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The relative infectiousness of laboratory and primary human immunodeficiency virus type 1 (HIV-1)
variants was evaluated in in vitro cell cultures of peripheral blood mononuclear cells or MT-2 cells and in
Hu-PBL-SCID mice. HIV,,\ and syncytium-inducing primary isolates were preferentially transmitted to cells
in tissue culture. HIVy, ; and non-syncytium-inducing (NSI) primary isolates were more infectious in Hu-
PBL-SCID mice. Phylogenetic analysis of env sequences derived from the primary isolates, from the cell
cultures, and from five Hu-PBL-SCID mice was performed by using methods designed for resolving differences
among closely related sequence pairs. This analysis demonstrated preferential transmission of an evolution-
arily related subset of NSI variants to Hu-PBL-SCID mice. The pattern of selective transmission of a restricted
range of NSI variants that is observed in the clinical setting is maintained in Hu-PBL-SCID mice and not in
tissue culture systems. The Hu-PBL-SCID mouse model system, when used with appropriate phylogenetic
analysis methodologies, will be useful for identifying and characterizing the more infectious HIV-1 variants

that should be targeted for vaccine development.

Individuals infected with human immunodeficiency virus
type 1 (HIV-1) for many years typically carry many genetic
variants of the virus (5, 8, 10, 15). Despite their presumed
exposure to such a diverse array of viral variants, recently
infected individuals acquire a remarkably restricted range of
non-syncytium-inducing (NSI) variants of the virus, which of-
ten represent minority populations of those viruses carried in
the individual from whom the infection was acquired (11, 14,
30, 31). The apparent viral selection which occurs in the newly
infected host could depend on unique properties of the infect-
ing virus, host factors that differ between the established host
and the naive individual, or both. To explore the basis for this
selection, we have examined the abilities of different viral vari-
ants to establish infection in two different cellular environ-
ments: standard human peripheral blood mononuclear cell
(PBMC) tissue culture and mice with severe combined immu-
nodeficiency that have been reconstituted with human PBMC
(Hu-PBL-SCID mice).

These two environments were selected for study because of
the possibility that the cells in culture might be more activated
than those in Hu-PBL-SCID mice. Standard culture of HIV-1
requires that PBMC be initially stimulated with the T-cell
mitogen phytohemagglutinin (PHA) and then maintained in
interleukin-2, which preserves the activated state. In Hu-PBL-
SCID mice, on the other hand, human T cells are not directly
stimulated before being placed in the mice, yet HIV-1 infection
can be readily established (16, 17, 22, 23). Because it has been
proposed that T-cell activation is critical for productive infec-
tion in vitro (2, 29), we hypothesized that T cells in these two
environments might be differentially activated at the time of
viral infection and that the range of viruses that could establish
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infection might, therefore, be different. In this study we eval-
uated this hypothesis by inoculating standard PBMC cultures
and Hu-PBL-SCID mice with different laboratory and primary
variants of HIV-1. An evolutionary comparison of Env se-
quences from the source virus and from the transmitted viruses
was then used to determine the relative infectiousness of dif-
ferent variants and phylogenetically related sets of variants in
the distinct settings.

These evolutionary analyses make use of a recent phyloge-
netic estimation algorithm (25) designed specifically for closely
related sequences. The utility and power of this phylogenetic
estimation procedure, which differs from the frequently used
maximum parsimony procedure (4, 20), has already been dem-
onstrated in an analysis of Florida dentist-patient viral se-
quences (3), and is likewise needed here because of the close
similarity of many of our sequences. This type of analysis also
takes into account both the possibility that population genetic
data may not be strictly bifurcating and that recombination
may occur (3).

MATERIALS AND METHODS

Mice. Male and female CB.17 scid/scid mice between 4 and 6 weeks of age
were obtained from a breeding colony maintained at the Johns Hopkins Medical
Institutions. Prior to viral inoculation, mice were reconstituted by intraperitoneal
injection with 2 X 107 Ficoll-Hypaque-purified (Sigma Chemical Co., St. Louis,
Mo.) PBMC obtained by hemapheresis of a healthy HIV-seronegative individual.
Eight days later mice with circulating human immunoglobulin (IgG) concentra-
tions greater than 5 pg/ml, as determined by standard enzyme-linked immu-
nosorbent assay, were inoculated with the indicated doses of the various HIV-1
strains. Mouse usage was in accordance with protocols approved by the institu-
tional Animal Care and Use Committee.

Virus. HIV-1 strains HIVy, ; and HIV\, were obtained from Advanced
Biotechnologies (Columbia, Md.). The primary virus isolate represents a mixture
of viral variants obtained from a 10-day coculture of PBMC from an HIV-
infected subject and from a healthy, HIV-seronegative individual. The PBMC
from the healthy subject had been prestimulated with PHA and cultured in the
presence of interleukin-2. The unfiltered supernatant from that culture was used
to inoculate other cultures or Hu-PBL-SCID mice. The subject who served as a
source of the virus was a participant in the AIDS Linked to the Intravenous
Experience (ALIVE) cohort of injecting drug users from Baltimore, Md., mon-
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itored at the Johns Hopkins School of Hygiene and Public Health. This culture
supernatant fluid was selected on the basis of unpublished data indicating that it
contained a heterogeneous virus population.

Quantitation of virus inoculated into Hu-PBL-SCID mice and recovered from
tissue culture. Fifty-percent tissue culture infective doses were determined for
strains HIVy, ; and HIVy\ by determining titers either on the H9 T-cell line
(HIV-1yy) or on primary macrophages (HIVg, ;).

The relative abilities of HIVy,y and HIVg,  to establish infection in human
PBMC tissue culture were determined by using PBMC from the same source as
that used in the Hu-PBL-SCID mouse studies. For in vitro culture, these cells
were stimulated with PHA (1 pg/ml) (Life Sciences, Inc., Grand Island, N.Y.) for
2 days and subsequently maintained in media supplemented with interleukin-2 (2
U/ml) (Pharmingen, Indianapolis, Ind.). Growth of virus from the cultures was
determined by assay for viral p24 antigen (Abbott Diagnostics, Abbott Park, Ill.)
10 days after culture initiation.

Virus recovery from Hu-PBL-SCID mice. To determine whether HIV or
HIVpg, ;. had established infection in the Hu-PBL-SCID mice at given inocula,
cells were harvested from the mice by peritoneal lavage 2 weeks after viral
inoculation and 5 X 10° cells were subjected to virus strain-specific PCR. The
primers used to amplify HIVy were 5'-GAAGAGGTAGTAATTAGATCT
GAG and 3'-TCTGGGTCCCCTCCTGAGGATTGA. These primers amplify
the region between bases 7055 and 7356 of the HIV )y genome, which is located
in the env gene. The primers used to amplify HIVg, | were from the same region
of that virus and were 5'-GAAGAGGTAGTAATTAGATCCGCC and 3'-TCT
GGGTCCCCTCCTGAGGAGTGC. The underlined portions of the primers
indicate the four terminal bases which were the only bases that differed between
the corresponding HIV-1,,y and HIVg, | primers. Preliminary experiments
indicated that the HIV-1y,y primers did not produce an amplification product
when tested against an HIVy, ; template and vice versa. The PCR was run for
2 min at 95°C, followed by 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for
45's.

Cloning and sequencing. Nested PCR was used to amplify a region of the env
gene from the cultured cells, from peritoneal cells harvested from Hu-PBL-SCID
mice, or from cDNA obtained by reverse transcribing viral RNA present in
supernatant fluid from the primary culture of the subject’'s PBMC. Reverse
transcription was performed according to the manufacturer’s instructions (cDNA
Cycle kit; Invitrogen Corporation, San Diego, Calif.). The external env primers
used were 5'-GTCAGCACAGTACAATGTACACATG (nucleotides 6947 to
6971, based on sequence numbering in the molecular clone HXB2) and 5'-AA
TTACAGTAGAAAAATTCCCCTC (nucleotides 7359 to 7382 of HXB2), and
the nested primers were 5'-CGGGATCCTGTTAAATGGCAGTCTAGCAG
AAG (nucleotides 7002 to 7025 of HXB2) and 5'-CGGAATTCCGTTACAAT
TTC-TGGGTCCCCTCC (nucleotides 7319 to 7342 of HXB2). The underlined
portions of the primers are, respectively, BamHI or EcoRI restriction sites
included in the nested primers for cloning purposes. Both first- and second-
round PCRs were run for 2 min at 95°C, followed by 35 cycles of 94°C for 30 s,
60°C for 30 s, and 72°C for 45 s. At the end of the 35 cycles the samples were held
at 72°C for 10 min before returning to the 4°C temperature, at which they were
held until further analysis. The amplified sequences from the nested PCR were
then cloned into pUC19 by standard methods (13) and sequenced by the Sanger
chain termination method (21) with the appropriate nested primers described
above. A total of 96 clones were sequenced for this analysis.

Phylogenetic analysis. The methods by which the evolutionary network was
established and the statistical analysis that was applied to determine the signif-
icant associations within the network are described in Appendix.

Flow-cytometric analysis. Preliminary experiments indicated a low proportion
of human cells among the peritoneal exudate cells of the mice. Therefore, the
peritoneal cells were enriched for human cells by negative selection of mouse
cells using the panning method described by Wysocki and Sato (28). Briefly, 3 X
107 peritoneal cells harvested from mice were placed on a petri dish that had
been previously coated with a monoclonal antibody specific for mouse H-2K¢ for
60 min at 4°C. Aliquots of the nonadherent cells were then stained with mono-
clonal antibodies conjugated to fluorescein isothiocyanate (FITC), phycoerythrin
(PE), and PE-cyanine 5 (Cy5) in the following combinations: (i) IgG1-FITC,
IgG2a-PE, and IgG1-Cys5 as an isotype control tube, (ii) anti-human CD45-FITC
and anti-mouse H-2K9-PE to identify proportions of human and mouse leuko-
cytes, respectively, (iii) anti-human CD4-FITC, mouse IgG,-PE, and anti-human
CD3-Cy5 to define the boundary between HLA-DR* and HLA-DR™ human
CD4* T cells, and (iv) anti-human CD4-FITC, anti-HLA-DR-PE, and anti-
human CD3-Cy5 to identify human T (CD3%) cells expressing both CD4 and
HLA-DR. All antibodies, and their isotype controls, were obtained from BDIS
(San Jose, Calif.) except for Cy5 conjugates (Caltag, South San Francisco, Calif.)
and H-2K¢ (Pharmingen, San Diego, Calif.).

Analyses were performed on an ELITE flow cytometer (Coulter Electronics,
Hialeah, Fla.). Lymphocytes were gated on the basis of forward and 90° light
scatter characteristics which were confirmed in each experiment by verifying the
light scatter characteristics of all cells expressing CD45 or H-2K¢ (i.e., “back-
gating”). Analysis of human T cells was gated on CD3 expression, and the
nonspecific binding of IgG,-PE (0 to 1% of the cells) was subtracted from the
proportion of cells that stained positive for HLA-DR-PE in tube 4. Results were
expressed as percentage of human CD4™" T cells that coexpressed HLA-DR. The
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TABLE 1. Relative abilities of HIV-1,; and HIVg, | to establish
infection in tissue cultures containing PHA- and interleukin-2-

activated PBMC*
p24 OD
No. of TCIDss
HIVyn HIVg, 1
10? 0.25 0.05°
10° 1.30 0.16
10* >2.0 1.54

“ TCIDsq, 50% tissue culture infective dose; OD, optical density.
® The value is less than that for the negative control.

number of gated lymphocytes counted in each experiment was between 5,000 and
10,000.

RESULTS

Relative infectiousness of SI and NSI variants of HIV-1 in
PHA-stimulated PBMC tissue culture and Hu-PBL-SCID
mice. Two distinct HIV-1 variants were tested for their relative
infectiousness in tissue culture systems and in Hu-PBL-SCID
mice: HIV-1,,y, which does not grow well in macrophages and
which induces syncytia when cultured with certain T-cell lines
(a syncytium-inducing [SI] variant), and HIVy,_;, an NSI vari-
ant that grows well in macrophages.

To control for potential variation among different Hu-PBL-
SCID mice, the two viruses were mixed at equal 50% tissue
culture infectious doses and the mixture was inoculated into
Hu-PBL-SCID mice at serial tenfold dilutions. In the mice,
HIV-1g,, established infection at a 2-log-lower inoculum than
HIV,y (107 versus 10* 50% tissue culture infective doses). In
contrast, when the individual viruses were inoculated sepa-
rately into PHA-stimulated PBMC tissue cultures that used the
same source of human cells, HIV, established infection at a
1-log-lower concentration than HIVy, ; (Table 1). With hu-
man PBMC from the same subject, these two viruses therefore
differed in their relative levels of infectiousness for Hu-PBL-
SCID mice and PBMC tissue culture.

In a second experiment, using cells from a different subject
to both reconstitute SCID mice and establish tissue culture, a
2-log increase in infectiousness of HIV-15, ; compared with
HIV,\ Was again observed. In this experiment the two viruses
were essentially equivalently infectious in tissue culture (data
not shown).

Relative infectiousness of different clones from a primary
HIV-1 culture. The supernatant fluid from the primary culture
of PBMC from an HIV-1-infected individual was inoculated
into MT-2 cells, PHA-activated PBMC, and Hu-PBL-SCID
mice. After PCR amplification, the env sequences from a sam-
ple of the viruses that established infection in each of those
environments were then determined. Derived Env amino acid
sequences from those viruses are shown in Fig. 1. Because of
synonymous nucleotide substitutions, these amino acid se-
quences do not completely mirror the nucleotide diversity
present in the samples. However, two points of interest are
apparent. First, two distinct subtypes of virus can be identified
in the sequences amplified from the primary culture (labelled
with the RT prefix): those characterized by the presence of an
IKQR motif at positions 35 to 39 of the amplified Env se-
quence (RT-1, RT-7, RT-8, and RT-12) and those without this
motif. Second, only those viruses carrying the IKQR motif
grew in MT-2 cells and PBMC culture. The cultures from
which these sequences were amplified uniformly demonstrated
syncytium formation. Therefore, the viruses carrying this motif
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FIG. 1. Derived amino acid sequences from a region of the HIV-1 viral envelope that was amplified from different cell settings. The consensus sequence is displayed
at the top, and amino acids that do not vary from the consensus at a given position are represented by dots. RT, sequences amplified from cDNA generated by reverse
transcription of viral RNA from supernatant fluid of a primary culture; MT-2, sequences amplified from MT-2 cells inoculated with the primary culture supernatant
fluid; PBMC, sequences amplified from PHA-stimulated normal PBMC inoculated with the primary culture fluid; SCID, sequences amplified from different
Hu-PBL-SCID mice. The number following the cell type designation refers to the clone; “SCID” is followed by the mouse number and clone number.

were SI variants, while those that failed to grow in MT-2 cells
and lacked the IKQR motif were likely to be NSI variants.

A phylogenetic network generated from the Env sequences
is given in Fig. 2. With the initial focus on only the RT se-
quences (which represent a sample of the source population
for the SCID, PBMC and MT sequences), the evolutionary
tree is divided into two major branches or clades that are well
differentiated by a minimum of 22 nucleotide substitutions of a
total of 288 nucleotides and two insertions/deletions. The less
diverse clade shown at the bottom of Fig. 2 consists of the SI
RT sequences that share the IKQR motif; the more diverse top
clade consists of the NSI variants. One sequence, RT-12, rep-
resents a recombinant between parental types in the SI and
NSI clades.

As mentioned above, the RT sequences represent a sample
of the population that was used to inoculate the MT-2, PBMC,
and SCID cells. The fact that the RT sequences in this sample
bracket almost all of the diversity observed in this phylogenetic
tree indicates that the sampling was extensive enough to assess

accurately the evolutionary affinities of all viruses that estab-
lished infection in the MT-2, PBMC, and SCID environments.
However, it still must be emphasized that the 22 RT sequences
obtained represent only a sample of the inoculating popula-
tion. Consequently, there are undoubtedly additional se-
quences in the RT population, and many of the successful
inoculant sequences may well have been derived from RT
sequences not present in the sample. Moreover, once inocu-
lated into a cell line, the successful viruses can establish evolv-
ing lineages such that some of the diversity observed in the
inoculant sequences may not be present in the original RT
population. However, because the RT sample does span vir-
tually the entire range of diversity observed in all sequences,
we can legitimately identify the evolutionary affinities between
the RT sequence population and the sequences obtained from
viruses in the MT-2, PBMC, and SCID environments.

A nested cladistic categorical analysis was then executed to
identify these evolutionary affinities, as described in Appendix.
This analysis uses the evolutionary network of all the se-
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FIG. 2. Estimated evolutionary network of the HIV haplotypes. Haplotypes that are presented together as a block in the network have identical nucleotide
sequences. In some cases, the same sequence was found more than once in the HIV clones isolated from a single tissue type or replicate. In these cases, the number
of times the sequence was isolated from the sample is indicated in parentheses. Solid lines, branches whose length is expected to be proportional to the number of
mutations in a parsimonious fashion, using the scale shown; dashed line, a branch that contains two insertions/deletions and a minimum of 22 nucleotide changes but
that is likely to violate the principle of maximum parsimony. Only the maximum parsimony connection between the top and bottom halves of the network is indicated,
but the dashed line could connect to either half within a single mutational change of the maximum parsimony connection. The arrows point to the portions of the
network near the two parental types that yield the recombinant haplotype represented by RT-12. Bars, significant changes in association with haplotype categories.

quences as shown in Fig. 2 to define a nested statistical design.
It is critical to note that this design is determined exclusively by
the sequence data alone and therefore is completely unbiased
with respect to tissue associations. After the nested design is
defined from the sequence data, the observed tissue associa-
tions are overlaid upon the phylogenetic tree and statistical
testing is performed to identify those evolutionary transitions
or branches in the network that are associated with statistically
significant changes in the tissue types from which the se-
quences were derived. A total of six large transitions in tissue
associations were observed in this phylogenetic tree, as indi-
cated by the heavy lines over specific branches in the phyloge-
netic network illustrated in Fig. 2. Four of these transitions
were significant at the 0.001 level, and two were significant at
the 0.100 level. These six major transitions in tissue associa-
tions divide the phylogenetic network into seven viral clusters
(A to G), as summarized in Fig. 3.

It is apparent that viruses from the primary culture (RT) are
widely distributed throughout the network and well repre-

sented in groups A, E, and G at the extremes of the tree. In
contrast, the viruses that established infection in PBMC, MT-2
cells, and Hu-PBL-SCID mice are not randomly distributed
throughout the tree. Instead, the virus sequences from each of
those different cellular environments, with rare exception, clus-
ter together tightly in individual regions of the tree. Of partic-
ular interest is the clustering of 40 of 42 (95%) of the se-
quences from the Hu-PBL-SCID mice in a single region of the
NSI portion of the tree, indicating that not all NSI variants
from the primary culture (the clones with the RT prefix)
were equivalent in their abilities to establish infection in the
mice.

The presence of all of the viral variants from PBMC and
MT-2 cells within a single cluster (group B) also shows marked
restriction of which viruses were transmitted in those settings.
It also demonstrates that the cellular environment of activated
PBMC favors selective transmission of the same viruses that
are transmitted into the T-cell line MT-2. As indicated, these
viruses all induced syncytia in the cultures in which they grew.
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FIG. 3. Estimated evolutionary network of the HIV haplotypes showing only the portions of the network defined by significant transitions in association with cell

type origin.

Activation state of human PBMC transplanted into Hu-
PBL-SCID mice 8 days earlier. As previously noted, PBMC
placed in culture are actively stimulated with PHA at the ini-
tiation of culture, while PBMC placed into Hu-PBL-SCID
mice are not directly stimulated. One possible explanation,
then, for the differences in the transmission pattern in Hu-
PBL-SCID mice and that in PHA-stimulated PBMC would be
a difference in the activation state of the human CD4 cells in
the two settings. We examined in Hu-PBL-SCID mice the
expression by CD4 T cells of HLA-DR, a class II major histo-
compatibility protein expressed on the surface of activated T
lymphocytes (6, 7). Cells were subjected to flow-cytometric
analysis 8 days after reconstitution. The proportions of CD4 T
cells expressing HLA-DR in four mice were 5, 6, 9, and 14%
(mean, 9%). A representative flow-cytometric analysis is
shown in Fig. 4. This level of HLA-DR expression is very
similar to that reported for CD4™" T cells from freshly obtained
HIV-1-negative donors (6, 7). In contrast to this finding, over
80% of T cells in stimulated PBMC tissue culture typically
express this activation marker (7).

DISCUSSION

In the current study, the abilities of distinct HIV-1 variants
to establish infection in PBMC depended on whether the
PBMC were located in Hu-PBL-SCID mice or in standard
PBMC tissue culture. A prototypic NSI HIV-1 variant,
HIVg, 1, was more infectious in Hu-PBL-SCID mice than a
prototypic SI variant, HIVy, but in PHA-stimulated PBMC
tissue culture the SI variant was either equivalently infectious
or more infectious, depending on the subject used as a source
of PBMC. When PBMC tissue culture or Hu-PBL-SCID mice
were inoculated with a primary isolate containing both SI and
NSI variants, the SI variants exclusively established infection in
tissue culture while the NSI variants predominated among
viruses establishing infection in Hu-PBL-SCID mice. While, in
general, it is certainly possible to infect PHA-activated PBMC
with NSI variants of HIV-1, the required infectious dose may
be higher than that which was present in our inoculum. We
could, for example, establish infection in activated PBMC with
HIVg, ., but in the experiment shown in Table 1 a higher
inoculum was required for this virus than for HIV .
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FIG. 4. Flow-cytometric analysis of data from mouse 4. (a) Forward (FALS) and 90° (SS) light scatter plot of peritoneal cells. Gate A includes lymphocytes. (b)
Histogram of fluorescence of CD3 staining (horizontal axis) versus number of cells counted (vertical axis), gated on cells within gate A in the preceding panel. Region
C indicates positive fluorescence for human CD3, i.e., human T cells, and included 47.7% of events in region A. (c¢) Two-dimensional histogram of CD4-FITC
fluorescence (horizontal axis) versus HLA-DR~-PE fluorescence. Quadrant 2 represents cells expressing both CD4 and HLA-DR; quadrant 4 represents cells expressing
CD4 only. The dividing line between quadrants 2 and 4 was determined by using an isotype control antibody in combination with anti-CD4 antibody as described in
Materials and Methods. The percentages of cells in quadrants 1 to 4 were 3.3, 6.6, 33.1, and 57.0%. Nonspecific binding of 0.4% was subtracted from the value in
quadrant 2 to obtain the true percent of CD4* HLA-DR™ cells in the peritoneal cells obtained from each mouse.
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In addition, not all NSI variants from our primary virus
inoculum appeared equally infectious in Hu-PBL-SCID mice.
Those variants that established infection all segregated in a
nonrandom manner within the same clade of the phylogenetic
tree. Thus, the Hu-PBL-SCID mouse model demonstrated a
pattern of restriction in the range of viruses transmitted similar
to that observed clinically (14, 30, 31).

The viral variation in the Hu-PBL-SCID mice, although
quite restricted, was greater than that in recently infected in-
dividuals, for whom less than 1% nucleotide sequence varia-
tion among isolates was seen (14, 30, 31). This could be be-
cause the range of variants to which an individual is exposed is
narrower than that present in the inoculum used in these
studies. Thus, the homogeneity observed among isolates in
recently infected individuals may reflect both exposure to lim-
ited numbers of viral variants and selection for the variants that
are most infectious.

The basis for the differences in viral selection in the PBMC
in Hu-PBL-SCID mice and PHA-stimulated PBMC was not
directly addressed in this study. However, the two environ-
ments studied clearly differ in degree of cellular activation, as
reflected by the proportion of CD4 lymphocytes expressing the
activation marker HLA-DR. It has been argued that cellular
activation is essential for virus infection to proceed through
reverse transcription and integration (1, 2, 29). The current
data suggest that certain NSI variants may be better able to
establish infection under conditions of low activation than are
SI viruses. In support of this argument, it should be noted that
in this study the level of HLA-DR expression by CD4 cells in
the Hu-PBL-SCID mice was similar to that in human PBMC in
vivo (12). The results with transmission of HIVg, ; and HIV-
1y~ to Hu-PBL-SCID mice and the transmission of two ap-
parent SI clones to Hu-PBL-SCID mice show that the restric-
tions on transmission are not absolute and can be overcome by
larger viral inocula. Transmission of SI variants is, however, an
infrequent occurrence in Hu-PBL-SCID mice, just as it is clin-
ically (14, 30, 31).

Hu-PBL-SCID mice and PBMC tissue culture obviously dif-
fer by more than the state of activation of the human cells in
the two systems, and it is possible that other factors may in-
fluence the observed differences in infectiousness of distinct
HIV-1 variants. The possibility exists, for example, that the
SCID mouse environment favors the persistence of clones of T
cells that are selectively infected by specific subsets of the pool
of HIV-1 variants. As the time from human-cell transplanta-
tion increases, the population of human T cells in the mice
does become more oligoclonal in terms of more restricted
antigen specificity (23). There is, however, no evidence for
selection of HIV-1 variants on the basis of antigen specificity of
T cells. Whether T-cell clones selected on other bases would
preferentially favor infection with specific HIV-1 variants is
unknown. Given the demonstrated importance of cell activa-
tion in productive infection and the gross difference in activa-
tion states between the two environments, we believe that this
difference is the likely explanation for the patterns of HIV-1
infection in the two settings.

Tary-Lehman et al. reported that human T cells in Hu-PBL-
SCID mice consisted of uniformly activated oligoclonal T-cell
populations with specificity for mouse antigens (23). However,
in that study PBMC from Hu-PBL-SCID mice were analyzed
approximately 50 days postreconstitution with human cells,
and the level of T-cell activation 8 days postreconstitution was
not reported. The 8-day time point is important because that is
when infection with HIV-1 is typically initiated. The lack of
such early-time-point data in the previous studies may relate to
the difficulty in identifying human cells among the mouse peri-
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toneal cells before the human cell population has expanded. By
removing a substantial proportion of the mouse cells from the
peritoneal cells, we were able to identify and characterize the
human cells in the mice at that early time point.

Mosier et al. reported that NSI variants of HIV-1 were more
virulent in Hu-PBL-SCID mice than SI variants, i.e., they
caused more rapid decline of the human CD4™ T cells (18).
This observation was unexpected because the appearance of SI
variants in the clinical setting is usually associated with more
rapid CD4" T-cell decline (9, 19). Our findings suggest a
different explanation for the greater loss of T cells in Hu-PBL-
SCID mice infected with NSI variants, namely, that those vari-
ants infected the mice with greater efficiency than the SI vari-
ants. If infection in Hu-PBL-SCID mice challenged with SI
viruses occurs with low efficiency, then the viral load early after
infection with SI viruses would be lower than that early after
infection with NSI viruses. Thus, a more rapid CD4 T-cell
decline in the mice challenged with NSI variants could simply
reflect the greater viral load present shortly after inoculation in
those mice, rather than an intrinsically greater cytopathic po-
tential of NSI variants on a per-virion basis.

As mentioned above, the appearance of SI variants of HIV-1
in infected individuals is frequently associated with rapid pro-
gression to AIDS (9, 19). If the host environment plays an
important role in selecting which viruses predominate, then the
appearance of the virulent SI viral phenotype in the clinical
setting could reflect a change in the host environment as well
as viral mutation. Knowledge of how and why the host envi-
ronment changes may provide important insights into HIV-1
pathogenesis and suggest new approaches to therapeutic inter-
vention.

The effort to develop HIV-1 vaccines has been plagued by
the heterogeneity of viral isolates. By understanding the im-
portance of the cellular environment in selection of transmit-
ted viruses, it should be possible to direct vaccine development
at the more restricted range of viral variants likely to be in-
volved in the spread of infection. The present results indicate
that Hu-PBL-SCID mice may be useful for identifying and
evaluating viral variants that should be studied as candidate
vaccines.

APPENDIX

Tree estimation. An unrooted evolutionary tree of the observed
unique sequences (haplotypes) was estimated by using the algorithm of
Templeton et al. (25). The first step in this algorithm is to estimate the
limits of parsimony. A Mathematica (27) package is available for
calculating these limits and may be obtained by electronic-mail request
to temple__a@biodec.wustl.edu. In this case, branch lengths less than
eight mutational steps were determined to be parsimonious with a
probability greater than 0.95 using equation 8 of Templeton et al. (25).
This parsimony limit splits the haplotypes into two subsets separated
by a branch of a minimum length of 22 mutational steps (Fig. 2), and
the principle of maximum parsimony was used separately within these
two subsets. However, even within this limit, the algorithm of Temple-
ton et al. (25) is not equivalent to maximum parsimony alone. There
were hundreds of equally parsimonious alternatives for the subset of
haplotypes above the dashed line in Fig. 2. However, this algorithm
first unites those haplotypes with the shortest mutational distances into
the maximum parsimony network and then adds on those haplotypes
that are more mutationally distant from all other haplotypes. This
means that this algorithm disallows those parsimonious alternatives
that assign additional mutational steps (due to convergent or parallel
mutations) to the shorter branch lengths. Both parsimonious networks
were completely resolved by this algorithm, as shown in Fig. 2. As
mentioned above, the top and bottom parsimonious networks are
separated by a branch of a minimum length of 22 nucleotide substitu-
tions and two insertion/deletion mutations. Because there is a substan-
tial probability that parsimony is violated in this case (up to two
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FIG. Al. Nested clades derived from the evolutionary network in Fig. 2.

additional mutations that represent repeat hits at the same site), there
is some ambiguity about the exact connections between these two
parsimonious networks. Fortunately, this ambiguity has no impact on
the basic topology of the overall evolutionary tree and has no effect at
all on the statistical analyses presented.

The algorithm of Templeton et al. (25) also searches for recombi-
nation, and the haplotype RT-12 was inferred to have arisen from
recombination, as indicated by the dashed arrows in Fig. 2. One of the
parental haplotypes (henceforth called PAR-1) differs by only a single
nucleotide substitution from the sequence shared by MT2-1 and
PBMC-1, at least in the region of nucleotide positions 1 to 201. That
single nucleotide difference had already been inferred to occur on the
long branch in Fig. 2 leading to MT2-1/PBMC-1 regardless of the
inference of a recombination event. The other parental sequence is
identical to SCIDS-5, at least at nucleotide positions 185 to 288. Be-
tween positions 1 to 184 inclusive, RT-12 shares with PAR-1 18 nu-
cleotide substitutions and two insertions/deletions that differentiate
both of these sequences from SCIDS5-5; between positions 202 to 288
inclusive, RT-12 shares with SCID5-5 seven nucleotide substitutions
that differentiate both of these sequences from PAR-1. Between nu-
cleotide positions 185 to 201 inclusive, all three sequences are identi-
cal, and the putative recombination event must have occurred within
this interval.

Categorical associations. To see if the haplotypes were nonran-
domly associated with the various cell types, a nested categorical as-
sociation of cell type origin versus position in the haplotype evolution-
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TABLE Al. Results of the nested, permutational analysis using the
nested design in Fig. Al and based on 1,000 random permutations
for each nested group tested”

Clades tested, nesting clade P;;Or?;;aiﬂg]n
Haplotypes, 1-1 1.000
Haplotypes, 1-9 ..o 0.500
1-step clades, 2-1 0.000
1-step clades, 2-6 1.000
1-step clades, 2-7 0.082
2-step clades, 3-4 1.000
2-step clades, 3-5 0.440
2-step clades, 3-8 0.019
3-step clades, 4-2 0.098
3-step clades, 4-3 0.330
3-step clades, 4-5 0.220
4-step clades, 5-2 1.000
4-step clades, 5-3 0.000
5-step clades, 6-2 1.000
6-step clades, entire NEtWOIK ........cccccvvviiiviviinniiniciiniccnens 0.000

¢ Only nonredundant clades having more than one category type can be tested.

ary network was executed by using the testing procedure described by
Templeton and Sing (26). This test first converts the evolutionary
network into a set of nested categories that represent larger and larger
branches (clades) of the haplotype network. Accordingly, haplotypes
were nested into one-step clades, one-step clades were nested into
two-step clades, etc., by using the nesting rules described by Templeton
et al. (24). The resulting nested categories are given in Fig. Al. Asso-
ciations were then examined between these nested clades and the
following categories: RT, MT2, PBMC, and SCID. The null hypothesis
of no association was tested by repeated evaluation of a contingency
chi-square-type statistic using 1,000 random permutations of the data
that preserve marginal values, as outlined by Templeton and Sing (26).
Only those nested categories that have variation in both clades and
tissue categories are informative about when transitions in association
occur, and the test results are given in Table Al. Because of small
sample sizes, many of the nesting categories, particularly at the lower
nesting levels, could not even in principle yield significant results at the
5% level, so to inspect for biological patterns, any test yielding a
probability of 10% or less was regarded as biologically significant. As
can be seen in Table Al, six nesting clades yielded significant results at
the 10% level or lower. For three of these six nesting clades, there were
only two nested clades within a nesting category, so the significant
change in association could be localized on the evolutionary network
as being the branch connecting the two contrasted clades. However, in
the other three cases, there were multiple evolutionary branches within
the nested category. In order to localize the overall clade effect, the

TABLE A2. Localization of significant effects within nesting clades
containing more than two nested clades

Nesting clade
contrast

Permutation probability
or FET*

2-7
FE R U 11 FO 0.800
1-9 VS T-11 oo 0.100
42

“ FET, Fisher’s exact test.



6954 MARKHAM ET AL.

individual evolutionary branches were tested in a pairwise fashion. The
results are shown in Table A2. As can be seen, the significant effect
observed within nesting clade 2-1 actually is associated with two strong
transitions of associations. Within nesting clades 2-7 and 4-2, both
significant overall at the 10% level, only one contrast within each was
significant at the 10% level Fisher’s exact test.

As discussed by Templeton et al. (24), significant results on adjacent
branches in the haplotype network need to be inspected further be-
cause of spillover effects; that is, a strong association at one level of
nesting may affect a contrast at a different level as well. Of the seven
branches associated with significant changes in association at the 10%
level, two pairs are on adjacent branches. The first pair involves the
significant effects localized in clades 3-8 and 5-3. The branch separat-
ing the two nested clades within 3-8 (2-14 and 2-23) is associated with
a large change from an exclusively SCID clade (three SCID haplotypes
are in 2-14) to an exclusively RT clade (four RT haplotypes are in
2-23). The significant effect observed in clade 5-3 is also a transition
from an exclusively SCID clade (4-4 with 19 SCID haplotypes) to a
nearly exclusively RT clade (4-5 with 10 RT haplotypes and 3 SCID
haplotypes). The SCID haplotypes found in 4-5 are the same three
SCID haplotypes found in 2-14, so this is clearly a spillover effect. By
moving 2-14 into 4-4, the contrast is strengthened, yielding an exclu-
sively SCID branch (2-14 plus 4-4) with 22 haplotypes and an exclu-
sively RT branch (3-12) with 10 haplotypes (significant at the 0.0000
level with Fisher’s exact test). Hence, this dramatic SCID-to-RT
change in association occurs upon a single branch in the haplotype
network as identified in clade 3-8 but is so strong that it spilled over
into the 5-3 test result.

The other potential spillover effect is with the pair 4-2 and the entire
cladogram (that is, the contrast of clade 6-1 versus clade 6-2). How-
ever, the 4-2 result is a SCID-to-RT transition, whereas the other
branch (the dashed branch in Fig. 2) is an RT-to-MT2/PBMC transi-
tion. Hence, the biological categories involved in these significant
results are quite different, so these are not spillover effects.

Because of the spillover effect observed with the 3-8-5-3 pair, the
seven significant transitions are reduced to six. The locations of these
transitions and their statistical strengths are indicated by the bars in
Fig. 2. Figure 3 shows a summary of the haplotype composition in the
different parts of the evolutionary network defined by these transitions.
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