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ABSTRACT During treatment with one specific batch of
blood clotting factor IX, a number of hemophilia B patients in
Germany recently became infected with human immunodefi-
ciency virus type 1 (HIV-1). The nucleotide sequences of cloned
HIV-1 envelope gene regions including the variable V3 loop and
the V4 region derived from short-term virus cultures and
directly from peripheral blood cells of these patients were
shown to be highly homologous. Based on the assumption that
the corresponding consensus sequence (termed HIV-1\pk) was
identical to the genotype of the initially infecting virus, we were
able to construct phylogenetic trees of the developing quasi-
species in two patients studied in detail. True intermediates
between input and multiply mutated genotypes were found in
individual blood samples. Except for the initially infecting
variant HIV-1ygx, variants found at 11 months postinfection
had replaced those seen at 5 months postinfection. Variability
early after infection was shown to cluster in two small regions
located 3’ of the V3 loop (i.e., outside the loop) and within the
V4 region. This communication therefore describes the evolu-
tion of an HIV-1 quasispecies in humans starting from a single
genotype.

Like all lentiviruses, human immunodeficiency virus type 1
(HIV-1) is not present in a patient as a single wild-type virus
but as a virus population of variants constantly undergoing
mutation. By analysis of HIV-1 subgenomic regions in the
gag, tat, and env genes after polymerase chain amplification
(PCR) and sequencing of individual molecular clones, mul-
tiple virus variants have been shown to exist in a virus
population at a specific time after natural infection (1-5).
Variability was mainly restricted to the variable regions V1 to
V5 of the HIV-1 env gene coding for the external glycoprotein
gp120 (5-10).

We previously reported that 9 out of 10 HIV-1 variants
from three infected hemophiliacs were homologous in the V3
loop (11). These patients had become infected during treat-
ment with an identical contaminated batch of factor IX in
1989-1990. Of a total of at least 48 hemophiliacs known to
have been treated with this batch, 9 seroconverted, suggest-
ing a very low load of contaminating HIV. From the fre-
quency of seroconversions and the doses of clotting factor
received, one can calculate that the batch contained between
0.2 and 3 human infectious doses of HIV-1 per liter. If so,
statistically each infected patient received a single infectious
particle, i.e., a biologic clone. Not very surprisingly, we were
able neither to rescue HIV-1 directly from the remaining 200
ml of the batch nor to amplify HIV DNA or RNA by PCR
from small (10 ul) clotting factor volumes. The batch was p24
HIV-1-antigen positive. Here we provide a detailed study of
variant HIV-1 genotypes analyzed directly from peripheral
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blood mononuclear cell (PBMC) DNA or obtained after
short-term (i.e., 4 weeks) culture in cord blood lymphocytes
(CBLs).

MATERIALS AND METHODS

Blood and Culture Samples. Fresh citrate-treated blood
from patients M and K in Frankfurt and patient B in Gottin-
gen was used for isolation of PBMCs by Ficoll gradient
centrifugation. For virus isolation, primary cells were co-
cultivated with interleukin 2/phytohemagglutinin-stimulated
CBLs and kept in culture for up to 8 weeks (11).

DNA Preparation and PCR Amplification. DNA was pre-
pared from 10° cells and PCR-amplified by published proce-
dures (11, 12). One to 4 ug of PBMC DNA was added toa PCR
mixture containing (final concentrations) 500 mM KCl, 2.5
mM MgCl,, gelatin (200 ug/ml) and 100 mM Tris/HCl (pH
8.0), 800 uM dNTPs, 1.5 units of Taq polymerase (Perkin—
Elmer), 1 uM oligonucleotide primers, and water to make 100
ul. Five precycles (94°C, 45 sec; 37-45°C, 2 min; 72°C, 3 min)
and 40 main cycles (94°C, 45 sec; 55-60°C, 2 min; 72°C, 3 min)
were run. Ten microliters of the reaction product was added
to 90 ul of a second PCR mixture and amplified under the
conditions given above. For the first round of PCR amplifi-
cation, primers were HI-env-6430(+) (5'-TGT-CCA-AAG-
GTA-(T/A)C/A)T-TTG-A-3') and HI-env-7621(-) (§'-GTT-
TTC-CAG-AGG-AAC-CCC-3’). Primers used for the second
amplification round were HI-Sall-env-6447(+) (5'-CG-ATC-
GTC-GAC-TTT-GA(G/T)-CCA-ATT-CCC-ATA-CA-3')and
HI-Xhol-env-7578(—) (5'-CG-ATC-CTC-GAG-TAG-GTA-
TCT-TTC-CAC-AGC-CAG-3’). The oligonucleotide primers
were chosen from conserved sequences of the env gene.

To check the mutation rate introduced by the PCR ampli-
fication procedure, we diluted plasmid pNL4-3 (8) to 10°
molecules and PCR-amplified and sequenced 10 molecular
clones as described above. None of the 10 clones showed
deletions, and the error rate of Taq polymerase was found to
be 0.1%. Therefore, the vast majority of mutations detected
during the analysis of HIV-1 variants in the patients’ blood
samples were authentic—i.e., not due to the PCR amplifica-
tion.

Molecular Cloning and Sequencing. PCR-amplified prod-
ucts were digested with Sal I and Xho I and separated by size
in a 1.2% agarose gel (11). The specific 1.1-kilobase-pair
fragment was purified (Qiaex, Stratagene) and ligated with
Sal 1/ Xho I-digested plasmid vector pBluescript (Stratagene)
or pUC (New England Biolabs). For sequencing, plasmid
DNA was purified from minipreparations (Qiagen, Studio
City, CA) and primers HI-Sall-env-6447(+) (see above) and

Abbreviations: HIV, human immunodeficiency virus; SIV, simian
immunodeficiency virus; PBMC, peripheral blood mononuclear cell;
CBL, cord blood lymphocyte.
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HI-env-merkl(-) (5'-TGG-GAG-GGG-CAT-ACA-TTG-
CTT-3') were used in a standard sequencing reaction.

RESULTS

Definition of the Initially Infecting Genotype HIV-1ypx in
PBMC DNA of Patients M and B. To investigate HIV-1
quasispecies development directly—i.e., without the possi-
ble influence of selective pressure in tissue culture—fresh
PBMCs from patients M and B were purified for DNA
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isolation followed by PCR amplification and molecular clon-
ing, allowing nucleotide sequencing of the region starting 5’
of the V3 loop and extending into V4 of HIV-1 env. Fig. 1
illustrates the very high amino acid sequence homology of the
54 sequenced HIV-1 env regions of the variants detected 5
months (clones BS and M5) and 11 months (clones M11) after
infection. A consensus nucleotide and amino acid sequence
(HIV-1Mmpk) could easily be derived by comparing the bases
at each nucleotide position, as all bases were identical at the
vast majority of positions. These results further suggest that
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Fic. 1. Amino acid sequence comparison of HIV-1ypk and variants in human PBMCs. Shown are independently cloned subgenomes of
HIV-1 prepared from PBMC DNA of patients B and M 5 months postinfection (clones B5-1 to -20 and M5-1 to -16) and of patient M 11 months
postinfection (clones M11-1 to -18). Numbering starts with amino acid (aa) 227 of the HIV-1; 1 env gene (8) and continues according to the
HIV-1upk consensus sequence. A representative sequence comparison is shown for amino acids 290-410. Complete sequence data are available
from the authors upon request. Small dots represent amino acids identical with the consensus sequence HIV-1mpk. Amino acid changes are
depicted for each single clone. Larger dots indicate silent mutations. Stippled boxes, in-frame deletions; open boxes, stop codons.



Genetics: Cichutek et al.

the hemophilia patients M and B (and K, see below) were
initially infected by a biologic HIV-1 clone.

The HIV-1 quasispecies present in patient B 5 months after
infection (HIV-1ps) displayed >99% identity to the HIV-1ypk
consensus sequence (Fig. 1, clones B5-1 to -20). The subge-
nomic clones B5-11 and -12 were identical to HIV-1ypx and
nine additional clones differed only by a single base change.
Three of these clones (B5-2, -3, and -4) were identical to each
other. Clones were therefore highly homologous and no major
variants were detected. Two subgenomes, B5-8 and -20, were
defective within the analyzed region due to single nucleotide
deletions.

Similar to HIV-1gs, the virus population of patient M 5
months postinfection (HIV-1ys; clones M5-1 to -16) exhibited
an overall nucleotide sequence identity with HIV-1ypg of
=99.5%. Clones M5-7, -10, and -13 were identical to HIV-1ypk.
MS5-1 and -4 were identical to each other, as were M5-2 and -3.

To examine whether major populations fluctuate over time
as has been postulated (3, 4, 7), we analyzed in detail the
HIV-1 population in the blood of patient M 11 months after
infection. With the exception of three subgenomes identical
to HIV-1ypk (M11-1 to -3), each clone was different from the
others but still displayed 98.6% nucleotide sequence identity
with HIV-1ygk. Two subgenomes, M11-10 and -15, were
apparently rendered defective by single base deletions.
Eleven of 18 variants displayed more than three mutations. In
comparison, all 16 subgenomes analyzed from the blood of
the same patient at 5 months postinfection had three or fewer
mutations. Thus, infection by HIV-lypk resulted in an
increasing number of mutations within the analyzed env gene
region over time.

High Homology of Cultured Viruses from Patients M, B, and
K. In Fig. 2, the nucleotide sequence of three independently
cloned subgenomes of cultured virus from patients M
(HIV-1y), B (HIV-1g), and K (HIV-1x) at 11 months post-
infection are compared with the nucleotide sequence of
HIV-1p41. All three isolates were classified as subtypes
belonging to the North American/European class of HIV-1
but represented viruses distinct from the known prototypes
HIV-1yqn and HIV-1; 41 (8). Except for four nucleotide
changes at positions 727 (G— A), 762 (T — C), 942 (A— 1),
and 1011 (T — C) in clone HIV-1y, one nucleotide change at
position 1216 (T — C) in clone HIV-1g, and one nucleotide
change at position 958 (T — C) in clone HIV-1k, all subge-
nomes were identical to one another. The sequences within
the V3 loop of the three subgenomes differed by only one
nucleotide change each in HIV-1yy and HIV-1k, whereas
HIV-15 was completely homologous to the HIV-1ypx con-
sensus genotype.

Detection of Intermediate Genotypes. Fig. 3, a phylogenetic
tree constructed by the maximum-parsimony procedure,
shows the evolutionary relationship of the subgenomic clones
from patients B and M, assuming initial infection with
HIV-1umpk. Mutations leading to premature stop codons
within the subgenomes were considered to be terminal mu-
tations within the molecular evolution of a subgenome.
Mutations common to several clones were taken as mutations
in early precursor genotypes. Clones with identical nucleo-
tide sequence within the analyzed subgenomic region were
considered to represent the same virus variant. The variants
represented by clones B5-18 and B5-2 to -4 could be classified
as true intermediate variants from which one and six other
genotypes, respectively, must have evolved. The evolution-
ary tree of HIV-1ys is shown in Fig. 3. Again, clones M5-2
and -3 belonged to an intermediate genotype which subse-
quently suffered a one-base deletion resulting in a defective
variant represented by the two identical subgenomes M5-1
and -4. In the HIV-1)y1; population, variants M11-7, -11, and
-14 belonged to intermediate genotypes appearing during the
development of the variants represented by clones M11-6,
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-10, and -5, respectively. To our knowledge, this is the first
detection of evolutionary intermediates in HIV-1 quasispe-
cies development.

Early Genetic Variation of HIV-1 in Vivo Is Preferentially
Located in Two Regions 3’ of V3 and Within V4. From
comparison of all clones (Fig. 1), it was apparent that few
mutations were found within the V3 loop. Instead, mutations
clustered within two small areas (particularly in the HIV-1y1;
population): a small region 3’ of the V3 loop (amino acids
337-351; nucleotides 1009-1051) and a region within V4
(amino acids 400-410; nucleotides 1198-1230). We termed
these regions 3'V3 and iV4. Within region 3'V3, 8 of 10 (80%)
of all mutations were nonsilent, as were 12 of 15 (80%) of the
mutations in iV4 (Fig. 3). In contrast, only 65% of all
mutations over the complete HIV-1p; env region analyzed
were nonsilent. Therefore, selection of early virus variants
with altered amino acid sequence could be found only for
regions 3'V3 and iV4.

DISCUSSION

Molecular cloning of biologically active lentiviruses [e.g., the
simian immunodeficiency virus (SIV) strains SIV.. and
SIVggm] has recently made it possible to analyze the in vivo
development of genetic variability starting from a single clone
(12, 13). This communication describes a clonal infection of
humans allowing a similar investigation of HIV-1 evolution.

Studies using cloned SIV revealed that closely related
genotypes evolved within months from a single parental
genotype in the inoculated animals. The overall fixation rate
of mutations within the SIV env genes was shown to be 7.4
mutations per kilobase per year for SIVmac239 in rhesus
macaques (13) and 7.7 mutations per kilobase per year for
SIVagms in African green monkeys (12). The overall fixation
rate calculated from virus population HIV-1y; is 5.6 muta-
tions per kilobase per year, comparable with the fixation rate
reported for the simian lentiviruses.

In humans, previous studies following seroconversion in
blood transfusion cases and during treatment with contam-
inated preparations of blood clotting factors indicated very
little sequence heterogeneity in infected recipients (14, 15). In
the only other quantitative analysis performed (15), HIV-1
quasispecies in patients infected with the same contaminated
batch revealed a nucleotide divergence of only 4.2% within
the V3 loop. The mean nucleotide distance between patients
with unrelated infections was 17% within the same env gene
region. Unfortunately, the study was based mainly on blood
samples obtained =3 years after infection, when intrapatient
diversity of HIV-1 had already increased significantly. In the
study reported here, the mean nucleotide distance of the V3
loops of HIV-1ypk variants was <1% and <2%, respec-
tively, 5 and 11 months after infection.

The genetic variability of HIV-1ypk subgenomes was ex-
tremely low within the env region analyzed, a region that
comprises one of the most variable regions of the whole viral
genome (2, 7, 8). Subgenomes completely or almost identical
in nucleotide sequence over the entire region were detected
both in virus reisolates and in PBMC DNA analyzed directly
from the patients. The variants were therefore almost identical
to the consensus sequence defined by comparing all subge-
nomes. It is therefore highly likely that the consensus nucle-
otide sequence HIV-1ypk represents the genotype of the virus
that initially infected patients M, B, and K, supporting the
hypothesis that infection occurred via a clonal HIV-1 sub-
strain. Because lentivirus genotypes may differ after each
single round of replication, such a substrain in the insuffi-
ciently inactivated batch of factor IX must have consisted of
a single predominant and very homologous population with at
most one nucleotide change in the 552 nucleotides within the
constant and variable envelope regions analyzed (Fig. 2).



Proc. Natl. Acad. Sci. USA 89 (1992)

DI T S SRR
e e e e s e e

e e e e e D I T Y

Genetics: Cichutek et al.

7368

LL T

[

ox

s e e e s e e s L T T S SRR

4

A
A

A
A

OOACCAGOOA‘OAOCCTTT TATGCA

< -
o -
< -
< -
v -
< -
< -
o -
v -
L]
<
©
<
<
v -
<
- -
o -
1]

LRI T T RS S
T T T N P T Y

DR R R P
P R Y

. T

o e s e e e
IR R S P
e e s e e e e

A TACAAGGAG A AGTATAAAT ATA

« e s e e e
“ e s e e s e e

=~
<k
Cn s
‘v
-
-
e
e
-

0

1

T

@z

V3

D

-

e e e .

LA

L L]

z<

v -
< -
< -
o -
o .
[
<
< -
o -
o -
[
[P
v -
< -
- .
< -
< -

DT T SR S
D Y

D Y o e e e s e e e .

L)

V4>

c

-1

tippled boxes, in-frame deletions.

’

ns

ts. Independently cloned subgenomes of

vanan

changes within the variable regions of SIV.g, env were

tions within the variable regions of SIV .. env and 92% of
nonsynonymous.

SIV evolution was comparably strong, as 81% of the muta-

son of cultured HIV-1psk

pari:

variants
ion pressure on

120
acid changes are shown. Large dots, silent mu

amino

talic type) sequence com

ivo. Select

i

acid (
ts from PBMCs of patients B, M, and K isolated 11 months postinfection and grown in CBL are termed HIV-1y, HIV-1p, and HIV-1k,

respectively. Numbering starts with nucleotide 679, the first base of codon 227 (see Fig. 1 and ref. 8). Dots represent nucleotides identical with the

amino
ion in v

o e e e .

Nucleotide and
HIV-1uk showed an overall frequency of 80% of non-

synonymous mutations within the early variable regions 3'V3

Fi1G. 2.
and iV4, indicative of selection of altered virus

consensus sequence HIV-1ypk. Nucleotide and

during HIV-1ypk replicat

Vi



Genetics: Cichutek et al.

. +~—3 7
15 BS variants
—m 9
—a 10
a
s U
i 20def
1,12 i1—B—8 16
18 1
1
g 234 —8
2 g S def
- v - .17
[
] 9
=~ '—'l ;U MS variants
¢ 3
=t
6
7,10,13 - = 3
A 12
&l 16
' . 5
pet—{l 14
—t—1{ |5
fll 15def M11 variants
. 16
18 u
9
14
v l 5
—p 12
1,2,3 B —_———
gy v
_:E:, 8
6
m4

Fi1G. 3. Evolution of the quasispecies of HIV-1 in patients M and
B. Assuming initial infection with consensus genotype HIV-1ygk,
evolutionary trees were constructed by comparing independent
subgenomic clones at 5 and 11 months postinfection for patients M
and B. Mutations common to several clones were assumed to have
taken place before divergence of these clones. Mutations listed by
nucleotide position are available from the authors upon request.
Filled squares represent genotypes of one or more clones (numbers
indicated).

In contrast to SIV,m (12), development of HIV-1mpk
variants early after infection was not localized in regions
previously defined as hypervariable (7, 9). The high variabil-
ity of the HIV-1 env gene variable regions previously defined
by comparison of various isolates from different patients and
geographic areas may require longer time periods to develop.
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Clusters of preferred heterogeneity early after infection were
located in a region 3’ of the V3 loop and within a short
segment of the variable region V4. The high number of
subgenomes with single in-frame deletions within V4 in one
patient 11 months postinfection was surprising. However,
in-frame deletions within variable regions have also been
reported for HIV-1 populations in the blood of naturally
infected patients (16) and in African green monkeys infected
with molecularly cloned SIV.gm (12).
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