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Background. Prognostic markers for disease severity
and identification of therapeutic targets in COVID-
19 are urgently needed. We have studied innate
and adaptive immunity on protein and transcrip-
tomic level in COVID-19 patients with different
disease severity at admission and longitudinally
during hospitalization.

Methods. Peripheral blood mononuclear cells (PBMCs)
were collected at three time points from 31 patients
included in the Norwegian SARS-CoV-2 cohort study
and analysed by flow cytometry and RNA sequenc-
ing. Patients were grouped as either mild /moderate
(n= 14), severe (n = 11) or critical (n = 6) disease in
accordance with WHO guidelines and compared
with patients with SARS-CoV-2-negative bacterial
sepsis (n = 5) and healthy controls (n = 10).

Results. COVID-19 severity was characterized by
decreased interleukin 7 receptor alpha chain

(CD127) expression in naive CD4 and CD8 T cells.
Activation (CD25 and HLA-DR) and exhaustion
(PD-1) markers on T cells were increased compared
with controls, but comparable between COVID-19
severity groups. Non-classical monocytes and
monocytic HLA-DR expression decreased whereas
monocytic PD-L1 and CD142 expression increased
with COVID-19 severity. RNA sequencing exhibited
increased plasma B-cell activity in critical COVID-
19 and yet predominantly reduced transcripts
related to immune response pathways compared
with milder disease.

Conclusion. Critical COVID-19 seems to be character-
ized by an immune profile of activated and
exhausted T cells and monocytes. This immune
phenotype may influence the capacity to mount an
efficient T-cell immune response. Plasma B-cell
activity and calprotectin were higher in critical
COVID-19 while most transcripts related to immune
functions were reduced, in particular affecting B
cells. The potential of these cells as therapeutic
targets in COVID-19 should be further explored.

Keywords: B cells, COVID-19, flow cytometry, mono-
cytes, T cells, transcriptomics.

Introduction

The outbreak of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has rapidly spread
across the world and caused a global health
emergency. Although patients usually present with
mild disease, the condition may progress to pneu-
monia, ARDS and death [1, 2]. The clinical deteri-
oration that often leads to hospitalization occurs
typically one week after onset of symptoms and
suggests that host immunity drives the propaga-
tion to severe coronavirus disease (COVID)-19 [3].

The systemic cytokine profile in severe COVID-19
resembles cytokine release syndromes, such as
macrophage activation syndrome [4], with high
plasma levels of pro-inflammatory cytokines [2, 5].
Notably, pro-inflammatory cytokine levels seem to
be lower in SARS-CoV-2- than in sepsis-induced
ARDS [6]. COVID-19 is also associated with lym-
phopenia, with a more pronounced depletion of
CD8 T cells, and lymphocyte count is inversely
correlated with severity [3, 7-9], an association also
demonstrated in sepsis [10]. The lymphopenia in
COVID-19 may be more prolonged than in other
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viral infections [8]. Little is known about the cause
of lymphopenia and whether T-cell responses are
helpful or harmful in COVID-19 [8]. Interleukin 7
(IL-7) known to restore lymphocyte counts and
repertoire in lymphopenia [8] may be a potential
target for therapeutics in COVID-19.

Although studies report increased levels of T-cell
activation, dysfunctional T cells expressing inhibi-
tory molecules such as PD-1 and TIM-3 are also
increased in patients with severe and critical
COVID-19 [11-14]. Interestingly, a recent publica-
tion shows that PD-1-expressing SARS-CoV-2-
specific CD8 T cells are in fact functional [15].
Thus, although most data indicate an activated yet
exhausted and dysfunctional immune system in
COVID-19 [13], the function and characteristics of
cell subsets involved in COVID-19 immunity
remain unclear.

Monocytes are potential drivers of hyperinflamma-
tion and ARDS in COVID-19 [4, 16]. Alveolar-
residing monocytes and macrophages may be
infected by SARS-CoV-2 through angiotensin-
converting enzyme (ACE-2)-dependent or indepen-
dent pathways [16-20]. Grant et al. argue that the
infection results in release of T-cell chemoattrac-
tants creating a positive feedback loop that drives
alveolar inflammation, possible facilitating dissem-
ination of SARS-CoV-2 in the lungs [18]. Whether
ACE-2-expression in circulating monocytes is
associated with COVID-19 severity remains
unknown. Mononuclear phagocyte dysregulations
associated with severe COVID-19 have recently
been documented [21]. Further, a relative and
absolute decrease in classical (CD14""'CD167) and
non-classical (CD14'CD16"'") monocytes to the
advantage of intermediate monocytes
(CD14"'CD16") has been reported in severe
COVID-19 [21-24]. Still, a conflicting study finds
an increase in classical and non-classical mono-
cytes [16]. Thus, the distribution and relevance of
the various monocyte lineages and subsets in
COVID-19 infection are not finally determined.

Understanding the mechanisms that drive detri-
mental pathophysiology is vital in order to find
strategies for host-directed therapies in COVID-19
[25]. We therefore aimed to explore COVID-19
immunity by characterizing T-cell and monocyte
subsets and their key markers of activation and
exhaustion as well as transcriptome patterns of a
broader variety of immune cells across the clinical
disease spectrum in a Norwegian COVID-19 cohort

compared with patients with SARS-CoV-2-negative
bacterial sepsis and healthy subjects.

Materials and methods
Study design, setting and participants

Patients aged > 18 years with confirmed COVID-19
admitted to Oslo University Hospital, Norway,
between 9 March and 12 June 2020 were included
in a prospective observational study (Norwegian
SARS-CoV-2 study; NCT04381819) [26-28]. Study
participants not treated with experimental drugs,
immunosuppressants or corticosteroids were
included within four days (mean 1.6 days) of
admission and followed with registration of clinical
data and blood samples during hospitalization.
SARS-CoV-2-negative patients with community-
acquired bacterial sepsis were prospectively
recruited from the medical intensive care unit
(ICU) in the same time period. Gender-, age- and
ethnicity-matched healthy controls without any
known diseases were recruited from the general
population. SARS-CoV-2 PCR tests were not per-
formed; however, they had no symptoms or history
of COVID-19 or detectable plasma SARS-CoV-2
antibodies. Peripheral blood was obtained from
COVID-19 patients at inclusion, after one (6-
9 days) and two (10-16 days) weeks and from
sepsis patients at inclusion (<4 days after admis-
sion). Peripheral blood was drawn into BD CPT™
Cell Preparation Tube containing sodium heparin
as anti-coagulant, and peripheral blood mononu-
clear cells (PBMC) were isolated according to the
manufacturer’s instructions and stored at —150°C
in freezing media containing 10% DMSO until
analysis.

Diagnostic assessments and definitions

COVID-19 was diagnosed in oro- and nasopharyn-
geal swabs using the cobas® SARS-CoV-2 nucleic
acid test on a cobas 8800 system targeting the E-
and ORF1 genes [29]. COVID-19 severity was
classified based on adapted WHO criteria [30]:
mild/moderate disease as PaO2/FiO2-ratio (P/F)
>37 kPa (corresponding to SpO2 < 90% on room
air); severe disease as P/F < 37 kPa; and critical
disease as P/F < 10 kPa or in need of ICU treat-
ment. For longitudinal analysis, patients were
classified as (i) improved (A > +5 kPa), (ii) stable
(A =5 to +5 kPa P/F) or (iii) deteriorated (A <
—5 kPa) measured by change in P/F after one
week. Sepsis was defined according to sepsis-3
criteria, as suspected infection and Sequential
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Organ Failure Assessment (SOFA) score of >2
points [31].

Data collection

Medical history including comorbidities, clinical
data, routine blood haematological and biochemical
markers and radiological findings were collected
according to a modified version of the International
Severe Acute Respiratory and Emerging Infection
Consortium (ISARIC isaric.tghn.org)/World Health
Organization (WHO) Clinical Characterization Pro-
tocol (CCP) version 3.1 and entered into a secure
web-based REDCap database (Research Electronic
Data Capture, Vanderbilt University, TN, hosted by
University of Oxford, UK). Corresponding data for
sepsis patients were recorded in a local database
(MedInsight, Oslo, Norway).

Ethical considerations

Prior to inclusion, informed consent was collected
from all patients or patient’s family members if the
patient was not able to consent. The study was
approved by the Regional Committee for Medical
and Health Research Ethics in South-Eastern Nor-
way (reference numbers 106624 and 2019/306).

Flow cytometry

Thawed PBMCs rested for 2 h in a 37 °C incubator
with 5% CO,. Cells were split into two suspensions,
stained with a monocyte panel (1 x 10° cells) or T-
cell panel (1 x 10° cells) according to the manu-
facturer’s instructions (BD Biosciences). Overview
of the antibodies is displayed in Tables S1 and S2.
The gating strategies for monocytes and T cells are
shown in Figures S1-S3. Briefly, the three mono-
cytes subsets were classified as classical
(CD14"*CD167), intermediate (CD14"7'CD16") or
non-classical (CD14'CD16"") monocytes [32]. Flu-
orescence minus one (FMO) control for CD142, PD-
L1 and ACE-2 was included. T-cell maturity sub-
sets were identified by their expression of CD4,
CD8 and CD45RO and Tregs defined by
CD3"'CD4'CD25"CD127'°%. T-cell activation and/
or exhaustion were investigated by the expression
of HLA-DR, PD-1 and IL-7Ra. Cell acquisition was
performed on FACS Canto II (BD Biosciences).
Instrument calibration was performed according to
the manufacturer’s instructions and compensation
adjusted using antibody capture beads (Comp-
Beads, BD Biosciences). Data analysis was per-
formed using FlowJo (Tree Star Inc.), expressed as

frequencies (%) or mean fluorescent intensity
(MFT).

mRNA analysis

mRNA expression was analysed on PBMC pellets
from a subset of the COVID-19 cohort: critical
(n=3), severe (n=35), mild/moderate (n=7)
COVID-19 and healthy controls (n= 6). The cell
pellet was immediately resuspended in RNAlater
solution and extracted applying the Qiagen Allprep
kit, according to the manufacturer’s instructions
(Qiagen, Hilden, Germany), treated with DNase
(Qiagen) and stored at —80°C until analysis. RNA
concentrations and purity based on the 260/280
and the 260/230 ratio were assessed by spec-
trophotometer absorbance (NanoDrop ND-1000;
Thermo Fisher Scientific Inc., Waltham, MA). RNA
was sequenced with 2 x 150 bp flow cell on the
Nlumina-NovaSeq 6000 platform (OGC, Oxford,
UK) at the Norwegian Sequencing Centre, Oslo,
Norway. Contaminated adapters and reads with
Phred quality scores below 30 in raw data were
trimmed by fastp (version 0.20.1) [33]. Filtered
reads were mapped to human transcript sequence
(GRCh38.p13, Gencode release 34) [34] by Kallisto
(version 0.46.1) with 200 bootstrap iterations [35].

Statistical analysis

Non-parametric statistics were applied as follows:
Mann-Whitney U-test for independent, non-paired
groups, when comparing all COVID-19 cases with
healthy controls and septic with critical COVID-19
patients. The Jonckheere-Terpstra trend test was
used when comparing COVID-19 severity groups.
Wilcoxon signed-rank test was used for paired
longitudinal samples, whereas Mann-Whitney was
used when comparing changes in expression from
baseline to week 1 in the two respiratory function
trajectory groups (P/F improved vs. P/F deterio-
rated/stable). Spearman correlation was applied
where appropriate. A significance level of P < 0.05
was chosen. Due to the explorative nature of the
study, the statistics calculated from the flow
cytometry data were not corrected for multiple
testing, as the findings in this study were consid-
ered as hypotheses generating rather than confir-
matory. Statistical analysis was performed by
SPSS statistical software (Macintosh version 26.0,
IBM, Armonk, NY, USA).

The significantly differentially expressed tran-
scripts obtained from the RNA sequencing were
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obtained by Sleuth (version 0.30.0) using the Wald
test [36]. Transcript-level information was summa-
rized to gene level by tximport R package version
1.18 [37], and the differentially expressed genes
were obtained by DESeq2 R package version 1.30.1
[38]. Data are presented as natural-log scaled b-
value, which is analogous to the fold change. These
data are corrected for inferential variance esti-
mated from bootstraps. To plot the heatmap, the
normalized estimated counts of significantly differ-
entially expressed transcripts were obtained from
bootstraps. They were further z-score-normalized
before plotting. To estimate cell fractions with
CIBERSORT, all the gene-level normalized esti-
mated counts were submitted to the online plat-
form (cibersort.stanford.edu). The built-in LM22
table was used as signature matrix [39]. For
functional enrichment analysis, significantly dif-
ferentially expressed transcripts (g < 0.05) were
uploaded to Metascape (metascape.org, database
version 2020-09-16) [40]. Enriching was performed
in Gene Ontology (biological process) [41, 42],
Hallmark [43], Kyoto Encyclopedia of Genes and
Genomes (KEGG), Reactome and PID pathways
[44]. Terms and pathways with P < 0.01, minimum
count of 3, enrichment factor >1.5 were considered
statistically significant.

Results
Clinical characteristics

A total of 31 COVID-19 patients, five patients with
bacterial sepsis and ten healthy controls were
included in the study. Patient clinical and demo-
graphic characteristics are shown in Table 1. One
critically ill COVID-19 patient had a bacterial lower
respiratory super-infection. In the sepsis cohort, 4
of 5 patients had bacterial infections confirmed by
positive culture (three positive blood cultures, one
abscess culture) and 1 of 5 showed radiological and
clinical findings consistent with bacterial pneumo-
nia. A total of 12 COVID-19 patients were sampled
also after one week, hereof six with improved (AP/
F + 13, 10 to 16 kPa (median, range)), three with
stable (AP/F -3, —4 to —1 kPa) and three deteri-
orating respiratory function (AP/F —15, —23 to
—8 kPa). The latter two groups were merged in
further analysis.

Absolute lymphocyte count decreased with
increasing COVID-19 severity (P= 0.041), while
absolute neutrophil count (P = 0.002), neutrophil:
lymphocyte ratio (NLR) (P = 0.003), procalcitonin
(PCT) (P=0.003) and C-reactive protein (CRP)

(P=0.001) increased. Compared with patients
with bacterial sepsis, critical COVID-19 patients
had lower white blood cell (WBC) counts
(P = 0.009) and monocyte counts (P = 0.004) while
lymphocyte and neutrophil counts, NLR and CRP
were comparable.

T-cell IL-7Roc expression declines with increased COVID-19 severity

We found no significant differences in the fractions
of CD3, CD4 or CD8 T-cell subsets across COVID-
19 severity groups (Figure S4A). Thus, we pro-
ceeded to explore T-cell markers of differentia-
tion/survival (CD127/IL-7Ru), activation (HLA-DR
and CD25) and exhaustion (PD-1). IL-7Ra expres-
sion was generally higher in COVID-19 patients
compared with healthy controls (CD8 memory,
P=0.010; CD8 naive, P=0.037; CD4 memory,
P=0.011; Fig. 1a). An inverse association with
COVID-19 severity was observed for IL-7Ra expres-
sion in these cell subsets, significant for naive CD4
and CD8 T cells (Fig. 1a). IL-7Ra expression in
naive CD4 T cells also correlated with P/F
(r=0.45, P=0.021; Figure S5). Notably, both in
sepsis patients and in critical COVID-19 patients,
IL-7Ro expression was comparable to controls.

Activation marker CD25 and exhaustion marker PD-1 expression
higher in critical COVID-19 compared with bacterial sepsis

T-cell expression of the activation marker HLA-DR
was similar across COVID-19 severity groups and
comparable to patients with bacterial sepsis (Fig-
ure S4B). Nevertheless, HLA-DR expression in CD8
T cells was higher in COVID-19 patients irrespective
of severity compared with healthy controls (memory,
P < 0.001, and naive, P = 0.001) (Figure S4B). Like-
wise, there was no significant difference in CD25
and PD-1 expression across COVID-19 severity
groups (Figure S4C/D), but in contrast to HLA-DR
these markers were increased in critical COVID-19
compared with bacterial sepsis. Furthermore, PD-1
expression and CD25 expression were higher in
some T-cell subsets in COVID-19 patients com-
pared with healthy controls (Figure S4D).

Non-classical monocytes decline in critical COVID-19 correlating to
respiratory failure

Total monocyte frequencies were similar across
COVID-19 severity groups, but trends of increased
fractions of classical monocytes and decreased
fractions of non-classical monocytes were observed
with increased COVID-19 severity (Fig. 1b and c).
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Table 1

Clinical characteristics of study participants

Disease severity, COVID-19

Total COVID-19  Mild/Moderate
(n=31) (n=14) Severe (n=11) Critical (n = 6) Sepsis (n = 5)
Age years, median (IQR)* 57 (21) 49 (30) 57 (16) 64 (16) 51 (32)
Female (%)* 11 (36) 7 (50) 3 (28) 1(17) 2 (40)
Ethnicity, white (%)* 22 (71) 9 (64) 10 (91) 3 (50) 5 (100)
Smoking (%)
- Former 8 (26) 2 (14) 4 (36) 4 (67) 1(20)
- Current 2 (7) 2 (14) 0 0 1 (20)
ARB/ACE; use (%) 11 (36) 4 (28) 3 (28) 4 (67) 1 (20)
ICU LoS 0 0 6 (0-14) 4 (1-8)
Mechanical ventilation 0 0 2 (0-10) 0
days
Hospital LoS 8 (1-26) 5(2-11) 7 (1-10) 20 (12-26) 14 (9-18)
Comorbidities, n (%)
Chronic heart disease 7 (23) 3 (21) 0 4 (67) 0
Chronic renal disease 3 (10) 1(7) 0 2 (33) 0
Cancer 1(3) 0 0 1(17) 1 (20)
Diabetes 4 (13) 1(7) 1(9) 1(17) 2 (40)
Hypertension 14 (495) 5 (36) 4 (40) 4 (67) 1 (20)
Chronic lung disease 8 (26) S (36) 3 (28) 0 1 (20)
BMI, mean (range) 28 (18-38) 26 (18-36) 29 (21-38) 29 (26-32) NA
Symptoms, n (%)
Fever 26 (84) 11 (100) 11 (100) 4 (67) NA
Cough 28 (90) 12 (86) 11 (100) 5 (83) NA
Dyspnoea 23 (74) 8 (57) 9 (82) 6 (100) NA
Fatigue 28 (90) 11 (79) 12 (100) 6 (100) NA
Diarrhoea™? 9 (29) 6 (50) 2 (18) 1(17) NA
Days symptoms, mean 9 (0-17) 8 (0-17) 10 (3-17) 8 (4-14) NA
(range)
Routine clinical data at inclusion, mean (ratnge)b
Leukocytes x10°/L 6.0 (2.6-12.0) 4.9 (2.6-7.2) 6.4 (3.5-12.0) 7.9 (3.8-11.2) 20.2 (11.2-46.7)
Lymphocytes x10°/L 1.3 (0.4-2.1) 1.5 (0.8-2.1) 1.2 (0.5-1.7) 1.1 (0.4-1.5) 1.7 (0.5-2.7)
Neutrophils x10°/L 4.2 (1.2-11.1) 2.8 (1.2-5.3) 4.8 (1.8-11.1) 6.4 (1.9-9.4) 17.3 (7.5-43.8)
Monocytes x10°/L 0.5 (0.1-0.9) 0.5 (0.1-0.9) 0.4 (0.1-0.8) 0.4 (0.2-0.5) 1.4 (0.7-2.0)
NLR 4.5 (0.6-23.0) 2.1 (0.6-5.9) 5.3 (1.3-22.2) 8.4 (1.3-23.0) 15.5 (2.8-36.4)
MLR 0.4 (0.1-1.0) 0.3 (0.1-0.6) 0.4 (0.1-0.8) 0.4 (0.2-1.0) 0.9 (0.3-1.8)
Platelets x10°/LY 213 (120-427) 216 (136-414) 200 (127-419) 230 (120-427) 263 (98-510)
Procalcitonin ug/L™?  0.22 (0.05-1.70) 0.12 (0.05-0.60) 0.13 (0.05-0.46) 0.58 (0.16-1.70) NA
CRP, mg/L 66 (0-219) 34 (0-191) 73 (15-196) 127 (45-219) 146 (42-277)
Ferritin pg/L? 674 (7-2348) 380 (7-992) 789 (231-1408) 1050 (354-2348) NA
Fibrinogen g/L{? 5.5 (2.6-8.7) 4.7 (2.6-8.7) 5.7 (4.1-7.2) 6.5 (4.3-7.5) NA
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Table 1 (Continued)

Disease severity, COVID-19

Total COVID-19 Mild/Moderate

(n=31) (n=14) Severe (n=11) Critical (n = 6) Sepsis (n = 5)
D-dimer mg/L{"2 0.8 (0.2-2.9) 0.5 (0.2-1.2) 0.6 (0.2-1.1) 1.6 (0.4-2.9) NA
Pa02/FiO2 37.6 (8.5-58.2)  48.6 (39.5-58.1) 33.4 (21.7-48.8) 19.5(8.5-36.3)  48.3 (30.7-61)

2Controls (n = 10) were 40% female, median age was 51.5 years, and 60% were white.

PClinical biochemical and haematological routine laboratory assays. ACEi, Angiotensin converter enzyme inhibitor; ARB,
angiotensin receptor blocker; CRP, C-reactive protein; IQR, interquartile range; LoS, Length of stay; MLR, Monocyte:
lymphocyte ratio; NA, Not available; NLR, Neutrophil: lymphocyte ratio. Superscript in parentheses indicates number of

missing values among COVID-19 patients.

The percentage of non-classical monocytes corre-
lated with P/F, whereas classical monocytes were
negatively correlated with P/F (P=0.001) (Fig-
ure S5). Septic patients had higher fractions of total
monocytes, non-classical and intermediate mono-
cytes but lower fraction of classical monocytes than
critical COVID-19 patients (Fig. 1b and c).

Monocyte markers of activation and suppression change with COVID-
19 severity

We analysed markers of function (monocytic (m)
HLA-DR, CD142, ACE-2), differentiation (CD163)
and suppressive activity (PD-L1) in total monocytes
(Fig. 1d). We observed a trend of decreased mHLA-
DR expression with COVID-19 severity supported by
a negative correlation with P/F (P= 0.004) (Fig-
ure S5). In contrast, there were no differences in
ACE-2 expression across COVID-19 severity groups,
but COVID-19 patients independent of severity
group had significantly higher levels of ACE-2 com-
pared with healthy controls (P = 0.034) (Fig. 1d). Of
note, ACE-2 expression was not associated with age
(Figure S5) or treatment with an angiotensin blocker
or ACE-2 inhibitor (P = 0.982, Mann-Whitney). Both
mHLA-DR expression and ACE-2 expression in
critical COVID-19 were comparable to levels in
patients with sepsis (Fig. 1d). CD163 expression
was comparable across COVID-19 severity groups,
but lower in critical COVID-19 patients than sepsis
patients (Fig. 1d). Further, we observed an increase
in both PD-L1 and TF (CD142) expression with
increased COVID-19 severity (Fig. 1d).

Treg PD-1 and mHLA-DR expression correlate with plasma
inflammation markers

Ideally, COVID-19 severity should be identified by
biomarkers analysed in routine blood samples. The

relationships between the immune cell subsets,
clinical routine blood markers, age and COVID-19
severity measured as P/F were investigated (Figs 2
and S5). The association between immune cell
subsets and relevant clinical routine blood markers
of COVID-19 such as lymphocyte count, PCT, CRP,
ferritin and lactate dehydrogenase (LDH) is dis-
played in Fig. 2. PD-1 expression in Tregs correlated
positively with all these markers except lymphocyte
count, whereas mHLA-DR showed an inverse cor-
relation to CRP, ferritin and LDH. Finally, PD-L1
expression on monocytes was correlated with CRP
and the fraction of classical monocytes was nega-
tively correlated with lymphocyte count (Figs 2 and
S5). IL-7Ra expression (in naive CD8 T cells) was
only correlated with D-dimer (Figure S5).

Monocyte PD-L1 expression decrease upon respiratory improvement in
Ccovip-19

To investigate longitudinal dynamics in T cell and
monocyte immunity in COVID-19, we assessed the
same cell subsets and markers in 12 patients
whose respiratory function (P/F) improved (6/12)
or deteriorated/remained stable (6/12) after one
week of hospitalization. Expression of IL-7Ra
(CD127) tended to decline after one week in most
T-cell subsets in both P/F trajectory groups,
significantly in memory CD8 T cells (Fig. 3a). In
contrast, T-cell expression of CD25, HLA-DR and
PD-L1 did not change significantly during follow-
up (Figure S6B). The patterns were heterogeneous,
but the fraction of intermediate monocytes
increased at week 1 while an increase in non-
classical monocytes compared with baseline was
observed first at week 2 (Fig. 3b). Overall, expres-
sion of mHLA-DR, ACE-2, CD163 and PD-L-1 on
total monocytes did not significantly change during
follow-up, while CD142 expression increased in
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Fig. 1 CD127/IL-7Ru expression in T-cell subsets and monocyte subsets and markers. (a) The expression (mean fluorescence

intensity, MFI) of CD127/IL-7Rx in memory (CD45RO+ ) and naive (CD45RO-) CD8 and CD4 T cells and Tregs in mild/ moderate
= 13), severe (n = 7)and critical (n = 6) COVID-19, sepsis (n = 5) and healthy controls (n = 10) at baseline. (b) The frequency
of total monocytes and (c) monocyte subsets and (d) the monocyte expression (MFI) of mHLA-DR, ACE-2, CD142, CD163 and PD-
L1 in total monocytes in mild/moderate n = 14), severe (n = 9) and critical (n = 6) COVID-19, sepsis (n = 5) and healthy
controls (n = 10) at baseline. Arrow indicates significance calculated with Jonckheere-Terpstra trend test across COVID-19
severity groups, and straight line indicates Mann-Whitney U-test between sepsis and critical COVID-19. * indicates
significance comparing all COVID-19 patients with healthy controls using Mann—Whitney U-test. P-values were considered
significant when <0.05. Violin plots displaying median with quartiles. Grey area indicates the 95% CI of healthy controls.

monocytes for most of the patients after one week,
independent of clinical progression (Fig. 3c). Inter-
estingly, monocyte expression of PD-L1 decreased
at week 1 in patients whose P/F improved com-
pared with those whose P/F deteriorated or main-
tained stable (P = 0.015, Mann-Whitney).

Differentially regulated transcriptomes in critical COVID-19

Next, to gain in-depth insight into the distribution
of immune cells and engagement of pathways in

COVID-19, we performed RNA sequencing on
PBMC in a subgroup of mild/moderate (n=7),
severe (n=25) and critical (n=3) COVID-19
patients and healthy controls (n= 6) (Figs 4, 5,
S7 and S8). When comparing mild/moderate to
critical COVID-19, we found 411 transcripts that
were differentially expressed, of which 42 had
higher whereas 369 had lower expression in critical
COVID-19 patients (Fig. 4a). The overlapping dif-
ferentially expressed transcripts between
mild/moderate vs critical and severe vs critical
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Fig. 2 Baseline correlations between clinical blood markers and immune cell subsets. Correlations of five selected clinical
routine blood inflammatory markers (x-axis) relevant in COVID-19 (absolute lymphocyte count, procalcitonin, C-reactive
protein, ferritin, lactate dehydrogenase) with the two immune cell subsets (y-axis) demonstrating the strongest significant
correlations (highest R value). Correlations were examined using Spearman’s rank correlation coefficient. Pink dot indicates
mild/moderate n = 14), red square severe (n = 9) and purple triangle critical n = 6) COVID-19.

COVID-19 patients are displayed in Fig. 4b. To
assess the biological differences between
mild/moderate and critical patients, we performed
gene enrichment analysis. The three most differ-
entially regulated pathways were ‘immune
response-activating signal transduction’
(GO0002757), ‘Ieucocyte activation involved in
immune response’ (GO0002366) and ‘mRNA pro-
cessing’ (GO0006397) (Figs 4c and S8B and D). In
the GO pathway immune response-activating sig-
nal transduction’, only seven transcripts that were
differentially expressed were higher in the critical
compared with the mild/moderate COVID-19
group, including pro-inflammatory calprotectin
(S100A8/9). There were lower levels of transcripts
associated with regulatory functions (NFkB inhibi-
tor zeta), apoptosis inhibitor genes such as BIRC
and cell signalling (MAPK, NFkB, CREBBP, RAP1A)
in critical compared with mild/moderate COVID-
19 patients (Fig. 4d and e).

Plasma B-cell levels and transcripts of function disturbances in
critical COVID-19

Using CIBERSORT analysis, we next evaluated the
different cell populations based on gene expression
pattern (Fig. 5a and b). The most striking differ-
ences were the estimated B-cell portions in the
subset of COVID-19 samples (Fig. 5a). There was
no difference in naive B cells, but the analysis
estimated an increase in plasma B cells with

increased severity (Fig. Sb). Further, in the enrich-
ment analysis, the ‘B cell activation’ (GO0042113)
pathway was statistically different in mild /moder-
ate compared with critically ill patients (Fig. 5b). A
considerable number of transcripts related to B-
cell function were lower in critically ill patients
(Fig. 5c and d), including three transcripts (one a
nonsense-mediated decay) coding for IL-7Ra, sug-
gesting a strongly reduced expression.

Discussion

We present cellular and gene analyses of immune
profiles of cells from the innate and adaptive
immune system from a cohort of patients with
various severity of COVID-19 and compared with
septic patients. Our data show phenotypic alter-
ations, which may indicate a dysfunctional adap-
tive and innate immune response in patients with
severe and critical COVID-19. IL-7Ro expression
decreased with COVID-19 severity correlating to
respiratory function. T-cell exhaustion marker PD-
1 was higher in critical COVID-19 than in septic
patients with bacterial infections. In monocytes,
the expression of PD-L1 and ACE-2 and the frac-
tion of pro-inflammatory classical monocytes
increased, while mHLA-DR expression and the
fraction of anti-inflammatory non-classical mono-
cytes decreased with COVID-19 severity. Tran-
scriptomic analyses revealed changes in pathways
of both innate and adaptive immune responses.
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Fig. 3 Dynamic changes in T cells and monocyte subsets during hospitalization in COVID-19. (a) CD127/IL-7Ru.
expression (mean fluorescence intensity; MFI) in T-cell subsets, (b) monocyte subsets (%) and (c) expression (MFI) of
monocyte markers (mHLA-DR, ACE-2, CD163, PD-L1 and CD142) in COVID-19 patients whose respiratory function (P/F)
improved (n = 6, black line) or deteriorated/ remained stable (n = 6, red line) from baseline to week 1. Dot indicates
mild/moderate n = 1), square severe (n = 5) and triangle critical m = 6) COVID-19 severity; line represents mean value
from each patient group. Significance calculated with Wilcoxon signed-rank test including all patients from baseline to week
1 for all patients. No statistics were performed including data at week 2.

We found a substantial number of differentially
expressed transcripts in mild/moderate versus
critical COVID-19, indicating a possible shift in

Pro-inflammatory calprotectin and plasma B cells
were increased while transcripts related to B-cell
function were reduced in critical COVID-19.
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transcripts during disease progression. Surpris-
ingly, there was a low amount of differentially
expressed transcripts comparing mild /moderate to
severe disease. In contrast, a large number of
differentially expressed transcripts were found in
mild vs severe COVID-19 in a recent study [45].
However, stratification of the clinical groups will
affect the results and the severe COVID-19 group
in the report from Aschenbrenner et al,

corresponds to our critical COVID-19 group and
highlights the need for a common stratification of
COVID-19 severity as well as further in-depth
studies on the transcriptome. Interestingly, Cal-
protectin (S100A8/9), a potent alarmin and driver
of innate immune response [46], was significantly
higher in critical patients. Calprotectin has
recently been suggested as a biomarker for
COVID-19 severity [24]. The findings of increased
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Fig. 4 Comparison of the transcriptome in COVID-19 severity groups. (a) Number of significantly (q < 0.05, Wald test)
differentially expressed transcripts and genes comparing mild/ moderate (n = 7), severe (n = 5) vs critical (n = 3) disease
and healthy controls (n = 6). (b) Volcano plot displaying transcripts comparing mild/moderate and critical COVID-19
patients. Each dot represents one transcript; coloured dots significantly differentially expressed transcripts. The blue dots
represent overlapping differentially expressed transcripts between mild/moderate vs critical and severe vs critical COVID-
19, identified with their associated gene name. The y-axis corresponds to the mean expression value of log 10 (q-value), and
the horizontal axis (x-axis) displays the b-value, which is analogous to fold change. (c) The 30 most enriched pathways
(KEGG, Hallmark, Reactome and PID) and Gene Ontology (GO) terms from analysis within the 411 differentially expressed
transcripts comparing mild/ moderate and critical disease. Dot size reflects number of differentially expressed transcripts,
and colour indicates P-value (increasing from blue to red). X-axis represents gene ratio, the fraction of differentially
expressed transcripts in each pathway or GO term. (d) Heatmap displaying clustering of transcripts involved in the most
enriched GO term from the enrichment analysis: Immune response activating signal transduction’. (e) Comparing the
magnitude of the significantly differentially expressed transcripts in the most enriched GO term across mild/moderate and
critical severity groups. B-value is analogous to fold change, and the red line indicates an approximate fold change of 2,
while the blue line indicates an approximate fold change of 10.

plasma B cells with potentially reduced B-cell
function in critical COVID-19 indicate an impor-
tant role for B cells in this disease. Recent reports
support the findings of increased plasma B cells in
critical COVID-19 [47, 48]. While plasma B cells
may produce neutralizing antibodies, they were
also associated with severe disease and mortality
[49]. Studies of B-cell function and as a source of
long-term antibody production for protection are
needed to determine their role in acute COVID-19.
Further, critical patients in general displayed lower
levels of transcripts involved in regulation, apop-
tosis and cell signalling compared with mild/mod-
erate disease.

To gain deeper insight into the immune responses,
we have characterized several immune cells repre-
sentative of both innate and adaptive immune
responses. Our study showed that IL-7Ra expres-
sion was significantly reduced with increased
COVID-19 severity, correlated with respiratory
function measured as P/F and was comparable to
levels found in septic patients. Further, transcripts
of ILR7 were lower in critical COVID-19. This may
represent a dysfunctional immune response in
septic patients suggestive of immune suppression
[50]. Further, low levels of IL-7Ra in people living
with HIV lead to decreased T-cell survival and
proliferation [51]. We have previously shown that
the plasma levels of soluble IL-7 are increased in
COVID-19, but with no difference between the
clinical severity groups [5]. Thus, we argue that
cellular IL-7Ra, rather than soluble IL-7 levels, is
predictive of COVID-19 severity and as infection
progresses T cells develop a unique exhausted
phenotype characterized by loss of IL-7Ra. IL-7
therapy, shown to restore lymphocyte count and

repertoire diversity in sepsis, could serve as a
possible host-directed therapy for advanced
COVID-19 [52]. Three ongoing randomized con-
trolled clinical trials are exploring IL-7 therapy for
COVID-19 (clinicaltrials.org) and our data support
further investigation of IL-7 as therapy.

While immunosuppression caused by cell exhaus-
tion reflected in higher expression of PD-1 and
Tim-3 has been shown to be associated with
reduced viral clearance [12, 23, 53], a recent report
shows that PD-1 expressing SARS-CoV-2-specific
CDS8 T cells seem to be functional [15]. We demon-
strate an increased expression of PD-1 on T cells in
COVID-19, but evenly distributed across the
COVID-19 severity groups, also questioning the
degree of T-cell exhaustion in critical COVID-19
[26]. However, PD-L1 on monocytes increased with
COVID-19 severity, and in deteriorating patients
during the first week of follow-up, whereas in
patients whose P/F improved there was a decrease
in the expression of PD-L1. T-cell depletion and
exhaustion have been reported to underlay severe
disease in SARS-CoV-infected mice [54] and possi-
bly mediated through the PD-1/PD-L1 pathway
[55]. Our findings may indicate that the continued
increase in PD-L1 may come as a result of
increased disease severity and contribute to T-cell
suppression via the PD-1/PD-L1 signalling axis
also reported by others [56]; however, the precise
role of the PD-1/PD-L1 pathway and characteris-
tics of T cells in COVID-19 pathology should be
explored in future studies.

Changes in monocyte function and phenotype may
be related to severity of COVID-19, since excessive
monocyte/macrophage activation has been
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Fig. 5 B-cell transcriptomics in COVID-19. (a) CIBERSORT analysis imputing different cell subsets present in PBMC from
COVID-19 patients, mild/moderate (n = 7), severe (n = 5), critical (n = 3) and healthy controls (n = 5). (b) Quantification of
the estimated levels of naive and plasma B cells in mild, severe and critical COVID-19 and healthy controls. Arrow indicates
significance calculated with Jonckheere-Terpstra trend test across COVID-19 severity groups. (c) Heatmap displaying
clustering of transcripts involved in the GO term ‘B cell activation’. (d) Comparing the magnitude of the significantly
differentially expressed transcripts in the GO term B-cell activation across mild/moderate and critical severity groups. B-
value is analogous to fold change, and the red line indicates an approximate fold change of 2, while the blue line indicates
an approximate fold change of 10. Differentially expressed transcripts with q < 0.05 in the Wald test were considered
significant.

associated with hyperinflammation propagating monocytes, an important contributor to the secre-
disease severity in a subset of patients [2, 57-59]. tion of pro-inflammatory cytokines, were increased
We found that the frequencies of classical in patients with severe disease and inversely
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correlated with P/F and lymphocyte count and
thus may contribute to hyperinflammation and
increased lung pathology [60-62]. In contrast, anti-
inflammatory non-classical monocytes, known to
patrol the vasculature [63], were reduced with
increased COVID-19 severity and correlated with
P/F, suggesting a role in severe inflammatory lung
damage [22, 24, 56, 62, 64]. Further, this subgroup
seems to increase in later stages of disease, in
accordance with Schulte-Schrepping et al [56].
However, causality would need to be further
explored in studies of pulmonary tissue samples.
Compared with COVID-19, the distribution of mono-
cyte subset differs clearly from that seen in septic
patients suggesting a viral-specific phenotype.

Downregulation of mHLA-DR is recognized as a
marker for monocyte dysfunction in severe disease
in general [3, 24] and for immunosuppression in
sepsis [65]. We observed a decrease in mHLA-DR
expression with decreasing respiratory function,
indicating less antigen-presenting activity in more
severe COVID-19. Although volatile, mHLA-DR
expression overall persisted over time in COVID-
19 as previously shown [56]. Moreover, our data
showing comparable levels in critical COVID-19
and sepsis are in contrast to another study report-
ing higher expression of mHLA-DR in COVID-19
patients admitted to the ICU than in sepsis [65].
SARS-CoV-2 may enter the cells via ACE-2
expressed on alveolar monocytes and macrophages
to gain intracellular access [16, 18, 19] and this
may contribute to morbidity in COVID-19 [18, 66,
67]. We report higher levels of ACE-2 expression on
circulating monocytes in COVID-19 patients com-
pared with healthy individuals, suggesting that
these cells may be susceptible for SARS-CoV-2
infection. The underlying mechanisms, however,
need further investigation [17].

There are several limitations in our study. Our
cohort is small, especially the groups with critical
COVID-19 and sepsis and RNA sequencing are
performed on few patients. Likewise, only a fraction
of the cohort was followed due to logistical con-
straints and discharge from the hospital. Method-
ologically, our flow cytometry analyses were limited
to T cells and monocytes and phenotyping of Tregs
and T-cell subsets were crude without the use of
markers such as FOXP3 or detailed maturity
markers. Further, p-values were not corrected for
multiple testing on data from the flow cytometry
analyses and should be interpreted thereafter. If
applying a conservative Bonferroni adjustment for

the number of tests (37), then only the correlations
between LD and Tregs PD-1 and Ferritin and
mHLA-DR remain significant. Still, our exploratory
study presents several interesting findings that
could lay grounds for further functional in vitro
studies of larger cohorts addressing in-depth cell
properties to determine cell subset functionality in
COVID-19.

Conclusion

In our exploratory study of untreated COVID-19
infection, we found that critical disease is charac-
terized by activated and exhausted T cells with
reduced IL-7Ro expression and monocytes with
decreased fractions of mHLA-DR and the anti-
inflammatory non-classical subset, whereas the
fraction of the pro-inflammatory classical mono-
cytes and expression of PD-L1, ACE-2 and CD142
were increased. Further, in critical COVID-19,
pathways of both adaptive and innate immune
responses are activated on a transcriptional level
with increased transcripts of pro-inflammatory
mediators and increased numbers of plasma B cells
that may have altered functionality. Our findings
indicate an altered innate and adaptive immune
phenotype in critical COVID-19, contributing to the
increasing knowledge on COVID-19 pathogenesis.
Nevertheless, further in-depth studies of regulatory
and functional mechanisms are required to identify
targets for therapeutic intervention.
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