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Intensity and drivers of subtypes
interference between seasonal influenza
viruses in mainland China: A modeling study

Can Chen,’* Mengya Yang,"* Yu Wang,?* Daixi Jiang," Yuxia Du,! Kexin Cao,' Xiaobao Zhang,' Xiaoyue Wu,'
Mengsha Chen,’ Yue You," Wenkai Zhou," Jiaxing Qi," Rui Yan," Changtai Zhu,*>* and Shigui Yang'->*

SUMMARY

Subtype interference has a significant impact on the epidemiological patterns of seasonal influenza vi-
ruses (SIVs). We used attributable risk percent [the absolute value of the ratio of the effective reproduc-
tion number (Re) of different subtypes minus one] to quantify interference intensity between A/H1N1 and
A/H3N2, as well as B/Victoria and B/Yamagata. The interference intensity between A/H1N1 and A/H3N2
was higher in southern China 0.26 (IQR: 0.11-0.46) than in northern China 0.17 (IQR: 0.07-0.24). Similarly,
interference intensity between B/Victoria and B/Yamagata was also higher in southern China 0.14
(IQR: 0.07-0.24) than in norther China 0.10 (IQR: 0.04-0.18). High relative humidity significantly increased
subtype interference, with the highest relative risk reaching 20.59 (95% ClI: 6.12-69.33) in southern China.
Southern China exhibited higher levels of subtype interference, particularly between A/H1N1 and
A/H3N2. Higher relative humidity has a more pronounced promoting effect on subtype interference.

INTRODUCTION

The human respiratory tract provides a symbiotic environment for numerous viruses, which have the potential to infect multiple respiratory
viruses simultaneously or sequentially. This can result in interference between respiratory viruses.' Several studies have demonstrated that this
interference has a direct impact on the risk of infection for individuals and the circulation patterns within populations.” Currently, the A/H1N1
and A/H3N2 subtypes of influenza A virus (IAVs), along with the B/Victoria and B/Yamagata subtypes of influenza B virus (IBVs), are the domi-
nant strains circulating in the population.” These strains are responsible for a significant number of infections and deaths each year.” The inter-
ference between A/HIN1 and A/H3N2,° as well as between B/Victoria and B/Yamagata,é is frequently observed and is even more pro-
nounced due to their similar antigenic properties.”® And, the subtype interference appears to be an important factor in influencing the
magnitude, incidence, and peak of SIVs.

During the winter season of 1977-1978 in Japan, a study conducted in three schools with sequential outbreaks revealed that the percent-
age of children infected with the A/H1N1 virus was significantly lower among those who had been previously infected with the A/H3N2 virus
compared to individuals who had not been infected with A/H3N2.” In the ferret experiment with IBVs, it was observed that viruses from both
lineages had the ability to prevent or significantly restrict subsequent infection with a virus from the other lineage.® Similarly, experiments
found strong cross-reactivities between H7N9 and different H7 subtypes of viruses, including H7N2, H7N3, and H7N7.'° During the 2009-
2011 A/HIN1T pdm09 virus pandemic, only the A/HIN1 pdm09 subtype was circulating, or the incidence peaks of A/HIN1 and A/H3N2
were separated in many countries, which was believed to be due to interference between the subtypes.'"'? In Australia, it has been suggested
that the subtype interference between SIVs has substantial effects on the size of epidemics and the composition of SIVs.'® The "stronger sub-
types" tend to have an advantage in maintaining a relatively high level of epidemic activity. As a result, the other subtypes may be less prev-
alent during the influenza season.’®

However, there is limited quantitative evidence available to assess the subtype interference between SIVs, which is crucial for accurately
understanding the circulation of SIVs.'* In this study, our aim was to describe and quantify the intensity and drivers of subtype interference
between SIVs in mainland China by using the effective reproduction number (Re),'” a key epidemiological parameter for measuring the
transmissibility of a virus. Additionally, we also examined the potential relationships between relative humidity (RH) and the subtype
interference.
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Table 1. The circulation of seasonal influenza viruses in Mainland China

Region ILI% Subtype Positive rate (%) Primary peak (week)
Northern 2.94 A/HIN1 9.92 9.4
Southern 3.53 8.64 10.5
Mainland China 3.3 9.14 10
Northern 2.94 A/H3N2 7.13 8.7
Southern 3.53 7.31 38.6
Mainland China 33 7.24 8.2
Northern 2.94 B/Victoria 3.81 17.3
Southern 3.53 4.83 20.9
Mainland China 33 4.43 19.3
Northern 2.94 B/Yamagata 3.91 6.5
Southern 3.53 3.25 6.0
Mainland China 33 3.5 6.3
Northern 2.94 SIVs 24.77 9.3
Southern 3.53 24.03 9.8
Mainland China 3.3 24.32 9.5
RESULTS

The circulation of seasonal influenza viruses in mainland China

During the period from week 27, 2015 to week 26, 2019, the proportion of influenza-like illnesses (ILI%) in outpatient visits to sentinel hospitals
in mainland China was 3.30%. The positive rate of SIVs in mainland China was 24.32%. It was found to be higher in northern China (24.77%)
compared to southern China (24.03%). However, the ILI% in southern China (3.53%) was higher than in northern China (2.94%) (Table 1). The
regional division of the northern and southern China is detailed in Figure ST1.

The primary peaks of seasonal influenza viruses circulation in mainland China

The primary peak of circulation of SIVs in mainland China occurred during weeks 9-10. It was observed that the primary peak occurred earlier
in northern China (week 9.3) compared to southern China (week 9.8) (Figure 1). In northern China, the seasonality of SIVs was evident, with a
typical winter epidemic peak (Figure 1). However, in southern China, the seasonality of SIV circulation became less pronounced. In addition to
the primary peak, there was a secondary peak in southern China in week 39.2 and even sustained with low intensity year-round circulation
(Figure 1). A hierarchical pattern of primary peaks was observed among the subtypes. The primary peak of A/H3N2 (week 8.2) occurred earlier
than that of A/H1N1 (week 10.0) and the primary peak of B/Yamagata (week 6.3) was earlier than that of B/Victoria (week 19.3) (Figure 1).

The subtype interference between seasonal influenza viruses in mainland China

We used the SIB-SIRS model to analyze the circulation patterns of SIVs in mainland China. Overall, the performance of the SIB-SIRS model was
relatively satisfactory (Figure S2). The estimated Re for SIVs in mainland China was 1.04 (95% Cl: 0.64-1.57). The maximum and minimum Re
values for A/HIN1T and A/H3N2 were 1.62 and 0.51, and 1.40 and 0.80, respectively. For B/Victoria and B/Yamagata, the maximum and min-
imum Re values were 1.46 and 0.64, and 1.63 and 0.66, respectively (Figure 2). The dynamic pathogen spectrum is shown in the Figure S3.
Sensitivity analyses were conducted for various parameters, including the contact rate, naturally acquired cross-protection, and vaccine-
induced cross-protection. Among these parameters, the contact rate was found to be the main factors influencing the model (Table S1).

The intensity of subtypes interference in mainland China

In mainland China, the interference intensity between A/H1N1 and A/H3N2 was 0.26 (IQR: 0.07-0.42), which was higher than the interference
intensity between B/Victoria and B/Yamagata 0.15 (IQR: 0.06-0.19) (Figure S4). In southern China, the interference intensity between A/H1N1
and A/H3N2 was higher compared to northern China, with values of 0.26 (IQR: 0.11-0.46) and 0.17 (IQR: 0.07-0.24), respectively. Similarly, the
interference intensity between B/Victoria and B/Yamagata was also higher in southern China compared to northern China, with values of 0.14
(IQR: 0.07-0.24) and 0.10 (IQR: 0.04-0.18), respectively (Figure 3). The period with the maximum interference intensity also occurred in south-
ern China (Figure 3).

The relationship between subtypes interference and relative humidity

We further investigated the association between subtype interference and RH (Figure 4). Moving from northern to southern China, as RH in-
creases, the relative risk (RR) of subtype interference initially decreases and then significantly increases. Between A/HIN1 and A/H3N2, the RR

2 iScience 27, 109323, March 15, 2024



iScience ¢? CellPress
Article OPEN ACCESS

A Influenza A/HIN1 virus 9.4 Proportion

& 201527-2016126 1
2016/27-2017/26
2017/27-2018/26
2018/27-2019/26 I 0.8
2015/27-2016/26 i
2016/27-2017/26 06
2017/27-2018/26 :
2018/27-2019/26 1 [
-, 2015/27-2016126 - 0.4
£ 201627201726
E 2017/27-2018/26 02
2018/27-201926 e T g

B Influenza A/H3N2 virus 8.7 10.0 0

o 2015/27-2016/26 [T 7 |
2016/27-2017/26

) I . . Prima eak
2017/27-2018/26 ] ' | P
2018/27-201926 | 1 [
2015/27-2016/26 )

2016/27-2017/26 1 T 1
2017/27-2018/26 1]
2018/27-2019/26 138.6 [
2015272016126 = :?_

2016/27-2017/26 |
2017/27-2018/26 !
2018/27-2019/26 [ 18

C Influenza B/Victoria virus 8.2 17.3
« 2015/27-2016/26 [T 11 [
£ 201627201726 || |
5 2017/27-2018/26

2018/27-201926
2015/27-2016/26 | Y
2016/27-2017/26 1
2017/27-2018/26 I "20.
2018/27-2019/26
2015/27-2016726 N I

£ 2016127-2017726
&5 2017/27-2018/26 I |
2018/27-2019/26 [ [al

D Influenza B/Y ta virus 6.5 193
5 2015027-20162 N [ ]
£ 2016127201726 [T
5 S 2017272018126 |
2018/27-2019126 =]
& 2015/27-2016/26
£ 2016/27-2017/26 ]
5 2017272018726
2018/27-2019/26
2015/27-2016/26 T 17 1]
£ 2016272017126
& 2017/27-2018/26
2018/27-2019/26 i
Seasonal influenza viruses Secondary peak of southern China (week 39.2) 6.3 93
« 2015/27-2016/26 [ 1]
-5 2016/27-201726 L
S 2017/27-2018126 i
2018/27-2019/26
2015/27-2016/26
2016/27-2017/26
2017/27-2018/26
2018/27-2019/26
2015/27-2016/26 [ ]
2016/27-2017/26
2017/27-2018/26
2018/27-2019/26 I

|
Q

na

Chi

Mainland Southern Northern

g
=
&}

na

Chi

na

Chi

Mainland Southern Northern

| —

na

Ch

Mainland Southern Northern

rthern

N

Mainland Southe

na

Ch

na

Chi

Mainland Southern Northern

9.5
2728293031 323334353637 38394041424344 454647484850515212 3 4 5 6 7 8 9 10111213141516171819202122232425 26 Week

Figure 1. The primary peaks of circulation of seasonal influenza viruses in Mainland China

(A) Influenza A/HTN1 virus; (B) Influenza A/H3N2 viruses; (C) Influenza B/Victoria viruses; (D) Influenza B/Yamagata viruses; (E) Seasonal influenza viruses. Color bar
represents the intensity of influenza incidence, from high (orange) to low (white). The weekly positive counts were standardized for each influenza season. Weeks
with the maximum number of cases for a given influenza season were assigned the value 1. Seasonal influenza viruses comprise the sum of the four subtypes.

of subtype interference significantly increased in southern China, with the highest RR recorded at 20.59 (95% Cl: 6.12-69.33), observed at
82.9% RH in southern China. In northern China, the highest RR of subtype interference was only 2.03 (95% CI: 1.32-3.13), observed at
36.6% RH. The interference between B/Victoria and B/Yamagata also exhibits a pattern of initially decreasing and then increasing. The highest
RR of subtype interference between B/Victoria and B/Yamagata was 5.07 (95% ClI: 1.14-22.64), observed at 86.6% RH.

DISCUSSION

In this study, we found the primary peak of SIV circulation in mainland China occurred in weeks 9-10. However, in addition to the primary peak
inweek 9.8, a second peak was observed in week 39.2 in southern China. The primary peaks of each subtype were distinct and separated from
each other. The Re of SIVs in mainland China was 1.04 (95% CI: 0.64-1.57). The interference intensity between A/HIN1T and A/H3N2 was 0.26
(IQR: 0.07-0.42), and between B/Victoria and B/Yamagata was 0.15 (IQR: 0.06-0.19) in mainland China. The interference intensity was higherin
southern China than in northern China. High RH had a greater impact on subtype interference, especially in southern China.

The circulation of SIVs typically follows a specific pattern, starting in the northern hemisphere and gradually spreading to the southern
hemisphere.'® The timing of the primary peak is negatively correlated with latitude.'” However, we also observed a second peak and
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sustained low-intensity year-round circulation of SIVs in the southern China. Generally, northern China has a temperate climate, and in south-
ern China, known for its subtropical/tropical climate.'® Researchers hypothesized that there might be two distinct patterns impacting the
transmission of SIVs in temperate and subtropical regions. The “dry-cold mechanism” of temperate regions significantly drives influenza ac-
tivity. Reduced humidity during colder seasons increases the stability of the SIVs, prolonging their survival on surfaces. Furthermore, indoor
crowding during colder weather amplifies viral transmission. Consequently, influenza outbreaks in temperate regions frequently align with
these climatic conditions, resulting in heightened transmission and increased influenza activity during the colder, drier months.”” The “hu-
mid-rainy mechanism” describes the environmental conditions in tropical and subtropical regions that influence influenza seasonal patterns.
In these areas, sustained high humidity and periodic rainy seasons foster an environment conducive to SIV transmission.”’ Humid tropical
conditions could increase contact-based transmission by augmenting virus deposition on surfaces and prolonging virus survival within drop-
lets.”" Previous hypotheses on the global circulation of SIVs suggested that annual epidemic waves may propagate from Asia, where the cir-
culation of SIVs occurs year-round.””?* Therefore, the year-round circulation of SIVs in southern China may play a crucial role in sustaining the
circulation of SIVs in mainland China. This could potentially provide opportunities for the continuous supply of circulating SIVs to northern
China.”* Based on these findings, we recommend strengthening surveillance of SIVs in southern China. This would be more efficient for moni-
toring variants and identifying vaccine strain candidates for SIVs.

The early circulation of one subtype of SIVs in the population was linked to a decrease in the overall incidence of the other subtype, indi-
cating the presence of subtype interference.” This phenomenon has also been observed in wild birds, where even after 15 weeks of infection
with the A/H3N8 virus, they still exhibit resistance to re-infection by other subtypes of IAVs.?® The author suggests that subtype interference
may regulate the population dynamics of IAVs subtypes in nature.” In our study, we found that southern China exhibits higher levels of inter-
ference intensity, particularly between the A/H1N1 and A/H3N2 subtypes, which may impact the epidemiological characteristics of SIVs in this
region. Additionally, we observed a hierarchical pattern of primary peaks among the subtypes, which has also been observed during SIV sur-
veillance in other countries.”” These phenomena have been hypothesized to be mediated by pre-existing and cross-reactive immunity, which
could potentially prevent or restrict subsequent infection with a virus from the another lineage.®’

Although influenza A/H1N1, A/H3N2, and B viruses have been found to circulate in various climate environments, different subtypes have
shown a tendency to circulate more prominently in certain climates and seasons. Previous researches have indicated that both low and high
RH are associated with an increased circulation of SIVs. It is commonly believed that low RH can sustain the viability of the influenza virus and
facilitate its transmission, which has been confirmed in numerous studies.”®?” The increased transmission of influenza in high RH appears to be
due to the swelling of droplet nuclei formed when patients cough or sneeze into hygroscopic particles upon exposure to outdoor humid air,
thereby facilitating the spread of the SIVs.*® However, the effects of high RH has been observed to be more consistent in IAVs compared to
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IBVs.*""* Specifically, high RH has been found to increase A/H3N2 infections.** This may explain why high RH increases the RR of subtype
interference, particularly in southern China. In this region, the overall RH is higher than in northern China, and the high RH favors the trans-
mission of the A/H3N2 virus. Consequently, as RH increases, the RR of subtype interference between A/HIN1 and A/H3N2 also increases. In
our study, we utilized epidemiological data to describe the phenomenon of subtype interference between SIVs in mainland China. Through
the SIB-SIRS model, we calculated the Re and interference intensity between subtypes. Our findings revealed that subtype interference be-
tween SIVs should not be neglected. This implies that when conducting model studies on SIVs, it is essential to consider subtype interference
in order to accurately comprehend the patterns of SIVs and predict SIVs epidemics.

Limitations of the study

Our study has several limitations that should be acknowledged. Firstly, we described the phenomenon of subtype interference and calculated
the overall interference intensity, without quantifying the individual contributions of pre-existing immunity and cross-immunity. In future
research, we will further explore their respective contributions to the subtype interference between SIVs from various interdisciplinary per-
spectives. Secondly, the calculation of the weekly influenza incidence rate in our study is based on multiplying the ILI% among patients visiting
sentinel hospitals by the positive rate of SIVs. However, the ILI% among outpatients may be higher than that in the general population, poten-
tially leading to inflated estimates of the weekly influenza incidence rate and number. Thirdly, the lack of systematic surveillance data for influ-
enza vaccination rate and vaccine effectiveness in mainland China required us to rely on data accessed through published researches. In the
future, we will also concentrate on studying these fundamental parameters to provide more scientifically data. Fourth, due to the numerous
parameters in our model and the limitations of our computing platform, we resorted to using the least squares method for parameter esti-
mation. This approach may overlook the potential probabilistic distribution characteristics inherent in influenza incidence data, potentially
resulting in some bias. Fifth, we assumed no cross-protection between IAVs and IBVs in our study due to the limited understanding of their
interaction. This assumption may not fully capture the complexity of the interaction between these two viruses. Future studies could benefit
from incorporating a more detailed understanding of the mechanism of interaction between IAVs and IBVs to improve the model.

STARX*METHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
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Figure 4. Effects of average relative humidity on subtype interference

(A) Effects of average relative humidity on subtype interference between A/HIN1 and A/H3N2 in northern China; (B) Effects of average relative humidity on
subtype interference between A/H1N1 and A/H3N2 in southern China; (C) Effects of average relative humidity on subtype interference between B/Victoria
and B/Yamagata in northern China; (D) Effects of average relative humidity on subtype interference between B/Victoria and B/Yamagata in southern China.
These curves represent the changes in relative risk (RR) with variations in RH and subtype interference. When the lower 95% confidence interval of the RR is
greater than 1, it indicates an increased risk of subtype interference. A higher RR value indicates a greater risk associated with subtype interference.
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Deposited data
Influenza Surveillance Data Chinese National Influenza Center https://ivdc.chinacdc.cn/cnic/
Meteorological Data China meteorological data sharing service www.data.cma.cn
system

Software and algorithms

R https://www.r-project.org/ N/A
Python https://www.python.org/ N/A
EPIPOI http://www.epipoi.info/about-epipoi/ N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof. Shigui Yang
(yangshigui@zju.edu.cn).

Materials availability

The study did not generate any new materials.

Data and code availability
e All data used in this paper will be shared by the lead contact Shigui Yang (yangshigui@zju.edu.cn) upon request.
e The code of model in this paper will be shared by the lead contact Shigui Yang (yangshigui@zju.edu.cn) upon request.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact Shigui Yang
(yangshigui@zju.edu.cn) upon request.

METHOD DETAILS

Influenza surveillance data and meteorological data in mainland China

In this study, we utilized influenza surveillance data and meteorological data from Mainland China. The weekly influenza surveillance data,
spanning from week 27, 2015 to week 26, 2019, were obtained from the Chinese National Influenza Center. The extracted data included
the number of laboratory-confirmed cases for A/H1N1, A/H3N2, unsubtyped IAVs, B/Victoria, B/Yamagata, and unsubtyped IBVs, as well
as the number of samples tested, outpatient visits, and cases of ILI reported by sentinel hospitals. To estimate the “weekly incidence
rate”, we multiplied the proportion of ILI cases among outpatient visits by the virus detection positive rate.”>* However, due to the presence
of numerous unsubtyped IAVs and IBVs, calculating the positive rate for specific subtypes could introduce bias in estimating the weekly
incidence rate. To address this issue, we assigned the weekly number of positive samples for unsubtyped IAVs and IBVs to their respective
subtypes based on the proportion of weekly A/HIN1, A/H3N2, B/Victoria, and B/Yamagata viruses. Additionally, we obtained daily data on
relative humidity (RH, %) from 839 climate monitor stations across mainland China for the period from 2015 to 2019 through the China mete-
orological data sharing service system (www.data.cma.cn). To calculate the average weekly meteorological data, we aggregated the
daily data.

The primary peaks of seasonal influenza viruses in mainland China

We determined the timing of the primary and second peaks of SIVs by using the data of test positive rate. We first used the quadratic poly-
nomial to detrended each time series data of SIVs to obtain the series of trend and seasonality. And then, the timing of primary and second
peaks in the series of trend and seasonality was identified, when the maximum and secondary intensity of disease burden typically occurred.*

Subtypes Interference Based Susceptible-Infected-Recovered-Susceptible model

In our study, subtypes interference refers to a phenomenon in which the transmission of one subtype hinders the transmission process of
another subtype at the same time point. We have developed a Subtypes Interference Based Susceptible-Infected-Recovered-Susceptible
(SIB-SIRS) model (Figure S5) to simulate the epidemics of SIVs (including A/H1N1, A/H3N2, B/Victoria, and B/Yamagata) in mainland China,

iScience 27, 109323, March 15, 2024 9



mailto:yangshigui@zju.edu.cn
mailto:yangshigui@zju.edu.cn
mailto:yangshigui@zju.edu.cn
mailto:yangshigui@zju.edu.cn
http://www.data.cma.cn
https://ivdc.chinacdc.cn/cnic/
http://www.data.cma.cn
https://www.r-project.org/
https://www.python.org/
http://www.epipoi.info/about-epipoi/

¢? CellPress iScience
OPEN ACCESS

encompassing both northern and southern regions. Our SIB-SIRS model is based on the following assumptions: 1) cross-protection exists
between A/HIN1T and A/H3N2, as well as between B/Victoria and B/Yamagata;36 2) there is no cross-protection between IAVs and IBVs; 3)
The effectiveness of influenza vaccines follows an "all-or-nothing" principle.? Due to the lack of comprehensive surveillance data on influenza
vaccination rates (IVR) and vaccine effectiveness (VE) in mainland China, we utilized the average annual IVR (10.02%, 95% Cl: 7.10%-13.37%)
across three age groups: 0-14 years old (28.41%), 15-59 years old (9.14%), and 60+ years old (1 3.06%).%° The VE in mainland China was referred
to United States Centers for Disease Control and Prevention (Table S2).

For the IAVs, S"41S"43 are susceptible for both A/HIN1 and A/H3N2; Y4153 are infected with A/HTN1 but remain susceptible for
A/H3N2; RY41S"43 have recovered for A/HTN1 but remain susceptible for A/H3N2; R"y11Y43 have recovered for A/H1N1 but infected with
A/H3N2; Y435y, are infected with A/H3N2 but remain susceptible for A/HT1N1; R"435"41 have recovered for A/H3N2 but remain susceptible
for A/HIN1; RY431"41 have recovered for A/H3N2 but infected with A/HTN1; RY3R"41 have recovered for both A/H3N2 and A/H1N1; RV3RY4
have received influenza vaccination and are immunized against both A/HIN1 and A/H3N2. Total population (N) = S"41S"3 + 1"41S"43 +
RY41SYH3 + RYh11%h3 + Y438 1 + R¥43SYmq + RYslYr + RY43RYH1 + R¥43RY4q. The model of IBVs is similar to IAVs. A/H1N1 and A/H3N2 are
equivalent to B/Victoria (B,;.) and B/Yamagata (By,). Since quadrivalent influenza vaccine was only marketed in mainland China in 2019,
we assumed that public received trivalent influenza vaccine (TIV) from week 27, 2015 to week 26, 2019. In mainland China, there is no immune
component for B/Yamagata virus in TIV, therefore, those who are vaccinated with TIV would remain susceptible to B/Yamagata virus, but they
will have part of cross-protection against B/Yamagata due to immune component for B/Victoria virus (vaccine-induced cross-protection).®”

In our model, i = 1 corresponds to children aged 0-14, i = 2 corresponds to individuals aged 15-59, and i = 3 corresponds to older adults
aged > 60; The parameter A(t) is defined as A(t) = B(t)Cd;. Here, B(t) represents the transmission efficiency per contact at time t, C represents the
contact mixing rates between an infected individual and a susceptible individual; The parameter §; represents the age group susceptibility to
SIVs. According to a previous study, the values of 84, d,, and 33 were taken as 2, 1, and 2, respectively, representing a ratio of 2:1:2 for sus-
ceptibility among the different age groups;’® We also considered the impact of climates on influenza transmission by incorporating it via
the function B(t) = a(1 + b sin(2wt/52 + ¢)). Here, b represents the relative contribution of climates on influenza transmission efﬁciency;AO
L represents the duration of immunity, and 1/y represents the infectious period. P1 and P2 denote naturally acquired cross-immunity and
vaccine-induced cross-immunity, respectively. In our model, the simulation time was set to 52 weeks. We also take into account natural birth
and death processes. The initial value of the infected population was determined by the number of individuals infected with each subtype
during the first week.

We combined the bootstrap method with the least squares method to infer the unknown parameters (a, b, ¢, and 3)."" Since the time-series
properties of the incidence data of SIVs, we first applied a Box-Cox transformation to the data. Then, we utilized seasonal and trend decom-
position to decompose the data into its constituent parts, including the trend, seasonal, and random components. The random components
were then resampled using the ‘blocked bootstrap’ method. These resampled random components were combined with the original trend
and seasonal components to generate 999 new virtual time series data that closely resemble the observed data after the Box-Cox transfor-
mation.*? We combined the observed data with the 999 generated virtual time series data to obtain a total of 1,000 incidence data for the SIVs.
The SIB-SIRS model was then used to fit these data. In each simulation, we utilized the least squares method to estimate the unknown pa-
rameters of the model. After obtaining all the parameters (Table S3), we used the next-generation matrix (NG) method™ to calculate the effec-
tive reproductive number (Re). We define NG as:

M:ﬁ*C*D43

where, B represents the probability of a successful transmission given contact with an infectious individual; C denotes the contact matrix, and
D representing the infectious period. The effective reproduction number, Re, is the absolute value of the dominant eigenvalue of M. In 1,000
simulations, we calculated Re 1,000 times per week and we used the restricted cubic spline® to predict the Re and its 95% confidence interval
between week 27, 2015 and week 26, 2019.

The relationship between subtypes interference and meteorologic factors

A distributed lag nonlinear model was utilized to analyze the exposure-lag response of RH on subtypes interference.”® The formula for RH
model is: Log[E(Yt)] = a+ 8 (RH 1), lag = 2) + ns (Time,). Where Y, denotes the interference intensity at time t. « is the intercept; RH ¢ repre-
sented the “cross-basis” function”® for the RH; 8 denote the corresponding regression coefficients of RH. The degrees of freedom for these
variables were set to 3. The function ns denotes a natural cubic spline function. Time, represents the long-term trend.

QUANTIFICATION AND STATISTICAL ANALYSIS

We used attributable risk percent [the absolute value of ratio of the Re of different subtypes minus one] to quantify interference intensity be-
tween A/H1N1 and A/H3N2, as well as B/Victoria and B/Yamagata.
We utilized R (version 3.6.1), Python (version 3.7.4), and EPIPOIY for data cleaning and analysis.
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