (see 
Methods and Supplemental Methods; supplemental material avail-
able online with this article; doi:10.1172/JCI27249DS1). In this way, 
we identified populations of cells displaying the intranuclear punc-
tate staining pattern characteristic of LANA simultaneously with 
specific cell-surface markers. We found that approximately 0.9% 
of all splenocytes collected from NOD/SCID mice 3 to 4 months 
after injection with KSHV revealed punctate intranuclear LANA 
staining (Figure 5, A and C) while spleen cells from UV-KSHV– 
injected mice revealed no specific staining pattern (Figure 5B). 
LANA positivity was demonstrated for B220+, Ly49+, CD11b+, and 
CD11c+ cells but not for CD3+ (T) cell populations (Figure 5, A, C, 

Figure 2
KSHV latent and lytic protein expression escalated over time following intravenous injection of NOD/SCID mice. NOD/SCID spleens were col-
lected 1 month (A and B) and 4 months (C and D) after intravenous injection with PBS (A), KSHV (B and C), and UV-KSHV (D). Spleen sections 
were incubated with DAPI (blue) and mAbs to either LANA (A–D, large panels) or K8.1 (C and D, insets) and the images merged to assess 
colocalization. Solely to emphasize the qualitative aspects of the LANA staining pattern, we chose C from a mouse spleen with one of the highest 
overall infection rates (3%). Staining characteristic of cytoplasmic or cell-surface localization of K8.1 was also evident within rare cells (approxi-
mately 0.01%) in sections from KSHV-injected mice (C, inset, arrows) while no staining over background staining was observed within sections 
from UV-KSHV–injected mice (D, inset). Original magnification, ×40 (large panels); ×20 (insets).

Figure 3
Thin section EM of NOD/SCID-hu spleens demonstrated virion pro-
duction 3 months after infection with KSHV. (A) Angular C capsid 
(arrow) within cytoplasmic vesicle. (B) A capsids. (C) Cytoplasmic 
virion. (D) Cytoplasmic virion likely sectioned asymmetrically, allow-
ing good visualization of angular capsid. (E) Virion within cytoplas-
mic vesicle likely during egress toward plasma membrane (pm). (F) 
Released virion in extracellular space(es). (G–I) Identical to images 
D–F, respectively, but with an additional ×2.5 magnification to reveal 
subviral structural components. t, tegument; c, capsid; gp, glycopro-
teins; e, envelope; v, vesicle; d, viral DNA. Original magnification, 
×28,000. Scale bars, 0.2 μm.
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and D). Since CD34+ human hematopoietic progenitor cells (HPCs) 
support latent KSHV infection (27), we looked for LANA+ cells 
within a population expressing CD117 (c-kit), an antigen expressed 
at high levels on murine HPCs (28), but found that these cells did 
not express LANA. Nearly all of the LANA+ cells expressed one of 
the surface markers we examined in these experiments (Figure 5D). 
Furthermore, the majority of positive cells exhibited only a limited 
number of LANA dots (Figure 5A), consistent with our findings in 
the splenic tissue sections (Figure 2C).

Combining our flow cytometry data with additional morpholog-
ic parameters, including area (Figure 5E) and nuclear to cytoplas-
mic (N/C) ratio (Figure 5F), we verified the identity of 4 distinct 
(nonoverlapping) populations of LANA+ cells within NOD/SCID 
spleens: B220+ staining identified small cells with high N/C ratios 
(B cells); Ly49+ beaded surface staining identified intermediately 
sized cells with low N/C ratios (NK cells); CD11b+ staining identi-
fied intermediately sized cells with low N/C ratios (macrophages); 
and CD11c+ staining identified intermediately sized cells with high 
N/C ratios (dendritic cells). LANA-negative populations included 

small cells exhibiting CD3+ surface staining with high N/C ratios 
(T cells) and large cells with CD117+ surface staining with high 
N/C ratios (HPCs). In summary, KSHV targeted B cells, NK cells, 
macrophages, and dendritic cells but not murine T cells or HPCs 
in infected NOD/SCID mice (Table 1). Since MIFC demonstrat-
ed that these 4 populations were distinct and they combined to 
approximately 100% of the LANA-positive cells, we concluded that 
together they accounted for nearly all of the latently infected cells 
within the NOD/SCID spleens (Figure 5D).

Generating KSHV-specific human IgG responses in a NOD/SCID-hu 
model following KSHV infection. To determine whether a xenotrans-
planted variant of the animal model would support KSHV-spe-
cific human antibody responses following infection, we implant-
ed NOD/SCID mice with human fetal bone, thymus, and skin 
(29). We then measured total human IgG in serum samples from 
implanted mice and unimplanted controls at monthly intervals 
to assess their capacity to generate human IgG. Two months after 
implantation, levels of human IgG in the NOD/SCID-hu mice 
were at least 700- to 1,000-fold greater than the nonspecific back-

Figure 4
Identification of murine leukocyte subpopulations within NOD/SCID spleens. Splenocyte suspensions from KSHV-infected NOD/SCID mice were 
incubated with antigen-specific monoclonal antibodies (large panels) or their respective isotype controls (small panels). (A–F) Approximately 
10,000 total live cells were evaluated for the coexpression of B220, Ly49, CD11b, and CD11c for all 2-way combinations. (G and H) In separate 
experiments gating only on the lymphocyte population, coexpression was observed for Ly49 and IL-2Rβ (G), but not Ly49 and CD3 (H).
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ground levels in unimplanted controls (Figure 6A). Using a LANA 
IFA (30), we assayed serum samples from 13 chimeric animals (rep-
resenting 2 xenotransplantation experiments) 3 months after their 
infection with KSHV for the presence of human anti-LANA anti-
bodies and found that 3 of these samples yielded punctate intra-
nuclear staining of target cells that was indistinguishable from 
the pattern generated with either serum from patients with KS or 
polyclonal anti-LANA antibodies (Figure 6, B, D, and E, respective-
ly). The mice sera were nonreactive with KSHV-negative BJAB cells 
(not shown). Application of anti-mouse (rather than anti-human) 

secondary antibodies yielded no reactivity (Figure 6C), arguing 
against the presence of murine anti-LANA antibodies that may 
have arisen from reversion of the SCID phenotype (26). Remark-
ably, the sera with the highest titers of human anti-LANA antibod-
ies (1:80) came from the 2 animals exhibiting the largest fraction 
of LANA-reactive cells within their spleens (not shown).

Effect of systemic ganciclovir administration on KSHV gene expression. 
To test the effects of an antiviral compound on the establishment 
and maintenance of de novo infection within NOD/SCID-hu 
mice, we administered the viral replication inhibitor ganciclovir 

Figure 5
Distinct NOD/SCID spleen cell populations were latently infected with KSHV. (A) For cells from mice injected with KSHV, intranuclear LANA 
staining was noted in the B220+, Ly49+, CD11b+, and CD11c+ but not CD3+ or CD117+ populations. (B) Analogous populations of cells from mice 
receiving UV-KSHV revealed no specific staining suggestive of LANA. (C) The proportion of LANA+ cells within the positive populations in A. (D) 
Four populations (see also text and Table 1 for details) accounted for nearly all LANA+ cells. (E and F) BF imaging and specific nuclear staining 
with DRAQ5 (NUC) allowed determinations of area (E) and N/C ratios (F) for individual cells. P < 0.001 for mean size comparisons between 
small-sized (~115 μm2; CD3+ and B220+) and intermediate-sized (~130 μm2; Ly49+, CD11b+, and CD11c+) cells and between intermediate-sized 
and large-sized (~155 μm2; CD117+) cells. P < 0.001 for N/C comparisons between populations with low (~0.31; Ly49+ and CD11b+) and high 
(~0.33-0.35; B220+, CD3+, CD11c+, and CD117+) N/C ratios. P values were calculated as outlined in Methods. (G) Relative proportions of differ-
ent cell types are similar in mice 4 months after injection with either KSHV (white bars) or UV-KSHV (black bars). SM, surface marker.
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(GCV) intraperitoneally to a cohort of mice before and during the 
period of KSHV injection (Methods). DNA levels for GCV-treated 
mice were significantly lower than for untreated animals through-
out the time course but greater than for UV-KSHV–injected mice 
at the later time points (Figure 6A). GCV-treated mice exhibited 
delayed ORF73 mRNA expression, detectable in our assay only at 
the 3-month time point (Figure 6B). Suppression of lytic (ORF50 
and ORF65) transcript levels by the transient GCV treatment was 
even more pronounced, with no discernable difference between 
UV-KSHV–injected and GCV-treated mice even 4 months after 
drug withdrawal (Figure 6, C and D).

Discussion
These data are the first, to our knowledge, to demonstrate that 
murine hosts can support long-term de novo KSHV infection, 
including the establishment of latency, progressive expansion of 
viral load, and the assembly of virions. Our results also indicate 
that KSHV infects specific murine leukocyte populations resem-
bling those targeted by the virus in humans. Furthermore, infec-
tion of NOD/SCID mice implanted with human hematopoietic 
tissue grafts evokes a human KSHV–specific antibody response in 
a subset of animals that recapitulates the most common serologic 
reactivity present in infected patients. Finally, treatment of these 
chimeric mice with preemptive GCV reversibly suppresses viral 
genome expansion and gene expression over a 3- to 4-month time 
course, suggesting that the initial establishment of latency in the 
model is independent of productive lytic replication.

Although existing models of nonhuman primate or murine g 
herpesviruses are helpful in understanding the parallels between 
these viruses and KSHV, their ultimate utility remains limited by 

intrinsic differences in their lytic reactivation dynamics, immune 
responses, and pathologic correlates (31–35). Similarly, animal 
model systems for KSHV have, thus far, focused on overexpres-
sion of single viral oncogenes in transgenic systems (36–38) or the 
in vivo growth of malignant cell lines, for which it is difficult to 
evaluate de novo viral tropism and gene expression (11, 19, 39–41). 
Although these latter models are critical for providing insights into 
various aspects of KSHV pathogenesis, a more complete under-
standing of infection, cellular tropism, and the interplay of viral 
gene expression in the host depends on a model that supports sta-
ble infection with intact virus. To date, however, attempts to detect 
lytic KSHV replication, immune responses, and related pathology 
within an immunocompromised large animal model system have 
proven unsuccessful (12). Three previous small animal studies 
have described KSHV gene expression within human cells, includ-
ing a xenotransplantation model optimized for the study of HIV-1  
infection (10), another that supported propagation of human 
PBMC (11), and a third that employed direct viral infection of 
implanted human skin (42). However, these models are unable to 
address more complex issues related to cell tropism and long-term 
KSHV gene expression due to limitations of the host cell repertoire 
(10, 11, 42), duration of viral replication with declining viral DNA 
titers over time (10), or a lack of discernable de novo infection (11, 
42). Our results also contradict published data suggesting that 
the tethering of KSHV episomes to human host cell chromatin, 
but not to murine chromatin, relates to the binding of LANA to 
regions of the chromosome-associated proteins DEK and methyl 
CpG–binding protein MECP2 that are not well conserved in their 
respective murine homologs (43). As the authors suggest, however, 
levels of these proteins may not be sufficiently high to show LANA 
interaction in their experiments. Alternatively, LANA may interact 
with other murine chromosome-associated proteins or proteins 
expressed in a limited repertoire of cells within the mouse.

Our PCR analysis of NOD/SCID spleens following intravenous 
injection of KSHV suggests that latency is established within 1 
month of injection (Figure 1B). The initial detection of the latency-
associated ORF73 transcripts was followed by a sustained rise in 
the lytic cycle ORF50 and ORF65 transcripts (Figure 1, C and D). 
Of note, the rate of rise and absolute levels of ORF65 mRNA were 
appreciably greater than for ORF50. Since ORF65 encodes SCIP, 
a protein present in approximately 900 copies per virion (16), this 
difference may reflect the virus’ need for higher mRNA levels for 
this late lytic structural gene than for ORF50, which encodes the 
immediate early transcription factor, RTA. In both cases, the rise 

Table 1
Identification of 6 unique NOD/SCID splenic cell types by MIFC

Surface 	 Size	 N/C ratio	 Surface 	 Identity 
marker			   staining
CD3	 Small	 Large	 Continuous	 T cell
B220	 Small	 Large	 Continuous	 B cell
Ly49	 Intermediate	 Small	 Beaded	 NK cell
CD11b	 Intermediate	 Small	 Continuous	 Macrophage
CD11c	 Intermediate	 Large	 Continuous	 Dendritic cell
CD117	 Large	 Large	 Continuous	 Stem cell

 

Figure 6
KSHV-specific human antibody production in NOD/
SCID-hu mice inoculated with KSHV. (A) Com-
pared with unimplanted mice (U), sera from NOD/
SCID mice receiving human tissue implants (I) 
contained detectable amounts of total human IgG. 
(B–E). Serum (1:80) from an implanted and KSHV-
injected mouse probed with either anti-human (B) 
or anti-mouse (C) secondary antibodies. Serum 
from a human KSHV–infected patient (1:640) (D) 
or rabbit polyclonal anti-LANA antiserum (1:40) (E) 
followed by anti-human or anti-rabbit secondary 
antibodies conjugated to Texas Red, respectively. 
Original magnification, ×60.
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in lytic transcripts likely reflects robust lytic replication within a 
small number of permissive cells, as suggested by IFA and TEM 
data from the infected spleens. Together, these observations also 
closely mimic viral gene expression patterns within human KS 
lesions, where only 1–5% of infected cells support spontaneous 
lytic gene expression, even in advanced disease (44–46).

With the visualization of ultrastructural elements (Figure 3) that 
are indistinguishable from those that we and others have described 
previously for KSHV within human cell lines and splenic tissue (16, 
47), we provide, for what we believe is the first time, direct evidence 
for KSHV assembly within an in vivo model following systemic infec-
tion with purified virus. Although different members of the herpesvi-
rus family are indistinguishable from one another based exclusively 
on ultrastructural characteristics, our data are highly suggestive of 
KSHV assembly, based on our corroborating molecular and IFA data, 
the complete absence of similar structures within tissue collected 
from UV-KSHV–injected control NOD/SCID mice or from KSHV-
injected mice at earlier time points (not shown), and the seronegativ-
ity of our animals for a large number of other viruses (Methods).

Previous studies have applied quantitative real-time PCR (qPCR) 
assays to specific cell populations following flow cytometric sort-
ing to define cell tropism for KSHV (10, 48) and murine g her-
pesvirus 68 (MHV-68) (21) in vivo. Although potentially effective 
for model systems supporting high levels of viral replication and 
larger numbers of infected cells, PCR-based methods for determin-
ing cellular tropism become less reliable with lower levels of infec-
tion. Thus, detection of KSHV DNA by qPCR from even a small 
number of “contaminating” cells would be sufficient to incorrectly 
identify the main population as KSHV infected. Additionally, stan-
dard flow cytometry lacks the ability to confirm specific patterns 
of staining for individual cells and is, therefore, less able to exclude 
cells with aberrant but equally intense overall staining (L.A. Adang 
and D.H. Kedes, unpublished observations).

To more precisely distinguish NOD/
SCID splenocyte subpopulations and 
determine the specific cellular targets of 
KSHV infection, we employed MIFC, a 
novel approach (see Methods) that inte-
grates multispectral imaging of indi-
vidual cells with the statistical power 
of flow cytometry. Using morphologic 
parameters (Figure 4, E and F), we were 
able to characterize 6 distinct popula-
tions of murine spleen cells (Figure 4H): 
B cells, T cells, NK cells, macrophages, 
dendritic cells, and HPCs. Furthermore, 
we observed no significant differences 
in the cell-determinant staining pat-
terns (Figure 4, A and B), morphologic 
characteristics (Figure 4, A, B, E, and F), 
or relative numbers of these populations 
(Figure 4G) between UV-KSHV– and 
KSHV-injected mice.

We next determined which of these 6 
cell types demonstrated clear evidence 
of LANA expression (Figure 5, A and 
B, and Methods). Similar to reports for 
KSHV in human patients and MHV-68 
in murine hosts (20, 22, 23), B cell, mac-
rophage and, to a lesser extent, dendritic 

cell populations contained LANA+ cells. The aberrations in T cell 
receptor rearrangement characterizing the SCID phenotype con-
tribute to an arrest of B and T cell maturation at early stages in 
NOD/SCID mice (26), and thus, the LANA+ B220+ cells that we 
identified most likely represent the overriding pro–B cell subtype 
present within NOD/SCID spleens (26). Our experiments did not 
address whether cells at different stages of differentiation or acti-
vation were preferentially infected.

Notably, we also observed LANA+ cells within the NK cell popu-
lation, representing, to our knowledge, the first evidence for in vivo 
infection of NK cells by a g herpesvirus. Although others have rec-
ognized NK cells as potentially important for the control of KSHV 
replication (25), one report suggested that circulating NK cells 
were not an important reservoir for KSHV within human patients 
(49). The investigators in this earlier study did not, however, assess 
NK cells derived from noncirculating leukocyte compartments. 
Nevertheless, whether NK cells ultimately represent an important 
latent reservoir for KSHV or simply “innocent bystanders” within 
the NOD/SCID host remains unknown.

Although our findings suggest that KSHV infection of specific 
cell populations reflects preferential targeting by the virus, these 
findings could theoretically represent infection of locally permis-
sive populations resulting from viral recognition of promiscuous 
ligands, such as heparin sulfate or α3β1 integrin (50, 51). However, 
relative infection rates among the different subpopulations did not 
parallel their relative abundance within the NOD/SCID spleens, 
and 2 distinct populations, CD3+ T cells and CD117+ HPCs, 
revealed no LANA+ staining (Figure 5A). Although these 2 latter 
cell types represented only small fractions of the total population 
of spleen cells, we were able to evaluate a sufficient number of each 
to rule out all but very rare incidences of infection. Furthermore, 
although we cannot absolutely exclude the inclusion of a small 
number of double- or multi-marker positive cells among the LANA+ 

Figure 7
Increases in KSHV genomic DNA in NOD/SCID-hu mouse spleens were inhibited temporally 
and quantitatively by pretreatment with GCV. Mice received daily (days –24 to +1) intraperitoneal 
administration of either GCV (diamonds, dotted line) or PBS (squares, solid line) during the 3-week 
KSHV infection period. A third group of mice received UV-KSHV (triangles, dashed line). (A) Mean 
ΔCt values of genomic KSHV DNA were calculated as in Figure 1. *Data from 1-month GCV-treated 
mice were not collected, indicated by the discontinuous line. (B–D). Mean ΔDCt values represent-
ing KSHV RNA determinations for ORFs 73 (B), 50 (C), and 65 (D) were calculated as in Figure 1.  
Each symbol represents the mean and SE of ΔCt (A) or ΔDCt (B–D). Numbers of mice and the 
lower limit of sensitivity of the assays are indicated as in Figure 1.
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populations, the MIFC data argue for the mutual exclusivity of 
each subpopulation of cell types by a number of criteria, including 
cell-surface marker profile (Figure 4) and the unique morphologic 
characteristics of each cell type (Figure 5 and Table 1).

Previous work has shown that SCID mice implanted with 
human hematopoietic tissue grafts (the SCID-hu model) har-
bor functional B cells capable of IgG-specific responses to anti-
gen challenge (52). Our results indicate that xenotransplanted 
NOD/SCID mice injected with KSHV exhibit human IgG levels 
(Figure 6) commensurate with previously published data (52) 
and levels of viral mRNA and virion assembly that were indistin-
guishable from those in infected unimplanted NOD/SCID mice 
over the same time frame (Figures 1, 3, and 7). Of the infected 
NOD/SCID-hu mice, a subset exhibited human anti-LANA reac-
tivity in a standard LANA IFA (Figure 6). Of note, these reac-
tive sera came from mice with relatively large (3–5% of total cells 
stained) populations exhibiting LANA expression by IFA within 
the splenic tissue (not shown). These results parallel data from 
human patients in whom circulating high-titer anti-LANA anti-
bodies predict higher levels of viral replication (53).

A delay, but not elimination, of latent gene expression coupled 
with marked attenuation of lytic gene expression following pre-
emptive GCV therapy in KSHV-injected NOD/SCID-hu hosts also 
supports the presence of de novo viral replication in the model 
and complements other published data showing the capability of 
this agent to inhibit lytic KSHV replication (10, 54). Our inability 
to detect viral protein expression or virion assembly within sec-
tions from GCV-treated animals (not shown) supports the idea 
that low-level lytic viral replication is necessary for horizontal viral 
spread (55). However, the observed increase in DNA and latent 
transcripts at later time points in these mice suggests that sup-
pression of lytic replication at the time of viral inoculation fails 
to block the establishment and maintenance of latency. Given 
corroborating retrospective clinical data showing a reduction in 
the incidence of KS for patients receiving antiviral agents dur-
ing periods of immune suppression (56), the NOD/SCID mouse 
model may lend itself to more detailed characterization of viral 
replication and horizontal spread in the face of chemoprophy-
lactic regimens designed to prevent the clinical manifestations of 
KSHV infections in high-risk (seropositive) patients.

The present study focused on establishing an in vivo system that 
supports long-term KSHV infection and recapitulation of both 
latent and lytic gene expression rather than on examining viral 
pathology. Nevertheless, a small minority (3 of 50) of KSHV-inject-
ed mice, but none of the UV-KSHV–injected mice, developed gross 
splenic enlargement at late (3- to 4-month) time points. Although 
it appeared that these enlarged organs contained a significantly 
larger relative proportion of LANA+ cells by IFA, ascertaining 
whether these findings reflect potential viral-induced tumorigen-
esis awaits additional long-term experiments.

Our results represent what we believe is the first successful 
effort to recapitulate long-term KSHV infection within an immu-
nocompromised animal host. Infection in this model closely 
mimics the biology of the virus in patients, including latent infec-
tion of leukocyte populations relevant to KSHV pathogenesis and 
low levels of spontaneous lytic reactivation that results in virion 
production. Furthermore, the engraftment of human hematopoi-
etic tissue into NOD/SCID mice prior to KSHV infection allows a 
KSHV-specific immune response, and infection of these chimeric 
mice is attenuated following treatment with systemic antiviral 

therapy. In addition to providing insights into cellular tropism 
and efficacy of antiviral agents, the NOD/SCID mouse model 
should aid future investigations of viral gene expression and viral 
spread within a dynamic in vivo system.

Methods
Preparation of KSHV. KSHV-positive cells (BCBL-1) were grown as described 
previously (57). To induce lytic reactivation of KSHV, cells were incubated 
with 0.6 mM valproic acid (Sigma-Aldrich) for 5 days. Cell-free KSHV was 
collected as described previously (16) and passed through 0.45 μM filters 
(Millipore) to remove any residual cells.

Titering of KSHV. Fresh aliquots from the KSHV preparations were 
used to determine the infectious titer of the virus on cultured HeLa 
cells. Briefly, 60,000 HeLa cells per well on fibronectin-coated cham-
ber slides (BD Biosciences) were incubated with serial dilutions of the 
concentrated viral stock for 2 hours at 37°C in the presence of 8 μg/ml 
Polybrene (Sigma-Aldrich), washed, and then incubated in fresh media 
(DMEM; Invitrogen) supplemented with 10% FBS. After 18–24 hours, 
cells were assayed for LANA reactivity with monoclonal rat anti-LANA 
antibodies (ABI) conjugated to fluorochrome ALEXA-488 according to 
the manufacturer’s instructions (Invitrogen). See Supplemental Meth-
ods for additional details.

KSHV injections of NOD/SCID mice. Six- to eight-week-old NOD/SCID 
(NOD/LtSz-Prkdcscid/J or NOD/SCID; Jackson Laboratory) mice were 
purchased and maintained in pathogen-free conditions. All mice received 
3 mg/ml trimethoprim-sulfamethoxazole (Sigma-Aldrich) in sterile water 
for routine consumption. Under general anesthesia, experimental mice 
received 3 weekly tail-vein injections, approximately 800,000 infectious 
particles per injection, from freshly resuspended viral stock. Control ani-
mals received viral aliquots from the same stock that were exposed to UV 
light as previously described (58).

Isolation of DNA and RNA from murine tissue. Tissue sections were stored 
immediately for future DNA or RNA analysis in liquid nitrogen or an 
RNase-free preservative (RNAlater; Ambion), respectively. DNA and RNA 
were isolated using QIAmp DNA Micro Kits (Qiagen) and RNeasy Mini 
Kits (Qiagen), respectively, as described by the manufacturer. Optical 
density readings were obtained for each DNA and RNA sample to guide 
equalization of sample sizes.

qPCR and qRT-PCR. KSHV DNA from murine organs was measured by 
qPCR using standard methods to amplify a fragment within the latent 
KSHV gene ORF73. KSHV RNA was quantified using a standard qRT-PCR  
amplification protocol according to the manufacturer’s instructions 
(Invitrogen and Qiagen). cDNA-coding sequences for ORF73, ORF50, 
and ORF65 were amplified from 200 ng of input cDNA incorporating 
concentrations of primers and probes as for DNA (see Supplemental 
Methods for primer sequences, details of GAPDH normalization for 
both DNA and RNA amplifications, and detailed protocols). Cycle 
threshold (Ct) values were tabulated in triplicate for KSHV and GAPDH 
reactions and duplicated for all cDNA amplifications. Water controls 
verified minimal background. The sensitivity of our assay for KSHV 
amplification was determined using serial dilutions of an ORF73-con-
taining plasmid within a stable (200 ng) amount of mouse DNA. Assum-
ing each murine cell contains approximately 7 pg DNA, we were consis-
tently able to detect 3 to 4 genome equivalents of KSHV within DNA 
extracted from 105 cells.

Indirect immunofluorescence microscopy of murine tissue. NOD/SCID 
spleens were removed, fixed in 3% formalin for 48–72 hours, embedded in 
paraffin, and sectioned for mounting on positively charged glass slides. 
Prior to staining, slides were deparaffinized in 100% xylene (3 times for 
15 minutes each time), then sequentially rehydrated in serial dilutions 
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of ethanol. For membrane permeabilization, slides were placed in Target 
Retrieval Solution (Dako) according to the manufacturer’s instructions, 
incubated in a 95°C water bath for 30 minutes, and then allowed to cool 
to room temperature. After incubation in blocking reagent (PBS with 
1% BSA) for 1 hour, sections were incubated for 2 hours with monoclo-
nal rat anti-LANA or anti-K8.1 antibodies (ABI) diluted 1:20 in blocking 
reagent. After washes in PBS/0.05% Tween-20 (Fisher Scientific), sections 
were incubated with 1:100 dilutions of secondary goat anti-rat IgG anti-
bodies conjugated to Texas Red (Jackson ImmunoResearch Laboratories 
Inc.) and then with DAPI as above. Fluorescent images from serial planes,  
1 μm apart, for multiple representative fields on each slide were obtained 
after merging using the deconvolution function of Openlab software 
(version 3.1.5; Improvision).

TEM. To identify KSHV-associated viral particles within murine spleens, 
tissue from mice that were injected with either KSHV or UV-KSHV was 
processed for thin-section TEM as we have described previously (59) (see 
Supplemental Methods for additional details). Prior to these experiments, 
murine hosts were prescreened serologically for non-KSHV viral agents (see 
Supplemental Methods).

Flow cytometry. Spleen cell suspensions were created by filtering tissue 
through mesh screens (Sigma-Aldrich) into cold RPMI 1640. Red blood 
cells were lysed using a commercially available buffer according to the 
manufacturer’s instructions (PharM Lyse; BD Biosciences — Pharmin-
gen). All cells were washed 3 times in a blocking reagent containing  
1× PBS, 2% FBS, and 0.1% sodium azide, then incubated in 80 μl of the 
blocking reagent with 0.5 mg/106 cells of mouse FcgIII/II receptor block-
er (BD Biosciences — Pharmingen) for 10 minutes. Cell aliquots were 
incubated for 45 minutes in the dark at 4°C with fluorochrome-conju-
gated monoclonal antibodies, 0.5 μg antibodies per 106 cells, identify-
ing murine HPC surface markers, including Ly49-FITC or PE (14B11),  
IL-2Rβ–PE (TM-β1) (eBioscience), B220-FITC or PE (RA3-6B2), CD117-
PE (2B8), CD11b-FITC or PE (M1/70.15), CD11c-PE (N418), and CD3-
PE or APC (145-2C11) (Caltag Laboratories), or equivalent concentra-
tions of their respective isotype control antibodies. Stained cells were 
washed with PBS and resuspended in 2% paraformaldehyde prior to 
analysis using a FACSCalibur cytometer (BD Biosciences) and FlowJo 
(version 6.4; Tree Star) software.

MIFC. In 2 separate experiments conducted 3–4 months after the last 
injection of either KSHV or UV-KSHV, spleen cells were pooled from 
6 KSHV- and 5 UV-KSHV–injected mice, respectively, from one experi-
ment, and from 6 KSHV- and 4 UV-KSHV–injected mice from a second 
experiment. Isolated mononuclear cells were pooled and then incubated 
as above with B220-PE, CD117-PE, CD11b-PE, CD11c-PE, Ly49-PE, and 
CD3-PE to identify distinct hematopoietic cell populations (see text). 
Following a single wash in blocking reagent, cells were fixed in 500 μl 
fixation buffer (eBioscience) for 20 minutes at room temperature. Cell 
pellets were incubated in permeabilization buffer containing 1× PBS, 
0.1% saponin, and 0.1% sodium azide for 5 minutes at room temperature. 
After removal of the supernatant, the cell pellets were incubated for 45 
minutes in the dark with monoclonal rat anti-LANA antibodies diluted 
1:500 in permeabilization buffer. After washing, pellets were resuspend-
ed in PBS and incubated for 10 minutes at room temperature following 
the addition of 1 μl of DRAQ5 (Biostatus Ltd.) for nuclear localization. 
Analyses were performed using an ImageStream 100 cytometer/fluores-
cence system (Amnis). In brief, debris and cell aggregates were excluded 
and individual cells were identified by gating on cell area and aspect ratio 
(ratio of length to width) as confirmed by brightfield (BF) microscopy 
according to the manufacturer’s instructions. Analyses were performed 
following gating on DRAQ5+ and nonsaturated cells by flow cytometry. 
Individual cell populations were identified by gating on cells expressing 

given surface markers by flow cytometry and confirmed by visual inspec-
tion of the pattern of fluorescence on the cell surface. Area and N/C 
ratios for individual cells using computer-generated algorithms incor-
porating dimensions were determined using BF microscopy and DRAQ5 
channels (Amnis). LANA positivity was defined by visual confirmation of 
characteristic punctate intranuclear staining of individual cells limited 
to areas of staining less than 7 pixels in the largest dimension in order to 
rigorously exclude nonspecific staining.

Statistics. Statistical comparisons for morphologic characteristics of cells 
were performed with GraphPad Prism software version 4.0a using the Mann-
Whitney U nonparametric t test, assuming a non-Gaussian distribution of 
data, to calculate 2-tailed P values (significance defined as P < 0.05).

Construction of NOD/SCID-hu mice. Six- to eight-week-old NOD/SCID 
(NOD/LtSz-Prkdcscid/J or NOD/SCID, Jackson Laboratory) were pur-
chased and maintained in pathogen-free conditions. Trimethoprim-sul-
famethoxazole (3 mg/ml) and neomycin (2 mg/ml) (Sigma-Aldrich) in 
sterile water were provided for routine consumption for a minimum of 
2 weeks prior to surgery. On the day of surgery, mice received 325 cGy of 
whole-body g irradiation (Gammacell-40; Nordion). Cadaveric human 
fetal bone, thymus, and skin grafts of 18- to 22-week gestation, received 
from an NIH-approved procurement facility (Advanced Bioscience 
Resources) in accordance with US regulations, were stored in cold 1640 
RPMI. At the time of surgery, mice were anesthetized intraperitoneally 
with 16 μl/g of a 5% ketamine/2.5% xylazine solution in sterile water 
and maintained under general anesthesia with inhaled methoxyflurane 
(Janssen). Human tissue grafts were processed and implanted subcuta-
neously in recipient animals as described elsewhere (29), and incision 
sites were closed with biodegradable cyanoacrylate (Vetbond; 3M). The 
University of Virginia Animal Care and Use Committee approved all 
animal housing and surgical procedures in accordance with University 
of Virginia guidelines.

Identification of total and anti-LANA–specific human IgG. Plasma samples 
were obtained from NOD/SCID-hu mice following centrifugation of 
whole blood and stored at –20°C. Samples were tested for human IgG 
using a commercially available ELISA according to the manufacturer’s 
instructions (ZeptoMetrix Corp.). Colorimetric signals were quantified 
using an optical density plate reader at 260 nm in duplicate for each 
sample and concentrations determined based on standard curves using 
serially diluted purified human IgG. To screen for human KSHV–spe-
cific humoral responses, standard LANA IFAs were performed as we have 
described previously but with whole BCBL-1 cells rather than isolated 
nuclei. In brief, duplicate wells with fixed (in 1:1 methanol/acetone) 
BCBL-1 cells were incubated for 60 minutes with serial dilutions of 
plasma from KSHV- or PBS-injected mice or archived sera from human 
patients with KS and documented anti-LANA antibodies, as indicated 
in Figure 6. Additional wells were incubated with rabbit polyclonal anti-
LANA IgG antibodies (generously provided by Don Ganem, UCSF, San 
Francisco, California, USA). Secondary antibodies included goat anti-
human, anti-mouse, or anti-rabbit IgG conjugated to Texas Red (Jackson 
ImmunoResearch Laboratories Inc.), and nuclei were stained with DAPI. 
Additional controls included KSHV-negative BJAB cells incubated with 
serum from KSHV-injected NOD/SCID-hu mice and Texas Red–conju-
gated goat anti-human IgG secondary antibodies. Slides were kept in the 
dark at 4°C for more than 48 hours before review, using the same decon-
volution and compression methodology as above.

GCV administration to NOD/SCID-hu mice. For a subset of NOD/SCID-
hu mice, 25 mg/kg GCV (Cytovene-IV; Roche Diagnostics) was adminis-
tered twice daily by intraperitoneal injection beginning 3 days before and 
extending 1 day beyond the 3 weekly KSHV injections as described above 
for unimplanted animals.
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