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Type | interferon (IFN) is critical in our defense against viral infections. Increased type |
IFN pathway activation is a genetic risk factor for systemic lupus erythematosus (SLE),
and a number of common risk alleles contribute to the high IFN trait. We hypothesized
that these common gain-of-function IFN pathway alleles may be associated with pro-
tection from mortality in acute COVID-19. We studied patients admitted with acute
COVID-19 (756 European-American and 398 African-American ancestry). Ancestral
backgrounds were analyzed separately, and mortality after acute COVID-19 was the
primary outcome. In European-American ancestry, we found that a haplotype of inter-
feron regulatory factor 5 (IRF5) and alleles of protein kinase cGMP-dependent 1
(PRKG1) were associated with mortality from COVID-19. Interestingly, these were much
stronger risk factors in younger patients (OR = 29.2 for PRKG1 in ages 45—54). Variants
in the IRF7 and IRF8 genes were associated with mortality from COVID-19 in African-
American subjects, and these genetic effects were more pronounced in older subjects.
Combining genetic information with blood biomarker data such as C-reactive protein,
troponin, and D-dimer resulted in significantly improved predictive capacity, and in
both ancestral backgrounds the risk genotypes were most relevant in those with posi-
tive biomarkers (OR for death between 14 and 111 in high risk genetic/biomarker
groups). This study confirms the critical role of the IFN pathway in defense against
COVID-19 and viral infections, and supports the idea that some common SLE risk alleles
exert protective effects in antiviral immunity. (Translational Research 2022; 244:47—-55)

Abbreviations: BMI = body mass index; COVID-19 = coronavirus disease 2019; CRP = C-reactive
protein; IFIH1 = interferon-induced with helicase ¢ domain 1; IFN = interferon; IRF = interferon
regulatory factor; NYU = New York University; OR = odds ratio; PRKG1 = protein kinase cGMP-
dependent 1; SLE = systemic lupus erythematosus; SNP = single nucleotide polymorphism;
STAT4 = signal transducer and activator of franscription 4;
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At A Glance Commentary
Ilona NLN, et al.

Background

We find that a number of IFN pathway lupus risk
alleles significantly impact mortality following
COVID-19 infection. These data support the idea
that type I IFN pathway risk alleles for autoim-
mune disease may persist in high frequency in
modern human populations due to a benefit in our
defense against viral infections.

Translational Significance

We develop multivariate prediction models which
combine genetics and known biomarkers of sever-
ity to result in greatly improved prediction of mor-
tality in acute COVID-19. The specific associated
alleles provide some clues about key points in our
defense against COVID-19.

INTRODUCTION

The severity of SARS-CoV-2 infection is strikingly
variable between individuals, ranging from asymptom-
atic infection to cytokine storm with respiratory insuffi-
ciency and multiorgan failure and death. While some
risk factors have been identified, it is clear that these
factors cannot fully explain the variation in severity
between individuals. Type I interferon (IFN) is a criti-
cal viral defense pathway, and studies have docu-
mented that rare knockout loss-of-function genetic
variants and autoantibodies against type I IFNs are
associated with severe COVID-19."” We have studied
the genetics of the type I IFN system in the autoim-
mune disease systemic lupus erythematosus (SLE).”°
Via this work, we have found a number of common
genetic polymorphisms that result in increased type I
IFN production and signaling in humans.”® These
gain-of-function polymorphisms are risk factors for
SLE and other autoimmune diseases.” We hypothe-
sized that these SLE-associated polymorphisms that
result in increased type I IFN pathway activation would
reduce the severity and mortality of acute COVID-19.

Many of the risk alleles associated with autoimmune
disease are common ancestral alleles, which raises the
question of whether there may be some benefit to the
individual to explain their persistence at high fre-
quency in the population. One possibility is that these
gain-of-function alleles in the IFN pathway offer some
protection from viral infections. In this scenario, the
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common polymorphisms may offer some overall pro-
tection against viral infection that is beneficial to the
population, but the uncommon situation in which
someone carries a large number of these alleles or an
unlucky synergistic combination would result in risk of
autoimmunity. This rare case of autoimmunity may be
outweighed by a more common benefit to the immune
system with respect to viral infection. While this theory
is attractive, it has been hard to test definitively in
human populations, because common viral exposures
in the population can be difficult to track and quantify.
The severe COVID-19 outbreak in New York City in
2020 provided us with a unique opportunity to study
how genetic variation in the IFN pathway impacts the
outcome of acute viral illness. In this study, we find
general support for the hypothesis that genetic varia-
tions that are protective against SLE or associated with
reduced type I IFN responses are associated with an
increased mortality in acute COVID-19. Additionally,
we develop multivariate prediction models which com-
bine genetics and known biomarkers of severity to
result in greatly improved prediction of mortality in
acute COVID-19.

METHODS

Subjects. We collected genomic DNA from 1154
COVID-19 positive patients: European-American
n =756 (n = 144 deceased, n = 612 alive), and African-
American n = 398 (n = 63 deceased, n = 335 alive).
The mean (standard deviation) age and body mass
index (BMI) for the cohort were 67.72 (17.86) years
and 34.96 (15.7) respectively. 46.9% of the subjects
were female. All subjects tested positive for COVID-
19 by PCR test, and samples were obtained at the time
of clinical care. Mortality was defined as in-hospital
mortality during that admission for COVID-19. C-reac-
tive protein (CRP), troponin, and D-dimer were mea-
sured in the NYU Clinical Laboratory and were
abstracted from the medical record. All subjects pro-
vided informed consent and the study was approved by
the NYU Institutional Review Board.

Genotyping. We studied SNPs in the following IFN
pathway genes in which gain-of-function properties in
humans have been previously documented”>*"'*: IRF5
- 152004640, 153807306, rs10488631, rs2280714; IRF7
- 15702966, rs4963128, rs1131665; IRFS - rs17445836,
1s12444486; STAT4 - 1s7574865; PRKGI rs7897633,
and IFTH1 - rs1990760. We used a low coverage whole
genome sequencing strategy in this study.'” After qual-
ity control, all samples were sequenced together using
the [llumina DRAGEN Bio-IT (equivalent to GATK
best practices), part of Illumina Novaseq 6000 system
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with target sequencing of ~1x coverage, and low cov-
erage data were used to impute all common (minor
allele frequency >1%) human polymorphism geno-
types for each sample, using Gencove loimpute soft-
ware v0.18, Human low-coverage GRCh38 (beta)
pipeline (https://docs.gencove.com/main/data-analysis-
configurations/#human). The imputation reference
population was from the 1000 Genomes Phase 3 data
sets. We selected the above SNPs from this larger data-
set for analysis in this study.

Statistical analysis. Our primary analysis was to com-
pare mortality from COVID-19 between genotype
groups for the various IFN pathway SLE risk alleles.
This was done using logistic regression models with
Firth correction using age, sex, and BMI as covariates.
When a significant interaction with a covariate was
detected, this was explored and modeled further to
understand whether a particular subgroup was more or
less affected than the group as a whole. For example,
significant interaction with age resulted in age-group
analyses to detect the associated patterns in each ances-
tral background. No statistical interaction was found
for BMI or sex in either ancestry. Each analysis was
performed in each ancestral background separately
first, and there were no shared signals that allowed for
meta-analysis. We used a nominal threshold P-value of
0.05 to screen for SNPs to take into further modeling
as described below. We chose this strategy because of
our goal to test for interactions, we wanted to minimize
Type 2 error initially and allow Type 1 error to be
more rigorously controlled in the later steps. Using this
strategy, important cofactors in interaction models
would be less likely to be excluded in the first step prior
to testing for interaction.

In secondary analyses, we examined blood bio-
markers of severe COVID-19, including D-dimer, tro-
ponin, and CRP levels in the context of the same
genotypes to generate overall predictive models.'®"®
Given the significant multifactor interdependencies, we
utilized regression models to detect interactions and
reduce redundancy due to correlated variables.
Although ideally a more granular age group breakdown
could be informative, due to our limited sample size,
we focus on 2 major age groups (<55 years old and
>55 years old), which we found is sufficient to high-
light patterns that apply to younger vs older cohorts.
For the biomarkers, we classify each subject into a low
or high group depending on whether the biomarker
level is below or above an ancestry-specific threshold
respectively. The ancestry-specific threshold is com-
puted as the average of the 2 medians of the deceased
and nondeceased distributions for each ancestry, as dif-
ferent ancestral backgrounds had different biomarker
distributions. These data were taken into combinatorial

Ninetal 49

factor analyses along with the associated risk geno-
types identified in each ancestral background above.

RESULTS

European-American ancestry genetic associations with
COVID-19 mortality. IRF5 haplotypes are associated
with graded SLE risk, with examples of protective,
neutral, and risk haplotypes that span the gene and
downstream region.12 Given this, we modeled IRF5
genotypes as combinations of the 6 major haplotypes.
We observed that carriage of a specific IRFS haplotype
(TCTA) that is associated with lower serum IFN in
SLE patients was strongly predictive of mortality
related to COVID19 in patients of European-American
ancestry (OR = 2.25, P = 0.014, Fig 1, A). This allelic
association was specific to European ancestry, similar
to previous IRF5 genetic association studies in autoim-
mune disease, which have documented significant dif-
ferences in  associations  between  ancestral
backgrounds.'® Interestingly, this genetic effect was
strongest in younger patients, particularly in the 45—54
year old group (Fig 1, A).

Alleles of PRKG1 were also associated with mortal-
ity from COVID-19 in the European-American ances-
try cohort (OR = 1.80, P = 0.0057), and this risk factor
was very strong in younger patients (OR = 29.2,
P =0.01 in ages 45—54 for homozygous AA genotype)
(Fig 1, B). In this group, mortality was over 25%, as
compared to less than 5% in all subjects ages 45—54.
We did not observe associations between this SNP and
COVID-19 mortality in African-American subjects. In
the previous study of this SNP in lupus patients the
association with type I IFN was only observed in Euro-
pean-American lupus patients, and not in African-
American patients in whom the prevalence of the SNP
was slightly higher.” This could be due a causal ele-
ment in the region that is tagged by this SNP allele in
European but not African ancestry chromosomes.

African-American ancestry genetic associations with
COVID-19 mortality. In African-American subjects, we
found that the G allele of the IRF7 SNP rs702966 was
associated with mortality in COVID-19 patients
(OR =2.09, P =0.015, Fig 1, C). We have previously
shown that this allele is associated with decreased cir-
culating type I IFN in African-American SLE patients.®
We also found that the rs4963128 SNP in the adjacent
PHRF1 gene that has been associated with SLE and
type I IEN levels in SLE® was associated with differen-
ces in mortality in acute COVID-19. The TT genotype
of rs4963128 was associated with protection from
COVID-19 mortality (OR = 0.52 P = 0.014, Fig 1, D),
and this genotype is associated with higher type I IFN
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Fig 1. COVID-19 mortality rate vs age stratified by genetic variants. (A) shows data for the IRF5S TCTA haplo-
type in European-Americans, in which TCTA indicates the alleles at the rs2004640, rs3807306, rs10488631,
and rs2280714 SNPs in that order, (B) shows PRKG1 rs7897633 genotype in European-Americans, (C) shows
r$702966 genotype in African-Americans, (D) shows rs4963128 genotype in African-Americans, and (E) shows
rs12444486 genotype in African-Americans. Mortality rate shown ranges from O to 1, with 0.2 corresponding to

20% mortality for example.

levels in African-American SLE patients.” The PHRF1
SNP could tag a functional genetic element that modu-
lates the adjacent IRF7 gene to influence type I IFN, as
PHRF]1 is not thought to function in the type I IFN
pathway. When we combined data from these 2 geno-
types at the IRF7 locus and designate carriers of 1 or
more risk allele at either of the 2 SNP positions as risk
genotype, the OR for mortality during acute COVID-
19 increased to 2.88 (P = 0.008). Both of these IRF7
alleles demonstrate a greater effect upon mortality in
older subjects as compared to younger subjects (Fig 1,
Cand D).

IRF8 genotype at rs12444486 was associated with
protection from mortality in COVID-19 in African-
American subjects (OR = 0.38, P = 0.047, Fig 1, E).
This association was not observed in European ances-
try subjects. Interestingly, another lupus-associated
IRF8 allele was tested (rs17445836), but this SNP was
not associated with COVID-19 mortality in either
ancestral background. Previous studies in autoimmune
diseases have supported multiple independent signals
in the IRF8 locus with evidence for different functional
associations. ">’

Some interesting patterns emerge in these 2 popula-
tions. First, the data fit an overall model in which SNPs
associated with higher IFN in SLE patients are associ-
ated with lower mortality in acute COVID-19. This is

illustrated in the correlation plot in Fig 2, demonstrat-
ing the correlation between type I IFN ratio between
genotype groups in SLE patients as compared to the
OR for COVID-19 mortality between genotype groups
(r =0.937, P = 0.019). This trend is consistent across
the various genetic polymorphisms and between ances-
tral backgrounds. Comparing the findings in European-
American vs African-American subjects, there are dif-
ferences in the age groups that are most impacted by
genotype, as well as the specific polymorphisms asso-
ciated, as shown in Fig 1. This suggests diversity in
regulation of the IFN pathway between ancestral back-
grounds, both with respect to the particular genetic ele-
ments as well as age-related differences.

Gene and biomarker risk factor interactions —
European-American ancestry results. We next analyzed
the IFN pathway genotype data in the context of bio-
markers that are known to be associated with mortality
in acute COVID-19, including age, D-Dimer, CRP,
and troponin.'®'® We designated risk genotype as
either PRKG1 rs7897633 AA homozygous or IRF5
TCTA haplotype carrier (Fig 3). Strikingly, we did not
see any deaths in European-American subjects under
age 55 who did not have 1 of the 2 risk gene polymor-
phisms (IRF5 or PRKGL1). In contrast, presence of one
of the risk genotypes was associated with a large OR
for mortality in the absence of biomarkers for severity
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Fig 2. Correlation plot between type I IFN ratio by genotype and odds ratio for mortality related to acute
COVID-19 by the same genotype. The IFN ratios are calculated from our previous published studies in SLE
noted in the Methods section, computing a ratio of median circulating IFN values between the genotype groups.
Genotype categories used are the same for both the IFN analysis and the COVID-19 mortality analysis. 95%
confidence is shown with the blue shading. TCTA indicates carriage of the associated IRFS COVID-19 risk hap-

lotype.

(OR >10), and this increased greatly as the number of
biomarkers increased. In older subjects, the impact of
genotype was smaller and the overall chance of mortal-
ity due to acute COVID-19 increased. In subjects over
age 55 lacking 1 of the 2 risk genotypes, there was a
gradual increase in mortality with a greater number of
positive biomarkers, fitting a linear model. In those
with one or both of the risk genotypes, the OR for mor-
tality was higher than those lacking risk genotypes, and
the OR increased with increasing biomarker positivity
in a log, growth pattern. Subjects that carry risk genes
and risk biomarkers have a significant increase in risk
of COVID-19 mortality (>95% confidence following
Bonferroni correction for family-wise type I error).

Table 1 shows the breakdown of mortality risk asso-
ciated with individual biomarkers and all of the possi-
ble combinations, with and without genetic risk
factors. When examined separately or in conditional
models, each of the 3 biomarker risk factors exerted
effects which were independent from each other
(Fig 4). As expected, risk was highest when all 3 bio-
markers were present.

Gene and biomarker risk factor interactions — African-
American ancestry results. In the African-American

ancestry cohort, we considered carriage of either of 2
COVID risk SNPs in the IRF7 region (rs702966 G or
rs4963128 T) as a risk genotype carrier. IRF8 genotype
was initially included in the model as well, although it
did not confer additional predictive capacity and
dropped out, with the 2 IRF7 SNPs providing the best
model fit. Similar to the European-American analysis
above, we found significant risk of mortality due to
acute COVID-19 in those with risk genotypes and posi-
tive biomarkers. In the African-American cohort, we
did not see a statistically significant increase in risk in
those with risk genotypes but no positive biomarkers
(Fig 4). Because the group was smaller, we were not
able to see significant patterns when subjects were split
into <55 years old vs >55 years old.

DISCUSSION

We document multiple associations between lupus-
associated functional polymorphisms in the type I IFN
pathway and mortality from acute COVID-19. This
study supports the concept that type I IFN is critical in
our defense against COVID-19, and that both rare loss-
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Fig 3. Association analysis results for European ancestry cohort, showing odds ratios for mortality from acute
COVID-19 in older (>55 years) and younger (<55 years) subjects and in the presence or absence of biomarkers
for severe disease. The genetic risk factors (coded as “Pos” and shown as red bars) are 1s7897633 AA homozy-
gosity and TCTA IRF5 haplotype carriers, subjects lacking these 2 genotypes are coded as “Neg” and shown as
blue bars. The biomarker risk factors include D-Dimer >510 ng/mL, CRP >110 mg/L, and Troponin
>0.015 ng/mL, and each biomarker above these thresholds was weighted as 1 positive biomarker. All odds
ratios and hypothesis test P-values were calculated for mortality risk with respect to the lowest risk group (gene
negative and biomarker negative). Dashed lines showing the minimum threshold for 95% statistical confidence
are shown in red for each age group (row). When there are no deceased subjects in a given category, no OR and

P-value are shown.

of-function alleles' and common gain-of-function
alleles tune the type I IFN pathway in ways that impact
our viral defense. This model is also supported by
recent studies which show that genetic variants and
increased circulating levels of the IFN-induced 2’-5'-
oligoadenylate synthetase 1 (OAS1) modulate risk of
severe COVID-19.'"" Alleles of the OAS1 gene have
also been associated with the autoimmune condition
Sjogren’s disease.” Sjogren’s is characterized by high
IFN levels, similar to SLE. In this way, the genes we
report in this paper are similar and parallel to OASI.
The hypothesis that common IFN pathway autoim-
mune disease risk alleles are present in the population
at high frequency because of a beneficial effect upon
viral immunity has been proposed previously, but it
has been difficult to study directly due to the inherent
difficulties in studying viral exposures in the human
population. The COVID-19 pandemic allowed for a
unique window, as a previously unencountered virus
swept through the human population.

Whether the phenomenon we report is associated
with protection from viruses in patients with lupus or

autoimmune disease is not known,29 but this could be
confounded by the immunosuppressive treatments and
other factors related to these conditions. In addition to
reducing immune defense, immunosuppression may
also blunt COVID-19 vaccination responses,’w’31 but
our samples were collected before vaccination was
available. Most studies demonstrate a similar mortality
rate in SLE patients as the general population in the
setting of COVID-19.”” Anti-IFN autoantibodies have
been reported in SLE patients at a higher rate than the
general population,’ and this could result to more
severe outcomes in COVID—19,33 but the data currently
are somewhat limited. Overall, it is likely that a com-
plex combination of factors occurs in each individual,
and thus far it is not clear that SLE itself results in
greater mortality following COVID-19 infection.
Interestingly, some but not all of the type I IFN func-
tional alleles were associated with differential out-
comes following COVID-19. While this could relate to
statistical power issues to some degree, the stark differ-
ences between SNP associations across ancestral back-
grounds likely indicates diversity in associations. This
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Table 1. Association analysis results for European ancestry cohort stratified by age and number of biomarkers
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The gene risk factors are rs7897633 AA homozygous allele and TCTA IRF5 haplotype carriers. The biomarker risk factors include D-Dimer >510 ng/mL, CRP >110 mg/L, and Troponin >0.015 ng/mL.

All odds ratios and hypothesis test P-values were calculated for mortality risk with respect to the lowest risk group (Gene 0 and biomarker negative), reflected in the OR of 1 for these groups in the

table — means that no deceased subjects were present in that category.
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study provides some insight into which parts of the
type I IFN pathway are important in defense against
COVID-19, and in which populations. Also, these data
could indicate which parts of the IFN pathway are asso-
ciated with lupus but not COVID-19 mortality. This
may suggest which parts of the exuberant type I IFN
response in lupus may be more safely targeted, at least
with respect to COVID-19.

Combining our genetic results with known bio-
markers for COVID-19 mortality greatly improved
our predictive models, including the finding that
there was no mortality in younger European-Ameri-
can subjects who lacked the risk genotypes. While
this would benefit from independent replication, our
results are independently significant and striking,
and could be of clinical utility in the younger patient
population. The alleles we report have not been dis-
covered in large COVID-19 genetic screens con-
ducted thus far,22’23’34’36 but that is likely related to a
number of factors. Our focused candidate gene study
requires less type I error correction than a whole
genome screen and allows for detailed investigation
of interactions with age and biomarkers, which was
critical in refining our association models. Our single
center study has less variation and heterogeneity
with respect to case identification, treatment proto-
cols, and demographic and environmental factors
than large multicenter studies. Also, our study
includes African-American subjects, while some of
the other large screens to date have been limited to
European ancestry, and our study supports the idea
that associations will differ significantly between
populations.

Our study has limitations, as the large COVID-19
wave in New York City in 2020 occurred, many sub-
jects were recruited but we have not been able to
assemble a large replication cohort as case numbers in
New York City have remained low after the severe first
wave. A replication cohort would be ideal, and we will
await with interest future studies of these loci from
data sets at other centers. This is a candidate gene
study, which allows us to benefit from prior knowledge
and rationale, and we maintain an appropriate type I
error correction. Despite this, replication in future stud-
ies will be important.

In summary, we document a number of IFN path-
way lupus risk alleles that significantly impact mortal-
ity following COVID-19 infection, and these alleles
provide some clues about key points in our viral
defense against COVID-19. The study also supports
the idea that type I IFN pathway risk alleles for auto-
immune disease may persist in high frequency in
modern human populations due to a benefit in our
defense against viral infections.
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Fig 4. Association analysis results for African-American ancestry cohort, showing odds ratios for mortality
from acute COVID-19 in the presence or absence of biomarkers for severe disease. The genetic risk factors
(coded as “Pos” and shown as red bars) are IRF7 region rs4963128 C allele carriers and rs702966 G allele car-
riers. Subjects who do not carry any one of these alleles are coded as “Neg” and shown as blue bars. The bio-
marker risk factors include D-Dimer >560 ng/mL, CRP >115 mg/L, and Troponin >0.01 ng/mL, and each
biomarker above these thresholds was weighted as 1 positive biomarker. All odds ratios and hypothesis test P-
values were calculated for mortality risk with respect to the lowest risk group (gene negative and biomarker neg-
ative). Dashed lines showing the minimum threshold for 95% statistical confidence are shown in red.
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