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How does exposure history shape SARS-CoV2 viral and immune 
dynamics?

Methods

- Based on Target Cell Limited models [4,6]
- Dashed arrows: only happens if the immune response is triggered (t<τVac or VL>ϕ)
- L is a proxy of the memory compartment 
- Immune complex C : faster clearance, 𝑐𝑉 = 3 𝑐𝐶[7]

We used a non linear mixed effects framework. Parameter estimations are conducted using maximum
likelihood estimation via the stochastic approximation expectation-maximization (SAEM) algorithm [8],
implemented in Monolix 2023R1. We compare models using the BICc [9].

Correlates of Protection

Simulations of human-like infections (inoculum of 10 infectious particles [10]) using the NHP model with
different protection levels (binding, neutralization and infected cells’ loss rate)

Conclusion
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• SARS-CoV-2 still circulating at a high rate as vaccines fail to contain viral spread 
despite adaptations to the emergence of Omicron strains

• Part of the population, mainly immunocompromised, remains at risk
• Low viral load associated with drops in mortality [1] and transmission [2,3]

• Efficient viral load models (mostly among naives) have been developed both in 
humans and Non Human Primates (NHP) [4,5,6]

• But individual history with the virus has become diverse and complex:
• Number of exposures, time since last exposure
• Vaccination (mono or bivalent) vs infection ? Hybrid immunity ? mABs ?

→ Study the viral replication under different immune backgrounds 
(EMERGEN project)

• Vaccination with BNT162b2, mono and bivalent (Wuhan/BA.4-BA.5)

• Longitudinal follow-up of viral and immune biomarkers

Context

Mathematical model Results

• Bivalent vaccination reduces Omicron viral replication. The effect was more dramatic with hybrid
immunity as the C/B group is fully protected.

• The protection against infection and transmission can be quantified using a model integrating binding
and neutralisation.

• Infection is averted for binding levels of 3*104 and 4*105 AU/mL for M/B and M/M groups.
• Those model-based CoP, high compared to the population protection at the time, are coherent with the

fast spread of the Omicron wave [11].

• Hybrid immunity could be further investigated as highlighted by the need for covariates that suggest a
strong role of the T response
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Antibody levels at time of infection is associated with viral replication and transmission risks

• Covariates tested on immune parameters.
• Exposure effect is captured by a 3 levels covariate 

βi,p with i the type of exposure (infection, 
monovalent or bivalent vaccination). 

• At exposure k, parameter p takes the value pk :

𝑝𝑘 = 𝑝0𝑒
σ1
𝑘−1 𝛽𝑖,𝑝

Inclusion of exposure history

• Fix unidentifiable 
parameters known from 
literature

• Add random effects on all 
estimated parameters 
except those directly 
linked to the observation

Start

• Random effects selection 
(downward selection, max 
BICc deterioration of 10)

• Fixing unidentified 
parameters through Profile 
Likelihood (forward 
selection)

Model reduction

Objectives:

1. Model the mechanisms linking 
antibodies and viral replication

2. Explain different infection 
trajectories through immune levels 
and exposure history

3. Discuss Correlates of Protection 
(CoP) against infection and 
transmission

Monovalent + Monovalent Monovalent + Bivalent Convalescent + Bivalent

Efficacy of 
neutralisation, ϒ 0.15 [0.05 – 0.31] 0.41 [0.24 – 0.64] 0.75 [0.54 – 0.90]

Half-life of infected 
cells (hours) 13 [11 – 15] 7.3 [6.1 – 8.7] 0.5 [0.2 – 1.5]

𝑰𝟏′ = 𝛽𝑻(𝑽𝑰+𝑪𝑰) − 𝜅𝑰𝟏

𝑰𝟐′ = 𝜅𝑰𝟏 − 𝛿𝐼𝑰𝟐

𝑽𝑰′ = µ𝑝𝑰𝟐 − (𝑐𝑉 + 𝑘𝑜𝑛𝑨𝒃)𝑽𝑰 − 𝛽𝑻𝑽𝑰

𝑪𝑰′ = 𝑘𝑜𝑛𝑨𝒃 1 − 𝛾 𝑽𝑰 − 𝜷𝑻𝑪𝑰 − 𝒄𝐶𝑪𝑰

Infected Cells

Producing
Infected Cells

Infectious Virus

Infectious
Immune Complex

𝑨𝒃′ = 𝜃(𝑺 + 𝑳) − 𝛿𝐴𝑏𝑨𝒃
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𝑺′ = (1 − 𝜌)𝑟𝑳 𝑨𝑽𝒂𝒄 + 𝑨𝑽𝑳 − 𝛿𝑆𝑺

𝑰𝑫𝟓𝟎 = 𝐼𝐷50𝑚𝑎𝑥

𝑘𝑜𝑛𝛾𝑨𝒃

𝑘𝑜𝑛𝛾𝑨𝒃 + 𝐾𝑁

𝑳′ = 𝜌𝑟𝑳 𝑨𝑽𝒂𝒄 + 𝑨𝑽𝑳 − 𝛿𝑆𝑳
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