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Abstract. Despite the considerable progress that has recently been made in medicine, the treatment of viral infections is still a problem
remaining to be solved. This especially concerns infections caused by newly emerging patogenes such as: human immunodeficiency viru
hepatitis C virus or SARS-coronavirus. There are several lines of evidence that the unusual genetic polymorphism of these viruses is responsit
for the observed therapeutic difficulties. In order to determine whether some parameters describing a very complex and variable viral populatio
can be used as prognostic factors during antiviral treatment computational methods were applied. To this end, the structure of the vire
population and virus evolution in the organisms of two patients suffering from chronic hepatitis C were analyzed. Here we demonstrated tha
phylogenetic trees and Hamming distances best reflect the differences between virus populations present in the organisms of patients w
responded positively and negatively to the applied therapy. Interestingly, the obtained results suggest that based on the elaborated method
virus population analysis one can predict the final outcome of the treatment even before it has started.

Key words: RNA sequence analysis, phylogenetic trees, combinatorial methods, hepatitis C virus, chronic hepatitis C diagnostics, interferon
alpha and ribavirin therapy.

1. Introduction population is accelerated and certain mutations may become
fixed. On the other hand, negative selection can reduce genetic
Studying nucleotide and amino acid sequences is one of thelymorphism by eliminating some viral variants. Analyzing
central issues in computational biology. By analyzing andiral population developing in the infected organism one can
comparing information encoded in DNA sequences one cdimd that it is usually dominated by one or several master vari-
gain more knowledge about the relation between differemints, which are accompanied by substantial amounts of closely
species, the genetic diversity and the evolution of living orrelated ones that replicate almost as fast as the master.
ganisms. The latter process is especially difficult to investigate Right now, it is becoming increasingly clear that the un-
because of its unusually long duration. This general principlesual genetic polymorphism of viruses might be responsible
does not, however, apply to those viruses which, contrary for most of the problems, which are encountered during the
all other living creatures, use not DNA but RNA to store theitreatment of RNA virus infections [4]. This observation seems
genetic information. There are several lines of evidence thti be of special importance with regard to chronic infections
RNA-based viruses can rapidly evolve and adapt to changirsgich as those caused by hepatitis C virus (HCV). Accord-
environmental conditions [1]. Studies conducted during thimg to the WHO the number of people infected with HCV is
last two decades demonstrated that an individual RNA virusontinuously growing and has recently reached over 170 mil-
does not form a homogenous population but circulates inleon worldwide — this problem also concerns c.a. 700 thou-
host organism as a pool of genetically distinct variants. To deand Poles [5]. The clinical course of acute HCV infection is
scribe such a complex structure of virus population the conceasymptomatic in about 70% of patients, and therefore the dis-
of quasi-species was applied [2,3]. The virus quasi-speciease frequently remains unrecognized for many years. How-
can be defined as a set of phylogenetically related variantsyer, in 70-85% of the infected, the development of chronic
which are present in a single infected organism. One of theepatitis C (CHC) is observed [6-8].
models of virus quasi-species assumes that it is a cloud in Long — term observation of adults suffering from CHC
sequence space formed by all possible variants of a genondiemonstrated that about 20 years post-infection, cirrhosis de-
sequence. For an average single stranded RNA virus, whigblops in c.a. 20-30% of patients. After the next 5 years,
genome is composed of 10000 nucleotides (nt), the cardinali®% of them suffer from hepatic decompensation, and 10%
of sequence space is equal t§%4°. The cloud representing a from hepatocellular carcinoma [9,10]. Initially, interferon al-
guasi-species’ distribution usually moves within the sequengaha (IFN), which displays antiviral and immunomodulating ef-
space as long as new viral variants are produced and subjectects was the basic therapeutic used in CHC. In adults it gave
to a continuous process of competition and selection. If a poa-very poor result: only 10-20% eliminated the virus. Lately,
itive selection is applied, the process of differentiation of virug new method of CHC treatment involving two therapeutics,
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Fig. 1. Hepatitis C virus genome organization. HCV has a single stran@890 nucleotides long genomic RNA molecule. The genome

contains one open reading frame (ORF, boxed and denoted by black solid arrow), which is flanked by 5’ and 3’ untranslated regions (UTRs

horizontal lines). The scheme shows the localization of individual segments coding viral structural and nonstructural proteins. Shaded bo:

indicates the subsequence chosen for analysis (AF, grey solid arrow). The nucleotides spanning positions from 1425 to 1886 comprise relative
stable sequence (RS, white rectangle) and hypervariable region (HVR1, black box)

IFN and ribavirin, has been introduced. Ribavirin displays 8000 amino acids long polyprotein. The ORF is flanked by two
wide spectrum of antiviral actions, including enhancing hoaintranslated regions (UTRs), which perform important regula-
immune response and increasing the rate of RNA mutations, tiory functions during viral genome replication and translation
addition to its inhibitory effect on RNA synthesis [11,12]. The(Fig. 1). The polyprotein precursor is co- and posttranslation-
combination of IFN and ribavirin gives much better therapeually cleaved to yield ten proteins, divided according to their
tic effects than IFN monotherapy. A permanent elimination ofunctions into two groups: structural and nonstructural (NS)
HCV (sustained response — SR) is observed in 40-50% of thaees. The former group includes proteins, which are key com-
treated [13—-15]. Interestingly, despite extensive investigationgpnents of viral particle: core protein (C) and two envelope
no obvious correlation between the parameters characteriziglycoproteins (E1 and E2). The latter consists of NS2, NS3,
the treated patient and the final outcome of the therapy hBS4A, NS4B, NS5A and NS5B, involved in HCV replication.
been established so far. The collected data suggested that Tine function of the protein p7 remains unknown [17,18].
specific properties of the virus may actually be a major factor The main source of HCV genetic variability are point mu-
affecting the course of chronic HCV infection. tations: single nucleotide substitutions, deletions or insertions.
To better recognize this problem we decided to apply conFhey are introduced to the viral genome during its replication
binatorial methods for detailed analysis of the changes occuy virus encoded RNA-dependent RNA polymerase. This pro-
ring in HCV population during the first two weeks of the IFN-cess is highly error-prone: it was established, that the muta-
ribavirin treatment. Thus, the major goal of the studies Wagon frequency is approximateﬂ@*‘l_l()*f’ per incorporated
to determine which parameters describing the virus populatigfiicleotide [19,20]. Considering the number of progeny viri-
could be used to predict the final outcome of the antiviral thegns produced daily in the infected organism'@LeICV par-
apy. ticles) and the length of HCV genomic RNAQ* nt), it was
The organization of the paper is as follows. In the nextalculated that each individual nucleotide can be exchanged
section some basic properties of the hepatitis C virus are dgj>-108 times during one day of infection [4]. This result
scribed. In Section 3 the analysis of the virus populations Wifaeaﬂy shows how enormous the evolutionary potential of
the use of combinatorial approaches and involving phyloggNA viruses is. Each day huge number of new viral variants is
netic trees, is discussed in details. The paper ends with conclienerated. Because they are subjected to strong selection only

sions given in Section 4. those best fitted (well-replicating, infectious, nonneutralizable
. . by the hostimmune system and resistant to antiviral drugs) can
2. Hepatitis C virus survive and spread.

The discovered in 1989 hepatitis C virus belongs to the family Theoretically point mutations should be randomly dis-
Flaviviridae. A more detailed analysis of the viral genometributed along the viral genome. However, experimental data
allows to distinguish six major HCV genotypes [16]. Viralshow that some segments are more variable than others. In
particles are enveloped and comprise single stranded genoriCV, the 3’ and 5 UTRs are most conserved (more than 90%
RNA composed of about 9600 nucleotides. The genome coof homology between viral isolates), because they are involved
tains one large open reading frame (ORF) encoding more thamthe regulation of the viral life cycle [21-23]. In contrast,
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Table 1
Brief characteristics of 2 patients subjected to combined interferon-ribavirin therapy, their age, sex and response to applied
treatment (Ti denotes the i-th week of the therapy)

. Age HCV RNA concentration in serum (copies/ml) Result
Patient Sex
(years) Ty Ty Tas Ty of the therapy
N 12 female 804 600 283500 725900 894 000 non response
P 11 female 337500 notdetected notdetected notdetected sustained response

3. The analysis of the virus population

3.1. The outline of the combinatorial analysis. The main
goal of the undertaken HCV genome analysis is to determine
which parameters characterizing viral population could be ap-
plied as prognostic factors during CHC treatment. To this end,
two patients with a similar history of CHC development were
chosen. Both of them had been infected with the same HCV
genotype (1a). Duration of the CHC and level of virus accu-
mulation were also similar (4 years and®1€opies of HCV
RNA/mI, respectively). However, the response of the two pa-
tients to the IFN-ribavirin therapy was different. One of them
responded positively (patient P with the sustained response),
whereas the other failed to respond (patient N). According to
commonly used standards, the response to antiviral therapy
was considered positive if viral RNA was below the detection
level at 24, 48 and 72 week of the treatment, and negative if
viral RNA was present at these timepoints. Brief characteris-
tics of the patients are shown in Table 1. In order to analyze
e ‘ N viral population, HCV RNA was isolated from patients’ blood
before starting the IFN-ribavirin treatmerty) and after two
weeks of the therapyt £). Then, 20 viral genomes were ran-
Fig. 2. Phylogenetic tree constructed using complete amino acid &My selected from each sample. The studies were conducted
quence encoded in the HCV genome with the permission of the Bioethical Commission of the Uni-
versity of Medical Sciences in Pozm@Permission No 712/02
0f 05.09.2002). Since the sequencing and analysis of the whole
(©) HCV genome would be very difficult, a representative subse-
quence was chosen, according to the procedure described in
the next subsection.

3.2. Choosing a subsequence of HCV for the analysis.
Usually the evolutionary history of groups of species is stud-
— ied not on the base of the whole genomes but on their short
¥ fragments. One of the motivations for such an approach is
the intractability of the computational problem, which in prac-
tice leads to a rapid increase of the required computation time
when the number of the analyzed sequences and their lengths
increase. The other reason is a limited availability of the whole
genome sequences. The interesting phenomenon is that the
evolutionary history usually varies depending which genome
Fig. 3. Phylogenetic trees constructed using complete amino acid segment has been selected. Therefore the first step in our re-
quence of structural proteins: 3a— C protein, 3b — E1 protein, 3c — Eskarch was determining which segment of the HCV genome
protein can be used as the most representative one for the whole
genome. The sequencing of 40 complete HCV genomes for
other parts of HCV genomic RNA are much more heterogesach patient would be very time and cost consuming. Hence,
neous, especially those encoding envelope proteins E1 aihtias been decided to select a region, which fulfils the follow-
E2. In the E2 coding sequence a 81 nt hypervariable regiamg criteria: (i) can be sequenced in a single reaction — which
(HVR1) was distinguished [24]. means that it should be no more than 500 nucleotides long,

0.02 0.05 0.05
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Fig. 4. Phylogenetic trees constructed using complete amino acid sequence of non-structural proteins: 4a — NS2 protein, 4b — NS3 protein,
— NS4A protein, 4d — NS4B protein, 4e — NS5A protein, 4f — NS5B protein, 4g — p7 protein

(ii) its evolution history is similar to that of the whole and p7 are distinctly different. On the base of the comparison
genome — phylogenetic tree constructed for this region f the evolutionary trees, a subsequence encoding fragments of
similar to the tree obtained for the entire genome, (iilE1 and E2 proteins has been chosen for further analysis. Tak-
well reflects the heterogeneity of the HCV genome -ng into account the length limitation (500 nt) and a variability

in other words, it contains both variable and more steef E1 and E2 coding regions, the sequence (called AF) located
ble regions. In order to choose the proper subsequendmstween positions 1425 and 1886 was selected as a represen-
over 160 HCV genomes taken from a database located tation for the entire HCV genome. AF spans HVR1 and more
http://s2as02.genes.nig.ac.jp. were analyzed. stable segments flanking this region (RS) (cf. Fig. 1).

The phylogenetic trees were built for the whole genomes and

then for each virus protein separately. The trees were creatg@. population of the virus. The next step in the analysis
using Neighbor Joining method implemented in MEGA packas the determination of the number of different variants of the
age, ver. 3.0 [25]. The analysis was made on the basis @fus RNA in the samples taken from the patients’ organisms.
nucleotide as well as amino acid sequences, however, no Sigthis number has been determined on the base of three differ-
nificant differences between the two types of results have begRt subsequences, i.e.: (i) the whole subsequence determined
found. The trees built for amino acid sequences are showithe previous subsection and denoted by AF; (i) HVR1 be-
in Figs 2, 3 and 4, respectively, whole genome, structural andg a part of the former subsequence, and (iii) the subsequence
non-structural proteins. As one can notice, the trees for E1, Ejithout HVR1, denoted by RS. The identification of the num-
NS2, NS3, NS5A and NS5B proteins are quite similar to thger of the variants has been made by the comparison of the
tree obtained for the whole genome, whereas C, NS4A, NS4ghalyzed sequences. In Figs 5, 6, and 7 multiplicities of each
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Fig. 5. The number of different variants of virus RNA in the popu-Fig. 7. The number of different variants of virus RNA in the sample
lation isolated from blood sample of patient N — determined for thef patient N — determined for the considered region without HVR1
entire considered region (AF): 5a — before starting the treatmght ( (RS): 7a — before starting the treatment; 7b — after two weeks of the
5b — after two weeks of the therapy§, 5¢ — the total number of the therapy, 7c — the total number of the variants in the two populations
variants in the two populations of HCV (i.e. present in the patient's oiof HCV (i.e. present in the patient's organism before the treatment
ganism before the treatment and after two weeks of the therapy). Thad after two weeks of the therapy). The number of identical clones
number of different variants of virus RNA in the population isolateddf HCV in the sample of patient P — determined for the considered
from blood sample of patient P — determined for the entire considerég@gion without HVR1 (RS): 7d — before starting the treatment; 7e —
region (AF): 5d — before starting the treatmety){ 5e — after two  after two weeks of the therapy, 7f — the total number of the variants
weeks of the therapyt f), 5f — the total number of the variants in the in the two populations of HCV (i.e. present in the patient’s organism
two populations of HCV (i.e. present in the patient’s organism before ~ before the treatment and after two weeks of the therapy)
the treatment and after two weeks of the therapy)
of the detected variants are shown, where Fig. 5 presents the
results obtained for the whole subsequence AF. In Fig. 6 the
(a) (b) (c) results for HVR1 are shown, while in Fig. 7 the numbers of

identical clones for subsequence RS are presented.

As mentioned before, the populations have been analyzed
at the beginning of the therapy and two weeks later. Finally,
the total numbers of different sequence variants at these two
moments have been determined.

The most obvious difference between the samples coming
from the two patients can be observed in the case of the num-
ber of HVR1 variants (cf. Fig. 6). The samples taken from pa-
tient N consist of only three different sequences in this region.
Sample taken from patient P at the beginning of the therapy
contains 14 variants. This number has been reduced after two
weeks of the treatment and in the second sample there were
only seven variants, where one of them dominated the others.

In the case of the subsequence RS the situation is quite dif-
ferent. At the beginning of the therapy, 12 and 20 different
Fig. 6. The number of different variants of virus RNA in the sample/griants of the sequence were found in Samp|es from patient N
of patient N — determined for HVR1 region: 6a — before starting thgng p, respectively (cf. Fig. 7). However, after two weeks in
treatment; 6b — after two weeks of the therapy, 6¢ — the total nuRe sample coming from patient N the number of variants was
ber of the variants in the two populations of HCV (i.e. present in th%qual to 14, while in the case of patient P there were 13 vari-

patients organism before the treatment and after two weeks of trf‘fnts. In both cases there was one variant slightly dominating

therapy). The number of different variants of virus RNA in the sam- . . .
pY) rgwe others but in the sample taken from patient P the domina-

1 1 11

ple of patient P — determined for HVR1 region: 6d — before startin .

the treatment; 6e — after two weeks of the therapy, 6f — the total nurHON Was a bit stronger.

ber of the variants in the two populations of HCV (i.e. presentinthe SO, it may be concluded that in the case of the analyzed

patient’s organism before the treatment and after two weeks of thérus populations the changes in HVR1 most clearly distin-
therapy) guish the two patients.
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Fig. 8. The phylogenetic trees of HCV constructed based on the sequences taken from the sample of patient N — prepared for the entil

considered region (AF): 8a — before starting the treatment; 8b — after two weeks of the therapy. The phylogenetic trees of HCV constructet

based on the sequences taken from the sample of patient P — prepared for the entire considered region (AF): 8c — before starting the treatme
8d — after two weeks of the therapy

(d) that some variants of the genomes are better suited to survive
in the host organism than the others. Clearly, such informa-
tion can be discovered by constructing an evolutionary tree for
each sample. Similarly like previously the trees have been con-
structed for the whole subsequence selected for the analysis,
i.e. AF, as well as for HVR1 and the RS region. Again, Neigh-
bor Joining method and MEGA package have been used. Figs.
8, 9, and 10, respectively, show the obtained results.

As one can notice, the most obvious difference between the
trees constructed for the two patients may be observed in the
case where HVR1 was the base for the analysis (cf. Fig. 9). In
fact, in both samples taken from patient N there are only two
virus variants, while in the case of patient P the evolutionary
distances are quite large at the beginning of the treatment and
— S - then they are reduced to zero for a large subset of the popu-
0.01  0.005 0.05 0.1 lation after two weeks. However, in this case there are still

Fig. 9. The phylogenetic trees of HCV constructed based on the ssome variants of the virus which differ considerably from the
quences taken from the sample of patient N prepared for HVR1 rdominating variant of the sequence.
gion: 9a — before starting the treatment; 9b — after two weeks of the The above result may be interpreted in such a way that the
therapy. The phylogenetic trees of HCV constructed based on thérus is “searching” for the best mutation which will allow it to
sequences taken from the sample of patient P — prepared for HViRdsist against the immune system and the drugs applied. The
region: 9c — before starting the treatment; 9d — after two weeks of thgg present in patient N has “found” such an optimal muta-
therapy tion. However, it seems that the optimal variant of the virus
has been present in the body of the patient N before the treat-
ment and the therapy cannot force the virus to “search” for
3.4. Evolutionary trees analysis. Although the knowledge other variants since it is not necessary from the “viewpoint” of
about the number of different sequences in the samples is vehe virus. In the case of patient P such a good mutation was
important since it tells a lot about the genetic diversity of th@ot present at the beginning of the therapy neither two weeks
virus, it tells nothing how closely the different genomes aréater, which makes probable the hypothesis that it will not be
related to each other. For example, there may be two quite dfbund in the next stages of the treatment (and in fact it was not
ferent populations in the two patients’ organisms, each of thefaund).
consisting of the same number of genome types but in one of When the RS region is considered the difference between
them the sequences may be very similar to each other whiletime ways of evolution of the two populations is not so obvi-
the second population the genomes may differ a lot. Informaus. However, also in this case it may be observed that in the
tion of this kind may be very important since it may suggespopulation coming from patient N there are two subsets of the
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Fig. 10. The phylogenetic trees of HCV constructed based on the sequences taken from the sample of patient N — prepared for the consider

region without HVR1 (RS): 10a — before starting the treatment; 10b — after two weeks of the therapy. The phylogenetic trees of HCV constructec

based on the sequences taken from the sample of patient P — prepared for the considered region without HVR1 (RS): 10c — before starting t
treatment; 10d — after two weeks of the therapy
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Fig. 11. The genetic diversity of HCV computed for patient P (solid line) and for patient N (dash dot line) before starting the treatment and
after two weeks of the therapy. 11a — genetic diversity computed on entire considered region (AF), 11b — genetic diversity computed on HVR1
11c — genetic diversity computed on considered region without HVR1 (RS)

sequences relatively closely related to each other, while théhere

evolution of the population present in the organism of patient P (k) = { 0 if Si(k) = s;(k)

is very similar to the evolution observed on the base of HVR1, 1 otherwise

but here there is no so obviously dominating variant of the S&:(k) denotes character at positiénin sequence; andn is
quence like in the case of HVRI. the length of the sequences. The mean Hamming distance for

setS of sequences is calculated according to the following for-
3.5. Genetic diversity. Similar results to those obtained by myla:

the evolutionary trees analysis may be obtained by the calcu- > h(si,s;)
lation of the genetic diversity. In this case an average diver- H(S) = 5i,8;E€85,8;:75;

sity in the analysed population is determined by calculating <|5|)

the Hamming distance between any pair of sequences, i.e. the 2

number of amino acid differences between the two sequenceske previously, it has been calculated for all three segments,

The mean Hamming distance being the average of the distange the AF subsequence, HVR1, and the RS region. The results
taken for all pairs of the analyzed sequences reflects the genefie shown in Fig. 11.

diversity of the population. o Let us observe that the genetic diversity calculated in the
The Hamming distance for sequenee®nds; is defined way described above is an average of the evolutionary dis-

as n tances observed on the basis of the trees presented in the pre-
h(si,s;) = Z (k) vious subsection. However, the most interesting fact observed

Pt in Fig. 11 is the change of the diversity after the two weeks of
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