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Vaccine Model (Population Level) 
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!"

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 

  (describing transmission of wild-type HIV-1 by individuals in the I 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 105 copies/mL.  , 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: 

 

 

 

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, ci is the average number of 

sexual partners per year in SAC i, and Ni is the sum of all sexually active individuals  in 

SAC i: 

 

 

 

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

year in SAC j, and Nj  is the sum of all sexually active individuals  in SAC j.   

 

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 
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The rollout parameter rart 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:  
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Modeling TIP in presence of ART (population level) 
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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: 

  

 

 

where  is the transmission probability per partnership, V is the viral load (expressed as 

copies/mL), and and  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 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],  

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  is expressed as a function of identical form with the 

same parameter values as . 
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Calculation of the Duration of the Asymptomatic Period *
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Modeling TIP and HIV-1 infection at the individual patient level (in vivo)  

 

3@2* !"#$!$%*-$>2<*$,*3+R*.(>*Y+0?G*>=(.-'19* '9*B.92>*"#$(* &@2*29&.B<'9@2>*-$>2<'()*

,%.-2D$%`* ,$%* !"# $!$%* >=(.-'19*$,*Y+0?G* hGG7GXi* .(>*D2*@.L2*#%2L'$"9<=*>291%'B2>*.*

9'-'<.%*-$>2<* ,$%* &@2* >=(.-'19* $,* .* 1$(>'&'$(.<<=* %2#<'1.&'()* L'%"9* !"# $!$%* hGKi4* * :"%*

-$>2<*,$%*>".<*'(,21&'$(*'9*.9*,$<<$D9/*

*

*:

*

:

:*

:

***

*

*

5+&"
01

0+

&"5+&"
01

0+

&?+*
01

0&

?+*0**?+
01

0*

&?+*
01

0&

*?+?+*0*B
01

0*

*

*

3@2*-$>2<*&%.1`9*&@2*>=(.-'19*$,*3+R*L'%'$(9*U+*V*U'(>'9&'()"'9@.B<2*,%$-*Y+0?G*L'%'$(9*

U+V*2Q12#&*B=*NgM*#.=<$.>V*D'&@'(*.*@$9&*'(>'L'>".<4**a$&@*L'%"929*'(,21&*O_To*3*12<<9*

U*V*.&* &@2*9.-2*%.&2* ? 4* *Y+0?G*'(,21&'$(*1$(L2%&9*3*12<<9* &$*#%$>"1&'L2<=*'(,21&2>*12<<9*

U&V7*D@'<2*3+R*'(,21&'$(*1$(L2%&9***12<<9*&$*&@2%.#2"&'1.<<=*'(,21&2>*12<<9*U**V*D@'1@*>$*($&*

#%$>"12*.(=*L'%"9*9'(12*.*3+R*$(<=*%2#<'1.&29*1$(>'&'$(.<<=*'(*&@2*#%292(12*$,*Y+0?G4***#
12<<9* .%2* ,"(1&'$(.<<=*2m"'L.<2(&* &$*3*12<<94* *A@2(*Y+0?G* '(,21&9**** 12<<97* &@2* %29"<&'()*

>".<<=* '(,21&2>* 12<<9* #%$>"12*B$&@*Y+0?G*.(>*3+R4* * +(* &:* 12<<97*3+R9* 1.(*>$D(%2)"<.&2*

Y+0?G*#%$>"1&'$(*L'.*.(&'L'%.<*#.=<$.>*)2(29*.(>*.<9$*1$-#2&2*,$%*#.1`.)'()*D'&@*Y+0?

G*-NgM*&%.(91%'#&9*&@%$")@*'(1%2.92>*.B"(>.(12*$,*1=&$#<.9-'1*3+R*-NgM4*

*

3D$* '(&%.12<<"<.%*#.%.-2&2%97*>* .(>*:7* >291%'B2*#%$#2%&'29*$,* .*3+R*.&* &@2* '(&%.12<<"<.%*

91.<2* U922*921&'$(*2(&'&<2>* j5$>2<'()*3+R*.(>*Y+0?G* '(,21&'$(*.&* &@2*9'()<2?12<<* <2L2<kV4**

3@2*#.%.-2&2%*>*'9*&@2*,$<>*'(1%2.92*'(*3+R*-NgM*1$(12(&%.&'$(*.9*1$-#.%2>*&$*Y+0?G*



-NgM* '(* &@2* 1=&$#<.9-* $,* >".<<=?'(,21&2>* 12<<94* * 3@2* #.%.-2&2%*:* '9* &@2* ,%.1&'$(.<*

>$D(%2)"<.&'$(* $%* "#%2)"<.&'$(* $,* Y+0?G* L'%'$(* #%$>"1&'$(* B=* >".<<=?* '(,21&2>* 12<<94*

3@292* '(&%.12<<"<.%* #.%.-2&2%9*>* .(>*:* .%2* %2#%292(&2>* '(* &@'9* !"# $!$%*-$>2<* B=* &@%22*

,"(1&'$(9* U 7* 7* .(>* A#D@'1@* .%2* $B&.'(2>* L'.* 9&2.>=?9&.&2* .(.<=9'9* $,* &@2* +(&%.12<<"<.%*

5$>2<* U!22* 921&'$(* 2(&'&<2>* j5$>2<'()* 3+R* .(>* Y+0?G* .&* &@2* 9'()<2?12<<* <2L2<kV4* 3@2*

,"(1&'$(* #%2#%292(&9*&@2*2,,21&'L2*"#%2)"<.&'$(*$,*3+R*%2<.&'L2*&$*Y+0?G7*&@2*,"(1&'$(* #

.11$"(&9*,$%*&@2*>$D(%2)"<.&'$(*$,*Y+0?G*'(*.*>".<<=*'(,21&2>*12<<*1$-#.%2>*&$*.*12<<*&@.&*

'9*$(<=*'(,21&2>*D'&@*Y+0?G7*.(>*&@2*,"(1&'$(* *%2,<21&9*&@2*'(1%2.92>*<',2&'-2*$,*.*>".<<=*

'(,21&2>*12<<*1$-#.%2>*&$*.*12<<*&@.&*'9*$(<=*'(,21&2>*D'&@*Y+0?G*U($&2*&@.&* # #G*9$*&@2*#2%*

1.#'&.* >2.&@* %.&2* $,* >".<<=* '(,21&2>* 12<<9* '9* %2>"12>V4* * * R.%.-2&2%9* .%2* .>$#&2>* ,%$-* .*

#%2L'$"9<=* >291%'B2>* !"# $!$%* -$>2<* $,* >".<* '(,21&'$(* hGKi* .(>* .%2* 9"--.%'62>* '(*

!"##<2-2(&.<* 3.B<2* !\4* * !&.&2* L.%'.B<29* '(* &@2* !"# $!$%* -$>2<* .%2* 2Q#<.'(2>* '(*

!"##<2-2(&.<*3.B<2*!T4*
*

!&2.>=?9&.&2*Y+0?G*U+CV*.(>*9&2.>=?9&.&2*3+R*U+*CV*L'%.<*<$.>9*.%2*"92>*&$*1.<1"<.&2*Y+0?

G*.(>*3+R*&%.(9-'99'$(*D'&@'(*&@2*#$#"<.&'$(*-$>2<*B.92>*"#$(*-2.9"%2>*%.&29*$,*Y+0?G*

&%.(9-'99'$(* D'&@'(* .* 9"B?9.@.%.(* M,%'1.(* #$#"<.&'$(* hZi4* * U922* 921&'$(* 2(&'&<2>*

jO.<1"<.&'$(* $,* &%.(9-'99'$(* %.&2* ,"(1&'$(kV4* * 3@2* 9&2.>=?9&.&2*Y+0?G* L'%.<* <$.>* '9* .<9$*

"92>*&$*1.<1"<.&2*&@2*>"%.&'$(*$,*&@2*.9=-#&$-.&'1*#2%'$>*,$<<$D'()*'(,21&'$(*U922*921&'$(*

2(&'&<2>*jO.<1"<.&'$(*$,*&@2*>"%.&'$(*$,*&@2*.9=-#&$-.&'1*#2%'$>kV4**

*

3@2* #%2L'$"9<=* %2#$%&2>*-$>2<* hGKi* >',,2%2>* 9<')@&<=* ,%$-* &@2* 1"%%2(&*-$>2<* '(* &@.&* '&*

1$(9'>2%2>*2()'(22%2>*#.1`.)'()*9')(.<9* '(*.*1$(>'&'$(.<<=*%2#<'1.&'()*c1%?Y+0?Gd*)2(2*

&@2%.#=*L21&$%*&@.&*>'>*($&*(21299.%'<=*>'-2%'62*D'&@*D'<>?&=#2*Y+0?G*#.1`.)'()*9')(.<4**

3@2*-$>2<*#%292(&2>*@2%2*.99"-29*&@.&*&@2*3+R*"929*D'<>?&=#2*Y+0?G*#.1`.)'()*9')(.<97*

9"1@*&@.&*>'-2%'6.&'$(*B2&D22(*3+R*.(>*D'<>?&=#2*Y+0?G*#.1`.)'()*9')(.<9*1.(*$11"%*.9*

>2&.'<2>*2Q#<'1'&<=*'(*&@2*(2Q&*921&'$(4**



Modeling TIP and HIV-1 infection at the single-cell level (intracellular model)  
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Mechanisms for increasing TIP abundance 
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Considerations for TIP transmission to uninfected hosts 
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Table S1 – Parameters used in Population Models 

Symbol Values Description Sources 
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Table S2 – State Variables used in Population Models 

State Variable Description 

!
)  !"912#&'B<2*'(>'L'>".<9*'(*!MO*!*

!
&  +(>'L'>".<9*'(,21&2>*D'&@*Y+0?G*'(*!MO*!*

!
+  0.11'(.&2>*'(>'L'>".<9*'(*!MO*!*

!
1
)  +(>'L'>".<9*'(,21&2>*D'&@*3+R*'(*!MO*!*

!
0
&  +(>'L'>".<9*>".<<=*'(,21&2>*D'&@*B$&@*Y+0?G*.(>*3+R*'(*!MO*!*

,'*

!
&  MN3?&%2.&2>*'(>'L'>".<9*'(,21&2>*D'&@*Y+0?G*'(*!MO*!*

,'*

0
!

&  MN3?&%2.&2>*'(>'L'>".<9*>".<<=*'(,21&2>*D'&@*B$&@*Y+0?G*.(>*3+R*'(*

!MO*!*

-
,  M+_!*#.&'2(&9*'(,21&2>*D'&@*D'<>?&=#2*L'%"9*

0
,  M+_!*#.&'2(&9*>".<<=*'(,21&2>*D'&@*Y+0?G*.(>*3+R*

,'*

-
,  M+_!*#.&'2(&9*'(,21&2>*D'&@*D'<>?&=#2*L'%"9*%212'L'()*MN3*

,'*

0
,  M+_!*#.&'2(&9*>".<<=*'(,21&2>*D'&@*Y+0?G*.(>*3+R*%212'L'()*MN3*



*

Table S3 – Transmission Probabilities and Transmission Probability Functions 

Symbol Description of Transmission 

Probability 

Values Rationale 
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Table S4 – State Variables for the in vivo model  

State Variable Description 

*  O_To*3*<=-#@$1=&29*

&  O2<<9*'(,21&2>*D'&@*Y+0?G*

+  Y+0?G*0'%.<*;$.>*

*
&  3@2%.#2"&'1.<<=*'(,21&2>*12<<9*

:
&  O2<<9*'(,21&2>*D'&@*B$&@*Y+0?G*.(>*3+R*

*
+  3+R*0'%.<*;$.>*

*
*
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Table S5 – State Variables for the Intracellular Model 

State Variable Description 
)
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*
Table S6 – Parameters used in Individual Patient TIP Model  

*
Parameter Description Value    [units ] Sources 

#
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*
Table S7 – Table of Parameters used in Intracellular TIP Model  

*
Parameter Description Value Sources 

* 3%.(91%'#&'$(*%.&2# G[[[*&%.(91%'#&9*b*@$"%* hTT7TW7T\
7THi*

/?E
? * R.1`.)'()*%.&2*1$(9&.(&* G[[*&%.(91%'#&9?G*@$"%?G* hT]i*

*



 
Supporting Figure S1:  Vaccine and ART rollout  
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Supporting Figure S2: Projected impact of a TIP on AIDS prevalence and incidence  
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Supporting Figure S3: Projected impact of non-transmitting TIPs 
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Sensitivity of the TIP R0 (i.e. ability of TIP to stably propagate)
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Parameter Sensitivity Analysis*
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 Sensitivity Analysis as a function of changes in risk-structure 



 Sensitivity Analysis as a function of changes in population removal (death) 
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Sensitivity Analysis of HIV-1 prevalence as a function of AIDS death rate 
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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) 

 
##



!"#

 Sensitivity of HIV-1/AIDS Prevalence to changes in TIP Genome Expression (P) 

and Fraction Upregulation/Inhibition of HIV-1 (D) with Behavioral Disinhibition 
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Sensitivity of model when transmission function is re-scaled 
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Sensitivity of Model if TIP-infected individuals (ST) revert to susceptible (S) 
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Sensitivity of model to removal of independent transmission of TIPs (i.e. removal of 

ST individuals) 
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