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Emergence of zoonotic pathogens

Basic dynamics apply to other ‘disease introduction’ problems
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Many factors affect the host immune response to a given pathogen:

Host factors: genetics, age, sex, condition

Epidemiological history: vaccination, previous exposure, 

co-infections (incl. HIV) 

Environmental influences: nutrition, stress, pollutants, drugs

Compromised immunity known to cause individual-level effects:

greater susceptibility to infection higher pathogen loads

disseminated infection and death chronic infection

Immune competence and pathogen emergence

Chronic infections linked with development of drug resistance.



Today’s talk

Compromised immunity known to cause individual-level effects.

à What are the population-level effects of immunocompromised 

groups on de novo emergence of pathogen strains?

Outline

• Background: evolutionary emergence and branching processes

• Simple model for heterogenous immune competence

– probability of disease invasion (without evolution)

– probability of emergence of a novel strain (via evolution)

• Illustrative example: HIV prevalence and emergence risk



Modelling pathogen emergence

For a pathogen with R0<1 in a new environment, can adaptation 

increase R0 and rescue the pathogen from extinction?

Antia et al (2003) Nature



Previous models of evolutionary emergence

Antia et al, 2003: Probability of emergence increases as R0 of initial 

strain approaches 1, mutation rate increases, or evolutionary path 

is shorter/simpler .

Andre & Day, 2005: If you allow for evolution within hosts, then 

duration of infection can be as important as R0.

Yates et al, 2006:  Heterogeneity in host susceptibility or 

infectiousness alone has little effect on emergence.

Reluga et al, 2007:  Continued contact with reservoir population can 

promote emergence.

Alexander & Day, 2010(??):  Considering contact rate distributions and 

more complex evolutionary trajectories leads to subtleties…



Previous models of evolutionary emergence

Antia et al, 2003: Probability of emergence increases as R0 of initial 

strain approaches 1, mutation rate increases, or evolutionary path 

is shorter/simpler .

Andre & Day, 2005: If you allow for evolution within hosts, then 

duration of infection can be as important as R0.

Yates et al, 2006:  Heterogeneity in host susceptibility or 

infectiousness alone has little effect on emergence.

Present goal: analyze disease emergence in a population with 

heterogeneous immunocompetence so that parameters may 

co-vary, with both within- and between-host evolution.



Branching process: a stochastic model for disease invasion 

into a large population.
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Offspring distribution:  Pr(Z=j ) = pj

Define probability generating function for Z:

Then q = Pr(extinction) is solution to q = f (q).



Divide population into two groups, healthy and immunocompromised, 

which mix at random.

Consider different epidemiological effects of immune compromise:

NO EFFECT (0), S↑↑↑↑, I↑↑↑↑ , I↓↓↓↓, S↑↑↑↑I↑↑↑↑, S↑↑↑↑I↓↓↓↓
(assume 10-fold changes)

Infectiousness can vary via either the rate or duration of transmission.

Assume that epidemiological and evolutionary parameters are 

independent.

20% 
immuno-

compromised
80% healthy

Simple model for heterogeneity in immune competence



Model 1: heterogeneous immune competence, 
but no evolution

βij = rate at which individual in group i infects 
new cases in group j

ββββ12

γγγγ1

ββββ11

γi = recovery rate of individuals in group i
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Solve for  q such that f(q)=q.  

Then 1– qi is probability of invasion following introduction of a single case of type i.

Probability generating functions:

Multi-type birth-and-death process
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Pathogen invasion

• Immune compromised group with I↑↑↑↑ or S↑↑↑↑ can make invasion 

possible for an otherwise non-adapted pathogen.

• Increase in both (S↑↑↑↑I↑↑↑↑) greatly amplifies this effect.
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S↑↑↑↑S↑↑↑↑I↑↑↑↑

S↑↑↑↑I↓↓↓↓

1 3 5



Incorporating pathogen evolution

Pathogen is structured into strains representing stages of adaptation 

to a novel host species.

These are described by a pathogen fitness landscape.
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Between-host evolution

population bottleneck in 
transmission causes 

founder effect

Model assumes:

Occurs with fixed probability
per transmission event.

Occurs at a constant rate

within each infected host.

Within-host evolution

mutation arises during infection and 
goes to fixation within host

Steps in the fitness landscape arise through two basic mechanisms:

à Total probability of an event

depends on the length of 

the transmission chain.

à Total probability depends on the

cumulative duration of infection, 

summed over all hosts.



Model 2: heterogeneous immune competence, 
including evolution

Extended multi-type birth-and-death process

βij = rate at which individual in group i infects 
new cases in group j

γγγγ1

µµµµ

(1-u)ββββ11

(1-u)ββββ12

u ββββ11

u ββββ12

γi = recovery rate of individuals in group i

Probability generating functions look like:
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µ = rate of within-host evolution

u = probability of between-host evolution
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Dashed lines: infectiousness varies by duration

Solid lines: infectiousness varies by transmission rate

Pathogen evolution:  probability of adaptation
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HIV prevalence 

in adult 
populations

HIV in Africa: a changing immune landscape

How might this influence disease emergence?



HIV and acute respiratory infections

Studies from Chris Hari-Baragwanath Hospital in Soweto, South Africa

Bacterial respiratory tract infections (Madhi et al, 2000, Clin Inf Dis):

Viral respiratory tract infections   (Madhi et al, 2000, J. Ped.):



HIV and acute respiratory infections

Couch et al, 1997



Parasite genus

Influence of HIV-1 co-infection on:

Susceptibility Transmission rate Infectious 

period

Treatment 

efficacy

Plasmodium Increased. Increased (via higher 

parasite densities).

Increased (via 

recurrent 

parasitemia).

Decreased (high 

treatment failure and 

inc’d recrudescence 

in HIV patients with 

reduced CD4+ count).

Leishmania Possibly 

increased.

Increased via higher 

parasite burdens, new 

routes of 

transmission.

Possibly 

increased due to 

delayed 

diagnosis.

Decreased (high 

treatment failure and 

frequent relapses)

Trypanosoma No evidence for 

effect.

No evidence for T. 

brucei; increased for 

T. cruzi (via higher 

parasitemia in 

chronic phase)

No evidence for 

effect.

Decreased for T. 

brucei (greater risk of 

relapse); no evidence 

for T. cruzi.

Schistosoma Increased 

susceptibility to 

re-infection.

Decreased (via lower 

egg excretion).

Possibly 

increased due to 

milder symptoms.

No effect observed in 

humans.

Strongyloides Possibly 

increased.

No evidence for 

effect (no effect of 

CD4+ count on fecal 

shedding of larvae).

Possibly 

increased due to 

milder symptoms.

No evidence of 

decrease.
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Very simple model with three groups:  healthy, moderate, severe.

Substantial increase in emergence risk when index case is 

immunocompromised (+S,+IR or +IP)

à Community benefit to targeted prophylaxis or prevention



Surveillance for strain emergence

Where will novel pathogen strains emerge?

e.g. pathogen with R0=0.1, 

in HIV-affected population.

Targeted surveillance worthwhile, particularly when susceptibility 

and infectivity are both increased for HIV co-infected hosts.



Summary

Invasion

• An immunocompromised group can provide a toe-hold for 

emergence of an unadapted pathogen, especially if both 
susceptibility and infectiousness are increased.

Adaptation

• Within-host evolution is crucial at low R0, and when pathogen 

must cross fitness valleys to adapt.

• Prolonged duration of infection has greater influence on 
emergence than faster rate of transmission.

Policy

• Guidance for targeted prevention or surveillance

• Treat HIV cases à protect their contacts

e.g. Cotrimoxazole prophylaxis given to HIV-1 patients in 
Uganda led to reduced malaria and diarrhea incidence in 
their HIV-negative family members (Mermin et al 2005)



Future directions & open questions

• Explicit model for antibiotic treatment

• More realistic representation of evolutionary processes

– Link to within-host dynamics

– Data-driven parameter values, fitness landscapes, etc.

• Do fitness landscapes vary as a function of immune status?

• Immune system is highly complex, and “immune competence” is 

certainly not a one-dimensional space

– What are relevant indices of immune status?

– Is it ever sensible to generalize across host-pathogen systems?

Across causes of immune compromise?

• Could the greater risk of drug resistance in immunocompromised 
hosts be due simply to increased drug exposure?   

Controlled epi studies?   Experimental work?
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Additional material



Model assumptions

Epidemiological model

Susceptible pool is large compared to outbreak size.

Number of cases caused by each individual (offspring distribution) 

is geometrically distributed.

Type of index case is determined by group size weighted by 

susceptibility.

Pr(index case in group i) =  (Size of group i) × (Susc. of group i) .

Σj (Size of group j) × (Susc. of group j)

Evolution model

Parameters describing relative susc. and inf. don’t depend on 

pathogen strain.

Evolutionary and epidemiological parameters are independent of 

one another.



Model equations:  1 group, 1 strain
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Model equations:  1 group, 2 strains
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Where does adaptation occur?

Dashed lines:  infectiousness varies in duration

Solid lines:  infectiousness varies in transmission rate

Assuming P(within) = P(between) = 1×10-3
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Pathogen evolution

Can distinguish between mechanisms of evolution by considering 

total ‘opportunity’ for each to work.

- Total infectious duration

- Total number of transmission events

Andre & Day (2005) showed P(adaptation) ~ µ L + u B

Generalize to multi-group setting, can extract:

- proportion of transmission due to within vs between 

- likelihood that ‘adapted pathogen’ will emerge in one group or 

the other.



Illustration:  HIV prevalence and influenza emergence
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HIV prevalence

Assuming:

Susceptibility is 8×××× higher in HIV+ group, and infections last 3×××× longer.

P(within) >> P(between) 

Two-step jackpot adaptation R0 = 2 for adapted strain
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Pathogen invasion

• Immune compromised group with I↑↑↑↑ or S↑↑↑↑ can make invasion 

possible for an otherwise non-adapted pathogen.

• Positive covariation (S↑↑↑↑I↑↑↑↑) amplifies this effect.
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Assuming P(within) = P(between) = 1×10-3

Dashed lines: infectiousness varies by duration

Solid lines: infectiousness varies by transmission rate

Pathogen evolution:  probability of adaptation
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