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ARTICLE INFO ABSTRACT

Keywords: Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

SARS-CoV-2 ) has become a global pandemic. However, the mechanism of tissue tropism of SARS-CoV-2 remains unclear. Here,

EBIZSDI protein probe recombinant receptor-binding subdomain 1 of spike protein of SARS-CoV-2 (RBD-SD1) was used as a probe to
andscape

investigate the potential tropism of SARS-CoV-2 in thirty-three types of normal human tissues. RBD-SD1 probe
was observed to interact with cells in reported SARS-CoV-2 infected organs. Interestingly, the RBD-SD1 probe
strongly interacted with bone marrow cells in an angiotensin-converting enzyme 2 (ACE2)-independent manner.
In addition, SARS-CoV-2 induced the ACE2 mRNA expression in human primary bone marrow cells, suggesting
human bone marrow cells may be sensitive to SARS-CoV-2 infection. Therefore, human bone marrow cells could
be strongly infected by SARS-CoV-2, which may play an important role in the pathogenesis of COVID-19. These
findings provide a deeper understanding of SARS-CoV-2 infection routes, thus contributing to the treatment of

Bone marrow cells

COVID-19.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
poses a great threat to human health and life worldwide [1]. SARS-CoV-
2 primarily transmitted between people through respiratory droplets
and contact routes [2]. However, in addition to the respiratory system,
SARS-CoV-2 also causes injuries to various other tissues such as nerve,
adrenal, thymus, esophagus, pancreas, cervix, breast, skin and lymph
node [3-6].

Recently, an increasing number of studies have determined some
important tropisms of SARS-CoV-2 in humans through various methods.
For example, the angiotensin-converting enzyme 2 (ACE2) expression
level was examined by using single-cell transcriptome sequencing to
determine the tissues or cell types that might be invaded by SARS-CoV-2
[7,8]. SARS-CoV-2 viral loads have been examined in organs by using
autopsy [10-12]. However, these methods still include the limitations
on obtaining a complete picture of SARS-CoV-2 infected normal human
cells. SARS-CoV-2 infection requires proteolytic enzymes such as

transmembrane serine protease 2 (TMPRSS2), transmembrane serine
protease 4 (TMPRSS4) on the host cell [13,14]. Therefore, it is subop-
timal to determine the potential infection routes of SARS-CoV-2 based
only on the protein/mRNA expression of ACE2. Furthermore, the au-
topsy method is also limited because SARS-CoV-2 causes damage to
tissues, which may be different from normal tissues. In addition, the
positive detection of SARS-CoV-2 RNA is not always equivalent to the
presence of the virus [15]. Therefore, knowledge of the SARS-CoV-2
infection routes in various tissues and organs is still incomplete.
Currently, there is still a lack of tools to investigate the infectivity of
SARS-CoV-2 in normal human organs.

SARS-CoV-2 binds and invades host cells through spike protein. The
KD value of ACE2-SARS-CoV-2 spike trimer is 14.7 nM. Receptor bind-
ing subdomain 1 (RBD-SD1) is key of spike protein-ACE2 interaction
[16]. Therefore, we believe that the cells that can be bonded by RBD-
SD1 are likely to be infected by SARS-CoV-2. Herein, we used a re-
combinant human RBD-SD1 protein as a probe to determine the po-
tential infection routes of SARS-CoV-2 in thirty-three types of normal
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Fig. 1. Landscape of RBD-SD1 probe-interacting normal human tissues. (A) Percentage of RBD-SD1 probe-interacting cells among all DAPI-positive cells. Immu-
nohistofluorescence was performed on all of the normal human tissues and the percentage of RBD-SD1 probe interacting cells among all the DAPI-positive cells was
calculated with Image J (n = 3 for all of the tissues, data are shown as the mean =+ s.e.m.). The tissues that have been reported to be infected with SARS-CoV-2 varius
are indicated by blue columns. The experiments were performed once. (B) Immunohistofluorescence images of bone marrow, lung and liver from (A). Scale bar, 450
um (the images of top three in Fig. 1 B); Scale bar, 30 um (the rest images in Fig. 1 B). (C) Percentage of ACE2 positive cells among all DAPI-positive cells.
Immunohistofluorescence was performed on all of the normal human tissues and the percentage of ACE2 positive cells among all the DAPI-positive cells was
calculated with Image J (n = 3 for all of the tissues, data are shown as the mean + s.e.m.). (D) Immunohistofluorescence images of bone marrow, lung and kidney
from (C). Scale bar, 50 um (the images of top three in Fig. 1 D); Scale bar, 30 um (the rest images in Fig. 1 D).

human tissues. The results showed that the RBD-SD1 probe strongly
interacted with 84 percent of cells in bone marrow biopsy and the probe
could bind 63.4% of human primary bone marrow cells. The live virus
can significantly up-regulate the mRNA expression of ACE2 in primary
bone marrow cells, which means that human bone marrow cells are

sensitive to SARS-CoV-2.
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Fig. 2. The RBD-SD1 probe interacts with non-epithelial cells in bone marrow. (A) The percentage of E-cadherin™ cells in RBD-SD1-interacting cells in 33 human

normal tissues. The data from immunohistofluorescence images in Fig.

1A were collected with Image J. (B) Immunohistoflourescence images of E-cadherin

expression in RBD-SD1 probe-interacting cells in bone marrow and lung. Scale bar, 100 pm. (C) Correlations between expression of E-cadherin and RBD-SD1 probe
intensity in bone marrow and lung. The value in y axis represents RBD-SD1 probe intensity measured by Image J. The value in x axis represents the expression of E-

cadherin measured by Image J.

2. Materials and methods
2.1. Samples

Formalin-fixed and paraffin-embedded normal human tissue chip
(cat. OC-Mul01092) and human lung tissues sections were purchased
from Alenabio (Xian, China). Information of the tissue chip and sections
is shown in supplementary table 1 and supplementary table 2. The
human primary bone marrow cells for SARS-CoV-2 infection were pur-
chased from Procell Company (Wuhan, China, Cat NO.: CPH-185).
Formalin-fixed and paraffin-embedded normal human bone marrow
tissue sections were purchased from Fanpu Biotech (Guilin, China). The
information of the sections is shown in supplementary table 3. Fanpu
[2018] 23 is the number of Human Tissue Sample Collection Project.
The project was reviewed and approved by the Ethics Committee of
Guilin Fanpu Biotech, Inc. This study protocol was conformed to the
ethical guidelines of the 1975 Declaration of Helsinki Principles, and
was approved by the review committee of the Ethics Committee of the
Affiliated Drum Tower Hospital of Nanjing University Medical School.
Approval No. is 2021-SR-026.

Fresh human bone marrow was obtained from healthy volunteers
with permission from the Ethics Committee of the Affiliated Drum
Tower Hospital of Nanjing University Medical School in accordance
with the Declaration of Helsinki. All volunteers signed the informed
consent before donating their bone marrow for the study, and all ex-
periments were performed in accordance with relevant guidelines and
regulations.

2.2. Immunohistofluorescence

Tissue chip was placed in the oven at 60 °C for 120 min. Then, the
tissue chip was placed in acetone for dewaxing for 30 min. After that, the
tissue chip was transferred to 100%, 75% and 50% ethanol and ddH,0O
sequentially for hydration for 10 min each. The tissue chip was placed in
a pressure cooker containing 1x sodium citrate antigen retrieval solution
(Beyotime, P0081, 50 x). The chip was incubated in boiling sodium
citrate antigen retrieval solution for 2 min. After antigen retrieval, the
chip was permeabilized in 0.2% Triton X-100 for 30 min in room tem-
perature. And then incubated the tissue chip with 5% BSA/goat serum/
PBS and FC block (BD Pharmingen™, Cat. 564219, 1:200) for 1 h at
room temperature to block nonspecific binding. Subsequently, the chip
was incubated with the RBD-SD1 protein probe (Novoprotein, Cat.
DRA42, 1:50 dilution in 5% BSA/goat serum/PBS and FC block) at 4 °C
for 72 h. Then, an E-cadherin antibody (CST, 24E10, 1:400), ACE2
antibody (Proteintech, 21115-1-AP, 1:400) or rabbit IgG (Beyotime
Biotechnology, A7016, 1:400) was added to RBD-SD1 protein probe
solution and incubated for another 12 h. After incubation with the an-
tibodies and RBD-SD1 probe, His-Tag antibody was used to label the
RBD-SD1 probe at 4 °C for 2 h (Proteintech, 66005-1-Ig, 1:500). After
that, the chip was incubated with the fluorescent antibody goat anti-
mouse IgG conjugated to Alexa Fluor 594 (Invitrogen, A-11005,
1:500) or goat anti-rabbit IgG conjugated to Alexa Fluor 488 (Abcam,
ab150077, 1:500) at room temperature for 2 h. The sections were then
stained with DAPI and examined with a confocal laser-scanning micro-
scope (Leica, Wetzlar, Germany).
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Fig. 3. The RBD-SD1 probe interacts with bone

50,—RBD-SD1—ACE2 ~marrow cells in an ACE2-independent manner.

o 40 (A) ACE2 expression in RBD-SD1 probe interact-
3 30 ing cells in human bone marrow (n = 4) and lung
5 20\'\)/\/\/\/\/\ tissues (n = 3). Scale bar, 100 pm. Localization
© 10 analyses (by Image J RGB Plot Profil) of RBD-SD1
0' 100 and ACE2 in bone marrow and lung tissues. The
30

red curve represents RBD-SD1 probe intensity
and green curve represents ACE2 expression. (B)
The percentage of ACE2 positive cells in RBD-
SD1-interacting cells in 33 human normal tis-
150 240 fues. The data from ir.nmunohistoﬂuorescence
40 images were collected with Image J.

30
20

20

Gray Value
o 3

Gray Value

N
=2

50 100 150 200
60

40

20

Gray Value

=

60 120 180 240

Gray Value
IS
o

Gray Value
EENEAEN
2000 -
[} Bl%
o

100 150

Gray Value
=N W b
O o o oo

0 30 60 90 120
Distance (pixels)

0

e, :
» -
© H

Percentage of ACE2* cells
in RBD-SD1 interacting cellscells

2 &N

o X
& A NGRS e\\
&« @‘ \\ ge \@6 ) 6@0@\\ fzr
xO°, & Q)
& L)
&% &
Q )

342

2.3. SARS-CoV-2 infection

Bone marrow cells were infected with SARS-CoV-2 in biosafety level
3 laboratory (Laboratory of Highly Pathogenic Microorganisms, State
Key Laboratory of Respiratory Diseases.). Added 2 x 10 cells into 96-
well plate and cultured the cells at 37 °C with 5% CO, for 24 h. 24 h
later, added SARS-CoV-2 (MOI: 0/103/10%) 100 pl/well into the cells.
After 2 h, the culture medium in the 96-well plate was discarded. The
cells were incubated at 37 °C in a 5% CO» incubator for 3 days. The cells
were collected on day 3 post-infection. Expression of ACE2 receptor was
detected by RT-qPCR.

2.4. RT-qPCR

Total RNA was extracted from the bone marrow cells using Tripura

@ Q ®
§’ ol 6&)@@ 0&@\ AN S
Q \@

7

RS «é\

Q
*\ N
%‘9 e

reagent (Roche Diagnostics, Indianapolis, IN) as described by the
manufacturer. Single-stranded cDNA was synthesized from 2 pg of total
RNA by reverse transcription using 0.5 pg of oligo (dT) 18 primer. PCR
was performed at 94 °C for 30 s, 60 °C for 1 min and 72 °C for 1 min.

2.5. Automatic cell counting and fluorescence intensity measurement

Cell counting and fluorescence intensity measurement were per-
formed according to a previous report [17].
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Fig. 4. The RBD-SD1 probe interacts with human
primary bone marrow cells and SARS-CoV-2 in-
duces a sharp increase of ACE2 mRNA expression
in human primary bone marrow cells. (A)
Representative histograms of flow cytometry
analysis to determine RBD-SD1 probe labeling of
human bone marrow cells from donor 1. The
dashed line indicates the gate between the RBD-
SD1 probe-negative and -positive cells. (B)
Representative histograms of flow cytometry
analysis to determine RBD-SD1 probe labeling of
human bone marrow cells from donor 2. The

>l

Ty T T T T
10 10" 10* 10° 10* 10° 10° MOI

dashed line indicates the gate between the RBD-
SD1 probe-negative and -positive cells. (C) RT-
qPCR of ACE2 in primary human bone marrow
cells infected with the indicated amount (MOI) of

SARS-CoV-2 for 3 days (n = 3 biological replicates, error bars indicate SEM). For all panels, “p < 0.01, and ""p < 0.001.

3. Results

3.1. Landscape of RBD-SD1 probe-interacting cells and ACE2 expression
in normal human tissues

To investigate the potential tropism of SARS-CoV-2 for normal
human tissues, we conducted immunofluorescence on 33 types of tis-
sues. Negative controls were used to control for nonspecific adsorption
of fluorescent secondary antibodies in the lung and bone marrow
(Supplemental Fig. 1). The percentage of RBD-SD1-interacting cells
among the DAPI-positive cells was considered as the infection efficacy.
Consistent with previous studies [4,18-20], the RBD-SD1 probe detected
cells in the brain, cerebellum, lung, throat, small intestine, colon, kid-
ney, testis, ovary, myocardium, and spleen (Fig. 1A blue columns and
Supplemental Fig. 2). Moreover, RBD-SD1 probe also interacted with
more than 20 percent of cells in bone marrow, peripheral nerve tissue,
adrenal, thymus, esophagus, stomach, pancreas, cervix, breast, skin and
lymph node tissue that had not been reported before (Fig. 1A blue col-
umns and Supplemental Fig. 3). These results suggest that SARS-CoV-2
may also invade cells in these organs. Interestingly, for the first time
we report that the RBD-SD1 probe had the strongest interaction with
bone marrow cells (Fig. 1). ACE2 (Angiotensin I converting enzyme 2) is
the main receptor for SARS-CoV-2. We then stained and calculated the
ACE2 protein level of the human normal tissues. The results showed that
the percentage of ACE2 positive cells in bone marrow was only 2%, and
the percentage of ACE2 positive cells in eye, adrenal gland, pituitary
gland, lung, throat, esophagus, stomach, small intestine, kidney, testis,
cervix, lymph node and tonsil were all more than 20% (Fig. 1C and D
and Supplemental Fig. 4).

3.2. The RBD-SD1 probe interacts with non-epithelial cells in bone
marrow

Epithelial cells are susceptible to SARS-CoV-2 infection [21,22]. To
investigate whether the RBD-SD1 probe interacts with epithelial cells in
tissues, we analyzed the percentage of E-cadherin™ cells among the total
RBD-SD1 probe interacting cells. The results showed that RBD-SD1
probe mainly interacted with E-cadherin™ cells in lung, adrenal
glands, thymus, pancreas, small intestine and cervix (Fig. 2A). The RBD-
SD1 probe and E-cadherin were co-presented in lung cells (r? = 0.3751,
p = 0.0001) (Fig. 2B and C). However, RBD-SD1 probe intensity had no
correlation with E-cadherin expression in the bone marrow cells (Fig. 2B
and C).

3.3. The RBD-SD1 probe interacts with bone marrow cells in an ACE2-
independent manner

ACE2 is an important receptor for SARS-CoV-2 to infect cells [16,23].
It is also reported that ACE2 is negatively expressed in bone marrow

cells [9,24]. These data suggest that SARS-CoV-2 may invade bone
marrow cells in an ACE2-independent manner. To further investigate
the characteristics of RBD-SD1-interacting cells, immunofluorescence
was performed on normal human bone marrow and lung paraffin sec-
tions. We calculated the percentage of ACE2 positive cells in the total
RBD-SD1 probe interacting cells (Fig. 3B and Supplemental Fig. 4). The
results showed that RBD-SD1 probe mainly interacted with ACE2 posi-
tive cells in lung tissues, cerebellum, eye, adrenal, thymus, pituitary,
throat, sialaden, esophagus, stomach, small intestine, colon, liver,
pancreas, kidney, bladder, testis, prostate, cervix, uterus, breast, skin,
spleen, lymph node and tonsil (n = 3) (Fig. 3A and B and Supplemental
Fig. 4). However, ACE2 was nearly negative in RBD-SD1 interacting cells
in bone marrow tissues (n = 5) (Fig. 3A and B and Supplemental Fig. 4),
which means that SARS-CoV-2 may infect bone marrow cells in an ACE2
independent manner.

3.4. The RBD-SD1 probe interacts with human primary bone marrow cells
and SARS-CoV-2 induces a sharp increase of ACE2 mRNA expression in
human primary bone marrow cells

To confirm the binding of RBD-SD1 probe to human bone marrow
cells. We obtained primary bone marrow cells and incubated the cells
with RBD-SD1 probe. Then analyzed the cells bound by the probe
through flow cytometry. The results showed that the RBD-SD1 probe
bound 63.4% and 34.1% of primary bone marrow cells (Fig. 4A and B).
To directly demonstrate SARS-CoV-2 can infect human bone marrow
cells, we used different multiplicity of infection (MOI) of SARS-CoV-2 to
infect human primary bone marrow cells for 2 h. 3 days after infection,
cells were collected for real-time quantitative polymerase chain reaction
(RT-qPCR) to investigate the expression of ACE2. The results showed
that SARS-CoV-2 induces a sharp increase of ACE2 mRNA expression in
human primary bone marrow cells (Fig. 4C).

4. Discussion

In this study, a landscape of SARS-CoV-2 spike protein-interacting
cells in 33 types of normal human tissues was determined to reveal
the potential infection routes of SARS-CoV-2. To our surprise, the RBD-
SD1 probe interacted with human bone marrow cells and the bone
marrow cells are sensitive to SARS-CoV-2 infection, suggesting that
SARS-CoV-2 may also be present in bone marrow.

Various cells can traffic between bone marrow and peripheral organs
[25-30]. Recently, SARS-CoV-2 has been found in blood cells [31,32]
and hematologic abnormalities are recently found in most COVID-19
victims [20]. Given our results and the discoveries of the previous
studies [20,25-32], we think that SARS-CoV-2 may be present in bone
marrow, which needs to be conformed in clinical studies.

This study has some limitations. The RBD-SD1 probe is only a part of
the spike protein of SARS-CoV-2, while infection of host cells by the
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virus requires protease reactions and membrane fusion processes [13].
In addition, the mechanism underlying the interaction between RBD-
SD1 probe and bone marrow cells still needs further study.

In addition to ACE2, researchers found that SARS-CoV-2 can also
enter host cells through other proteins. Professor Zhinan Chen reported
that CD147 was a novel route for SARS-CoV-2 invasion [33]. Professor
Nader Rahimi reported that CD209L/L-SIGN and CD209/DC-SIGN acted
as receptors for SARS-CoV-2 [34]. Our results showed that ACE2 was
almost no expression in human bone marrow tissue and cells (Figs. 3 and
4B). CD209 is expressed in myeloid dendritic cells and human bone
marrow tissue [35,36]. Professor Rahimi also reported that CD209L
could bind to RBD domain of SARS-CoV-2-S [34]. Therefore, we think
that RBD-SD1 probe may bind to bone marrow cells by interacting with
CD209.

In this study, we systematically investigated the potential infection
routes of SARS-CoV-2 in human tissues by using RBD-SD1 probe. Bone
marrow may be a new and important infection route of SARS-CoV-2.
This study reveals a landscape of SARS-CoV-2 infecting normal human
tissues, which may promote clinical procedures. The presence of SARS-
CoV-2 in bone marrow might be considered when judging whether
SARS-CoV-2 infected patients are completely recovered. The presence of
SARS-CoV-2 in donor bone marrow may be examined before bone
marrow transplantation [37].
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