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Abstract: Large variability in COVID-19 clinical progression urges the need to find the most relevant
biomarkers to predict patients” outcomes. We evaluated iron metabolism and immune response
in 303 patients admitted to the main hospital of the northern region of Portugal with variable
clinical pictures, from September to November 2020. One hundred and twenty-seven tested positive
for SARS-CoV-2 and 176 tested negative. Iron-related laboratory parameters and cytokines were
determined in blood samples collected soon after admission. Demographic data, comorbidities and
clinical outcomes were recorded. Patients were assigned into five groups according to severity. Serum
iron and transferrin levels at admission were lower in COVID-19-positive than in COVID-19-negative
patients. The levels of interleukin (IL)-6 and monocyte chemoattractant protein 1 (MCP-1) were
increased in COVID-19-positive patients. The lowest serum iron and transferrin levels at diagnosis
were associated with the worst outcomes. Iron levels negatively correlated with IL-6 and higher
levels of this cytokine were associated with a worse prognosis. Serum ferritin levels at diagnosis
were higher in COVID-19-positive than in COVID-19-negative patients. Serum iron is the simplest
laboratory test to be implemented as a predictor of disease progression in COVID-19-positive patients.

Keywords: COVID-19; iron; interleukin-6; hepcidin; ferritin; macrophage chemoattractant protein-1;
SARS-CoV-2; hypoferremia of inflammation

1. Introduction

The clinical spectrum of COVID-19 is wide, ranging from slight fatigue to severe acute
respiratory failure and death [1,2]. The identification of relevant early biomarkers that
can predict disease progression and severity is very important to allow a more efficient
allocation of resources, to identify and protect groups at higher risk, and to reduce mortality.

Alterations of iron distribution are important host defense mechanisms against in-
fection [3-5]. The most consistently reported alteration of iron distribution in COVID-
19-positive patients is hypoferremia [6-8]. Hypoferremia in the context of infection and
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inflammation is usually attributed to hepcidin, an hepatic peptide hormone produced in
the liver in response to inflammatory cytokines [9]. However, contradictory results have
been obtained regarding the correlations between iron or hepcidin levels and COVID-19
severity [10-14]. Another iron-related alteration that has been proposed as a predictor
of disease severity in COVID-19 is hyperferritinemia, an increase in the serum levels of
ferritin, a usually intracellular iron storage protein [6,11-17]. However, data on the impact
of hyperferritinemia on COVID-19 prognosis is not consistent [6-8].

In our study, we compared iron-related, inflammatory, and hematological biomarkers
in COVID-19-positive patients with COVID-19-negative patients admitted to the same hos-
pital during the same period. The results support the notion that infection by SARS-CoV-2
elicits a distinctive pattern of alterations in the host immune response and iron homeostasis
and stresses the importance of implementing the use of simple iron-related parameters in
the analytical workup of these patients.

2. Materials and Methods
2.1. Study Design

We analyzed data from 127 patients diagnosed with COVID-19 at Centro Hospi-
talar e Universitario de Sao Joao (CHUS]J), Porto, Portugal, between 2 September, and
17 November 2020. COVID-19 diagnosis was based on SARS-CoV-2 RNA detection by
reverse-transcription real-time PCR in a nasopharyngeal swab sample. Blood samples
collected in the context of clinical evaluation were used to obtain routine analytical data
and to make additional determinations relevant to this study, as explained below. The
interval between the SARS-CoV-2 PCR test and the first blood collection was less than
6 days for all patients except for four positive patients. These came to the hospital several
days after a diagnosis was made elsewhere, making the interval between diagnosis and
the first sample increase to 8, 10, 11 and 21 days, respectively. Detailed information about
the number of samples used in each determination is shown in Table S1.

For comparison, samples from 176 patients admitted to the hospital with variable
clinical pictures in the same period, with a negative test for SARS-CoV-2 RNA, were also
investigated. All patients 18 years old or more were considered eligible, except those with
active or recent oncological disease, pregnancy, or hematological disease. Additionally,
35 serum samples were obtained from blood donors at the Clinic Hematology Service of
Centro Hospitalar Universitdrio do Porto (CHUP) in the same metropolitan area as CHUS].
Blood donors were not tested for SARS-CoV-2, but they had no symptoms of disease and
filled the criteria for blood donation, thus were used as healthy controls.

The study was approved by the local ethics committee of CHUS]J (Comissao de Etica
CHUSJ/EMUP). The project received the designation “Projeto de investigagao n.® 352/20:
“Ironing COVID-19—Finding in the host iron status the signature to predict the severity
of the disease” and was approved on 16 October 2020. All studies were performed in the
respect of the Helsinki declaration. Routine clinical data were collected in an anonymized
format and no additional procedures or sample collections were performed for this study.
As such, the study was considered by the ethical committee as exempt from the need to
take specific written informed consent from the patients enrolled.

2.2. Patient Stratification

Once enrolled, patients were followed according to Hospital standards. According to
the severity of the disease, patients were assigned to one of five groups: (1) asymptomatic,
(2) outpatients (3) general inward, (4) intensive care unit, and (5) fatal outcome. The criteria
for hospital stay or ambulatory, as well as for admission at a general ward or an intensive
care unit, were based on clinical signs and symptoms and were the same all over the study
period. Each patient was assigned to the group corresponding to the worst condition
experienced during the follow-up for that specific clinical condition.
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2.3. Laboratory Determinations

Complete blood counts and erythrocytes parameters were determined using a Sysmex
XE-2100 or XE-5000 (Emilio de Azevedo Campos, Senhora da Hora, Portugal) equipment, in
fresh peripheral blood anticoagulated with K3-EDTA. For serum or plasma determinations,
collection tubes were centrifuged at 1000x g for 10 min, supernatants were transferred into
15 mL tubes and stored at —80° before laboratory determinations.

Serum or heparin-plasma samples were used to determine erythropoietin, iron, trans-
ferrin, ferritin, and C-reactive protein. Erythropoietin was determined using a chemilu-
minescent immunoassay on an Immulite 2000 analyzer (Siemens Healthcare Diagnostics,
Munich, Germany). Iron and transferrin were determined by a colorimetric method and
ferritin by an immunoturbidimetric assay, using Olympus reagents and analyser (Olympus
Diagnostics, Passadena, CA, USA). Normal reference ranges were obtained from National
Health Authorities” Regulations [18] and commercial companies, according to the hospital
laboratory procedures.

Heme quantification was performed using the QuantiChrom Heme Assay Kit from
BioAssay Systems (Hayward, CA, USA). Hepcidin levels were measured using Hepcidin
25 (bioactive) HS ELISA from DRG instruments GmbH (Marburg, Germany). Haptoglobin
was measured using Human Haptoglobin ELISA kit from Abcam, plc (Cambridge, UK).
Quantification of cytokines was performed with the BD cytometric bead array (CBA)
human inflammation kit (catalog no. 551811) from BD Biosciences (San Jose, CA, USA), or
with Human Inflammation Panel 1 Mix and Match Subpanel Catalog. No. 740809 from
BioLegend (San Diego, CA, USA). Data were analyzed with BD Accuri C6 with FCAP
Array™ Software v3.0.1 (BD Biosciences) or LEGENDplex™ Data Analysis Software Suite
(San Diego, CA, USA), respectively.

2.4. Statistical Analysis

For quantitative variables with pronounced asymmetry, data are presented by median,
P25 and P75. Otherwise, data are presented as mean =+ standard deviation. Categorical
variables are presented by their counts and corresponding percentages. When comparing
two groups, an unpaired t-test or Mann-Whitney test was performed. For comparisons
between groups, one-way ANOVA was performed after confirming the normality and
homogeneity of variances and the Kruskal-Wallis test was used, when these assumptions
were not met. Post hoc analysis was performed by Tukey HSD test. Correlation coefficients
were obtained using Spearman’s rho. Association between variables was assessed by
chi-square test or Fisher ‘s exact test. Statistical significance was reached when p value was
lower than 0.05 unless otherwise specified. Statistical analysis was performed using SPSS
from IBM, (Armonk, NY, USA).

3. Results
3.1. Baseline Characterization of the Patients

As detailed in Methods, we conducted an observational study of patients admitted
to CHUS] most of them with symptoms compatible with COVID-19. According to the
result of the PCR test for SARS-CoV-2, the patient was included in the -positive or -
negative group. Blood was collected typically within the first 48 h after admission. Sera
from healthy blood donors were used for comparisons. Table 1 summarizes the baseline
demographic and clinical characterization of the individuals enrolled. The number and
type of co-morbidities were similar between COVID-19-positive and COVID-19-negative
patients. The most prevalent co-morbidity was hypertension, followed by dyslipidemia.
Diabetes was also present in an important proportion of the patients, especially among
COVID-19-positive. This picture reflects the overall prevalence of these morbidities in the
Portuguese population [19].
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Table 1. Baseline demographic and clinical characterization of the individuals included in the study.

COVID19-Negative COVID19-Positive
Blood Donors Patients
Number of patients 35 176 127
Median age (P25-Pys) @ 46 (42-59) 65 (50-78) 72 (61-81)
Number of males (%) 16 (45.7) 102 (58.0) 78 (61.4)
Number of comorbidities, median (Pp5—Pys) 2 4.0 (2-6) 4.0 (2-6)
Frequency of comorbidities (%):
Hypertension (*) 52.8 65.4
Dyslipidemia (ns) 443 441
Diabetes (**) 26.1 40.9
Obesity (ns) 23.3 244
Chronic kidney disease (ns) 153 14.2
Chronic respiratory disease (ns) 13.6 14.2
Iron supplementation (ns) 10.8 55
Hypocoagulation (ns) 9.7 8.7
Anemia (ns) 3.4 3.1

2 Median (percentile 25-percentile 75) for age and number of comorbidities; * p < 0.05; ** p < 0.01; ns: not significant.

3.2. Impact of COVID-19 in Iron-Related and Hematological Parameters

Both COVID-19-positive and COVID-19-negative patients had lower serum iron
at Hospital admission than healthy blood donors (Figure 1a). Moreover, COVID-19-
positive patients had significantly lower serum iron levels than COVID-19-negative patients
(25 (17-42) versus 42 (23.3-76.8) pug/dL). Defining hypoferremia as serum iron level lower
than 50 pg/dL, 80.7% of COVID-19-positive and 57.1% (p < 0.001) of COVID-19-negative
patients were hypoferremic at admission, suggesting that COVID-19 and serum iron levels
are not independent. Accordingly, transferrin level was also lower in COVID-19-positive
compared to COVID-19-negative patients (Figure 1b). Of note, decreased transferrin in
COVID-19-positive patients was not related to a hepatic disorder, as 91.5% of the patients
with low transferrin levels had alanine aminotransferase concentration below twice the
highest normal value. Conversely, the levels of serum ferritin were significantly higher in
COVID-19-positive (628.2 (365.8-1246.0) ng/mL) as compared to COVID-19-negative pa-
tients (190.5 (119.9-382.4) ng/mL) and blood donors (56.9 (34.3-127.3) ng/mL) (Figure 1d).
Interestingly, hepcidin levels were not significantly different between COVID-19-positive
(73.3 (32.8-103.9) nM) and COVID-19-negative patients (36.52 (6.0-118.3) nM). However,
in both cases, they were significantly higher than in blood donors (14.5 (2.4-32) nM)
(Figure 1le). No significant differences were found between blood donors, COVID-19-
positive and COVID-19-negative patients, regarding heme, haptoglobin, or erythropoietin
levels (Figure 1f-h).

Despite the clear decrease in serum iron levels, COVID-19-positive patients on aver-
age had no decrease in hemoglobin concentration or red blood cells (RBC) counts when
compared to COVID-19-negative patients (Table 2).

Table 2. Hematological and biochemical determinations on the first sample after hospital admission.

Normal Range COVID-19-Negative COVID-19-Positive
Red blood cells (1012 /L)

Males 431-64 4.44 (3.99-4.94) 4.54 (4.05-4.98) ns

Females 3.85-5.20 4.20 (3.55-4.53) 4.35 (4.00-4.68) *

Hemoglobin (g/dL)

Males 13.6-18 13.3 (11.30-15.23) 13.6 (12.30-15.2) ns

Females 11.5-16 12.6 (10.80-13.50) 13.2 (12.10-13.90) ns

Hematocrit (%)

Males 39.8-52 39.95 (34.80—44.80) 40.09 (36.35-43.65) ns

Females 34.7-46 37.6 (32.90-40.50) 38.9 (36.80—41.70) *

Mean corpuscular volume (fL) 80-97 89.7 + 6.28 90.1 + 5.55 ns

Mean corpuscular hemoglobin (pg) 26-34 30.0 £2.49 302 +2.14 ns
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Table 2. Cont.

Normal Range

COVID-19-Negative

COVID-19-Positive

Mean corpuscular hemoglobin

concontation (g7 4] 32-36 335 + 1.43 33.6 + 1.15 ns

Red bl“;,‘i’gt;flési?;b“ﬁo“ 115-15 142 + 168 13.8 + 1.60 ns

Red blﬁv‘ij t;‘flslgi(sft{;b“ﬁo“ 37-54 46.1 +5.99 454+ 538 ns

White blood cells (x10° /L) 4.0-10.0 8.44 (6.35-11.49) 6.48 (4.77-8.32)

Neutrophils (x10°/L) 15-8 5.97 (4.05-9.14) 449 (3.17-6.81)

Lymphocytes (x10° /L) 0.8-4 1.41 (0.92-1.95) 1.02 (0.63-1.49)

Monocytes (x10° /L) 0.0-1.2 0.60 (0.38-0.87) 0.50 (0.32-0.71)
Platelets (10° /L) 140-440 216.0 (167.0-257.5) 191.5 (144.0-251.5) .

Mean platelet volume (fL) 10.8 £ 1.01 109 £1.03 ns
Platelet distribution width (fL) 12.8 +2.42 13.1 +2.37 ns
CRP * (mg/L) <3 8.10 (2.33-63.93) 64.2 (21.40-133.83) =

AST? (U/L) 10-37 30.00 (22.00-43.00) 35.00 (25.00-57.25) ns

ALT? (U/L) 10-37 24.00 (16.00-35.5) 25.00 (16.00-47.00) ns

Gamma GT 2 (U/L) 1049 30.00 (18.00-56.75) 48.00 (25.00-88.00) ns
Total Protein (g/L) 64-83 68.1 +9.95 69.1 +9.32 ns

2 CRP: C-Reactive-Protein; AST: Aspartate Aminotransferase; ALT: Alanine Aminotransferase; Gamma GT: Gamma-glutamyl transferase.

Results are presented as mean =+ standard deviation and comparisons were performed using unpaired Mann-Whitney and Student’s

t-tests. Statistical differences: * p < 0.05, ** p < 0.01, *** p < 0.001, ns = not significant.
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Figure 1. Blood iron parameters are altered in COVID-19 patients. Blood samples were obtained at patients” admission to
CHUS]J, and plasma or serum was used to measure iron (a), transferrin (b), transferrin saturation (c), ferritin(d), hepcidin (e),
heme (f), haptoglobin (g), and erythropoietin (h). Samples obtained from healthy blood donors were used for comparison.
Boxes represent the lower and higher quartile, and the horizontal bar represents the median value. The whiskers represent
the minimum and maximum values of each group. Statistical analysis was performed with one-way-ANOVA and Kruskal-
Wallis test, following multiple comparisons with Tukey’s test and Mann-Whitney’s test, respectively. * p < 0.05, *** p < 0.001,
*** p < 0.0001, ns = not significant.
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Although on average the white blood cells, neutrophils, monocytes, lymphocytes,
and platelets counts were within the intervals considered as normal, COVID-19-positive
patients had significantly lower levels than COVID-19-negative. Of note, 36.1% of COVID-
19-positive patients were lymphopenic at diagnosis (number of lymphocytes lower than
0.8 x 10%/L), as compared to 14.2% of COVID-19-negative patients (p < 0.001), consistent
with previous studies [1,16,20].

In general, all patients had increased levels of hepatic enzymes and C-reactive protein
(CRP), the latter being significantly higher in COVID19-positive patients (Table 2).

3.3. Relationship between Iron-Related Parameters and Disease Severity

To further understand whether alterations in iron metabolism were related to disease
severity, patients were assigned to one of five severity groups, as described in the Methods
section, and summarized in Table 3. Group 1 included 35 healthy blood donors, as well
as 15 patients admitted to the hospital with no symptoms suggestive of COVID-19: eight
had psychiatric disorders (organic causes were excluded), two had light gastrointestinal
symptoms without signs of acute surgical abdomen or infection, and five came for minor
elective surgeries without systemic inflammation or infection. Group 2 included patients
with mild clinical conditions, which did not imply hospitalization. Patients included in
group 3 had to stay in hospital for at least 1 day. Most patients stayed 7 days, 25% stayed
less than 5 days and only 35% stayed more than 11 days. Patients included in group 4 were
patients admitted to the intensive care unit. Group 5 corresponds to fatal cases.

Table 3. Stratification of individuals according to the severity of disease.

Number Minimum O, Saturation ? Pneumonia (%)
All

COVID-19-negative 176 93.0+7.3 15.3%

COVID-19-positive 127 88.3+7.9 60.6%
1 Asymptomatic

COVID-19-negative 15 96.8 + 2.1 —

COVID-19-positive 0 — —
2 Ambulatory

COVID-19-negative 40 95.1 + 34 15.0%

COVID-19-positive 28 944 +25 14.3%
3 General inward

COVID-19-negative 72 929 + 5.6 20.8%

COVID-19-positive 48 89.1 +£6.9 60.4%
4 Intensive care

COVID-19-negative 43 93.0 £7.2 9.3%

COVID-19-positive 32 86.4+7.0 84.4%
5 Fatalities

COVID-19-negative 6 773+ 184 33.3%

COVID-19-positive 19 81.2 +10.0 89.5%

2 Minimum O, saturation values are presented as mean =+ standard deviation.

Notably, serum iron levels at first evaluation were significantly lower in fatal cases,
as compared to survivors, both in COVID-19-positive and in COVID-19-negative patients
(Figure 2a). In addition, the transferrin levels were lower in fatal cases than in outpatients or
general inward patients. Serum transferrin was significantly higher in outpatients (group 2)
than in all the groups of inpatients (groups 3, 4, and 5) (Figure 2b). Interestingly, when we
compared patients at the same level of disease severity, we found that COVID-19-positive
patients always had significantly lower iron and transferrin levels than COVID-19-negative
patients (Figure 2a,b), except for serum iron in fatal cases.

In the opposite direction, the levels of ferritin were higher in COVID-19-positive in
comparison with COVID-19-negative patients in all severity groups (Figure 2c). However,
the levels of ferritin were not significantly different between severity groups. No statistically
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significant differences were found in hepcidin levels, either between severity groups or
between COVID-19-positive and negative patients.
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Figure 2. Alterations in blood iron parameters in COVID-19 are related to disease severity. Patients were stratified according
to disease severity, as described in the Methods section. The first blood sample available from each patient after admission
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was used to measure iron (a), transferrin (b), ferritin (c) in plasma or serum and to quantify different types of white
blood cells (d-h). Boxes represent the lower and higher quartile, and the horizontal bar represents the median value.
The whiskers represent the minimum and maximum values of each group. Horizontal dotted lines represent maximum
and minimum values of the normal range considered at CHUS]J following the National Health Authorities” Regulations.
Statistical analysis was performed with one-way-ANOVA and Kruskal-Wallis test, following multiple comparisons with
Tukey’s test and Mann-Whitney’s test respectively. * p < 0.05 between COVID-19-positive and COVID-19-negative patients.

8 of 13

# < 0.05 compared with severity 5, @ < 0.05 compared with severities 4 and 5.

Regarding the leukocyte counts, WBC and lymphocytes were lower in COVID-19-
positive than in COVID-19-negative patients in all severity levels (Figure 2e,g), while
the decreases in monocytes, neutrophils and platelets lost statistical significance after
stratification for disease severity (Figure 2d,f,h).

In this cohort, patients with previously diagnosed hypertension, and/or dyslipidemia
had an increased chance of developing severe disease (Table 52). Anemia, chronic res-
piratory disease, chronic kidney disease, diabetes, obesity, or hypocoagulation were not
significantly associated with severe forms of the disease. In fact, in this cohort, none of the
(11) previously hypocoagulated COVID-19-positive patients died (Table S2).

3.4. Inflammation and Immune Response Markers

Iron metabolism is strongly regulated by immune mediators. We measured the serum
levels of several cytokines including IL-6, IL-8, IL-10, IL-12p70, IL-18, and MCP-1.

The levels of circulating IL-6 and MCP-1 were significantly elevated in COVID-19-
positive patients when compared to COVID-19-negative patients (Figure 3a,f). Importantly,
outpatients (group 2) had lower IL-6 levels than fatal cases (group 5) (Figure 3a). Inter-
estingly, IL-10 was higher on average in COVID-19-positive than in COVID-19-negative
patients (32.7 (21.4-61.5) versus 12.7 (5.9-28.5)). However, this difference was not observed

once the patients were stratified according to severity groups (Figure 3c).
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Figure 3. Cytokine levels in COVID-19 are related to disease severity. Patients were stratified according to disease severity,
as described in the Methods section. The first blood sample available from each patient after admission was used to
quantify IL-6 (a), IL-8 (b), IL-10 (c), IL-12p70 (d), IL-18 (e) and MCP-1 (f) using cytometric beads assay as described in
the methods section. Multiple comparisons were made after one-way-ANOVA. Boxes represent the lower and higher
quartile, and the horizontal bar represents the median value. The whiskers represent the minimum and maximum values of
each group. Horizontal dotted lines represent the lowest and higher levels measured in blood donors’ samples. Statistical
analysis was performed with one-way-ANOVA and Kruskal-Wallis test, following multiple comparisons with Tukey’s test
and Mann-Whitney’s test respectively. * p < 0.05 between COVID-19-positive and COVID-19-negative patients, # < 0.05
compared with severity 5 within COVID-19-positive patients.
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3.5. Correlations between Iron Parameters and Cytokine Levels

To gain some insight into the mechanisms of iron dysregulation in COVID-19-positive
patients, we performed association tests between specific parameters. We found a signifi-
cant, although modest, negative correlation between iron and CRP and IL-6, but not other
cytokines or hepcidin (Figure 4). Interestingly, the level of transferrin was also negatively
correlated with CRP, but also with IL-8, IL-18, hepcidin and ferritin. Ferritin levels were
positively correlated with CRP, IL-18 and hepcidin. As expected, a positive correlation was
found between hepcidin and IL-6, but also (more surprising) between hepcidin and IL-10.
The levels of inflammatory cytokines were positively correlated with each other (Figure 4).

1.0

Iron
Transferrin
Ferritin 05
Hepcidin
MCP-1
IL-6
IL-8

IL-10

IL-12p70

IL-18

CRP

Iron
Ferritin
Hepcidin
MCP-1
IL-6
IL-8
IL-10
IL-12p70
IL-18
CRP

Transferrin

Figure 4. Spearman correlations between different iron markers and cytokines. Non-parametric
Spearman correlations were obtained in iron parameters or cytokines determinations of the first
sample of COVID-19-positive patients enrolled in this study. Spearman’s rho was converted in color
from blue to red and significance within positive or negative correlations were shown as * p < 0.05
and ** p < 0.01.

3.6. Evolution of Iron and Immune Parameters over Time

For a limited number of admitted patients, we had access to multiple blood samples
along the hospitalization, enabling us to evaluate the evolution of iron and immune-related
parameters with time. To achieve some homogeneity, we selected those patients for which
the first sample was collected up to 6 days after diagnosis and with at least one sample
4 to 9 days after the first one. Given the low number of patients included (5 fatal cases
and 18 survivors) and the high heterogeneity of the observations, no major conclusions
could be drawn for most parameters (Figure 5 and Table S1). However, it was possible to
observe a tendency for a decrease in serum iron over time in fatal cases, contrasting with
stabilization or increase in recovery cases (Figure 5a). In contrast, serum ferritin tended
to increase over time in fatal cases and decrease or stabilize in recovery cases (Figure 5c).
Additional studies are needed to draw conclusions.
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Figure 5. Evolution of iron parameters over time, during hospital stay. Blood samples were obtained
over the time of stay, from a limited number of COVID-19-positive inpatients: 5 fatal cases and
18 survivors. Circulating iron levels (a), transferrin (b) and ferritin (c) were measured as described
in the methods section. Graphs show mean and standard deviations within each group: survivors
(black lines) and non-survivors (grey lines).

4. Discussion

In this study, we evaluated different iron-related parameters in acute COVID-19
positive and negative patients with similar age and prevalence of comorbidities. Iron- and
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immune-related determinations were made in the same samples, allowing the identification
of correlations between some immune determinants and iron alterations.

The first striking observation is the decrease in serum iron in COVID19-positive
patients when compared to COVID19-negative patients and healthy donors (Figure 1a) that
has been reported in previous studies [6-8,11,12,17]. Here, we show that the reduction is
clearly deeper than in patients with similar clinical manifestations but with a negative SARS-
CoV-2 test. Interestingly, the levels of transferrin were also lower in COVID19-positive
patients (Figure 1b), highlighting the negative acute phase nature of this protein. This
parallel decrease in serum iron and transferrin may explain why transferrin saturation was
not significantly lower in COVID19-positive patients than in COVID19-negative patients
(Figure 1c). Decreased transferrin and transferrin saturation were found in COVID-19
patients in 3 previous studies [6,13,17], but not in another one [6].

Low circulating iron levels predicted a poor outcome. In fact, the patients with the
lowest serum iron levels at first evaluation were the ones that died (Figure 2a). This
result corroborates previous findings that associate lower serum iron levels with increased
oxygenation demand, mild or severe respiratory failure [6,12], and fatal outcome [7].
Interestingly, we observed a tendency towards the stabilization of low serum iron over time
in patients who died, while in those that recovered the serum iron levels tended to increase
over time (Figure 5). This agrees with a previous study showing persistent alterations in
iron status in severe cases of COVID-19 [12]. The low number of individuals observed
precludes any definitive conclusion in this respect.

Despite the reduction of serum iron in COVID-19-positive patients in this cohort,
we did not find important alterations in RBC, hemoglobin, or hematocrit, in accordance
with previous studies [6-8,12,20]. Increased heme was observed in sepsis patients [21] and
murine models of infection [22]. However, in our cohort, we did not find any increase
in the levels of either heme or haptoglobin (Figure 1f,g), indicating that hemolysis is not
common in COVID-19.

Globally, neutrophils, lymphocytes, monocytes, and platelets are lower in COVID-19-
positive patients in our cohort. These data agree with other cohorts, except concerning
neutrophils, which were described as increased [10].

In this study, the levels of circulating ferritin were clearly higher in COVID19-positive
patients as compared, not only to healthy controls but also to COVID19-negative pa-
tients (Figure 1d). Other studies also found increased serum ferritin in patients with
COVID-19 [7,12,23] and some authors suggest that COVID-19 should be included in the
list of pathologies presenting as hyperferritinemia ([24]). The use of increased ferritin as a
predictor of COVID-19 disease severity has been suggested [12,14]. However, we could not
find significant differences in the serum ferritin levels at admission between the different
severity groups (Figure 2¢). Interestingly, in the small number of patients followed over
time, the ferritin levels at first evaluation tended to be higher but to decrease with time
in those that recovered, as opposed to the fatal cases, who presented with slightly lower
ferritin levels at diagnosis but evolved to higher levels during hospitalization. These fluc-
tuations in serum ferritin levels over time highlight its relationship to the different phases
of the inflammatory response and the need to be careful in the interpretation of a single
measurement obtained in critically ill patients. It can also explain the high variability in the
values reported before in different cohorts [6,12]. Future studies addressing the kinetics of
serum ferritin during infectious and inflammatory diseases would be very pertinent.

Decreased serum iron was not completely explained by increased hepcidin in our
study, although it correlated with IL-6. The role of hepcidin in the reduction of circulating
iron during SARS-CoV-2 infection is controversial [6,10,13]. Our data suggest that other
cytokines, such as MCP-1, IL-8, and IL-18, may also modulate iron homeostasis, although
the mechanisms are not explored. Importantly, along with low serum iron, high IL-6 levels
were strongly associated with poor outcomes. This confirms previous reports [25,26] and
supports the recent World Health Organization (WHO) recommendations for IL-6-receptor
blockers as a therapeutic strategy against COVID-19 [27,28].



Viruses 2021, 13, 2482 12 of 13

This study has several limitations. Its retrospective and non-interventional nature
limited the availability of follow-up samples with pre-established time-points. The lack of
asymptomatic COVID19-positive patients precluded additional comparisons. Addition-
ally, the COVID-19-negative individuals presented with heterogeneous clinical manifes-
tations. Nevertheless, the large and well-defined cohort allowed the confirmation that
COVID-19 causes more marked decreases in serum iron and increases in serum ferritin
than other pathologies.

5. Conclusions

Our data consolidate low serum iron, low transferrin, and high IL-6 as important
predictors of disease severity in COVID-19. The evolution of serum ferritin levels over time
should also be considered as an indicator of disease progression.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.339
0/v13122482 /51, Table S1: Number of individual determinations per figure or table, Table S2: Distribution
of COVID-19 patients among the severity groups, according to the presence of different comorbidities.

Author Contributions: A.CM., M.].T,, T.S., G.P. and M.S.G. designed the project and M.S.G. super-
vised its implementation. M.J.T., G.P. and J.T.G. were responsible for access to samples and data.
ACM,M]J.T, TS, CM.B. and I.S.A. performed the experimental measurements. A.C.M., M.].T,,L.P,
G.P, PO. and M.S.G. analyzed and discussed the data. A.C.M. wrote the first draft of the manuscript,
which was completed by M.].T., T.S., CM.B., 1LS.A., L.P, ]. TG, G.P, PO.and M.S.G.; A.CM., M].T,
T.S.,,CM.B,1S.A.,, LP,]J.T.G., G.P, PO. and M.S.G. contributed to the work. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by Fundacao para a Ciéncia e a Tecnologia, grant 569 of the second
edition of RESEARCH4COVID call.

Institutional Review Board Statement: The study was approved by the local ethics committee of
CHUSJ (352/20) and performed in the respect of the Helsinki declaration. Routine clinical data
were collected in an anonymized format and no additional procedures or sample collections were
performed for this study.

Informed Consent Statement: The study was considered by the ethical committee as exempt from
the need to take specific written informed consent from the patients enrolled.

Data Availability Statement: All the data generated in this study is contained within the article and
the supplementary material.

Acknowledgments: The authors thank all the staff at the Clinical Pathology Department of CHUS],
and the Tracy Core Facility of i3S, particularly Emilia Cardoso, for technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Chen, G.;; Wu, D.; Guo, W,; Cao, Y.; Huang, D.; Wang, H.; Wang, T.; Zhang, X.; Chen, H.; Yu, H.; et al. Clinical and immunological
features of severe and moderate coronavirus disease 2019. J. Clin. Investig. 2020, 130, 2620-2629. [CrossRef] [PubMed]

2. Ko,].Y; Danielson, M.L.; Town, M.; Derado, G.; Greenlund, K J.; Kirley, PD.; Alden, N.B; Yousey-Hindes, K.; Anderson, E.J.; Ryan, PA; et al.
Risk Factors for Coronavirus Disease 2019 (COVID-19)-Associated Hospitalization: COVID-19-Associated Hospitalization Surveillance
Network and Behavioral Risk Factor Surveillance System. Clin. Infect. Dis. 2021, 72, €695—€703. [CrossRef]

3. Gomes, A.C.; Moreira, A.C.; Mesquita, G.; Gomes, M.S. Modulation of Iron Metabolism in Response to Infection: Twists for All
Tastes. Pharmaceuticals 2018, 11, 84. [CrossRef] [PubMed]

4. Gomes-Pereira, S.; Rodrigues, PN.; Appelberg, R.; Gomes, M.S. Increased susceptibility to Mycobacterium avium in hemochro-
matosis protein HFE-deficient mice. Infect. Immun. 2008, 76, 4713—-4719. [CrossRef]

5. Vale-Costa, S.; Gomes-Pereira, S.; Teixeira, C.M.; Rosa, G.; Rodrigues, PN.; Tomas, A.; Appelberg, R.; Gomes, M.S. Iron overload
favors the elimination of Leishmania infantum from mouse tissues through interaction with reactive oxygen and nitrogen species.
PLoS Negl. Trop. Dis. 2013, 7, €2061. [CrossRef] [PubMed]

6.  Hippchen, T.; Altamura, S.; Muckenthaler, M.U.; Merle, U. Hypoferremia is Associated With Increased Hospitalization and

Oxygen Demand in COVID-19 Patients. Hemasphere 2020, 4, e492. [CrossRef]


https://www.mdpi.com/article/10.3390/v13122482/s1
https://www.mdpi.com/article/10.3390/v13122482/s1
http://doi.org/10.1172/JCI137244
http://www.ncbi.nlm.nih.gov/pubmed/32217835
http://doi.org/10.1093/cid/ciaa1419
http://doi.org/10.3390/ph11030084
http://www.ncbi.nlm.nih.gov/pubmed/30200471
http://doi.org/10.1128/IAI.00612-08
http://doi.org/10.1371/journal.pntd.0002061
http://www.ncbi.nlm.nih.gov/pubmed/23459556
http://doi.org/10.1097/HS9.0000000000000492

Viruses 2021, 13, 2482 13 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Shah, A.; Frost, ].N.; Aaron, L.; Donovan, K.; Drakesmith, H.; Collaborators. Systemic hypoferremia and severity of hypoxemic
respiratory failure in COVID-19. Crit. Care 2020, 24, 320. [CrossRef] [PubMed]

Zhao, K.; Huang, J.; Dai, D.; Feng, Y.; Liu, L.; Nie, S. Serum Iron Level as a Potential Predictor of Coronavirus Disease 2019
Severity and Mortality: A Retrospective Study. Open Forum Infect. Dis. 2020, 7, ofaa250. [CrossRef] [PubMed]

Camaschella, C.; Nai, A.; Silvestri, L. Iron metabolism and iron disorders revisited in the hepcidin era. Haematologica
2020, 105, 260-272. [CrossRef] [PubMed]

Nai, A.; Lore, N.I; Pagani, A.; De Lorenzo, R.; Di Modica, S.; Saliu, E; Cirillo, D.M.; Rovere-Querini, P.; Manfredi, A.A.;
Silvestri, L. Hepcidin levels predict Covid-19 severity and mortality in a cohort of hospitalized Italian patients. Am. J. Hematol.
2021, 96, E32-E35. [CrossRef] [PubMed]

Sonnweber, T.; Boehm, A.; Sahanic, S.; Pizzini, A.; Aichner, M.; Sonnweber, B.; Kurz, K.; Koppelstitter, S.; Haschka, D.;
Petzer, V.; et al. Persisting alterations of iron homeostasis in COVID-19 are associated with non-resolving lung pathologies and
poor patients’ performance: A prospective observational cohort study. Respir. Res. 2020, 21, 276. [CrossRef]

Tojo, K.; Sugawara, Y.; Oi, Y.; Ogawa, F,; Higurashi, T.; Yoshimura, Y.; Miyata, N.; Hayami, H.; Yamaguchi, Y.; Ishikawa, Y.; et al.
The U-shaped association of serum iron level with disease severity in adult hospitalized patients with COVID-19. Sci. Rep. 2021,
11, 13431. [CrossRef]

Yagci, S.; Serin, E.; Acicbe, 0O.; Zeren, M.; Odabasi, M.S. The relationship between serum erythropoietin, hepcidin, and haptoglobin
levels with disease severity and other biochemical values in patients with COVID-19. Int. |. Lab. Hematol. 2021, 43 (Suppl. 1),
142-151. [CrossRef]

Zhou, C.; Chen, Y,; Ji, Y.; He, X.; Xue, D. Increased Serum Levels of Hepcidin and Ferritin Are Associated with Severity of
COVID-19. Med. Sci. Monit. 2020, 26, €926178. [CrossRef] [PubMed]

Biamonte, F.; Botta, C.; Mazzitelli, M.; Rotundo, S.; Trecarichi, E.M.; Foti, D.; Torti, C.; Viglietto, G.; Torella, D.; Costanzo, F.
Combined lymphocyte/monocyte count, D-dimer and iron status predict COVID-19 course and outcome in a long-term care
facility. J. Transl. Med. 2021, 19, 79. [CrossRef]

Henry, B.M.; de Oliveira, M.H.S.; Benoit, S.; Plebani, M.; Lippi, G. Hematologic, biochemical and immune biomarker abnormalities
associated with severe illness and mortality in coronavirus disease 2019 (COVID-19): A meta-analysis. Clin. Chem. Lab. Med.
2020, 58, 1021-1028. [CrossRef] [PubMed]

Lv, Y,; Chen, L,; Liang, X,; Liu, X.; Gao, M.; Wang, Q.; Wei, Q.; Liu, L. Association between iron status and the risk of adverse
outcomes in COVID-19. Clin. Nutr. 2021, 40, 3462-3469. [CrossRef] [PubMed]

Saude, D.-D.G.D. Prescricao e Determinacao do Hemograma. 2011, 2011. 63. Available online: https://nocs.pt/prescricao-
determinacao-hemograma/ (accessed on 1 January 2021).

Rodrigues, A.M.; Gregorio, M.].; Sousa, R.D.; Dias, S.S.; Santos, M.].; Mendes, ].M.; Coelho, P.S.; Branco, J.C.; Canhao, H.
Challenges of Ageing in Portugal: Data from the EpiDoC Cohort. Acta Med. Port. 2018, 31, 80-93. [CrossRef] [PubMed]
Maguire, D.; Richards, C.; Woods, M.; Dolan, R.; Wilson Veitch, J.; Sim, WM.].; Kemmett, O.E.H.; Milton, D.C.; Randall, S.L.W,;
Bui, L.D.; et al. The systemic inflammatory response and clinicopathological characteristics in patients admitted to hospital with
COVID-19 infection: Comparison of 2 consecutive cohorts. PLoS ONE 2021, 16, €0251924. [CrossRef]

Ekregbesi, P.; Shankar-Hari, M.; Bottomley, C.; Riley, E.M.; Mooney, ].P. Relationship between Anaemia, Haemolysis, Inflammation
and Haem Oxygenase-1 at Admission with Sepsis: A pilot study. Sci. Rep. 2018, 8, 11198. [CrossRef]

Gomes, A.C.; Moreira, A.C,; Silva, T.; Neves, ].V.; Mesquita, G.; Almeida, A.A.; Barreira-Silva, P.; Fernandes, R.; Resende, M.;
Appelberg, R.; et al. IFN-gamma-Dependent Reduction of Erythrocyte Life Span Leads to Anemia during Mycobacterial Infection.
J. Immunol. 2019, 203, 2485-2496. [CrossRef]

Mathew, D.; Giles, J.R.; Baxter, A.E.; Oldridge, D.A.; Greenplate, A.R.; Wu, ].E.; Alanio, C.; Kuri-Cervantes, L.; Pampena, M.B.;
D’Andrea, K; et al. Deep immune profiling of COVID-19 patients reveals distinct immunotypes with therapeutic implications.
Science 2020, 369, eabc8511. [CrossRef] [PubMed]

DePalma, R.G.; Hayes, VW.; O’Leary, T.]. Optimal serum ferritin level range: Iron status measure and inflammatory biomarker.
Metallomics 2021, 13, mfab030. [CrossRef] [PubMed]

Sabaka, P; Kos¢alova, A ; Straka, I.; Hodosy, J.; Liptak, R.; Kmotorkova, B.; Kachlikovd, M.; Kusnirova, A. Role of interleukin 6 as
a predictive factor for a severe course of Covid-19: Retrospective data analysis of patients from a long-term care facility during
Covid-19 outbreak. BMC Infect. Dis. 2021, 21, 308. [CrossRef]

Santa Cruz, A.; Mendes-Frias, A.; Oliveira, A.L; Dias, L.; Matos, A.R,; Carvalho, A.; Capela, C.; Pedrosa, J.; Castro, A.G,; Silvestre,
R. Interleukin-6 Is a Biomarker for the Development of Fatal Severe Acute Respiratory Syndrome Coronavirus 2 Pneumonia.
Front. Immunol. 2021, 12, 613422. [CrossRef]

Angriman, F; Ferreyro, B.L.; Burry, L.; Fan, E.; Ferguson, N.D.; Husain, S.; Keshavjee, S.H.; Lupia, E.; Munshi, L.; Renzi, S.; et al. Interleukin-6
receptor blockade in patients with COVID-19: Placing clinical trials into context. Lancet Respir. Med. 2021, 9, 655-664. [CrossRef]

WHO. WHO Recommends Life-Saving Interleukin-6 Receptor Blockers for COVID-19 and Urges Producers to Join Efforts to Rapidly
Increase Access; WHO: Geneva, Switzerland, 2021.


http://doi.org/10.1186/s13054-020-03051-w
http://www.ncbi.nlm.nih.gov/pubmed/32517773
http://doi.org/10.1093/ofid/ofaa250
http://www.ncbi.nlm.nih.gov/pubmed/32661499
http://doi.org/10.3324/haematol.2019.232124
http://www.ncbi.nlm.nih.gov/pubmed/31949017
http://doi.org/10.1002/ajh.26027
http://www.ncbi.nlm.nih.gov/pubmed/33075189
http://doi.org/10.1186/s12931-020-01546-2
http://doi.org/10.1038/s41598-021-92921-6
http://doi.org/10.1111/ijlh.13479
http://doi.org/10.12659/MSM.926178
http://www.ncbi.nlm.nih.gov/pubmed/32978363
http://doi.org/10.1186/s12967-021-02744-2
http://doi.org/10.1515/cclm-2020-0369
http://www.ncbi.nlm.nih.gov/pubmed/32286245
http://doi.org/10.1016/j.clnu.2020.11.033
http://www.ncbi.nlm.nih.gov/pubmed/33380357
https://nocs.pt/prescricao-determinacao-hemograma/
https://nocs.pt/prescricao-determinacao-hemograma/
http://doi.org/10.20344/amp.9817
http://www.ncbi.nlm.nih.gov/pubmed/29596767
http://doi.org/10.1371/journal.pone.0251924
http://doi.org/10.1038/s41598-018-29558-5
http://doi.org/10.4049/jimmunol.1900382
http://doi.org/10.1126/science.abc8511
http://www.ncbi.nlm.nih.gov/pubmed/32669297
http://doi.org/10.1093/mtomcs/mfab030
http://www.ncbi.nlm.nih.gov/pubmed/34048587
http://doi.org/10.1186/s12879-021-05945-8
http://doi.org/10.3389/fimmu.2021.613422
http://doi.org/10.1016/S2213-2600(21)00139-9

	Introduction 
	Materials and Methods 
	Study Design 
	Patient Stratification 
	Laboratory Determinations 
	Statistical Analysis 

	Results 
	Baseline Characterization of the Patients 
	Impact of COVID-19 in Iron-Related and Hematological Parameters 
	Relationship between Iron-Related Parameters and Disease Severity 
	Inflammation and Immune Response Markers 
	Correlations between Iron Parameters and Cytokine Levels 
	Evolution of Iron and Immune Parameters over Time 

	Discussion 
	Conclusions 
	References

