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Dear Editor,

Genome-wide association studies (GWASs) have reported a genetic
association between certain populations and the severity of COVID-19. In
severe patients, changes in the locus 3p21.31 (including SLC6A20,
LZTFL1, CCR9, FYCO1, CXCR6, and XCR1) are associated with COVID-19
hospitalization (Ellinghaus et al., 2020). Moreover, variations in 9p34.2
region (including genes related to the ABO blood grouping) can affect
both susceptibility and severity of COVID-19; in particular, individuals
with blood group A may have an increased risk of COVID-19 infection,
while those with blood group O may have a protective effect (Ellinghaus
et al., 2020; Shelton et al., 2021). Variants in DNAH7/SLC39A10,
CLUAP1, DES/SPEG, STXBP5/STXBP5-AS1, TOMM7, WSB1, CPQ, and
PCDH15 are associated with an increased risk of the COVID-19 mortality
(Hu et al., 2021). In the United Arab Emirates, the single-nucleotide
polymorphisms (SNPs) rs10507497 (in the intron of KIAA0564),
rs7715119 (in the intron of PDE8B), rs72953026 (at the 50 end of
GRM5-AS1), rs7605851 (in the intron of THSD7B), rs7595310 (at the 30

end of STK39), rs10140801 (in the intron of FBXO34-AS1), rs11659676
(at the 30 end of U6), and rs599976 (at the 50 end of METTL21C) were
found to be associated with COVID-19 severity (Mousa et al., 2021). In
our previous GWAS on a Chinese cohort, we found that the A allele of
rs2069837 (in the intron of IL6) leads to serious COVID-19 symptoms,
whereas the G allele of rs2069837 can provide protection by reducing
serum interleukin (IL) 6 levels (Gong et al., 2022).

In this study, to better understand the genetic heterogeneity of critical
COVID-19, we searched COVID-19-associated SNPs reported globally
(samples N > 100) (Supplementary Table S1) and validated them in the
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aforementioned Chinese population. The flowchart illustrating the pro-
cess of searching, screening, inclusion, and association analysis in this
study is presented in Fig. 1. In total, 100 SNPs related to severe or critical
COVID-19 were identified and listed (Supplementary Table S2). The data
covered almost all major ethnicities (European, American, South Asian,
East Asian, and African) across almost all continents (Asia, the Americas,
and Europe). Although most of the included studies recruited patients
with COVID-19, some utilized data from existing databases [e.g. Andolfo
et al. performed an in-depth genetic analysis by exploiting GWAS meta-
analysis data from the COVID-19 Host Genetics Initiative (Andolfo et al.,
2021)]. Most of the included studies were performed in Europe, with half
of the identified SNPs originating from the 11 included European studies
that collectively recruited nearly one million individuals (Ellinghaus
et al., 2020; Nikoloudis et al., 2020; Shikov et al., 2020; Andolfo et al.,
2021; Cantalupo et al., 2021; Hu et al., 2021; Zhang et al., 2021;
Degenhardt et al., 2022; Ruter et al., 2022; Yang et al., 2022; Zecevic
et al., 2022). Two studies included global populations and contributed 31
SNPs (COVID-19 Host Genetics Initiative, 2021; Kousathanas et al.,
2022).

Next, we tried to validate the previously reported SNPs (Table 1) in our
Chinese population based on their linkage disequilibrium (LD)pattern (r2�
0.6). The tagging SNPs with a P-value<0.05 were listed in Table 1, and all
validated SNPs were presented in Supplementary Table S2). In total, 38
tagging SNPs in 12genes (with the sameLDandP< 0.05)were found inour
Chinese populationdataset. The previously reported rs1712779 (inNEXP2)
with P ¼ 4.04 � 10�8 (OR_T allele ¼ 0.49) showed perfect LD with four
SNPs in the Chinese population dataset with P < 0.05. Additionally,
rs2109069 (in DPP9), rs11919389 (in RPL24), rs35951367 (in CTCF), and
(Y. He), yangzhenglin@cashq.ac.cn (Z. Yang).
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Fig. 1. The flowchart for research strategy.
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rs9845542 (in XCR1) exhibited perfect LD with those of rs12610495 (in
DPP9), rs3804778 (in PCNP), rs6789719 (near XCR1 and FLT1P1), and
rs6789719 (near XCR1 and FLT1P1) in our Chinese population dataset,
respectively. Furthermore, the LDs of rs1173773 (in NPR3), rs1853837
(FOXP4-AS1), and rs1331359 (RNU2-47P andTYRP1)were tagged in 11, 4,
and 5 SNPs in the Chinese dataset, respectively. Finally, two SNPs
(rs4496814 and rs9384403) in our dataset exhibited perfect LDs with
rs140092351 (in miR1202). However, after the Bonferroni correction
(Table 1), only the SNPs rs12610495 (tagging rs2109069, DPP9) and
rs4628342, rs1412074, rs1929425, rs1331346 and rs10116714 (tagging
rs1331359, RNU2-47P/TYRP1) showed a significant association in the
Chinese population dataset. These six significant associated SNPs highlight
the importance of DPP9, RNU2-47P and TYRP1 in the outcome of SARS-
CoV-2 infection in the Chinese population.

Additionally, three SNPs were exactly tagged in both the reported
studies and our Chinese data set (Table 2). The P-values in the previous
study and our Chinese population were, 4.04 � 10�8 and 2.828 � 10�2

for rs10831496 (in GRM5), 4.08 � 10�13 and 4.029 � 10�2 for
rs10774671 (in OAS1), and 2.41 � 10�8 and 2.405 � 10�2 for
rs1886814 (in FOXP4). Moreover, rs10831496 (in GRM5) was only
observed in the Chinese populations (Li et al., 2021), while rs10774671
(in OAS1) and rs1886814 (in FOXP4) were found both in Chinese (Li
et al., 2022) and other populations (COVID-19 Host Genetics Initiative,
2021; Banday et al., 2022). At least two SNPs in LD (r2 � 0.6) were found
near all three SNPs. The results of our meta-analysis, combining previous
data on three aforementioned SNPs, are presented in Table 2. We found
that rs10831496 (in GRM5) and rs10774671 (in OAS1) showed both
negative and positive directions in the meta-analysis, while rs1886814
(in FOXP4) only showed a positive direction. This result suggested that
rs1886814 is associated with COVID-19 severity.

Understanding the genetic variants in individuals with or susceptible
to COVID-19 can help to prevent and control the disease. Genetic
divergence, particularly in differentiated loci, between human ancestries,
plays a major role in determining an individual's immune response to
viral infections. Furthermore, a large-scale genetic study identified sig-
nificant genetic variations associated with protein coding in populations
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with geographically diverse ancestries (Randolph et al., 2021). In the
current study, we summarized and reviewed COVID-19-related SNP data
from relevant GWASs conducted globally resulting in the identification of
100 contributing loci in approximately 107 genes. When we validated
these loci using data from a Chinese population of critical COVID-19
patients, we found 38 loci that showed associations. Additionally, we
confirmed a significant association between six loci in DPP9 or near
RNU2-47P and TYRP1 and the Chinese population.

In summary, after validating the Chinese population data with the
data of previously reported 100 contributing loci, we noted that 38 SNPs
within or near 12 genes (namely NXPE2, GRM5, OAS1, DPP9, RPL24,
CTCF, XCR1, NPR3, FOXP4, FOXP4-AS1, TYRP1, and miR1202) are
significantly associated with the severity of COVID-19, with a P-value of
<0.05. Our Chinese population dataset showed exact tagging for three
SNPs (rs1886814 in FOXP4, rs10831496 in GRM5, and rs10774671 in
OAS1). After the Bonferroni correction, only six SNPs were found to be
significantly associated with the critical illness of COVID-19 in the
Chinese population. These SNPs are rs12610495 in DPP9 (tagging
rs2109069) and rs4628342, rs1412074, rs1929425, rs1331346, and
rs10116714 near RNU2-47P and TYRP1 (tagging rs1331359). Specif-
ically, the SNP of rs12610495 in DPP9 was recently reported by Pairo-
Castineira et al. and identified as a genetic variant associated with the
critical illness of COVID-19 (Pairo-Castineira et al., 2023). Compared to
the healthy control group or bacterial infected patients, the expression of
DPP9 in the peripheral blood of severe patients with SARS-Cov-2 infec-
tion has also been confirmed to increase (Wang et al., 2021). Allele G of
rs12610495 can decrease the expression of DPP9 in lung tissue, leading
to increased expression of the NLPR1 inflammasome and an increased
risk of COVID-19 severity and idiopathic pulmonary fibrosis (Wang et al.,
2021). Additionally, the SNP rs2109069 within DPP9 (P ¼ 0.032, OR ¼
1.33 for A allele) also showed a significant association with COVID-19
severity in the Huoshenshan cohort (Li et al., 2021). Since we conduct-
ed an association analysis of several studies involving individuals from
diverse ancestries, the heterogeneity in strong GWAS signals may be
explained by ancestry-specific effects (Pairo-Castineira et al., 2021). By
combining our Chinese dataset with data from other sources, our work



Table 1
Association analysis results for SNPs in the Chinese population (P < 0.05).

Query Results

Nearest Gene SNP Ref Alt P OR Nearest Gene SNP (LD; r2 � 0.6) Ref Alt P OR L95 U95

NXPE2 rs1712779 T A 1.138 � 10�8 0.49 NXPE2 rs4938118 A G 6.162 � 10�3 1.340 1.086 1.652
rs10891738 G A 3.142 � 10�2 1.255 1.020 1.545
rs1712791 G A 9.827 � 10�3 1.307 1.066 1.603
rs11215191 T C 4.233 � 10�2 1.235 1.007 1.516

GRM5 rs10831496 A G 4.04 � 10�8 1.66 GRM5 rs1499172 C A 3.331 � 10�2 0.845 0.724 0.987
rs7119749 A G 3.399 � 10�2 0.834 0.705 0.987
rs10831496 A G 2.828 � 10�2 0.828 0.699 0.980

OAS1 rs10774671 G A 4.08 � 10�13 1.200 OAS1 rs10774671 G A 4.029 � 10�2 0.842 0.713 0.993
rs1131476 G A, C, and T 4.207 � 10�2 0.843 0.715 0.994
rs2660 G A 3.961 � 10�2 0.841 0.713 0.992

OAS1 and OAS3 rs10774679 C T 2.74 � 10�2 0.830 0.703 0.980
rs10735079 G A 3.778 � 10�2 0.839 0.711 0.990

DPP9 rs2109069 G A 9.68 � 10�22 1.049 DPP9a rs12610495 A G 3.671 � 10�4 1.401 1.163 1.688
RPL24 rs11919389 T C 3.46 � 10�15 0.941 PCNP rs3804778 C T 4.211 � 10�2 0.8493 0.7254 0.9943
CTCF rs35951367 T C 3.2 � 10�19 1.32 XCR1 and FLT1P1 rs6789719 G A 4.111 � 10�2 0.7082 0.5078 0.9877
XCR1 rs9845542 G A 4.2 � 10�20 1.33
NPR3 rs1173773 T C 4.94 � 10�8 NA NPR3 rs3828586 A G 4.210 � 10�2 1.183 1.006 1.391

rs973079 G A 1.966 � 10�2 1.218 1.032 1.438
rs7716901 T G 1.508 � 10�2 1.251 1.044 1.499
rs3792752 A G 1.658 � 10�2 1.247 1.041 1.494
rs3811965 C T 1.286 � 10�2 1.258 1.05 1.508
rs11740452 G A 1.387 � 10�2 1.256 1.047 1.506
rs1173736 A G 2.154 � 10�2 1.234 1.031 1.478
rs3792751 C T 9.315 � 10�3 1.271 1.061 1.524
rs751432 T G 9.254 � 10�3 1.256 1.058 1.491
rs10075794 T C 1.143 � 10�2 1.247 1.051 1.481
rs2270915 A C, G, and T 7.091 � 10�3 1.265 1.066 1.502

miR1202 rs140092351 G 16mer 4.60 � 10�8 1.30 miR1202 rs4496814 G A 4.257 � 10�2 0.829 0.692 0.994
rs9384403 C T 4.885 � 10�2 0.836 0.699 0.999

FOXP4 rs1886814 A C 2.41 � 10�8 1.106 LINC01276 rs2496644 A C 3.755 � 10�3 1.241 1.072 1.436
FOXP4 rs1886813 A G 2.999 � 10�2 1.169 1.015 1.347

rs1886814 A C 2.405 � 10�2 1.180 1.022 1.362
rs9381074 T A 1.557 � 10�2 1.194 1.034 1.378

FOXP4-AS1 rs1853837 C A 2.51 � 10�10 1.28 LINC01276 and FOXP4 rs2495239 A G 8.573 � 10�3 1.210 1.050 1.395
FOXP4 rs1886814 A C 2.405 � 10�2 1.180 1.022 1.362

rs9381074 T A 1.557 � 10�2 1.194 1.034 1.378
LINC01276 rs2496644 A C 3.755 � 10�3 1.241 1.072 1.436

RNU2-47P and TYRP1 rs1331359 G A 8.69 � 10�6 1.26 RNU2-47P and TYRP1a rs4628342 G A 4.222 � 10�4 1.293 1.121 1.492
rs1412074 G A 9.744 � 10�4 1.271 1.102 1.467
rs1929425 T C 5.586 � 10�4 1.287 1.115 1.485
rs1331346 T C 3.392 � 10�4 1.294 1.124 1.491
rs10116714 A G 6.287 � 10�4 1.279 1.111 1.473

OR, odds ratio; SE, standard error; L95, lower confidence interval; U95, upper confidence interval.
a These variants remained significant after multiple testing correction (Bonferroni P-value threshold ¼ 1.19 � 10�3).
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Table 2
Results of combined meta-analysis for the three SNPs.

SNP Genes Chr:pos (hg38) Allele1 Allele2 Weight Z-score P-value Direction

rs1886814 FOXP4 6:41534945 A C 2052550 6.174 6.64 � 10�10 þ þ
rs10831496 GRM5 11:88824823 A G 4419 1.32 0.1868 þ �
rs10774671 OAS1 12:112919388 A G 2052550 �7.169 7.54 � 10�13 � þ
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may provide new insights the underlying factors to the severity of
COVID-19. Those findings could serve as a foundation for further tar-
geted experiments aimed at developing therapies specifically for severe
cases of COVID-19, going beyond just considering ancestry. Besides the
differences between the populations included in this study and the pre-
vious GWASs, the limited sample size in the Chinese population could be
a significant factor contributing to the weak correlation observed for
most of the corresponding SNPs. Additional large-scale, multiethnic, in-
ternational, collaborative studies focused on host-pathogen interactions
and genetic factors in COVID-19 are warranted.
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