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evere acute respiratory syndrome coronavirus-2

(SARS-CoV-2) infects the nasopharynx and lungs
and causes coronavirus disease-2019 (COVID-19). It
may impact the heart, brain, kidney, and liver." Although
functional impairment of the liver has been correlated with
worse clinical outcomes, little is known about the patho-
physiology of hepatic injury and repair in COVID-19.** His-
tologic evaluation has been limited to small numbers of
COVID-19 cases with no control subjects®* and demon-
strated largely heterogeneous patterns of pathology.””

Methods

Liver tissues of 60 patients who died of COVID-19
pneumonia were obtained from complete autopsies per-
formed in Hamburg between March and June 2020. A
cohort of 13 patients with fatal pneumonia in the absence
of SARS-CoV-2 infection served as control subjects.

Hematoxylin and eosin staining and immunohisto-
chemistry were applied to comprehensively evaluate the
pathophysiology and regeneration aspects at the level of
the hepatic microarchitecture. Label-free coherent
Raman scattering and second harmonic generation im-
aging visualized major morphologic changes, revealing
steatosis and dilatation of sinusoids.

Results

There were no significant differences in the patient
characteristics except for preexisting neurologic condi-
tions (P = .04) (Supplementary Table 1). Only 5 patients
with COVID-19 and 1 control subject had history of liver

disease. A minority of patients in the COVID-19 group
(17%) received intensive care at the time of death with a
trend within that group toward home or nursing home
care, when compared with control subjects
(Supplementary Table 1).

Quantitative real-time polymerase chain reaction
and in situ hybridization revealed viral RNA and
replicative intermediates in liver tissues. Viral
nucleocapsid protein was detected in hepatic stem/
progenitor cells (HSPC), cholangiocytes, and hepato-
cytes (Figure 1A4). SARS-CoV-2 was detected at the
RNA and/or protein level in 25% of livers in COVID-
19 patients (Supplementary Table 1). Quantitative
real-time polymerase chain reaction demonstrated 2
out of 5 bile samples positive for SARS-CoV-2 (data
not shown).

Sinusoidal platelet-aggregates were predominantly
observed in the hepatic microvasculature of COVID-19
patients when compared with control subjects (70%
vs 30%; P = .032) (Figure 1B). Likewise, sinusoidal
(P = .024) (Figure 1B) and portal dilatation were
observed (P = .002) (Supplementary Table 1). He-
patic microvascular thrombosis in COVID-19 patients
was predominantly observed in nonhospitalized pa-
tients (32%; not receiving anticoagulant therapy),
when compared with general in-patients (3%) and

@ Most current article

© 2021 by the AGA Institute. Published by Elsevier, Inc. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
1542-3565
https://doi.org/10.1016/j.cgh.2021.01.044


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.cgh.2021.01.044
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cgh.2021.01.044&domain=pdf

August 2021 Liver Pathology in Fatal COVID-19 1727

A - hepatic virus replication B - microvascular pathology of the liver

SARS-CoV-2 Sinusoidal platelet aggregates platelet aggregates ~ .« CD42b

A 3 oy 7

[ %
-

—x—e %

100%
80% X
AN
60% —
" cD42b
0% 5
20%
Viral nuclear capsid protein (N-protein)
B CoVID-19 Control
TR N-protein iportal’ < o s N-protein . . . .
: e At W Sinusoidal dilation »
o 100% - >75%
‘zonel &2 30%
S i g . 60% - 25-75%
\ m >75%
: X ; “ . P¥canal c.‘foering & 1
et % NN 0 i ] <25%
g T B, Yo N, 0% 1 RN
W ‘ - § Q A_" \ 1 <25%
) : B o4 8 # o o 20%
canalof Hering « . ¥ i ﬂ Pl 4 % 1 4] 1
: e ¥ = > ; 3 i one 0
ENES e Noprotein S a3 Npeteln COVID-19  Control
C - liver injury D - activation of the intra-hepatic stem cell niche
Steatosis hepatis Regenerative cluster EpCam* HSPC frequency
—i— 100% - +—*—*
100% - [ - Hepatocytes 4 %0 >50
>
=68% > 66% Stem cell niche 80% 4 25 - 50
80% - 34-66 % L ‘.“ |
E0% ] 5-33% LLUTTTT m .u ly  60% -
° Canal of Hering COm \‘h () J
T 0 a0% 4| 55.50
40% 4 ] ]
1 _ RiA 5.24
Hepatic ' jntormediate {} 20% -
20% Stemlg;(ivlgsenltor Hepatocytes e i 5 B 24
(HSPC) Hopatocytes
0% -

0% -

20%

COVID-19 Control
COVID-19 Control
HSPC in regenerative clusters Single HSPC
Micro-vesicular steatosis LY & ity Epgam
100% * B
¢ ¢ 9&°
-7 Q%
80% ’ p ¥ O
® : L5
EEETTE 3
60% e m—
EpCam
40% R e Cran’
RS, G S

“singlecells

COVID-19 Control




1728 Kaltschmidt et al

those requiring intensive care (10%; P = .016; data
not shown).

COVID-19 patients demonstrated more hepatic stea-
tosis (P = .046), mainly the microvesicular variant (P =
.01), when compared with SARS-CoV-2-negative control
subjects (Figure 1C). Severe intrahepatic injury was
associated with the activation of the intrahepatic stem
cell niche along the canal of Hering (Figure 1D), resulting
in regenerative clusters of EpCAM "HSPC, hepatobiliary
intermediate cells, and premature hepatocytes
(Figure 1D). Increased numbers of EpCAM"HSPC were
observed alone, and in regenerative clusters, in patients
with COVID-19, when compared with control livers (>25
HSPC/10 field views: 66% vs 22%; P = .020)
(Figure 1D).

Discussion

We show here secretion of virus into bile and that
replication of SARS-CoV-2 occurs in liver tissues
during COVID-19. Viral infection of HSPC was
observed, comparable with that noted in lung alveo-
locyte progenitors in the first variant of SARS-CoV
infections.”

The major pathologic finding is that microvascular
changes and platelet-rich thromboembolic phenomena
reflect disordered thromboregulation and vascular
insults as described previously.”® As noted with
other prothrombotic features of SARS-CoV-2 in-
fections,”” our observation of microthrombotic pa-
thology predominantly occurring at time of death in
nonhospitalized patients suggests that early initiation
of anticoagulant therapy in those hospitalized may
attenuate microvascular disease of the liver.

Platelet activation, sinusoidal injury, and paren-
chymal damage result in necrosis, which may be com-
bined with predominantly microvesicular hepatocyte
steatosis. Previous reports on postmortem evaluations
have demonstrated hepatic steatosis to variable degrees
in COVID-19 and seem to demonstrate macrovesicular
over microvesicular forms of steatosis.”*

d
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We demonstrate that vascular injury is accompanied
by activation of the intrahepatic stem cell compartment
showing features of aberrant regeneration. Similar sce-
narios of HSPC activation, correlating with the extent of
liver cell necrosis, as noted here, have been also shown in
hepatitis B-mediated liver injury.’

We conclude that SARS-CoV-2 infects the liver as part
of systemic illness and results in substantial microvas-
cular thrombotic disease, organ injury, and attempts at
regeneration.

Supplementary Material

Note: To access the supplementary material accom-
panying this article, visit the online version of Clinical
Gastroenterology and Hepatology at www.cghjournal.org,
and at http://doi.org/10.1016/j.cgh.2021.01.044.
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Figure 1. Microvascular pathology and regenerative responses in livers of COVID-19 patients. SARS-CoV-2 replication, his-
topathology, and regeneration responses of the liver in fatal COVID-19. (A) Viral replication. SARS-CoV-2 viral RNA (“viral
RNA”; +strand, brown dots indicated by black arrows) detected by in situ hybridization and replicative viral intermediates (“viral
replication”; -RNA, brown dots indicated by black arrows). Immunohistochemistry shows immunoreactivity against viral
nucleocapsid protein (red) in hepatocytes within acinar zones | and Il, periportal HSPC, cholangiocytes of portal bile ducts, and
premature hepatocytes along the canal of Hering. (B) Microvascular pathology. Sinusoidal platelet aggregates and thrombi
(anti-CD42b staining), frequent in COVID-19 patients. Sinusoidal dilatation is noted in hematoxylin and eosin (HE) staining.
Coherent Raman scattering microscopy provided label-free contrast for tissue structure (grey) and lipid droplet identification
(vellow), whereas second harmonic generation provided contrast for collagen fibers (blue). (C) Liver injury. High levels of
hepatocyte steatosis in COVID-19 patients, in comparison with control subjects, as detected by HE staining and coherent
Raman scattering/second harmonic generation (lipid droplets in yellow and collagen in blue). White arrows indicate macro-
vesicular steatosis, whereas black arrows show microvesicular steatosis. (D) Intrahepatic stem cell niche. Drawing of the
bipotent intrahepatic stem cell compartment, which is located in the canal of Hering. On severe hepatic injury HSPC emerge
and expand, contributing to liver repair. HSPC are detected as single cells (indicated by black arrows) or in regenerative
clusters comprised of EpCAM™ HSPC, hepatobiliary intermediate cells, and premature hepatocytes, which are adjacent to the
canal of Hering. Stem cell marker EpCam (red) is also expressed by numerous HSPC and intermediates of hepatocytes/
cholangiocytes and regenerative clusters of periportal hepatocytes of irregular size and shape. HSPC frequency in column
diagram represents numbers of HSPC per 10 field views. *P < .05.
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Supplementary Methods

Autopsies and Liver Sampling

We analyzed liver samples from a cohort of 60
consecutive patients deceased with COVID-19 including
cases of none to moderate levels of autolysis. We
excluded samples with a high degree of autolysis. Au-
topsies were carried out by order of the Hamburg health
authorities in accordance to the German Infection Pro-
tection Act §25 para. 4. The Ethics Committee of the
Hamburg Medical Association agreed in principle to this
procedure in a vote on April 22, 2020 (file number
PV7311, “SARS-CoV-2: Post-mortem description of
COVID-19-associated deaths”). The study complied with
the tenets of the Declaration of Helsinki. During the au-
topsies, liver tissue samples were taken and fixed in
buffered 4% formaldehyde and virologic swabs were
retained. All deceased patients in the COVID-19 group
were positive for SARS-CoV-2 viral RNA using a throat
smear followed by immediate quantitative real-time po-
lymerase chain reaction (qRT-PCR). A control group was
constituted of 13 patients with fatal pneumonia, but
absence of SARS-CoV-2 infection.

In Situ Hybridization

Viral RNA and viral replication of SARS-CoV-2 were
analyzed in liver sections of patients who died of COVID-
19, using RNAscope (ACDbio, Newark, CA). Microphoto-
graphs were taken using bright field microscopy.

Quantitative Real-Time Polymerase Chain
Reaction

RNA extracted from paraffin sections using the
Maxwell RSC (Promega, Madison, WI) was used for RT-
PCR analysis (RealStar SARS-CoV-2 RT-PCR Kit 1.0,
Altona Diagnostics, Hamburg, Germany).

Clinical Gastroenterology and Hepatology Vol. 19, No. 8

Histopathology

Standard staining. One tissue block was taken from
a representative sampling area of each patient and
embedded in paraffin. Three micrometer paraffin
sections were stained with hematoxylin and eosin,
Elastica van Gieson, periodic acid-Schiff, reticulin
stain (Gomori), and iron stain (Perls Prussian blue).

Immunohistochemical staining

Staining was done using Dako Omnis (DAKO, Agi-
lent, Santa Clara, CA) with the following antibodies:
anti-CK7, anti-EpCAM, anti-CD31, anti-CD34, anti-
CD42b, and anti-SARS-CoV nucleocapsid. Detection
was either with DAB or alkaline phosphatase/red. Mi-
crophotographs were taken wusing bright field
microscopy.

Nonlinear Optical Microscopy

A custom-built coherent Raman scattering micro-
scope was used to image fixed liver sections. Coherent
Raman scattering visualizes lipids in the sample by
probing the 2845 cm™ molecular resonance. Second
harmonic generation imaging was performed using a
home-built fiber-based femtosecond laser. The overlay of
coherent Raman scattering and second harmonic gener-
ation channels in different look-up tables were done
using the open-source software FIJI.

Statistical Analyses

Dichometric and nominal variables were analyzed
applying Pearson chi-square test. Ordinal variables
were subjected to Wilcoxon rank sum test (Mann-
Whitney) analyses. Statistical significance was taken as
P values < .05. Stata/SE version 15.1 for Mac software
(StataCorp, College Station, TX) was used for statistical
analyses.
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Supplementary Table 1. Clinical Characteristics and Autopsy Findings in COVID-19 Pneumonia and the Control Patient

Group of Fatal Cases of Pneumonia Unrelated to SARS-CoV-2

COVID-19 negative

COVID-19 positive

Classification P value
n=13 n =60
n=13 n =60
Gender .347
Female 31 (4) 45 (27)
Male 69 (9) 55 (33)
Age, y 422
<80 54 (7) 42 (25)
>80 46 (6) 58 (35)
Liver disease in medical history 8 (1) 8 (5) .939
Heart disease in medical history 85 (11) 93 (56) .299
Lung disease in medical history 77 (10) 63 (38) .349
Neurologic disease in medical history 15 (2) 47 (28) .038
Renal disease in medical history 46 (6) 33 (20) .381
Oncologic disease in medical history 8 (1) 22 (13) .246
Level of care at time of death .096
Home/nursing home 23 () 32 (19)
Hospital, low care 31 (4) 52 (31)
Intensive care unit 46 (6) 17 (10)
Autolysis of hepatic tissue A71
None 31 (4) 45 (27)
Little 31 (4) 37 (22)
Moderate 39 (5) 18 (11)
Liver tissue: SARS-CoV-2 and/or Positive 0 (0) 22 (13) .043
nucleocapsid-protein
Sinusoidal platelet aggregates Present 39 (5) 70 (42) .031
Sinusoidal ectasia .024
None 39 (5) 25 (19)
Focal (<25%) 15 (2) 7 (4)
Multifocal (25%-75%) 39 (5) 20 (12)
Diffuse (>75%) 8 (1) 48 (29)
Portal ectasia .002
None 8 (1) 3
Focal (<25%) 46 (6) 13 (8)
Multifocal (25%-75%) 31 (4) 25 (15)
Diffuse (>75%) 15 (2) 5 (35)
Portal fibrosis .293
Widen, no septae 53 (7) 72 (43)
Widen with septae 15 (2) 53
Incomplete cirrhosis 31 (4) 22 (13)
Cirrhosis 0 (0) 2 (1)
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Supplementary Table 1.Continued

COVID-19 negative COVID-19 positive
Classification P value
n=13 n =60
Confluent necrosis 175
None 85 (11) 66 (38)
Focal 8 (1) 10 (6)
Moderate 0 (0) 5(3)
Frequent 8(1) 19 (11)
Apoptosis (cell count per field view) .838
0-1 77 (10) 81 (47)
24 23 (3) 12 (7)
>5 0 (0) 7 (4)
Hepatic steatosis .046
<5% 62 (8) 22 (13)
5%-33% 15 (2) 38 (23)
34%-66% 8 (1) 27 (16)
>66% 15 (2) 13 (8)
Macrovesicular steatosis Positive 39 (5) 67 (40) .058
Microvesicular steatosis Positive 39 (5) 75 (45) .010
Kupffer cell siderosis 771
None 85 (11) 88 (563)
Little 15 (2) 7 (4)
Moderate 0 (0) 3 ()
Severe 0(0) 2(1)
Hepatocyte siderosis .720
None 92 (12) 88 (53)
Little 0.00 (0) 8 (5)
Moderate 8 (1) 2(1)
Severe 0 (0) 2(1)
Ductular reaction (CK7) Positive 77 (10) 87 (52) .348
Cholestasis (histologically) Positive 0 (0) 32 .793
EpCam™ regenerative cluster Positive 11(1) 29 (17) .262
EpCam™ hepatic stem/progenitor .020
cells (count per 10 field views)
<5 22 (2) 3(2)
5-24 56 (5) 31(18)
25-50 11(1) 48 (28)
>50 11 (1) 19 (11)

NOTE. Data given are % (n). P value: bold < .05.



