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Abs tract

We use the con cepts of immu no do mi nan ce and an ti ge nic os ci lla tion for des cri bing a mo del 
of HI V- 1in fec tion. We con si der not only mu ta ting vi rions and T- CD4 cells, but also vi ral re ser -
voirs as ma cropha ges and fo lli cu lar den dri tic cells (FDPC). We also con si der strong cyto to xic at -
tack against re ser voirs and the ex tra ce llu lar at tack on vi rions, both co or di na ted by T- CD4
cells. We si mu la te mu ta tions by a Mon te car lo rou ti ne. Vi rus high mu ta bi lity im pairs the immu -
ne sys tem by nu llifying the assu med at tack by immu ne cells (CTL) to in fec ted re ser voirs. Addi -
tio na lly our re sults show that tackling vi rus in va sion and pos te rior output from re ser voirs could 
be an im por tant al ter na ti ve in the rapy.

Key words: Cyto lithic cells; equi li brium point; mu ta bi lity; re ser voirs; vi ral es ca pe.

Influencia de los parámetros dinámicos
y la mutabilidad viral en la progresión de la infección

por VIH-1

Re su men

Se uti li za los con cep tos de in mu no do mi nan cia y os ci la ción an ti gé ni ca para de sa rro llar un
mo de lo de in fec ción por VIH-1. Se con si de ra el efec to no solo de vi rio nes mu tan tes y cé lu las T-
 CD4, sino tam bién de re ser vo rios vi ra les, como ma cró fa gos y cé lu las fo li cu la res den drí ti cas en -
tre otros. Tam bién se con si de ra ata que ci to tó xi co con tra los re ser vo rios y ata que ex tra ce lu lar
so bre los vi rio nes, am bos co or di na dos por las cé lu las T- CD4. Las mu ta cio nes se si mu lan me -
dian te una ru ti na de Mon te car lo. La alta mu ta bi li dad del vi rus de se qui li bra al sis te ma in mu no -
ló gi co, al anu lar el su pues to ata que de las cé lu las in mu ni ta rias (CTL) a los re ser vo rios in fec ta -
dos. Adi cio nal men te nues tros re sul ta dos mues tran que blo quear la in va sión del vi rus a los re -
ser vo rios, y la pos te rior pro duc ción de vi rio nes des de di chos san tua rios, po dría ser una al ter na -
ti va im por tan te en te ra pia.

Pa la bras cla ve: Cé lu las ci to lí ti cas; es ca pe vi ral; mu ta bi li dad; pun to de equi li brio;
re ser vo rios.
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1. In tro duc tion

The ac quired im mu no de fi ciency syn -
drome goes on as the ma jor threat ever posed
to the world pub lic health. Ad di tion ally to im -
pair ing the im mune sys tem in ter ac tions by
storm ing T- CD4 cells, HIV-1 in fects in a no
Cytopathic way im mune long lived cells,
among them, macro phages (1, 2, 3) mem ory
and rest ing T- cells (3), and lym phoid tis sue
(4, 5, 6). Den dritic cells can also be di rectly in -
vaded by VIH-1 (7). Some in di rect mecha -
nisms of in va sion to T- CD4 cells, as those me -
di ated by den dritic cells (7, 8) or by vi ral ge -
nomes (9) seem to be very per verse ones. Cu ri -
ously, a lack ing of cor re la tion be tween the life -
time of the in fected cells and T- CD4 counts
has been re ported (10). The im mune sys tem
can check HIV-1 neu tral iz ing free vi ri ons (11,
12, 13), by lym pho cyte me di ated con trol of vi -
ral pro gres sion, (14, 15), by de struc tion of in -
fected cells dis play ing vi ral epi topes, a fact in -
ferred by the emer gence of an anti HIV- CTL
re sponse in the early stages of the in fec tion
(16, 17), and also by the so- called bipha sic de -
cay (18). Cy to toxic cells can also pour solu ble
anti VIH-1 fac tors into the blood stream (19).
How ever, cy to toxic ac tiv ity of CTL in blood
needs con tinue stimu la tion (20), and also the
pres ence of long lived mem ory CTL cells (21).
Per sis tence of vi ral rep li ca tion is also re quired
for main tain ing high fre quen cies of CTL ef fec -
tors (22). Some as pects of the in ter ac tion
virions- anti HIV cells are else where dis cussed 
(23, 24). The even tual fail ure of the im mune
sys tem could be ex plained as a con se quence
of the high vi ral mu ta bil ity, but also by the ex -
is tence of re sis tant strains of vi ri ons, or slowly 
re ply ing ones (25). The an ti body me di ated re -
sponse is a sub ject that de serves at ten tion,
es pe cially by the pos si bil ity of vac cine de sign
(26, 27), and also be cause there ex ist known
mecha nisms for vi ral es cape from hu mo ral at -
tack (28, 29), or by af ford ing the in va sion of vi -
ri ons to macro phages by means of their IgC Fc 
re cep tor frag ment. At the ad vanced stages of
the ill ness the im mune sys tem col lapses and
op por tun is tic in fec tions emerge in duc ing the
death of the in fected or gan ism. These stages

are char ac ter ized by an no ta ble in crease in the 
vi ral bur den, al though the cur rently ac cepted
source of vi ri ons, T- CD4 cells is de pressed, a
fact that high lights the need for ad di tional
sources of vi ri ons as B lym pho cytes (30), sple -
no cytes (31) or fol licu lar den dritic cells (4).

Mathe mati cal mod el ling should al low
ac quir ing a bet ter knowl edge of com plex dy -
nam ics so that the de ci sive fac tors in the
strug gle of the VIH-1 and the im mune sys -
tem be come fi nally es tab lished. There is a
wealth of mod els of the VIH- 1- immune sys -
tem in ter ac tion, and we men tion here just
the works by De Boer and Per el son (32), and
Wo darz and Nowak (33). A re vi sion of the
state- of- the- art in mod el ing VIH-1–im mune
sys tem in ter ac tion can be found in (34),
there fore we re mit there to lec tors in ter ested
in such top ics.

In this work we build vari ous spaces of
pa rame ters re lated to the im mune re sponse, 
the vi ral mu ta bil ity, and the pres ence of cy -
to lytic cells. It should be clear that the pres -
ence of known vi ral res er voirs, un til yet not
con sid ered, de fines the step control-
 progression of the ill ness, and that it should
be im por tant de sign ing thera pies main tain -
ing this con trol. We dis cuss in sec tion 2 fun -
da men tals of our model, its sta bil ity, and
how we in clude the ef fect of mu ta tions and
op por tun is tic in fec tions on its be hav ior. In
sec tion 3 we show the re sults of sev eral nu -
meri cal in te gra tions. The in flu ence of the
im mune at tack on vi ri ons, and also the vi ral
es cape pro duced by high vi ral mu ta bil ity is
ex plic itly con sid ered. In sec tion 4 we make a
dis cus sion of our re sults and pres ent our
con clu sions. We used AUTO CAD 2000 for
trac ing the Fig ure 1; SIG MAPLOT 5.05 for
the Fig ures 2, 4, and 9, and rou tines from
MAT LAB 5.3 for the re main ing ones.

2. The mo del

2.1. Fun da men tals

We use in this pa per a gen er ali za tion
(35) of a model origi nally pro posed by Nowak
et al. (36) for de scrib ing the evo lu tion of AIDS 
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Fi gu re 1. a) z, T- hel per cells, n ab , vi rus, l z , T- hel per cells crea tion rate, ( )wz
-1 , T- hel per cells li fe ti me. In

ab sen ce of any other in te rac tion the T- hel per cells equi li brium den sity is  z z z* /= l w . Vi rions

des troy T- hel per cells at a rate  u zab abn . The full va ria tion rate of the T- hel per cells is 

l n wab abz zu z z- - .  b) m0 , heal thy re ser voirs, mab , in fec ted re ser voirs, xa , cyto to xic cells

against the epi to pe a, ( y b , cyto to xic cells against the epi to pe b), l 0 , heal thy re ser voirs crea tion

rate, w0

1- , heal thy re ser voirs li fe ti me. In ab sen ce of any other in te rac tion the equi li brium den -

sity of heal thy re ser voirs is m* 0 0 0= l / w  . Heal thy re ser voirs are in fec ted by their in te rac tion

with vi rions at a rate  g nab ab m0 . An ti-a cyto to xic cells des troy in fec ted re ser voirs at a rate 

pm xab a . (An ti-b cyto to xic cells des troy in fec ted re ser voirs at a rate qm yab b ). The full va ria tion

rate for the heal thy re ser voirs is g n wab ab ab a b abm m px qy m0 1- + -( ) . c)  g ab  vi rions crea tion rate 

in re ser voirs, x abu , vi rions crea tion rate in in fec ted T- hel per cells, f zab abn , vi rions des truc tion

rate ( by an ex tra ce llu lar hit, co or di na ted by T- hel per cells) . Vi rions in va de re ser voirs at a rate 

g nab ab m0 . The full va ria tion rate for vi rions is g m u f z mab ab ab ab ab abx n g n+ - -( ) 0 . d) In fec ted

cells ac ti ve cyto to xic pre cur sor cells x ya b( ) at a rate c ka b( ). For an an ti-a,  xa CTL cell, cyto to xi -

city is acqui red by T- hel per me dia ted ac ti va tion at a rate  h a abc m z, or by T- hel per me dia ted clo -

na tion at a rate c m xza ab  (si mi lar pro cesses occur for an an ti-b, y b CTL cell. The full rate of the 

x ya b( ) cyto to xic cells va ria tion is h w h wa a a a a a b b b b b bc zm c zm x x k zm k zm y y* * ** ( )+ - + -2 2 .



as an out come of the in ter ac tion of vi ri ons, 
n ab  healthy res er voirs, m 0 , in fected res er -
voirs, m ab  T- helper, z, and cy to toxic cells, x a

and y b . Dy nam ics of our model is out lined in 
the Fig ure 1 and its de tailed mathe mati cal
de scrip tion is given in the ap pen dix. All our
vari ables mean den si ties. An an ti gen can si -
mul ta ne ously pres ent sev eral epi topes, but
the im mune sys tem nor mally rec og nizes
just one or two of them (36), so we shall only
con sider that vi ri ons dis play just two epi -
topes, i with two vari ants i 1 and i 2, and j also
with two vari ants j1 and j 2. We write n ab  for
a vi rion ex hib it ing the vari able a of the epi -
tope i, and the vari able b of the epi tope j. Any
set of healthy cells which is sus cep ti ble to be 
in vaded by the vi rus, and then to pro duce vi -
ral par ti cles will be called a res er voir, m 0 .
Res er voirs have a life time ( )w0

1-
 and a crea -

tion rate of l 0 . A  n ab -i nfected res er voir is 
m ab  and it lives ( )w1

1-
. T- CD4 cells act ing

mainly as co or di na tors of the im mune re -
sponse are called z; they are cre ated at a rate 
l z  and they live a time ( )wz

-1
. Infected cells

elicit a re sponse of cy to toxic cells (CTL) ad -
dressed against them. CTL di rected against
in fected cells bear ing the a vari ant of the epi -
tope i are de noted by x a , while those di -
rected against cells bear ing the vari ant b of
epi tope i by y b . Cy to toxic cells live ( )w2

1-

and they are cre ated for two dif fer ent pro -
cesses me di ated by T- CD4 cells, ac ti va tion,
and clo na tion. A sin gu lar as pect of this
model (shared by most of the cur rent mod els 
for the in ter ac tion HIV- 1- immune sys tem) is 
that there is not any ana lyti cal way of deal -
ing with it, so we must rely on nu meri cal
work for de scrib ing its prop er ties. When we
con sider, how ever, just one vi ral vari ant, xx
we found a null equi lib rium point (no vi ri ons 
nor in fected cells) given by:

m z m x yz

z

* , * , * * * *
0

0

0

11 11 1 1
0= = = = = =

l

w

l

w
n . [1]
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2.2. Mu ta tions

HIV-1 high mu ta bil ity is as so ci ated to a
de fect in the in verse tran scrip tase pro cess
used by all ret ro vi rus in the syn the sis of vi ral 
DNA from RNA. Not all the mu ta tions are sig -
nifi cant ones, but just that frac tion chang ing 
an ex ist ing epi tope into a new one, not
checked by cy to toxic cells. We used for our
simu la tion a Mon te carlo rou tine ruled by the 
ker nel ( )R s n t= -exp g ab D , where s is a vari -

able ad just ment pa rame ter which we call
mu ta bil ity, n is the number of elapsed time
steps and Dt , the time step in ter val. R is
com pared to the out put of a nor mal ized gen -
era tor of ran dom num bers, A and each time
that R A< , a mu ta tion takes place. For 
t R» »0 1, , there fore mu ta tions are un -
likely, while for a t ® ¥, R » 0 and some of the 
pos si ble mu ta tions oc cur. The frac tion of vi -
ri ons pro duced each time is a. Some of the
out puts of this mu ta tion pro cess are shown
in the Fig ures 5, 6, and 7.

2.3. Oppor tu nis tic in fec tion

We now con sider the ac tion of a non im -
mu no cy to pa tic agent r for simu lat ing bac te -
rial or tu mor in fec tions, which evolve as:

( )d

dt
a b m

r
r r r= - -1 0 [3]

the lo gis tic term takes into ac count a lim ited
growth of the in fected agent, and the last
term, its up take by a con tact in ter ac tion
with macro phages, at a rate b, re fine ments
to this sim ple model are im me di ate. As a
healthy im mune sys tem wipe out op por tun -
is tic in fec tions, we took for our simu la tions 

b º
a w

l
0

0

, and a =1, other choices for a im ply

just a re nor mali za tion of our sys tem of equa -
tions.
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3. Re sults

We used an Euler ex pan sion for work -
ing our re sul tant set of four teen cou pled or -
di nary dif fer en tial equa tions. The out puts of 
some nu meri cal in te gra tions are shown in
the fol low ing Fig ures 2 to 9.

3.1. Ful fillment of the con di tions
       of equi li brium

We be gin dis play ing the out put of our
in te gra tor for the case with just one vi ral
vari able, n11. Fig ure 2 shows sys tem’s vari -
ables be hav ior as a func tion of h for large
val ues of time (50.000 com pu ta tion steps).
It is evi dent the ful fill ing of the con di tion (9).
Dashed lines rep re sent a sys tem obey ing
equa tions (1) to (6), with just a vi ral vari able, 
n11. We have also plot ted (solid line) a sys tem
with g11 0=  in equa tions (1) and (6), and 
p q1 1 0= =  in equa tions (3) and (4) (vi ri ons
do not en ter into res er voirs, and there is no
CTL at tack on them). The last situa tion
seems to be un fa vour able for the im mune
sys tem. Now we con sider situa tions with 

h
g

ij

ij
> -

æ

è
ç
ç

ö

ø
÷
÷

l

w
g

w
0

0 1

1 , this is, with strong im -

mune re sponse. Fig ure 3-a shows the tem -
po ral evo lu tion of vi ri ons, n11, and T- helper
cells, z, for di verse ini tial val ues of both vari -
ables. The im mune sys tem keeps its grip
over vi rus al though the ini tial vi ral den sity is 
high in some simu la tions. Fig ure 3-b is vi -
rus, n11 vs. T- helper cells, z dia gram. All the
tra jec to ries in this space con verge to ward
the null equi lib rium point. Ful fill ing of
equa tion (9) leads to T- CD4+ cells per ma -
nence and con trol of the ill ness. A situa tion
with weak im mune re sponse, 

h
g

ij

ij
< -

æ

è
ç
ç

ö

ø
÷
÷

l

w
g

w
0

0 1

1 , is shown in the Fig ure 4.

Fig ure 4-a shows tem po ral evo lu tion of the
vi ral and T- helper cells den si ties. Note that
vi rus emerges ir re spec tive of the ini tial im -
mune cells den sity. Fig ure 4-b is a vi rus, n11

vs. T- helper cells, z dia gram. Our sys tem
seems to have a fi nite, and per haps un sta -
ble, equi lib rium point (this is sug gested by

he fact that all the tra jec to ries in the (z, n11 )
space con verge to ward a pref er en tial one,
but this tra jec tory is un bounded.

3.2. Effect of the mu ta tions

Now we show the ef fect of mu ta tions on
the sys tem’s be hav ior. Fig ure 5 dis plays the
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Figure 2. Sys tem’s beha vior for just a vi ral va -

riant, n 11 , with cyto lithic at tack on re -

ser voirs (dashed li nes) and in ab sen ce

of such at tack, with no in fec tion to re -

ser voirs (so lid li nes). We plo tted vi -

rions, n 11 , in fec ted re ser voirs, m11 , and

T- CD4 hel per cells, z. The re occurs a

shift in the con ver gen ce re gion from  

h@ 0725.  to h@ 0420.   but this shift of

the null point is not cau sed by CTL at -

tack on in fec ted cells, but for vi rions

in va sion to re ser voirs. CTL den si ties

are ne gli gi ble, and m0  evo lu tion

roughly pa ra llels that of z, so we did

not plot the se va ria bles. We took for

this and the re mai ning fi gu res 

g 11 035= . , g 11 065= . , p q1 1 4= = , 

c k1 1 055= = . , f11 4 9= . , u11 225. , h= 002. , 

l 0 025= . , l z = 4, w w0 1 028= = . , 

w2 140= , and f, va ria ble bet ween 3.24

and 5.24.
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Figure 4. a) Temporal evolution of our system

for h gij ij> -
l

w
g w0

0

1 1( / ), weak

immune response. Immune escape

occurs irrespective of initial

concentrations both of virions and T

helper cells. b) Plot of viral density n 11

vs. z, T-CD4 helper cells density. All

the trajectories seem converge toward 

a preferred one. This fact suggests the

existence of an unstable equilibrium

point. For the purpose of plotting we

arbitrarily truncated all the curves.

Parameters and initial values for the

variables were identical to those in the 

Figure 3, but. x= 210.   ( . )h= 0100 .

b)
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Figure 3. a) Tem po ral evo lu tion of vi ral, and T-

 hel per cells con cen tra tions for a si tua -

tion with h gM ij ij> -
l

w
g w0

0

1 1( / ),

strong immu ne res pon se. Immu ne sys -

tem con trols every in fec tion, irres pec ti -

ve of the ini tial ino cu lums.  b) Plot of vi -

ral den sity n 11  vs. z, T- CD4 hel per cells

den sity. The sta ble equi li brium point is 

ea sily ob ser ved. We took iden ti cal va -

lues for the pa ra me ters to tho se in the

Fi gu re 2 but, w2 7= , and  x= 180.  

( . )h= 0486 . The ini tial va lues for the va -

ria bles were m0 0 089( ) .= , m11 0 010( ) .= , 

x1 10 0 010( ) ( ) .= =g , and the re main de -

ring ones are seen from the fi gu re.  

b)



val ues of to tal vi ral den sity, n iji j,
å , and z,

T- CD4+ cells den sity, as a func tion of h af ter
50000 steps of in te gra tion. Dot ted lines rep -
re sent a sys tem with just a vari able epi tope,
this is, with the pres ence of n11, n12, n13 and 
n14  vari ants. This im plies that the epi tope i
(1) is al ways seen by CTL. Solid lines rep re -
sent an other situa tion with two vari able epi -
topes, this is, with the pres ence of n11, n12, 
n 21 and n 22 vari ants, there fore a de lay oc curs 
since a vi ral mu ta tion takes place un til the
pro duc tion of spe cific CTL ( )x yi j . This last

situa tion is un fa vour able for the im mune
sys tem, re quir ing higher val ues of h for con -
trol ling vi ral emer gence. In the Fig ure 6 we
show the in flu ence of rate of mu ta tion on vi -
ral es cape. We dis played there to tal vi ral

den sity, n iji j,
å  as func tion of time for three

dif fer ent val ues of the mu ta bil ity, s, and 

h
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ij
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l
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g
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1  for each vi ral vari able n ij  in

all the in stances, but with the pres ence of
CTL at tack on in fected res er voirs. For low
mu ta bil ity, s= 0.01, im mune re sponse con -
trols in fec tion. For mod er ate mu ta bil ity, s=
0.1, vi ral den sity slowly prog ress. For high
mu ta bil ity, s= 1.0, vi rus has the ad van tage.
The net out come of vi ral high mu ta bil ity is
im pair ing CTL at tack on in fected res er voirs.
Fig ure 7 is a map of the (h, s) space show ing
con ver gence (con trol of in fec tion) and di ver -
gence (vi ral es cape from im mune con trol) re -
gions. We used here a con tinu ously mu tant
sys tem with the  n11,  n12,  n 21 and  n 22 vi ral
vari ants. For each value of a the im mune
sys tem keeps a grasp on the in fec tion in the
re gion un der each curve. Then, this fig ure
dis plays con ver gence re gions for a con tinu -
ously mu tant sys tem. A more ef fec tively mu -
tant vi rus (higher a) has the ad van tage over
the im mune re sponse. Satu ra tion ob served
for high val ues of s shows that a too high
rate of mu ta tion does not sup ply a more ad -
van ta geous situa tion for vi rus.

3.3 Effect of CTL pa ra me ters

Fig ure 8 shows the in flu ence of CTL ac -
tiv ity on con trol of vi ral pro gres sion for three

in stances of the 
w

w

t

t
2 4

z

TCD

CTL

=  ra tio (re mem ber

that t w= -1 rep re sents the life time of an en -
tity). Strength of CTL at tack on in fected res -
er voirs is meas ured by pi  and q j  pa rame ters, 
whilst ac ti va tion rate of CTL is meas ured by 
c i  and k j  (we took p qi j= , and c ki j=  for all
these simu la tions). Any point on each curve
rep re sents the mini mal value of pi (qj) nec es -
sary for ob tain ing im mune con trol (fi nite,
non null, non di verg ing val ues of vi ral vari -
ables n ij  and m ij ) for a given ( )c ki j  af ter

50.000 com pu ta tion steps. There ex ists con -
trol of the in fec tion in the re gion out side
each curve, so we call them ac ti va tion

curves. Note that CTL per ma nence (lower 
w

w
2

z

ra tio) as an ac ti vated en tity ad dressed
against a fixed epi tope fa cili tates im mune
task (lower val ues for the pa rame ters 
p q c ki j j, , 1 ). From the fig ure is seen that each
one of these curves are bounded and closed,
and there fore there is an at trac tion val ley
con tain ing them. Ad di tion ally, this fig ure
shows that the prod uct of ( )p qi j  times 

( )c ki j  pa rame ters, that is, CTL ac ti va tion

rate times in fected res er voirs clear ance rate
is the rele vant fac tor for con trol ling in fec tion
vi ral. Note, fi nally that our curves also em -
piri cally show the ex is tence of a non null but
non pro gress ing equi lib rium point.

3.4. Oppor tu nis tic breakthrough

Fig ure 9 shows the re sult of our simu la -
tions af ter an op por tun is tic in va sion ruled by
the equa tion (3). A healthy or gan ism eas ily
con trols the ad di tional, non cy to pathic in fec -
tion (con tinu ous lines), but a sys tem with
weak ened im mune sys tem is over whelm ingly 
in fested by the op por tun is tic agent (dot ted
lines). Thus our sys tem cor rectly re pro duces
the well known fact that on ad vanced stages
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of AIDS in fec tion op por tun is tic agents in vade 
the weak ened or gan ism.

4. Dis cus sion and Con clus sions

The be hav ior of our sys tem’s null equi -
lib rium point is shown in the Fig ure 2.
Equa tion (3) is ful filled by the sys tem, and
this fact sug gests that the con ver gence
thresh old could be come ar bi trar ily minute
by mak ing g ab ® 0, block ing vi ri ons in va sion
to res er voirs, a tech nic sug gested in Gigere
and Trem blay (38) and Zhang et al (39), (this

fact also means u ® 0, stop ping of vi ral in fec -
tiv ity to T- CD4 cells) and/or g11 0®  (stop -
ping vi ri ons pro duc tion in res er voirs),
and/or w1 ® ¥ (length en ing life time of ac tive
CTL in the blood stream). Al ter na tively, f (an -
ti body me di ated vi ri ons at tack) could make
high, but this seems to be a dif fi cult is sue,
not only for the lack ing of a se cure way of sig -
nal ling vi ral epi topes for de struc tion, but
also by the ex is tence of es cape mecha nisms
from an ti bod ies con trol (28). Vi rion in va sion
to res er voirs has been de scribed since long
time, but some as pects of this in va sion and
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Figure 5. Comparison between system

behavior for a case with a fixed

epitope (n n n11 12 13, ,  and n 14  variants)

(dashed line) and other one with two

variable epi to pes (n n n11 12 21, , , and n 22

variants) (solid line). We plotted total

viral density, n nTOT = å iji j,
 (or 

n 11 ji j
å ) and z, T-CD4 helper cells vs. 

hM , immune response. Immune

system is disarticulated by the

presence of two continually mutant

epitopes (note the rightward shift for

the convergence region for the last

situation). We took w w2 2 14= =z , 

1 3£ £x , and the remaining

parameters identical to those in

Figure 2.

Figure 6. Time evolution of total viral density  

n 11 ji j
å  for diverse values of the

mutability s.  Mutation is ruled by a

Montecarlo kernel S s n tij= -exp( )g D ,

n is the number of steps in arbitrary

units of time, Dt, and s is the mutation

rate. For s= 001. , low mutability,

virions are quickly wiped out by

immune system. For s= 01. , moderate

mutability, viral density oscillates

before slow growth. After mutations

(marked by changes in the slope of the 

curves) there are transient increases

in the viral density caused by the

current delay in CTL specific

response. For s= 10. , high mutability,

total virions density diverges.



later be hav iour of the vi rus in side this host
are not yet fully un der stood, and we think
that these im por tant sub jects should be re -
vis ited. Cur rent ther apy make stress in im -
pair ing the syn the sis of vi ral DNA from RNA
and also the as sem bling of vi ral par ti cles
(block ing vi ral in te grases) (40), that is, in
mak ing x ® 0 and gab ® 0. This goal could
also be reached at tack ing vi ral RNA di rectly,
not just the pro teins it en code (41, 42). Tem -
po ral evo lu tion of vi ri ons and T- helper cells
is shown in Fig ures 3 and 4. Fig ure 3 shows
the de sired but not yet achieved situa tion of
im mune con trol. T- helper cells con cen tra -
tion, z re mains con stant and vi ri ons n ij  fade.
Fig ure 4-a agrees with the cur rent be hav -
iour of VIH-1 in fec tion: vi ral break through
and de cline of T- helper cells con cen tra tion.
Some in ter est ing ques tions arise from Fig -
ure 4-b. Nu meri cal work sug gest that our
sys tem seems to have a fi nite, and per haps
un sta ble, equi lib rium point. Could this hy -
po theti cal equi lib rium point be made both
sta ble and as small as de sired? Could the
flux to ward that point be come as slow as de -
sired? We found situa tions with no di ver -
gence af ter more than 50.000 com pu ta tion
steps (in fact we used such points for as sem -
bling our bor der ing curves in Fig ure 8). So,
nu meri cal work sug gests that the an swer is
yes. We re call that there ex ist no ana lyti cal
way to an swer to these ques tions. On the
other side, ther apy has re ported cases of
non pro gress ing se ro posi tives (43).

Mu ta tion is a hall mark of all ret ro vi rus
and it poses a hard chal lenge to the im mune
sys tem. If CTL do re tain their grasp on a vi ral
epi tope, they keep their check of the vi ral
break through, a fact ob served from the Fig -
ure 5. Note that vi ral con trol oc curs first in
the sys tem with a non- mutating vi ral epi -
tope, ir re spec tive of the number of ex ist ing
vi ral vari ables. Fig ure 6 shows that higher
rate of mu ta bil ity re sults in vi ral ad van tage.
Vi ral es cape oc curs by im pair ment of CTL at -
tack on in fected res er voirs. This fact seems
agree with re ports stat ing that vi ral break -

through pre cedes vire mia (44). Once vi ral es -
cape is well es tab lished, a fur ther growth in
the vi ral mu ta tion rate does not sup ply an ad -
di tional vi ral ad van tage (Fig ure 7). The satu -
ra tion of vi ral pro duc tion in our model could
also be rooted in the lim ited number of vi ral
vari ables on it (n , n , n12 2111 , and n 22 ), or by the
so- called di ver sity ca tas tro phe (45). The ex is -
tence of ac ti va tion curves bound ing re gions
of vi ral ad van tage is ap par ent in Fig ure 8.
This fig ure also shows that for con trol ling vi -
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Figure 7. Space of convergence hM  vs. s for a

continually mutant system. a is the

fraction of significant viral mutants

produced each time a mutation

occurs. For each value of a the system

has control of infection in the region

below the curve a= cte Note that 1)

For low and moderate values of s, the

immune response intensity required

for controlling infection grows

exponentially. 2) The higher the

fraction a of significant variants

produced, the higher must be the

immune response. 3) For high s

values, there occurs saturation of the

viral diversity, and a further growth

in s, mutability rate, does not provide

an additional advantage to the virus. 



ral in fec tion, the prod uct ( )p qi j  times ( )c ki j

pa rame ters must be high. Then, CTL ac ti va -
tion rate times in fected res er voirs clear ance
rate is the im por tant quan tity for con trol ling
the in fec tion vi ral. This fact seems to be a

com mon sense rule, but it poses a hard task
on CTL: they not only must be cre ated in a
suf fi cient high rate, but also they must have
rea son able and con tinu ous an tivi ral per -
form ance. Op por tun is tic in fec tion is just a
con se quence of a dimi nu tion of the den sity of
im mu no com pe tent cells caused by vi ral at -
tack on them. We con clude that our model
not only re pro duces sev eral well stated facts
re lated to the pro gres sion from VIH-1 in fec -
tion to AIDS, but also sug gests an al ter na tive
for fight ing this pro gres sion, namely by the
con trol of the pro duc tive vi ral in va sion to res -
er voirs.
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Figure 8. Immune response activation curves

for some values of the 

w w t t2 4/ /z TCD CTL=  ratio. Ordinate

axis represents the value of the

parameters c ki j=  necessary for

obtaining system’s convergence.

Abscise axis has similar meaning for

the parameters p qi j= . Points

forming all the curves had minute, but

non null values for viral densities after

50.000 computational steps. Each

curve delimits the lower boundary of a 

convergence region; this is, for a value

of the ratio w w2 / z  there is immune

control in the region placed to the left

of the respective curve. Permanence of

activated CTL (measured by their

meantime) facilitates immune task.

We took s= 05.  and a= 010. , and the

remaining parameters, the same as in

Figure 2. Initial values for the variables 

were mij ij( ) ( ) .0 0 010= =n , 

x yi j( ) ( ) .0 0 005= = , m0 0 089( ) .= , 

z( ) .0 057= .

Figure 9. Time evolution of the opportunistic

agent r and T-helper cells z for viral

control (solid line) and viral

outgrowth (dashed line). Infection

develops as a consequence of

decrease of immune cells density. A

healthy organism easily controls the

invasion, but a weakened organism



the Fig ure 1, and Miss Carla Or tega Di Gre -
go rio per formed the idio matic re vi sion.
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Appen dix

We be gin by in tro du cing the fo llowing
sym bols:

m m       m m
a aj  *b

j
ib

i

* = =å å

( ) ( )* *

,,

u uij ij ij ij
i ji j

n n g n g nab ab= = åå ,

 Dyna mics of the heal thy re ser voir cells is
des cri bed by:

dm

dt
m m0

0 0 0 0= - -l g n wab ab( )* . [A-1]

The equa tion for the in fec ted re ser voir cells
evo lu tion is:

dm

dt
m m px qy m

ab

ab ab ab a b abg n w= - + -0 1( ) . [A-2]

Dyna mics of the cyto to xic cell den si ties are
des cri bed by:

dx

dt
c zm c zm x xa

a a a a a ah w= + -* * .2 [A-3]

dy

dt
k zm k zm y

b

b b b b b bh w= + -* * .y 2 [A-4]

The equa tion for the T- CD4+ cells is:

dz

dt
u z zz z= - -l n w( ) .* [A-5]

The equa tion for the vi rions is:

d

dt
g m u f z m

n
x ab n g n

ab

ab ab ab ab ab ab= + - -( ) .0 [A-6]
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