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Abstract: Heme-oxygenase (HO)-1 is a cytoprotective enzyme with strong antioxidant and anti-
apoptotic properties and previous reports have also emphasized the antiviral properties of HO-1,
either directly or via induction of interferons. To investigate the potential role of HO-1 in patients
with coronavirus disease 2019 (COVID-19), the present study assessed changes in HO-1 expression
in whole blood and tissue samples. Upregulation of HO-1 protein was observed in lung, liver,
and skin tissue independently of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
presence. A significant increase of blood HO-1 mRNA levels was observed in critically ill COVID-19
patients compared to those in severe COVID-19 patients and healthy controls. This increase was
accompanied by significantly elevated levels of serum ferritin and bilirubin in critically ill compared
to patients with severe disease. Further grouping of patients in survivors and non-survivors revealed
a significant increase of blood HO-1 mRNA levels in the later. Receiver operating characteristic (ROC)
analysis for prediction of ICU admission and mortality yielded an AUC of 0.705 (p = 0.016) and 0.789
(p = 0.007) respectively indicating that HO-1 increase is associated with poor COVID-19 progression
and outcome. The increase in HO-1 expression observed in critically ill COVID-19 patients could
serve as a mechanism to counteract increased heme levels driving coagulation and thrombosis or as
an induced protective mechanism.

Keywords: heme-oxygenase (HO-1); COVID-19; immune response

1. Introduction

Heme-oxygenase (HO)-1 is a cytoprotective enzyme with strong antioxidant and anti-
apoptotic properties attributed to its enzymatic activity, which involves the degradation of
heme to biliverdin with simultaneous release of carbon monoxide (CO) and ferrous iron.
Heme-oxygenase has a strong anti-inflammatory potential by modulating production of
interleukins (IL) [1].
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The strong anti-inflammatory characteristic of HO-1 has been confirmed in the con-
dition of HO-1 depletion, both in humans and mice. Lack of HO-1 has been shown to
result in hyperinflammation with a significant increase in various factors such as IL-1b,
IL-6, interferon (IFN)-g, and tumour necrosis factor-a (TNF-a) both in humans and ani-
mals [2,3]. Furthermore, mice lacking HO-1 typically show increased sensitivity in sepsis
models induced by endotoxins such as lipopolysaccharide (LPS) [4,5]. The same study also
reported an induction of HO-1 mRNA levels following LPS administration [5]. Increased
HO-1 mRNA levels have also been reported for critically ill patients irrespective of the
cause [6].

HO-1 has also been reported to possess antiviral properties, both through its by-
products and directly. A previous study reported that activation of HO-1 and CO release
inhibited Enterovirus 71 infection by suppressing formation of reactive oxygen species
(ROS) [7]. Furthermore, HO-1 was reported to directly interact with interferon regulatory
factor 3 (IRF3) thus triggering INFα/β responses and eliminating influenza virus replication
in-vitro [8]. The HO-1 expression has also been reported in a cohort of patients with
severe disease from Dengue virus showing a strong suppression of expression with disease
severity [9] while expression patterns have also been identified in human immunodeficiency
(HIV) patients, hepatitis B (HBV) and hepatitis C (HCV) patients [10]. Specifically, a
suppression of HO-1 expression was shown in HIV patients with high viral loads [10],
while the opposite was observed in patients with HCV suggesting a variable role of HO-1
depending on the type of viral infection and/or type of virus.

Given the strong anti-inflammatory and antiviral potential of HO-1, therapeutic strate-
gies against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have been
proposed by various experts [11,12]. However, few studies have yet investigated the profile
of HO-1 expression in coronavirus disease 2019 (COVID-19) patients in either tissue or
blood level. The current study assessed HO-1 expression levels in blood (mRNA) and
tissues (protein) of COVID-19 patients and correlated these levels with disease outcomes.

2. Materials and Methods
2.1. Patients

A written informed consent was obtained from all patients. Ethical approval was
obtained from the Ethics committee of Evangelismos Hospital. All patients had a positive
polymerase chain reaction (PCR) test for SARS-CoV-2 performed on a nasopharyngeal
sample. A total of 47 patients were recruited. Patients were grouped into those with severe
disease (n = 27) and critically ill (n = 20). Patients were further grouped into survivors
(n = 38) and non-survivors (n = 9). Healthy volunteers with a mean age of 38 years and
equal numbers of female and male individuals (n = 5) were used as controls (n = 10).
Blood samples were obtained on admission for all patients and analysed on the same
day. Patient demographic and clinical data are shown in Table 1. Formalin-fixed and
paraffin-embedded lung, kidney, liver, heart, and skin tissue samples were obtained at
autopsy from two non-survivors from the critical patient arm of the study.

Table 1. Patient clinical and demographic data.

Severe
COVID-19

Critical
COVID-19 p Value

Age (years) 60.26 ± 15.96 66.65 ± 11.45 0.149
Male 12 (44.44%) 15 (75.00%) 0.111

Comorbidities 19 (70.37%) 15 (75.00%) 0.940

Symptoms

paO2/FIO2 318.80 ± 63.62 137.90 ± 79.23 <0.0001
Days of illness before admission 5.65± 1.62 5.77 ± 2.98 0.852
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Table 1. Cont.

Severe
COVID-19

Critical
COVID-19 p Value

Laboratory baseline

White blood cells (cells/µL) 6664.00 ± 3841 13897 ± 1231 <0.0001
Neutrophils (cells/µL) 68.34 ± 16.62 79.80 ± 13.01 0.012

Lymphocytes (cells/µL) 27.58 ± 19.17 12.02 ± 13.30 0.001
Platelets (cells/µL) 207333 ± 88056 271737 ± 139869 0.100

C-reactive protein (mg/L) 7.05 ± 7.57 13.67 ± 11.52 0.025
Troponin (ng/mL) 37.58 ± 109.70 311.80 ± 845.90 0.114

Urea (mg/dL) 34.89 ± 24.78 84.16 ± 94.24 <0.001
Creatinine (mg/dL) 0.82 ± 0.19 1.10 ± 0.88 0.368

Aspartate aminotransferase (U/L) 43.33 ± 37.50 150.70 ± 419.20 0.237
Alanine transaminase (U/L) 34.76 ± 22.94 62.17 ± 74.60 0.002

Gamma-Glutamyltransferase (U/L) 46.37 ± 39.22 83.26 ± 96.73 0.062
Lactate Dehydrogenase (U/L) 306.8 ± 128.9 535.6 ± 552.1 0.021

Albumin (g/dL) 3.846 ± 0.409 3.210 ± 0.506 <0.0001

Days of hospital stay 8.00 ± 4.019 18.80 ± 14.10 <0.0001
Survival 25 (92.59%) 12 (60.00%) 0.026

2.2. Histopathology and Immunohistochemistry

Tissue sections were heat-treated in citric acid buffer and then incubated with 2% H2O2
to inactivate the endogenous peroxidase. Following blocking with 3% normal goat serum
(NGS) for 1 h, sections were incubated with anti-HO-1 monoclonal antibody (cat no: ADI-
SPA-895, Enzo Life Sciences, Farmingdale, NY 11735, USA) at a 1:100 dilution overnight
at 4 ◦C. After incubation with an HRP-conjugated secondary antibody, binding was de-
tected using Vectastain ABC Kit (Vector Laboratories, Burlingame, CA, USA) according
to manufacturer’s instructions. The 3,3-diaminobenzidine was used as chromogen and
slides were counterstained with haematoxylin and observed under an Olympus (BX50F4)
microscope (Centre Valley, PA 18034, USA). For SARS-CoV-2 tissue staining with an anti-
SARSCoV-2 (G2) monoclonal antibody [13] was performed at a 1:300 dilution as previously
described [13]. Routine procedures for Prussian blue (detection of hemosiderin, a ferritin
complex) staining were carried out.

2.3. RNA Extraction, Reverse Transcription and Real-Time PCR

For RNA extraction blood samples were collected in Tempus Blood RNA Tubes
(Applied Biosystems, Foster City, CA, USA) and stored at −80 ◦C. RNA was extracted
according to the manufacturer’s instructions. The RNA concentration was determined
for each sample prior to reverse transcription using NanoDrop One (ThermoScientific,
Whaltham, MA 02451, USA). Reverse transcription reactions were performed using 4 µL of
the 5× FastGene® Scriptase II ReadyMix (Nippon Genetics, Duren, Germany) and 100 ng
of RNA for each reaction. Reactions were carried out in a CFX90 cycler (BioRad, Hercules,
CA, USA) at the following conditions: 25 ◦C for 10 min, 42 ◦C for 60 min and 85 ◦C for
5 min. Real time PCR reactions were carried out in a CFX90 cycler. Each reaction consisted
of 1 µL primer-probe assay mix (IDT, Coralville, IA, USA), 10 µL Luna Master Mix (Biolabs,
Waltham, MA, USA) and 1 µL cDNA. The GAPDH was used as a housekeeping gene for
data normalization. The sequences for the Real time PCR primers and probes for HO-1
mRNA were as follows: forward primer: 5′-GTT CCT CAT GAA CTC AGC ATT-3′, reverse
primer: 5′-GAG CCA GCA CGA ACG AG-3′, probe: 56-FAM/AGC ATG CCC /ZEN/CAG
GAT TTG TCA GA/3IABkFQ. Reactions were carried out in triplicate and results were
analysed by the ∆∆CT method
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2.4. Statistical Analysis

Results are reported as absolute numbers, medians, or means and standard deviations,
as appropriate. Statistical analysis was performed using the GraphPad Prism 8.0 software
for Windows. Data were tested for normality using the Shapiro–Wilks test. Unpaired t-test
or Mann–Whitney U was used in the case of data displaying normality or not respectively.
One-way Anova was used for analysis of three groups and the Fisher’s least significant
difference (LSD) test was used for post-hoc analysis. Receiver operating characteristic (ROC)
analysis was performed using ICU admission, or survival as the classification variable
and HO-1 mRNA levels on admission as prognostic variables. p < 0.05 was considered
statistically significant.

3. Results
3.1. Tissue HO-1 Induction Is Independent from SARS-CoV-2 Presence

Tissue sections obtained post-mortem from critically ill COVID-19 patients were
stained for HO-1 and hemosiderin to assess whether HO-1 induction occurred at the tissue
level and whether it was accompanied by Fe deposition. As shown in Figure 1, HO-1
localization was observed in lung, liver, and skin tissue sections. Specifically, HO-1 im-
munohistochemical expression in the lung was observed in cells lining the cleft-like spaces
which are probably endothelial cells, and in cells within the cleft-like spaces most possibly
macrophages (point with arrow). In liver, HO-1 immunohistochemical expression was
mainly observed in Kupffer cells (arrow) within the liver sinusoids while a weak granular
stain was also discerned in the cytoplasm of hepatocytes with a perinuclear localization.
In the same locations, Prussian blue histochemistry revealed abundant granular pigments
indicative of ferric iron. The HO-1 immunohistochemical expression was also detected in
skin tissue. Skin sweat glands with HO-1 expression were observed in the cytoplasm of
epithelial cells without Fe deposition. The HO-1 was not detected in kidney or heart tissue
sections and these were also negative for Prussian blue staining. To assess whether HO-1
localized in tissues that were positive for presence of SARS-COV-2, tissue sections demon-
strating HO-1 induction were further stained for SARS-CoV-2 protein. The SARS-CoV-2
was only detected in the liver and the kidney (Figure 2); SARS-CoV-2 was not detected in
any other tissue sample (Figure S1).

3.2. HO-1 Induction in Blood Samples of COVID-19 Patients

We next determined HO-1 induction in whole blood samples of COVID-19 patients
obtained on admission in either ward or ICU. The HO-1 mRNA levels were significantly
elevated in critically ill COVID-19 patient group compared to those in both healthy and
severe disease groups (Figure 3a). There was no significant difference in HO-1 mRNA
levels between severe disease and healthy control groups (Figure 3a). In addition to the
increase in HO-1 mRNA in the critically ill group, there was also an increase in serum
ferritin (Figure 3b), bilirubin (Figure 3c) and iron (Fe) levels (Figure 3d). This increase was
statistically significant between the critically and severely ill groups for all parameters apart
from Fe levels. Furthermore, there was no difference in haemoglobin, gamma-glutamyl
transferase (GGT) and alkaline phosphatase (ALP) levels between the critically and severely
ill groups (Figure 4).

3.3. HO-1 Induction in COVID-19 Patients Is Associated with Disease Progression and Mortality

We next performed ROC curve analysis to assess whether HO-1 induction predicts
COVID-19 outcomes (progression and mortality). To this end, patients were further
grouped into survivors (n = 38) and non-survivors (n = 9). A significant increase of
HO-1 whole blood mRNA levels was also observed in non-survivors versus survivors
(Figure 5b). The ROC curves were generated for prediction of ICU admission and mortality
and revealed an AUC of 0.705 (95% 0.5545–0.8566, p = 0.016) and 0.789 (95% 0.5977–0.9813,
p = 0.015), respectively (Figure 5c,d).
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Representative images from lung, kidney, liver, heart, and skin tissue sections obtained from critical
COVID-19 patients autopsy samples and stained for HO-1 protein (and their respective controls) and
Prussian blue. Magnification at ×400.
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Representative images of SARS-CoV-2 (G2 mab) staining in liver and kidney tissue sections and their
respective negative controls. Magnification at ×400.
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Figure 3. HO-1 is upregulated in critical COVID-19 patients with concomitant increase in ferritin
and bilirubin. Whole blood samples were obtained on admission from patients with either severe or
critical disease and processed directly. (a) HO-1 mRNA upregulation determined in critical patients
versus severe and healthy controls from whole blood samples. Increase of ferritin (b), bilirubin
(c) and iron levels (d) in critical versus severe COVID-19 patients. Data are expressed as means ± SD.
Statistical analysis was performed by one-way ANOVA in three group comparisons and Mann–
Whitney U test in two group comparisons. * p < 0.05, ** p < 0.01. Analysis of variance and post hoc
analysis was performed by Uncorrected Fisher’s least significant difference test.
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glutamyl transferase (GGT) and (c) alkaline phosphatase (ALP) in blood samples obtained on ad-
mission from COVID-19 patients by routine in-hospital blood analysis. Data are expressed as
means ± SD. Statistical analysis was performed by Mann–Whitney U test. No statistically significant
changes were observed.
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Figure 5. HO-1 mRNA levels are associated with COVID-19 progression and outcome. HO-1 mRNA
upregulation in whole blood samples from (a) critical versus severe patients (b) survivors versus
non-survivors. Receiver operating characteristic (ROC) curves of HO-1 mRNA levels for prediction
of need for intensive care (c) and mortality (d). The corresponding areas under the curve (AUC), p,
sensitivity and specificity, odd ratio and cut off values are represented in (e). Statistical analysis was
performed by Mann–Whitney U test. * p < 0.05.

4. Discussion

Severe and critical COVID-19 infection largely exhibits characteristics of a multi-
inflammatory condition culminating in viral sepsis. The highly pro-inflammatory profile
of these patients could be counteracted by the induction of anti-inflammatory molecules
such as HO-1. Our results show significantly elevated whole blood HO-1 mRNA levels
in critically ill patients indicating that HO-1 induction could be acting as a protective
mechanism against the inflammation. The HO-1 has previously been shown to reduce IL-6
and CXCL1 levels in mouse models of ischemia/reperfusion (IRI) models of renal and lung
injury [14,15]. To achieve HO-1 induction in these models, hemin was used as a natural HO-
1 inducer and was found to reduce IRI cytokine storm. The HO-1 induction in COVID-19
patients could therefore potentially add to reduce the cytokine storm observed. The same
studies reported a reduction of lung tissue injury upon hemin induced HO-1 upregulation.

The HO-1 also has an established antiviral effect. Previous studies have reported
upregulation of HO-1 by cobalt protoporphyrin which eliminated Zika virus (ZIKV) repli-
cation in vitro in HEK-293A cells expressing a ZIKV replicon [16]. Another study described
the HO-1 dependent inhibition of Ebola viral replication following HO-1 induction by
cobalt protoporphyrin (CoPP) [17]. Furthermore, hemin treatment of monocytes and T cells
previously infected with HIV pleiotropic strains was shown to ameliorate viral infection
in vitro while tin protoporphyrin, an established inhibitor of HO-1 activity was shown to
attenuate HIV infection indicating the antiviral effect of the enzymatic role of HO-1 [18]. A
similar study conducted for SARS-CoV-2 recently reported no effect of HO-1 upregulation
on SARS-CoV-2 replication in vitro. Specifically, the study utilized monkey kidney and
human lung epithelial cell lines, infected with SARS-CoV-2 and assessed the antiviral effect
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of HO-1 by induction through hemin at 48 and 72 h post infection with no significant
reduction in viral replication [19] despite the augmented HO-1 expression.

In our study, HO-1 was detected in lung, liver, and skin tissue sections of critically ill
patients. The detection of HO-1 in tissue samples was independent from SARS-CoV-2 pres-
ence as HO-1 presence was confirmed in lung and skin tissue sections that were negative
for SARS-COV-2, while absence of HO-1 was observed in renal tissue that was positive
for SARS-COV-2. This observation indicates that the induction of HO-1 targets COVID-19
independent of a direct antiviral effect possibly because of the systemic inflammatory
response triggered during the infection. A limitation of our study regarding staining of
tissues from COVID-19 patients is the lack of healthy controls as well as the limited number
of patients included in the study (n = 2). Instead, we have used a negative control of the
same tissue sample. Therefore, although HO-1 was detected in specific tissue samples we
could not assess the degree of protein expression. Another study has also described the
detection of HO-1 in skin tissue samples from COVID-19 patients [20]. However, the study
included patients with mild symptoms and the specimens were obtained from specific
skin lesions and reported downregulation of HO-1 protein expression when compared to
healthy controls. Further analysis in samples from critically ill patients is needed to confirm
our results.

The increase of HO-1 whole blood mRNA levels observed in critical COVID-19 patients
was coupled to increased Fe, albeit not significantly, and a significant increase in bilirubin
(Figure 3). Whether the increase in Fe and bilirubin levels could be attributed to the HO-1
induction (which releases heme-bound iron and generates bilirubin) is difficult to assess.
However, the fact that GGT and ALT levels were no different between severe and critically
ill patients (Figure 4) indicates that the increase in bilirubin was not due to liver damage.
The elevated levels of Fe observed in these patients, however, could be another mechanism
for HO-1 induction. Specifically, Fe is needed for heme synthesis, which is the natural
inducer of HO-1. The Fe is usually bound by ferritin, the levels of which were increased
in tandem with HO-1 mRNA increase (Figure 3). Any unbound Fe may therefore be
captured for heme synthesis leading to HO-1 induction. However, apart from liver tissue,
the induction of HO-1 in tissue levels was not always associated with Fe deposition.

The HO-1 mRNA levels were shown to be significantly elevated in non-survivors and
ROC analysis showed a high AUC value indicating that this increase of HO-1 expression
is associated with mortality. Whether this association of HO-1 with mortality is due to
the upregulation of HO-1 as a protective mechanism or whether the overexpression of
HO-1 may intensify a ‘lethal’ effect remains to be unravelled. Specifically, it has been
shown that apart from its beneficial properties, HO-1 overexpression may have detrimental
effect both at tissue and circulation level and this is mainly attributed to the release of
heme-derived catalytically active iron which has been shown to promote a pro-oxidant
environment [21,22]. In our study, Fe blood levels were increased in critically ill patients
but not significantly. Furthermore, circulating iron levels reflect transferrin bound iron and
not heme derived iron. Moreover, iron deposition at tissue levels was only observed in the
liver of critically ill patients indicating that the upregulation of HO-1 remains within the
‘non-toxic threshold’ of expression. Taken together, the observations above, indicate that
the association of HO-1 upregulation with mortality of COVID-19 patients is probably due
to its induction as a protective mechanism rather than a toxic epiphenomenon of the course
of COVID-19 viral infection.

This study showed a strong association of increased HO-1 expression and disease
progression as well as outcome, specifically, mortality. The high AUC values shown for the
need for ICU treatment and mortality allow for a suggestion of the potential use of HO-1 as
a biomarker for COVID-19 disease progression and outcome. However, considering the
limited size of the study population, HO-1 may be proposed as a strong indicator rather
that a biomarker of COVID-19 progression and mortality. Validation of HO-1 expression
levels in larger COVID-19 patient cohorts is therefore necessary to confirm the potential use
of HO-1 as a prognostic tool for COVID-19 management and to compare its performance
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with other established parameters used for COVID-19 disease progression, such as C-
reactive protein (CRP) and the neutrophil to lymphocyte ratio (NLR). Another study
previously reported elevated levels of HO-1 in COVID-19 patients with low oxygen levels
(SpO2 ≤ 95%) [23], measured by a standard ELISA method accompanied by increased
heme levels. However, the study was also performed on a limited number of patients and
stressed the need for further investigation in larger cohorts. Finally, one study reported
the use of HO-1 as a marker for disease progression in a patient with exacerbation of
idiopathic pulmonary fibrosis (IPF) following SARS-CoV-2 infection and COVID-19, and
they found that serum HO-1 which reflected M2 macrophage activation allowed monitoring
of the disease progression [24]. However, the study was focused specifically on patients
with exacerbation of IPF following COVID-19 and did not suggest HO-1 as a marker for
COVID-19 progression in general.

5. Conclusions

This study describes the expression pattern of HO-1 in COVID-19 patients, both at
the tissue level and the blood mRNA level. The increase of HO-1 in critically ill and
disease COVID-19 patients indicates that its induction serves as a protective mechanism.
Further studies are needed to determine the underlying mechanisms for HO-1 induction in
COVID-19 to directly assess its potential as a therapeutic strategy against COVID-19.

Supplementary Materials: The following supporting information can be downloaded at https:
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