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KSHV infects a subset of human
tonsillar B cells, driving proliferation
and plasmablast differentiation
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Kaposi sarcoma-associated herpesvirus (KSHV; also known as HHV8) is the causative agent of two B cell
tumors, multicentric Castleman disease (MCD) and primary effusion lymphoma (PEL). However, little is
known about the nature of the specific B cell subtype(s) most susceptible to infection. Identifying these cells
would provide direct insight into KSHV transmission and virus-induced transformation. To identify this sub-
set and to determine whether infection alters its cellular phenotype, we exposed human tonsillar cells to KSHV
and characterized infected cells using high-throughput multispectral imaging flow cytometry (MIFC). Stable
expression of the virally encoded latency-associated nuclear antigen (LANA), a marker of latent KSHV infec-
tion, was observed predominantly in cells expressing the A light chain of the B cell receptor. These LANA*
B cells proliferated and exhibited similarities to the cells characteristic of MCD (IgMA-expressing plasma-
blasts), including blasting morphology with elevated expression of Ki67, variable expression of CD27, and
high levels of IgM and IL-6 receptor. Furthermore, the proportion of infected cells showing a blasting pheno-
type increased upon addition of exogenous IL-6. Our data lead us to propose that oral transmission of KSHV
involves the latent infection of a subset of tonsillar IgMA-expressing B cells, which then proliferate as they

acquire the plasmablast phenotype characteristic of MCD.

Introduction

Kaposi sarcoma-associated herpesvirus (KSHV/HHVS) is the
causative agent of two B cell tumors, multicentric Castleman dis-
ease (MCD) and primary effusion lymphoma (PEL), as well as its
namesake, Kaposi sarcoma. Both B cell tumors are fatal, and treat-
ment to date prolongs survival by a few years at best (1, 2). MCD
is a lymphoproliferative disorder, localized to the mantle zone of
lymph nodes and the spleen, and comprising KSHV-infected plas-
mablasts expressing IgM exclusively with the A light chain (3), as
well as transcription factors that suggest the cells are at the plas-
mablast, or pre-plasma, cell stage of differentiation (4). Except in
cases that have progressed to frank lymphoma, both the infected
cells (3) and the virus (5) in MCD lesions are polyclonal, suggesting
multiple infectious events and implicating infection, rather than
transformation, as the driver of this disorder. The cytokine IL-6
also plays an important role in MCD. Murine models can reca-
pitulate the clinical manifestations of MCD even in the absence
of KSHV simply by dysregulating IL-6 (6, 7). Similarly, IL-6 recep-
tor (IL-6R) blocking therapy can ameliorate MCD symptoms in
some patients (8-10). While the majority of KSHV-infected B cells
in MCD express IL-6R (3), the precise effects of IL-6 on KSHV-
infected B cells remain unknown.

PEL is a highly malignant immunoblastic tumor that most
frequently affects body cavities such as the pericardial or pleural
spaces. This clonal B cell tumor has high intracellular levels of
KSHYV genomes, expresses the plasma cell surface marker CD138/
syndecan 1 (11) with absent or very low levels of cytoplasmic Ig
(reviewed in ref. 12). Like MCD, PEL expresses plasmablast stage-
specific transcription factors (4).
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Early investigations (13, 14) identified KSHYV as the likely etio-
logic agent of these B cell tumors shortly after the virus’s discov-
eryin 1994 (15). Subsequent work detected KSHV DNA sequences
specifically in the CD19" (B cell) fraction of the peripheral blood
of KSHV-infected patients (16, 17), and B cells from seronegative
individuals were infectable ex vivo with KSHV isolated from a
patient’s tumor (17, 18). While many investigations have charac-
terized the potential roles of KSHV gene products in B cell tumori-
genesis using cell lines and single-gene studies, direct evidence that
KSHV infection of human B cells leads to KSHV-associated tumors
is lacking. Likewise, little to no data exist examining the nature of
the B cells most vulnerable to initial infection.

Extensive molecular and seroepidemiologic data suggest that
KSHV transmission occurs primarily via saliva (19, 20). In support
of this, Chagas et al. found evidence of KSHV infection in approxi-
mately 10% of normal tonsils in Brazilian individuals (21). In situ
hybridization experiments in that study revealed that infected cells
were consistently present in the subepithelial region of the tonsil.
The Chagas study did not identify the infected cells; however, the
subepithelial region is heavily populated with IgM-expressing B
cells that rapidly differentiate into proliferating antibody-secreting
plasmablasts in response to oral pathogens (22, 23) and, therefore,
represent a potentially favorable target for a latent virus that relies
primarily on cellular replication for its propagation. At a minimum,
the consistent presence of infected cells in one region suggested to
us that KSHV might target a particular subset of tonsillar B cells.

B cells express either the k or the A Ig light chain, in addition to
one of the heavy chain isotypes, IgM, IgG, IgA, or IgE. IgM is the first
isotype naive B cells express, and expression of the other isotypes only
occurs if the cells undergo Ig class switching. During B cell differen-
tiation, cell surface Ig is downregulated as the cells begin to express
and secrete Ig. Proliferative antibody-secreting cells are known as
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Figure 1

Levels of viral genome and PAN transcript associated with human ton-
sillar B cells following ex vivo inoculation with KSHV. Tonsillar B cells
from 6 individual donors, represented by each symbol, were exposed
to KSHV for 2 hours and washed extensively, and genomic DNA was
purified at the indicated times. (A) Left panel: Relative levels of genom-
ic KSHV DNA normalized to GAPDH for each time point were deter-
mined by gPCR and represent the approximate copies of ORF73/10e3
cells. Right panel: Relative levels of internalized viral genomes for all of
the donors at 2.5 hpi determined as in the left panel but after first treat-
ing KSHV-exposed samples with trypsin to discriminate KSHV entry
from surface binding. Values for each donor are mean of triplicate PCR
reactions. Horizontal bars represent mean values for all donors at each
time point. Dashed line represents mean level of background signal
detected in 2.5-hour cultures unexposed to KSHV. (B) Levels of viral
PAN RNA were similarly quantified and normalized to GAPDH using
qRT-PCR from total RNA. Values represent the approximate number
of PAN transcripts per 37.5 ng of input RNA. Open squares and filled
triangles correspond to those in A; light and dark gray circles in B
represent results of separate experiments on samples from the same
tonsil donor. Horizontal bars represent mean values for all donors at
each time point. Signal was below detection in no-RT reactions or
uninfected samples (not shown).

plasmablasts. Some plasmablasts terminally differentiate into long-
lived plasma cells, while others secrete antibody for a short time and
then die. Terminal plasma cell differentiation is marked by surface
expression of CD138 in the absence of most other B cell markers. PEL
cells express CD138 and lack surface Ig, and are thus phenotypically
more similar to plasma cells than the less-differentiated MCD B cells,
which express both surface and cytoplasmic Ig and lack CD138 (4).
Since B cell tumors likely represent normal B cells effectively stalled
at a particular stage of differentiation by a transformative event(s)
(24-26), the above Ig and CD138 expression profiles suggest that the
transformation responsible for PEL may occur at a later stage of B
cell differentiation than for MCD lymphomas.

Both tumors demonstrate that KSHV infection is present in B
cells with either an early (MCD) or a late (PEL) plasmablast pheno-
type. While KSHV might specifically infect plasmablasts, thereafter
stalling further differentiation, it is equally possible that it infects
aless-differentiated cell and either initially leaves undisturbed the
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normal differentiation program or, instead, actively drives the cell
toward the plasmablast phenotype. Infection of a less-differentiat-
ed B cell would also suggest that PEL and MCD could potentially
share a common progenitor, representing the subset of cells most
susceptible to de novo KSHV infection, and that postinfection
events might determine the final transformed phenotype.

We reasoned that if our hypothesis were correct, KSHV would
initially infect a subset of tonsillar B cells that shared basic pheno-
typic characteristics with MCD, the less-differentiated tumor. Ata
minimum, these would include the original Ig isotype, IgM, as well
as the A light chain. To identify the cell type that potentially repre-
sents both the initial target of KSHV infection and the cell of ori-
gin for atleast MCD and possibly PEL, we exposed primary human
tonsillar B cells to purified KSHV and characterized the cells that
became latently infected using multispectral imaging flow cytom-
etry (MIFC), a high-throughput single-cell imaging technique.

Unlike traditional flow cytometry, MIFC quantifies localized
signal intensities rather than merely total whole cell fluorescence.
Previously, our laboratory showed that the number of detectable
latency-associated nuclear antigen (LANA) dots per cell increases
with MOI and correlates strongly, although not 1:1, with the num-
ber of viral genomes per cell (27), consistent with the well-charac-
terized episomal tethering function of LANA protein aggregates
(28-30). A limitation of previous MIFC experiments was the single-
plane analysis performed with the earlier version of the software
that could potentially underestimate the true number of LANA
dots per cell. In the present study, we took advantage of improved
optics and image-processing modifications that allow extended
depth of field (EDF), generating confocal-like image projections
with the entire cell simultaneously in focus (31). This allowed us
an even more precise and sensitive detection of LANA dots within
the nuclei of KSHV-infected human tonsillar B cells.

Results
Isolation of tonsillar B cells. We hypothesized that KSHV could
establish latent infection in tonsillar B cells. To test this, we
obtained deidentified tonsils from routine tonsillectomies and
purified the B cell fraction by negative selection, thereby avoid-
ing activation of surface receptors, which could potentially alter
either KSHV tropism or target cell phenotype. Flow cytometry
confirmed that the sorting procedure generated greater than
95% pure CD19* B cells (data not shown). We then exposed the
cells to fresh preparations of concentrated KSHV. In later experi-
ments, to monitor potential infection of non-B cells as well as
to assess potential differences in the pattern of B cell infection
in a mixed culture, we omitted the physical B cell isolation step
and infected tonsil mononuclear cells en masse. In this latter
approach, we identified (and gated on) B cells within the cul-
tures based on their expression of the Ig light chain k or A (see
results below). We studied KSHV infection in tonsil cells from
more than 50 donors in total, though the data in this study rep-
resent the outcome from 21 representative individuals.

Stable presence of viral genomes and pre-latent transcript expression
in buman tonsillar B cells following ex vivo inoculation with KSHV. To
detect potential KSHV infection in human tonsillar B cells ex vivo,
we exposed the cells to purified KSHV, washed the cells extensive-
ly to remove unbound virus, and quantified the amount of viral
genomic DNA that remained associated with the cells over time.
At early time points after exposure, we found a relatively high
number of KSHV genomes associated with the B cells. This level
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declined approximately 100-fold over 24-48 hours after infection
(hpi) but then remained relatively stable for at least 5 days after
infection (5 dpi) (Figure 1A).

We reasoned that the initially high levels of viral DNA may have
represented bound but not internalized virus that eventually dis-
sociated from the surface of the B cells. In support of this notion,
we found that trypsinization at 2.5 hpi reduced the number of viral
genomes by approximately 100-fold, similar to levels detected at
5 dpi without trypsinization (Figure 1A, compare right and left
panels). This finding suggested that the viral DNA present at 5 dpi
likely represented internalized KSHV genomic DNA, whereas the
higher level of cell-associated virus at 2.5 hpi may have represented a
transient binding of KSHV to the cell surface but not to actual entry
receptors (32, 33). Consistent with this interpretation, we found that
at 5 dpi, trypsin treatment of infected cells in a separate experiment
had little effect on the levels of cell-associated KSHV DNA.

The persistence of a low number of KSHV genomes in the ton-
sillar B cell cultures was consistent with a latent, rather than lytic,
infection. Although we could still detect low levels of infectious
genomes in the supernatant 48 hpi, this likely represented residual
virions from the initial inoculum, since inhibition of the viral poly-
merase by continuous treatment of the culture with 500 uM phos-
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Figure 2

Expression and maintenance of
LANA within human tonsillar B
cells. MIFC was used to iden-
tify cells expressing characteris-
tic nuclear LANA dots following
KSHYV infection of tonsillar B cells
isolated from 6 donors. (A) Rep-
resentative images of B cells from
cultures unexposed (left panel) or
exposed (right panel) to KSHV. (B)
Isolated B cells were cultured in
the absence or presence of KSHV,
and the percentage of LANA
dot—positive cells was determined
at 60—84 hpi for individual donors
represented by individual sym-
bols. Horizontal bars represent
the mean value for all donors. (C)
Cells from a separate tonsil were
cultured without (gray line) or with
(black line) KSHV for the indicated
times before MIFC analysis of B
cells gated within the software. For
analyses at 7 dpi only, cells were
kept in the presence of CD40L-3T3
cells to maintain viability. N, DAPI-
stained nucleus; BF, bright-field.
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phonoacetic acid (PAA) (34) did not decrease these levels (data not
shown). Furthermore, lytic replication of even a small fraction of
the cells would have resulted in increasing levels of intracellular
viral DNA. Instead, the levels were essentially unchanged between
2 and 5 dpi (Figure 1A). Taken together, these data suggested that
the initial decrease in cell-associated virus between 2.5 hpi and
48 hpi and the small amount of virus in the media 48 hpi repre-
sented dissociation of cell-bound virus from the initial inoculum,
rather than de novo lytic replication. The long-term persistence of
trypsin-resistant viral DNA in tonsillar B cells, however, indicated
that, at a minimum, KSHV gained entry into the cells.

To test whether internalized KSHV genomes were transcriptionally
active in tonsillar B cells, we quantified the levels of the viral polyade-
nylated nuclear (PAN/nut-1) RNA by quantitative RT-PCR (qQRT-PCR)
amplification of total RNA. PAN RNA is a direct target of the KSHV
transcriptional activator (RTA) and is highly abundant during lytic
replication (35). Endothelial cells express PAN following de novo
infection (36), as do tonsillar cells from asymptomatic KSHV-infect-
ed patients (21). In agreement with previous descriptions of this
RNA as a component of the pre-latent (first termed “lytic burst”)
transcription program following de novo KSHYV infection of primary
endothelial cells (36), we detected PAN in tonsillar B cells beginning
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at 2 hpi. The levels of PAN peaked at 24 hpi but trended downward
thereafter (Figure 1B). Of note, we detected PAN in B cells from 14
of 14 tonsils that we assayed but found no evidence of this viral tran-
script in uninfected B cells or in no-RT control reactions.

On its own, PAN expression, and especially increasing levels of
PAN expression, could be a bellwether for low levels of Iytic replica-
tion. However, in light of (a) the transient nature of PAN expres-
sion in our culture system, (b) the stable, rather than increasing,
intracellular viral DNA levels after infection (Figure 1A), and (c)
the lack of the PAA effect on background levels of viral DNA in the
supernatant (discussed above), our detection of PAN most likely
reflected the transient burst of pre-latent genes that can occur
after de novo infection (36).

Expression and maintenance of LANA within human tonsillar B cells.
Because tonsillar B cells are a heterogeneous population com-
prising cells at various stages of cellular activation and differen-
tiation, we hypothesized that infection would likely be unevenly
distributed, potentially favoring a subset of susceptible cells that
would be enriched for viral genomes. Furthermore, even among
individual infected cells, we predicted that the number of viral
genomes would vary stochastically, reflecting, at least initially, a
Poisson distribution as we previously reported for de novo infec-
tion of other cell types (27).

To determine whether KSHV could establish latent infection in
human tonsillar B cells, as well as to determine which fraction of
cells were susceptible to infection, we incubated KSHV-exposed B
cells with a monoclonal antibody directed against LANA. LANA
forms a series of dimers or higher-order multimers that tether the
viral genome to the host cell chromatin during latency (29, 37, 38).
By immunofluorescence microscopy, episome-associated LANA
appears as characteristic punctate nuclear dots, with increasing
numbers of LANA dots correlating with increasing numbers of
intracellular viral genomes (27). We predicted that KSHV-infected
B cells might be rare in our cultures, so we employed MIFC, a high-
ly sensitive and specific high-throughput imaging technique, to
identify and characterize KSHV-infected (LANA-positive) cells (39).
This approach combines the specificity of immunofluorescence
microscopy with the statistical power of flow cytometry. To elimi-
nate nonviable cells from our analyses (approximately 50% of ton-
sillar cells in our cultures die within 72 hours regardless of the
presence of KSHV and in agreement with published findings; ref.
40), we treated the cells with DNase I (41) at the time of collection.
We then confined our analysis to the cells that stained brightly for
DAPI, which indicated that their cell membranes were impervious
at the time of collection and had therefore excluded the DNase.

Aswe had predicted, MIFC analysis revealed that a small fraction of
the total culture of tonsillar B cells expressed LANA in the character-
istic punctate nuclear pattern 60-84 hours after exposure to KSHV
(Figure 2A). We created an imaging algorithm within the MIFC ana-
lytical software to identify and enumerate cells that contained these
nuclear LANA dots (see Methods). The percentage of tonsillar B cells
that became LANA dot-positive following KSHV exposure varied by
tonsil donor, ranging from 1% to 2%, but averaged approximately 1.5%
(Figure 2B and additional results below). LANA dots were present in
purified tonsillar B cells in a Poisson-like distribution as described
previously (27), with a mean of 1.7 dots/cell. We did not detect
LANA dots in cells that had not been exposed to KSHV (Figure 2A)
or were exposed to UV-inactivated KSHV (data not shown).

While we routinely detected LANA dots in primary B cells
between 48 and 96 hpi and were able to consistently detect viral
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genomes up to S dpi, we wanted to confirm the stability of KSHV
infection by following the presence of LANA dots in these cells
over longer periods. However, as primary human B cells in stan-
dard lymphocyte media survive for only limited times in culture,
we utilized a feeder layer of CD40L-expressing 3T3 fibroblast cells
(CD40L-3T3 cells) to provide survival signals (42) to our longer-
term cultures. This system allowed us to follow KSHV-exposed
tonsillar B cells for 1-2 weeks with a viability (trypan blue and
DNase exclusion) of approximately 45%.

To assess whether the fraction of infected B cells was stable over
time, we infected tonsil cells en masse and followed the B cells
(identified by expression of Ig light chain) longitudinally for the
presence of LANA. Figure 2C shows an example of such an experi-
ment; LANA was not evident at 1.5 dpi, but rose to approximately
2% by 2.5 dpi. Furthermore, in a sister culture grown in the pres-
ence of CD40L-3T3 support cells, the B cells remained alive and
infected for at least 1 week, and the fraction of LANA* cells con-
tinued to increase. Figure 2C shows, with this specific tonsil, that
the percentage of LANA" cells rose to approximately 8% by 7 dpi.
Although we did not definitively determine whether the increased
level of infection within the culture at later time points was due to
the enhanced survival or proliferation of infected cells or to infec-
tion of new targets, we did not detect significant lytic virion pro-
duction in our system (discussed above), while we did document
KSHV-driven proliferation (see below). We utilized the CD40L-
3T3 feeder layer for this experiment as a means of maintaining cell
viability while determining whether LANA dot-positive cells per-
sisted at longer time points after infection. The results indicated
that infection remained in the primary human tonsillar B cells for
up to 2 weeks after infection.

We also found that long-term culture and/or the feeder cell
coculture led to a slightly higher background LANA signal, with
the automated software detecting nonspecific dots at 7 dpi more
frequently than at 72 hpi (Figure 2C). Individual images of cells
with aberrant LANA signal in the older cultures unexposed to
KSHYV appeared consistent with the nonspecific, usually atypi-
cal single-dot pattern found in unexposed cultures at 72 hpi (see
Figure 2A, left, bottom row, for an example). This pattern of fluo-
rescence may represent either nonspecific labeling with the mono-
clonal anti-LANA antibody or autofluorescence that is evident in
older cultures in the same fluorescence channel as the Alexa Fluor
488-conjugated anti-LANA antibody. In marked contrast, the vast
majority of the LANA" cells in the KSHV-exposed cultures at all
time points demonstrated a characteristic intranuclear punctate
pattern, with many showing numerous distinct dots (compare
background staining at 72 hpi in Figure 2A, bottom row on the
left, with true LANA® cells on the right). Within the confines of
the time points we examined, these data indicate that KSHV can
establish a latent-appearing (LANA*) infection in a small fraction
of human tonsillar B cells.

KSHV targets \ B cells for stable LANA* infection. We consistently
detected LANA dots in only a small fraction of the tonsillar B cells,
supporting our hypothesis that latent (LANA*) KSHYV infection
may be restricted to a subset of B cells. We further hypothesized,
however, that this subset may resemble the KSHV-infected cells
found in the KSHV-associated B cell tumor, MCD. MCD plasma-
blasts express exclusively the A light chain of the B cell receptor,
a phenotype that is fixed at the B cell precursor stage (43). We
hypothesized that the normal counterpart(s) of, or initial precur-
sor to, KSHV tumor cells may also share this Ig light chain bias.
Volume 121 Number 2
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LANA expression is evident primarily in A tonsillar B cells. Tonsil cells from 8 donors were exposed to KSHV and analyzed by MIFC at 60-84 hpi
to determine susceptible subsets. (A) Representative images of cells labeled with antibodies to LANA, k, and A. (B) Representative scatter plot
of k versus A staining of tonsillar cells. Gates were drawn to include all B cells (A* + k*) versus non-B cells (A~ k~). (C) Left panel: Percentage of
non-B cells (A~ k) or B cells (A* + k*) expressing LANA dots from individual donors represented by individual symbols. Right panel: Percentage
of k or A B cells expressing LANA dots from individual donors represented by symbols that correspond to those in the left panel. Horizontal bars

represent the mean value for all donors.

To identify the target B cell subset(s) as well as any potential non-B
cell targets of LANA* KSHV infection ex vivo, we exposed unpurified
tonsil cell suspensions to KSHV and labeled these cells with anti-
bodies directed against the Iglight chains k and A in addition to the
viral protein LANA (Figure 3A) at 60-84 hpi. Consistent with earlier
descriptions of tonsillar composition, we found that the tonsils we
examined contained approximately 50%-70% B cells, 30%-50% T
cells, and a small percentage of monocytes/dendritic cells (44, 45)
both before KSHV exposure and 72 hpi (data not shown). Since
expression of either K or A defines all B cells, and absence of both
markers defines non-B cells, we employed this simple algorithm to
define these two populations. Using MIFC analytical software, we
gated the KSHV-exposed tonsil cells into non-B and B cells (30%-45%
and 50%-65% of viable cells, respectively) (see Figure 3B for repre-
sentative gating) and then assessed for the presence of LANA dots
in each of the two populations. In all of our analyses, we similarly
assessed for LANA" cells in control cultures that were not exposed to
KSHV to confirm the specificity of anti-LANA staining. Figure 3C,
left panel, shows that LANA" cells were evident exclusively in the B
cell fraction and not in the non-B cells (comprising almost entirely
T cells) in agreement with the detection of viral genomes predomi-
nantly in the CD19" (B cell) fraction of peripheral blood cells from
seropositive patients (16). Thus, LANA* KSHV infection preferen-
tially occurred in B cells within ex vivo suspensions of human tonsil-
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lar cells. Of note, in separate experiments, we also directly compared
the rates of KSHV infection in purified B cell cultures with cultures
from the same tonsil donor (»n = 5) that contained non-B cells (mixed
cultures) and found no consistent effect on the overall percentage of
KSHV-infected B cells (data not shown).

After subdividing the B cells by their expression of either k or A
light chain, we found that LANA" cells were overwhelmingly evi-
dent in the A rather than the k subset (Figure 3C), even though
each subset was present in the tonsillar cultures in nearly equal
proportions (Figure 3B). The preference for A over K was marked,
with the latter demonstrating levels and patterns of LANA signal
that were barely distinguishable from the background staining
evident in uninfected controls. The strong A B cell preference was
evident regardless of the presence or absence of non-B cells in cul-
tures and persisted in cells from two tonsil donors, even at 7-14 dpi
within cells cocultured on the CD40L feeder layer.

In contrast to the clear predilection for LANA expression in A B
cells, we have detected PAN RNA in K B cells and CD3* T cells as
well as in A B cells, sorted 24 hours after en masse infection of ton-
sil cell suspensions (our unpublished observations). The presence
of this transcript in a broader range of cell types would suggest
that, at least under the conditions of our ex vivo infection system,
viral entry and pre-latent gene transcription were less discrimina-
tory than LANA expression.
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and proliferation by assessment of the area (of bright-field image) and DNA content (intensity of DAPI staining) of individual cells, respectively,
at 48-84 hpi. (A) Representative scatter plot of area by DNA content (left), and images of representative cells from each gate (right). Three
populations were evident, differing in size and/or DNA content: small (<110 um2, gate R, resting), large (>110 um2, gate B, blasting), and large
with increased DNA content (gate D, dividing). (B) Distribution of these 3 cell types within LANA- (gray bars) and LANA~ (black bars) cells in
cultures exposed to KSHV. Data represent mean + SEM of 7 tonsil donors. (C) LANA* cells were gated according to their intracellular viral load,
with groups containing 1-2 (light gray), 3—4 (dark gray), or =5 (black) LANA dots/cell. Percentages of resting, blasting, and dividing cells were
determined for 7 tonsil donors. P values refer to Spearman correlations, which were —0.937 for resting, 0.619 for blasting, and 0.37 for dividing.
(D) Distribution of resting, blasting, and dividing cells within A B cells unexposed (white bars) or exposed (gray bars) to KSHV for 7 tonsil donors.
(E) Percentage of A (squares), k (diamonds), and non-B (circles) cells that incorporated the nucleoside EdU following exposure to increasing

MOI of KSHV (left) or UV-inactivated KSHV (right). Results shown are

KSHV-driven growth,/proliferation in tonsillar B cells. We observed that
the LANA' cells appeared larger than LANA- cells and hypothesized
that KSHYV infection may drive growth and/or proliferation of tonsil-
lar B cells. To address this possibility, we compared the cell size (area of
the bright-field image) and DNA content (intensity of DNA staining
with DAPI) in our cultures at 48-84 hpi. The left panel of Figure 4A
shows a representative scatter plot, with each pixel representing an
individual cell, in which we identified and gated cells that were small
(<110 wm?) with low DNA content, designating them as resting (R);
large (>110 wm?) with low DNA content, designating them as blasting
(B); and large with increased DNA content, designating them as divid-
ing (D). The right panel of Figure 4A depicts representative images
from each of these gates, R, B and D. The images show that some cells
in the D gate do, in fact, appear to be undergoing early stages of cyto-
kinesis. We then characterized the extent of proliferation of LANA-
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representative of 3 different experiments.

and LANA" cells by comparing their distribution within each of the
above gates. LANA- cells were predominantly resting (75%), whereas
only 10% of LANA* were resting. Only about 20% of LANA- cells were
blasting, in contrast to the majority (70%) of LANA* cells. Finally, a
small fraction (5%) of LANA- cells were dividing, while a significantly
greater portion (20%) of LANA" cells were dividing (Figure 4B).

To address more rigorously the link between KSHV infection
and promotion of cellular growth, we subdivided LANA" cells by
intracellular viral load, gating them into groups with 1-2, 3-4, or
>5 LANA dots/cell. We then assessed each group for the percent-
age of cells that were resting, blasting, or dividing. We found that
intracellular viral load positively correlated with the fraction of
proliferating cells. The cells with the lowest viral load (0 or 1-2
LANA dots/cell) had the highest fraction of resting cells, while the
group with the highest viral load (=5 LANA dots/cell) had the low-
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KSHV-induced expression of the proliferation marker Ki67. Tonsil cells were analyzed for the expression of LANA and the proliferative marker
Ki67 72 hpi using MIFC. (A) Representative images of LANA- and LANA* cells labeled with antibodies directed against LANA and Ki67 fol-
lowing KSHV exposure. (B) Left panel: Histogram showing Ki67 expression in LANA- (gray filled) and LANA* (black line) cells. Right panel:
Mean percentage (+SEM) of cells expressing Ki67 unexposed to KSHV (light gray bar); exposed to KSHV but LANA- (gray bar); or exposed to
KSHV and or LANA* (black bar). (C) Mean percentage (+SEM) of cells expressing Ki67 gated according to relative intracellular viral load into
groups with 0, 1-2, 3—4, or =5 LANA dots/cell. P value refers to Spearman correlation, which was 0.902. (D) Mean (+SEM) fold change in levels
of Ki67 expression was assessed by dividing the Ki67 MFI of each of LANA* group (gated as in C) by the Ki67 MFI of LANA- cells. Only Ki67+
cells were analyzed. Data represent mean + SEM from 4 separate tonsil donors. P value refers to Spearman correlation, which was 0.792.

est (Figure 4C). Significantly, all of the cells with highest viral load,
and nearly all of the cells with intermediate viral load were either
blasting or dividing. This positive correlation suggested either that
KSHYV infection drove B cell proliferation or that KSHV more effi-
ciently infected proliferating cells.

To help distinguish between these two possibilities, we compared
the proportion of proliferating cells among each subpopulation of
tonsillar cells in the presence or absence of KSHV. We reasoned that
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if KSHV drove cells toward a proliferative state, rather than merely
targeting proliferating cells extant in the culture prior to viral expo-
sure, we would find a greater fraction of proliferative cells in the
KSHV-exposed cultures than in the unexposed cultures. The results
demonstrated that while the distribution of resting, blasting, and
dividing cells within both non-B cells and B cells was unaffected by
the presence of KSHV (data not shown), the proportion of prolifer-
ating A B cells increased markedly with KSHV exposure (Figure 4D).
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In the absence of KSHV, approximately 75% of A B cells were resting,
whereas in the presence of KSHYV, this fraction was reduced to 45%,
while the fraction of blasting cells more than doubled from 19%
(-KSHYV) to 45% (+KSHYV). Likewise, the fraction of dividing cells
significantly increased in the presence of KSHV from 4% (-KSHV)
to 10% (+KSHV). These findings indicated that KSHV infection
specifically drove proliferation of A B cells.

Notably, the proportion of proliferating cells following KSHV
exposure was greater than the proportion that became detectably
LANA". This suggested that KSHV infection resulted in a bystander
effect on other A B cells. Alternatively, although perhaps less likely,
the apparently LANA- portion of the proliferating A B cells could
be infected but be at an early stage prior to well-organized LANA
tethering of the episome(s) to the chromatin. The MIFC algorithm
queried punctate LANA dots and thus would not detect cells with
LANA expressed at a low level or broadly distributed (46).

To confirm that A B cells proliferated after KSHV infection as sug-
gested by their morphological changes and increased DNA staining
(above), we also measured DNA synthesis. We exposed tonsil cul-
tures to increasing amounts of KSHV or, as a negative control, UV-
inactivated KSHYV, and quantified the number of cells that incorpo-
rated the nucleoside analog EdU from 12 hpi to 72 hpi. We observed
a clear positive correlation between the proportion of EQU* A B cells
and the initial MOLI. This correlation was absent for both k B and
non-B cells (Figure 4E). The percentage of A B cells undergoing DNA
synthesis, therefore, increased with infectious dose, again arguing
that KSHV infection drove proliferation of A tonsillar B cells. We
also found that UV-inactivated KSHV had no effect on prolifera-
tion of any of the tonsillar cells, including the A cells (Figure 4E,
right panel), suggesting that proliferation required establishment of
infection rather than mere viral binding to or entry into the cell.

To further investigate KSHV-driven proliferation in B cells, we
assessed expression of Ki67, a nuclear antigen expressed during all
stages of the cell cycle except Go (47) at 72 hpi. Figure 5A shows rep-
resentative images of LANA- (left) and LANA' (right) cells exposed
to KSHV. A total of 8% of KSHV-naive cells expressed Ki67. Simi-
larly, 8% of KSHV-exposed but uninfected (LANA") cells expressed
this marker, indicating that there was no bystander effect of KSHV
infection on Ki67 expression in LANA- cells. In contrast, 44% of
KSHV-exposed, LANA* cells were Ki67* (Figure 5B). These results
corroborated the marked increases we found in cell size, DNA con-
tent, and EdU incorporation associated with KSHV infection.

We further explored the relationship between KSHYV infection
and proliferation by grouping LANA" cells by viral load into cells
with 1-2, 3-4, and >5 LANA dots/cell and measured the levels of
Ki67. The proportion of infected cells expressing Ki67 rose with
increasing intracellular viral loads, reaching nearly 75% for cells
with 5 or more LANA dots (Figure 5C). We next asked whether
KSHYV infection also increased Ki67 expression on a per-cell basis as
a function of viral load. To do this, we calculated the fold increases
in Ki67 MFI in LANA* cells compared with LANA- cells. Again, we
found that the Ki67 expression levels correlated with increasing
viral load (Figure 5D), increasing from a baseline set at 1 (0 LANA
dots/cell) to 1.2-, 1.5-, and 2.3-fold for cells with 1-2,2-3, and >5
LANA dots/cell, respectively. We also noted that the maximum
Ki67 signal in LANA® cells exceeded the maxima in KSHV-unex-
posed cultures. This dose-dependent relationship between viral
load and Ki67 expression again suggested that latent (LANAY)
KSHYV infection was the driving force underlying the proliferation
of infected A B cells we observed.
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Evidence of plasmablast differentiation in KSHV-infected \ B cells. It
was of interest to us that the establishment of latent (LANA")
KSHYV infection only within A B cells was reminiscent of a similar,
nearly exclusive A bias evident in KSHV* MCD and in at least some
KSHV*/EBV- PEL B cell tumors (4). Since MCD is less differentiat-
ed and less neoplastic than PEL and, thus, potentially more similar
to newly infected, nontransformed B cells, we focused our pheno-
typic analyses on a comparison between de novo infected tonsil-
lar B cells and MCD plasmablast B cells. Specifically, we assessed
LANA" cells for the expression of surface markers expressed on
MCD B cells, namely IgM, CD27, and IL-6R, as well as morpholog-
ic characteristics suggestive of the plasmablast stage of B cell dif-
ferentiation, including cell size and the pattern of Ig expression.

To determine whether de novo infection of tonsillar B cells pref-
erentially occurred within the IgM* subset, we incubated KSHV-
exposed tonsillar cells with antibodies directed against this marker
(representative images shown in Figure 6A) at 72 hpi. We gated ton-
sillar cells into IgM* and IgM- subsets (representative gating shown
in Figure 6B, left panel) and assessed these fractions for the presence
of LANA" cells, as we described above for A and k B cells as well as
non-B cells. Nearly all the LANA* cells were present in the IgM* sub-
set while being virtually undetectable in the IgM- subset (comprising
both IgM- B cells and non-B cells, Figure 6B, right panel), similar to
the A bias. This observation narrowed the identity of B cells targeted
by KSHYV for latent (LANA") infection to the IgMA subset.

Furthermore, within the IgM"* subset, the level of IgM expression
on LANA" cells was greater than on LANA- cells (Figure 6C, left
panel, shows a representative histogram) and the fold change in
intensity of IgM staining over that of LANA- cells increased with
increasing viral load (Figure 6C, right panel). Together, these find-
ings suggested that in addition to selectively establishing infection
in IgM* B cells, KSHV upregulated IgM expression.

Since we permeabilized the cells before staining, we measured
total Ig expression, both surface and cytoplasmic. Examination of
individual images revealed two distinct staining patterns that gen-
erally segregated with the absence or presence of LANA staining.
The LANA- and LANA" cells displayed a pattern suggestive of sur-
face (Figure 6A, left panel) and surface plus cytoplasmic (Figure 6A,
right panel) IgM expression, respectively. The apparent presence of
surface IgM on LANA" cells (as well as A, Figure 3A) suggested that
they were less differentiated than plasma cells and PEL cells, both
of which lack surface Ig (12). However, LANA* B cells appeared to
additionally contain some cytoplasmic Ig (Figure 3A and Figure 6A,
right panel) similar to MCD B cells (4), suggesting that the de novo
infected, LANA" B cells were likely in an early plasmablast differen-
tiation state at 72 hpi.

We next compared the proportion of cells expressing CD27
in LANA* versus LANA- cells, restricting our analysis to IgM* B
cells, thereby excluding CD27* tonsillar T cells also present in
the cultures. Figure 6D, left panel, shows a representative his-
togram illustrating the CD27* gate as well as the comparison
of CD27 expression on LANA- and LANA* IgM"* cells. Overall,
CD27 expression was low (relative to T cells) on tonsillar B cells;
however, since MIFC allows visual inspection of CD27 expres-
sion in each region of the histogram, we were able to determine
a threshold gate to distinguish between cells with and without
discernible CD27 staining (Figure 6D, above left). Figure 6D,
right panel, shows that among the IgM* cells, the latently infect-
ed (LANA*) cells were enriched 4.5- to 30-fold (depending on
the individual donor) for CD27 expression at 72 hpi compared
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Figure 6

KSHV-infected B cells resemble MCD plasmablasts. Tonsil cells were exposed to KSHV and analyzed by MIFC for expression of LANA, IgM,
and CD27 at 72 hpi. (A) Representative images of cells labeled with antibodies to LANA, IgM, and CD27. (B) Left panel: Histogram showing
representative gating for IgM+ cells. Right panel: Percentage of IgM- or IgM+ cells expressing LANA dots, from 5 donors (individual symbols).
(C) Left panel: Histogram showing, among IgM* cells (gated as in B), levels of IgM expression on LANA- (gray line) versus LANA* (black line)
cells. Right panel: Among IgM+ cells, fold change in IgM expression (MFI) of individual LANA* groups (1-2, 3—4, =5 dots/cell) compared with
LANA- (0 dots) cells. Values represent mean + SEM from 5 separate tonsil donors. P value reflects significance of Spearman correlation, which
was 0.797. (D) Left panel: Representative histogram showing CD27 expression on LANA-IgM* (gray filled) and LANA*IgM+ (black line) cells.
Vertical line indicates threshold above which CD27 signal becomes visible by MIFC. Above left: Examples of cells on either side of threshold.
Right panel: Percentage of IgM*LANA- or IgM+*LANA~ cells expressing CD27 (5 donors). (E) Scatter plot showing nuclear and cytoplasmic
areas for LANA- cells (gray dots) and LANA* cells (green circles). (F) Mean N/C ratios for uninfected (0 dots) and cells with low (1-2 dots),
moderate (3—4 dots), and high (=5 dots/cell) viral load. Data represent mean + SEM from 4 of 6 KSHV-exposed tonsils. P value reflects signifi-
cance of Spearman correlation, which was 0.675.
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KSHV-infected B cells express high levels of IL-6R and respond to the plasmablast growth factor IL-6. (A) Representative images of cells labeled
with antibodies directed against LANA and IL-6R at 72 hpi (LANA- cells, left panel; LANA* cells, right panel). (B) Left panel: Representative
histogram showing IL-6R expression, gating for LANA- (gray filled) and LANA* (black line) cells. Right panel: Mean percentage (+SEM) of cells
expressing IL-6R in cultures not exposed to KSHV (light gray bar) or exposed to KSHV and either LANA- (dark gray bar) or LANA* (black bar).
(C) Mean percentage (+SEM) of IL-6R* cells as a function of LANA dots/cell for 4 tonsil donors. P value refers to Spearman correlation, which
was 0.878. (D) Mean (+SEM) fold change in levels of IL-6R expression was assessed by dividing the IL-6R MFI of individual LANA* groups by the
IL-6R MFI of LANA- cells. Only IL-6R* cells were analyzed. Data represent mean + SEM from 4 separate tonsil donors. P value refers to Spear-
man correlation, which was 0.686. (E) Mean (+SEM) fold change in percentage of blasting cells within LANA* population following exogenous

IL-6 treatment (40 ng/ml) of cells from 4 individual donors.

with uninfected (LANA") B cells. In contrast to our findings with
Ki67 and IgM, both the level and likelihood of CD27 expression
were approximately the same regardless of the number of LANA
dots/cell, indicating that CD27 expression did not correlate with
intracellular viral load. Of note however, between 7% and 36% of
LANA" cells were CD27", a finding that mirrors the phenotype of
KSHV-infected B cells in MCD (48).
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Inaddition to the overall increase in cell size (Figure 4A and Figure 6E),
we noticed that the nuclei of LANA" cells were larger (Figure 6E). A
hallmark of both normal and MCD plasmablasts is increased nucle-
ar-to-cytoplasmic (N/C) ratio. To assess the N/C ratio of the ex vivo
infected tonsillar B cells, we created MIFC software algorithms to
calculate the ratio of the area of the DAPI-stained nucleus to the
area of the bright field-defined cytoplasm (see Methods). We noted
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inter-tonsillar variability in the N/C ratio among the 6 tonsils we
examined, even though each demonstrated an overall increase in
both nuclear and cytoplasmic areas. In 2 of the tonsils, the N/C ratio
was essentially unchanged by the presence or absence of LANA dots.
In the remaining 4 tonsils, however, we observed a positive correla-
tion between the N/C ratio and intracellular viral load. LANA- cells
and LANA” cells with the lowest viral load (1-2 LANA dots/cell) had
similar N/C ratios, whereas cells with intermediate and higher viral
loads (3-4 and >5 LANA dots/cell) had N/C ratios that were at least
10% and 30% higher, respectively (Figure 6F). This positive correla-
tion suggested that, at least for these tonsils, KSHV induced this
phenotypic change. In summary, de novo infected B cells shared
phenotypic similarities with MCD plasmablasts, including prolifer-
ation and expression of Ki67, high levels of IgM, intermediate levels
of CD27, and, in most cases, an increased N/C ratio.

KSHV-driven plasmablasts are responsive to IL-6. Given the central
role of IL-6 in KSHV-associated disease (49, 50) as well as in nor-
mal plasmablast growth (51), we asked whether KSHV-infected
tonsillar B cells were capable of responding to this cytokine. We
first assessed the expression of IL-6R, a characteristic marker of
both normal and MCD plasmablasts (3, 51), by MIFC at 72 hpi.
Figure 7A shows representative images of IL-6R staining on LANA-
(left) and LANA (right) cells. The left panel of Figure 7B depicts
a representative histogram of IL-6R expression on LANA- and
LANA" cells from one tonsil donor. Quantitative characterization
of cells from each (4) tonsil donor consistently revealed that the
percentage of cells expressing IL-6R was similarly low on unin-
fected (LANA") cells, whether KSHV-unexposed (7.1%) or -exposed
(7.9%), whereas LANA" cells were significantly enriched for IL-6R
expression (69%) (Figure 7B). Moreover, the proportion of cells
demonstrating detectable IL-6R expression correlated positively
with viral load (Figure 7C). Furthermore, the level of expression
on individual IL-6R" cells similarly paralleled viral load. Figure 7D
shows a positive correlation between fold increase in IL-6R expres-
sion cells and increasing viral load, suggesting that KSHV infec-
tion led to upregulation of this receptor.

These results suggested that KSHV might confer enhanced
potential reactivity to the proliferative signal, IL-6, on infected
IgMA B cells. This change would be consistent with the poten-
tial role of KSHV in driving differentiation of susceptible B cells
toward a plasmablast phenotype, since normal human plasma-
blast differentiation involves IL-6 signaling (51). To test the func-
tionality of the KSHV-induced increases in IL-6R expression, we
added exogenous IL-6 to cultures following KSHV exposure and
assessed the cells for growth at 72 hpi as we had earlier (Figure 4).
IL-6 treatment resulted in a nearly 2-fold increase in the percent-
age of LANA" cells that were blasting compared with no treatment
(Figure 7E). We did not detect a significant difference in the per-
centage of dividing cells in most tonsil cultures at 72 hpi, but we
cannot rule out the possibility that division would be similarly
affected with different doses of IL-6 or at further time points
after infection. These data supported our observations that KSHV
induced a plasmablast phenotype in infected B cells and suggested
that IL-6 acted as a growth factor for KSHV-infected cells.

Discussion

The genotypic and phenotypic characteristics of tumor cells reflect
their origins, particularly for B cell neoplasms, in which transfor-
mation can halt cellular differentiation, leading to characteristic
morphology, Ig rearrangements, and protein expression patterns
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that are reminiscent of their pre-transformation phenotype (24). As
aresult, cancer biologists have made substantial efforts toward elu-
cidating the “normal” counterpart for many B cell tcumors to under-
stand how these cells became transformed (reviewed in ref. 25).
For the KSHV-associated B cell neoplasms PEL and MCD, studies
examining the above cellular characteristics have allowed investiga-
tors to deduce the particular stage of B cell differentiation at which
the transforming insult(s) might have occurred (4, 52). In the pres-
ent study, we sought to complement this deductive approach by
identifying the original cell type most likely targeted by KSHV and
capable of sustaining infection. Better characterization of this B
cell subset, we reasoned, would shed light on mechanisms of both
viral transmission and tumorigenesis.

KSHYV targets the IgMM\ subset of tonsillar B cells. Rather than infer-
ring the normal counterpart, we asked whether KSHV would sta-
bly infect a particular cellular subtype among a heterogeneous
population of human tonsillar cells cultured ex vivo. Our results
revealed that KSHV selectively established latent (LANA®) infection
nearly exclusively in IgMA B cells, a subpopulation that constitutes
approximately 20% or less of human tonsils. In the conditions of
our ex vivo experiments, we found, on average, evidence of LANA*
infection in approximately 1 in 25 of these IgMA B cells within a
given tonsil. Although we were unable in this study to determine
the qualities that might distinguish more precisely this smaller sub-
group of KSHV-susceptible cells, we empirically noted an associa-
tion between small tonsils and low/absent latent (LANA*) KSHV
infection. Since the tonsils that we obtained were deidentified, we
had no patient data pertaining to potentially different inflammarto-
ry (e.g., bacterial tonsillitis) states. Nevertheless, this simple obser-
vation led us to speculate that an activated inflammatory state
might increase susceptibility to LANA" infection. We will be inves-
tigating this possibility in another cohort in which we will also have
access to additional clinical data. Other factors that might explain
why we detected LANA" infection in only a small fraction of the
IgMA population could include increased susceptibility at different
stage(s) of the cell cycle or among a highly specialized subepithelial
subtype of IgMA cells (see below). Significantly, we did not find evi-
dence of latent (LANA") infection in the non-B cells (mainly T cells)
that constituted 30%-50% of the tonsillar cells in our cultures.

We are aware of no studies establishing phenotypic differences con-
ferred by A versus x light chain expression, much less suggesting why
KSHV might target the A over the k subset for latent (LANA®) infec-
tion. Ongoing studies in our laboratory are investigating potential
biological differences between these cell types. Of interest, however,
we did find evidence of a bystander effect of KSHYV infection on A B
cells, where approximately 30% of these cells were proliferative but
only 4%, on average, were LANA". Attygalle et al. also described pro-
liferation of A B cells in atypical tonsillar hyperplasia in the absence
of KSHYV infection (P.G. Isaacson, unpublished observation, and
ref. 53). In contrast to EBV and the related murine virus MHV-68
(54), KSHV binding alone did not appear sufficient to induce B cell
activation and proliferation, since we found that UV-inactivated
virus was unable to induce similar proliferation, although we did
not directly assess whether UV treatment might have affected bind-
ing. It is formally possible that the increased proliferation of LANA-
A B cells resulted from pre-latent (LANA dot-negative) infection.
Since KSHV entry and pre-latent transcription (e.g., PAN) is evident
throughout the culture, proliferation within LANA-A B cells might
indicate that only A B cells are able to respond to a component of
this program. Alternatively, A B cells might have enhanced sensitiv-
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ity to a paracrine effect resulting from KSHV infection of neighbor-
ing cells. Our preliminary data (not shown) suggest that A B cells, in
general, have a higher propensity to proliferate than x B cells. The
potential role of this proliferative response in the establishment
of KSHYV latent infection within B cells is the subject of ongoing
research in our laboratory.

In contrast to a previous report by Rappocciolo et al. in which
KSHYV infection of primary human B cells led to a 7-fold increase
in intracellular virions and secretion of approximately 60 virions/
B cell (17), we did not detect appreciable release of infectious viri-
ons or KSHV genomic DNA in the supernatant of infected tonsil-
lar B cells. Similarly, we saw no increase in the intracellular levels
of virus following infection. There are a number of key experi-
mental differences between this earlier study and ours that might
account for these distinct outcomes. First, Rappocciolo et al.
isolated CD19-expressing B cells by positive selection. We chose
negative selection (Figures 1 and 2) or none at all (Figure 3-7)
to minimize potential signaling events from CD19 ligation (55)
that might, in turn, alter the phenotype of the cells prior to or
after KSHYV infection. Second, Rappocciolo et al. used peripheral
blood B cells preactivated for 36 hours by CD40L and IL-4 for
most of their work, while we used exclusively tonsillar cells, omit-
ting CD40L and IL4 pretreatment. We focused on tonsil-derived
B cells, as we believe that they may represent the original target of
KSHYV transmitted via saliva. Third, it is possible that our tonsil
donors represent distinct clinical subpopulations with varying
susceptibility to KSHV infection. Finally, while Rappocciolo et al.
show nearly 100% viability maintained over 72 hpi, we found a
drop in viability to 50% by the same time, consistent with other
reports (40). We speculate that this viability difference might
reflect the effects of survival signals provided by CD40L and IL-4
activation in the Rappocciolo et al. study. Nevertheless, the dif-
ferences in the two sets of findings underscore the importance of
studying the role of activation signals in priming B cells for latent
versus lytic infection.

KSHYV infection and plasmablast differentiation. In addition to pro-
liferation, our data suggested that KSHV infection drove differen-
tiation of infected B cells toward a plasmablast phenotype highly
reminiscent of MCD. The de novo infected B cells in our study
were blasting, had an increased N/C ratio, and expressed high lev-
els of IgMA, as well as CD27, Ki67, and IL-6R. Previous studies
have shown that IL-6 can promote growth (51), differentiation
(56, 57), and survival (58, 59) of normal plasmablasts. Consistent
with these biological roles, IL-6 treatment of de novo infected ton-
sillar B cells also resulted in enhanced blasting of LANA* B cell
that surpassed the baseline effect of KSHV infection alone. As this
study, a snapshot at 72 hpi, revealed significant changes only in
the percentage of cells with blasting morphology, we could not
determine whether IL-6 was also capable of inducing further pro-
liferative changes. Future kinetic and IL-6 dosage effect studies
could provide more insight into this issue. Since clinical studies
to date have demonstrated only that the systemic high levels of
IL-6 present in MCD are responsible for clinical symptoms, this
is the first documentation, to our knowledge, of the effect of IL-6
on KSHV-infected B cells other than PEL. This finding supports
the hypothesis (3, 60, 61) that the lymphoproliferation of KSHV-
infected cells in MCD may be IL-6-driven.

Our findings revealed that KSHYV infection drove IgMA tonsil-
lar B cells to proliferate, as predicted by the Du et al. study, which
indicated that MCD plasmablasts lack evidence of clonal expan-
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sion, except in rare progressive instances of frank lymphoma (3).
We further showed that KSHV infection drove B cell differentia-
tion to the plasmablast stage, as also suggested by Du et al. (3).

IgM memory B cells are the likely target of KSHV latent infection.
Analysis by Du et al. also revealed that KSHV-infected cells carry
few somatic Ig mutations and lack biased usage of Ig heavy- or
light-chain family members that, if present, would have suggested
expansion of cells in a GC reaction (3, 62). Most PELs examined
to date are predominantly EBV-coinfected and show evidence of
somatic hypermutation (SHM) and often class switching, indicat-
ing that they most likely derive from a GC-experienced cell. How-
ever, the EBV- PEL line (BC-3) displayed no SHM, indicating that
they, like MCD B cells, likely derive from a GC-inexperienced B
cell (63). Furthermore, previous work has shown that EBV-/KSHV*
PEL cells can express the A light chain (4), and, according to our
unpublished observation, at least one EBV- PEL line, BCBL-1,
expresses IgM as well. It is therefore tempting to speculate that, in
the absence of EBV infection, KSHV may also drive PEL formation
from a GC-inexperienced, IgMA B cell.

Previously, IgM* B cells that lacked evidence of somatic hyper-
mutation were assumed to be naive, and, prior to the present
study, most characterizations of KSHV-infected neoplasms have
concluded with the prediction that KSHV might originally target
naive B cells for infection. While we do not have direct experimen-
tal evidence to the contrary, recent descriptions of a newly defined
B cell subset suggest an alternative hypothesis. This subset, termed
IgM memory B cells, is present in the spleen, blood, and tonsil and
shares phenotypic similarities with murine marginal zone B cells
(64-66). IgM memory B cells provide an immediate line of defense
against pathogens by rapidly proliferating and secreting antibody
after stimulation by oral or blood-borne pathogens. This propensi-
ty for activation and proliferation makes them a potentially attrac-
tive target for a virus that utilizes host cell division as a means of
propagation. Furthermore these cells can circulate throughout the
body (65), providing a potential modality for KSHV to spread to
other sites within the host. IgM memory B cells express CD27 and
high levels of IgM, and, in contrast to class-switched memory B
cells, Ig gene sequencing of IgM memory B cells reveals that a por-
tion of this population has unmutated Ig genes (65), as do MCD
plasmablasts. IgM memory B cells are also located in the subepi-
thelial region of the tonsil (67), the same region where Chagas et
al. consistently found evidence of KSHV infection (21). Interest-
ingly, this subset represents approximately 1%-2% of tonsillar B
cells (67), anumber close to the frequency of infection that we find
in ex vivo tonsil cell suspensions.

Chadburn et al. found that KSHV-infected cells in MCD and PEL
lesions express a transcription factor profile (PRDM1*, IRF4*Bcl-6-
Pax5°) that indicates the cells are pre-terminally differentiated plas-
mablasts (4). Jourdan et al. (68) recently found that a similar tran-
scription factor profile developed during in vitro differentiation
of memory B cells (IgM memory and class-switched memory) into
plasmablasts. In their system, a significant fraction of the memory
B cells reached the early or late plasmablast stage by the fourth day
of culture, concomitant with upregulation of IgM, a high level of
Ki67 expression, and loss of CD27 expression on a fraction of the
cells (68). These findings indicate that IgM memory B cells become
IgMPi, Ki67+, and variably CD27* during plasmablast differentia-
tion and suggest that the KSHV-infected plasmablasts present in
MCD lesions, as well as in the cultures in the present study, could
derive from IgM memory B cells, rather than naive B cells. If the tar-
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get of latent KSHV infection in tonsillar cultures were [gM memory
B cells, and the virus were able to provide NF-«B signals that sub-
stitute for those the B cell normally requires for differentiation (as
previous studies have suggested; refs. 69-73), it is conceivable that
infected cells would show an early plasmablast phenotype 3-4 days
after exposure to KSHV-infection — an observation we have made
in this study. The alternative model involving KSHV infection of
naive B cells is less attractive, since plasmablast differentiation from
this early stage would likely not be evident by 72 hpi (74). Further-
more, the lack of association between CD27 levels and increased
viral load in our study argues against the alternative, which would
be upregulation of CD27 on a naive B cell infected by KSHV.
Definitive determination of whether KSHYV specifically targets
IgM*CD27* memory B cells, as opposed to inducing CD27 expres-
sion on naive B cells, would require side-by-side exposure of sorted
CD27* and CD27- B cells from the same tonsil, followed by direct
comparison of infection rates. This experiment would require liga-
tion of the B cell receptor (IgM), which activates B cells, as well as
CD27 ligation, which may be involved in plasma cell differentiation
(75). While future work in our laboratory will concentrate on this
type of investigation, in the current study we purposely focused on
characterizing KSHV infection in a minimally manipulated tonsil-
lar B cell system, potentially avoiding the confounding effects of
activation on KSHV tropism and B cell post-infection phenotype.
Based on (a) the location of KSHV* cells in the subepithelial
region of human tonsils (21), (b) the phenotypic subtleties shared
by MCD B cells (3, 4, 62), ex vivo infected tonsillar B cells, and
the recently described IgM memory B cells (65, 68, 76), and (c)
the similar frequencies of tonsillar IgM memory B cells (67) and
KSHV-susceptible tonsillar B cells, we hypothesize that KSHV
latently infects IgM memory B cells derived from the subepithelial
region of the tonsil, rather than naive B cells. B cells with a mem-
ory phenotype are preactivated and primed to quickly respond to
potential pathogen signals by proliferating and further differenti-
ating into antibody-secreting cells. Infection of this cell type would
provide a latent virus with an immediate means of amplification
(through cellular proliferation) and dissemination (via circulation
of these cells throughout the host) as well as facilitating the even-
tual production of virions (by XBP-1 induction) if and when the
cell terminally differentiated into a plasma cell (52,77, 78).
Intracellular viral load and degree of B cell differentiation. Based on
lower expression of Ki67 and the presence of obvious surface Ig,
we found the de novo infected B cells at 3-4 dpi to be slightly less
differentiated than MCD plasmablasts, which contain primarily
cytoplasmic Ig and are more proliferative (68). MCD plasmablasts
are, in turn, less differentiated than PEL cells, which express the
plasma cell marker CD138 and contain no surface Ig. Therefore,
we propose a spectrum for KSHV-infected B cell differentiation
that positively correlates with intracellular viral load, where de
novo infected B cells are the least terminally differentiated and
contain the fewest number of viral genomes, evidenced by the low
number of LANA dots/cell (mean of 1.7 dots/cell in our study);
MCD B cells are then intermediate in both parameters (79); and
PEL are the most differentiated, as well as highly transformed, and
have the highest intracellular viral load (79). In support of this
theory, we found a correlation within de novo infected tonsillar B
cells between intracellular viral load (LANA dots/cell) and plasma-
blast markers (IgM", Ki67, IL-6R) expressed on MCD B cells. This
correlation suggests that KSHV infection drives B cell differentia-
tion toward the plasma cell stage. Since full plasma cell differentia-
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tion, and accompanying XBP-1 expression, however, would likely
drive KSHV infection from latency to lytic replication (77, 78), we
predict that KSHV employs a mechanism for controlling the final
stages of plasma cell differentiation in order to maintain a latent
state during most of its life cycle.

Methods
Cell culture and KSHV preparation. KSHV-positive BCBL-1 cells were grown at
37°Cand 5% CO, in RPMI medium supplemented with RPMI 1640 media
(GIBCO, Invitrogen) and 10% FBS, 10 mM HEPES (pH 7.5), 100 U/ml peni-
cillin, 100 ug/ml streptomycin, 2 mM L-glutamine, 0.05 mM f-mercaptoeth-
anol, and 0.02% (wt/vol) sodium bicarbonate as previously described (80).
HeLa cells (ATCC) were grown in DMEM (GIBCO) supplemented with pen-
icillin-streptomycin and 10% fetal bovine serum. KSHV virion production
in BCBL-1 cells was induced with 0.6 uM valproic acid (2-propylpentanoic
acid). Seven to 8 days after induction, KSHV virions were purified by cen-
trifugation as described previously (80). In brief, virus was concentrated by
centrifugation through 20% sucrose in TNE (10 mM Tris [pH 7.4],200 mM
NaCl, 1 mM EDTA pH 7.4) cushion (17,696 g for 3 hours in a Sorvall
SLA-3000 rotor) from media precleared of cellular debris. Infectious titer
was determined as LANA dot-forming units by serial dilution infection
of HeLa cells in the presence of Polybrene as previously described (39).
Inactivated KSHV was prepared by incubating viral stocks with 10 mJ/cm?
UV light for 10 minutes as previously described (39).

Isolation of tonsillar cells. Deidentified tonsils were obtained from the Bio-
repository and Tissue Research Facility following routine tonsillectomy of
patients at the University of Virginia medical center. The use of deidenti-
fied samples is exempt from review by the IRB of the University of Virginia.
Necrotic and cauterized tissue was removed, and viable tonsil tissue was cut
into pieces approximately 200 mm x 200 mm and teased apart to release ton-
sillar cells in a solution of 1x PBS/2% FBS/2 mM EDTA. The suspension of
2 x 10° cells was passed through a size 60 mesh screen, washed, and centri-
fuged over Lympholyte-H (Cedarlane Labs) to isolated viable cells. Cells were
immediately exposed to KSHV (or UV-KSHV) and cultured or were cryopre-
served in a solution of 10% DMSO, 30% FBS, 60% RPMI. For isolation of B
cells, tonsil suspensions were incubated with 150 ml RosetteSep B Cell Enrich-
ment Cocktail (Stem Cell Inc.), 450 ml RosetteSep CD3 Depletion Antibody
Cocketail (Stem Cell Inc.), and approximately 2 x 10'* heterologous red blood
cells for 20 minutes before centrifugation over RosetteSep-DM media. Cells
were washed and remaining red blood cells lysed at 37°C for 5 minutes with
ACK lysis buffer (0.15 M NH4Cl, 10 mM KHCOs3, 0.1 mM Na,EDTA in dis-
tilled H,O), washed again, and used immediately or cyropreserved.

Infection and culture of tonsillar cells. Tonsil cell suspensions or isolated B
cell suspensions at 1 x 107 cells/ml were incubated for 2 hours at 37°C
with 5 x 107 to 1 x 10% infectious units of KSHV/ml in RPMI/2% FBS,
resulting in an MOI of 5-10. For most experiments, the KSHV inocu-
lum was left in the media, and complete RPMI for primary cells (without
B-ME, containing 5 mg/ml amphotericin B [Invitrogen]) was added to
achieve a final cell concentration of 2 x 106/ml. IL-2 (Tecin, AIDS Research
and Reference Reagent Program NIAID, NIH) and IL-4 (R&D Systems)
were added at final concentrations of 10 U/ml and 100 U/ml, respectively.
For experiments quantifying KSHV genomic DNA and RNA, cells were
washed 3 times with 5 volumes 2% FBS/RPMI before being resuspended in
complete B cell media. In some experiments, IL-6 (R&D Systems) was also
added 12-18 hpi at a final concentration of 40 ng/ml. For DNA and RNA
experiments, cryopreserved cells were thawed and rested at least 4 hours
before exposure to KSHV and infected at an MOI of 10. For all
immunostaining experiments, freshly isolated tonsillar cells were used to
minimize autofluorescence and infected at an MOI of 5 to conserve viral
preparations. For long-term culture of B cells after KSHV infection (or
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Table 1
Primers and probes

Primer/probe Sequence

qORF73F 5'-TACTTTACCGGTGGCTCCCA-3'
gORF73R 5'-GGGTAAGAGTGCCGGTGGA-3'
qORF73probe 5'-FAM-CACCCGCTCCCGCAACACCTTTAC-BHQ1-3’

gqHuGAPDH_120F
gqHuGAPDH_203R

5'-GAAGATGGTGATGGGATTTCCA-3'
5'-GATTCCACCCATGGCAAATT-3'

gPAN-RNA-F 5'-TCTGCTCATTCGTTGTTTCG-3'
qPAN-RNA-R 5'-GCTTCACAACGCACCAATAA-3
qPAN-probe 5'-FAM-CGGATTGAGTGTAAATCGGG-BHQ1-3'

mock infection), cultures were transferred onto a layer of CD40L-trans-
fected NIH-3T3 fibroblasts (gift from Eugene Barsov, NIH/National Can-
cer Institute, Bethesda, Maryland, USA) that had been treated for 2 hours
with 4 mg/ml mitomycin C (Roche).

Quantification of cell-associated and internalized KSHV genomes. After incuba-
tion of cells with KSHV at an MOI of 10 for 2 hours, 5 volumes RPMI/2%
FBS was added, and the cells were centrifuged at 300 g for 8 minutes. Cells
were then washed 3 times with 5 volumes of RPMI/2% FBS and then cul-
tured in complete RPMI for primary cells for the remainder of the experi-
ment, or, to quantify internalized KSHV, surface-bound virus was removed
by treatment of cells with 0.25% trypsin/2.69 mM EDTA at 37°C for
S minutes (36). Cells were then washed twice with 5 volumes of serum-free
RPMI before DNA was extracted and amplified by gPCR.

Total DNA was extracted from 1 x 10® human tonsillar B cells by over-
night digestion with proteinase K, followed by phenol-chloroform extrac-
tion and ethanol precipitation, with glycogen carrier to aid recovery (Gly-
coblue, Ambion). KSHV genomic copy numbers were assayed in triplicate
by real-time PCR (Tagman Universal PCR Master Mix, Applied Biosystems)
using primers and hydrolysis probe specific to the ORF73 coding sequence,
as detected by an ABI Prism 7900 HT instrument at the University of Vir-
ginia Biomolecular Research Center. Quantification was based on serial
dilution of a plasmid bearing the ORF73 coding sequence, pcDNA3-LANA.
Approximately 35 ng of total DNA was assayed per reaction, as estimated
by absorbance at 260 nm, and all samples were normalized for total input
based on a parallel assay using primers specific for the human GAPDH
coding sequence, and SYBR dye for visualization (SYBR Green PCR Master
Mix, Applied Biosystems). Relative GAPDH levels were then used to gener-

Table 2
Antibodies and fluorophores used for MIFC
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ate a normalization factor for each extracted DNA sample relative to the
average for the experiment. Normalized KSHV genomes per 35 ng of total
extracted DNA were then further converted to relative copies per 1,000
cells by an estimate of 9 pg of genomic DNA per cell (81-83). Standard
deviation of the absolute viral genome copy number across triplicate wells
was propagated through these normalization calculations. Primers and
probes used in these assays were synthesized commercially (Eurofins MWG
Operon, Biosearch Technologies Inc.) and are listed in Table 1.

Quantification of KSHV RNA. Total RNA was extracted from 5 x 10°
human tonsillar B cells using Tri-Reagent (Ambion) in accordance with
the manufacturer’s protocol. Residual DNA was removed from samples
by treatment with TURBO-DNAse (Ambion), and 0.5-1.0 ug total RNA
per condition was converted to first-strand cDNA using oligo-dT prim-
ers by means of the RETROscript reverse transcription kit (Ambion),
according to the manufacturer’s protocol. Diluted cDNA equivalent to
5-20 ng of total input RNA, or equivalent no-RT controls, was assayed in
triplicate by quantitative real-time PCR on an ABI Prism 7900HT instru-
ment (Applied Biosystems). Specific viral transcripts were detected by
hydrolysis probes (Tagman Universal Master Mix, Applied Biosystems),
using primers and probes listed in Table 1. Quantification was based on
standard curves of plasmids bearing the target DNA sequences (QPCR-
TOPO-PAN, qPCR-TOPO-hGAPDH, pcDNA3-LANA). All PAN transcript
levels were normalized to GAPDH, as assayed from dilutions of the same
cDNA templates, but utilizing a DNA dye-based detection (SYBR-Green
PCR Master Mix, Applied Biosystems).

Immunostaining. To identify cells that were viable at the time of collec-
tion, cells were pretreated with 200 mg/ml DNase I for 20 minutes (41)
before fixation with 3% freshly opened methanol-free formaldehyde/0.03 M
sucrose for 15 minutes at room temperature. Cells were washed with PBS
and permeabilized with ice-cold MeOH for 10 minutes on ice. After washing
with PBS, staining was performed in staining buffer (1% fetal calf serum,
0.09% sodium azide in PBS) at room temperature. Nonspecific staining
was blocked with 5 mg/ml purified rat IgG (SouthernBiotech). Cells were
labeled at room temperature with antibodies listed in Table 2. When anti-k
(SouthernBiotech) was used, cells were labeled with anti-A in a separate
step to avoid cross-reactivity. Cells were washed twice and resuspended in
PBS with 0.1 mg/ml DAPI for 5 minutes. Cell suspensions were filtered and
resuspended in PBS before analysis by MIFC (Imagestream-100, Amnis).

MIFC. MIFC was performed by collecting 50,000 events per sample
to identify LANA dot* cells as previously described (27) with modifica-
tions. The new EDF modification (31) was used for all analyses. Table 3

Target Fluorophore Source Species Dilution Imagestream
channel

LANA Alexa Fluor 488 Advanced Mouse 1gG1 1:1,500 Channel 3

(conjugated, Molecular Probes) Biotechnologies Inc.
A Biotin SouthernBiotech Goat F(ab), 1:400 Channel 6
Streptavidin Alexa Fluor 647 Molecular Probes 1:500 Channel 6
K PE SouthernBiotech Goat F(ab), 1:100 Channel 4
K PE BD Mouse 1gG1 1:100 Channel 4
CcD27 PE Invitrogen Mouse 1gGo, 1:20 Channel 4
IgM Alexa Fluor 647 Molecular Probes Goat 1:100 Channel 6
IL-6R Biotin eBioscience Mouse IgG1 1:20 Channel 5
Streptavidin PE-Texas red Invitrogen 1:500 Channel 5
Ki67 Alexa Fluor 647 eBioscience Mouse 1gG1, 1:20 Channel 6
Nuclei DAPI Sigma-Aldrich 0.5 mg/ml Channel 2
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Table 3

Description of MIFC parameters

Parameter IDEAS feature Detail
Single cells Area_Ch1 <300 um?
Single cells Aspect_Ratio_Ch1 0.45-1
Focused cells Gradient_RMS_Ch5 200-400
Focused cells Contrast_Ch5 <20
Viable cells Intensity_Ch2 DAPI bright population chosen
Single nuclei Aspect_Ratio_Intensity_Ch2 0.6-1
LANA dots Nuclear mask Morphology mask of DAPI image,

or DAPI image mask eroded by 1 pixel
LANA dots Spot mask Bright; spot/cell background, 7-10; radius, 3-4
LANA dots Peak mask Spot/cell background, 1.5-2
LANA dots Range mask Area, <15 um?
LANA dots Spot count For spots defined by combining above

4 mask features into 1 mask

LANA spots Intensity_MC_Ch3 >500
DNA content Intensity_M2_Ch2 Individual values vary, 1x and 2x populations
Cell size/area Bright-field mask (M5) Area_M5
N/C ratio DAPI images mask Area_M2
N/C ratio “Cytoplasm mask” Bright-field mask (M5) and not nuclear mask
N/C ratio Cytoplasm area Area_“Cytoplasmic mask”
N/C ratio Combined feature mask Area_M2/Area_“cytoplasmic mask”

mask, which defined the area of
interest and excluded any potential
non-nuclear signal. We then added a
spot mask to the nuclear mask. Spot
masks are initially created by IDEAS
software by an image-processing step
that erodes all but the brightest areas
of an image and are then refined by
the user. For LANA dots, we chose to
define spots as at least 7-fold brighter
than background and having a radius
of 3 pixels or greater. We then applied
a peak mask to the spot mask, which
identifies areas in the image with local
bright maxima and set a spot/back-
ground criteria of 1.5 or 2, depend-
ing on the experiment. This feature
helps resolve adjacent spots. For some
analyses, we further defined the spot
mask with a range mask to exclude
spots greater than 15 um?, although
the improvement upon spot counting

lists all parameters measured in this study, the IDEAS software (Amnis)
feature(s) used, and further details about inclusion of cells or measure-
ment of values within that feature. IDEAS 3.0 was used to analyze all
samples. Actual images and data plots, however, were generated using
IDEAS 4.0 for improved resolution.

The Intensity feature measures the sum of the background-subtracted
pixel values within an area of an individual image. Intensity features are
given with the mask to which they are confined. For example, Intensity_
MC_Ch3 is the intensity of background-subtracted pixels detected in chan-
nel 3 within the MC, or combined, whole cell mask. Default masks are
represented by M, with MC representing a combined mask for all measured
parameters, whereas numbers (e.g., M2) represent masks based on signal
from a specific channel (e.g., channel 2).

To identify single cells, we plotted area by aspect ratio of channel 1,
which is a parameter similar to side scatter in conventional flow cytom-
etry. Area is equal to the number of micrometers squared in a given mask.
To determine area, IDEAS software converts the number of pixels to um?
(1 pixel = 0.25 um?). Aspect ratio describes the shape of a cell is and is the
ratio of the longest to the shortest dimensions of a best-fit ellipse drawn
around the image. We drew a gate around cells as described in Table 3 and
visually inspected the cells that we had included to confirm that they were,
in fact, nearly all single cells.

To isolate cells that were in focus, we plotted the gradient root mean
squared (RMS) x contrast of the bright-field images. Both features measure
the sharpness of an image based on detection of large pixel value changes,
but they use different weighted assignments to the pixel arrays to do so. We
drew a gate around cells as described in Table 3 and visually inspected the
cells that we had included to confirm their image quality.

To identify viable cells, we plotted the intensity of the DAPI signal by
the aspect ratio of DAPI intensity (the latter of which further assisted in
elimination of doublets). Because nonviable cells were permeable to DNase,
they stained dimly with DAPI and were easily discernible from the brighter
viable cells. We drew a gate around cells as described in Table 3.

To determine the number of LANA spots/cell, we applied the IDEAS
Spot Count feature to a combined mask that was based on a nuclear
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without the range mask was minimal.

We then plotted the spot count by the

intensity of LANA signal and gated all
cells that had at least one spot and had greater than 500 intensity units,
calling them LANA". The final combined spot mask and spot counting
were tested for accuracy by visual inspection of this LANA* population.
In some experiments, the spot masks were altered very slightly as repre-
sented in Table 3 to more rigorously define spot size, spot/background
ratio, or nuclear area. This was done to reduce background signal in cul-
tures that were not treated with KSHV, and the modified algorithm was
applied to the corresponding KSHV-exposed samples to maintain a con-
sistent measure within independent experiments.

To determine the N/C ratios for individual cells, we created our own
“cytoplasmic mask” by subtracting the nuclear mask from the entire
bright-field image mask. We then created a combined feature to divide
the area of the nuclear mask by the area of the cytoplasmic mask to give
a single value for each cell. We report the mean values for each popula-
tion of cells in our results.

Assessment of proliferation by EAU incorporation. 2 x 10 KSHV-exposed or
unexposed tonsillar cells/ml were cultured in 24-well plates in the presence
of 2 uM of the nucleoside analog EdU (Invitrogen). At the time of harvest,
cells were treated with DNase as described above and fixed with 3% metha-
nol-free formaldehyde for 20 minutes. Cells were washed with PBS and
permeabilized with ice-cold 100% MeOH. After washing with PBS contain-
ing 1% BSA and 0.09% sodium azide, cells were labeled with 200 wl Click-IT
Pacific Blue Reaction cocktail (Invitrogen) for 30 minutes. After wash-
ing, cells were additionally labeled with FITC-conjugated anti-A (BD) and
PE-conjugated anti-k (BD) antibodies for 30 minutes. After washing, cells
were incubated with 500 mg/ml RNase A and 25 mM DRAQS (BioStatus
Ltd.) and run on a CyAn ADP 9 Color flow cytometer (Beckman Coulter).

Statistics. Paired, 1-tailed ¢ tests were performed on all matched sam-
ples, and P values indicate results of paired ¢ test analysis except where
otherwise indicated. For analyses with more than 2 groups, we used
either 1-way ANOVA or, for analysis of correlation between increas-
ing viral load and cellular phenotype, a Spearman correlation test. The
results of these last two types of analyses are stated in the legends. For
all analyses, P values less than 0.05 are given. P values greater than 0.05
were considered insignificant.
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