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When chronic hepatitis C virus (HCV) infections are complicated by acquisition of human immunodeficiency
virus (HIV), liver disease appears to accelerate and serum levels of HCV RNA may rise. We hypothesized that
HIV might affect the HCV quasispecies by decreasing both complexity (if HIV-induced immunosuppression
lessens pressure for selecting HCV substitutions) and the ratio of nonsynonymous (d,) to synonymous (ds)
substitutions, because d,, may be lower (if there is less selective pressure). To test this hypothesis, we studied
the evolution of HCV sequences in 10 persons with chronic HCV infection who seroconverted to HIV and, over
the next 3 years, had slow or rapid progression of HIV-associated disease. From each subject, four serum
specimens were selected with reference to HIV seroconversion: (i) more than 2 years prior, (ii) less than 2 years
prior, (iii) less than 2 years after, and (iv) more than 2 years after. The HCV quasispecies in these specimens
was characterized by generating clones containing 1 kb of cDNA that spanned the E1 gene and the E2 hyper-
variable region 1 (HVR1), followed by analysis of clonal frequencies (via electrophoretic migration) and nu-
cleotide sequences. We examined 1,320 cDNA clones (33 per time point) and 287 sequences (median of 7 per
time point). We observed a trend toward lower d,/dg after HIV seroconversion in 7 of 10 subjects and lower
dy/dg in those with rapid HIV disease progression. However, the magnitude of these differences was small.
These results are consistent with the hypothesis that HIV infection alters the HCV quasispecies, but the

number of subjects and observation time may be too low to characterize the full effect.

An estimated 170 million persons are infected with hepatitis
C virus (HCV) worldwide (38). Due to shared transmission
routes, the prevalence of hepatitis C is especially high among
persons infected with human immunodeficiency virus (HIV).
In the United States, 15 to 30% of HIV-infected persons also
have hepatitis C (30). HIV infection appears to accelerate the
progression of HCV-related liver disease (2, 6, 9), an issue
whose importance has increased with the prolonged survival of
HIV-infected persons receiving highly active antiretroviral
therapy. In some cohorts of HIV-infected persons with hemo-
philia, liver failure has become the leading cause of mortality,
and HCV infection is now considered an HIV opportunistic
disease (4).

Like HIV, HCV exists as a quasispecies (7). Nucleotide
substitutions that do not affect the protein structure (synony-
mous substitutions, or dg) accumulate in a quasispecies over
time, reflecting the rate of viral replication among other fac-
tors. In contrast, changes in the amino acid composition of the
HCV quasispecies (nonsynonymous substitutions, or d,) typi-
cally reflect immunologic pressure and are not predicted by
replication alone (8, 26).

HCV infection is 10-fold more transmissible by needlestick
exposure than HIV infection and is thus typically acquired
years before HIV (14, 17, 35). However, there is little available
information on the initial effect of HIV infection on the course
of hepatitis C. We and others have shown that the serum level
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of HCV RNA increases after HIV seroconversion (10, 29, 34).
If this were due to increased replication, it would be expected
to increase dg to a greater extent than d,, whereas if it were
due to decreased clearance, the effect on the quasispecies
would be difficult to predict. More importantly, HIV infection
is broadly immunosuppressive. Therefore, we hypothesized
that d/d g would decrease after HIV seroconversion, and to a
greater extent in those who have rapid progression of HIV-
related immunosuppression. To test this hypothesis, we exam-
ined the evolution of envelope HCV sequences in persons with
chronic hepatitis C before and after HIV seroconversion, in-
cluding subjects with rapid progression to AIDS.

MATERIALS AND METHODS

Subjects. We studied HCV-infected subjects who acquired HIV infection
while participating in a prospective study. A total of 2,238 HIV type 1 (HIV-1)-
seronegative persons who were =17 years of age and acknowledged injection
drug use in the preceding 10 years were recruited in 1988 to 1989 and completed
at least one semiannual follow-up visit (36). By January 1996, 252 persons
acquired HIV-1 infection (22), and 240 were candidates for this investigation
because they had HCV antibody before HIV seroconversion. Ten subjects were
chosen because they were followed for =2 years before and after HIV-1 sero-
conversion and either had a rapid progression of HIV-1 infection (defined as
CD4" lymphocyte count of =200/mm? within 3 years of HIV-1 seroconversion
and designated rapid progressors) or stable HIV-1 infection (defined as CD4™
lymphocyte count of =500/mm® and no opportunistic illnesses 3 years after
HIV-1 seroconversion and designated slow progressors).

The HCV quasispecies was examined twice prior to HIV-1 seroconversion
(designated preseroconversion, or pre-SC1 and pre-SC2) and twice after (des-
ignated postseroconversion, or post-SC1 and post-SC2) in sera stored at —80°C
(Fig. 1). HIV-1 seroconversion was estimated to occur midway between the dates
that HIV-1 antibody negative and positive sera were collected, which was less
than 11 months for all 10 subjects.
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FIG. 1. Hypothetical course of HIV-1 seroconverter to show study conventions. For example, pre-SC1 refers to the first serum specimen in
which the HCV quasispecies was studied. Pre-HIV refers to sequence evolution before HIV-1 seroconversion, as measured at pre-SC1 and pre-
SC2. HIV seroconversion was estimated as the midpoint between the last HIV antibody (Ab)-negative and first HIV antibody-positive specimens.

Clinical laboratory testing. Other reports have described the overall cohort
(36), HIV seroconverters (22), the natural history of HCV infection (33), and the
methods used to assess HIV RNA, HIV antibody, HCV antibody, HCV RNA,
and CD4" T lymphocytes. Briefly, HIV-1 antibody testing was performed by
commercial enzyme-linked immunosorbent assay (ELISA; Genetic Systems, Se-
attle, Wash.), with confirmation of repeatedly reactive ELISAs by Western blot-
ting (DuPont, Wilmington, Del.). HIV-1 RNA levels were determined by a
second-version branched DNA signal amplification assay (Chiron Corp., Em-
eryville, Calif.). Subjects were tested for HCV antibodies using a commercial
assay (HCV EIA 2.0; Ortho Diagnostics, Raritan, N.J.). HCV RNA levels were
determined by COBAS MONITOR 2.0 detection (Roche Diagnostic Systems,
Indianapolis, Ind.). Specimens above the linear range for the assay are diluted
until a result in the linear range is obtained. Diluted results are extrapolated to
a predicted concentration. For measurement of T-cell subsets, heparinized whole
blood was stained with fluorescent monoclonal antibodies using a modified
whole blood method, and percentages of CD3", CD4*, and CD8" T cells were
determined by flow cytometry (16).

HCYV envelope region amplification. HCV RNA characterization was based on
examination of 33 cloned cDNAs spanning the 1,026-nucleotide (nt) region
thought to encode envelope protein E1 and a segment of E2, including HVR1
(27). RNA was extracted from 100 pl of plasma or serum using a QIAmp viral
RNA mini kit according to the protocol of the manufacturer (Qiagen, Valencia,
Calif.). One-fifth of the extract was used to generate cDNA in a 20-ul reaction
at 42°C for 1 h with 200 U of Superscript II RNAse H™ reverse transcriptase
(Life Technologies, Gaithersburg, Md.) and first-round PCR reverse primer. The
2-pl cDNA synthesis reaction was used for first-round PCR in a 25-pl reaction
containing 0.625 U of Expand HF polymerase mixture (Boehringer Mannheim,
Indianapolis, Ind.), 1.5 mM MgCl,, 0.2 mM deoxynucleoside triphosphates, and
0.4 pM primers. Degenerate bases are indicated with standard International
Union of Pure and Applied Chemistry codes. One microliter of the first reaction
product was used as template for the inner nested PCR. The primers (and
positions relative to the initiation codon of the HCV-1 polyprotein [5]) were as
follows: outer forward (493 to 518), 5'-GCAACAGGGAACCTTCCTGGTTG
CTC-3'; outer reverse (1862 to 1840), 5'-GTGCAGGGGTAGTGCCAGAGCC
T-3'; inner forward (502 to 527), 5'-AACCTTCCTGGTTGCTCTTTCTCTAT-
3’; and inner reverse (1527 to 1507), 5'-GAAGCAATAYACYGGRCCACA-3'.
Thermal cycling conditions for both the inner and outer reactions were as fol-
lows: denaturation for 120 s at 94°C, followed by 35 cycles of 15 s at 94°C, 30 s
at 65°C, and 60 s at 72°C (during the last 25 cycles, the elongation time was
progressively increased by 20 s per cycle).

Cloning of ¢cDNA and complexity analysis of 33 cloned cDNAs by electro-
phoretic migration. The 1-kb HCV cDNA product was ligated into vector pCR
2.1 and used to transform INVaF’ cells (TA cloning kit; Invitrogen, Carlsbad,
Calif.). Transformants were detected according to the manufacturer’s protocol,
and cloning efficiency was >90%.

For each subject time point (four per subject), the gel shift patterns of 33
cloned cDNAs were examined by amplifying a 452-bp region spanning HVRI1 as
previously described (37). This nonradioactive method detects distinct variants
within a sample by using a combination of heteroduplex analysis and single-
stranded conformational polymorphism on a single gel (HDA+SSCP). A clono-
type is defined as one or more cloned cDNAs that have indistinguishable pat-

terns of electrophoretic migration by HDA+SSCP. In our earlier study, the
mean (* standard deviation) genetic diversity of cloned cDNAs belonging to the
same clonotype (intraclonotype diversity) was 0.6% (=0.9%), with 98.7% differ-
ing by less than 2% (37). The complexity of the quasispecies was characterized
by the clonotype ratio, calculated as the number of clonotypes divided by 33,
the number of cloned cDNAs examined. The clonotype ratio therefore varies
from 0.03 (homogenous) to 1 (highly complex).

Sequencing of representative cloned ¢cDNAs. To examine each specimen’s
quasispecies for trends in sequence variation, a subset of cloned cDNAs was
identified for sequencing. For each subject, cloned cDNAs representing at least
70% (23 of 33) of the screened clones were selected for sequencing based on gel
shift patterns. Plasmid DNA was isolated from a 3.5-ml broth culture (High Pure
plasmid isolation kit; Boehringer Mannheim) according to the manufacturer’s
protocol. Sequences were determined from this DNA using universal reverse
primers with a PRISM version 2.1.1 automated sequencer (ABI, Foster City,
Calif.). Sequences were assembled and edited in Sequencher (Gene Codes, Ann
Arbor, Mich.) by a technician who was blinded to our hypotheses. Primer se-
quences were removed prior to analysis.

Sequence validation. Sequence validation was carried out by recommended
methods (19). To limit the effect of nucleotide misincorporations that occur
during PCR and sequencing (31), we developed a computer program that cor-
rects sporadic substitutions. For this algorithm, sporadic substitutions were de-
fined as nucleotides that were observed only once among all sequences from that
study subject. We observed 726 such substitutions among 281,547 sites after 70
cycles of PCR, or 3.7 X 10° sporadic substitutions/nucleotide sequenced/cycle of
PCR, at the low end of the range of error rates measured for thermostable
polymerases (1, 20) and therefore consistent with artifactual misincorporations.
Because we obtained many sequences from each subject, from four visits, we felt
that such sporadic substitutions were highly likely to be artifactual. When a single
sporadic substitution was identified at a site, it was replaced with the base
observed at that position in all other sequences from that subject. These revised
sequences were used in the analysis, but the original sequences were submitted
to GenBank.

Phylogenetic analysis. Sequence alignments were randomly permuted 100
times using the SEQBOOT program from the PHYLIP package version 3.572¢
(11, 12). DNA distance matrices were calculated using the DNADIST program,
maximum likelihood model, with a transition-to-transversion ratio of 4.25 (31).
Permuted trees were generated using the NEIGHBOR program with random
addition, and bootstrap values were obtained using CONSENSE. Subtype ref-
erence sequences used for phylogenetic analysis had the following accession
numbers: la, AF009606 and M62321; 1b, D90208; 1c, D14853; 2a, D00944; 2b,
D10988; 3a, D17763; 4a, Y11604; Sa, Y13184; 6a, Y12083; “7a,” D84263; “8a,”
D84264; “9a,” D84265; “10a,” D63821; and “11a,” D63822. Nonsynonymous and
synonymous substitution frequencies were calculated using the method of Nei
and Gojobori (21). Since observation time was the same, d/dg was calculated by
dividing d by d. VarPlot (a software program generated by S. C. Ray) was used
to calculate dy;, dg, and dp/dy in a sliding 30-nucleotide window that was centered
on HVRI, as previously described (27).

Nucleotide sequence accession numbers. The sequences were submitted to
GenBank and were assigned accession numbers (AF344887 through AF345193).
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TABLE 1. Clinical characteristics of study subjects®

Interval (mo)®

Injection drug use? Heavy alcohol use®

Subject  Age (yr) Race  Gender d HCV b
uration (y1)°  pre.5C1  Pre-SC2  Post-SC1  Post-SC2  Pre-HIV  Post-HIV  Pre-HIV  Post-HIV
SA 31 B M 14.1 -330  —118 44 47.6 4 3 4 1
SB 37 w F 13.1 —41.5 -3.2 15.8 44.9 4 1 0 0
SC 39 B F 22.4 —-36.4 -3.0 4.1 39.1 4 4 1 0
SD 39 B M 19.5 —-37.0 -3.1 10.2 45.6 4 4 4 3
SE 32 B M 12.4 244 -3 22.1 64.3 4 4 0 1
RA 32 B F 12.3 —44.8 —-34 16.0 39.5 3 2 0 0
RB 33 B M 12.9 -30.8 -94 4.2 32.8 4 4 2 4
RC 39 B M 26.9 —63.7 —-20.0 6.4 335 4 3 0 0
RD 42 B M 23.0 —422 29 10.6 34.1 4 4 4 3
RE 48 B M 8.6 —474 5.4 17.2 28.8 1 0 1 0

“ Subjects are classified according to whether they are slow (SA to SE) or rapid (RA to RE) progressors (see Materials and Methods). B, black; W, white; M, male;

F, female. Measurements refer to HIV seroconversion unless otherwise specified.

® Estimated using time from first injection drug use (13).
¢ Defined in Materials and Methods and the legend to Fig. 1.

4 Refers to the proportion of semiannual visits at which the behavior was acknowledged: 0, never; 1, 1 to 49%; 2, 50 to 74%; 3, 75 to 99%; 4, all visits.

¢ Defined as >260 g/week (33).

RESULTS

The clinical characteristics of the 10 study subjects are
shown in Table 1 and Fig. 2. As designed, the CD4* lympho-
cyte counts of slow progressors were stable, while those of rap-
id progressors were less than 200/mm? within 3 years of HIV
seroconversion. The post-SC2 CD4* lymphocyte counts (per
millimeter cubed) of rapid progressor subjects RA to RE were
19, 116, 148, 14, and 31, respectively. No substantial differences
were detected between rapid and slow HIV progressors in age,
estimated duration of HCV infection (time from first injection
drug use), race, and gender. Likewise, the pre- and postsero-
conversion intervals and patterns of alcohol and injection drug
use were similar between slow and rapid progressors.

Complexity of cDNA clones (clonotype ratio). We examined
a total of 1,320 cDNA clones, 33 at each of four visits for 10
subjects. The pre-SC1 clonotype ratio ranged from 0.22 to 0.52
for slow progressors and from 0.42 to 0.66 for rapid progres-
sors. Between pre-SC1 and pre-SC2, the clonotype ratio in-
creased in two of five slow progressors and four of five rapid
progressors (Fig. 3). Although immunosuppression was pre-
dicted to be associated with a decrease in complexity, between
post-SC1 and post-SC2, the clonotype ratio actually increased
in four of five slow progressors and two of five rapid progres-
sors. Clonotype ratios were not strongly associated with HCV
viral load (data not shown).

Nucleotide sequence. Approximately 1 kb (975 to 981 nt) of
sequence was determined from each of 287 cDNA clones, a
median of 7 (range, 1 to 18) per person. Sequences were ob-
tained from enough clonotypes to represent at least 70%
(range, 70 to 88%) of each subject’s quasispecies.

Overall (between pre-SC1 and post-SC2), both synonymous
and nonsynonymous substitutions accumulated throughout the
1 kb of envelope sequence evaluated. For all 10 subjects, non-
synonymous substitutions accumulated most in HVRI1, and
dnldg was highest in HVRI1 (Fig. 4). The HVR1 d/d of rapid
progressors overlapped that of slow progressors. As with com-
plexity (clonotype ratio), little correlation was detected be-
tween dy or dg and the serum level of HCV RNA (data not
shown).

We hypothesized that HIV infection, especially rapidly pro-
gressing HIV infection, would be associated with a decrease in

dy/d. In support of this hypothesis, d,/d was lower post-HIV
than pre-HIV for 7 of 10 subjects (median change, —0.15;
range, —2.18 to 0.30), and the median d,/dg was lower in rapid
progressors than in slow progressors at each interval (Fig. 5A).

Although we predicted that d/ds would be lower following
HIV infection, particularly in rapid progressors, we were sur-
prised to find that this trend was also present prior to HIV
infection. To further explore this unexpected finding, we se-
lected nine additional subjects from the same cohort using
similar criteria (five rapid HIV progressors and four slow HIV
progressors), and subject SD was reexamined. From pre-SC1
and pre-SC2 samples, the same reverse transcription-PCR
method was used to generate cDNA that was directly se-
quenced, rather than cloned, and compared to generate pre-
HIV d,/dg. As with the first 10, there was overlap in the dis-
tribution of d,/ds. However, d,/dg was highest in two slow
progressors and lowest in two rapid progressors (Fig. 5B).

To assess the accuracy of the clonotype analysis, we com-
pared direct sequencing of a separate aliquot of subject SD’s
pre-SC2 serum specimen to the sequences obtained from
cloned cDNA. The direct sequence differed from the sequence
of the majority clonotype cDNA at 18 of 947 positions. How-
ever, at 14 of these 18 positions, the direct sequence was
consistent with the weighted average of the clonotype cDNA
sequences for the pre-SC2 visit, at 2 positions the direct se-
quence matched one or more minority cDNAs, and at only 2
positions were they clearly different, a frequency consistent
with misincorporations during direct sequencing (31).

DISCUSSION

In this study, detailed analysis of HCV sequence evolution
before and after HIV seroconversion revealed evidence of
reduced immune pressure (lower d,/dg) after HIV serocon-
version, though in these 10 subjects the trend did not reach
statistical significance. Immune pressure also appeared to be
lower in subjects with rapid progression of HIV disease, and
we were surprised to find that this trend was present even
before HIV infection. As the first prospective evaluation of this
medically important interaction, this research contributes to
our understanding of HCV pathogenesis. In particular, these
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FIG. 2. HCV RNA levels (ovals) and CD4 lymphocyte counts (squares) with respect to HIV seroconversion. Subjects are identified at the left
as designated in Table 1. The four visits at which the HCV quasispecies was assessed correspond to HCV RNA determinations.

data suggest that while early HIV infection may be immuno-
suppressive, there are factors other than HIV infection that
more substantially affect HCV sequence evolution.

There is no experimental model for HIV-HCV coinfection,
requiring that evaluations of the pathogenesis of dual infection
be performed by observation of humans. However, heteroge-

neity in the progression of HIV and HCV infections is poorly
understood and probably multifactorial, underscoring the im-
portance of strictly controlled, observational studies. This in-
vestigation was designed to assess precisely the role of HIV
infection on HCV sequence evolution. A major strength of the
study is that host variability, which may hinder investigation of
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FIG. 2—Continued.

a multifactorial process, was eliminated through comparison of
sequence evolution in the same person before and after early
HIV seroconversion. In addition, we examined other condi-
tions that might influence sequence progression, including du-
ration of HCV infection, sampling interval, age, race, alcohol
and drug use, and HCV viral load.

Since observed trends in the effect of HIV infection on early
evolution of the HCV quasispecies did not reach statistical
significance (using two-tailed testing) and no relationship was
detected between HIV infection and complexity, the sensitivity
and accuracy of the ascertainment method warrant consider-
ation. Precision was achieved in quasispecies evaluations by
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FIG. 3. Clonotype ratios in 10 HIV seroconverters. Each point represents a unique subject visit. Slow and rapid progressors are identified by

designations used in Table 1.

examination of more than 1,000 cDNA clones; at least 70% of
the observed sequences of each subject time point were con-
sidered. Absent a “gold standard,” accuracy cannot truly be
evaluated. However, intra- and intersubject d,/dg differences
were noted, indicating that variation could be detected. When
a separate serum aliquot from one subject was tested by an
independent method (direct sequencing), only 2 (0.2%) of 947
nt differed significantly. Since this frequency is consistent with
misincorporations during direct sequencing (31), we believe
that sequences obtained using our methods represent the qua-
sispecies accurately.

We are aware of only one other study that addressed the
hypothesis that HIV infection would decrease d,/dg by de-
creasing d, and/or increasing dy. Sherman and coworkers
found greater nonsynonymous diversity in HVRI1 clones
from 10 HIV-HCV-coinfected persons compared with 7 HIV-

negative HCV-infected persons (28). Rates of substitution
could not be calculated because only one serum specimen was
examined. It is not apparent why greater d,, was associated
with HIV infection in that study and not in ours (data not
shown). It is possible that their HIV-negative group differed
from the HIV-positive subjects in factors that affected dy, a
consideration that cannot be excluded due to the cross-sec-
tional design. In addition, that study examined only 31 amino
acids (93 nt), representing 1/10 of the amplicon examined in
the present study. However, it is also possible that with suffi-
cient duration of HIV infection we would have observed this
effect, since our observations were restricted to the first few
years after HIV seroconversion.

Other investigators have shown that HCV sequences change
substantially when negative or positive pressures are altered.
Compromised production of antibodies, as occurs with agam-
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maglobulinemic patients, is associated with decreased accumu-
lation of envelope mutations (3, 18). Likewise, liver transplan-
tation is associated with higher HCV RNA levels and changes
in envelope and other HCV sequences (15, 32). Interferon
treatment is also associated with changes in HCV envelope
and, to a lesser extent, NS5 sequences (23-25).

Existing data do not conclusively explain what other than
HIV infection may modify evolution of the HCV quasispecies.
We and others have shown that HCV replication alone is not
sufficient to produce nonsynonymous substitutions in chimpan-
zees sampled prior to a measurable adaptive immune response
(26). That d,, represents immune pressure was recently shown
by Evans and coworkers in a study of simian immunodeficiency
virus-infected macaques (8). Nonsynonymous substitutions
were noted in regions of immune pressure but not in animals
without the appropriate class 1 major histocompatibility con-
text. Nonetheless, it is possible that the nature of the poorly
understood immune deficiency caused by early HIV infec-
tion would not affect HCV nonsynonymous substitution rate
in epitopes reflected by the ~1-kb envelope amplicon stud-
ied in this investigation.

Unlike in the nonhuman simian immunodeficiency virus an-
imal experiment conducted by Evans and coworkers, it was

impossible to control the onset of immunosuppression from
HIV in this investigation of humans. Thus, it was important to
normalize d,, for replicative cycles by analyzing d/d, since dg
is similarly affected by replication but not directly by immune
pressure. In addition, confounding by artifactual (in vitro) sub-
stitutions was diminished by eliminating sporadic substitu-
tions prior to analysis and by applying identical methods to
sequences before and after HIV infection.

One important limitation of our study is the relatively small
number of subjects. If many factors affect HCV sequence evo-
lution, it is possible that we would fail to detect an effect of
HIV infection in a study of 10 subjects. It is also possible that
greater differences might be observed if HIV seroconversion
occurred closer to the onset of HCV infection, rather than in
persons with established hepatitis C. In addition, as mentioned
above, since this study was designed to assess the effect of early
HIV infection, longer follow-up may reveal a greater effect.

It was interesting that prior to HIV seroconversion, HCV
envelope d,/dg was generally higher in slow progressors than
in rapid progressors. Although confined to very few subjects,
this trend was observed again in a validation group assembled
strictly to test this observation. If confirmed, this unexpected
finding would suggest that subjects with a stronger immune
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response to HCV may also have a more effective immunologic
response to HIV infection.

In summary, we failed to detect a substantial effect of early
HIV infection on HCV sequence evolution, though our results
did suggest that HIV infection results in less immune pressure
on HCV (lower d,/dy), especially in those with rapid progres-
sion to AIDS. Additional studies are needed to understand
how HIV infection alters the course of hepatitis C.
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