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Single-cell multi-omics analysis of COVID-19 patients
with pre-existing autoimmune diseases shows aberrant
immune responses to infection
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In COVID-19, hyperinflammatory and dysregulated immune responses contribute to severity. Patients with pre-existing
autoimmune conditions can therefore be at increased risk of severe COVID-19 and/or associated sequelae, yet SARS-
CoV-2 infection in this group has been little studied. Here, we performed single-cell analysis of peripheral blood mononu-
clear cells from patients with three major autoimmune diseases (theumatoid arthritis, psoriasis, or multiple sclerosis)
during SARS-CoV-2 infection. We observed compositional differences between the autoimmune disease groups coupled
with altered patterns of gene expression, transcription factor activity, and cell-cell communication that substantially
shape the immune response under SARS-CoV-2 infection. While enrichment of HLA-DRlow CD14+ monocytes was
observed in all three autoimmune disease groups, type-I interferon signaling as well as inflammatory T cell and mono-
cyte responses varied widely between the three groups of patients. Our results reveal disturbed immune responses to
SARS-CoV-2 in patients with pre-existing autoimmunity, highlighting important considerations for disease treatment

and follow-up.
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Additional supporting information may be found online in the Supporting Information section

at the end of the article.

Introduction

Clinical features of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection, which causes COVID-19, range from
mild or moderate respiratory tract disease to severe disease and
respiratory failure. This range of clinical presentations can be
dependent on the fitness of the host immune system and the
specific immune response mounted against the virus. An effec-
tive immune response against SARS-CoV-2 requires coordina-
tion between the innate and adaptive immune systems, includ-
ing the activity of granulocytes, macrophages, and T and B cells
[1, 2]. Importantly, some patients develop dysregulated immune
responses against SARS-CoV-2 leading to hyperinflammation.
This hyperinflammation has been associated with mortality in
COVID-19 patients — in whom it is frequently observed in the con-
text of advanced age and comorbidities — suggesting an effect of
underlying systemic chronic inflammation [3, 4]. Immune hyper-
activation leads to excessive production of inflammatory media-
tors, either systemic or at the site of infection, that further exacer-
bate disease symptoms, causing lung tissue destruction and even-
tual respiratory failure [5]. Specifically, overexpression of IL-6 and
IL-1B has been implicated as a marker of disease severity [6, 7].
Impairment of the type I IFN response has also been identified as
a marker of COVID-19 severity, which is further associated with
an exacerbated inflammatory response partially driven by NF-kB
and TNF-a activation [7]. This emphasizes the importance of a
balanced immune response to the infection.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

Single-cell studies have shed light on the underlying immune
cell-specific dysregulation in COVID-19-associated hyperinflam-
mation [8-12]. Generally, T cells and inflammatory monocytes are
particularly involved in the immune dysregulation and hyperacti-
vation exhibited by COVID-19 patients [10]. In addition, several
studies have indicated an increase in neutrophils and a decrease
in nonclassical (CD14°“CD16™) monocytes in severe COVID-19
patients [7, 13]. Further research has demonstrated that tran-
scriptomic profiles of monocytes in COVID-19 reflect defective
antigen presentation and IFN responsiveness, which contrasts
with the higher responsiveness to IFN signaling noted in lym-
phocytes [14]. Adaptive immune cells have also been shown to
contribute to disease severity, for example through neutrophil
recruitment and proinflammatory monocyte/macrophage polar-
ization by Th1 and Th17 responses [2, 15, 16]. Regarding CD4+ T
cells, previous studies have observed cytopenia in severe COVID-
19 patients coupled with substantial heterogeneity of the molecu-
lar profile [17, 18].

There is currently only sparse and contradictory evidence
regarding the risk of viral infection or evolution to severe COVID-
19 forms in individuals with chronic underlying immune patholo-
gies, including autoimmune diseases [19-23]. There further
remains a need for knowledge about the specific antiviral immune
responses mounted by such patients. To address this matter, we
performed single-cell analysis of the transcriptome, surface pro-
teome, and T-cell receptors of peripheral blood mononuclear cells
(PBMCs) from COVID-19 patients with three distinct autoimmune
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diseases — rheumatoid arthritis (RA), psoriasis (Ps), or multiple
sclerosis (MS). Our results indicate the existence of highly dis-
turbed immune responses against SARS-CoV-2 that are governed
by the specific autoimmune disease context, which may ultimately
influence clinical outcomes such as disease severity and the devel-
opment of sequelae in these patient populations.

Materials and methods

Study participants and sample collection

Human blood samples were collected from patients under SARS-
CoV-2 infection with or without pre-existing autoimmune condi-
tions (RA, Ps, MS, and control) as previously diagnosed accord-
ing to established criteria. COVID-19 individuals categorized as
‘mild’ were those who were located in a ward and did not need
oxygen. Those placed outside of the ICU but requiring oxygen
were categorized as “moderate”. “Severe” disease was applicable
to all patients in the ICU or those requiring noninvasive ventila-
tion. All samples were collected when patients displayed COVID-
19 symptoms (with the exception of one patient who was asymp-
tomatic; Supporting information Table S1), thus during the pro-
gression of the disease and not at the convalescence stage after
recovery. They were collected at Hospital La Princesa, Hospital
Vall d’Hebron, Hospital Can Ruti, and Hospital Bellvitge (Spain).
All donors received oral and written information about the possi-
bility that their blood would be used for research purposes, and
any questions that arose were answered. Patients included in this
study were individuals infected with SARS-CoV-2 between March
and November of 2020 in Spain. Information about which SARS-
CoV-2 lineage was most frequent [24] at the time of infection for
each patient (the B.1.177 variant for most patients) can be found
in Supporting information Table S1. Prior to sample collection,
donors signed a consent form approved by the Ethics Committee
of their corresponding hospital, which adhered to the principles
set out in the WMA Declaration of Helsinki. PBMCs were obtained
from peripheral blood by Ficoll gradient using Lymphocyte Isola-
tion Solution (Rafer). Once PBMCs had been isolated, all samples
were stored at —150°C in fetal bovine serum (FBS) + 10% DMSO
until analysis.

Single-cell capture

PBMCs were thawed rapidly in a 37°C water bath, then slowly
diluted in the prewarmed growth medium, centrifuged, and resus-
pended in fresh FACS buffer (PBS + 3% FBS) before staining
with CITE-seq antibodies (TotalSeq-C 192 antibody panel; Sup-
porting information Table S9) and loading into 10X Chromium. In
cases where PBMCs from different donors were pooled, a fraction
was taken to isolate genomic DNA for genotyping and the other
fraction was used to generate single-cell gel beads-in-emulsion
(GEMs). Genomic DNA was isolated from PBMCs for genotyping
using a Maxwell® 16 Blood DNA Purification Kit from Promega

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

Immunodeficiencies and autoimmunity

following the manufacturer’s instructions. For the CITE-seq pro-
tocol, cells were resuspended in FACS buffer (PBS + 4% FBS),
incubated with Fc Block for 10 min, and then with the specific
mix of antibodies for 30 min at 4°C. Cells were then washed three
times, filtered using a Flowmi strainer, and counted before load-
ing into 10X Chromium to generate single-cell GEMs, following
the manufacturer’s instructions.

Library generation and sequencing

Libraries were constructed following the manufacturer’s protocol
for the Chromium Next GEM Single Cell V(D)J Reagent Kits v1.1
with Feature Barcode technology for Cell Surface Protein (10X
Genomics Rev E), but with two amendments: the amount of SI
primer was doubled, and the number of PCR cycles was set at 7.
Samples were sequenced using the Illumina NovaSeq 6000, where
cellular gene expression, T-cell clonality, and selected surface pro-
teins in the CITE-seq protocol were simultaneously profiled.

Single-cell data alignment, quantification, and quality
control

The single-cell transcriptome data were aligned and quantified
by Cell Ranger v3.1 using GRCh38 (Ensembl 93) concatenated to
the SARS-Cov-2 genome as a reference. Surface protein data were
quantified using a dictionary of tagged antibodies. Pooled donor
samples were deconvolved using Souporcell [25], which yielded
a genotype variant that allowed donor identity to be matched
across samples. Cells that could not be explained by a single geno-
type were considered doublets and removed before analysis. Addi-
tionally, Scrublet [26] was employed to detect and remove other
doublets by computing a doublet score for each cell. Briefly, a
Student’s t-test (p < 0.01) was used after Bonferroni correction
within fine-grained subclustering of each cluster produced by the
Leiden algorithm. Thereafter, SoupX [27] was used to denoise the
surface proteome data from ambient RNA. The single-cell data
were then integrated and batch effects corrected using total vari-
ational inference [28] combining the transcriptome and surface
proteome data with a generative model of 64 latent variables and
500 iterations. The resulting latent representation was used to
compute a neighborhood graph (scanpy.pp.neighbors), which was
further used for Louvain clustering (scanpy.tl.louvain) and Uni-
form Manifold Approximation and Projection (UMAP) visualiza-
tion (scanpy.tl.umap), using the Scanpy toolkit [29]. Before down-
stream analysis, genes expressed in fewer than three cells, and
cells with fewer than 200 genes or more than 20% mitochondrial
gene content were removed.

Cell type identification and cluster annotation

Scanpy [29] was also used for downstream analysis fol-
lowing the recommended standard practices. Data were first
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normalized (scanpy.pp.normalize_per_cell, scaling factor 10%) and
then log-transformed (scanpy.pp.loglp). Preliminary annotations
were transferred using a logistic regression model from a pub-
lished large PBMC dataset of COVID-19 patients [30], selecting
only highly variable genes (scanpy.pp.highly _variable_genes) and
then subsetting to shared genes between the datasets. Clustering
was thereafter performed using the Louvain algorithm and anno-
tations were manually refined based on the expression of known
cell-specific marker genes.

T-cell receptor clonality

Single-cell TCR data were processed with the Cell Ranger v3.1 vdj
pipeline using GRCh38 as a reference. Downstream analysis was
then performed using Scirpy [31]. In particular, only cells with at
least one a-chain and one B-chain but fewer than two full pairs
of a/B chains were kept for analysis, and expanded clones were
defined when a clonotype was present in more than one cell.

Differential gene expression

The limma package [32] was used to perform differential gene
expression analysis between the disease groups. Each patient
group was compared with all patients from the other three groups
combined in order to pinpoint the specific immune responses in
each disease condition, and to reduce any bias between individual
groups. Simultaneously, differential expression analysis was per-
formed on the published COVID-19 dataset [30] that had been
used previously for annotation transfer, comparing male with
female COVID-19 patients as well as COVID-19 patients with
healthy individuals. This approach enabled us to filter out dif-
ferentially expressed genes that were influenced by sex (includ-
ing all Y chromosome genes using a list from Ensembl BioMart
[Supporting information Table S10]) and to subset our results to
genes differentially expressed due to COVID-19 (false discovery
rate [FDR] < 0.05). Further, given the heterogeneity in COVID-
19 disease severity in the autoimmune disease groups owing to
the difficulties associated with obtaining such samples, we used
the comparison between mild and severe COVID-19 patients with
healthy individuals to ensure the immune signatures observed in
the autoimmune disease groups are not caused by the differences
in COVID-19 severity [33]. For this analysis, the two sets of cells
whose expression is to be compared were each partitioned into
4 groups based on the quartile for their total UMI count, such
that Wilcoxon tests would be performed on each matching quar-
tile. For each quartile, the group of cells with the higher UMI
count per cell had its counts randomly downsampled to better
match the other, then the resulting 4 z-scores were combined.
This analysis was performed on all identified cell types that were
sufficiently represented in the four patient groups. Subsequent
downstream analyses then focused on CD14+ monocytes and
CD4+ T cells given the highest dysregulation observed in these
subsets. Additionally, PBMC datasets of uninfected MS [34], RA

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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[35], and Ps patients were similarly analyzed, in comparison to
healthy individuals where annotations were transferred from our
dataset using logistic regression as described above, to identify
which of the responses observed in the COVID-19 autoimmune
disease groups were specific to the infection. Together, these par-
allel computational analyses allowed us to control for the vari-
ability across the autoimmune disease groups and determine the
specific immune signatures caused by SARS-CoV-2 infection.

Gene set enrichment analysis

Gene set enrichment analysis was performed with functions from
the clusterProfiler R package [36]. Genes were ranked by expres-
sion log,FC of every comparison, in every cell cluster, and a nor-
malized enrichment score (NES) was calculated for each gene set.
Whole gene set collections C1 (hallmark) and C5 (ontology) were
included in the analysis. p-values were adjusted for FDR across all
gene sets.

Transcription factor activity

[37], a curated
resource of TFs and their targets compiled from various sources

Discriminant Regulon Expression Analysis

including the literature, ChIP-Seq peaks, in silico predictions, as
well as gene expression data, was used to estimate TF activities
from combined expression values of gene targets.

Cell-cell communication

CellPhoneDB [38] (www.CellPhoneDB.org) was used to infer
interactions between the identified cell subsets. The previ-
ously described statistical method was adjusted to identify
ligand/receptor interactions that were significantly enriched
between the disease groups. Specifically, differentially expressed
genes (FDR < 0.05) obtained within each cell type were used to
select relevant interactions instead of random shuffling. Only lig-
and/receptor pairs expressed by at least 10% of interacting cells
were retained, and an interaction was considered enriched if at
least one partner was differentially expressed. For the IFN antivi-
ral interactions, given that ligands are produced by cells other
than just those of the immune subsets, an interaction was consid-
ered to exist if at least one of the receptor subunits was differen-
tially expressed.

Ethics approval and consent to participate

This study was approved by the Clinical Research Ethics Commit-
tees of Hospital Universitari Germans Trias i Pujol (PI-20-129),
Hospital de Bellvitge (PI-20-139), Hospital La Princesa (4070),
and Vall d’Hebron University Hospital (PR(AG)282/2020), which
adhered to the principles set out in the WMA Declaration of
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85U8017 SUOWIWIOD 81810 3|qedlidde Ly Aq pausenob ae sapiie O '8N o S9jnu Joy ARiq 1T 3UIIUO AB]IA UO (SUOTPUD-pUe-SLUBY WD A8 | IMAReIq 1 [eu | Uo//SAIY) SUORIPUOD pue sWis | 8U88S *[202/c0/50] U0 Areiqiaulluo A8|Im ‘(‘oul eAnge) aqnopesy Aq 6905202 18/200T 0T/I0p/L0D" A 1M AReiq 1puljuO//SaY Wwoiy papeojumod ‘T “#202 ‘TYTHTZST



Eur. J. Immunol. 2024;54:2350633

Helsinki. All samples were collected in compliance with the writ-
ten informed consent required to participate in the study.

Results

Cellular compositional and clonal differences in
COVID-19 patients with pre-existing autoimmunity

In order to investigate the specific immune responses in patients
with pre-existing autoimmune conditions under SARS-CoV-2
infection, we collected peripheral blood samples from a cohort
of 5 RA, 4 Ps, and 3 MS COVID-19 patients (positive for SARS-
CoV-2 at the time of sample collection), as well as 10 COVID-
19 patients without pre-existing autoimmunity who served as
controls (Fig. 1A and Supporting information Table S1). These
control COVID-19 patients, many of whom suffering from pre-
existing conditions associated with a higher risk of severe COVID-
19 such as obesity or hypertension, were selected based on their
disease severity to test the hypothesis that COVID-19 patients with
pre-existing autoimmunity are prone to exhibiting inflammatory
responses characteristic of severe COVID-19. As a reference, we
also inspected control COVID-19 patients with mild symptoms
[33], in order to identify the specific immune responses associated
with the pre-existing autoimmunity while controlling for the vari-
able COVID-19 severity status of the autoimmune disease patients
at the time of sample collection. Given that most patients involved
in this study, including the control group, received immunosup-
pressant and/or anti-inflammatory treatment during infection,
differences in the immune responses observed between the groups
will likely be dependent on the pre-existing autoimmune context
(including possible intertwined effects of prior immunomodula-
tory treatments that are typical for such patients). Thus, con-
trolling for the treatment received during COVID-19 between the
groups will help separate the likely immune signatures most char-
acteristic of such autoimmune disease patients upon SARS-CoV-2
infection. Additionally, we focused our analysis on the common
responses across all patients within each autoimmune disease
group that were conserved regardless of the treatment adminis-
tered. Lastly, we compared the results with uninfected autoim-
mune disease patients to help identify the signatures unique to
these patients under SARS-CoV-2 infection. Although the unin-
fected MS patients were treatment-naive, both the uninfected
RA and Ps control groups received similar immunomodulatory
treatment (Supporting information Table S5) to the SARS-CoV-
2-infected RA and Ps patients, further helping dissect the effect
of the autoimmune disease from that of the immunomodulatory
treatment on the immune responses.

We isolated PBMCs from the aforementioned patient groups
and generated a combined single-cell transcriptomic and surface-
proteomic (CITE-seq) [39] profile of immune cells. We profiled
a total of 97,499 cells, comprising 29,813 cells from COVID-19
patients without pre-existing autoimmunity, 29,477 cells from
RA, 19,907 cells from Ps, and 18,302 cells from MS COVID-19
patients. All datasets were integrated into a joint representation

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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considering the transcriptome and surface proteome generated
using total variational inference [28]. Our resource is available for
visualization, download, and interrogation through the COVID-19
Cell Atlas web portal (https://www.covid19cellatlas.org).

Our single-cell transcriptomic analysis revealed 28 cell sub-
sets that we annotated based on specific markers (Fig. 1B, C).
In particular, we identified distinct populations of T cells (CD3G):
CD4 naive (CD4 and LEF1); CD4 memory (CD4 and CCL5); CD8
naive (CD8A and LEF1); CD8 memory (CD8A and CCL5); regula-
tory (Treg: CD4 and FOXP3); mucosal-associated invariant (MAIT:
TRAV1-2); gamma-delta (y3T: TRDV2); proliferating (Prolif. T:
MKI67); and natural killer T cells (NKT: KLRF1 among others).
In addition, we identified two subsets of natural killer cells (NK
CD56%m: KLRF1, NCAM1, and FCGR3AM¢"; and NK CD56Psht:
KLRF1, NCAM1, and FCGR3A°") along with proliferating natural
killer cells (Prolif. NK: KLRF1 and MKI67). Captured B cell subsets
(CD79A) included naive (TCL1A); immature (TCLIA and MME);
memory (CD27 and TNFRSF13B); exhausted (TNFRSF13B and
CR2"¢8); plasmablast (JCHAIN, SDC1, and MKI67); and plasma
B cells (JCHAIN and SDC1). The myeloid fraction comprised two
subsets of monocytes (CD14 mono: CD14; and CD16 mono: CD14
and FCGR3A); conventional dendritic cells (FLT3) including ¢cDC1:
CLEC9A; cDC2: CDIC; and cDC3: CDIC and CD14; plasmacy-
toid dendritic cells (pDC: JCHAIN and LILRA4); and neutrophils
(FCGR3B). Lastly, we identified precursor hematopoietic stem
cells (HSC: CD34); platelets (GP9); and red blood cells (RBC:
HBB). We further exploited CITE-seq to validate these cell anno-
tations using markers from the surface proteome data (Fig. 1D).

We observed significant differences in cell proportions between
the different patient groups (Fig. 2A, B, Supporting informa-
tion Fig. S1 and Table S2). Within the T-cell compartment, we
observed relatively more CD4+ memory T cells in RA COVID-19
patients compared with controls (Fig. 2B and Supporting infor-
mation Fig. S1). In MS COVID-19 patients, we found a higher
frequency of circulating MAIT cells than in the other three groups
and fewer CD8+ memory T cells compared with controls. Higher
proportions of MAIT cells in asymptomatic and mild SARS-CoV-
2 infections have previously been reported [30]. Within the B-
cell compartment, we detected significantly fewer plasmablasts
and plasma cells in Ps and RA COVID-19 patients in compar-
ison with controls, although the use of anti-CD20 therapy in
some of the RA patients included in the cohort likely influences
these observed differences. Control COVID-19 patients also had
relatively higher proportions of platelets compared with all three
autoimmune COVID-19 groups, and higher proportions of HSCs
compared with the MS COVID-19 group. Relative expansion of
HSCs, platelets, and plasmablasts has previously been associ-
ated with increased COVID-19 severity [30]. In addition, since
monocyte-platelet aggregates have been reported in COVID-19
patients [40], the observed differences in platelet frequencies
between controls and autoimmune COVID-19 patients might be
caused by a specific subset of monocytes sequestering platelets as
previously described [30]. Lastly, differences in some other cell
subsets (neutrophils and RBCs) can further be influenced by the
sample processing procedure itself.
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Figure 1. Immune cell subset annotation from single-cell data of COVID-19 patients with pre-existing autoimmunity and controls. (a) Schematic
diagram depicting the cohort of control and autoimmune COVID-19 patients included in the study, as well as the single-cell approaches and
analyses performed. (b) UMAP visualization showing the different immune cell populations identified from Louvain clustering and cell-specific
marker gene expression. The T-cell compartment includes CD4+ naive, CD4+ memory, CD8+ naive, and CD8+ memory T cells, as well as regulatory
(Treg), mucosal-associated invariant (MAIT), gamma-delta (y3T), proliferating (Prolif. T), and natural killer T cells (NKT). The NK cell compartment
includes NK CD56%™ and NK CD561gMt along with proliferating NK cells. The B cell compartment includes naive, immature, memory, exhausted,
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Within the myeloid compartment, we focused on CD14+
monocytes given that dysregulation in this compartment upon
SARS-CoV-2 infection is linked to COVID-19 severity [11]. In this
regard, we identified a CD14+ HLA-DRY subset in our dataset
(Fig. 2C, D), whose proportion was significantly higher in all three
autoimmune COVID-19 groups compared with controls (Fig. 2E).

Given the altered cellular composition identified in the T-cell
compartment, we also analyzed the clonal expansion of the dis-
tinct T-cell subsets identified (Fig. 2F and Supporting information
Table S3). The MS COVID-19 group had a significantly higher pro-
portion of clonally expanded MAIT cells compared with the other
three groups, consistent with the compositional analysis. The RA
COVID-19 group instead had a significantly lower proportion of
clonally expanded CD8+ memory T cells than the COVID-19 Ps
and control groups. We also noted a trend toward a higher propor-
tion of clonally expanded CD4+ memory T cells compared with
the three other groups, consistent with the compositional analysis
of this cell type.

Distinct immune gene expression profiles among
COVID-19 patients with pre-existing autoimmunity

We next focused on CD14+ monocyte and CD4+ T cell responses
due to their compositional and clonal alterations observed
in COVID-19 patients with pre-existing autoimmunity, as well
as their dysregulated responses under SARS-CoV-2 infection
described by others [8, 13, 41, 42]. As such, we performed dif-
ferential gene expression analysis in the COVID-19 patient groups
included in the study, with special emphasis on CD14+ mono-
cytes, as well as CD4+ naive and memory T cells (Supporting
information Table S4). To pinpoint the specific immune responses
in each disease condition and reduce any bias between individ-
ual groups, cells from each patient group (control, RA, Ps, and
MS) within either the CD14+ monocyte, CD4+ naive T cell, or
CD4+ memory T-cell clusters were compared with the other cells
within that cluster (including cells from the three other groups
combined). We further made use of a publicly available large
PBMC dataset [30] to select those genes showing the most signifi-
cant transcriptional changes in COVID-19 patients compared with
healthy individuals (Supporting information Tables S5 and S6).
Gene set enrichment analysis revealed that multiple immune-
related categories are uniquely dysregulated in COVID-19 patients
with pre-existing autoimmunity (Fig. 3A). In particular, CD14+
monocytes from MS COVID-19 patients were characterized by
increased responses to inflammatory cytokines such as IL-18, IL-
6, type I IFNs, and IFNy, as well as increased innate and adap-
tive immune responses (Fig. 3A). This subset of CD14+ mono-

Pl
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cytes displayed significant upregulation of genes of the type I
IFN pathway, including members of the IFN-induced protein with
tetratricopeptide repeats (IFIT) family (e.g., IFIT2), members of
the IFN-induced transmembrane protein (IFITM) family, such as
IFITM1, as well as IFN-stimulated genes like ISG15 (Fig. 3B and
Supporting information Table S4). Additionally, CD14+ mono-
cytes showed significant upregulation of genes of the inflamma-
some pathway such as NAIP, NLRC4, CASP1, and CASP4, as well
as IL-6 production-related genes such as CD36, LGALS9, STAT3,
and IL17RA, among others (Fig. 3B and Supporting information
Table S4). In Ps COVID-19 patients, CD14+ monocytes displayed
greater enrichment of the hypoxia and TNF-a/NF-kB pathways
(Fig. 3A). Consistently, CD14+ monocytes from Ps COVID-19
patients displayed upregulation of hypoxia-related genes includ-
ing HIF1A, HK2, and MAFF in comparison with MS and, to a lower
extent, RA COVID-19 patients (Fig. 3B).

In the case of CD4+ T cells, we also found alterations in
the expression of multiple relevant genes for all three groups of
patients with pre-existing autoimmunity upon SARS-CoV-2 infec-
tion. MS COVID-19 individuals showed significant enrichment of
the type I IFN response category in both CD4+ naive and memory
T cells (Fig. 3A). In this regard, we observed upregulation of type
I IFN-related genes such as IFI35, IFNAR2, and IFITM2 among oth-
ers in CD4+ naive T cells (Fig. 3C). It is of note that lymphocyte
antigen 6 complex, locus E (LY6E), a previously described ISG
[43] that has recently been found to impair coronavirus fusion
and restrict its entry into cells [44, 45], was also upregulated in
MS COVID-19 patients in CD14+ monocytes and CD4+ naive T
cells (Supporting information Table S4). Remarkably, the specific
IFN signature observed in CD14+ monocytes and CD4+ naive T
cells of MS COVID-19 patients is likely specific to the autoimmune
condition under infection, as no differences in sampling time rel-
ative to COVID-19 onset are seen compared with controls. Sim-
ilarly, no significant differences were observed in sampling time
relative to COVID-19 onset in the Ps and RA groups compared
with controls (Supporting information Table S1). In Ps COVID-19
patients, CD4+ naive T cells displayed enrichment of the TNF-
a/NF-kB signaling pathway, as well as a pronounced hypoxia sig-
nature. Consistent with these results, we observed upregulation
of TNF-o/NF-«B signaling pathway genes such as NFKB1, CEBPD,
and CD83 (Fig. 3C). In RA COVID-19 patients, CD4+ memory T
cells displayed enrichment of the TNF-a/NF-kB signaling pathway,
as well as higher levels of hypoxia, IL-12, and IFN-y responses
(Fig. 3A). Additionally, this cell compartment displayed upregu-
lation of several TNF-a/NF-kB signaling-related genes, including
RELA, RELB, and ICAM1, among others, as well as upregulation of
several genes related to the IFN-y response, such as IRF1, TRIM21,
and PIAS1 (Fig. 3C).

<«

plasmablast, and plasma B cells. The myeloid fraction includes CD14+ and CD16+ monocytes, as well as conventional dendritic cells including
cDC1, cDC2, and cDC3, plasmacytoid dendritic cells (pDC), and neutrophils. Additionally, we identified precursor hematopoietic stem cells (HSC),
platelets, and red blood cells (RBC). (c) Dot plot depicting the expression of selected marker genes in the cell populations identified. The scale
represents the mean gene expression in the cell subset; the circle size represents the percentage of cells in the subset expressing the gene. (d) Dot
plot depicting the expression of selected protein markers in the cell populations identified. The scale represents the standardized mean protein
expression in the cell subset; the circle size represents the percentage of cells in the subset expressing the protein.
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Figure 2. Alterations in cell composition and T cell receptor clonality in patients with pre-existing autoimmunity under SARS-CoV-2 infection. (A)

UMAP visualization shows the distribution of the immune cell populations in the patient groups and controls included. (B) Bar plot depicting the
average cell proportions of the immune cell types in each patient group. Significant differences in cell proportions between any two groups are
marked with an asterisk next to the cell type (unpaired, two-sided Wilcoxon rank-sum test; see Supporting information Table S2 for statistically
significant p-values between each pair of groups). (C) UMAP visualization depicting the sub-clustering of the CD14+ monocyte compartment,

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu

85UBD1 7 SUOWILIOD SAIE81D) 8|qeoldde aupy Aq peusenob ke il VO ‘8sn JO S8|nJ 10} ARIGITaUIIUQ AB]IA UO (SUOTHIPUOD-PUE-SWBIALIOY A8 | AReIq 1 pUTJUO//SANY) SUONIPUOD PUe WS | 8U} 89S *[7202/c0/S0] Uo Akeiqiauliuo Ao|im ‘(ouleAnge ) eqnopesy Aq ££90SE2Z0 18/200T OT/I0p/W00" A8 | im Ake.q Ul juo//Sdny Wolj pepeojumod ‘T ‘#20z ‘TrTrTeST



Eur. J. Immunol. 2024;54:2350633

Importantly, the upregulation of the aforementioned genes
was not observed in CD14+ monocytes or CD4+ T cells of unin-
fected RA, Ps, or MS patients compared with healthy donors
(Supporting information Tables S5 and S6), suggesting that
the observed gene signatures specifically originate in response
to SARS-CoV-2 infection. Moreover, many of these upregulated
genes in COVID-19 with pre-existing autoimmunity (many of
whom displayed mild COVID-19 at the time of sample collec-
tion compared with COVID-19 controls) were shown to be less
expressed in mild compared with severe COVID-19 controls (Sup-
porting information Fig. S2A, B), suggesting that such responses
are unique to the autoimmune disease patients under infection
regardless of COVID-19 severity.

Some of the autoimmune disease patients included in this
study received rituximab treatment (anti-CD20 monoclonal anti-
body) before SARS-CoV-2 infection. To gain further insights
into the possible effects of this immunotherapy on the immune
response to SARS-CoV2 infection, we compared those rituximab-
treated patients in our cohort (3 RA and 1 MS) versus patients
from the same disease groups who did not receive rituximab
as controls (2 RA and 2 MS). Our results indicate that several
genes involved in IFN and antiviral immune responses that are
upregulated in monocytes during SARS-CoV-2 infection such as
IFITM1, IF116, IRF1, ISG15, OAS1, and MX2, together with genes
involved in inflammasome activation and IL-1p production such as
NAIP, CASP1, and PYCARD, had significantly reduced expression
in monocytes from rituximab-treated patients compared with the
controls (Supporting information Table S6).

Overall, CD14+ monocytes and CD4+ T cells show altered
immune signatures associated with inflammation, hypoxia, as
well as IFNs and TNF responses for all three autoimmune dis-
ease patents under SARS-CoV-2 infection that might condition the
function and polarization of these cells to specific phenotypes.

Altered transcription factor activity in autoimmune
patients supports diverging responses to SARS-CoV-2

We next analyzed transcription factor (TF) activities in the differ-
ent COVID-19 patient groups using Discriminant Regulon Expres-
sion Analysis, a comprehensive resource of curated TFs and their
gene targets [37].

In MS COVID-19 patients, both CD14+ monocytes and CD4+
T cells displayed stronger activation of type I IFN-associated TFs
— namely STAT1, STAT2, IRF9, and IRF1 — compared with Ps, RA,

o
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and control COVID-19 patients, in line with our previous differ-
ential gene expression analysis (Fig. 4A, B). This signature was
only observed in MS patients under SARS-CoV-2 infection and
not in uninfected MS patients (analysis performed on published
dataset [34]; Supporting information Fig. S2C and Tables S5 and
S6), supporting that the observed IFN signature specifically orig-
inates in response to infection. Additionally, CD14+4 monocytes
of Ps COVID-19 individuals displayed a significantly lower level
of activity of several regulatory factor X (RFX) TFs, particularly
in comparison to the MS COVID-19 group (Fig. 4A). RFX TFs
are involved in the transcriptional regulation of HLA genes [46],
including HLA-DR, which is known to be downregulated in dys-
functional HLA-DR°¥CD163"2" and HLA-DR°¥S100AM8" CD14+
monocytes in severe COVID-19 [11]. We also inspected hypoxia-
associated TFs such as hypoxia-inducible factor 1-alpha (HIF-1a)
and EPAS1 (HIF-2a), as they have been related to tolerogenic
phenotype in monocytes [47] and with an increase in glycolysis
involved in the acquisition of trained immunity in myeloid cells
during inflammation [48]. We detected predominant and signif-
icant hyperactivation of these two TFs in CD14+ monocytes of
Ps COVID-19 patients compared with the other patient groups
(Fig. 4A). These signatures for HIF-1la and EPASI, but not for
RFX TFs, only occurred in Ps patients under SARS-CoV-2 infection
and not in uninfected ones (Supporting information Fig. S2C and
Tables S5 and S6), supporting that the observed hypoxia signature
in Ps patients specifically originates in response to the infection.

In Ps COVID-19 patients, both CD4+ naive and memory T cells
presented a specific activation of the GATA3 pathway (Fig. 4B),
which might be associated with higher polarization toward a Th2
response. In the MS COVID-19 group, GATA3 pathway TFs were
only modestly upregulated in CD4+ memory T cells. Notably,
CD4+ naive T cells of Ps COVID-19 patients showed significant
protein upregulation of CD124 (Supporting information Table
S7), the IL-4 receptor, which is involved in Th2 polarization of
CD4+ T cells [49]. We also noted significant protein upregula-
tion of the IL-21 receptor (CD360) (Supporting information Table
S7), whose ligand IL-21 is known to impair Th1 polarization and
amplify the Th2 response [50].

We also detected higher levels of activity of the AP-1 sub-
units JUND and FOS, and NF-kB pathway TFs in CD4+ naive T
cells of Ps COVID-19 patients (Fig. 4B). Both of these TF path-
ways are downstream of TNF signaling [51], consistent with the
enrichment of the TNF-a signaling category observed earlier in
the same cell compartment of Ps COVID-19 patients. Instead, the
activation of NF-kB in the RA group was seen in CD4+ memory

<

where subcluster 3 corresponding to CD14+ HLA-DR°Y monocytes is shown in red. (D) UMAP visualization showing the gene expression of HLA-
DR subunits (HLA-DRA and HLA-DRB1) in CD14+ monocytes. The dot plot depicts the gene expression of the two HLA-DR subunits in the subclusters
identified within CD14+ monocytes. (E) Box plot depicting the average proportion of HLA-DR¥ cells within CD14+ monocytes between the different
groups. Boxes represent the interquartile range (IQR), horizontal bars depict the median, whiskers extend to 1.5 x IQR, and dots denote the values
for each donor where outliers are additionally marked with grey labels. Statistical significance was determined using the unpaired, two-sided
Wilcoxon rank-sum test of comparisons with controls (p = 2.20 x 1073 vs.RA,p=1.12 x 1072 vs.MS,p =7.21 x 1073 vs. Ps). (F) Bar plot of the average
proportions of the T cell subsets corresponding to single or expanded clones in the different groups. Significant differences in cell proportions of
expanded clones between the groups by the unpaired, two-sided Wilcoxon rank-sum test are marked with an asterisk (increased MAIT in MS: p =
2.53 x 1072 vs.RA, p = 3.39 x 1072 vs. Ps, p = 4.25 x 1072 vs. control; reduced CD8+ memory T cells in RA: p = 1.43 x 1072 vs. Ps,p = 7.05 x 1073 vs.
control).
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Figure 3. Genes differentially expressed in patients with pre-existing autoimmunity under SARS-CoV-2 infection. (A) Dot plots depicting the gene
set enrichment analysis (GSEA) in CD14+ monocytes, CD4+ naive T cells, and CD4+ memory T cells of differentially expressed genes between
the COVID-19 patient groups (control, RA, MS, and Ps). The scale represents the normalized enrichment score (NES); the circle size indicates the
-log1oFDR value, where the circle edge represents the statistical significance of the enrichment (black: significant; no edge: not significant). (B)
Box plots depicting the normalized mean expression of differentially expressed genes (false discovery rate [FDR] < 0.05) between the four COVID-
19 patient groups that are involved in pathways implicated in (A) in CD14+ monocytes (see Supporting information Table S4 for FDR values).
The asterisk indicates the significantly different patient group. (C) Box plots depicting the normalized mean expression of genes differentially
expressed (FDR < 0.05) between the four COVID-19 patient groups involved in the pathways implicated in (A) in CD4+ naive and memory T cells
(see Supporting information Table S4 for FDR values). Similarly, the asterisk indicates a significantly different patient group.
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Figure 4. Transcription factor activity and cell-cell communication alterations in patients with pre-existing autoimmunity under SARS-CoV-2
infection. (A) Dot plot showing selected transcription factor activities of different regulons in CD14+ monocytes from the different COVID-19
patient groups (control, RA, Ps, and MS). The scale represents the normalized enrichment score (NES); the circle size indicates the —logioFDR value.
(B) Dot plots showing selected transcription factor activities of different regulons in CD4+ naive and memory T cells from each patient group.
The scale represents the normalized enrichment score (NES); the circle size indicates the —log;oFDR value. (c) Dot plot of selected dysregulated
ligand/receptor (L/R) interactions between CD14+ monocytes or CD4+ T cells (naive and memory) and other immune cell compartments in the
COVID-19 patient groups. The scale indicates the log, (FC) in gene expression of differentially expressed genes (FDR < 0.05); the circle size represents
the percentage of cells expressing the differentially expressed gene. Molecules of the L/R pairs expressed in the inspected immune subset (CD14+
monocyte, CD4+ naive T cell, or CD4+ memory T cell) are shown in red, and molecules of the L/R pairs expressed in the immune cell partner are
shown in blue. Assays were performed at the mRNA level, but results were extrapolated to protein interactions.
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T cells (Fig. 4B), which was also the cell subset displaying TNF-a
signaling enrichment as observed earlier. In contrast to the GATA3
signature that was already detectable in uninfected Ps individu-
als (which may likely be the consequence of immunomodulatory
treatment in such patients [52]), the signatures for AP-1 in Ps
patients and NF-«B in Ps and RA patients were only observed
under SARS-CoV-2 infection and not in uninfected individuals
(RA analysis performed on published dataset [35]; Supporting
information Fig. S1D and Tables S5 and S6), suggesting that they
originate specifically in response to the infection.

Overall, these results reveal altered TF activities associated
with IL-4, type I IFN, TNE and hypoxia pathway unique to the
autoimmune conditions under SARS-CoV-2 infection.

Defects in cell-cell communication in COVID-19
patients with pre-existing autoimmunity

To systematically analyze the effect of cell-cell communication
on immune responses upon SARS-CoV-2 infection, we used Cell-
PhoneDB [38, 53], which infers specific cell-cell interactions
based on the expression of ligands and receptors. We identi-
fied alterations in several ligand-receptor pairs involved in the
immune and inflammatory responses (Fig. 4C and Supporting
information Table S8). For instance, in MS COVID-19 patients,
we detected a dysregulated higher interaction between TRAIL
(TNFSF10), expressed in CD14+ monocytes and CD4+ naive T
cells, and its receptor TNFRSF10B, expressed in monocytes and
memory B cells (Fig. 4C), which is probably a consequence of
the upstream IFN activation [54]. A similar dysregulated interac-
tion pattern in the same cell subsets was observed with respect to
LFA-1 integrin (consisting of ITGB2 and ITGAL subunits) and its
ligand CD54 (ICAM1) (Fig. 4C). Enhanced interaction between
the CCL5 ligand, expressed in all the immune cells inspected,
and the CD191 (CCR1) receptor, whose inhibition potentially sup-
presses immune hyperactivation in critical COVID-19 [55], was
noted in the MS and RA COVID-19 groups for CD14+ monocytes.
Our analysis also revealed, in RA COVID-19 patients, a stronger
interaction between CD55, expressed in CD4+ T cells, and its
ligand CD97 (ADGRE5) (Fig. 4C), which has been described to
enhance T cell activation [56]. While a stronger TNF/TNFR inter-
action was observed in the CD14+ monocyte subset of MS and Ps
COVID-19 patients, such interaction predominated in the CD4+
memory T cells of the RA group (Fig. 4C), which is consistent
with the previously observed downstream activation of NF-xB
in the same cell type. Additionally, in Ps COVID-19 patients, we
observed a stronger autocrine/paracrine interaction between IL-
1B, expressed in CD14+ and CD16+ monocytes, and its inhibitory
receptor (IL1R2), expressed in CD14+ monocytes (Fig. 4C).

Consistent with the overarching immune pattern revealed in
this study, we also found stronger interactions with type I IFN
receptors (IFNARI and IFNAR2) in the CD4+ T cell subsets for
MS and RA COVID-19 patients, as well as in CD14+4 monocytes
predominantly for the MS COVID-19 group (Fig. 4C), which most
likely explains the general type I IFN signature seen.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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In summary, we found a dysregulated network of cell-cell com-
munication events in autoimmune disease patients in response
to infection involving inflammatory cytokines, cell adhesion
molecules, and cell activation regulators, which likely modu-
late the downstream TFs pathways and may impact the antiviral
immune responses triggered in these patients.

Discussion

Here, we analyzed the immune response changes in the peripheral
blood of three groups of autoimmune disease patients during the
course of COVID-19 by combining single-cell transcriptome and
surface proteome profiles. Our study revealed that these patients
display aberrant immune responses to SARS-CoV-2 infection that
are most likely dependent on the context of the autoimmune dis-
ease.

Very few studies have addressed the implications of chronic
underlying inflammatory conditions in relation to the severity of
COVID-19, focusing on clinical or epidemiological analyses rather
than immunological insights. A meta-analysis of 62 observational
studies, covering more than 300,000 patients with autoimmune
diseases, suggested that these patients had an increased risk of
COVID-19 [21]. More recently, another study has shown that
patients with immune-mediated inflammatory diseases were at
higher risk of being hospitalized with COVID-19 [23]. Conversely,
another study suggested that patients with autoimmunity who
required hospital admission owing to SARS-CoV-2 infection had
a lower risk of developing severe disease and were less likely to
require a stay in the intensive care unit or mechanical ventilation
[22]. It has been shown that MS patients with advanced age and
disease, as well as those with greater disability, are at an increased
likelihood of developing severe and even fatal COVID-19 [57]. In
addition, as viral respiratory infections are recognized to increase
the risk of relapse in MS patients [58], there is a concern that
COVID-19 might exacerbate symptoms in MS individuals, though
this remains an open question [59]. For RA patients, it has also
been described that such patients face an increased risk of severe
COVID-19, particularly those with related interstitial lung disease
[60]. Furthermore, several studies have consistently revealed that
unvaccinated individuals with RA show an elevated risk of COVID-
19 hospitalization and mortality [61-63]. For Ps patients, it has
been suggested that although individuals can have an increased
risk of contracting SARS-CoV-2 infection, they may not exhibit
increased susceptibility to the complications of COVID-19 [64].
Given such divergent scenarios, our study aimed at exploring the
particular immune signatures to SARS-CoV-2 infection in individ-
uals with pre-existing autoimmune diseases.

Our analysis of cell proportions revealed that COVID-19
patients with pre-existing autoimmunity do not display features
characterizing severity, such as expanded HSCs, platelets, or plas-
mablasts [30]. However, the three autoimmune groups stud-
ied showed a marked expansion of HLA-DRY CD14+ mono-
cytes. Expansion of these dysfunctional HLA-DR" monocytes has
recently been described in patients with severe COVID-19 [8,
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11]. Regardless of whether this subset of monocytes is already
present at baseline in autoimmune disease patients or if instead
it is expanded under SARS-CoV-2 infection, the high proportion
of HLA-DR'®" CD14+ monocytes in COVID-19 with pre-existing
autoimmunity might interfere with a proper antiviral response,
given that these monocytes are characterized by displaying an
immunosuppressive phenotype [65-68]. Remarkably, MS COVID-
19 patients had higher proportions, as well as clonal expansion,
of circulating MAIT cells. Higher proportions of MAIT cells have
been reported in asymptomatic and mild infections [30], and their
expansion may enhance the antiviral immune response in these
patients [69].

We also identified a predominant upregulation of the type I
IFN pathway along with its downstream transcription factors (i.e.
STAT1, STAT2, and IRF9) in CD14+ monocytes and CD4+ T cells
of MS COVID-19 patients. This signature most likely stems from
a stronger ligand/receptor (IFNAR1 and IFNAR2) interaction, as
identified in our cell-cell communication analysis. Whether this
feature may be beneficial or detrimental to these patients in the
context of SARS-CoV-2 infection remains unclear. Several stud-
ies have identified impaired type I IFN activity in patients with
severe COVID-19 [7, 70-74], and COVID-19 patients treated with
inhaled nebulized IFN beta-la (SNG0OO01) showed greater odds
of improvement and recovered more rapidly from SARS-CoV-2
infection [75]. On the other hand, it has been suggested that
such a robust type I IFN response potentially exacerbates hyper-
inflammation, facilitating the development of severe COVID-
19 [76, 77]. This predominant IFN signature in MS COVID-
19 patients may therefore be a double-edged sword, simultane-
ously promoting antiviral immune responses and exacerbating
immune hyperactivation in these patients. Angiotensin-converting
enzyme 2 (ACE2), whose protein product binds to the SARS-CoV-
2 spike (S) protein and promotes cellular entry of the virus, was
initially described as a human ISG [78], but these results were
challenged shortly after [79, 80]. Indeed, increased SARS-CoV-
2 cell entry leading to higher viral loads is ultimately associated
with increased COVID-19 severity and mortality [81, 82]. In this
regard, the ISG LY6E, which has been reported to impair coron-
avirus fusion and restrict its entry into cells [44, 45], was upregu-
lated in MS COVID-19 patients relative to the other patient groups
in both CD14+ monocytes and CD4+ naive T cells. Notably, our
analysis of uninfected MS patients did not show this predominant
IFN signature, suggesting that it originates specifically in response
to the infection.

In Ps COVID-19 patients, we found a higher level of GATA3
pathway activity in the CD4+ T-cell compartment. GATA3 is a
crucial TF involved in Th2 polarization [83], which is induced
by IL-4. In this regard, we have also detected a higher level of
the IL-4 receptor protein (CD124) in the CD4+ T cells of these
patients, which likely explains the observed greater activity of
GATA3. The Th2 immune response has been linked to a fatal out-
come of COVID-19 [16]. Higher proportions of Th2 cells have
been further detected in poor-prognosis COVID-19 patients [84],
with cytological signals of the Th2 immune response in periph-
eral blood from COVID-19 patients who required intensive care

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

Immunodeficiencies and autoimmunity 13 of 1

[85]. As such, a high Th2 polarization in Ps patients during SARS-
CoV-2 infection, which might be caused or enhanced by the spe-
cific treatments received and/or the underlying immune condition
(86), might represent an adverse immunological feature in these
patients.

Beyond CD4+ T cells, we identified altered immune responses
in the myeloid compartment of Ps COVID-19 patients. For
instance, the CD14+4 monocytes of Ps COVID-19 individuals
showed a higher level of activation of the HIF pathway. HIF
factors are upregulated at low oxygen concentrations and are
involved in the regulation of immune responses [87]. Although
control COVID-19 patients also showed activation of the HIF path-
way, Ps COVID-19 patients displayed significantly higher levels
of activity in this HIF pathway, predominantly in CD14+ mono-
cytes. This pathway has been associated with the acquisition of
an immunosuppressive phenotype in contexts characterized by
altered immune responses such as sepsis [47]. Taken together,
these results suggest that Ps patients may confront a SARS-CoV-2
infection with inefficient responses in several immune compart-
ments that affect their innate and adaptive immune systems.

For RA COVID-19 patients, in addition to increased propor-
tions and a trend toward clonal expansion of CD4+ memory T
cells, this immune subset displayed the highest level of dysreg-
ulation in this patient group. In particular, we observed signifi-
cant activation of TNF-a/NF-kB signaling as well as upregulation
of the IL-12 and IFN-y responses. Synergistic activation of these
cytokines occurs in CD4+ T cells and is associated with the exac-
erbated inflammatory response in severe and critical COVID-19
[7, 88]. Additionally, inhibition of NF-xB and TNF-« is thought to
have a therapeutic potential for alleviating the cytokine storm and
COVID-19 severity [89].

The appearance of sequelae in some COVID-19 patients after
the acute phase of infection is a paramount clinical aspect
that has become apparent during the pandemic. Such seque-
lae include manifestations like pulmonary damage, thromboem-
bolism, and neuroinflammation among others [90]. Pulmonary
sequelae, ranging from dyspnea to fibrotic damage and persistent
oxygen requirement, might be a consequence of elevated inflam-
matory cytokine production and lung invasion by neutrophils and
monocytes [90]. In this regard, our results indicate that the IL-6
pathway is significantly upregulated in CD14+ monocytes of MS
COVID-19 patients, which may ultimately facilitate a fibrotic state
[91]. Furthermore, LFA-1 was upregulated in the CD14+ mono-
cytes of MS COVID-19 patients, potentially favoring monocyte
extravasation into the alveolar space [92]. Conversely, CD14+
monocytes of Ps COVID-19 patients and CD4+ memory T cells
of RA COVID-19 patients displayed hypoxia features, which are
related to thrombotic complications in COVID-19 patients [93].

The limited number of patients included in this study reflects
the difficulty in collecting samples from such patient populations
at the time of infection, especially given that patients classified
as at-risk, including autoimmune disease patients, significantly
reduced their frequency of medical visits during the COVID-19
pandemic [94, 95]. Additionally, although we perform several
analyses to control for the inherent heterogeneity between groups
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(accounting for differences in COVID-19 disease course and sever-
ity, sex, treatment, timing, and infection status; see Methods),
such differences should be considered for broad conclusions. Nev-
ertheless, our cohort is unique and valuable by including COVID-
19 patients with pre-existing autoimmunity in a prevaccination
state, and it allowed us to explore unresolved questions in the
field of immunology and virology. One of the unique strengths
of our work is the validation of the immune responses observed
across separate computational analyses and tools, particularly
from immune ligand/receptor interactions and downstream path-
way activity, providing consistent and complementary evidence of
immune dysregulation.

While our analysis focused on identifying shared responses
among all patients within each autoimmune disease group to
minimize the influence of specific prior immunomodulatory treat-
ments on the observed transcriptional changes upon SARS-CoV-2
infection, this is a limitation that could potentially impact the find-
ings. Nevertheless, it is worth noting that individuals with autoim-
mune diseases often have a history of immunomodulatory treat-
ments whose effects become intertwined with the chronic autoim-
mune state in these patients. These combined factors together can
then shape how these patients respond to SARS-CoV-2 infection.
Therefore, our study provides valuable insights into the immune
responses to infection in patients with pre-existing autoimmunity
on immunomodulatory treatment, which is most representative of
typical autoimmune disease patients.

In our cohort of patients with pre-existing autoimmune con-
ditions, some patients received rituximab prior to SARS-CoV-2
infection. Published evidence suggested that such rituximab treat-
ment may be linked to unfavorable COVID-19 outcomes [96, 97].
Our analysis may be consistent with this hypothesis revealing that
monocytes from such rituximab-treated patients have reduced
expression of several genes involved in the antiviral response and
inflammasome activation during SARS-CoV-2 infection. Nonethe-
less, patients on anti-CD20 treatment are still able to generate
robust T-cell responses following COVID-19 vaccination, includ-
ing CD8+ T-cell responses linked to milder COVID-19 outcomes,
despite the impaired humoral responses, which may be impor-
tant in reducing the risk of complications associated with severe
COVID-19 [98, 99].

Our results highlight the presence of altered and diverging
immune responses in autoimmune disease patients that are spe-
cific to SARS-CoV-2 infection, and that may affect the course of
the disease. Future molecular and clinical studies building on our
work, including expanded cohorts, will shed light on the ultimate
consequences of the range of altered immune responses observed,
including whether they are ultimately beneficial or harmful for
these patients. The influence of these specific immune responses
on the risk of evolution to severe forms of COVID-19 and/or
clinical sequelae after the acute phase of SARS-CoV-2 infection,
which may help find tailored treatments for different autoim-
mune patient populations, is particularly important to consider.
This study presents a substantial and critical step toward that
end. Notably, given the overlapping features of immunopathology
between COVID-19 and other infections, such as influenza [100,

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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101], the implications of the altered immune responses observed
here may further extend the study on how autoimmune disease
patients cope with other viral infections.
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