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Abstract

SARS-CoV-2 infection is clinically heterogeneous, ranging from asymptomatic to deadly. A few patients with
COVID-19 appear to recover from acute viral infection but nevertheless progress in their disease and eventually
die, despite persistent negativity at molecular tests for SARS-CoV-2 RNA. Here, we performed post-mortem
analyses in 27 consecutive patients who had apparently recovered from COVID-19 but had progressively
worsened in their clinical conditions despite repeated viral negativity in nasopharyngeal swabs or
bronchioalveolar lavage for 11-300 consecutive days (average: 105.5 days). Three of these patients remained
PCR-negative for over 9 months. Post-mortem analysis revealed evidence of diffuse or focal interstitial
pneumonia in 23/27 (819%) patients, accompanied by extensive fibrotic substitution in 13 cases (47%). Despite
apparent virological remission, lung pathology was similar to that observed in acute COVID-19 individuals,
including micro- and macro-vascular thrombosis (67% of cases), vasculitis (24%), squamous metaplasia of
the respiratory epithelium (30%), frequent cytological abnormalities and syncytia (67%), and the presence of
dysmorphic features in the bronchial cartilage (44%). Consistent with molecular test negativity, SARS-CoV-2
antigens were not detected in the respiratory epithelium. In contrast, antibodies against both spike and
nucleocapsid revealed the frequent (70%) infection of bronchial cartilage chondrocytes and para-bronchial
gland epithelial cells. In a few patients (19%), we also detected positivity in vascular pericytes and endothelial
cells. Quantitative RT-PCR amplification in tissue lysates confirmed the presence of viral RNA. Together, these
findings indicate that SARS-CoV-2 infection can persist significantly longer than suggested by standard
PCR-negative tests, with specific infection of specific cell types in the lung. Whether these persistently infected
cells also play a pathogenic role in long COVID remains to be addressed.
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Introduction

Two years after the pandemic, it has now become clear that
SARS-CoV-2 infection can result in highly heterogeneous
disease. COVID-19 ranges from asymptomatic to deadly,
with variable severity according to age, concomitant condi-
tions, and ethnicity [1-3]. Our previous work based on
pathological examination of lungs from COVID-19
patients who succumbed to the disease has shown exten-
sive alveolar damage, thrombosis of both micro- and
macro-vasculature, and long-term persistence of viral
RNA in pneumocytes and endothelial cells [4]. In almost
90% of patients, we detected a large number of dysmorphic

pneumocytes, forming syncytial elements as a conse-
quence of the fusogenic activity of the SARS-CoV-2 spike
protein [5].

The course of sign and symptom resolution in cases with
moderate or severe disease who recover from the acute
phase appears equally variegate. Recovery is prompt and
relatively fast in most patients. A recent histopathological
examination of elective lung resections to analyse the
changes in these COVID-19 survivors identified no differ-
ences between the lung parenchyma of these patients to that
of controls, in contrast to the acutely infected cases [6]. Epi-
demiological studies, however, indicate that over one third
of patients do not recover completely at 14-21 days post-
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infection, and some of them remain symptomatic for sev-
eral months [7-10]. Most patients affected by post-COVID
syndrome (commonly called ‘long COVID’) become
PCR-negative, indicating apparent elimination of the virus.

Here, we focus our attention on a third category of
patients, who apparently clear the virus but nevertheless
progress into their disease and eventually die. We analysed
a cohort of consecutive patients who resulted negative at
SARS-CoV-2 PCR tests for up to 300 days after remission
from acute infection, despite progressive worsening of their
clinical status and eventual death. The aim of this study was
to study the pathological correlates of this condition, includ-
ing the possible persistence of viral infection. Post-mortem
analyses of these patients revealed the frequent, long-term
presence of virus-infected cells in specific lung structures,
including bronchial glands and cartilage. Thus, the progres-
sive worsening of clinical conditions in apparently
PCR-negative patients after COVID-19 is often associated
with the persistent infection of specific cell types in the lung.

Materials and methods

Case cohort

Post-mortem analysis was performed at the Pathology
Unit of the University Hospital and School of

Medicine in Trieste, Italy. Since the beginning of the
pandemic in early 2020, the Pathology Unit has
performed over 800 full body autopsies in COVID-19
patients, including analysis of lung, brain, heart, and
kidney tissues. The same pathologist (RB) analysed
all cases in this study, thus excluding operator-
dependent biases. Clinical data, including age, gender,
known co-morbidities, and therapies, were collected
and are shown in Table 1 and supplementary material,
Table S1.

Diagnostic PCR test

Combined oropharyngeal and nasopharyngeal swabs
were collected for RNA extraction, followed by
SARS-CoV-2 genome quantitative real-time PCR
quantification using the Liferiver Novel Coronavirus
(2019-nCoV) Real Time Multiplex RT-PCR Kit
(#2J0010; Liferiver Bio-Tech, San Diego, CA,
USA). This assay measures simultaneously three tar-
get genes in a single tube: SARS-CoV-2 gene E,
gene N, and gene ORFlab, and it includes a positive
control and an internal control, quoting an analytical
sensitivity of 1 x 10 copies/ml for both combined
oropharyngeal and nasopharyngeal swabs and
bronchioalveolar lavage.

Table 1. Selected clinical and histopathological features of the former COVID-19 patients reported in this study.

Patient code Age  Sex Duration Time between Pneumonia Fibrosis Cartilage Syncytia SARS- SARS-CoV-

of PCR last negative PCR score (0 score (0 alterations CoV-2 2 Orf1ab
positivity test and to 5) to 4) (IHC (number of

(days) death (days) Spike/N) copies)

AUT. 256.20 89 F 9 11 4* 1 + +++ -

AUT. 314.20 89 F 37 16 4* 1 + - -

AUT. 327.20 75 F 5 43 4* 2 + - -

AUT. 448.20 72 M 25 81 3 1 + + 181.2

AUT. 560.20 71 M 31 164" 5* 5 Severe + - 518.3

AUT. 614.20 79 M 16 155 3 1 + - -

AUT. 650.20 82 F 32 110 1 2 +

AUT. 692.20 86 F 25 186 2% 1 ++

AUT. 780.20 61 F 53 197 3" 2 Moderate + +++ -

AUT. 830.20 77 F 67 216 3 2 Severe + ++ 220

AUT. 831.20 91 F 24 201 2 2 Mild + 48.2

AUT. 809.20 80 M 15 16 3 3 + - 19.7

AUT. 823.20 73 F 25 10 3 2 + ++

AUT. 850.20 68 M 17 16 5t 4 Moderate + ++

AUT. 857.20 86 M 73 218" 1 2 Mild = 1.9

AUT. 41.21 74 M 10 35" 5t 3 Moderate + +

AUT. 52.21 73 M 13 281 4* 3 Moderate + + -

AUT. 108.21 72 F 12 30" 5* 3 Mild + ++ 5050.8

AUT. 144.21 90 F 83 21 1 2 + - 700.6

AUT. 145.21 62 F 46 18 5t 4 + +++ -

AUT. 165.21 78 M 13 78t 5t 4 Severe + = -

AUT. 183.21 52 F 37 14* 5* 4 Mild + F 2583.6

AUT. 208.21 72 F 14 300" 3* 3 + -

AUT. 223.21 95 M 28 270" 3 2 + +

AUT. 237.21 53 M 9 56" 5" 4 + +

AUT. 299.21 76 M 28 21 5t 4 Mild + +

AUT. 315.21 77 F 15 g4t 2% 3 ++

“Pneumonia as the primary cause of death;
*Molecular test also performed in BAL;
*Pneumonia as a joint cause of death.
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Ethics

This study was approved by the Joint Ethics Committee
of the Regione Friuli Venezia Giulia, Italy (re. 0019072/
P/GEN/ARCS).

Histological analysis

Samples were fixed in 10% formalin for at least 50 h and
then embedded in paraffin. One-micrometre sections
were deparaffinised in xylene, rehydrated, and processed
for haematoxylin and eosin or immunohistochemical
staining.

The severity of pneumonia was defined according
to the following scores (from O to 5): 0, absence of
inflammation; 1, interstitial oedema, exudative alveolar
damage; 2, same as 1 plus mild alveolar epithelial exfo-
liative damage with mild interstitial or alveolar inflam-
mation; 3, diffuse exfoliative alveolar damage, foci of
endothelialitis and endothelial necrosis, interstitial
inflammation, occasional vasculitis; 4, marked intersti-
tial, alveolar, and perivascular inflammation, necrotic
exfoliation of alveolar epithelium and vascular endothe-
lium, reactive pneumocyte hyperplasia, presence of
endoalveolar macrophages, microvascular damage; and
5, same as 4 but extended to all analysed samples,
reduced functional lung parenchyma, stage II or III acute
respiratory distress syndrome (ARDS), with possible
bacterial or fungal superinfections.

The extent of lung fibrosis was defined according to
the following scores (from O to 4): 0, absence of fibrosis;
1, occasional foci of recent, poorly structured interstitial
fibrosis; 2, small foci of recent, poorly structured fibrosis
together with areas of more structured, matured (hyalin)
fibrosis; 3, multifocal unstructured and hyalin fibrosis,
often endoalveolar; and 4, large areas of polychronic
fibrosis with disorganisation of the interstitial space
and the alveolar structures.

Cartilage alterations were classified as mild (structural
modifications of chondrocytes), moderate (abnormal
chondrocytes, with perinuclear halos and altered intra-
cellular organisation), or severe (important morphologi-
cal alterations of chondrocytes, with signs of structural
disorganisation and necrosis).

Immunohistochemistry

Antigen retrieval was performed in boiling sodium citrate
solution (0.01 M, pH 6.0; 0.05% Tween-20) for 20 min.
Sections were allowed to cool and permeabilised for
10 min in 1% Triton X-100 in PBS. Prior to blocking for
the primary antibody, endogenous biotin was suppressed
using the Endogenous Biotin-Blocking Kit (E21390;
Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions. Samples were then
blocked in 2% BSA (Roche, Burlington, MA, USA) and
incubated overnight at 4 °C with the following primary
antibodies diluted in blocking solution: SARS-CoV-2
spike protein (GTX632604 [1A9]; Genentech, South San
Francisco, CA,USA; 1:250[11,12]), SARS-CoV-2nucle-
ocapsid protein (40143-R001; Sino Biological, Wayne,

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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PA, USA; 1:150 [13]), ACE2 (ab15348; Abcam, Cam-
bridge, MA, USA), and TMEMI6F (HPA038958;
Sigma-Aldrich, St Louis, MO, USA). After endogenous
peroxidase inhibition with 3% H,O, for 10 min at room
temperature, sections were incubated with the appropriate
biotin-conjugated secondary antibody for 1 h at room
temperature.

Following signal amplification with avidin—
biotin-complex—HRP (Vectastain; Vector Laboratories,
Burlingame, CA, USA), DAB solution (Vector Laborato-
ries) was applied for 2-3 min. Haematoxylin (Bioptica,
Cambridge, UK) was further used to stain nuclei and
Bluing reagent was used on a Ventana (Roche) automated
staining system. Images were acquired using a Leica
ICCS50W light microscope (Leica Microsystems, Wetzlar,
Germany).

Post-mortem analysis of PCR-positive, COVID-19
patients and pre-2019 negative controls to ensure speci-
ficity has previously been demonstrated [4, 5].

RNA extraction and RT-qPCR detection of SARS-
CoV-2 RNA

Post-mortem sample collection dates back to late
2020—early 2021 when the prevalent circulating variant
was B.1.617.2 (Delta), with no known diffusion of other
variants, and before the vaccination campaign took off in
Italy — none of the patients in this study were vaccinated.
The presence of SARS-CoV-2 RNA was detected by
RT-gPCR in formaldehyde-fixed, paraffin-embedded
tissues. RNA extraction was performed from 8 pm
sections which were first deparaffinised twice using
I ml of xylene and centrifuged at 12,000 x g for
5 min. Then samples were washed twice with 1 ml of
absolute ethanol and centrifuged at 12,000 x g for
5 min. Tissues were then digested with tissue lysis buffer
[20 mMm Tris—HCI (pH 8.0), 1 mm CaCl,, 0.1% sodium
dodecyl sulphate, and 200 pg/ml proteinase K] and incu-
bated at 50 °C overnight under constant shaking
(1,500 rpm, Eppendorf ThermoMixer; Eppendorf AG,
Hamburg, Germany). Next, RNA extraction was
performed with 1 ml of Trizol (Invitrogen, brand of
Thermo Fisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions.

The quality of total RNA was assessed by measuring
the expression of GAPDH by qRT-PCR. A GAPDH Ct
value <35 was considered acceptable. First, cDNA was
synthesised using 2 pg of total RNA using the Thermo
Scientific First Strand ¢cDNA Synthesis Kit (Thermo
Fisher Scientific), following the manufacturer’s instruc-
tions. Samples were then diluted 1:4 and qRT-PCR
was performed using the GoTaq® qPCR Master Mix
Kit (Promega, Madison, WI, USA) in a CFX96 Touch
Real-Time PCR Detection System (Bio-Rad, Hercules,
CA, USA). A known positive formaldehyde-fixed,
paraffin-embedded sample, which was subjected to the
same RNA extraction procedure, was used as a positive
control. Of note, post-mortem sample collection could only
be performed 24-48 h after death, which could have
resulted in RNA degradation in some of the samples.

J Pathol 2023; 259: 254-263
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The detection of SARS-CoV-2 was performed using
the Luna Universal Probe One-Step RT-qPCR Kit
(New England Biolabs, Ipswich, MA, USA) using
primers and probes (Eurofins Genomics, Ebersberg,
Germany) for N and ORF1ab genes that have previously
been reported [14].

Results

We performed post-mortem analyses in 27 consecutive
patients who died at the University Hospital in
Trieste (Italy) with the characteristics of having had
recent SARS-CoV-2 infection followed by apparent
virological remission for at least 10 days. The enrolment
period was from 1 April 2020 to 31 January 2021. The
main features of these patients are reported in Table 1.
The average age of this population was 76.4 years;
56% were females. All individuals had a history of
COVID-19 infection with different severities, with a first
period of PCR-positive swab tests for 5-83 consecutive
days (mean: 28.2 days) followed by a period of apparent
clearance from infection lasting from 11 to 300 consecu-
tive days (average: 105.5 days) before death. A PCR test
was performed every 3 days on all hospitalised patients.
During this apparent remission, multiple nasopharyn-
geal swabs or bronchioalveolar lavage RT-PCR tests
were consistently negative for viral RNA.

Three of these patients remained PCR-negative for
over 9 months and had at least ten tests performed in this
period. Despite this apparent SARS-CoV-2 negativity,
all of these patients either progressed in their pulmonary
disease or required hospitalisation for other causes and
eventually died. Clinically, pneumonia was either the
single or the joint primary cause of death in most cases
(22/27, 81.5%). Additional information on the clinical
history and medications taken during hospitalisation is
reported in supplementary material, Table S1. Only
patients in the ICU were administered corticosteroids.
There was no apparent correlation between any of the
drugs administered and viral persistence.

Post-mortem analysis of PCR-negative, former
COVID-19 patients

For each patient, we studied at least ten different paren-
chymal samples from each lung, plus an additional four
samples in proximity to the pulmonary hilum, to include
the bronchial cartilage. Each of the patients had an aver-
age of 24 independent specimens investigated. For each
sample, two inclusions were selected and from each of
these inclusions, at least ten sections were prepared (over
600 sections in total).

All patients but five (81%) had histological evidence
of diffuse or focal interstitial pneumonia, also in accor-
dance with the clinical information. Pneumonia was
staged as severe in 13 (48%) cases and was considered
the final cause of death. This included two of the three
cases that tested PCR-negative for over 9 months.
Pneumonia was characterised by diffuse alveolar damage

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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and immune cell infiltration, and was accompanied by
extensive fibrotic substitution in 13 cases (48%; fibrotic
score > 3) (see Figure 1A for representative images in dif-
ferent patients). As for acute COVID-19 disease [15-20],
thrombosis of the micro- and macro-vasculature was a
common finding (18/27 patients, 67%). Thrombi showed
different stages of organisation, with some thrombi still
infiltrated by inflammatory cells and others in an
advanced, fibrotic stage (Figure 1B). Inflamed vessels
showing a perivascular lymphocyte cap, compatible with
an ongoing vasculitis [21,22], were observed in 10/41
patients (24%); this often occurred in thrombotic ves-
sels (Figure 1C). Cytological abnormalities were also
detectable in all cases. These included squamous meta-
plasia of the respiratory epithelium (8/27; 30% cases;
Figure 1D) and the presence of dysmorphic cells with
multiple nuclei (Figure 1E). These syncytial cells were
present in 18/27 (67%) patients and are one of the hall-
marks of COVID-19 lung pathology [4] as a conse-
quence of the fusogenic activity of the SARS-CoV-2
spike protein [5]. Additional images from one of these
patients, including immunoreactivity of perivascular
cells in vasculitis, are shown in supplementary mate-
rial, Figure S1. Overall, the lung pathology of these
patients was not significantly different from
that observed in patients succumbing to acute viral
infection [4], in spite of the apparent, long-term viro-
logical remission.

One common characteristic of these former
COVID-19 patients in apparent remission was the
presence of dysmorphic features in the bronchial car-
tilage. These were present in 12/27 patients (44%)
with variable penetrance (Table 1). Dystrophic carti-
lage showed a fibrous-hyaline degeneration of the tra-
cheal rings, together with multiple pyknotic nuclei,
consistent with necrobiosis of chondrocytes (shown
in Figure 2 for patients 830.20, 831.20, 41.21,
560.20, and 850.20 at different magnifications; a nor-
mal cartilage sample from an individual who died in
the same period for other causes is shown in the top-
left panel).

Collectively, these findings reveal that most patients
with previous COVID-19 who progressively deterio-
rated in their clinical status despite apparent molecular
negativity to SARS-CoV-2 still show features of acute
viral infection, including lung thrombosis, vasculitis,
and the presence of abnormal syncytial cells (recently
reviewed in [23]), in addition to cartilage dystrophy.
This prompted us to investigate whether these patholog-
ical alterations could indeed be consequent to
undetected, but persisting, viral infection.

Persistence of viral infection in defined lung districts

We investigated the presence of virus-infected cells
using two antibodies that specifically detect the spike
and nucleocapsid (N) proteins of SARS-CoV-2 by
immunohistochemistry (IHC). We have optimised IHC
with these antibodies previously [4,5]. Supplementary
material, Figure S2 shows the absence of positive
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A DAD and fibrosis

Patient: 850.20
AR .

I

E Syncytia

D Squamous metaplasia
i Patient: 850.20

Patient: 560.20
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L, B

R Bussani et al

Patient: 183.21

C Vasculitis
_Patien 1692.20
L) S5

Figure 1. Lung pathology in former COVID-19 patients. Haematoxylin and eosin (H&E) staining showing characteristic pathological features
of previous COVID patients (patient's code is at the top of each panel). Scale bars in all panels: 100 pm. (A) Diffuse alveolar damage (DAD) and
parenchymal fibrosis. The pictures, taken from three different patients, show massive alveolar inflammation with almost complete occlusion
of the alveolar lumen; delamination of pneumocytes, which appear grossly damaged and dystrophic; endoalveolar fibrin deposition; and
fibrosis of the inter-alveolar septa, which is massive in patient 183.21. (B) Thrombosis of a medium- (left) and small- (right) sized artery.
The thrombotic artery on the left is surrounded by hyalin fibrotic tissue and flanked by congested small vessels. Thrombi are in different stages
of organisation. (C) Perivascular inflammatory cap in a small thrombotic vessel. (D) Squamous metaplasia (pseudosyncytia) of the respiratory
epithelium. Massive defoliation of the metaplasic alveolar cells, only a few of which maintain a cylindrical ciliated appearance. Massive con-
gestion of the surrounding small vessels. (E) Presence of syncytial cells in two patients. In the upper panel, the syncytium is in the context of a

delaminated alveolar structure and in proximity to an arteriole with a thickened wall and exfoliated endothelium.

cells in lung samples from patients who died of
COVID-19-unrelated conditions. In none of the patients
from our cohort did we find the presence of spike- or
nucleocapsid-expressing cells in the respiratory epithe-
lium (supplementary material, Figure S3). This is consis-
tent with the absence of SARS-CoV-2 RNA by RT-PCR
in the diagnostic tests, including bronchoalveolar
lavage. However, we detected virus-infected cells in spe-
cific lung districts in 19/27 (70%) cases. In particular,
several chondrocytes were clearly positive for the
expression of both spike and nucleocapsid antigens in
the bronchial cartilage (representative images at two

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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magnifications are shown in Figure 3A, left and right
panels, respectively), with most of the chondrocytes
showing dysmorphic features.

We also observed clear presence of virus-positive cells in
para-bronchial glands (shown at two magnifications in
Figure 3B), often in proximity to infected cartilage. Addi-
tional evidence of infection of both chondrocytes and
para-bronchial cells for additional patients is shown in sup-
plementary material, Figure S4A and S4B, respectively.
Syncytial cells also scored positive for the expression of
spike (supplementary material, Figure S4C). In a minority
of patients (5/27; 18.5%), we also detected sporadic spike

J Pathol 2023; 259: 254-263
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Figure 2. Histology of bronchial cartilage. Haematoxylin and eosin (H&E) staining is shown for five previous COVID-19 patients and one nor-
mal control who died from non-COVID pneumonia. In previous COVID-19 patients, chondrocytes appear randomly clustered. Several cells
show marked basophilic degeneration, with increased size, dysmorphic nuclear structure, and peripheral halos. In several instances, the

chondrocytes have become anucleated. Scale bars: 100 pm.

positivity in the vascular wall, in both pericytes and endo-
thelial cells (supplementary material, Figure S4D).

We then analysed serial sections to assess whether
spike and nucleocapsid proteins were localised in the
same cells or anatomical structures. Figure 4 shows serial
sections of a para-bronchial region in patients 560.20 and
183.21, stained with both anti-spike and anti-nucleocapsid
antibodies. A similar pattern of positivity was detected for
these antigens in both chondrocytes and mucosal acinar
gland cells (Figure 4A and 4B, respectively). In patient
560.20, we detected fibrous-hyaline degeneration of the
tracheal rings, with multiple pyknotic and dystrophic,
virus-positive cells. The same serial sections were also
stained for the ACE2 viral receptor and the TMEM 16F
Ca®* activated scramblase, which our work has shown
to be activated by SARS-CoV-2 spike [5]. Both proteins
were found to be expressed by both chondrocytes and
mucous bronchial gland cells. This observation is consis-
tent with the conclusion that SARS-CoV-2 directly infects
and exerts pathological effects in these cells. SARS-
CoV-2 infection [24,25] and the presence of dystrophic
alterations [4] in bronchial tissue were also reported
previously in patients who died of acute COVID-19. Pos-
itivity for both spike and nucleocapsid in patients with
molecularly positive COVID-19 is also shown in four
patients from our Centre in supplementary material,
Figure S5.

Finally, for 17 of the patients in our cohort, we could suc-
cessfully extract RN A from formalin-fixed, paraffin-embed-
ded blocks and test it for the presence of viral RNA by
quantitative RT-PCR by pooling ten sections from at least

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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five specimens per patient. We used two different primer
and probe sets, one specific for the SARS-CoV-2 nucleo-
capsid and the other for the ORFlab genes (see Materials
and methods). The number of positive samples for at least
one amplicon was 9/17 (53%), of which five were positive
for both amplicons. The detected viral RNA copy number
for ORF1ab, which was the most sensitive assay, is reported
in Table 1.

Discussion

Here, we analysed a cohort of patients who seemingly
recovered from SARS-CoV-2 infection, as concluded
from multiple negative PCR tests on both nasopharyngeal
swabs and bronchoalveolar lavage protracting for up to
300 days, but who still clinically deteriorated and eventu-
ally died. In most of these cases, pneumonia was the pri-
mary or co-primary cause of death, a finding that was
confirmed by pathology examination of the lungs.
Our work shows that these patients, despite the apparent
molecular negativity, still harboured virus-infected cells
in their lungs, particularly in the para-bronchial glands
and in the bronchial cartilage. This is consistent with the
conclusion that these patients had never cleared
the infection. The absence of SARS-CoV-2 infection in
the respiratory epithelium possibly explains the apparent
negativity of these patients to PCR tests performed on
bronchoalveolar lavage. These results highlight the rele-
vance of post-mortem pathology examination as a crucial
diagnostic tool [26-28].
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Figure 3. Immunohistochemistry (IHC) for SARS-CoV-2 spike and nucleocapsid (N) antigens. (A) Evidence of SARS-CoV-2 infection in bron-
chial cartilage chondrocytes. For each of the patients (indicated at the top of each pair of pictures), low- and high-magnification pictures are
shown; the magnified area is indicated by a dashed box. Most of the positive chondrocytes (in dark brown) show dysmorphic features. Scale
bars in all panels: 100 um. (B) Same as in panel A for the area surrounding the bronchial structures. Several mucosal glands proximal to the
bronchial cartilage were positive for both spike and N antigens.

What is the nature of the virus in the lungs of these  para-bronchial glands and bronchial chondrocytes, with
individuals who died long after their last PCR-positive ~ sporadic presence of virus-infected cells in the vascular
test? Infection appears to be essentially restricted to  wall of medium-sized or large pulmonary arteries, in
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Figure 4. Serial sections of cartilage (A) and the peri-bronchial area (B) of two former COVID-19 patients. Serial sections (from top to bottom,
arrow) from the same paraffin block were stained with antibodies against spike, N, ACE2, and TMEM16F, as indicated on the left of each pic-
ture. Representative pictures of cartilage and peri-bronchial glands (panels A and B, respectively) are shown. For each picture, low- and high-
magnification images are shown; the magnified area is indicated by a dashed box. In most cases, positivity for immunodetection by all four
antibodies (brown cells) was in superimposable regions. Scale bars: 100 pm.

which clusters of either endothelial cells or mural cells
seem to be infected, as shown by the expression of both
the spike and the nucleocapsid antigens. Current evi-
dence indicates that the production of significant levels
of infectious virus does not necessarily follow the per-
sistence of cells harbouring viral genomes [29,30].
The lack of infectious virus isolation has been explained
by the presence of fragments of the virus RNA and/or
the production of defective viral particles [31]. How-
ever, irrespective of whether infection is productive or
not in terms of new viral particle generation, the virus
that we detect in these patients is translationally active,
as it generates spike and N antigens that can be detected
by antibody-based techniques. Thus, the persistence of
these virus-infected cells can induce pathology itself,
and also prolong abnormal stimulation of immune

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

reactivity. In particular, the presence of the spike protein
on the cell surface could have pathogenic relevance.
Our previous work has shown that spike activates
the cellular Ca2+-dependent chloride channel and
scramblase TMEM 16F, thus promoting the externalisa-
tion of phosphatidylserine (PS) onto the outer leaflet of
the cell plasma membrane and favouring cell—cell
fusion [5]. PS externalisation is an important signal for
monocyte/macrophage activation (reviewed in [32])
and is essential for the pro-coagulant phase of platelet
activation. In platelets, activated TMEM16F itself pro-
motes lipid scrambling [33,34], and externalised PS
serves as an anchoring site for the assembly of the
tenase and prothrombinase complex, which jointly
enhance the rate of thrombin generation by several
orders of magnitude [35]. Our more recent work indeed

J Pathol 2023; 259: 254-263
www.thejournalofpathology.com

ASUAII SUOWIO)) dANLdI)) d[qeardde ay) Aq PaUISA0S 18 SA[OIE V() SN JO SI[NI J0J A1eIqI] SUIUQ) AJ[IA| UO (SUOHIPUOI-PUB-SULID} OO A[IM"AIRIqI[aul[uo//:sd}Y) SUOIIPUO)) pue SWId ], 3y} S “[€207/€0/10] U0 AIeIqIT duruQ AS[IAN DISALLL I BISIDATUN AQ S€09°UIed/Z001 0 /10p/Wwod" AaimAreiqaur[uoy/:sdiy woij papeojumo(] ‘¢ ‘€70T ‘96869601



262

shows that cells expressing spike on their surface can
directly activate TMEMIG6F in platelets and promote
a pro-coagulant phenotype (bioRxiv doi: 10.1101/
2021.12.14.472668). Finally, spike-expressing cells
also impair the lymphocyte response by inducing fusion
of these cells with SARS-CoV-2-infected cells [36].
Thus, the prolonged presence of virus-infected cells in
these patients could maintain a pro-inflammatory and
pro-thrombogenic status, independent of viral shedding,
which might have resulted in the progressive deteriora-
tion of lung function and death. Our observations
indeed indicate that lung pathology in these patients
was essentially no different from that of acutely infected
COVID-19 cases.

An important question is to understand whether our
findings might have relevance in explaining the persisting
symptomatology of individuals with the long COVID
syndrome, which consists in either continuous or relaps-
ing and remitting COVID-19 symptoms in PCR-negative
subjects [37-40]. Persistent symptoms in long COVID
patients have been variously attributed to organ damage,
chronic inflammation, autoimmunity, or co-morbidities
exacerbated by intervening SARS-CoV-2 infection
[41]. Lack of complete clearance of viral infection at
>100 days from apparent molecular remission has
been documented in the transplanted lungs from an
individual who otherwise scored negative to standard
PCR tests [42] and in at least another case of an infec-
tious lung transplant in an otherwise PCR-negative
donor [43].

There are a few limitations in our study. Given our
relatively small sample size, we are not able to identify
what are the clinical characteristics of those patients in
whom viral clearance had not occurred. Viral persis-
tence does not seem to correlate with the severity of
the prior COVID-19 disease or its duration before the
patients became apparently negative, but this will
require broader investigation. In situ hybridisation
(ISH) for viral RNA would have strengthened our con-
clusions. However, we found that the post-mortem
samples that we had available were of low quality for
ISH, with suboptimal RNA preservation (this could
also explain the quantitative variation in RNA levels
that we measured by qRT-PCR).

Despite these limitations, our findings indicate that
SARS-CoV-2 infection can persist significantly longer
than suggested by PCR-negative tests on nasopharyn-
geal swabs or bronchoalveolar lavage fluids. Whether
the persisting infected cells have a pathogenic role in
explaining the sequelae of infection in long COVID
remains an outstanding question, which deserves further
investigation.

Acknowledgements

This work was supported by Grant FISR2020IP_01574
from the FISR Programme of the Ministero della Salute,
Government of Italy and by a King’s Together Rapid

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

R Bussani et al

COVID-19 Call grant from King’s College London.
MG is supported by the European Research Council
(ERC) (Advanced Grant 787971), the British Heart
Foundation (RG/19/11/34633), and the European
Commission Horizon 2020 grants 825670 and 874764.
We wish to thank Giacomo Molinari, Katia Di Vito,
Sonia De Luca, Marzia Pavlovich, Paola Suligoi, Ida
Rosano, Gabriella Slatich, and Lorena Ulcigrai for
excellent technical support in autopsies, histology, and
immunohistochemistry.

Author contributions statement

RB performed the post-mortem study and histological
analysis, and supervised the study. LZ supervised
molecular studies. RC and AC performed RT-PCR anal-
ysis. FS analysed histology. SZ supervised the study. CC
performed immunohistochemistry and supervised the
study. MG supervised the study and wrote the manu-
script. All the authors approved the final version of the
manuscript.

Data availability statement

De-identified patient data collected for the study will be
made available by writing to MG (mauro.giacca@Xkcl.
ac.uk) or RB (bussani @units.it).

References

1. Wu Z, McGoogan JM. Characteristics of and important lessons from
the coronavirus disease 2019 (COVID-19) outbreak in China: sum-
mary of a report of 72 314 cases from the Chinese Center for Disease
Control and Prevention. JAMA 2020; 323: 1239-1242.

2. Inciardi RM, Adamo M, Lupi L, et al. Characteristics and outcomes of
patients hospitalized for COVID-19 and cardiac disease in Northern
Italy. Eur Heart J 2020; 41: 1821-1829.

3. Richardson S, Hirsch JS, Narasimhan M, et al. Presenting characteris-
tics, comorbidities, and outcomes among 5700 patients hospitalized
with COVID-19 in the New York City area. JAMA 2020; 323:
2052-2059.

4. Bussani R, Schneider E, Zentilin L, et al. Persistence of viral RNA,
pneumocyte syncytia and thrombosis are hallmarks of advanced
COVID-19 pathology. EBioMedicine 2020; 61: 103104.

5. Braga L, Ali H, Secco I, et al. Drugs that inhibit TMEM16 proteins
block SARS-CoV-2 spike-induced syncytia. Nature 2021; 594: 88-93.

6. Diaz A, Bujnowski D, McMullen P, et al. Pulmonary parenchymal
changes in COVID-19 survivors. Ann Thorac Surg 2022; 114:
301-310.

7. Honigsbaum M, Krishnan L. Taking pandemic sequelae seriously:
from the Russian influenza to COVID-19 long-haulers. Lancet
2020; 396: 1389-1391.

8. Carfi A, Bernabei R, Landi F, et al. Persistent symptoms in patients
after acute COVID-19. JAMA 2020; 324: 603-605.

9. Rubin R. As their numbers grow, COVID-19 “long haulers” stump
experts. JAMA 2020; 324: 1381-1383.

10. Weerahandi H, Hochman KA, Simon E, et al. Post-discharge health
status and symptoms in patients with severe COVID-19. J Gen
Intern Med 2021; 36: 738-745.

J Pathol 2023; 259: 254-263
www.thejournalofpathology.com

ASUAII SUOWIO)) dANLdI)) d[qeardde ay) Aq PaUISA0S 18 SA[OIE V() SN JO SI[NI J0J A1eIqI] SUIUQ) AJ[IA| UO (SUOHIPUOI-PUB-SULID} OO A[IM"AIRIqI[aul[uo//:sd}Y) SUOIIPUO)) pue SWId ], 3y} S “[€207/€0/10] U0 AIeIqIT duruQ AS[IAN DISALLL I BISIDATUN AQ S€09°UIed/Z001 0 /10p/Wwod" AaimAreiqaur[uoy/:sdiy woij papeojumo(] ‘¢ ‘€70T ‘96869601



Persistent SARS-CoV-2 infection leading to lethal disease

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Zheng Z, Monteil VM, Maurer-Stroh S, e al. Monoclonal antibodies
for the S2 subunit of spike of SARS-CoV-1 cross-react with the
newly-emerged SARS-CoV-2. Euro Surveill 2020; 25: 2000291.
Szabolcs M, Sauter JL, Frosina D, et al. Identification of immunohisto-
chemical reagents for in situ protein expression analysis of coronavirus-
associated changes in human tissues. Appl Immunohistochem Mol
Morphol 2021; 29: 5-12.

. Sauter JL, Baine MK, Butnor KJ, et al. Insights into pathogenesis of

fatal COVID-19 pneumonia from histopathology with immunohisto-
chemical and viral RNA studies. Histopathology 2020; 77: 915-925.
Corman VM, Landt O, Kaiser M, et al. Detection of 2019 novel coro-
navirus (2019-nCoV) by real-time RT-PCR. Euro Surveill 2020; 25:
2000045.

Lax SF, Skok K, Zechner P, et al. Pulmonary arterial thrombosis in
COVID-19 with fatal outcome: results from a prospective, single-cen-
ter, clinicopathologic case series. Ann Intern Med 2020; 173: 350-361.
Xiong X, Chi J, Gao Q. Prevalence and risk factors of thrombotic
events on patients with COVID-19: a systematic review and meta-
analysis. Thromb J 2021; 19: 32.

Jenner WJ, Gorog DA. Incidence of thrombotic complications in
COVID-19: on behalf of ICODE: the International COVID-19
Thrombosis Biomarkers Colloquium. J Thromb Thrombolysis 2021;
52: 999-1006.

Zhang L, Yan X, Fan Q, et al. D-dimer levels on admission to predict
in-hospital mortality in patients with Covid-19. J Thromb Haemost
2020; 18: 1324-1329.

Lippi G, Favaloro EJ. D-dimer is associated with severity of corona-
virus disease 2019: a pooled analysis. Thromb Haemost 2020; 120:
876-878.

Chaudhary R, Garg J, Houghton DE, et al. Thromboinflammatory
biomarkers in COVID-19: systematic review and meta-analysis of
17,052 patients. Mayo Clin Proc Innov Qual Outcomes 2021; 5:
388-402.

Varga Z, Flammer AJ, Steiger P, et al. Endothelial cell infection and
endotheliitis in COVID-19. Lancet 2020; 395: 1417-1418.
Ackermann M, Verleden SE, Kuehnel M, et al. Pulmonary vascular
endothelialitis, thrombosis, and angiogenesis in Covid-19. N Engl J
Med 2020; 383: 120-128.

Giacca M, Shah AM. The pathological maelstrom of COVID-19 and
cardiovascular disease. Nat Cardiovasc Res 2022; 1: 200-210.
Schaefer IM, Padera RF, Solomon IH, et al. In situ detection of
SARS-CoV-2 in lungs and airways of patients with COVID-19.
Mod Pathol 2020; 33: 2104-2114.

Skok K, Stelzl E, Trauner M, et al. Post-mortem viral dynamics and
tropism in COVID-19 patients in correlation with organ damage.
Virchows Arch 2021; 478: 343-353.

De Cock KM, Zielinski-Gutiérrez E, Lucas SB. Learning from the
dead. N Engl J Med 2019; 381: 1889-1891.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

263

Sessa F, Salerno M, Pomara C. Autopsy tool in unknown diseases: the
experience with coronaviruses (SARS-CoV, MERS-CoV, SARS-
CoV-2). Medicina (Kaunas) 2021; 57: 309.

Sessa F, Bertozzi G, Cipolloni L, ez al. Clinical-forensic autopsy find-
ings to defeat COVID-19 disease: a literature review. J Clin Med
20205 9: 2026.

Bullard J, Dust K, Funk D, et al. Predicting infectious severe acute
respiratory syndrome coronavirus 2 from diagnostic samples. Clin
Infect Dis 2020; 71: 2663-2666.

Owusu D, Pomeroy MA, Lewis NM, et al. Persistent SARS-CoV-2
RNA shedding without evidence of infectiousness: a cohort study of
individuals with COVID-19. J Infect Dis 2021; 224: 1362-1371.
Lee PH, Tay WC, Sutjipto S, et al. Associations of viral ribonucleic
acid (RNA) shedding patterns with clinical illness and immune
responses in Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2) infection. Clin Transl Immunology 2020; 9: 1160.
Lemke G. How macrophages deal with death. Nat Rev Immunol 2019;
19: 539-549.

Yang H, Kim A, David T, et al. TMEMI16F forms a Ca’*-activated
cation channel required for lipid scrambling in platelets during blood
coagulation. Cell 2012; 151: 111-122.

Baig AA, Haining EJ, Geuss E, et al. TMEM16F-mediated platelet
membrane phospholipid scrambling is critical for hemostasis and
thrombosis but not thromboinflammation in mice — brief report.
Arterioscler Thromb Vasc Biol 2016; 36: 2152-2157.

Lhermusier T, Chap H, Payrastre B. Platelet membrane phospholipid
asymmetry: from the characterization of a scramblase activity to the
identification of an essential protein mutated in Scott syndrome.
J Thromb Haemost 2011; 9: 1883-1891.

Zhang Z, Zheng Y, Niu Z, et al. SARS-CoV-2 spike protein dictates
syncytium-mediated lymphocyte elimination. Cell Death Differ
2021; 28: 2765-2777.

Nabavi N. Long covid: how to define it and how to manage it. BMJ
2020; 370: m3489.

Garg P, Arora U, Kumar A, et al. The “post-COVID” syndrome: how
deep is the damage? J Med Virol 2021; 93: 673-674.

Greenhalgh T, Knight M, A’Court C, ef al. Management of post-acute
covid-19 in primary care. BMJ 2020; 370: m3026.

Raveendran AV. Long COVID-19: challenges in the diagnosis and pro-
posed diagnostic criteria. Diabetes Metab Syndr 2021; 15: 145-146.
Tay MZ, Poh CM, Rénia L, et al. The trinity of COVID-19: immunity,
inflammation and intervention. Nat Rev Immunol 2020; 20: 363-374.
Ceulemans LJ, Khan M, Yoo SJ, et al. Persistence of SARS-CoV-2
RNA in lung tissue after mild COVID-19. Lancet Respir Med 2021;
9: e78—79.

Kaul DR, Valesano AL, Petrie JG, et al. Donor to recipient transmis-
sion of SARS-CoV-2 by lung transplantation despite negative donor
upper respiratory tract testing. Am J Transplant 2021; 21: 2885-2889.

SUPPLEMENTARY MATERIAL ONLINE

Table S1. Additional characteristics of the former COVID-19 patients reported in this study

Figure S2. Negative controls for immunohistochemistry

Figure S5. Immunohistochemistry in acute COVID-19 patients

Figure S1. Additional lung pathology findings in a former COVID-19 patient

Figure S3. Absence of SARS-CoV-2 infection in the respiratory epithelium of former COVID-19 patients
Figure S4. Additional evidence of SARS-CoV-2 positivity in samples from previous COVID-19 patients

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2023; 259: 254-263
www.thejournalofpathology.com

ASUAII SUOWIO)) dANLdI)) d[qeardde ay) Aq PaUISA0S 18 SA[OIE V() SN JO SI[NI J0J A1eIqI] SUIUQ) AJ[IA| UO (SUOHIPUOI-PUB-SULID} OO A[IM"AIRIqI[aul[uo//:sd}Y) SUOIIPUO)) pue SWId ], 3y} S “[€207/€0/10] U0 AIeIqIT duruQ AS[IAN DISALLL I BISIDATUN AQ S€09°UIed/Z001 0 /10p/Wwod" AaimAreiqaur[uoy/:sdiy woij papeojumo(] ‘¢ ‘€70T ‘96869601



