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Abstract

Objectives. Immunopathology of ongoing COVID-19 global
pandemic is not limited solely to pulmonary tissue, but is often
associated with multi-organ complications, mechanisms of which
are intensely being investigated. In this regard, the interplay
between immune, stromal cells and cytokines in pulmonary and
extrapulmonary infected tissues, especially in young adults
(median age 46 years, range 30-53 years) without comorbidities,
remains poorly characterised. Methods. We profiled lung, heart
and intestinal autopsy samples from five SARS-CoV-2-infected cases
for 18-20 targets to detect immune, cytokine and stromal cell
status at subcellular resolution by a novel IHC-based deep-
phenotyping technique, iSPOT (immunoSpatial histoPhenOmics
using TSA-IHC), to assess spatial and functional patterns of
immune response in situ, in lethal COVID-19 infection. Results.
SARS-CoV-2-infected autopsy samples exhibit skewed counts of
immune populations in all samples with organ-specific
dysfunctions. Lung and ileal tissue reveal altered architecture with
marked loss of tissue integrity, while lung and heart tissue show
severe hyperinflammation marked by elevated TNF-o in heart
tissue and additionally IL-6, IFN-y and IL-10 cytokines in lung
samples. Conclusion. With resurgence of infection in younger
populations, single-cell cytokine localisation in immune and
stromal structures provides important mechanistic insights into
organ-specific immunopathology of naive SARS-CoV-2 infection in
the absence of other comorbidities.

Keywords: COVID-19, immunopathology, in situ spatial
multiplexing, SARS-CoV-2 infection
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INTRODUCTION

From the first detected case of COVID-19 infection
caused by SARS-CoV-2 virus in China in December
2019, this pandemic has claimed > 6 million lives and
continues to pose a global crisis.! While most
infections are mild (81%) exhibiting flu-like symptoms,
a reported 19% of patients experience severe to
critical symptoms, the latter going into respiratory
distress and multi-organ failure.? Vital to lethal
pathogenicity is the ability of SARS-CoV-2 to suppress
host antiviral immune responses® such that infection
elicits short, low-to-no antiviral interferons (IFNs),* or
detrimental delayed response.> Dysregulated host
response potentially leads to a build-up of viral burden
at pulmonary sites of infection activating aberrant
local immune responses, progressing to fulminant
systemic cytokine storm eventually culminating in
multi-organ failure and lethality.?®

A large number of studies have shed light on
systemic immune responses to  SARS-CoV-2
infection, specifically correlates of viral-induced
hyperinflammation from analysis of peripheral blood
as infection progresses from mild to lethality.”®
Elevation in proinflammatory cytokines is a critical
indication of severity and survival prognosis, especially
that in TNF-a, IL-6 and IFN-y.”° Peripheral responses
are, however, distinct from compartment-specific
responses assessed by bronchoalveolar lavage (BAL)
extracts.’®"" While BAL samples serve as proxies of
pulmonary reactions, they under-represent resident
cells within the pulmonary parenchyma.'? These site-
specific responses underscore the importance of
analysing disease correlates in situ to gain a more
accurate understanding of pathology in tissues. To this
end, we analysed autopsy samples from five young
adult COVID-19 fatalities with no prior medical
complications using a novel tyramide signal
amplification (TSA)-IHC-based, deep multiplexing
technique (iSPOT) to detect multiple targets including
stromal cells, immune populations and inflammatory
cytokines in pulmonary and extrapulmonary sites to
characterise immunopathology in situ.

RESULTS

SARS-CoV-2-infected pulmonary tissues
presented altered architecture with marked
hypocellularity

All the patient and sample information is described
in Table 1. A panel of 19 markers was used to
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visualise tissue epithelium, endothelium and
immune populations together with key cytokines,
IL-6, TNF-a, IFN-y and IL-10, implicated in severe
COVID-19 infection (Figure 1a, Supplementary
figure 1). PCA plots showed clear segregation of
infected and uninfected phenotypes (Figure 1b).
Histological examination of SARS-CoV-2 lungs
revealed congested tissues with abundance of
micro- and macrothrombi, diffuse alveolar damage,
extensive hyaline membrane formation, and
vascular and tissue damage in all infected cases
(Figure 1c). Total tissue area was markedly
increased because of membrane hyalinisation with
distinct loss of reticulated lacunae seen in normal
pulmonary tissues (Figure 1d, inset image). Virus-
infected tissues displayed dramatic loss of
cellularity (DAPI" cells) across all cases (Figure 1d)
including alveolar type 2 (AT2) epithelial (E-
cadherin®), endothelial (CD31") and immune
(CD45") compartments (Figure 1e). The density of
CD14 marker expressed by immune, epithelial and
endothelial cells was reduced in infected
pulmonary tissues (Figure 1e). Within the immune
compartment, virus-infected samples presented a
substantial reduction in lymphoid T cells, especially
CD8" cytotoxic T cells (Figure 1f) and myeloid cells
including macrophages (CD45°CD68"), dendritic
cells (DC) (CD45'CD11c¢'CD687) and notably
neutrophils (CD45"CD11b"CD66b")  (Figure 1g).
Taken together, SARS-CoV-2-infected pulmonary
samples presented altered tissue architecture with
marked loss of tissue integrity and hypocellularity
characterised by a substantial reduction in stromal
and immune cell numbers compared with normal
uninfected lung tissue samples.

Detection of high levels of cytokines in
SARS-CoV-2-infected pulmonary tissues

One of the important hallmarks of SARS-CoV-2
infection is elevation in levels of systemic
proinflammatory cytokines. We therefore analysed
in situ localisation and levels of IL-6, IFN-y, TNF-o
and IL-10 in the context of the viral spike protein
and tissue stromal markers by iSPOT. All virus-
infected samples were characterised by elevated
levels of cytokines, with case-specific
predominance. To gain a global perspective of
cytokine levels, a thresholded histomask was built
for each cytokine to compute the total
fluorescence intensity associated with individual
fields of view (Figure 2a, Supplementary figure 1).
While Cases 1 and 2 exhibited high levels of IL-6,
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o Case 3 was dominated by elevated TNF-o and IFN-y.
% We looked at cellular associations and sources of
5 cytokines using Cases 1, 3 and 5 as examples
£ (Figure 2b). Viral spike protein (VSP) was scarce in
_i Cases 1 and 2 and highly abundant in Case 3. VSP
g was associated with macrophages and AT2 cells
" S8 (Cases 1 and 3). All cases presented elevated levels
g 25 of IFN-y, and cells with intracellular IFN-y co-
S G expressed IL-10, possibly as a feedback mechanism
9 to mitigate proinflammatory effects of IFN-y (Cases
55 e 5 g 1, 3 and 5). IFN-y was produced by CD3"
3 g g _ } E lymphocytes (all cases), but interestingly, the bulk
g =8 g Laz é E of the cytokine signal was associated with
tEgg2gs = CD11b"CD11¢" pulmonary macrophages and VSP"
é 253 & E AT2 epithelial cells (Cases 1 and 3). A closer
g2z g r_§ 8 S P examination revealed the presence of CD3
v gg ; g g £E% 7 g remnants in macrophages, indicating possible
S|RE2F8EEES lymphocytic phagocytosis as a mechanism to
control the production of IFN-y. Case 3 presented
o g high numbers of CD45"CD3~ IFN-y" cells, which
Eg 3 could possibly represent NK cells. TNF-o and IL-6
3 S were associated primarily with endothelial and
é % peri-endothelial cells (Case 3), with AT2 cells also
E g producing TNF-a (Case 3). Macrophages potentially
s .| & phagocytosing cellular debris or
m >o| 3 haemophagocytosis were also observed (Case 5). All
4 8 N examined pulmonary tissue samples presented
© v g hyperinflammation with the persistence of viral
et pathogen, indicating sustained immune responses
= a to clear SARS-CoV-2 infection.
E
© P
g 2 SARS-CoV-2-infected cardiac tissues are
= s characterised by elevated proinflammatory
5 , L? cytokines
9 ? gl = Cardiac complications are prevalent in SARS-CoV-2
S 59| 2 infections; however, very few reports have
f characterised cardiac  immunopathology and
Y 3 cytokine levels in situ. An 18-marker panel was used
3 ° to multiplex cardiac autopsy samples (Figure 3a).
3 5 Infected tissues did not present gross architectural
% ; changes compared with control tissues as shown by
= 2 PCA plots (Figure 3b) and bright-field imaging
s | & (Figure 3¢, Supplementary figure 1), nor were there
- ol T any detectable differences in total tissue area and
5”3 é £ Li’ cellular densities (Figure 3d), although
g microthrombi were detected in Cases 1, 3 and 4
3 sl & (Figure 3c). With the exception of Case 4 that
§ . f'fi =) presented extensive infiltration of CD4" lymphocytes
é % 5| 2 and CD11c" dendritic cells, none of the other cases
= %é :z exhibited immune infiltration. A modest but
2 g5| = consistent increase in numbers of vimentin®
e =138 fibroblasts and a decrease in numbers of cardiac
2022 | Vol. 11 | e1384 © 2022 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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Figure 1. Immunopathology of SARS-CoV-2-infected pulmonary tissues. (a) Markers used in multiplexing panel. (b) PCA plot of normal and
infected multiplexed pulmonary tissue samples. (c) Histological presentations in pulmonary tissue. The left panel is a composite of bright-field,
CD45, E-cadherin and DAPI (nuclear) markers. * indicates clots, and - indicates hyaline membranes. Scale bar — 50 um. The right panel is a
composite of bright-field image and CD31 endothelial marker showing examples of fragmented endothelium with breaks. (d) Tissue area and
cellular density normalised to acquired field of view and total tissue area, respectively. Insert is an example of histomask used to compute tissue
area in field of view. (e) Density of stromal components. (f) Density of lymphoid T-cell populations. (g) Density of myeloid cell populations in
normal and infected samples.
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Figure 2. Cytokine profiles in SARS-CoV-2-infected pulmonary tissue. (a) Global cytokine profiles of acquired fields of view. (b) Case analysis of
the localisation of cytokines and VSP (*) in SARS-CoV-2-infected cases. Regions of interest are colour-coded.

macrophages were observed across all SARS-CoV-2-
infected samples (Figure 3e). VSP was detected in
Cases 2 and 4; however, this was not associated with
immune cells. The most striking and consistent
feature of viral pathology in cardiac tissues was the

dramatic elevation in proinflammatory TNF-a levels
accompanied by case-specific elevation in levels of
IL-6, IFN-y and IL-10 (Figure 3f). We describe Cases 2
and 4 as examples of cardiac pathology (Figure 3g).
The bulk of the TNF-a signal was membrane-

© 2022 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
Australian and New Zealand Society for Immunology, Inc.
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Figure 3. Cardiac immunopathology in SARS-CoV-2 infection. (a) Markers used in multiplexing panel. (b) PCA plot of normal and infected
multiplexed cardiac tissues. (c) Histological presentations in cardiac tissue. Composite images of bright-field, CD45, vimentin and DAPI (nuclear)
markers. * indicates thrombi. Scale bar — 50 pm. (d) Tissue area and cellular density normalised to acquired field of view and total tissue area,
respectively. (e) Density of stromal cell populations in normal and infected samples. (f) Global cytokine profiles of acquired fields of view. (g)
Case analysis of localisation of cytokines and VSP (*) in SARS-CoV-2-infected cases.

associated, indicating the possibility of being
brought in through systemic circulation (Cases 2 and
4). Intracellular TNF-o was detected in endothelial
(CD31%) and fibroblasts (Vimentin®) cells (Case 2),
which might serve as potential sources of the
cytokine. IFN-y signal was associated with large cells,
perhaps cardiomyocytes (Case 2, 4) that were VSP"
(Case 2) in addition to CD3" lymphocytes (Cases 2
and 4). The IL-10 signal was generally elevated in
tissues, possibly also swept in through systemic
circulation. IL-6 was detected in Cases 1, 2 and 5
with endothelial cells being the major source of the
cytokine (Case 2). Although Case 4 presented
marked infiltration of CD4" lymphocytes, they were
not IFN-y-producing Th1 cells (Case 4). The infected
cardiac samples presented distorted homeostatic
counts of fibroblasts and macrophages with marked
elevation in cytokine levels, especially TNF-o.

Enteric immunopathology in SARS-CoV-2
infection is associated with loss of germinal
centres

Despite COVID-19 being a pulmonary infection,
gastrointestinal symptoms are reported in some

2022 | Vol. 11 | e1384
Page 6

patients.”®> To better understand gastrointestinal
manifestations, ileal autopsy samples were
multiplexed using a marker panel (Figure 4a). lleal
tissues did not exhibit discernible histopathological
presentations with no segregation of phenotypes in
PCA plots (Figure 4b) or overt disorganisation in
bright-field images (Supplementary figure 1). At the
molecular level, the integrity of E-cadherin® crypt
structures was lost in all infected cases with thrombi
detected in Cases 2 and 4 (Figure 4c). Most cases
exhibited increased numbers of CD3" and CD20"
lymphocytes (Figure 4d) without a consistent trend
across infected cases. VSP was detected in Cases 1 and
5 of Peyer's patches probably taken up by M cells,
with most cases presenting increased numbers of
mononuclear phagocytes (MNP) (CD11c" dendritic
cells and CD68" macrophages) (Figure 4e). No
consistent trends in cytokine profiles were observed,
although the levels were perturbed compared with
uninfected control samples (Figure 4f). A significant
observation consistent across all infected Peyer’s
patches was the poor formation of germinal centres
(GCs) compared with control samples (Figure 4g),
although all infected cases had comparable numbers
of CD20 lymphoid cells.

© 2022 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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Figure 4. Enteric immunopathology in SARS-CoV-2 infection. (a) Markers used in multiplexing panel. (b) PCA plot of normal and infected
multiplexed ileal tissues. (c) Histological presentations in ileal tissue. Composite images of bright-field and E-cadherin markers. * indicates clots,
and - indicates epithelial villi. Scale bar — 50 um. The right panel is a zoomed image of E-cadherin crypts. (d) Immune cell numbers in
intrafollicular Peyer’'s patches. (e) VSP and mononuclear phagocyte localisation and numbers in Peyer’s patches. (f) Global cytokine profiles of

acquired fields of view. (g) Germinal centres indicated in blue-dotted contour in normal and infected samples.

DISCUSSION

Our deep quantitative in situ characterisation of SARS-
CoV-2-infected pulmonary and extrapulmonary tissues
provides important insights into immunopathology
and dysregulation in lethal disease. This study is
particularly relevant as cases examined are young
adults aged 30-53 years with no prior medical
conditions. Most histopathological analyses of
SARS-CoV-2 cases in the literature are from aged
cohorts (> 65 years) with comorbidities where
single-to-few immune cell types have been
profiled to describe clinical presentations.'®'
Rendeiro et al.'® recently published an extensive
in situ characterisation of SARS-CoV-2 pulmonary
infection by imaging mass cytometry in an old
age cohort (mean age of 62 years) with a partial
overlapping panel of markers. We observe similar
changes in tissue architecture with marked
elevation in tissue cytokines indicating that, in
lethal infection, SARS-CoV-2 pathology has a
dominant effect on both age-related frailty and
comorbid conditions. Systemic elevation in levels of
proinflammatory cytokines is important for viral
clearance, as seen in patients with mild-to-severe
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infection’; however, failure to clear pulmonary SARS-
CoV-2 viral burden leads to persistence and
aggravated fuelling of hypercytokinaemia that can
exert synergistic maladaptive effects leading to
lethality. Additionally, the production of TNF-a and
IL-6 by peri-endothelial and endothelial cells in
pulmonary and cardiac samples observed in this
study is indicative of severely dysregulated vascular
tone capable of eliciting coagulopathies.'’

Cardiac abnormalities are prevalent in COVID-19
infections with up to 55% of cases presenting
cardiac disorders including patients who have no
prior cardiac history."® Four of five cases in our
cohort succumbed because of cardiac dysfunction.
The histopathological analysis of SARS-CoV-2 cardiac
tissues so far has described occasional mononuclear
infiltrates'®?% however, our study shows a more
systematic regression in numbers of macrophages,
essential homeostatic regulators of cardiac health?'
with increased numbers of vimentin™ cells potentially
indicative of myofibroblast differentiation during
cardiac injury.??> A key and consistent feature of
infected cardiac samples is elevation in TNF-u levels.
TNF-o. and IL-6 are covariant factors in cardiac
pathology, and TNF-o is a prognostic indicator of
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failing heart.”® Serum from COVID-19 patients has
been shown to induce diastolic dysfunction
predominantly mediated by IFN-y in human cardiac
organoids.?* A cocktail of proinflammatory factors
together with skewed counts of homeostatic cells
can evidently result in detrimental cardiac health
and lethal dysfunctions in SARS-CoV-2 infection.

Gastrointestinal symptoms are experienced by
~12% of SARS-CoV-2-infected patients, presenting
loss of appetite, diarrhoea and nausea'?; however,
no gross histological abnormalities have been
reported, especially with regard to Peyer’s
patches that are sentinels of enteric infections in the
gut. Germinal centres (GCs) within Peyer’'s patches
are important for eliminating gut-associated
pathogens and maintaining tolerance to commensal
microflora.?> Degeneration of lymphoid tissues such
as thoracic lymph nodes and spleen has been shown
to compromise humoral immunity in early COVID-19
infection.?® From our study, disrupted GCs of Peyer’s
patch could also contribute to dysregulated gut
immune response in COVID-19 infection.

From a system point of view, a recent report
identified the synergistic effect of TNF-a. and IFN-y
as being necessary and sufficient in mediating cell
death and multi-organ damage akin to COVID-19
presentations through PANoptosis engaging
apoptotic, pyroptotic and necroptotic pathways in
murine models.?” We show in our study a snapshot
of multi-organ and multifactorial complexities in
SARS-CoV-2 infection using iSPOT, a novel, highly
sensitive IHC method that enables detection,
localisation and quantification of large numbers of
targets by fluorescence imaging across tissue types.
Given the interplay of several proinflammatory
cytokines in pathology of SARS-CoV-2 infection,
combinatorial cytokine therapies may be an option
that could benefit young patients, especially with
progressive severity.

METHODS

Patient clinical data and sample
information

Autopsy samples of lung, ileum and heart from five COVID-
19 fatalities were collected and processed as part of
coronial death investigations at the Forensic Medicine
Division, Health Sciences Authority, as per regulatory
guidelines. Viral infection was confirmed by PRC testing.
Paraffin blocks from organs were prepared. Four- to five-
um-thick FFPE sections from 8 to 10 blocks of lung samples,
a minimum of four and two blocks each from the heart and
ileal samples, respectively, were examined for each case.
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One representative section per organ per patient was
analysed by iSPOT multiplexing. All cases in this study were
men aged between 30 and 53 years with no prior medical
conditions.

Normal adult tissue samples, one each for lung (US
Biomax Inc., HuFPT131), heart (Novus Biologicals, NBP2-
46893) and ileum (OriGene CS803575), were used as
reference controls. All patient clinical data and sample
information are described in Table 1.

iSPOT multiplexing

FFPE sections were deparaffinised by baking at 60°C for
30 min. The slides were treated with HistoChoice Clearing
Agent (VWR Life Science, Avantor) for 5 min twice and
100% ethanol for 3 min thrice, followed by serial
rehydration in 95%, 70% and 50% ethanol for 3 min each.
Samples were fixed in 10% NBF (Richard-Allan Scientific,
Thermo Scientific) for 10 min, washed in water and
retrieved. iSPOT multiplexing was performed by iteratively
probing for targets by TSA-IHC detection and image
acquisition  followed by chemical inactivation of
fluorophores as described in the patent (Patent Application
No. 10202106710X). Antibodies used are listed in
Supplementary table 1. Tissue sections were imaged using
Olympus I1X83 slide scanner with 20x objective (NAO0.8) as
500-um? tiled images. Two such regions of interest were
imaged for every tissue sample. Of the 18 tissue samples (5
infected and 1 normal tissue per organ), Cases 4 and 5 of
lung, Case 3 of ileum and Case 5 of heart were used to
initially optimise experimental conditions, validate antibody
staining and test feasibility. These samples were probed for
a smaller panel (Supplementary table 2) and imaged using
Olympus Confocal FV1000 System at 20x (NAO0.7), zoom 2.
For pulmonary tissue optimisation, 2 x 250 pm? images
were acquired for each case. In the pilot experiments, we
did not detect any signal for Foxp3 and granzyme B in any
of the tested tissues indicating a lack of Treg cells and
activated CD8" cytotoxic T cells and/or natural killer (NK)
cells. Hence, FOXP3 and granzyme B were omitted from the
final multiplexing panel.

Image processing, segmentation, gating and
quantification

All the images were background-subtracted using a rolling
ball radius of 20 pixels, registered and transformed using
the Image) software to compile composite images
(Supplementary figure 1). The composite images were
imported into StrataQuest (SQ, V6, TissueGnostics, Vienna,
Austria), segmented and gated to perform gating analysis.
Nuclear segmentation was used to identify and segment all
the cellular markers. For all samples, epithelial (E-cadherin®)
or fibroblast (Vimentin*), endothelial (CD31") and immune
cells (CD45") were gated from the nuclear segmented
objects. All the immune populations were quantitated
using the CD45 gate. For ileal samples, all the populations
were gated on nuclei. Gate settings from control samples
were propagated across respective SARS-CoV-2-infected
tissue samples to quantitate cell populations for each tissue
type. Data from cases used in optimisation run have been
used for limited interpretations where applicable only.
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Histomask

A mask was constructed over each of the bright-field
images to compute the total tissue area in each field of
view using the SQ software. This was performed by
thresholding on each of the bright-filed images, followed
by ‘morphological masking’ and ‘dilate and close areas’
functions with a diameter of 10 um. The total tissue area of
the mask was computed and normalised per mm? taking
into consideration the dimension of field of view.

Principal component analysis

Intensity values associated with segmented nuclei were
logarithmically transformed to assume normal distribution
and averaged from multiple ROIs for each sample prior to
principal component analysis (PCA) using the prcomp
function in R version 3.6.2. As intensity values between
images acquired at the slide scanner were ~10-fold higher
than for images from the confocal system, only cases
acquired at the slide scanner were used for PCA.
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