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The V3 loop of human immunodeficiency virus type 1 is both a determinant of viral cell tropism and a target
for neutralizing antibodies. This relationship was investigated. Selection of a dual-tropic (T cells and macro-
phages) virus to replicate in CD4™ brain cells results in loss of macrophage tropism and of neutralization by
an anti-V3 loop monoclonal antibody. Moreover, selection of the brain-selected variant to escape from V3
loop-specific neutralizing monoclonal antibodies results in the reduction or loss of brain cell tropism and the
reacquisition of macrophage tropism. These data may indicate that the antigenic diversification of human
immunodeficiency virus type 1 apparent after seroconversion can be selected either by immune responses or

by colonization of new cell types.

Antigenic sites on gp120 of human immunodeficiency virus
type 1 (HIV-1) that elicit strain-specific neutralizing antibodies
(20, 38) include the variable loops V1/V2 and V3 (9, 14, 16, 19,
22, 26). These loops are also determinants of viral tropism for
entry and infection of lymphocytes, T-cell lines, macrophages,
and other cell types (4, 17, 18, 33, 35, 37, 39). The HIV-1
population within each infected individual has a high degree of
genetic polymorphism (30) in the form of quasispecies (23).
Initially, the V3 loop sequences are conserved (41, 42), but
after seroconversion sequence diversity expands, yielding
HIV-1 variants with distinct characteristics such as slow or
rapid replication kinetics, syncytium induction, and tropism for
particular cell types in addition to primary T-helper lympho-
cytes (2, 13, 15, 29, 31). HIV-1 variation between different
tissues, such as blood, spleen, and brain, indicates that distinct
quasispecies have evolved independently (3, 12, 27), although
considerable variation is also seen within a single organ (10). In
addition, escape from anti-V3 loop neutralizing antibodies re-
sulting from amino acid substitutions within and outside the
V3 loop has been demonstrated both in vivo and in vitro (1, 21,
24).

To define more closely the relationship between neutraliza-
tion and tropism mediated through the V3 loop, we investi-
gated the effect of a change in tropism on neutralization and
the effect of escape from neutralization on cell tropism. We
used viruses derived from molecular clones of the Gun-1 wild-
type isolate of HIV-1 (Gun-1wt) and its brain cell-tropic vari-
ant Gun-1v with a single amino acid substitution introduced by
site-directed mutagenesis (35). The two viruses differ by a
proline (wt)-to-serine (variant) substitution at the V3 loop tip
(GPGR—GSGR). Both viruses infect T-cell lines, but Gun-1v
also infects CD4™ BT cells derived from the brain (35) and a
glioma cell line transfected with CD4, U87-CD4 (32). Previous
studies had shown that other diverse HIV-1 strains are not able
to infect U87-CD4 cells (5, 6).
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HIV-1 Gun-1wt but not Gun-1v can infect primary macro-
phages. Gun-1wt and Gun-1v were titrated on primary macro-
phages to test whether they had differential tropisms on these
cells too. For comparison, the viruses were also titrated on
T-cell line C8166 and on U87-CD#4 cells. Primary macrophages
were prepared from blood monocytes of three healthy donors.
Peripheral blood mononuclear cells were separated by using
standard Ficoll-Hypaque sedimentation. Monocyte-derived
macrophages were further separated from lymphocytes by the
adherence method, harvested, and plated on 24-well plates for
infectivity studies. Infection of all cell types was measured by
immunostaining as previously described (7). Tenfold serial di-
lutions of virus stocks were added (1 ml) to 24-well plates with
appropriate cell types. After 5 days, the U87-CD4 cells were
washed with phosphate-buffered saline and fixed with metha-
nol-acetone and the C8166 cells were adhered to new 24-well
trays with poly-L-lysine (Sigma) (21) and similarly fixed with
methanol-acetone. Macrophage cultures were incubated for 3
weeks after infection and then washed and fixed as for U87-
CD#4 cells. A mouse monoclonal antibody (MADb) specific for
HIV-1 anti-p24 was added to fixed cells for 1 hour, washed,
and followed by an anti-mouse antibody conjugated with B-ga-
lactosidase before incubation with substrate. Foci of infection
which stained blue were counted, and titers (in infectious units
per milliliter) were calculated. Titers decreased linearly with
dilution, and we therefore regarded each focus as arising from
a single infectious unit. C8166 titrations did not yield foci of
infection, and the titers are given as tissue culture infective
doses, defined as the highest dilution leading to virus replica-
tion indicated by immunostained cells. Figure la shows that
Gun-1wt infects macrophages (with varying sensitivity) as well
as T-cell lines, and it therefore represents a dual-tropic HIV-1
strain. Infectivity titers of Gun-1wt on macrophages were of
magnitudes comparable to those of typical macrophage-tropic
strains, e.g., SF162 (data not shown). Gun-1v, however, while
gaining tropism for U87-CD4 cells, has lost its tropism for
primary macrophages.

A switch in tropism results in loss of susceptibility to an-
ti-V3 loop neutralizing antibodies. MAbs were derived from
rats immunized with Freund’s complete adjuvant containing
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FIG. 1. Cellular tropisms of (a) Gun-1wt (WT) and Gun-1v (variant) and (b)
Gun-1v anti-V3 loop escape mutants (V. escape 1, 2, 3, and 4). The viruses were
titrated on the T-cell line C8166, the CD4-transfected human brain glioma cell
line U87-CD4, and on three different sets of primary macrophages (M¢ 1, 2, and
3), prepared from whole blood of three healthy HIV-negative blood donors. The
virus titers are expressed as infectious units (IU) per milliliter, and arrows
indicate titers of less than 10 TU/ml.
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V3 loop peptides representing either Gun-1wt (KSITIGPGR
AFHAI) or Gun-1v (KSITIGSGRAFHAI) conjugated to key-
hole limpet hemocyanin. Aw and Bw are MAbs to wt peptide,
and Dv, Fv, Gv, and Hv are MAbs to variant peptide. Gun-1wt
and Gun-1v were tested for their susceptibilities to neutraliza-
tion by the panel of MAbs (Aw, Bw, Dv, Fv, Gv, and Hv) and
by human serum (from an individual infected with HIV-1). A
sample of 1,000 tissue culture infective doses of the appropri-
ate virus in 40 pl was incubated with 10 pl of 10-fold serial
dilutions of MAb or human serum. After 1 h, 100 pI containing
2 X 10* C8166 cells was added. The virus-MAb-cell mixtures
were further incubated for 3 days and examined for syncytia.
Table 1 shows two weakly neutralizing MAbs raised against wt

TABLE 1. Neutralization of Gun-1 isolates by anti-V3
loop peptide MAbs

Human
serum
Aw Bw Dv Fv Gv Hv titer”

MAD titer (pg/ml)*
Gun-1 isolate

wt 10 10 >20 >20 >20 >20 1:40
Variant 10 >20 08 1.0 20 20 1:40
Escape mutants >20 >20 >20 >20 >20 >20 1:80

“ The MAD titer represents the amount of antibody which neutralized syncytia
by at least 90%.

® The titer for human serum is the reciprocal of the highest dilution that
neutralizes 90% of syncytia. All of the escape mutants yielded similar results.
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peptide (Aw and Bw) and four strongly neutralizing MAbs
raised against the variant (Dv, Fv, Gv, and Hv). One of the wt
MADbs (Aw) neutralized both wt and variant virus, while the
other (Bw) did not cross-neutralize the variant or bind to it
(fluorescence-activated cell sorter analysis; data not shown).
All MAbs raised against variant peptide were specific to the
variant virus. Thus, HIV-1 selected for brain cell tropism not
only loses its macrophage tropism but also becomes resistant to
neutralization by an anti-V3 MAb (Bw) raised against the wt
virus.

Escape from V3 loop-mediated neutralization results in a
switch in tropism. We next tested whether selection for escape
from V3-neutralizing antibodies would result in changes of
cellular tropism. We chose the four MAbs raised against
Gun-1v because they exhibited much stronger neutralization
than did the MADbs to Gun-1wt. The molecular clone of Gun-1v
was propagated in C8166 cells in the presence of 50 ug of each
of the four MAbs per ml separately and was passaged twice
weekly until there was evidence of syncytia, indicative of viral
replication and virus escape (about 3 weeks). Escape mutant 1
(V. escape 1) was selected with MAb Hv; V. escape 2 was
selected with MAb Dv; V. escape 3 was selected with MADb Gv;
and V. escape 4 was selected with MAb Fv. Each escape
mutant was biologically cloned three times in the presence of
the selecting MAb. The Gun-1 escape mutants were then
tested for their susceptibilities to neutralization by the panel of
MAbs (Aw, Bw, Dv, Fv, Gv, and Hv) and by human serum as
described above. As shown in Table 1, all the escape mutants
escaped neutralization from the whole panel of MAbs. Each of
the escape mutants was characterized for cell tropism. The
results are presented in Fig. 1b. None of the escape mutants
compromised its infectivity for T-cell lines, as each maintained
a high efficiency of infection for C8166 cells (and MOLT 4#8
cells; data not shown). Strikingly, three of the four escape
mutants partially recovered macrophage tropism. One of these
mutants (V. escape 1) reverted to the wt in entirely losing
U87-CD4 tropism and regaining macrophage tropism. One
mutant (V. escape 2) gained the ability to infect macrophages
while maintaining its tropism for U87-CD4 cells and may thus
be considered a tritropic virus, being able to infect T-cell lines,
macrophages, and CD4™" astroglial cells. V. escape 4 did not
gain significant tropism for primary macrophages, although
infectivity for U87-CD4 cells was severely impaired.

Escape from neutralization and switch in cell tropism result
in amino acid changes in the V3 domain. Each escape mutant
was biologically cloned three times by endpoint dilution, and
its phenotype was confirmed before envelope sequences were
amplified by PCR and cloned. Two clones from each virus were
sequenced in both directions, and amino acid sequences were
deduced. The sequences were the same for both clones of each
mutant, and all amino acid substitutions in the V3 loop were
found at positions 16 to 21 (see Table 2). One of these mutants
(V. escape 1) reverted to the wt with an S-to-P codon change
at position 16 of the V3 loop. As shown in Fig. 1, this mutant
also had the same tropism as wt virus. The other three escape
mutants had codon changes at position 19, 20, or 21. We also
noted amino acid substitutions outside the V3 loop for each
variant. These are recorded in Table 2. One change in V2, L to
H at position 149 [149 L—H], which was present in each
variant was also demonstrated in the virus stock used to derive
the escape mutants and presumably played no part in the
escape phenotype. We cannot rule out at this stage whether
these other changes may also contribute to the altered pheno-
type. To investigate this, we are currently introducing each
substitution back into cloned virus.

Our results show that selection for change in one phenotype,
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TABLE 2. Summary of changes in V3 loop neutralization
escape mutants®

Property
Gun-1 V3 loop Tropism
isolate MAb V3 loop?
neutral- T M®  U87-CD4  (amino acids 13-25)
ization cells  cells cells
wt - + + - TIGPGRAFHAIEK
Variant + + - + TIGSGRAFHAIEK
V. escape 1 - + + - TIGPGRAFHAIEK
V. escape 2 - + + + TIGSGRAN AIEK
V. escape 3 - + * * TIGSGRTFQAIEK
V. escape 4 — + - + TIGSGRA.HAIEK

“ Gun-1wt, Gun-1v, and the neutralizing MAb escape mutants (V. escape 1, 2,
3, and 4) were tested for their phenotypic properties of neutralization (by Dv, Fv,
Gv, and Hv [Table 1]) and tropisms for T-cell lines (C8166 and MOLT 4#8),
CD4" glioma cell line U87-CD4, and primary macrophages (M®) (Fig. 1). The
amino acid sequences of gp120 of the Gun-1 isolates were deduced from the
proviral DNA sequences in infected cells. Two clones from each virus were
sequenced in both directions.

> All amino acid substitutions in the V3 loop were found at positions 16 to 21
and are shown in boldface type. Sequence changes were also noted outside the
V3 loop in gp120. For the indicated isolates, these are as follows: V. escape 1, 149
L—H and 154 I—>L; V. escape 2, 149 L—H; V. escape 3, 149 L—H, 241 E—K,
154 I-L, and 318 K—E; V. escape 4, 149 L—H and 154 I-L.

e.g., cell tropism, may result in concomitant alteration of an-
other, distinct property of HIV, i.e., sensitivity to neutralizing
antibodies, and vice versa. While our analysis was performed
with molecularly cloned viruses and MAbs in cell cultures,
there is no reason to think that selection for viral phenotype
does not occur among the HIV-1 quasispecies in vivo. Al-
though the generation of antigenic diversity is not necessarily
driven by the immune system (11), subsequent selection by
immune escape from neutralizing antibodies has been ob-
served in vivo (1, 24). Thus, escape from neutralization by
anti-V3 loop antibodies could be of further advantage to
HIV-1 in concomitantly augmenting an array of viruses with
expanded or new cell tropisms. Furthermore, since selection
for one attribute alters the phenotype of the other, their inde-
pendence should be borne in mind when considering viral
variation in HIV infection and AIDS.

Transmission of HIV from a seropositive individual to a
seronegative one often results in restriction of tropism and
diversity (30, 40-42). After seroconversion, new patterns of
diversification could result in part from neutralization escape.
Conversely, the spread of virus to new cell types will contribute
to the antigenic diversity of the HIV population in vivo. During
the long, asymptomatic phase of HIV-1 infection, viral load
appears to be controlled by host immune responses while viral
genome diversity broadens. Eventually, viral burden increases,
and often more-cytopathic, T-cell-tropic variants appear with
progression to AIDS (8, 29, 31, 34) while other V3 variants
appear in dementia (28). Consequently, models of viral qua-
sispecies should take into account the interacting roles of an-
tigenic diversity, viral replication kinetics, and cellular tropism
in consideration of HIV pathogenesis (25, 36).

We thank J. McKeating, T. F. Schulz, G. Simmons, and D. Wilkin-
son for helpful discussions.

This study was supported by the Medical Research Council AIDS
Directed Programme.

REFERENCES

1. Arendrup, M., C. Nielsen, J. E. S. Hansen, C. Pedersen, L. Mathiesen, and
J. O. Nielsen. 1992. Autologous HIV-1 neutralizing antibodies: emergence of

NOTES 3169

neutralization-resistant escape virus and subsequent development of escape
virus neutralizing antibodies. J. Acquired Immune Defic. Syndr. 5:303-307.

. Asjo, B., J. Albert, A. Karlsson, L. Morfeldt-Mamson, G. Biberfeld, K.

Lidman, and E. M. Fenyo. 1986. Replicative properties of human immuno-
deficiency virus from patients with varying severity of HIV infection. Lancet
ii:660-662.

3. Ball, J. K., E. C. Holmes, H. Whitwell, and U. Desselberger. 1994. Genomic

10.

11.

12.

13.

14.

15.

16.

20.

21.

22.

variation of human immunodeficiency virus type 1 (HIV-1): molecular anal-
yses of HIV-1 in sequential blood samples and various organs obtained at
autopsy. J. Gen. Virol. 75:867-879.

. Boyd, M. T., G. R. Simpson, A. J. Cann, M. A. Johnson, and R. A. Weiss.

1993. A single amino acid substitution in the V1 loop of human immunode-
ficiency virus type 1 gp120 alters cellular tropism. J. Virol. 67:3649-3652.

. Chesebro, B., R. Buller, J. Portis, and K. Wehrly. 1990. Failure of human

immunodeficiency virus entry and infection in CD4-positive human brain
and skin cells. J. Virol. 64:215-221.

. Clapham, P. R., D. Blanc, and R. A. Weiss. 1991. Specific cell surface

requirements for the infection of CD4-positive cells by human immunode-
ficiency virus types 1 and 2 and by simian immunodeficiency virus. Virology
181:703-715.

. Clapham, P. R., A. McKnight, and R. A. Weiss. 1992. Human immunodefi-

ciency virus type 2 infection and fusion of CD4-negative human cell lines:
induction and enhancement by soluble CD4. J. Virol. 66:3531-3537.

. Connor, R. L., H. Mohri, Y. Cao, and D. D. Ho. 1993. Increased viral burden

and cytopathicity correlate temporally with CD4+ T-lymphocyte decline and
clinical progression in human immunodeficiency virus type 1-infected indi-
viduals. J. Virol. 67:1772-1777.

. Davis, D., D. M. Stephens, C. A. Carne, and P. J. Lachmann. 1993. Antisera

raised against the second variable region of the external envelope glycopro-
tein of human immunodeficiency virus type 1 cross-neutralize and show an
increased neutralization index when they act together with antisera to the V3
neutralization epitope. J. Gen. Virol. 74:2609-2617.

Delassus, S., R. Cheynier, and S. Wain-Hobson. 1992. Nonhomogeneous
distribution of human immunodeficiency virus type 1 proviruses in the
spleen. J. Virol. 66:5642-5645.

Domingo, E., J. Diez, M. A. Martinez, J. Hernandez, A. Holguin, B. Borrego,
and M. G. Mateu. 1993. New observations on antigenic diversification of
RNA viruses. Antigenic variation is not dependent on immune selection. J.
Gen. Virol. 74:2039-2045.

Epstein, L. G., C. Kuiken, B. M. Blumberg, S. Hartman, L. R. Sharer, M.
Cl t, and J. Goudsmit. 1991. HIV-1 V3 domain variation in brain and
spleen of children with AIDS: tissue-specific evolution within host-deter-
mined quasispecies. Virology 180:583-590.

Evans, L. A., T. M. McHugh, D. P. Stites, and J. A. Levy. 1987. Differential
ability of human immunodeficiency virus isolates to productively infect hu-
man cells. J. Immunol. 138:3415-3418.

Fung, M. S. C,, C.R. Y. Sun, W. L. Gordon, R.-S. Liou, T. W. Chang, W. N. C.
Sun, E. S. Daar, and D. D. Ho. 1992. Identification and characterization of
a neutralization site within the second variable region of human immuno-
deficiency virus type 1 gp120. J. Virol. 66:848-856.

Gartner, S., D. M. Markovitz, M. H. Kaplan, R. C. Gallo, and M. Popovic.
1986. The role of mononuclear phagocytes in HTLV-III/LAV infection.
Science 233:215-218.

Goudsmit, J., C. Debouck, R. H. Meloen, L. Smit, M. Bakker, D. M. Asher,
A. V. Wolff, C. J. J. Gibbs, and D. C. Gajdusek. 1988. Human immunodefi-
ciency virus type 1 neutralization epitope with conserved architecture elicits
early type-specific antibodies in experimentally infected chimpanzees. Proc.
Natl. Acad. Sci. USA 85:4478-4482.

. Hwang, S. S., T. J. Boyle, H. K. Lyerly, and B. R. Cullen. 1991. Identification

of the envelope V3 loop as the primary determinant of cell tropism in HIV-1.
Science 253:71-74.

. Koito, A., G. Harrowe, J. A. Levy, and C. Cheng-Mayer. 1994. Functional

role of the V1/V2 region of human immunodeficiency virus type 1 envelope
glycoprotein gp120 in infection of primary macrophages and soluble CD4
neutralization. J. Virol. 68:2253-2259.

. Matsushita, S., M. Robert-Guroff, J. Rusche, A. Koito, T. Hattori, H.

Hoshino, K. Javaherian, K. Takatsuki, and S. Putney. 1988. Characteriza-
tion of a human immunodeficiency virus neutralizing monoclonal antibody
and mapping of the neutralizing epitope. J. Virol. 62:2107-2114.
Matthews, T. J., A. J. Langlois, W. G. Robey, N. T. Chang, R. C. Gallo, P. J.
Fischinger, and D. P. Bolognesi. 1986. Restricted neutralization of divergent
human T-lymphotropic virus type III isolates by antibodies to the major
envelope glycoprotein. Proc. Natl. Acad. Sci. USA 83:9709-9713.
McKeating, J. A., J. Gow, J. Goudsmit, L. H. Pearl, C. Mulder, and R. A.
Weiss. 1989. Characterization of HIV-1 neutralization escape mutants.
AIDS 3:777-784.

McKeating, J. A., C. Shotton, J. Cordell, S. Graham, P. Balfe, N. Sullivan,
M. Charles, M. Page, A. Bolmstedt, S. Olofsson, S. C. Kayman, Z. Wu, A.
Pinter, C. Dean, J. Sodroski, and R. A. Weiss. 1993. Characterization of
neutralizing monoclonal antibodies to linear and conformation-dependent
epitopes within the first and second variable domains of human immunode-
ficiency virus type 1 gp120. J. Virol. 67:4932-4944.



3170

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

NOTES

Meyerhans, A., R. Cheynier, J. Albert, M. Seth, S. Kwok, J. Sninsky, L.
Morfeldt-Manson, B. Asjo, and S. Wain Hobson. 1989. Temporal fluctua-
tions in HIV quasispecies in vivo are not reflected by sequential HIV isola-
tions. Cell 58:901-910.

Nara, P., L. Smit, N. Dunlop, W. Hatch, M. Merges, D. Waters, J. Kelliher,
W. Krone, and J. Goudsmit. 1990. Evidence for rapid selection and deletion
of HIV-1 subpopulations in vivo by V3-specific neutralizing antibody: a
model of humoral-associated selection. Dev. Biol. Stand. 72:315-341.
Nowak, M., and R. M. May. 1993. AIDS pathogenesis: mathematical models
of HIV and SIV infections. AIDS 7(Suppl. 1):S3-S18.

Palker, T. J., M. E. Clark, A. J. Langlois, T. J. Matthews, K. J. Weinhold,
R. R. Randall, D. P. Bolognesi, and B. F. Haynes. 1988. Type-specific neu-
tralization of the human immunodeficiency virus with antibodies to env-
encoded synthetic peptides. Proc. Natl. Acad. Sci. USA 85:1932-1936.
Pang, S., H. V. Vinters, T. Akashi, W. A. O’Brien, and 1. S. Chen. 1991.
HIV-1 env sequence variation in brain tissue of patients with AIDS-related
neurologic disease. J. Acquired Immune Defic. Syndr. 4:1082-1092.

Power, C., J. C. McArthur, R. T. Johnson, D. E. Griffin, J. D. Glass, S.
Perryman, and B. Chesebro. 1994. Demented and nondemented patients
with AIDS differ in brain-derived human immunodeficiency virus type 1
envelope sequences. J. Virol. 68:4643-4649.

Roos, M. T., J. M. Lange, R. E. de Goede, R. A. Coutinho, P. T. Schellekens,
F. Miedema, and M. Tersmette. 1992. Viral phenotype and immune response
in primary human immunodeficiency virus type 1 infection. J. Infect. Dis.
165:427-432.

Saag, M. S., B. H. Hahn, J. Gibbons, Y. X. Li, E. S. Parks, W. P. Parks, and
G. M. Shaw. 1988. Extensive variation of human immunodeficiency virus
type-1 in vivo. Nature (London) 334:440—444.

Schuitemaker, H., M. Koot, N. A. Kootstra, M. W. Dercksen, R. E. Y. de
Goede, R. P. van Steenwijk, J. M. A. Lange, J. K. M. Eeftink Schattenkerk,
F. Miedema, and M. Tersmette. 1992. Biological phenotype of human im-
munodeficiency virus type 1 clones at different stages of infection: progres-
sion of disease is associated with a shift from monocytotropic to T-cell-tropic
virus populations. J. Virol. 66:1354-1360.

Shimizu, N. S., N. G. Shimizu, Y. Takeuchi, and H. Hoshino. 1994. Isolation
and characterization of human immunodeficiency virus type 1 variants in-

33.

34.

35.

36.
37.

38.

39.

40.

41.

42,

J. VIROL.

fectious to brain-derived cells: detection of common point mutations in the
V3 region of the env gene of the variants. J. Virol. 68:6130-6135.

Shioda, T., J. A. Levy, and C. Cheng Mayer. 1991. Macrophage and T
cell-line tropisms of HIV-1 are determined by specific regions of the enve-
lope gp120 gene. Nature (London) 349:167-169.

Shioda, T., S. Oka, S. Ida, K. Nokihara, H. Toriyoshi, S. Mori, Y. Takebe, S.
Kimura, K. Shimada, and Y. Nagai. 1994. A naturally occurring single basic
amino acid substitution in the V3 region of human immunodeficiency virus
type 1 Env protein alters the cellular host range and antigenic structure of
the virus. J. Virol. 68:7689-7696.

Takeuchi, Y., M. Akutsu, K. Murayama, N. Shimizu, and H. Hoshino. 1991.
Host range mutant of human immunodeficiency virus type 1: modification of
cell tropism by a single point mutation at the neutralization epitope in the
env gene. J. Virol. 65:1710-1718.

Weiss, R. A. 1993. How does HIV cause AIDS? Science 260:1273-1279.
Weiss, R. A. 1993. Cellular receptors and viral glycoproteins involved in
retrovirus entry, p. 1-108. In J. A. Levy (ed.), The Retroviridae, vol. 2.
Plenum Press, New York.

Weiss, R. A, P. R. Clapham, J. N. Weber, A. G. Dalgleish, L. A. Lasky, and
P. W. Berman. 1986. Variable and conserved neutralization antigens of
human immunodeficiency virus. Nature (London) 324:572-575.

Westervelt, P., H. E. Gendelman, and L. Ratner. 1991. Identification of a
determinant within the human immunodeficiency virus 1 surface envelope
glycoprotein critical for productive infection of primary monocytes. Proc.
Natl. Acad. Sci. USA 88:3097-3101.

Wolfs, T. F., G. Zwart, M. Bakker, and J. Goudsmit. 1992. HIV-1 genomic
RNA diversification following sexual and parenteral virus transmission. Vi-
rology 189:103-110.

Zhang, L. Q., P. MacKenzie, A. Cleland, E. C. Holmes, A. J. L. Brown, and
P. Simmonds. 1993. Selection for specific sequences in the external envelope
protein of human immunodeficiency virus type 1 upon primary infection. J.
Virol. 67:3345-3356.

Zhu, T., H. Mo, N. Wang, D. S. Nam, Y. Cao, R. A. Koup, and D. D. Ho. 1993.
Genotypic and phenotypic characterization of HIV-1 patients with primary
infection. Science 261:1179-1181.



