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In previous studies of HIV-1 variation, we observed that independent as well 9s
seauential virus isolates from individual patients showed evidence of rapid genetic change

a * Genotypic analysis of paired HIV-1 isolates from donor-recipient transfusion cases1 °

and nucleotide sequence comparisons of geographically distinct HIV-1 strains provided
further evidence for the highly variable nature of HIV-1. However, the spectrum of HIV-1
variation in chronically infected individuals, the mechanisms underlying this variation, and its
biological consequences still remain unknown. To address this question, we have analyzed
at a molecular level sequential virus isolates from two infected individuals (RJS and WMF) with
HIV-1 associated clinical disease. Recombinant lambda phage libraries of one RJS isolate
(RJS4) and two WMF isolates (WMF1 and WMF3) were prepared so that the viral DNA
molecules which in toto comprise the hybridization patterns of the overall isolate DNA 8 could
be dissected and analyzed individually. A total of 27, 17, and 18 full-length HIV-1 clones were
obtained from the three libraries (Figure 1). Careful restriction enzyme mapping using 11
endonucleases revealed that 17 of the 27 RJS4 clones, 10 of the 17 WMF1 clones, and 13 of
the 18 WMF3 clones were distinguishable by unique cleavage patterns. The remarkably large
number of distinguishable viral clones within each isolate resulted from various combinations
of restriction site polymorphisms distributed throughout the viral genomes. As expected, the
restriction patterns of the predominant HIV-1 clones corresponded with the fragments
visualized on blot-hybridizations of the isolate DNA from which they were cloned. Because
each restriction enzyme generated only one to three different fragmentation patterns, the many
unique viral genotypes shown in this report to comprise a virus isolate had previously gone
unrecognized.

Inspection of the genomic restriction patterns of the HIV-1 clones in Figure 1 showed
that clones from individual virus isolates (RJS4a-q; WMFla-j; WMFla-m) were considerably
more similar to other clones within that isolate than to unrelated clones such as HXB2, LAV-
Mal, LAV-Eli, ARV2, and WMJ1. In order to quantify objectively the extent of similarity among
the different viral clones, a pairwise comparison of the percentage of restriction site differences
between each of the 45 viral genotypes shown in Figure 1 was performed (total of 1,035
independent comparisons; Table 1). Such an analysis of restriction site differences between
related clones is a valid means for estimating overall nucleotide sequence variability 11' 12.
Assuming that the loss of a restriction site in otherwise highly related genomes results from
a change in a single nucleotide, a 50% difference in restriction sites when using enzymes that
recognize 6 base pair sequences corresponds to approximately 8% nucleotide sequence
difference (i.e., 1 nucleotide change out of every 12 nucleotides sampled). We used this
approach first to analyze clones of HIV-1 for which nucleotide sequence information was
available, and the correlation between nucleotide sequence differences and restriction site
differences was found to be quite good. For example, clone HXB2 differs from clones BH 10,
ARV2, and LAV-Eli by 13%, 41%, and 62% in restriction sites (ref. 1 and Table 1). Based on
these restriction site differences, the predicted nucleotide differences would be 2.2%, 6.8%,
and 10.5%. The actual differences determined by nucleotide sequence comparisons are
1.6%, 5.8%, and 9.7%, respectively. Similarly, clones of WMJ2 and WMJ3, both of which were
derived from a single HIV-1 infected patient, differ by 12% in restriction sites and by
approximately 1-2% in nucleotide sequence. Clones of LAV-Mal, LAV-Eli, and ARV2 differ
from each ,ther by 58 - 70% in restriction sites (Table 1) and by 10.1 to 13.0% in nucleotide
sequence' . In the present study, the restriction cleavage site differences among all 45 clones
ranged from 3% to 70%. The viral DNA genomes comprising isolates RJS4, WMF1 and
WMF3 were considerably more similar to other viral genomes from within the same isolate
than to viral genomes from unrelated (independent) isolates. For example, the 17 different
RJS4 genotypes varied from each other by 3 - 28% (mean of 13%) whereas the same clones
varied from independent viruses by 41 - 70% (mean of 55%; p<0.0001). The 10 different
WMF1 genotypes varied from each other by 3 - 33% (mean of 13%) and from independent
viruses by 34 - 64% (mean of 54%; p < 0.0001). The 13 different WMF3 genotypes varied from
each other by 4 - 29% (mean of 13%) and from independent viruses by 38 - 65% (mean of
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56%;p<0.0001). These data show that while considerable genotypic diversity of viruses exists
within a given isolate, these multiple distinguishable viral forms have all clearly evolved from
one another, or from common precursor viruses, and do not represent concomitant infection
by unrelated (independent) viruses.

Isolates WMF1 and WMF3 were derived from cultures of peripheral blood lymphocytes
of the same individual taken 16 months apart. If the viral forms present in WMF3 had evolved
sequentially from, or in parallel with, the viruses present in WMF1, the extent of similarity
between WMF1 and WMF3 viral genomes should be intermediate between values for clones
from within each isolate and clones from independent (unrelated) isolates. If superinfection
with unrelated viruses had occurred, genotypes of WMF1 and WMF3 viruses would be
expected to vary to the same extent as the unrelated viruses HXB2, LAV-Mal, LAV-Eli, ARV2,
WMJ1, RJS4a, and WMF1a. The data in Table 1 show that the former, not the latter, was the
case. The viral clones WMF1 (a-j) differed from clones WMF3 (a-m) by 11 - 44% (mean of
23%), an intermediate value statistically different from those for viruses from within single
isolates (mean of 13%; p < 0.0001) or unrelated (independent) isolates (mean of 55%; p <
0.0001). These data, plus the unique similarities among WMF1 and WMF3 clones depicted
in Figure 1, indicate that the viruses comprising the latter isolate evolved either from genomes
present in the former isolate or from immediate precursor genomes common to both. The
absence of clones in WMF3 that are identical to clones in WMF1, and the existence of certain
viral genotypes in WMF1 and WMF3 that differ by as much as 39% in restriction sites (e.g.,
WMF1h and WMF3m), underscores the extremely rapid rate of change of HIV-1 in vivo.

As a control for these studies, and to determine the extent to which in vitro changes
in HIV-1 could contribute to the observed genetic differences in RJS and WMF isolates, we
determined the extent of HIV-1 genotypic variation occurring during cultivation and
amplification of virus from infected patient tissues. Peripheral blood mononuclear cells
(PBMC) obtained from patient RJS at the same time that isolate RJS4 had been obtained were
divided into two parts and each was co-cultivated with PHA-stimulated PBMC from different
HLA-unrelated normal donors. The restriction cleavage patterns of the two virus isolates
obtained after 6 weeks of culture were identical (Figure 2A), implying that the virus populations
isolated were representative of viruses present in vivo. PBMC taken from the same patient
two and four weeks after the first phlebotomy yielded virus populations that were genetically
related to the first isolates yet distinguishable (Figure 2B), reflecting the recognized genotypic
heterogeneity of HIV-1 in vivo. Finally, the genotypic pattern of virus cultured from the brain
of an HIV-1 infected patient (BB) was compared to viral DNA extracted directly from an
uncultured specimen of the same tissue. The restriction patterns were identical (Figure 2C)
indicating that the overall genotypic pattern of virus isolated by short-term culture corresponds
to virus populations actually present in vivo. In a separate set of experiments, a recombinant
lambda phage library identical to those prepared for RJS4, WMF1, and WMF3 was prepared
from an isolate of HIV-1 that had been biologically-cloned by five sequential cell-free end-
point dilutions of culture supernatant. This was done to obtain a genotypically-pure virus
stock that could then be expanded in culture, as is done during the isolation of HIV-1 from
human tissues, in order to determine how much genotypic variation is introduced during virus
amplification in vitro. From this library, 10 full-length viral DNA clones were identified and
these were identical in 270 out of 273 restriction sites mapped (average of 27 sites per clone;
data not shown). This degree of restriction enzyme site variability (1%) in a biologically-cloned
isolate that was amplified through multiple rounds of replication was significantly less than for
the isolates RJS4 (13%), WPF1 (13%), and WPF3 (13%) (Table 1). These data thus suggest
that the extensive genotypic variation identified within naturally-occurring isolates of HIV-1
described in the present study are not the result of changes occurring during in vitro virus
propagation or molecular cloning, although it is recognized that under conditions of selective
pressure significant genetic changes in the HIV-1 genome can and do occur in vitro14.

The results of this study indicate that genotypic variation of HIV-1 in vivo is rapid and
extensive, that numerous variant viral forms coexist over time within the same patient, and that
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"isolates" of HIV-1 actually consist of complex mixtures of genotypically-distinct, albeit related,
viruses. The present study also indicates that during natural infection by HIV-1, different viral
genomes evolve in parallel and result in the emergence and persistence of multiple distinct
genotypic forms (Figure 1, Table 1, ref. 8). The possible molealar echanisms underlying
this extensive genetic variability of HIV-1 have been discussed " ..... 1.

Variation of HIV-1 has parallels in other lentiviral systems including eauine infectious
anemia virus (EIAV), visna virus, and simian immunodeficiency virus (SIV)' " 9. For EIAV, it
is clear that genotypic changes are responsible for biologically important alterations in viral
antigenicity which allow the virus to elude host immune defenses20 . For visna, the significance
of antigenic variation is less clear 9. In the SIV system, a virus strain has recently been
isolated from a pig-tailed macaque that possesses altered biologic and antigenic properties
leading to a broader host-range and a rapid, fatal immunodeficiency syndrome several weeks
after inoculation (P. Fultz, personal communication). There are indications that genotypic
variation in HIV-1 is similarly associated with potentially important biologic differences among
variant forms. We have examined the biologic properties of viruses derived by transfection
of full-length WMF1.16 and WMF3.3 clones (patterns WMFla and WMF3c in Figure 1) and
found them to be indistinguishable from wild-type virus in T-cell tropism and cytopathicity (data
not shown). We have also examined the biologic properties of hybrid viruses constructed by
exchanging the envelope region of six different RJS4 clones (numbers 6, 15, 16, 22, 24, and
26) into the transfection-competent HIV-1 prototype clone HXB-2 (ref. 21) and have found that
the progeny viruses exhibit striking biological differences. These findings are especially
intriguing in light of recent findings by Mullins and co-workers who showed that the
envelope/LTR region of a replication-defective variant of feline leukemia virus (FeLV), when
introduced into a replication competent construct of F?.V, was responsible for inducing a
highly reproducible fatal immunodeficiency illness in cats 2. Furthermore, Gartner and Popovic
have shown that some isolates of HIV-1 preferentially replicate in mononuclear phagocytes
whereas others show preference for T-lymphocytes , and Koyanagi and Chen have identified
genotypically-distinct mononuclear phagocytes and brain glioma explant culturesz . The
results presented in this paper demonstrate the extreme plasticity of the HIV-1 genome as a
genetic substrate for important biological variation. Finally, the observation that HIV-1
"isolateso generally consist of complex mixtures of genotypiallv-distinct viruses is in keeping
with the general concept of RNA viruses as 'quasispecies2' . Experiments examining the
genetic, biologic, and immunologic properties of HIV-1 will need to account for this extensive
genotypic heterogeneity, and in some instances may require the use of biologically or
molecularly cloned viruses.

The results of the year 01 studies summarized in this report represent important and
critical progress toward all of the specific aims of the DAMD 17-87-C-7038 contract work. The
molecular HIV-1 clones provide the genetic substrate essential to the completion of all
objectives of this contract work. Parenthetically, I would add that we are in the process of
depositing all of these molecular HIV-1 clones in the NIH AIDS repositorj so they will be
available to members of the scientific community worldwide. Our contact at the AIDS
Repository is:

Dr. Steve Undenfelser
NIAID AIDS Reagent Program
649A Lofstrand Lane
Rockville, MD 20850
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Figure 1. Restriction endonuclease cleavage patterns for 7 independent HIV-1 viral clones
(HXB2; LAV-Mal; LAV-Eli; ARV2; WMJ1; RJS4a; WMF1a) and for 17 distinguishable clones
from isolate RJS4, 10 different clones from isolate WMF1, and 13 distinct clones from isolate
WMF3. To the right of each set of restriction maps is a table summarizing the different
restriction enzyme patterns for each representative clone within that set (E-EcoRl; S-Sstl; X-
Xhol; B-BglII; U-Pvull; H-Hindlll; P-Pstl; K-Kpnl; M-BamHI; C-Cvnl; A-Xbal). The top clone
pattern in each set is arbitrarily designated 11111111111 and differences in subsequent clone
patterns are identified sequentially. The laboratory clone (e.g., RJS4.1; RJS4.1 1; RJS4.16;
etc.) designation and the total number of viral clones represented by each pattern are also
indicated.
Methods: Non-amplified recombinant qPage libraries were prepared in lambda-gt
Wes/lambda B by standard techniques'' . Isolates of RJS4, WMF1, and WMF3 were
previously described and were obtained by co-cultivation of patient PBMC with normal donor
PBMC followed by transmission and short-term (2 - 4 weeks) amplification of virus in Jurkat
(RJS) and H9 (WMF) cells. RJS4 was cloned in permuted form by digestion of circular DNA
intermediate forms using EcoRI. WMF1 and WMF3 were cloned from integrated and
unintegrated viral DNA in non-permuted form using Sstl. Approximately 1 x 106 recombinant32,
phage were screened with a P-BH10i probe', and all full-length HIV-1 clones detected were
analyzed. Clones were mapped side-by-side using Southern blot-hybridization, single, double,
and triple enzyme digests, and full-length, 5', and 3' HIV-1 probes to ensure mapping
accuracy, as described'. Clones comprising WMF1 b, c, h, i, and j patterns are approximately
170 base pairs shorter than the other clones shown due to the presence of an additional
polymorphic Sstl site located in the 5' leader sequence of these viruses. The restriction maps
of HXB2, LAV-Mal, LAV-Eli, ARV2, and WMJ1 were deduced directly from their nucleotide
sequences13 or from previous publications 8.
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Figure 2. Southern blot restriction enzyme cleavage patterns of parallel and sequential
isolates of HIV-1 (Panels A and B) and of cultured versus uncultured virus (Panel C). Panel
A, lanes 1 and 2 represent viral isolates obtained by co-cultivating a single (split) sample of
PBMC from an HIV-1 infected subject (RJS) with PHA-stimulated lymphocytes from two
different, HLA-unrelated normal donors. Panel B, lanes 1 and 2, are the same as lanes 1 and
2 from panel A. Lanes 3 and 4 correspond to virus isolates derived from the PBMC of this
same HIV-1 infected subject taken 2 weeks and 4 weeks after the first phlebotomy and co-
cultured again with PBMC from two other unrelated normal donors. The right-hand blot in
panel B is identical to the center blot except that the exposure time was lengthened from two
to five days in order to identify faint signals. Notice that the predominant HindIll patterns of
isolates 3 and 4 are distinguishable from isolates 1 and 2, yet with long exposure films
persistence of common viral genotypes can be identified in all isolates. Panel C, Southern
blot-hybridization patterns of HIV-1 DNA extracted directly from uncultured brain tissue (lanes
2) and from HIV-1 viral cultures derived by lymphocyte co-cultivation with the same brain
tissue specimen (lanes 4). Lanes 1 show an HIV-1 positive control DNA from an unrelated
virus isolate and lanes 3 represent uninfected negative control DNA.
Methods: Virus isolations were made by co-cultivation of patient peripheral blood
mononuclear cells (PBMC) or brain tissue with PHA-stimulated normal donor PBMC as
described8. The HIV-1 isolate from brain was subsequently transmitted to H9 cells and
analyzed as shown (Panel C). Southern blot-hybridizations were performed using a near full-
length (9kb) HIV-1 probe (pBH-10i) as described . Autoradiogram exposure times were for
2 - 5 days.
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Table I. Analysis of Variation Among Viral DNA Clones of HIV-1. Each of the 45 different
viral clone patterns depicted in Figure 1 was compared pairwise to every other clone pattern
and the percentage difference in restriction endonuclease cleavage sites between each pair
was calculated as follows:

A + B x 100 = % Restriction Site Differences
C

where, A equals the number of restriction sites present in one clone (X) that are missing in the
other clone (Y); B equals the number of restriction sites present in clone Y that are missing
in clone X; C equals the total number of restriction sites present in clones X and Y combined,
with identical sites in the pair counted only once. For example, if clone X and clone Y had
25 restriction sites in common and no additional sites, they would have:

0 + 0 X 100 = 0 Restriction Site Differences
25

If clones X and Y each had 25 restriction sites but none were in common,
they would have:

25 + 25 X 100 = 100% Restriction Site Differences

50

This analytic approach allowed each of the 45 distinct clone patterns to be compared with
every other clone. Because EcoRI and Sstl enzymes were used to clone the RJS and WMF
viruses, respectively, these enzyme sites were not included in the analysis of variation among
the RJS4, WMF1, and WMF3 clones. Because the two terminal Sstl sites in all clones except
WMF1 b, c, h, i, and j actually represent redundant sequences in their LTRs, only one of the
two was included in the analysis of variation. Thus, the first pair of clones compared in Table
1 (HXB2 versus LAV-Mal) differ by a total of 27 out of 43 restriction sites, or 63%.

17 + 10 X 100 = 63X Restriction Site Differences
43

Boxed in solid lines are the difference scores for viral clones derived from the RJS4, WMF1,
and WMF3 isolates. The dashed lines highlight the comparison of viral clones between
isolates WMF1 and WMF3, both of which were derived from the same chronically infected
individual 16 months apart. In order to compare statistically the extent of dissimilarity among
clones from within individual isolates (RJS4a-q; WMFla-j; WMF3a-m) versus clones from
independent (unrelated) isolates (HXB2, LAV-Mal, LAV-Eli, ARV2, WMJ1), the individual data
points, not mean percentages, of the respective groups were compared by chi square analysis
(see text).
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n 456362515112081514 11 12151817181417 11 - 2821193938394143 444643395144464741444245464746445056

o 4563695155181815141719151111 11 14111728 - 212544423941434450434451 49504746444745464746445056

p 51596641470822152117251524 11 11 1417112121 - 193938343638404638394744464741444245464741395052

q 586665545415 1919 18142219211421172121192519 - 424142444647 4946425347495044474548495049475359

*Fla 4657595349363939383542394140413740353944 3942 - 04070407 10 11 1407311"4 "7181114111517 18 17142129:

b 45 59 58 51 47 34 38 38 36 33 41 38 39 38 39 35 38 33 38 42 38 41 04 - 04 07 11 14 14 10 04 29 18 21 21 14 18 15 19 21 22 21 18 25 32;

c 42 61 59 49 49 36 39 39 38 35 42 39 38 35 36 32 35 30 39 39 34 4207 04 - 04 07 10 17 07 07 252124 24 17 21 17212324 17 14 28 34

d 44 58 61 50 50 38 41 41 40 37 44 41 43 37 38 34 37 32 41 41 36 44 04 07 04 - 04 07 14 10 11 28 17 20 21 14 17 14 18 20 21 14 11 24 31:

e 45 59 62 51 51 40 43 43 42 38 46 43 44 39 40 36 39 34 43 43 38 4607 11 07 04 -03 10 07 14 30202323 17 20 17 21 17 23 17 14 27 33:

f 46 60 63 49 53 42 44 44 43 41 47 44 46 41 42 38 41 36 44 44 40 47 10 14 10 07 03 - 07 03 16 26 23 25 26 19 23 20 23 19 27 19 17 29 35:

S 51 62 64 54 54 43 46 46 44 42 49 46 46 46 44 43 46 42 46 50 46 49 11 14 17 14 1007 - 10 14 332327 27 2023 2124 20 27 2623 30 37:

h 45 63 62 49 51 40 43 43 42 39 46 43 43 39 40 36 39 34 43 43 38 46 14 10 07 10 07 03 10 - 13 24 26 28 29 23 26 23 27 23 29 23 20 32 39:

i 46615954493639393835423941404137403539443942 70407 11 14161413 - 3021232417211821232423212834:

j 49 66 65 48 51 49 51 51 50 47 54 51 53 45 49 45 47 43 51 51 47 5331 292528 30 26 33 24 30 - 31 33 35 33 3529 32 38 34 28 31 38 44:

*F3a 54575956534144444340474446444642444044494447:141821 17202323262131 - 040404070408111111140815

b 5558615754434646444249464746474346424650464917 21242023252728233304 - 0707110711140714111119

c 5356625551444242414345474447 4444474347474750:182124212326272924350407 - 07040804071514180419

d 515861545438414140374441434243394237414641 4411 141714171920231733040707 - 0407 11 07141417 11 19

e 50576353534139393840424441444142444044 444447:14 18211720232326213507130404 - 1108041817210722

f 53 56 5855 5139 4242 41 3845 4244 434440 43 38 424742 45:11 1517 14 1720 2123 1829 0407 0807 11 -04 1408 071112 19

g 51S54 61 545042 4141 39 4144 4542 46 42
4 3 46 41 4545 4548:1 1921 1821 23 2427 2132 0811 04 1108 04 -1112 11 15 0823

h 5158 6454 5443414140424446434643434642 46464649:17212320171920232338 11 14 07 07 0414 111-212023 11 25

1 56 5958 5455 44 47 4746 43454244 4749 4443 43 4747 47S50:18 2224 2123 27 2729 2434 1107 15 14 18 081221 -14 11 19 19

j 515862595443464644424946474243394237464641 491721 1714171926232328 11 1414141707 11 2014 - 11 1825

k 5759595364164444 4340474446404137403544443947:14181411141723202131141118172111 1523 1111 -21 29

1 55 5865 5854 47 454544 46 4850 4750 4747 5046 50 505053212528 22729 30 32283808 11 011 07 12 01119 1821 -16

m63 64 59 5959 5356 56 54 51 55 5253 56 57 535151 56 56 52S5929 3234 3133 35 3739 3444151919 1922 1923 2519 25 2 91 6 -
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