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How prior immunity impacted
the deadly second wave of
SARS-CoV-2 In Manaus

By: Jan Paul van Meenen



Whoam 1?

Master’s: currently a 2nd-year Master's
student in Bioinformatics and
Biocomplexity at Utrecht University

Bachelor’s: Molecular and Biophysical Life
Sciences (MBLS, formerly MLS) at Utrecht
University

Took the Biological Modeling course in
2021: one of my favorite courses! (unbiased
opinion)

e Especially enjoyed the disease spread Jan Paul van Meenen
modeling (Chapter 6)
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Whoam 1?

Research Interests: Exploring immunology
and epidemiology through computational
methods

Goal this lecture:

e Explaining our research

e Walking you through the ideas and
concepts behind it

e Show how material covered in Chapter
6 has real-world application

The story of Manaus
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The case of Manaus
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The case of Manaus: devastating initial wave of
COVID-19 deaths ...
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'Utter disaster': Manaus fills mass graves as
Covid-19 hits the Amazon
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The case of Manaus: devastating initial wave of
COVID-19 deaths ...
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The case of Manaus: devastating initial wave of

COVID-19 deaths followed by an even larger secondary
wave
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How is this possible?
How can we model this?
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Classic epidemiological models

Simple SIR model

SIR model dynamics Ordinary Differential
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e Force of infection, gI/N
e Removal rate, y
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Classic epidemiological models: multiple
waves

Simple two strain model
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Idea: waned and reinfected individuals may

nave (very) different properties
Waning w
| Waning
—{ 1y Yl Ry —{ 11 ! Ry w
Infection |B414/N dq Infection B1l4/N d Reinfection
rellz*lzre)/N
s — | D s [ | D ke 1y, 22y
Infection B,ly/N d2 Infection Ba(lo*lae)/N dz v
Ll 1 Y| Ry s 1 Yl Ry
SIRS-like model (eetal, 2023) _ Our model (pilot version)
- Become naive after waning e Second susceptible class (W)
(R,—S) e Reinfection class (I, )
. . . re .
- Reinfections behave equally to o Wanln\%pr_ecedes reinfection:
primary infections o aning (R—»W)

o  Reinfection (W.—l, )
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To what data can we fit our
model?
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Available data: disease burden

Disease burden:

M Excess deaths
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Available data: Antibody levels ...
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Available data: Antibody levels and

seroprevalence
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Available data: Antibody levels and

seroprevalence
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Our model: fits excess deaths and seroprevalence
data better than SIRS-like models
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Jan Paul van Meenen 17/53



- Does this hold in an
age-stratified model?
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Our model: waning immunity preceding
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o Wanin\% precedes reinfection: + Erlang-distributed infectious
o aning (R—W) period (J infection stages)
o Reinfection (Wi—lze) + Contact matrix
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Our model: including demography with age
stratification, contact-matrices and age-dependent
infection fatality rate

Age-specific contact matrix with
entries {cij}

Normalised mean
number of contacts

Describing contact pattern from g 100
a person iq group j to personsin § v
age group | g "
Older persons have fewer & 0.25
contacts than younger persons -

(loneliness epidemic among
older adults)

N
Age group of individual

O’Driscoll, M., Ribeiro Dos Santos, G., Wang, L. et al. Age-specific mortality and immunity patterns of

SARS-CoV-2. Nature 590, 140145 (2021). https://doi.org/10.1038/541586-020-2918-0 Jan Paul van Meenen  20/53
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Our model: including demography with age
stratification, contact-matrices and age-dependent

infection fatality rate
Infection fatality rate (IFR) * 100000
increases log-linearly with age 1.0000-
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O’Driscoll, M., Ribeiro Dos Santos, G., Wang, L. et al. Age-specific mortality and immunity patterns of
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Our model: including demography with age
stratification, contact-matrices and age-dependent

infection fatality rate

Infection fatality rate (IFR) e Mk B remee
increases log-linearly with age — -
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Levin, A. T., Hanage, W. P., Owusu-Boaitey, N., Cochran, K. B., Walsh, S. P., & Meyerowitz-Katz, G. (2020). Freire, F. H. M. d. A., Gonzaga, M. R. & Queiroz, B. L. (2019, Projec¢do populacional municipal com estimadores bayesianos,

Assessing the age specificity of infection fatality rates for COVID-19: systematic review, meta-analysis, and public Brasil 2010 - 2030. In: Sawyer, D.O (coord.). Seguridade Social Municipais. Projeto Brasil 3 Tempos. Secretaria Especial de
(SAE/SG/PR) , United Nations Development Programme, Brazil (UNDP) and Jan Paul van Meenen 22/53
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Our model: estimate 12 parameters

10-0000 intercept
1.0000+
gOJOOO-
Fit model to seroprevalence and £ o
hospital deaths data, estimate: ‘
e Infectious period: 1/y ot ¥
Infection rates: ., B, B 0.0001

[ ]
e Waningtime, 1/w
e Intercepts and slopes of both IFR
o Scalar for reduction of IFR "

70+4

Normalised mean
= number of contacts

1.00

[60.70)4

Incorporates the population structure sl
for the starting state and uses a fixed %50
age-dependent contact rate

[20,30)1

B
50,60)
2

o
2 4050y

=3
3 (30,40)
o

$12030)

[10,20)4 [10,20):

[0,10)4 [0,10)

S S SO
& & ¢
p of individual

S S S
N Wa o
O Q OF
DRI
Age

N
N

oS
grou

Bob Carpenter, Andrew Gelman, Matthew D. Hoffman, Daniel Lee, Ben Goodrich, Michael Betancourt, Marcus

Brubaker, Jigiang Guo, Peter Li, & Allen Riddell. (2017). Stan: A Probabilistic Programming Language. Journal of Jan Paul van Meenen
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Our model: fit the data with MCMC methods
using Stan

Coded using C++

Bayesian inference using Markov
chain Monte Carlo (MCMC) with
Hamiltonian Monte Carlo (HMCQ)

sampling St
e Similar to gradient descent an Corpenter etal, 2017
Relies on assumptions about , _ m m m
how observations (data) are #daily deaths ~ Poisson (diy > Lk + diz > Lok + diy Y Tay)
generated k=1 " )kle . k=1
: i1 (7) + fp (T 3
# daily positive samples ~ Binom (Yi - N. () 2 ), i€ [2,7]

Bob Carpenter, Andrew Gelman, Matthew D. Hoffman, Daniel Lee, Ben Goodrich, Michael Betancourt, Marcus
Brubaker, Jigiang Guo, Peter Li, & Allen Riddell. (2017). Stan: A Probabilistic Programming Language. Journal of
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How well does our full
model describe the
available data?
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Result: model cofits death and seroprevalence

very well

Our model can describe both
waves:
A. Mortality data
o all 8 age groups
B. Seroprevalence data
o 6 available age groups
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Our model vs. SIRS-like: SIRS-like fails to fit
the seroprevalence of the second wave

A o
8 0, & 10,20) B

SIRS-like:

A. Fits mortality data equally
well

B. Fails to fit seroprevalence
data of the second wave.
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Our model vs. SIRS-like: SIRS-like fails to fit
the seroprevalence of the second wave

A 3
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SIRS-like: R U

A. Fits mortality data equally ;
well

B. Fails to fit seroprevalence
data of the second wave..
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Result: Gamma P.1 more transmissible,
previous infection reduces susceptibility

®Gamma P.1 ~2.2 times more B, Py
transmissible than the }B.z
@First strain I8 2.2X
’ >
Cross-immunity reduces Gamma = i
P.1 susceptibility by 70% 2
-70% &
- A

0.10 0.15 0.20 0.25 0.30 0.35
value
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Result: Gamma P.1 has increased mortality
rates, notably in younger age groups

de Souza et al., 2021 Frei

,2021

@First strain IFR: .
e 0.0014% [0,10) ] Gamma P.1
e 5.1% 70+

==

AAAAA

Nonaka et al., 2021

o

®Second strain IFR:
(Gamma P.1)
e 0.037% [0,10)
e 12.1% 70+ 7
Notably affects younger .., "

[0,10) [1020) [2030) [30.40) [40.50) [50.60) [60.70) 70+ s.maag.!ij ”':;uq,@vs,;i;“l
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WT

Estimated IFR (%)
o
2

lo
Banho et al., 2022

Sauré et al., 2023
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Result: Previous immunity reduces IFR by
100-fold

@First strain IFR;
e 0.0014% [0,10)
e 5.1% 70+

=N
= ==
M riry

o

®Second strain IFR:
(Gamma P.1)
e 0.037% [0,10)
o 121% 70+
Notably affects younger ...
age groups [0,10) [10,20)  [20,30) [BOKSLgr[;&SO) [50,60) [60,70) 70+
Meta-analysis: 90.2% (69.7-97.5%)
P rev' OUS | m m u n Ity red u Ces (COVID-19 Forecasting Team, 2023)
Gamma P.1 IFR by 93.4 to 99.7%

Estimated IFR (%)
o
2

COVID-19 Forecasting Team. Past SARS-CoV-2 infection protection against re-infection: a systematic review and

meta-analysis. Lancet. 2023 Mar 11;401(10379):833-842. doi: 10.1016/50140-6736(22)02465-5. Epub 2023 Feb Jan Paul van Meenen 31/53
16. PMID: 36930674; PMCID: PMC9998097.
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Result: First strain IFR estimates in line with
meta-analysis IFR estimates

Logarithm of IFR

H H 1004
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O’Driscoll et al., 2021 5 . 1 % 70+ Levin et al., 2020

i LT . P. -Boai b K. B., Walsh, S. P., & M itz-K: . (2020). A i h
O’Driscoll, M., Ribeiro Dos Santos, G., Wang, L. et al. Age-specific mortality and immunity patterns of Y, 20 T, RETER, W 7 Gt sl liay N, Codive, o WELE, & 7, @ MIayararizsieiss, € (PhD), s g din e

e . o Py v specificity of infection fatality rates for COVID-19: systematic review, meta-analysis, and public policy implications. European Jan Paul van Meenen 32/53
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Counterfactual: First wave protected against
an even deadlier second wave by reducing the
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would have doubled, with about
13 000 additional deaths.
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mitigated an even deadlier second wave
by greatly reducing the infection fatality
rate

o Evenif cross-immunity does not

prevent reinfection itself
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Counterfactual: First wave protected against
an even deadlier second wave
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Result: High attack rate after the first wave
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Result: Reinfection is common and a driving
force in the epidemic of Manaus
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Experimental data: Reinfection results in
v-shaped antibody curves
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Experimental data: Reinfection results in
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Experimental data: cellular response remains
strong and protects against severe outcomes
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Experimental data: cellular response remains
strong and protects against severe outcomes
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Experimental data: cellular response remains
strong and protects against severe outcomes
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Our model: including demography with age
stratification, contact-matrices and age-dependent

infeCt|On fatality rate de Souza et al., 2021  Freitas et al., 2021
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Epidemiological modeling: cannot describe
both observed deaths and seroprevalence well
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Epidemiological modeling: cannot describe
both observed deaths and seroprevalence well
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Epidemiological modeling: cannot describe
both observed deaths and seroprevalence well
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Result: Gamma P.1 more transmissible,
previous infection reduces susceptibility
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