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Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV), also referred to as human herpesvirus-8 (HHV-8), is a tumor causing virus. KSHV is the
cause of several disease conditions known as Kaposi’s sarcoma, multicentric Castleman disease, and primary effusion lymphoma. Cell culture
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upernatants from KSHV infected hematopoietic cells induced angiogenic tubule formation to a significantly greater extent than
ematopoietic cells. Raman spectrum profiles were generated to differentiate the uninfected from KSHV infected cells. In gener

rom all the hematopoietic cells shared similar peaks; however, the relative abundance of specific components varied significan
he cells. Subsequent use of the multivariate analysis of the Raman spectra revealed significant differences between the uninfe
SHV infected cells. Taken together, this study reports the use of Raman tweezers to distinguish and analyze the biological re
SHV infected cell signaling.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV/HHV-
) is associated etiologically with Kaposi’s sarcoma, multi-
entric Castleman disease, and primary effusion lymphoma
Chang et al., 1994). Since its discovery in 1994, the entire
irus genome has been sequenced successfully (Neipel et
l., 1997; Russo et al., 1996). Raf has been identified as an
ncogene in a variety of human cancers (Davies et al., 2002;
arasarides et al., 2004; Kimura et al., 2003; Mercer and
ritchard, 2003). Constitutive activation of the components

Ras/Raf) of the MAPK pathway of signaling has been asso-
iated with a variety of tumors; including AIDS-related KS
Faris et al., 1996). Oncoprotein Raf enhances KSHV infec-
ion of target cells (Akula et al., 2004); more importantly, Raf
lso regulates expression of vascular endothelial growth fac-

∗ Corresponding author. Tel.: +1 252 744 2702; fax: +1 252 744 3104.
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tor (VEGF) (Ensoli et al., 2001; Hamden et al., 2004, 20
Weinstein-Oppenheimer et al., 2002); VEGF is a key factor in
KSHV mediated pathogenesis due to its role in angioge
(Ensoli et al., 2001).

The three principal features of KS tumors are an
genesis, inflammation, and proliferation (Gallo, 1998). In
a study concluded recently, KSHV infected hematopo
cells (BCBL-1 and BC-1 cells) were demonstrated to exp
elevated levels of B-Raf kinase activity and VEGF when c
pared to uninfected BJAB cells (Akula et al., 2005). Inhibition
of either B-Raf or VEGF expression in BCBL-1 and BC
cells by small interfering RNAs (SiRNA) lowered spec
cally the ability of cell culture supernatant to induce tub
formation in endothelial cells (Akula et al., 2005). However
knowledge of the role for KSHV infection of these cells
mediating angiogenic tubule formation is lacking. Hence
this study the ability of cell culture supernatants derived f
uninfected and KSHV infected cells to support tubule for
tion in endothelial cells was compared. In addition, Ra

166-0934/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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tweezers was used to delineate the differences between the
uninfected and KSHV infected cells.

2. Materials and methods

2.1. Cells

BCBL-1, BC-1, and BJAB cells were cultured in phe-
nol red-free RPMI medium (Invitrogen, Carlsbad, CA, USA)
containing 5% charcoal stripped fetal bovine serum (FBS)
(Atlanta Biologicals Inc., Lawrenceville, GA, USA),l-
glutamine, and antibiotics as per standard protocols (Akula et
al., 2005). Dermal microvascular endothelial cells (HMVEC-
d; CC-2543, Clonetics) were propagated in EGMTM MV-
microvascular endothelial cell medium (Clonetics) as per
standard protocols (Akula et al., 2002). The passage num-
ber for HMVEC-d cells used in this study ranged between 5
and 9.

2.2. Reverse transcriptase PCR (RT-PCR)

RT-PCR to monitor KSHV infection of cells was carried
out according to standard protocols mentioned earlier (Akula
et al., 2004).
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the different target cells were acquired using a spectrograph
(Triax 320, Jobin Yvon Ltd., Edson, NJ) equipped with a
liquid nitrogen cooled CCD detector. Raman signal was col-
lected in the spectral interval from 400 to 2100 cm−1 with a
resolution of 6 cm−1. Spectral acquisition for each cell was
performed with a collection time of 60 s, 20 mW at 780 nm.
All the cells analyzed by this procedure were suspended in
RPMI containing 5% FBS. Each individual cell was held in
the laser beam and elevated from the cover slide about 10�m
to reduce the Brownian motion of the cell during the Raman
acquisition and to reduce the fluorescence background from
the glass cover slide. The Raman spectra of 20 cells were
acquired for each cell type. Fresh samples were used after
acquisition of data for 10 cells. The background was recorded
with the same acquisition conditions without trapping cells.
Following spectral acquisition, the background signal origi-
nating from the cover slide and the surrounding medium was
subtracted from all the spectra. The subtracted spectra were
calibrated with the spectral response function of the Raman
system.

2.5. Multivariate analysis of Raman spectra

To analyze the Raman spectra obtained from the
hematopoietic cells, multivariate statistical technique of the
principal component analysis (PCA) was used as per standard
p o-
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.3. In vitro angiogenesis assay

The formation of capillary tube-like structures
MVEC-d cells was analyzed on tumor-derived basem
embrane matrix (Matigel, Discovery Labware, Bedfo
A). Ninety-six-well culture dishes were coated with 80�l
er well of Matrigel on ice. Matrigel was allowed to polym

ze for 30 min at 37◦C. HMVEC-d cells were trypsinized an
ashed once in growth medium at 400×g, 10 min, +4◦C.
he cells were washed again in 10 ml of RPMI. These
1× 104) were resuspended in 100�l of RPMI containing
% FBS, RPMI containing 2% FBS and 5 ng ml−1 of VEGF
R&D Systems, Inc., Minneapolis, MN), or test samples
ere seeded into respective Matrigel-coated wells. The
amples included the conditioned medium obtained
CBL-1, BC-1, and BJAB cells. Conditioned medium ref

o medium (RPMI containing 2% FBS) collected 48 h p
ulturing cells. After 16 h incubation at 37◦C, the cells wer

abeled with calcein AM (Invitrogen) as per the manu
urer’s recommendations. Endothelial tubule formation
he cells was observed under an Olympus IMT-2 inve
icroscope and tubular structures were scored by cou

he number of tubules in each well (Liu et al., 2002). Tubules
horter than 100�m were excluded from the measureme

.4. Raman tweezers, spectra acquisition, and data
rocessing

A detailed description of the Raman tweezers is prov
n the legend forFig. 1(Xie and Li, 2003). Raman spectra fo
rotocols (Huang et al., 2004). Briefly, the spectral data pr
essing involved taking the first derivative of the Raman s
ra, performing normalization, and using the 600–1800 c−1

pectral region for further PCA using the Matlab 6.5, P
oolbox. Normalization is scaling of the spectra to achie
onstant area under the spectroscopic curve, for better
arison. The scores of the first three principal compon
ere used to discriminate the uninfected and infected c

n the process of doing PCA analysis, 15 cells were us
orm a training group for building eigenvectors and ca
ating the associated scores. The extra five cells of eac
ype were then used as the testing group to validate the
nalysis.

. Results

First, reverse transcriptase-PCR (RT-PCR) was un
aken to confirm KSHV infection of the above cells and
liminate possible cross contamination of cells. There
o ORF73 expression in BJAB cells, while both BCB
nd BC-1 cells expressed ORF73 indicating KSHV in

ion of cells (Fig. 2). No detectable signal was observed w
eactions carried out in the absence of RT or with no
late (Fig. 2), demonstrating the specificity of the RT-P
erformed.

Second, the ability of cell culture supernatants der
rom the above hematopoietic cells to support angio
sis on a Matrigel was tested (Ito et al., 2003). The for-
ation of capillary tube-like structures by HMVEC-d ce
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Fig. 1. Raman tweezers. The combined laser tweezers and Raman spectroscopy instrument possesses a laser beam at 785 nm from a wavelength-stabilized,
beam shape-circulated semiconductor diode laser that is introduced into an inverted microscope (Nikon 2000S) through a high numerical aperture objective
(100×, NA = 1.30) to form an optical trap. The same laser beam can be used to excite Raman scattering of the trapped particle. The scattering light from the
particle is collected by the objective and coupled into a spectrograph through a 200�m pinhole, which enables confocal detection and rejection of off-focusing
Rayleigh scattering light. A holographic notch filter is used as a dichroic beam splitter that reflects the 785 nm excitation beam and transmits the Raman shifted
light. A green-filtered illumination lamp and a video camera system are used to verify trapping and observe the image of the cell. The spectrograph is equipped
with a liquid-nitrogen-cooled charge-coupled detector (CCD). The spectral resolution of our confocal Raman system is about 6 cm−1.Abbreviations: M, mirror;
L, lens; DM, dichroic mirror; PH, pinhole; HNF, holograph notch filter.

on the tumor-derived basement membrane matrix, Matrigel
was considered as the yardstick to monitor angiogenesis.
HMVEC-d cells grown on Matrigel supplemented with con-
ditioned medium from BCBL-1 and BC-1 cells significantly
induced angiogenic tubule formation when compared to those
obtained from BJAB (Fig. 3A–C). Tubule formation in cells
was observed when grown in RPMI supplemented with 2%
FBS and 5 ng ml−1 of VEGF (data not shown), when com-

Fig. 2. BCBL-1 and BC-1 cells are infected while BJAB is uninfected.
KSHV infection of target cells was monitored by RT-PCR to detect expres-
s riefly,
t
m viral
R tion,
t arose
g

pared to those grown in RPMI supplemented with just 2%
FBS (Fig. 3D and E). Conditioned medium obtained from
BJAB cells also induced tubule formation in HMVEC-d cells
grown on Matrigel, but the length of the tubules were shorter
and less pronounced (Fig. 3C and E). Overall, the cell cul-
ture supernatant from KSHV infected cells induced tubule
formation to a significantly greater extent when compared to
uninfected cells.

Finally, Raman tweezers was used to obtain the finger-
prints of these cells by measuring the vibrational energy levels
without chemically interfering. As Raman tweezers is not a
familiar technique to virologists/biologists; a brief descrip-

Table 1
Raman bands for human B cells and their assignments

Bands (cm−1) Assigned component

1663 Amide I
1612 Trp/Tyr/Phe
1581 Nucleic acids (A, G)
1452 Lipid/P ( CH; def)
1343 Nucleic acids (A, G; def)
1320 Nucleic acids (A)
1254 Amide III
1128 C N
1096 DNA:BK
1032 Phe
1004 Phe

A ed
v e.
ion of ORF73 (encodes for latency associated nuclear antigen). B
arget cells were washed twice in RPMI and incubated at 37◦C in growth
edium. After 48 h, total RNA was isolated from cells and examined for
NA transcripts by RT-PCR. At the end of 35 cycles of PCR-amplifica

he products (ORF73-307 bp; actin-838 bp) were resolved in a 1.2% ag
el and stained by ethidium bromide.
934 DNA:BK
852 Tyr
782 Nucleic acids (C, T)
728 Adenine

bbreviation: P: protein, BK: the backbone of DNA, def: the deform
ibration of the C H bond due to the local micro-environmental chang
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Fig. 3. Conditioned medium from KSHV infected cells induced significantly greater number of tubule formation on Matrigel. HMVEC-d cells cultured on
Matrigel-coated wells were analyzed for the ability to form tubules when grown for 16 h in conditioned medium obtained from (A) BCBL-1, (B) BC-1, (C)
BJAB cells, and (D) RPMI containing 2% FBS, respectively. Representative illustrations (A–D) are at a magnification of 40×. (E) The tubular structures were
scored by counting the number of tubules formed by HMVEC-d cells in each well when grown in conditioned medium from culturing various target cells. Each
reaction was done in triplicate, and each point represents the average± S.D. of three experiments. Average values on the columns with different superscripts
are statistically significant (P< 0.05) by least significant difference (L.S.D.).
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Fig. 4. (A) Raman spectra for different hematopoietic cells. The Raman spectra of different target cells in growth medium (RPMI containing 5% FBS) at 22◦C
was acquired. The spectra are an average of data from 20 cells. Cell type N1, N2, and N3 represent BCBL-1, BC-1, and BJAB, respectively. The respective
cell for each spectrum is illustrated to the right (100× magnification). (B) Multivariate analysis of Raman spectra differentiates KSHV infected (BCBL-1 and
BC-1) from uninfected (BJAB) hematopoietic cells. Multivariate statistical technique of PCA was used as per standard protocols (Huang et al., 2004). Cell
type: N1 represents BCBL-1 ((©) training cells, (�) testing cells); N2 for BC-1 ((�) training cells, (�) testing cells); N3 for BJAB ((�) training cells, (�)
testing cells). The outermost gray ellipsoids represent 90% confidence intervals for the three clusters.

Table 2
Summary of the biochemical and spectroscopic analyses of the hematopoietic cells

Cell type KSHV EBV B-Raf ERK VEGF Tubule formation Intensities of Raman bands (1004, 1093, and 1664 cm−1)

BCBL-1 + − ++++ ++++ ++++ ++++ ++++
BC-1 + + ++++ ++++ ++++ ++++ ++++
BJAB − − ++ ++ ++ ++ ++

Note: (+) and (−) indicate positive and negative for KSHV infection, respectively. Data provided is based on our previous (Akula et al., 2005) and the present
study.
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tion may be useful to the readers. Over the years, optical
tweezers has been perfected to also study single cells apart
from other uses (Ashkin, 1997). Raman tweezers involves a
confocal microscopy, which incorporates the use of both laser
(optical) tweezers and Raman spectroscopy (LTRS). Very
recently, Raman tweezers have also been applied in the study
of single cells (Xie et al., 2002; Xie and Li, 2003). Optical
tweezers is a technique that utilizes a focused near-infrared
laser beam to capture a single biological particle without
physically touching it, while Raman spectroscopy uses the
same laser beam to analyze the optical spectrum of the cell
from the scattering light. The experimental set up for the
Raman tweezers is described in the legend forFig. 1. Each of
these cells was trapped optically and analyzed using Raman
tweezers. The cells have a rounded morphology with an aver-
age diameter of 8–12�m. For each cell type, the Raman
acquisition was done only for the nuclei portion of those
cells with the confocal LTRS system.Table 1lists the Raman
bands observed for the hematopoietic cells. The Raman spec-
trum of BJAB, BCBL-1, and BC-1 cells under physiological
conditions was recorded at 22◦C. Among the other subtle dif-
ferences, the intensities of the Raman bands at 1004, 1093,
and 1664 cm−1 were significantly altered in the nucleus of
KSHV infected cells when compared to uninfected cells. The
intensities of the Raman bands at 1004, 1093, and 1664 cm−1

were greater in KSHV infected cells (BCBL-1 and BC-1)
w
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cells to play a critical role in the angiogenic tubule formation.
Next, the ability of Raman tweezers to differentiate between
the uninfected and KSHV infected cells was analyzed.

Data from this study revealed the potential of Raman
tweezers to detect differences in the physiological state of
uninfected cells from KSHV infected cells. The significant
increase in the intensity of 1004, 1093, and 1664 cm−1 bands
in infected cells over the uninfected cells is probably due
to the cellular changes induced by the KSHV infection of
cells. Accordingly, there was a differential clustering pattern
observed between uninfected and KSHV infected cells as
analyzed by the multivariant analysis (Fig. 4B). These results
are interesting given the fact that BCBL-1, BC-1, and BJAB
are human B cells derived from lymphomas (Table 2): BCBL-
1 and BC-1 cells are infected with KSHV and derived from
primary effusion lymphoma patients (Ablashi et al., 2002),
while BJAB cells are uninfected and derived from Burkitts
lymphoma (Zhang and Nonoyama, 1994). These cells are
routinely used to study KSHV and mediated pathogenesis
(Lagunoff et al., 2001; Nishimura et al., 2003).

Raman tweezers is a powerful tool that provides finger-
prints of biological cells of any kind in a short period of
time. To date, this technique has been used to analyze single
cells, such as yeast, red blood cells, bacteria, chromosomes,
bacterial spores, red corals, and membrane components of
cells (Ashkin, 1997; Chan et al., 2004; Kaczorowska et al.,
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hen compared to uninfected cells (BJAB) (Fig. 4A). The
aman bands at 1004, 1093, and 1664 cm−1 represent th
ide-chain bond (predominantly phenylalanine) of prote
ackbone of nucleic acids, and amide I main-chain of

eins, respectively. Overall, there was a significant increa
he intensities of bands corresponding to proteins and nu
cids in the KSHV infected cells when compared to the u

ected cells. In addition, a differential clustering pattern
bserved between uninfected and KSHV infected cel
nalyzed by the multivariant analysis (Fig. 4B).

. Discussion

All three cells used in this study are of B cell linea
he only difference is that the BCBL-1 and BC-1 cells
SHV infected while BJAB is uninfected. One common f

ure of BCBL-1 and BC-1 cells is that they harbor KSH
redominantly in latent form with no active replication
irus (Renne et al., 1998). However, the results from prev
us studies demonstrate KSHV infected hematopoietic

o express elevated levels of B-Raf kinase > ERK1/2 a
ty > VEGF expression when compared to the uninfected
Akula et al., 2005; Aoki and Tosato, 2001). B-Raf induced
EGF expression was one of the players critical for

ubule formation (Akula et al., 2005). The results from th
resent study indicates the ability of culture supernatant
SHV infected cells to support enhanced tubule forma
hen compared to the supernatant from the uninfected

Table 2); implicating indirectly KSHV infection of targe
003; Puppels et al., 1990; Ramser et al., 2004; Sand
nd Ward, 2004; Xie and Li, 2003). This is the first time
ear-infrared Raman spectroscopy has been used to a

he physiological relevance of virus infection.
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