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The current COVID-19 pandemic is characterized by a broad range of disease
severity in patients. This diversity in clinical manifestations has complicated our
understanding of the SARS-CoV-2 pathogenesis and highlights the significance
of an individual's ability to mount an effective viral immune response.
Glycosylation is a common post-translational modification occurring in
complex organisms and is imperative for immune cell function. In this study,
a combination approach with immunohistochemistry (IHC) and matrix-assisted
laser desorption/ionization imaging mass spectrometry (MALDI-IMS) was
utilized to determine the spatial distribution of N-glycans and immune cell
populations in COVID-19 lung tissues. Tissues from seven SARS-CoV-2, PCR +
donors were analyzed. Tissues represented a spectrum of time spent on
ventilators which was reflected in their respective viral infection status and
lung pathologies. N-glycan distributions in the MALDI-IMS images were then
correlated with H&E staining and IHC of SARS-CoV-2 spike protein, CD4, CD8,
CD163 and CD11b. Distinct and shared N-glycan signatures were identified in
association with specific immune cell types, and their co-localization with the
viral spike protein. Additionally, we observed unique patterns of a2,3-linked and
a2,6-linked sialic acid glycans that associated with both immune cell
populations and fibrotic regions within the tissue architecture. N-glycan
MALDI-IMS is an effective tool to further understand tissue-localized
immune cell populations in response to emerging viral pathogens such as
SARS-CoV-2.
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1 Introduction

SARS-CoV-2 infection and its subsequent disease, COVID-19,
has resulted in a global pandemic, which has led to more than
566 million confirmed cases and over 6.3 million deaths, as of
18 July 2022 (Ronis et al,, 2020). Unlike previous coronavirus
outbreaks, i.e., SARS-CoV-1 (2002-2003) and MERS-CoV (2012),
the current pandemic is characterized by a range of disease severity
in patients. Disease may present as a mild respiratory infection, or
progress to pneumonia and acute respiratory distress syndrome
(ARDS) (Sun et al., 2020; Wu et al., 2020). Studies show that viral
entry is mediated by the binding of the viral spike glycoprotein to
the host angiotensin-converting enzyme-2 (ACE-2) receptors.
ACE-2 receptors is widely expressed on lung cells and many
other vital organs including the heart, liver, kidney, brain,
gastrointestinal tract, and reproductive tissues. Consequently,
COVID-19 lung infection can progress into a systemic illness
known as multiple organ dysfunction syndrome (MODS) (Gupta
et al, 2020; Robba et al, 2020), which is associated with a
prolonged systemic inflammatory response, called a cytokine
storm or cytokine release syndrome (CRS). It is hypothesized
that the local, tissue immune response mounted against SARS-
CoV-2 infected tissues contributes to CRS, further promoting
organ injury and quickly advancing ARDS and MODS, with a
fatal outcome in some patients (Kuba et al., 2006; Alexandre et al.,
2020). Although studies assessing CRS and its impact on COVID-
19 disease progression are numerous, most research is focused on
the identification of serum leukocytes, monocytes, and antibodies
as biomarkers indicative of disease infection or progression. While
serum biomarker studies are needed, they fail to address the impact
of CRS on the tissue microenvironment and primary organs of
infection leaving key immune cell subsets and/or phenotypes
involved in disease progression uncharacterized. Thus,
additional studies are required to determine the role of these
immune cell populations in COVID-19 infection. (Gupta et al.,
2020; Robba et al., 2020; Wang et al., 2020).

Glycosylation is a post translational modification which
produces glycosidic linkages of sugars to other saccharides,
lipids, or proteins. Carbohydrates can be covalently attached to
proteins, usually linked via an amino group on asparagine
(N-linked glycosylation) or hydroxyl groups of serine or
threonine (O-linked glycosylation). Most eukaryotic cell surface
proteins are modified by N-linked glycans, which are key
mediators in immune functions including pathogen recognition,
cell-trafficking, cell differentiation, and inflammation (Afroun
et al., 1988; Pereira et al, 2018; Hinneburg et al, 2020).
Moreover, changes in surface glycosylation patterns of immune
cells, including leukocytes and monocytes, have been linked to
aberrant activation (Baum and Cobb, 2017; Li et al,, 2018; De
Bousser et al., 2020; Radovani and Gudelj, 2022). Notably, the
SARS-CoV-2 spike (S) protein is heavily glycosylated with
N-linked glycan moieties, similar to other pathogenic enveloped
viruses, which mediate viral pathogenesis (Watanabe et al., 2019).
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Recent work has revealed that loss of N-linked glycosylation sites
in the S protein via mutation reduces its ability to bind to the
ACE2 receptor, thus reducing viral entry into cells (Casalino et al,,
2020). Additionally, the presence or absence of N-linked sialic
acids on the cell surface, linked as either a2,3 or 2,6 isomers, may
alter SARS-CoV-2 accessibility to hACE2 receptor and entry into
the host cell (Wielgat et al., 2020). While glycosylation is known to
be involved in modulating the immune response post infection in
COVID-19 tissues, these specific cell subsets and their N-linked
glycan signatures have never been identified in relation to virus
infected tissues.

Matrix assisted laser desorption ionization imaging mass
spectrometry or MALDI-IMS is an innovative approach
utilized to gain spatial information at tissue resolution on a
variety of analytes (Spraggins et al., 2019; Scupakova et al., 2020).
N-linked glycan IMS has evolved in the past 10 years as a new
approach in glycobiology for linking specific tissue features with
N-glycan structural classes (McDowell et al., 2021a; Blaschke
et al., 2021). This method utilizes application of a molecular
coating of peptide-N-glycosidase to tissues, to cleave asparagine
(N)-linked glycans from their protein carrier. The released
N-linked glycans can then be analyzed by MALDI-IMS
directly on tissue. Generally, 40 or more individual glycan
structures are routinely detected, and when combined with
histopathology and immunohistochemistry (IHC), region-
specific glycans can be correlated with specific tissue features
(Clift et al., 2021; Rujchanarong et al., 2021).

In this study, N-glycan MALDI-IMS was applied to human
lung autopsy tissues collected from SARS-CoV2 positive and
negative patients to examine the qualitative abundance and
spatial distribution of N-linked surface glycans in SAR-CoV-
2 infected cells and various immune cell populations, Serial
FFPE-tissue sections from donors were prepared from the
peripheral lung and used for N-glycan IMS analysis. The lung
tissues from donors who died after SARS-CoV2 infection
represented a spectrum of time spent on ventilators which
was reflected in their respective viral infection status and lung
pathologies. N-glycan distributions in the MALDI IMS images
were then correlated with H&E staining and tissue IHC of SARS-
CoV2 spike protein, CD4, CD8, CD163 and CD11b. Distinct and
shared N-glycan signatures were identified in association with
specific immune cell types and their co-localization with viral
spike protein.

2 Materials and methods

2.1 COVID-19 autopsy tissue sample
collection

Formalin-fixed lung autopsy tissues, collected from RT-PCR

confirmed SARS-CoV-2 positive (N = 7) and SARS-CoV-2
negative patients (N = 6) from April through October 2020,
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TABLE 1 Summary of demographic and clinical characteristics of
COVID-19 autopsy cases.

Parameters

Age in years, median (range) 62 (24-88)
Gender, n (%)

Males 5 (71.5)
Females 2 (28.5)
Race, n

Hispanic 2 (28.5)
White 5 (71.6)
Time from symptom onset to hospitalization in days, median (range) 2 (1-9)
Time from symptom onset to death in days, median (range) 16 (3-37)
Period of hospitalization in days, median (range) 9 (2-31)
Instensive care unit stay in days, median (range) 2 (0-28)
Use of mechanical ventilation, n 5

Days of mechanical ventilation use, median (range) 7 (2-27)
Treatment, n (%)

None 2 (28.5)
Antiviral drugs only 1(14.5)
Anti-inflammatory drugs only 2 (28.5)
Combination antiviral and anti-inflammatory 2 (28.5)

were obtained from Emory Research University Hospital
(Atlanta, GA). Lung sections were formalin fixed and paraffin
embedded according to standard protocols; 1 mm thin lung
sections were placed into tissue cassettes and left to fixe in
formaldehyde for 24h followed by tissue processing and
embedding. The slides utilized for the project were White
Charged/Plus+, 90°Corners purchased from PathSupply
(Catalog #10200WH). Plus, slides are made by a process that
places a permanent positive charge on the slide. Tissue sections
and cytological preparations adhere better to Plus glass slides
without the need for labor intensive special adhesive or protein
coatings. SARS-CoV-2 positive patient demographics are
presented in Table 1.

2.2 Tissue sectioning and
immunohistochemistry

Tissue sectioning and antibody staining was conducted by
the Cancer Tissue and Pathology share resource of Winship
Cancer Institute of Emory University. Formalin-fixed, paraffin-
embedded lung tissues sections were cut to a 5-um thickness and
air-dried. Unstained sections were processed as follows; sections
1, 2 were assigned for MALDI-IMS, sections 3, 4 were assigned
for THC using anti-SARS-CoV-2 spike antibody (clone 1A9,
GeneTex, 1:250), section 5 for human anti-Cdl1lb staining
(Abcam, 1:4,000), section 6 for human anti-CD163 (Abcam, 1:
500) staining, section 7 human anti-CD4 (Abcam, 1:500)
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staining, and section 8 human anti-CD8 (Abcam, 1:250).
Chromogenic  THC performed  using
DISCOVERY Ultra automated immunohistochemistry stainer
(Ventana Medical Systems, Tuscon, AZ). Slides were
deparaffinized with EZ-Prep (catalog# 05279771001,Ventana)
and then were antigen retrieved for 40 min with CCI reagent

was Ventana

(catalog#950-500, Ventana). Rabbit or mouse antibodies were
applied and incubated for 40 min. DISCOVERY OmniMap anti-
Rb HRP or DISCOVERY OmniMap anti-Ms HRP was applied
and incubated for 12 min and the detection was completed in
combination with DISCOVERY ChromoMap DAB kit, as per
manufacturer recommendations. Slides were counterstained with
hematoxylin for 12 min. Slides were then dehydrated, cover-
slipped, and evaluated by light microscopy. Stained sections were
scanned, and digital images obtained with the Aperio Scanscope
System (Lecia Biosystems, Vista, CA). Initially, CD11b+,
CD163+, CD8" and CD4' cells were evaluated using the
whole tissue automatic analysis and the positive pixel
algorithm (Aperio Scanscope System) for COVID-19 positive
and COVID-19 negative lung tissues. A secondary analysis was
also conducted for Spike-positive cells and immune cells positive
for CD11b, CD163, CD8 or CD4 using regional automatic
analysis of defined regions of interest (ROI) and using the
positive pixel algorithm. Input parameters for the positive
pixel count algorithm are the following: View Width, 1,000;
View Height, 1,000; Overlap Size, 0; Image Zoom, one; Mark-
up Compression Type, same as processed image; Compression
quality, 30; Classifier Neighborhood, 0; Classifier, None; Class
List, none; Hue Value, 0.1; Hue Width, 0.5; Color Saturation
Threshold, 0.242; Iwp (High), 220; Iwp (Low) = Ip (High); 175, Ip
(Low) = Isp (High), 100; Isp (Low), 0; Inp (High), -1. The
aforementioned values were used for analysis for Spike
protein and immune cell staining; with the exception of
CD11b, which had the following input parameter changed,
Color Saturation Threshold: 0.04 . For each marker, total cell
counts are expressed as strong positive pixel counts normalized
to tissue area (mm?) for both the whole tissue and regional ROI
automatic analysis presented.

2.3 Tissue preparation for MALDI-IMS

A standardized protocol was used for tissue preparation,
enzymatic digestion, and matrix application by a solvent
sprayer (Powers et al., 2014; Drake et al., 2018). Tissue slides
were dewaxed in using heat and a series of xylene washes, and
then rehydrated in a gradation of EtOH and water washes
before antigen retrieval with citraconic anhydride buffer (25-ul
citraconic anhydride, 2-pl 12 M HCI, 50-ml HPLC-grade water,
pH 3.0 £ 0.5) for 30 min in a decloaking chamber at 95°C.
Fifteen passes of PNGase F PRIME™ (N-Zyme Scientifics,
Doylestown, PA) at 0.1 pug/pl was then sprayed onto the
slides at a rate of 25ul/min with a 3-mm offset and a
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TABLE 2 Summary of immune cell staining in COVID-19 positive and negative autopsy lungs.

Immune cell Control
marker
No. Strong positive Pixels/mm?
Mean SD Number
CD11b 31598 24763 7
CD163 807197 374385 6
CD4 17426 17411 7
CD8 277389 140078 7

velocity of 1,200 at 45°C and 10 psi using an M5 TM Sprayer
(HTX Technologies LLC, Durham,NC). Tissue slides were then
incubated at 37°C for 2h in prewarmed humidity chambers
followed by desiccation before matrix application. 10 passes of
7mg/ml CHCA matrix in 50% acetonitrile/0.1% TFA was
applied to the desiccated slides at 0.1 ml/min with a 2.5-mm
offset and a velocity of 1,300 at 80°C and 10 psi using the TM
Sprayer. After matrix application slides were desiccated until analysis
by MALDI quadrupole time-of-flight mass spectrometry
(MALDI-QTOF MS) (Bruker, Billerica, MA) on a Bruker
timsTOF fleX instrument with a 10-kHz Smartbeam 3D laser in
positive ion mode in the mass range m/z 500-4,000. A spot size of
20 um was used to detect released N-glycans with spatial resolution
fo 40 um raster. As per McDowell et al. (McDowell et al., 2021b),
300 laser shots per pixel were collected with a pre-TOF ion-transfer
time of 125 s, a prepulse storage time of 25 s, a collision radio
frequency of 4,000 Vpp, a multipole radio frequency of 500 Vpp and
a collision cell energy of 15eV. Post analysis, whole-tissue slides
were H&E-stained and annotated for histological classification by a
pathologist. For data processing, average under the peak intensity
values and images of N-glycan distributions in each tissue overlayed
with THC images was done using SCiLS Lab software (version 2022b,
Bruker, Billerica, MA). Co-registration of MALDI images with
histopathology was done using SCiLS. N-glycan spectra were
normalized to total ion count (ICR Noise Reduction Threshold =
0.95) and matched within +5 ppm against a database of known N-
glycans (McDowell et al, 2021b). Structure cartoons and
compositions were generated using GlycoWorkbench and
GlycoMod for annotation (Damerell et al, 2015). Reported N-
glycan structures are compositionally accurate as determined by
accurate mass and prior structural characterizations by MALDI-
TOF-MS/MS (McDowell et al., 2021b).

2.4 Sialic acid stabilization
A subset of tissues was treated with a modified deamidation-

amidation reaction to stabilize sialic acid containing N-glycans
prior to N-glycan imaging (Holst et al., 2016). This treatment
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COVID p-value
No. Strong positive Pixels/mm?

Mean SD Number

92611 103200 7 02331
1103772 934288 6 0.7462
11154 7247 7 0.4861
150958 153065 7 0.0718

introduces a dimethylamine group to sialic acids linked in
a2,6 configurations, resulting in a mass shift of 27 Da. The
original method was modified by using propargylamine as a
second amidation reactant, which introduces a mass shift of
37 Da into sialic acids linked in a2,3 configurations.

2.5 Statistical analysis

All the statistical analyses presented were performed on log2-
transformed data using GraphPad Prism version 8.3.1. Total
immune cell count comparisons between COVID-19 positive
and COVID-19 negative tissues were conducted using an
unpaired, two-tailed, Student’s t-test. Total Spike+ and
immune cell count comparisons within regional ROI were
conducted using a One-way ANOVA followed by Student-
Newman-Keuls post hoc analysis.

3 Results

3.1 Digital quantification of immune cell
staining in whole tissue images

Immunohistochemistry was carried out on COVID-19 positive
and negative lung tissues to characterize the immune cell profiles
within each tissueand toidentify infected SARS-CoV -2 cells positive
for spike glycoprotein staining. CD8*, CD4", CD11b+and CD163+
cells were present in both COVID-19 positive and negative lung
tissues. When each immune cell marker was digitally quantified for
alllung tissues, total positive pixel cell counts for each marker did not
significantly differ between COVID-19 positive and negative lung
tissues (Table 2). Within the COVID-19 positive cohort, we
identified several lung tissues with noticeable, defined regions of
immune cell populations not readily observed in the COVID-19
negative tissues (Supplemental Figure S1). Thus, to determine
whether specific N-linked glycans correlate to these unique
immune cell populations MALDI-IMS analysis was performed
on lung tissues from COVID-19 + autopsy donors.
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FIGURE 1

Whole tissue Spike+ and CD163+ stained images of

17A12 highlighting ROlIs (A) which overlap with MALDI-IMS images
depicting the distribution of core-fucosylated, complex glycans
m/z 2539.902 and m/z 2905.031 (B). Tissue collected from
SARS-CoV-2 positive patient, length of stay 16 days, no ventilator,
treatment remdesivir.

Three representative tissues are highlighted: one that had positive
staining for spike glycoprotein (17A12) and was treated with
remdesivir; one from a donor that was treated with remdesivir
and dexamethasone and was on a ventilator for an extended time
(66A7); and one with distinct CD11b+ and CD8" populations that
was only in the hospital and on a ventilator for 2 days prior to passing
and did not receive either therapeutic intervention (18A9). A list of all
glycans identified in specific tissue regions and immune cell
populations within these tissues is included in Supplemental
Tables S1, 2.

3.2 Complex, fucosylated glycan species
associate with CD163+ staining in lung
17A12

Of all the available COVID-19 lung tissues of sufficient
quality for analyzing via this approach, only one 17A12,
stained positive for spike protein (Supplemental Figure S2).
Selected regions of interest (ROI) s positive for spike revealed
an intense overlap with CD163. (Figure 1A). When quantified,
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the positive pixel count of CD163 was10-fold higher than that of
Spike staining p < 0.001 (Supplemental Figure S2B). Other immune
cells were present in the ROIs. However, differences in positive pixel
counts between CD8" and CD11b+ cells and Spike + cells were
insignificant, and the total CD4" immune cell counts were
significantly lower in comparison to Spike + cells. MALDI-IMS
analysis revealed several core-fucosylated glycan species which
mapped to these regions of CD163-positive and Spike-positive
staining. The whole tissue distribution of m/z 2539.902 and m/z
2905.031 is shown in Figure 1B. Interestingly, we observed overlap
with the distributions of these two glycans, and other similar tetra-
antennary glycans characterized by larger, sialylated and poly-N-
acetyllactosamine (LacNAc) extensions with CD163+ staining in
18A9 and 66A7 lung specimens (Supplemental Table S1). However,
in 66A7 lung tissue overlap of the two glycans with tetra-antennary
glycans in areas of CD163+ staining was less specific (Supplemental
Figure S3). Potential causes for this difference may be morphological
changes associated with ventilator use (27 days) or therapeutic
treatments (e.g, dexamethasone) administered to 66A7. In
contrast, 18A9 ventilator use was only 2 days and did not receive
therapeutic intervention, and 17A12 only received remdesivir and

was never on a ventilator.

3.3 Distribution of N-linked glycans within
unique immune cell populations and
tissue architecture in lung 17A12

In 17A12, MALDI-IMS revealed other regions marked by
unique glycan distributions (Figures 2A,B). As described
previously, m/z 2539.906 in blue is associated with the CD163+
regions (Figures 2B,C), while m/z 917.321 in green associated with
CD8" and CDI11b+ cells (Figure 2C) indicative of immune cell
infiltration. In red, m/z 1850.665 is found in areas of fibrosis
(Figure 2D). In addition to m/z 1850.665, other biantennary N-
glycans co-localized with fibrosis in 17A12 (Figure 3). Glycans m/z
1,647.582 and 1850.665 distributions also correlated with fibrotic
regions within 18A9 and 66A7 (Supplemental Figure S4). Recently,
these glycans were identified to associate with fibrotic regions within
human non-alcoholic steatohepatitis liver samples (Ochoa-Rios
et al,, 2022).

3.4 Oligomannose glycan species
distribute with co-mixtures of CD11b+ and
CD8* infiltrating immune cells in lung
17A12

Within the ROIs specific to immune cell infiltration,
quantification of immune cell counts show CD8" and CD11b+
positive pixel counts were significantly higher in comparison to
CD163+ and CD4" cell counts (Figures 4A,B). Although the
CD163+ pixel count was higher than the CD4" cells, p < 0.05,
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FIGURE 2

Whole tissue H&E image of 17A12 marking a specific region of
CD163+/Spike + staining and CD8" and CD11b+ co-mixtures of
immune cells (A). Overlay analysis of three glycans that spatially
overlap distinct regions in the lung tissue (B) High

magnification images of Spike + staining and CD163+ staining in
area designated by the dotted arrow (C), and high magnification
images of CD11b+ and CD8" stained cells in co-mixtures
designated by the solid arrow (D). Tissue collected from SARS-
CoV-2 positive patient, length of stay 16 days, no ventilator,
treatment remdesivir.

CD163+ cells did not make up a significant proportion of the total
immune cell count (5.5% versus 67% and 27% for CD8" and
CD11b+ cells, respectively). Still, in contrast to the glycan m/z
917.321 (Figure 4C) which localized specifically to these co-
mixtures, many other glycans show distribution patterns that
overlapped with the CD163+ regions (Supplemental Table S1).
Interestingly, oligomannose species, including Man 5, m/z
1,257.423, Man 6, m/z 1,419.477, and Man 7, m/z 1,581.533,
which are represented in Figures 4D-F associated with both regions.

3.5 N-linked glycan distributions within
co-mixtures of CD11b+ and CD8* in lung
66A7

Within the 66A7 lung tissue, we observed similar ROIs with
co-mixtures of CD11b+ and CD8" cells (Figures 5A,B). As
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previously discussed, CD163+ staining was widespread within
this tissue (Supplemental Figure S3A), and not surprisingly,
CD163+ staining was strong in the co-mixture ROIs. To
account for the widespread staining, in Figure 5C, ROI
staining intensity was normalized to the whole tissue staining
intensity for each immune cell marker presented. Following
tissue normalization, the ratio for CD163+ ROI staining, is 1,
thus showing no enrichment in the ROIs relative to the whole
tissue. Interestingly, we did observe a 3-fold enrichment of CD8*
cells in the ROIs versus the whole tissue. In contrast, CD4" cells
were enriched in the whole tissue versus the ROIs, p < 0.05.
MALDI-IMS revealed in this tissue that oligomannose glycan
distributions colocalized with ROIs of CD8" and CDI1b+
staining, not CD163+ expression (Figures 5D,E, Supplemental
Table S1).

3.6 Distinct co-localized N-glycans in
CD8" and CD11b+ tissue regions of
18A9 lung

In contrast to lungs 17A12 and 66A7, IHC staining revealed
distinct regions of CD8" and CD11b+ cell populations in the
18A9 lung tissue (Figure 6A). Correlation with MALDI-IMS
analysis found specific glycans also map to these regions. In
Figure 6B two representative glycans, m/z 917.321 and m/z
3052.093 were selected to show the distinct distribution
of with  CDI11b+
(Supplemental Table S1). Structurally, the N-glycans in the

patterns several  glycans staining
CD11b+ region is represented by large branched, sialylated
and poly-LacNAc glycans, with the same distinct distribution
as those shown in Figure 6B. Similarly, Figure 6C reveals the
presence of other glycans, m/z 2304.815 and m/z 2669.953, that
have distributions that associate with CD8" specific regions. The
notable structural feature of the N-glycans specific to these CD8"
regions was the presence of a bisecting N-acetylglucosamine
(GIcNAc). Those listed in Supplemental Tables S1, 2 had the
same distinct distribution as the two N-glycans shown in

Figure 6C.

3.7 Bi-antennary sialylated N-glycans are
abundant throughout 18A9 lung tissue

It was observed that much of the normal and fibrotic tissue
regions of the autopsy lungs contained an abundance of
sialylated biantennary N-glycans. Shown in Figure 7 is an
example of this observation in lung tissue 18A9, wherein
dimethylamine and propargylamine adducts were chemically
introduced to stabilize a2,3 and a2,6 anomeric configurations
of sialylated N-glycans. Three sialylated biantennary N-glycan
distributions are shown individually (Figures 7A-C) and as a
three-color overlay of each species (Figure 7D). The most
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H&E-stained image of 17A12 and higher magnification of two fibrotic regions within the tissue marked by arrows (A). MALDI-IMS ion
distributions of N-linked glycans across the two fibrotic regions N-linked glycan m/z 1647.586 (B) m/z 1809.639 (C) and m/z 1850.665 (D). Tissue
collected from SARS-CoV-2 positive patient, length of stay 16 days, no ventilator, treatment remdesivir.

abundant and widely distributed glycan is a Hex5HexNAc4-a2,6 SA
species (Figure 7A). The two single fucosylated versions of this
glycan were more localized, with the Hex5HexNAc4Fucl-a2,3 SA
glycan localized to the bronchiolar vessel membranes (Figure 7B),
and the Hex5HexNAc4Fucl-02,6 SA species adjacent to it
(Figure 7C). Each of the three sialylated glycan distributions were
overlayed and shown in Figure 7D. Further, the same region
highlighted in Figure 6 was visualized for representative N-
glycans localized to the CD8" and CDIllb+ regions. Two
sialylated species shown in Figures 7B-D were used as
background (Figure 7E) to highlight an a2,6 disialylated bisecting
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GIcNAC N-glycan specific to CD8" regions (Figure 7F), and a
complex a2,6 sialylated glycan in the CDI1b+ region. The
sialylated N-glycans highlighted in the CD8" and CD11b+
regions of tissue 18A9 (Supplemental Tables S1, S2) were
predominantly detected in a2,6 configurations.

4 Discussion

In the midst of the ongoing COVID-19 global pandemic,
there remains a great interest and imminent need to determine
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7 1,257.423 (D), Man 6, m/z 1,491.477 (E), and Man 7, m/z 1,581.533 (F). Data presented as means + SEM. Significance was determined by One-way
ANOVA, p < 0.05, a<b < c. Tissue collected from SARS-CoV-2 positive patient, length of stay 16 days, no ventilator, treatment remdesivir.

the role of individual immune cell responses post infection as
they relate to disease onset, progression, and mortality. Research
suggests N-linked glycosylation is highly involved in regulating
most aspects of immune cell functions (Afroun et al., 1988;
Pereira et al., 2018; Hinneburg et al., 2020). Yet, specific roles
N-glycan species in immune cell regulation are not as well
characterized (Radovani and Gudelj, 2022). Currently, there
are ongoing COVID-19 studies assessing immune cell N-
glycan profiles in blood and fluids, yet few have attempted to
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ascertain these profiles within the infected tissue. By combining
traditional histology and IHC methodology with N-glycan
MALDI-IMS, distinct and shared N-glycan profiles were
characterized that associated with specific immune cell
populations identified by THC using a panel of antibodies.
These included anti-CD11b as a pan-leukocyte marker, anti-
CD163 for M2 anti-inflammatory macrophage phenotype, anti-
CDB8 for cytotoxic T cells, anti-CD4 for helper T cells, and anti-

spike protein antibody for SARS-CoV-2. Remarkably, spike

frontiersin.org


https://www.frontiersin.org/journals/analytical-science
https://www.frontiersin.org
https://doi.org/10.3389/frans.2022.1021008

10.3389/frans.2022.1021008

Jones et al.
B CD8+ CD11b+
0.25mm 0.25mm
CD163+ CD4+
"74”5: ? S N\
C 102
c
= c
2 1011
3 1004 0.25mm 0.25mm
2
L 4014
1;3 D m/z 1419.477
= 102 4 N
g : €
10 % 1 1 1 1
O%X \\o’t ob‘x 6,53( '
oy S
g |
X
E o
' Hex6HexNAc2 + 1Na
o
Hex9HexNAc2 + 1Na
FIGURE 5
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staining of all COVID-19 positive tissues only resulted in one
positive tissue, 17A12, and within this tissue, Spike+ and
CD163 staining overlapped significantly, suggesting that
M2 macrophages co-localize with viral infected regions, and/
or potentially represent macrophage engulfed virus. Correlating
with the CD163+ staining in 17A12, 18A9 and 66A7 were several
core-fucosylated,  tetra-antennary  glycans, such  as
Hex7dHex1HexNc6 at m/z 2539.902, Hex8dHex1HexNAc7 at
m/z 2905.031 and others with poly-LacNAc extensions.
Literature cites macrophages as being heavily decorated with
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terminal and core fucoses via a family of fucosyltransferase
(FUT) genes, wherein terminal fucosylation plays a key role in
MI macrophage activation which has been widely researched in a
variety of inflammatory diseases (Li et al., 2018; Radovani and
Gudelj, 2022). Moreover, Li et al. has reported that inhibiting
terminal fucosylation by using a FUT inhibitor in vitro cultures
altered macrophage plasticity and skewed macrophage
differentiation to the anti-inflammatory M2 phenotype (Li
et al, 2014). Consistent with these findings is the co-
localization of these core-fucosylated N-glycans with areas of
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CD163+ staining across the three COVID-19 lung tissues. We
speculate ratios of terminal-versus core-fucosylated N-glycans
may be used to ascertain between macrophage phenotypes in
biological fluids and tissues.

Within 17A12 we noticed a second area of immune cell
staining, specifically co-mixtures of infiltrating CD11b+ and
CD8" cells within the alveolar space. These co-mixtures were
also present in 66A7, which was surprising given the use of the
ventilator for 27 days in contrast to no ventilator use in 17A12. In
contrast, we observed distinct populations of CD8" cells and
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CD11b+ cells. Comparison of the N-glycan distributions between
these homogeneous areas versus the heterogenous co-mixtures
provided several observations. First, one of the N-glycans unique
to CD11b+ cells is a paucimannose glycan, Hex2dHex1NAc2.
Interestingly, these types of paucimannosidic glycans are
associated with neutrophil degranulation at sites of
inflammation (Ugonotti et al., 2021; Radovani and Gudelj,
2022), suggesting the CD1lb+ areas within 18A9 may be
neutrophils. In immune cells, CD11b is a pan-leukocyte

marker present on monocytes/macrophages, neutrophils, and
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natural killer cells. A recent study also identified the paucimannose

glycans as and cell surface
immunopeptides of SARS-CoV-2 infected dendritic cells (Parker

et al,, 2021). Second, oligomannose glycans, i.e., Man4—Man9, are

associated with neutrophils

present within both homogenous and heterogenous CD8" and
CD11b+ mixtures. With respect to CD8" T cells, the presence of
oligomannose N-glycans potentially underscores a switch in
metabolic reprogramming from oxidative phosphorylation to
glycolysis. Literature cites hyper-glycolysis accelerates terminal
differentiation to effector cells, and in contrast restoring oxidative
phosphorylation will promote the establishment of immunological
memory (Demotte et al., 2008; Sukumar et al,, 2013; Buck et al,
2015). Interestingly, oligomannose N-glycans are also associated
with activated neutrophils (Radovani and Gudelj, 2022) and it is
difficult to determine which immune cell phenotype these glycans
are describing in this study. Still, we speculate that metabolic
reprogramming may be a generic mechanism by which pro-
inflammatory immune cells use to regulate maturation.

Sialic acids have been well studied for their role in regulation of
the immune response to viral infections such as the influenza virus
(Wielgat et al,, 2020). Additionally, the specific linkages of sialic acids
have been associated with the virulence and transmission of different
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strains. MALDI-IMS offers a unique way to visualize the distribution
and anomeric configuration of these sialylated N-linked glycans by
derivatization within the complex pathologies of these SARS-CoV-
2 infected lung tissues (Holst et al., 2016). The most abundant and
widely distributed glycan across tissue 18A9 was a biantennary
a2,6 sialylated glycan, while fucosylated versions were more
specifically localized to bronchiolar vessel regions. The sialylated
glycans identified in the specific CD8" and CD11b+ immune cell
clusters were predominantly in a2,6 configurations. Although sialic
acid distributions across the whole COVID-19 infected autopsy
tissues was the focus of our study, there have been other interesting
findings across other research groups specific to the spike protein.
For example, there are ongoing studies assessing the site-specific
glycosylation of recombinant human spike proteins from HEK and
CHO cells to better understand the impact of the production host in
more of a vaccine application (Wang et al., 2021), and NMR based
studies seeking to determine whether the spike protein binds
exogenous sialic acids (Unione et al., 2022). Specific emphasis on
evaluating the role of sialylated N-glycans and other species using the
combined N-glycan IMS and IHC approach is ongoing in murine
lung tissues from KI18-hACE2 transgenic mice infected with
different SARS-CoV-2 variants of concern (Radvak et al., 2021).

frontiersin.org


https://www.frontiersin.org/journals/analytical-science
https://www.frontiersin.org
https://doi.org/10.3389/frans.2022.1021008

Jones et al.

In conclusion, unique glycans that co-localized with infiltrating
immune cell populations were identified with IHC and MALDI-
IMS. This approach is the first demonstration that tissue localized
immune cell clusters can be evaluated for N-glycan composition and
differentiation based on the type of immune cell present. Linking the
detection and presence of specific N-linked glycan species in relation
to immune cell localization and their metabolic activity is an
ongoing research effort. For a more comprehensive multimodal
analysis strategy, additional platforms such as MIBI-TOF antibody
panels and/or spatial transcriptomic approaches may be included
with the THC and MALDI IMS workflow to provide more in-depth
characterization of the immune cell phenotypes present within
disease tissues.
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