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Gut ACE2 Expression, [
Tryptophan Deficiency,
and Inflammatory
Responses: The Potential
Connection That Should

Not Be Ignored During
SARS-CoV-2 Infection

n “atypical” physiological

function  of  angiotensin-
converting enzyme 2 (ACE2) during
COVID-19 is rarely mentioned. In the
intestine, where ACE2 is highly
expressed,’ it acts as a regulator of the
homeostasis of dietary amino acids,
particularly tryptophan (Trp). Trp
catabolism through the kynurenine
(Kyn) pathway plays an important role
in regulating the balance between
effector and regulatory immune re-
sponses; Trp catabolism is increased in
inflammatory settings to attenuate
excessive systemic immune activation
and thus exerts protective effects
against many diseases.”?

Given that interaction with SARS-
CoV-2 decreases the cell surface
expression of ACE2 by endocytosis
and ADAM17 cleavage,4 we per-
formed a preliminary study and
proposed a hypothesis that SARS-
CoV-2 infection downregulates ACE2
expression in intestinal epithelial
cells, reduces Trp absorption, and
thus disrupts the local and systemic
inflammatory responses. This hy-
pothesis provides a possible reason
for the digestive symptoms and
hyperinflammatory phenotypes of
patients with COVID-19.

We treated mice with recombinant
SARS-CoV-2 spike protein (receptor
binding domain [RBD]) to mimic
SARS-CoV-2 infection and further
challenged the mice with lipopolysac-
charide (LPS) to induce a hyper-
inflammatory status. LPS stimulation
reduced the serum Trp levels of the
mice in both the control and RBD
groups (Figure 14), and this effect was
accompanied by elevated Kyn levels

and Kyn/Trp ratios (Figure 1B,
Supplementary Figure 1A4); these re-
sults suggested the increased catabo-
lism of Trp to Kyn and higher levels of
inflammation. Although the Kyn/Trp
ratios in the RBD group were similar
to those in the control group
(Supplementary Figure 14), the RBD-
treated mice showed lower serum
Trp and Kyn levels than the untreated
mice regardless of LPS stimulation
(Figure 14 and B).

To further verify our results, we
analyzed the metabonomic data from a
published article.” The serum levels of
Trp and Kyn in COVID-19 patients
were significantly lower than those in
healthy persons and non-COVID-19
pneumonia patients; however, the
Kyn/Trp ratios were comparable
(Figure 1C and D, Supplementary
Figure 1B). The levels of other impor-
tant metabolites of Trp, such as qui-
nolinate and serotonin, were also
decreased in COVID-19 patients
(Supplementary Figure 1C and D).

Immunofluorescence staining
showed that ACE2 expression on the
surface of intestinal epithelial cells was
significantly decreased in RBD-treated
mice (Figure 1E). Similarly, ACE2
expression on the surface of MOD-K and
HNM460 cells, 2 kinds of intestinal
epithelial cells from mice and humans,
was also notably decreased after
in vitro treatment with RBD and S1
protein (another SARS-CoV-2 spike
protein) (Figure 1F and G). The serum
Trp levels of ACE2-deficient mice
(ACE2X°) were lower than those of
wild-type mice, and RBD administration
did not reduce the serum Trp levels in
the ACE2%° mice treated with or
without LPS (Figure 1H), suggesting a
central role of ACE2 in the Trp defi-
ciency induced by SARS-CoV-2
infection.

Furthermore, no significant differ-
ence was observed in the serum levels
of inflammatory cytokines between the
control animals and RBD-treated mice
(Supplementary Figure 2A4), indicating
that RBD alone could not induce a
systemic inflammatory response. How-
ever, RBD administration significantly

enhanced LPS-induced hyper-
inflammation in mice, as evidenced by
increased levels of proinflammatory
cytokines (IFNwy, IFNq, IFNG, TNFq,
IL16, and IL6), decreased levels of
anti-inflammatory cytokines (IL10)
(Figure 11, Supplementary Figure 2B-E),
and aggravated local infiltration of in-
flammatory cells and injury to the lung
and liver (Supplementary Figure 3). The
effect of RBD was negated or even
reversed by L-Trp supplementation or
ACE2 depletion (Figure 1/ and J,
Supplementary Figure 2B-E). When
challenged with a sublethal dose of LPS
(25 mg/kg), the RBD-treated group
showed poorer survival than the con-
trol group (Figure 1K). Notably, resup-
plying mice with L-Trp greatly
improved survival in the control and
RBD-treated groups and abolished the
difference between these groups
(Figure 1K).

Here, we found that Trp deficiency
is a prominent characteristic and an
important driving factor of the
pathobiology of COVID-19. Nearly
50.5% of COVID-19 patients report
digestive symptoms; Trp deficiency
has been proven to enhance suscep-
tibility to Dextran sulphate sodium,
DSS-induced colitis.” These findings
allow us to infer that digestive symp-
toms of COVID-19 patients may be
partly attributed to disrupted Trp
homeostasis.

More importantly, by activating
the aryl hydrocarbon receptor
pathway and allowing the generation
of regulatory T cells, Kyn plays a
critical role in regulating disease
tolerance and immune homeostasis.°
Our results suggested that alter-
ations in the Kyn pathway impair the
negative self-regulatory capacity of
the immune system and thus pro-
mote the occurrence of hyper-
inflammation and cytokine storm
syndrome, which makes COVID-19
more lethal.

Moreover, the Kyn pathway pro-
vides raw materials for the synthesis of
nicotinamide adenine dinucleotide
(NAD), which is important for regu-
lating oxidative stress and DNA
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Figure 1. Serum levels of Trp (A) and Kyn (B) in mice (n = 10). Relative serum levels of Trp (C) and Kyn (D) in healthy
control subjects, non-COVID-19 pneumonia patients, nonsevere COVID-19 patients, and severe COVID-19 patients.
(E) Representative immunofluorescence images of ACE2 (red) and panCK (green) counterstained with DAPI (blue) in the
intestinal tissue of mice. Expression of ACE2 in MOD-K (F) and HNM460 cells (G). (H) Serum levels of Trp in wild-type (WT) and
ACE2 knockout (ACE2"°) mice (n = 5). (/) Serum levels of cytokines in LPS-challenged mice treated with or without RBD and
L-Trp (n = 5). (J) Serum levels of cytokines in WT and ACE2X® mice treated with or without LPS, RBD, or L-Trp (n = 5). (K)
Survival of mice challenged with lethal levels of LPS and treated with or without RBD and L-Trp (n = 9).*<0.05, **<0.01,

***<0.001.

damage repair. Recent studies revealed
that SARS-CoV-2 infection might
decrease repletion of the NAD metab-
olome from Trp,” and supplementation
with NAD could effectively reverse
cytokine storms and organ damage.’

Therefore, NAD supplementation may
be a potential explanation for the
therapeutic effect of L-Trp on SARS-
CoV-2-related hyperinflammation.
Overall, as shown in Figure 2,
attention should be given to the effect

of ACE2-mediated Trp deficiency on
the course of COVID-19. Further
research is needed to pave the way for
the development of new strategies to
modulate COVID-19 by targeting Trp
metabolism.
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Figure 2. Schematic diagram of the
role of SARS-CoV-2-induced Trp

‘ deficiency in the pathobiology of
COVID-19.
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Supplementary Methods
Animal Models

The C57BL/6] mice and ACE2X°
mice were obtained from Shanghai
Model Organisms. All mice in experi-
ments were sex- and age-matched. All
mice were bred at the animal facility of
the National Center for Liver Cancer,
according to the National Center for
Liver Cancer Animal Care and Use
Committee guidelines. All experiments
were according to the National In-
stitutes of Health Guide for the Care
and Use of Laboratory Animals, with
the approval of the Scientific Investi-
gation Board of the Second Military
Medical University, Shanghai.

The SARS-CoV-2 Spike
Protein Imitated Virus Infection
in Mice

SARS-CoV-2 Spike RBD-His Re-
combinant Protein (40592-V08H) and
SARS-CoV-2 Spike S1-His Recombi-
nant Protein (40591-VO8H) were ob-
tained from Sino Biological, Shanghai.
Eight-week-old C57BL/6] and ACE2X°
mice were intraperitoneally injected
with RBD (dissolved with normal sa-
line to 0.075 ug/uL, 0.15 mg/kg body
weight per mouse, daily in 3 days) to
imitate infection of SARS-CoV-2. The
LPS (L2630, Sigma-Aldrich, St. Louis,
MO) was intraperitoneally injected to
induce inflammation.

Secondary Analysis of
Published Data

Data of published article were ob-
tained from ProteomeXchange Con-
sortium (https://www.iprox.org/)
with project ID: IPX0002106000 and
[PX0002171000. A total of 83 samples
had matched proteomic and metab-
olomic data. The samples are divided
into healthy, non-COVID-19 pneu-
monia, nonsevere COVID-19, and se-
vere COVID-19 groups according to the
index number. Then the serum relative
levels of Trp, Kyn, serotonin, and qui-
nolinate were analyzed. Proteins
whose expression level was signifi-
cantly correlated with the levels of Trp
or Kyn were selected using Spearman
correlation analysis, with a criteria that
r>03or<-0.3,and P <.05.

ACE2 mediated Trp deficiency in COVID-19

Cell Culture and Administration

MODE-K (F) and NCM460 (Zhong-
giaoxinzhou, Shanghai, China) cells
were cultured in RPMI 1640 (Gibco,
Thermo Fisher Scientificc Waltham,
MA) containing 10% fetal bovine
serum, 100 units of penicillin, and 100
mg/mL streptomycin. Cells were
digested by 0.5% trypsin for 2 minutes
to passage. To imitate virus infection,
500x S1 (40591-VO8H SinoBiological,
Shanghai, China) and RBD (40592-
VO8H, SinoBiological, Shanghai,
China) protein were used to stimulate
cells for 6 hours, respectively.

Flow Cytometry

For flow cytometric analyses of
ACE?2 expression, cells were placed on
ice in 100 uL flow cytometry staining
buffer (1% bovine serum albumin plus
0.1% sodium azide in phosphate-
buffered saline). Fc v receptors were
blocked with CD16/32 blocking anti-
body for 10 minutes at 4°C before
staining. For surface antigen staining,
cells were stained with antibodies
(ab15348, Abcam, Cambridge, UK) for
30 minutes at 4°C. Live cells were
gated according to their forward scat-
ter (FSC-H) and side scatter (SSC-H);
single cells were gated according to
their FSC-W and SSC-H.

Hematologic Analysis, Serum
Metabolites Detection, and

Multicytokines Flow Assay

Whole blood was collected from
orbit, and then centrifuged at 4°C, 1500
rpm for 15 minutes to collect serum.

The serum levels of Trp and Kyn
were determined by Nexera UHPLC
LC-30AT and SCIEX 5600+ Mass
Spectrometer. Briefly, 30 uL serum is
added with 60 uL cold acetonitrile,
ultrasonic in ice and bath for 30 mi-
nutes, after centrifuge at 4°C, 12,000
rpm for 10 minutes, and supernatant
is taken for detection.

For multicytokine flow assay, the
serum was centrifuged for 3000 rpm,
10 minutes at 4°C, and supernatant
collected. The 13 mouse cytokines
(IFN-y, CXCL1, TNF-«, CCL2, IL-12,
CCL5, IL-18, CXCL10, GM-CSF, IL-10,
IFN-8, IFN-¢, and IL-6) in serum were
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detected and analyzed by the LEG-
ENDplex MU Anti-Virus Response
Panel (Biolegend, San Diego, CA) un-
der kit direction.

Hematoxylin-Eosin Staining
and Immunofluorescence
Staining

Tissues were dipped in 4% para-
formaldehyde and embedded in
paraffin after dehydration, and cut into
8-um-thick slices. The slices were
deparaffinized and stained with he-
matoxylin and eosin and examined.

The lung injury scores were deter-
mined by the following methods. Three
fields were randomly chosen from each
section (15 fields, each group). Four
pathologic features of alveolar conges-
tion, immune cell infiltration, alveolar
thickness, and hyaline membrane for-
mation were evaluated in each field,
and scored in the range of 0-4.

For immunofluorescence staining,
briefly, antigen was retrieved by so-
dium citrate buffer (pH 6.0) and boiled
in the oven for 3 minutes. Then,
blocked at 37°C for 30 minutes with
1% bovine serum albumin and
following incubated with ACE2 and
pan-Cytokeratin  antibody mixture
(ab15348 and ab215838, diluted at
1:50, Abcam at 4°C overnight. A goat
antirabbit-IgG AF488 and a goat
antimouse-IgG AF555 was used as
secondary at RT for 1 hour. DAPI was
diluted at 1:1000 to dyeing nucleus for
10 minutes.

Statistical Analysis

All statistical analyses were per-
formed using the statistical software
(SPSS version 21). Experimental data
were depicted as mean =+ standard error
of mean. A 2-tailed Student t test was
used when there were only 2 groups for
analysis, analysis of variant test was
used for analysis of more than 2 groups
throughout data, and LSD-t test was
used for multiple comparison. Assess-
ment of differences in nonnormal dis-
tribution data was performed using
nonparametric Mann-Whitney U tests. A
P value of < .05 was considered statis-
tically significant. In all figures, *P < .05,
**p <.01, and ***P <.001.
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Supplementary Figure 1. Serum levels of Trp and its metabolites in mice and human. (A) The ratio of serum Kyn/Trp
in mice treated with or without RBD and LPS. (n = 10). The ratio of serum Kyn/Trp (B), serum levels of serotonin (C), and
quinolinate (D) in healthy, non-COVID-19 pneumonia patients, nonsevere COVID-19 patients, and severe COVID-19 patients.
The data are representative of 3 (A) independent experiments, and analyzed by 1-way analysis of variant analysis (A), Mann-
Whiney test (B-D). The data indicate the mean + 95% confidence intervals. *P < .05, *P < .01, and **P < .001. NS, not
significant.
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Supplementary Figure 2. Serum levels of cytokines in mice. (A) Serum levels of
cytokines in mice treated with or without RBD. (n = 5). Serum levels of IFNy (B), IL6
(C), TNFa (D), and IL10 (E) in LPS-challenged mice treated with or without RBD and
L-Trp (n = 5). The data are representative of 2 independent experiments, and
analyzed by unpaired Students t test (A) and 1-way analysis of variant analysis (B-
E). The data indicate the mean + 95% confidence intervals. *P < .05, **P < .01, and
**P < .001. NS, not significant.
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pathological analyses of lung
..8‘5' .« and liver injury. Representative
: images of the hematoxylin-eosin
staining of lung and liver paraffin
sections; necrotic hepatocytes
indicated by black arrow (A). Lung
injury score (B) and necrotic he-
patocyte counts (C) were used to
assess target organ damage
caused by hyperinflammation (n =
10). The data are representative of
2 (B and C) independent experi-
ments, and analyzed by 1-way
analysis of variant analysis
(B and C). The data indicate
the mean + 95% confidence in-
tervals. *P < .05, P < .01, and
***P < .001. NS, not significant.

A Con-LPS RBD-LPS Con-Trp-LPS RBD-Trp-LP§  Supplementary Figure 3. Histo-
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