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Abstract

COVID-19 is a pandemic with high morbidity and mortality. In an autopsy cohort of COVID-19 patients, we found
extensive accumulation of the tryptophan degradation products 3-hydroxy-anthranilic acid and quinolinic acid in
the lungs, heart, and brain. This was not related to the expression of the tryptophan-catabolizing indoleamine
2,3-dioxygenase (ID0)-1, but rather to that of its isoform IDO-2, which otherwise is expressed rarely. Bioavailability
of tryptophan is an absolute requirement for proper cell functioning and synthesis of hormones, whereas its
degradation products can cause cell death. Markers of apoptosis and severe cellular stress were associated with
IDO-2 expression in large areas of lung and heart tissue, whereas affected areas in brain were more restricted.
Analyses of tissue, cerebrospinal fluid, and sequential plasma samples indicate early initiation of the kynurenine/
aryl-hydrocarbon receptor/IDO-2 axis as a positive feedback loop, potentially leading to severe COVID-19 pathology.
© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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inducible and rate-limiting enzymes oxidizing tryptophan
to N-formyl-kynurenine, which is degraded further by
cytoplasmic enzymes. Typically, IDO-1 is induced by
interferons during viral infections and can persist for sev-
eral weeks after viral clearance [5,6]. IDO-2 is expressed

Introduction

The clinical course of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infections varies greatly,
from asymptomatic to fatal coronavirus disease 2019

(COVID-19) [1].

Many studies indicate an important role of the immune
system in COVID-19, with the tryptophan—kynurenine
pathway as a possible important immune-modulator
affecting the course of disease [2,3]. The immune-
modulating capacity of the tryptophan—kynurenine path-
way is facilitated both by depletion of tryptophan, halting
cell activation, and by inducing cell death via cytotoxic
kynurenine and downstream catabolites [4]. Indoleamine
2,3-dioxygenase-1 (IDO-1) and its isoform IDO-2 are

rarely [7] and is induced by the aryl hydrocarbon receptor
(AHR), but not by interferons [8,9].

Recently, we performed whole body autopsies on
21 patients who died with COVID-19, who were hospi-
talized from 5 days to 6 weeks, 41-78 (median 68) years
of age, and 76% of whom had comorbidities [10].
Besides the lungs, other organs including the brain were
also inflamed but to variable extents. A key pathological
finding, particularly in patients with long-lasting
COVID-19, was the relatively low number of viral
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Metabolic stress in COVID-19

particles. This led us to hypothesize that severe COVID-
19 pathology is due to a systemic autonomous process
[11]. Here, we report on the IDO-kynurenine pathway
in severe COVID-19. As limited bioavailability of tryp-
tophan results in autophagy [12,13], and cytotoxic
metabolites from the kynurenine pathway induce apo-
ptosis [14,15], we also assessed markers of these
processes.

Materials and methods

Study set-up

The design of the prospective autopsy cohort study and
relevant procedures have been provided previously
[10]. Demographics are provided in supplementary
material, Table S2. Cerebrospinal fluid (CSF) samples
from patients with or without COVID-19 were collected
within 24 h post-mortem, taken from lateral ventricles,
not centrifuged, and stored at —80 °C. Ethical approval
was granted by the institutional review board of
Amsterdam UMC (2020.167) and informed consent
was obtained.

Immunohistochemistry

Immunohistochemical analyses of tissues from severe
COVID-19 patients were performed as described previ-
ously [10]. Supplementary material, Table S3 provides
an overview of the antibodies applied. Validation of
IDO-2 staining is described in Supplementary materials
and methods and supplementary materials, Figure S1.

Quantitation of tryptophan, kynurenine, and
metabolites

A mix of stable isotope-labeled internal standards was
added to 50 pl of plasma or CSF. Samples were deprotei-
nized using acetonitrile, dried under nitrogen, and recon-
stituted in 100 pl of 0.1% heptafluorobutyric acid.
Aliquots (10 pl) of extracts were injected into a
UPLC-MS/MS system comprising an Acquity Xevo
TQ-XS system (Waters, Milford, MA, USA) operated
in positive ESI mode using multiple reaction monitoring
(MRM) for preselected analytes and an overall run time
of 6 min. Additional details are provided in Supplemen-
tary materials and methods.

Results and discussion

Expression of IDO-1, IDO-2, and 3-hydroxy-anthranilic
acid (30H-AA) and quinolinic acid (QUIN), two major
catabolic products of the tryptophan—kynurenine path-
way, was determined immunohistochemically first in
lung tissue from patients from the above-mentioned
cohort. 30H-AA and QUIN were expressed abundantly
in the cytoplasm (Figure 1A-F). IDO-1 expression
(Figure 1A-C) was sparse and mostly restricted to
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endothelial cells. IDO-2 expression, however, was abun-
dant (Figure 1D-F) in the cytoplasm of, among others,
interstitial cells, endothelial cells, and type 1 and type
2 pneumocytes. Both 30H-AA and QUIN co-stained
with IDO-1, but particularly with IDO-2, indicating that
most of the IDO activity was due to IDO-2. Sections
from patients who died on the day of ICU admission also
stained for IDO-2 (supplementary material, Table S2).
IDO-2 and 30H-AA staining was virtually absent in
lung tissue from patients with fatal heart infarct or bron-
chopneumonia (supplementary material, Figure S2).

Next, we assessed autophagy (LC3B) and apoptosis
(cleaved caspase-3) as key indicators of severe metabolic
stress relative to IDO-2 expression. Ki-67, indicative of
proliferating cells, often co-exists with autophagy
[16,17]. Cells in lung tissue expressing IDO-2 co-stained
for cleaved caspase-3, LC3B, and Ki-67 (Figure 1G-L).

To determine whether IDO-2 expression was also
manifest in other organs, we assessed the expression of
IDO-2, LC3B, Ki-67, and cleaved caspase-3 in the heart,
liver, and skeletal muscle. Skeletal muscle was expected
to be the least affected tissue, as COVID-19-related
myopathy is exceedingly rare. The heart and liver, like
the lung, are inflamed in COVID-19, in which the liver
was less likely to be affected by kynurenine and its
metabolites because tryptophan dioxygenase in the liver
regulates systemic tryptophan levels by generating
N-formyl-kynurenine. Compared with expression in the
lung, IDO-2 expression was consecutively lower in the
heart, skeletal muscle, and liver (supplementary mate-
rial, Figure S3A-I). The latter two showed very little
IDO-2 expression, apart from the skeletal muscle of
one out of around 40 patients studied so far, who devel-
oped myositis with marked IDO-2 expression between
degenerated muscle fibers. LC3B and Ki-67 co-localized
with IDO-2, being less prominent in the heart compared
with the lung and virtually absent in muscle and liver.
Cleaved caspase-3 co-localized with IDO-2 also in the
heart and was almost absent in the liver and muscle,
apart from endothelial cells in various organs (supple-
mentary material, Figure S3M—-R). Taken together, these
data show that IDO-2, LC3B, Ki-67, and cleaved
caspase-3 are co-expressed mostly in the lungs, less in
the heart, and negligibly in the liver and skeletal muscle.
We next assessed whether IDO-2 expression was found
also in migratory cells in addition to structural cells.
Macrophages, dendritic cells, and neutrophils showed
IDO-2 staining, but lymphocytes and mast cells did not
(supplementary material, Figure S4).

Such high IDO-2 expression and activity are unprec-
edented. IDO-2 is induced by activation of the aryl
hydrocarbon receptor (AHR), which can be triggered
by kynurenine [8,9]. AHR expression in COVID-19
lung tissue co-localized with IDO-2 expression and
was predominantly found in nuclei, indicative of tran-
scriptionally active AHR (Figure 2A-C). A plausible
explanation for IDO-2 expression in severe COVID-
19 is therefore that IDO-1-generated kynurenine trig-
gered IDO-2 expression and activity, resulting in a pos-
itive feedback loop (Figure 2I).
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Figure 1. Tryptophan catabolism and cellular stress in lung tissue from patients who died with COVID-19. (A-F) Autopsy lung tissue sections
stained for IDO-1, IDO-2, and kynurenine metabolites 3-hydroxy-anthranilic acid (30H-AA) and quinolinic acid (QUIN). Representative
images of lung tissue from five patients with COVID-19. (G-L) Autopsy lung tissue sections stained for IDO-2 and LC3B (marker of autophagy),
Ki-67 (marker of cell proliferation), and cleaved caspase-3 (marker of apoptosis). Representative images of lung tissue from five patients with

COVID-19. Magnifications are indicated in the lower right corner.

We reasoned that ependymal cells in the brain, which
line the ventricular system and face the CSF, may be a
primary site for exposure to systemic kynurenine. In line
with this hypothesis, ependymal cells of the lateral ven-
tricles were strongly IDO-2-positive and also stained for
30H-AA (Figure 2D-F). There was a faint positivity for
AHR in ependymal cells which was slightly more
marked in the subventricular zone (Figure 2G,H).
Whereas Ki-67, LC3B, and caspase-3 were found in
association with IDO-2 expression in brain tissue (sup-
plementary material, Figure S3J-L), we found no
IDO-1 expression. In contrast to the lung and heart,
IDO-2 expression in the investigated brain structures
was not as extensive. Interestingly, many neurogenic
astrocytes in the subventricular zone were apoptotic,
which is indicative of a profound metabolic stress that

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd
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may have major pathophysiological consequences. We
also investigated the brainstem, where body regulatory
functions are controlled. The dopaminergic nuclei in
the nucleus of the tenth cranial nerve were intensely
IDO-2-positive, as were the nuclei in the nucleus arcuatus
(which connects cortico-spinal tracts to the cerebellum;
supplementary material, Figure S5A,B). Many IDO-
2-positive cells in nucleus X expressed nuclear AHR, were
not apoptotic, but showed autophagy, like the surrounding
cells (supplementary material, Figure SSA,D,E). In con-
trast, other brainstem nuclei including the serotoninergic
neurons in the raphe, which are involved in tryptophan
metabolism, were only slightly IDO-2-positive (supple-
mentary material, Figure S5C).

To clarify whether tissue IDO-2 activity was detect-
able systemically, we assessed tryptophan, kynurenine,
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Figure 2. The aryl hydrocarbon receptor and systemic kynurenine in patients who died with COVID-19. (A-H) IDO-2 and AHR expression in
ependymal cells and lung. Representative images of tissues from three patients with COVID-19. (I) Schematic representation of the
kynurenine-aryl hydrocarbon receptor axis. (J, K) Tryptophan/kynurenine ratio, kynurenine metabolites, and serotonin in plasma and CSF.
Plasma from 12 patients; CSF from ten patients with COVID-19 and six without COVID-19. Colored arrows indicate staining of the marker

represented by the color.

and downstream metabolites in EDTA-plasma collected
from patients just after admission to the intensive care
unit, in intermediate samples when available, and shortly
before death of patients with COVID-19. The interval
between the latter sampling and death varied from 0O to

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd
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4 days (with the following distribution: median O days,
interquartile range 0-2 days). Tryptophan concentrations
in plasma at admission and in the last sample before death
were 30.1 = 10 and 25.5 & 9.4 pmol/l (mean £ SD),
respectively. The tryptophan/kynurenine (T/K) ratio
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declined in most patients, apart from two (Figure 2J). As
patients were nourished with proteins and/or amino acids,
this may have led to biased T/K ratios. Therefore, we also
analyzed the sum of only kynurenine and downstream
metabolites in plasma, which increased significantly over
time. Tryptophan concentrations in CSF from patients
with and without COVID-19 were 24.8 £ 189 and
19.4 £ 16.4 pmol/l (mean + SD), respectively. The pres-
ence of tryptophan degradation products was confirmed in
CSF from patients with COVID-19, compared with
patients without COVID-19 (Figure 2K). As tryptophan
is required for serotonin synthesis, we also measured sero-
tonin in EDTA-plasma and CSF (Figure 2J,K). Despite a
decreased T/K ratio in CSF, we found no reduced levels
of serotonin in CSF. This finding is in line with the low
level of IDO-2 expression in the serotoninergic brainstem
raphe neurons. In plasma, we found both increased and
reduced serotonin levels over time, where increased levels
corresponded with deep vein thrombosis and/or pulmo-
nary embolism, suggestive of serotonin released by
thrombocytes.

Our findings support systemic and early activation of
IDO-2 expression and activity via AHR in severe
COVID-19, resulting in severe cellular stress reflected
by autophagy and apoptosis, particularly in the lungs,
heart, brain, and endothelium. As some innate immune
cells also express IDO-2, it is likely that immune
responses are attenuated in severe COVID-19. Although
we did not find similar stains in control lung tissue or that
of patients with fatal bronchopneumonia, we cannot
exclude the possibility that similar findings may be
obtained in, for example, fatal influenza. The involve-
ment of AHR is in line with a recent study reporting
reduced mRNA expression of aryl hydrocarbon receptor
repressor (AHRR) in the lungs from patients with fatal
COVID-19 with a relatively low viral load [18]. Simi-
larly, in obese individuals with a higher risk factor for
severe COVID-19, reduced levels of AHRR were found
[19,20]. IDO-2 and AHR are possible targets to prevent
severe COVID-19-related pathology.
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