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Abstract
Vaccines against seasonal infections like influenza offer a recurring testbed, encompassing

challenges in design, implementation, and uptake to combat a both familiar and ever-shifting
threat. One of the pervading mysteries of influenza epidemiology is what causes the distinctive
seasonal outbreak pattern. Proposed theories each suggesting different paths forwards in being
able to tailor precision vaccines and/or deploy them most effectively. One of the greatest
challenges in contrasting and supporting these theories is, of course, that'there is no means by
which to actually test them. In this communication we revisit theories and.explore how the
ongoing COVID-19 pandemic might provide a unique opportunity to-better understand the
global circulation of respiratory infections. We discuss how.vaccine strategies may be targeted
and improved by both isolating drivers and understanding.the immunological consequences of
seasonality, and how these insights about influenza vaccines may generalize to vaccines for other
seasonal respiratory infections.

Keywords: Covid-19, influenza, influenza seasonality, vaccines, respiratory disease
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Text

One of the pervading mysteries of infectious disease epidemiology is what causes influenza’s
distinctive seasonal outbreak pattern [1, 2]. For a disease that annually impacts so much of the
globe, it is striking that we still do not fully understand the drivers of dominant dynamics. There
is no shortage of theories proposed and rigorously explored for what factors could yield the
world’s various experiences of “flu season” (e.g., [3-17] among many others), but still, no one
theory, or set of theories, have been undeniably demonstrated to be responsible for the full
complexity of observed dynamics. Tailoring precision vaccination.campaigns may critically

depend on correctly identifying these drivers.

In 2007, we wrote a review of the dominant theories that.each, independently attempted to
explain influenza seasonality, highlighting the.complexity of the problem, the broad categories
into which the proposed theories fell, and reviewing the weaknesses or gaps in the available
support for each [1]. One of the greatest challenges in finding support for any of the theories is,
of course, that there is no means by which to actually test them; evidence comes in only two
possible forms: correlation.of prediction with observed trends and real-world contrasting

scenarios that allow direct exploration of controlled alternatives.

Consistent correlation of prediction with observed trends is the most common and accessible
form of evidence. While laboratory experiments can also support some critical features (e.g.,
duration of viable virus on surfaces outside of hosts under varying environments), whether or not
these features are actually the important variables in “the wild” is nearly impossible to
determine. Controlled experiments can determine the viability of each as a valid hypothesis but
cannot confirm the actual role in real-world dynamics, especially when in contrast/combination

with the potential varying influence of each other proposed hypothesis. Of course, the reality is
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that no one proposed theory (or even category of theories) is likely the sole responsible factor for
real-world patterns, meaning that the question is not only “which of these potential factors have
meaningful impact on patterns of influenza in populations”, but also “which combinations of
these factors have meaningful impact, and are there thresholds in conditions that shift the relative
contribution of those impacts over time and circumstance”. These differences may have
profound implications for the success of vaccination strategies. Despite thewubiquity of influenza
in human populations worldwide, these are not trivial challenges to meet, and active
investigations continue, having truly altered the landscape of accepted theories only minimally

since our review from 14 years ago.

The second, much rarer, form of evidence comes.from accidental, natural experiments that
perturb critical facets of the hypothesized drivers of influenza’s epidemiological outcomes.
During 2020, COVID-19 accidentally perturbed many of the underlying features of the
epidemiological landscape that fosters transmissible respiratory infections and, predictably,
completely upended the usual patterns observed for influenza [18, 19]. The global pandemic of a
different infectious agent may therefore provide a rare and significant opportunity for otherwise-
impossible insight into the age-old question of influenza seasonality. However, this opportunity
is itself not without'challenges. We actually have an embarrassment of riches among the facets of
the natural' world that have been perturbed under COVID-19 and might therefore have all
impacted influenza. The global pandemic, and efforts to mitigate its impact, have spilled across
nearly every category of hypothesized driver for influenza seasonality, disrupting critical
elements of the basic ecology of influenza itself, altering the medical landscape within which

nosocomial exposure, diagnosis, and treatment are effected, and fundamentally altering the
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behavioral (and thereby physical) systems of human contact (both direct and indirect) by which

influenza might be transmitted from one person to another.

While many epidemiologists braced for an anticipated “twindemic” in 2020, in which both
seasonal influenza and COVID-19 would co-circulate, wreaking havoc beyond any previously
seen [20, 21], the 2020 “flu season” was nearly non-existent [19]. Global case.incidence for
influenza barely maintained the annual expected nadir in seasonal patterns for-most regions, even
while cases of COVID-19 skyrocketed in many regions [22]. Thereare, of course, a myriad of
potential reasons for the fortunate avoidance of the twindemic devastation in 2020. One potential
theory is that interventions meant to target the spread of COVID-19, while insufficient to truly
mitigate the spread of the coronavirus, were sufficient touinterrupt transmission of influenza.
Perhaps influenza simply cannot transmit effectively while a large percentage of a population are
social distancing, disinfecting surfaces, washing their hands, and covering their faces with
masks. This might itself be due to differences in viral shedding, dose/response curves needed to
enable effective transmission, or viability of extra-host virions. This set of possible interruptions
to transmission is certainly possible, however, it is also not at all the only potential explanation.
Perhaps instead so many people were simultaneously exposed to COVID-19 during what is
traditionally the season for influenza to circulate most widely that anyone who would have been
exposed toinfluenza had also recently been exposed to (a potentially sub-transmissible dose of)
COVID-19, and as a result had silently upregulated innate immune responses that increased
protection against infection from low-dose exposure to any respiratory infection. Perhaps many
of the people who would have been sufficiently sickened by infection from influenza to seek and
receive a diagnosis were also those who were most susceptible to COVID-19 and were therefore

removed from the population (either for medical attention or else due to death) before they could
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be the driving spreaders of the expected seasonal influenza epidemic. Or those who would in
previous years likely have sought medical attention for flu-like symptoms instead either reported
for COVID-19 tests and, upon receiving negative results, simply never followed up with further
testing, or avoided the healthcare system entirely (whether out of fear of a COVID-19 diagnosis,

or out of fear of being exposed to COVID-19 due to seeking medical attention).

Of course, the answer is likely a messy combination of some set of these-Critically, however,
some of the existing theories for influenza seasonality make slightly different predictions for
what should happen to seasonal influenza now and how precision. vaccination might respond to
curtail influenza risks from now on. Will the coming years’ outbreaks be more severe because
fewer people have recently endured infection from related strains? Will shifts in internal HVAC
patterns in indoors airflow and filtering permanently alter the landscape of seasonal exposure to
influenza? COVID-19, while complicated and-overwhelming to interpret, offers us a new and
exciting lens through which to study the drivers of influenza. We therefore exploit this
opportunity to return to each.of the available theories about the why and how of seasonal
influenza, to dissect what the natural experiment COVID-19 provided can (and cannot), tell us
about each of them, and to guide how precision influenza vaccination strategies may respond to
this understanding going forward.

Reviewing the theories:

Broadly, the proposed mechanisms behind influenza seasonality can be divided into four
categories as relates to the COVID-19 pandemic: (1) Those which suggest influenza seasonality
should be reinforced by the measures taken against COVID-19, (2) Those which suggest it
should be disrupted, (3) Those which are COVID-19 neutral, and the most troublesome category,

(4) Those for which the answer depends on the specific scale or manner of proposed effect. We
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here consider each of these cases, which theories fall into each, what each mechanism would
have predicted for influenza during the 2020 absent season, and what would be predicted for the
2021 influenza season and beyond, were these to be the sole driving factors underlying the

usually observed patterns.

As each of these proposed mechanisms was carefully presented and reviewed.in our initial paper
[1], we rely on those descriptions and do not repeat that comprehensive explanation of each
theory here.

1) Reinforcing:

Seasonal host physiology - The only proposed mechanisms.for seasonality in influenza that

should have been reinforced during the progression and.response to COVID-19 should have been
those related to seasonal physiological changes in host health and capability to respond to viral
challenge (e.g., due to reduction in Vitamin D levels, etc.). Since social distancing and lockdown
measures in the late-Spring and Summer of 2020 vastly curtailed outdoor gatherings and
activities [23], expected levels of Vitamin D in many populations should have been lower than in
other years duringsummer and autumn months. Further, food insecurity from the economic
impacts of COVID-19 likely compromised levels of other micronutrients relevant to immune
function. It is therefore difficult to argue that the population entered what should have been the
2020/2021 influenza season well-equipped to fend off the virus. Indeed, seasonal host health has
been-proposed as one mechanism to explain the rise in COVID-19 cases in many areas in the
Fall and Winter of 2020 (e.g., [24]) — if this were the only source of influenza seasonality, this
mechanism would have predicted a correspondingly severe (and perhaps early) influenza season,

which did not materialize.
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Predictions Testing this Hypothesis: Reinforcement mechanisms are therefore unlikely to be the

operating drivers of influenza. However, if they in fact are, 2021 and beyond should bring a
pattern of influenza infection that is at least consistent with average, non-COVID-19 years (since
season-based drivers of health will continue). In this case, precision targeting of vaccination
should focus on correlates of seasonal host health, rather than any operative dynamic for
influenza itself. It may easily be the case that the same factors that make individuals more
susceptible infection also decrease immunological response to vaccination. Individuals should
then ideally be inoculated earlier in the season than exposure by itself might warrant, so long as
the duration of protection was sufficient to span the physiological hardships of Fall and Winter
seasons.

2) Disruptive:

Alternatively to mechanisms that would have been enhanced by the COVID-19 epidemic, those
that would have been disrupted by the non-pharmaceutical interventions (NPIs) put in place to
control COVID-19 are perhaps-the easiest to defend considering the observed impact on
influenza seasonality— though matching the dynamics one would expect under the circumstances

is far from definitive proof.

Global travel patterns - The seasonal dissemination of influenza via the air travel network is

perhaps the most obvious mechanism to be disrupted by the COVID-19 epidemic. A broad series
of travel bans were put into effect early in the epidemic, and traveler throughput through TSA
checkpoints, one measure of air traffic patterns, dropped precipitously [25] (Figure 1). This
disruption would have prevented both the international and domestic propagation of influenza

virus through air travel.
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One complication to this is the increase in COVID-19 cases corresponding to holiday travel in
November and December of 2020 where travel, while reduced, was still relatively commonplace
and was not seen to lead to a concomitant rise in influenza. This perhaps limits the scope of

support for this mechanism to longer temporal scales of impact.

Predictions Testing this Hypothesis: Should global travel be the main driving mechanism

yielding seasonality in influenza, 2021 and future seasons are not easy to-predict. Fluctuations in
travel within national borders are likely to continue through the coming years due to increased
costs, altered availability in travel routes, and decreased demand (whether due to alterations in
business practices or individual personal hesitancy) [26, 27]. International travel is subject to
each of these impacts and is further likely to shift.over time as nations implement different travel
policies, some likely based on COVID-19 vaceination status of the traveler, others potentially
based on COVID-19 prevalence in the originating nation, and others based on social and political
ideology [28]. How these strikingly different rates of expected travel and different patterns in
geographic connection dueto travelers may play out in affecting influenza cannot lead to
rigorous predictions..Widespread acceptance of travel as a driver of international disease
transmission, however, may increase willingness to vaccinate against preventable infections.
While unlikely to become a requirement for travel, campaigns encouraging travelers to be
vaccinated against influenza prior to travel may lead to increased uptake in voluntary
vaccination.

3) Neutral:

Multiple mechanisms among those proposed as drivers of influenza seasonality are likely to be

neutral in the context of COVID-19.
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Influenza evolution/immune memory loss: Mechanistically, the evolution of the influenza virus

and the accompanying host immune response should, in isolation, have been independent of the
measures taken to control COVID-19. The prevalent, circulating influenza viruses in the 2019-
2020 influenza season had ample mutation and immune-escape opportunities during that season,
and by the time NPIs were in widespread use, the northern hemisphere influenza season was well
past its peak. This should have set the stage for the coming 2020-2021 influenza pattern. An
antagonistic immunological response to influenza co-infection with COVID-19 infected
individuals, or else the prevention of infection due to upregulated innate immune responses
following COVID-19 exposure, might explain the muting of.this mechanism (though some
studies suggest that broad anti-viral immune responses.in‘COVID-19 patients are fairly rare
[29]). Other viral interference mechanisms might also be explanatory, but once again there are
studies suggesting that, at least early in the initiah COVID-19 outbreak, co-infection was

relatively common [30].

Global weather patterns: Increased influenza transmission by the El Nifio Southern Oscillation

(ENSO) should havebeenuncorrelated with the COVID-19 pandemic, as the most recent ENSO
occurred in 2018-2019, well prior to the epidemic. ENSO’s semi-periodic nature suggests that
any impact it has.on influenza seasonality will similarly be uncorrelated with the scaling back of
anti-COVID=19 NPIs. Like the dramatic climatic fluctuations brought about by ENSO, more
regularseasonal and climatic factors such as oscillations in temperature and relative humidity —
with the attendant impacts on viral survival — should be relatively unchanged during the COVID-
19 period which, while having noted impacts on pollution levels and associated environmental

health risks [31], is unlikely to have dramatically changed seasons themselves. If these factors
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are the primary drivers of the seasonal periodicity of influenza, it seems reasonable to assert that

these should remain unchanged.

Predictions Testing these Hypotheses: Since each of these mechanisms should be unaffected by
COVID-19, predictions for both the past and the coming influenza seasons should be consistent
with pre-COVID-19 patterns, in the absence of other interruptions. However, the impact of these
two factors on targeted vaccination protocols would diverge, with strain.surveillance itself being
critical to the timing and coverage recommended in the case that temporal patterns are driven by
evolution and immune memory loss, while global weather patterns are-truly, definitionally
seasonal and responsive precision vaccines could be determined.on an annual cycle based solely
on annual climatic conditions.

4) Conditional:

Lastly, among the proposed mechanisms that might yield observed seasonal patterns in influenza

incidence, those that depend on the scale and manner of the effect include:

Atmospheric transport: The hypothesis that influenza is propagated via the bulk upper-

atmospheric transport of aerosols is particularly hard to evaluate in the context of the COVID-19
pandemic:'While the air currents themselves should have remained largely unaffected by
COVID-19, the theory depends on the existence of large volumes of aerosolized influenza —
which.leads to the somewhat circular argument that the hypothesis predicts that there wouldn’t
be an influenza season because there wasn’t an early increase in influenza incidence anywhere

on the globe that could then cascade into other continental outbreaks via atmospheric transport.

Seasonal crowding behavior: In contrast, the belief that crowding and increased close contact

drives influenza seasonality — usually based on the belief that humans gather in denser, indoor

11
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groups during colder months (though, strangely, not that humans gather indoors in air-
conditioned rooms during the peak of heat in the summer months; [32]) — should have been
either positively or negatively impacted by COVID-19 related NPIs depending on what scale of
crowding we consider. If the crowding that drives influenza seasonality is based on larger groups
of individuals, the widespread prohibitions of mass gatherings, work from home.policies and
school closures should have vastly reduced the population’s exposure to large crowds [33].
Correspondingly, if instead it is primarily household-level crowding that drives influenza
seasonality, these very same policies likely increased the density of-household contacts,

especially during the winter when fewer outdoor activities are generally available [33].

Seasonal environmental conditions: The same question of scale exists for the potential role of

indoor heating. Intensified household exposure to residential furnaces with relatively weak
filtration systems due to working from home policies and the closing of indoor group spaces
during the colder Fall and Winter months would, if household-based transmission were the
primary driver of influenza'seasonality, increase the likelihood that a single household
introduction would become a micro-epidemic, have exacerbated this phenomenon. If the primary
driver is instead the mass infection of individuals in a single setting that then propagates outward
(as with the Amay.Gardens superspreading event during the SARS epidemic; [34]) to seed the
epidemic across communities, the relative dearth of crowded indoor spaces may have

significantly dampened the 2020-2021 influenza season.

Predictions Testing these Hypotheses: Unsurprisingly, the conditional nature of the action of

each of these hypothesized mechanisms also implies that predicted impacts on the coming
influenza seasons will depend on the scale and manner of effect. Similarly, precision vaccination

campaigns would target the independent drivers, if validated.
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Of course, the great caveat to consideration of many of these mechanisms for the 2020 influenza
season is that prevention of transmission may interrupt spread, but may not be the driving factor
that would still have interrupted seasonal patterns, even had spread been able to continue. The
lens of COVID-19 as a means by which to explore influenza cannot allow us to explore
disambiguated interruptions, but that certainly does not leave us without benefit from
consideration of the individual cases. The most important effort may, in fact, lie in whether these
predictions allow for disambiguation among the hypothesized factors under the alterations
COVID-19 has initiated. Given these known changes, we can consider whether we could either
meaningfully strengthen or else refute support for any of the proposed mechanisms should the
predictions they suggest fail to materialize. As we watch the trends materialize over the 2021
influenza season, it is likely that at least a few of these potential predictions will be falsified. For
those with clear directional predictions, this will help eliminate from consideration the guiding
hypothesized mechanism. For those-that depend conditionally on scale, even narrowing the
potential scale and manner of effect.will be a significant improvement in scientific
understanding, allowing the next.round of hypothesis testing to eliminate entire levels of analysis

and intervention from consideration.

Using COVID-19.to more broadly advance our understanding of influenza

SARS-CoV-2 represents the first large scale pandemic driven by a novel virus of likely zoonotic
origin in the current molecular biologic era and thus provides insight into previous historic
events involving other viruses, to the extent that there is similarity between the pathogens. For
the initial influenza encounter these similarities would include the RNA virus nature of both

pathogens as well as the physical aspects of respiratory virus spread from host to host.
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An interesting question arises from considering the possibility of eradication or disappearance. It
has been suggested recently that mask wearing in response to Sars-Cov2, may have led to the
disappearance of two influenza strains [35]. This possibility raises the parallel question about
sterilizing immunity, which is often the normal assumption made when thinking about influenza
control. If, instead, immunity from prior influenza infection was likely to reduce.the likelihood
of developing detectable signs and symptoms but not fully prevent reinfection, then undetected

circulation of influenza would be expected to drastically alter predicted patterns of seasonality.

The current SARS-CoV-2 pandemic can be instructive for influenza modelers and historians
(just as these considerations may similarly aid our ability to understand and predict the eventual
dynamics of COVID-19, see Appendix A). A similar scenario most likely played out for the
~1500 putative influenza pandemic although the various waves spanned decades instead of
years. New naive populations with possibly distinct polymorphisms (including HLA) and
different exposure histories were encountered more slowly and may have required some
modifications by the virus to achieve high transmission rates. The 1918 influenza pandemic also
showed such wave-like advances [36]. Left in the wake of these expansions were the virus
strains and substrains that continued to evolve over time. The Sars-Cov2 pandemic has forced us
to rethink global preparedness plans with respect to testing capacities, testing quality, speed, cost
[37], demonstrating how maintaining testing capabilities will be essential to the control of
seasonal influenza and other respiratory pathogens. A two-pronged testing strategy—diagnostics
and screening—should become the playbook for responding to outbreaks and for modeling and

forecasting flu.

An interesting possible future direction involves potential interactions between SARS-CoV-2

and influenza. This can range from simple non-interactive co-existence, constructive interactions
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where infection with one facilitates infection with the other, or possible interference. In late
winter — early spring of 2020 there was robust infection with influenza and Sars-Cov2 infections
did not rise until the influenza was on the wane. While one (unmasked) influenza season is far
from definitive, the influenza season of 2020-21 reappeared at expected time yet with the

substantially lower intensity.

Between September, 2020 and April 22, 2021, only about 2,000 cases of-influenza had been
recorded, according to CDC data, even though in recent years, the average number of cases over
the same period was about 206,000 (see Figure 2). The low influenza season reduce the typical
boost for memory retention in the general population and made.itdifficult for scientists to decide
the optimal combination of influenza strains for upcoming influenza vaccines. Thus, the lack of
exposure could make the population more susceptible to virus when it returns, or to shift the
seasonal curve due to rapid changes in contact rates when non-therapeutical interventions (NTI)
are lifted. It likely that with the changes in seasonal population migration due social calendar, the

seasonal pattern of influenza could substantially vary geographically [38, 39].

The pandemic revealed several important aspects of data collection and reporting and reliance on
data for modeling purposes. Reporting of influenza dropped quite drastically in US and
worldwide. While primarily driven by NTIs, in part the drop could be also attributed to resource
reallocation. The global reporting of various influenza strains vary due to both: presence of a
strain of interest and national capacity to detect and report — a challenge noted for the influenza

pandemic of 2009 [40].

Because of the focus of the CD8 memory repertoire on a relatively immutable epitope, seasonal

exposures to influenza affect the generation, maintenance, and finally senescence of the
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repertoire [41-43]. In childhood, each exposure to infection helps the immune system improve
protective response, whereas later in life, immune coverage is likely already well-developed and
protective, and does not improve in overall function with each next exposure. This well-
developed protection, however, does exhibit senescence associated with later years [44]. With
the passage of time, the influenza memory repertoire degrades, and re-exposures. may.once again
lead to substantial morbidity and possibly mortality. A footprint of past major outbreaks of
influenza was noted in our early work, when those who were children during influenza pandemic
of 1918 or in 60s exhibited different patterns of pneumonia and influenza (P&I) mortality as
older adults [45]. During the COVID-19 pandemic, the seasonal exposure to influenza was

disrupted and is likely to leave a specific footprint on each-subpopulation.

Mask-wearing mandates, school closures, limited social outings and other NTI strategies had
resulted in substantially reduced respiratory pathogen transmission in all age groups. Viruses
including influenza A, influenza B, parainfluenza, norovirus, respiratory syncytial virus (RSV),
human metapneumovirus—-all appear to be circulating at or near levels lower than ever
previously measured.. The same is true for the respiratory bacteria that cause pertussis, better
known as whooping cough, and pneumonia. In 2019, during the third week of December, before
the coronavirus struck the United States, the CDC’s network of clinical labs reported that 16.2
percent of the29,578 samples tested were positive for influenza A. During the same week in
2020, the rate was 0.3 percent. Before the pandemic, in regular influenza seasons we had noted
that in the school term weeks average weekly testing were significantly higher as compared to
holidays [6]. The dampening of tests during the winter break was evident in all ages and
especially in children and young adults. Overall, the effect of social calendar depends on the

alignment of seasonal influenza peak to individual holiday timing. These results indicate that
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better understanding of the confluence of social factors (e.g., in-school mixing, travel, and inter-
household, multigenerational gatherings) governing influenza transmission in specific age groups
should improve influenza prevention measures. The pandemic has demonstrated the degree of

acceptance of various NTIs and offered lessons for the future.

Rapid implementation of mass vaccination for COVID-19 and lessons from influenza
vaccination are revealing valuable insights. In brief, people who did not.get an influenza shot are
more likely to intend to not get their COVID-19 vaccine, and people who have their COVID-19
vaccine are more likely to have gotten their influenza shot [46]. Our large-scale studies
demonstrate the importance of childhood vaccination to reduce.exposure and influenza-related
hospitalizations in older adults [47, 48]. Yet, the vaccination coverage could be substantially

expanded in all age ranges [49].

During the century since the end of the Great Influenza outbreak, the average human lifespan has
doubled. The pandemic is projected to reduce life expectancy by 1 year in US population [50]
and has changed the demographic structure of the population at risk for both influenza and
relevant comorbidities. Priorthe pandemic the common knowledge was that as the overall
population getting older due to increased life expectancy, the number of all cause
hospitalizations peaked for patients of 80—82 years of age. It is likely that immune system
impairments may accumulate with time and multiple pathology is mounting with age. We
observed that older adults with severe comorbidities, including cancer, HIV, cognitive
impairments had higher mortality due to P&I potentially due physiological changes, inability to
communicate the discomfort, inability to recognize atypical symptomatology, lack of proper care
[51, 52]. It has been already noted that different subpopulations even among older populations

were affected disproportionally [47, 50, 53]. There is a strong link between demographic
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structure and hospitalization patterns for P&I in the older adults with respect to their residential
location[38, 51, 53]. While the number of death due to COVID-19 were disproportionally high
for older adults, the pandemic could influence accelerated aging for those who survived COVID-
19. Influenza modeling, and precision vaccination planning, should take into account drastic
changes in population composition post-COVID-19 [54]. This is especially true when selecting
among the potential desired outcomes of vaccination campaigns. For example, preventing the
greatest number of infections may dictate a drastically different strategy from preventing the

greatest numbers of severe outcomes from infection (including.deaths).

Conclusion

Precision vaccination relies on understanding the drivers of etiological, epidemiological,
immunological, and virological dynamics of infection. Considering the ongoing mystery of
emergent seasonality in influenza forces us to consider each of these drivers in a new light.
COVID-19 has provided a unique context in which to test the broad set of existing hypotheses
for why and how influenza seasonality exists, and to increase our understanding about how
vaccination could.be tailored to exploit those same drivers to increase efficacy in desired
individual patient'and broad public health outcomes. It will take many years of observation and
analysis to understand the what, why, and how of the potential impacts COVID-19 might have
on seasonal patterns in influenza, but this natural experiment may be one of our best

opportunities to re-examine our understanding of temporal patterns for this fascinating disease.

Conflict of Interest Statement

NHF received financial support from the University of Tennessee. YNN, ETL, JG, ENN have no
conflicts to declare.

18



References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lofgren E, Fefferman NH, Naumov YN, Gorski J, Naumova EN. Influenza Seasonality:
Underlying Causes and Modeling Theories. Journal of Virology 2007; 81(11): 5429-36.
Lipsitch M, Viboud C. Influenza seasonality: lifting the fog. Proceedings of the National
Academy of Sciences 2009; 106(10): 3645-6.

Lowen AC, Steel J. Roles of humidity and temperature in shaping influenza seasonality.
Journal of virology 2014; 88(14): 7692-5.

Tamerius J, Nelson MI, Zhou SZ, Viboud C, Miller MA, Alonso WJ. Global influenza
seasonality: reconciling patterns across temperate and tropical regions. ‘Environmental
health perspectives 2011; 119(4): 439-45.

Shaman J, Kohn M. Absolute humidity modulates influenza survival, transmission, and
seasonality. Proceedings of the National Academy of Sciences2009; 106(9): 3243-8.
Simpson RB, Falconi TMA, Venkat A, et al. Incorporating calendar effects to predict
influenza seasonality in Milwaukee, Wisconsin. Epidemiology & Infection 2019; 147.
Dushoff J, Plotkin JB, Levin SA, Earn DJ. Dynamical resonance can account for
seasonality of influenza epidemics. Proceedings of the National’Academy of Sciences
2004; 101(48): 16915-6.

Azziz Baumgartner E, Dao CN, Nasreen S, et al. Seasonality, timing, and climate drivers
of influenza activity worldwide. The Journal of infectious diseases 2012; 206(6): 838-46.
Pfafflin A. Influenza virus-flow from insects to humans as causative for influenza
seasonality. Biology Direct 2020; 15(1): 1-3:

Nelson MI, Holmes EC. The evolution of epidemic influenza. Nature reviews genetics
2007; 8(3): 196-205.

Hill NJ, Ma EJ, Meixell BW, Lindberg MS, Boyce WM, Runstadler JA. Transmission of
influenza reflects seasonality of wild birds across the annual cycle. Ecology letters 2016;
19(8): 915-25.

Shi P, Keskinocak P, Swann J, Lee B. Modelling seasonality and viral mutation to predict
the course of an influenza pandemic. Epidemiology & Infection 2010; 138(10): 1472-81.
Shaman J, Jeon CY, Giovannucci E, Lipsitch M. Shortcomings of vitamin D-based model
simulations of seasonal influenza. PloS one 2011; 6(6): e20743.

Lowen A, Palese P. Transmission of influenza virus in temperate zones is predominantly
by aerosol,qin the tropics by contact: a hypothesis. PL0oS currents 2009; 1.

Nicastro, Sironi G, Antonello E, et al. Forcing Seasonality of influenza-like epidemics
with daily Solar resonance. Iscience 2020; 23(10): 101605.

Bjgrnstad ON, Viboud C. Timing and periodicity of influenza epidemics. Proceedings of
the National Academy of Sciences 2016; 113(46): 12899-901.

Murray E, Klein M, Brondi L, et al. Rainfall, household crowding, and acute respiratory
infections in the tropics. Epidemiology & Infection 2012; 140(1): 78-86.

Kuo S-C, Shih S-M, Chien L-H, Hsiung CA. Collateral benefit of COVID-19 control
measures on influenza activity, Taiwan. Emerging infectious diseases 2020; 26(8): 1928.
Zipfel CM, Colizza V, Bansal S. The missing season: The impacts of the COVID-19
pandemic on influenza. Vaccine 2021.

Singer BD. COVID-19 and the next influenza season. American Association for the
Advancement of Science, 2020.

Belongia EA, Osterholm MT. COVID-19 and flu, a perfect storm. American Association
for the Advancement of Science, 2020.

Sohn S, Hong K, Chun BC. Decreased seasonal influenza during the COVID-19
pandemic in temperate countries. Travel Medicine and Infectious Disease 2021.

19



OO UL B WN P

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Landry CE, Bergstrom J, Salazar J, Turner D. How Has the COVID-19 Pandemic
Affected Outdoor Recreation in the US? A Revealed Preference Approach. Applied
Economic Perspectives and Policy 2021; 43(1): 443-57.

Rhodes JM, Subramanian S, Laird E, Griffin G, Kenny RA. Perspective: Vitamin D
deficiency and COVID-19 severity—plausibly linked by latitude, ethnicity, impacts on
cytokines, ACE2 and thrombosis. Journal of internal medicine 2021; 289(1): 97-115.
lacus SM, Natale F, Santamaria C, Spyratos S, Vespe M. Estimating and projecting air
passenger traffic during the COVID-19 coronavirus outbreak and its socio-economic
impact. Safety Science 2020; 129: 104791.

Fatmi MR. COVID-19 impact on urban mobility. Journal of Urban Management 2020;
9(3): 270-5.

Gossling S. Risks, resilience, and pathways to sustainable aviation: A COVID-19
perspective. Journal of Air Transport Management 2020; 89: 101933.

Memish ZA, Alharthy A, Algahtani SA, Karakitsos D. COVID-19 air travel restrictions and
vaccine passports: An ongoing debate. Travel Medicine and Infectious Disease 2021.
Mudd PA, Crawford JC, Turner JS, et al. Distinct inflammatory profiles distinguish
COVID-19 from influenza with limited contributions from cytokine storm. Science
advances 2020; 6(50): eabe3024.

Yue H, Zhang M, Xing L, et al. The epidemiology and clinical characteristics of co-
infection of SARS-CoV-2 and influenza viruses.in patients during COVID-19 outbreak.
Journal of medical virology 2020; 92(11): 2870-3.

Venter ZS, Aunan K, Chowdhury S, Lelieveld J. COVID-19 lockdowns cause global air
pollution declines. Proceedings of the National Academy of Sciences 2020; 117(32):
18984-90.

Dowell SF. Seasonal variation in-host susceptibility and cycles of certain infectious
diseases. Emerging infectious diseases 2001; 7(3): 369.

Fatmi MR, Thirkell C, Hossain.MS. COVID-19 and Travel: How Our Out-of-home Travel
Activity, In-home Activity; and Long-Distance Travel Have Changed. Transportation
Research Interdisciplinary Perspectives 2021; 10: 100350.

LiY, Duan S, Yu |, Wong T. Multi-zone modeling of probable SARS virus transmission
by airflow between flats in.Block E, Amoy Gardens. Indoor air 2005; 15(2): 96-111.
Branswell H. A'pandemic upside: The flu virus became less diverse, simplifying the task
of making flu shots. STAT. 2021.

Barry JM. The great influenza: The story of the deadliest pandemic in history: Penguin
UK, 2020.

Fefferman N,.Naumova E. Innovation in observation: a vision for early outbreak
detection. Emerging health threats journal 2010; 3(1): 7103.

Moorthy M, Castronovo D, Abraham A, et al. Deviations in influenza seasonality: odd
coincidence or obscure consequence? Clinical microbiology and infection 2012; 18(10):
955-62.

Chui KK, Cohen SA, Naumova EN. Snowbirds and infection--new phenomena in
pneumonia and influenza hospitalizations from winter migration of older adults: a
spatiotemporal analysis. BMC Public Health 2011; 11(1): 1-12.

Simpson RB, Gottlieb J, Zhou B, Hartwick MA, Naumova EN. Completeness of open
access FluNet influenza surveillance data for Pan-America in 2005-2019. Scientific
reports 2021; 11(1): 1-17.

Naumov YN, Naumova EN, Yassai MB, Gorski J. Selective T cell expansion during
aging of CD8 memory repertoires to influenza revealed by modeling. The Journal of
Immunology 2011; 186(11): 6617-24.

Petrova GV, Naumova EN, Gorski J. The polyclonal CD8 T cell response to influenza
M158-66 generates a fully connected network of cross-reactive clonotypes to

20



ONOOULTL A WN B

43.

44,

45,

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

structurally related peptides: a paradigm for memory repertoire coverage of novel
epitopes or escape mutants. The Journal of Immunology 2011; 186(11): 6390-7.
Naumova EN, Yassai MB, Demos W, et al. Age-Based Dynamics of a Stable Circulating
Cd8 T Cell Repertoire Component. Frontiers in immunology 2019; 10: 1717.

Naumova E, Naumov Y, Gorski J. Measuring immunological age: from T cell repertoires
to populations. Handbook of Immunosenescence: Basic Understanding and Clinical
Implications Cham: Springer International Publishing 2018: 1-62.

Lofgren ET, Wenger JB, Fefferman NH, et al. Disproportional effects in populations of
concern for pandemic influenza: insights from seasonal epidemics in Wisconsin, 1967-
2004. Influenza and Other Respiratory Viruses 2010; 4(4): 205-12.

Troiano G, Nardi A. Vaccine hesitancy in the era of COVID-19. PublicHealth 2021.
Cohen SA, Ahmed S, Klassen AC, Agree EM, Louis TA, Naumova:EN. Childhood Hib
vaccination and pneumonia and influenza burden in US seniors.Vaccine 2010; 28(28):
4462-9.

Cohen SA, Chui KK, Naumova EN. Influenza vaccination in"'young children reduces
influenza-associated hospitalizations in older adults, 2002—2006. Journal of the
American Geriatrics Society 2011; 59(2): 327-32.

Rondy M, EI Omeiri N, Thompson MG, Levéque A:Moren A, Sullivan SG. Effectiveness
of influenza vaccines in preventing severe influenza illness among adults: A systematic
review and meta-analysis of test-negative design case-control studies. Journal of
Infection 2017; 75(5): 381-94.

Andrasfay T, Goldman N. Reductions in 2020 US life expectancy due to COVID-19 and
the disproportionate impact on the Black and'Latino populations. Proceedings of the
National Academy of Sciences 2021; 118(5).

Naumova EN, Parisi SM, Castronovo D, Pandita M, Wenger J, Minihan P. Pneumonia
and influenza hospitalizations in elderly people with dementia. Journal of the American
Geriatrics Society 2009; 57(12): 2192-9.

Mor S, Aminawung J, Demaria A, Naumova E. Pneumonia and influenza hospitalization
in HIV-positive seniors: Epidemiology & Infection 2011; 139(9): 1317-25.

Wenger JB, Naumova EN. Seasonal synchronization of influenza in the United States
older adult population. PloS one 2010; 5(4): e10187.

Yang M-J, Rooks BJ, Le T-TT, et al. Influenza vaccination and hospitalizations among
COVID-19 infected adults. The Journal of the American Board of Family Medicine 2021;
34(Supplement): S179-S82.

Davies'NG, Abbott S, Barnard RC, et al. Estimated transmissibility and impact of SARS-
CoV-2lineage B. 1.1. 7 in England. Science 2021; 372(6538).

Alizon S, Haim-Boukobza S, Foulongne V, et al. Rapid spread of the SARS-CoV-2 Delta
variant in some French regions, June 2021. Eurosurveillance 2021; 26(28): 2100573.
Campbell F, Archer B, Laurenson-Schafer H, et al. Increased transmissibility and global
spread of SARS-CoV-2 variants of concern as at June 2021. Eurosurveillance 2021;
26(24): 2100509.

Volz E, Hill V, McCrone JT, et al. Evaluating the effects of SARS-CoV-2 spike mutation
D614G on transmissibility and pathogenicity. Cell 2021; 184(1): 64-75. ell.

Moghadas SM, Vilches TN, Zhang K, et al. The impact of vaccination on coronavirus
disease 2019 (COVID-19) outbreaks in the United States. Clinical Infectious Diseases
2021.

Smith R. Did we eradicate SARS? Lessons learned and the way forward. American
Journal of Biomedical Science and Research 2019; 6(2): 152-5.

Rivers CM, Majumder MS, Lofgren ET. Risks of death and severe disease in patients
with Middle East respiratory syndrome coronavirus, 2012—2015. American Journal of
Epidemiology 2016; 184(6): 460-4.

21



10

11

12

13

14

15

Figure Legends
Figure 1. Travel volume in the United States as represented by throughput through security

screening stations (as reported by the US TSA). Travel volume shows a marked drop-off-as the
virus begins to spread in the United States and a ban on non-citizens traveling from‘Europe to the

US, slowly recovering though not yet reaching pre-pandemic levels.

Figure 2. Weekly reporting of influenza incidence (black line) from 13 August 2018
(Epidemiological Week 33 of 2018) through 20 June 2021 (Week 240f 2021) and COVID-19
(red line) from 20 January 2020 (Week 4 of 2020) through 20 June 2021 in the United States:
upper panel — laboratory confirmed cases for all detected strains; middle panel — Type A
influenza; low panel — Type B influenza; all values are'shown using a 1og10 scale. Data source:
World Health Organization’s (WHO) Glebal Influenza Surveillance and Response System’s
(GISRS) FluNet influenza virological surveillance database (courtesy of Ryan Simpson, MS,

Friedman School of Nutrition'Science and Policy).
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