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Functional monocytic myeloid-derived suppressor
cells increase in blood but not airways and predict
COVID-19 severity
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The immunopathology of coronavirus disease 2019 (COVID-19) remains enigmatic, causing immunodysregulation and T cell
lymphopenia. Monocytic myeloid-derived suppressor cells (M-MDSCs) are T cell suppressors that expand in inflammatory

COVID-19 immune response.

Introduction
The pathogenesis of coronavirus disease 2019 (COVID-19) caused
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
remains elusive. SARS-CoV-2 infection ranges from asymptomat-
ic disease to multiorgan failure and death (1). COVID-19 is char-
acterized by influenza-like symptoms (including fever, cough, and
myalgia) and, in severe cases, respiratory failure and acute respi-
ratory distress syndrome, occurring in approximately 40% of hos-
pitalized patients (1-3). Fatal COVID-19 is caused by tissue-direct-
ed immunopathology, especially in the lungs, rather than by the
virusitself (4, 5). Furthermore, it is known that immune cells differ
depending on their anatomical location (6-10). Therefore, study-
ing both systemic and respiratory immune responses in COVID-19
is important to fully understand its pathogenesis and to identify
the factors that dictate disease severity.

COVID-19 is associated with substantial immune activation
including elevated levels of proinflammatory cytokines such as
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conditions, but their role in acute respiratory infections remains unclear. We studied the blood and airways of patients

with COVID-19 across disease severities at multiple time points. M-MDSC frequencies were elevated in blood but not in
nasopharyngeal or endotracheal aspirates of patients with COVID-19 compared with healthy controls. M-MDSCs isolated
from patients with COVID-19 suppressed T cell proliferation and IFN-y production partly via an arginase 1-dependent
(Arg-1-dependent) mechanism. Furthermore, patients showed increased Arg-1and IL-6 plasma levels. Patients with
COVID-19 had fewer T cells and downregulated expression of the CD3( chain. Ordinal regression showed that early M-MDSC
frequency predicted subsequent disease severity. In conclusion, M-MDSCs expanded in the blood of patients with COVID-19,
suppressed T cells, and were strongly associated with disease severity, indicating a role for M-MDSCs in the dysregulated

IL-6 (11). Furthermore, T cell lymphopenia occurs, especially in
critical cases (12), but the underlying mechanisms remain unclear.
SARS-CoV-2-specific T cells are important in combating the virus
(13), and a functional T cell response is critical for clearing infec-
tions in general. Myeloid-derived suppressor cells (MDSCs) are
myeloid immune cells with an immature phenotype and a potent T
cell-suppressive capacity (14-16). MDSCs expand in inflammatory
conditions including cancer, autoimmune diseases, and chronic
viral infections like HIV and hepatitis C (17). Two subpopulations
of MDSCs have been identified on the basis of their phenotypic and
morphological features: monocytic MDSCs (M-MDSCs) and poly-
morphonuclear MDSCs (PMN-MDSCs), with partly overlapping
functions (18, 19). MDSC-driven mechanisms of T cell suppression
include the secretion of arginase 1 (Arg-1), thereby catabolizing
L-arginine, the generation of ROS and NO, the direct engagement
of T cell inhibitory and apoptotic receptors, and the production of
inhibitory cytokines such as IL-10 and TGF-B (20).

Single-cell RNA-Seq, mass cytometry, and flow cytometry
on blood have suggested that expansion of suppressive myeloid
cells is a hallmark of severe COVID-19 (21, 22). Furthermore, a
high frequency of PMN-MDSCs was recently reported to correlate
with disease severity in COVID-19 (23). However, functional and
mechanistic data on the role of M-MDSCs during COVID-19 are
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lacking, and this is further confounded by the lack of knowledge of
the role of M-MDSCs in respiratory infections in general.

In this study, we investigated M-MDSCs in patients with
COVID-19 across disease severities and compared these cells with
those in patients with influenza and in healthy controls (HCs). Influ-
enza A virus infection is often compared with COVID-19 because of
similarities including the diverse clinical presentation and the route
of transmission (24, 25). We found a striking association between the
frequency of blood M-MDSCs and COVID-19 disease severity. How-
ever, the frequency of M-MDSCs from the nasopharynx and lower
airways did not correlate with disease severity in COVID-19. Impor-
tantly, purified M-MDSCs were functional and suppressed T cell
proliferation, partly via an Arg-1-dependent mechanism. In line with
this, plasma Arg-1levels were elevated in patients with COVID-19 in
a disease severity-dependent manner. Finally, we found that early
blood M-MDSC frequency predicted subsequent disease severity,
suggesting both that M-MDSCs are involved in the dysregulation of
the immune response in COVID-19 and that they may be used as a
potential prognostic marker in patients with COVID-19.

Results
Study participant characteristics. In total, 147 adults with PCR-con-
firmed SARS-CoV-2 infection, ranging from mild to fatal disease,
were enrolled in the study: 91 patients from hospital wards, 43
patients from the intensive care unit (ICU), 3 patients from an
outpatient clinic, and 10 household contacts, and blood as well as
respiratory samples were collected longitudinally (Figure 1A and
Supplemental Figure 1; supplemental material available online
with this article; https://doi.org/10.1172/]JCI1144734DS1). Identical
samples from 44 patients with PCR-confirmed influenza A virus
infection with mild-to-moderate disease, as well as from 33 age-
matched HCs, were included for comparison (Figure 1B and Table
1). As expected, disease severity in the COVID-19 patient cohort
varied over time (Figure 1C, Table 2, and Supplemental Figure 1),
and some patients deteriorated during their hospital stay. At peak
disease severity, 13% of patients were classified as having mild dis-
ease, 39% as moderate, and 39% as severe (Figure 1C). Further-
more, there were 12 recorded fatalities (8.1%) in the COVID-19
cohort during the observation period (Figure 1C). The peak disease
severity score prior to death was 6 in all but 2 patients, who had
scores of 4 and 5, respectively. At the end of the study period, 110
of the nonfatal, hospitalized patients had been discharged, while 12
patients remained hospitalized, all of whom were already classified
as having severe disease. The distribution of age varied significant-
ly across peak disease severity groups in patients with COVID-19
(P<0.001), as did BMI (P < 0.001), male sex (P = 0.004), and the
Charlson comorbidity index (CCI) (P = 0.042 and Table 2).
M-MDSC frequencies are elevated in blood from COVID-19 and
influenza patients, proportional to disease severity. To investigate the
dynamics of M-MDSCs during COVID-19 disease, we performed an
extensive analysis of samples from patients with COVID-19 across
disease severity and compared them with samples from patients
with influenza and HCs. PBMCs and cells from nasopharyngeal
aspirates (NPAs) and endotracheal aspirates (ETAs) were stained
and analyzed by flow cytometry. We identified M-MDSCs as CD14*
cells within the lineage-negative (CD3-CD56 CD19-CD20-CD66),
HLA-DR population (Figure 2A). In blood, we found that the peak
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frequency of M-MDSCs was significantly increased in both patients
with COVID-19 and those with influenza compared with HCs (Fig-
ure 2B). The frequency of M-MDSCs in NPAs had a higher spread
among both HCs and patients compared with the M-MDSC fre-
quencies in blood (Figure 2B). Albeit in a small number of patients
with mild-to-moderate disease, patients with influenza displayed
a clear pattern of elevated frequencies of M-MDSCs in NPAs as
compared with patients with COVID-19 and HCs. The elevated fre-
quency of M-MDSCs in NPAs in influenza patients compared with
COVID-19 patients was also evident when comparing only mild
and moderate influenza and COVID-19 cases (P = 0.0016; data not
shown). In contrast to NPAs, patients with COVID-19 with more
severe disease had significantly higher peak M-MDSC frequen-
cies in the blood, whereas COVID-19 patients with mild disease
had blood M-MDSC frequencies comparable to those seen in HCs
(Figure 2C). The frequency of M-MDSC in blood from COVID-19
patients seemed to decrease over time (Figure 2D) and returned to
frequencies similar to those seen in HCs in follow-up samples taken
during convalescence (33-65 days after study inclusion, Figure 2E).

Somewhat surprisingly, patients with COVID-19, in contrast
to those with influenza, had low M-MDSC frequencies in NPAs,
even when comparing patients with similar disease severities
(Figure 2B). Since COVID-19 patients on average were included
in the study and sampled significantly later after symptom onset
compared with the influenza patients (18 vs. 5 days, respectively),
we speculated that the infection-induced inflammation, including
infiltration of M-MDSCs, might have transitioned into the low-
er airways in the patients with COVID-19 compared with those
with influenza. To address this, we assessed whether M-MDSCs
were present in ETAs from the lower airways in 20 patients with
COVID-19 who were intubated. However, we did not find the fre-
quency of M-MDSCs in ETAs to be elevated compared with NPAs
from the same patients (Figure 2F). Although the levels of blood
M-MDSCs in COVID-19 patients were significantly elevated com-
pared with levels in HCs, the M-MDSC phenotype with respect
to expression levels of CD62L, CCR2, and CD86 were similar
(Figure 2G and data not shown). However, respiratory M-MDSCs
expressed significantly lower levels of CD62L, CD86, and CCR2
compared with blood M-MDSCs, except for the upregulation of
CCR2 on ETA M-MDSCs, (Figure 2, G-1).

Immunomodulatory treatment could be a possible confounder
when studying immune cells including M-MDSCs. During the sam-
pling period, cortisone was administered to 22 patients (Table 2),
three of whom had ongoing treatment for other conditions before
hospital admission. The M-MDSC frequencies among these patients
were not significantly different compared with patients without
cortisone treatment (Supplemental Figure 2). None of the patients
received IL-6 inhibitors (tocilizumab) or IL-1 inhibitors during the
sampling period. Ten patients received chloroquine phosphate.

The levels of PMN-MDSCs were analyzed in PBMCs from
COVID-19 patients and HCs. We identified PMN-MDSCs as CD56"
CD14 CD3 CDI19HLA-DR™ cells expressing CD66abce and lec-
tin-like oxidized LDL receptor 1 (LOX-1) (26). We detected a dramatic
increase in the frequency of PMN-MDSCs, with a clear association
with disease severity (Figure 2J). As with M-MDSCs, the levels of
PMN-MDSCs decreased over time in 6 patients from whom follow-up
samples were collected (Figure 2K). Interestingly, the frequency of
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Figure 1. Study outline. (A) Blood and NPAs were collected from patients with COVID-19, patients with influenza, and HCs. ETAs were also collected from
ICU patients. Cells were isolated from blood (PBMCs), NPAs, and ETAs and were analyzed fresh by flow cytometry and used for functional experiments.
Aspirates and plasma were collected and used for serology and cytokine detection by ELISA. (B) Study participants were included and sampled across
disease severities. Participants included HCs (n = 33), patients with mild or moderate influenza (n = 44), and patients with mild to fatal COVID-19 (n = 147).
(C) Pie charts show the distribution of disease severity at the time of study inclusion and the peak disease severity of patients with COVID-19. At the time
of inclusion, 18% (n = 24) had mild disease, mod52% (n = 71) had moderate disease, and 31% (n = 42) had severe disease. At peak disease severity, 13% (n =
19) had mild disease, 39% (n = 58) had moderate disease, 39% (n = 58) had severe disease, and 8% (n = 12) had a fatal outcome.

CD16-expressing PMN-MDSCs was high, indicating a more mature
PMN-MDSC phenotype (26-28), and this subset also increased in
frequency with increasing disease severity (Supplemental Figure 3).
Altogether, these data indicate that severe COVID-19 disease
is associated with elevated levels of M-MDSCs in the blood but not
in the respiratory tract, at least at the time points studied.
M-MDSCs isolated from patients with COVID-19 suppress CD4*
and CD8" T cell proliferation. To functionally confirm the identity of
M-MDSCs in patients with COVID-19, we evaluated their suppres-
sive effect on T cells. Blood M-MDSCs from COVID-19 patients
were purified and cocultured for 3 days with CFSE-labeled alloge-
neic PBMCs in the presence of staphylococcal enterotoxin B (SEB)
(Supplemental Figure 4). As expected, SEB induced strong T cell pro-
liferation (Figure 3A). However, the addition of M-MDSCs induced
a significant suppression of both CD4* and CD8" T cell proliferation
in a dose-dependent manner (Figure 3, A-C). In line with this, SEB
induced high levels of IFN-y secretion that were significantly lower
in cocultures with M-MDSCs present (Figure 3D). Arg-1 production
is one effector mechanism by which M-MDSCs suppress T cell pro-
liferation via the degradation of L-arginine that is needed for prolifer-
ation. Indeed, the addition of L-arginine to the M-MDSC cocultures
restored the concentration of IFN-y in the cell culture supernatants
(Figure 3D). Furthermore, cocultures with M-MDSCs contained
high levels of Arg-1, which was undetectable in cultures without
M-MDSCs (Figure 3E). In cocultures supplemented with L-arginine,
Arg-1 was no longer detectable, possibly due to complex formation
of Arg-1 and the substrate (ref. 29 and Figure 3E). Importantly, the
addition of recombinant L-arginine to the cocultures decreased the
suppressive effect of M-MDSCs on T cells and partially restored T
cell proliferation (Figure 3, F and G). This indicates that M-MDSCs
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from patients with COVID-19 use Arg-1 as one mechanism to sup-
press T cells. In conclusion, blood M-MDSCs isolated from patients
with COVID-19 are functional and can suppress T cell proliferation
and IFN-y secretion in a dose- and Arg-1-dependent manner.
Unfortunately, we were not able to assess the functional capac-
ity of M-MDSCs isolated from patients with influenza A virus infec-
tion, as too few M-MDSCs could be isolated from the blood vol-
umes obtained. This should be addressed in future studies.
M-MDSC-related cytokines are elevated in patients with
COVID-19 and increase with disease severity. To further investigate
the effect of elevated frequencies of blood M-MDSCs in patients
with COVID-19, we measured cytokines that have been linked to
M-MDSC function and activation in plasma and NPAs at the time
of study inclusion. In plasma, patients with COVID-19 had sig-
nificantly higher levels of Arg-1 than did HCs, but we observed no
significant difference between COVID-19 patients and influenza
patients (Figure 4A). Interestingly, Arg-1 levels in NPAs were high-
er than in plasma in all 3 groups, with no significant differences
between the groups (Figure 4B). Among patients with COVID-19,
plasma concentrations of Arg-1 were lower in those with mild dis-
ease compared with patients with moderate, severe, or fatal dis-
ease (P=0.07, P=0.04, and P = 0.01, respectively; Figure 4C).
Plasma concentrations of IL-6, a potent proinflammatory cyto-
kine important for M-MDSC differentiation (14), were significantly
increased in both COVID-19 patients and influenza patients com-
pared with HCs (Figure 4D), whereas no statistically significant
differences were observed in NPAs (Figure 4E). Furthermore, IL-6
levels were strikingly different across the COVID-19 disease severity
groups (Figure 4F). Patients with mild COVID-19 had significant-
ly lower IL-6 levels than did patients with moderate disease (P =
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Table 1. Characteristics of the patients and HCs

Cohort covip-19 Influenza HC

n 147 44 33
Age inyr, mean (range) 57 (24-78) 52 (18-88) 51(24-80)
Males, n (%) 109 (74) 19 (43) 23 (70)
Females, n (%) 38 (26) 25 (57) 10 (30)
Onset to admission, days, mean (SD) 10 (5.8) 5(3.2) -
Onset to inclusion, days, mean 18 (10) 5(2) -
Comorbidities

CCl, mean (SD) 2(2) 2(2) -
BMI, mean (SD) 28.5(4.6) 26.7 (4.9) 25.0(3.3)
Hypertension, n (%) 55(38) 14 (33) 0
Diabetes, n (%) 34(23) 4(91) 0
Current smoker, 1 (%) 10 (7.0) 7(16) 0
Laboratory analyses

CRP (mg/L), mean (SD)*® 206 (134) 119 (146) 2(3)
WBC (x10°/L), mean (SD)A¢ 8.0 (4.3) 6.8 (3.5) 6.5(1.5)
Lymphocytes (x10°%/L), mean (SD)A¢ 0.89 (0.69) 1.06 (0.47) 2.41(1.24)
Neutrophils (x10°/L), mean (SD)A¢ 64(3.9) 51(3.5) 31(07)
Monocytes (x10°/L), mean (SD)A¢ 044 (0.27) 0.64 (0.35) 0.54 (0.24)
Outcome

Peak severity score’, mean (SD) 449 (1.65) 1.80(0.82) -
Fatal outcome, n (%) 12(8.) 0 0

AStatistical significance was determined by 1-way ANOVA, Fisher’s exact test, or Pearson’s y?
test. BPeak value. “Value at maximum lymphopenia. °Peak severity score on a 7-grade composite
scale (see Methods). CRP, C-reactive protein. Normal range: CRP <3 mg/L, WBC 3.5 x 10°/L to 8.8
x 10°/L, lymphocytes 1.1 x 10%/L to 3.5 x 10°/L, neutrophils 1.6 x 10°/L to 5.9 x 10°/L, monocytes

0.2 x10°/L to 0.8 x 109/L.

compared with HCs (P = 0.02, P = 0.001, P =
0.05, respectively; Figure 5A). Similarly, the

Significance® absolute numbers of CD8* T cells were also sig-
nificantly decreased in moderate, severe, and
P<0.05 fatal COVID-19 disease compared with HCs
(P=0.004,P=0.005,and P=0.003, respective-
ly; Figure 5B). However, we found no correlation
P<0.05 between blood M-MDSC frequencies and T cell
P<0.001 counts in patients with COVID-19 (Figure 5C),
either at peak or bottom frequencies or at any
iS5 f the longitudinal ti i died i h
P<0.05 of the longitudinal time points studied in eac
NS patient (Figure 5C and data not shown).
NS We further investigated evidence of T cell sup-
NS pression in patients with COVID-19 with varying
disease severities, in patients with influenza, and
P<0.001 in HCs by quantifying the expression of the CD3(
= chain, a homodimer chain in the T cell recep-
P<0.001 . . . .
P<0.01 tor complex involved in T cell proliferation and
P<0.01 cytokine secretion (Figure 5D). The CD3( chain
is downregulated in vitro in the absence of L-ar-
P<0.001 ginine, resulting in decreased T cell proliferation

(31). We observed that surface expression of the
CD3( chain on CD4* and CD8* T cells was sig-
nificantly lower in both COVID-19 and influenza
patients compared with HCs (Figure 5, E and F),
suggesting that the T cells may have an impaired
functional capacity. In summary, patients with

0.038), patients with severe disease (P < 0.001), and patients with a
fatal outcome (P < 0.01), respectively. COVID-19 patients with mod-
erate disease also had significantly lower levels than did those with
severe disease (P=0.04). GM-CSF, which is important for M-MDSC
development (14), was also measured in plasma but was only signifi-
cantly elevated in patients with influenza (Figure 4G).

Several factors are involved in the generation of M-MDSCs,
and it has been proposed that IFN-y is involved in the licensing
process of monocyte differentiation into M-MDSCs (30). There-
fore, we also measured IFN-y was in plasma from patients with
COVID-19. However, in our cohort, we did not detect elevated
IFN-y levels in patients compared with HCs (Supplemental Figure
5), and there was no association with disease severity.

Finally, we measured plasma concentrations of IL-10 and IL-1B
in a subset of patients with COVID-19 who had moderate-to-fatal
disease, but only IL-10 showed an association with disease severity
(Figure 4, H and I). In summary, we found that cytokines involved
in the activation and function of M-MDSCs were elevated in plasma
from patients with COVID-19 and correlated with disease severity.

T cells are reduced in the blood of patients with COVID-19 and have
low CD3( chain expression. Since M-MDSCs isolated from patients
with COVID-19 efficiently suppressed T cells in vitro, we assessed
the overall blood T cell frequency and function in the same patients
using flow cytometry (Supplemental Figure 6). We found that the
absolutenumbersofperipheralblood CD4* T cellsweredecreasedin
the patients with COVID-19 with moderate, severe, or fatal disease

COVID-19 had lower T cell counts and indications
of impaired T cell function compared with HCs.

Early M-MDSC frequency predicts peak disease
severity. To evaluate the effect of early blood
M-MDSC frequencies in COVID-19 on subsequent disease severity,
we performed a proportional odds logistic regression analysis with
the peak disease severity score as the primary outcome. Samples
were selected from patients with COVID-19 for whom the M-MDSC
frequency was measured within 2 weeks of disease onset, who had
not already been admitted to the ICU, and who were not already
in the recovery phase (Figure 6A). This yielded a crude OR of 1.43
(95% CI, 1.07-2.18), indicating that M-MDSC frequency in the first
2 weeks from the onset of symptoms could potentially be a predictor
of disease severity (Figure 6B). In an initial univariate ordinal regres-
sion, age but not sex had a significantly elevated OR (1.07 [95% CI,
1.02-1.13] for age vs. 2.51 [95% CI, 0.76-8.94] for sex). We thenran a
model that included an adjustment for age (Figure 6B). An overview
of the patients included in the analysis, the time points included in
the model, and disease severity over time are shown in Figure 6C.

As shown above, M-MDSC frequencies were higherin COVID-19
patients with more severe disease (Figure 2C), and these patients were
both predominantly male and significantly older than the COVID-19
patients with less severe disease (Table 1). Therefore, we assessed the
association between M-MDSC frequency and sex and age and found
that men had significantly higher frequencies of M-MDSCs (Figure
6D) and that there was a significant correlation between age and
M-MDSC frequency (R = 0.35, P=1.9 x 1075; Figure 6E).

In summary, early M-MDSC frequency is associated with sub-
sequent disease severity and appear to be strongly associated with
age and sex.
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Table 2. Baseline characteristics of patients with COVID-19 across disease severity levels

Peak disease severity Mild Moderate Severe Fatal Significance*
1 2 3 4 5 6 7
n (%) 13(8.8) 6 (4.1) 10 (6.8) 48 (33) 19(13) 39(27) 12(8.2)
Age inyr, mean (range) 44 (24-72) 60 (41-72) 56 (46-78) 55 (24-76) 57 (42-74) 61(25-77) 66 (52-78) P<0.001
Male, 1 (%) 5(38) 2(33) 6 (60) 38 (79) 15 (79) 34 (87) 9(75) P<0.01
Female, n (%) 8(62) 4(67) 4(40) 10 (21) 4() 5(13) 3(25)
Onset to admission,® mean (SD) - 104 (2.2) 9.4 (4.1) 10.3 (4.1) 76(2.9) 1.0 (8.1) 9.9(7.6) NS
Cortisone during sample period 0 0 0 4 (8%) 4 (21%) 12 (31%) 2 (17%) P<0.05
Length of stay,” mean (SD) - 5(4) 6 (4) 12(7) 25 (10) 33(17) - P<0.001
Comorbidities
Cl, mean (SD) 10) 20) 10) 2(2) 201) 20) 30) P<0.05
BMI, mean (SD) 24.1(4.5) 251(2.2) 26.0(3.2) 30.3(4.2) 29.2(5.3) 28.6 (4.7) 28.6 (24) P<0.001
Hypertension, n (%) 1(8.3) 0(0) 2(20) 20 (42) 8 (42) 15 (38) 9(75) P<0.01
Diabetes, 1 (%) 2(17) 0(0) 1(10) 14 (29) 5(26) 9(23) 3(25) NS
Current smoker, 11 (%) 0(0) 0(0) 2(20) 5(1) 1(5.3) 2(5.3) 0(0) NS
Immunosuppressant, (%) 1(77) 0(0) 0(0) 4(8.3) 2(1) 5(13) 1(8.3) NS
Laboratory analyses*
CRP? mean (SD) 6 (10) 102 (54) 137 (143) 161(87) 236 (114) 288 (106) 364 (19) P<0.001
WBC, mean (SD) 4.7 (1.6) 6.0 (1.9) 6.8 (4.9) 72 (2.6) 76 (2.7) 9.7(5.7) 10.8 (5.3) P<0.01
Neutrophils,® mean (SD) 24(13) 4.7(1.9) 54 (5.0) 55(2.2) 6.2(2.6) 81(4.7) 9.7 (5.0) P<0.001
Lymphocytes,t mean (SD) 1.68 (0.45) 0.76 (0.30) 0.97 (0.28) 1.06 (0.92) 0.68 (0.31) 0.72 (0.52) 0.44 (0.19) P<0.001
Monocytes,t mean (SD) 0.48(0.16) 0.34(0.19) 042 (0.25) 049 (0.28) 043(0.27) 0.44(0.29) 0.30(0.23) NS
(t value, mean (SD) 27 (7) 24 (6) 27 (6) 26 (6) 26 (5) 24.(7) 21(6) NS
Seroconversion,” n (%) 9(75) 4(67) 9(100) 36(97) 17 (100) 37 (100) 10 (91) P<0.01

AOne-way ANOVA or Fisher’s exact test was performed to determine statistical significance. ®Days. “Peak values: CRP; nadir values: lymphocyte count, Ct value;
WBC, neutrophil, and monocyte counts at the time point of the lowest lymphocyte count. °mg/L. £10° cells/L. FAt any sampling time point. Normal range: CRP
<3mg/L, WBC 3.5 x 10°/L to 8.8 x 10°/L, lymphocytes 1.1 x 10°/L to 3.5 x 10°/L, neutrophils 1.6 x 10°/L to 5.9 x 10°/L, monocytes 0.2 x 10°/Lto 0.8 x 10°/L.

Discussion
Understanding the immunopathogenesis of COVID-19 is not only
critical for optimal patient treatment and preventing fatal out-
comes, but also for aiding in the development of specific therapies
and vaccines. One potential player in immune activation during
SARS-CoV-2 infection may be MDSCs, a subset of immune cells
that in recent years have been intensively studied, by us and others,
mainly in relation to cancer and vaccination (14-16, 18, 19, 32). Still,
only limited information is available on how M-MDSCs influence
disease severity during infection, including in COVID-19. In the
present study, the distribution and function of M-MDSCs during
COVID-19 were investigated over time and across disease severities
in a comparatively large and clinically well-characterized cohort.
Amajor finding in the current study was the association between
M-MDSC frequency and disease severity in patients with COVID-19.
Downregulation of HLA-DR on monocytes has previously been
shownin severe COVID-19, possibly reflecting an increase in M-MD-
SC frequencies, and is linked to high levels of IL-6 and lymphope-
nia (33). We observed an increased frequency of blood M-MDSCs,
during both COVID-19 and influenza, similar to what was previously
observed in HIV-1 (17, 34). Although the COVID-19 and influenza
patient cohorts were not completely comparable in terms of disease
severity and time of sampling after symptom onset, it is still relevant
to note that the expansion of M-MDSCs was also observed in anoth-
er acute respiratory infection and that this finding was not unique

J Clin Invest. 2021;131(6):e144734 https://doi.org/10.1172/)CI144734

to COVID-19. Furthermore, MDSCs are expanded during sepsis and
are associated with poor outcomes (35).

Notably, in patients with influenza, M-MDSC frequencies
were increased in the nasopharynx compared with the blood, indi-
cating that M-MDSCs are recruited to the site of infection during
influenza, ashasbeen observed for other myeloid cells (36). In con-
trast, the frequency of M-MDSCs in the nasopharynx of patients
with COVID-19 was similar to that in HCs. Although SARS-CoV-2
replication is initiated in the upper airways, it frequently progress-
es to the lower respiratory tract (37, 38) and may result in immune
cell recruitment in the lower airways. However, we did not detect
higher frequencies of M-MDSCs in ETAs than in NPAs. Never-
theless, ETAs do not necessarily contain cells from the alveoli,
but rather cells from the trachea and bronchi. It is therefore pos-
sible that M-MDSCs are present even deeper down in the lungs
and/or that the time points at which we obtained samples from
the patients with COVID-19 were past the peak accumulation of
M-MDSCs in the airways. Alternatively, M-MDSCs could differen-
tiate into more macrophage-like cells at the site of inflammation,
as seen after migration to tumor sites (39, 40), and would there-
fore not be identified with the flow cytometric staining panel we
used. The migration of M-MDSCs from blood to the site of infec-
tion is supported by the fact that M-MDSCs in blood had upreg-
ulated levels of CD62L compared with respiratory M-MDSCs.
CD62L, or L-selectin, is involved in the extravasation of immune

:



RESEARCH ARTICLE The Journal of Clinical Investigation

A B
. _kkk ek
e ] 207 —*—
1K E'
<. @D s ® .
51 a’ 107 X .o
2 g Q - =
1 a7 g 5T «® ‘
i ; 1 i 2' 4 ...'- . _—
| AR AR AR L d T T T T 1 Ty T T S ) =y v ‘39‘- 3— '.-: ‘ .
FSC-A FSC-A CD45 CD14 4 s ?
4 S A «® ©
® COVID-19 e Mild COVID-19 ® Moderate COVID-19 @ Severe COVID-19 @ Fatal COVID-19 1 e m“— — * °
® HC Olnfluenza O Mild influenza © Moderate influenza 0 :
Blood NPA
(o] s D E F
—kkk
- ke kk
20 . 3 47 200 T
10 > . o 0107 =,
o - D 2> 03] g8 -7
257 . 8 2| . 2
E - . L] ] E B E 4_ -®
F 4 s . = =) -
Eﬂ N .o B : o < 2 Al
= e =14 2] bee .t
2 . o # LR . . : &%
1_ a8 S a9 0 -
PR ] 0 20 40 0~ 0
o == Days from onset Acute Convalescent Blood NPA ETA
Blood
G H 1 J ek K
dedkek 100 Tl 30
Lo X 150007 —=*— **
7400007 ns  _ns 60000 . T .
= * < N 2 :77 3 20
I i . o~ i . - B
%30000 e 920000 4 . . 250000 Q 60- . 9
M Q T O 4 pa o« * 2
$200001 ¢ o 10000 s 40004 . £ ie 2
(] . 1 L] 8 ? 8 %o ’ * o * ¢ o 10—
o . b ave =2 . o
= 10000 o 6000 = 7 32000- T % 20 Lo F
= et 2 = L3 -& = e *'* == -
0 - o%e ;‘ ‘ 2080 * . 0 - et 0- -_-a - 0-e—F
Blood NPA ETA Blood NPA ETA Blood NPA ETA Blood Acute Convalescent

Figure 2. Frequency of respiratory and blood M-MDSCs in patients with COVID-19, patients with influenza, and HCs. (A) Gating strategy to identify M-MD-
SCs by flow cytometry. From live, single CD45* leukocytes, cells expressing lineage markers (CD3, CD19, CD20, CD56, CD66abce) and HLA-DR were excluded
and CD14* M-MDSCs identified. (B) M-MDSC frequency per live CD45* cells in blood and NPAs. HCs (blue): n =12 (blood), n = 7 (NPAs). Patients with influenza
(open circles): n =19 (blood), n = 9 (NPAs). COVID-19 patients (solid circles): n = 140 (blood), n = 28 (NPAs). The dots are color-coded according to peak disease
severity. (C) Peak frequency of blood M-MDSCs per live CD45* cells across disease severity. HCs (blue): n =12. Patients with COVID-19 (color-coded by peak
disease severity): mild, n = 19; moderate, n = 53; severe, n = 56; fatal, n = 12. (D) Blood M-MDSC frequencies over time in patients with COVID-19: mild, n =17,
moderate, n = 53; severe, n = 56; fatal, n = 12. Line shows the locally estimated scatterplot smoothing (LOESS) with shaded 95% CI (fatal group wide Cl, not
presented). (E) Frequency of blood M-MDSCs in paired acute and convalescent samples from patients with COVID-19 (n = 6). (F) M-MDSC frequency in blood,
NPA, and ETA samples from patients with severe (red, n = 16) and fatal (gray, n = 4) COVID-19. (G-1) Surface expression of (G) CD62L, (H) CD86, and (1) CCR2
on M-MDSCs in blood, NPAs, and ETAs from HCs (blue, NPAs n = 7, PBMCs n = 11) and COVID-19 patients (black, NPAs n = 25, ETAs n = 19, PBMCs n = 69). (J)
Frequency of PMN-MDSCs of live CD45* cells in blood from patients with COVID-19. HCs: n = 12. Patients with COVID-19: mild, n =11; moderate, n = 47; severe,
n =42; and fatal, n = 8. (K) Frequency of blood PMN-MDSCs in paired acute and convalescent samples from patients with COVID-19 (n = 6). (B, C, and F-))
Comparisons of M-MDSC frequencies were performed using the nonparametric Kruskal-Wallis test with Dunn’s post hoc multiple-comparison test. In the
strip charts, group medians are presented as horizontal lines and individual patients as jitter points.

cells (41). Studies are ongoing to further address the kinetics and ~ those who did not. It is therefore not likely that this is a significant

mechanism of myeloid cell migration in humans. confounder in our study.
Glucocorticoid treatment may affect M-MDSCs and is there- Characterization of MDSCs is challenging because of the
fore important to consider (42-45). In the current study, arelative-  lack of unique cell-surface markers, and therefore functional

ly low proportion of the patients received glucocorticoids, and we  analysis of the cells is critical to validate phenotypic identifica-
did not observe any differences in M-MDSC frequencies between  tion (15, 20). We verified the suppressive capacity of M-MDSCs
patients the patients who received glucocorticoid treatment and  in patients with COVID-19 and found that HLA-D- CD14" cells

6 J Clin Invest. 2021;131(6):e144734 https://doi.org/10.1172/)CI144734
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Figure 3. M-MDSCs isolated from patients with COVID-19 suppress T cell proliferation partly through the release of Arg-1. (A) Blood M-MDSCs isolated from
patients with COVID-19 were cocultured with CFSE-labeled allogenic PBMCs in the presence of SEB for 3 days at a ratio of 1:2 (M-MDSCs/PBMCs). Histograms
show representative CD4* and CD8* T cell proliferation as assessed by CFSE dilution and flow cytometry. The numbers in the plots indicate the frequency of prolif-
erating T cells. (B) Dot plots show the percentage of proliferating CD4* and CD8* T cells with the median (n = 3). *P < 0.05 and **P < 0.01, by Wilcoxon signed-rank
test. (C) Isolated M-MDSCs were cultured with CFSE-labeled allogenic PBMCs in the presence of SEB for 3 days. The M-MDSC/PBMC ratios were 1:5 and 1:2. Dot
plots show the percentage of proliferating CD4* T and CD8* cells with the median (n = 2). (D) Dot plots show IFN-y levels in supernatants from cell cultures with the
median (n = 2). (E-G) Isolated M-MDSCs were cultured with CFSE-labeled allogenic PBMCs in the presence of SEB and L-arginine for 3 days. The M-MDSC/PBMC
ratio was 1:2. (E) Dot plots show Arg-1levels in supernatants from cell cultures with the median (n = 2). ND, not detectable. (F and G) Dot plots show the percent-

age of proliferating (F) CD4* T cells (n = 2) and (G) CD8* T cells (n = 2) with the median.

isolated from these patients had a potent suppressive effect on
T cells, demonstrating that the M-MDSCs identified by flow
cytometry corresponded to suppressive and functionally active
cells. Identifying PMN-MDSCs is even more challenging. The
phenotypic identification of PMN-MDSCs varies among studies,
and thus a functional analysis is also critical for these cells (19).
Additionally, PMN-MDSCs are sensitive to cryopreservation
(46), and all analyses require fresh cells. In the current study, this
prevented us from performing a functional analysis of PMN-MD-
SCs using cryopreserved PBMCs. The focus of the current study
was therefore on M-MDSCs.

Since Arg-1 was important for M-MDSC activity in vitro, we
measured the levels in patients’ plasma and NPAs. As expected,

J Clin Invest. 2021;131(6):e144734 https://doi.org/10.1172/|CI144734

the patients with COVID-19 had increased plasma levels of Arg-1
compared with levels in HC plasma. We also found a connection
between disease severity and Arg-1levels in plasma, although there
was no difference between patients with moderate disease and
those who had a fatal outcome. Interestingly, Arg-1 levels were in
general substantially higher in NPAs than in plasma for all cohorts,
with no association with M-MDSC frequency in NPAs. It is known
that Arg-1 is constitutively produced in the airways in bronchial
epithelial cells, endothelial cells, myofibroblasts, and alveolar mac-
rophages. Its function, however, is unknown. Arg-1 has been sug-
gested to be involved in the regulation of NO and airway respon-
siveness and tissue repair (29). The association between M-MDSCs
and Arg-1in the airways merits further examination.
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Figure 4. Levels of cytokines in blood and NPA from HCs, COVID-19 patients, and influenza patients. (A-C) Arg-1was measured in (A) plasma, (B)

NPAs, and (C) plasma across COVID-19 disease severities. HCs (blue points): n =5 (blood), n = 5 (NPAs). Influenza patients (open circles): n = 6 (blood), n

=3 (NPAs). Patients with COVID-19 (solid circles): n = 93 (blood), n = 13 (NPAs). Patients with COVID-19 (color-coded by peak disease severity): mild, n = 8;
moderate, n = 41; severe, n = 36; and fatal, n = 8. (D-F) IL-6 was measured in (D) plasma, (E) NPAs, and (F) plasma across COVID-19 disease severities. HCs
(blue): n =11 (blood), n = 3 (NPAs). Patients with influenza (open circles): n = 37 (blood), n = 24 (NPAs). Patients with COVID-19 (solid circles): n =133 (blood),
n =7 (NPAs). Patients with COVID-19: mild, n = 14; moderate, n = 56; severe,n = 52; and fatal, n = 11. (G) Comparison of GM-CSF levels in plasma from HCs

and patients. HCs (blue): n = 9. Patients with influenza (open circles): n

=13. Patients with COVID-19 (solid circles, color-coded by peak disease severity):

mild, n =12; moderate, n = 38; severe, n = 48; and fatal, n = 8. (H) IL-1B and (1) IL-10 levels in plasma from patients with moderate-to-severe disease or a
fatal outcome. COVID-19 patients: moderate, n = 3; severe, n = 44; and fatal, n = 9. *P < 0.05, **P < 0.01, and ***P < 0.001. (A-1) Medians were compared
using the nonparametric Kruskal-Wallis test. Post-hoc testing was carried out while controlling the FDR (A-C) or using Dunn’s multiple-comparison test
(D-1). In strip charts, the group medians are presented as horizontal lines and individual patients as jitter points.

Several factors, including IL-6 and GM-CSF, are involved in
the expansion of M-MDSCs (14). Furthermore, IL-6 and IL-10
have been shown to be essential in inducing emergency myelo-
poiesis resulting in the expansion of an M-MDSC-like cell subset
in severe COVID-19 (47). In line with previous studies (12, 33),
we demonstrated a relationship between IL-6 and COVID-19
disease severity. The high levels of IL-6 could contribute to the
generation of M-MDSCs, especially in patients with severe dis-
ease. In contrast to previous reports (48), plasma GM-CSF was
not elevated in our COVID-19 cohort. Instead, higher levels of
GM-CSF were detected in the influenza patient cohort. This
could be explained by kinetics: the COVID-19 group had alonger
duration of symptoms compared with the influenza group, and
it is possible that the level of GM-CSF had already decreased.
The lack of IFN-y in patients with COVID-19 is in line with oth-
er studies showing no or minor increases in IFN-y in COVID-19
patients and a reduced production of IFN-y in lymphocytes from
these patients (49-51). However, the literature is not conclusive,

and other studies have shown elevated levels of IFN-y in patients
with COVID-19 (2, 52). IL-10 is also relevant with respect to
MDSCs, since it can be produced by MDSCs (14, 18), and plasma
levels of this cytokine increased with rising disease severity.

A decrease in the absolute numbers of both CD4* and CD8*
T cells, in line with the data presented here, has previously been
demonstrated in patients with COVID-19 with severe disease, but
the underlying mechanisms for the decrease are still unknown
(53). One potential mechanism could be the downregulation of the
CD3( chain that results in impaired T cell proliferation. CD3( chain
downregulation on T cells has previously been observed in relation
to MDSCs in several conditions including sepsis, hepatitis C infec-
tion, and gastric cancer (54-56). By establishing an immunosup-
pressive environment, M-MDSCs might prevent efficient immune
activation and impede the development of specific adaptive
responses required to clear the infection. We therefore speculate
that expansion of M-MDSCs contributes to the immune imbalance
described in COVID-19, possibly favoring disease progression.

J Clin Invest. 2021;131(6):e144734 https://doi.org/10.1172/)CI144734
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Figure 5. T cells in patients with COVID-19. Total lowest (A) CD4* and (B) CD8* T cell count in blood was calculated for HCs (n = 9) and for patients with
COVID-19 across disease severities: mild, n = 8; moderate, n = 29; severe, n = 32; and fatal, n = 7. (C) Spearman'’s correlation between the total CD3* T cell
count in blood and the peak M-MDSC frequency. (D) Gating strategy for CD3( chain analysis. Live, single CD3" cells were identified and separated into
CD4* or CD8* T cell groups. The median fluorescence intensity (MFI) was calculated for both cell populations. The blue histogram represents the fluores-
cence-minus-one (FMO) control, and the red histogram represents CD3( (phycoerythrin-labeled [PE-labeled]). FSC-A, forward scatter area; SSC-A, side
scatter area. (E and F) Thawed PBMCs from 11 patients with COVID-19, 4 patients with influenza, and 12 matched HCs were intracellularly stained for CD3(
chain expression. The MFI was calculated for (E) CD4* and (F) CD8* T cells. *P < 0.05, **P < 0.01, and ***P < 0.001. Comparison of medians between the
groups was performed using the Kruskal-Wallis test with Dunn’s post hoc multiple-comparison test.

There is an urgent need for a better understanding of the patho-
physiology of COVID-19, including predictors of disease severity.
In the current study, we investigated whether M-MDSC frequen-
cies in blood early in disease could affect outcomes. Despite the
low power and risk of multicollinearity when adjusting for age, our
significantly elevated unadjusted crude OR suggests that elevated
M-MDSC frequency in the first 2 weeks from symptom can predict
poorer disease outcomes. A limitation with this model is the poten-
tial confounding of disease severity at the time of inclusion in the
model. However, by stringent selection of patients to include in the
analysis, we attempted to mitigate this as far as possible.

J Clin Invest. 2021;131(6):e144734 https://doi.org/10.1172/)CI144734

Our protein and functional M-MDSC COVID-19 data are
in line with emerging RNA-Seq data that identified a cell pop-
ulation likely to be M-MDSCs that was associated with severe
COVID-19 (22). Previous research has shown that age and male
sex are risk factors for severe COVID-19 (57). Furthermore, it is
known that MDSCs increase with age as part of the “inflammag-
ing” process (the inflammation seen in aging, ref. 58), but little
is known about sex differences. In line with this, we found a cor-
relation between M-MDSC frequency and both age and male sex
in this cohort, possibly partly explaining the increased morbidity
seen in men and older patients.
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Figure 6. M-MDSC frequency predicts disease severity and is associated with male sex and age. (A) Criteria for inclusion in the ordinal logistic regression mod-
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odds logistic regression showing the capacity of M-MDSC frequency to predict the peak disease severity score. Crude and adjusted (Adj.) ORs are presented. (C)
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daily disease severity. Patients were separated on the basis of peak disease severity. (D) Peak M-MDSC frequency in men and women with COVID-19 compared
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In summary, we have shown that M-MDSCs are expanded
in both COVID-19 and influenza and are associated with disease
severity in patients with COVID-19, especially in men and older
individuals. Although we found indirect indications of M-MDSC
migration, we were unable to show anincreased M-MDSC frequen-
cy in respiratory mucosa in the same way as in influenza, present-
ing an area of future research. In this study we also demonstrated
that M-MDSCs isolated from patients with COVID-19 are effective
T cell suppressors in vitro and may partly explain the detrimental
decrease of T cells in patients with severe COVID-19. Finally, we
showed that M-MDSCs may predict disease outcome. We believe
the findings of this study provide yet another important piece to the
puzzle leading to a full understanding of the immunologic profile

e

of COVID-19 and can potentially contribute to future therapeutic
and diagnostic advancements.

Methods

Study participants. Inclusion of patients with COVID-19 was done at
Karolinska University Hospital and the Haga Outpatient Clinic (Haga
Nérakut) in Stockholm, Sweden from March 2020 to May 2020.
Patient inclusion was performed at various levels of care, ranging from
primary to intensive care. Inclusion criteria were age greater than 18
years and PCR-confirmed SARS-CoV-2 infection. In order to recruit
mild/asymptomatic participants, household contacts of patients with
COVID-19 were screened by PCR and enrolled if positive. Similarly,
adult patients with PCR-confirmed influenza A virus infection were

J Clin Invest. 2021;131(6):e144734 https://doi.org/10.1172/)C1144734
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recruited from January 2019 through March 2020. A cohort of HCs
(i.e., confirmed influenza A virus and SARS-CoV-2 negative by PCR)
were recruited and sampled in the same way as the study patients.

The degree of respiratory failure was categorized daily according to
the respiratory domain of the sequential organ failure assessment score
(SOFA) (59). If arterial partial pressure of oxygen (PaO,) was not avail-
able, peripheral transcutaneous hemoglobin saturation (SpO,) was used
instead and the modified SOFA score (mSOFA) was calculated (60).
The fraction of inspired oxygen (FiO,) estimation based on O, flow was
done in accordance with the Swedish Intensive Care Registry’s defini-
tion (61). Patients were subsequently categorized on the basis of their
peak respiratory SOFA or mSOFA value. The 5-point respiratory SOFA
score was then extended with an additional level to distinguish patients
admitted with mild disease from those with mild disease who were not
admitted. Finally, fatal outcome was added as a seventh level, with a
peak disease severity score of 6 prior to death in all but 2 patients who
had scores of 4 and 5, respectively. Additionally, the resulting 7-point
composite peak severity score was condensed into a classification con-
sisting of mild (score of 1-2), moderate (score of 3-4), severe (score of
5-6), and fatal (score of 7) disease (Supplemental Tables 1 and 2).

Medical records were reviewed for clinical history, laboratory anal-
yses, medications, previous diseases and comorbidities, and risk fac-
tors. The total burden of comorbidities was assessed using the CCI (62).

Collection of respiratory and blood samples. NPAs were collected
from COVID-19 and influenza patients and HCs when possible, and
ETAs were collected from intubated patients with COVID-19 in the
ICU. Venous blood was collected in EDTA-containing tubes from all
non-ICU patients and controls. For ICU patients, blood was pooled
from heparin-coated blood gas syringes discarded in the previous 24
hours. For some ICU patients, additional venous blood samples were
also collected in EDTA tubes. Routine clinical chemistry analysis was
performed for all study participants including HCs. The samples were
obtained from hospitalized patients at up to 4 time points, and dis-
carded ICU patient material was collected at up to 10 time points.

Isolation of cells from blood and respiratory aspirates. NPA and ETA
samples were centrifuged at 400g for 5 minutes at room tempera-
ture (RT). Supernatant was collected and frozen at -20°C. Cells were
washed with sterile PBS and mucus was removed using a 70 um cell
strainer. Blood samples were centrifuged at 800g for 8 minutes at RT.
Plasma was collected and frozen at -20°C. The cellular fraction was
diluted with sterile PBS, and PBMCs were isolated by density-gradient
centrifugation at 900g for 25 minutes at RT (without brake) using
Ficoll-Paque Plus (GE Healthcare). Cell count and viability were
assessed using trypan blue (MilliporeSigma) exclusion with an auto-
mated Countess cell counter (Invitrogen, Thermo Fisher Scientific).
Cells were stained fresh for flow cytometric analysis. Excess PBMCs
were cryopreserved in FBS (Gibco, Thermo Fisher Scientific) with
10% DMSO (MilliporeSigma) and stored in liquid nitrogen.

Flow cytometry. Cells were stained using Live/Dead Blue (Invitro-
gen, Thermo Fisher Scientific), incubated with human FcR blocking
reagent (Miltenyi Biotec), and stained with antibodies against the fol-
lowing surface proteins: CD1c (AD5-8E7; Miltenyi Biotec), CD3 (SK7;
BD), CD11c (B-Ly6; BD), CD14 (M5E2; BD), CD16 (3GE; BioLegend),
CD19 (HIB19; BioLegend), CD20 (L27; BD), CD45 (HI30; BD), CD56
(HCD56; BD), CD62L (SK11; BD), CD66abce (TET2; Miltenyi Biotec),
CD86 (2331; BD), CD123 (7G3; BD), CD141 (AD5-14H12; Miltenyi Bio-
tec), CCR2 (K036C2; BioLegend), CCR7 (150503; BD), and HLA-DR
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(TU36; Life Technologies, Thermo Fisher Scientific). If a sufficient
number of cells were available, a second staining was performed using
antibodies against CD3 (SP34-2; BD), CD4 (L200; BD), CD11c (B-ly6;
BD), CD14 (M5E2; BD), CD16 (3G8; BD), CD19 (SJ25-C1; Thermo
Fisher Scientific), CD45 (HI30; BD), CD56 (HCD56; BioLegend),
CD66abce (TET2; Miltenyi Biotec), CD123 (7G3; BD), LOX-1 (15C4;
BioLegend), and HLA-DR (L243; BioLegend). All stainings were per-
formed at 4°C for 20 minutes. Cells were washed with PBS and fixed
with 1%-2% paraformaldehyde.

The expression of CD247 (TCR(, CD3() on CD4* and CD8* T cells
was evaluated by intracellular staining. Briefly, following surface stain-
ing with Live/Dead Blue (Invitrogen, Thermo Fisher Scientific), CD3
(SP34-2; BD), CD4 (L200; BD), and CD8 (SK1; BD), cells were fixed
and permeabilized with permeabilization buffer (Thermo Fisher Scien-
tific) and then stained with anti-CD247 (6B10.2; BioLegend) at 4°C for
20 minutes. Samples were acquired on an LSRFortessa flow cytometer
(BD Biosciences). Data were analyzed using FlowJo software, version
10.5.3 (Tree Star). Absolute numbers of CD4* and CD8" T cells were
calculated by multiplying the frequency of T cells among total lympho-
cytes obtained from flow cytometric data with the lymphocyte count
from differential cell counts. If multiple T cell frequency counts were
available from the same patient, the lowest T cell count was used. If the
absolute lymphocyte count was missing, a value was linearly interpo-
lated between existing values if no more than 7 days apart.

M-MDSC T cell suppression assay. M-MDSCs (HLA-DR'CD14*
cells) were purified from frozen PBMCs obtained from 3 patients with
COVID-19, following a protocol developed by Lin et al. (16). HLA-DR*
cells were depleted using anti-HLA-DR microbeads and an LD col-
umn (Miltenyi Biotec). From the negative fraction, CD14" cells were
positively selected using anti-CD14 microbeads. MS columns and
MACS separators (both from Miltenyi Biotec) were used for the cell
sorting. Approximately 0.2 million M-MDSCs were obtained from 25
to 30 million PBMCs, with a viability of greater than 90% and a purity
of greater than 85%. In parallel, cryopreserved PBMCs from a bufty
coat were thawed, and 4 million cells were labeled with CFSE (Thermo
Fisher Scientific). The previously purified M-MDSCs were cocultured
with 0.5 million of the CFSE-labeled PBMCs, at a ratio of 1:2 or 1:5, in
the presence of 0.1 pg/mL SEB (MilliporeSigma) or 200 pg/mL L-ar-
ginine (MilliporeSigma). The cells were incubated for 3 days at 37°C in
RMPI 1640 medium (MilliporeSigma) supplemented with 10% FCS, 5
mM L-glutamine, and 100 U/mL penicillin and streptomycin (all from
Invitrogen, Thermo Fisher Scientific). Supernatants were collected
from cultures to measure secreted Arg-1 (Invitrogen, Thermo Fisher
Scientific) and IFN-y (R&D Systems) by ELISA. The cells were washed
and surface-stained with CD3 (SK7), CD4 (OKT4), and CD8 (SK1) (all
from BD Biosciences). Flow cytometry (LSRFortessa, BD Biosciences)
was performed as described above, and T cell proliferation was mea-
sured by calculating the percentage of CFSE" T cells.

Cytokine analysis. Cytokine levels were measured in plasma sam-
ples, NPA supernatants, and culture supernatants using ELISA. IL-6,
GM-CSF, and IFN-y ELISAs were performed using DuoSet kits (R&D
Systems). The Arg-1 ELISA was performed using the Arginase-1 Human
ELISA Kit (Thermo Fisher Scientific). IL-10 and IL-1p levels were ana-
lyzed at the Karolinska University Laboratory using Roche Cobas e602.

Plasma was also analyzed using a proximity extension assay (Olink
Proteomics, ref. 63), performed at Stanford University according to the
manufacturer’s instructions. The 92-biomarker Inflammation panel
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(Olink Proteomics) was used. For this study, only data on IFN-y were
included. Antibody pairs labeled with DNA oligonucleotides bound the
target antigen and oligonucleotides were hybridized and extended by
DNA polymerase. Subsequently, protein expression was measured by
high-throughput real-time PCR. Protein levels are presented as nor-
malized protein expression (NPX) values, an arbitrary unit in log, scale.
Values were calculated from inverted Ct values, with a high NPX value
corresponding to a high protein concentration. Normalization of data
was performed to minimize intra- and interassay variation.

Serology. Antibodies against the SARS-Cov-2 spike (S) trimer were
assessed by ELISA. Recombinant proteins were received through the
global health vaccine accelerator platform (GH-VAP) funded by the
Bill & Melinda Gates Foundation. Briefly, 96-well plates were coat-
ed with 100 ng/well S protein. Plates were incubated with a selected
duplicate dilution (1:50) of each plasma sample at ambient tempera-
ture for 2 hours. Detection was performed with a goat anti-human IgG
HRP-conjugated secondary antibody (clone G18-145; BD Bioscienc-
es) followed by incubation with TMB substrate (BioLegend; catalog
421101) and stopped with a 1 M solution of H,SO,. Absorbance was
read at 450 nm + 550 nm background correction using an ELISA read-
er. Data are reported as the average OD value of the 2 duplicates. An
extensive analysis of respiratory and systemic antibody responses in
the study cohort is available (64).

Statistics. Data analysis was performed using RStudio, version
1.2 (RStudio), GraphPad Prism, version 8.0 (GraphPad Software),
and Microsoft Excel. Routine analyses excluding cytokines and flow
cytometric data were assumed to have a standard distribution, and
means were compared using either an independent Student’s ¢ test
or a 1-way ANOVA. Nominal patient characteristics were compared
between groups using a Pearson y? test or Fisher’s exact test depend-
ing on whether the expected count of any cell was above or below 5.
Cytokine and flow cytometric data were presumed to have a nonstan-
dard distribution, and medians were thus compared using the Wilcox-
on-Mann-Whitney U or Kruskal-Wallis tests depending on the number
of cohorts. Post hoc testing after the Kruskal-Wallis test was performed
using Dunn’s test of multiple comparisons or by controlling the FDR
using Benjamini, Krieger, and Yekutieli’s adaptive linear step-up proce-
dure. Nonparametric comparisons of dependent data were performed
using Wilcoxon’s signed-rank test. For correlation analyses of continu-
ous data, Spearman’s rho was used. Finally, a proportional odds logistic
regression model was constructed to evaluate the capacity of M-MDSC
frequencies to predict disease severity. A 95% significance level was
used throughout the study, and all statistical tests were 2 tailed.

Missing daily severity score data were approximated by using the
last-observation-carried-forward (LOCF) method. For flow cytometric
data, the peak M-MDSC frequency and lowest T cell count were extract-
ed. The peak value for routine laboratory analyses was extracted sepa-
rately for each analysis except in the case of blood differential counts, in
which all counts were extracted for the time point of lowest lymphocyte
count. The ordinal logistic regression model was based on a subset of
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patients with M-MDSC frequencies who were sampled within 2 weeks
of the onset of symptoms and before potential ICU admission. For
patients who developed severe disease, only time points prior to peak
disease severity were included, whereas in patients who developed at
most mild-to-moderate disease, the time points occurring during recov-
ery were excluded. In the event of multiple time points for 1 patient
during that period, the first time point was used. An unadjusted OR was
initially calculated individually for the capacity of M-MDSC frequency,
age, and sex to predict peak disease severity, and statistically significant
predictors were subsequently included in a multivariate proportional
odds logistic regression model with the 4-level peak disease severity
score as the primary outcome.

Study approval. The study was approved by the Swedish Ethics
Review Authority (Etikprovningsmyndigheten, Uppsala, Sweden) and
performed according to Declaration of Helsinki principles. Written
informed consent was obtained from all patients and controls. For
sedated patients, the denoted primary contact was asked about the
presumed will of the patient and, if applicable, to give initial oral and
subsequent signed written consent. When applicable, retrospective
written consent was obtained from patients with nonfatal outcomes.
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