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Introduction

In this supporting information section we describe the multi-scale model used to predict
the effects of a TIP intervention on population level HIV-1/AIDS prevalence, as well as a
model to predict the population-level effects of ART and of a hypothetical protective
vaccine for HIV-1. The TIP model is composed of three constituent models describing
HIV-1 infection dynamics at different hierarchical scales: (i) among a population of host
individuals (“population level”) (ii) within host individuals (“in vivo™) (iil) within host
cells (“intracellular”). Our multi-scale model specifies mechanistic links between each
scale and the next scale of organizational complexity (intracellular = in vivo >
population level).  Transmission probabilities and the duration of the HIV-1
asymptomatic period are based on in vivo viral loads using relationships determined from
epidemiological data. Viral loads under TIP intervention are predicted from the in vivo
TIP model. The in vivo model in turn is based upon an intracellular model of retroviral

packaging.

For familiarity, we begin by introducing the population-level models used to calculate the
effect of a hypothetical protective vaccine for HIV-1 and for the effect of ART,
respectively. The protective vaccine model and ART models utilize the same risk

structure and many of the same functional forms used in the TIP population model.

Methods

All ODE models were coded in both Berkeley Madonna 8.3.9™ and Mathematica 7.0™

and numerical solutions were performed in both programs. Analytical solutions were

obtained in Mathematica 7.0™,



Vaccine Model (Population Level)

The vaccine model is a simplified version of a risk structured model constructed from
UNAIDS field-data collected from antenatal clinics in Malawi [1]. We refer to this
model as the ‘Baggaley model” and our simplified version includes the full risk-structure
formulation with four distinct sexual activity classes (SACs). Since the goal of the model
is a broad proof-of-concept analysis for TIP intervention, for simplicity we utilize a
simplified formulation of ‘disease age’ where individuals progress from HIV-infected
(asymptomatic) to AIDS in ~10 years. Also, this model does not assume the presence of
anti-retroviral therapy. Individuals are classified by the following disease state: as
susceptible (5), vaccinated (V), infected with HIV-1 (/) or as an AIDS patient (4,,). The
subscript w denotes AIDS caused by wild-type HIV-1 infection. Supplemental Table S2
summarizes and describes these disease states. Individuals in the S, V and [ disease-states
are divided into SACs in accordance with field data (indicated by subscript 7), while all
individuals in the A4,, class are assumed (as in [1]) to have sexual contacts at the rate
corresponding to the lowest risk group (SAC 4) owing to their poor health. Hypothetical

vaccination campaigns are characterized by the vaccine’s protective effect f and by

vaccine coverage p , and the model equations are as follows:

ds,
— ~A0n(1=p)=o(V,5,)S, =By C(S,, 1)~ B C (S, 4,)— 1S,

dv.

d—;=/19i”op+0(14,5i)5i =Ny CW 1)~ (= NByC,(V,, A,)~pV,

dl .
7;=ﬂp’VC(SiJ,-)+(1—f)ﬂVIVC(K,Ii)+(1—f)ﬂ$CA(V,~aAW)+ﬂ{VICA(S,-aAw)—(ﬂ+71)1,»

dA 4
- :71::11_(/1"'“)14”,
dt i=1

Vi=123,4

Parameter definitions, values, and corresponding references are shown in Table S1. The
contact function (C) as well as the function describing the scale-up of the vaccination

campaign (o) are not listed in Table S1 and are instead explained below. The



transmission probabilities per-partnership are denoted ) where Y represents the disease

state of the source of the infection, and X represents the viral strain (which is wild-type
HIV, denoted X=W, for the vaccine model). The per-partnership transmission probability
B, (describing transmission of wild-type HIV-1 by individuals in the / disease state) is

set equal to 0.105 per partnership in agreement with the weighted average of [1],

corresponding to a mean viral load of 10° copies/mL. B+, the per-partnership probability

of wild-type HIV-1 infection originating from an AIDS patient, is set to 0.54 per
partnership which is the maximum transmission probability considered in the Baggaley

model [1].

Contact between two individuals is represented by a contact function that considers

asymmetric mixing of individuals among the four SACs:
Y, !
C(X,,Y)=cX, 8(7) +(l-¢)F/—

This contact function describes an individual in disease state X becoming infected by an
individual in disease state Y. The subscript i denotes the SAC, c; is the average number of
sexual partners per year in SAC i, and N; is the sum of all sexually active individuals in

SAC i:
N.=§+1+V,

Similarly, the subscript j denotes SAC j, ¢; is the average number of sexual partners per

year in SACj, and &, is the sum of all sexually active individuals in SAC ;.

In this deterministic population model, all individuals are identical with the exception of
their risk structure. Each individual belongs to one of the four SACs. Transmission

probabilities and the duration of the asymptomatic phase of HIV infection are dictated by



steady-state viral loads as predicted by the within-host model. For example, all dually-
infected individuals in SAC 1 have the same predicted transmission probability for a

given TIP (as defined by the TIP’s intracellular parameters).

In the contact function, ¢ is the degree of assortative mixing with &€ =1 corresponding to
entirely assortative mixing and ¢ =0 corresponding to entirely random mixing. The first
term inside the brackets of the contact function describes assortative mixing in which
infected individuals are encountered in proportion to their prevalence in SAC i. The
second term describes random contacts in which infected individuals are encountered in
proportion to their contribution to all of the sexual contacts being made in the entire

population. We set the mixing parameter € equal to 0.37, as estimated in [1].

Contacts in which AIDS patients (4,,) transmit wild-type virus are represented by a
contact function modified to account for our assumption that all AIDS patients ‘move’ to

SAC 4 as described by Baggaley et al. The contact function for AIDS patients is:

ci‘XVic4Aw

4

ch.Ni

i=1

C,(X,4,)=

The vaccination campaign is assumed to start after HIV/AIDS prevalence reaches steady-

state in the Baggaley model without the vaccine (ie. V(0)=0,p=0,f=0). The

function o(V,,S,) describes the scale-up of the vaccination campaign:

V
0,| p- ! ¥
G m,]]

The parameter 7 is a constant that controls the rate that susceptible individuals receive the

o(V,,S,;) = max

vaccine immediately following the onset of the vaccination campaign. We set 7 = 2



years™ for all four SACs. In the aggressive vaccination campaign described by oV.,S,),

we assume that initial rollout of the vaccination program will be exceptionally rapid such
that the target coverage is reached in approximately 5 years (see Supplemental Figure
S1). Initial conditions for V; are calculated as 5% of the target coverage p multiplied by
the initial conditions for each S; (i.e. Vi(0) = 0.05 p [S/(0)+ I{(0)+A4(0)] and S,(0), 1,(0), and
A(0) are decremented appropriately to conserve total population size). Following vaccine
introduction, a fraction p of incoming sexually active individuals are vaccinated as they
first enter the sexually active population. Finally, we assume that vaccine protection is
lifelong. We have deliberately made highly optimistic assumptions about the vaccine in

order to compare the TIP to the best-case scenario for a protective vaccine.
Behavioral disinhibition is simulated as in [2] by increasing the contact rates ¢ for all

SACs.

HIV-1/AIDS prevalence is defined as:

DI +A4,

Z(Sl +]i +Vi)+Aw

AIDS prevalence is defined as:

A

w

Z(St +1i +Vi)+Aw

1

To calculate HIV-1 incidence per 100,000 individuals, we added ‘reporter equations’ that

track the cumulative number of HIV-1 infections:



dl. .
L BUC(S, L)+ (= NV Bl = 1C, 0 4,)+C(S,,4,)]

We compute incidence per 100,000 individuals as:

][ncl. (t) - Iincl- (t - 1)
SIS, () +1,(0)+V, )]+ A, (t)

1

x100,000

A similar ‘reporter equation’ is also used to compute AIDS incidence:

dAWinc _ 3
it —71215

and AIDS incidence per 100,000 individuals is defined as:

4, -4, -1

S0+ Lo+ Vo] 40 0

Treatment performance of the vaccine is also evaluated by the predicted number of
‘AIDS deaths averted’ (in the total population, approximately 10° individuals). First,
cumulative deaths from AIDS in the Baggaley Susceptible-Infected-AIDS model at time ¢

are counted by the function Dy, ,:

Dy, (1) = a(4,(1))

Then, in the vaccine model, cumulative deaths from AIDS are counted by the function

vaccine*



Dvaccine (t) = a(Aw (t))
The number of AIDS deaths averted by the vaccination campaign is defined as:

AIDS deaths averted = (AIDS deaths during 100 years of epidemic without treatment) —
(AIDS deaths during a 50 year epidemic followed by 50 years of treatment)

Or equivalently:

AIDS deaths averted = DS]A (tpreVac + tpostVac) - (DSIA (tpreVac) + Dvaccine(tpnstVac))

torevac 18 defined as the length of time from the epidemic’s initiation to the initiation of the
vaccine campaign and t,gr.e 1S defined as the time elapsed after initiation of the
vaccination campaign. In these simulations, #,.epuc 1S 50 years and #,,5v4c 1s also 50 years.
This value of #,..yac 1s used because the model has reached an approximate steady-state by
50 years after the epidemic’s initiation. Furthermore, we have employed information
from the literature to estimate when a potential vaccine might optimistically be initiated
in the context of the HIV/AIDS epidemic. Assuming that the HIV epidemic began in
most African populations in ~1965 (with the initial zoonotic event likely occurring in the
1930s +/-20 years [3]) and the vaccination campaign was initiated in ~2015, then #,.cpac =
50 years. Importantly, the results are qualitatively indistinguishable when #,..y,. = 100
years, although larger values of 7.4 result in a higher number of total deaths attributed
to the HIV/AIDS epidemic prior to the introduction of the hypothetical vaccination

campaign.

The number of AIDS deaths with and without the vaccine is computed by comparing the
number of AIDS deaths over a 100-year period in the absence of vaccine to the number
of AIDS deaths during the 50 years after introduction of a vaccine (when the vaccine was

introduced 50 years after the beginning of the epidemic).

10



The same basic mathematical framework as shown here to evaluate vaccine performance
is also used to evaluate ART and TIP performance. Specifically, HIV/AIDS prevalence,
AIDS prevalence, HIV-1 incidence, AIDS incidence, and ‘AIDS deaths averted’ are
similarly computed for the ART population model, the TIP population model, and the
TIP in the presence of ART population model.

11



ART Model (Population Level)

The ART model is also based upon our simplified Baggaley model [1]. As with the
vaccine model, we have deliberately made optimistic assumptions about ART by, for
example, assuming an optimistic ‘Universal Test and Treat’ scenario for ART [4].
Individuals are classified by disease-state as susceptible (S), infected with HIV-1 (1),
receiving ART (7*f"), as an AIDS patient (4,,), or as an AIDS patient receiving ART

(A"). ART is characterized by a coverage fraction p ,,, , ART attrition rate ¢ (i.e. the

rate that patients fail therapy or are lost and has been extensively measured in sub-
Saharan Africa [5,6,7]), ART efficacy v, and ART ‘rollout’ parameter r,,; as
summarized in Supplemental Table S1. The efficacy of modern ART in halting HIV-1
transmission is estimated to be 99% and is supported by [8]. The parameter ¢ is the time
when ART is introduced and ¢ is the time elapsed after ART introduction. For
simplification, we do not consider drug-resistance and we assume that patients who
experience ART failure move from the treated (ART) disease state back to the infected
disease state and progress to AIDS at the same rate as drug-naive patients (a very

optimistic assumption for ART). The model equations are:

12



ds,
C = A, = BLC(S 1) = B1C(S4) = A=v|BLC(S, 1)+ B8 a0 s,

=(1-ty)

p By C(S,, 1)
l=pyr(I=e ™) g

+ ﬁVI;CA (Si’Aw)

dl,

dt

_G(Iia]iART )i +¢IiART _(M +71)]i

BuC(S. 1)+ BC (S, 4,)+(1-v)

=(t-1y)

p /31 C(Si,[iART)
Par(I—e ™) "

+BrCi(S,.4,)

dar
dt

+ O,(Ii’]iART ),» —(u+ ¢)1iART

By C(Si 1)+ BrC (S, 4,)+(1-v)

dA,
dt

4
R —old,, 4 M, (u+ )4,

ART
dAijt = G(Aw’ A::RT )4w - (M +ta+ ¢)Aw

Vi=123,4

The rollout parameter r,, describes the rate that infected individuals receive ART
immediately following the onset of the ART campaign. This rollout parameter results in
approximately 75% coverage of new infections within 5 years. The function ¢ describes

the rollout of ART:

IiART
O'(I[,I[ART) = max Oa(pART _WJFart]

and

o(4,,A"") = max|0,

w?

ART
w
DPuarr — ART Vot
A, + 4,

13



We make the optimistic assumptions that (i) ART is administered in equal proportion (i.e.
75%) to each of the four SACs and (ii) the ART campaign is very aggressive such that
the final coverage rate (i.e. 75% of all new infections receive ART) is reached within

approximately 5 years (see Figure S1).

The mathematical methods used to evaluate vaccine performance (see section entitled
‘Vaccine model (population level)’) are also utilized to evaluate ART. HIV/AIDS
prevalence is computed using the same method as (3) and is functionally similar to the
HIV/AIDS prevalence calculation in the vaccine model. AIDS prevalence, HIV-1
incidence, AIDS incidence, and AIDS deaths averted are computed for this ART model

using the previously described strategies implemented in the vaccine model.

14



TIP Model (Population Level)

The population TIP model is also based on the Baggaley model [1]. Individuals are
classified as susceptible (S), HIV-1 infected (/), susceptible to HIV-1 but infected with
TIP (S7), dually infected with HIV-1 and TIP (/;), as an AIDS patient with wild-type
virus (4,,), or as a dually infected AIDS patient (A4,).

Contact between two individuals resulting in HIV-1 and/or TIP transmission is
represented by the same contact function used in the above vaccine model, which

accounts for asymmetric mixing of individuals between the four SACs.

Contacts between individuals in the TIP population model are weighted by statistically
independent transmission probabilities (f) which are calculated from steady-state HIV-1
and TIP viral loads from the in vivo model (see section entitled ‘calculation of
transmission rate function’). There are six distinct transitions between infection classes

in the TIP population model (see Supplemental Table S3 for details):

1) Conversion from § to / can occur by an S becoming infected with wild-type virus

through contact with an /7, 1, 4,,, or A, at the following rates:

Py C(S,.1)
v (1= )C(S,.1,)
B Ci(SA4,)
¥ (1= B7)C (S, 4,)

Note that when § individuals contact dually-infected individuals (/; or 4,) the TIP
and wild-type HIV-1 are assumed to transmit independently. Thus the probability

that an S individual converts to / due to contact with an [; individual is

15



J/(1- pi+)yas shown above, while conversion to S; and Is occur with

probabilities B/ (1- g,;¢/)and B B+, respectively (shown below).

2) The conversion of S to /; occurs through transmission of both viruses from an /4

to an S or from an 44 to an S:

i B C(S;. 1)
VB C(SA,)

3) Conversion of S to Sy occurs through contact of an S with an /; or an S with an A4,

in which TIP is transmitted and wild-type virus is not transmitted:

Y (1= B )C(S,H 1)
B (1= By)C, (S, 4,)

4) Sy can be converted to /; by becoming infected with the wild-type virus through

contact with an /, I, A,,, or Ag:

By C(S,. 1)
Iflg C(St,- ’ ]di )
By C(S,.4,)

VA;/d C, (Sz,. ,Ay)

Note in this case that there is no consideration on whether TIP is transmitted (i.e.
no dependence on B, or B;) since TIP superinfection is not responsible for

transitions between infection classes.

16



5) The conversion of / to 1, is catalyzed by contact of / with /; or 4; in which TIP is

transmitted:

2 C(1, 1)

;dCA(Ii’Ad)

6) Finally, the conversion of 4,, to 4, is catalyzed by transmission of TIP from either

an [, or Ay
;d CA (Aw’Ad)

7 C(4,.1,)

The table below shows the per-partnership transmission probabilities for the statistically-
independent transmission of either TIP or wild-type virions originating from dually-
infected individuals. The representative TIPs in this table are characterized by their

predicted reduction in viral load (VL).

TIP 1o I
0.5 Log VL Reduction 0.040 0.093
1.0 Log VL Reduction 0.013 0.107
1.5 Log VL Reduction 0.004 0.107

Note that the per-partnership transmission probability of ﬁ;’ approaches saturation for

TIPs predicted to produce drastic reductions in set-point viral load. See section entitled

‘Calculation of transmission-rate function’ for details.

The Equations for the TIP population model are:

17




ds,
7;=/w,-no—ﬂfyC(S,-J,-)—ﬂfy"(l— 7C(S 1) = By B €S, 1) = Byt (1= B )C(S . 1,)

=B Ca(Si A) = B B Co (S, A) = By (L= B7)C (S, 4,) = B (1= B )C ., (S, 4,) = 1S,

dS’i 1 1 1 1 A )
dt = T”’(l—ﬂW")C(Si,]d[)—,BWC(St[,]l.)—,BW"C(St[,Id[)-f-ﬂT‘](1— W")CA(Si,Ad)

=B Cu(S,, A) = ByC (S, . A,) — S,

dl,
% By C(S 1)+ By (1= B )C(S,, 1) = By CU 1) + By C (S, 4,) + B (1= B)C (S, 4,)

- ;dCA(Ii:Ad)_(/u-i_]/l)li

= By By C(S,.1,) + By C(S, . 1)+ By C(S, . 1,) + Br CU L 1, ) + B C, (1, 4,)

|7

dI,
dt

+ﬂTAd V;/Id C,(S:,4,) +ﬂvﬁd C, (Sz,. ’Ad)+ﬂl;/1CA (Sz, A= (u+7, (V))[d,

dA 4
dtw = 71211‘ _ﬂrld C(Aw’ldl. ) _ﬂTAdCA (4,,4,)—(u+a)4,
i1
dA, 4 1, 4,
7:72(1/)2]4 + 5 C(Awaldi)+18T C,(4,,4,)—(u+a)4,
i1
Vi=1234

Simulation of this TIP population model is conducted as follows. The Baggaley model is
allowed to reach steady-state and then a TIP is introduced to 1% of all individuals
without any targeting to high-risk classes. Similar benefits were obtained using much
more restrictive initial conditions (e.g. utilizing TIP as a therapy and targeting TIP to
<1% of only / and A4, individuals in the least active SACs—SAC 3 and SAC 4—
generates similar results to Fig 2 in the main text). The same parameter values used in
the vaccine model are also used in the above TIP model; however, functions are used in
place of parameters to describe quantities that depend on the specific design of the TIP

such as: (i) transmission probabilities, and (i1) the duration of the asymptomatic period.

18



As described in further detail below, these quantities are calculated based on measured
correlations between transmission, disease progression, and viral load [9,10] where viral

load is predicted from the in vivo TIP model.

The parameters f, and y, are static parameters that represent the transmission

probability and the duration of the asymptomatic phase of individuals infected with only
wild-type virus. In contrast, the transmission probabilities in the presence of TIP and the
duration of the asymptomatic phase in dually-infected individuals in the TIP population
models are represented by functions of steady-state viral load (i.e. viral set point) as

predicted by the in vivo model (see below). The function y,(V)is used to compute the

duration of the asymptomatic phase in dually-infected individuals, and is calculated on
page 26 in the section below entitled ‘Calculation of the Duration of the Asymptomatic
Period’. Table S3 describes transmission-probability functions. Behavioral disinhibition

is simulated as described for the vaccine model using the same method as Blower et al.

[2].

Contacts in which AIDS patients with only wild-type virus (4y) or dually-infected AIDS
patients (44) transmit wild-type virus or TIP are represented by a function similar to the
contact function previously presented in the vaccine model. This contact function is

modified to account for all AIDS patients moving to SAC 4:

c;X.c, A,
C,(X;,4,)="F""
ZC[N[
i=1
And similarly,
c.X.c,A
C, (X, ,A)= 141—44

ZciNi
i=1

19



HIV-1/AIDS prevalence is defined as:

DI +4

Z(S" +8, +1, +Idi)+A

Where 4 = A4,, + Aq

Importantly, the results reported in the main text are not dependent on using the above
definition of HIV-1/AIDS prevalence. The effects of the vaccine and the TIP show
similar trends to figure 2 (main text) when compared using AIDS disease prevalence (see

figure S2) defined as:

A

Z(S +3, +]l.+]dl_)+A

TIP performance is also evaluated by the predicted number of AIDS deaths averted (in
the total population, approximately 10° individuals). As in the vaccine model,
cumulative deaths from AIDS in the Susceptible-Infected-AIDS model at time ¢ is

defined as:

Dy, (1) = a(4,(1))

In the TIP model, cumulative deaths from AIDS is defined as:

Dy (1) = a(A, (1) + 4,(1))

20



tyerip 18 defined as the time elapsed at steady-state of the Susceptible-Infected-AIDS
model prior to TIP introduction and #,mp is defined as the time elapsed after

introduction of the TIP. Therefore, the number of AIDS deaths averted by the TIP is:

AIDS deaths averted = D, (¢ pretip T L posirip )— (DSIA (¢ preTIP) + Dy (2 PpostTIP ))

21



Modeling TIP in presence of ART (population level)

In this combined model, the TIP population model is modified to account for widespread
ART. ART is implemented as described in the section entitled ‘ART model (population
level)’. As above, ART is characterized by the fraction of infected individuals treated

(prr) and ART retention rate (@) as summarized in Supplemental Table SI1.

Individuals are classified as susceptible (S), HIV-1 infected (/), Infected with HIV-1 and
receiving ART (I**"), susceptible to HIV-1 but infected with TIP (S7), dually infected
with HIV-1 and TIP (I;), dually infected with HIV-1 and TIP while receiving ART
(1"*"), as an AIDS patient with wild-type virus (4,,), as a dually infected AIDS patient
(4y), as a dually infected AIDS patient receiving ART (4,%"), or as an AIDS patient with
wild-type virus receiving ART (4,,/"*"). Steady-state values from the Baggaley model are
used to compute initial conditions. Importantly, the rate that dually-infected individuals
on ART fail to be retained in the treated population is assumed to be the same as for HIV-
infected individuals. For clarity, it is worthwhile to point out one assumption made in the
model: TIP transmission to individuals already infected with HIV-1 (Z;) is not targeted by
the Universal-Test-and-Treat ART campaign because already infected individuals are
assumed to have been missed during the testing (and treating) phase of the ART
campaign. Essentially, this assumption states that if the ART campaign did not reach a
set of individuals and they were infected by HIV, the same ART campaign will similarly

be unlikely able to reach that set of individuals to halt TIP transmission. Thus, C({,,1, )

and C,(/,,4,) transmission terms will fall outside the ART coverage terms. The

transmission equations are as follows:

22



ds.
— =M, - ByC(S,. 1) - By (1= Bi)C(S,,1,) - By B C(S,.1,,)
=By (1= By )C(S,, 1, ) = BiyC (S, 4,) = By B C (S, 4,)
~ B (1= B)C (S, A,) = B (1= By )C (S, 4y)
- /J)V{/C(SiaIiART)_ﬁV{/d (l_ﬁTld )C(SiteRT)

=B (1= By )C(S,, 17 ) = By By C(S,, 15"

+(1-v) — uS,
_ﬁVﬁCA(SwA»fRT)_ﬁVﬁd TAdCA(SiaA;RT)
— B (1= B (S, ALY = B (1= B )C (S, ALY
B (1= By )C(S,, 1, ) = By C(S, 1) = By C(S, ,1,)
dt T w i*td, w ot w 24 d,
+ﬁ7{1d(1_ ;(])CA(SUA(})_ﬁVII‘/IdCA(StiaAd)_ﬁ;CA(Sz[aAW)
+ (1| P70~ B YOS 1) = B €S, T = B OGS, . 15T )
F B = BiNC (S, ALY = Bl C (S, AT ) = B C (S, A"y
dl ) TBLC(S,, 1)+ By (1= B)C(S, 1)

_[=(1_pART(l_e )
dt + By C (S, A,) + B (1= B7)C (S, 4,)

By C(S 1) + By (1= B)C(S,, 1)
+ (=)A= p )|+ By Cu(Si A7) + B (1= B)C 4 (S, A7)
_ﬂf‘/CA([wAdART)

- f[iCA(]iﬁAd)_ﬁTldC(Ii’Id,)_(Au-I-YI)Ii +¢[iART _G(Ii’IiART)]i

ART =r=ty)
dl;

=P (l—e TaRT ﬁé’C(Sl’[t)-l-/jV{/d(l_ ;{/)C(Siald,-)+ﬂV;/4CA(Si’AW)
dt  FART

+ By (1= B7)C (S, 4,)

By C(S, 1) + Byt (1= Br)C(S,, 1)

+ By C (S, AN )+ B (1= B7)C (S, A7)
_(M +¢)1iART _O'(IialiART)[i

+(1=v)(P 4rr)
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Calculation of Transmission Rate Function

A substantial body of literature [9,10] has demonstrated that HIV-1 transmission rate is
correlated with in vivo viral load. To calculate viral transmission we utilized a recent
study by Fraser and colleagues [9] that analyzed the correlation between patient viral load
and population-level HIV-1 transmission rate in a sub-Saharan African population. Fraser
et al. found that transmission rate increases as HIV-1 viral load increases, but reaches a

saturating point at high viral load that can be represented by the function:

_ ﬂmaxv

pV) Ve e

where g is the transmission probability per partnership, V' is the viral load (expressed as
copies/mL), and B and g, are constants that set the maximum and half-saturation

point of the transmission probability. In our model, we utilize this functional form with
parameters selected to match key properties of the population on which the Baggaley
model was based. Here we describe the parameterization of this curve used in our main
analyses; we later consider the sensitivity of our results to an alternative parameterization
(see section ‘Sensitivity to re-scaling of the Fraser transmission function’). The maximum
transmission probability per partnership g is set at 0.54, which corresponds to the
highest transmission probability considered in the Baggaley model. To convert the
transmission probability per partnership from the sub-Saharan African population
analyzed in [9] to the sub-Saharan African population analyzed by [1], B(V =100,000)
is set equal to 0.105 per partnership, which is the mean transmission probability from the
Baggaley model. This means transmission probability corresponds to the mean viral load
of 100,000 copies/mL (see Transmission Probability as a Function of Viral Load below).
Because a TIP shares all the same viral coat proteins as HIV-1, the TIP transmission
probability per partnership S(V;) is expressed as a function of identical form with the

same parameter values as S(V).
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A plot of transmission probability per partnership as a function of viral load (copies/mL)

shows saturation of transmission probability at high viral loads:
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Predicted HIV-1 and TIP steady-state viral loads, calculated by analytically solving the in
vivo model below, are implemented in the above transmission probability functions in
order to compute the per-partnership transmission probabilities in the TIP population

model.
A plot of HIV-1/AIDS prevalence as a function of single-cell TIP design parameters

(main text, Figure 5c) reflects the dependence of the transmission probability function to

changes in TIP parameters.
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Calculation of the Duration of the Asymptomatic Period

To model the duration of the asymptomatic phase between infection and AIDS, we again
borrow the empirically-derived formulation reported by Fraser et al [9]. The mean
duration of the asymptomatic phase as a function of viral load is modeled with a

decreasing Hill function [9]:

(V) LVj/Dr:axj/SO k]

Duration of Asymptomatic Phase (Years)

Viral Load (Copies/mL)

The disease progression rate is the inverse of the predicted duration of the asymptomatic
period. The Hill coefficient of 0.41 and the maximum duration of the asymptomatic
period (25.4 years) are adopted from [9], but pso is scaled so that a mean viral load of
100,000 copies/mL corresponds to an asymptomatic period of 10 years (as in (/)). This

data-driven function is used to calculate the duration of the asymptomatic period based
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on viral loads predicted from the in vivo TIP model (see section entitled ‘Modeling TIP

and HIV-1 infection at the individual-patient level’).
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Modeling TIP and HIV-1 infection at the individual patient level (in vivo)

The in vivo model of TIP and HIV-1 dynamics is based upon the established modeling
framework for in vivo dynamics of HIV-1 [11,12] and we have previously described a
similar model for the dynamics of a conditionally replicating virus in vivo [13]. Our

model for dual infection is as follows:

9T g — VT kv, T
d

4 _yyr—sr

dt

dT,

L= KV, T —dT, — KT,

dl
L= kYT, - &l

d—V=néY—cV+t//§néYD
dt

dv.

Ttr:Pl//éZ”éYD —cl;

The model tracks the dynamics of TIP virions (V7) (indistinguishable from HIV-1 virions
(V) except by RNA payload) within a host individual. Both viruses infect CD4" T cells
(7) at the same rate k. HIV-1 infection converts T cells to productively infected cells
(1), while TIP infection converts T cells to therapeutically infected cells (77) which do not
produce any virus since a TIP only replicates conditionally in the presence of HIV-1. Tr
cells are functionally equivalent to T cells. When HIV-1 infects 77 cells, the resulting
dually infected cells produce both HIV-1 and TIP. In Ip cells, TIPs can downregulate
HIV-1 production via antiviral payload genes and also compete for packaging with HIV-

I mRNA transcripts through increased abundance of cytoplasmic TIP mRNA.
Two intracellular parameters, P and D, describe properties of a TIP at the intracellular

scale (see section entitled ‘Modeling TIP and HIV-1 infection at the single-cell level’).

The parameter P is the fold increase in TIP mRNA concentration as compared to HIV-1
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mRNA in the cytoplasm of dually-infected cells. The parameter D is the fractional
downregulation or upregulation of HIV-1 virion production by dually- infected cells.
These intracellular parameters P and D are represented in this in vivo model by three
functions (p, v, and £) which are obtained via steady-state analysis of the Intracellular
Model (See section entitled ‘Modeling TIP and HIV-1 at the single-cell level’). The
function p represents the effective upregulation of TIP relative to HIV-1, the function y
accounts for the downregulation of HIV-1 in a dually infected cell compared to a cell that
is only infected with HIV-1, and the function ¢ reflects the increased lifetime of a dually
infected cell compared to a cell that is only infected with HIV-1 (note that & <1 so the per
capita death rate of dually infected cells is reduced). Parameters are adopted from a
previously described in vivo model of dual infection [13] and are summarized in
Supplemental Table S6. State variables in the in vivo model are explained in

Supplemental Table S4.

Steady-state HIV-1 (V*) and steady-state TIP (V7*) viral loads are used to calculate HIV-
1 and TIP transmission within the population model based upon measured rates of HIV-1
transmission within a sub-saharan African population [9]. (see section entitled
‘Calculation of transmission rate function’). The steady-state HIV-1 viral load is also
used to calculate the duration of the asymptomatic period following infection (see section

entitled ‘Calculation of the duration of the asymptomatic period”).

The previously reported model [13] differed slightly from the current model in that it
considered engineered packaging signals in a conditionally replicating “cr-HIV-1" gene
therapy vector that did not necessarily dimerize with wild-type HIV-1 packaging signal.
The model presented here assumes that the TIP uses wild-type HIV-1 packaging signals,
such that dimerization between TIP and wild-type HIV-1 packaging signals can occur as

detailed explicitly in the next section.
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Modeling TIP and HIV-1 infection at the single-cell level (intracellular model)

We introduce a simple model of intracellular dynamics to consider the key mechanisms
underlying the production and packaging of TIP and HIV-1 retroviruses by dually
infected cells. Our model tracks the production of genomic mRNA and its packaging into
virions by assuming, based on experimental data [14], that all other packaging materials
are present in excess compared to genomic mRNA and that genomic mRNA is the

limiting reagent for packaging. The intracellular model of HIV-1 compares packaging of
viral genomic mRNA (G;f,) into diploid genomic mRNA within virions (G;f,W). The

superscript ‘S’ denotes cells singly infected with HIV-1 and the superscript ‘A’ denotes
cells dually infected with HIV-1 and TIP. In the absence of a TIP, HIV-1 genomic
mRNA is transcribed at a rate 0 and packaged at a rate k. The rate constant ke
accounts for the dimerization of two genomic mRNAs. The model assumes that mRNA
dimerization is a requirement for packaging and is the rate-limiting step, based on recent
experimental data [14]. The model for HIV-1 intracellular dynamics in the absence of

TIP is thus:

dG,; 52
dtW =0-2k,, Gy

dG; 52

% —k,, -GS

In a dually infected cell where TIP is present, there are two species of genomic mRNA

within the cell: wild-type HIV-1 genomic mRNA (G@) and TIP genomic mRNA (GTA )
There are three classes of possible diploid genomes: homozygous wild-type (GV?,W),

homozygous TIP (GﬁT), and heterozygous diploid genomes (GﬁW). See Supplemental

Table S5 for descriptions of state variables in the Intracellular model. The TIP mRNA is
produced at a greater rate P and could encode a downregulation factor that inhibits

transcription of both mRNAs at a rate D similar to the previously described model [13].
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As previously described [13], HIV-1 gene products are produced in proportion to HIV-1
mRNA and are largely responsible for HIV-1 cytotoxicity of infected cells. Therefore,
we introduce & which is the factor by which the death rate of dually-infected cells is

reduced compared to cells only infected with HIV-1. & is defined as:

£=1-D

However, the functional form of ¢ does not appear in the steady-state solutions of V or
V; in the in vivo model and thus we relax the £ = 1 — D assumption and instead make the
assumption of £ = 1 (that dually infected cells do not have an increased lifetime compared
to HIV-1 infected cells). This assumption (or any other assumption for the functional

form of &) does not alter the in vivo or corresponding population level results.

The model tracks the production of wild-type HIV-1 genomic mRNA and TIP genomic
mRNA and the packaging of these genomes into the three types of diploid genomes:

Gy _(1_Dy.o-2k,, -G) k. -Gi -G
e phg " Uw pke SW O XT
1 p1-D)-0-2%,, G ~k,, -G} -G
%:I‘pkzz'@$2

%: 2k, -Gy - Gr

%:kpkg'GTAz

Importantly, this intracellular model accounts for heterozygous virion production ( Gy, )

occurring in essentially a binomial partitioning, as recently reported [14].
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By analytically solving for the steady states of this model, we relate these equations to the

in vivo model parameters P and D by the following argument. We assume that the single

stranded genome abundances G, and G reach their steady states G5 and G5 quickly,
so the rates of increase of G}, and Gy, become constant values. Steady-state G, and

G, are given by:

dG,,?, A2 A A
. =0=(01-D)-0-2k,, -Gy —k,, -Gy -G;
dG?

o —0=P-(1-D)-0-2k,, -G —k,, -Gb -G?

Upon simplification:

_ (1-D)-0
2k, (1+ P)

2 P*(1-D)-6

T 2k, (1+P)

A2
Gy

S}

Because the packaging materials are assumed to be present in excess, the total quantities
of different virion types produced by a cell before it dies are proportional to the rates of
virion production. The relative quantities are thus determined by ratios of these rates. p,
the effective upregulation of TIP compared to HIV-1, is determined to be equal to P* by

the following calculation:

[(1—1))9 P> ]
— X
G Jdr _ zkpkg( T)2 _\ 2k, (+P) _p
dGyy ldt 5 (G} [(1-1))49>< I J
2k

rkg
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w is the downregulation of HIV-1 in a dually-infected cell compared to a cell only

infected with wild-type HIV-1 and is determined to be equal to 7 as follows. With

G, as the abundance of homozygous wild-type HIV-1 genomes in a cell singly infected

with HIV-1 and G, as the abundance of homozygous wild-type HIV-1 genomes in a

cell dually-infected with both HIV-1 and TIP. w is therefore defined as:

(1- D)/ 2k,
W_deﬁw/dt_ 1+P _1-D
dG,,, | dt 6/2k,, 1+P

Note that in general the lifespans of singly and dually infected cells may differ by a factor
of &, which would appear in the denominator of this expression. If dually infected cells
live longer, the ratio of HIV-1 virions to TIP virions produced by a dually infected cell
would not be altered. Based on the transcription rate (6=1,000 transcripts per hour) and

packaging rate constant (k=100 transcripts’ hour’) from the literature (see
Supplemental Table S7), G, G, , and GTA all reach steady-state very rapidly (within

minutes). Representative trajectories are displayed below:
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Left: HIV-1 genomic RNA G} in single-infected cell (i.e. no TIP). Right: HIV-1 and TIP
genomic RNA in dually-infected cell, G;, in red, GTA in blue).
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Mechanisms for increasing TIP abundance

The overexpression of the TIP genome relative to HIV-1 arises from two molecular
mechanisms. The first mechanism parallels the classical, well-established mechanism for
over-expression of an interfering particle genome relative to a wild-type virus: the shorter
genomic length of the interfering particle allows the interfering particle to transcribe
more full-length genomes per unit time. This mechanism has been extensively described
for RNA viruses such as VSV (for review see: [15]). The full-length HIV-1 genome is
~9.5kb genome while the TIP genome encoding only the cis-acting factors could be as
small as ~3kb. HIV-1 would be unlikely to compete by acquiring a shorter genome as it
would require sacrificing essential genes. A second mechanism for generating over-
expression of TIP genomic RNA relative to HIV-1 genomic RNA is more specific to
retroviruses and lentiviruses. This second mechanism involves the reengineering of
splice-donor and splice-acceptor sites to ablate splicing such that TIP expresses only a
single genomic RNA species that competes with HIV-1 genomic RNA more effectively
due to increased abundance. Since wild-type HIV-1 can generate over a dozen different
subgenomic mRNA splice variants that compete for packaging into virions [16], re-
engineering of splice sites would increase the relative abundance of TIP genomic RNA
relative to HIV-1 genomic RNA. This has been demonstrated experimentally, as
mutation of the SIV and HIV-1 splice donor and acceptor sites has been shown to
increase the abundance of unspliced mRNA relative to spliced HIV-1 and SIV mRNA
[17,18]. To our knowledge, the most direct example of using splice-site mutation to
increase full-length lentiviral genomic RNA and increase the titer of lentiviral production
is a recent paper by Koldej and Anson [19] who show that mutations in the major and
minor splice donors lead to reduced splicing, increased genomic RNA, and ultimately
increased viral titer in HIV-based gene-therapy vectors. Bohne et al. [20] also
specifically tested the hypothesis that mutating HIV-1 splice donors ablates splicing and
allows for creation of more genomic RNA compared to wt-HIV-1 and demonstrated that
this effect could be achieved. As with a shorter genome, it is unlikely that HIV-1 could
acquire this phenotype because HIV-1 requires splicing to express its envelope gene Env

and its accessory genes Vif, Vpu, Vpr, Tat, Rev, and Nef, so an HIV-1 mutant with a
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splicing mutation could not replicate alone [21] and would require a helper virus (i.e. it

would become a conditionally replicating virus just like a TIP).
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Considerations for TIP transmission to uninfected hosts

In this section, we review the biology and physiology of viral transmission to examine
whether TIPs could transmit in the absence of HIV. First, we consider the evidence that a
single ‘founder’ virion or infected cell establishes HIV infection ~70% of the time [22].
If only a single virion initiates infection the transmission potential of TIP would be
reduced. However, there is evidence from other studies that multiple viruses are
transmitted in high-risk MSM populations and that the virus undergoes a genetic
‘bottleneck’ and subsequent selection for the most-fit variant [23]. Even in studies
reporting that infection is initiated by a single virus, there is strong evidence that in high-
risk individuals HIV infection is initiated by multiple strains of virus [22,24,25] arguing
that the superspreaders are getting the most viruses, and hence are most likely to get TIP
infections too. A related point that arises is whether a TIP that is transferred along with
HIV will undergo a genetic bottleneck (such as the bottleneck imposed upon two
competing HIV variants). As Haaland et al (2009) point out: “studies in rhesus
macaques in which relatively large doses of a virus quasispecies have been applied to
hormonally thinned vaginal mucosa showed that multiple viruses initiate a localized
infection, but that only a subset is able to establish a systemic infection [26,27]. In the
current study, we cannot differentiate between an “outgrowth” model in which multiple
variants initially establish a localized infection and only a single variant can generate a
systemic infection, and a “mucosal barrier” model in which the genetic bottleneck is the
result of a single HIV-1 variant with the capacity to penetrate the mucosal barrier.”

These studies suggest that multiple variants may be able to initiate foci of infection

within the genital compartment, but only a fraction of these can extend the infection
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beyond the mucosa. This localized versus systemic point is highly relevant to TIP
transmission since localized infection is sufficient for TIPs, which only need to infect
one target cell and do not undergo the same competitive bottleneck as two HIV strains;
thus additional TIP virions will actually have a higher probability of transmission than
additional competing HIV strains. Importantly, our statistical treatment of transmission
(see section entitled ‘Calculation of transmission rate function’) is consistent with both

‘founder effects’ and ‘bottlenecking’.

Second, we consider the fact that without HIV there is no TIP replication in the host and
to have any effect, (i) a single (or, at most, a few) TIP-infected cell must survive until
subsequent challenge with HIV, and (ii) the TIP-infected cell must then be infected by
HIV to initiate TIP replication in the host. The TIP (being a lentiviral vector) will
integrate into the cell’s genome and will remain in this cell for the lifetime of the cell.
These lentivirally-transduced cells have the potential to be maintained for the lifetime of
the individual, and gene-therapy trials show that they are definitely maintained for over a
decade [28]. Most relevant is evidence from gene therapy transfer of autologous
lentivirally-transduced CD4+ T cells, which indicates that these cells can be maintained

in the individual for at least five years at this point in time [29].

Another crucial observation is that during the initial ‘acute’ stage of infection when
viremia peaks within the patient, >50% of CD4+ T cells become infected [30]. Thus, the
TIP-infected cell is likely to be infected by HIV at some point during initial/acute

infection. In fact, the Phase I clinical trial by Carl June’s group demonstrates strong
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evidence that even in HIV-infected patients where the percentage of HIV-infected cells is
typically ~1%, HIV can find and infect a relatively small percentage of lentivirus-
transduced CD4+ T cells and mobilize the lentiviral vectors from these cells [29]. This
last point that HIV encounters and superinfects previously infected cells is unsurprising
given evidence from rhesus macaque SIV studies that dually-infected cells are common
and that recombination occurs at an appreciable rate within animals, despite the low <1%
frequency of HIV-infected CD4+ T cells [31,32]. These studies performed co-infection
of rhesus macaques with vpx-deleted and nef-deleted SIV strains. Within days full-length
recombinant +vpx+nef SIV could be isolated from the infected macaques. The
recombinant +vpx+nef virus could only result from viral recombination within dually-
infected cells. The fact that this recombination happens very quickly after initial
infection indicates that dual infection of cells is appreciable and is happening early, not
just during late-stage syncytia formation. Thus, we feel there is experimental precedent
that: (i) TIP-infected cells could survive for months to years in the absence of HIV-
infection, and (ii) despite TIP-infected cells being present at a very low frequency, HIV is

likely to infect these cells during initial infection or subsequent infection.

In summary, we feel there is physiological rationale for arguing that TIPs could transmit
in the absence of HIV. However, even if TIPs cannot transmit without HIV, the
projected impact of TIP intervention is still substantial (see section entitled ‘Sensitivity of
model to removal of independent transmission of TIPs (i.e. removal of Sr individuals)’)

and appears qualitatively the same as Figure 2 (main text).
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Table S1 — Parameters used in Population Models

Symbol Values Description Sources
g 0.37 Mixing pattern where 1 is [1]
completely assortative pairing
and 0 is completely random
pairing.
¢, 152.8,13.6,0.5,0.2 Annual partner change rate for  [1]
partners per year individuals in SAC i
for i=1,2,3,4
respectively
0. 0.1%, 26%, 59%, Fraction of new sexually active  [1]
15% for i=1,2,3,4 individuals recruited into SAC i
respectively
n, 1,000,000 Initial population size (at /=0) [1]
A 0.03 Entry rate into the Susceptible [1]
population
H 1/35 years = 0.029  Rate at which individuals leave  Corresponds to
years ' the model population adults aged 15-49
years
(04 1/2.5 years = 0.4 Rate at which AIDS patients die [33]
years™ from AIDS
7 1/10 years = 0.1 Rate at which HIV-1 infected [34]
years’' individuals progress to AIDS
p Range =0.0to 1.0  Vaccine coverage level [34,35,36]
(used 0.8 and 0.95)  (proportion of entering
susceptibles who receive
vaccine)
f Range =0.0to 1.0  Vaccine efficacy [34,36,37]
(used 0.3 and 0.5)
B 0.54 per partnership  Probability of wild-type HIV-1  [1]
transmission originating from
an AIDS patient (This
transmission probability value
represents transmission of wild-
type virus in the absence of a
TIP and is a static parameter)
B 0.105 per Probability of wild-type HIV-1  [1]
partnership transmission by an individual
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infected only with HIV-1. (This
transmission probability value
represents transmission of wild-
type virus in the absence of a
TIP and is a static parameter)

r 2 years” Rollout rate for initiation of Optimistic
vaccination campaign assumption (yields
target coverage in
~5 years see Figure
S1)
Firr 0.345 years™ Rollout rate for initiation of Optimistic
ART treatment campaign assumption (yields
target coverage in
~5 years)
Drr 75% Fraction of new infections “optimistic” (50%
treated by ART ART Coverage is
goal in South
Africa.) [5]
v 99% Efficacy of Modern HAART in  [4]
halting HIV-1 transmission
@ 0.5/year ART failure/attrition rate [5,6,7]
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Table S2 — State Variables used in Population Models

State Variable  Description

S, Susceptible individuals in SAC i

I, Individuals infected with HIV-1 in SAC i

V. Vaccinated individuals in SAC i

S, Individuals infected with TIP in SAC i

1, Individuals dually infected with both HIV-1 and TIP in SAC i

1 ART-treated individuals infected with HIV-1 in SAC i

/ zRT ART-treated individuals dually infected with both HIV-1 and TIP in
SAC i

AIDS patients infected with wild-type virus

A, AIDS patients dually infected with HIV-1 and TIP
AT AIDS patients infected with wild-type virus receiving ART
AR AIDS patients dually infected with HIV-1 and TIP receiving ART
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Table S3 — Transmission Probabilities and Transmission Probability Functions

Symbol Description of Transmission Values Rationale

Probability

B Transmission of wild-type 0.105 per partnership [1]
HIV-1 by an individual
infected only with HIV-1

(static parameter independent

of TIP)

s Wild-type HIV-1 0.013 per partnership Statistically
transmission originating from  for a TIP with 1.0 Log Independent
a dually infected individual VL reduction Transmission [9]
(function of TIP design
parameters)

i TIP transmission originating 0.107 per partnership Statistically
from a dually infected for a TIP with 1.0 Log Independent
individual (function of TIP VL reduction Transmission [9]

design parameters)

i Wild-type HIV-1 0.013 per partnership Statistically
transmission originating from  for a TIP with 1.0 Log Independent
an AIDS patient also infected VL reduction Transmission [9]

with TIP (function of TIP

design parameters)

A TIP transmission originating 0.107 per partnership Statistically
from a dually infected AIDS for a TIP witha 1.0 Independent
patient (function of TIP Log VL reduction Transmission [9]

design parameters)

B Wild-type HIV-1 0.54 per partnership [1]

transmission originating from

an AIDS patient (static
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parameter independent of

TIP)

TIP transmission originating
from an individual only

infected with therapy virus.

0 per partnership

TIPs replicate only
in the presence of

wild-type virus

44




Table S4 — State Variables for the in vivo model

State Variable  Description

T CD4" T lymphocytes

1 Cells infected with HIV-1

V HIV-1 Viral Load

I, Therapeutically infected cells

I, Cells infected with both HIV-1 and TIP

v, TIP Viral Load
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Table S5 — State Variables for the Intracellular Model

State Variable Description

G, Wild-type genomic mRNA in a cell that is singly-infected with HIV-1

Gy Homozygous dimers of wild-type mRNA genomes in a cell that is

singly-infected with HIV-1

G, Wild-type genomic mRNA in a cell that is dually-infected with HIV-1
and TIP

G? TIP genomic mRNA in a cell that is dually-infected with HIV-1 and
TIP

Gy Homozygous dimers of wild-type mRNA genomes in a cell that is

dually-infected with HIV-1 and TIP

G2, Homozygous dimers of TIP mRNA genomes in a cell that is dually-
infected with HIV-1 and TIP

Gy, Heterozygous dimers of TIP and wild-type mRNA genomes in a cell
that is dually-infected with HIV-1 and TIP
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Table S6 — Parameters used in Individual Patient TIP Model

Parameter  Description ‘ Value [units | Sources
Birth rate constant of uninfected 31 [cells/(uL xday)] [38]

b CD4" T cells (T)

d Death rate of uninfected CD4 T cells | 0.02 [//day] [39]
(D)

k Infection rate of activated CD4 T 1.875 x 10™ No Data
cells per virion [,LlL/ViViOl’lS]

) Death rate of HIV-1 infected cells 0.7 [1/day] [40,41]
0]

n Burst size; # of virions released from | 200 [42]
HIV-1 infected cell (/) [dimensionless]

c Clearance rate of HIV-1 (V) and TIP | 30 [//day] [40,43]
(Vr) virions

P Fold increase in TIP mRNA Varied from 1 to 35 T
concentration as compared to HIV-1 | [dimensionless]
mRNA in cytoplasm of dually
infected cells (/p)

D Fractional downregulation (0 <D < | Varied from -1 to 1 T
1) or upregulation (D < 0) of HIV-1 | [dimensionless]
virion production from I cells

Ty Initial concentration of uninfected 800 [cells/ulL] [11]
CD4" T cells in plasma

Vo Initial HIV-1 set-point (before TIP 1x10° [virions/mL] [11]
treatment)

& The factor by which the death rate of | £ =1— D, assumption | *
dually-infected cells is reduced used in simulations:
compared to cells only infected with | £
HIV-1

P The effective upregulation of TIP p =P Derived
compared to HIV-1

4 The downregulation of HIV-1 in a 1-D Derived
dually-infected cell compared to a v= 1+ P

cell only infected with wild-type
HIV-1

11 = The TIP can be engineered to change the value of this parameter (for 0.5 Log TIP:
{P=5.5,D=0}; for 1.0 Log TIP {P=13.3, D =0}; for 1.5 Log TIP {P =35, D =0})
* = Functional form does not affect steady-state

47




Table S7 — Table of Parameters used in Intracellular TIP Model

Parameter  Description Value Sources

0 Transcription rate 1000 transcripts / hour [44.,45.,46
A7]

K e Packaging rate constant 100 transcripts” hour™ [48]
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Supporting Figure S1: Vaccine and ART rollout

Top panel shows the rollout of the aggressive vaccination campaign in terms of the
fraction of susceptible individuals that have been vaccination versus time. Bottom panel
shows the rollout of the aggressive universal ‘test-and-treat” ART campaign in term of
fraction of infections that are ART treated over time. Both approaches reach their target

coverage within approximately 5 years.
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Supporting Figure S2: Projected impact of a TIP on AIDS prevalence and incidence

Panel A shows trajectories of ‘Fraction living with AIDS’ based on several intervention
options including two partially protective vaccines, the highly optimistic treatment of
75% of infected patients with ART, and a shaded region representing the predicted
impact of TIP interventions ranging from a TIP that produces a 0.5 Log viral load
reduction to a TIP capable of achieving a 1.5 Log viral load reduction. Panel B shows

the same simulations compared via AIDS incidence-per-100,000 individuals.
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Supporting Figure S3: Projected impact of non-transmitting TIPs
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In the above figure, we compare the projected impact of TIP intervention to previous
studies that have analyzed interventions that generate small reductions in patient viral
load (e.g. the ~0.5-Log reduction in HIV viral load generated by acyclovir treatment
[49]). Previous studies [49] projected that such a small reduction in viral load, due to
acyclovir treatment for example, would have a minimal population-level impact on
HIV/AIDS in sub-Saharan Africa. This stands in sharp contrast to our projections for
TIP efficacy, but we emphasize that acyclovir is an ART-like pharmaceutical that does
not transmit and thus is unable to rise in prevalence and autonomously target high-risk
groups. To explore this difference of impact between TIP and acyclovir, we repeated
simulations of TIP intervention but set TIP transmission between individuals to zero (i.e.
we assumed that TIPs caused a 0.5-1.5 Log viral load reduction but did not transmit at
all). The results demonstrate that a non-transmitting TIP has minimal impact on HIV
prevalence or incidence, just as other authors found for acyclovir. Thus the increased
efficacy of the TIP compared to other interventions (ART, vaccines, or acyclovir) is due

to the unique ability of the TIP to be transmitted between individuals.
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Sensitivity of the TIP R, (i.e. ability of TIP to stably propagate)

For TIP intervention to be effective, the TIP must stably propagate within individual
patients and at the population scale. In order to examine the ability of the TIP to stably
propagate, we examine the basic reproductive number, a standard measure of growth
potential and ‘invasibility’ (i.e. whether a pathogen can increase in prevalence after
introduction). The basic reproductive number (Rj) is the mean number of secondary
infections caused by a typical infected individual in an otherwise completely susceptible
population [11]. If Ry > 1 for a pathogen, the pathogen infection can rise in prevalence in
a susceptible population, and chronic infections such as HIV-1 will approach a stable

steady-state; if Ry < 1 the pathogen will die out. In this section, we derive approximate

expressions for the basic reproductive number for TIP at the population level ( R()Tff;p) and

at the individual patient level ( R”" ). We show that both R, and R!"

0in—vivo 0 pop Oin—vivo

are greater

than 1 for TIPs that reduce viral load between 0.5-Log and 1.5-Log.

Because propagation of the TIP depends on the existence of a wild-type HIV-1 epidemic,

RoTZ)p is estimated in the context of an existing HIV-1 epidemic at steady-state based on a

Susceptible-Infected-AIDS model.

We begin by addressing the basic reproductive number of HIV-1 and TIP in the

individual patient in vivo. We previously characterized R, . [13] as:

0in—vivo

1

HIV )
0in—vivo

RT[P — PZD(I_

0in—vivo

where R s the HIV-1 in vivo basic reproductive ratio

0in—vivo

RV _ bkn
Oinevive = ——=
in—vivo Cé‘

The in vivo basic reproductive number of HIV-1 is estimated to range between 3 and

11[11], which is similar to the value obtained using the parameters in Table S6.
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In the current study, we created a new intracellular model that tracks the production of
genomic mRNA and its subsequent packaging into virions by assuming that all other
packaging materials are present in excess compared to genomic mRNA and that genomic
mRNA is the limiting reagent for packaging. This new intracellular model introduces p
and y in place of P and D from (10). Substituting p and y derived from the intracellular
model in place of P and D yields a new expression for the in vivo basic reproductive

number of a TIP:

1-D 1
RT.IP - PZ _
0in—vivo 1+P( RH[V )

0in—vivo

This R, . expression provides the criteria for intracellular properties of a TIP that will

0in—vivo

yield R;” > 1, and hence allow for the design of an effective and sustained TIP

0in—vivo

intervention at the in vivo (within patient) level. For the parameters in Table S6:

Reduction in viral load p
predicted for TIP Oin—vivo
/2 Log 223
1 Log 5.99
17 Log 16.47

Thus, TIPs with the criteria used in our model stably propagate at the in vivo (within

patient) level.

To estimate the basic reproductive number for both HIV-1 and a TIP at the population
level, several simplifying assumptions are made. Since AIDS patients in the population
model are more likely to die from AIDS than to infect a single partner, we ignore the

minor effect of dually-infected AIDS patients (infected with both HIV-1 and TIP)
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transmitting TIP in this derivation. For simplicity, the risk structure in the model is
replaced by one SAC with ¢ = 4.02 partners/year (the weighted average of the four
SACs). Note that heterogeneity in contact rates is known to increase the reproductive
number in a nonlinear fashion [50], so the estimates derived by this approach will be

conservative.

First, we compute the population-level R, for wild-type HIV-1 in the basic Susceptible-
Infected-AIDS model:

1 S
RH[V — IC_
0 pop ﬂ+]/l ﬂW N

Here N represents the total sexually active population. Since the entire population is
Susceptible, except for a single Infected individual, we make the approximation N = S.
Therefore, the basic reproductive number for HIV-1 at the population level is given

by:

I
HIV /BWC
Opop —

HEY,

Based on our chosen parameters,

RHV _ ﬁVIVC ~41

Opop —

H+7

which is in rough agreement with measurements from field data [51]

TP Ag for R™  which is estimated

Next we derive an approximate expression for R;,,, . 0pop>

by considering one type of epidemiological event (the infection of Susceptible

individuals with HIV-1), ROT;‘ZP is estimated by considering three types of
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epidemiological events that directly increase the dually-infected population. Each of the
following expressions describes the approximate number of events of each type that are

expected to happen during the infectious lifetime of an /4 individual:

1) Infection of an / by an /4 in which TIP is transmitted:

1 I, I
T €~
HEY, N

2) Infection of an S by an /4 in which both TIP and HIV-1 transmission occur:

1 1y Idci
H+7, PPN

3) Infection of an S by an /i in which only TIP is transmitted (resulting in an S),
followed by transmission of HIV-1 from an / to the S:
1

S 1 1
1, 1_ 1, c—(— [C_
7 (1= By) N(y'BW N)

Vs

These three transmission events are the major contributing epidemiological events that

TIP

increase the /4 population and therefore contribute to R, -

Infection of an S by an /4 in which TIP is transmitted (generating an S;), followed by
transmission of HIV-1 originating from an /4 can be ignored because this mechanism
depends on two separate contacts with an /3 individual. Because the basic reproductive
number for the TIP pertains to the situation that exists at the time of TIP introduction,
when dually-infected (/;) individuals are extremely rare (/;= 1), we make the simplifying

approximation:

Considering these three major contributions to the growth of the /3 populations yields:
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1 1 S S 1 I
RUP o 1 | Blict 4 glagla 2 1 gli1— Bla)e ~ Bl
ﬂ%[ oy BB By A= e ()

and upon algebraic simplification:

1 1 S S 1 1
R™ ~ B c—+Bic—+(1- B e—(—Prc—
0 pop T ﬂ+]/2 N w N ( ﬂW) N(,uﬂw N)

This equation can be further simplified by substituting in steady-state values for S and /

HIV

opop 1O

from the basic Susceptible-Infected-AIDS model and then rewritten in terms of R

yield:

e CBEIRM 1y, (Bl ~ 1)+ R Bl u]

Opop — RHIV

Opoplu(j/z + /’l)

This expression is dependent upon the Rg,]‘;, and substituting in parameter values from

Table S1 shows that R()T;’;p is always substantially greater than 1 for the parameters in our

model.

Reduction in viral load R
predicted for TIP e

%2 Log 8.73
1 Log 11.86
1% Log 16.15

The above analysis neglects risk structure, which can drastically lower the parameter
thresholds at which R)> 1[52]. Indeed, in the full TIP model (containing risk structure),
all TIPs we tested (0.5 Log — 1.5 Log) are able to stably propagate at the population level

for all parameter regimes  where  HIV-1 is  stably  propagating.
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Parameter Sensitivity Analysis

Figure 5 (main text) is essentially a parameter sensitivity analysis for the two most
relevant parameters from the single-cell level model. Here, we expand this sensitivity

analysis to examine HIV-1/AIDS prevalence for other relevant parameters.

Sensitivity Analysis as a function of changes in risk-structure

0.026
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0.022
0.020
0.018

0.016
0.0 02 04 06 038 1.0

HIV-1/AIDS Prevalence 50 Years after Introduction
of TIP w/ 1 LOG Viral Load Reduction

£ (Mixing Parameter)
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HIV-1/AIDS Prevalence 50 Years after Introduction

Sensitivity Analysis as a function of changes in population removal (death)

of TIP w/ 1 LOG Viral Load Reduction
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HIV-1/AIDS Prevalence 50 Years after Introduction

Sensitivity Analysis of HIV-1 prevalence as a function of AIDS death rate

of TIP w/ 1 LOG Viral Load Reduction
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Finally, we also expand the sensitivity analysis of Figure 5 (main text) to examine HIV-
1/AIDS prevalence in the event of TIP upregulation of HIV-1 as well as in the presence

of behavioral disinhibition.

Sensitivity of HIV-1/AIDS prevalence to TIP Genome Expression (P) and Fraction
Upregulation/Inhibition of HIV-1 (D)

N

HIV-1/AIDS
Prevalence
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Sensitivity of HIV-1/AIDS Prevalence to changes in TIP Genome Expression (P)
and Fraction Upregulation/Inhibition of HIV-1 (D) with Behavioral Disinhibition

HIV-1/AIDS
Prevalence
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Sensitivity of model when transmission function is re-scaled

Our main analyses of the TIP intervention were based on a rescaled version of the
transmission-vs-viral load set-point function reported by Fraser et al. [9], where the
rescaling was motivated by the need to reconcile the functional form reported by Fraser
with the population context of the Baggaley model. Here we study the sensitivity of our
projections for TIP intervention to the assumed relationship between the viral-load and
transmission probability, by considering an alternate parameterization of the viral-load

transmission curve.

Our initial rescaling used a maximum per-partnership transmission probability of 0.54,
and a mean probability of 0.105 per partnership at the mean viral load of 100,000
copies/mL, to correspond with the assumptions of [1] (see supporting information page
24). This leads to a function that saturates near 10’ copies/mL and has its half-saturation
point at 414,300 copies/mL (see figure below). The alternate curve saturates has its
maximum per-partnership transmission probability set to 0.127, and its half-saturation
point is 20,518 copies/mL. As a result, the curve saturates near 10° copies/mL and the
mean viral load of 100,000 copies/ml is no longer positioned at the steepest section of the

viral-load transmission curve and is instead much closer to the saturation point:
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Viral-load Transmission function used Alternate parameterization

for simulations in main text of Viral-load Transmission function
(see Sl page 24)

e o o & o
= o L = W

Transmission Probability

0 PR . 0.00 i
100 1000 10* 105 10° 107 100 1000 10 105 10° 107
Viral set-point (copies / ml) Viral set-point (copies / ml)

Repeating the simulations of TIP intervention using this alternate parameterization
of the Fraser viral-load transmission function generates qualitatively similar

projections:
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Figure 2, main text Figure 2 simulations repeated using
(using viral-load transmission function Alternate viral-load transmission function
From page 24) (all other parameters remain unchanged)
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Sensitivity of Model if TIP-infected individuals (S7) revert to susceptible (S)

The purpose of this analysis is to determine the sensitivity of TIP reversion (loss of TIP
in Sr individuals) to the predicted efficacy of a TIP intervention at the population scale.
TIPs integrate and thus are likely to enter long-lived CD4 memory cells. The formation
of HIV-1 latent reservoirs has been observed to occur during the first week of infection
[53]. Gene therapy studies reveal that cells with integrated therapy vectors (even
peripheral B cells) are maintained for years but these therapies use a large injection of
transduced cells [28]. We explore the sensitivity of TIP reversion by modifying the TIP
Population model to account for Sz individuals losing the TIP (and thus becoming
reclassified as S individuals) at the rate p,. In the figures below, we explore Sy reversion

occurring with a half-life of 6 months, 1 month, 1 week, and 1 day:
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Figure 2 from main text with
S; > S set to 6 month half-life (u.~1.38/year)
(all other parameters unchanged)
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Figure 2 from main text
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(TIP trajectories only)
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Figure 2 from main text with
S; & S set to 1 month half-life (u.~8.3/year)
(all other parameters unchanged)
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Figure 2 from main text with
S, = S set to 1 week half-life (u,=36/year)
(all other parameters unchanged)
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Figure 2 from main text
No S; & S (u,=0/year)
(TIP trajectories only)
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Figure 2 from main text with

S; & S set to 1 day half-life (u,=253/year)
(all other parameters unchanged)
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Sensitivity of model to removal of independent transmission of TIPs (i.e. removal of

S individuals)

As an extreme sensitivity analysis of our assumptions about TIP transmission, we
consider the case where TIPs cannot be transmitted independently to susceptible
individuals. We removed the class of individuals who are infected with only TIP (S7
individuals) so that TIPs can only spread to individuals already infected with HIV, or else
simultaneously with HIV. We achieved this effect within the current model structure by
making the Sy class revert back to S at a rate of 10° per year, so that the Sy population
was effectively zero. Despite the elimination of the Sy class of individuals, TIPs are still
predicted to have a significant qualitative effect of reducing disease prevalence at the

population level:

Figure 2 from main text
With 5; class eliminated
Figure 2 from main text (S; reverts to S at 105/yr)
(all other parameters unchanged)

"0.30
m"0.25 °
é £ :020 é g
STg.;.n.ls *gr_u%s .
T 5,010 T s

,0.05

This robust effect is due to the TIPs following the same transmission route as wild-type
HIV-1 and autonomously targeting high-risk individuals. Because of their high contact
rates, these individuals are infected rapidly by HIV-1 and subsequently by TIPs. These
high-risk individuals are responsible for the majority of HIV-1 disease transmission in
uncontrolled populations, so the targeting of this group increases the efficacy of TIPs at

the population level.
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