
 

 

Introduction 
 
Despite considerable efforts, HIV/AIDS remains 
a worldwide problem for the public health com-
munity. In part, the menace of the disease 
arises from a high mutation rate, which favors 
the development of drug resistant variants [1-
4]. Compounding this, toxicities associated with 
conventional antiretroviral therapies often de-
crease patient compliance. As a result, HIV 
drugs are progressively less effective as resis-
tant variants emerge and become more preva-
lent [5].  
 
The standard approach for developing new anti-
retroviral therapies has been to target virus-
encoded pathways.  This strategy facilitated 
many successful therapies such as inhibitors of 
HIV-encoded reverse transcriptase or protease.  
A newer approach has focused on targeting host 
molecules that are necessary for HIV binding or 
entry [6-8].  This approach differs from the clas-
sic strategy in that host targets are invoked as 
potential targets for therapy. More recently, this 
concept has extended to determining host tar-

gets that are essential for other aspects of the 
viral life cycle [9, 10]. This new approach is 
based on the well-established fact that the viral 
machinery “hijacks” the host cell to facilitate 
many aspects of the viral life cycle [11-14]. In 
doing so, these host molecules are manipulated 
in a manner that differs remarkably from their 
normal function in non-infected cells.  A promi-
nent example of this concept is TSG101. 
 
TSG101 is a cytoplasmic molecule that func-
tions as a component of the vesicular protein 
sorting machinery. TSG101 function is associ-
ated with multivesicular bodies, where it regu-
lates lysosomal protein degradation [15-17]. 
TSG101 also regulates the budding process of 
some enveloped viruses.  Specifically, viruses 
that encode for proteins with amino acid se-
quences encoding for late domain motifs, most 
notably HIV and Ebola viruses, bind TSG101 
and that this interaction is necessary for prog-
eny virus release from the cell membrane. [17-
24].  In the case of HIV, the late domain motif is 
part of the p6Gag protein, which binds TSG101 
and facilitates the budding and release of ma-
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ture virions [19, 20, 24]. 
   
In our present report, we demonstrate that 
TSG101 is exposed on the outer membrane of 
cells that have been infected with HIV. This 
change in subcellular localization is widely appli-
cable to different HIV strains, including drug 
resistant strains, and SIV. We also demonstrate 
that TSG101 specific antibodies can reduce 
virus production in infected cells and that 
TSG101 cell surface exposure can serve as a 
focus for targeted intervention using mono-
clonal antibodies.  These results suggest an 
opportunity for a novel therapeutic approach for 
combating HIV/AIDS that is broadly applicable 
to different viral strains. 
 
Materials and methods 
 
Antibodies 
 
Polyclonal antibody 1299 was generated by 
immunizing a rabbit against a 19 amino acid 
peptide derived from the N-terminal region of 
TSG101 (TIKTGKHVDANGKIYLPYL). 
 
Proteins 
 
The expression vector pET-21b containing the 
ubiquitin E2 variant (UEV) domain of TSG101 
was generously provided by Dr. M. Javad Aman 
from the United States Army Medical Research 
Institute for Infectious Diseases. The UEV do-
main was expressed as a C-terminal His-tag 
fusion protein in the E. coli strain BL21 and pu-
rified using immobilized metal affinity chroma-
tography.  The C-terminus of TSG101 was in-
serted into the expression vector pLLexp and 
expressed as a 5’ Fc-fusion protein in the 293T 
cell line. The fusion protein was purified with a 
protein A column. The full-length TGS101 pro-
tein was expressed as an N-terminal His-tag 
fusion protein in 293T or HeLa cells by Q-
Biogene Inc. The fusion protein was purified 
under denaturing condition and refolded with 
Pierce’s protein refolding kit following the manu-
facturer’s instruction. 
  
Monoclonal antibody selection and construction 
 
Selection of antigen-specific scFv antibodies: 
Specific phage displayed scFv antibodies were 
affinity-selected by using TSG101 full-length 
protein, UEV fragment or C-terminal fragement 
absorbed to immunotubes [25].  For selections 

using the TSG101 C-terminal fragment (a hu-
man Fc fusion protein), the phage library was 
preincubated with 100 µg of irrelevant human 
IgG to deplete the library of human Fc binders. 
After binding of phage library to the immobilized 
antigen and wash of non-specific binders, the 
bound phage was eluted from each selection 
and used to infect E. coli TG1 cells. The rescue-
selection-plating cycle was repeated twice, after 
which specific antigen binding by individual 
clones was confirmed by enzyme linked immu-
nosorbent assays (ELISA).  The DNA sequence 
of individual clones was determined for subse-
quent construction of full-length antibody (see 
below). 
 
Affinity maturation of scFv CB8: To improve the 
affinity of scFv CB8 binding to the full-length 
TSG101, the DNA corresponding to the CB8 
sequence was cloned into pYD2 vector for dis-
play on yeast surface [26] and mutated by error-
prone PCR to introduce random changes [27]. 
After three rounds of flow cytometry sorting, 
individual scFv with increased binding affinity 
were selected and analyzed for cell surface rec-
ognition of TSG101 on HIV-infected cells as de-
scribed below. 
 
Cloning and expression of full-length CB8-2 hu-
man monoclonal antibody: In order to construct 
the full-length human monoclonal antibody CB8-
2, the antibody backbone containing the IgG1 
heavy chain and leader sequence, (obtained 
from plasmid pJL100K) the lambda light chain 
constant region (synthesized by Geneart, Burlin-
game, CA) was cloned into plasmid pCEP4-neo-
HuIgGLam, an EBNA-1 episomal antibody ex-
pression vector.  The CB8-2 heavy and light 
chains were cloned in frame into pCEP4-neo-
HuIgGLam yielding the CB8-2 antibody expres-
sion vector.  CHO-S cells (Invitrogen, Carlsbad, 
CA), growing at a density of 1x106 cells/ml in 
250 ml Freestyle CHO Expression Medium 
(Invitrogen, Carlsbad, CA) containing 8 mM L-
glutamine, are transfected with the CB8-2 ex-
pression vector using Freestyle MAX reagent 
(Invitrogen, Carlsbad, CA) following the manu-
facturer’s  protocol.  The antibody DNA (stock 
concentration is 1 ug/ul in H20) and lipid mixes 
are made separately in OptiPRO SFM, immedi-
ately mixed together for a total volume of 10 ml, 
incubated for 10 minutes at room temperature, 
and then added to the cells.  Transfected cells 
are incubated at 37°C with 8% CO2 with shak-
ing at 135 rpm.  Antibody production is allowed 
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to proceed for 7 days before supernatant is har-
vested. IgG was purified from culture super-
natant using protein A affinity chromatography. 
 
Cell culture and virus infections  
 
MT-4 cells were grown in RPMI 1640 medium 
containing 10% heat-inactivated (56°C, 30 min) 
FBS (HyClone, Long, UT) supplemented with 2 
mM glutamine (Invitrogen, Carlsbad, CA), 100 
µg/ml streptomycin (Invitrogen, Carlsbad, CA). 
Peripheral blood samples were obtained by 
venipuncture in Vacutainer tubes containing 
sodium heparin from clinically healthy seronega-
tive subjects. All participants signed an informed 
consent form before the study.   Peripheral 
blood mononuclear cells (PBMC) were obtained 
by Ficoll-Hypaque (Sigma-Aldrich, St Louis, MO) 
gradient centrifugation. The cells were stimu-
lated with PHA (3 µg/ml; Sigma-Aldrich, St Louis, 
MO) for 3 days in RPMI 1640 medium contain-
ing 10% heat-inactivated (56°C, 30 min) FBS 
(HyClone, Long, UT) supplemented with 2 mM 
glutamine (Invitrogen, Carlsbad, CA), 100 µg/ml 
streptomycin (Invitrogen, Carlsbad, CA), 100 U/
ml penicillin (BioWhittaker), and 100 U/ml IL-2 
(Roche). CD4+ cells from the activated PBMC 
were subsequently obtained by positive selec-
tion using immunomagnetic (IM) beads bearing 
anti-CD4 antibodies (Miltenyi Biotec). 
 
The following viruses or virus molecular clones 
were obtained through the AIDS Research and 
Reference Reagent Program, Division of AIDS, 
NIAID, NIH: pNL4-3 from Dr. Malcolm Martin 
[28], HIV-1ME1 from Dr. Phalguni Gupta [29] and 
Protease-resistant HIV-1 (L10R/M46I/L63P/
V82T/I84V) from Dr. Emilio Emini [30]. SIVmac251 
was obtained from Advanced Biosciences Labo-
ratories, Kensington, MD . Virus infections were 
performed with HIV-1 at varying amounts of vi-
rus as indicated.  After 1 h, the cells were 
washed and then cultured in the RPMI 1640 

growth medium containing 100 U/ml IL-2 
(Roche).  For PBMC experiments CB8-2 or iso-
type control antibody was added with the growth 
medium.  To monitor virus release, half the cul-
ture supernatant was collected every two days 
and replaced with fresh culture medium con-
taining half the amount of C-B8-2 or isotype 
control antibody originally added to the culture.  
Infection culture supernatants were then trans-
ferred to the TZM-bl indicator cell line for deter-
mination of infectious viral particles.  Relative 
Luminescence Unit (RLU) measurement was 

obtained on TZM-bl cells after they were treated 
with Bright-Glo Luciferase Assay System 
(Promega, Madison, WI) 3 days post infection 
(dpi).   Percent virus inhibition was calculated by 
comparing the amount of luciferase produced 
by antibody treated cells to untreated infected 
cells. 
 
Antibody dependent cellular cytotoxicity (ADCC) 
assay 
 
MT-4 cells were infected with HIV-1NL4-3 as de-
scribed above and incubated at 37°C for 3 
days.  Natural killer (NK) cells purified from do-
nor derived PBMCs using the Human NK Cell 
Isolation Kit, (Miltenyi, Auburn, CA) and C-B8-2 
antibody were added to MT-4 cells in MEM me-
dia and incubated at 37°C for 4 hours.  Levels 
of lactose dehydrogenase (LDH) released upon 
cell death were measured using Cytotox 96 –
non-radioactive cytotoxicity assay (Promega, 
Madison, WI).  Percent cell killing was calcu-
lated by comparing the amount of LDH released 
from the NK cell and antibody treated cells to 
control MT-4 cells well treated with lysis buffer 
(total lysis). 
 
Flow cytometry  
 
For flow cytometry analysis, 1x105 MT-4 cells 
were incubated on ice with 10 µg/mL TSG101 
antibody for 30 min.  Cells were washed three 
times with PBS (Invitrogen, Carlsbad, CA, San 
Diego, CA) containing 1% BSA (Sigma-Aldrich, 
St. Louis, MO) on ice and incubated with FITC 
conjugated goat anti-rabbit antibody  (Becton 
Dickinson, San Jose, CA) or FITC conjugated 
goat anti-human antibody (Jackson Immu-
nolabs, West Grove, PA) diluted in PBS-BSA for 
30 min on ice. Following 3 washes in wash 
buffer the cells were fixed in PBS with 1% para-
formaldehyde for TSG101 cell surface staining 
studies or used to determine viability.  For viabil-
ity assays, propidium iodide (PI; Becton Dickin-
son, San Jose, CA) or 7-amino-actinomycinD 
(7AAD; Guava Technologies, Hayward, CA) was 
added to unfixed cells according to manufac-
turer instructions.  Cells stained with viability 
dyes were subjected to analysis within 15 min-
utes of the addition of 7AAD or PI. Fix and Perm 
Cell Permeabilization Reagents (Invitrogen, 
Carlsbad, CA) were used for detection of intra-
cellular TSG101 following the manufacturer’s 
instructions.  Fluorescence data were acquired 
in an EasyCyte Flow Cytometer (Guava Tech-
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nologies, Hayward, CA) and data was analyzed 
using FlowJo analysis software. 
 
Tissue cross reactivity 
 
Tissue cross reactivity studies were conducted 
at LifeSpan Biosciences (Seattle, WA).  Briefly, 
FITC conjugated C-B8-2 antibody was tested on 
human formalin fixed, paraffin embedded tis-
sues or infected cells (positive control).  An anti-
FITC antibody was used as a secondary followed 
by HRP-DAB (brown precipitate) detection.  Tis-
sues were also stained with positive control an-
tibodies (CD31 and vimentin) to ensure that the 
tissue antigens were preserved and accessible 
for immunohistochemical analysis.  A scale of 0-
4 was used to evaluate the level of staining pre-
sent in the tissues 0 – negative, 1- blush, 2- 
faint, 3-moderate, 4-strong. 

Results 
 
HIV-1 infection causes membrane exposure of 
TSG101  
 
A previous study demonstrated that TSG101 
redistributes with its cognate viral late domain 
protein (VP40) to a membrane-proximal site in 
cells expressing Ebola viral like proteins (VLPs) 
[31]. These findings, coupled with evidence that 
TSG101 plays an essential role in HIV budding 
[18-20], led us to ask if TSG101 might be ex-
posed on the outer surface of the cell mem-
brane.  To address this question, MT4 human T 
lymphocytes were infected with HIV-1NL4-3 for 4 
days.  The cells were then labeled with a puri-
fied TSG101 polyclonal antibody at 4oC to pre-
vent internalization and stained with fluoro-
phore-conjugated goat anti-rabbit IgG. Flow  

Figure 1. Flow cytometry analysis of TSG101 antibody binding to the surface of HIV infected cells.  Panel A shows MT-
4 cells infected with HIV-1NL4-3. Infected (green) and uninfected (red) cells were incubated with polyclonal antibody 
1299 (pAb 1299), which is specific to the N-terminal region of TSG101.  Membrane integrity of TGS101 positive cells 
was assessed using propidium iodide as shown in Panel B.  The quadrant plot shows MT-4 cells 4 days post infection 
with HIV-1NL4-3 .  The lower right quadrant shows cells cell surface expression of TSG101 on cells that exclude PI.  The 
upper right quadrant shows cells with compromised membrane integrity as evidenced by the uptake of PI.  Panel C 
shows lack of binding of 1299 to uninfected MT-4 cells (Red) in the absence of permeabilization reagent, and posi-
tive binding when the cells were permeabilized (Green). 
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cytometric analyses revealed that TSG101 rab-
bit polyclonal antibodies specifically bound the 
surface of HIV-infected cells while matched iso-
type control antibodies did not (Figure 1A). This 
response was unique to infected cells since 
parallel studies with non-infected cells did not 
identify TSG101 on the cell surface.   
 
The studies above indicate that TSG101 is 
uniquely exposed on the surface of HIV-infected 
cells.  To verify surface exposure, we considered 
that compromised membrane integrity might 
have caused TSG101 antibodies to gain access 
to antigen. In this scenario, the observed stain-
ing might have represented an artifact of dead 
or dying cells. To test this, TSG101 membrane 
exposure was evaluated in HIV-infected cells 
using two-color flow cytometry using TSG101 
antibodies and propidium iodine (PI), a marker 
of membrane integrity.  TSG101 surface expo-
sure was verified on infected cells that retained 
membrane integrity (i.e., did not stain with PI) 
(Figure 1B).  As expected, dead or dying cells 
(which stain positive for PI) also stained with 
TSG101 antibodies. As a further control, we 
determined that TSG101 antibodies were only 
able to stain uninfected cells if the cell mem-

brane had been first stripped away using non-
ionic detergents.  For example, permeabilization 
of uninfected cells facilitated TSG101 surface 
exposure whereas intact, uninfected cells did 
not stain with TSG101 antibodies (Figure 1C).  
Altogether, these findings indicate that TSG101 
is found on the surface of HIV-infected cells and 
prior to loss of cell membrane integrity.  
 
Having confirmed that antibodies recognize 
TSG101 on the surface of intact, HIV-infected 
cells, we determined the time course of TSG101 
surface exposure. MT-4 cells were infected with 
HIV at a low multiplicity of infection (MOI = 
0.004) and monitored daily for TSG101 cell sur-
face exposure. To verify the infection had been 
productive, a parallel assessment of virus pro-
duction was performed using a standard TZM-bl 
cell reporter assay. Under these conditions, 
TSG101 was first detected on the cell surface 
three days after infection and progressively in-
creased thereafter (Figure 2A). This timing indi-
cated that detection of TSG101 surface expo-
sure coincided with the initial detection and 
subsequent increase of virus particle release 
(Figure 2B).  We also conducted similar studies 
using a higher initial multiplicity of infection 

Figure 2.  TSG101 exposure on the surface of infected cells is consistent with release of progeny virus.  MT-4 cells 
were infected with HIV-1 NL4-3 for the length of time indicated at either low or high MOI as indicated and stained with 
pAb1299  (Panels A and C) and evaluated using flow cytometry.  Virus release was quantified by luciferase expression 
of TZM-bl cells exposed to cell culture supernatant from each time point (Panels B and D). 
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(MOI = 1) to increase the population of infected 
cells at earlier time points(Figure 2C, D).  Peak 
virus production was observed at 36 hours post 
infection and this coincided with optimal 
TSG101 cell surface exposure.  These studies 
align known knowledge of TSG101’s role in the 
viral life cycle with our current evidence for 
TSG101 surface exposure during virus infection. 
 
Selective recognition of HIV-infected cells with 
CB8-2 human monoclonal antibody  
 
Since TSG101 exposure on the surface of cells 

was limited to infected cells, we asked whether 
this unique change might be exploited as an 
opportunity for therapeutic targeting of virus-
infected cells using a monoclonal antibody. 
Monoclonal antibodies are renowned for their 
exquisite specificity and we considered that this 
could allow us to characterize TSG101 exposure 
on infected cells with more focused reagents. 
We developed TSG101 specific monoclonal an-
tibodies using a non-immune human single 
chain variable fragment (scFv) library of phage 
was used to select TSG101-specific antibodies 
[32]. This library consisted of a phage encom-

Figure 3.  Human monoclonal antibody CB8-2 recognizes TSG101 on the surface of cells infected with different HIV 
strains and SIV.  Histograms in panel A show TSG101 exposure on the surface of primary CD4 T-cells infected with 
HIV-1NL4-3 (CXCR4), HIV-1ME1 (CCR5), HIV-1 L10R/M46I/L63P/V82T/I84V (CXCR4, protease resistant) and CD4+ T-
cells isolated from rhesus macaques PBMC infected with SIVmac251.  Infected (green) and uninfected (red) cells were 
incubated with antibody CB8-2 and a FITC-goat anti-human secondary antibody. The membrane integrity of cells posi-
tive for CB8-2 binding cells was assessed using 7AAD as shown in Panel B.  The lower right quadrant shows cell sur-
face expression of TSG101 on cells that exclude 7AAD.  The upper right quadrant shows cells with compromised 
membrane integrity, as evidenced by the uptake of 7AAD.  Panel C shows lack of binding of CB8-2 to MT-4 uninfected 
cells (Red) in the absence of permeabilization reagent, and positive binding when the cells were permeabilized 
(Green). 
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passing approximately 109 different specificities 
[33, 34]. The antigens used for selection in-
cluded the TSG101 UEV domain (amino acids 1-
145), C-terminus of TSG101 (amino acids 218-
390) and recombinant full-length TSG101. After 
two rounds of selection, the binding specificity 
of individual scFv candidates was determined 
using ELISA assays.  Analysis of the clones re-
vealed that 75% recognized full-length TSG101 
whereas 20% were restricted to epitopes on the 
C-terminal region of TSG101, and 2% recog-
nized epitopes within the UEV domain. After 
characterizing the DNA sequences to confirm 
independent clones, 40 candidates were priori-
tized based on their ability to recognize TSG101 
on the surface of virus-infected cells. Of the 40 
scFv that were tested for TSG101 surface recog-
nition, 18 recognized TSG101 that was exposed 
on the surface of HIV-infected cells.  The most 
promising candidate, C-B8 was selected for fur-
ther optimization. 
 
A complete full-length human IgG1 antibody was 
constructed based on the CB-8 scFV sequence.  
This full-length antibody was then optimized for 
enhanced affinity using site-directed mutagene-
sis, resulting in the affinity-enhanced antibody, 
known hereafter as CB8-2.  We confirmed that 
CB8-2 continued to selectively recognize 
TSG101 on the surface of cells infected with HIV 
or SIV (Figure 3A).  In these studies CD4-positive 
T-cells were isolated from peripheral blood 
mononuclear cells (PBMC) and infected with HIV 

strains that differed in their tropism (CCR5 or 
CXCR4) and antiretroviral drug susceptibility.  C-
B82 also bound TSG101 on the surface of 
CD4+ T-cells (isolated from rhesus macaque 
PBMC) that had been infected with SIVmac251. 
These studies revealed that the appearance of 
TSG101 on the surface of infected cells is not 
restricted to the MT-4 cell line or to any particu-
lar HIV strain.  As we observed with polyclonal 
TSG101 antibodies, CB8-2 antibodies stained 
the surface of cells that contain an intact cell 
membrane (as determined by exclusion of the 
vital dye, 7AAD; Figure 3B).  Consistent with the 
findings presented above, the binding of 
TSG101 to uninfected cells was observed only 
when the cells were treated with permeabiliza-
tion reagents to allow the antibody access to 
the inside of the cell (Figure 3C). 
 
Preliminary safety screening and epitope identi-
fication 
 
The ultimate goal of our work is the develop-
ment of a potential new therapeutic to combat 
HIV/AIDS. This potential is based on the fact 
that TSG101 surface exposure is restricted to 
virus-infected cells. To facilitate potential future 
use in people, we addressed the importance of 
safety, which was particularly important since 
TSG101 is a highly-conserved, ubiquitously-
expressed host molecule. Tissue cross-reactivity 
provides an accepted means to evaluate poten-
tial non-specific or undesired binding of antibod-

Figure 4.  Weak CB8-2 immuno-
reactivity with uninfected tis-
sues.  CB8-2 was used for im-
munohistochemical staining of 
frozen sections of human brain, 
heart, liver and lung as shown 
in Panel A.   Panel B shows a 
table of the location and rela-
tive levels of staining in each 
tissue. 
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ies to normal human tissues. Tissue samples 
obtained from human vital organs (brain, heart, 
kidney, liver, and lung) were subjected to immu-
nohistochemical analyses with CB8-2. No CB8-2 
immunoreactivity was observed with frozen 
specimens of heart or kidney.  On the few cells 
of the brain, liver and lung that stained with CB8
-2 (Figure 4A), this immunoreactivity was limited 
to faint staining of the cytoplasm and no mem-
brane staining was observed (Figure 4B). 
 
To determine the epitope recognized by CB8-2 
on TSG101, we used matrix-assisted laser de-
sorption/ionization-time of flight (MALDI-TOF)-
based mass spectrometry to analyze purified 
full length TSG101 that had been digested with 
trypsin.  These studies revealed a series of 
three missing peaks in samples incubated with 
CB8-2 (Figure 5A) that corresponded to non-
contiguous segments of approximately 9 amino 

acids (Figure 5B). These results suggested that 
CB8-2 recognizes a conformational epitope. 
  
CB8-2 elimination of HIV-infected cells 
 
To determine the efficacy of TSG101 antibodies 
in controlling HIV infection, normal donor      
derived human PBMCs were infected with HIV-
1NL4-3 in the presence or absence of CB8-2.  
After incubation for 8 days, the amount of virus 
in the cell culture supernatant was measured 
using the TZM-bl reporter assay. Figure 6 shows 
the results obtained from the treatment of HIV-
infected PBMC that had been treated with CB8-
2 at day 8 post-infection.  The antibody specifi-
cally decreased HIV-1 levels and in a dose de-
pendent manner. These results conveyed an 
estimated EC50 for CB8-2 of less than 10 nM.  
Interestingly, studies performed using MT-4 
cells infected with HIV-1NL4-3 in the absence of 

 
 
 
Figure 5.  CB8-2 binds a confor-
mational epitope on TSG101. 
MALDI-TOF analysis were under-
taken to determine the binding 
site of CB8-2 on TSG101.  Panel 
A shows mass spectrometry 
analysis of MALDI-TOF using 
protease digested TSG101 incu-
bated with CB8-2 monoclonal 
antibodies. Note the absence of 
three peaks which correspond to 
the three segments of TSG101 
shown in panel B.  Panel B illus-
trates the amino acid sequence 
of human TSG101 with the three 
regions recognized by the anti-
body highlighted in yellow.  
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 Figure 6. CB8-2 inhibits HIV replication in 
infected human PBMC.  Donor derived 
human PBMCswere infected with HIV-1 NL4-

3 and incubated for 8 days respectively 
days in the presence or absence of a CB8-
2 or an isotype control antibody.   Culture 
supernatants were collected and virus 
output was determined by luciferase ex-
pression of TZM cells exposed to the cul-
ture supernatant.  Results are represented 
as percent viral inhibition as compared to 
infected PBMC cells without antibody. The 
graph shows the level of inhibition of virus 
production in infected PBMCs by different 
concentrations of antibody.   

Figure 7. Antiviral Mechanism of CB8-2 Involves ADCC. Panel A MT-4 cells were infected HIV-1 NL4-3 and incubated for 
5 days in the presence or absence of C-B8-2 or an isotype control antibody.  Supernatants were collected from the 
MT-4 cultures and virus production was determined by luciferase expression of TZM-bl cells exposed to the culture 
supernatants.   Panel B.  Flow cytometry analysis on the infected MT-4 cells used in the virus inhibition experiments 
in Panel A to demonstrate the level of TSG101 cell surface exposure. Panel C shows the results of a cytoxicity assay 
exposing HIV-1 infected MT-4 cells to C-B8-2 (5 ng/mL) antibody and varying amounts of NK cells.  The levels of cyto-
toxicity were determined by measuring LDH release as a result of cell death.  Results are represented as percent 
killing as compared to a total cell lysis control to which lysis buffer was added. 
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PBMCs showed no decrease in virus replication 
in spite of the fact that TSG101 is detectable on 
the surface of these cells. (Figure 7A and B).  
These findings indicated that the antibody alone 
is not sufficient to reduce virus production in 
cell culture and instead suggested that the 
mechanistic basis of CB8-2 antiviral activity may 
have resulted from immune clearance mecha-
nisms such as antibody dependent functions 
that are mediated by natural killer (NK) cells or 
macrophages, which are present in PBMCs.  To 
address the potential role of effector cell 
mechanisms, specifically antibody dependent 
cellular cytotoxicity (ADCC) in the anti-HIV activ-
ity of C-B8-2, we measured the amount of cyto-
toxicity observed in MT-4 cells infected with HIV-
1NL4-3 in the presence of 5 ng/mL of  C-B8-2 
antibody and NK cells isolated from donor de-
rived PBMCs.  The results show that a ratio of 
16:1 NK cells: infected M-T4 cells resulted 40% 
cytotoxicity when compared to the total lysis 
control in which a comparable number of cells 
had been treated with detergent (Figure 7C).  
Reducing the amount of NK cells also reduced 
the amount of killing observed.  Incubation of 
uninfected MT-4 cells with NK cells did not re-
sult in cell killing even at higher antibody con-
centrations (up to 500 ng/mL) (data not 
shown).   These findings provide strong evi-
dence that the anti-HIV activity of C-B8-2 is a 
result of infected cell targeting and subsequent 
elimination by effector cell mechanisms. 
 
Discussion 
 
In the current study, we demonstrate HIV infec-
tion causes TSG101 to be exposed on the sur-
face of HIV infected cells. Comparable findings 
were obtained using cell lines as well as acutely 
infected donor-derived primary CD4+ T-
lymphocytes. (Figures 1 and 3).  The timing of 
TSG101 exposure on the cell surface coincides 
with the budding and release of virus particles 
(Figure 2), consistent with the established role 
of TSG101 in HIV budding.  
 
TSG101 membrane localization upon HIV infec-
tion has been previously noted.  In two inde-
pendent reports, TSG101 was shown to redis-
tribute to a site near the cell membrane only in 
virus-infected cells and presumably as a direct 
result of virus infection [19, 31].  In a third 
study, TSG101 localized to the cell membrane 
regardless of viral infection and infection did not 
increase the amount of TSG101 at the cell sur-

face. [35].  Our studies demonstrate the pres-
ence of TSG101 at the cell surface from a differ-
ent perspective in that it is exposed on the out-
side of the cell.  This exposure is unique to virus
-infected cells and given the role of TSG101 in 
virus budding may result from interactions of 
TSG101 with p6Gag. An alternative means to 
attribute TSG101 surface exposure would be to 
invoke the mechanisms such as those that in-
duce anionic phospholipid asymmetry at the 
plasma membrane following cell activation, ma-
lignant transformation and other cellular stress-
ors [36] and have been shown to occur as a 
result of virus infection [37].  Further studies 
are necessary to confirm the mechanism of 
TSG101 membrane translocation.    
 
Our findings do suggest that a large portion of 
TSG101 is exposed on the surface of infected 
cells. For instance, TSG101 surface exposure is 
observed with monoclonal and polyclonal anti-
bodies that target different epitopes throughout 
TSG101 (Figure 1 and Figure 5).  Such findings 
are consistent with the fact that TSG101 does 
not encode for a transmembrane domain and 
thus would not have regions that are specifically 
directed to the cell surface. Rather, we propose 
that TSG101 is transferred across the cell mem-
brane during virus budding, presumably as a 
result of specific interactions with HIV p6Gag. 
The mechanistic basis of this change may not 
necessarily be unique to TSG101 and we can-
not exclude that other components of the 
ESCRT complex that have been implicated in 
the HIV budding process are not similarly ex-
posed on the surface of HIV-infected cells. Nev-
ertheless, the major finding of this study is that 
regardless of the mechanism(s) that contribute 
to TSG101 surface exposure, the revelation of 
an epitope on the surface provides an opportu-
nity for antibody-mediated elimination of the 
infected cell. 

 
Our results also demonstrate that many differ-
ent HIV-1 strains cause TSG101 to be exposed 
on the cell surface. Comparable findings were 
obtained with HIV-1 strains that differ in their 
tropism or drug sensitivity. This suggests a po-
tential for broad-spectrum application to HIV-1 
infections.  Likewise, the availability of TSG101 
on the surface of cells infected with SIVmac251 
suggests that TSG101 surface exposure is com-
parably applicable beyond HIV-1 to other retrovi-
rus infections. However, TSG101 surface expo-
sure is not universally applicable to virus infec-
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tion.  For example, infection of host cells by non-
enveloped viruses, such as Rotavirus, does not 
cause TSG101 to be exposed on the cell sur-
face (data not shown). 
 
CB8-2 antibody treatment reduced virus produc-
tion but only in infected PBMCs but did not de-
crease HIV levels in studies with infected MT-4 
cells (Figure 6 and 7A).  Such findings imply that 
CB8-2 binding does not directly inhibit virus 
budding or release, but rather needs other cells 
present in the PBMCs in order to decrease virus 
release in cell culture. ADCC assays performed 
using purified human NK cells and HIV infected 
MT-4 cells showed dose dependent cell killing in 
the presence of antibody and increasing 
amounts of NK cells (Figure 7C).  In light of the 
fact that PBMCs provide syngeneic target CD4+ 
cells and effector natural killer (NK) cells [38, 
39]  we interpret these results as suggesting 
that CB8-2 recruits effector cells  to eliminate 
HIV-infected cells via mechanisms such as 
ADCC and consequently reduce the release and 
spread of mature, infectious virions.    
 
To characterize the TSG101 epitope recognized 
by CB8-2, we performed a series of studies to 
assess tissue cross-reactivity studies as well as 
MALDI-TOF-based epitope identification (Figures 
4 and 5). In the former case, a lack of tissue 
cross-reactivity minimized the potential for un-
wanted binding of TSG101 antibodies to unin-
fected cells. Epitope identification eliminated 
epitopes that might vary within the human 
population. The benefits of monoclonal antibody 
therapy can be thwarted if genetic polymor-
phisms within the population limit the breadth 
of patients, who might benefit from the therapy.  
A search of the SNP databases 
(www.ncbi.nlm.gov) revealed no relevant poly-
morphisms in TSG101 that might obviate CB8-2 
binding. Indeed, a study conducted of the 
TSG101 open reading frame from 50 healthy 
blood donors confirmed the lack of non-
synonymous changes in this region [40]. Such 
findings favor the advancement of CB8-2 as a 
potential therapeutic candidate to target HIV in 
the wider human population. 
 
Our present findings suggest TSG101 could 
provide an opportunity for passive immunother-
apy using monoclonal antibodies. Such results 
might also be extended further to elicit active 
immunotherapy via TSG101-directed vaccines. 
The opportunity afforded by a TSG101 vaccine 

would include the ability to mount a sustained 
challenge to HIV infection. These benefits would 
have to be balanced against the potential for 
autoimmunity against TSG101 within non-
infected host cells. Our present findings suggest 
that sufficient safety can be achieved by selec-
tive targeting of certain epitopes that are not 
exposed in normal cells. Indeed, the concept of 
targeting a human host molecule with a vaccine 
is not unprecedented as evidenced by the ongo-
ing studies of an angiotensin II vaccine to man-
age hypertensive disease [41-43].  
 
In summary, the surface exposure of TSG101 
on infected cells could provide an important 
new tool to combat HIV/AIDS. Our present stud-
ies indicate that this unique change can facili-
tate monoclonal antibody-based elimination of 
infected cells via effector cell mechanisms such 
as ADCC. This approach appears to be broadly 
relevant to all variants of HIV and SIV tested to 
date, which raises an intriguing possibility that 
TSG101 antibodies, such as CB8-2, could pro-
vide a broad-spectrum means to control HIV 
infection. 
 
Please address correspondence to: Leyla S. Diaz, 
MD, 708 Quince Orchard Road, Gaithersburg, MD  
20878, USA, Tel: 301-944-2323. E-mail: 
ldiaz@functional-genetics.com  
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