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1 Supplementary methods relating to the original model

In this section we cover in more detail the calculations using the PDE model that help us to
understand when ART is expected to favour the less virulent strain. We then relate the PDE
model to the ODE model at equilibrium and solve the full ODE model at equilibrium. This is
done in order to calculate ‘total number of AIDS-related deaths per untreated infected person per
year’ at equilibrium and its relation to the relative importance of low CD4 transmissions.

1.1 ODE model equations

Recall the equations for the ODE model with ART as presented in (2) in the main text. S represents
the population of susceptible (uninfected) individuals, I are the various infected classes, where the
superscripts H and L indicate high and low (resp.) SPVL and the subscripts S1 and S2 index strain
type, with u and ¢ distinguishing between individuals who will remain untreated or will be treated
with ART. To shorten notation we denote I/ = ]Z-j;t + Ifu and define \; = (Bgcl! + BrelF)/N. T
is the population of individuals receiving ART, assumed to be noninfectious.
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1.2 PDE model definition and solution at epidemic equilibrium

To recap, in the PDE model both treatment and AIDS-related death are dependent on age of
infection. Therefore each infected class is no longer split into ‘treated” and ‘untreated’. Let 7
denote time since infection, and define yf’ (¢, 7) to be the number of high SPVL virulent strain (S1)
infections of infection-age 7 at time ¢, so that

/0 gl (6, 7)dr = T (1)

and similarly for y%,, v&,, y5,.

Let an average person with a high SPVL infection become classified as ‘low CD4" at 7 = Ty
and an average person with a low SPVL infection become classified as ‘low CD4” at 7 = T}. Let dy
and dy, be the AIDS-related death rates of patients with high and low SPVL infections respectively.
Then the full set of PDEs describing the spread of the two strains is:

dS
= — (As1+ As2)S — uS
oy, 8951 —(p +m)yf (t, 7) +mydh(t, 7) it r < Ty B(t,0) = A1
o (ot dt m>y§a<t T> tmylh(tr)  ifr>Ty T T
ot Lt dL + m>y51<t D tmyly(t) T T o
aysz aysz _ —(u+m ?JSQ (t,7) + m%‘l(t 7) if 7 < Ty yH (t,0) =0
ot —(p +du +m)yés(t,7) +myd(t,7)  if T > Ty =
¢ t if 7 <17,
Oysy | Oysy _ ) —(k+myss ,TL) + mygi ( TL) st yLy(t,0) = AgaS
ot or (/L +dp + m)ygg(t, T) + my51(t7 T) if 7>1Ty

where Ag1 = (Buclgt+Brcl?t) /N and Mgy = (Bucly?+Brcl??)/N. There is also a discontinuity
at 7 = T; where a proportion k of infected patients reaching that infected age are put onto treatment
(and hence removed from the infectious class):

At equilibrium, when aayl = 0, the above reduce to a set of ODEs in 7:




dySl _ ) = (p+m)ygi(7) + mydy(r) it 7 <Ty Ho .
B H : Ys1(0) = As1S
dr —(p+ dy +m)yd (1) + mydy(1) if7>Ty
dy§ _ —(p +m)ys () + mysy(7) ) Y (0) = 0
dr — (4 dp +m)ys (1) + mydy(7) if 7> Tp 5t
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where S* is the equlhbrlum value of S and so A\g1.5*, As25™ are now constants (independent of
7). We may solve these for yl, + yh, and yh; — yhy:

H + H _ Ag1STe™HT Hr=Tu
Ys1 T Ys2 = (1 — k)Ag1 Se—#Tn e=(utdi)(r=Th) if 7>Ty
v )\Sls*e—(p—i—Zm)T if 7 S TH
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Recall that the purpose of introducing age-of-infection dependent death rates and treatment
was to determine for which parameter sets the following inequality is true

Pr(infected with strain S1 | low CD4) > Pr(infected with strain S1)



Here the sample space is the population of currently infected individuals and we are concerned
with how these probabilities compare in the absence of ART (k = 0). This can be written as:

f;o yehdr + fT ye,dr fo ygdr + fo y§dr

T Y& + yhdr + fT yb +ubdr T [Tyl +ybhdr + [Ty + ykdr

(3)

We may now use the expressions in (3) for yZ (1) etc., with k = 0, to calculate both sides of

(4) at equilibrium. First the left hand side:
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and similarly to before the integral of all four populations is:
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Ag19* +eﬂb( )}+A‘S[ +eﬂi( ——ﬂ
> {u pt+dy 27 u pt+d,  p

Substituting these all into equation [3] cross multiplying and comparing the Ag1As1, As1As2 and
AgaAgs terms on both sides we obtain
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To simplify further we set m = 0, which is reasonable when m is very small compared to pu.
So, with this assumption we are able to obtain
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1.3 Relating the ODE and PDE models at equilibrium

As covered briefly in the main text, we wish to relate the parameters a; and p; in the ODE model to
the parameters 7 and d; in the PDE model. We do this by equating the two models at equilibrium,
i.e. ensuring that at equilibrium the sizes of both the high SPVL and low SPVL infected classes
in the ODE model match those in the PDE model. So, for j = H, L:
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Substituting in £ = 0 and k£ = 1 shows that in order to obtain a condition that is independent
of k we must have p+ d; = p;(p + a;)/(p; — a;). Substituting this back in:

pilp+a)  p] pta; optp op
o iT; {_M(k‘pj + (1 = k)ay) + ajpj] _ plkpi + (1 = k)ay) + a;p;
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efuTj — Dj and dj _ a; (,U, +p])
WP pj — 4

1.4 Equilibrium population size calculations for the ODE model

To find the equilibrium population class sizes we first re-write the model equations in in matrix
notation. Let dy be the vector of derivatives, ordered as in . Similarly let y be the vector of
population sizes. Then define the matrices A and M such that

dy = AyS/N + My

At equilibrium dy = 0 and so we wish to solve AyS*/N* = —My, where S* and N* are
the equilibrium values of S and N. The solution for y that we want is the eigenvector of M~1A
corresponding to the eigenvalue with the largest absolute value.

Now let 61 = pu+ag +m, 6o =pu+pg +m, 03 =pu+ay,+m, 64 = u+ pr, + m so that

-0, 0 0 0 m 0 0 0
0 —d, O 0 0 m 0 0
0 0 —d63 O 0 0 m 0
0 0 0 -0, O 0 0 m
M= m 0 0 0 =01 O 0 0
0 m 0 0 0 =0 O 0
0 0 m 0 0 0 —d3 O
0 0 0 m 0 0 0 —04
and we can calculate the inverse
mi 0 0O O ny 0 0 O
0 my 0 O O mny 0 O
0O 0 mg 0 O O ng O
M- — 0O 0 0 mgy O O 0 ny
nn 0 O O m O 0 O
0 ng 0 0 0 mg O O
0O 0 nmng 0O O 0 mg O
0O 0 0 ng O 0 0 my



where m; = ﬁ, n; = s for i € {1,2,3,4}. This gives

mikBu
mak By
0
0
nikBu
nok B
0
0

M 1A =c¢

where & = (1 — k). We can calculate the eigenvalues and eigenvectors of this matrix com-
putationally. If y* is the eigenvector corresponding to the largest eigenvalue then the equilib-
rium value of total AIDS-related deaths per untreated infected person per year is zi(agy;f +

mi kB
mok B
0
0
nikBy
nok B
0
0

mi kB
makf3r,
0
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nikBr
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0
0

mi kB
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0
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nakBr
0
0

0 0
0 0
n3kBr  nskBy
nakBy  nakBy

0 0

0 0
mskfBy  mskfy
makBy  makBu

aryit) ) > (il 4+ yrk), as plotted in figure 5 (main text).
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2 Low heritability of SPVL

2.1 Methods

In this new model an infection initiated with strain S1 has high SPVL with frequency f € (0.5,1)
(whereas before f = 1) and remains at the same SPVL regardless of within host strain switching
(as before). The same is true for infections initiated by strain S2 and low SPVL. The lower f is,
the lower the heritability of SPVL in the model. The adjusted model equations are:

% =B —(As1+As2)S — S

dfci’u _ FO = k)As1S — (o + am) I, —mIth , +mIh,

dldi{’t = flAs1S = (u+pi)Igy, — miIg , +mlig,

dfci’u = (1= A= k)AsiS — (u+ag) by, —mIky, +mIk,.,

Do (= P = (ot )Ty, — ik + iy "
%?u = (1— /)1~ k)rs2S — (u+ap)h, —milh  +mIl

d](i?’t - (1= fkAs2S — (u + pa) 15, — mIh , +mIf),

d]i?’u - f(1—Ek)Ag2S — (1 + aL)IsL'Q,u - m[§2,u + mjél,u

d;_i?:t - JkXs2S — (p + pL)I§27t - m[§27t + m[é;lvt

C;_f - pH(Igl,t + 1'527,5) +pL([5L*1,t + Igzt) —pT

Note that a low strain switching rate, m, is still required to avoid one strain necessarily becoming
extinct.
The Ry values are now calculated as (approximating using m = 0 again):

Ry = Pr(new infection has high SPVL) x (avg. # infections generated by high SPVL infection)
+ Pr(new infection has low SPVL) x (avg. # infections generated by low SPVL infection)

Hence:

S1_ (1-k) k B (1—k) k
Bo™ = 1Puc (M+GH +#+pH) +u fww(#‘f‘% +M+pL)

s o1 (1—k) k (1—k) k
B =0 f)ﬁHc(quaHJruﬂLpH)+fBLC<#+aL+M+PL)




And the equilibrium matrix becomes:

myfkBa mifkBa mifkBr mifkBr nafkBa nifkBr nafkBr nifkBr
m2[’f5H mQﬁj‘BH mQJin?@L m?]ilf/BL HQfIf@H n?f]fBH HQﬂfﬁL n2f’fﬁL
mafkBuy mafkBuy msfkBr mafkBr n3fkBm  nafkBa  nafkBrL  msfkBL
MA — o | mafkBr mafkBy mafkBy mafkBy nafkBu nafkBm nafkPL nafkpr
nifkBua  nifkBa nifkBr nafkBr mafkBu mifkBr maifkBL mifkBL
n2ﬂfﬁH ani/j?BH n2]i/f5L TlQJi/j?ﬁL mzf/fﬁH m2f’f6H m2f]fBL m2f/j?51:
n3]ikﬁH n?)]ik/BH n3]ik6L n3fj¢5L mafkBy mzfkBy msfkBr msfkOr
nafkBa  nafkBa  nafkBr  nafkBr mafkBy mafkBy mafkBr mufkBr

where f = (1 — f).

2.2 Results: Magnitude and direction of the ART effect

We have not re-done the PDE analysis for this model since we expect the direction of the ART-
effect at equilibrium to remain the same as in the original model. This is because, even though
high SPVL infections don’t correspond exactly to strain S1 infections, it is still the case that if ‘low
CD4’ transmissions occur proportionally more in high SPVL infections (compared to low SPVL
infections) then they are of greater importance to the onward transmission of S1. Therefore, so
long as f > 0.5, the direction of the long-term ART-effect will remain the same.

In supplementary figures 1-3 we have redone figures 3, 5 and 6 (resp.) of the main text using
this model and f = 0.8. We see that, in both the short- and the long-term, the magnitude of the
ART-effect on virulence is lessened. This is because reducing the heritability brings the number
of high and low SPVL infections closer together, and so there is less scope for change in overall
virulence. Aside from this the results are qualitatively the same; the figures show that the patterns
of virulence change in the absence of ART and the direction of the ART-effect in the short- and
long-term are all very similar to in the original model.
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Figure S1:Behaviour of the model with reduced heritability, with and without ART.
Parameters and initial conditions are as in figure 3 (main text) but with f = 0.8. A, C: In the
absence of ART R5! = 2.4, RS? = 2.2. B, D: In the absence of ART Rj' = 2.2, R5? = 2.4. Solid
lines show the output of the model without ART while dotted lines plot trajectories for the model
when ART is introduced at 30% coverage 40 years into the epidemic. A, B: The number of strain
S1 infections through time is shown in red and the number of strain S2 infections in blue. With
reduced heritability, the numbers of S1 and S2 infections are similar to in the case where f =1
(figure 3, main text). C, D: However since each strain now gives rise to a mixture of high and low
SPVL infections, the numbers of high and low SPVL infections are closer to each other and this
results in the smaller magnitude variations in virulence. The shape of virulence change over time
is similar to when f = 1. The effect of ART is still to increase virulence compared to the model
without ART, but this effect is also reduced in magnitude when heritability is reduced.
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Figure S2: The relationship between ART coverage and virulence at equilibrium for
different parameter sets, when f = 0.8. Parameters and colours as in figure 5 (main text) but
with the heritability parameter f = 0.8. Recall f—fl is kept constant while ﬁ—i is varied from low
(red line) to high (yellow line). A: RS = 2.4, R = 2.2. B: R§! = 2.2, R§? = 2.4. Total number
of AIDS-related deaths per untreated infected person per year is plotted on the y axis. Since each
strain now gives rise to a mixture of high and low virulence infections, the overall virulence values
that occur when one strain dominates and the other is maintained at mutation-selection balance
are less extreme than in figure 5 (main text) when f = 1. Hence the potential effect of ART is
reduced in magnitude while the direction of the effect remains the same.
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Figure S3:The effect of ART on virulence in the short term, 50 years after the intro-
duction of ART, when f = 0.8. The results of model simulations in which ART is introduced
40 years into the epidemic are shown. Parameters and colours are as in figure 5 (main text)
but with the heritability parameter f = 0.8. Recall i—g is kept constant while % is varied from
low (red line) to high (yellow line). Initial conditions are as given in figure 3 (Lmain text). A:
RSY = 2.4, R5? = 22, B: R§! = 2.2, R§? = 2.4. Total number of AIDS-related deaths per un-
treated infected person per year is plotted on the y axis. Note that points are not plotted for £ = 1
because when all patients are treated there are no AIDS-related deaths and so overall virulence
is not well defined at this point. Since each strain now gives rise to a mixture of high and low
virulence infections, changes in the strain balance have a less severe effect on overall virulence and
so the potential effect of ART is reduced compared to in figure 6 (main text) when f = 1. The
direction of the ART-effect is to decrease overall virulence at this point in time for all parameter
sets, as before.
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3 Model with increased transmission in acute infection

3.1 Methods

In this model we add in an ‘acute’ stage of infection, A, which lasts for on average 1/a years.
Individuals in the acute classes have v-fold higher infectiousness. When these individuals transition
into the standard infected classes they are at that point subdivided unto those who will or won’t
later receive treatment. The ODE model equations are shown below.

% = B — (Bue(I" + 7 A") + Bre(IF +4AP)S/N - = S

dill;;l = f(Buc(I§ +~vAG) + Bre(Ig, + AG))S/N — (1 + ag + o) AY,

dgfl = (1= )(Buc(I§) + vAS) + Bre(I + A§))S/N — (n+ ar + ) A,

dSEIQ = (1= f)(Buc(Idy, + vAG,y) + Bre(I, + A§))S/N — (n+ am + @) A,

dgfz = f(Buc(I +~AL) + Bre(Ih, + AL))S/N (4 an+ )AL,

dljt[l’“ = (1 — k)oAg, — (p+ aH)If;fLu - ngflﬁu + mlgg’u

dlcil’t = ka Ag, — (u+pm) I, —mI +mIl,

I, . . . ; (5)
i (1= k)adg, —(w+ap)ls, —mlg, +mlg,

diil’t = kaAg, —(u+po)IE, —mIk, +mik,,

dlj}’u = (1 - k)aAg, — (p+am) I, —mIh  +mIf

d[d%’t = kaAg, — (u+pm) I, —mI, +mIf,

d]c% = (1= kadg — (p+ ar) I, —mlk, +mik,

dj;ilt = kaAg, — (p+ pL)]SL% — mIﬁQ’t + mléu

Cil_f = pu(Ig, + Iso,) + pllsis + Isy) —uT

The Ry values for this model are calculated as follows (in the absence of ART, and using the
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approximation m = 0 as before):

0o = +
pt+ag+ao pt+agt+ap+ag
RS2 — 0L i o BL

0 pt+ar+ao ptapt+oaptag

To examine how changing the transmission profile alters the relative importance of low CD4
transmissions we switch to using the PDE form of the model. The partial differential equations for
the infected populations are no different to in the original PDE model (equations 4, main text),
except that \; changes. Let acute infection last for A years. In the simple m = 0 case we are now
interested in when the following inequality holds:

fT y&dr 7]0 y&hdr + fA y&hdr (6)
fT y&dr + fT Vs dT 7fo Y&+ y&dr + [y + ybydr

where, as before (with m = 0)

= Ag1Se H" x
Ys1 S1¢ {(1 — k)e_dH(T—TH) if 7> TH
1 if 7 <T, ™)
L —uT nr=JAlr
= Ag2Se HT x
Ysz 520¢ {(1 — k)e_dL(T—TL) if > Ty,

Note that the end of the acute period (t = A) is before the start of the treatment period for
both high and low virulence infections (¢t = Ty, 7},). Hence

o H e_luTH
/ YgdT = Ag1 S

Ty pA+dy
/A &d +/OO ddr =\ S{e_MTHJr (1 1“A)+1“A l“THl
T T = Ag — — —€ —€ — —€
Ty s e Wlirdy T \u u n u

Writing @ in terms of the parameters of the model:

_,UTH e_.u‘TH 1 1 1 1
(/\515 > <)\515 { + v (— — —e_“A) + ZeHA _ _B_HTH:|
+du p+dn peoop T I

—KTL 1 1 1 1
+ Ag2S { < +7 (— - —e“A) 4+ —eTHA — ZemHTL
+dg, Y p p

e HTH e L e T 1 1 1 1
As1S + Ag2S Ag1S + ___—uA)Jr_—#A__—yTHD
( utdy T dL> ( o LwdH 7(# i T

After multiplying out, the AgiAg1 terms all cancel and we can then divide by Ag1Ag252 to get:
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(i) (G i) o) -
p+dy Lol 7 1
e +TL 11 10 1 .
p+dr poop Y Y

w4 dy, - (v — ye A + e7rA) et — 1
p+dyg = (y—ye A e rd)erTt — 1

3.2 Results: Magnitude and direction of the ART-effect

To model a scenario in which in the absence of ART approximately 50% of all transmissions
occur in acute infection, we take v = 13 and a = 2 (or equivalently, A = 1/2, so the increased
transmission of acute infection lasts for 6 months). Supplementary figures 4-6 show the results
of this ‘increased acute phase infectivity’ model using these values for v and «. Note that as
we increase the proportion of transmissions that are occurring in acute infection, the importance
of low CD4 transmissions to the force of infection of both strains decreases. Hence when 50%
of transmissions occur in acute infection ART has a lesser effect on viral dynamics and higher
coverage is needed to see effects of the same magnitude as before (see supplementary figures 5 and
6 and compare with figures 5 and 6 in the main text).
With these parameters, the condition for ART to benefit the low virulence strain is:

w+dp S 1.15e#Tm — 1
M+dH 1.15e#TL — 1

(where as when we previously assumed constant probability of transmission throughout infec-
tion the RHS was (e#T# —1)/(e!'r —1)). Since e*T# and e#’t are both a little greater than 1, the
fraction on the RHS is larger than previously. Hence, when we account for increased transmission
in acute infection, then dj and dy have to be closer in size than they did before in order to see a
benefit to the low virulence strain. Or, in other words, there are fewer cases in which the effect of
ART is to drive a decrease in virulence (as seen in supplementary figure 5 compared with figure 5
(main text)).
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Figure S4:Behaviour of the model with 50% of transmissions occurring in the first 6
months of infection, with and without ART. Parameters and initial conditions are as in
figure 3 (main text) and with o = 2,7 = 13. A, C: In the absence of ART R5! = 2.0, R? = 1.8.
B, D: In the absence of ART R3! = 1.8, RS? = 2.0. Solid lines show the output of the model
without ART while dotted lines plot trajectories for the model when ART is introduced at 30%
coverage 40 years into the epidemic. A, B: The number of strain S1 infections through time is
shown in red and the number of strain S2 infections in blue. With increased transmission earlier
in infection the peak of the epidemic occurs earlier, even given lower R, values used in this figure
compared to figure 3 in the main text. C, D: In this model equilibrium is reached earlier and so the
decrease of virulence in (D) occurs faster. The effect of ART on virulence is of smaller magnitude
compared to the original model with constant transmission profile.
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Figure S5: The relationship between ART coverage and virulence at equilibrium, in the
model with 50% of transmissions occurring in the first 6 months of infection. Parameters
and colours as in figure 5 (main text) plus aw = 2,y = 13. Recall ﬁ—g is kept constant while ﬁ—i is
varied from low (red line) to high (yellow line). A: R51 = 2.0, R5? = 1.8. B: R! = 1.8, R5? = 2.0.
Total number of AIDS-related deaths per untreated infected person per year is plotted on the y
axis. Since transmissions late in infection are now of lesser relative importance to both strains,
ART very rarely has a large effect on virulence. There are fewer cases in which the effect of ART
is to drive a decrease in virulence.
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Figure S6: The effect of ART on virulence in the short term, 50 years after the introduc-
tion of ART, in the model with 50% of transmissions occurring in the first 6 months of
infection. The results of model simulations in which ART is introduced 40 years into the epidemic
are shown. Parameters and colours are as in figure 5 (main text) plus @ = 2,7 = 13. Recall f—g

is kept constant while i—i is varied from low (red line) to high (yellow line). Initial conditions are
as given in figure 3 (main text). A: R51 = 2.0, R5% = 1.8. B: R§' = 1.8, R5? = 2.0. Total number
of AIDS-related deaths per untreated infected person per year is plotted on the y axis. As seen in
the equilibrium calculations, the effect of ART on virulence in this model is smaller in magnitude
compared to the model with constant transmission profile (figure 6, main text) and there are fewer

cases in which the effect of ART is to drive a decrease in virulence.
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4 Modelling increased transmission amongst a subsection
of the population

4.1 Methods

For this extension of the model, we split the population into a ‘core’ and ‘periphery’, where there
will be much higher contact between individuals in the core and the core will be much smaller
than the periphery. We assume no movement between the core and periphery compartments. So
the basic structure of the model is:

Core: S, Qe 1.
Periphery : S, LN I,

where, now specifying the viral strain, 4,

H IL IH ILp
)\ic: c c e
: BHCS T e SC+IC+5H%S,,+IP+5LC’)S + 1,
H L [H L
Xip
BHC”S +1, +5ch5 +1, +6ch5 + 1. + e s, +1

and we now have three contact rates: c. is the contact rate within the core, ¢, is the contact
rate within the periphery, and ¢, is the contact rate between the core and the periphery. Hence
Cc > ¢p, ¢p. The spread of the infection within each compartment is described by the equations in
(1), with \; replaced by A, . or \;,, as appropriate. We introduce ART to the core only.

Let ¢, = ¢, so it is only within the core that there are higher contact rates. We wish to use this
model to simulate the dynamics of generalised and concentrated epidemics and compare the two.

For the generalised epidemic we let ¢, = ¢, and then for the concentrated epidemic ¢, =

1
2 T00Ce

4.2 Comparison of generalised and concentrated epidemics

The results in figure 7 show that in the generalised epidemic the dynamics of the core and the
periphery are almost identical. This situation is not much different from our original model.
Therefore it is not surprising that virulence change over time is very similar to in figure 3 (main
text), both in the absence and presence of ART.

In contrast, in figure 8 we see that in the concentrated epidemic the dynamics of the periphery
lag behind those of the core and the fraction of individuals infected in the periphery is more than
10 times smaller than in the core. Note that in the concentrated model the forces of infection are
dominated by the following terms:

TH L

)\i c = Ce o Ce =
o~ Pu SC+IC+5L S L

H 1L

+ Brep—=—2=

)\/L % ’L,C
»~ Bncy g S
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Hence the spread of infection in the core is influenced very little by the periphery, whereas in
the periphery the incidence of infection is almost entirely determined by the prevalence of infection
in the core and the force of infection is low. These observations explain the strain dynamics seen
in figure 8.

Despite the differences in dynamics between the core and periphery, we see in figure 8 that
patterns of virulence change in the first 200 years of the epidemic are very similar to in the
generalised epidemic, both in the absence and presence of ART. We wish to gain an understanding
of what we would expect the ART-effect in the long term (at equilibrium) to be in the concentrated
model. First note that in general we would expect the magnitude of the effect to be slightly greater
because we are targeting therapy at the individuals who contribute most to onward transmission
(the core). We would expect the direction of the ART effect to be similar to that in the original
model (since the relative importance of ‘low CD4’ transmissions to each strain hasn’t changed). so
long as the ratio of high:low SPVL infections in the core (where ART is applied) is similar to that
in the periphery. We can use the approximated forces of infection above to do a straightforward
calculation of the equilibrium position of the model (in the absence of ART):

GlILHLC:O = 6C&S+BC@S—( 51 20 =
dt HCe e+ PLeemoe — (1 +ap +m)lg . +mlg, =0
N Bucel§) .+ Breed§ _ Ne
(u+am +m)I  —mlIh, S
drg, . L L
e —0 . —(n+am +m)lg  +mlg, =0
m
= m SI‘Jl,c = ]gz,c
. Bucl§ .+ Breclé, _ N
(u+ag+ m)[gl,c - #Igl,c Se

Similar calculations for S2 in the core and S1 and S2 in the periphery yield

/BHCCISI_'éyc + /BLCCI§27C

L m? L
(/J/ + aL + m)[SQ,C - M—}—QL—‘,—mISQ,C

ﬁHbech + 5L0b[§17c

H m?2 H
('u +ap + m>[51,P a /H—aH—l—m[SLp

BHCbIg,c + BLCb[§2,c

L m? L
(ntap+m)lg, — i rmlsn,

Sz = =

Combining the core and periphery pairs of equations and rearranging gives

2 2

(n+ag+m)g, — oI, (wt+an+m)I§, — I8,

L m?2 L - L m?2 L
(wtap+m)ls, — i ls,e  (wtar+m)ls, — mi=rls,

When m << 1, as in the original model, this approximates to If/]f = ICL/IPL. In other words
the ratio of high:low SPVL infections is approximately the same in the core as in the population
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as a whole. Hence we would expect the direction of the ART-effect on virulence at equilibrium to
be similar to that in the original model.
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Figure S7: Behaviour of the core-periphery model under the assumptions of a generalised
epidemic, with and without ART. Parameters are as in table 1 but with the differing contact
rates ¢, = 1, ¢, = ¢, = 0.5. The core is 20 times smaller than the periphery, so S.(0) = 2000, S,(0) =
40000. Initially there are no infections in the periphery, but in the core Ig ,(0) = I, ,(0) = 1
and all other infected populations are 0 initially. A, C: In the absence of ART, the Rys of the
core (where ¢ = 1) are set at R3! = 2.4, R5? = 2.2. In other words, we choose By, 31, such that
24 =py/(n+apy), 2.2 =PL/(n+ar). B, D: In the absence of ART, the Rys of the core (¢ = 1)
are set at R5' = 2.2, R5? = 2.4. Solid lines show the output of the model without ART while
dotted lines plot trajectories for the model when ART is introduced 40 years into the epidemic.
Only the core is treated (at coverage of 30%). A, B: The number of strain S1 infections through
time is shown in red and the number of strain S2 infections in blue. In this simulation of a
generalised epidemic, though the dynamics are driven by transmission in the core, the dynamics
in the periphery closely match those in the core. C, D: Patterns of virulence change over time are
qualitatively similar to the original model, though the peak is smaller and the magnitude of the
ART-effect is lesser since only the core is treated.
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Figure S8: Behaviour of the core-periphery model under the assumptions of a con-
centrated epidemic, with and without ART. Parameters are as in table 1 but with the
differing contact rates ¢, = 1,¢, = ¢, = 0.01. The core is 20 times smaller than the periphery, so
Se(0) = 2000, S,(0) = 40000 and also B. = 50 and B, = 1000. Initially there are no infections
in the periphery, but in the core I ,(0) = I, (0) = 1 and all other infected populations are 0
initially. A, C: In the absence of ART, the Rgys of the core (¢ = 1) are set at Ry! = 2.4, R5? = 2.2.
B, D: In the absence of ART, the Rys of the core (¢ = 1) are set at Ry! = 2.2, R3? = 2.4. Solid
lines show the output of the model without ART while dotted lines plot trajectories for the model
when ART is introduced 40 years into the epidemic. Only the core is treated (at coverage of 30%).
A, B: The number of strain S1 infections through time is shown in red and the number of strain
S2 infections in blue. Compared to the generalised epidemic the peak of infections is later due to
reduced transmission in the periphery, and the number of infections is much lower in the periphery.
The force of infection in the periphery is very dependent on the proportion of infected individuals
in the core and the shape of the epidemic peak reflects this. C, D: Patterns of virulence change
are still very similar to those seen in the original model, except that the low virulence strain (S2)
starts to dominate earlier in (D) than in fig 3D (main text).
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5 Modelling an ART treatment protocol where all patients
are treated as soon as possible

5.1 Methods

To model a set of treatment guidelines where all individuals are treated as soon as possible (i.e. as
soon as they are identified as HIV-positive) we use the original ODE model with ART, as given in
equations 2, main text, and set py = pr. In other words, identification of infection and resulting
treatment is independent of disease course. In the figures that follow (figures 9 and 10) we vary
the average time from infection to identification of infection between 6 months and 4 years and
look at the resulting ART-effect at equilibrium (figure 9) and in the short-term (figure 10).

5.2 Results

Under this treatment protocol, the low virulence strain is always affected most when ART is intro-
duced because a greater proportion of its onward transmissions are effectively removed (compared
to the onward transmissions of the high virulence strain). Therefore in the long term (at equilib-
rium), ART always drives an increase in virulence, whatever the value of the parameter p;. The
magnitude of the effect is smaller when p; is large, i.e. when patients are treated particularly early
in infection, because in that case both strains are (more equally) heavily affected by ART.

In the short term, the effect of ART is either to benefit the high virulence strain (S1), in which
case the magnitude is small because S1 dominates in the absence of ART anyway, or to benefit the
low virulence strain. However, the benefit to the low virulence strain occurs in the (unrealistic)
cases where ART is causing the eventual extinction of both strains — since the turnover of the S2-
infected population is lower it decays at a slower rate and so the average virulence of an infection
rises in these cases.
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Figure S9: The relationship between ART coverage and virulence at equilibrium when
patients are treated as soon as possible after infection, regardless of disease progres-
sion. A: RJ1 = 2.4, R5* = 2.2. B: RJ' = 2.2, R§* = 2.4. Total number of AIDS-related deaths
per untreated infected person per year is plotted on the y axis. Treating independent of disease
progression translates to setting p;, = py in the ODE model. Different coloured lines here rep-
resent different rates at which individuals in the ‘treated’ class are treated, from p; = 2 i.e. an
average of 6 months of infection before initiating ART (blue) to p; = 1/4 i.e. an average of 4 years
of infection before initiating ART (red). The remaining parameters are the same as in Table 1
(main text). Note that when everyone is treated almost immediately, both strains take a big hit
to onward transmission, where as when individuals are treated after four years the low virulence
strain, 52, takes a much bigger hit, hence overall virulence is higher the lower p; is.
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Figure S10: The short term effect of ART on virulence, in the model where patients
are treated as soon as possible after infection, regardless of disease progression. The
results of model simulations at 90 years (where ART is introduced 40 years into the epidemic)
are shown, with total number of AIDS-related deaths per untreated infected person per year once
again used as a proxy for virulence A: R3! = 2.4, R5? = 2.2. B: RJ! = 2.2, R§* = 24. As in
supplementary figure 9, different coloured lines represent different rates at which individuals in the
‘treated’ class are treated, from p; = 2 i.e. an average of 6 months of infection before initiating
ART (blue) to p; = 1/4 i.e. an average of 4 years of infection before initiating ART (red). The
remaining parameters and initial conditions are the same as in figure 3 and table 1 (main text).
When p; is low then even at this stage in the epidemic the effect of ART is to benefit the high
virulence strain (S1). For higher values of p; and ART coverage, k, ART results in the eventual
extinction of both strains. Since the death rate of the S2-infected population is lower than that of
the Sl-infected population this can lead to a rise in the proportion of S2 compared to S1 -infected
individuals in the period leading to extinction, and hence a decrease in virulence by this measure.
The points representing parameter sets where this extinction has already occurred at 90 years
(151(90) + I52(90) < 1) are not plotted.
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6 Additional sensitivity analyses

In this section we conduct sensitivity analyses in which we vary the Ry values (figures 11-13), the
timing of ART initiation relative to the peak of the epidemic (figures 14 & 15) and the initial
conditions (figure 16). These sensitivity analyses are based on the original model as presented in
the main text. Table 1 summarises the results of all these sensitivity analyses and the analyses
in sections 2—4 in terms of the effect of the various modifications on the key results regarding
virulence evolution and the ART-effect.
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Figure S11: Behaviour of the model where both strains have particularly high F s, with
and without ART. Parameters and initial conditions are as in table 1 and figure 3 (main text),
except for mortality and progression rates of infected individuals which are in general lower in this
simulation (ay = 1/6,ar, = 1/14,pg = 1/4,pr, = 1/12). A, C: In the absence of ART, the Rys are
set at R = 4.4, R5? = 4.0. B, D: In the absence of ART, the Rgs are set at Ry' = 4.0, R5? = 4.4.
Solid lines show the output of the model without ART while dotted lines plot trajectories for the
model when ART is introduced at 30% coverage 25 years into the epidemic. A, B: The number of
strain S1 infections through time is shown in red and the number of strain S2 infections in blue.
The peak of the epidemic now occurs between 20 and 25 years after the start and is slightly more
severe than in the original model. Otherwise the dynamics are similar. C, D: Patterns of change in
virulence are qualitatively similar to the original model and occur on the same order-of-magnitude
timescales.
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Figure S12: Behaviour of the model where both strains have particularly low g s, with
and without ART. Parameters and initial conditions are as in table 1 and figure 3 (main text).
A, C: In the absence of ART, the Rys are set at R5! = 1.6, R5* = 1.4. B, D: In the absence of
ART, the Rys are set at R5* = 1.4, R3? = 1.6. Solid lines show the output of the model without
ART while dotted lines plot trajectories for the model when ART is introduced at 30% coverage
55 years into the epidemic. The number of strain S1 infections through time is shown in red and
the number of strain S2 infections in blue. A, B: The peak of the epidemic now occurs much later
and the progress of the epidemic is in general much slower. In the case where R3! < R5?, the high
virulence strain is unable to spread through the population as quickly (B) and its domination in
the early stages is significantly reduced compared to in simulations with higher Rys. C, D: Despite
this, patterns of virulence change are still quantitatively similar - a first-phase rise in virulence is
followed by a second phase decline (though this is modest in (C)), and the third phase is determined
by the balance of the Rgs.
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Figure S13: Patterns of virulence change in the first 150 years of the epidemic for a range
of combinations of R, values for the two strains. Total number of AIDS-related deaths per
untreated infected person per year is plotted on the y axis. Parameters and initial conditions are
as given in table 1 and figure 3 (main text), except for the Ry values which are varied from 2 to 2.6.
Changes in virulence are quantitatively different for different Ry combinations but the patterns of
change through time are consistent. There is a decrease in virulence in the second half-century of
the epidemic in all cases, this is most severe when R5? is much greater than R5' and very slight
when R§! is greater than R5% ART always results in a decrease in virulence (compared to the
model with no ART) and this ART effect is largest when R5? is a little larger than Rj".
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Figure S14:Behaviour of the model without ART compared to the model where ART
is introduced before the epidemic peak. Parameters and initial conditions are as in table 1
and figure 3 (main text), including Ry values. Solid lines show the output of the model without
ART while dotted lines plot trajectories for the model when ART is introduced at 30% coverage 25
years into the epidemic. The number of strain S1 infections through time is shown in red and the
number of strain S2 infections in blue. Despite ART being introduced 15 years earlier, patterns of
virulence change in this simulation, measured as total AIDS-related deaths per untreated infected
person per year, are almost identical to those in figure 3 (main text).
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Figure S15:Behaviour of the model without ART compared to the model where ART
is introduced after the epidemic peak. Parameters and initial conditions are as in table 1
and figure 3 (main text), including Ry values. Solid lines show the output of the model without
ART while dotted lines plot trajectories for the model when ART is introduced at 30% coverage 55
years into the epidemic. The number of strain S1 infections through time is shown in red and the
number of strain S2 infections in blue. Despite ART being introduced 15 years later, patterns of
virulence change in this simulation, measured as total AIDS-related deaths per untreated infected
person per year, are almost identical to those in figure 3 (main text).
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Figure S16: Behaviour of the two strain model with and without ART and with differing
initial conditions. Parameters are the same as in figure 3 (main text) but the model is run for
1000 years in order to show the epidemic approaching equilibrium. A, B: The number of strain
S1 infections through time is shown in red and the number of strain S2 infections in blue. The
initial conditions are S(0) = 40000, I¢ ,(0) = 1,1 ,(0) = 1, all other populations equal to zero.
C, D: The effect of three different sets of initial conditions on the average death rate of untreated
individuals is shown (i) 1§ ,(0) = 0,1, ,(0) = 2 (black), (ii) 1§ ,(0) = 1,I§,,(0) = 1 (dark grey),
(iii) 14, (0) = 2,1&,,(0) = 0 (light grey). The initial conditions do not change the equilibrium
position of the model. For (ii) and (iii) the model behaviour is close to identical after the peak
of the epidemic, approximately 50 years in. For (i), when all infections are initially of the low
virulence strain (S2) the model reaches equilibrium faster but the same ‘second phase’ patterns of
decreasing virulence after the peak are still seen in both (C) and (D).
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