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VIII 
discussion

Before combination antiretroviral therapy (cART) became available in 1996, HIV-infected 
patients were treated with nucleoside reverse transcriptase inhibitors only, and viral rebounds of 
resistant strains emerged within several weeks [1]. Blocking various steps of the viral replication 
cycle with cART was a promising strategy, although there was a risk that resistance would again 
take over sooner or later. However after more than a decade in most HIV-infected patients 
treated with cART, HIV production is still successfully turned down to a very low level [2]. As 
a result the amount of HIV in peripheral blood and semen, and thus infectiousness is reduced 
[3]. To use cART as an effective prevention method to decrease HIV transmission, obviously 
HIV-infected patients first need to be diagnosed, and transmittable resistant strains should not 
evolve. Since successful cART treatment results in an increased life expectancy, these treated 
patients might still contribute substantially to new transmission when experiencing episodes of 
viral production, even when very low [4-6].

Men having sex with man (MSM) is the largest risk group for HIV-1 infection in the Nether-
lands, and annual diagnoses are continually increasing [2]. From patient data we assume that 
only 8% of MSM have been infected outside the Netherlands. Analysing polymerase (pol) gene 
sequences revealed that only 8% of MSM had an infection with HIV-1 similar to that found 
in patients from other risk-groups. In this thesis we studied the impact of cART on the trans-
mission dynamics of HIV-1 among MSM in the Netherlands. We developed a mathematical 
transmission model for the interpretation of longitudinal HIV-1 surveillance data and studied 
pol sequences obtained from 2877 HIV-1 subtype B infected patients for information on trans-
mission networks. 

HIV-1 epidemic amongst msm – mathematical model approach 

In chapter 5 and 6 we describe the HIV-1 transmission model framework developed for the 
interpretation of HIV-1 surveillance data on MSM in the Netherlands. The model includes 
the distribution in disease progression and rates of cART success and failure. Using HIV-1 and 
AIDS surveillance data, the model allowed for estimating changes in average time from infec-
tion to diagnosis and the average net-transmission rate per HIV-1 infected MSM. The estimated 
net-transmission rate represents mainly changes in average level and frequency of risk behavior 
between sero-discordant couples, but the estimated changes in this transmission rate might 
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in part also be due to saturation of the contact network with HIV-1, or even due to evolving 
virulence. 

We estimated that risk-behaviour has increased with 66% since the introduction of cART in 
1996. Time from infection to diagnosis was estimated to be 2.5 years on average in 2006. 
Around 1600 undiagnosed MSM at the end of 2006 are estimated to account for 90% of new 
HIV-1 infections. Interestingly, earlier diagnosis and increasing risk-behaviour resulted in a 
fairly constant number of undiagnosed infections over the years. Scenario analysis shows that 
the increase in risk-behaviour has completely offset the benefits of cART in reducing epidemic 
spread. The reproduction number is currently around the threshold for epidemic spread, mean-
ing that every newly infected MSM will on average infect one other MSM over his life time. If 
the risk behaviour would not have increased with the introduction of cART, the reproduction 
number would be 0.6, and the epidemic would be in decline. Hypothetical scenario analysis 
further showed that in the absence of cART limiting infectiousness in treated patients, the 
epidemic could be more than twice as large as it is at present. 

When we stared the research described in this thesis, the prevailing explanation for the increas-
ing number of new HIV-1 diagnoses among MSM was the delayed testing for HIV and that 
most of these men had been infected many years ago. However, we noticed that the number of 
new diagnoses was increasing since 1998. Our model results show that indeed patients are tested 
earlier in their infection but that simultaneously the number of annual new infections increases. 
The recent increase in the proportion of newly diagnosed individuals with high CD4 cell counts 
corroborates our model’s inferences in interpreting recent increases in annual number of new 
HIV diagnoses as rising transmission and increased diagnosis rather than improved diagnosis 
of people infected many years in the past. The estimated incidence curve is qualitatively very 
similar to longitudinal data on syphilis infections at the STI clinic in Amsterdam [7-9]. The 
data update, and the univariate sensitivity analysis that explored the impact of varying assump-
tions in both the input parameters, interpretation of incomplete data, and model structure show 
that the main model predictions are robust.

testing
When the average time from infection to diagnosis is reduced from 2.5 years on average to one 
year, the reproduction number will still be close to one, but this will correspond to 43% reduc-
tion in new infections in the coming decade. Thus, together with all other possible prevention 
measures early testing is extremely important. With the current rapid HIV tests, it is possible to 
reduce the time from infection to diagnosis to 3 months or less, since antibodies to HIV-1 are 
detectable after two to four weeks in most people [10]. Previous but also current intervention 
policy likely delays HIV testing. Before the introduction of cART people were not encouraged 
to get tested because there was no treatment available, and currently intervention with rapid 
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tests although available, is still not approved and not actively promoted. Think for instance of 
a user-friendly and easy available home test including website and telephone number for sup-
port. Currently in high risk-taking MSM sub-populations it may in fact be more risky to have 
unprotected intercourse with someone who is not tested than with someone who is on success-
ful cART. If MSM adapt their risk-behaviour to the knowledge of their and their partners HIV 
status taking into account the window period of the HIV test, the reproduction number will 
decrease even further. But other sexually transmitted diseases should still be tested regularly as 
the spread of these facilitates HIV to spread.

Key assumption 
A biologically plausible, currently debated, but non-validated key assumption is that success-
fully treated individuals maintain very low amounts of virus particles in peripheral blood and 
therefore do not contribute to onward infections. Individuals who fail therapy are assumed to 
be as infectious as untreated individuals. While it is unlikely that mathematical model-based 
analyses of the type used here can alone validate this assumption, alternative scenarios which 
consider the effects of relaxing this assumption in data-driven analyses should be explored in 
detail in future work [11-14]. Previous modelling studies have emphasised the potential effect 
of ongoing transmission during incompletely suppressive antiretroviral therapy in driving the 
epidemic [11-13, 15-22]. We cannot rule out such a contribution to the Dutch HIV epidemic, 
an issue that could be best addressed by empirical studies on discordant pairs. This is currently 
being investigated in the HPTN052 trial (http://www.hptn.org/research_studies/HPTN052.
asp). 

future modelling research
Future model adaptations should include the results of such discordant pair studies, as well as 
diagnosis and treatment in primary stage. In addition, multivariate sensitivity analyses should 
be further developed. To extend the model with transmission from the treated group would 
on the long run need a death rate included, which is not a straightforward extension to make. 
The simplest way to incorporate this would be in the form of a fixed rate constant times the 
number of infected patients, whereas including a bookkeeping of the age distribution and age-
dependent death rates would make the model considerably more complex to analyse. When 
using the model to study transmission dynamics in a certain risk group, it is crucial to evaluate 
model assumptions and mirror those to the risk group under study. For instance, when using 
the model to study transmission dynamics in the heterosexual population one should consider 
adding the HIV incidence in the drug user population as local import. The exact role of pri-
mary infections could not be identified as this depends on the unknown rate of partner change 
during that period. Findings from transmission network studies could possibly improve the 
parameters in a future version. 
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HIV-1 epidemic amongst msm – phylogenetic approach 

time between infection and onwards transmission
In chapter 7 we estimated the median time between infection and onward transmission for a 
selection of potential transmission pairs selected from a phylogenetic tree of HIV-1 subtype B 
pol sequences obtained from 404 MSM shortly after their known date of infection. The results 
indicate that 25% of onward transmissions occurred within 7 months after infection, half of 
the transmissions within 17 months, and 75% within 2.7 years. These findings are compatible 
with those obtained by the mathematical transmission model described in chapter 5 and 6. 
Irrespective all artifacts described, the results indicate that transmission of HIV-1 among MSM 
happens primarily in the years early after primary infection. Our estimate of the median time 
between transmissions, for which we used only sequences corresponding to infections with a 
well documented date of infection, is in agreement with a study in the United Kingdom [23]. 
Lewis et al., estimated the time between the nodes in a phylogenetic tree of sequences obtained 
from patients with an unknown date of infection, and additional assumptions were needed 
to estimate the respective dates of infection of the sequences used [23]. However it would be 
interesting to compare both methods in our study population. Our results further indicate that 
11% of onward transmissions occurred within 3 months after infection. In comparison with the 
reproduction number of primary infection as resulted from our mathematical model (chapter 5 
and 6) this could give an indication on the average partner change rate in MSM during primary 
infection [3]. Our finding was in agreement with a previous mathematical model study within 
the Amsterdam Cohort Studies [24]. Xiridou et al estimated from behavioural data of MSM 
that on average 11% of infections take place during the first 2.5 months of infection. 

transmission of resistant HIV-1 strains
In a selection of new infections (100 in chapter 2 and 404 in chapter 7) we observed resistant 
HIV-1 being transmitted in up to 30% of the cases during the years of antiretroviral therapy 
based on one drug class. The level of transmission of HIV-1 resistant to one drug class decreased 
with the introduction of cART to around 6%. Since 2004, 1% of infections among MSM con-
cerned a multidrug resistant strain. A similar trend is found in the ATHENA cohort among the 
newly diagnosed chronic infections [2]. Although the level of transmission of resistant HIV-1 
substantially varied between risk groups and countries that implemented cART, the efficacy of 
cART and the lower transmission potential of multidrug resistant HIV-1 strains was reported 
in several studies [2, 18, 25-36]. Variations in the combination of antiretroviral drugs used and 
differences in healthcare approaches may in part have caused those differences. Trends in resis-
tance should preferably be evaluated within the context of one well defined risk group, which 
would make comparisons of results obtained in different studies more feasible as well. 
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Once a resistant strain is transmitted from those failing cART, it may also transmit onwards 
within the undiagnosed population. Thus resistant strains are transmitted from an additional 
group of patients than the wildtype virus, and based on that are expected to dominate the epi-
demic on the long term. This seemed to be occurring quickly in the pre-cART era, although 
numbers in those years where small. In the cART era the almost absence of transmission of 
multidrug resistant strains reflects the efficacy of cART in controlling the virus, the efficacy of 
healthcare in changing a patients therapy combination in time when failing, and likely also the 
lower transmission capacity of those strains that did manage to escape from people on failing 
therapy.

On the other hand the low percentage of resistant infections reflects our model findings on 
delayed diagnosis of HIV-infected MSM in the Netherlands [37, 38]. If all patients were diag-
nosed and subsequently treated with cART, and only one occasional new infection with multi 
drug resistance escaped, 100% of transmitted HIV would be resistant. Differences in propor-
tion of undiagnosed infections between countries can account in part for differences in the 
percentage resistance measured. Important is the number of infections with a resistant strain 
and the reproduction number of the resistant strains. In addition, the overall number of new 
infections is of importance, since for every new infection there is a chance to fail cART and 
evolve fitter resistant strains. The model estimates in chapters 5 and 6, on an increasing HIV-1 
incidence, together with an overall 6% of new infections is with a resistant strain, imply that the 
number of infections with HIV-1 conferring resistant mutations is increasing.

fitness of transmitted resistant strains
The surrounding environment of HIV, including the presence or absence of cART, determines 
which strain is most fit [39]. When a patient ceases therapy after cART failure due to develop-
ment of multidrug resistant strains, archived wild type virus will again be dominant within 
weeks [40]. This reflects the fitness loss from mutations conferring multidrug resistance. Study-
ing the evolution of resistant strains that are transmitted to persons that are antiretroviral ther-
apy-naive (chapter 3), we found that several mutations at known resistance sites reverted back to 
wild type, but amino acid position 215 of reverse transcriptase (RT) that also mutated to other 
amino acids. This happened due to evolution (positive selection), as no wild type was present 
upon infection. One exception may occur when yet infected with a mix, but from sequence 
comparisons this did not seem the case in our study group. Confirming results from other 
groups reporting reduced fitness of HIV-1 with these mutations [41-43]. Initial HIV infec-
tion consists of a very homogeneous virus population [44, 45]. Mutations at resistant sites that 
mutate back to wildtype shortly after infection might not be detected when sequencing at a later 
stage during infection [46], and will not be transmitted further, but when archived in reservoirs 
might come up more easily under certain therapies. Other mutations did not change, among 
which the amino acid position 41L and 215 revertant of RT, which confirmed studies on their 
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comparable fitness to wildtype [42, 47, 48]. Mutations do not change, either because the muta-
tion did not affect or even increased their fitness (purifying selection), because the study period 
was too short, or because of compensatory mutations [49]. In addition it is less straightforward 
to mutate back to wild type if this involves intermediate phenotypes that have lower fitness. 
Moreover, what matters is not just being fit as a mutant (fitness peak next to a steep valley), but 
as the surrounding cloud of mutants forming the quasispecies (smoother landscape) [48]. 

Our data suggest an indication that ART-naïve patients infected with an HIV-1 strain with 
resistant mutations that change have a slower CD4 decline after seroconversion than individu-
als infected with viruses with mutations that remain. However the fitness of various mutant 
combinations should be studied in more detail in a much larger study group, preferably with 
longitudinal data including comparisons to wildtype infections, and in combination with in 
vitro replication capacity experiments [42, 47, 50].

failing cArt
In chapter 4, we did not find evidence for superinfection with a resistant strain to contribute 
to patients failing therapy after initially being successfully treated. But at least 23% of those 
starting cART without previous monotherapy were initially infected with a resistant strain. 
Patients who received monotherapy before the introduction of cART were also found to have 
a significantly higher chance of failing cART. Untill now multidrug resistant strains evolving 
in patients on cART still have a lower viral load and transmission fitness [51], but compensa-
tory mutations are likely to evolve when inadequate therapy is continued [52]. Under full sup-
pression the virus is not able to evolve but, in every replication round the chance of adaptive 
mutations can increase its replication capacity under the changed conditions. Over the past 
years treatments have improved towards less side-effects so that patients can adhere better to 
the treatment [2]. 

Superinfection with a resistant strain may occur more likely in sero-concordant couples on the 
same cART combinations [53]. For both individual health care and HIV care on a population 
level, it is important to sequence HIV pol when patients are diagnosed with HIV in order to 
prescribe effective treatment. Regular monitoring of patients should continue, with the aim to 
change antiretroviral therapy in time in case of treatment failure. This is important because 
risk-behavior is shown to increase amongst patients who think they are successfully treated, 
even if this is not necessarily so [54]. 

transmission networks of resistant HIV-1 infections
In the selection in chapter 7, of HIV-1 subtype B pol sequences obtained from 404 MSM shortly 
after their known date of infection, 24 had resistant mutations. We studied the networks of the 
24 new infections with a resistant strain in a phylogenetic tree of pol sequences isolated from 
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2877 HIV-1 subtype B infected patients. We found that a significant proportion of resistant 
transmissions are from people who themselves are infected with a resistant strain. The revertant 
mutant at amino acid position 215 of RT is as fit as wildtype [42], and transmits depending on 
the networks it is in. Only before 1997 transmission of the full resistant 215 RT mutant was 
observed, indicating the contribution to transmission of patients failing AZT monotherapy. 
Two new infections in 2004 and 2005 were with a multi-drug resistant strain, with resistance to 
dual- and triple drug classes respectively. Multidrug resistant strains seem only to be transmit-
ted occasionally from someone failing treatment, and no evidence is found for these strains to 
be part in onwards transmissions from the undiagnosed population. The virus strain with muta-
tions against all three drug classes was likely not transmitted from within the Dutch epidemic. 
This emphasizes that the HIV epidemic cannot be stopped locally because it is a global problem. 
In the cART era there was also an infection with a mutation at amino acid position 184 of RT, 
which normally reverts back to wildtype in the absence of selection pressure by antiretroviral 
therapy (chapter 3). This might indicate that treated patients in the cART era transmit strains 
with resistance to only one drug class, implying poor adherence to the complete therapy combi-
nation. Several other studies also reported phylogenetic clustering of resistant strains obtained 
from ART naive patients [33, 55, 56], but we were able to study new infections in networks of 
all sequences available from both treated and untreated patients, and to link this to the meas-
ured percentage of resistant strain transmission. 

future phylogenetic research
Our next step is to use all available pol sequences to study the networks resistant strains are in, 
so to monitor possibly more rare transmissions of multi-drug resistance. Risk-behaviour from 
HIV positive MSM in the Amsterdam Cohort Studies will be coupled. The study should also be 
expanded to investigate transmission networks of other risk-groups and non-B subtypes. Lately 
many research questions have been studied comparing characteristics of infections early in the 
epidemic with more recent infections. To prevent comparing apples and oranges such research 
questions should preferably be studied in the light of transmission clusters; in vitro fitness exper-
iments on evolution towards a more virulent virus [50]; the adaptation of HIV-1 to the human 
immune system at the population level (paper submitted by Schellens et al.,2009); and on her-
itability and evolution of viral load [57] (paper submitted by Gras et al.,2009). Currently, we 
also study the rate of molecular evolution at the population level of phylogenetically connected 
infections, to assess if the changes in reproduction number and the introduction of cART can 
be verified at the molecular level. The rate of molecular evolution on population level is known 
to differ per risk-group [58]. When transmissions occur repeatedly during the initial stage of 
host infection the rate of HIV-1 evolution on the population level decreases, conversely, in slow 
spread the virus evolution at the population level will increase. Comparing the rate of molecular 
evolution on population versus intra-host level could indicate the average number of bottlenecks 
a virus passes in order to cause the measured delay in evolution at the population level. 
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conclusion 

In conclusion there is a resurgent epidemic amongst MSM. Increasing risk-behaviour has offset 
the benefits of cART in reducing HIV-1 transmission. HIV-1 among MSM spreads mostly 
from the undiagnosed population, and so do resistant strains. Transmission of multidrug resist-
ance is rare. Early diagnosis should be achieved by contact tracing and improved and frequent 
rapid testing. Together with early access to cART and a decrease in risk behaviour this may 
effectively contain epidemic spread amongst MSM. 
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