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Human myeloid-derived suppressor cell expansion
during sepsis is revealed by unsupervised clustering

of flow cytometric data

Marco De Zuani!, Marcela Hortovd-Kohoutkovd!, Ivana Andrejéinovd®-2,
Veronika Tomdskovd® 3, Vladimir Srdmek?®, Martin Heldn' 3
and Jan Fri¢4

! International Clinical Research Center, St. Anne’s University Hospital Brno, Brno, Czech
Republic

2 Department of Biology, Faculty of Medicine, Masaryk University, Brno, Czech Republic

3 Department of Anaesthesiology and Intensive Care, Faculty of Medicine, Masaryk University,
Brno, Czech Republic

4 Department of Modern Immunotherapy, Institute of Hematology and Blood Transfusion,
Prague, Czech Republic

Myeloid-derived suppressor cells (MDSCs) are important regulators of immune processes
during sepsis in mice. However, confirming these observations in humans has been chal-
lenging due to the lack of defined preparation protocols and phenotyping schemes for
MDSC subsets. Thus, it remains unclear how MDSCs are involved in acute sepsis and
whether they have a role in the long-term complications seen in survivors. Here, we com-
bined comprehensive flow cytometry phenotyping with unsupervised clustering using
self-organizing maps to identify the three recently defined human MDSC subsets in
blood from severe sepsis patients, long-term sepsis survivors, and age-matched controls.
We demonstrated the expansion of monocytic M-MDSCs and polymorphonuclear PMN-
MDSCs, but not early-stage (e)-MDSCs during acute sepsis. High levels of PMN-MDSCs
were also present in long-term survivors many months after discharge, suggesting a pos-
sible role in sepsis-related complications. Altogether, by employing unsupervised cluster-
ing of flow cytometric data we have confirmed the likely involvement of human MDSC sub-
sets in acute sepsis, and revealed their expansion in sepsis survivors at late time points.
The application of this strategy in future studies and in the clinical/diagnostic context
would enable rapid progress toward a full understanding of the roles of MDSC in sepsis
and other inflammatory conditions.
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Introduction

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous
population of immature myeloid cells with strong immunosup-
pressive activity, especially on T cells and NK cells [1]. MDSCs are
present at low frequencies in healthy donors (HD), but rapidly
expand in pathological conditions including cancer, autoimmu-
nity, and bacterial, fungal, and viral infections [1-5]. Although
most of the studies proved that MDSCs play a pathologic role in
these conditions by suppressing the protective immune response,
few other reported that MDSC expansion might actually be bene-
ficial, restraining potentially damaging inflammation [1, 6-8].

The MDSC population has classically been divided into two
major subsets based on differences in morphology and phe-
notype: polymorphonuclear (PMN)-MDSCs and monocytic (M)-
MDSCs. While murine MDSC phenotypes are widely accepted,
studies of human MDSCs have used different markers to iden-
tify them and various methods of sample preparation [9, 101,
leading to a lack of consensus. The most recent classification of
human MDSCs identified three major subsets: monocytic myeloid-
derived suppressor cells (M-MDSCs) (CD11b*, CD14%, HLA-
DR, CD157), polymorphonuclear myeloid-derived suppressor
cells (PMN-MDSCs) (CD15%, CD66b*, CD11b+, CD14), and
early-stage (e)-MDSCs (CD3/14/15/19/56-, HLA-DR-, CD33",
CD11b™) comprising more immature myeloid progenitors [10].
How these subsets respond during the course of infection and
inflammation, both in the acute phase of disease and during its
resolution, is currently unknown.

Sepsis is a life-threatening syndrome which is mainly caused
by a dysregulated host response to pathogen infection, and affects
approximately 50 million people worldwide every year [11].
Mouse models of acute sepsis show an accumulation of MDSCs,
especially in the secondary lymphoid organs [12, 13]. However,
the few studies that have investigated MDSCs’ role in acute
human sepsis have used various sample preparation procedures
and minimal flow cytometry panels to distinguish the different
subsets [14], leaving the overall picture unclear. Some studies
have indicated that MDSC frequency positively correlates with
poor outcomes in acute sepsis patients, and may remain elevated
for several weeks during recovery [15, 16]; however, a compre-
hensive analysis of MDSC subsets in sepsis patients and in long-
term survivors, who frequently exhibit chronic immunosuppres-
sion, is lacking.

Here, we used an advanced flow cytometric panel built on the
most recent MDSC definition together with unsupervised cluster-
ing techniques to investigate the frequencies of the three main
MDSCs subsets during acute sepsis, in sepsis survivors, and in HD.

Results and discussion

To investigate the changes in MDSC subset abundance during
sepsis, we enrolled 12 patients affected by acute septic shock,
6 long-term sepsis survivors, and 7 age-matched HD (Table 1).
We labelled peripheral blood mononuclear cells (PBMCs) to
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identify M-MDSCs (CD11b*, CD14*, HLA-DR”, CD15~), PMN-
MDSCs (CD15*, CD66b*, CD11b*, CD147), and e-MDSCs
(CD3/14/15/19/567, HLA-DR-, CD33", CD11b*) (Fig. 1A, Sup-
porting information Fig. S1). When we gated these populations
manually, we saw significantly higher frequencies of both M-
MDSC and PMN-MDSC, but not e-MDSCs, in septic patients at
both time points (TP1, TP2), compared to HD (Fig. 1B). These
results are in concert with other studies showing the accumula-
tion of MDSCs in sepsis patients [6, 16, 17]. Interestingly, we
found that PMN-MDSCs, but not M- and e-MDSCs, were also
significantly more frequent in the blood of recovered patients
than in HD, with their frequency showing a linear decrease with
time (Fig. 1B and C, Supporting information Fig. S2). Typically,
recovered patients exhibit persistent low-grade inflammation and
immunosuppression which results in poor functional indepen-
dence, increased susceptibility to secondary infection and reduced
survival [15, 18]. These results call for investigation of the poten-
tial role of MDSCs subsets in sepsis survivors.

To further confirm the expansion of these MDSC subsets, we
applied FlowSOM, an unsupervised multidimensional clustering
of flow data based on self-organizing maps and minimum span-
ning tree algorithms [19]. The analysis identified two M-MDSC
metaclusters and one PMN-MDSC metacluster (Fig. 1D, Support-
ing information Fig. S3A), all consistently expressing MDSC mark-
ers (Fig. 1E, Supporting information Fig. S3B, Table S1). The
event count in each metacluster confirmed the increased frequen-
cies of both PMN-MDSCs and M-MDSCs during sepsis (Fig. 1F),
as seen with manual gating. Contrarily to the results obtained
through manual gating, the number of canonical CD14%, HLA-
DR* monocytes proved to be similar between the four groups
(Supporting information Fig. S3C and 3D). Furthermore, we
detected an unconventional subset (CD66b™, CD15", CD14",
HLA-DR™, CD33", CD11b*") which was significantly increased in
the earliest time point of sepsis but returned to physiological lev-
els in sepsis survivors (Fig. 1E “Unknown_1,” Supporting infor-
mation Fig. S4A and 4B). Manual gating of this population con-
firmed its expansion at the earliest time point of sepsis, com-
pared to HD (Supporting information Fig. S4C). A similar subset
(CDh14*, CD15", CD11b", CD33", HLA-DR™, Lin") was described
to be expanded in nonsmall lung cancer patients and to correlate
with reduced overall and progression-free survival [20]. More-
over, a novel population of PMN-neutrophils expressing high lev-
els of CD14 and characterized by a strong immunosuppressive
phenotype was recently described in the spleen of tumor-bearing
mice [21].

Taken together, we demonstrate that both M-MDSCs and PMN-
MDSCs but not e-MDSCs are present at high levels in patients with
early-stage sepsis. Similarly, a CD14" CD15% CD66b™ HLA-DR™
unconventional subset was expanded at the earliest time point of
sepsis. Although other studies in sepsis patients have correlated
the expansion of MDSCs with higher mortality, we did not find this
to be the case at the time points measured here (Fig. 1G); thus,
the dynamic changes in MDSC abundance throughout the clinical
course of sepsis, and their possible association with severity of the
condition, require further investigation.
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Table 1. Cohort characteristics

Immunity to infection

Study cohort N 12
Sex Female 6 (50%)
Male 6 (50%)

Age, mean (range)
Comorbidities, mean

64.75 (28-77)
3.25

Hypertension, n 7 (58.3%)
Peripheral artery disease, n 4 (33.3%)
Asthma, n 3 (25%)
Coronary heart disease, n 4 (33.3%)
BMI [kg/m?], mean 27.24
Mortality N 7 (58.3%)
Causative agent Soft tissue infection, n 1(8.3%)
Urosepsis, n 5 (41.7%)
Mediastinitis/empyema, n 2 (16.7%)
Pneumonia, n 2 (16.7%)
Unknown, n 2 (16.7%)
TP1 SOFA, mean 13.3
CRP [mg/L], mean 240.41
Leucocyte count [10°/L], mean 22.23
Horowitz index, mean 204.84
Noradrenalin dose [png/kg/min], mean 0.382
TP2 SOFA, mean, 5.9
CRP [mg/L], mean 81.88
Leucocyte count [10°/L], mean 16.26
Horowitz index, mean 295.65
Noradrenalin dose [ug/kg/min], mean 0.01
Postsepsis cohort N 6
Sex Female 4 (66%)
Male 2 (33%)
Age, mean (range) 69.50 (60-76)
Comorbidities, mean 2.17
BMI [kg/m?], mean 28.78
Data at ICU admission SOFA, mean 10.00
CRP [mg/L], mean 386.78
Leucocyte count [10°/L], mean 8.767
Horowitz index, mean 218.04
Noradrenalin dose [pg/kg/min], mean 0.09
Causative agent Abdominal infection, n 2 (33.3%)
Pneumonia, n 1(16.7%)
Mediastinitis/empyema, n 2 (33.3%)
Combined, n 1(16.7%)
Follow-up Leucocyte count [10°/L], mean 6.12
Control cohort N 7
Sex Female 4 (57%)
Male 3 (43%)
Age, mean (range) 70.8 (63-82)
Comorbidities, mean 2.4
BMI [kg/m?], mean 29.79
CRP [mg/L], mean 2.75

BMI, body mass index; CRP, C-reactive protein; Horowitz index (PaO,/FiO,), lung function index defined as the ratio of partial pressure of oxygen in

arterial blood (PaO,) to the inspiratory fraction of oxygen (FiO,); SOFA, sequential organ failure assessment score.
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Figure 1. MDSCs are expanded during sepsis. (A) Representative gating strategy used to identify MDSCs. M-MDSCs are defined as live, CD11b",
CD157, CD14+, HLA-DR™; PMN-MDSCs are defined as live, CD15%, CD14-, CD11b*, SSCM; e-MDSCs are defined as CD3", CD14-, CD15", CD19-, CD56™,
HLA-DR", CD33",CD11b". (B) Boxplots (Tukey) representing the frequency of M-MDSCs, PMN-MDSCs, and e-MDSCs at different time points in acute
sepsis patients (TP1, TP2) in sepsis survivors (POST), and in healthy donors (HD). Pairwise comparisons were performed using Dunn’s test with
multiple comparison correction. Asterisks indicate the level of significance: * p < 0.05, ** p < 0.005, ™ p < 0.001. TP1, N = 12; TP2, N = 10; POST,
N = 6; HD, N = 7. (C) Linear regression of the frequency of PMN-MDSCs against the number of days from initial ICU admission in survivors. Grey
area indicates 95% confidence interval. The red dashed line indicates the average PMN-MDSC frequency in healthy donors (HD). p value indicates
the F-test result testing the null hypothesis of a zero slope. (D) Minimum spanning tree representation of the self-organizing map built on the
complete dataset. The height of the star plots in each node represents the mean fluorescence intensity of each marker used for the clustering. The
background color of each node identifies the nine metaclusters. (E) Heatmap showing the mean fluorescence intensity of the expression of the
different markers in each metacluster. (F) Boxplots (Tukey) representing the normalized number of cells grouped in each metacluster at different
time points and in healthy donors. Pairwise comparisons were performed using Dunn’s test with Holm’s correction for multiple comparisons.
Asterisks indicate the level of significance: * p < 0.05, ** p < 0.005, *** p < 0.001. TP1, N = 12; TP2, N = 10; POST, N = 6; HD, N = 7. (G) Boxplots (Tukey)
of MDSC subset frequencies at different time points (TP1, TP2) in patients that survived or succumbed to septic shock. Pairwise comparisons were
performed using a Mann-Whitney U test. TP1, survivors, N = 5; TP1, nonsurvivors, N = 7; TP2, survivors, N = 5; TP2, nonsurvivors, N = 5.
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Concluding remarks

Based on our findings, we believe that MDSCs might play a dual
role in the early and late response to septic shock. Initially, MDSCs
might help to mitigate the systemic hyperinflammation observed
in the early stages of sepsis, as seen in several in vivo murine mod-
els of sepsis, and in a cohort of patients affected by cystic fibrosis
and bacterial infection [7, 8, 22]. However, subsequently, the high
PMN-MDSCs frequencies described in our postsepsis cohort might
account for the long-term morbidity and high mortality observed
in sepsis survivors [15, 16]. Although this cohort did not include
subjects previously enrolled in the earlier time points, our data
suggest that targeting MDSCs in long-term sepsis survivors might
improve overall survival and quality of life. For example, in can-
cer patients, treatment with all-trans-retinoic acid promoted the
differentiation of MDSCs, reduced their numbers, and improved
T-cell responses [23, 24]. However, further investigations on sep-
sis survivors are encouraged, for example, to assess the immuno-
suppressive functions of the described MDSC subsets.

Finally, we demonstrate that unsupervised metaclustering
algorithms are able to quickly identify the expansion of target
immune subsets in clinical settings, thus, showing high potential
for future use in operator-free screenings and diagnostics. More-
over, these algorithms proved to be useful for the identification
of unknown or noncanonical cell subsets, even when analyzing
datasets obtained with limited flow cytometry panels.

Methods
Study participants

Twelve adult patients admitted to the intensive care unit (ICU) of
the St. Anne’s University Hospital in Brno with early septic shock
were prospectively enrolled into the “study cohort.” Patients with
chronic immunosuppression or receiving antibiotic therapy for
more than 2 days were not enrolled. Blood and plasma samples
were obtained at two time points: within 12 h (TP1), and at 3 days
(TP2) after ICU admission. Secondly, six patients who had been
successfully treated for sepsis at our department were retrospec-
tively enrolled at 6 to 26 months from their initial ICU admission
into the “postsepsis cohort.” Finally, seven healthy individuals of
comparable age and health status were recruited into the “control
cohort.” Patients with acute infection in the last 28 days or chronic
immunosuppression were not enrolled in the study. Cohort details
are summarized in Table 1.

Written informed consent was obtained from all enrolled
patients. All procedures and protocols were approved by the insti-
tutional ethics committee (4G/2018).

Sample collection and preparation

All samples were processed within 2 h from collection. Blood
was collected in BD Vacutainer® Tubes containing Sodium Hep-

© 2021 The Authors. European Journal of Immunology published by
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arin. PBMCs were isolated from 5 mL of heparinized blood by
gradient centrifugation over Lymphoprep™ (1.077 g/mL, Alere
Technologies AS, Norway) following manufacturer’s recommen-
dations. Cells were washed with FACS buffer (PBS with 0.5% FBS
and 2 mM EDTA) and immediately labelled for flow cytometric
analyses.

Flow cytometry

Flow cytometry analyses were performed according to the
guidelines published in Cossarizza, Chang [25]. A total of
10 PBMCs were labelled in FC buffer for 30 min on ice
with the following antibodies (dilutions, clones and vendors in
brackets): anti-CD3-biotin (1:100, UCHT1, eBioscience), anti-
CD19-biotin (1:100, HIB19, eBioscience), anti-CD56-biotin (1:50,
CMSSB, eBioscience), anti-CD11b-PE/Cy7 (1:100, ICRF44, eBio-
science), anti-CD14-PE (1:100, 61D3, eBioscience), anti-CD15-
BV421 (1:100, W6D3, Sony Biotechnologies, San Jose, CA),
anti-CD66b-PB (1:100, G10F5, Sony Biotechnologies), anti-
HLA-DR-FITC (1:50, 1.243, BioLegend), anti-CD33-BV711 (1:50,
WM53, Sony Biotechnologies), and streptavidin-AlexaFluor514
(5 pg/mL, Invitrogen). Propidium iodide was added immedi-
ately before sample acquisition to discriminate dead cells. Sam-
ples were acquired on a Sony SA3800 spectral analyser (Sony
Biotechnologies).

Data analysis

Data were imported and analyzed with FlowJo v10.7.1 (BD Life
Sciences, Ashland, OR). For the unsupervised analysis, FCS files
were imported into FlowJo, cleaned with FlowAl version 2.1,
manually gated to exclude debris, doublets and dead cells, down-
sampled to match the event number across samples and exported
to new FCS3 files [26]. Cleaned-up files were processed with
FlowSOM version 1.19.4 in the R version 4.0.2 environment [19].
The self-organizing map was built on a 10 x 10 grid using a Man-
hattan distance function.

Statistical analyses

Analyses were performed with Prism version 8.1 (GraphPad Soft-
ware, San Diego, CA) or in R environment. Details of the statistical
tests used are reported in each figure legend.
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