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Objective: To determine whether the virulence of HIV-1 has been changing since its
introduction into Switzerland.

Design: A prospective cohort study of HIV-1 infected individuals with well-charac-
terized pre-therapy disease history.

Methods: To minimize the effect of recently imported viruses and ethnicity-associated
host factors, the analysis was restricted to the white, north-west-European majority
population of the cohort. Virulence was characterized by the decline slope of the CD4
cell count (n ¼ 817 patients), the decline slope of the CD4 : CD8 ratio (n ¼ 815
patients) and the viral setpoint (n ¼ 549 patients) in untreated patients with sufficient
data points. Linear regression models were used to detect correlations between the date
of diagnosis (ranging between 1984 and 2003) and the virulence markers, controlling
for gender, exposure category, age and CD4 cell count at entry.

Results: We found no correlation between any of the virulence markers and the date of
diagnosis. Inspection of short-term trends confirmed that virulence has fluctuated
around a stable level over time.

Conclusions: The lack of long-term time trends in the virulence markers indicates that
HIV-1 is not evolving towards increasing or decreasing virulence at a perceptible rate.
Both highly virulent and attenuated strains have apparently been unable to spread at the
population level. This result suggests that either the evolution of virulence may be slow
or inhibited due to evolutionary constraints, or HIV-1 may have already evolved to
optimal virulence in the human host. � 2006 Lippincott Williams & Wilkins
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Introduction

Human immunodeficiency virus type 1 (HIV-1) is
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nzees about 70 years ago [1,2]. Considering its recent
origin, the virus may still be evolving to adapt to its new
host species. Whether the virulence of HIV-1, that is its
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2 January 2006.

ott Williams & Wilkins 889

mailto:viktor.mueller@env.ethz.ch


Co

890 AIDS 2006, Vol 20 No 6
ability to cause disease, is evolving towards higher or
lower levels, is highly relevant for the future of the AIDS
pandemic. The prerequisites for evolution, variability and
heritability, seem to be fulfilled: different subtypes of the
virus may induce different rates of disease progression [3];
the SI/NSI (R5/X4) switch of the viral genotype can
accelerate progression [4]; a nef-deficient virus strain has
been associated with a long-term non-progressor pheno-
type [5]; and studies of patients with known transmission
history indicate that the severity of disease in the infecting
and in the infected patient is correlated [6,7]. Evolution-
ary theory indicates that the optimal level of virulence of a
pathogen is a complex function of the detailed biology of
within-host dynamics and between-host transmission [8].
The initial level of virulence in a new host, however, is a
matter of chance, and may be either below or above the
optimal level for the pathogen. Subsequent evolution can
thus drive the pathogen towards both increasing and
decreasing virulence, and HIV-1 may thus be evolving in
either direction. We performed a statistical analysis on
various measures of virulence in the Swiss HIV Cohort
Study (SHCS) to determine the presence or absence
of temporal trends that could hint at underlying viral
evolution.
Methods

Study population and the calculation of
virulence markers
The SHCS is a nationwide prospective study based on
voluntary participation of persons infected with HIV-1.
The rationale, organization and baseline characteristics of
the study have been described elsewhere in detail [9],
and a continuously updated description can be found at
www.shcs.ch. We defined three markers of virulence in
antiretroviral-naive patients: the linear slope of the decl-
ine of the CD4 cell count, the linear slope of the decline
of the CD4 : CD8 cell ratio, and the mean log virus load
(setpoint) of each patient. Pilot analyses indicated that
ethnicity (black versus white) has a significant effect on
the virulence markers. To reliably detect local evolution,
we therefore restricted our analysis to the white, north-
west-European majority population of the cohort (the
results on ethnicity-associated effects will be published
elsewhere). The CD4 slope is a direct measure of the rate
of disease progression [10]; the CD4 : CD8 ratio has the
advantage of reducing the effect of fluctuations in the
lymphocyte counts; and the viral setpoint has been
shown to correlate with disease progression [11]. Serial
measurements of CD4 and CD8 cell counts and plasma
RNA determinations for all registered patients were
obtained from the SHCS database. Only data points
preceding the first initiation of antiretroviral treatment in
each patient were included in the analysis. The infection
of each patient was dated to the earliest date of confirmed
HIV-1 infection in the patient. To eliminate the effect of
pyright © Lippincott Williams & Wilkins. Unautho
transient changes (peak viremia and drop in the CD4 cell
count) associated with primary infection, we discarded
data points obtained during the first 200 days after the
earliest date of confirmed infection in each patient. Late-
stage infection was another potential confounding factor,
because drastic depletion of the CD4 cell count prevents
further linear decline, and the virus load may also rise
above the setpoint at this stage. We therefore discarded
also the data points after the first CD4 cell count below
100 cells/ml. The viral setpoint was then calculated in
patients who had at least three remaining RNA mea-
surements spanning at least 100 days, as the mean log10

virus load per ml. For the calculation of the CD4 and
CD4 : CD8 slopes we introduced the additional selection
criterion of having at least one CD4 cell count of
500 cells/ml or above. The CD4 slope and the slope of the
CD4 : CD8 ratio were then estimated by linear regression
in patients who had at least five remaining measurements
of the CD4 cell count or of the CD4 : CD8 ratio,
respectively, spanning at least 1 year. By comparing the
residual sums of squares, we have verified that linear
fitting was better than exponential for both the CD4 slope
and the slope of the CD4 : CD8 ratio in the majority of
patients. All analyses of the cellular slopes and the setpoint
were restricted to patients who had their original first
CD4 cell count or RNA measurement obtained within
1 year of the earliest date of confirmed infection.

Statistical analysis
Regression analyses (general linear models) were used to
study the relationship between virulence markers and
potential explanatory variables. The primary explanatory
variable of interest was date of confirmed infection and
other variables were included for adjustment purposes.
Categorical factors included gender and exposure category
(riskgroup); continuous predictors included the earliest
date of confirmed infection (converted to Julian date with a
scale of days), age at the date of confirmed infection and the
initial CD4þ cell count, defined as the first CD4 cell count
obtained at least 200 days after the earliest date of con-
firmed infection. In the analysis of temporal trends expo-
sure category was restricted to intravenous drug-users
(IDUs) and heterosexuals to enable reliable simultaneous
control for exposure category and gender. The effect of the
men having sex with men (MSM) exposure category was
tested in a separate analysis restricted to male patients.
Statistical analyses were performed with the Statistica
software (StatSoft, Inc. Tulsa, Oklahoma, USA).

Moving averages
The three virulence markers were adjusted for gender,
exposure category, age at entry and initial CD4þ cell
count. Effects were estimated in regression analyses
restricted to male and female patients, respectively. Least
squares (LS) means of virulence markers were calculated
for all gender/riskgroup subpopulations with all factors
held at their overall population means. Subpopulation-
specific modifiers for each marker were defined as the
rized reproduction of this article is prohibited.
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difference of the subpopulation LS mean from the
median LS mean among the five subpopulations. Indivi-
dual patient values were then adjusted for age and CD4
cell count at entry according to the effects estimated in
the appropriate gender-restricted analysis, and by the
subpopulation-specific modifier. To exclude apparent
local trends produced by outliers, we omitted patients
with virulence markers more than two standard devia-
tions removed from the mean of adjusted values. The
selection procedure yielded three separate lists for the
three virulence markers. The lists were sorted into
ascending order according to the date of confirmed
infection. The average of 50 patients was calculated at
a time, with the window of averaging moving along
the lists of patients. The first point in each graph
represents the average of the first 50 patients in the
respective list; the second point represents the average of
the patients second to fifty-first in the list, etc. Each
average was dated on the horizontal time axis to the mean
date of confirmed infection among the respective
50 patients.
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Results

After the selection procedure, the CD4 slope was
calculated for 817 patients. [The effect of sequential
exclusion criteria was as follows: of the 13 308 patients
registered in the cohort, 2095 had five or more pre-
therapy CD4 measurements after the discarding of early
and late data points. A total of 1536 patients had data
spanning more than 365 days and at least one count
� 500 cells/ml. A total of 1345 patients had their first
count recorded within 1 year of the earliest date of
confirmed infection, and 834 patients had registered
white ethnicity and north-west-European nationality. Of
these, 817 belonged to the three major exposure
categories.] The median number of CD4 cell counts
used in the calculation of the slope was 9, the median
baseline CD4 cell count was 640 cells/ml, and median age
was 30 years at entry. The median CD4 slope was
�0.150/day, amounting to an annual loss of about
55 cells/ml. Within the group, 31.6% of the patients were
female. The representation of the major exposure
categories was as follows: IDUs 36.5%, MSM 36.7%
and heterosexuals 26.8%. The earliest date of confirmed
infection ranged between 1984 and 2002. The slope of
the CD4 : CD8 ratio could be calculated on essentially
the same population (n ¼ 815), and had a median of
�1.54 � 10�4/day.

The viral setpoint was calculated for 549 patients. [A total
of 1257 patients had three or more data points; all of them
satisfied the criterion of spanning at least 100 days. A total
of 784 patients had their first RNA load recorded within
1 year of the earliest date of confirmed infection,
and 564 patients had registered white ethnicity and
opyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Fig. 1. Moving averages of the CD4 slope and the viral setpoint adjusted for gender, exposure category, age and CD4 cell count
at entry. (a) The moving average of the CD4 slope reveals that the lack of a long-term trend in this virulence marker conceals
considerable fluctuations occurring on the time scale of a few years. (b) The moving average of the viral setpoint (open circles)
roughly mirrors the moving average of the CD4 slope (solid circles) in the time window where both measurements are available,
which confirms the association of the two virulence markers. The data series of setpoints extends beyond that of the CD4 slopes,
because the calculation of the former required fewer data points and was therefore possible for patients with more recent diagnosis.
Each point represents the averaged value of 50 patients and is dated to their mean date of confirmed infection. The window of
averaging moved along the list of patients sorted according to the date of confirmed infection: the first point represents the average
of the first 50 patients, the second point represents the average calculated over the second to the fifty-first patient, etc. Data
trimming was used to eliminate the effect of outliers.
north-west-European nationality. Of these, 549 belonged
to the three major exposure categories.] The median
number of RNA measurements used for the calculation
of the setpoint was 5, the median age at entry was
35 years, and the median of the setpoint was 4.24 log10 -
RNA copies/ml. Within the group 26.2% of the patients
were female. The representation of the major exposure
categories was as follows: IDUs 28.8%, MSM 37.9%
and heterosexuals 33.3%. The date of confirmed infec-
tion ranged between 1994 and 2003. All three virulence
markers could be calculated in 257 patients.

We found no correlation between the date of confirmed
infection and any of the virulence markers in the main
analysis restricted to IDUs and heterosexuals (Table 1).
Gender had no significant effect in any of the analyses. In
the pairwise comparison of risk groups, significant
differences were found only in the analysis of white
north-west-European males: IDUs displayed slower decl-
ine of the CD4 : CD8 ratio than MSM (LS means:
�1.57� 10�4/day versus �2.06� 10�4/day, P¼ 0.017),
and MSM had a significantly higher setpoint than either
IDUs or heterosexual patients (LS means: 4.27 versus
4.02 and 4.00 log10 RNA copies/ml; P ¼ 0.018 and
0.013). Date of infection had no significant effect in this
analysis, either. Older age at entry was correlated with
steeper CD4 and CD4 : CD8 slopes in white, north-
west-European men, but not in the analysis including
both genders; age displayed no effect on the setpoint.
Consistent with earlier results [12], we found a negative
correlation between the initial CD4þ cell count and the
CD4 and CD4 : CD8 slopes; that is, a higher initial count
predicted faster decline. This association corroborates the
use of the initial cell count as control variable for disease
pyright © Lippincott Williams & Wilkins. Unautho
stage, rather than as an additional marker of virulence.
Higher initial CD4þ cell count was also correlated with
lower setpoint. The CD4 slope and the setpoint displayed
a highly significant negative correlation in our dataset
(n ¼ 257; P < 10�8).

To visualize short-term trends in the virulence markers,
we plotted a moving average of the virulence markers,
adjusted for control variables, over time (Fig. 1). Using
unadjusted instead of adjusted values had little effect on
the graphs (not shown). Each point in the graphs
represents the average of 50 patients and is dated to their
mean date of confirmed infection. The moving average
of the CD4 slope reveals that the lackof a long-term trend
in this virulence marker conceals considerable fluctu-
ations occurring on the time scale of a few years (Fig. 1a).
The decline slope of the CD4 : CD8 ratio closely follows
the behavior of the CD4 slope (not shown). The moving
average of the viral setpoint depicts roughly a mirror
image of the moving average of the CD4 slope in the
time window where both measurements are available
(Fig. 1b). Most short-term fluctuations of the averaged
CD4 slope are mirrored by changes of the averaged
setpoint in the opposite direction. The results from the
three virulence markers are thus consistent with each
other, and it seems plausible to extrapolate that the viral
setpoint, coupled to the CD4 slope, has also undergone
fluctuations of alternating directions during the longer
time scale of the CD4 measurements. We therefore
conclude that there is no evidence for long-term
trends in the rate of disease progression in untreated
HIV-1-infections in Switzerland in the past two decades,
and thus no indication for directional evolution of
virulence.
rized reproduction of this article is prohibited.
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Discussion

In the light of the enormous evolutionary potential of
retroviruses, the apparent lack of long-term directional
evolution of virulence in the Swiss HIV-1 epidemic is
remarkable. The lack of robust time trends in the virulence
markers is consistent with some [13–15], but not all
[12,16–18] earlier studies. In this context, it isworthnoting
that although the long-term average of the virulence
of HIV-1 infections has been stable in the two decades of
the Swiss HIV-1 epidemic, considerable fluctuations have
occurred on the time scale of months to a few years. This
observation recommends caution in the interpretation of
similar analyses: studies looking at shorter time intervals
may detect short-term transient trends as significant.

Some confounding factors may have affected our analysis
and may have contributed to the observed fluctuations.
First, host genetic factors have been shown to influence
the outcome of HIV-1 infection [19], and the spread of
the virus in a heterogeneous and structured population
can generate fluctuations in the observed disease severity.
Second, the earliest date of confirmed infection probably
has a varying time lag in comparison with the true date of
infection in the patients, which introduces variation in
the disease stage at entry and uncertainty in the timing of
infections. To minimize the effect of variation in the
disease stage, we discarded the data points potentially
associated with late-stage disease, and we also explicitly
accounted for disease stage by controlling for the initial
CD4 cell count. Uncertainties in the timing of infections
may have contributed to short-term fluctuations, but they
average out in the long run, and therefore cannot
generate, nor hide long-term trends. Third, our data
selection procedure required three viral measurements
and five CD4 cell counts in untreated individuals to
qualify for the estimation of the setpoint or the cellular
decline slopes, respectively. These criteria selectively
remove fast progressors, who may not have sufficiently
long untreated disease history to accumulate the required
number of measurements. However, evolutionary chan-
ges in the virulence of the virus would be expected to shift
the whole distribution of virulence markers in the
population, and should therefore be detectable also in a
dataset depleted of fast progressors.

Remarkably, the introduction of highly active antiretro-
viral therapy (HAART) around 1995 had no discernible
effect on the virulence markers (Fig. 1), although it may
have altered the optimal virulence of HIV-1 by changing
the cost of virulence and the conditions of transmission.
HAART may have had a further direct effect by
increasing the transmission of drug-resistant viruses that
may have impaired fitness and virulence. Changes in
treatment guidelines may have affected the inclusion of
patients into our analysis: the last pre-therapy CD4 cell
count of patients displayed a transient rise around 1996–
1997, indicating earlier treatment initiation. The lack of
opyright © Lippincott Williams & Wilkins. Unauth
observable changes in the trends of virulence after 1995
indicates, however, that such direct and indirect effects
were probably weak. CD4 cell count at entry was not
correlated either with its date of recording or with the
earliest date of confirmed infection.

Finally, it is probable that HIV-1 has been introduced to
Switzerland multiple times. Observed trends in viral
properties may therefore not reflect strictly local evolu-
tion. However, newly introduced variants can spread at
the expense of earlier strains only if they are better adapted
for transmission, and therefore virulence is expected to be
approaching the optimal level even in the case of multiple
introductions.

The lackof long-term trends over two decades is consistent
with the possibility that the virus may have already attained
its optimal virulence in humans. This explanation is sup-
ported by a quantitative mathematical model, which
estimates that the transmissibility of the virus over the
lifetime of the host is maximized close to the viral load
observed in current infections (Fraser et al.: presented at
the 12th International Workshop on HIV Dynamics and
Evolution, Cleveland, USA, 2005). Using evolutionary
simulations, Fraser et al. also demonstrated that HIV-1
may have indeed attained optimal virulence in the human
population by the mid-1980s. Alternatively, the lack of
observable directional evolution may indicate strong
evolutionary constraints that could arise, for example,
from the dominance of within-host evolution, which
may be ‘short-sighted’ in the long run [20,21]. This
possibility is reinforced by the recent finding that a large
fraction of transmission events may occur during acute
HIV infection [22], which decreases the strength of
evolution acting on virulence manifested during chronic
infection. The fluctuations in the virulence markers that
we observed on the time scale of months to a few years
would also be consistent with drift occurring due to
strong within-patient selection and between-patient
transmission bottlenecks [23]. Such constraints may slow
down or inhibit evolution even if the virulence of HIV-1
has not yet attained its optimum: our analysis cannot
distinguish between the two scenarios. Finally, a recent
study estimated higher ex-vivo fitness for historical
compared to recent viral isolates from Belgium, which
was interpreted as a potential indicator of viral attenuation
over time [24]. Our results suggest that either this
decrease of viral fitness has not occurred in Switzerland,
or that changes in ex-vivo fitness are not necessarily
linked to changes in virulence as manifested in untreated
patients. The lack of long-term trends in the Swiss HIV-1
epidemic indicates no attenuation of the virus on the time
scale of decades.
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