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Chronic hypoxia modulates vaccine adjuvant-induced specific immune responses:

QML maintains stability while CpG significantly enhances

ZHANG Miaomiao' *, ZHAO Xinyao ™, ZHU Ji’, WANG Yalan’, BAI Yulun’, DENG Yan’, JIANG Yue’, YU
Wenkangz, NASHUNBUHE 1, LI Haibo 'School of Life Sciences, Inner Mongolia University, Hohhot, Inner
Mongolia; 2Department of Microbiolgy and Biochemical Pharmacy, National Engineering Research Center of
Immunological Products, College of Pharmacy and Laboratory Medicine, Army Medical University (Third Military
Medical University) , Chongqing; “School of Biological Science and Technology, Chengdu Medical College, Chengdu,
Sichuan, China

[Abstract] Objective High-altitude chronic hypoxia can alter the immune status, yet the immune
regulatory characteristics of various vaccine adjuvants in this environment remain to be fully elucidated.
Accordingly, emphasis is placed on evaluating the regulatory effects of chronic hypoxia on specific humoral,
cellular, and memory T cell responses elicited by different adjuvants. Methods Using ovalbumin (OVA) as
the antigen, Th2-biased adjuvant aluminum hydroxide (Alum), Thl-biased adjuvant CpG, and Th1/Th2-
balanced adjuvant QML were combined for intramuscular immunization in mice on days 0 and 14. Thl-biased
adjuvant CpG, or Th1/Th2-balanced adjuvant QML for intramuscular immunization on day 0 and 14 (n=16). A
total of 160 SPF female C57BL/6 mice (6 to 8 weeks old, weighing 16 to 18 g) were randomly divided into
5 groups (n=32): PBS group (sterile PBS), OVA group (5 g OVA), OVA+Alum group (5 pg OVA and 100 pg
Alum), OVA+CpG group (5 pg OVA and 20 pg CpG), and OVA+QML group (5 pg OVA and 50 pL. QML).
Each group was further divided into normoxia control (n=16, housed in 21% O: environment) and chronic
hypoxia (n=16, simulated altitude 5 800 m) subgroups. On days 14 and 60 after the last immunization, the
serum levels of specific IgG, IgGl, and IgG2c antibodies were measured by ELISA; enzyme-linked
immunospot assay (ELISpot) was used to detect the numbers of cells secreting [IFN-v, IL-4, and IL-17A in the
splenocytes. On day 14 after the last immunization, flow cytometry was performed to determine the proportions
of CD4*IFN-vy*, CD4"1L-4*, CD4*1L-17A*, CD8*IFN-vy*, and CD8*IL-2" cell subsets in the spleen.
Results  Chronic hypoxia significantly inhibited the ability of OVA alone to induce IgG antibodies (P<0. 01),
and all 3 adjuvants reversed this effect. QML exerted a stable and superior enhancing effect on serum-specific
IgG, IgG1, and IgG2c levels compared to CpG (P<0. 05). Notably, CpG induced significantly higher levels of
total TgG (P<0. 01) and IgG1 (P<0. 05) in the chronic hypoxia group than in the corresponding normoxia group
at days 60 after the final immunization. For cellular immunity, QML stably increased the proportions of CD4*
IFN-vy* and CD4*1L-17A" cells, as well as the secretion levels of IFN-vy and IL-4, under both normoxic and
hypoxic conditions. In contrast, the T cell regulatory effects of CpG were hypoxia-dependent, with significant
enhancement of [FN-y-secreting cell numbers in the hypoxia group at both short-term (14 d, P<0. 01) and long-
term (60 d, P<0. 05) time points. Analysis of memory T cells showed that all 3 adjuvants maintained CD4"Tcem
levels under hypoxia. Additionally, CpG increased the proportions of CD8 * Tem (P<0. 05) and CD8* Tem
(P<0.01) in the hypoxic group, while Alum only specifically elevated CD4 * Tem levels under hypoxic
conditions (P<0.05). Conclusion QML stably induces comprehensive immune responses under both
normoxic and hypoxic conditions, while CpG exhibits advantages in Th1-type response enhancement and CD8*
memory T cell expansion under chronic hypoxia, providing experimental evidence for adjuvant selection in
chronic hypoxic environments such as high-altitude regions.

[Key words | chronic hypoxia; normoxia; vaccine adjuvants; humoral immunity; cellular immunity

Supported by the General Program of National Natural Science Foundation of China (32270988) and the General Project of Natural Science Foundation of

Chongqing (CSTB2024NSCQ-MSX0981). Corresponding authors: LI Haibo, E-mail: lihaibo@tmmu. edu. cn; NASHUNBUHE, E-mail: bnashun@imu.

edu. cn



982 Bl A5 % R 27241, 2026, 48(8)

http ://aammt. tmmu. edu. cn

B % 9 b X 22 P At s b=k e, K
NFNGUNCYCIRS i A A A= E e AN L)
BmE R AR A AR IR A IR BT, v] BB 3 5L
B S N DAL 02 1 dfe 40 1 B AN [ 2 R 0 g BB A B R
AR DR T R A X RS i v SR TR G 14 R Sk
58, B A FIS M E 5 R L

S b DX L T S S T AT e B S e ] A
FEAE™ % S e TR TR B felt B ) VS 7 T . 92
TR A BT R S AL e e 2 0 AR T B iR
O WL R 38 2ok TG WL B8 22 0 7 A6 e e P e i i
28 AT R S T A 0 I R A7 2 A0 R A, 8 T A
KRR e (4 B o AR AR SRR AR 227 SR, Y
TG T 50 SR M Bl A A 05 2 15 4t 3 R A LA X g
Vi ) S8 RS AR T T e 0™ B 4 vp Tk B
EWOE /IR AT Y LN B LIV (<R AN b I A DO
JEL G 1 T T R . AN S AR TR Ry 3
S8R T8 7 88 O 25 R A2 0 AL 43, S TR S R4 ) 4
BT B eI VR R R

A5 3 Ao i D A B AR DA A ST M i /N R
BT, LA I 8 AR, 43 536 Th i 1) B4 7] &
AR (AT T8 B P R R 94 79D 1 Thi
i 1i1] B9 4% 7] CpG 2 Th1/Th2 -4 59 4% 7] QML % /)N Bl
HEAT G X S P il A0/ BRS8N BRI 8 o 2
2250 o TS IRTAS [FAA 700 76 WO A R BE T X /N BRI
G J2 FIAR L G328 VR P AE L, B ZE LA e DR A B T 92
B AR T e HF , A T e S N TR 1 e A S A s
s

1 #MRERZ®

1.1 ##

111 S25esh® 160 HUMEM: C57BL/6 /N (6~8 JE
W AT 16~18 o) ) [ b 5t 23 I 46 52 56 sh ) R
BRRA T SLHRT, /N EUAE SPF 24 84 Bk 1y 4 35
7 d, B H R KB RS UR R (R =5 em) , BT
A E REEYOK,OERREW R 12 h AR, A
WF 5T 28 il 22 75 s K24 S0 sh Y R RS BT A 25 01 &
HEE(AMUWEC20240092) . FFA 12 APE3AE CAn L
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Figure 1 Levels of OVA-specific IgG and its subclasses in mouse serum at day 14 after final immunization (n=5,%+s)
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Figure 2 Numbers of IFN-v-, IL-4- and IL-17A-secreting cells in mouse spleen at day 14 after final immunization (n=3,%+s)
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Figure 3 Expression levels of intrinsic factors in the spleen of mice at day 14 after final immunization (n=3,%+s)
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Figure 4 Levels of OVA-specific IgG and its subclasses in mouse serum at day 60 after final immunization (n=5,x+s)
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Figure 5 Numbers of IFN-vy- and IL-17A-secreting cells in mouse spleen at day 60 after final immunization (n=3,%+s)
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