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Impact statement

Several authors have speculated about the poten-
tial of heme-oxygenase 1 (HO-1) modulation in
CQVID-19, based on the anti-inflammatory effects
of this enzyme in other infectious and inflammatory
diseases. However, very little actual data have been
produced to support these speculations. Here, we
provide data about the behavior of important media-
tors involved in HO-1 pathway, namely, total heme
levels and hemopexin, in the course of COVID-19.
Using a well-characterized population of patients
from a clinical trial, we demonstrate that HO-1
levels are increased in COVID-19, and consist-
ently associated with coagulation activation. The
importance of these results lies on the fact that they
represent a demonstration that circulating levels
of HO-1 are increased in COVID-19, and that pro-
thrombotic markers are associated with HO-1, pav-
ing the way for future studies exploring the role of
HO-1 as a biomarker for or mediator of COVID-19.

Abstract

Heme-oxygenase 1 (HO-1) is an enzyme with well-known anti-inflammatory
and antioxidant properties, whose levels have been previously associated with
disease severity in the context of sterile and infectious diseases. Moreover, the
heme/HO-1 pathway has been associated with prothrombotic changes in other
diseases. Accordingly, the potential of modulating HO-1 levels for the treatment
of COVID-19 was extensively speculated during the COVID-19 pandemic, but
very few actual data were generated. The aim of our study was to explore the
association of HO-1, heme, and hemopexin (HPX) levels with COVID-19 severity
and with markers of inflammation and coagulation activation. The study was
conducted in 30 consecutive patients with COVID-19 admitted due to hypoxemia,
and 30 healthy volunteers matched by sex, age, and geographic region. HO-1
and HPX levels were measured by enzyme immunoassay (ELISA) and heme
levels were measured by a colorimetric method. A comprehensive panel of
coagulation and fibrinolysis activation was also used. Patients with COVID-19
presented increased levels of HO-1 when compared to controls (5741 = 2696 vs
1953 + 612 pg/mL, respectively, P <0.0001), as well as a trend toward increased
levels of HPX (3.724 £0.880 vs 3.254 = 1.022mg/mL, respectively; P=0.06). In
addition, HO-1 and HPX levels reduced from admission to day + 4. HO-1 levels
were associated with duration of intensive care unit stay and with several markers
of coagulation activation. In conclusion, modulation of HO-1 could be associated

with the prothrombotic state observed in COVID-19, and HO-1 could also represent a relevant biomarker for COVID-19. New
independent studies are warranted to explore and expand these findings.
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Introduction

COVID-19 is a disease that primarily affects the respiratory
tract caused by the SARS-CoV-2 virus which in severe cases
can evolve to an acute respiratory distress syndrome associ-
ated with a systemic inflammatory response. This inflamma-
tory response involves several host defense systems such as
hemostasis, angiogenesis, and complement.!? Comorbidities
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such as diabetes, hypertension, and obesity, as well as
advanced age are associated with higher mortality.?
Heme-oxygenase 1 (HO-1) is an enzyme with well-known
cytoprotective properties, mainly expressed in the liver,
whose main role is to metabolize heme, catabolizing it
into biliverdin, carbon monoxide, and iron. The circulat-
ing protein hemopexin (HPX) is responsible to bind free
extracellular heme and to deliver it to cells in which HO-1
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is expressed. HO-1 induction has been associated with anti-
inflammatory and anti-oxidative effects*> in the context of
both sterile® and infectious diseases,” 1% based on different
lines of evidence that include clinical studies showing the
association of HO-1 levels with disease severity,!! genetic
association studies!? and by interventional experiments in
animal models.!>!4 These protective effects attracted the
attention of the scientific community during the COVID-
19 pandemic, and several reviews and opinion papers!1>-17
have been written about the potential benefits of modulat-
ing this pathway in COVID-19. However, very few studies
have actually addressed this pathway in patients and other
models.!31% In a small study with eight COVID-19 patients,
lower oxygen saturation was associated with higher HO-1
levels,’” leading authors to hypothesize whether HO-1
induction could be associated with protective effects in this
context.

Coagulation activation is a hallmark of both COVID-19%
and of conditions associated with high levels of extracellular
heme, HPX consumption, and HO-1 induction.?->*> Whether
the heme/HPX/HO-1 pathway is associated with coagula-
tion activation in COVID-19 has not been explored.

Using samples from a consecutive cohort of COVID-19
patients enrolled in a clinical trial, we explored the asso-
ciation of HO-1, heme, and HPX levels with COVID-19
severity and with markers of inflammation and coagulation
activation.

Materials and methods
Study population

The population of our study consisted of 30 patients with
COVID-19 confirmed by reverse transcription polymerase
chain reaction (RT-PCR) and who required hospital admis-
sion due to Severe Acute Respiratory Syndrome (SARS).
Laboratory analysis was performed in samples obtained from
patients enrolled in a clinical trial conducted at the University
of Campinas University Hospital (Brazilian Clinical Trials
Registry: https:/ /ensaiosclinicos.gov.br/rg/RBR-5s2mqg).>*
Baseline samples were obtained within 24 h from the con-
firmation of COVID-19 diagnosis, before any clinical trial
intervention. Thirty healthy individuals matched for age, sex,
and geographic region were recruited at the same period and
used as a control group. Of note, this population has been
described in a previous publication from our group.?

Sample collection and processing

Samples were collected in 3.2% citrated or ethylenediamine-
tetraacetic acid (EDTA) K2 tubes and processed within 2h of
collection. Plasma for coagulation assays was obtained from
citrated tubes double centrifuged at 1800g at 22°C, while
plasma from EDTA tubes was obtained after a single cycle
of centrifugation. Plasma samples were immediately stored
at 80°C.

Clinical and laboratory data

Clinical and laboratory data were obtained from the medi-
cal electronic health records. The extent of lung disease was
estimated by computerized tomography at admission using
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a modified score.?* The WHO-CPS score (World Health
Organization’s Clinical Progression Scale) was calculated as
previously reported.?

Laboratory evaluation of hemostasis markers

Coagulation screening assays (PT, aPTT), coagulation
factor (F) activities (fibrinogen and Factor VIII activity), vWF
antigen, vVWF activity, and antithrombin levels were meas-
ured in an automated coagulometer (ACL TOP 550 CTS,
Instrumentation Laboratory, USA) using commercially avail-
able assays from the same manufacturer (HemosIL reagents).
u-PAR (urokinase-type plasminogen activator receptor)
levels were measured using a customized Luminex immu-
noassay (Procarta Plex multiplex panel, Thermo-Fischer
Scientific) in a Bioplex 200 instrument (Bio-Rad). All assays
were performed in citrate-anticoagulated plasma, except for
the Luminex immunoassay, which was performed in EDTA-
anticoagulated plasma.

Measurement of HO-1, HPX, and heme levels

The measurement of HO-1 and HPX levels was performed
by immunoenzymatic method (ELISA) using commercial kits
(Abcam), and total heme levels were measured using a com-
mercial colorimetric kit (QuantiChrom™), in EDTA plasma.

Statistical analysis

Data are presented as mean * standard deviation (SD) or
medians and interquartile ranges (IQRs). Differences in con-
tinuous variables were analyzed using Mann-Whitney or
Student’s t-test according to data distribution, assessed by
the D’Agostino and Pearson normality test. To compare two
independent variables, the Mann-Whitney test (for sam-
ples with non-normal distribution) or the unpaired t-test
(for samples with normal distribution) was used. To com-
pare two dependent variables, the Wilcoxon test (for samples
with non-normal distribution) or paired f-test (for samples
with normal distribution) was used. Correlation was cal-
culated using Spearman’s correlation coefficient. P value
< 0.05 was considered significant. All statistical analyses
were performed using SPSS version 25 (IBM) or GraphPad
Prism 8.0 Software (GraphPad Inc).

Results

The laboratory and clinical characteristics of the study popu-
lation are shown in Table 1.

Patients with COVID-19 had increased levels of HO-1
when compared with healthy individuals (P> 0.0001), as
well as a trend toward increased HPX (P=0.06). No differ-
ences were observed in total heme levels and hemoglobin
between patients and healthy volunteers (Figure 1).

We next evaluated the time-course of HO-1, HPX, and
heme levels from admission to day + 4 after admission. Of
note, no differences were observed in any of these three
markers when patients were compared based on clinical trial
arm intervention at baseline, at day + 4, or when the ratio
between day 4/baseline was compared (data not shown).
Significant decrease of HO-1 and HPX levels could be
observed, while total heme levels remained stable (Figure 2).
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Table 1. Laboratory and clinical characteristics of study participants.
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Patients (n=30) Healthy individuals (n=30) [?
Laboratory data (admission)
Age* 52.7 =123 50.3 9.2 0.40
Sex, male:female 16:14 16:14 1.00
Body mass index* 30.6 = 6.6 259 £ 42 0.006
Hemaoglobin, g/dL* 13.96 = 1.91 14.30 = 1.11 0.42
Leukocytes, x109/L* 8.04 = 3.91 5.58 = 1.58 0.004
Neutrophils, X 109/L* 6.38 + 3.77 3.09 = 0.93 <0.001
Lymphocytes, x109/L* 1.20 = 0.55 1.79 = 0.28 <0.001
Platelets, x109/L* 216.33 +£ 93.02 245.59 + 40.34 0.12
NLR* 6.19 = 4.26 1.72 = 0.61 <0.001
D-dimer, ng/mL* 3.609 * 14.440 324 = 242 <0.001
C-reactive protein, mg/L* 115.18 £ 75.74 415 + 8.37 <0.001
Troponin, ng/mL* 10.96 = 11.98 4.33 £ 2.75 <0.001
CT score* 178+73 NA -
WHO-CPS score* (median and IQR) 4919 (4103-6830) NA -
Outcome data

Time from symptom onset, days* 8.1+23 NA -
Length of hospital stay, days* 129 £ 9.8 NA -
Need for intensive care (%)* 12/30 (40%) NA -
Length of intensive care stay, days* 6.1 9.7 NA -

NLR: neutrophil-to-lymphocyte ratio; NA: not applicable; WHO-CPS: World Health Organization’s Clinical Progression Scale; IQR: interquartile range.

*Mean = SD, WHO-CPS.

We then explored the association of HO-1 and HPX levels
with clinical and laboratory markers of disease severity. As
shown in Figure 3, higher HO-1 levels were associated with
longer intensive care unit (ICU) stay, yielding a positive cor-
relation (R,=0.572; P=0.001) between the variation of HO-1
levels (day +4/admission) and ICU length of stay, illustrat-
ing that higher increases in HO-1 levels were associated with
longer ICU stay. In addition, HO-1 levels of patients with a
WHO-CPS score = 7 (median = 7006, IQR = 4551-7880, ng/
mL) were significantly higher than patients with WHO-CPS
score below 7 (median = 4278, IQR = 3971-6486, ng/mL).
HPX or heme levels at admission or day + 4 did not cor-
relate with length of ICU stay (Figure 3). No significant cor-
relation was observed between HO-1, HPX, or heme levels
with other clinical parameters of disease severity such as
the magnitude of lung disease (measured by a standardized
CT score), overall hospital stay, and oxygen saturation at
admission.

When laboratory parameters were analyzed, a consist-
ent association of HO-1 levels with markers of coagulation
activation was observed, illustrated by moderate to strong
correlations with several markers. No significant correlation
could be observed between HPX or total heme levels with
laboratory markers of coagulation activation (Table 2).

Discussion

The identification of inflammatory pathways associated
with disease severity in COVID-19 is a relevant scientific
question that can support the development of biomarkers
and targeted therapies for this and other related conditions.
In this context, the main contribution of our study was the
demonstration that HO-1 levels are increased and associated
with disease severity and coagulation activation in COVID-
19, and that the modulation of HO-1 is not necessarily

associated with evidences of increased heme catabolism in
this condition.

HO-1 is a well-known anti-inflammatory and anti-
oxidant enzyme? 28 with tissue-protective effects best
illustrated by the dramatic clinical presentation of HO-1
deficiency, which is associated with widespread inflam-
mation, endothelial, and coagulation activation, and early
lethality.?>% It has been previously shown that the expres-
sion of HMOX, the gene coding HO-1 can be modulated
up to 100 times in the presence of infections or acute lung
injury,>3! with the antiviral properties of HO-1 or of its reg-
ulatory gene NRF2 having been demonstrated in models
of Influenza,®? Dengue,?® and Ebola.’ Besides, it has also
been demonstrated that HO-1 expression is associated with
decrease in tissue damage in several inflammatory condi-
tions such as atherosclerosis,* sickle cell nephropathy,® and
neurodegenerative diseases.3¢

The modulation of HO-1 can be driven by inflamma-
tion and tissue damage, but can also occur in the context
of increased heme catabolism, such as observed in hemo-
lytic conditions. In these conditions, the release of extracel-
lular heme leads to the increased delivery of heme-HPX
complexes to HO-1 expressing cells in the liver, causing
an increase in HO-1 expression and activity.'* Although
the hypothesis that the pathogenesis of COVID-19 could
be associated with lower oxygen delivery to tissues caused
by derangements of heme function gained massive public
attention in the early days of the pandemic, this possibility
was ruled out by experimental data showing that COVID-
19 is not associated with changes in oxygen dissociation.?”
Besides, anemia and hemolysis are not relevant manifes-
tations of COVID-19.38 Therefore, the putative association
of HO-1 with COVID-19 has been mostly discussed in the
context of the anti-inflammatory and anti-oxidant effects
of this enzyme. It should be noted, however, that among
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Figure 1. Plasma levels of (a) HO-1, (b) HPX, (c) heme, and (d) hemoglobin in patients with COVID-19 and healthy volunteers. Results shown as mean and P values
are from Mann—Whitney test or unpaired t-test according to data distribution (n=28-30 per group).
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Figure 2. Time-course of (a) HO-1, (b) hemopexin, and (c) heme levels on the day of admission and on the fourth day of hospitalization of patients with COVID-19.
Results shown as mean and P values are from Wilcoxon test or paired t-test according to data distribution (n=28-30 per group).

the 14 peer-reviewed publications addressing this issue, the
vast majority were reviews or opinion papers discussing this
possibility with only two studies actually addressing HO-1
levels in COVID-19 patients. A recent study demonstrated
increased HMOX mRNA expression in circulating leuko-
cytes in COVID-19 patients.® Other study which measured
circulating HO-1 levels in blood from these patients also
demonstrated upregulation of HO-1 levels in a population of

eight patients.!” More recently, a larger study encompassing
64 patients demonstrated that HO-1 is consistently associ-
ated with clinical and laboratory markers of disease severity,
and that its measurement could refine prediction models for
ICU admission.#

Our demonstration that HO-1 levels are increased in
COVID-19 patients compared to healthy individuals and
that these results are not related to circulating heme levels
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is in accordance with the hypothesis that HO-1 modulation
in COVID-19 is part of the host inflammatory response.
Moreover, the association of higher HO-1 levels with both
disease severity (ICU length of stay) and coagulation activa-
tion further corroborates the concept that HO-1 increase is
an additional element of the host response to COVID-19. Of
note, the fact that total heme levels were not different between
patients and healthy volunteers, and the mild modulation of
HPX levels — a well-known acute phase protein*' — which
were not associated with clinical or laboratory markers of

disease severity, reinforces the concept that the pathogenesis
of COVID-19 does not involve systemic changes of heme
metabolism or function, as previously shown.?”

An original finding of our study was the association of
HO-1 levels with several markers of hemostatic activation.
Concomitant activation of innate immunity and hemostasis,
termed immunothrombosis, is a hallmark of COVID-19.3
In our patients, HO-1 correlated more strongly with Von
Willebrand Factor levels, which is a marker of both hemo-
stasis and endothelial activation, and with fibrinogen and
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Table 2. Correlation between admission HO-1, HPX, and heme levels and markers of hemostatic activation in COVID-19.

Parameter HO-1 HPX Heme
R* P R* P R* P

Platelet count -0.437 0.001 -0.001 0.996 -0.170 0.218
Prothrombin time 0. 345 0.010 0.050 0.716 -0.211 0.123
aPTT 0.372 0.005 0.101 0.458 -0.233 0.086
Fibrinogen 0.717 <0.001 0.283 0.034 -0.023 0.916
Factor VIII activity 0. 526 <0.001 0.172 0.204 0.220 0.106
Von Willebrand factor, antigen 0. 765 <0.001 0.166 0.214 0.081 0.550
Von Willebrand factor, activity 0. 762 <0.001 0.229 0.089 0.171 0.212
uPAR (urokinase receptor) 0. 606 <0.001 0.033 0.806 -0.107 0.429
D-dimer 0.263 0.184 -0.246 0.206 0.024 0.906
C-reactive protein 0.291 0.148 -0.143 0.474 0.133 0.516

HO: Heme-oxygenase; HPX: hemopexin; aPTT: activated partial thromboplastin time.

Significant correlations are highlighted in bold.
*Rs: Spearman correlation coefficient.

soluble urokinase plasminogen receptor (u-PAR), which are
markers of coagulation and fibrinolysis activation. Heme
release, which upregulates HO-1 expression, can lead to
coagulation activation as shown in both animal models*
and humans.??43 While our data rule out the possibility that
systemic heme release could be driving HO-1 upregula-
tion in our patients, it has been previously shown that local
hemoglobin breakdown products are present in the bron-
choalveolar fluid of patients with acute lung injury due to
infections.** So, one possible explanation for the upregula-
tion of HO-1 is that it occurs due to the inflammatory milieu
in the alveolar space of COVID-19 patients, which could
include the presence of hemoglobin or heme. In fact, the
anti-thrombotic effects of HO-1 activation have been shown
in both cell and animal models. In a study using human
endothelial cells, carbon monoxide, a byproduct of heme
catabolism by HO-1, downregulated tissue factor and plas-
minogen activator 1 (PAI-1) expression.®> And in an animal
model of venous thrombosis, HO-1 deficiency was associ-
ated with larger thrombi.4¢ Additional studies are warranted
to explore this hypothesis.

Our study has several limitations that need to be con-
sidered. First, the relatively low number of patients, which
require independent confirmation. However, we believe
that the fact that patients were recruited as part of a clinical
study is a strength of our study since it resulted in prospec-
tively and systematically collected data and blood samples.
Second, patients had higher body mass index compared to
healthy subjects. However, HO-1 was not correlated with
body mass index (BMI) in patients or in healthy individuals.
Third, we were not able to explore heme or free hemoglobin
levels in other tissues or fluids, which were beyond the scope
of our original project.

Conclusions

In conclusion, HO-1 is upregulated in COVID-19 and is
associated with markers of endothelial and hemostatic acti-
vation. Further studies are warranted to explore the path-
ways involved in this upregulation, as well as the role of
HO-1 as a marker of disease severity and as a therapeutic
target in COVID-19.
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