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ARTICLE INFO ABSTRACT

Keywords: The coronavirus disease 2019(COVID-19) is recognized as systemic inflammatory response syndrome. It was
Apoptosis demonstrated that a rapid increase of cytokines in the serum of COVID-19 patients is associated with the severity
Autophagy of disease. However, the mechanisms of the cytokine release are not clear. By using immunofluorescence staining
gs:ig'lg we found that the number of CD11b positive immune cells including macrophages in the spleens of died COVID-
Cytokines 19 patients, was significantly higher than that of the control patients. The incidence of apoptosis as measured by

two apoptotic markers, TUNEL and cleaved caspase-3, in COVID-19 patients’ spleen cells is higher than that in
control patients. By double immunostaining CD11b or CD68 and SARS-CoV-2 spike protein, it was found that up
to 67% of these immune cells were positive for spike protein, suggesting that viral infection might be associated
with apoptosis in these cells. Besides, we also stained the autophagy-related molecules (p-Akt, p62 and BCL-2)
in spleen tissues, the results showed that the number of positive cells was significantly higher in COVID-19 group.
And compared with non-COVID-19 patients, autophagy may be inhibited in COVID-19 patients. Our research
suggest that SARS-CoV-2 may result in a higher rate of apoptosis and a lower rate of autophagy of immune cells
in the spleen of COVID-19 patients. These discoveries may increase our understanding of the pathogenesis of
COVID-19.

1. Introduction SARS-CoV-2 uses its spike protein(S protein) to bind with the

angiotensin-converting enzyme 2 (ACE2) receptor on target cells. After

The coronavirus disease 2019(COVID-19) pandemic has resulted in
more than 110 million diagnosed patients and about twenty-four million
deaths worldwide since December 2019. The three large-scale outbreaks
of coronary virus (CoVs) diseases over the past two decades include
severe acute respiratory syndrome (SARS), Middle Eastern respiratory
syndrome (MERS), and COVID-19 [1-3]. These diseases have three
common features: (1) They were all caused by CoVs; (2) They exhibited
a rapid increase of cytokines in the serum (also called cytokine storm);
(3) They could result in life-threatening systemic inflammation, ARDS,
and Multiple Organ Dysfunction Syndrome(MODS).

* Corresponding author.

entry, the virus rapidly replicates within host cells and accentuates the
inflammatory response. Viral infection can also cause apoptosis or other
types of cell death of infected cells. Morphologically, there are three
classifications of cell death occur under physiological conditions:
apoptosis, autophagic cell death and necrosis [4]. The apoptosis or
execution of infected cells has been considered as an important defen-
sive response to control infection and regulates the immune and in-
flammatory processes [5]. In addition, cell death that depends on
autophagy is characterizes by cytoplasmic vacuolization, autophago-
some formation and clearance of material via the lysosome [6]. Through
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these functions to ensure proper cell corpse engulfment and degrada-
tion.During SARS-CoV-2 infection, multiple cytokines were found to be
elevated in the serum including interleukin-1f, interleukin-6, IP-10,
TNF, interferon-y, macrophage inflammatory protein (MIP) 1a and 1,
and VEGF [7]. However, the precise mechanisms through which cyto-
kine storms occurred in COVID-19 patients are still not fully known.

The spleen, the largest lymph organ, contains about 25% of the
body’s lymph tissue and plays an important role in innate/acquired
immune responses against various pathogens. Multiple cell types such as
neutrophils, monocytes, macrophages, and natural killer (NK) cells were
found in the spleen and may be involved in the control of pathogens [8].
Among these immune cells,several studies indicate that macrophages
play a critical role in the pathological consequences of COVID-19. Im-
munostaining of postmortem tissue from six patients who had died from
COVID-19 revealed that ACE2 expresses on macrophages in spleens and
lymph nodes and viral nucleocaspid protein (NP) can be found in ACE2
+ cells, CD169 + macrophages [9]. Whatsmore, Liao [10] and Hibah
Shaath [11] both reported the presence of proinflammatory
monocyte-derived macrophages in the bronchoalveolar lavage(BAL)
from patients with severe COVID-9,Chen further confirmed that
macrophage cluster-1 is one of the marker of severe COVID-19. Based on
the above discoveries, we focused on macrophages in this study.

Macrophages, whose marker is CD68, have a variety of functions
including the removal of cell debris, regulation of the function of
neighboring cells, and the secretion of cytokines [12]. CD11b is the
marker of inflammatory cells including monocytes, macrophages, and
nature killer (NK) cells. We aim to evaluate the apoptosis and autophagy
of immune cells in spleen tissue obtained from patients who died from
COVID-19. Our findings indicate that apoptosis and autophagy of im-
mune cells in the spleen may contribute to the occurrence of cytokine
storms in COVID-19 patients. To our knowledge, this is the first report
that defines the spleen as an important source of virus replication and
cytokine production in COVID-19 patients.

2. Materials and methods
2.1. Patients and controls

Spleen tissue samples were obtained by autopsy from three patients
who died from COVID-19 and compared them with an age-matched
group of two non-COVID-19 patients. The study was approved by the
Medical Ethical Committee of the Wuhan Infectious Diseases Hospital
(KY-2020-15.01). All data were collected from Zhongnan Hospital of
Wuhan University. Tissues were used for hematoxylin and eosin staining
and immunohistochemical staining.

2.2. Antibodies and reagents

We used the following antibodies:anti-CD11b(1:500, ab8878,
Abcam), anti-CD68(1:500, GB14043, Servicebio), anti-cleaved caspase-
3 (Aspl75) (5A1E) (1:400, #9664, Cell Signaling Technology, USA),
anti-SARS-CoV-2 spike glycoprotein antibody-Coronavirus(1:500,
ab272504, Abcam), anti-phospho Akt(1:800, 13038T, Cell Signaling
Technology), anti-SQSTM1/p62(1:250, 23214S, Cell Signaling Tech-
nology), anti-BCL-2(1:200, sc-492, Santa Cruz Biotechnology), Alexa
Fluor 647 goat anti-rat 1gG(1:500, ab150159, Abcam), Alexa Fluor 488
goat anti-rabbit (1:500, ab150077, Abcam), Alexa Fluor 647 Goat anti-
mouse (1:500, ab150115, Abcam), DAPI (Beyotime Institute of
Biotechnology, China).
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2.3. Immunofluorescence staining

The tissue slices were incubated with goat serum for blocking for 45
min. The slices were then incubated with primary antibodies at 4 °C
overnight. After washing three times with phosphate-buffered saline
(PBS) for 10 min each time, the samples were incubated with species-
specific secondary antibodies separately for 60 min at room tempera-
ture. They have then washed with PBS again and incubated with DAPI
for nucleus counter-staining and use a fluorescence microscope to obtain
pictures.

2.4. TUNEL staining in spleen tissue

We carried out the TUNEL assay through the One Step TUNEL
Apoptosis Assay Kit(Beyotime, Institute of Biotechnology, China). The
spleen slices were deparaffinized in xylene and rehydrated through
graded alcohol, and then treated with proteinase K for 20 min at room
temperature. The slices were washed with PBS three times. We prepared
the TUNEL reaction mixture by the instructions and then applied the
liquid to the slices. They were put in a humidified atmosphere in the
dark for 1 h at 37 °C. Afterward, the tissue was washed with PBS three
times again. The FITC labeled TUNEL-positive cells were imaged under
inverted fluorescence microscopy.

2.5. Hematoxylin and eosin staining

The slices were stained for hematoxylin and eosin staining kit
(Beyotime) following the manufacturer’s instructions.

2.6. Confocal microscopy

Histological immunofluorescence staining was visualized on a Leica
SP8 STED laser confocal microscopy system.

2.7. Statistical analyses

All data analyses were performed in SPSS 23.0 software (SPSS Inc.,
Chicago, IL, USA). P < 0.05 was considered to indicate a statistically
significant difference. Graphs were constructed using GraphPad Prism
version 6(Graphpad Software, San Diego, CA, USA).

3. Results
3.1. HE staining findings

Compared to non-COVID-19 patients, all the spleens from COVID-19
patients showed that white pulp decreased, while red pulp was con-
gested. Besides, the spleen tissues of COVID-19 patients were disorga-
nized and the number of cells was increased microscopically (Fig. 1A).

3.2. Apoptosis and cell death in spleen tissue

To examine apoptotic cells in spleen tissue, we stained the tissue
slides by TUNEL assay. There were 15.8% TUNEL positive cells in the
spleens of control patients compared to 60.1% TUNEL positive cells in
the spleens of COVID-19 patients(Fig. 1B, D). These results implied that
the incidence of apoptosis in COVID-19 patients’ spleen cells is signifi-
cantly higher than in non-COVID-19 patients(P = 0.00).

Caspase-3 has long been regarded as the hallmark of apoptosis.
Caspase-3 initiates apoptosis through cleavage at specific sites and
cleaved caspase-3 is a marker of caspase-dependent apoptosis and cell
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Fig. 1. Increased apoptosis of spleen cells
in COVID-19 patients. A. H&E staining of
spleens from non-COVID-19 control (upper
panel) and COVID-19 patients(lower panel).
Spleens from COVID-19 patient 1 showing
increased red pulp, white pulp decreased.
Spleen from COVID-19 patient 2 showing
mild red pulp infarction. B.Representative
pictures showed TUNNEL-positive cells in
the spleen tissues from non-COVID-19 con-
trol (upper panel) and COVID-19 patients
(lower panel). The merged pictures of DAPI
(blue) with TUNEL (green)-positive cells in
the spleen were shown; C. Representative
pictures showed cleaved caspase 3-positive
cells in the spleen tissues from non-
COVID-19 control (upper panel) and
COVID-19 patients(lower panel). The
merged pictures of DAPI (blue) with
cleaved caspase-3 (red)-positive cells in the
spleen were shown. D.Percentage of
TUNEL-positive cells in the spleens of the
control and COVID-19 group (N =5, **P
= 0.00). E. Percentage of cleaved caspase-
3-positive cells in the spleens of the con-
trol and COVID-19 group (N =5, **P =

0.00). (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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death. Therefore, we examined cleaved caspase-3 to further evaluate the
death of spleen cells. The results confirmed that the percentage of cells
positive with cleaved caspase-3 was significantly elevated in COVID-19
patients compared to those of the non-COVID-19 control group (Fig. 1C,
E).

3.3. Immune cells including macrophages underwent cell death

To further illustrate the cell types that underwent cell death in the
spleen tissue, we co-stained the tissue sections with both antibodies
against CD11b and antibodies against cleaved caspase-3. Cells positive
for both CD11b and cleaved caspase-3 were considered dead immune
cells (Fig. 2A). Confocal images of the slides confirmed the result
(Fig. 2B). The data showed that in COVID-19 patients, the number of
dead immune cells in the spleen tissues was significantly higher than in
the control group(P = 0.00)(Fig. 2C).

Furthermore, sections were also stained with both antibodies against
CD68 and antibodies against cleaved caspase-3 to ascertain macro-
phages that underwent death. Cells positive for both CD68 and cleaved
caspase-3 were considered as dead macrophages (Fig. 3A). Confocal
images of the slides confirmed the result (Fig. 3B). The data showed that
in COVID-19 patients, the number of dead macrophages in the spleen
tissues was significantly higher than in the control group (P = 0.00)
(Fig. 3C).

3.4. SARS-CoV-2 spike protein was expressed in immune cells

Since SARS-CoV-2 enters host cells by binding its S protein to ACE2
on the host cell’s membrane [13-15]. We have found that SARS-CoV-2 S
protein was expressed in 68% of cells in spleen tissues of COVID-19
patients but not in that of controls (Fig. 4A, D). We then sought to
explore whether SARS-CoV-2 could attack immune cells and macro-
phages. We performed double immunostaining of CD11b and
SARS-CoV-2 S protein, as well as CD68 and SARS-CoV-2 S protein in the
two groups. The data presented showed that SARS-CoV-2 S protein and
CD11b co-expression were readily detectable in these tissues from
COVID-19 patients(Fig. 4B). The SARS-CoV-2 S protein-positive rate
among CD11b positive cells was up to 67%(Fig. 4E). In addition, cells of
spleen tissue from COVID-19 patients were also successively co-stained
with SARS-CoV-2 S protein and CD68 antibodies(Fig. 4C). The
SARS-CoV-2 S protein-positive rate among CD68 positive cells was up to
68.1%(Fig. 4F). In contrast, spleen tissue of non-COVID-19 control pa-
tients stained with little anti-CD68/anti-CD11b antibodies while no
SARS-CoV-2 Spike proteins were detected in control patients. These
results indicated SARS-CoV-2 may infect immune cells including mac-
rophages during infection of SARS-CoV-2.

3.5. Autophagy in spleen tissue

Autophagy-related molecules, including p-Akt, p62 and BCL-2 were
stained to examine positive cells in spleen tissue. We found that in
COVID-19 patients, the number of staining positive cells in the spleen
tissues was significantly higher than in the control group (Fig. 5A-F).
The above three molecules regulate autophagy through different
signaling pathways and p62 was found to be accumulated in many cell
types with autophagy deficiency [16,17]. Their increased expression
facilitate autophagic degradation, suggest that autophagy may be
inhibited in COVID-19 patients. Then, we co-stained the tissue sections
with p62 against CD68 to further illustrate the cell types that underwent
autophagy in the spleen tissue. Confocal laser microscopy showed that
CD68 and p62 were co-localized in COVID-19 patients(Fig. 5G). The
result indicated that the autophagy of macrophages may be inhibited in
COVID-19 patients.

Pathology - Research and Practice 227 (2021) 153610

4. Discussion

Reports of elevated cytokine levels and beneficial effects of immu-
nosuppressant agents in COVID-19 patients suggest that the pathogen-
esis of COVID-19 may be related to cytokine storms [18,19]. Studies also
showed that cytokine storm was associated with poor outcomes [20].
However, previous studies of COVID-19 have done little on the role of
the spleen in the pathogenesis of cytokine storm although the spleen is
the largest secondary lymphoid organ in the body and as such hosts a
wide range of immunological functions [12]. In this study, we have
found that (1) COVID-19 patients have a higher rate of apoptotic and
dead cells in spleen tissue than that of non-COVID-19 control patients;
(2) there were more immune cells including macrophages in COVID-19
patients compared to the control group within the spleen tissue, indi-
cating that infiltrating immune cells may play an important role in the
pathogenesis of COVID-19; (3) the TUNEL and cleaved caspase-3 posi-
tive immune cells including macrophages in COVID-19 patients were
also significantly higher than that in the control group respectively; (4)
the high rate of S protein in immune cells suggests that SARS-CoV-2
replicates within these immune cells; (5)the number of
autophagy-related molecules of spleen tissues in COVID-19 patients was
significantly higher than in the control group. In addition, the lower
blood oxygen and possible thrombosis in the spleen reported in
COVID-19 patients [21] may contribute to the massive death of immune
cells. Therefore, these data suggest that SARS-CoV-2 may result in a
higher rate of death and a lower rate of autophagy of immune cells in the
spleen of COVID-19 patients.

Previous studies demonstrated that beta coronavirus infection of
monocytes, macrophages, and dendritic cells can trigger the secretion of
IL-6 and other inflammatory cytokines [18]. IL-6, an important mediator
of the acute inflammatory response, correlates with respiratory failure,
ARDS, and adverse clinical outcomes [22-24]. The increased systemic
cytokine production results in a systemic "cytokine storm" [25]. On one
hand, the death of macrophages and other inflammatory immune cells
in the spleen observed may be one of the mechanisms that induce
cytokine storm; on the other hand, loss of these immune cells will
disrupt the immune system and aggravate the damage to the host by the
virus.

Apoptosis and pyroptosis are two types of programmed cell death
and apoptosis is characterized by morphological changes, including cell
shrinkage, nuclear condensation, and plasma membrane blebbing [26].
Apoptosis plays a critical role in host defense against viral infections by
eliminating infected cells. Meanwhile, most of the apoptotic cells un-
dergo secondary necrosis which will lead to increased membrane
permeability. Subsequently, the cellular contents which contain various
cytokines will be released into the blood [27,28]. The spleen contains
lymphocytes and many types of leukocytes, including neutrophils,
monocytes, dendritic cells (DCs), and macrophages [29] (Fig. 6). During
infection, the significant increase of CD11b or CD68 positive cells in the
spleen tissue suggests many immune cells were infiltrated. Our results
clearly showed increased apoptosis and death of these immune cells in
the spleen of COVID-19 patients, suggesting their crucial role in path-
ogenesis (Fig. 5). ACE2 is widely distributed and expressed in different
tissues and organs such as the lungs, liver, intestine, spleen, brain,
muscle, pituitary, and skin in the human body [20,30]. It is so far un-
clear why the spleen serves as a vital target of the SARS-COV-2 virus and
exhibits massive apoptosis within the tissue cells. However, the results at
least explain partly why spleens from COVID-19 patients are smaller
than normal as discovered by clinicians and pathologists [21]. It was
demonstrated that ACE2-expressing cells include AT1 cells, airway
epithelial cells, fibroblasts, endothelial cells, and macrophages [31]. By
binding with ACE2 with its S protein, SARS COV-2 may target these
organs or cells to replicate within them. Consistently, we find that the
virus’ S protein was widely expressed in the immune cells including
macrophages in the spleen, suggesting that the virus is replicating in
these cells and causing apoptosis. However, further studies are needed to
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were shown at the bottom panels. A. Representative pictures were immunofluorescence co-stained with antibodies against cleaved caspase-3 (green) and CD11b
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Fig. 3. Increased apoptosis of macrophages in tissues from spleens of COVID-19 patients. Tissues from non-COVID-19 control patients were shown at the upper
panels, Tissues from COVID-19 patients were shown at the middle panels, Negative control (NC: incubate with blocking solution without primary antibody) were
shown at the bottom panels. A. Representative pictures of immunofluorescence co-stained with antibodies against cleaved caspase 3 (green) and CD68 (red),
respectively. Merged pictures represent the co-localization of red, green, and blue staining; B. Confocal images of cleaved caspase-3 (green) and CD68(red) by co-
immunostaining. C. Percentage of apoptotic cells in the CD68-positive cells from tissues of the control and COVID-19 group. ( N = 5, **P = 0.00). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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After infection, SARS-COV-2 viruses attack and replicate in the immune cells in

the spleen. As a result, massive apoptosis and autophagy take place within the spleen. A large number of various cytokines are released from apoptotic immune cells
and CD68 positive macrophages into the blood vessels and cause multiple organ dysfunction syndromes including ARDS.

prove this hypothesis.

In terms of the relationship between inflammation and autophagy,
autophagy can inhibit the inflammatory response and the activation of
inflammasomes through classical and non-classical pathways. On the
other hand, inflammation can improve the level of autophagy and pro-
mote the formation of autophagosomes [32]. Along these lines, it was
demonstrated recently that autophagy activation can inhibit MERS-CoV
infection.In turns, MERS-CoV infection can block autophagy at the
autolysosome formation stage. Such an effect would benefit the viral
replication in several ways [33]. Based on the above, we suspect that
autophagy generally antagonize coronavirus replication. In addition,
studies have shown that in macrophages cells, the inhibition of auto-
phagy leads to higher levels of both IL-1p and IL-23, and these in turn
stimulate T lymphocytes to secrete IL-17, IFN-y and IL-22 [34]. In our
study,we found that autophagy may be inhibited in COVID-19 patients,
suggesting that the replication of SARS-COV-2 may be enhanced in
spleen.Moreover, the release of inflammatory cytokines caused by
autophagy inhibition of macrophages may aggravate the cytokine storm.
All of these may have contributed to the COVID-19 patient’s death. As
above, further research is needed to confirm our hypothesis.

In conclusion, the spleen might not only be one of the organs with
severe inflammatory loci but also a reservoir of SARS-CoV-2 and a major
source of the cytokines released into the blood. Our study may shed new
light on further understanding of.pathogenesis in COVID-19 patients.
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