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Iron status and the risk

of sepsis and severe COVID-19:
a two-sample Mendelian
randomization study

Randi Marie Mohus™?*, Helene Flatby?, Kristin V. Liyanarachi'*>, Andrew T. DeWan'*,
Erik Solligérd?, Jan Kristian Damas**, Bjern Olav Asvold®’:?, Lise T. Gustad**° &
Tormod Rognel-*1!

Observational studies have indicated an association between iron status and risk of sepsis and COVID-
19. We estimated the effect of genetically-predicted iron biomarkers on risk of sepsis and risk of being
hospitalized with COVID-19, performing a two-sample Mendelian randomization study. For risk of
sepsis, one standard deviation increase in genetically-predicted serum iron was associated with odds
ratio (OR) of 1.14 (95% confidence interval [CI] 1.01-1.29, P=0.031). The findings were supported in
the analyses for transferrin saturation and total iron binding capacity, while the estimate for ferritin
was inconclusive. We found a tendency of higher risk of hospitalization with COVID-19 for serum

iron; OR 1.29 (Cl 0.97-1.72, P=0.08), whereas sex-stratified analyses showed OR 1.63 (Cl 0.94-2.86,
P=0.09) for women and OR 1.21 (C1 0.92-1.62, P=0.17) for men. Sensitivity analyses supported

the main findings and did not suggest bias due to pleiotropy. Our findings suggest a causal effect of
genetically-predicted higher iron status and risk of hospitalization due to sepsis and indications of an
increased risk of being hospitalized with COVID-19. These findings warrant further studies to assess
iron status in relation to severe infections, including the potential of improved management.

Iron is an essential element in various physiological processes, including immune function, metabolism and
erythropoiesis'?. Deviations in iron status (e.g. iron deficiency or iron overload) can have considerable health
implications and iron status deviations show substantial sex differences with women more at risk of iron
deficiency'?. Iron status can be assessed clinically by using serum iron, transferrin saturation (TSAT), total iron
binding capacity (TIBC) and ferritin**. A growing body of evidence has demonstrated an essential role of sys-
temic and cellular iron-regulating mechanisms in protecting hosts from infections and most pathogens depend
on iron for their pathogenicity®. Observational studies have indicated an association between iron status and risk
of severe infections, where both low iron status>® and high iron status”™ have been linked to increased risk'®!'.
Sepsis is the life-threatening dysregulated host response to infection often leading to multi-organ failure and
death!?. Patients with severe COVID-19 are defined as septic because they share pathophysiological and clinical
features with sepsis patients'®. Studies related to COVID-19 found evidence that iron deficiency measured at
hospitalization!?, or low serum iron and TSAT but high ferritin'®, were linked to severe COVID-19. On the other
hand, excess serum iron, TSAT and lower TIBC (i.e. indication of iron overload) and hyperferritinemia have
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been associated with critical illness from COVID-19'*'". In a study examining nutritional status in European
populations, there were indications of low iron status linked to higher mortality from COVID-19'8. There is
evidence of sex differences in incidence and outcomes of COVID-19 infection'*-?'. Few studies have evaluated
sex differences in iron status at time of infection. In a small study iron status was lower in female patients when
measured at hospitalization due to COVID-19".

A key limitation of observational studies is that they are prone to bias due to confounding and reverse causa-
tion. Mendelian randomization (MR) studies can overcome these limitations by using genetic variants associated
with the exposures as instrumental variables. Because genetic variants are distributed randomly at conception,
the risk of confounding (e.g. from lifestyle factors) and reverse causation (i.e. that the disease affects levels of the
exposure) is greatly reduced®. A recent MR study found a positive association between genetically-predicted
high levels of iron biomarkers and risk of sepsis®, but a more recent set of genetic instruments for iron status
has since been published?*. No study has evaluated the role of iron status on the risk of COVID-19 in an MR
framework and there is a lack of studies assessing sex differences? using sex-stratified MR analyses.

Leveraging data from large genome-wide association studies (GWAS), we aimed to evaluate the association
between genetically-predicted iron status biomarkers and risk of being hospitalized with sepsis or COVID-19.
In addition, by using sex specific summary-level data on iron status and COVID-19 outcomes, we assessed
sex differences in the associations between genetically-predicted iron status and risk of hospitalization due to
COVID-19.

Methods

We performed a two-sample MR study to estimate the effect of genetically-predicted markers of iron status on
risk of sepsis and COVID-19 outcomes. None of the iron biomarkers reflect iron status perfectly and iron status in
populations is challenging to assess>*. Ferritin is widely used to assess global iron stores but is heavily influenced
by inflammation®*. Serum iron is a measure of the fraction of iron that circulates which is readily available and
most of it is bound to transferrin. Serum iron is subject to diurnal variation and is affected by fasting status. By
measuring the total number of binding sites for iron atoms on transferrin, we calculate the TIBC. TSAT reflects
the amount of binding sites on transferrin occupied with iron (calculated as [Serum iron]/[TIBC]%). The normal
range is narrow, which is attributed to lower physiological variation than the other iron biomarkers. Low serum
iron, low TSAT, low ferritin and high TIBC reflect low iron status. Elevated serum iron, TSAT and ferritin and
low TIBC indicate high iron status. The iron in circulation turns over very quickly, especially during infection
and inflammation and in clinical conditions with tissue destruction or repeated transfusions®.

Genetic instruments for iron status. Iron status was the exposure of interest and we ran the analyses for
the four iron biomarkers serum iron, TSAT, TIBC and ferritin. The genetic instruments for the iron biomark-
ers were collected from a GWAS published in 2021 of 246,139 participants of European ancestry**. To validate
a genetic instrument for the use in MR analysis the three MR assumptions must be met. Assumption (1) The
SNPs are directly associated with the exposure (i.e. strongly associated (P-value <5e-8) with at least one iron
biomarker). Assumption (2) The SNPs are not related to exposure-outcome confounders (i.e. they should share
no common cause with sepsis or COVID-19). Assumption (3) the SNPs affect the outcome only through the
risk factor referred to as “no pleiotropy”*. F statistic above 10 was required for sufficient strength to limit bias
due to weak instrumental variables®. Both exposure and outcome cohorts included individuals of European
ancestry to reduce possible bias due to population stratification. Independence between SNPs were ensured by
using the LD-reference panel of European populations in 10,000 kb windows and R*<0.01 that is included in the
TwoSampleMR (version 0.5.6) package in R¥. As a supplemental correction for correlated SNPs, the Mendeli-
anRandomization package (version 0.6.0) in R was implemented using generalized weighted linear regression?.
Sex-specific effects for each biomarker were extracted from the same iron status GWAS using similar precautions
for correlation between SNPs*%. We estimated R? in the TwoSampleMR package and calculated F-statistics using
the formula F=([n - k — 1]/k)([R%/1 — R?]), where n is the sample size, k is the number of included SNPs and R?
is the proportion of variance in the iron biomarkers explained by the genetic variance?. The included numbers
of SNPs with F-statistics and explained variance of the iron biomarkers is presented for all and separately for men
and women, in Supplementary Table S1.

Genetic susceptibility to sepsis and COVID-19. The genetic susceptibility to sepsis was collected from
the IEU OpenGWAS with summary-level data obtained from the UK Biobank which included 10,154 sepsis
cases, defined as explicit sepsis® and 454,764 controls?”*’. For COVID-19, we used data from the COVID-
19 Host Genetics Initiative (HGI), which is an international collaboration to facilitate COVID-19 genetics
research, release 5 (18 Jan 2021). We evaluated two different COVID-19 outcomes: Hospitalized COVID-19
patients (n=4829) compared with non-hospitalized COVID-19 patients (n=11,816), and hospitalized COVID-
19 patients (n=9986) compared with population-based controls (n=1,877,672)*. For iron status related SNPs
missing in the COVID-19 HGI GWASs, we used the LDproxy Tool* to find potential LD proxy SNPs in European
populations applying a threshold of R?>0.9%. To ensure the selected proxy SNPs did not show any important
pleiotropic associations, we used the PhenoScanner version 2. Additionally, we used the sex specific summary-
level data on the two COVID-19 outcomes from UKBiobank only, using the NHLBI GRASP catalogue (18 June
2021). As with the non-stratified analyses, we used two different COVID-19 outcomes: Hospitalized COVID-
19 cases compared with non-hospitalized COVID-19 patients (female cases: n=1181, controls n=7586; male
cases: 1703, male controls: n=6081), and hospitalized with COVID-19 compared to non-hospitalized popula-
tion (female cases=1181, controls=248,118; male: cases=1703, controls =208,248)*. Unfortunately, we were
not able to find sex-stratified summary-level on sepsis.
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MR analyses. The main analysis was the inverse variance weighted (IVW) method which assumes all genetic
instruments to be valid® and a P-value of 0.05 was used for statistical significance. Three sensitivity analyses
were conducted: weighted median, weighted mode and MR Egger regression. The weighted median orders MR
estimates produced by each SNP by their magnitude weighted for their precision and gives an overall MR esti-
mate based on the median value with standard errors estimated by bootstrapping. This method allows for some
of the IV to be invalid®. The weighted mode assumes that the most common causal effect is consistent with the
true causal effect and allows some invalid instruments without biasing the MR estimate®”. Directional horizontal
pleiotropy refers to the presence of SNP effects on the outcome of interest through other biological pathways
independent of the studied exposure®. MR Egger allows directional pleiotropic effects where some SNPs could
be acting on the outcome through another pathway than the exposure of interest, but at the cost of statistical
power. The MR Egger intercept test is a statistical test to evaluate the presence of unbalanced pleiotropy®. A
consistent effect across these three sensitivity analyses and the IVW analysis suggests that pleiotropy did not bias
the IVW estimate.

We used leave-one-out analyses to evaluate whether the IVW estimates were strongly driven by single SNPs*.
To investigate potential heterogeneity and outliers, the MR PRESSO (Mendelian randomization Pleiotropy
RESidual Sum and Outlier) was applied. MR PRESSO is a simulation-based heterogeneity and outlier test and
computes a global test for horizontal pleiotropy. If horizontal pleiotropy is present MR PRESSO performs an
outlier test for each genetic instrument with removal of all offending IVs that are due to horizontal pleiotropy
before repeating the IVW without the outliers (distortion test). If both horizontal pleiotropy and outliers are
detected the method applies a distortion test to investigate any difference in the causal estimate before and after
outlier removal***. Additionally we used PhenoScanner version 2*! to check if any of the genetic instruments
had important pleiotropic associations, including sensitivity analyses where we omitted SNPs associated with
potential pleiotropic pathways. To assess the theoretical potential of reverse causation, we performed bi-direc-
tional MR for sepsis and hospitalized COVID-19 applying the IWV MR method. For sepsis, we extracted four
SNPs with a P-value < 5e-8. For COVID-19 HGI GWAS used as outcome in the main analysis only yielded one
SNP as potential genetic instrument, instead we extracted 17 SNPs associated with risk of critical COVID-19
identified by Kousathanas et al. .

All summary data used in this work are publicly available and with relevant ethical approvals
recommendations of reporting MR studies according to STROBE-MR guidelines®.

243031 and follow

Results

The workflow of the MR analyses performed is summarized in Supplementary Fig. S1. We assured independence
between SNPs using the LD reference panel from the 1000 Genomes project, which excluded two SNPs for serum
iron and TSAT (rs748587164 and rs773570300), for TIBC we removed two SNPs (rs748587164 and rs1495743),
and for ferritin we removed eight SNPs (rs551459670, rs762752083, rs750717575, rs745795585, rs535064984,
rs34216132 and rs143041401) and rs2954029 for being palindromic. For the sex-specific analyses rs1799945
was removed from the TSAT analyses, for TIBC three SNPs were removed (rs1799945, rs17580, rs1495743) for
both sexes for being palindromic. For the MR analyses using the COVID-19 HGI GWASs, we extracted two LD
proxy SNPs for TIBC and four SNPs for ferritin. The list of SNPs included in each MR analysis is included in
Supplementary Table S2A,B.

Sepsis. Increasing genetically-predicted levels of serum iron and TSAT levels point in the direction of
increased risk of sepsis: Odds ratio (OR) 1.15 (95% confidence interval (CI) 1.01-1.29, P=0.03) for each stand-
ard deviation (SD) (7.76 umol/L) increase in serum iron; and OR 1.12 (95% CI 1.02-1.23, P=0.01) per SD
increase in TSAT (13.25%) (Fig. 1). The direction of effect for TIBC showed evidence of lower TIBC (i.e. indi-
cating increased iron status) being associated with sepsis OR 0.94 (95% CI 0.87-1.01, P=0.09). Ferritin showed
inconclusive results. The sensitivity analyses supported the findings from the IVW analyses.

Using PhenoScanner, we identified the SNP rs2228145, an instrument for serum iron, to be strongly associ-
ated with the IL6-receptor, and SNPs related to white blood cell count, which we considered a potential bias-
ing pathway due to pleiotropy (Supplementary Table S3). In addition, some of the SNPs used were associated
with BMI, CRP, coronary artery disease, triglyceride levels, cholesterol levels, blood pressure, diabetes 2 and
glycosylated hemoglobin. MR estimates after omitting these SNPs for serum iron and ferritin on risk of sepsis
and being hospitalized with COVID-19 versus non-hospitalized cases, rendered the same results for both iron
biomarkers and both outcomes, but with reduced precision (Supplementary Tables $4,S5). The leave-one-out
analyses yielded similar results, suggesting that the different potentially pleiotropic pathways did not substantially
affect the results (Supplementary Fig. S1), and the MR Egger intercepts or MR PRESSO did not detect aggregated
directional pleiotropy or outliers (Supplementary Tables S8, S9).

COVID-19. We found a suggestive relationship between genetically-predicted higher levels of serum iron
and risk of being hospitalized with COVID-19 compared with non-hospitalized COVID cases; OR 1.29 (95%
CI 0.97-1.72, P=0.08) (Fig. 2). We show corresponding results for TSAT, but less pronounced. The sensitivity
analyses supported the IVW analyses, leave-one-out plots, MR Egger intercepts and MR PRESSO suggested no
pleiotropic effects or heterogeneity (Supplementary Fig. S2, Supplementary Tables S10, S11).

In the sex-stratified analyses, we show a tendency among women of a harmful effect of increasing genetically-
predicted levels of serum iron; OR 1.63 (95% CI 0.94-2.86, P=0.09) and TSAT; OR 1.31 (95% CI 0.99-1.75,
P=0.06). For TIBC and ferritin the estimates were uncertain (Fig. 3). The corresponding results for men were
less pronounced and the wide confidence intervals made comparison between the sexes inappropriate (Fig. 4).
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Figure 1. Forest plot with MR estimates for risk of sepsis. CI confidence interval, IVW inverse variance
weighted, TSAT transferrin saturation, TIBC total iron binding capacity.
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Figure 2. Forest plot with MR estimates for risk of being hospitalized with COVID-19 compared to non-
hospitalized COVID-19. CI confidence interval, IVW inverse variance weighted, TSAT transferrin saturation,
TIBC total iron binding capacity.
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Figure 3. Forest plot for women with MR estimates for risk of being hospitalized with COVID-19 compared
to non-hospitalized COVID-19. CI confidence interval, IVW inverse variance weighted, TSAT transferrin
saturation, TIBC total iron binding capacity.
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Figure 4. Forest plot for men with MR estimates for risk of being hospitalized with COVID-19 compared
to non-hospitalized COVID-19. CI confidence interval, IVW inverse variance weighted, TSAT transferrin
saturation, TIBC total iron binding capacity.
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The sensitivity analyses supported the main findings (Figs. 3, 4, Supplementary Tables S12, S13, Supplementary
Figs. S3, S4).

There was no clear evidence that genetically-predicted levels of iron status biomarkers were associated with
risk of being hospitalized with COVID-19 compared with the population including the sex-stratified analyses
(Supplementary Figs. S5-S7).

Additionally, we performed two bi-directional MR analyses to assess the potential causal effect of sepsis on
serum iron status and hospitalized COVID-19 on serum iron. The bi-directional MR analyses showed no sig-
nificant relationship (Supplementary Tables S14, S15), leaving no evidence of a reverse causation.

Discussion

In this study we performed two-sample MR analyses to estimate the unconfounded effect of iron status on risk of
sepsis and severe COVID-19 using data from large GWASs. The MR results provided some evidence that higher
genetically-proxied iron load—reflected in higher levels of serum iron and TSAT, and lower levels of TIBC—were
associated with increased risk of sepsis. For COVID-19, we found a trend for increased risk of being hospitalized
with COVID-19 compared to non-hospitalized COVID-19 cases in subjects with genetically-predicted higher
levels of serum iron. We included sex stratified analyses to assess potential sex differences in the effect of iron
status on risk of COVID-19 hospitalizations, which provided some indication of a more pronounced harmful
effect of high iron status among women compared with men, but with too little precision to strongly support
a difference. The sensitivity analyses supported the overall findings. Genetic predisposition to sepsis or severe
COVID-19 did not show any evidence of effect on serum iron levels.

Our results were consistent with previous observational studies on sepsis, including a prospective study from
Turkey found higher serum iron in septic patients compared to healthy volunteers®. There is a substantial lack of
prospective studies investigating the effect of iron status measured before the onset of the infection. In a prospec-
tive population-based cohort study from Norway, we found low iron status to be associated with increased risk
of future bloodstream infections®. This is discordant to our MR results where higher genetically-predicted iron
status is related to increased risk of sepsis and being hospitalized due to COVID-19, and could be attributed to
differences in the epidemiological methods applied, such as residual confounding, but also limitations with the
two-sample MR method used that is restricted to assess linear models*.

Few MR studies have explored iron status and risk of severe infections. An MR-study using iron related SNPs
identified in the Genetics of Iron Status-consortia®® found evidence that higher serum-iron, TSAT and ferritin
were related to increased risk of sepsis®. Using a more updated set of genetic instruments for iron status biomark-
ers, we replicated these findings for serum iron and TSAT, a tendency for TIBC, but not for ferritin. Another
MR study found evidence of increased risk of skin and soft-tissue infections with higher serum iron levels*.

Patients with severe COVID-19 share many pathophysiological and clinical features with septic patients,
and we found the COVID-19 HGI GWAS with the comparison of hospitalized COVID-19 patients to non-
hospitalized COVID-19 patients to be most similar to sepsis patients as most septic patients are hospitalized in
industrialized countries'*. In a large-scale two-sample MR analysis aimed to evaluate the causal effects of a
vast number of traits in severe COVID-19, they report in supplemental data that serum iron levels (using SNPs
from the Genetics of Iron Status-consortia) yielded the same direction of effect as our results for risk of being
hospitalized with COVID-19 versus non-hospitalized cases in the release five of the COVID-19 HGI dataset*®.
Observational studies that have investigated iron status at the time of infection, found evidence of low iron status
being a risk factor for a severe course of COVID-19'. A case—control study with COVID-19 patients compared to
non-COVID-19 patients showed lower serum iron and TSAT levels in patients with COVID-19 independently of
severity. Whereas COVID-19 patients defined as severe and critical had substantially higher ferritin levels®. Some
have linked COVID-19 to the hyperferritinemic syndromes which is associated with hyperinflammation®. We
identified a tendency towards an increased risk of being hospitalized with COVID-19 in persons with genetically
proxied higher iron status. Differences between our findings and those reported in observational studies could
reflect the fact that associations between iron status and COVID-19 may be confounded by factors difficult to
adjust for such as poor nutritional status* or medical comorbidities associated with functional iron deficiency®'.
Despite numerous observational studies in COVID-19 patients, the role of iron status before the time of infec-
tion as well as changes in iron status during infection has not been ruled out and the same applies to sepsis. We
hypothesize that individuals with higher iron status could be less able to handle the acute iron load seen during
severe infections, leaving them more vulnerable to be hospitalized with sepsis and COVID-19.

The role of iron status in the context of infectious diseases has long been noted"*!*!!. Both iron deficiency*,
iron overload® and iron fortification programs without adequate infection surveillance®, have been linked to
increased risk of infections. To date, treatment with iron chelators in sepsis or COVID-19 have not been studied
in any large RCT, although suggested as potential adjuvant therapy in several reviews>***. Experimental models
of sepsis studying different iron chelators, report promising anti-inflammatory and anti-bacterial effects®. One
pilot study in 92 COVID-19 patients using oral and intranasal lactoferrin have shown promising results with
faster clinical symptoms recovery and lower serum ferritin levels in patients with mild to moderate COVID-19
compared to controls’®.

The pathway from iron status to risk of severe infections like sepsis and COVID-19 could be multifactorial,
including long-term effects of iron status on immune functions and susceptibility to pathogens, but also adapta-
tions in iron status at the time of infection®!"**. We identified that iron status affects the risk of sepsis and the
risk of being hospitalized with COVID-19, indicating that iron status before the time of infection interfere with
the response to infection.

It is well established that iron status varies according to sex™*. Observational studies have shown that men
are more prone to a severe course of COVID-19%"?!, leaving sex-stratified investigations important to reveal
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potential explanations for the sex differences?. We assessed sex specific summary-level data on iron status and
COVID-19 outcomes and showed that there was some tendency that the effect of serum iron and TSAT was
more pronounced among women. Another study looking at iron status at time of hospitalization for COVID-19
identified sex differences where female patients had significantly lower serum iron, TSAT and ferritin levels and
higher TIBC levels compared to men, whereas the association with severity between serum iron and TSAT was
observed in both sexes"’.

Major strengths with our study include the use of large GWAS summary data for both iron status, sepsis and
severe COVID-19. Our main MR estimates were similar using IVW, weighted median, weighted mode and MR
Egger methods. We included bi-directional MR to ensure that there were no reverse causation. As MR studies
could carry the risk of pleiotropy, we used various strategies to detect and account for the potential pleiotropy.
Taken together, the overall conclusions of our study were less likely to be affected by bias due to pleiotropy. We
used GWAS summary data from European ancestry to reduce confounding due to population stratification. The
slight difference in estimation and confidence intervals between the different MR methods were expected and
most likely do not represent actual differences®.

Several limitations should be considered in our study. First, the participants in our study are restricted to
European ancestry and as both severe infections and iron deficiency are global concerns, our findings should be
examined in other populations. Second, the sepsis phenotype has proven to be heterogeneous depending on how
the causal pathogen act on the host immune functions and factors within the host*®. Timing and correct treatment
of infections before they evolve to sepsis, further access to organ supportive treatment in intensive care units
and severity of sepsis might also be different. During the COVID-19 pandemic limited hospital resources and
capacity might have influenced on hospitalizations. Third, iron status changes substantially during infection and
inflammation, further exacerbated by tissue destruction and cell death. Iron status fluctuates during a lifetime,
during periods of higher demand and need such as pregnancy and growth, in situations with increased losses
(i.e. blood loss or critical illness), and due to chronical medical disorders*. Genetically-predicted iron status may
not perfectly reflect this time-varying exposure®. The U-shaped risk relationship that has been proposed for
the extremes of iron status'®!” might cause an attenuated association when evaluated in a linear model as in the
two-sample MR methods. Non-linear MR methods could be more suitable to explore this U-shaped relation-
ship but requires large GWAS with both measurements of iron biomarkers as well as the outcomes of interest*.
However, observational studies measuring iron status at time of infection might be biased by the acute phase
response leading to iron depletion and hyperferritinemia (i.e. reverse causation) which we avoided using an MR
framework. Due to the MR methods’ use of genetic instruments, the possibility of confounding was limited.
Using sex stratified summary-level data for both exposure and COVID-19 outcomes we were able to investigate
potential sex differences in the associations.

In conclusion, our study leveraged large-scale summary data to explore the effects of iron status on risk of
sepsis and severe COVID-19. Our findings suggest a causal association between high iron status and increased
risk of sepsis and in verified cases of COVID-19 we identified a tendency of higher risk of being hospitalized
in persons with higher iron status. We highlight the importance of sex specified summary-level data to assess
potential sex differences in the associations. For being hospitalized with COVID-19 there were indications of a
more pronounced effect of higher iron status in women compared to men. Future studies are needed to explore
the exact mechanisms of iron status and severe infections with the potential of prevention management and
treatment strategies.

Data availability

The datasets used during the current study are publicly available using the provided web links: Sepsis GWAS:
www.gwas.mrcieu.ac.uk/. COVID-19 Host Genetics Initiative: www.covid19hg.org. Sex disaggregated COVID-19
GWAS: NHLBI GRASP catalogue, release date 06.18.21, www.grasp.nhlbi.nih.gov/covid19GWASResults.aspx.
COVID-19 GWAS for bi-directional MR (release 2): https://genomicc.org/data/.
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