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As the SARS-CoV-2 trajectory continues, the longer-term immuno-epidemiol-
ogy of COVID-19, the dynamics of Long COVID, and the impact of escape
variants are important outstanding questions. We examine these remaining
uncertainties with a simple modelling framework that accounts for multiple
(antigenic) exposures via infection or vaccination. If immunity (to infection
or Long COVID) accumulates rapidly with the valency of exposure, we find
that infection levels and the burden of Long COVID are markedly reduced
in the medium term. More pessimistic assumptions on host adaptive
immune responses illustrate that the longer-term burden of COVID-19 may
be elevated for years to come. However, we also find that these outcomes
could be mitigated by the eventual introduction of a vaccine eliciting robust
(i.e. durable, transmission-blocking and/or ‘evolution-proof) immunity.
Overall, our work stresses the wide range of future scenarios that still
remain, the importance of collecting real-world epidemiological data to ident-
ify likely outcomes, and the crucial need for the development of a highly
effective transmission-blocking, durable and broadly protective vaccine.

1. Introduction

The emergence of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has led to the ongoing, multi-year COVID-19 pandemic. Due to sustained
transmission and the emergence of novel variants, this outbreak remains a public
health emergency and continues to exert a significant burden across the world [1].
A number of safe and effective vaccines have been developed and deployed
(e.g. [2-4]), and progress toward more broadly protective immunization con-
tinues (i.e. pan-coronavirus/sarbecovirus vaccines) [5-7]. With development
and wide dissemination of effective, transmission-blocking vaccination, commu-
nity immunity could prevent local transmission [8-10]. However, the rapid
spread of the Omicron (and BA.2) variant among vaccinated individuals illus-
trates that community immunity is unlikely to be achieved via existing
vaccines. Furthermore, unequal vaccine distribution and incomplete uptake are
still a pressing issue, with potential consequences that include the emergence of
novel variants in addition to elevated disease burden [11].

During the SARS-CoV-2 pandemic, it has become clear that we must better
gauge the impact of accumulating immunity on susceptibility, the evolution of
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Figure 1. Immuno-epidemiological model schematics. (a) lllustration of accumulating immunity and its potential impact on subsequent infections. The top half of
this panel depicts accumulating immunity, and the bottom half illustrates potential ensuing clinical implications. (b) Model flow diagram, modified from [8] to
include tertiary and quaternary infections, and multiple vaccinated classes. Thus, the immune characteristics of individuals could change as the number of exposures,
via either vaccination or infection, increases. See electronic supplementary material for model equations. (c) lllustrations of a range of assumptions about immunity
with each infection via a change in relative susceptibility. In our model, the relative susceptibility to a secondary, tertiary and quaternary (and beyond) infection is &,

2

tertiary and quaternary infection are increasingly smaller).

new variants and the clinical features of subsequent infections.
With simple mathematical models of immuno-epidemiological
dynamics, we showed that the medium- and long-term popu-
lation-level landscapes of immunity and infection crucially
depend on the strength and duration of immunity following
infection or vaccination [8]. We also explored the intricacies
that emerge from vaccine dosing regimes (for two-dose
vaccines) [10] or from the invasion dynamics in largely vacci-
nated populations [12], in addition to the consequences of
vaccine nationalism [11]. Throughout, we have shown how
epidemiological and/or evolutionary outcomes hinge on the
characteristics of host immune responses.

While the mass of data generated during the pandemic
(i.e. see [1] for a comprehensive review) has clarified many
outstanding epidemiological questions, there are still major
uncertainties (e.g. see [13]). In particular, it is crucial to
determine how clinical and transmission-blocking immunity
changes with repeated infection or vaccination, the impact
of new immune escape variants, and the potential dynamics
of Long COVID. For example, widespread vaccination in
many countries has blunted the impact of COVID-19 on
hospital capacities (e.g. [14,15]). However, infections that
are less severe (and even classified initially as ‘mild’)
can lead to long-term debilitation [16,17], such as neurologi-
cal impact [18]. As many jurisdictions worldwide relax
restrictions to return to pre-pandemic levels of interaction,

g and &%, respectively. In (), we depict values of n > 0, with larger values of n indicating more rapid accumulation of immunity (i.e. relative susceptibility to

the spectre of elevated population-wide chronic disease fol-
lowing infection (Long COVID) looms large. Furthermore,
the potential for rapid spread of novel variants has been
exemplified by previous and ongoing rises in infection
levels (in certain countries) due to new variants (e.g. previous
increases driven by the BA.2 variant [19]). In light of
these underlying uncertainties and to inform future policy
decisions, it is important to examine ranges of potential
medium-term scenarios. In this work, we use simple
immuno-epidemiological models to explore these issues
and qualitatively examine the population-level outcomes
under various scenarios, spanning optimistic to pessimistic
assumptions.

We begin by extending previous modelling work [8] (see
also [20]) to include characteristics of tertiary and quaternary
infections. Our model extension separates individuals based
upon ‘exposures’ to SARS-CoV-2, whether by vaccination or
infection (figure 1a). The immuno-epidemiological dynamics
are schematically depicted in figure 1b. We qualitatively capture
the potential decreases in relative susceptibility to infection
as host immunity slowly accumulates due to previous
exposures (figure 1c) (hereafter referred to as the ‘accumulation
of immunity’). Thus, this model can titrate the impacts of
accumulating immunity with subsequent exposure on
immune landscapes and epidemiological dynamics. The
model can also be used to examine both the impacts of
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immune escape variants and the effects of robust vaccines on
accumulating immunity.

2. Results and discussion

With this refined model, we first explore impacts of the
accumulation of clinical and transmission-blocking immunity
with (antigenic) exposure (infection or vaccination) on trans-
mission, immune and Long COVID dynamics. Second, we
examine the impact of immune escape variants on popu-
lation-level dynamics. Finally, we investigate the impact of
decreasing immunity against tertiary and quaternary (and
further) infections (i.e. an increase in relative susceptibility
to reinfection compared with that for a secondary infection).

2.1. Accumulation of immunity with subsequent
infections or vaccinations

To examine the interactions between accumulation of immunity
and reduction in susceptibility to secondary infection, we begin
by exploring synoptic medium-term immuno-epidemiological
landscapes. Guided by emerging evidence, we assume that the
duration of complete natural and vaccinal immunity is short
(ie. 1/6=0.25years and 1/8y = 0.33 years, respectively),
and examine a range of possibilities for the accumulation of
immunity and the susceptibility to secondary infection after
complete immunity has waned. As in previous work [8],
we use seasonal transmission rates for New York City (NYC)
(see [21]). We assume that vaccination begins after week 59 at a
rate of 1% per week. We also assume two periods of non-
pharmaceutical interventions (NPIs) that reduce transmission
early on, separated by a short relaxation period (i.e. reduction
of seasonal transmission rates to 60% of its value, during
weeks 16-55 and weeks 62-79).

Pessimistically, if no immunity accumulates (i.e. exposures
beyond the first do not further decrease susceptibility to infec-
tion), small changes in the relative susceptibility to secondary
infection can have large effects on the size of the second
peak and can affect the depths of seasonal troughs. In line
with intuition, such small changes do not have appreciable
longer-term impacts on peak infection levels or their timing
(figure 2, top row).

As the accumulation of immunity increases, the timing
and magnitude of future peaks is increasingly affected by
small reductions in susceptibility to secondary infection
(figure 2, compare bottom row with top row). In turn, these
changes lead to substantial differences in the number of clini-
cally important long-term infections (Long COVID, ‘Clin.
imp.”) in the top plot of each panel. (Note that this fraction
is distinct from the more acute clinically severe fractions of
infections (‘Sev.’, dashed line) depicted above the area plot
of each panel). To understand these dynamics, it is useful
to examine the average relative susceptibility to subsequent
infection in the population (once complete immunity has
waned), denoted “Avg. E’. For weeks where there are individ-
uals with partial susceptibility (.e. Ss(t) + Sr(t) + Sp(t) > 0),
Avg. E is the weighted average of relative susceptibility to
subsequent infection, with weights corresponding to the frac-
tion of individuals in each partially susceptible class (see
electronic supplementary material for additional details).

Intuitively, the drastic effects observed in figure 2 emerge
because Avg. E decreases sharply if immunity accumulates

rapidly. In the electronic supplementary material, we further [ 3 |

explore the combination of accumulating immunity, total
cases and clinical severity (see figure S1 and associated discus-
sion in electronic supplementary material). Additionally,
the accompanying online interactive application at https://
grenfell lab.shinyapps.io/chronicCOVID/ allows for further
explorations.

To summarize figure 2, we have selected four representa-
tive scenarios for the range of potential outcomes (identified
as (i), (ii), (iii) and (iv) on figure 2).

— Scenario (i) represents the most optimistic case: rapid
accumulation of immunity, combined with a strong
reduction in susceptibility following the first exposure.
This combination leads to strong population immunity
(i.e. low average susceptibility) and thus very few cases
once the third peak has abated. While this scenario is very
unlikely to be attained at this stage unless more robust vac-
cines (or possibly antivirals) emerge, we include this
scenario for comparison purposes.

— Scenarios (ii) and (iii) depict more pessimistic situations
where either immunity accumulates rapidly (17 =2) but a
primary exposure slightly decreases the relative suscepti-
bility to secondary infection (¢ = 0.95) (ii) or immunity
accumulates more slowly (n=1) but a primary exposure
has a larger effect on the decrease in relative susceptibility
to secondary infection (e =0.85) (iii). Under either of
these conditions, a sizable fraction of the population
experiences a clinically important ‘Long COVID’ infection
(top plot), but later infection levels decrease.

— Scenario (iv) represents a relatively pessimistic outcome
with yearly seasonal outbreaks and a large fraction of
the population experiencing a clinically important ‘Long
COVID’ infection in the medium term (top plot).

2.2. Immuno-epidemiological impacts of immune
escape variants

As illustrated by the recent rapid spread of Omicron, novel
variants with various immune-escape characteristics may
emerge. To qualitatively examine the impact of a variant on
population-level immuno-epidemiology, we simulate the
emergence of a variant with no decrease in susceptibility to
secondary infection, which also corresponds to no accumu-
lation of transmission-blocking immunity with subsequent
infections. We assume that the variant arises after the third
year following the onset of the COVID-19 pandemic.

In figure 3, we examine the potential synoptic landscapes
with the spread of an immune-escape variant after week 156.
These landscapes illustrate that both the rapidity with which
immunity accumulates and the relative susceptibility to sec-
ondary infection before the immune-escape variant spreads
can have important impacts on the size and timing of post-
emergence peaks. Additionally, the burden of Long COVID
may be substantial.

The impact of an immune-escape variant is especially
notable when it emerges in a setting where the current variant
induces a strong reduction in relative susceptibility after infec-
tion, i.e. reinfection is more difficult (compare right panels
with left panels in figure 3). Intuitively, this effect is due to an
important increase in population susceptibility—and a corre-
sponding rise in average susceptibility to subsequent infection
(Avg. E)—when the immune-escape variant emerges.
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Figure 2. Synoptic medium-term immuno-epidemiological landscapes as functions of accumulation of immunity and relative susceptibility to secondary infection. For the
panels in the top, middle and bottom rows, n = 0, n = 1and n = 2, respectively. In the left, middle and right columns, e = 0.95, & = 0.9and & = 0.85, respectively.
Each individual panel consists of an area plot (bottom) that depicts the immunological and infection status of the population. The colour coding of this panel is as in
figure 1b. Above this panel are three plots: the first depicts cases (solid red line) and severe cases (dashed black line) (assuming that 0.14, 0.14(0.75), 0.14(0.75%) and
0.14(0.75%) of primary, secondary, tertiary and quatemary infections are severe, respectively), the second shows the average relative susceptibility to subsequent infection
after waning of complete immunity (solid blue line) and the average susceptibility (dashed black line) (see electronic supplementary material for the equations), and the
third depicts scenarios for Long COVID, assuming that 30% of primary infections lead to Long COVID for on average a year (see electronic supplementary material for
details). The dashed line represents an optimistic scenario where the likelihood decreases substantially (by 90%) after each exposure (up to quaternary, so that 0.3(0.1°)
quaterary infections and beyond lead to Long COVID), whereas the solid line depicts a pessimistic scenario where the likelihood decreases negligibly (by 10%) after each
exposure (up to quaternary, so that 0.3(0.9°) quaternary infections and beyond result in Long COVID).
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Figure 3. The impact of an immune-escape variant on medium-term immuno-epidemiological dynamics. To model an immune-escape variant, we assume that
& = 1 after week 156. The panels are as in the panels of figure 2, selected to show the difference between weak (i.e. n = 1) and moderate (i.e. n = 2) accumu-
lation of immunity prior to the emergence of the immune-escape variant (top and bottom rows, respectively), and for & = 0.95 (left column) and & = 0.85 (right

column).

2.3. Decreasing immunity with accumulation
of infections

A number of complexities regarding cross-protective natural
and vaccinal immunity to subsequent infections can arise
(e.g. see [22]). In a very pessimistic case, while a first infection
may provide partial protection against a second infection, the
combination of new variants and complexities surrounding
immune responses could then increase the susceptibility to
tertiary and quaternary infections. Our framework can
easily incorporate this possibility through n <0.

In figure 4, we illustrate the range of possibilities for this
pessimistic setting. For simplicity, we assume that while immu-
nity against infection may be poorer, subsequent infections still
increase protection against ‘Long COVID'. While the average
relative susceptibility to infection (Avg. E, blue line) reaches 1
more rapidly as immunity is poorer, the qualitative dynamics
are very similar across this range (compare rows of figure 4).
More apparent differences begin emerging once the suscepti-
bility to secondary infection is low (leftmost column, figure 4):
poorer immunity with accumulating infections can lead to

elevated infections and decreases the depths of the seasonal
troughs (compare top rightmost panel with bottom rightmost
panel of figure 4). Thus, these potential immunological com-
plexities have a more moderate impact on medium-term
outcomes even as clinical outcomes might deteriorate.

2.4. The development of a more robust vaccine
There are currently multiple vaccines in development (e.g.
[5-7]) that aim to protect against a greater range of corona-
viruses, including potential future SARS-CoV-2 variants. If
successful, such a vaccine could generate robust immunity
against the evolving SARS-CoV-2 for a much longer duration
than that elicited by current vaccines. Our modelling frame-
work allows us to explore the dynamical implications that
would arise from the deployment of a highly effective vaccine.
In figure 5, we examine the impact of a very robust vaccine
on immuno-epidemiological dynamics and potential Long
COVID trajectories for pessimistic scenarios with poor natural
and current vaccinal immunity and weak accumulation of
immunity following repeated exposures. Intuitively, a robust
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Figure 4. Synoptic medium-term immuno-epidemiological landscapes for a very pessimistic case where immunity is progressively worse as an individual accumu-
lates infections (beyond the first), the top, middle and bottom rows corresponding to n = —1, n = —2 and n = —3, respectively. The left, middle and right columns
correspond to € = 0.9, e = 0.8 and & = 0.7, respectively. The plots within each panel are as in figure 2.

vaccine (giving complete immunity for on average 2 years fol- would prevent subsequent peaks in the medium term (right-
lowing any dose) leads to substantial decreases in infection most panel, figure 5). By contrast, if the reduction in relative
levels and Long COVID burden (compare figure 5 with susceptibility to secondary infection is more modest, a small
middle row, figure 2). If the reduction in relative susceptibility infection peak can be expected in the medium term (leftmost

to secondary infection is strong enough, then a robust vaccine panel, figure 5). Echoing [8], these observations highlight the
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Figure 5. Dynamical impacts following the introduction of a robust vaccine after week 130. Here, we use scenarios with weak accumulation of immunity (middle
row, figure 2) and assume that vaccinal immunity conferred following any dose is 2 years (in contrast to 33% of a year for the previous vaccine). As with figure 4,

the separate stacked plots in each panel are described in the caption to figure 2.

importance of rapid robust vaccine development in conjunc-
tion with using real-world epidemiological data to quantify
the relative susceptibilities to subsequent infections.

3. Caveats and future directions

We have made a number of simplifying assumptions. First, we
have focused on immune heterogeneities and omitted others,
such as those arising from age [23,24] or transmission [25,26].
However, in previous work [8], we have shown that additional
heterogeneities do not qualitatively affect the dynamics in our
models. Nevertheless, for quantitative predictions of trans-
mission and disease dynamics, future work should focus on
incorporating various sources of heterogeneities in our
simple immuno-epidemiological models.

Second, we have assumed that quinary encounters (i.e.
fifth exposures) and beyond are equivalent to quaternary
encounters, and that they lead to no additional accumulation
of immunity. As the pandemic progresses and more data
becomes available, the importance of subsequent infections
will become clear, and the model could be refined accord-
ingly. Additionally, we have assumed a simple functional
form to account for the accumulation of immunity. When
appropriate data become available, it will be imperative to
determine, via careful quantitative calibrations, the degree
to which susceptibility changes following each encounter.

Third, we have assumed throughout that relative suscep-
tibility to subsequent infections is constant or decreases for
the second infection (¢ < 1). In reality, complex interactions
between prior immunity and emerging variants could poten-
tially lead to increases in susceptibility immediately (e.g.
antibody interference for influenza [27]). For a disease
where susceptibility increases even after the first exposure,
our model framework would apply by setting £ > 1.

Fourth, we have assumed seasonal climate-driven trans-
mission rates from HKUI climate for NYC [21]. Since
emerging variants have increased transmissibility relative to

the original virus (e.g. [28]), our illustrative results are conser-
vative. Furthermore, as in [8,10,11], we have assumed simple
scenarios for NPIs.

Fifth, while we have assumed that vaccinal and natural
immunity could wane at different rates, we have assumed
that the relative susceptibility to infection once vaccinal or natu-
ral immunity has waned is the same. In reality, these could be
different, and an important future direction is to refine our
models to examine the potential ensuing impacts. Additionally,
we have assumed that the relative transmissibility does not
change with valency of infection. Future work should examine
the impacts of reductions in relative transmissibility in combi-
nation with potential decreases in relative susceptibility as
immunity accumulates. Relatedly, while our framework exam-
ines population-level immuno-epidemiology, an important
future area of research is to couple this with within-host
models. The resulting models could then be used to examine
the impacts of various immune and viral factors in determining
the relative susceptibility to subsequent infections.

Sixth, we have ignored potential under-reporting of sub-
sequent infections (relative to the first) or of novel variants.
Future work should examine how immune uncertainties
could propagate to estimates of under-reporting rates.

The online application (https://grenfelllab.shinyapps.io/
chronicCOVID/) can be used to examine the impacts of trans-
mission in different climates, varying intensity and periods
of NPIs, and different assumptions about host immune
responses. In particular, changes in these factors could lead to
different population-level exposure histories before the onset
of vaccination. Additionally, this application allows for varying
vaccination rates.

Finally, we have taken a very simple approach to model
the emergence of an immune escape variant. As more var-
iants emerge that differ in their capacity to evade existing
immune responses, a number of complexities are likely to
arise from these interactions. Building on our work, further
models that carefully examine multi-strain dynamics with
immune uncertainties will be crucial. In particular, it is
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important to understand the fate of variants, and especially
current co-circulation of Omicron sub-variants. Additionally,
the development and deployment of broader vaccines [5-7]
will undoubtedly shape immune landscapes and the
dynamics of emerging variants. Future work is needed to
examine the population-level dynamical impact of such
vaccines, and our immuno-epidemiological framework is a
starting point for these important investigations.

4. Conclusion

As jurisdictions worldwide have relaxed public health
measures, and new SARS-CoV-2 variants have emerged,
increases in transmission have been widely observed. How-
ever, especially in places with widespread vaccination, acute
severe disease appears to have been largely blunted by prior
immunity. At the same time, the appearance of multiple var-
iants of concern since the initial emergence of SARS-CoV-2
raises the possibility of variants capable of escaping these exist-
ing immune responses from vaccination or prior infection.
Additionally, the resulting dynamics of Long COVID remain
worrying, and these will undoubtedly shape the longer-term
burden of COVID-19.

While remaining COVID-19 unknowns have considerably
narrowed since early modelling work [8], we have illustrated
through our model extensions that the range of potential scen-
arios remains substantial. As the pandemic progresses, the
impacts of subsequent infection and vaccination on immune
life history will become clear. In parallel, the underlying drivers
of SARS-CoV-2 evolutionary trajectories may be determined
(e.g. see [29]). As we have shown here, the combination of
these factors will influence the medium-term synoptic land-
scape of immunity and active infections, and the burden of
Long COVID. Our work highlights the importance of immuno-
logical monitoring at the population level (see proposals for
‘Global Immunological Observatory’ [30-32]). Used in

conjunction with our models, these data would untangle the
current uncertainties in medium- and long-term outcomes
and thus allow for proper post-pandemic preparedness. Pessi-
mistic scenarios of future acute and chronic disease burden
also underline the high priority of maintaining momentum in
developing new vaccines (notably mucosal vaccines to reduce
infection; [33,34]) and cocktails of antiviral therapies. However,
production of broadly protective vaccines is not enough:
achieving global dissemination, and persuading populations
to accept vaccination, are crucial priorities for global health.
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