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ABSTRACT

Interrogation of immune response in autopsy

material from patients with SARS-CoV-2 is potentially
significant. We aim to describe a validated protocol

for the exploration of the molecular physiopathology

of SARS-CoV-2 pulmonary disease using multiplex
immunofluorescence (mlF).

The application of validated assays for the detection

of SARS-CoV-2 in tissues, originally developed in our
laboratory in the context of oncology, was used to map
the topography and complexity of the adaptive immune
response at protein and mRNA levels.

SARS-CoV-2 is detectable in situ by protein or mRNA,
with a sensitivity that could be in part related to disease
stage. In formalin-fixed, paraffin-embedded pneumonia
material, multiplex immunofluorescent panels are robust,
reliable and quantifiable and can detect topographic
variations in inflammation related to pathological
processes.

Clinical autopsies have relevance in understanding
diseases of unknown/complex pathophysiology. In
particular, autopsy materials are suitable for the
detection of SARS-CoV-2 and for the topographic
description of the complex tissue-based immune
response using miF.

INTRODUCTION

SARS-CoV-2, first reported in Wuhan (China) in
December 2019, was declared a global pandemic by
the WHO in March 2020."

Following authoritative calls defending the poten-
tial key role of autopsy-based analyses in COVID-
19, we present herein a model for a molecular
physiopathological analysis of COVID-19 autopsy
samples. We include validations of the following
approaches in challenging formalin-fixed, paraffin-
embedded (FFPE) autopsy materials: immunohis-
tochemistry (IHC) and RNA in situ hybridisation
detection of SARS-CoV-2 and multiplex analysis of
the immune response in the COVID-19 pneumonic
process, with digital pathology quantitation.

METHODS

Materials

To validate COVID-19 detection, we used COVID-
19-positive control FFPE macaque tissue from
collaborators at Erasmus University in Rotterdam.
To confirm the specificity of our tests, we analysed

64 lung biopsy and respiratory tract cytology
samples, excluding COVID-19 pneumonia.*

In addition, we tested FFPE lung tissue taken at
autopsy from two patients dying from pneumonia
with positive COVID-19 PCR tests and from two
patients who died of non-COVID-19-related pneu-
monia, with a time of disease development and
autopsy performance well before December 2019.
We refer to cases 1 and 2 as the two COVID-19
proven autopsy cases, while cases 3 and 4 repre-
sent patients who died with pneumonia (more than
6 months before the outbreak). The aetiology and
lung pathology of each case is described in online
supplemental data 1. A COVID-19-positive H&E
is shown in figure 1, where the physiopathology of
several areas are illustrated: overview (figure 1A),
a viral syncitial formation (figure 1B), DAD with
re-epithelisation (figure 1C), vascular inflammatory
changes (figure 1D) and minimal chronic interstitial
inflammation (figure 1E).

In situ detection of SARS-CoV-2

Detection was conducted in the macaque animal
model, the retrospective clinical samples pre-
COVID-19 and in the four autopsy samples
described. Three-micrometre-thick sequen-
tial sections were obtained from all blocks and
stained for SARS-CoV-2 nucleoprotein IHC or
V-nCoV2019-S RNAScope. Automated THC was
performed using a Leica BOND RX with a rabbit
monoclonal antibody against SARS-CoV-2 nucleop-
rotein (40143-T62; Sino Biologicals, Pennsylvania,
USA). THC was optimised on known COVID-19-
positive tissue.” IHC required pretreatment with
epitope retrieval solution 1 for 10 min at 100°C and
a 1:2000 antibody dilution. Detection chemistry
employed was BOND Polymer Refine Detection
Kit (DS9800; Leica Biosystems, USA) or BOND
Polymer Refine Red Detection Kit (DS9390, Leica
Biosystems). RNAScope to detect viral mRNA was
performed using a Leica Bond RX system using
RNAscope 2.5 LS Probe to V-nCoV2019-S, nt:
21631-23303 (848568; Advanced Cell Diagnos-
tics, USA). For assessment of RNA integrity, we
used RNAscope 2.5 LS Positive Control Probe-
Hs-UBC (312028, Advanced Cell Diagnostics).
Detection chemistry employed was RNAscope 2.5
LSx Reagent Kit-BROWN (322100, Advanced Cell
Diagnostics) or RNAscope 2.5 LS Reagent Kit-RED
(322150, Advanced Cell Diagnostics). All sections
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Figure 1

(A) Whole face H&E from COVID-19-positive autopsy case 2. (B) lllustration of an area of viral syncytial formation (yellow annotation),

x20; (C) long-standing diffuse alveolar damage with re-epithelisation (green annotation), x20; (D) vascular inflammatory changes (orange
annotation), x20; and (E) minimal chronic interstitial inflammation (blue annotations), x20.

were digitised using a Leica Aperio AT2 Scanner at x40 and
analysed qualitatively and quantitatively in silico via Xplore
(Philips) or the open source digital image analysis software
programme QuPath V.0.2.0.°

Multiplex IHC fluorescence

Three-micrometer-thick sections were obtained from autopsy
blocks and stained using two previously validated multiplex
panels.® 7 Panel 1 assessed CD3 (T cells), CD4 (T-helper cells),
CD20 (B cells) and CK (epithelial cells); panel 2 assessed PD-L1
(immune checkpoint marker), CD8 (cytotoxic T cells), CD68
(macrophages) and CK. Staining detection was performed using
an Opal 7-Colour Automation THC Kit (Akoya Biosciences,
Marlborough, Massachusetts, USA). Antibody specifics and
optimised retrieval methods for multiplex panels are detailed
in online supplemental table S1. Opal fluorophores were used
according to the manufacturer’s instructions. All multiplex slides
were digitised using a Vectra Polaris scanner (Akoya Biosciences)
at x20.

Digital image analysis

3,3’-Diaminobenzidine (DAB) scan files captured on a Lecia
Aperio AT2 (.svs) or whole-slide Opal MOTIF fluorescence
images captured on a Akoya Vectra Polaris (.qptiff) were

imported in to QuPath. Following precise annotation transfer
from H&Es to the DAB and multiplex immunofluorescent
images, a rigorous quality control process was undertaken by
an experienced image analyst and histopathologist to ensure no
specious factors impacted extracted data, confirmed by a second
reviewer, as previously reported.®®

For multiplex immunofluorescence (mlIF), cell detection was
conducted using DAPI within annotated regions of interest
(ROIs). Single-channel biomarker detection was carried out
using positive cell detection features based on consensus thresh-
olds across each panel using nuclear/cell Opal mean. Density per
square millimetre data and overall positive cell count, expressed
as a percentage, was extracted into Microsoft Excel.

RESULTS

In situ detection of SARS-CoV-2

Initially, we optimised COVID-19 THC and RNAscope tests in
positive control FFPE macaque tissue.’ Both tests were highly
sensitive and specific in detecting SARS-CoV-2. SARS-CoV-2
was detected as expected by IHC and RNA-ISH in positive
macaque control material (figure 2A,B). No evidence of SARS-
CoV-2 by either IHC or RNA-ISH was seen in retrospective
lung biopsy and lung cytology FFPE material (figure 2C,D,F,G).
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Figure 2

(A) Representative images showing SARS-CoV-2 nucleoprotein expression and (B) V-nCoV2019-S mRNA in FFPE macaque tissue.

(C) Absence of SARS-CoV-2 nucleoprotein expression is depicted in lung biopsy FFPE and (F) lung cytology FFPE. (D) Absence of V-nCoV2019-S
mRNA expression is depicted in lung biopsy FFPE and (G) lung cytology FFPE. (E) Positive control probe UBC mRNA expression is depicted in lung
biopsy FFPE (reagent kit-BROWN) and (H) lung cytology FFPE (reagent kit-RED). All images are x10 magnification, with exploded views at x40. FFPE,

formalin-fixed, paraffin-embedded.

RNA integrity was confirmed with positive control probe UBC
(figure 2E,H).

All 64 clinically non-COVID-19 lung biopsy or cytology
samples were negative for SARS-CoV-2 by IHC or RNAScope.
In 7/50 cytology cell blocks, there was no expression of the
RNAScope positive control probe UBC.

COVID-19 RNA and protein signals were not present in non-
COVID-19 autopsy cases (cases 3 and 4). As depicted in figure 3,
in autopsy case 1, numerous, scattered viral signals were identi-
fied by both THC and RNAScope probe. Autopsy case 2 showed
no positive IHC or RNA-ISH signals.

To test our protocol for future analysis of inflammation asso-
ciated with specific detectable portions of viral RNA or protein,

we validated IHC and RNA-ISH detection in the context of DAB
dual-plex and mlIF, which was able to robustly detect SARS-
CoV-2 in the macaque model and clinical autopsy 1 (online
supplemental figure S1).

Capturing the immune microenvironment with multiplex IHC
fluorescence

Application of multiplex immunofluorescent panels in autopsy
material, previously optimised for our immune oncology
studies,®” enabled us to delineate a range of immune cell pheno-
types within COVID-19-positive material. To depict this visu-
ally, we chose two ends of the spectrum, namely, (1) an area

Figure 3

(A—C) Representative images showing H&E staining from COVID-19 autopsy case 1, (D—F) V-nCoV2019-S RNAScope and (G-I) SARS-CoV-2
nucleoprotein expression in three regions of FFPE autopsy tissue. All images are x10 magnification, with exploded views at x20. FFPE, formalin-fixed,
paraffin-embedded.
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Figure 4

Images showing an area of minimal chronic interstitial inflammation in COVID-19 lung FFPE autopsy tissue case 1. (A) H&E; (B) CD3

(2GVe, orange); (C) CD4 (SP35, purple); (D) CD20 (L26, white); (E) composite CD3/CD4/CD20/CK and DAPI; (F). CD8 (C8/144B, aqua); (G). CD68
(514H12, yellow); (H) PD-L1 (SP263, red); (1) CK (AE1/AE3, green); and (J) composite CD8/CD68/PD-L1/CK and DAPI. All images are x20 magnification.

FFPE, formalin-fixed, paraffin-embedded.

of minimal chronic interstitial inflammation (figure 4) and (2)
a heavily inflammed area (figure 5). Here we specifically quan-
tifed total cell number and denisty per square millimetre for each
biomarker and were able to analyse comparative expression of
cell types using our robust digitial pathology workflow.

In comparison to normal/near normal areas within COVID-
19-positive case 2, ROIs representing diffuse damage contained
a markedly increased expression of CD3, CD4 and CDé68, in
terms of density per square millimetre (online supplemental file
1). It was observed that while there was an increase in overall cell
density in the ROI representing diffuse damage, the percentage
distribution between ROIs was similar (figure 6). The exception

Figure 5

to this observation was a marked reduction in overall percentage
of CD8-positive cells, which fell from 17.8% in the minimal
chronic interstitial inflammation ROI to 5.7% in the areas with
diffuse inflammatory damage (figure 6B).

As expected, areas of extensive pneumonia and oedema
have a high density of CD68 expressing macrophages. In areas
displaying vascular chages in all samples, the highest expressed
markers in our panel were CD3 and CD4. In all ROIs, density
of CD8-positive cells was higher in areas of normal/near normal
when compared with areas of substantial change, that is, viral
syncytium, extensive inflamation/pneumonia, vascular changes
and established hyaline diffuse damage membrane formation

Images showing diffuse damage in COVID-19 lung FFPE autopsy tissue. (A) H&E, (B). CD3 (2GV6, orange); (C) CD4 (SP35, purple);
(D) CD20 (L26, white); (E) composite CD3/CD4/CD20/CK and DAPI; (F) CD8 (C8/144B, aqua); (G) CD68 (514H12, yellow); (H) PD-L1 (SP263, red); and
(I) CK (AE1/AE3, green); and (J) composite CD8/CD68/PD-L1/CK and DAPI. All images are x20 magnification. FFPE, formalin-fixed, paraffin-embedded.
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Figure 6 Bar graphs representing the density of immune cells per square millimetre represented as a percentage in COVID-19-positive and
COVID-19-negative cases. Areas of normal/near normal, viral syncytium, extensive inflamation/pneumonia, vascular changes and established hyaline
membrane formation are shown for (A) case 1, (B) case 2, (C) case 3 and (D) case 4. CD3, blue; CD4, orange; CD8, grey; CD68, yellow; CD20, green.

(figure 6). These changes in immune cell phenotype across ROIs
was as much as fivefold different (online supplemental figure
S2).

The diversity of phenotypes when comparing SARS-CoV-2
positive cases with non- SARS-CoV-2 cases, in ROIs of vascular
change is striking. Across all immune cells assessed (CD3, CD4,
CD8, CD68 and D20), SARS-CoV-2-positive cases had a far
higher total positive cell density compared with non-SARS-
CoV-2 cases (positive cases 1 and 2: 909.6 mm* and 801.23
mm?, respectively. Non-SARS-CoV-2 cases 3 and 4: 100.1 and
140.1 mm?, respectively).

Taken together, the T-cell and macrophage expressions seen
within the vascular change ROIs in SARS-CoV-2 versus non-
SARS-CoV-2 are also contrasting. In SARS-CoV-2-positive cases,
there was a combined CD3 density of 904.62 mm” (527.6 and
377.01 mm? in each case), yet in both non-SARS-CoV-2 cases,
the density of CD3 was greater than 10 times lower at 78.41
mm? (33.36 and 45.05 mm?” in each case). This dichotomy in
inflammation in SARS-CoV-2 versus non- SARS-CoV-2 cases was
observed across immune markers: CD4 (255.48 mm?” vs 90.11
mm?), CD8 (113.52 mm? vs 21.21 mm?) and CD68 (383.51
mm? vs 50.45 mm?).

We only observed an identifiable increase in expression of B
cells in one SARS-CoV-2-positive case. Case 1, in comparison
to areas of normal/near normal (normal: 5.9 mm? vascular
change 33.7 mm?®) showed a 570% increase in expression.
While this was not observed in case 2, this may be explained by

a contrasting clinical time course of COVID-19 between each
patient. CD20 expression was not seen in non-COVID-19 cases.
For each biomarker in the two multiplex panels, individual cells
were identified with the same sensitivity and specificity as we
have observed in lung cancer tissue studies.

DISCUSSION

The diagnostic testing of COVID-19 is primarily PCR based on
upper respiratory tract samples, or ELISA-type blood based.”
Our validation suggests tissue hybridisation detection of SARS-
CoV-2 could be reliably used but may be sensitive to disease
stage. This may explain the lack of detectable in situ SARS-
CoV-2 hybridisation signal in one of the two COVID-proven
autopsy samples tested.

The validation of multiplexing analyses, originally developed
in our laboratory in the context of oncology,’ ® '° enables the
opportunity to illuminate the immune microenvironment of
COVID-19 related changes. Our results indicate that there is
significant variation in the immune reaction in different areas
within affected lungs. In addition, our digital pathology approach
allows identification of these changes of up to fivefold. While
our observations indicate increased immune cells in COVID-
19-positive autopsy cases in comparison to samples from non-
COVID-19 autopsies, we cannot conclude that viral infection by
COVID-19 ultimately leads to an increase in immune response
over and above other viral infections. Indeed, studies have
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demonstrated that T-cell suppression may be due to increased
immune checkpoints (CTLA4, PD-L1 and IDO-1),” as well as
those detected in active disease in soluble blood (TIM3 and
LAG3). The being said, immune response to COVID-19 infec-
tion remains poorly understood, and our data, while limited, is
in line with others, which is suggestive of a heightened immune
response,'’ while several conflicting studies demonstrate T-cell
exhaustion.'” Very few published studies have used mIF to help
describe the pathology of COVID-19, primarily to describe the
immune response associated with vasculature.'

This works demonstrates a proof of principle methodology to
capture the immune microenvironment in COVID-19-positive
tissues. Further, we establish that the immune microenviron-
ment in COVID-19 autopsy tissue is detectable and quantifiable.
Our data indicate that quantification of the immune response
to COVID-19 can be achieved within a routine molecular
pathology laboratory and, once adapted to clinical samples
other than resections (such as materials form biopsies and cytol-
ogies), would lend itself to screening of routine diagnostic biopsy
samples.

Handling editor Runjan Chetty.
Twitter Matthew Phillip Humphries @DrMattHumphries
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