
HCVSamuela PasqualiMay 13, 2002After the su

ess shown by mathemati
al models on HIV, in the late '90 s
ientistshave applied the same approa
h to the re
ently dis
overed Hepatitis C virus. In anarti
le appeared on S
ien
e in 1998, Pereslon and 
ollaborators, present a model ofHCV kineti
s, whi
h su

essfully predi
ts the observed biphasi
 behavior of viral loadredu
tion of HCV in the �rst two weeks sin
e the beginning of interferon therapy.The same approa
h is also adopted by Zeuzem and his group in Germany. They alsodes
ribe viral kineti
s by means of simple mathemati
al models, whi
h don't look atthe details of the spe
i�
 intera
tions, but only at the e�e
tive presen
e of the various
omponents of the system. Their results are in agreement with the ones found byPerelson.Sin
e these �rst models appeared the therapies to treat HCV have evolved. Thestandard therapy used now involves the presen
e of a se
ond 
omponent, ribavirin,to make a 
ombination therapy. Also, modi�ed versions of interferon have beenintrodu
ed that make it more resistant to enzymati
 digestion by the host 
ell. Theseother elements, even though essential in the e
onomy of the therapy, as shown by agreatly improved su

ess rate of 
ombination therapy, over regular interferon therapy,do not seem to modify the general kineti
s s
heme. Their e�e
t has more to dowith the spe
i�
 values assumed by the various parameters. Therefore the modelintrodu
ed in 1998 
an still be 
onsidered appli
able also to 
ombination therapy,making the ne
essary adjustments in the parameters.
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1 Some fa
ts about Hepatitis C virusHepatitis C is a slowly progressive liver disease that 
an lead to 
irrhosis and/or hep-ato
ellular 
an
er over a period of 10 to 20 years from the �rst en
ounter with thevirus.Of the people who get in 
onta
t with HC virus, about 30% will develop majorliver failure, 55% will develop a mild 
hroni
 liver in
ammation, more or less asymp-tomati
, while the remaining 15% will win over the virus in a time period of a fewmonths from its 
ontra
tion, and be
ome HCV-negative on their own.Interferon therapy and interferon + ribavirin 
ombination therapy are available, butonly show at most a 50% su

ess rate in permanently debelling the virus. The e�e
-tiveness of the therapy is strongly dependent upon the virus genotype, and is relatedto the virus 
on
entration at the beginning of the therapy.The virus has an RNA genome of about 10; 000 nu
leotides in length. This genome en-
odes for a polyprotein 
omposed of at least 10 dis
rete polypeptides. Key stru
turalfeatures of this RNA in
lude two large stem-loops and a pseudoknot that involvesparts of the sequen
e near the initiator 
odon. In order to initiate translation a stemloop must unfold allowing the RNA to form a high aÆnity 
omplex with the hostribosome. Via this pro
ess the AUG initiator 
odon of the virus is positioned nearthe ribosome de
oding site and protein synthesis may begin.HCV is found to exist in several di�erent genotypes, and inside a single organism it
an di�erentiate enough to es
ape the atta
k of the host immune system. Its RNArepli
ation is error prone be
ause of the la
k of proofreading by the viral RNA poly-merase. The in
reased viral diversity during a
ute phases of hepatitis, has been foundto be asso
iated with progression to 
hroni
ity, where the organisms that are able to
lear the virus show a stable population (in the sense of the strains present).HCV repli
ates primarily in hepato
ytes, and has a produ
tion rate of about 1012parti
les/day. Its half-life is estimated to be around 2 or 3 hours, while the half-lifeof infe
ted 
ells is in the range of 2 - 3 days.Given the relatively rapid turnover of hepati
 
ells, it is believed that the progress ofthe disease is due to de novo infe
tion of new hepati
 
ells.2 Modelling the infe
tionIn the infe
tion pro
ess there are three kind of 
ells involved: the virus 
ells, thea
tive infe
ted 
ells whi
h produ
e new virus, and the target hepato
ells whi
h getinfe
ted by the virus.We will indi
ate with V the viral load, with T the number of target 
ells, and with2



Figure 1: S
heme of HCV infe
tion 
y
leI the number of a
tive infe
ted 
ells. The following system of di�erential equations
an be written: dTdt = s� dT � �V T (1)dIdt = �V T � ÆI (2)dVdt = pI � 
V (3)where� s : rate of produ
tion of target (T ) 
ells� d : death rate of target (T ) 
ells� � : rate at whi
h 
ells be
ome infe
ted with de novo infe
tion� Æ : death rate of infe
ted 
ells� p : rate of virions produ
tion, per 
ell, per day� 
 : 
learan
e rate of virions 3



This system allows for two stationary points at(a) V = 0 I = 0 T = sd(b) V = ps
Æ � d� I = sÆ � 
dp� T = 
Æp�The �rst 
ase 
orresponds to the situation when the host organism wins over thevirus, while the se
ond 
ase 
orresponds to a 
hroni
ization of the disease in whi
hthe number of uninfe
ted hepato
ells, settles to a value dire
tly proportional to thedeath rate of both virions and infe
ted 
ells, and inversely proportional to the numberof virions produ
ed per infe
ted 
ells, and on their infe
tive ability (that is how manytarget 
ells are turned into infe
ted 
ells in the presen
e of virions).We now analyze the stability of the two stationary solutions. We need to determinethe eigenvalues of the matrix0B� �(d+ �V0) ��T0 00 �
 p�V0 �T0 �Æ 1CAthe eigenvalues satisfy the equation:(d+ �V0 + �)(
+ �)(Æ + �) = �pT0(d+ �) (4)Negative eigenvalues mean that the parti
ular stationary point 
onsidered is stablealong the dire
tion of the 
orresponding eigenve
tor, while positive eigenvalues are
hara
teristi
 of instability of the stationary point. In order to 
lear the virus, theideal situation would see the three eigenvalues at (a) all negative, and the threeeigenvalues at (b) all positive, so that the solution with V = 0 is a true stable point,while the solution at V > 0 is 
ompletely unstable.Substituting V0 and T0 from solution (a), we �nd that 2 of the 3 eigenvalues arealways negative, while the third one is positive ifp�sd > 
Æthat is, if the death rate of both virions and infe
ted 
ells are not large enough withrespe
t to the rate of spreading of the infe
tion.From this 
ondition one sees that good features to win the virus are small number ofvirions produ
ed per 
ell, small infe
tivity of the virions, whi
h depend on the virus,but also small produ
tion of hepati
 
ells and large death rate of hepati
 
ells, whi
h4



depend on the host organism. Obviously, the last two 
onditions are good in orderto 
lear the virus, but not so good for the overall e
onomy of the organism.Also, a large death rate of infe
ted 
ells and of the virions are needed in order to 
learthe virus. So one 
an predi
t that organisms whi
h have a short half-life of hepati

ells would be more prone to 
lear the virus on their own. Indeed this is found alsoexperimentally. Patients with are able to 
lear the virus are the one for whi
h thedeath rate Æ is faster.Experimentally Æ is found to be dire
tly 
orrelated with the transaminases ALT level,and inversely 
orrelated with the initial viral load. ALT is an indi
ator of the a
tivityof the immune system. When 
ytotoxi
 T 
ells are a
tive in killing infe
ted 
ells theALT level raises. The interpretation of ALT values in the prognosis of the diseaseis still 
ontroversial though, sin
e very high ALT are indi
ators of an a
ute infe
tionbut witness a high immune response, while low ALT are indi
ative of a low immuneresponse that 
an be due both to a very mild infe
tion or to a very poor immuneresponse to a high infe
tion.For the se
ond stationary point (b) it is less instru
tive to expli
itly write down thethree eigenvalues, sin
e the equation to solve is a 
omplete 
ubi
 equation. Numeri-
ally one 
an see that two of the three eigenvalues are negative over a very large rangeof the parameters, and that the third eigenvalue 
an 
hange from negative to positive.In parti
ular, in
reasing s, p, and � one at the time, keeping all other parameters�xed, has the e�e
t of lowering the most negative eigenvalue, making the high-virussolution more stable (the virus wins). On the other hand, by in
reasing d, Æ or 
,the highest eigenvalue 
an go from negative to positive, destabilizing the high-virussolution, eventually going in favor of the zero-virus solution.3 TherapiesThe standard therapy against HCV is done through the administration of InterferonAlpha, in elevated and frequent doses for long periods of time (daily or 3 times aweek inje
tions of 10 mIU of IFN-�-2b for 48 weeks). Under this regime it is seenthat the viral load de
reased signi�
antly in the �rst 2 days from the beginning ofthe treatment, and then progresses into a less rapid des
ent for the remaining timeup to 14 days, and maybe even slower des
ent thereafter (this is not well do
umentedthough).The viral load redu
tion is a double exponential de
ay with a higher slope at thebeginning of the therapy. This de
ay is dose dependent, espe
ially at the beginningof the treatment. After two days from the �rst inje
tion the patients whi
h are givenhigher doses of IFN show a larger viral load redu
tion than patients undergoing a less5



strong regimen.The amount by whi
h the viral load de
reases in the initial part of the treatmentseems to be signi�
ant for the su

ess of the therapy and the �nal elimination of thevirus. Patient whi
h show the largest drop are more likely to 
lear the virus after afew months of therapy.The �rst phase slope does not seem to be 
orrelated with baseline viral load or withbaseline ALT, while the se
ond phase slope is found to be inversely 
orrelated withbaseline ALT levels, and therefore with the death rate of the infe
ted 
ells. Patientswith high Æ during the �rst 2 weeks of treatment are likely to be found 
lear from thevirus after 3 months of therapy, while patients with low Æ are most likely still viruspositive after the same time.Moreover, it is found that failure of IFN treatment is asso
iated with large quasi-spe
ies diversity. The ability of HCV to easily mutate 
ould be responsible for thefailure of the therapy. An aggressive �rst stage of the treatment should redu
e the
han
e of the virus to mutate, and therefore should improve the su

ess rate of thetherapy.The spe
i�
 me
hanism of the intera
tion of interferon with the virus and with thehost organism is still not 
lear. One possible explanation is that interferon mightblo
k the ability of HCV to infe
t new 
ells. If this were true the rates of viral releaseand 
learan
e (p and 
) would not be a�e
ted by IFN. Only the number of infe
ted
ells would 
hange under IFN. To see a major impa
t of the drug we would then haveto wait until after at least one I half-life, that is a few days. This is de�nitely not the
ase sin
e the major 
hanges o

ur in a time of just a few hours from the inje
tion.A more plausible explanation of IFN a
tion is that it prevents infe
ted 
ells fromreleasing new virus. This a
tion 
ould be 
arried both at the level of viral RNAprodu
tion and at the level of viral proteins produ
tion.At a mole
ular level IFN is known to a
tivate double-stranded RNA-a
tivated proteinkinase and other pathways known to inhibit viral produ
tion.A se
ond generation of therapy is a 
ombination therapy of IFN and Ribavirin. Thistherapy proves to be parti
ularly e�e
tive in IFN resistant patients, bringing the su
-
ess rate from 20% to about 50% for genotype 1b patients (most interferon resistantgenotype).Ribavirin is a purine nu
leoside analog, introdu
ed in the '70s for treatment of severerespiratory virus infe
tions. It has a broad spe
trum of antiviral a
tivities againstvarious RNA and DNA viruses. The exa
t me
hanism of its a
tion, both alone and in
ombination with interferon, is still un
lear. There are 
urrently three hypothesis onhow it 
ould work: (1) it has a dire
t antiviral a
tivity targeting the viral polymerase,(2) it has bene�
ial e�e
t through indire
t me
hanisms whi
h 
ould in
lude enhan
e-ment of 
ytokines and 
ytotoxi
 T lympho
ites response, (3) it a
ts as a mutagen,6



in
reasing the probability of mutation of the virus in a dose dependent manner, whi
h
ould lead to an \error 
atastrophe" and diminish the �tness and infe
tivity of thevirus.Trial studies of therapies with both IFN and ribavirin show the same kind of generalbehavior than therapies with interferon alone. The major di�eren
e is in the slopeof the se
ond phase of the de
line, whi
h is greater in the presen
e of ribavirin, andwhi
h seems to be dose dependent. The a
tion of ribavirin 
ould then be related tothe half-life of the infe
ted 
ells, whi
h 
ould well be the 
ase if ribavirin enhan
esthe organism immune response, e�e
tively 
hanging the value of Æ.A third generation of therapies sees the introdu
tion of a modi�ed interferon whi
hlives longer in the 
ell. This has the advantage of redu
ing the number of inje
tionsto on
e per week and to keep a steady level on interferon for longer periods of time.This is a

omplished by 
ombining the regular IFN-� with a pegylated protein, fromwhi
h the name \peginterferon �". The overall qualitative a
tion of this mole
ule isnot di�erent from the a
tion of regular IFN.In re
ent trial studies with peginterferon and ribavirin a new behavior of the systemhas appeared. After 48 hours from the �rst inje
tion there is a rebound of viral load.The viral load steeply de
reases for the �rst 2 days and then suddenly in
reases, orlevels o�, in the best 
ase s
enario. This in
rease seems to be related with the doseof interferon and is greater with a higher dose. Also, this rebound is not related tothe 
learan
e of the virus at the end of the therapy. The signi�
an
e of this reboundis still un
lear, and the models 
urrently used to des
ribe the kineti
s of the virus arenot able to predi
t it. It is also unknown if there is a spe
i�
 e�e
t related to ribavirinor to peginterferon, they may in
rease a phenomenon previously undete
ted.4 Modelling IFN therapyMathemati
al models introdu
ed in the literature so far 
onsider the e�e
t of inter-feron without entering in the spe
if
ity of its intera
tions. There is therefore no pointin distinguishing between regular IFN or peginterferon, sin
e the interferon mole
uleis not represented dire
tly as one of the a
tive players in the system, but it is only
onsidered indire
tly through the e�e
t it has on the system parameters.I have not found mathemati
al models in
luding the e�e
t of ribavirin, but the samereasoning applied to interferon 
ould be applied to ribavirin, just by 
onsidering itse�e
ts on T , I, and/or V .Let's 
onsider the model of the infe
tion presented before. The possible e�e
ts of IFNin this model are either to redu
e the produ
tion of virions from infe
ted 
ells by afra
tion (1� �) or to redu
e the de novo rate of infe
tion by a fra
tion (1� �).7



The set of di�erential equation that des
ribe the system be
ome:dTdt = s� dT � (1� �)�V T (5)dIdt = (1� �)�V T � ÆI (6)dVdt = (1� �)pI � 
V (7)Before the therapy � = � = 0. On
e the therapy is initiated � > 0 or � > 0 or both.As we mentioned before, the major e�e
t of IFN is thought to be to blo
k the pro-du
tion or release of the virions from the infe
ted 
ells, and not to blo
k new HCVinfe
tions. A

ordingly, we will no longer 
onsider the 
ase � 6= 0, but we will only
onsider � > 0, � = 0.The value of � is dose dependent,higher for higher doses. Sin
e the blo
king by IFNis not perfe
t � will always be stri
tly less than one.Through equations (5),(6), and (7) we want to try to understand the biphasi
 behav-ior in viral load drop, found experimentally in patients that start IFN therapy.We assume that before the beginning of the treatment both the viral load and thenumber of infe
ted 
ells are in their stationary state (b) (steady values for over 6months), at V0, and I0 respe
tively.Sin
e the behavior we are interested in explaining takes pla
e over a period of timeshorter than the half-life of the infe
ted 
ells, for the moment we will 
onsiderI(t) = I0, andT (t) = 0. Having done so, the three equation de
ouple into twoset of two equations, one for T and I, and one for V and I. We are interested in these
ond pair and in parti
ular to the equation for VdVdt = (1� �)pI0 � 
V (8)whi
h has as solution V (t) = V0 h1� � �1� e�
(t�t0)�i (9)for t > t0, where t0 is the time at whi
h the interferon begins to a
t, whi
h is after afew hours from its inje
tion.The solution is one of an exponential de
ay. It starts from the initial value V0 andde
ays with slope 
�. Given that IFN is not 100% e�e
tive, � < 1, and the viral loadstabilizes at (1 � �)V0 for t � 1=
. If � was equal to one the de
ay would 
ontinueand would bring V down to zero. From this solution we see how the steep part ofthe des
ent depends on the 
learan
e rate 
 at whi
h the virus subtra
ted from the8



system.The dependen
e of this �rst phase de
line from the amount of IFN used in the therapyis re
e
ted in its eÆ
a
y �. In the medi
al trials � was estimated to be equal to 85%for 5 mIU regimen, 95% for 10 mIU regimen, and 96% for 15 mIU regimen.Over time periods longer than a few days, that is longer than infe
ted 
ells half-lives, we 
an no longer assume I(t) to be 
onstant. We 
an still assume that thehepato
ells turnover is slow, and therefore 
onsider T to be 
onstant at T0 over aperiod of 2 weeks.Under these assumptions the system of equations be
omesdIdt = (1� �)�T0V (t)� ÆI(t) (10)dVdt = (1� �)pI(t)� 
V (t) (11)For t > t0 the solution for the viral load isV (t) = V0 �Ae��1(t�t0) + (1� A)e��2(t�t0)� (12)where �1;2 = 12 �
+ Æ � [(
� Æ)2 + 4(1� �)
Æ℄1=2�A = �
� �2�1 � �2Indeed we have found the double exponential de
ay in viral load reported by medi
altrial.The 
oeÆ
ient �1 dominates the behavior at small times, while �2 dominates at largertimes. If IFN was 100% e�e
tive, we will have �1 = 
 and �2 = Æ, from whi
h we seethe importan
e of the value of Æ for 
ompletely 
learing the virus in the long run.This�nding from the mathemati
al model indeed agrees with the experimental eviden
ereported in the previous se
tion.In general, for values of � less than one, the two slopes will depend both on 
 andÆ. For values of � 
lose to one, we 
an assume (1 � �) to be small and perform anexpansion of the square root in the de�nition of �1;2.We �nd �1 � 
 1 + Æ(1� �)
� Æ !�2 � Æ  1� 
(1� �)
� Æ !9



We 
learly see that one of the de
ay rates is essentially the virion 
learan
e rate 
.In agreement with the dis
ussion above for t < 2 days, and with our knowledge thatthat 
 > Æ, given that the the 
learan
e of the virus is qui
ker than the death of theinfe
ted 
ells, �1 dominates the �rst part of the de
ay. The slope of the se
ond partof the de
ayis essentially the infe
ted 
ells death rate Æ.This dependen
e of V (t) on Æ is well in a

ordan
e with the �ndings that the patientswho win over the virus are the one for whi
h Æ assumes the larger values. Largerdeath rates for the infe
ted 
ells will bring the viral load to small values more qui
kly,leaving less 
han
es for the virus to mutate and to start to proliferate again.In this framework the e�e
t of ribavirin was not investigated. Given how resear
hersthink ribavirin might behave, we 
ould think that its e�e
t would be to in
rease thevalue of �, sin
e, as IFN, it a
ts in impairing virus produ
tion. This assumptionwould agree with the �ndings of steepest slopes at low interferon doses found in 
lin-i
al studies on 
ombination therapies.The model presented here only a

ounts for the virus kineti
s in the �rst two weeksof therapy. Models that want to des
ribe longer times, must take into a

ount thetime dependen
e for T as well, and solve the full set of three di�erential equations.Medi
al studies on long periods of time have not shown any signi�
ant 
hange ofbehavior after two weeks from initiation of IFN assumption. So, at this low level ofdetail it is probably not ne
essary, nor too instru
tive, to solve the full system.It would be probably more interesting to try to understand the dose dependent re-bound that a 20% of patients experien
e after 48 hours from the beginning of inter-feron treatment, sin
e its understanding might bring light on more spe
i�
 behaviorof IFN. The fa
t that not all patients experien
e the rebound make it possibly relatedwith the infe
ted 
ells half-life, whi
h is the parameter that mostly 
hanges from onepatient to another sin
e it depends dire
tly on the organism immune response. Onemay therefore spe
ulate that there 
ould be an intera
tion between IFN and elementsof the host immune system. It would than probably be signi�
ant to in
lude also lym-pho
ytes in the model, espe
ially sin
e it is known that HCV 
an also infe
t them,even though in smaller per
entages than hepato
ells, and be
ause they are the oneresponsible for killing of infe
ted 
ells, and therefore ultimately determine the spe
i�
value of Æ.5 Possible new therapiesNew strategies to win over HCV infe
tion, fo
us on inhibiting viral repli
ation.A �rst kind of approa
h 
onsists in targeting the virus geneti
 
ode. A te
hniqueinvolves hybridization of viral RNA with syntheti
 oligonu
leotides of 15 to 40 bases10



in length. Su
h 
ompounds 
an inhibit protein expression through a variety of me
h-anisms, depending on what part of viral RNA the syntheti
 RNA inserts in. Otherte
hniques are fo
used on inhibiting repli
ation by 
leavage of the HCV \internalribosome entry site".A se
ond approa
h involves targeting the viral protein themselves, instead than theHCV geneti
 
ode. One attra
tive target is NS3 protein, whose enzymati
 a
tivitiesare required for HCV repli
ation in vivo. Also other proteins are 
onsidered, likeHCV heli
ase whose movement along RNA is 
riti
al for the unwinding of the doublehelix during repli
ation.A third kind of therapy 
onsists in treatments whose goal is not the 
omplete elim-ination of the virus from the host organism, but is to minimize the damage that it
auses, in parti
ular to minimize liver �brosis. These would be long-term therapies forthose patients who do not respond to interferon therapy oriented to virus 
learan
e.For this purpose interferon itself seems to be eÆ
ient in redu
ing in
ammation andinto slowing down the progress of the disease. Also ribavirin by itself has the positivee�e
t of redu
ing ne
roin
ammatory a
tivity, and lowering transaminases levels.Referen
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