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[ Abstract] Objective To investigate the association between long-term exposure to air pollutants and immunoglobulin
G (IgG) antibody levels in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) breakthrough infection cases,
providing evidence for revealing the impacts of environmental factors on post-infection immune responses. Methods In
March 2023, a combined convenience and stratified random sampling strategy was employed to survey community
residents in 14 districts and counties of Yichang city, Hubei province. Questionnaire data and IgG measurements were
obtained, and 3 885 vaccinated individuals with SARS-CoV-2 breakthrough infections were included in the analysis.
Residential addresses were decoded to latitude and longitude. Publicly available environmental databases were used to
estimate long-term exposure to fine particulate matter (PM, 5), inhalable particulate matter (PM,,), ultrafine particulate
matter (PM,), sulfur dioxide (SO,), nitrogen dioxide (NO,), ozone (O3), carbon monoxide (CO), temperature, relative
humidity, and population density. Multivariate linear regression models were employed to evaluate the effects of long-
term pollutant exposure on IgG levels. Results Per interquartile range increase in PM; and NO, was associated with
—2.83% (95%CI: —5.22% to —0.45%) and —3.17% (95%CI. —5.71% to —0.63%) changes in IgG antibody levels,
respectively. Combined exposure to PM; and NO, was associated with a —1.49% (95%CI: —2.89% to —0.10%) change in
IgG antibody level, with NO, contributing a higher proportion (57.0%) to the overall effect. Negative associations of PM,
and NO, with IgG levels were more pronounced among individuals aged = 60 years, smokers, and those with a time
interval = 12 months between the last vaccination and infection (all Piyeraciion < 0-05). Conclusions Long-term exposure

FFHFREL: CC BY-NC-ND 4.0 DOI: 10.11847/zgggws 1146977

B—1EE: EAMRO989—), FIFIR, WETEEL, W77 A Ui T 2 .

Urhs BER: 2025-01-21 1&EIBHR: 2025-05-21 FABHI: 2025-07-24

FIEEHZR: AP RIEEE: IR HARIER: AR O S g B Ve SRk A B SRR L B



mailto:like666792@163.com
mailto:like666792@163.com
mailto:like666792@163.com
https://doi.org/10.11847/zgggws1146977

- 1154 -

HE A SL T AE 2025 4F 10 A28 41 55 10

Chin J Public Health, Oct 2025 Vol.41 No.10

to PM,; and NO, may impair the immune response following SARS-CoV-2 breakthrough infection. Individuals aged = 60
years, smokers, and those with extended intervals since last vaccination are predisposed to weaker immune responses.

[ Keywords] immunoglobulin G (IgG) antibody levels; severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2);
breakthrough infection; air pollutants; long-term exposure; association; Yichang city
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Table 2 Association between air pollutant exposure (2018-2022) and IgG antibody levels among individuals with SARS-CoV-2
breakthrough infections

B B2 o3 o4

FRIERY 1GHAKT IgGHUMAKF IgGHL &K T IgGHL &K T
srtns Y wwEptn 0 wwrsiese T mpmspwe 7Y

PM, 5 -1.17 —2.18~-0.16 -0.97 -1.96~0.02 —0.87 —1.86~0.12 —0.98 —-3.23~1.27
PM;, -1.33 —2.34~-0.31 -1.11 —2.11~-0.12 -1.03 -2.02~-0.03 -1.73 -3.90~0.45
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NO, —-1.81 —3.22~-0.39 -2.19 -3.64~-0.73 -1.90 —3.35~-0.44 -3.17 —5.71~-0.63
04 —0.62 —1.82~0.58 -0.30 -1.46~0.85 -0.27 -1.41~0.87 0.31 -1.11~1.72
cO -1.11 -1.91~-0.31 —0.89 -1.67~-0.10 -0.78 -1.57~-0.01 -1.19 -2.73~0.35
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B, EAEAER T . SARS-CoV-2 4L 5 75 i X
WS o 8 Al 26 0 BT 2R ek IR S B 9% Y 4 B <3 )
R e 1R 236 g% () 1 1] 18] B =12 A~ H .
TR e 5] 1 25 1) 1] 18] B% =100 d JF K37 B R 25

TG L Y g R B K L 3 R E B SARS-CoV-2
TG B G 7 A S R (3 P<0.05);
NO, K ] 5 & %F 2otk =60 5 . JE AT 76 3, T A Ak
At SARS-CoV-2 2 G 2 72 % XU AT A vy KR IE
B AIRE B RO S T R A I AR et R
BRI WM <3 IR BeJa 1 IR 2 B e 1 1) )
8] B =12 A~ H B Ge 211 & i 1] 18] BE 50~ 99 d.
A Y 7 DR B R S B R 0 B S e R AT
B #& FIAE Bt SARS-CoV-2 B I B Ye 3 ¥ 48 it
SR (H P<0.05); FE# =60 % AT G 1 IR
955 V4 b 21 SR I 1] E] B =12 ™ H SARS-CoV-2
T B G = 1gG Uik K F X PM, Al NO, f 52
i) 5 UK (35 P 95<0.05) o

£ 3 PM, M1 NO, KHREFEXT SARS-COV-2 RUMEEYLE 1gG Hiik /K507 4 4> #r
Table 3 Subgroup analysis of the effects of long-term exposure to PM; and NO, on IgG antibody levels
among individuals with SARS-CoV-2 breakthrough infections

NO, PM,
T4 P
IgGBH 7 L6 /% 95%CI IgG A 7 He/% 95%CI
53 51 -6.79 —-17.68~4.10 -10.38 -20.75~-0.01
prgicd —-14.90 —26.56~-3.24 -7.11 -17.95~3.73
IR <20 -1.98 -13.97~10.01 -5.55 -17.36~6.25
20~39 -10.16 —24.27~3.95 -8.60 -22.21~5.00
40~59 -7.84 —24.01~8.33 -5.81 -20.41~8.78
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Table 3 Continued
NO, PM,
T4 e
IgGRALE 43 Lb/% 95%CI IgGE 73 /% 95%CT

260 —27.48 —51.44~-3.52 -19.09 —40.57~2.38
JEEHL ol -11.06 —-21.27~-0.85 -10.36 -19.84~-0.88

BRAY -13.82 —27.32~-0.31 -11.91 —24.38~0.55
SARS-CoV-2/#k g 3 & X6 A\ I 27 7 UK -15.66 —-31.12~-0.20 -8.75 —22.74~5.25

o e B i AU -9.42 —18.40~-0.45 -9.84 -18.41~-127
BMI IEHAE -10.12 -19.94~-0.30 -8.91 -18.27~0.44

HE -9.84 —25.41~5.73 -10.29 —24.56~3.97

JIE -35.30 —64.76~-5.83 -15.50 —43.28~12.29
W 175 50 AN —6.44 -15.05~2.17 —6.35 -14.40~1.71

AR -23.01 —42.80~-3.22 -16.38 -35.23~2.46
BRI T -10.61 -18.92~-2.29 -10.42 -18.33~-2.51

f -12.12 -35.83~11.59 —0.45 —21.42~20.52
P B H AT/ IR <3 -13.51 —-23.28~-3.75 -10.17 -19.22~-1.12

>3 —4.24 -16.99~8.51 -4.39 -17.09~8.31
B R 80 e (1 e 1] ] B/ <12 —4.38 —13.17~4.40 —5.44 -13.85~2.98

=12 -35.61 —53.24~-17.98 —25.46 —41.32~-9.60
SRR G B ) I [r) 8] B /d <50 196.00 -169.61~561.62 83.62 —269.62~436.86

50~99 -11.03 -19.59~-2.46 -7.38 ~15.45~0.69

2100 -9.57 —32.74~13.60 —24.45 —45.10~-3.79
KT R IR P 3 R G & -11.30 -19.31~-3.30 -10.12 -17.66~-2.58

i -12.47 ~94.98~70.03 46.95 -22.25~116.16
RS TRIN T E= T S ey a RAERE -10.34 -18.31~-2.36 -8.47 -15.98~-0.95

{ERE -100.07 -191.70~-8.45 -53.19 —126.41~20.02

T BB TR RS JE M, SARS-CoV-2/E& G2 52 M AT BMIL WRMEE L. 4 JCHERIRms | 3 B et PRos 7 i B R I B 19042
Tl 0 R e PO S ) ) B Je A R S I W [0 B S 75 A BT R e DR 23 S e B BT R st R G R 1 0L S RN TV P S 43l P2 T 5 R o i P

26 AWM (R4 EPREET RN T,
JEAEHL, SARS-CoV-2 /B4y 2 f2 X5 A B BMIL W
SRS A TC IR0 BT 2R el IR 7S B % 1 e M 7
W B 1 VR 31 26 % 19 B a] R) B ek g% R 1 2
N A] TR B 2 75 AT B et PR e B iR e 3 L B A e
PRI B I BE 1 00 AE 350 N 125 B L 4 35038 5 A

SEYIMX R E SR AR RS, BURE 4 R BoR,
2020—2021 4 PM; H12020—2022 £ NO, ‘FH%S
1593 85 5 1gG iK1 Z B KRR ZE A A 4
2% X, PM, FINO, B300 1A Ops 18G, Hifk/K
AR AR H A B 43 N —2.60%(95%CI= —4.96%~
—0.24%) F1-3.25%(95%CI= —5.84%~—0.65%)

F4 20202022 FF IG5 PR KT SARS-CoV-2 Tl MK UL 1gG iR /KT- 56 R M BURIE 43
Table 4 Sensitivity analysis of the association between air pollution exposure (2020-2022) and IgG antibody levels among
individuals with SARS-CoV-2 breakthrough infections

iR ith) B3 Kistl4
RIS IgGHUAAT 1eGHIH AT 1eGHIIAAT 1eGHUIAAT
st O gm0 mwrstees Y wpmprm 0

PM, 5 -1.09 -2.06~-0.11 -0.77 -1.72~0.18 -0.87 —1.82~0.08 -0.45 -2.52~1.61
PM,, -1.18 —2.09~-0.27 —0.83 -1.71~0.04 -0.92 —1.80~—0.04 -1.00 —2.81~0.81
PM, -1.97 —3.34~-0.60 —-1.60 -2.96~-0.24 -1.75 -3.11~-0.39 -2.60 —4.96~-0.24
SO, 0.84 —0.62~2.31 0.59 —0.79~1.98 0.54 —0.85~1.94 0.55 —0.87~1.98
NO, -1.96 -3.51~-0.42 -2.07 -3.66~-0.48 -2.37 -3.96~-0.78 -3.25 —5.84~-0.65
04 —-1.06 —2.32~0.20 —0.66 —1.85~0.54 -0.74 —1.95~0.46 -0.22 -1.76~1.32
cO —-1.14 —2.05~-0.23 —0.84 —1.73~0.06 —0.94 —1.84~-0.05 -1.24 —2.89~0.40

T R LR R BB A (R 2 R 2R B A 4RSS SR, SARS-CoV-2/m L 7t 57 XU A\ HE WS 1L« A JC Rt ABMIZE TR 2% (K 5 B34
TR 2 S il 4k 25 i R TRE DR TS T BRI oS 1R o ) SR A 1 ] ) 5% R A P O A e ) ) B 2 75 A TR R 7 R e R B TR IR
I3 B R A B I L S TR AR TR 2 s B AYE R 3 LA T 4k SR B LA PR BT SR B R 2R, BLAE AR TR B MR PRI\ O B SR A TR R . BRPM B8
2020—202 14T ¥ B FRAH Ab, HoAth 2 <75 Y B 35 92020—20224 V- B B 18 .
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B R, B3GR R RS SARS-
CoV-2 Puik g B 2 [AIAF 75 B o — TUET X 3 2 7k
R BRI G T RN R T 4 R RO,
TEARZEF W M B GE b, KRR TR &K
*F 1) NO, 1 PM,, 5 B 58 1 1gG Ft 4 & B &2 I
2% . NO, F1 PM,, &3 1 1 pg/m’, 1gG 7K L7+
2.4%(95%CI=1.1%~3.6%) 1 7.4%(95%CI=2.5%~
12.5%) 130, 55 — T % 2% 3 A BE RO BF LR B, K
W8 7 T8 R 1) PM, 5 AT NO, 5 oK 39 M s 1
YL 1 1gG Prik K 7 2 IEM U, SR, — 100
B SXoF 2 A 2 T EL 1 A JER e I OB N BE B AR
B, KA ER R T KCP B NOy PMy s I L4
47 BTk (black carbon, BC) 5 i 14 6 IR 5 55 1) R £
45 5 P 1gG PUikoK P 535 T B AR ¢, &3 —
A Ops 1gG HLAK K F 0T 43 93 R B —7.3%(95%CI=
—13.9%~—-0.2%)+ —9.9%(95%CI= —16.2%~—-3.1%)
F1-10.0%(95%CI= —15.8%~—3.7%) 2!, 5 — 15
FEERTREH, PM, s« PM, . SO, NO,. O; SHIEH
T T 35 55 8 B R B KOS BT S T 1 R R
ok B 2 ok e, AR gt B R, ER
B G K4 SARS-CoV-2 FEBY I B gL ity N B b, B
SO, Fl1 O #b, HoAth 5 Fiy= G 2 55 5 1gG HLik )
IR, FEHEEME R, SRR, JEE L. SARS-
CoV-2 &gy 7% F= KU AN BMIL IS L B
S B B RO R WM IR R
1 VK 2 Tl 1) JE G 1 B[] TR B R 4 P O A B[] ]
B 2 15 9 KB AR et PR B I e 2 L B B el IR v B
SR e DL E N T R AR YR B R4
BRI SR A R R 5, 2 n gk PR [ A LAY 43
Mrég B, PM, Al NO, BN 1 4 Ops 1gG HLik
AP AR A 43 EE 43 531 A —2.83%(95%CI= —5.22%~
—0.45%) F1-3.17%(95%CI=—5.71%~-0.63%) , PM,
FNO, 5 IgG ik 2 A K. SFTiRHFARA
7], AHE SN B e 1S Se N B 4, T Re sz
WEM S H AR B [R5 R A N
SO AT 2 RAE T B — % kIR (i 3 AR
A e w2 i B B ) U205, MR A e IR A T Pk
ST L 0T e B D B gk, 0 PR 8T 2 B 1 B
JERVE R AT RS A o He R S TG T B 0SS
] ) G % B 42, G0 B R A B4 AR T2 S M B T 4
WA 5 S B, 33 T R T BT A4 K S () 3Rk B HE
) 21, 42 5 3 e ) AT R 3 3k BT S 2 0 B
T TR 286 L 57 e 5 5] k4R 0 N 382 T 98 T ) B
S NP2, X AR IR A A e N R AT B SR B R A
1 7 e 1 A S =0 10 R NV 2 SO s o N N1 R 7
JIT SR F B O AR W 48 Bk A7 TE 22 5, 35 00 BE 9T A
M TgG B AP B2, T AW AL 3 B O 5T
X SARS-CoV-2 #% & I M Il R 8 1 2 & i i i)

IgG PR 7K1, A I Fi8 B (1) A [F] 1 7T B 52 e 25 S
AT EC M . BT B R B = 08 T RS e n
SARS-CoV-2 W& HuJ% I B 5, R ik, oKk ok M
B — BRI BRI K R RS R
0T SR SR G e g% B R R T

B0 B 235 W o B 45 B oR, PM, FINO,
BE &G, 1gG ik /KW H 75t 8-1.49%
(95%CI=—2.89%~—0.10%) , -+ NO, I TT#k &5 tb
B (57.0%), #2758 PM, FI NO, iR A # 2 B
= B 1eG Prih /KT, HH NO, & F 5 1gG Hiik
KPR B 2 S e . SR T sh W 5T IR 4 3R
W, i B NO, 12 55 23 38 I 400 2 ORI 28 9 Je
N7, E T 33 28 4 28 Th RE R A AR 37 1 B Ak e i 12T,
AHEEZ R, PM RLAR /N R AL KL s
B, BE VR IR IR 2N MR IE 3, R R G
RAE, [F) I 45 15 A B0, 0 RIS R ORI S
ALY H R M TE PM, 5 RN /ER AR
S 5% RN IRIE . AR R, HBEZEKTS
eGPk 2B EFEAMK, A PM, TREET S
NO, p [F] 5 3 57 1F F 52 W VR & % IR &S T 1t
RN . Rk, KRR — D IRE PM, #FEEZ
P 5 R X PR IK 52 m .

A o B R R, FFRE =60 5 RO AE f5
1 VR P 1 B2 i 21 J2% G i (8] [B] B =12 4~ H , SARS-
CoV-2 B PRI YL # 1gG Pk /K F-5F PM, 1 NO,
(R S A RUER, e 1gG PRk T Hoft AN TE(3Y
Py 5<0.05), IR TR KW R TR T2
Hil 55 SARS-CoV-2 Z il P4 8 4 J5 1) F 9% Je B, H
XA LR R E N R ILE N 2. Hd, 2
SN T 5% 3208, 23575 Geoiod G0 2 i) R
B Ay BRI 1257200 W R e 2 T A A2 A5, K TR
SHI S RERG T RTS8 E FHE Y
Z R R R, feAh, B 1RO R =12 A
H % 1gG Pri AP 5K, T s e H 28 1 3 A s 1
o 8 AR B8 A I TR) A 08 T ek 55, JCHAE SRS
PR T, X—@B T NHE . TFRN, MER
5] ) A RS, 5 S BT AR R 1E 2 4 P 3 2 3 U
55, M S B0 G % AR 1 B, i A RS e R
T8 3o A A B ORI E S B S AL ) — 2 4 T A
FEM AT AL, R, o s Bk AT % v B R I A
PRAE 2S5 YL 52 T vl e T I B v B XU

ZE B RTIR, KA R 8 T 2S5 ] R 2 Al
55 SARS-CoV-2 Z il P R YL J5 1 S 7 I v, H %
SEON S WRCR R R T g3 b T N AT R T
15 W) 5 COVID-19 A I {6 5 52 i 1 B0 sé N B .
(R b, 8 AT 75 0 25 005 e ) 7 B i X R BB 45
T, G AT XS 22 A N S s 55 4 A 55 R LB
25, M 9 £ B N T I W 3 o o P A 2 AL A
SRR AW TU RO AE TR BT B e IR B % 1



- 1160 - HE A SL T AE 2025 4F 10 A28 41 55 10

Chin J Public Health, Oct 2025 Vol.41 No.10

RUAT Je 3913 16 32 1 U 2 He s, i DA A ik
PG A A 1 2 05 P Bk B, IR AE 0 B b i A A
IR0 2 MR AP R, R 25 K
1) % 52 X SARS-CoV-2 R M B 4 J5 B ik 7K~ 1
S o (B AT AF AL — € 1 R IR 1% - (1) SARS-CoV-2
IR G F A2 A TR A R B ORI B B B AR 1
LR AL JE A I &5 2R, 3X AT A 51 N 12 W 7 2K i
AT 5 WA 2 G R v s () AT AR AT
PRV 5 R A TR G A DR, HEBR AR 3%
Tt 85 R SRR G 35 MR SR BROV B A4, AT R A7 76 08 4%
fifer, BRI 5T 845 2R ) S Am N AN (3) A
WFF2 R F 2018—2022 4 [ 5 I 5] B i 75 G H s
AR R 8, RAEMRYE &4 W B0 Rk
o JR% G I 1) R A IS ) i3 47 A 14 A 2 R I A R
fiti, 7T e T B0 B B2y, AT RE WA TS B 5 Hidk
SN2 B B SRR B s (4) R 75 8 EE N AT B
5 (MK EM PR AED) . IAFFERY,
F I8 XS TR 3R 1T RE 23 B RS e R R KPR,
PR, 2 s P 2 R F] RS B0 A S B 2 R K F
AR AL B R 72 (5) i T REAS B RO BR ), RO AR &
A H 2 A 2 T W BEAT 70 28, R E R TR
HH AF R A0 45 3 W RR AR 0, T e S R 45 SRR o
P (6) HH T 2020—2022 45 5 AL i R s 25 2% 15
(6] B 11 =8, 7T RE 3 BN A8 TS e 2 ik K
SR A o R, SR SR I T R E I S B A ke R
THECGS VU O HE R VE, 45 & A R G 55 SR I )
Jo 3 NG GeAE DL AL A RTG Ge B R VR AL, R I
BE— 25 25 18 T R AE A DA R R R B TR AR BR L
B VA 5 W 0 2 R AH DR TR A% R R B S e, R TR
NHEZE 75 YO L, T S0 7 A e Ay 2 =05 e )
T 0 N AR G 8 S L ) 5
BAETHMEREE AFRPRAGE LT kD
RE AR A0 E R IE 5] R A TR
¥ 7T AN TF AR BT 3 (W 563 hk: https:/weijing-rs.
github.io/product.html; http://www.geodata.cn; https://
landscan.ornl.gov) . A& #F % 49 SARS-CoV-2 & %
BARAR KRB IFER BT AL KA YR, H
BANANBREAT &, ERATHRZAT, FF AN
5 P8 E RGN A B K AR R R E £ K,
m AT HEKFRGFESF G R EER
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