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HIV‐1 Envelope Gene Evolution

Virus
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Antibody Neutralization Assay

[Richman et al, PNAS (2003)]



CD8‐TL Selections

[ Keele et al PNAS (2008)]

+8 days

Viral Ramp-Up

+15 days

+29 days



HIV‐1 Competition Assay

[Troyer et al, J. Virol (2005)]



C2-V5 env of 
9 patient data for 6-12 years

average distance 
from the founder virusDivergence

Diversity average distance among viruses 
sampled at the same time point

[ Shankarappa J. Virol 1999 ]



Intrahost Sequence Evolution Model
Each virus is represented by the distance (d) from the founder strain

Fitness F(d) Fraction of Mutant Offsprings M(d)

[Lee et al, PLoS Comput. Biol. (2008)]
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Time unit: 1 month Evolutionary Rate: 10-3 per site per month



Constant Fitness and Constant Proportion of Mutant Offspring
( )F d f= ( )M d m=



Linear Increase of Fitness

( )Md m= 1 2( )Fd f f d= +

max( ) (1 / )M d d d= −

( )M d m= 1 2( )F d f f d= +



Constant Fitness 
and Linear Decrease of Proportion of Mutant Offspring



Linear Increase of Fitness 
and Linear Decrease of Proportion of Mutant Offspring



Emergence of More Fit Viruses (using CXCR4 coreceptors)
Virus

CD4
Chemokine

gp120

gp41



Time Dependent Proportion of Mutant Offsprings



Fit to the Dynamics of Divergence and Diversity

( )F d f=



Measuring Evolutionary Rate



Dynamics of Evolutionary Rate



What is happening at the end stages of infection?



HIV‐1 Transmission and Early Stage of Infection
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[ McMichael et al. Nat Rev Immunology 2010 ]
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CD8+ T cells and acute SIV replication

‐ Effect of CD8+ lymphocyte depletion on control of SIV replication

[ Schmitz, Science 1999]



Study Design

‐ 4 Mauritian cynomolgus macaques (cy0161, cy0162, cy0163, cy0165)

‐ 4 Indian rhesus macaques (rh2122, rh2124, rh2126, rh2127)

SIVmac239 challenge (Intrarectal Challenge)

w1 w2 w3 w4 w8 w32 w57

Nef103‐111RM9, Tat28‐35SL8, Gag181‐189CM9

[ Bimber et al. J Virol 2009]

(in average 1414 sequence reads were obtained using deep sequencing) 



Mafa‐A1*063 restricted Nef103‐111 RPKVPLRTM (RM9)

Days following SIV infection

Proportion of Each Epitope Variant

Viral Load

[ Love et al. J Virol 2010]



Mafa‐A1*063 restricted Nef103‐111 RPKVPLRTM (RM9)
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[ Goonetilleke et al. JEM 2009]

HIV‐1 Escape Dynamics 

KAALDLSHF, B*5701 Nef73‐90 epitope

The rate of escape : 0.33 day‐1 [0.22‐0.42]

Within 42 days post the first screening 



Epitope Diversity Dynamics

First 6 months vs. Whole Infection Period (3-10 years)

Changes in Selection Strength?



Mathematical model for viral escape

[ Asquith, PLoS Biol 2006]

Rate of escape  = Rate of CTL Killing – Fitness Cost

( ) ( ) ( ) ( )dw t aw t bw t cw t
dt

= − −

( ) ' ( ) ( )dm t a m t bm t
dt

= −

( ) 1( )
( ) ( ) 1 exp( )

m tp t
w t m t g kt

= =
+ + −

( ')k c a a= − −
[ Asquith, PNAS 2007]

Timing of escape :  50 log( ) /T g k=

1

( )p t

t
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b b
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wild mutant

Model Equations Model Solution



Fit the model to acute SIV escape dynamics

RM9

SL8

( ) 1( )
( ) ( ) 1 exp( )

m tp t
w t m t g kt

= =
+ + −

Beta Regression

Nonlinear Least Squares

:   data comes from a  Beta distribution 
with mean E(t)=1/[1+gexp(‐kt)] and variance  E(t)[1‐E(t)]/(1+phi) 

[ Ferrari and Cribari‐Neto, J. Appl. Stat.  2004]
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0.36 (   0.36 ) day‐1Rate of First Escape

22.1 (   3.78) daysTiming of First Escape

First Acute Escape

Least Square vs. Beta Regression

Beta Regression

0.33 (   0.097)day‐1Rate of First Escape

22.7 (   3.51) daysTiming of First Escape

First Acute Escape

±

±

±

±

Nonlinear Least Squares



0.33 [0.22‐0.42]Acute Goonetilleke et al. 

HIV

0.31 [0.1‐0.52]AcuteLoh et al. 

0.31 [0.03‐0.58]AcuteGanusov et al. 

0.93AcuteFernandez et al. 

Rate of Escape (day‐1)Disease Stage     Study

SIV

Rate of Escape 0.36 (   0.36 ) day‐1±

Our Estimate

Comparison to other studies
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Escape dynamics of Gag181‐189CM9 epitope

Timing of escape : 419.6 day 

Rate of escape : 0.014 day‐1 



Persistence of Founder/Wild‐type Epitope

At 140 days post infection

ii) 56% of acute transient epitopes are completely cleared.

i) Wild‐type (transmitted) epitopes persist 
as a minor population in every animal (mean 5.7%).



Timing of first escape & CT8‐TL response

Rather than the magnitude of CT8‐TL response but peak timing of CT8‐TL response
plays a critical role of controlling timing of first escape

area peak timing
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Vaccine induced greater level of CTL response

magnitude of CTL response (area under the curve) : 17 fold difference
[ Vogel et al. J Virol 2003]
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0.44 (    0.0055)  days0.27 [0.09 : 0.44] daysRate of First Escape

27.3 (   0.02) days21.0 [18.4 : 23.6] daysTiming of First Escape

Unvaccinated Animal
(rh2124)

Vaccinated Animals
(rh2122, rh2126, rh2127)

CTL Vaccination induced earlier escape in 
immunodominant SL8 epitope

±

±



Kinetics of loss of the wild‐type epitope

438 times faster than predicted by the model equation

Strong selection pressure by CD8‐TL targeting transmitted (founder) epitope



Questions

[Keele, PNAS 2008]

majority : 70‐80% from 102 subtype B+69 subtype C 
acutely infected subjects

[Lee, J Theo. Biol 2009]

i) Single Strain Infection, One founder (transmitted) virus?i) Single Strain Infection, One founder (transmitted) virus?

ii) Estimation of days post infectionii) Estimation of days post infection

iii) Identification of Transmitted Virus (Vaccine Design)iii) Identification of Transmitted Virus (Vaccine Design)



Modeling Evolution of HIV‐1 Proviral DNAs

ATT…….GAG

ATT…….GAG

AGT…….GAG

ATT…….GAG

1. Single Cycle HIV‐1 Mutation Rate
[Mansky, JVI (1995) ]

2. Generation Time
[Perelson, Science (1996) ]
[Markowitz, JVI (2003) ]

3. Basic Reproductive Ratio
[Nowak, JVI (1997) ]

[Stafford, J. Theo. Biol. (2000) ]

2.16 x 10‐5 base substitutions 
per base per cycle

~ 2 days

~ 6

[Lee et al. J Theo. Biol 2009]



Synchronous and Asynchronous Infection Models

Probability 
of having n substitutions



Probability of Coalescence

At generation 40, the probability of coalescence 
at generation 1 is 0.167, 
at generation 2 is 0.028,
at generation 3 or higher is <0.005.

The probability of two sequences (at generation a) coalescing at generation m



Genetic Diversity : Hamming Distance

21 ( 1)
2 B

a a

t tP N ε
τ τ

= −

30 days post infection30 days post infection

2800BN = 52.16 10ε −= ×

44.8 10P −= ×1.1.

2.2. 100 days post infection100 days post infection 35.6 10P −= ×

The probability that at least one site has mutated more than oncThe probability that at least one site has mutated more than oncee



Hamming Distance Distribution

Poisson Distribution

2
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Synchronous Infection Model

Asynchronous Infection Model



Hamming Distance Distribution

Poisson Distribution
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Dynamics
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