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Abstract (250 words)

Background

Coronavirus disease 2019 (COVID-19) has been associated with cutaneous findings, some being
the result of drug hypersensitivity reactions such as maculopapular drug rashes (MDR). The aim
of this study was to investigate whether COVID-19 is associated with the development of the
MDR.

Methods

Blood and skin samples from COVID-19 patients (based on a positive nasopharyngeal PCR)
suffering from MDR (COVID-MDR), healthy controls, non-COVID-19—related patients with
drug rash with eosinophilia and systemic symptoms (DRESS), and MDR were analyzed. We
utilized imaging mass cytometry (IMC) to characterize the cellular infiltrate in skin biopsies.
Furthermore, RNA sequencing transcriptome of skin biopsy samples and high-throughput
multiplexed proteomic profiling of serum were performed.

Results

IMC revealed by clustering analyses a more prominent, phenotypically shifted cytotoxic CD8* T
cell population and highly activated monocyte/macrophage (Mo/Mac) clusters in COVID-MDR.
The RNA sequencing transcriptome demonstrated a more robust cytotoxic response in COVID-
MDR skin. However, severe acute respiratory syndrome coronavirus 2 was not detected in skin
biopsies at the time point of MDR diagnosis. Serum proteomic profiling of COVID-MDR patients
revealed up-regulation of various inflammatory mediators (IL-4, IL-5, IL-6, TNF, and IFN-y),
eosinophil and Mo/Mac -attracting chemokines (MCP-2, MCP-3, MCP-4 and CCL11).

Proteomics analyses demonstrated a massive systemic cytokine storm in COVID-MDR compared
with the relatively milder cytokine storm observed in DRESS, while MDR did not exhibit such
features.

Conclusion

A systemic cytokine storm may promote activation of Mo/Mac and cytotoxic CD8" T cells in

severe COVID-19 patients, which in turn may impact the development of MDR.

Keywords: coronavirus, COVID-19, Drug-induced maculopapular exanthema, SARS-CoV-2,
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Abbreviations

COVID-19 Coronavirus disease-2019

MDR Maculopapular drug rash

COVID-MDR | Maculopapular drug rash with COVID-19 infection
DRESS Drug rash with eosinophilia and systemic symptoms
IMC Imaging Mass Cytometry

SARS-CoV-2 | Severe acute respiratory syndrome coronavirus 2
LC Langerhans cells

Mo/Mac monocyte/macrophage

DDH Delayed-type hypersensitivity reaction

ACE2 angiotensin-converting enzyme 2

HC Healthy controls

LTT Lymphocyte transformation test

HE Hematoxylin / eosin

FFPE Formalin-fixed, paraffin-embedded

PMN polymorphonuclear leukocytes

RNA-seq RNA sequencing

RT-PCR Reverse transcription polymerase chain reaction
FDR false discovery rate

GO BP Gene ontology biological processes

NPX Normalized protein expression

DC-LAMP Dendritic cell lysosomal associated membrane glycoprotein
MCP monocyte chemoattractant protein
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Introduction

Delayed-type drug hypersensitivity reactions (DDH) result from T cell-mediated immune
responses against drugs (Gell and Coombs type IV allergic reaction)!. DDH affect about 7% of the
general population??. The most common DDH are maculopapular drug exanthemas
(maculopapular drug rashes ; MDR), which are typically mild reactions that are limited to the skin
and controllable with topical corticosteroids*. In contrast, severe cutaneous hypersensitivity
reactions are rare, but life-threatening when they occur. Drug reaction with eosinophilia and
systemic symptoms (DRESS) belongs to the category of severe DDH?.

Since the beginning of the Coronavirus disease 19 (COVID-19) pandemic®,

different types of DDH have been reported in severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)-infected patients’, raising the question as to how COVID-19 is associated with
their development. We and others have reported glucocorticoid-refractory severe DRESS with
massive eosinophilia in COVID-19 patients®°. Besides DDH, other cutaneous eruptions have been
associated with SARS-CoV-2 infection and have been observed in approximately 1-20 % of the
patients!'%-13, These various skin manifestations of SARS-CoV-2 infection!®!” may be due in part
to the SARS-CoV-2 spike protein receptor (angiotensin-converting enzyme 2, ACE2) being
expressed by keratinocytes!”. Supporting this possibility is the finding that SARS-CoV-2 RNA can
be directly isolated from the skin of some COVID-19 patients!'8.

Here we report a series of MDR cases in severely ill COVID-19 patients and sought to address
how MDR occurring in COVID-19 patients (COVID-MDR) differs from MDR not related to
COVID, and DRESS.
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Material and Methods

Study Population

We included all cases of COVID-MDR (n=12) treated in the intensive care units of two European
tertiary care hospitals between March 15" and May 1% 2020 (University Hospital Zurich, and
Henri Mondor Hospital, Créteil). Non COVID-19-related DRESS- (n=5; inpatient clinics) and
MDR-cases (n=8; outpatient clinics) with similar affected body surface areas as the COVID-MDR
patients (50-80%), treated in the University Hospital Zurich, were used as control groups (Table
1). Diagnoses were based on clinical assessment, identification of a culprit drug (Table S1),
laboratory values and skin histopathology and European clinical criteria (scoring systems of
RegiSCAR). Patch test and Lymphocyte transformation test (LTT) were performed to investigate
the culprit drug in Zurich. At the time of diagnosis/biopsy, patients had not received any treatment
for their respective DDH. Clinical data were collected and presented for all patients, blood and
skin samples for further analyses were only collected in the patient cohort from Zurich. An
additional group of age- and sex-matched COVID-19 without MDR was included. The study was
conducted according to the ethical guidelines at the respective institutions and the Helsinki
Declaration (EK2020-01029).

Sample preparation

All blood- and skin-samples were taken on the day of symptom onset, i.e. prior the initiation of
any treatment. Skin punch biopsies were taken from all patients for histopathological evaluation
(n=12), skin punch biopsies for research purposes were available only for patients in Zurich:
COVID-MDR- (n=4), MDR- (n=7) and DRESS (n=4), all obtained from lesional skin on the
trunk. Skin from HC was obtained as discarded tissue from cutaneous surgery (n=5). Skin samples
were formalin-fixed and paraffin-embedded (FFPE). Blood samples were obtained COVID-MDR-
, COVID w/o MDR-, DRESS-, MDR-patients and HC (n=5 each). Blood, collected using serum
tubes, was processed immediately after collection and stored at -80 Celsius until further
processing.

Blinded histopathological assessment

Slides with hematoxylin/eosin (HE)-stained skin sections (4 COVID-MDR, 4 MDR and 4
DRESS) were scanned and blindly evaluated by a board-certified dermatopathologist. For further
details, see the Supplementary Materials and Methods.

Immunohistochemistry (IHC) stainings and quantification of CD3* cells
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FFPE tissue sections (4 COVID-MDR, 4 MDR, 3 DRESS and 4 HC) were stained with an anti-
ACE2 antibody (Thermofisher, cat. no. MA5-31395, mouse IgG1, clone CL4035, 1:2000) and an
anti-CD3 antibody (Dako, cat. No. M7254, clone F7.2.38, mouse IgG1, 1:50). Randomly selected
images were obtained per scanned CD3-stained skin section of each donor. For further details of
CD3" cell quantification, see the Supplementary Materials and Methods.

Imaging Mass Cytometry (IMC)

All antibodies used for IMC were titrated and validated by immunofluorescence for specific
staining patterns and in IMC for co-staining with other known markers. Some antibodies were
additionally tested with an antigen-binding fragment (Fab) labelling kit, used as previously
described!. We designed an IMC panel consisting of 36 antibodies covering both non-leukocytic
and leukocytic, mostly T cell- and antigen presenting cell-related, antigens (Table 2). We stained
and processed COVID-MDR (n=4), DRESS (n=4), MDR (n=4), and HC (n=4) skin sections. For
further details, see the Supplementary Materials and Methods.

IMC data analysis

Pre-processing and single-cell segmentation was performed following the instructions on the
Bodenmiller Github repository (https://github.com/BodenmillerGroup/ImcSegmentationPipeline).

After single-cell generation all subsequent analysis were performed using R bioconductor. For
cell-type annotation we manually gated major cell-types of interest using the cytomapper R
package?. The following markers were used to define cell-types: CD8" T cells (CD3*, CD8"),
CD4" T cells (CD3%, CDS8-, CD4"), keratinocytes I(E-cadherin®, Filaggrin’), keratinocytes II
(Filaggrin®), Langerhans cells (LC; E-cadherin®, Langerin®), macrophages (CD163"), neutrophils
(polymorphonuclear leukocytes (PMN); MPO™), plasmacytoid dendritic cells (pDC; CD303"),
vasculature (CD31%). Roughly, half of all cells were manually gated using the markers from
above. T cells were clustered with CD3, CD4, CD7, CDS8, CD27, CD45RA, CD45RO, CD57,
CD69, CD134, CLA, FoxP3, GrzB, Ki-67 and macrophages were clustered with CDIc, CD11b,
CDll1c, CDI14, CDl16, CD40, CD68, CD163, CD206, CD370, CLA, HLA-DR, DC-Lamp,
STING. For the remaining cells in the dataset we used a random forest classifier to assign cell-
types based on uniquely labelled cells?!. Therefore, all labelled cells were spit in training and test
data (70:30). A random forest model was trained on the training-set (10 fold cross-validation, mtry
parameter optimization) and the model performance validated on the test-set. After prediction of a

cell-type for all unlabeled cells the classification results were inspected on images and additional
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rounds of cell labelling performed if needed. We excluded 1 HC sample, since it contained highly
increased numbers of CD3* T cells and was obtained from an excision of peritumoral tissue.
Cellular interactions were quantified using our published neighborhood algorithm?? and a R
implementation thereof (https://github.com/BodenmillerGroup/neighbouRhood). All R code used
for  IMC  data analysis in this study is available via our  github
(https://github.com/BodenmillerGroup/Skin_rash).

RNA extraction and sequencing of skin biopsies

RNA was extracted from FFPE skin biopsies of 5 HC skin samples and lesional skin biopsies of
MDR (n=7) and COVID-MDR (n=4) patients with a Qiagen® RNeasy FFPE Kit. Library
preparation for RNA-seq was performed by using the TruSeq Stranded RNA library preparation
kit (Illumina) from total RNA. Sequencing was performed on the Illumina NextSeq 500 platform.
One COVID-MDR sample showed very few reads and thus had to be excluded for further
analyses. For further details, see the Supplementary Materials and Methods.

SARS-CoV-2 RT-PCR from lesional skin

Reverse transcription polymerase chain reaction (RT-PCR) for detection of SARS-CoV-2 was run
according to the manufacturer’s instructions (Applied BiosystemsTM Multiplex TagMan 2019-
nCoV Assay Kit v2 research use only (R.U.O.) kit - TF-MultiPlex (Cat. No. A47813/A47814)).
QuantStudio 5 real-time PCR-System (Applied Biosystems, Switzerland) was used and data were
analyzed with the Design and Analysis Software DA 2.4 (Applied Biosystems).

High-throughput targeted proteomics from serum

Serum samples (5 COVID w/o MDR, 5 COVID-MDR, 5 MDR, 5 DRESS, 5 HC) were analyzed
using the inflammation panel of a proteomic multiplex assay by proximity extension assay
(OLINK, Uppsala, Sweden). The proteomic multiplex assay by OLINK is a proximity extension
assay with oligonucleotide-labeled antibody probe pairs that bind to their respective targets>-2>, It
measures proteins via an antibody-mediated detection system linked to synthetic DNA for
quantification by a real-time polymerase chain reaction platform?®.

RNA-seq and proximity extension assay data analysis

A detailed description of the analysis is found in the Supplementary Materials and Methods.
Genes with a false discovery rate (FDR) of less than 0.05 were included in this study (Table S2).
All RNA-seq data performed in this paper can be found on the NCBI Gene Expression Omnibus
(GEO) under accession number GSE161225. Enrichr, a gene list enrichment analysis tool, was

utilized to search for enriched Gene ontology biological processes (GO BP). The data of a
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proteomic multiplex assay in Normalized protein expression (NPX) format were imported,
processed by Olink-R Package (https://github.com/ge11232002/OlinkR). The statistical
comparison of protein levels between groups was performed as previously described?®. The fold
change and p-values were estimated by fitting a linear model for each protein. The statistically
differentiated proteins were characterized for each sample (|[L2FC| > 1, p-value < 0.05), depicted

as venn diagrams.
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Results

MDR in severely ill COVID-19 patients

During the first peak of the COVID-19 pandemic in March/April 2020 in Europe, we treated 12
severely COVID-19 affected patients with MDR (Table 1). Based on the clinical presentation and
medication history, we made the diagnosis of a MDR. Proton-pump inhibitors were suspected as
culprit drugs in 7/12 cases, antibiotics in 4 cases. Ten out of 12 patients were male, the mean age
was 55 +/- 7 years. In all patients, 50-80% of the body surface area was affected (Figure 1A). A
prominent eosinophilia (median: 940/mm?; range 400-6000) was present in all patients, which was
more than in non COVID-19-related MDR (Figure S1A). Seven patients were treated with topical
glucocorticoids (class III-IV), two with systemic glucocorticoids (methylprednisolone, 60mg).
COVID-MDR patients recovered from the MDR after a median time of 12.5 days (range: 6-18),
which was significantly longer than in non-COVID-related MDR. Patients had a median sepsis-
related organ failure assessment score of 4 (range 2-11). Eleven patients suffered from acute
respiratory distress. The median time between COVID-19 diagnosis and MDR was 25 days
(range: 14-42 days).

A more prominent lymphocytic infiltrate in COVID-MDR

We first investigated the histopathological features of COVID-MDR. Blinded histopathological
evaluation of HE-stained sections of COVID-MDR, DRESS and MDR did not reveal a distinct
histopathological pattern (Figure S1B). However, we found a more prominent lymphocytic
infiltrate in COVID-MDR. The number of CD3-positive cells confirmed that COVID-MDR
yielded a higher number of T cells (CD3*) in comparison to MDR, DRESS and HC (Figure 1B, C,
S2), pointing towards T cells might playing a particular role in COVID-MDR.

IMC mapping of COVID-MDR, MDR and DRESS

To explore the phenotype and topographical distribution of the T cell- and pan-leukocyte-
infiltrates in COVID-MDR, we designed and applied a 36 antibody-IMC panel to COVID-MDR,
MDR, DRESS and HC skin sections (Table 2). After single-cell segmentation, we used a manual
gating strategy to label cell-types of interest followed by classification of the remaining, unlabeled
cells in the dataset (Methods). The analysis of these cell types (Figure 2A-D) showed many
overlaps between the indications, but also some differences. In a quantitative comparison (Figure
2B), monocyte/macrophages (Mo/Mac) were increased in number in all three conditions (COVID-

MDR, DRESS, MDR) compared to HC. CD8" but not CD4" T cells were more prominent in
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COVID-MDR than in DRESS, MDR, and HC. B cells and pDCs were generally rare in all
samples (Figure 2C-D). Of note, we found that CD8" T cells were often also positive for myeloid
markers indicating that we do observe an overlap in markers due to low resolution and imperfect
cell segmentation. These results indicated a role of T cells, particularly CD8* T cells and Mo/Mac
in COVID-MDR.

T cell clustering: CD8" T cell clusters predominate in COVID-MDR

To analyze the T cell compartment in more detail, we sub-clustered CD4* and CD8* T cells into 4
subsets each with relevant markers (Figure 3A-B, Figure S3A). Among CD8" T cells, the most
proliferative and cytotoxic cluster IV was increased in COVID-MDR. These cells showed strong
expression of Ki67, GrzB, CD16 and the co-stimulation/activation marker CD27. Separation of
CDS8* T cells by indication confirmed that CD8" COVID-MDR T cells exhibit a more cytotoxic
phenotype in comparison to MDR and DRESS (Figure 2E and S3A). All DDH showed elevated
levels of CLA- CD8" T cells, indicating an influx of non- resident T cells into the skin. In contrast
to CD8" T cells, there were no major differences in the numbers of CD4" T cell clusters between
the different DDH. It can however be observed that cluster IIl CD4" T cells were increased in all
DDH, while cluster IV CD4" T cells were slightly increased in MDR only. Foxp3-positive CD4" T
cells (cluster I) were even slightly more prominent in HC as compared to the DDH.

Of note, in some T cell clusters and especially in COVID-MDR, we observed the expression of
certain myeloid markers (CDlc, CDI11¢c, CD40, CD163), and CD8" T cells showed a certain
expression level of CD4 (Figure 3B). These signals are most likely observed due to low resolution
of our images and the limits of cellular segmentation. Thus one can assume that CD8" T cells that
express CD4 or myeloid markers are in spatial proximity to myeloid cells which may be the cells
that actually activate the T cells.

A particular cutaneous Mo/Mac phenotype in COVID-MDR

Next, we sub-clustered Mo/Mac into 4 subsets each with relevant markers (Figure 3C, D). Cells of
cluster III strongly expressed macrophage markers CD16, CD163, CD206 and the co-stimulatory
marker CD40 all of which are associated to innate immunity. Cluster II cells expressed fewer
markers, notably HLA-DR, CD163 and CD206 and lower activation. Cells of cluster IV were less
activated and expressed the skin homing marker CLA. Clusters I showed low expression of other
myeloid markers and HLA-DR. Quantification of these Mo/Mac clusters (Figure 3D) revealed
phenotypic diversity between COVID-MDR, DRESS, and MDR. Interestingly, Mo/Mac of cluster
IT were highest in COVID-MDR, but also well present in DRESS, while decreased in MDR and
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HC. Cells of cluster III were present in COVID-MDR and MDR but absent in DRESS and HC. A
separation of Mo/Mac cells by indication confirmed the higher expression of CD1c, CD16, CD40,
CD163 and CD206 in the COVID MDR Mo/Mac compartment (Figure S3B). In summary,
activated macrophages expressing the co-stimulatory marker CD40 were often observed in
COVID-MDR and may cause the strong activation of T cells.

Cell-cell contacts in COVID-MDR, DRESS and MDR are comparable to HC skin

We investigated the cellular contacts amount the cell-types classified in this dataset and compared
them to HC samples (Figure 3E). Overall, the patterns of interaction between the indications were
very similar. Despite the large differences in interaction counts, we did not observe interactions
that were absent in any of the indications while present in another. We also applied our previously
published neighborhood algorithm and could not detect recurrent significant changes (data not
shown). We conclude that the overall cellular interactions in drug rashes stay intact given that
larger amounts of immune cells are present.

Distinct gene expression features of lesional skin between COVID-MDR and MDR

Our IMC data showed a distinct CD8" T lymphocyte and Mo/Mac infiltrate in COVID-MDR. To
address, whether this cellular signature was paralleled by a distinct gene expression pattern, we
performed RNA-seq on RNA isolated from lesional skin. RNA-seq revealed both overlapping and
unique gene expression patterns in COVID-MDR and MDR (Figure S4). Skin transcriptome GO
analyses showed eosinophil chemotaxis and cytolysis pathways to be activated in COVID-MDR
(Figure 4A-C, Table S3). In line with our IMC results, the gene expression of GZMA, GZMB,
GNLY, PRF1, and CD8A was significantly upregulated in COVID-MDR compared to HC. In
addition, CCL5, CCL7, and CCL13, RNA levels were also upregulated in COVID-MDR. MDR
showed a similar trend as COVID-MDR, but to a lesser extent. These results may suggest that
cytolytic processes and eosinophilic inflammation are more activated in COVID-MDR.

RNA of SARS-CoV-2 receptors but no virus in COVID-MDR lesional skin

The distinct cellular and molecular signature in COVID-MDR suggested that COVID-19 may
impact this reaction in the skin. A SARS-CoV-2 PCR on RNA turned out negative for all COVID-
MDR skin samples. We then investigated the expression of the known SARS-CoV-2 receptors
ACE2, Transmembrane protease, serine 2 (TMPRSS2), BSG (Basigin; CD147), and DPP4
(Dipeptidyl peptidase-4, CD26)?7-?°. We did not find any difference in keratinocyte ACE2
expression between COVID-MDR, DRESS and MDR on a protein level by IHC staining (Figure

S2). On the gene expression level however, ACE2 but not other receptor-related molecules were
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upregulated in COVID MDR, and, to a lesser extent also in MDR as compared to HC (Figure 4D,
S5).

Systemic hyperinflammation in COVID-MDR but not MDR

The absence of viral RNA in the skin suggested that a massive systemic inflammatory response
rather than SARS-CoV-2 in the skin favored the development of COVID-MDR in severely ill
COVID-19 patients. We measured a panel of 92 inflammation-related proteins in the serum of
COVID w/o MDR, COVID-MDR, MDR, and DRESS patients in comparison to HC using the
proximity extension assay high-throughput proteomic platform (Table S4). Principal component
analysis (PCA) of the transcriptome shows that most of the serum samples from patients with
COVID-MDR were separated from others (Figure 5A).

Protein expression patterns of different groups are shown in Figure 5B and 5C. There were
striking differences between the groups. Increased expression of five proinflammatory proteins
overlapped in all DDH groups, namely CXCL9, CXCL10, CXCL11, IL-10 and interferon (IFN)-y.
In COVID-MDR, a total of 49 proteins were significantly upregulated and 1 protein was
significantly downregulated compared to HC. 31 proteins were significantly differentially
expressed only in COVID-MDR (Figure 5B-C). The proteomic serum signature in COVID-MDR
compared with COVID w/o MDR showed a prolonged or relapsed cytokine storm. This was
evidenced by a strong upregulation of inflammatory cytokines such as IL-6, tumor-necrosis factor
and IL-8, type I cytokines and chemokines (IFN-y, CXCL9, CXCL10, CXCLI11), but also of
mediators of a type 2 response (IL-4, IL-5), eosinophil chemotaxis and a suppressive immune
response (Figure 5D). Strikingly, DRESS shared the cytokine storm-related inflammatory
cytokines and chemokines. These results are clearly indicative of systemic hyperinflammation and

immune dysfunction in COVID-MDR patients, and, to a lesser extent, in DRESS.

Discussion
In this study, we report the clinical occurrence of MDR with high eosinophilia in severely ill
COVID-19 patients and address whether MDR in severe COVID-19 patients has a cellular and
molecular signature that differs from DRESS and MDR unrelated to COVID-19. IMC revealed
that CD8" T cells made up the majority of the T cell infiltrate in COVID-MDR. Clustering
analyses identified four CD8" T lymphocyte subpopulations, with the most cytotoxic, proliferative

subset being predominant in COVID-MDR. Also, Mo/Mac in COVID-MDR had a highly
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activated phenotype. Spatial analysis revealed that overall interactions patterns appeared similar
among all indications. Mediators of cytolysis pathways and eosinophil chemotaxis were
upregulated on an mRNA level in COVID-MDR skin. Proteomic immune signatures in the blood
widely differed between COVID-MDR, MDR and DRESS, especially with respect to expression
of eosinophil chemotaxis-, type 2 inflammation-, Innate immunity-, and immunosuppression-
related proteins.

One striking finding of this COVID-MDR case series is that all patients had particularly severe
COVID-19 disease and all patients developed MDR about 1 month after their initial COVID-19
diagnosis. There is some evidence that male gender could have a negative impact on the prognosis
and severity of SARS-CoV-2 infection®?, which may have influenced the male predominance in
our case series. SARS-CoV-2 had been previously detected in lesional skin of COVID-19 patients
18 and we hypothesized that the virus might directly impact MDR development. In our COVID-
MDR patients, SARS-CoV-2 RNA was undetectable in lesional skin and ACE2 upregulated on an
mRNA- but not protein level. While we cannot exclude that SARS-CoV2, via interaction with an
upregulated ACE2, may have affected the cutaneous immune equilibrium at an earlier time-point
of the infection, an indirect impact of SARS-CoV-2 on COVID-MDR pathogenesis seems far
more likely, possibly from peripheral immune activation. Severe COVID-19 has been associated
with cytokine storm features, hemodynamic instability and multi-organ failure3!-’. In line with
these studies3!-33-40, levels of cytokine storm-associated cytokines and chemokines were highly
increased in COVID-MDR. The massive systemic cytokine storm may lead to a hyperactivation
of T lymphocytes and thus favor the emergence of drug-reactive cells. On a skin level, several
‘cytotoxicity’ and ‘eosinophilic inflammation’ mediators were upregulated both in serum (protein
level) and lesional skin (mRNA level) of COVID-MDR patients. These findings suggest that
severe COVID-19 might impact the drug reaction through activation of cytotoxic CD8* T cells,
Mo/Mac and eosinophils.

By IMC, prominent CD8* T cell infiltrates and highly activated Mo/Mac clusters were
characteristic of COVID-MDR. Interestingly, a recent paper has identified dysfunctional HLA-
DRPYCD163high and HLA-DR¥S100Atgh CD14" Mo in the blood of severely affected COVID-
19 patients*!. This resembles the Mo/Mac phenotype that we identified in COVID-MDR.
Additional features that were unique to Mo/Mac in COVID-MDR was the very high expression of
CD16, CD206, and CDI11c. The role of these Mo/Mac in the pathogenesis of MDR in COVID-19

patients remains to be elucidated. Specifically, whether they promote DDH by functioning as
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antigen-presenting cells, or whether they are effector mediators of inflammation or even trained
immunity remains to be determined. While we made our observations in COVID-19 patients, it is
conceivable that similar patterns may be observed in MDR patients suffering from other
conditions associated with a systemic cytokine storm. It will also be important to compare our
findings to those in viral exanthema and to explore the TCR repertoire (and thus specificity) of the
cutaneous CD8* T cells and whether their prominent presence is characteristic for particular
culprit drugs. Concerning the identification of culprit drugs in DDH, there is no perfect test to
determine the causative agent. LTT can be, as in our patients, of value, but its specificity and
sensitivity depend on the investigated drug and the phase of DDH.4>43

One limitation of our study is that the small sample size impacts our ability to determine
the significance of the characteristic cell-cell interactions observed between diagnostic groups.
Furthermore, a more thorough correlation of the biological with the clinical subgroups would
require the inclusion of larger patient cohorts. As a general consideration for the interpretation of
IMC phenotype clustering data, the limits of single-cell segmentation (resulting in a signal overlap
for neighboring cells) and image resolution have to be carefully considered. Nevertheless, this
study represents the first IMC neighborhood analysis in human skin. We anticipate that IMC
application in other allergic and inflammatory skin conditions will shed —new insights into

cutaneous immune cell interactions.

Apart from contributing to the understanding of COVID-MDR, our study also provides new
insights into DRESS and MDR unrelated to COVID-19. Viral reactivation, especially human
herpes virus 6 or Epstein-Barr virus reactivation, are seen in about 75% of DRESS cases*. In
these patients, activated peripheral CD8* T lymphocytes secrete large amounts of TNF and IFN-y
4. Our data show that DRESS is characterized by a similar systemic inflammatory response as
COVID-MDR, although to a lesser extent. There is relatively little existing data about the effector
immune response in DRESS, but the few studies that do exist, hint towards an aberrant T cell
response, as evidenced by increased serum granzyme B* and atypical T cells*. Our skin IMC
data however did not show prominent and/or highly cytotoxic CD8" T cell infiltrates in DRESS.
Eosinophils in the skin were, in line with previous data*’, not more prominent in DRESS as
compared to COVID-MDR / MDR. Regarding Mo/Mac, a previous work showed a prominent
CD16" skin homing marker-expressing monomyeloid precursor cell population in the blood*¥, we

found low levels of CD16" Mo/Mac in DRESS skin lesions. Furthermore, our results show that
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cutaneous DRESS Mo/Mac express high levels of CD206, CD163, HLA-DR and CD370. This
may even point towards an antigen-presenting, type 2 immune response-skewing role of Mo/Mac
in DRESS, the role of which needs to be further dissected. Further analysis is demanded to expand
our knowledge on the systemic inflammation involved in non-COVID-19-related DRESS and
MDR and the role of cytokine storm.

Taken together, MDR in severely ill COVID-19 patients is likely the result of a
hyperinflammatory immune response that culminates in activation of Mo/Mac and highly
cytotoxic CD8" T cells. These cutaneous findings are possibly initiated by or exacerbated by a
robust systemic COVID-19-induced immune response. Although our characterization of the
COVID-MDR was comprehensive, future studies with larger patient cohorts are needed to verify

these findings.
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COVID w/o MDR COVID-MDR MDR patients p value
DRESS patients
patients (n=5) patients (n=12; 5 for (n=8) (n=5)
n=
experimental work-up)
Age (years mean +SD) | 51+14 5547 52423 47+12 ns
Sex male, n 4 10 5 2 n/a
Caucasian n=4 Caucasian n=10 Caucasian n=7 Caucasian n=4
Ethnical origin Asian n=1 Asian n=1 Asian n=1 Asian n=1 n/a
African n=1
Mechanical ventilation . o
1 Mechanical ventilation n=10 Mechanical ventilation
None |
. ARDS n=11 =
Intensive care —
ARDS n=5 (outpatient treatment) n/a
measures ECMO n=5
ECMO n=3
Hemodialysis n=6
Hemodialysis n=1
None Maculopapular n=11 Maculopapular n=8 Maculopapular n=5
Type of skin lesions n/a
Macular n=1
Affected body surface | n/a
area (%, (range)) 69 (51-80) 65 (60-80) 74 (66-80) ns
at baseline
EBV-, CMV-, HHV6-, | n/a
) Negative for all Negative for all Negative for all n/a
HHV8-serologies
RegiSCAR score* n/a
2.2 (£0.45) 1.6 (£0.55) 7 (£1) n/a
(mean £SD)
n/a Topical CS n=8 Topical CS n=6 Systemic GCS n=5
Treatment n/a
Systemic GCS n=4 Systemic GCS n=2
Time between COVID- | n/a
19 diagnosis - reaction
- 25 (14-42) - - n/a
onset (days, median
(range))
Time lapse between n/a
6.5 (5-24) 7 (1-12) 18 (14-43) 0.006881 < 0.05

drug exposure and

symptom onset
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(days, median (range))

Length of skin lesions | n/a
to resolution 12.5 (6-18) 5.5(3-14) 16 (4-18) 0.01155<0.05
(days, median (range))
n/a Diuretic n=2 Anticonvulsants n=2
PPI n=7
Antibiotics n=4 Antibiotics n=2
Culprit drugs Antibiotics n=4 -
Antifungal n=1 Kinase inhibitors n=1
Clexane n=1
Biologic n=1
n/a . Positive PT: n=2 Positive PT**: n=1
Patch testing (PT) Positive PT**: n=2
and lymphocyte Positive LTT: n=3 Positive LTT: n=3

transformation test

(LTT)

Positive LTT: n=3

Not performed: n=7

PT and LTT negative:

n=1

PT and LTT negative:

n=1

Table 1. Clinical characteristics of patients. CS: corticosteroids; GCS: glucocorticoids. PPI:
proton pump inhibitors. *RegiSCAR score 4¢: 0-3 DRESS unlikely; 4-5: possible: 6 or higher:
certain. ** LTT not performed. ns: non-significant; n/a: not applicable. Shapiro-Wilk test of
normality used to check normality of the data and p values were calculated by Kruskal-Wallis rank

sum test which is equal to nonparametric independent Anova test.
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Target Antibody Clone
CD20 L26

Filaggrin AKH1
E-Cadherin_P-Cadherin 36/E-Cadherin

Ki-67 B56

Langerin H-4

CDlc 3G1B3

CDll1c D3VIE

DC-LAMP 1010E1.01

CD68 KP1

CD163 EDHu-1

CD16 EPR16784

CD370 EPR22324

HLA-DR TAL 1B5

CD40 EPR20735

CD14 SP192

CD206 685645

CDl11b SP330
Myeloperoxidase MPO Polyclonal MPO
Histone H3 D1H2

DNALI

DNA2

CD303 Polyclonal DLEC / CLEC4C / BDCA-2 (R&D Systems)
SMA 1A4

CD31 EPR3094

CD7 EPR4242

CD69 EPR21814
Cutaneous Lymphocyte Antigen HECA-452

CD57 HNK-1

DP2 C-5

Granzyme B D6EYW

CD134 Ber-ACT35 (ACT35)
CD27 Polyclonal CD27 / TNFRSF7 (R&D Systems)
CD45RA HI100

CD45RO UCHL1

FOXP3 236A/E7

CD8a C8/144B

CD4 EPR6855

CD3 polyclonal A0452 (Dako)
STING SP339

Table 2. Antibodies used for IMC.
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Figure Legends

Figure 1. MDR in severely affected COVID-19 patients exhibit a prominent lymphocytic
infiltrate.

A, Representative photographs of COVID-19 patients with MDR. B, Representative images of
IHC staining of CD3" T-cells (red) and ACE2 (brown) in the skin of COVID-MDR, MDR and
DRESS. The scale is 100 um. C, Boxplots show the numbers of CD3* T cells in the skin. Each
plot depicts the mean number of CD3* positive cells counted in four visual fields per individual

donors (COVID-MDR n=4, DRESS n=3, MDR n=4, and HC n=4).

Figure 2. IMC mapping identifies predominance of CD8" T cell clusters in COVID-MDR.

A, UMAP representation of all single cells depicting the different identified cell-types (upper
graph) and all cells colored by indication (lower graph). B, Boxplots for the fractions of each cell-
type per image split and colored by indication. (COVID-MDR, MDR, DRESS, HC). C, Heatmap
of z-scored average expression for each marker and cell-type. D, Example images of classified
cell-types in COVID-MDR, DRESS and MDR. The scale bar (white line) is 200 um in all images.
E, Example images of the expression of CD3 (green), CD4 (magenta), CDS8 (red), GrzB (yellow)
and DNA (blue). The large images depict the overlayed colors, and the white box marks the
zoomed in areas on the right side depicting the individual markers. The scale bar (white line) is

100 pum in all images.

Figure 3. Highly activated Mo/Mac clusters in COVID-MDR and interaction analyses.

A, Boxplots depicting the fraction of the indicated CD8* T cell clusters (upper graph) and CD4" T
cell clusters (lower graph) among total cells in the different conditions (COVID-MDR, DRESS,
MDR, HC). B, Heatmap of z-scored average expression for each marker of the clustered CD8" T
cells (left 4 columns) and CD4* T cells clustered (right 4 columns). C, Heatmap of z-scored
average marker expression of Mo/Mac clustered cells. D, Boxplots represent the fraction of the 4
Mo/Mac clusters among total cells in the different conditions (COVID-MDR, DRESS, MDR,
HC). E, Circular string graph showing interactions between the main identified cell types in
COVID-MDR, DRESS, MDR and HC (pooled per indication). We excluded Keratinocytes from
the plot and also excluded one MDR sample which contained very high numbers of Neutrophils.
The cell-types are individually colored and labelled on the outside of the plot. The number of
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interactions is also given on the outside of the plot. Interactions are depicted ingoing and outgoing

for each cell-type.

Figure 4. Distinct skin transcriptomic profiles in COVID-MDR and MDR.

A, B, Expression heatmaps of A cytolysis-related genes (GO:0019835) and B eosinophils
chemotaxis- and differentiation-related genes (GO:0048245, GO:0030222) in the skin comparing
COVID-MDR, MDR, and healthy control. C, Violin plots depicting the gene expression of
indicated pathway related genes in the skin comparing COVID-MDR, MDR, and HC. D, Violin
plots depicting the gene expression of COVID-19 receptor and related molecules in the skin
comparing COVID-MDR, MDR, and HC. Fragments Per Kilobase Million (FPKM) are shown. *;
p <=0.05, **; p <=0.01, ***; p <= 0.001, ****; p <= 0.0001, NS=not significant.

Figure 5. Strong blood cytokine storm signature in COVID-MDR.

A, 4-component PCA clustering of blood proteome differentiates between blood samples from
patients with COVID-MDR, COVID w/o MDR, DRESS, MDR, and HC. B, The Venn diagram
depicts the shared or unique differentially regulated proteins in the serum (p <= 0.05, [L2FC| >= 1)
between each indicated comparison. C, Heatmap depicts all proteins shown in the Venn diagram.
p-value and logFC between COVID-MDR and DRESS are shown in the table on the right. *; p <=
0.05, **; p <= 0.01. D, Box plots of selected inflammatory markers are shown. Normalized

protein expression (NPX) are shown in Log?2 scale. *; p <= 0.05, **; p <= 0.01.
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Supplementary Figure legends.

Figure S1. A, Blood eosinophil counts, depicted as count (x10°) per L. *; p <= 0.05. The dots
marked in color mark the patients, from which representative histopathological pictures are shown
in B. B, Representative pictures of H&E stainings of COVID-MDR, MDR and DRESS.
Eosinophils are indicated by arrows. The scale is 100 pm.

Figure S2. A, Images of CD3" T-cells (Red) and ACE2 (brown) in the skin of COVID-MDR,
MDR, DRESS and HC. Representative pictures of individual donors are depicted. The scale is 100
pm.

Figure S3. A, Expression heatmap of the stained antigens of CD8* T cells and CD4" T cells
clustering per condition in COVID-MDR, DRESS, MDR and HC. B, Z-scored expression
heatmap of the stained antigens of Mo/Mac clustering per condition in COVID-MDR, DRESS,
MDR and HC.

Figure S4. Venn diagram depicting the shared or unique differentially regulated genes in the skin
biopsy samples (FDR<= 0.05) in each indicated comparison.

Figure SS. Violin plots depicting the gene expression of COVID-19 receptor-related molecules in
the skin comparing COVID-MDR, MDR, and HC. Fragments Per Kilobase Million (FPKM) are
shown. *; p <= 0.05, NS=not significant.
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Sex | Age | Culprit Interval Time to RegiSCAR | Allergological Clinical Blinded MC RNAseq | OLINK
drug(s) drug resolution | score work-up Data histopath. | (skin) | (skin) (blood)
onset / (days) Collection analysis
symptom
onset
(days)
COVID-MDR
Ft | 46 Esomeprazol | 8 11 2 PT: neg X X X X X
LTT: pos
Mt | 61 Cefepim 7 13 2 PT: neg X X X X
LTT: pos
Mt | 51 Clexane 5 18 2 PT: pos X X
LTT: -
M! | 54 Pantoprazol 14 13 3 PT: neg X X X X X
LTT: pos
Mt | 50 Ceftriaxone 8 6 2 PT: pos X X X X X
LTT: pos
M2 | 63 Lansoprazol 8 12 2 X
M? | 56 Ceftazidim 6 14 2 X
W2 | 58 Lansoprazol 5 10 2 X
M2 | 68 Lansoprazol 5 18 2 X
M2 | 61 Patnoprazol 24 14 3 X
M2 | 44 | Pantoprazol | 5 1 2 X
M? | 49 | Cefepim 5 12 2 X
MDR
M 54 Amoxicillin 1 3 1 PT: pos X X X X X
LTT: -
F 79 Co- 7 4 1 PT: pos X X X X X
Amoxicillin LTT: -
M 27 Co- 2 5 2 PT: neg X X X X
Amoxicillin LTT: pos
M 30 Cotrimoxazol | 7 7 2 PT: neg X X X X X
LTT: pos
F 27 Cosentyx 1 6 1 PT: neg X X
LTT: neg
M 77 Torasemid 10 5 1 PT: neg X X X
LTT: pos
M 70 Terbinafin 8 14 2 PT: pos X X
LTT: -
M 52 Co- 12 6 1 PT: pos X X
Amoxicillin LTT: -
DRESS
F 49 Vemurafenib | 43 16 8 PT: - X X X X
LTT: pos
F 48 Co- 14 4 7 PT: pos X X X X
Amoxicillin LTT: -
F 65 Lamotrigin 20 17 6 PT: neg X X X X
LTT: pos
M 33 Doxycyclin 18 18 6 PT: neg X X X
LTT: neg
M 38 Lamotrigin 15 14 8 PT: neg X X
LTT: pos

Table S1. Individual patient characteristics, performed tests and experiments. PT: patch test;
LTT: lymphocyte transformation test; IMC: imaging mass cytometry; RNAseq: RNA
sequencing; 2zcohort from Zurich; 2cohort from Paris.
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Cutaneous and systemic hyperinflammation drives maculopapular drug exanthema in severely ill

COVID-19 patients

Blinded histopathological assessment

Slides with hematoxylin/eosin (HE)-stained skin sections (4 COVID-MDR, 4 MDR and 4 DRESS,
Figure S1B) were scanned and blindly evaluated by a board-certified dermatopathologist (I1.K.). The
presence/absence of interface dermatitis, apoptosis, spongiosis, vasculitis and vasculopathy were
assessed as to their presence/absence. Overall infiltrate and composition (lymphocytes, eosinophils,
neutrophils, histiocytes) were graded as absent, weak, moderate or strong and the infiltrate localization
(epidermis, upper / middle / lower dermis) was described. One DRESS sample was excluded from the
histological assessment, as well as for subsequent IHC and IMC analyses because the patients’
histological and clinical diagnosis was changed to Stevens-Johnson syndrome (clinical data of this

patients were also excluded).

Immunohistochemistry (IHC) stainings

FFPE tissue blocks (4 COVID-MDR, 4 MDR, 3 DRESS and 4 HC) were cut into 5 um sections. The
sections were first incubated at 62°C in an oven to remove excess paraffin. With the help of Leica Bond
RXm, they were deparaffinized and treated with a citrate buffer-based, pH 6.0 Epitope Retrieval
Solution (ER1) for 30 minutes at 100°C. Sections were stained first with an anti-ACE2 antibody
(Thermofisher, cat. no. MA5-31395, mouse IgGl1, clone CL4035, 1:2000) using brown DAB
chromogen (BOND Polymer Refine Detection). Subsequently, they were stained with an anti-CD3
antibody (Dako, cat. No. M7254, clone F7.2.38, mouse 1gG1, 1:50) using AP chromogen(BOND
Polymer Refine Red Detection). The incubation time for both antibodies at room temperature was 30

minutes.

Quantification of CD3* cells in IHC
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Images were processed in ImageJ (http://rsh.info.nih.gov/ij/index.html). In each of the four randomly

selected areas per donor, the number of CD3" cells per panel were manually counted with a cell counter.

Imaging Mass Cytometry (IMC)

All antibodies used for IMC were titrated and validated by immunofluorescence for specific staining
patterns and in IMC for co-staining with other known markers. Antibodies were validated on FFPE
tissue samples of human HC skin samples, tonsil and psoriasis or atopic dermatitis. All antibodies used
for IMC are listed in Table 2. Staining was performed as follows. FFPE tissue samples (4 COVID-
MDR, 4 MDR, 3 DRESS and 4 HC) of 5 um thickness were dewaxed and rehydrated using a robot.
Paraffin was removed by washing thrice with UltraClear™ (Biosystems AG) for 10 min each. The
rehydration involved immersing samples for 3-5 min each in a series of graded concentrations of ethanol
(Ethanol-to-ddH20 percentage: from 100:0, 100:0, 96:4, 96:4, 90:10, 90:10, 80:20 to 70:30) and finally
in tris-buffered saline (TBS). Then, heat-induced epitope retrieval was performed by incubating sections
for 30 min at 95°C in heat-induced epitope retrieval buffer (10 mM Tris, 1 mM EDTA, pH 9.2). Samples
were cooled to room temperature prior to incubation with the blocking solution (3% bovine serum
albumin in TBS-Tween, containing 0.1% Tween-20) for 1 hour at room temperature. Metal conjugate-
antibody mixes were prepared in TBS-T and added to the samples after removing the blocking solution.
Staining was carried out at 4°C in a wet chamber overnight. On the next day, samples were washed by
immersing thrice in TBS for 10 min each. Then, nuclear staining was performed by incubating with
Cell-ID Iridium intercalator (Fluidigm, South San Francisco, CA, USA) at a final 500 nM concentration
in TBS for 5 min. Samples were subsequently washed with TBS, briefly dipped in ddH20, dried under
air-flow and stored at room temperature until analysis. From each sample, 1 mm? was acquired using

the Hyperion Imaging System (Fluidigm) with a measurement speed of 400 Hz.

RNA extraction and RNA sequencing of skin biopsies

RNA was extracted from FFPE skin biopsies of 5 HC skin samples and lesional skin biopsies of MDR
(n=7) and COVID MDR (n=4) patients with a Qiagen® RNeasy FFPE Kit. Briefly, each FFPE sample

was cut into 20 rolls of 10-12 pm thickness. They were then de-paraffinised with xylene and washed
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with molecular biology-grade 100% ethanol before being air-dried to evaporate the residual ethanol.
Samples were treated with proteinase K and DNase, transferred to RNA-binding columns, washed with
a buffer, and eluted with nuclease-free water. The concentration and quality of RNA in each eluate was
determined with the use of a NanoDrop™ spectrophotometer. The isolated RNA samples were stored
at -80°C until further use. Library preparation for RNA-seq was performed by using the TruSeq
Stranded RNA library preparation kit including polyA enrichment (lllumina) from total RNA.

Sequencing was performed on the lllumina NextSeq 500 platform with 75 cycles.
RNA-seq and proximity extension assay data analysis

Adapters and low-quality tails were trimmed from reads before read alignment. STAR aligner (version
2.7.3a)! was used to align the RNA-seq data to GENCODE reference genome build GRCh38.p13
release 32. Gene expression values were quantified by feature_Counts from the Bioconductor package
Rsubread (version 2.2.4)? . Differentially expressed genes (DEGs) were assessed with a generalized

linear model with the quasilikelihood test from the Bioconductor package edgeR (version 3.30.3) 3.

1. Dobin A, Davis CA, Schlesinger F, et al. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29(1):15-21.

2. Liao Y, Smyth GK, Shi W. The Subread aligner: fast, accurate and scalable read mapping by
seed-and-vote. Nucleic Acids Res. 2013;41(10):e108.

3. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential

expression analysis of digital gene expression data. Bioinformatics. 2010;26(1):139-140.
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