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ARTICLE INFO ABSTRACT
Keywords: Immune dysregulation is a hallmark of patients infected by SARS-CoV2 and the balance between immune
Kynurenine pathway reactivity and tolerance is a key determinant of all stages of infection, including the excessive inflammatory state

Kynurenine:Tryptophan ratio
SARS-CoV2
Severity of infection

causing the acute respiratory distress syndrome. The kynurenine pathway (KP) of tryptophan (Trp) metabolism is
activated by pro-inflammatory cytokines and drives mechanisms of immune tolerance. We examined the state of
activation of the KP by measuring the Kyn:Trp ratio in the serum of healthy subjects (n = 239), and SARS-CoV2-
negative (n = 305) and -positive patients (n = 89). Patients were recruited at the Emergency Room of St. Andrea
Hospital (Rome, Italy). Kyn and Trp serum levels were assessed by HPLC/MS-MS. Compared to healthy controls,
both SARS-CoV2-negative and -positive patients showed an increase in the Kyn:Trp ratio. The increase was larger
in SARS-CoV2-positive patients, with a significant difference between SARS-CoV2-positive and -negative pa-
tients. In addition, the increase was more prominent in males, and positively correlated with age and severity of
SARS-CoV2 infection, categorized as follows: 1 = no need for intensive care unit (ICU); 2 < 3 weeks spent in ICU;
3 > 3 weeks spent in ICU; and 4 = death. The highest Kyn:Trp values were found in SARS-CoV2-positive patients
with severe lymphopenia. These findings suggest that the Kyn:Trp ratio reflects the level of inflammation
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associated with SARS-CoV2 infection, and, therefore, might represent a valuable biomarker for therapeutic

intervention.

1. Introduction

One of the most challenging aspects of SARS-CoV2 infection is to
unravel the complex metabolic interplay between the virus and the
immune system, which drives all phases of infection. Inmune responses
observed in severely ill patients, such as lymphopenia/eosinopenia and
the cytokine storm leading to acute respiratory distress, are unique to
SARS-CoV2 and are rarely observed in other respiratory viral infections
[1]. Of note, SARS-CoV2 may infect T lymphocytes by interacting with
the surface protein, CD147 [2]. There are only a few studies exploring
the profile of distinct subsets of CD4" and CD8" T lymphocytes in SARS-
CoV2 infection. Flow cytometric analysis showed increases in naive T
cells and reductions in memory CD4" and cytotoxic CD8" T cells in
severe SARS-CoV2 patients in Wuhan [3]. Absolute levels of T regula-
tory (Treg) cells were also reduced as a result of lymphopenia, but the
ratio between Tyeg and the whole number of CD4*"Th cells was greater in
severely ill patients (calculated from the data presented in Table 3 of ref.
[3]). Whether mechanisms of immune tolerance are triggered during
SARS-CoV2 infection, and how they associate with the severity of
infection is unclear. In respiratory virus infections, immune tolerance
can limit lung immunopathology [4], but it might delay viral clearance.
Understanding how SARS-CoV2 influences the immune system is a
mandatory step for a correct use of immunomodulatory agents in the
treatment of infected patients and may pave the way to novel thera-
peutic interventions.

A large body of evidence indicates that the kynurenine pathway of
tryptophan (Trp) metabolism has a key role in the regulation of the
immune system. The pathway is activated by three enzymes, tryptophan
2,3-dioxygenase (TDO), and types 1 and 2 indoleamine 2,3-dioxygenase
(IDO-1 and -2), which convert Trp into N-formylkynurenine. N-For-
mylkynurenine is transformed into kynurenine (Kyn), which is trans-
aminted into kynurenic acid or, alternatively, hydroxylated by
kynurenine 3-monooxygenase into 3-hydroxykynurenine, the precursor
of 3-hydroxyanthranilic acid, quinolinic acid, and nicotinic acid. An-
thranilic, xanthurenic, and cinnabarinic acids are also generated by
cleavage of the side chain of Kyn, transamination of 3-hydroxykynure-
nine, and non enzymatic oxidation of 3-hydroxyanthranilic acid,
respectively [5]. Interferon gamma (IFN-y) and other inflammatory cy-
tokines potently induce IDO expression in macrophages, dendritic cells,
and other cell types (see Discussion and References therein). Activation
of the kynunenine pathway in IDO-competent cells, such as antigen-
presenting cells and epithelial cells, restrains inflammation and in-
duces long-term immune tolerance via the following mechanisms: (i) Trp
depletion activates the general control non-depressible 2 (GCN2) stress
kinase in dendritic cells and macrophages enhancing the production of
anti-inflammatory cytokines and causing differentiation and recruit-
ment of Treg cells [6]; (ii) Kyn binds to, and activates, the aryl hydro-
carbon receptor (AhR) in both dendritic cells (DCs) and T cells. This
promotes the conversion of T effector cells into Treg cells, and also
promotes IDO induction, thereby creating a Kyn/AhR/IDO loop that
sustains immune suppression [7,8]; interestingly, AhR has been impli-
cated in the pathogenesis of SARS-CoV2 infection [9,10]; (iii) other
kynurenine metabolites, e.g., kynurenic, 3-hydroxyanthranilic, and
cinnabarinic acids, display antinflammatory action and promote im-
mune tolerance [11]; and (iv) IDO-1 may lead to immune tolerance
independently of its enzymatic activity by acting as a signaling molecule
in dendritic cells [12,13]. The Kyn:Trp ratio, measured in blood, is a
valuable clinical benchmark of IDO-1 activation, and reflects the state of
immune activation or tolerance in cancer immunity, autoimmunity,
infection and other disorders. Changes in Kyn:Trp ratio have been
associated with viral infections, such as HIV and HIV-human herpes

virus co-infection [14], seasonal influenza [15], Dengue virus [16], and
HBV [17].

Thomas et al. [18] performed a metabolomic analysis in the plasma
of 33 SARS-CoV2-positive and 16 negative subjects, the latter group
including both sieronegative subjects and convalescent plasma donors.
They found reductions in blood serotonin, 3-hydroxykynurenine, and
anthranilic acid levels and increases in Kyn and kynurenic acid levels in
SARS-CoV2-positive patients, which positively correlated with IL-6
levels, ie., with the extent of inflammation. No sex-related analysis
was performed [18].

Here, we measured the ratio between Kyn and Trp serum levels,
which reflects the state of activation of the kynurenine pathway, in
SARS-CoV2-positive and SARS-CoV2-negative patients recruited from
the Emergency Room of the St. Andrea Hospital in Rome, and in healthy
control subjects. We found a large increase in the Kyn:Trp ratio in SARS-
CoV2-positive subjects, which correlated with the severity of the dis-
ease, and was more pronounced in male patients and in patients with
severe lymphopenia.

2. Material and methods
2.1. Patients

During the period from 10 March 2020 to 5 May 2020 we recruited
394 patients (181 males, 213 females) admitted to the Emergency Room
of St. Andrea Hospital in Rome; 305 patients were negative (138 males,
167 females) and 89 positive (43 males, 46 females) for SARS-CoV2
testing performed at admission to the Emergency Room. SARS-CoV2-
negative subjects were transferred from the Emergency Room to inten-
sive care unit (ICU) (8.20%), pulmonology ward (2.95%), infectious
disease ward (0.98%), internal medicine ward (7.54%), stroke unit
(1.97%), surgery wards (7.87%), gastroenterology ward (5.90%), car-
diology ward (3.93%), home management (39.02%) or other wards
(21.64%). SARS-CoV2-positive patients were transferred from the
Emergency Room to ICU (36.11%), pulmonology ward (16.66%), in-
fectious disease ward (19.44%), internal medicine ward (9.72%) or low-
intensity Covid-19 ward (18.07%). The clinical severity of the SARS-
CoV2 infection was evaluated according to the following score system:
1 = no need for ICU; 2 <3 weeks spent in ICU; 3 > 3 weeks spent in ICU;
4 = death. SARS-CoV2-negative healthy subjects (n = 239, 87 males,
152 females) were recruited among Sant’Andrea Hospital healthcare
workers from October 10, 2020 to November 20, 2020.

There were no inclusion or exclusion criteria for patients recruited at
the Emergency Room. None of the patients had cancer. Inclusion criteria
for healthy control subjects were the absence of chronic inflammatory,
autoimmune, neurological, psychiatric, and endocrine disorders (even
in the asymptomatic stage), cardiovascular or chronic kidney disorders,
and cancer. Subjects with mild hypertension were included in the con-
trol group. All patients and control subjects were > 18 years old. This
study was approved by the local ethics committee and followed the
Declaration of Helsinki.

2.2. Detection of SARS-CoV2 in nasopharyngeal and oropharyngeal
swabs

Nasopharyngeal and oropharyngeal specimens were collected using
specific COPAN UTM-RM virus transport medium (Copan Diagnostics
Inc., Murrieta, CA, USA). To increase the SARS-CoV2 viral load into
COPAN transport medium, nose and throat swabs were combined in a
single collection tube for each patient. A volume of 200 pl from naso-
pharyngeal and oropharyngeal samples was subjected to viral RNA
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Table 1
SARS-Cov2-negative and -positive patients’ comparison for sex, age and serum levels of Kyn, Trp, and the Kyn:Trp ratio. Data are reported as median (interquartile
range).
Healthy subjects (N= 239) Overall (N = 394) Negative (N = 305) Positive (N = 89) p Value
Sex (M, %) 36.4 45.94 45.24 48.3 0.044',!
0.057',”
0.63',°
Age 46.00 (38.00-53.00) 62.00 (46.75-78.00) 60.00 (45.00-78.00) 66.00 (55.50-77.00) <0.0001%, %
0.096 *,*
Kynurenine (pg/ml)

Overall 0.30 (0.26-0.37) 0.42 (0.30-0.59) 0.40 (0.28-0.55) 0.55 (0.38-0.94) <0.0001%,",%?
Males 0.33 (0.27-0.39) 0.46 (0.34-0.68) 0.43 (0.32-0.61) 0.66 (0.44-1.09) <0.0001%,',%,°
Females 0.30 (0.24-0.36) 0.39 (0.28-0.54) 0.35 (0.27-0.49) 0.48 (0.34-0.62) <0.0001',",%,°

Tryptophan (pg/ml)

Overall 11.9 (10.1-13.9) 8.04 (5.96-10.90) 9.05 (6.35-11.20) 6.63 (4.91-8.04) <0.0001%,',%,°
Males 12.6 (10.5-14.1) 8.49 (6.23-10.95) 9.02 (6.78-11.12) 6.62 (4.88-9.58) <0.0001',',%,°
Females 11.45 (9.8-13.5) 7.85 (5.80-10.60) 9.18 (6.08-11.50) 6.64 (4.97-7.80) <0.0001%,",%?

Kyn:Trp ratio

Overall 0.03 (0.02-0.03) 0.05 (0.03-0.10) 0.040 (0.03-0.08) 0.10 (0.06-0.15) <0.0001%,',%,°
Males 0.03 (0.02-0.03) 0.06 (0.04-0.11) 0.05 (0.03-0.09) 0.11 (0.06-0.20) <0.0001%,",%?
Females 0.03 (0.02-0.03) 0.05 (0.03-0.09) 0.04 (0.03-0.08) 0.08 (0.05-0.14) <0.0001%,',%,°

Statistically significant p Values are highlighted in bold.
T Fisher’s exact test

Mann Whitney U test

Healthy subject Vs Negative

Healthy subject Vs Positive

Negative Vs Positive

[ R

extraction using QIAamp Viral RNA mini kit following manufacturer
instructions. Specifically, elution was performed in a volume of 60 pl of
Qiagen elution buffer. Real-time RT-PCR was performed by using All-
plex™ 2019-nCoV Assay of Seegene (CE-marked assay; Seul, Republic of
Korea). An exogenous internal control (IC; 10 pl) provided with All-
plex™ 2019-nCoV kit was added to each aliquot of 200 pl nasopha-
ryngeal and oropharyngeal samples before viral RNA extraction to
monitor the quality of the entire molecular workflow. Afterward, 8 out
of 60 pl eluted RNA samples was RT-PCR amplified as suggested by the
Seegene manufacturer on Biorad CFX96 real-time system. The Allplex™
2019-nCoV Assay is based on the simultaneous detection of E gene
(Sabercovirus, B-coronavirus), RARP and N genes (specific for Sars-
CoV2) and exogenous IC. Results were analysed by the aim of Seegene
viewer software settled for the analysis of fluorescent curves produced
by Allplex™ 2019-nCoV Assay. The interpretation criteria were the
following: a positive signal detected in IC and at least two in E, RARP and
N genes with a cycle threshold (CT) values <40 were considered positive
for Sars-CoV2 RNA whereas positive signals in IC and only one in E,
RdARP and N genes with a CT values <40 were considered as inconclusive
and addressed to a second nasopharyngeal and oropharyngeal sampling.
No fluorescent signals or over the 40th CT in E, RARP and N genes were
considered nonspecific and reported as negative for Sars-CoV2 RNA (in
these cases CT values of IC must be <40). The declared LoD is 100 RNA
copies/reaction.

2.3. Serum kynurenine and tryptophan analysis by LC-MS/MS method

Blood samples were collected within 24 h after admission to the
Emergency Room, centrifuged to obtain serum samples, and stored at
—80 °C until analysis. Sixty microliters of serum sample were treated
using 60 pl of deproteinizing solution. The mixture was mixed for 30 s
and centrifuged at 14.000 rpm for 15 min. Ten microliters of clean su-
pernatant were injected into the chromatographic system. Compounds
were detected using a liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) analytical method [19]. Chromatographic separation
of analytes was performed using an Agilent Liquid Chromatography
System series 1100 (Agilent Technologies, USA), on a F5 column (100 x
2.1 mm, Kinetex 2.6 pm F5, 100 /0\, Phenomenex, CA, USA) equipped
with a security guard pre-column (Phenomenex, Torrance, CA, USA).

The mobile phase consisted of a solution of 0.1% aqueous formic acid
(A) and 100% acetonitrile (B); elution was performed at flow rate of 300
ul/min, using an elution gradient. The mass spectrometry method was
performed on a 3200 triple quadrupole system (Applied Biosystems,
Foster City, CA, USA) equipped with a Turbo Ion Spray source. The
detector was set in the positive ion mode. The instrument was set in the
Multiple Reaction Monitoring (MRM) mode. Data were acquired and
processed by the Analyst 1.5.1 Software.

2.4. Statistics

Statistical analysis was performed using GraphPad PRISM version
8.2.0. Normality of the data was assessed by the Kolmogorov-Smirnov
test. Continuous variables were expressed as median and interquartile
range (IQR). Fisher’s exact test was used to evaluate sex distribution
between SARS-CoV2-positive and -negative patients. Kruskall-Wallis
test was executed to analyse the relationships among Kyn, Trp and
Kyn:Trp ratio and positivity to SARS-CoV2, Mann-Whitney U test was
used to analyse sex, lymphocytes counts of patients and COVID-19
severity score. Spearman’s correlation was used to assess the relation
between Kyn:Trp ratio and age in the overall population and in the
subgroups of male and female patients. Statistical significance was set at
p < 0.05.

3. Results

Serum Kyn and Trp levels and the Kyn:Trp ratio were determined in
239 healthy subjects, 305 SARS-CoV2-negative, and 89 SARS-CoV2-
positive patients. In SARS-CoV2-positive and —negative patients, blood
was collected within 24 h after admission to the Emegency Room. There
were no inclusion or exclusion criteria in the recruitment of SARS-CoV2-
positive or -negative patients. Thus, both groups were formed by pa-
tients with any disorder who required medical support in the Emergency
Room. Median age was 46 years (range, 38-53) in the healthy control
group; 60 years (range, 45-78) in SARS-CoV2-negative patients; and, 66
years (range, 55.7-77) in SARS-CoV2-positive patients. There was no
difference in sex and age distribution between SARS-CoV2-positive and
—-negative patients, whereas sex and age distributions in control group
were significantly different compared to patients groups (Table 1).
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Fig. 1. Changes in serum Kynurenine and Tryptophan levels in healthy subjects, SARS-CoV2-positive and -negative patients.
Box plots of Kynurenine and Tryptophan levels are shown in (A) and (B), respectively. The Kynurenine:Tryptophan (Kyn:Trp) ratio is shown in (C). Kruskal-Wallis
one-way ANOVA; A: H = 109.8; B: H = 169.8; C: H = 244.5. CTRL = healthy subjects, NEG and POS=SARS-CoV2-negative and positive patients. * p < 0.0001.
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Fig. 2. Receiver operating characteristic (ROC) curve analysis of the Kynur-
enine:Tryptophan (Kyn:Trp) ratio for differentiating healthy subjects, SARS-
CoV2-positive and SARS-CoV2-negative patients.

Kyn levels were significantly increased and Trp levels significantly
reduced in both SARS-CoV2-negative and -positive patients as compared
to healthy controls, and in SARS-CoV2-positive patients, as compared to
SARS-CoV2-negative patients (p < 0.0001) (Fig. 1A, B). The Kyn:Trp
ratio was 1.5-fold greater in SARS-CoV2-negative patients and 3.7-fold
greater in SARS-CoV2-positive patients as compared to healthy con-
trols (p < 0.0001; Fig. 1C, Table 1). The receiver operating characteristic
(ROC) curves for the Kyn:Trp ratio for differentiating healthy subjects
from i) overall patients, ii) negative patients, iii) positive patients, and
differentiating SARS-CoV2-negative from -positive patients, showed a
0.8366, 0.7977, 0.9700 and 0.7552 AUC (area under curve) respectively
(i) 95%CI:0.8053-0.8679; p < 0.0001; ii) 95%CI:0.7595-0.8359, p <
0.0001; iii) 95%CI:0.9463-0.9937, p < 0.0001; iv) 95%
CI:0.7012-0.8091; p < 0.0001) (Fig. 2). To differentiate SARS-CoV2-
positive from SARS-CoV2-negative patients, the Kyn:Trp ratio cut-off
maximizing the Youden index (difference between true positive rate
and false positive rate) was 0.045, while the highest sensitivity plus
specificity value was 0.055.

Sex-related differences were detected for Kyn levels in healthy con-
trols, SARS-CoV2-negative and -positive patients, with SARS-CoV2-
positive male patients showing a 37% increase in the median value

with respect to female patients (p = 0.004; Fig. 3A, Table 1). Interest-
ingly, sex-related differences were found in Trp levels in the control
group (p = 0.0167), but not in both SARS-CoV2-positive (p = 0.56) and
-negative patients (p = 0.523) (Fig. 3B). The Kyn:Trp ratio was signifi-
cantly greater in male than in female in both SARS-Cov2-negative and
-positive patients (p = 0.013 and p = 0.027, respectively; Fig. 3C,
Table 1).

Spearman correlation analysis showed that the Kyn:Trp ratio
increased with age in healthy subjects, (Spearman’s p = 0.349, 95% CI
0.229-0.459; p < 0.0001), SARS-CoV2-negative (Spearman’s p = 0.567,
95% CI 0.483-0.641, p < 0.0001) and SARS-CoV2-positive patients
(Spearman’s p = 0.376, 95% CI 0.176-0.547; p = 0.0003) (Fig. 4A), and
the increase was significant in both males and females in SARS-CoV2-
negative (Spearman’s p = 0.5418, 95% CI 0.3762 to 0.6309, p <
0.0001) (Spearman’s p = 0.5980, 95% CI 0.4873 to 0.6898, p < 0.0001)
and -positive patients (Spearman’s p = 0.4312, 95% CI 0.1413 to
0.6529, p = 0.0039) (Spearman’s p = 0.4047, 95% CI 0.1209 to 0.6273,
p = 0.0053) (Fig. 4B-C).

Searching for a correlation between the Kyn:Trp ratio and the
severity of SARS-CoV2 infection, we used an arbitrary scale in which the
following scores were assigned to infected patients: 1 = no need for ICU;
2 <3 weeks spent in ICU; 3 > 3 weeks spent in ICU; 4 = death. All
subgroups of SARS-CoV2-positive patients showed a significant increase
in the Kyn:Trp ratio as compared to the control group and to the whole
population of SARS-CoV2-negative patients (score = 0) (p(1 vs 0) =
0.0196, p(2vs 0) = 0.039, p(3 vs 0) < 0.0001, p(4 vs 0) < 0.0001; Fig. 5).
Patients with a more severe score (3-4) showed a significant increase of
the Kyn:Trp ratio compared to patients who did not need intensive care
(p(3vs 1) = 0.0181, p(4 vs 1) < 0.0001); Fig. 5).

We also examined whether the presence of severe lymphopenia
could affect the Kyn:Trp ratio in SARS-CoV2-positive patients.
Lymphocyte counts were available for 80 SARS-CoV2-negative (38
males, 42 females) and 44 SARS-CoV2-positive (25 males, 19 females)
patients. Lymphocytes were significantly decreased in SARS-CoV2-
positive patients (p = 0.0237; Fig. 6A), and were lower in male pa-
tients (p = 0.018; Fig. 6B). Moreover, the Kyn:Trp ratio was significantly
greater in SARS-CoV2-positive patients with severe lymphopenia
(defined by an arbitrary cut-off value of <0.6 x 10> lymphocytes/pl)
with respect to SARS-CoV2-positive patients with lymphocyte counts
>0.6 x 10° lymphocytes/pul (p = 0.0016; Fig. 6C).

4. Discussion

We evaluated the involvement of KP activation in COVID-19
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Fig. 3. Sex-related analysis of serum Kynurenine and Tryptophan levels, and
the Kynurenine:Tryptophan (Kyn:Trp) ratio in healthy control subjects and in
SARS-CoV2-negative and -positive patients.

Mann-Whitney U test; A: Ucrg, = 5199, n1 = 87, n2 = 152; A: Uygg = 8797, nl
=138, n2 = 167; A: Uppg = 640, nl = 43, n2 = 46; B: Ugrr,, = 5384, nl1 = 87,
n2 = 152; B: Ungg = 11,033, nl = 138, n2 = 167; B: Upps = 918,n1 =43, n2 =
46; C: Ucrrr, = 6055, n1 = 87, n2 = 152; C: Ungg = 9641, nl = 138, n2 = 167;
C: Upps = 721.5, n1 = 43, n2 = 46; CTRL = healthy subjects, NEG and POS-
fSARS—CoV2—negative and positive patients. Blue: males; red: females.

<

comparing the Kyn:Trp ratio between SARS-CoV2-positive and SARS-
CoV2-negative subjects. SARS-CoV2-negative subjects included a
group of healthy controls, and a group of patients recruited at the
Emergency Room. The latter was a spurious group formed by patients
admitted to the Emergency Room for any possible acute disorder.
However, in our opinion, this was a valuable reference group because
SARS-CoV2-positive patients were also recruited from the Emergency
Room. In SARS-CoV2-positive patients the Kyn:Trp ratio was much
greater than in healthy controls, and also significantly greater than in
SARS-CoV2-negative patients. These findings are in line with data
shown in the elegant article by Thomas et al. [18], who performed
targeted and untargeted metabolomic analyses in SARS-CoV2-positive
and negative patients (the latter group included patients who had
been infected before). They found reductions in Trp, serotonin, indole-
pyruvate, 3-hydroxykynurenine, and anthranilic acid, and increases in
Kyn, kynurenic acid, nicotinic acid, and picolinic acid levels, which, in
most of the cases, correlated with IL-6 levels [18]. In this article,
calculation of ROC curves suggested that Trp levels <105 pM and Kyn
levels >5.3 pM could distinguish between SARS-CoV2-positive and
-negative patients [18]. Our results support the hypothesis [18] that
activation of the kynurenine pathway is a potential marker of clinical
severity of SARS-CoV2 infection, and might be targeted by therapeutic
intervention.

SARS-CoV2-positive patients who had the highest Kyn:Trp ratio were
those with the most severe outcome of infection. This suggests two
possibilities: (i) activation of the kynurenine pathway develops in
response to inflammation and represents a sterile attempt to restrain an
excessive immune reactivity; or, (ii) immune tolerance resulting from
activation of the kynurenine pathway weakens the immune response to
the virus and delays its clearance, thus paving the way to the develop-
ment of acute respiratory distress syndrome and multiorgan failure.
These two hypotheses are not mutually exclusive.

The extent of activation of the kynurenine pathway in SARS-CoV2-
positive patients was different in the two sexes, and the increase in
the Kyn:Trp ratio was larger in males, who are more susceptible to
infection. Interestingly, male and female patients showed the same drop
in Trp levels, but the increase in Kyn levels was more pronounced in
males. This suggests that either other pathways of Trp metabolism are
activated, or, alternatively, Kyn has a more rapid turnover rate in female
patients.

We also found that the Kyn:Trp ratio increased to a greater extent in
SARS-CoV2 patients with severe lymphopenia. Lymphopenia is a spe-
cific hallmark of severe SARS-CoV2 infection with respect to other viral
infections, and occurs as a result of multiple mechanisms, including
infiltration and trapping of T lymphocytes in the lower respiratory tract,
poly-ADP ribose polymerase (PARP) activation and NAD" depletion in
immune cells, or expression of protein 7a [20]. In SARS-CoV2 patients,
the kynurenine pathway might be induced in antigen-presenting cells
and mucosal epithelial cells of the respiratory tract in response to
proinflammatory cytokines produced by resident cells of the innate
immunity or by infiltrating T lymphocytes [21]. IDO is induced by type I
and II interferons (IFNs) [22,23], TNF-«a [24], IL-1f [25], CTL-A4 [26],
poly(I:C) and CpG through IFNs [23,27], corticosteroids [28], CD200
activation [29], and AhR ligands, including Kyn and its metabolites
[13]. A key role for interferons in the induction of IDO is supported by
the evidence that the kynurenine pathway is constitutively active in
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Fig. 4. Spearman correlation analysis between Kynurenine:Tryptophan ratio and age.
Correlation between the Kyn:Trp ratio and age in healthy subjects, SARS-CoV2-positive and -negative patients is shown in (A). The same correlation grouping healthy
subjects, SARS-CoV2-positive and -negative patients in relation to sex is shown in (B) and (C).

individuals with Down syndrome, owing to the mapping on chromo-
some 21 of 4 of the 6 genes coding for interferon-a and -y receptors [30].

While IFN-a and -f production is suppressed in SARS-CoV2 infection
[31], the kynurenine pathway might be activated by proinflammatory
cytokines, such as IFN-y, TNF-a, and IL-1f, which are extensively pro-
duced by lymphocytes sequestered in the lower respiratory tract and are
ultimately responsible for SARS-CoV2-associated respiratory distress
syndrome. Thus, a high Kyn:Trp ratio likely reflects the extent of
ongoing inflammation in the lung and other organs, and might be
considered as a candidate biomarker for predicting the severity of SARS-
CoV2 infection. Accordingly, an increase in Kyn:Trp ratio has been re-
ported as a marker of inflammation and pathological signature of SARS-
CoV2 infection in a recent article [32].

5. Conclusions

We have found an increase in the Kyn:Trp ratio in a relatively large
cohort of SARS-CoV2 infected patients. This is indicative of activation of
the kynurenine pathway of Trp metabolism, and fully support recent
findings [18,32]. The increase correlated with the severity of infection
and the extent of lymphopenia. A weakness of the study is that we did
not investigate the individual metabolites of the kynurenine pathway
downstream of Kyn formation.

In spite of this limitation, we suggest that an early determination of
the Kyn:Trp ratio in SARS-CoV2-positive patients might drive the deci-
sion to start immunosuppressive treatments, such as glucocorticoids,
anti-IL6 drugs, or JAK inhibitors, in order to improve the outcome of the
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Fig. 5. The Kynurenine:Tryptophan ratio in healthy subjects, SARS-CoV2-
negative patients and SARS-CoV2-positive patients, grouped by severity of
infection.

Healthy subject: n = 239; SARS-CoV2-negative: n = 296; SARS-CoV2-positive,
score 1: n = 42; score 2: n = 14; score 3: n = 9; score 4: n = 13. Mann-
Whitney U test; (CTRLvs0): U = 14,480; (CTRLvsl): U = 353.5; (CTRLvs2):
U = 7.5; (CTRLvs3); U = 1; (CTRLvs4): U = 0; (1vs0): U = 3721; (2vs0): U =
1041; (3vs0): U = 360; (4vs0): U = 282; (2vsl): U = 263.5; (3vsl): U = 101;
(4vs1): U = 77.50; (3vs2): U = 38; (4vs2): U = 30. Severity score: 1 = no need
for ICU; 2 <3 weeks spent in ICU; 3 >3 weeks spent in ICU; 4 = death. * p <
0.0001 (Vs CTRL), # p < 0.0001 (Vs score 0), ° p < 0.0001 (Vs score 1).

infection in spite of a possible delay of viral clearance. Activation of the
kynurenine pathway in severe SARS-CoV2-positive patients might have
additional implications in the complex scenario of infection. For
example, some kynurenine metabolites, such as kynurenic, quinolinic,
xanthurenic, and cinnabarinic acids, are neuroactive and have a strong
impact on excitatory synaptic transmission by activating or inhibiting
several classes of glutamate receptors [5,33,34]. At least some of these
metabolites are able to cross the blood-brain barrier and affect animal
behavior in response to peripheral administration [19,34]. Neurological
and psychiatric manifestations are frequently associated with SARS-
CoV2 infection, and our understanding of their pathophysiology is still
largely unknown. An attractive possibility is that neuroactive kynur-
enine metabolites produced in response to SARS-CoV2-associaed
inflammation contribute to functional alterations and neurodegenera-
tive processes occurring in the CNS, as already hypothesized for HIV-

p=0.018
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associated neurocognitive disorders. This hypothesis warrants further
investigation.
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