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Highlights: Innate immune activation during Covid-19 infection is associated with
pernicious clinical outcome.

Background:Coronavirus disease 2019 (Covid-19) is a worldwide threat that has already
caused more than 3 000 000 deaths. It is characterized by different patterns of disease
evolution depending on host factors among which old-age and pre-existing comorbidities
play a detrimental role. Previous coronavirus epidemics, notably SARS-CoV, were
associated with increased serum neopterin levels, which can be interpreted as a sign of
acute innate immunity in response to viral infection. Here we hypothesize that neopterin
may serve as a biomarker of SARS-CoV-2 viral infection and Covid-19 disease severity.

Methods: We measured neopterin blood levels by ELISA. Seric concentration was
quantified from 256 healthy donors and 374 Covid-19 patients at hospital admission.
Enrolled Covid-19 patients were all symptomatic and displayed a large spectrum of
comorbidities. Patients were followed until disease resolution or death.

Results: Severe and critically ill SARS-CoV-2 infected patients were characterized by a
profound exacerbation of immune activation characterized by elevated neopterin blood
levels. Systemic neopterin levels above 19nM stratified healthy individuals from Covid-19
patients with 87% specificity and 100% sensitivity. Moreover, systemic neopterin levels
above 53nM differentiated non-survivors from survivors with 64% specificity and
100% sensitivity.
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Conclusion:We propose that neopterin concentration measured at arrival to hospital is a
hallmark of severe Covid-19 and identifies a high-risk population of pernicious clinical
outcome with a need for special medical care.
Keywords: SARS-CoV-2, biomarker, neopterin, clinical outcome, death
INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) disease (Covid-19) has rapidly spread from China to the
rest of the world. The resulting pandemic has challenged
societies and their health care systems and requested
unprecedented political, medical and scientific actions. The
long-term societal and economic consequences of the
pandemic per country start to emerge.

SARS-CoV-2 is an RNA virus of the Coronaviridae family,
which is closely related with SARS (SARS-CoV) and Middle East
respiratory syndrome-related coronavirus (MERS-CoV). These
viruses are airborne and they all infects epithelium (primarily
lung epithelium) through a high affinity interaction between the
viral spike protein and cell surface expressed angiotensin
converting enzyme 2 (ACE2). Viral entry is finally facilitated
through proteolytic cleavage of ACE2 via the host type II
transmembrane serine metalloprotease TMPRSS2 (Heurich
et al., 2014) which equally cleaves the SARS-CoV-2 spike
protein (Hoffmann et al., 2020).

SARS-CoV-2 infection leads to disease courses varying from
none or mild symptoms for the majority of infected individuals
to severe or critical disease. Mild cases most often recover
without medical intervention. Among the minority with severe
symptoms a non-negligible fraction, particularly among older
and comorbid individuals, has fatal outcome (Verity et al., 2020).

SARS-CoV-2 infected individuals will undergo a non-
symptomatic incubation period lasting on average 6.4 days
(Lescure et al., 2020). During this incubation period the virus
will replicate and the exposed individual will transition from
non-infectious to infectious. Infected individuals generally suffer
a mild disease course associated with viremia in the respiratory
tracts for 8-10 days. These patients will either recover or
transition towards a more severe disease phase characterized
by prolonged viremia (Lescure et al., 2020) and a pronounced
pro-inflammatory signature (Chen et al., 2020). The disability to
control the cytokine storm ravaging during the severe phase of
the disease is believed to be the primary cause of fatality.

Despite efforts to develop therapeutic approaches the world has
largely faced the first 9-12 months of pandemic with no efficient
prophylactic or therapeutic medical intervention available. Indeed,
the primary purpose of the health care system has been to provide
life support to ensure the time for the patient to naturally clear the
virus. Life support consists primarily of providing oxygen and
sometimes mechanical ventilation.

During a pandemic, it is of outmost importance not to surpass
the capacity of the health care system for a given country. This is
accommodated at two levels; the hospital level and the political
level. At the hospital level medical expertise should ensure that
gy | www.frontiersin.org 2
hospital resources are distributed effectively and according to
patient needs. At the political level one can install temporary
reinforced socioeconomic regulations to dampen the
propagation of disease through isolation of infected individuals
or even confinement of entire populations. The latter strategy has
been adopted by most developed countries and serves to extend
the period of the pandemic to reduce the number of infected
individuals during the peak of the pandemic (Sheikh et al., 2020;
Zanin et al., 2020). Meanwhile, overwhelmed hospital wards
require tools for patients’ severity stratification.

Stratification of Covid-19 patients on the basis of cellular
biomarkers is an unmet need in patient care. The primary
objective of this study is to characterize the relationship
between neopterin blood levels at hospital admission and
clinically assessed severe subsequent evolution. Indeed,
coronavirus infections in the past have been characterized by
the onset of a cytokine storm. The hallmark of a cytokine storm
is an abnormal regulation and uncoordinated release of several
pro-inflammatory cytokines at inappropriate time intervals
during infection, such as interleukin (IL)-6, IL-1b, Tumor
necrosis factor (TNF-a) and type-I interferons (IFNs) (Huang
et al., 2005; Hadjadj et al., 2020; Dorgham et al., 2021; Mahat
et al., 2021) resulting in an uncontrolled inflammatory response,
acute respiratory distress syndrome, respiratory failure, shock,
organ failure, and death (Huang et al., 2005; Batisse et al., 2020;
Chen et al., 2020; Mortaz et al., 2020; Remy et al., 2020; Wang
et al., 2020). It is therefore reasonable to postulate that the
inflammatory response measured both at cellular and
molecular levels would represent a main prognostic signature
for the disease.

Neopterin (1’, 2’, 3’-D-erythro-trihydroxypropylpterin)
belongs to the family of pteridines and is involved in a variety
of oxidation-reduction reactions in the body. Neopterin is
derived in vivo from guanosine triphosphate (GTP). The
reaction is catalyzed by the enzyme GTP-cyclohydrolase-I
(GCH I) in activated monocytes, macrophages, dendritic cells,
and endothelial cells upon stimulation mainly by IFN-g (Fuchs
et al., 1993; Murr et al., 2002). Its release by macrophages in
response to cytokines released by T lymphocytes and natural
killer cells make neopterin an indicator of activation of cell-
mediated immunity, which is tightly associated with hyper-
inflammation. Therefore, the measurement of neopterin
reflects an elevated and likely sustained immune activation
taking place during viral assault and cytokine storm.
Noteworthy, it has been described that neopterin was
associated with the clinical progression of patients infected
with SARS-CoV and that the plasmatic levels observed during
SARS-CoV infection were predictive of the severity of respiratory
syndromes independently of viremia (Zheng et al., 2005).
August 2021 | Volume 11 | Article 709893
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Here we demonstrate that increased serum neopterin levels at
hospital admission are predictive of extended symptomatic
disease duration and non-survival post SARS-CoV-2 infection.
Neopterin therefore constitutes a relevant prognostic biomarker
to optimize Covid-19 patient’s management.
MATERIALS AND METHODS

Study Subjects
A total of 610 individuals took part in this case-control design
study including 374 participants with diagnosis of Covid-19
according to WHO criteria and positive SARS-CoV-2 RT-PCR
testing on a respiratory sample (nasopharyngeal swab or invasive
respiratory sample) as well as 256 age and sex-matched healthy
controls. In France SARS-CoV-2-infected patients (n=65)
was admitted either to the Department of Emergency,
Intensive Care Unit (ICU) or to the Internal Medicine ward
at Pitié-Salpêtrière Hospital (Paris, France) for symptomatic
SARS-CoV-2 viral infection between March 17 and May 11,
2020. Serum separating tube from blood samples were collected
at admission (day of arrival to hospital). In Spain, SARS-CoV-2
infected individuals (n=309) were recruited for Germans Trias i
Pujol Hospital, Institut Català de la Salut (Barcelona, Spain)
after admission in either the Department of Emergency, ICU or
to the Pneumology ward between March 15 to April 11, 2020.
For each individual, sera were cryopreserved at -80°C until
use. The present study consists of SARS-CoV-2 infected
patients with known clinical outcome within three months
post hospital admission.

Data Collection
Data collected prospectively included age, sex, previous medical
history, date of symptoms onset, and duration of hospitalization.
Associated comorbidities were carefully reviewed, with a
particular focus on the history of cardiovascular or respiratory
events, diabetes and obesity. Demographic and clinical
characteristics are detailed in Table 1.

Ethical Statement
The study was conducted in accordance to the Declaration of
Helsinki. All participants provided informed consent. The study
was registered by local ethical committee of Sorbonne-
Université/Assistance Publique des Hôpitaux de Paris for
standard hospitalized patients (n° CER2020-21) and ICU
patients (n° CER2020-31). Similarly, ethical approval was
obtained in Spain by local ethical committee (n°PI20-20).

Inflammation Measurement
As described in (Dorgham et al., 2021), serum cytokine
concentrations were determined in the French samples using
quantitative kits from Quanterix (Lexington, MA, USA); IFN-a,
IFN-g, IL-1b, IL-6, IL-8, IL-10, IL-17A, IL-18, IL-22, GM-CSF
and TNF-a) and IFN-b ELISA (PBL Assay Science, Piscataway,
NJ, USA).

Admission levels of neopterin were determined using a
commercially available ELISA kit (Tecan) as previously
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
described (Larsen et al., 2017). All samples were centrally
processed and analyzed in Cimi-Paris.

Statistical Analysis
Groups were compared using a parametric t-test: Paired
comparisons were conducted with a non-parametric Wilcoxon
test. Differences in survival were analyzed with the Kaplan-Meier
method, data on surviving or non-surviving patients were censored
at three months post arrival to hospital. Survival curves were
compared with a log-rank test. A Cox proportional hazard model
was used to compute hazard ratios and associated 95% confidence
intervals (CI). P values < 0.05 were considered statistically significant.

To quantify the accuracy of our predictive model we plotted
receiver operating characteristic (ROC) curves, which depicts the
specificity and sensitivity of the prediction variable and indicates
the overall quality of the prediction model through the area
under the ROC curve (AUC).

All statistical analysis was performed with GraphPad prism
software and R studio (v1.4). Graphical representations were
performed with the ggplot2 package (v3.3) (Wickham, 2016).
ROC analysis was conducted with the pROC package (v1.17)
(Robin et al., 2011) and survival models were established with the
Survival package (v3.2) (Therneau and Grambsch, 2000).
RESULTS

Patients Characteristics
Healthy volunteers (recruited from Etablissement Français
du Sang and geriatrics department at Pitié-Salpêtrière hospital)
participate to this study as control group (n=256). All were free
of acute pathologies. They were aged 63 years on average, with
55% of them being males. SARS-CoV-2 infected patients from
France (n=65) and from Spain (n=309) admitted to either ICU
departments or non-ICU departments were included. SARS-
CoV-2 infection was confirmed on nasopharyngeal swab by
positive RT-PCR in accordance with WHO interim guidance.
Clinical and biological characteristics are shown in Table 1 and
Supplementary Table S1. Mean age was 61 years, with 62% of
them being males. Hospital admission occurred on average 8.7
days after the onset of symptoms. The comorbidities covered a
large range of common medical illnesses: hypertension (44%),
type 2 diabetes (23%), obesity (13%), cardiovascular disease
(10%) and chronic respiratory disease (7%). 79% of all patients
were discharged before the 18th of June 2020, and 20.3%
had died.

To better evaluate the overall clinical profile, we conducted a
principal component analysis (PCA) to determine if certain
combinations of comorbidities would allow for a stratification
of the patients according to fatal clinical outcome. The first
principal component allowed to make a clear distinction between
Covid-19 patients who recovered from those who died
(Figure 1A), with elevated levels of neopterin as discriminant
parameter (Figure 1B). As expected, age, hypertension, diabetes
and cardiovascular disease also contribute to the principal
component enabling the distinction between patients who
recovered and those who died (Figure 1B). Of note, sample
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origin (country) did not explain variance associated with clinical
outcome, suggesting that treatment variability between France
and Spain did not impact overall survival. When comparing
survivors vs non-survivors, we noticed that deceased patients
were older than survivors (73 vs 58 years old, p<0.001) and suffer
more of comorbidities (78% vs 36% for hypertension, p<0.001;
43% vs 17% for diabetes, p<0.001 and 20% vs 7.7% for
cardiovascular disease, p=0.004; Table 1).

Neopterin as Biomarker of Acute
SARS-CoV-2 Infection
As shown in Figure 2A, the concentration of neopterin at
admission was statistically significant between the control
group of healthy volunteers and the symptomatic Covid-19
patients (9.5nM vs 56nM; p=2.10-16).

The level of systemic neopterin measured in patients at their
arrival to hospital is a strong predictor of infection based on a
ROC analysis (Figure 2B; AUC=0.963). The predictor has 87%
sensitivity and 100% specificity with a cut-off value set at 19 nM.

Neopterin as Biomarker of Fatal Outcome
Within SARS-CoV-2 infected patients, neopterin was able to
stratify for the severity of the disease based on survival of the
patients. As shown in Figure 2C, the concentration of neopterin at
admission was statistically significant between the group of
symptomatic Covid-19 patients who died compared to survivors
(101nM vs 44nM; p=2.7x10-16). Multiparametric logistic regression
analysis demonstrated that neopterin’s ability to predict pernicious
clinical outcome is independent of comorbidities, such as obesity,
diabetes, respiratory disease and cardiovascular disease (p<10-6).
Indeed, despite a significant difference of survival depending on the
co-morbidities status, the predictive capacity of these pre-existing
pathological conditions was less good than neopterin:
hypertension (Specificity=77.6%; Sensitivity=64.1%), diabetes
(Specificity=43.4%; Sensitivity=82.6%), cardiovascular disease
(Specificity= 19.7%; Sensitivity=92.3%).
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Neopterin also acted independently of hospital wards at
patients’ admission as shown in Supplementary Figure S1A,
suggesting that neopterin level was not associated with the initial
clinically determined disease status. However, during the
infection period, disease severity can be assessed according to
disease duration and length of hospital stay. Both parameters
were slightly associated with serum neopterin concentration,
suggesting that neopterin could help the stratification of
patients at higher risk of pernicious outcome (Supplementary
Figures S1B, C).

Therefore, to evaluate patients’ clinical course, we estimate
the predictive potential of elevated neopterin levels. According to
the level of neopterin measured in each patient at their arrival to
hospital, the probability of survival was significantly reduced for
individuals with high systemic neopterin levels (Figure 2D;
AUC=0.94). The test has 64% specificity and 100% sensitivity
with a cut-off value set at 53 nmol/L.

Based on 53nM as threshold value, Kaplan-Meier survival
curves were different between patients with low and high levels of
systemic neopterin (Figure 3A; p<0.0001). We therefore wanted
to evaluate if other confounding variables could impact on the
survival analysis. We conducted a Cox proportional hazard
model, which beyond neopterin, included age, gender, country,
time since initiation of symptoms, hypertension, chronic
respiratory disease, obesity, cardiovascular disease and diabetes.
Of note, these are all variables readily assessable on the day of
hospitalization. SARS-CoV-2 patients with systemic neopterin
levels higher than 53nM had 13-fold higher risk of death (hazard
ratio (HR), 13.25; 95%CI, 3.17-55.4; p<0.001) when compared
with patients with systemic neopterin levels below 53nM
(Figure 3B). Country, hypertension and in particular age
appear to be risk-factors of non-survival (HR 0.49, 2.03 and
1.04; p=0.02, 0.03 and <0.001, respectively). We then assessed if
those variables were correlated with neopterin levels. As shown,
neopterin was not associated with neither country (Figure 2C)
nor age and hypertension status (Supplementary Figure S2).
TABLE 1 | Patients’ characteristics.

COVID-19 Recovery (n = 298) Deceased (n = 76) P°ℵ2 test

Age
Mean (SD) 58 (14) 73 (11) <0.001

Gender
Female 40% (118) 32% (24) 0.25

Service
Hospital 25.2% (75) 27.7 (96) 0.24
Emergency 57% (170) 47.3% (36)
ICU 17.7% (53) 25% (19)

Past Medical History
Cardiovascular Disease 7.7%(23) 19.7% (15) 0.004
Hypertension 35.9% (107) 77.6% (59) <0.001
Diabetes 17.4% (52) 43.4% (33) <0.001
Obesity 15.7% (47) 13.1% (10) 0.12
Chronic Respiratory Disease 6% (18) 10.5% (8) 0.26

Disease Severity
Length of Stay [Days (SD)] 15 (13) 12 (14) 0.007
Disease Duration [Days (SD)] 23 (14) 17 (13) 0.002

Neopterin
Mean (SD) 44 (24) 101 (48) <0.001
August 2021 | Volume 11 | Artic
le 709893
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Of note, although high neopterin was found primarily in old age
and individuals suffering from hypertension, the inverse was not
true. Indeed, many individuals of old age or suffering from
hypertension did not display high levels of neopterin and nor
did they die from SARS-CoV-2 infection.
DISCUSSION

Evidence to date is that approximately 80% of individuals with
Covid-19 have a mild disease, i.e. a respiratory tract infection
with or without pneumonia, and most of them recovered. In 14%
of cases, Covid-19 develops into a more severe disease requiring
hospitalization while the remaining 8% of cases experience
critical illness requiring intensive care. The mortality of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
patients hospitalized due to Covid-19 in Europe is approximately
4% and more than 10% in the oldest population (source: ECDC).
Monitoring and estimating resource-needs is crucial to ensure that
healthcare systems have the capacity to respond to acute surges in
cases. Today, clinical decision-making during Covid-19 disease is
mainly based on medical parameters since no biomarkers can be
used to evaluate the risk for respiratory distress or to decide on
adapted care for vulnerable patients.

Here, we demonstrate that neopterin can serve as a predictive
biomarker of mortality post SARS-CoV-2 infection, enabling
discrimination between patients who will recover and those at
risk of fatal clinical outcome. Of note, neopterin level was
measured at arrival to hospital before any treatment could
interfere. The fact that the study was conducted on two
independent cohorts from Spain (n=309) and France (n=65),
A

B

FIGURE 1 | Discriminating parameters to segregate Covid-19 suffering patents from healthy individuals. (A) Principal component analysis (PCA) using serum
neopterin and clinical variables on hospitalized patients. Red symbols represent deceased patients. Blue symbols represent patients who recovered within one
month-follow-up (survivors). (B) Histograms depicting the contribution of individual PCA parameters with regards to the variance of principal component 1 (PC1).
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which could imply different initial health status and medical
follow-up, makes us confident that neopterin is a reliable
prognostic biomarker for stratifying SARS-CoV-2 infected
patients according to disease severity. Indeed, it has been
reported that serum neopterin levels measured in patients
suffering from mild disease was lower than the concentration
found in severe patients (Robertson et al., 2020; Ozger et al.,
2021). Another recent study based on 115 patients from Austria
showed that SARS-CoV-2-infected patients exhibiting high level
of systemic neopterin (>45nM) were more prone to require
mechanical ventilation and were at higher risk of intensive care
unit admission (Bellmann-Weiler et al., 2021).

Neopterin measurement at hospital admission, identifying
patients at risk of a severe disease course (high neopterin levels,
>53nM), can serve as an urgently required tool to guide the triage
of infected patients and ensure that critical care beds and
specialized hospital wards are dedicated to their treatment
(Hailemichael et al., 2021). In doing so, healthcare resources
will be put to best use during pandemic peak periods and the
pressure on specialized hospital wards will be reduced. Infected
patients with low levels (<53nM) of neopterin would be
considered at low risk and can return to home quarantine and
remote follow-up. With a 53nM cut-off value neopterin is able to
predict all fatal clinical outcomes (100% sensitivity), but at this
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
threshold value the specificity is 64%. Therefore, a number of
false positives are to be expected, which makes it relevant to
consider a third stratification level representing patients with
intermediate levels of neopterin who should be kept under
perpetual observation in a classic hospital wards to assure their
follow-up.

Neopterin is induced through IFN-g signaling. Its
concentration might be considered an indicator of systemic
immune activation of both lymphoid (T and NK cells) and
myeloid cells (monocytes and macrophages). Moreover,
neopterin can also indicate oxidative stress (Murr et al., 1999)
since its synthesis has been shown to correlate with reactive
oxygen species (ROS) production (Nathan, 1986). IFN-g is an
initiator of pro-inflammatory immunity. It is a primary inducer
of TNF-a expression (Vila-del Sol et al., 2008). TNF−a is initially
produced as surface bound precursor of TNF-a. Mature TNF-a
is released through the proteolytic activity of TNF-a Converting
Enzyme (TACE), also called ADAM-17. ADAM17 is a sheddase
involved in a range of biological phenomena, which is tightly
regulated through G-protein coupled receptor (GPCR) activity
(Lorenzen et al., 2016). A number of ligands may induce this
activity, including complement, nucleotides and hyperoxia
(Oarhe et al., 2015). Once cleaved by ADAM17, mature
TNF-a may induce signaling leading to activation of the
A B

DC

FIGURE 2 | Higher serum level of neopterin is associated with Covid-19 infection and fatal outcome. (A) Violin plot representing serum neopterin levels (in nM)
stratified according to infectious status (CTRL (uninfected healthy donors, uninfected, in green); Covid-19 (SARS-CoV-2 infected individuals, in purple). Shape of dots
represents country of inclusion of infected patients (Circles for France; Triangles for Spain). Dotted line shows the threshold (19nM) enabling the stratification of
healthy vs infected patients. (B) Receiver Operating Characteristics (ROC) curve depicting sensitivity and specificity of prediction model for SARS-CoV-2 infection
based on neopterin level. Grey zone represents confidence interval. AUC= 0.963; Specificity = 100%; Sensitivity= 87%; threshold = 19nM. (C) Violin plot
representing serum neopterin levels (in nM) stratified according to clinical outcome (RECOVERY (survivors) or DEAD (non-survivors). Colors of dots represent country
of inclusion of infected patients (Black circles for France; Orange circles for Spain). Dotted line shows the threshold (53nM) enabling the stratification of deceased vs
survivors. (D) Receiver Operating Characteristics (ROC) curve depicting sensitivity and specificity of prediction model for fatal outcome based on neopterin level. Grey
zone represents confidence interval. AUC = 0.94; Specificity = 100%; Sensitivity = 64%; threshold = 53nM.
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NF-kb pathway and inflammation. Interestingly, both IFN-g and
TNF-a induce the enzyme guanosine triphosphate
cyclohydrolase I (GTPCH) which catalyze the transformation
of guanosine triphosphate (GTP) to neopterin (Eisenhut, 2013).
Neopterin may therefore serve both as a biomarker of an early
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
inflammatory state based on IFN-g signaling, which should be
associated with a large quantity of surface bound TNF-a ready
for secretion upon an acute event, such as viral infection and
ADAM17 induction. This therefore suggests that high neopterin
levels may be associated with a high risk of developing an intense
inflammatory reaction, such as the cytokine storm observed in
the late phase of severe SARS-CoV-2 infection (Hailemichael
et al., 2021). Distinct cytokine profiles have been described to be
associated with COVID-19 severity and differentially predictive
of mortality according to oxygen support modalities (Dorgham
et al., 2021). Based on cytokine profiling performed on our
French patients, we observed multiple positive correlations
between cytokines and neopterin which revealed 4 clusters.
Neopterin was member of a cluster also including IFN-g,
IL-22, IL-18 and GM-CSF (Supplementary Figure S3). This
may suggest important innate pathways which could pinpoint
physio-pathology mechanisms involved in Covid-19.

The expectation is that adjusting the level of care to the
resilience status of infected patients facing Covid-19 will
accelerate functional recovery, reducing the time spent at
hospitals and the frequency of re-hospitalization, therefore
having socio-economic benefits. Measurement of neopterin
concentration in various body fluids is easily applicable to the
standards of routine laboratories, especially since this fast
procedure does not require high amount of biological material,
nor specific high-cost equipment. This warrants the accessibility
of this biomarker assessment to a large number of potential
patients. Here, we measured neopterin in patients’ serum which
results in an accurate estimation of disease and hence prognosis;
however, this molecule is biologically and chemically stable in all
body fluids; future studies should therefore assess if non-invasive
salivatory or urinary measurements could also constitute a
reliable assay to predict clinical outcome in this context for
rapid testing. Preliminary results obtained from 10 patients did
not show high level of neopterin in broncho-alveolar lavages
(Supplementary Figure S4). A recent study showed that the
increased fecal neopterin parallels gastro-intestinal symptoms in
Covid-19 (Grabherr et al., 2021). In Covid-19 patients with
neurologic symptoms, an unusual pattern of marked central
nervous system inflammation was observed in association with
increased cerebrospinal fluid neopterin levels (Edén et al., 2021).

In conclusion, we propose that neopterin should be
implemented as a rapid and easy clinical test to guide the
allocation of health care resources during pandemics and aid
in adapting the treatment for patients with an increased risk of
adverse medical outcomes. It is presently unknown if neopterin
and associated hyper-inflammation is a surrogate immune
correlate or if it has causal impact on disease progression.
Future studies should examine high-risk patients, who may
gain most from more specialized medical care such as anti-
inflammatory therapy.
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FIGURE 3 | Neopterin is a biomarker of fatal outcome in SARS-CoV-2
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indicated along with their 95% confidence intervals.
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for help with regulatory and ethical compliance.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.
709893/full#supplementary-material
REFERENCES
Batisse, D., Benech, N., Botelho-Nevers, E., Bouiller, K., Collarino, R., Conrad, A.,

et al. (2020). Clinical Recurrences of COVID-19 Symptoms After Recovery:
Viral Relapse, Reinfection or Inflammatory Rebound? J. Infect. 81 (5), 816
−846. doi: 10.1016/j.jinf.2020.06.073

Bellmann-Weiler, R., Lanser, L., Burkert, F., Seiwald, S., Fritsche, G., Wildner, S.,
et al. (2021). Neopterin Predicts Disease Severity in Hospitalized Patients With
COVID-19. Open Forum Infect. Dis. 8 (1), ofaa521. doi: 10.1093/ofid/ofaa521

Chen, G., Wu, D., Guo, W., Cao, Y., Huang, D., Wang, H., et al. (2020). Clinical
and Immunological Features of Severe and Moderate Coronavirus Disease
2019. J. Clin. Invest. 130 (5), 2620−2629. doi: 10.1172/JCI137244

Dorgham, K., Quentric, P., Gökkaya, M., Marot, S., Parizot, C., Sauce, D., et al. (2021).
Distinct Cytokine Profiles Associated With COVID-19 Severity and Mortality.
J. Allergy Clin. Immunol. 147 (6), 2098–2107. doi: 10.1016/j.jaci.2021.03.047.

Edén, A., Kanberg, N., Gostner, J., Fuchs, D., Hagberg, L., Andersson, L.-M., et al.
(2021). CSF Biomarkers in Patients With COVID-19 and Neurologic
Symptoms: A Case Series. Neurology 96 (2), e294−300. doi: 10.1212/
WNL.0000000000010977

Eisenhut, M. (2013). Neopterin in Diagnosis and Monitoring of Infectious
Diseases. J. Biomark. 2013, 196432. doi: 10.1155/2013/196432

Fuchs, D., Weiss, G., and Wachter, H. (1993). Neopterin, Biochemistry and
Clinical Use as a Marker for Cellular Immune Reactions. Int. Arch. Allergy
Immunol. 101 (1), 1−6. doi: 10.1159/000236491

Grabherr, F., Effenberger, M., Pedrini, A., Mayr, L., Schwärzler, J., Reider, S., et al.
(2021). Increased Fecal Neopterin Parallels Gastrointestinal Symptoms in
COVID-19. Clin. Transl. Gastroenterol. 12 (1), e00293. doi: 10.14309/
ctg.0000000000000293

Hadjadj, J., Yatim, N., Barnabei, L., Corneau, A., Boussier, J., Smith, N., et al.
(2020). Impaired Type I Interferon Activity and Inflammatory Responses in
Severe COVID-19 Patients. Science 369 (6504), 718−724. doi: 10.1126/
science.abc6027

Hailemichael, W., Kiros, M., Akelew, Y., Getu, S., and Andualem, H. (2021).
Neopterin: A Promising Candidate Biomarker for Severe COVID-19.
J. Inflamm. Res. 14, 245−251. doi: 10.2147/JIR.S290264

Heurich, A., Hofmann-Winkler, H., Gierer, S., Liepold, T., Jahn, O., and
Pöhlmann, S. (2014). TMPRSS2 and ADAM17 Cleave ACE2 Differentially
and Only Proteolysis by TMPRSS2 Augments Entry Driven by the Severe
Acute Respiratory Syndrome Coronavirus Spike Protein. J. Virol. 88 (2), 1293–
1307. doi: 10.1128/JVI.02202-13

Hoffmann, M., Kleine-Weber, H., and Pöhlmann, S. (2020). AMultibasic Cleavage
Site in the Spike Protein of SARS-CoV-2 Is Essential for Infection of Human
Lung Cells. Mol. Cell. 78 (4), 779–784.e5. doi: 10.1016/j.molcel.2020.04.022

Huang, K.-J., Su, I.-J., Theron, M., Wu, Y.-C., Lai, S.-K., Liu, C.-C., et al. (2005). An
Interferon-Gamma-Related Cytokine Storm in SARS Patients. J. Med. Virol. 75
(2), 185−194. doi: 10.1002/jmv.20255

Larsen, M., Bayard, C., Lepetitcorps, H., Cohen-Bittan, J., Appay, V., Boddaert, J.,
et al. (2017). Elevated Neopterin Levels Predict Early Death in Older Hip-
Fracture Patients. EBioMedicine 26, 157−164. doi: 10.1016/j.ebiom.2017.11.003

Lescure, F.-X., Bouadma, L., Nguyen, D., Parisey, M., Wicky, P.-H., Behillil, S.,
et al. (2020). Clinical and Virological Data of the First Cases of COVID-19 in
Europe: A Case Series. Lancet Infect. Dis. 20 (6), 697−706. doi: 10.1016/S1473-
3099(20)30200-0

Lorenzen, I., Lokau, J., Korpys, Y., Oldefest, M., Flynn, C. M., Künzel, U., et al.
(2016). Control of ADAM17 Activity by Regulation of its Cellular Localisation.
Sci. Rep. 6, 35067. doi: 10.1038/srep35067

Mahat, R. K., Panda, S., Rathore, V., Swain, S., Yadav, L., and Sah, S. P. (2021). The
Dynamics of Inflammatory Markers in Coronavirus Disease-2019 (COVID-
19) Patients: A Systematic Review and Meta-Analysis. Clin. Epidemiol. Glob
Health 11, 100727. doi: 10.1016/j.cegh.2021.100727
August 2021 | Volume 11 | Article 709893

https://www.frontiersin.org/articles/10.3389/fcimb.2021.709893/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2021.709893/full#supplementary-material
https://doi.org/10.1016/j.jinf.2020.06.073
https://doi.org/10.1093/ofid/ofaa521
https://doi.org/10.1172/JCI137244
https://doi.org/10.1016/j.jaci.2021.03.047
https://doi.org/10.1212/WNL.0000000000010977
https://doi.org/10.1212/WNL.0000000000010977
https://doi.org/10.1155/2013/196432
https://doi.org/10.1159/000236491
https://doi.org/10.14309/ctg.0000000000000293
https://doi.org/10.14309/ctg.0000000000000293
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1126/science.abc6027
https://doi.org/10.2147/JIR.S290264
https://doi.org/10.1128/JVI.02202-13
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1002/jmv.20255
https://doi.org/10.1016/j.ebiom.2017.11.003
https://doi.org/10.1016/S1473-3099(20)30200-0
https://doi.org/10.1016/S1473-3099(20)30200-0
https://doi.org/10.1038/srep35067
https://doi.org/10.1016/j.cegh.2021.100727
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Chauvin et al. Neopterin Predicts Fatal SARS-Cov-2 Outcome
Mortaz, E., Tabarsi, P., Varahram, M., Folkerts, G., and Adcock, I. M. (2020). The
Immune Response and Immunopathology of COVID-19. Front. Immunol. 11,
2037. doi: 10.3389/fimmu.2020.02037

Murr, C., Fuith, L. C., Widner, B., Wirleitner, B., Baier-Bitterlich, G., and Fuchs, D.
(1999). Increased Neopterin Concentrations in Patients With Cancer:
Indicator of Oxidative Stress? Anticancer Res. 19 (3A), 1721−1728.

Murr, C., Widner, B., Wirleitner, B., and Fuchs, D. (2002). Neopterin as a Marker
for Immune System Activation. Curr. Drug Metab. 3 (2), 175−187. doi:
10.2174/1389200024605082

Nathan, C. F. (1986). Peroxide and Pteridine: A Hypothesis on the Regulation of
Macrophage Antimicrobial Activity by Interferon Gamma. Interferon 7, 125−143.

Oarhe, C. I., Dang, V., Dang, M., Nguyen, H., Gopallawa, I., Gewolb, I. H., et al.
(2015). Hyperoxia Downregulates Angiotensin-Converting Enzyme-2 in Human
Fetal Lung Fibroblasts. Pediatr. Res. 77 (5), 656−662. doi: 10.1038/pr.2015.27

Ozger, H. S., Dizbay, M., Corbacioglu, S. K., Aysert, P., Demirbas, Z., Tunccan, O.
G., et al. (2021). The Prognostic Role of Neopterin in COVID-19 Patients.
J. Med. Virol. 93 (3), 1520−1525. doi: 10.1002/jmv.26472

Remy, K. E., Brakenridge, S. C., Francois, B., Daix, T., Deutschman, C. S.,
Monneret, G., et al. (2020). Immunotherapies for COVID-19: Lessons
Learned From Sepsis. Lancet Respir. Med. 8 (10), 946−949. doi: 10.1016/
S2213-2600(20)30217-4

Robertson, J., Gostner, J. M., Nilsson, S., Andersson, L.-M., Fuchs, D., and Gisslen,
M. (2020). Serum Neopterin Levels in Relation to Mild and Severe COVID-19.
BMC Infect. Dis. 20 (1), 942. doi: 10.1186/s12879-020-05671-7

Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, F., Sanchez, J.-C., et al.
(2011). pROC: An Open-Source Package for R and S+ to Analyze and
Compare ROC Curves. BMC Bioinf. 12 (1), 77. doi: 10.1186/1471-2105-12-77

Sheikh, A., Sheikh, A., Sheikh, Z., Dhami, S., and Sridhar, D. (2020). What’s the
Way Out? Potential Exit Strategies From the COVID-19 Lockdown. J. Glob
Health 10 (1), 010370. doi: 10.7189/jogh.10.010370

Therneau, T. M., and Grambsch, P. M. (2000).Modeling Survival Data: Extending
the Cox Model [Internet] (New York: Springer-Verlag). Available at: https://
www.springer.com/gp/book/9780387987842. Statistics for Biology and Health.

Verity, R., Okell, L. C., Dorigatti, I., Winskill, P., Whittaker, C., Imai, N., et al.
(2020). Estimates of the Severity of Coronavirus Disease 2019: A Model-Based
Analysis. Lancet Infect. Dis. 20 (6), 669−677. doi: 10.1016/S1473-3099(20)
30243-7
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
Vila-del Sol, V., Punzón, C., and Fresno, M. (2008). IFN-Gamma-Induced TNF-
Alpha Expression is Regulated by Interferon Regulatory Factors 1 and 8 in
Mouse Macrophages. J. Immunol. 181 (7), 4461−4470. doi: 10.4049/
jimmunol.181.7.4461

Wang, D., Hu, B., Hu, C., Zhu, F., Liu, X., Zhang, J., et al. (2020). Clinical
Characteristics of 138 Hospitalized Patients With 2019 Novel Coronavirus-
Infected Pneumonia in Wuhan, China. JAMA 323 (11), 1061−1069. doi:
10.1001/jama.2020.1585

Wickham, H. (2016). Ggplot2: Elegant Graphics for Data Analysis (New York:
Springer-Verlag).

Zanin, M., Xiao, C., Liang, T., Ling, S., Zhao, F., Huang, Z., et al. (2020). The Public
Health Response to the COVID-19 Outbreak in Mainland China: A Narrative
Review. J. Thorac. Dis. 12 (8), 4434−4449. doi: 10.21037/jtd-20-2363

Zheng, B., Cao, K.-Y., Chan, C. P. Y., Choi, J. W. Y., Leung,W., Leung, M., et al. (2005).
Serum Neopterin for Early Assessment of Severity of Severe Acute Respiratory
Syndrome. Clin. Immunol. 116 (1), 18−26. doi: 10.1016/j.clim.2005.03.009

Conflict of Interest: ML and DS are inventors of patent EP20305794.8.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Chauvin, Larsen, Quirant, Quentric, Dorgham, Royer, Vallet,
Guihot, Combadière, Combadière, Barallat, Mayaux, Luyt, Mathian, Amoura,
Boddaert, Armestar, Gorochov, Martinez-Caceres and Sauce. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
August 2021 | Volume 11 | Article 709893

https://doi.org/10.3389/fimmu.2020.02037
https://doi.org/10.2174/1389200024605082
https://doi.org/10.1038/pr.2015.27
https://doi.org/10.1002/jmv.26472
https://doi.org/10.1016/S2213-2600(20)30217-4
https://doi.org/10.1016/S2213-2600(20)30217-4
https://doi.org/10.1186/s12879-020-05671-7
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.7189/jogh.10.010370
https://www.springer.com/gp/book/9780387987842
https://www.springer.com/gp/book/9780387987842
https://doi.org/10.1016/S1473-3099(20)30243-7
https://doi.org/10.1016/S1473-3099(20)30243-7
https://doi.org/10.4049/jimmunol.181.7.4461
https://doi.org/10.4049/jimmunol.181.7.4461
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.21037/jtd-20-2363
https://doi.org/10.1016/j.clim.2005.03.009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Elevated Neopterin Levels Predict Fatal Outcome in SARS-CoV-2-Infected Patients
	Introduction
	Materials and Methods
	Study Subjects
	Data Collection
	Ethical Statement
	Inflammation Measurement
	Statistical Analysis

	Results
	Patients Characteristics
	Neopterin as Biomarker of Acute SARS-CoV-2 Infection
	Neopterin as Biomarker of Fatal Outcome

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


