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Understanding the build-up of immunity with successive severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) variants and the epidemiological conditions that favor rapidly expanding epidemics will help
facilitate future pandemic control. We analyzed high-resolution infection and serology data from two
longitudinal household cohorts in South Africa to reveal high cumulative infection rates and durable cross-
protective immunity conferred by prior infection in the pre-Omicron era. Building on the history of past
exposures to different SARS-CoV-2 variants and vaccination in the more representative urban cohort given
South Africa’s high urbanization rate, we used mathematical models to explore the fitness advantage of the
Omicron variant and its epidemic trajectory. Modelling suggests the Omicron wave likely infected a large
fraction (44% - 81%) of the population, leaving a complex landscape of population immunity primed and
boosted with antigenically distinct variants. We project that future SARS-CoV-2 resurgences are likely
under a range of scenarios of viral characteristics, population contacts, and residual cross-protection.

INTRODUCTION

A Key question for the long-term control of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is how se-
quential exposures to different variants of the virus shape
population immunity and thereby modulate subsequent epi-
demic cycles and disease burden. Few studies have character-
ized the protection conferred by infection over long time
periods, particularly in low- and middle-income settings
where vaccine access is limited and high SARS-CoV-2 infec-
tion rates have been reported (I-4). Here we used data from
two prospectively followed cohorts in South Africa to esti-
mate the strength of cross-protective immunity conferred by
infection with successive SARS-CoV-2 variants. We relied on
the cohort data to reconstruct the landscape of population
immunity prior to the emergence of the Omicron variant, and
modeled the trajectory, scale, and long-term consequences of
the Omicron epidemic in this population.

South Africa experienced three distinct SARS-CoV-2
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epidemic waves prior to the emergence of the Omicron vari-
ant, with the first wave (June 2020 - December 2020) domi-
nated by the ancestral SARS-CoV-2 strain carrying the D614G
mutation (referred to as D614G hereafter) (5), the second
wave (December 2020 - May 2021) dominated by the Beta
(B.1.351) variant (6), and the third wave (May 2021 - October
2021) dominated by the Delta (B.1.617.2) variant (7). In South
Africa, the Omicron variant was first identified in the prov-
ince of Gauteng Province in November 2021 and swiftly
spread nationally and globally, causing rapid growth in case
counts relative to prior waves (7, 8). Similar patterns of rapid
growth despite high pre-existing immunity from infection
and vaccination have also been reported in numerous coun-
tries across the world, with Omicron replacing Delta in mul-
tiple global locations, even when prevalence of Delta was high
9, 10).

The apparent fitness advantage of the Omicron variant
over Delta could be driven by immune evasion, increased

(Page numbers not final at time of first release) 1

2202 ‘60 aunC uo BI0°80Us 105" MMM/:SAIY WO | PaPE0 JUMOC



intrinsic transmissibility, or a combination of both. The im-
mune evasion hypothesis is supported by an increased rein-
fection risk coinciding with the rise of the Omicron variant
(7, 8, 11, 12). Further support for this hypothesis comes from
in vitro analyses of sera from convalescent patients (infected
with pre-Omicron variants) and vaccinated individuals,
which show reduced neutralization titers against Omicron
compared to earlier variants (I13-16). Similarly, data from
multiple settings have shown decreased vaccine effectiveness
against Omicron (17, 18). Separately, epidemiological and ex-
perimental data point to reduced clinical severity of Omicron
(17, 19), possibly due to increased tropism for the upper res-
piratory tract rather than the lung, which could also promote
higher transmission relative to pre-Omicron variants. As the
Omicron wave subsides, the relative contribution of these fac-
tors to Omicron’s spread remains elusive, in part due to un-
certainty in the extent of population immunity before the rise
of Omicron. Further, Omicron’s rapid spread poses immense
pressure on SARS-CoV-2 testing capabilities, and its relatively
benign course in most people make it difficult to assess the
full scope of the epidemic.

To understand the long-term dynamics of SARS-CoV-2, we
leveraged data from two longitudinal household cohorts fol-
lowed over a 13-month period, from July 2020 to August 2021
in rural and urban areas of South Africa (Prospective House-
hold study of SARS-CoV-2, Influenza and Respiratory Syn-
cytial virus community burden, Transmission dynamics and
viral interaction in South Africa, PHIRST-C, where “C” stands
for coronavirus disease 2019 (COVID-19), previously de-
scribed in (4)). We relied on the results of densely sampled
respiratory and serologic specimens testing from 222 house-
holds to model the Kinetics of viral shedding, transmission
dynamics among household members, and cross-protection
between successive variants circulating prior to the emer-
gence of Omicron. We used population-level models cali-
brated against data from these prospective cohorts and
surveillance efforts to clarify long-term patterns of immunity
acquisition, the impact of immune evasion, and future epi-
demic trajectories for SARS-CoV-2 in the aftermath of the
Omicron wave.

RESULTS

Overview of SARS-CoV-2 epidemiology in study sites

The PHIRST-C cohort captured the dynamics of three
waves of SARS-CoV-2 infections in a rural site and an urban
site located in two provinces of South Africa. In total, 1,200
individuals living in 222 randomly selected households were
enrolled and followed up twice a week for SARS-CoV-2 real-
time reverse transcription polymerase chain reaction (rRT-
PCR) testing and symptom monitoring, and blood draws
were obtained every 2 months for SARS-CoV-2 serologic tests.
Throughout the study, we used a broad measurement of prior
and ongoing infections including both serologic and virologic
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evidence, irrespective of symptoms. In Fig. 1A-B, we show the
weekly SARS-CoV-2 epidemic curves in the district where
each study site was located (20). Population vaccination
started in June 2021 in South Africa and the fraction of the
cohort population fully vaccinated remained below 10% at
the conclusion of the study in September 2021 (Fig. 1A-B).
Both Pfizer/BioNTech’s BNT162b2 and J&J/Janssen’s
Ad26.COV2.S vaccines are used in South Africa (fig. S1). We
did not evaluate vaccine effectiveness in this study and fo-
cused on protection conferred by prior SARS-CoV-2 infection.
However, we did consider the impact of vaccination in pro-
jections of the Omicron wave and post-Omicron future.

In the rural site, baseline enrollment visits started prior
to the peak of the first epidemic wave. The seroprevalence of
anti-SARS-CoV-2 nucleocapsid antibodies was 1.1% (5/445) at
enrollment, increased to 7.3% (42/574) after the first wave
(third blood draw), to 25.4% (151/595) after the second wave
(fifth blood draw), and reached 39.1% (227/581) around the
peak of the third wave (seventh blood draw). The timing and
individual results of the serological assay are visualized in
Fig. 1A. During the study period (July 2020 to August 2021),
50.9% (327/643) of individuals tested positive by rRT-PCR for
at least one infection episode. The cumulative infection rate
(confirmed by either a rRT-PCR or a serological test) was
59.7% (384/643) by the end of the study in the rural cohort.
In contrast, in the urban site, enrollment started near the
time of the peak of the first wave and SARS-CoV-2 seroprev-
alence was higher at enrollment (14.3%, 73/511), increased to
27.0% (143/530) after the first wave, to 40.3% (207/514) after
the second wave, and reached 55.7% (279/501) around the
peak of the third wave (see Fig. 1B for bi-monthly results).
During the study period, 53.1% (296/557) of participants
tested positive by rRT-PCR for at least one infection episode.
The cumulative infection rate (confirmed by either a rRT-PCR
or a serological test) was 69.4% (387/557) in the urban cohort
by the end of the study.

In total across both sites, we observed 669 rRT-PCR-
confirmed infection episodes, including 599/669 (89.5%) pri-
mary infections and 70/669 (9.5%) reinfections. The weekly
incidence of SARS-CoV-2 infections within each cohort (fig.
S2) matched the epidemic trajectory at the district level (Fig.
1A-B), except for a less pronounced third wave in the urban
cohort compared to the district. Lineage-specific rRT-PCR
and sequencing data revealed that 14.3% (96/669) of infec-
tions were D614G, 33.2% (222/669) were Beta, 44.1%
(295/669) were Delta, 2.7% (18/669) were other lineages in-
cluding Alpha and C.1.2 variants, and 5.7% (38/669) were in-
conclusive. Figure 1E-F shows the relative prevalence of
different lineages over time for the rural and urban site, re-
spectively (details in Materials and Methods Section 2.2).

Kinetics of viral RNA shedding.

To study the risk of infection and re-infection in the
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cohort and better understand acquisition of immunity before
the rise of Omicron, we first built a time-varying model that
captured the dynamics of viral RNA shedding for each indi-
vidual in the cohort, adjusted for host characteristics and var-
iant types. Household exposure depends on the degree of
viral shedding among household members; to obtain a corre-
late of shedding intensity, we used the serial Ct values of na-
sal swab specimens collected twice-weekly and tested for
SARS-CoV-2 using rRT-PCR. We considered Ct value of the
rRT-PCR test of a specimen as a proxy for the RNA shedding
intensity. We used the serial rRT-PCR test results to model
the shedding Kkinetics of SARS-CoV-2 infection episodes, fol-
lowing prior work (21, 22). To account for the potential role
of adaptive immunity in limiting transmission in the later
phases of infection, we allowed for different transmission
risks during the viral RNA proliferation stage (before peak
shedding) and the viral RNA clearance stage (after peak shed-
ding), with shedding increases and decreases assumed to fol-
lowing linear curves on the scale of Ct values. Because the
nasal swab sampling period ended on August 28, 2021,
around the peak of the Delta wave in both sites, we limited
our analysis to infection episodes with first positive PCR
specimen 30 days prior to the end of sampling to avoid cen-
soring bias.

Figure 2 A-C shows the RNA shedding Kinetics of the
D614G, Beta, and Delta variants respectively. All three vari-
ants had similar shedding kinetics characterized by a short
proliferation stage (Fig. 2D, median and interquartile range
(IQR) for D614G: 3.2 (2.1 - 4.0) days, Beta: 3.3 (2.2 - 4.3) days,
Delta: 3.1 (2.0 - 3.8) days) and a longer clearance stage (Fig.
2E, median and IQR for D614G: 7.4 (4.3 - 10.2) days, Beta: 7.5
(5.0 - 9.3) days, Delta: 8.0 (5.7 - 9.5) days). Symptomatic rates
among infection episodes were low across all variants, at 13%
for D614G, 16% for Beta, and 18% for Delta. The timing of
symptom onset coincided with the timing of peak viral shed-
ding, suggesting substantial shedding had already occurred
prior to symptom presentation. After adjusting for age, sex,
body mass index (BMI), and HIV infection status, sympto-
matic infections had a significantly lower trough Ct value
(peak shedding intensity, P < 0.05) than asymptomatic infec-
tions (Fig. 3A). The Beta variant’s trough Ct value was lower
than D614G, whereas Delta’s was the lowest among the three.
We also found that prior infection significantly reduced peak
shedding (P < 0.001) by 4.0 Ct (95% CI 2.1 - 5.8) and shedding
duration (P < 0.001) by 3.4 days (95% CI 2.0 - 4.7) upon rein-
fection (Fig. 3A-B).

The population of the PHIRST-C cohort had a high prev-
alence of HIV, 13% in the rural site and 16% in the urban site,
reflecting the burden of HIV infections in South Africa (Table
1). However, in this cohort, most (93.8%) persons living with
HIV (PLWH) had CD4+ T cell counts = 200 cells/ml (Table 1),
and they did not differ from HIV-uninfected individuals in
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terms of SARS-CoV-2 shedding (Fig. 3A-B).

Infection risk and protection against reinfection.

Reconstruction of the variant-specific shedding kinetics of
each infected individual allowed us not only to infer the tim-
ing of their infections, but also to evaluate the daily intensity
of exposure to SARS-CoV-2 within their households. We used
a piecewise exponential hazard model (Materials and Meth-
ods Section 2.5) to explore how variant type and prior infec-
tion history affect the risk of SARS-CoV-2 infection and
reinfection, after adjustment for time-varying SARS-CoV-2
exposure and host factors. We regressed the daily infection
risk of each individual on covariates including variant type,
time since prior SARS-CoV-2 infection, age (allowing for var-
iant-specific age patterns), sex, BMI, HIV infection status,
household size, crowding, study site, household exposures to
SARS-CoV-2, and community SARS-CoV-2 infection preva-
lence within the cohort. Household exposure intensity was
measured as the combined shedding intensity of all actively
infected household members (Materials and Methods Section
2.5). We found that the risk of acquiring infection increased
with household exposure intensity, with a stronger effect in
the proliferation than the clearance phase (Fig. 3C). A one-
unit increase in the household exposure intensity during the
proliferation stage led to a 103% (95% CI 76% - 136%) in-
crease in the hazard of infection, whereas a one-unit increase
in the clearance stage led to a 58% (95% CI 41% - 77%) in-
crease in the hazard of infection. Compared to D614G, we
found that infectiousness was highest for the Delta variant
followed by the Beta variant, after adjusting for household
and community exposure intensity, among other risk factors
(hazard ratio against D614G: Delta 1.96, 95% CI 1.27 - 3.05,
Beta 1.51, 95% CI 1.03 - 2.21). The difference between Delta
and Beta’s infectiousness was not statistically different (P >
0.05), with overlapping confidence intervals in their hazard
ratios. We found that prior infection provided durable pro-
tection against reinfection throughout the study period. Com-
pared to seronegative individuals, prior infection was 92%
(95% CI 84 - 96%) protective against reinfection for the first
3 months and decreased marginally to 87% (95% CI 78 - 92%)
after 9 months (Fig. 3C). Individuals older than 65 years were
significantly less affected (P<0.05) during the D614G wave
whereas children and adolescents aged 6 - 18 years were sig-
nificantly more affected (P<0.05) during the Delta wave (Fig.
3C). In addition, higher BMI (P < 0.01) and residing in an
urban setting (P<0.01) were independently associated with
increased risk of SARS-CoV-2 infection. We did not find sig-
nificant associations between SARS-CoV-2 infection risk and
sex, household size, HIV infection status or crowding (Fig.
30).

Projecting the Omicron wave and post-Omicron fu-
tures in PHIRST-C’s urban site.

The study cohorts provide estimates of the duration and
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degree of cross-protective immunity between SARS-CoV-2
variants predating Omicron, with evidence of persistence of
clinical protection beyond a year for these variants. Building
on these estimates, we used mathematical models to explore
a range of plausible scenarios compatible with the observed
transmission dynamics of the Omicron epidemic wave in
South Africa. Specifically, we explored how Omicron’s poten-
tial differences (relative to Delta) in infectivity, immune eva-
sion, and severity could shape the scale and severity of the
Omicron epidemic wave and the likelihood of recurrences of
SARS-CoV-2 outbreaks post-Omicron. We focused the analy-
sis on the study’s urban cohort, which was sampled from the
city of Klerksdorp in Dr Kenneth Kaunda Health District lo-
cated on a national transport route, and the population was
well-mixed with the district population.

We built and calibrated a transmission model to infer the
COVID-19 epidemic trajectory as the Omicron variant took
over and eventually replaced the Delta variant, and project
potential resurgences in the aftermath of Omicron. To briefly
summarize, we utilized PHIRST-C’s urban site data and dis-
trict-level SARS-CoV-2 surveillance information to recon-
struct SARS-CoV-2’s antigen exposure(s) history in this
population, considering infections and vaccinations through
time and until August 2021. We then built a variant-specific
transmission model to capture the declining phase of the
Delta wave after the end of the PHIRST-C study and infer the
population-level transmission rate during that time. Next, we
added a second strain to our model to account for Omicron’s
dynamics, with free parameters representing the relative in-
fectiousness of Omicron vs Delta (ratio of basic reproduction

Omicron Delta . .
numbers R; / Ry“™) , Omicron’s degree of immune eva-
sion against infection among individuals infected by prior

variants O, , and Omicron’s degree of immune evasion

against transmission given reinfection O O‘lm (with higher val-

i 1L T . .
ues of Fom (O-Om) indicating higher degrees of immune eva-

i tli _
sion, where Gom (O-Om) =0 corresponds to no evasion while
whereas Ton (O-to‘in ) =1 indicates 100% evasion, detailed in
Materials and Methods Section 4). We explored the parame-
ter space and initial conditions of Omicron’s introduction
and selected epidemic trajectories that were compatible with
the observed growth advantage of Omicron over Delta and
the peak timing of the Omicron wave - the two most reliable
epidemiologic observations during the Omicron epidemic.
We then evaluated Omicron’s possible epidemic trajectories
for the remaining parameters conditional on the observed
growth rate and peak timing. Lastly, we selected a reference
scenario that was most compatible with independent evi-
dence on the degree of Omicron’s immune evasion and
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projected the likelihood of resurgence by different variants.
Assuming that the Delta variant was in an exponentially
declining phase after week 35 of 2021 and that the Omicron
variant was growing exponentially until week 48 of 2021 in
the study urban district (20), we estimated that the daily
growth rate was -0.063 for Delta and 0.275 for Omicron,
which translated into a growth advantage of 0.338 per day
for Omicron over Delta (fig. S7). The Delta and Omicron
transmission models were calibrated to match their observed
growth rates during this period, respectively. In Fig. 4A, we
show the trade-off between the estimated ratio of basic repro-
duction numbers between Omicron and Delta

Omicron Delta . .
Ry™" | Ry“™ and different degrees of evasion of protec-

tion against infection O, and transmission O Alm . We as-

sumed mean intrinsic generation times of 5 and 4 days for
Delta and Omicron (23). We found that across the full range
of immune evasion parameters, Omicron had a higher basic
reproduction number than Delta. However, there was clear
compensation between immune evasion and intrinsic trans-
missibility: a higher degree of immune evasion would require
a lower basic reproduction number for the Omicron variant
to match the observed epidemic trajectory. We also found
that for all parameters explored, the Omicron epidemic led to
higher infection rates than prior epidemic waves, with the
most optimistic scenario resulting in an infection rate above
40%. We projected that Omicron’s infection rate positively
correlated with its immune-evasive property (Fig. 4B). Omi-
cron infections were expected to accumulate within a rela-
tively short period of time, with epidemic duration (measured
as 4 times the standard deviation of the onset dates of all in-
fections within the epidemic wave) projected to range from
31 - 37 days depending on the parameters. Notably, our
model projected that a large fraction of Omicron infections
(>40%) would be reinfections or vaccine breakthrough infec-
tions, with higher proportions observed for higher immune
evasion parameters (Fig. 4D). Furthermore, a low rate of clin-
ical cases was projected for Omicron, after controlling for the
number of infections due to this variant. The projected infec-
tion case ratio (ICR) for Omicron ranged from 0.4% to 0.9%
(Fig. 4E), much lower than the ICRs of 3.6%, 3.3%, and 9.4%
estimated for the D614G, Beta, and Delta waves (table S2). In
sensitivity analyses (fig. S9), we further explored the impact
of Omicron mean generation times ranging from 3-6 days
24).

To estimate the immune footprint of the Omicron wave
and project a post-Omicron future, we considered a reference
scenario for Omicron’s immune evasion characteristics,
guided by independent data. We set the degrees of evasion of

protection against infection 0, =0.7 and transmission

i

Oom = 0.2, corresponding to a drop in protection against
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infection from 88% for pre-Omicron variants (Fig. 2J) to 47%
for Omicron (17, 25), and a drop in protection against trans-
mission from 60% (26) to 52%, reflecting weak immune eva-
sion on onward transmission (I8). Under this scenario, the
estimated ratio of Omicron vs. Delta’s basic reproduction

Omicron Delta . .
number R; / Ry“™ was 2.4, the infection rate was 69%,

the epidemic lasted 32 days, and the fraction of reinfections
and vaccine breakthroughs was 68% (Fig. 4A-D, white dot).
In Fig. 4F, we visualized the observed incidence of reported
SARS-CoV-2 cases in all four epidemic waves in the study dis-
trict and report the reconstructed infection time series and
population-level history of SARS-CoV-2 antigen exposures.
We found variable degrees of under-reporting depending on
the SARS-Cov-2 variant, with infection case ratio (ICR) of
3.6% (95% CI 3.4 - 3.8%) for D614G, 3.3% (95%CI 3.0 - 3.6%)
for Beta, 9.4% (95%CI 8.7 - 10.2%) for Delta (table S2), and
0.5% for Omicron’s reference scenario projection (Fig. 4E).
Findings for the D614G and Beta wave in agreement with pre-
vious findings (27). For the reference scenario, more than
90% of the population was projected to have been infected
with one or more SARS-CoV-2 variants by the end of the Omi-
cron wave (Fig. 4F). In particular, we estimated that 22.5% of
the population would have seen Omicron as their first SARS-
CoV-2 exposure, 16.8% would have been exposed to a pre-
Omicron variant and this would remain their only SARS-CoV-
2 exposure, and 45.7% would have experienced Omicron re-
infections or vaccine breakthrough infections. In a sensitivity

analysis (fig. S5), we further explored a high immune escape

i

scenario where o, =0.9 and o, =0.9 and a low im-

. ] tli
mune escape scenario where o, =0.1 and o, =0.1.

Comparing to the reference scenario, the high immune es-
cape scenario corresponded to a more moderate increase in
transmissibility (basic reproduction number 1.5 times of the
Delta variant, Fig. 4A), a higher infection attack rate (81%,
Fig. 4B), and a larger proportion of reinfections (72%, Fig.
4D). In contrast, the low immune escape scenario corre-
sponded to a substantial increase in transmissibility (basic
reproduction number 3.5 times of the Delta variant, Fig. 4A),
a lower infection attack rate (44%, Fig. 4B), and a smaller
proportion of reinfections (49%, Fig. 4D). The epidemic tra-
jectories and build-up of population immunity for the low
and high immune escape scenarios are reported in fig. S5A
and S5B respectively.

Because the Omicron variant is antigenically distinct from
all previously circulating variants in South Africa (14, 15, 28),
the degree of immunity conferred by Omicron’s primary and
breakthrough infections/reinfections against itself, other cir-
culating variants, and new variants is a key determinant for
the likelihood of SARS-CoV-2 resurgence (29, 30). To study
the post-Omicron phase, we explored how different exposure
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histories could confer different levels of protection against
infection with homologous and heterologous variants. Ac-
cordingly, in our model, protection varied both with the var-
iant that conferred immunity (either through infection or
vaccine) and the hypothetical variant circulating in the post-
Omicron future. Protection was expressed as relative risk

compared to naive individuals (where RR' =1 indicates no

protection while RR' =0 indicates perfect protection). For
simplicity, we assumed that protection against transmission

remained constant at 60% ( RR"" =0.4 (26)). We assessed the
risk of future recurrences of different SARS-CoV-2 variants
after the initial Omicron wave had subsided, assuming possi-
ble changes in contacts to account for erosion in adherence
to SARS-CoV-2 interventions over time (models detailed in
Materials and Methods Section 5).

Even at the contact rate estimated during the Delta wave,
the extent of population immunity would not be able to pre-
vent a recuring Omicron epidemic unless past Omicron infec-
tion conferred high and durable protection against itself (fig.
S10A). If contact rates increased 100% relative to current
rates, a return of the Omicron variant would likely cause out-
breaks irrespective of the protection afforded by prior Omi-
cron infections (where outbreak conditions are defined as
growth rate larger than zero, fig. S1I0B). A 100% increase in
contacts may be plausible given the estimated transmission
reduction in South Africa at the end of 2021, which reflects
the combined effect of population behavior and seasonality
(Materials and Methods Section 4.5 and table S5). In contrast,
if contact rates were to remain the same as those observed
during the Delta wave, the Delta variant would be unlikely to
return and cause outbreaks across all ranges of Omicron-spe-
cific immunity assumptions against Delta (fig. S10C). With
100% higher contact rates, some scenarios favored a re-emer-
gence of Delta if immunity induced by Omicron did not pro-
tect well against Delta (fig. SI0D). We also explored scenarios
involving a hypothetical new variant X with the same basic
reproduction number and generation time as the Delta vari-
ant, and at equal antigenic distance from Omicron and pre-
Omicron variants. Accordingly, the relative risk of reinfection
with variant X was assumed to be the same irrespective of
whether an individual was primed with pre-Omicron or Omi-
cron antigens. With an increased contact rate compared to
Delta (fig. S10D), we found more opportunities for variant X
to cause recuring epidemic waves in the explored ranges of
parameters, primarily by escaping immunity conferred by
pre-Omicron variants (fig. S1I0E). Emerging variants with
such antigenic features need to be closely monitored in the
future. On the other hand, if heterologous prime and boost
infections (accounting for 45.7% of the population, Fig. 4F)
were found to elicit broadly protective antibodies and confer
high cross-protection against variant X, only a small
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parameter space would be favorable to variant X epidemics
(fig. S10E). Given that a large fraction of the world’s popula-
tion has been primed by vaccination or infection with pre-
Omicron antigens, it is important to understand how heter-
ologous boosting by Omicron may broaden the immune rep-
ertoire, and how this could translate into clinical protection
against different antigenic variants.

DISCUSSION

For a period of 13 months, the PHIRST-C study carefully
monitored SARS-CoV-2 infections in 222 households at a ru-
ral and an urban site in South Africa. These data provide a
unique opportunity to characterize variant-specific shedding
kinetics, transmission dynamics within the household, and
the degree of immune protection conferred by prior infection
before the Omicron surge. Longitudinal rRT-PCR data avail-
able for each infection episode at roughly 3-day resolution al-
lowed for reconstruction of the intensity of SARS-CoV-2
exposures exerted on each household member based on Ct
values. We found that individuals were more infectious in the
RNA proliferation than clearance stage. Prior to the emer-
gence of Omicron, substantial population immunity had ac-
cumulated through prior infection, with high and durable
protection against symptomatic and asymptomatic reinfec-
tion, in line with prior findings (31, 32). These detailed cohort
data allowed us to project the full scope of the Omicron epi-
demic and assess possible futures. Overall, even with a high
degree of immunity post the Omicron wave (with over 90%
of the population previously exposed to SARS-CoV-2 anti-
gens), recurrence of past or antigenically novel variants is
plausible, especially if post-Omicron behavioral changes in-
crease contacts.

The disease burden of future SARS-CoV-2 epidemic waves
depends on the intrinsic severity of the variants themselves
as well as the degree of protection conferred by pre-existing
immunity (33). Current evidence suggests that although Omi-
cron is able to evade immunity against infection to a signifi-
cant degree, protection against severe outcomes remains high
(17, 34, 35). Our model’s projections also suggest a low clinical
burden of Omicron, with a greater than 10-fold reduction in
infection case ratio relative to prior waves. If existing immun-
ity can sustain protection against severe outcomes over long
timescales, the disease burden of future epidemic waves
would be attenuated even if infections were widespread.
However, if protection against severe outcomes waned over
time, vaccine boosting would likely be needed to compensate
for loss of protection.

As the PHIRST-C sampling scheme was not symptom-
driven, it allowed us to capture shedding kinetics in both
symptomatic and asymptomatic individuals. We observed
that most infections 86.8% (581/669) were asymptomatic, but
asymptomatically infected individuals transmitted the virus
within their households. For context, in the South African
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winter seasons of 2017-2018, approximately half of the influ-
enza infections within the PHIRST-C cohorts were asympto-
matic (36). The transmission potential of asymptomatic or
pre-symptomatic SARS-CoV-2 infections identified in our
study is in sharp contrast with SARS-CoV-1, where most
transmission occurs after symptom onset (37). It is also worth
noting in our cohort data, prior infections, whether sympto-
matic or not, conferred durable protection against reinfec-
tion. We found that the shedding Kkinetics of SARS-CoV-2
were characterized by a rapid RNA proliferation stage until
peak viral load, followed by a more gradual RNA clearance
stage. The median duration of rRT-PCR positivity lasted 10.5
days (IQR 6.3 - 14.0 days) with median peak Ct = 23.1 (IQR
20.0 - 27.2), in agreement with other high-frequency sam-
pling studies (21, 22). Reinfections had shorter durations of
rRT-PCR positivity and lower shedding peaks compared to
primary infections, which would be expected to decrease the
probability of onward transmission. Our findings align with
reports of reduction in viral shedding among vaccine break-
throughs relative to primary infections, prior to the occur-
rence of the Omicron variant (38-41). We observed variation
in infectiousness through the course of infection, after adjust-
ing for Ct values, whereby an individual in the proliferation
stage tends to be more infectious than one in the clearance
stage. The post-peak decline in infectiousness coincides with
the onset of adaptive immune responses that work to sup-
press the on-going infection (42). The observed decline in in-
fectiousness in the RNA clearance stage also could be due to
neutralization of some viral particles by antibodies, preclud-
ing productive transmission.

The peak of COVID-19 hospitalizations during the Omi-
cron wave was lower than that during the Delta wave in
South Africa (43), despite our model projecting a much
higher infection rate for Omicron than Delta. This is compat-
ible, however, with some lines of evidence suggesting a lower
severity of the Omicron variant in naive individuals, com-
bined with robust infection and vaccine-induced immunity
against severe Omicron disease (17, 44). However, it is im-
portant to stress that, in South Africa, immunity accumulated
prior to the Omicron wave was mostly through prior infec-
tions due to a delayed start and slow rollout of the vaccine
campaign (45). As a result, the proportion of the population
infected by pre-Omicron variants was substantially higher in
South Africa than in countries that experienced faster vaccine
rollout or effective mitigation strategies.

Our study has several limitations. First, our findings about
the persistence of infection-induced immunity are based on
a 13-month study. The duration and quality of protective im-
munity over longer timescales remain open questions. Recent
studies have found that antibody responses improve over
time through affinity maturation (46, 47) and that long-lived
plasma cells can be identified in the bone marrow at least one
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year after infection, suggesting that immunity conferred by
infection or vaccination could be potent and durable against
non-immune evasive variants (48). Persistent germinal cen-
ter responses and durable T cell memory have also been ob-
served among vaccine recipients (49-5I). However, how the
protection holds up against immune-evasive variant such as
Omicron remains an outstanding question. Unfortunately,
the PHIRST-C cohorts did not cover the Omicron wave, thus
we could not directly measure immune protection at the in-
dividual level and relied on modelling of population-level dy-
namics. Post-Omicron serologic surveys following up the
cohort population could provide deeper insight into the full
impact of the Omicron wave. In our projections of SARS-CoV-
2 resurgences, we did not consider waning explicitly because
our cohort data did not support pronounced waning of infec-
tion-induced immunity. Accordingly, our projections are
most relevant to short time scales, in the order of a few
months. We however found that resurgences are likely even
over short time horizons. A second limitation relates to
missed infection episodes, despite frequent rRT-PCR testing.
In total, 21% (303407 person-days/1472400 person days) of
the total person-days of observation were excluded from the
regression during the entire study period due to missing na-
sal swab visits, missing serologic status, or experiencing an
active infection episode. For example, 14% (90/639) of indi-
viduals who seroconverted during the study lacked rRT-PCR
confirmation of active infections (that is, their first serologic
test was negative, but they seroconverted later). This could
possibly be due to delayed seroconversion from infection ep-
isodes occurring prior to the first nasal specimen, infection
episodes that occurred during missed routine household vis-
its, a shorter duration of rRT-PCR positivity than the interval
between consecutive nasal swabbing (3 days), false positives
in serology test results, or false negatives of the rRT-PCR as-
say specimen (due to specimen quality issues or detection
limit of the rRT-PCR). A third limitation relates to the sim-
plicity of the contact structure in our transmission models.
Projections of the trajectories of Delta, Omicron, and hypo-
thetical variant X did not address heterogeneity due to age-
specific susceptibility, transmissibility, and contact patterns.
Nor did we consider individual variation in infection and vac-
cine-derived protection. Heterogeneity in mixing patterns
and immune protection could lead to a lower infection rate
when compared to homogeneous models with the same basic
reproduction number (52, 53), thus the size of the Omicron
epidemic could be inflated in our projections. In addition, our
size projections could be inflated if the Omicron’s serial in-
terval was shorter (corresponding to a lower basic reproduc-
tion number) than that the range of values explored.
Population surveys on active infections during the Omicron
wave as well as paired-sera surveys before and after the Omi-
cron wave will be necessary to confirm the true scale of the
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Omicron epidemic.

In conclusion, our study provides an in-depth analysis of
the Kkinetics of viral shedding, transmission dynamics, and
persistence of immunity conferred by sequential exposures to
different SARS-CoV-2 variants, and how these factors contrib-
ute to shaping the Omicron and post-Omicron phases. We
found durable cross-protective immunity conferred by prior
infection against pre-Omicron variants. However, Omicron
successfully breached population immunity due to a combi-
nation immune escape and increased transmissibility, rein-
fecting a large fraction of the population and leaving a
complex immune landscape in its aftermath. With increasing
contacts as the Omicron wave subsides, several possible sce-
narios for SARS-CoV-2 recurrences are possible, involving
both old and hypothetical new variants. Further work on how
immunity may strengthen and broaden upon sequential ex-
posures with different variants and vaccination episodes will
be important to clarify the next phase of the pandemic.

MATERIALS AND METHODS

Study design: We conducted a prospective household co-
hort study of SARS-CoV-2 transmission at an urban and a ru-
ral site in South Africa from July 2020 to August 2021 (4). The
rural site was in Agincourt, a rural community in Mpuma-
langa Province, which has been a longstanding health and
socio-demographic surveillance system. The urban site was in
Klerksdorp, an urban community located in the North West
Province. This study was built upon the larger multi-year Pro-
spective Household cohort study of Influenza, Respiratory
Syncytial virus and other respiratory pathogens community
burden and Transmission dynamics (PHIRST), which was
conducted from 2016 to 2018 to monitor transmission of res-
piratory pathogens (54). The study was repurposed for SARS-
CoV-2 during the pandemic. To study infection and reinfec-
tion with SARS-CoV-2, a total of 222 households (114 in the
rural site and 108 in the urban site) with at least 3 household
members were enrolled between July 2020 and August 2021,
consisting of 638 and 557 participants in the rural and urban
site, respectively. In the rural site, we first approached house-
holds from the 2017 and 2018 cohorts, and in the urban site,
those from the 2016, 2017, and 2018 cohorts. To supplement
the sample size of the cohorts, we enrolled additional house-
holds at each site using the same methods as for the initial
PHIRST study. Baseline demographic factors and infor-
mation on underlying medical conditions were collected at
enrollment (Table 1). Throughout the study period, house-
hold members were visited twice a week by study nurses and
trained lay field workers for collection of biological and clin-
ical data. At each visit, upper respiratory tract specimens
were collected using mid-turbinate nasal swabs, irrespective
of symptom presentation. Data on symptoms, healthcare
seeking behavior, hospitalization, and death were captured at
each follow up visit on a REDCap tablet-based real-time
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database. Respiratory specimens were tested by rRT-PCR for
SARS-CoV-2. The lineage of positive rRT-PCR specimens was
determined by variant-specific rRT-PCR assay. Sera were col-
lected at enrollment and approximately every 2 months dur-
ing the 11-month follow-up period from all participants (see
Fig. 1 for timeline) and tested for the presence of SARS-CoV-
2 antibodies.

Ethics statement: The PHIRST-C protocol was approved
by the University of Witwatersrand Human Research Ethics
Committee (Reference 150808) and the U.S. Centers for Dis-
ease Control and Prevention’s Institutional Review Board re-
lied on the local review (#6840). The protocol was registered
on clinicaltrials.gov on 6 August 2015 and updated on 30 De-
cember 2020
(https://clinicaltrials.gov/ct2/show/NCT02519803). Partici-
pants received grocery store vouchers of ZAR50 (USD 3) per
visit to compensate for time required for specimen collection
and interview.

Statistical analysis: For regression analyses of SARS-
CoV-2 viral RNA peak shedding, we fitted a generalized linear
model with gamma distributed error and identity link func-
tion, with two-tailed z-test used to determine statistical sig-
nificance. For regression analyses of SARS-CoV-2 viral RNA
shedding duration, we fitted a linear regression model to the
data. The fitted model passed both homoscedasticity and nor-
mality tests, with two-tailed ¢ test used to determine statisti-
cal significance. For regression analyses of risk factors for
SARS-CoV-2 infection and re-infection, we used mixed-effects
Poisson regression (Materials and Methods Section 2.5), and
two-tailed z-tests to determine statistical significance. We
also present a sensitivity analysis of risk factors associated
with SARS-CoV-2 infection using mixed-effects logistic re-
gression (Materials and Methods Section 2.5), with two-tailed
z-tests to determine statistical significance. P<0.05 was con-
sidered significant. All regression analysis were performed
using R package Ime4 version 1.1-27.1 under R version 4.1.2.

Details on the SARS-CoV-2 transmission models and cali-
bration procedures to project the trajectory of the Omicron
and post-Omicron waves can be found in Materials and Meth-
ods Section 3-5.
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Fig. 1. PHIRST-C study June 2020 — September 2021, description of the epidemiology of SARS-CoV-
2inthe two study sites, along with serology and rRT-PCR data. (A-B) Dots in different colors represent
the timing and the readouts (axis on the left) of Roche Elecsys Anti-SARS-CoV-2 assay of serum
specimens collected from 4 different blood draws of the rural cohort. The dash line is the positive cutoff
of the Roche Elecsys Anti-SARS-CoV-2 assay, above which a specimen is considered sero-positive. The
red lines (from light to dark) are the cumulative SARS-CoV-2 variant exposures (axis on the right) over
time, captured by positive rRT-PCR of mid-turbinate nasal swab samples only; by either positive serum
antibody or positive mid-turbinate nasal swabs by rRT-PCR, and by either positive serum antibody or
positive mid-turbinate nasal swabs by rRT-PCR or at least one dose of vaccine. The light and dark blue
lines are the cumulative fraction of population receiving a 1%t and 2™ dose of vaccine. The grey bars are
the weekly SARS-CoV-2 incidence per 40,000 population (sharing the same axis on the right) captured
by the surveillance system of Ehlanzeni District in Mpumalanga Province, where the rural site is located.
(B) Same as (A) but for the urban site of Klerksdorp in the Dr Kenneth Kaunda District, North West
Province. (C-D) rRT-PCR test results for all mid-turbinate nasal specimens collected from individuals in
the rural (C) or urban (D) cohort over 80 visits during the 13-month study period. Color white indicates
missing specimens; color red indicates the Ct value of the rRT-PCR test, the darker the red color, the
lower the Ct value. (E-F) The bi-monthly relative prevalence of D614G mutation, Beta, Delta, and other
variants over time at the rural (E) or urban (F) site.
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Fig. 2. SARS-CoV-2 shedding patterns by D614G, Beta, and Delta variants. (A-C)
Characterization of the RNA shedding kinetics for D614G (A), Beta (B), and Delta (C) infections.
The solid dots are longitudinal Ct values observation for each infection episode, alighed based on
the estimated timing of trough Ct. The solid line is the population median of all individual fits, the
dark shade is the interquartile range, and the light shade is the 95% confidence interval. Dashed
vertical line indicate the timing of peak viral load. The square marker and the horizontal line indicate
the median time and interquartile range of symptom onset for symptomatic infections. We also
reported the fraction of symptomatic infections among all infections (symptomatic rate) for each
variant. (D-G) Distribution of the estimated duration of viral RNA proliferation (D), viral RNA
clearance (E), full duration (proliferation stage + clearance stage) of rRT-PCR positivity (F), and
distribution of the estimated trough Ct (G) for D614G, Beta, and Delta variants. Boxplots show
median, interquartile range, minimum and maximum of the distribution.
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Fig. 3. rivers of SARS-CoV-2 peak shedding, shedding duration, and risk factors associated with SASR-
CoV-2 infection. (A) The association between peak shedding (trough Ct) and age, sex BMI, HIV infection
status, symptom presentation, variant type, and prior infection history, based on Gaussian multiple
regression. Regression coefficients along with 95%Cls are reported as solid dots and horizontal lines relative
tothe value of the regression intercept. The hollow dots are reference class for each of the categorical variable.
(B) Same as (A) but for shedding duration. (C) Piecewise exponential hazard model on risk factors associated
with infection acquisition. Hazard ratios (HR) along with 95%Cls are reported as solid dots and horizontal
lines. The hollow dots are reference class for each of the categorical variable. Protection is measured as

1= HR  * p<0.05; ** p<0.01; *** p < 0.001 based on t test (A-B) and z-test (C). Abbreviations: HIV- (HIV-
uninfected individuals), PLWH+ CD4 <200 (Persons living with HIV, CD4+ T cell count under 200 cells/ml),
PLWH+ CD4 >=200 (Persons living with HIV, CD4+ T cell count equal or above 200 cells/ml).
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Fig. 4. Modelling the plausible epidemic trajectories of the SARS-CoV-2 Omicron wave in the urban site district.
(A) Phase diagram of estimated reproduction number ratio between Omicron and Delta (Rf"”""" /RODEI“’ )as a

function of immune escape parameters ( 0}, =escape on infection) and UA’m (escape on transmission reduction

conditional on infection). Parameters shown are those that matched the observed growth advantage of Omicron
over Delta and the timing of the Omicron peak in the urban district of the PHIRST-C study. (B-E) Phase diagram of
the infection rate of the Omicron wave (B), epidemic duration (C), the fraction of reinfections (D), and the infection

case ratio (ICR) (E) of the Omicron wave as a function of &, and .. and the corresponding RS™”" / RV in

m

(A). In (A)-(E), white dots marks three specific scenarios including a reference scenario (RS) with Gf)m =0.7 and
Gg;, =0.2 alowimmune escape scenario (LE) with Gém =0.1 and agin =0.1, and a high immune escape scenario

(HE) with Ugm =0.9 and UtO‘im =0.9. (F) For the reference scenario (dot in the middle), reconstruction of infection

time series and exposure histories by variant are shown. Top panel y axis upwards: Weekly incidence per 10,000
individuals of SARS-CoV-2 cases reported to the District till January 2022, in the period before Omicron (dark blue
bars) and during Omicron (dark red bars). Top panel y axis downwards: Weekly incidence per 100 individuals of
SARS-CoV-2 infections reconstructed based on PHRIST-C data (prior to September 2021) and estimated using
Delta/Omicron-specific transmission models from September 2021 to the end of the Omicron wave at the end of
January 2022. Pre-Omicron infections are in light blue and Omicron infections are in light red. For the top panel,
the y axis upwards and downwards have different scales (by a factor of 100). Insert panel: the prevalence of the
population with specific SARS-CoV-2 antigen exposure histories. Legend abbreviations: D614G: individuals who
only experienced one D614G infection; Beta: individuals who only experienced one Beta infection; Delta: individuals
who only experienced one Delta infection; Omicron: individuals who only experienced one Omicron infection;
Others: individuals who only experienced one SARS-CoV-2 infection with genotype other than the D614G, Beta,
Delta and Omicron variants; Vacc: individuals who had received at least one dose of vaccines but had not yet been
infected by SARS-CoV-2; Vacc-Omicron: individuals who were vaccinated first then infected by Omicron; D614G-
Omicron: individuals who were first infected by D614G then infected by Omicron; Beta-Omicron: individuals who
were infected by Beta first then infected by Omicron; Delta-Omicron: individuals who were infected by Delta first
then infected by Omicron; Others-Omicron: individuals who were infected by a variant other than D614G, Beta,
Delta and Omicron first then infected by Omicron; Repeat exposures: individuals who were exposed to SARS-CoV-
2 antigens more than once (through vaccination or infection) without Omicron infection; Repeat exposures-
Omicron: individuals who were exposed to SARS-CoV-2 antigens more than twice (through vaccination or
infection) then infected by Omicron.
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Table 1: PHIRST-C study June 2020 - August 2021, characteristics of the population and SARS-CoV-2
infections at two study sites, South Africa. *PLWH: persons living with HIV

Rural Urban
Characteristics No. (%) No. (%)
All 643 (100) 557 (100)
Age group, in years
0-5 99 (15) 55 (10)
6-18 299 (47) 211 (38)
19-65 218 (34) 260 (47)
>65 27 (4) 31 (5)
Sex
Male 234 (36) 249 (45)
Female 409 (64) 308 (55)
Household size
<4 44 (7) 62 (11)
4-6 282 (44) 296 (53)
7-10 257 (40) 141 (25)
>10 60 (9) 58 (10)
BMI1
Underweight 259 (40) 140 (25)
Healthy weight 206 (32) 192 (35)
Overweight 93 (14) 103 (18)
Obesity 85 (13) 120 (22)
Unknown 0 (0) 2 (0)
HIV status
Negative 520 (81) 451 (81)
PLWH?*: CD4 < 200 5@) 9(2)
PLWH?*: CD4 =200 75 (12) 78 (14)
Unknown 43 (7) 19 (3)
Vaccination status
None 593 (92) 488 (88)
J&J 12 (2) 9(2)
Pfizer first dose only 27 (4) 32 (6)
Pfizer first and second doses 11 (2) 28 (5)
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