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associated with the severity
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In pediatric patients
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Background: Primary infection with the Epstein-Barr virus (EBV) in early childhood is
often asymptomatic, whereas infection with EBV during adolescence or adulthood
may lead to infectious mononucleosis (IM). Sometimes severe complications like
hepatitis, spleen rupture, or myocarditis may appear during IM. Myeloid-derived
suppressor cells (MDSC) are a heterogeneous group of regulatory immune cells with
immunosuppressive activities. However, not much is known about the role of MDSC
in IM. We assessed a clinical translational prospective study to examine the role of
MDSC during the early and late phases of IM in pediatric patients.

Method: We performed a longitudinal analysis of PMN-like, M-like, and e-like
MDSC frequencies in 37 pediatric patients during the early (V1 < 28 days after
symptom onset (Tonset), V2 four to six weeks after Tonser) and late phases (V3 = six
to 12 months after Tonser) Of IM using flow cytometry-based analyses. In addition,
we determined the correlation of frequencies of MDSC-like subpopulations with
the complexity and severity of laboratory, clinical, and virological IM features.
Results: We detected comparable frequencies of total MDSC-like cells during the
course of IM (V1 median: 22.87%, V2 median: 16.10%, and V3 median: 16.58% of
CD33+ cells, respectively). However, we observed temporal dynamics of the
MDSC-like subpopulations PMN-like, M-like, and e-like MDSC during the early
and late phases of IM. The frequency of PMN-like MDSC decreased significantly
from V1to V2 (P < 0.001) and from V1 to V3 (P < 0.001). In contrast, the frequency
of M-like MDSC decreased significantly from V1 to V2 (P = 0.015) and increased
from V2 to V3 (P < 0.001). e-like MDSC frequencies increased significantly from V1
to V3 (P < 0.001). We observed an increase in the proportion of PMN-like MDSC
with the IM-complexity and severity laboratory score and ferritin levels.
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Conclusion: Our data highlights the rationale for in-depth analyses of MDSC
subpopulations in further studies on IM and contributes to obtaining a more
differentiated picture of the ongoing changes in MDSC-like cell distribution and
the relationship between frequencies of MDSC-like cells and the complexity and
severity of laboratory, clinical, and virological IM features.

KEYWORDS

Epstein-Barr virus, IM-complexity, IM-severity, infectious mononucleosis, myeloid-
derived suppressor cells, pediatric cohort

1 Introduction

The Epstein-Barr virus (EBV) is a y-herpesvirus that infects
more than 90% of the human population and persists lifelong (1).
Primary infection with EBV in early childhood is often
asymptomatic (2), whereas infection with EBV during
adolescence or adulthood may lead to infectious mononucleosis
(IM) (2, 3). IM is usually a self-limiting disease that typically
presents with symptoms like fever, tonsillopharyngitis, cervical
lymphadenopathy, hepatosplenomegaly, and fatigue (1, 2, 4-6).
Sometimes, severe complications like hepatitis, spleen rupture, or
myocarditis, as well as neurological or hematological complications,
may appear during IM (1, 2, 4-6). After IM, long-lasting symptoms
such as fatigue may persist, and EBV is the main pre-pandemic
trigger of post-infectious myalgic encephalomyelitis/chronic fatigue
syndrome (ME/CES) (7). Fulfillment of ME/CFS diagnostic criteria
has been reported in 13% of adolescents six months post IM (8-11).
ME/CEFS is a severe neurological disease that can have a significant
impact on everyday school or work life and significantly reduce the
quality of life of those who are infected. Moreover, a previous IM is
known to be a risk factor for developing multiple sclerosis and
Hodgkin lymphoma (12, 13). Although some primary
immunodeficiencies are known to be predisposing factors in some
cases of fulminant IM (14), the underlying cause of severe or
protracted disease is still largely unknown.

Since no direct therapy against IM is known, it is critical to
understand the immunological processes during IM. It is known
that immune dysregulation, particularly the magnitude of the over-
reacting T-cell response, influences the severity of clinical
symptoms (15). For this reason, a better knowledge of the cell
populations involved in shaping the immune response during IM is
one of the prerequisites for better characterizing an effective
antiviral immune response and identifying corresponding cellular
risk factors for early or late complications of IM.

Abbreviations: BMI, Body Mass Index; DAO, Days After Onset of IM; EBV,
Epstein-Barr Virus; e-like MDSC, early-stage like Myeloid-Derived Suppressor
Cells; FCS, Fetal Calf Serum; FMO, Fluorescence Minus One; IM, Infectious
Mononucleosis; LR, Likelihood Ratio; LRT, Likelihood Ratio Test; MCFC, MRI
Chronic Fatigue Center for Young People; MDSC, Myeloid-Derived Suppressor
Cells; ME/CFS, Myalgic Encephalomyelitis/Chronic Fatigue Syndrome; M-like
MDSC, Monocytic-like Myeloid-Derived Suppressor Cells; PBMC, Peripheral
Blood Mononuclear Cells; PMN-like MDSC, Polymorphonuclear-like Myeloid-
Derived Suppressor Cells; Tonser» Timepoint of IM symptom onset; Treg,

Regulatory T cells; V1, V2, V3, Visit 1, 2, 3.
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Myeloid-derived suppressor cells (MDSC) are a heterogeneous
group of regulatory immune cells from the myeloid lineage with
immunosuppressive activities (16). They can be divided into three
distinct subpopulations consisting of early-stage (e-), monocytic
(M-), and polymorphonuclear (PMN-) MDSC (17). M-MDSC and
PMN-MDSC can develop either from e-MDSC as an immature
precursor (18, 19) or from mature monocytes (18, 20-22) or
neutrophils (21, 23, 24). Additionally, MDSC are directly released
from the bone marrow through emergency myelopoiesis (25-27).
MDSC can suppress the immune response of various cells, such as T
cells, natural killer cells, or dendritic cells (22, 28), playing an
essential role in physiological and pathological conditions (24).
Numerous publications have defined a role for MDSC in tumors
(29), autoimmune diseases (30), and the immune response in the
context of infectious diseases (31-33). It was shown that an increase
in MDSC contributes to the chronification of contagious diseases
such as hepatitis B (32). Especially during the SARS-CoV-2
pandemic, new insights into MDSC in acute diseases were gained.
Various authors report an increase in MDSC in patients with SARS-
CoV-2 infection and suspected a connection between this increase
and the severity of the clinical course (33). However, the role of
MDSC in EBV-associated diseases remains elusive. It has been
reported that an increase in MDSC was detected in patients with
EBV-associated nasopharyngeal carcinoma (34) and chronically
active EBV infection (1, 33). Currently, nothing is known about
MDSC in IM. However, a reduction of regulatory T cells (Treg) -
another regulatory cell group - is assumed to contribute to the over-
reacting T-cell response in primary infection with EBV,
contributing to the clinical manifestation of IM (35). In acute
viral infections, expansion of phenotypically defined MDSC
populations has been interpreted as part of a counter-regulatory
response that may limit immunopathology but could also attenuate
antiviral effector functions. Accordingly, in IM, associations
between MDSC dynamics and organ involvement or
inflammatory markers could reflect (i) a regulatory response to
inflammation, (ii) a contributing factor to clinical manifestations, or
(iii) parallel downstream effects of upstream drivers such as viral
burden and the overall inflammatory milieu.

To the best of our knowledge, this is the first prospective
clinical-translational study to longitudinally characterize
phenotypically defined MDSC-like (sub)populations in pediatric
IM. We aimed to describe temporal dynamics of PMN-like, M-like,
and e-like MDSC and to assess their associations with
contemporaneous clinical, laboratory, and virological features
across disease stages. We emphasize that these analyses address
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phenotypic correlations, not establish causality and address
prognostic utility for later outcomes.

2 Materials and methods
2.1 Study population

The prospective study population is part of the IMMUC study
(ClinicalTrials.gov - NCT06002802). A detailed description of the
IMMUC study can be found in Bodenhausen et al. (36). Briefly, 200
patients with IM following confirmed acute primary EBV infection
were included and investigated at three study visits: V1 as early as
possible after symptom onset (T o) but no later than 28 days after
onset (DAO) of IM (i.e., DAO 0 = Typset) V2 four to six weeks after
Tonsets and V3 six to 12 months after T, Extensive clinical,
laboratory, virological, and serological features were assessed at
each visit. Further, the IMMUC scores for IM complexity and IM
severity were determined at each visit (36). Briefly, the IM
complexity counts the number of 15 pre-defined clinical (IM
clinical complexity) and eight pre-defined laboratory (IM
laboratory complexity) IM-related features. The IM severity
grades the severity of each clinical (IM clinical severity) and
laboratory (IM laboratory severity) IM-related feature from SO to
S5. A detailed description of the scoring system can be found in
Bodenhausen et al. (36). Additionally, the IM protraction, defined
as the presence of any IM-related symptom at V3, and chronic
fatigue, defined as the presence of fatigue at V3, were evaluated.
Thirty-seven patients described here were investigated for MDSC
subpopulations at each visit.

2.2 Isolation of peripheral blood
mononuclear cells

At each visit, peripheral heparin-anticoagulated whole blood
was sampled. Within 4 h, human peripheral blood mononuclear
cells (PBMC) were separated by Ficoll density gradient (human
Pancoll, PAN-Biotech, Aidenbach, Germany) as described
previously (37). PBMC were washed twice using RPMI1640
medium supplemented with 1% Penicillin/Streptomycin and 10%
heat-inactivated fetal calf serum (FCS, all from Gibco by Life
Technologies, Darmstadt, Germany) (abbr. RPMI-10) and
counted by an automated cell counter (ViCell XR 2.04, Beckman
Coulter Inc., Krefeld, Germany).

2.3 Flow cytometry-based analysis of
myeloid-derived suppressor cells

For analysis of MDSC-like cells 1 x 10° freshly isolated PBMC
were resuspended in a concentration of 1 x 10° PBMC/100 uL. FACS
buffer (eBioscience, Invitrogen by Thermo Fisher Scientific, Life
Technologies Corp., Carlsbad, USA), filtered using a 100 um cell
strainer (Life Sciences, One Becton Circle, Durham, USA) and
stained with a total volume of 11.5 uL antibody mix (Supplementary

Frontiers in Immunology

10.3389/fimmu.2026.1729699

Table S1) for 30 min on ice in the dark. A fluorescence minus one
(FMO) control for HLA-DR was also required for the subsequent
gating of MDSC-like cells. The antibody mix for the FMO did not
contain HLA-DR AL700, but in addition, the corresponding
volume of FACS buffer. After surface staining, PBMC were
washed twice with 200 pL FACS buffer and resuspended in
300 puL FACS buffer. For Live-Dead staining, a Hoechst 33342
(Biomol GmbH, Hamburg, Germany) dilution of 1:100 was
prepared, of which 6 pL was added to each cell sample shortly
before measurement on the flow cytometer. Compensation probes
were processed identically using 25 pL Ultracomp eBeads
Compensation Beads (Invitrogen by Thermo Fisher Scientific,
Life Technologies Corp., Carlsbad, USA).

Data were acquired within 4 h after having completed the
surface staining of MDSC-like cells with a BD LSRFortessa flow
cytometer (Becton, Dickinson and Company, BD Biosciences, San
Jose, USA) using BD FACSDiva v6.1.3 software (BD Biosciences,
San Jose, USA). PMT voltages were adjusted for all parameters
measured using an unstained sample. The analysis was performed
using the software FlowJo (FlowJo LLC, Ashland, Oregon, USA;
Software version 10).

2.4 Gating strategy for MDSC

An exemplary gating strategy for MDSC-like cells is shown in
the Supplementary Information (Supplementary Figure S1). In
principle, after gating on single living PBMC, CD33" PBMC were
gated. Next, HLA-DR-negative and HLA-DR-negative/low cells
were discriminated using a FMO control for HLA-DR. HLA-DR
negative cells were defined as events falling within the negative
range defined by the FMO. HLA-DR negative/low cells were gated
as events falling within the negative range defined by the FMO and
just to the right of it. Subsequently, CD14- and CD15-negative e-
like MDSC were gated within the HLA-DR-negative cell
population. M-like MDSC (CD14*CD15") and PMN-like MDSC
(CD14'CD15") were gated within the HLA-DR-negative/low cell
population. Quality control of the gating was performed
independently throughout the analysis of each sample.

2.5 Statistical analysis
2.5.1 Regression models

Linear regression models were used to estimate the effect of
clinical and laboratory IM features on the percentage of MDSC-like
cells within CD33+ myeloid cells. Dirichlet regressions were used to
model the composition of MDSC-like subpopulations (PMN-like
MDSC, M-like MDSC, and e-like MDSC), taking into account that
their proportions sum to 100% (38), thus providing a more accurate
and meaningful analysis than modeling each subpopulation
independently. Figure 1 illustrates how compositional data can be
effectively visualized using ternary plots. The results of the Dirichlet
regression models were visualized likewise (39). For both the linear
and the Dirichlet regression models, medical history, clinical,
laboratory, virological, and serological features were included as
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FIGURE 1
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PMN-like MDSC

Explanatory plot illustrating how compositional data can be visualized. For each individual and each visit, the total MDSC-like population comprises three
subpopulations: PMN-like MDSC, M-like MDSC, and e-like MDSC. Each measurement can be presented as a pie chart (A) or a bar chart (B). In the ternary
plot (C), the distribution of all compositional data can be visualized in a single plot. The point in the ternary plot represents the composition of the three
MDSC-like subpopulations, i.e., the bottom axis (dark red) shows the proportions of PMN-like MDSC, the right axis (orange) shows the proportions of

M-like MDSC, and the left axis (yellow) shows the proportions of e-like MDSC.

independent/predictor variables. A separate model was estimated for
each feature. Additionally, DAO was included as an independent
variable in each model to account for the time dependence of the
measurements. All models were further adjusted for sex and age.

2.5.2 Bootstrap likelihood ratio test

A nonparametric bootstrap likelihood ratio test (LRT) was
implemented to assess whether adding a feature significantly
improved the model fit of both types of regression models
compared to a null model that did not include the feature of
interest. The observed likelihood ratio (LRgpserved) Was computed.
Residuals were calculated as the difference between the observed
data and the null model’s predictions. B = 5000 bootstrap
observations were generated by block-wise sampling per
individual to preserve the within-individual correlation structure
induced by repeated measurements. These residuals were added to
the null predictions to generate bootstrap observations, for which
the null and alternative models were refitted. Lastly, the LRT
statistics were computed for each bootstrap sample by calculating
the log-likelihoods of the null and alternative models and then
determining their difference (LRpoo). The empirical distribution of
the LRT statistic and the empirical P-value were constructed
from the bootstrap samples (40). If the empirical P-value
was below 0.05, the null hypothesis was rejected, indicating a
significant improvement.

For the Dirichlet regression, an additional centered log-ratio
(CLR) transformation before residual calculation was applied to
preserve the compositional structure of the dependent variable (38).
Residuals and predictions were sampled and combined in CLR
space and subsequently back-transformed. This bootstrap LRT
approach allows for a robust assessment of the significance of the
added feature by accounting for the complex dependency structure
inherent in repeated measures, making it suitable for both
compositional and non-compositional data (40, 41). For
continuous laboratory variables, values at the lower and upper
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limits of the pediatric reference range for the mean age were used
for predictions (42). For categorical IM features, the relevant
categories were included. Predictions for the null model were
generated over a DAO range of 1 to 214, using mean age and
mode sex. For each statistically significant alternative model, each
significant IM feature was separately included in the null model to
assess its individual impact.

2.5.3 Temporal and concurrent analysis using
mixed-effect models

To investigate whether MDSC-like subpopulation proportions
measured at earlier visits (V1 and V2) impacted IM outcomes at V3,
LRT with mixed effects models were performed. Outcomes included
other airway symptoms, and neurological symptoms at V3, chronic
fatigue, and IM protraction. To avoid perfect collinearity inherent
in composition data, e-like MDSC was excluded. Additionally,
DAO, age, and sex were included as described above. Moreover,
associations between MDSC-likesubpopulations measured at V3
and other airway symptoms, neurological symptoms at V3, chronic
fatigue, and IM protraction were tested.

2.5.4 Exploratory mixed-effects models of
myeloid cells and MDSC-like subsets

To explore whether changes in MDSC-like subset frequencies
could reflect phenotypic shifts of mature myeloid populations,
additional mixed-effects models were performed to assess
associations between monocyte relative count and M-like MDSC,
as well as between neutrophils relative count and PMN-like MDSC.
For each analysis, the percentage of the respective MDSC-like
subset within CD33" myeloid cells was modeled as the dependent
variable, with the corresponding myeloid population (monocytes or
neutrophils, respectively) included as predictor. All models
included DAO, age, and sex as fixed effects and a random
intercept to account for repeated measurements.
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2.5.5 Other analyses and statistical software

Friedman’s test and Nemenyi’s post hoc comparisons were used
to analyze the relative frequencies of total MDSC-like cells and their
subpopulations (PMN-like MDSC, M-like MDSC, and e-like
MDSC) within CD33+ myeloid cells and the proportion of each
MDSC-like subpopulation within the total MDSC-like cells over the
visits. All hypotheses were tested two-sided with a significance level
of o = 0.05. P-values are indicated as follows: P < 0.1., P < 0.05%,
P < 0.01*%, and P < 0.001***.

Analyses were performed using R, version 4.3.3 “Angel Food
Cake” (The R Foundation for Statistical Computing, Vienna,
Austria). The results of the Dirichlet regression models were
estimated likewise (39). Ternary plots were generated using the
ggtern (43). The R code for the bootstrap procedure is openly
available on github.com/LangedeLuna/IMMUC_MDSC.

2.6 Study approval

The study was approved by the institutional review board of the
Technical University of Munich (ref. 112/14) and adheres to the
Declaration of Helsinki and its later amendments. Written
informed consent was obtained from the participants and from
their legal guardians prior to inclusion.

3 Results
3.1 Patient baseline characteristics

Patient baseline characteristics are shown in Table 1. The study
included a total of 37 patients: 19/37 (51.35%) children (2-11 years)
and 18/37 (48.65%) adolescents (12-17 years). 21/37 (56.76%)
patients were female, and 16/37 (43.24%) were male. The mean age

TABLE 1 Baseline characteristics at study inclusion.

Sex Number/Total (%)
Female 21/37 (56.8%)
Male 16/37 (43.2%)
Age groups Number/Total (%)

Children 2-11 years 19/37 (51.4%)

Adolescents 12-17 years 18/37 (48.7%)

Body heightl Number/Total (%)

Below normal range

1/37 (2.7%)

Within normal range

35/37 (94.6%)

Above normal range

Body mass index (BMI)"

1/37 (2.7%)

Number/Total (%)

Below normal range

1/37 (2.7%)

Within normal range

Above normal range

36/37 (97.3%)

0/37 (0.0%)

lAge-adapted normal range of body measures (3rd — g7t percentile) (44, 45).
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of the patients was 10.84 + 4.75 years (range: 2 to 17). 35/37 (94.59%)
and 36/37 (97.30%) patients were within normal body height and
BMI ranges. Further baseline medical history characteristics
(Supplementary Table S2), clinical and laboratory IM features
(Supplementary Tables S3, S4), and virological IM features
(Supplementary Table S5) are shown in the Supplementary Material.

3.2 Comparable frequencies of total
MDSC-like cells during the early and late
phases of IM

First, we examined the relative frequency of total MDSC-like
cells across the three visits. Here, we observed no significant
differences in frequencies of MDSC-like cells between V1
(median: 22.87%, IQR: 13.73% to 43.71%), V2 (median: 16.10%,
IQR: 10.23% to 25.70%), and V3 (median: 16.58%, IQR: 14.22% to
23.81%) (P = 0.182) (Figure 2A). However, LRTy,,0 revealed that
the frequencies of total MDSC-like cells were significantly
influenced by markers of systemic inflammation, including the
presence of fever (P = 0.038), anemia (P = 0.019), and elevated C-
reactive protein levels (P = 0.005). In addition, clinical warning
signs of immune dysregulation were associated with frequencies of
total MDSC-like cells, namely the presence of at least one
GARFIELD criterion (P = 0.018) and recurrent fever as defined
by the GARFIELD framework (P = 0.003). Finally, established risk-
related factors, including a history of travel to the Far East
(P = 0.014) and a family history of autoimmune disease (P =
0.042), were also identified as significant contributors (Figure 2B).

3.3 Temporal dynamics of PMN-like, M-
like, and e-like MDSC during the early and
late phases of IM

Though the total frequencies of MDSC-like cells does not
change over the course of IM, the temporal dynamics of the
relative frequencies of PMN-like, M-like, and e-like MDSC
subpopulations among CD33+ myeloid cells showed distinct
changes throughout the study period (Figure 3A). The frequency
of PMN-like MDSC decreased significantly from V1 to V2
(P < 0.001) and from V1 to V3 (P < 0.001). In contrast, the
frequency of M-like MDSC decreased from V1 to V2 (P = 0.015)
and increased from V2 to V3 (P < 0.001). Meanwhile, the frequency
of e-like MDSC increased from V1 to V3 (P < 0.001). These changes
in the MDSC-like subpopulations relative to CD33+ myeloid cells
are reflected in the observed proportions of the MDSC-like
subpopulations relative to the total MDSC-like population, as
shown in Figure 3B. At V1, PMN-like MDSC accounted for
47.5% of all MDSC-like cells. They significantly decreased to
frequencies of 30.6% at V2 (V1 vs. V2, P = 0.003) and further to
20.5% at V3 (V1 vs. V3, P < 0.001). Concomitantly, the proportion
of M-like MDSC remained stable from 29.6% at V1 to 27.1% at V2
(V1vs. V2, P =0.476), before increasing significantly to 40.1% at V3
(V2 vs. V3, P = 0.002). e-like MDSC contributions increased from
22.9% at V1 to 42.4% at V2 (V1 vs. V2, P < 0.001) and remained at
high level between V2 and V3 (39.4%) (V1 vs. V3, P < 0.001).
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FIGURE 2

The relative frequency of total MDSC-like cells. The violin plots depict the proportion of total MDSC in % of CD33+ myeloid cells (A) across the three
study visits. The horizontal lines mark the median. The forest plot (B) shows the mean standardized regression coefficients and their 95%-Cl for each
feature significantly influencing the total MDSC-like population. The statistical significance was tested using the Bootstrap Likelihood Ratio Test

(LRpoot). The empirical P-values are shown above each mean regression coefficient.

3.4 Exploratory associations between
myeloid cells and MDSC-like
subpopulations

To explore whether the observed temporal dynamics of MDSC-like
subpopulations could reflect phenotypic shifts of mature myeloid cells,

associations between relative monocyte count and M-like MDSC, as
well as between relative neutrophil count and PMN-like MDSC, were
assessed using linear mixed effects regression analyses. No statistically
significant associations were observed between relative monocyte count
and M-like MDSC (P = 0.101), nor between relative neutrophil count
and PMN-like MDSC (P = 0.198) (Supplementary Figure 3).
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FIGURE 3

The distribution of PMN-like, M-like, and e-like MDSC across the three study visits. The violin plots (A) depict the percentage distribution of PMN-like
MDSC (red), M-like MDSC (orange), and e-like MDSC (yellow) as a proportion of CD33+ myeloid cells across the three study visits. The dots depict
each observation, and the horizontal lines mark the median. The statistical significance was tested using Friedman’s test and Nemenyi's post hoc
comparisons. The mean and individual observation proportions of MDSC-like subpopulations across three different visits are shown in (B). Each set
of bars represents one visit, displaying the percentage distribution of the cell types PMN-like MDSC (red), M-like MDSC (orange), and e-like MDSC
(yellow). Bars are ordered consistently across visits. * P < 0.05; *** P < 0.001.
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FIGURE 4

The proportions of e-like MDSC, M-like MDSC, and PMN-like MDSC
subpopulations at different days after onset. The ternary plot illustrates
the proportions of e-like MDSC, M-like MDSC, and PMN-like MDSC
cell subpopulations at different Days After Onset (DAO), with individual
observations represented by triangles and the mean composition
derived from the Dirichlet regression model shown as a curve. The
model included DAO values ranging from 1 to 214 and is adjusted for
mean age (10.84 years) and sex mode (female). Dashed lines indicate
the relative frequency of each cell subpopulation at baseline (DAO 1)
and final time point (DAO 214). Early DAO values are depicted in dark
blue, late DAO values are in light blue.

3.5 Dynamics of PMN-like, M-like, and e-
like MDSC proportions depending on days
after onset

Next, we analyzed the compositional temporal dynamics of the
three MDSC-like subpopulations over the study period. At the
beginning of the observational window (DAO = 1), the mean
composition of the subpopulations comprised 35.7% of PMN-like
MDSC, 31.0% of M-like MDSC, and 33.3% of e-like MDSC
(Figure 4). By the end of the observational window (DAO = 214),
notable shifts are observed: the mean proportion of PMN-like
MDSC decreased to 16.3%, M-like MDSC increased to 42.9%,
and e-like MDSC increased to 40.8%, underscoring the ongoing
changes in distribution of MDSC-like cells (Figure 4).

3.6 Relationship between different IM
features and the dynamics of PMN-like,
M-like, and e-like MDSC proportions over
time

We examined whether a relationship exists between different
clinical, laboratory, and virological IM features and the
compositional dynamics of the three MDSC-like subpopulations.
The variables IM complexity laboratory (P = 0.035; Figure 5A), IM
severity laboratory (P = 0.023; Figure 5B), presence of neurological
symptoms (P = 0.025; Figure 5C) and/or hepatitis (P = 0.007;
Figure 5D), the absolute leucocyte count (P = 0.002; Figure 5E),
relative lymphocyte count (P = 0.036, Figure 5F), and ferritin level
(P = 0.025; Figure 5G) significantly influenced the compositional
dynamics of the MDSC-like subpopulations.

Specifically, the proportion of PMN-like MDSC increased with
the laboratory IM complexity (Figure 5A). Similar trends were
observed for the laboratory IM severity, absolute leukocyte count,
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and ferritin level (Figures 5B, E, and G). The presence of
neurological symptoms and hepatitis was also associated with
increased PMN-like MDSC proportions (Figures 5C, D).
Conversely, PMN-like MDSC proportions decreased with
increasing relative lymphocyte count. (Figure 5F).

M-like MDSC proportions were lower with increasing
complexity and increased with extending DAO in all complexity
categories. (Figure 5A). Regarding the IM severity laboratory,
proportions decreased at medium severity and rose with
increasing severity (Figure 5B). For both absolute leucocyte
counts and ferritin levels, M-like MDSC proportions remained
stable as these markers increased (Figures 5E, G). The presence of
neurological symptoms and hepatitis was associated with lower M-
like MDSC proportions throughout the course of disease
(Figures 5C, D). Early in the disease, M-like MDSC proportions
increased with increasing relative lymphocyte counts, whereas later
in the disease, proportions were similar (Figure 5F).

For e-like MDSC, proportions were lower with increasing IM
complexity laboratory, IM severity laboratory, absolute leucocyte
count, and ferritin level, but were higher with higher relative
lymphocyte count (Figures 5A, B, E-G). Notably, e-like MDSC
proportions were lower in the presence of neurological symptoms
or hepatitis (Figures 5C, D). The proportions of the three MDSC-
like subpopulations are illustrated in Figures 5A-G.

3.7 Impact of PMN-like and M-like MDSC
on long-term IM outcomes

Analyzing a potential correlation between long-term clinical
outcome (clinical symptoms at V3) showed that earlier PMN-like
MDSC and M-like MDSC proportions from V1 and V2 did not
significantly influence later clinical outcomes, such as other airway
symptoms at V3, neurological symptoms at V3, chronic fatigue, and
IM protraction (Figure 6). These findings suggest that changes in
MDSC-like proportions did not affect later outcomes. Additionally,
MDSC-like subpopulations measured at V3 did not show a
significant association with other airway symptoms (P = 0.981)
and neurological symptoms at V3(P = 0.902), chronic fatigue
(P = 0.834), or IM protraction (P = 0.852).

3.8 Other analyses using linear regression

To assess if the Dirichlet regression is appropriate for modeling the
MDSC-like subpopulations, individual linear regression analyses were
performed for each subpopulation (PMN-like MDSC, M-like MDSC,
and e-like MDSC) as outcomes, using the same independent variables
as in the Dirichlet regression model. In the linear regression models, the
proportion of each subpopulation was modeled relative to the
frequencies of MDSC-like subsets in CD33+ myeloid cells across all
time points. The results, which are presented in Supplementary
Material Supplementary Figure 2, identified significant associations
between distinct IM features which were different for each MDSC-like
subpopulation: absolute leucocytes count (P = 0.002), relative
lymphocyte count (P = 0.008), ferritin level (P = 0.020), diphtheria
toxoid titer (P = 0.021), asthma (P = 0.048), Mc Isaac score (P = 0.022),
the number of ELVIS signs of primary immunodeficiency (P = 0.047),
and the ELVIS sign of primary immunodeficiency increased sum of
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ferritin level (9.00 ng/ml and 59.00 ng/ml). * P < 0.05; ** P < 0.01.

minor infections (P = 0.032) were associated with PMN-MDSC;
elevation of C-reactive protein (P = 0.032), the GARFIELD sign of
primary immunodeficiency eczema, including neurodermatitis
(P = 0.011), positive EBV EA-p138 IgG status (P = 0.015), and
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Relationship between different IM features and the dynamics of PMN-like, M-like, and e-like MDSC proportions over time. The ternary plots

(A-Q) illustrate the proportions of PMN-like MDSC, M-like MDSC, and e-like MDSC subpopulations for the statistically significant features identified
by the bootstrap likelihood ratio test (LRpoot). Triangles represent individual observations, and the curves represent the mean composition derived
from the Dirichlet regression models. Models included DAO values from 1 to 214, mean age (10.84 years), and sex mode (female). For the significant
features the values used were: IM-Complexity laboratory (0, 2 and 4 symptoms), IM-Severity laboratory (SO, S1, and S2), presence of neurological
symptoms (no/yes), presence of hepatitis (no/yes), absolute leucocyte count (4.50 G/|, 11.00 G/l), relative lymphocyte count (50% and 13%) and

neurodermatitis in the family (P = 0.027) were associated with M-
MDSC; and hepatitis (P = 0.035), HHV-6 DNA load (P = 0.025), travel
to Far East within the last 6 months (P = 0.009), the ELVIS signs of
primary immunodeficiency multiple localization (P = 0.031), and

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1729699
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mihatsch et al.

P=0.994

'
Other Airways pi atV3 ;
'

1, P=0.986
—T
® -® M-like MDSC

! o
p_oosg @ PMN-like MDSC

Neurological symptoms at V3

IM—Protraction —
i
H P=0.157
. — et
Fatigue at V3

-10 -5 0 ¥ 10
Coefficient (95% CI)

FIGURE 6
Impact of PMN-like and M-like MDSC on long-term IM outcomes
Forest plot showing the standardized estimated regression coefficients
and 95% confidence intervals for the association between PMN-like
MDSC and M-like MDSC proportions measured at V1 and V2 and
outcomes at V3, including Other Airways symptoms, Neurological
symptoms, Fatigue, and IM-Protraction. The coefficients reflect the
associations identified through mixed-effects analysis, with statistical
significance assessed by the Likelihood Ratio Test (LRT).

relapsing course of infection (P = 0.038) were associated with e-
like MDSC.

4 Discussion

MDSC comprise a heterogeneous population of myeloid
regulatory cells found in cancer and infectious diseases (22, 31).
MDSC have regulatory functions and can help to resolve
inflammation by suppressing the immune response of T cells, NK
cells, or dendritic cells (22, 28) and therefore play an essential role in
reducing immune-mediated pathology (24, 46). On the other hand,
the immunosuppressive function of MDSC on T cells can hinder
the establishment of an effective immune response and may prevent
a robust immune response to the pathogen (46). Although much is
known about the role of MDSC in cancer, autoimmune, and
infectious diseases (22, 30, 33, 47, 48), their role in the
development and influence on the severity and progression of IM
is largely unknown.

To fill this gap, we conducted a clinical translational prospective
study unique in its approach, as we conducted longitudinal analyses
of the PMN-like, M-like, and e-like MDSC frequencies in pediatric
patients during the early and late phases of IM. This novel approach
allowed us to provide reliable insights into the relationship between
frequencies of MDSC-like cells and the complexity and severity of
laboratory, clinical, and virological IM features.

Importantly, given the observational design, the reported
relationships represent associations and do not allow inference on
the direction of causality. MDSC dynamics may contribute to, result
from, or occur in parallel with upstream drivers such as overall
inflammation or viral burden.

The proportion of total MDSC-like cells relative to CD33+
myeloid cells did not show a statistically significant change over the
course of IM, although median values declined from visit 1 to later
visits. Several clinical and immunological features were statistically
associated with the frequency of total MDSC-like cells. Positive
associations were observed for travel to Asia or the Far East, fever,
anemia, and C-reactive protein elevation, whereas autoimmune
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disease in the family, the GARFIELD warning sign recurrent fever
of unknown origin, and the presence of GARFIELD warning signs
were associated with lower proportions of total MDSC-like cells.
Although anemia showed the largest association among these
variables, the overall magnitude of the associations was modest in
the context of the observed between-subject variability in
proportions of total MDSC-like cells and is therefore unlikely to
be clinically meaningful.

One of our most significant findings was the temporal dynamics
of the MDSC-like subpopulations PMN-like, M-like, and e-like
MDSC during the early and late phases of IM. The analysis revealed
that PMN-like MDSC represented the most frequent MDSC-like
subpopulation at the early stage of IM (V1), and their frequencies
significantly decreased during the later phase of IM (V1 to V3). In
contrast, M-like and e-like MDSC frequencies increased during the
course of IM (V1 to V3). Based on the current understanding of the
development of the various MDSC-like subpopulations, these
different courses can be explained as follows: The initial increase
in PMN-like MDSC frequencies may be primarily due to the
reprogramming of mature neutrophils which are activated quickly
in the course of infections but only have a short lifespan (24, 49-53).
In contrast, emergency myelopoiesis (25, 54-57) and
reprogramming of monocytes to M-MDSC (27) occur with a time
delay and monocytes have a longer lifespan, which could explain the
later and sustained increase of e-like and M-like MDSC.
Importantly, exploratory analyses did not provide evidence for
associations between relative monocyte/neutrophil counts and the
corresponding MDSC-like subpopulations, suggesting that the
observed MDSC-like dynamics are not simply a proxy for routine
differential count shifts. Similar courses were found in patients with
sepsis (27, 58). However, the frequencies of MDSC-like
subpopulations were not associated with IM severity or IM
complexity. In turn, the proportional composition of the MDSC-
like subpopulations was significantly associated with IM complexity
and severity. This is in line with previously mentioned studies
regarding COVID-19 outcome (48, 59-61). There, significantly
higher frequencies of PMN-like MDSC were observed in the non-
survivor compared with the survivor group, which led to the
suggestion that PMN-like MDSC percentages could be predictive
of COVID-19 disease outcome. Bline et al. also observed increased
frequencies of PMN-like MDSC in hospitalized COVID-19
pediatric patients compared to healthy children (62). Our finding
of higher proportions of PMN-like MDSC with the higher
complexity and severity of laboratory IM features is compatible
with the hypothesis that higher PMN-MDSC proportions may be
associated with a reduced T-cell-driven immune response. This is in
line with the report of Agrati et al. (48), who observed a substantial
increase in PMN-MDSC frequencies in patients with severe
COVID-19, accompanied by the suppression of T-cell
proliferation and cytokine production. Reports showing that
PMN-MDSC have superior suppressive capacity among MDSC
underline this assumption (63, 64). However, it remains unclear
whether the increase in PMN-MDSC frequencies is a mechanism
for controlling the inflammatory response induced by EBV
infection or whether, conversely, disease-related factors induce
the expansion and activation of MDSC to exacerbate
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inflammation, or whether both are driven by upstream factors such
as systemic inflammation and/or viral burden. Both the protective
and pathogenic roles of MDSC are described in different types of
biological processes and disease settings (31, 48, 65). Notably, we
did not observe predictive associations between early MDSC-like
subpopulation proportions and later clinical outcomes at V3,
suggesting that MDSC-like dynamics in IM primarily reflect
contemporaneous immune regulation during active disease phases
rather than serving as prognostic biomarkers.

The observed correlation of PMN-like MDSC levels with
increased absolute leucocyte counts at the respective visits could
be a hint that cytokines secreted by leucocytes, e.g., IFN-y, IL-4, IL-
13, IL-18, and TGF-3, may activate MDSC and are involved in
regulating PMN-MDSC frequencies (66).

It is worth mentioning that publications often do not
differentiate between the various subpopulations of MDSC, which
has led to limited knowledge about the individual subpopulations in
the field of infectious virology. Our data suggests that it could be
essential to pay more attention to changes in MDSC composition
during the course of viral infection. Our finding of consistent
frequencies of MDSC-like cells throughout the course of IM
across individual study visits underscores this point. It should
also be noted that it is extremely important that MDSC be freshly
analyzed within four hours of collection (67). Studies have shown
that freezing in particular decreases the yield of M-MDSC (68).

Given the results of this study, it would be informative to
investigate PMN-like MDSC frequencies longitudinally in a larger
cohort of pediatric IM patients to further pursue a potential
therapeutic approach in targeting this MDSC subpopulation. Of
particular interest would be to determine the (PMN-) MDSC
frequencies before the onset of IM to learn whether the MDSC
subpopulation frequencies return to their baseline levels after IM.
However, to evaluate this, a prospective study would be necessary in
which the baseline values of the MDSC frequencies are also
recorded. In addition, there is little knowledge about the typical
values of MDSC subpopulations in pediatric cohorts. Future studies
should therefore include a control cohort of healthy children to gain
new insights into the corresponding reference values. A study on
healthy children involving one or more blood drawings, however,
faces ethical hurdles.

There are limitations to our study. Since phenotypic markers
unique to MDSC have not been identified so far, their
immunosuppressive function on T cells must be demonstrated by
additional means such as co-culture experiments (22). Due to
limitations in blood volumes in this cohort of pediatric IM
patients, we could not conduct those experiments. However, this
does not allow for a definitive distinction between M-MDSC or
PMN-MDSC and activated monocytes or neutrophils. What
suggests that it is M-MDSC and not activated monocytes is that
activated monocytes, unlike M-MDSC, typically exhibit
upregulation of HLA-DR, which was also shown in a pediatric
cohort with IM (69-71). A phenotypic distinction between PMN-
MDSC and activated neutrophils without functional evidence of
immunosuppressive capacity is even more difficult. Meanwhile,
additional markers have been identified, such as LOX-1 (23, 72)

Frontiers in Immunology

10

10.3389/fimmu.2026.1729699

or CD84 and CD52 (73), which could enable a better distinction
between PMN-MDSC and activated neutrophils in subsequent
studies. However, these markers have primarily been researched
in cancer. Further studies are necessary to validate the significance
of these additional markers as suitable markers for PMN-MDSC in
infectious diseases. The specificity of LOX-1 as a marker for PMN-
MDSC in infectious diseases may be reduced by the fact that LOX-1
expression is induced by ER stress, which could also lead to
transient LOX-1 expression on activated neutrophils (23, 74).
CD52 and CD84 are also not specific to PMN-MDSC (75-78).
What methodically suggests that it is PMN-MDSC and not
activated neutrophils is that PMN-MDSC are found as low-
density neutrophils in the PBMC fraction, while classical
neutrophils are found in the dense granulocyte fraction (23, 79,
80). However, there is meanwhile evidence that some neutrophils
can migrate into the PBMC layer after activation (81, 82). These
low-density neutrophils appear to be a heterogeneous group of cells
that are not equivalent to PMN-MDSC and also exhibit some pro-
inflammatory effects (83). Therefore, it would be very useful and
important for future studies to supplement additional markers
and/or functional assays to clearly distinguish PMN-MDSC from
activated neutrophils. However, since we limit ourselves in this
study to a definition of MDSC based on surface markers, we have
used the following terminology in the paper to avoid misleading
statements: “MDSC-like cells,” “PMN-like,” “M-like,” and “e-
like” MDSC.

In summary, we report significant temporal dynamics of the
MDSC-like subpopulations PMN-like, M-like, and e-like MDSC
during the early and late phases of IM. This discovery revealed that
PMN-like MDSC represented the most frequent MDSC-like
subpopulation at the early stage of IM, and the proportion of
PMN-like MDSC increased with the IM complexity and the
severity laboratory score.

Our data highlight the importance of in-depth analyses of the
MDSC subpopulations in further studies of IM to obtain a more
differentiated picture of the ongoing changes in MDSC distribution
over the course of IM. Future studies should also include functional
suppression assays and consider the use of additional markers for
more definitive phenotyping of MDSC.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Technical
University of Munich (ref. 112/14). The studies were conducted
in accordance with the local legislation and institutional
requirements. Written informed consent for participation in this
study was provided by the participants’ legal guardians/next of kin.

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1729699
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mihatsch et al.

Author contributions

LM: Writing - original draft, Writing - review & editing. KB:
Writing - original draft, Writing - review & editing. JL: Writing -
original draft, Writing - review & editing. PW: Writing - original
draft. KG: Writing - original draft, Writing - review & editing. KM:
Writing — original draft, Writing — review & editing. JM: Writing —
original draft, Writing - review & editing. EN: Writing - original
draft, Writing - review & editing. UP: Writing - original draft,
Writing - review & editing. UB: Writing — original draft, Writing -
review & editing. TB: Writing — original draft, Writing — review &
editing. NK: Writing - original draft, Writing - review & editing,
Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Supervision, Validation.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was funded by the
German Center of Infection Research (DZIF) (grant numbers
07_905 and 07_909). Funding was acquired by UB and received
by JM and TB.

Acknowledgments

The authors thank the IMMUC Study Group team members
Maren Bodenhausen, Jonas Geisperger, Johannes Wendl,
Alexander Hapfelmeier, Lina Schulte-Hillen, Franziska Fischer,
Manuela Burggraf, Ramona Weggel, Louisa Werny, Chiara
Nobile, Katharina Rautter, Tim Hofberger, Yvonne Miiller,
Hanna Zietemann, Elisa Planatscher, Julius Niickel, Kaja Michel,
Rafael Pricoco, Sophie Strunz, Johannes Miicke, Dieter Hoffmann,
Peter Luppa, Silvia Egert-Schwender, Henri-Jacques Delecluse,
Susanne Delecluse, Fabian Hauck, Christine Falk, Thomas Schulz,
Marc-Matthias Steinborn, Andreas Bietenbeck, and Alexandra
Nieters for their excellent study assistance. Furthermore, we
thank patients and their families for participating in the study
and all participating physicians for announcing the study and
transferring interested patients. Without their tremendous
support, this work would not have been possible.

References

1. Cohen JI. Epstein-Barr virus infection. N Engl ] Med. (2000) 343:481-92.
doi: 10.1056/NEJM200008173430707

2. Young LS, Rickinson AB. Epstein-Barr virus: 40 years on. Nat Rev Cancer. (2004)
4:757-68. doi: 10.1038/nrc1452

3. Leung AKC, Lam JM, Barankin B. Infectious mononucleosis: an updated review.
Curr Pediatr Rev. (2024) 20:305-22. doi: 10.2174/1573396320666230801091558

4. Balfour HHJr., Dunmire SK, Hogquist KA. Infectious mononucleosis. Clin Transl
Immunol. (2015) 4:e33. doi: 10.1038/cti.2015.1

Frontiers in Immunology

11

10.3389/fimmu.2026.1729699

Conflict of interest

UB received research grants for ME/CFS or EBV studies from
the Federal Ministry of Education and Research, the Federal
Ministry of Health, the Bavarian State Ministry of Health and
Care, the Bavarian State Ministry of Science and the Arts, the
German Center for Infection Research, the People for Children
Menschen fiir Kinder Foundation, the Weidenhammer-Zoebele
Foundation, the Lost Voices Foundation, and the ME/CFS
research foundation. UP received personal fees from Abbott,
Abbvie, Arbutus, Gilead, GSK, J & J, MSD, Roche, Sanofi, Sobi,
and Vaccitech. UP is a cofounder and shareholder of SCG Cell
Therapy. The lab of UP received grants from SCG Cell Therapy.

The remaining author(s) declared that this work was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2026.1729699/
full#supplementary-material

5. Kutok JL, Wang F. Spectrum of Epstein-Barr virus-associated diseases. Annu Rev
Pathol. (2006) 1:375-404. doi: 10.1146/annurev.pathol.1.110304.100209

6. Vouloumanou EK, Rafailidis PI, Falagas ME. Current diagnosis and management of
infectious mononucleosis. Curr Opin Hematol. (2012) 19:14-20. doi: 10.1097/
MOH.0b013e32834daa08

7. Pricoco R, Meidel P., Hofberger T., Zietemann H., Mueller Y., Wiehler K., et al. One-
year follow-up of young people with ME/CFS following infectious mononucleosis by
Epstein-Barr virus. Front Pediatr. (2023) 11:1266738. doi: 10.3389/fped.2023.1266738

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2026.1729699/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1729699/full#supplementary-material
https://doi.org/10.1056/NEJM200008173430707
https://doi.org/10.1038/nrc1452
https://doi.org/10.2174/1573396320666230801091558
https://doi.org/10.1038/cti.2015.1
https://doi.org/10.1146/annurev.pathol.1.110304.100209
https://doi.org/10.1097/MOH.0b013e32834daa08
https://doi.org/10.1097/MOH.0b013e32834daa08
https://doi.org/10.3389/fped.2023.1266738
https://doi.org/10.3389/fimmu.2026.1729699
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mihatsch et al.

8. Conroy KE, Islam MF, Jason LA. Evaluating case diagnostic criteria for myalgic
encephalomyelitis/chronic fatigue syndrome (ME/CFS): toward an empirical case
definition. Disabil Rehabil. (2023) 45:840-7. doi: 10.1080/09638288.2022.2043462

9. Pedersen M, Asprusten T. T., Godang K., Leegaard T. M., Osnes L. T., Skovlund E.,
et al. Predictors of chronic fatigue in adolescents six months after acute Epstein-Barr
virus infection: A prospective cohort study. Brain Behav Immun. (2019) 75:94-100.
doi: 10.1016/j.bbi.2018.09.023

10. Peo LC, Wiehler K., Paulick J., Gerrer K., Leone A., Viereck A., et al. Pediatric and
adult patients with ME/CFS following COVID-19: A structured approach to diagnosis
using the Munich Berlin Symptom Questionnaire (MBSQ). Eur ] Pediatr. (2024)
183:1265-76. doi: 10.1007/s00431-023-05351-z

11. Peo LC, Wiehler K., Paulick J., Gerrer K., Leone A., Viereck A., et al. Correction to:
Pediatric and adult patients with ME/CEFS following COVID-19: A structured approach
to diagnosis using the Munich Berlin Symptom Questionnaire (MBSQ). Eur ] Pediatr.
(2025) 184:302. doi: 10.1007/s00431-025-06112-w

12. Thacker EL, Mirzaei F, Ascherio A. Infectious mononucleosis and risk for multiple
sclerosis: a meta-analysis. Ann Neurol. (2006) 59:499-503. doi: 10.1002/ana.20820

13. Weiss LM, Movahed L. A., Warnke R. A., Sklar J. Detection of Epstein-Barr viral
genomes in Reed-Sternberg cells of Hodgkin's disease. N Engl ] Med. (1989) 320:502-6.
doi: 10.1056/NEJM198902233200806

14. Damania B, Munz C. Immunodeficiencies that predispose to pathologies by human
oncogenic gamma-herpesviruses. FEMS Microbiol Rev. (2019) 43:181-92. doi: 10.1093/
femsre/fuy044

15. Balfour HHJr., Odumade O. A., Schmeling D. O., Mullan B. D., Ed J. A., Knight J.
A, et al. Behavioral, virologic, and immunologic factors associated with acquisition and
severity of primary Epstein-Barr virus infection in university students. J Infect Dis.
(2013) 207:80-8. doi: 10.1093/infdis/jis646

16. Gabrilovich DI, Bronte V., Chen S. H., Colombo M. P., Ochoa A., Ostrand-
Rosenberg S., et al. The terminology issue for myeloid-derived suppressor cells. Cancer
Res. (2007) 67:p. doi: 10.1158/0008-5472.CAN-06-3037

17. Glover A, Zhang Z, Shannon-Lowe C. Deciphering the roles of myeloid derived
suppressor cells in viral oncogenesis. Front Immunol. (2023) 14:1161848. doi: 10.3389/
fimmu.2023.1161848

18. Bronte V, Brandau S., Chen S. H., Colombo M. P, Frey A. B., Greten T. F. , et al.
Recommendations for myeloid-derived suppressor cell nomenclature and
characterization standards. Nat Commun. (2016) 7:12150. doi: 10.1038/ncomms12150

19. Veglia F, Perego M, Gabrilovich D. Myeloid-derived suppressor cells coming of
age. Nat Immunol. (2018) 19:108-19. doi: 10.1038/s41590-017-0022-x

20. Mengos AE, Gastineau DA, Gustafson MP. The CD14(+)HLA-DR(lo/neg)
monocyte: an immunosuppressive phenotype that restrains responses to cancer
immunotherapy. Front Immunol. (2019) 10:1147. doi: 10.3389/fimmu.2019.01147

21. Bergenfelz C, Leandersson K. The generation and identity of human myeloid-
derived suppressor cells. Front Oncol. (2020) 10:109. doi: 10.3389/fonc.2020.00109

22. Dorhoi A, Du Plessis N. Monocytic myeloid-derived suppressor cells in chronic
infections. Front Immunol. (2017) 8:1895. doi: 10.3389/fimmu.2017.01895

23. Condamine T, Dominguez G. A., Youn J. L, Kossenkov A. V., Mony S., Alicea-
Torres K., et al. Lectin-type oxidized LDL receptor-1 distinguishes population of
human polymorphonuclear myeloid-derived suppressor cells in cancer patients. Sci
Immunol. (2016) 1. doi: 10.1126/sciimmunol.aaf8943

24. Veglia F, Sanseviero E, Gabrilovich DI. Myeloid-derived suppressor cells in the era
of increasing myeloid cell diversity. Nat Rev Immunol. (2021) 21:485-98. doi: 10.1038/
541577-020-00490-y

25. Manz MG, Boettcher S. Emergency granulopoiesis. Nat Rev Immunol. (2014)
14:302-14. doi: 10.1038/nri3660

26. Ruan WS, Feng M.-X,, Xu J,, Xu Y.-G,, Song C.-Y., Lin L.-Y., et al. Early activation
of myeloid-derived suppressor cells participate in sepsis-induced immune suppression
via PD-L1/PD-1 axis. Front Immunol. (2020) 11:1299. doi: 10.3389/fimmu.2020.01299

27. Schrijver IT, Theroude C, Roger T. Myeloid-derived suppressor cells in sepsis.
Front Immunol. (2019) 10:327. doi: 10.3389/fimmu.2019.00327

28. Poschke I, Kiessling R. On the armament and appearances of human myeloid-
derived suppressor cells. Clin Immunol. (2012) 144:250-68. doi: 10.1016/
j.clim.2012.06.003

29. Zhang S, Ma X,, Zhu C,, Liu L., Wang G., Yuan X, et al. The role of myeloid-
derived suppressor cells in patients with solid tumors: A meta-analysis. PloS One.
(2016) 11:¢0164514. doi: 10.1371/journal.pone.0164514

30. Rajabinejad M, Salari F., Karaji A. G., Rezaiemanesh A.. The role of myeloid-
derived suppressor cells in the pathogenesis of rheumatoid arthritis; anti- or pro-
inflammatory cells? Artif Cells Nanomed Biotechnol. (2019) 47:4149-58. doi: 10.1080/
21691401.2019.1687504

31. Dorhoi A, Glaria E., Garcia-Tellez T., Nieuwenhuizen N. E., Zelinskyy G., Favier B.,
et al. MDSCs in infectious diseases: regulation, roles, and readjustment. Cancer
Immunol Immunother. (2019) 68:673-85. doi: 10.1007/s00262-018-2277-y

Frontiers in Immunology

12

10.3389/fimmu.2026.1729699

32. LvY, Cui M, Lvc Z,, Lua J., Zhang X., Zhao Z., et al. Expression and significance of
peripheral myeloid-derived suppressor cells in chronic hepatitis B patients. Clin Res
Hepatol Gastroenterol. (2018) 42:462-9. doi: 10.1016/j.clinre.2018.04.002

33. Tomic S, Pokicc¢ J., Stevanovic D., 1li¢ N., Gruden-Movsesijan A., Dinié M., et al.
Reduced expression of autophagy markers and expansion of myeloid-derived
suppressor cells correlate with poor T cell response in severe COVID-19 patients.
Front Immunol. (2021) 12:614599. doi: 10.3389/fimmu.2021.614599

34. Cai TT, Ye S. B, Liu Y. N, He J., Chen Q. Y. LMP1-mediated glycolysis induces
myeloid-derived suppressor cell expansion in nasopharyngeal carcinoma. PloS Pathog.
(2017) 13:€1006503. doi: 10.1371/journal.ppat.1006503

35. Dunmire SK, Grimm J. M., Schmeling D. O., Balfour H. H,, Jr. , Hogquist K. A,,
et al. The incubation period of primary epstein-barr virus infection: viral dynamics and
immunologic events. PloS Pathog. (2015) 11:¢1005286. doi: 10.1371/
journal.ppat.1005286

36. Bodenhausen M. Predictors of postviral symptoms following epstein-barr virus-
associated infectious mononucleosis in young people - data from the IMMUC study.
medRxiv. (2024) 2024:2024.05.17.24307333. doi: 10.1101/2024.05.17.24307333

37. Korber N, Behrends U, Hapfelmeier A, Protzer U, Bauer T. Validation of an
TFNgamma/IL2 FluoroSpot assay for clinical trial monitoring. J Transl Med. (2016) 14
(1):175.

38. Aitchison J. The statistical analysis of compositional data. London: Chapman and
Hall (1986). p. 416.

39. Maier M. DirichletReg: dirichlet regression for compositional data in R. Austria:
Vienna University of Economics and Business (2014).

40. Tekle FB. Power analysis for the bootstrap likelihood ratio test for the number of
classes in latent class models. Adv Data Anal Classif. (2016) 10:209-24. doi: 10.1007/
511634-016-0251-0

41. Deen M, de Rooij M. ClusterBootstrap: An R package for the analysis of
hierarchical data using generalized linear models with the cluster bootstrap. Behav
Res Methods. (2020) 52:572-90. doi: 10.3758/s13428-019-01252-y

42. Thomas LO. Labor und diagnose. Frankfurt: TH-Books Verlagsgesellschaft (2000).

43. Hamilton N. ggtern: ternary diagrams using ggplot2. J Stat Software Code Snippets.
(2018) 87:1-17. doi: 10.18637/js5.v087.c03

44. Hesse V. Lingsschnittstudie des aktuellen Wachstums 0— bis 6—jdhriger deutscher
Kinder: Teil 1. Germany: Monatsschrift Kinderheilkunde (2016) p. 478-96.

45. Kromeyer-Hauschild K, Wabitsch M., Kunze D., Geller H. C., Geif3 V., Hesse A.,
et al. Perzentile fiir den Body-mass-Index fiir das Kindes- und Jugendalter unter
Heranziehung verschiedener deutscher Stichproben. Germany: Monatsschrift
Kinderheilkunde (2001) p. 807-18.

46. Medina E, Hartl D. Myeloid-derived suppressor cells in infection: A general
overview. ] Innate Immun. (2018) 10:407-13. doi: 10.1159/000489830

47. Youn JI, Gabrilovich DI. The biology of myeloid-derived suppressor cells: the
blessing and the curse of morphological and functional heterogeneity. Eur J Immunol.
(2010) 40:2969-75. doi: 10.1002/¢ji.201040895

48. Agrati C, Sacchi A., Bordoni V., Cimini E., Notari S., Grassi G., et al. Expansion of
myeloid-derived suppressor cells in patients with severe coronavirus disease (COVID-
19). Cell Death Differ. (2020) 27: 3196-207. doi: 10.1038/s41418-020-0572-6

49. Selders GS, Fetz A. E., Radic M. Z., Bowlin G. L. An overview of the role of
neutrophils in innate immunity, inflammation and host-biomaterial integration.
Regener Biomater. (2017) 4:55-68. doi: 10.1093/rb/rbw041

50. Fine N, Tasevski N., McCulloch C. A, Tenenbaum H. C., Glogauer M., et al. The
neutrophil: constant defender and first responder. Front Immunol. (2020) 11:571085.
doi: 10.3389/fimmu.2020.571085

51. Bongers SH, Chen N, van Grinsven E., van Staveren S., Hassani M., Spijkerman R.,
et al. Kinetics of neutrophil subsets in acute, subacute, and chronic inflammation. Front
Immunol. (2021) 12:674079. doi: 10.3389/fimmu.2021.674079

52. Chang X, Liu Y., Qiu J., Hua K. Role of neutrophils in homeostasis and diseases.
MedComm. (2020) 6:¢70390. doi: 10.1002/mc02.70390

53. Lahoz-Beneytez J, Elemans M., Zhang Y., Ahmed R., Salam A., Block M,, et al.
Human neutrophil kinetics: modeling of stable isotope labeling data supports short
blood neutrophil half-lives. Blood. (2016) 127:3431-8. doi: 10.1182/blood-2016-03-
700336

54. Vanickova K, Milosevic M., Ribeiro Bas 1., Burocziova M., Yokota A., Danek P.,
et al. Hematopoietic stem cells undergo a lymphoid to myeloid switch in early stages of
emergency granulopoiesis. EMBO J. (2023) 42:e113527. doi: 10.15252/
embj.2023113527

55. Chiba Y, Mizoguchi I., Hasegawa H., Ohashi M., Orii N., Nagai T., et al. Regulation
of myelopoiesis by proinflammatory cytokines in infectious diseases. Cell Mol Life Sci.
(2018) 75:1363-76. doi: 10.1007/s00018-017-2724-5

56. Takizawa H, Boettcher S, Manz MG. Demand-adapted regulation of early
hematopoiesis in infection and inflammation. Blood. (2012) 119:2991-3002.
doi: 10.1182/blood-2011-12-380113

frontiersin.org


https://doi.org/10.1080/09638288.2022.2043462
https://doi.org/10.1016/j.bbi.2018.09.023
https://doi.org/10.1007/s00431-023-05351-z
https://doi.org/10.1007/s00431-025-06112-w
https://doi.org/10.1002/ana.20820
https://doi.org/10.1056/NEJM198902233200806
https://doi.org/10.1093/femsre/fuy044
https://doi.org/10.1093/femsre/fuy044
https://doi.org/10.1093/infdis/jis646
https://doi.org/10.1158/0008-5472.CAN-06-3037
https://doi.org/10.3389/fimmu.2023.1161848
https://doi.org/10.3389/fimmu.2023.1161848
https://doi.org/10.1038/ncomms12150
https://doi.org/10.1038/s41590-017-0022-x
https://doi.org/10.3389/fimmu.2019.01147
https://doi.org/10.3389/fonc.2020.00109
https://doi.org/10.3389/fimmu.2017.01895
https://doi.org/10.1126/sciimmunol.aaf8943
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.1038/nri3660
https://doi.org/10.3389/fimmu.2020.01299
https://doi.org/10.3389/fimmu.2019.00327
https://doi.org/10.1016/j.clim.2012.06.003
https://doi.org/10.1016/j.clim.2012.06.003
https://doi.org/10.1371/journal.pone.0164514
https://doi.org/10.1080/21691401.2019.1687504
https://doi.org/10.1080/21691401.2019.1687504
https://doi.org/10.1007/s00262-018-2277-y
https://doi.org/10.1016/j.clinre.2018.04.002
https://doi.org/10.3389/fimmu.2021.614599
https://doi.org/10.1371/journal.ppat.1006503
https://doi.org/10.1371/journal.ppat.1005286
https://doi.org/10.1371/journal.ppat.1005286
https://doi.org/10.1101/2024.05.17.24307333
https://doi.org/10.1007/s11634-016-0251-0
https://doi.org/10.1007/s11634-016-0251-0
https://doi.org/10.3758/s13428-019-01252-y
https://doi.org/10.18637/jss.v087.c03
https://doi.org/10.1159/000489830
https://doi.org/10.1002/eji.201040895
https://doi.org/10.1038/s41418-020-0572-6
https://doi.org/10.1093/rb/rbw041
https://doi.org/10.3389/fimmu.2020.571085
https://doi.org/10.3389/fimmu.2021.674079
https://doi.org/10.1002/mco2.70390
https://doi.org/10.1182/blood-2016-03-700336
https://doi.org/10.1182/blood-2016-03-700336
https://doi.org/10.15252/embj.2023113527
https://doi.org/10.15252/embj.2023113527
https://doi.org/10.1007/s00018-017-2724-5
https://doi.org/10.1182/blood-2011-12-380113
https://doi.org/10.3389/fimmu.2026.1729699
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mihatsch et al.

57. Cuenca AG, Cuenca A. L., Gentile L. F., Efron P. A., Islam S., Moldawer L. L., et al.
Delayed emergency myelopoiesis following polymicrobial sepsis in neonates. Innate
Immun. (2015) 21:386-91. doi: 10.1177/1753425914542445

58. Uhel F, Azzaoui 1., Grégoire M., Pangault C., Dulong J., Tadié J.-M., et al. Early
expansion of circulating granulocytic myeloid-derived suppressor cells predicts
development of nosocomial infections in patients with sepsis. Am ] Respir Crit Care
Med. (2017) 196:315-27. doi: 10.1164/rccm.201606-11430C

59. Dean MJ, Ochoa J. B,, Sanchez-Pino M. D., Zabaleta J., Garai J., Del Valle L., et al.
Severe COVID-19 is characterized by an impaired type I interferon response and
elevated levels of arginase producing granulocytic myeloid derived suppressor cells.
Front Immunol. (2021) 12:695972. doi: 10.3389/fimmu.2021.695972

60. Emsen A, Sumer S., Tulek B., Cizmecioglu C., Vatansev H., Goktepe M. H., et al.
Correlation of myeloid-derived suppressor cells with C-reactive protein, ferritin and
lactate dehydrogenase levels in patients with severe COVID-19. Scand ] Immunol.
(2022) 95:€13108. doi: 10.1111/sji.13108

61. Sacchi A, Grassi G., Bordoni V., Lorenzini P., Cimini E., Casetti R,, et al. Early
expansion of myeloid-derived suppressor cells inhibits SARS-CoV-2 specific T-cell
response and may predict fatal COVID-19 outcome. Cell Death Dis. (2020) 11:921.
doi: 10.1038/s41419-020-03125-1

62. Bline K, Andrews A., Moore-Clingenpeel M., Mertz S., Ye F., Best V., et al.
Myeloid-derived suppressor cells and clinical outcomes in children with COVID-19.
Front Pediatr. (2022) 10:893045. doi: 10.3389/fped.2022.893045

63. Cassetta L, Bruderek K., Skrzeczynska-Moncznik J., Osiecka O., Hu X., Rundgren L
M, et al. Differential expansion of circulating human MDSC subsets in patients with
cancer, infection and inflammation. J Immunother Cancer. (2020) 8. doi: 10.1136/jitc-
2020-001223

64. Lang S, Bruderek K., Kaspar C., Hoing B., Kanaan O., Dominas N, et al. Clinical
relevance and suppressive capacity of human myeloid-derived suppressor cell subsets.
Clin Cancer Res. (2018) 24:4834-44. doi: 10.1158/1078-0432.CCR-17-3726

65. Sanchez-Pino MD, Dean M]J, Ochoa AC. Myeloid-derived suppressor cells
(MDSC): When good intentions go awry. Cell Immunol. (2021) 362:104302.
doi: 10.1016/j.cellimm.2021.104302

66. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of the
immune system. Nat Rev Immunol. (2009) 9:162-74. doi: 10.1038/nri2506

67. Grutzner E, Stirner R, Arenz L., Athanasoulia A. P., Schrédl K., Berking C., et al.
Kinetics of human myeloid-derived suppressor cells after blood draw. J Transl Med.
(2016) 14:2. doi: 10.1186/s12967-015-0755-y

68. Kotsakis A, Harasymczuk M., Schilling B., Georgoulias V., Argiris A., Whiteside T.
L., et al. Myeloid-derived suppressor cell measurements in fresh and cryopreserved
blood samples. J Immunol Methods. (2012) 381:14-22. doi: 10.1016/j.jim.2012.04.004

69. Linton L, Karlsson M., Grundstrom J., Hjalmarsson E., Lindberg A., Lindh E., et al.
HLA-DR(hi) and CCR9 define a pro-inflammatory monocyte subset in IBD. Clin
Transl Gastroenterol. (2012) 3:e29. doi: 10.1038/ctg.2012.23

70. de Metz J, Romijn J. A., Endert E., Ackermans M. T., Weverling G. J., Busch O. R,,
et al. Interferon-gamma increases monocyte HLA-DR expression without effects on

Frontiers in Immunology

13

10.3389/fimmu.2026.1729699

glucose and fat metabolism in postoperative patients. J Appl Physiol. (1985) 96:597-603.
doi: 10.1152/japplphysiol.00090.2002

71. Shen J, He Y., Zheng H., Xiao J., Li F., Chen K, et al. Biomarkers of pediatric
Epstein-Barr virus-associated hemophagocytic lymphohistiocytosis through
single-cell transcriptomics. Nat Commun. (2025) 16:6888. doi: 10.1038/s41467-
025-62090-5

72. LiX, LiJ. L, Jiang N., Chen J., Liang Z. M., Zhao Z. L., et al. Accumulation of LOX-
1(+) PMN-MDSCs in nasopharyngeal carcinoma survivors with chronic hepatitis B
might permit immune tolerance to epstein-barr virus and relate to tumor recurrence.
Aging (Albany NY). (2020) 13:437-49. doi: 10.18632/aging.202149

73. Pettinella F, Mariotti B., Lattanzi C., Bruderek K., Donini M., Costa S., et al. Surface
CD52, CD84, and PTGER2 mark mature PMN-MDSCs from cancer patients and G-
CSF-treated donors. Cell Rep Med. (2024) 5:101380. doi: 10.1016/j.xcrm.2023.101380

74. Lou X, Gao D., Yang L., Wang Y., Hou Y. Endoplasmic reticulum stress mediates
the myeloid-derived immune suppression associated with cancer and infectious
disease. ] Transl Med. (2023) 21:1. doi: 10.1186/s12967-022-03835-4

75. Weiss L], Drayss M., Mott K., Droste M., Just B., Arold A. M., et al. The homophilic
CD84 receptor is upregulated on platelets in COVID-19 and sepsis. Thromb Res. (2022)
220:121-4. doi: 10.1016/j.thromres.2022.10.011

76. Nagesh PT, Cho Y., Zhuang Y., Babuta M., Ortega-Ribera M., Josh R,, et al. In vivo
Bruton's tyrosine kinase inhibition attenuates alcohol-associated liver disease by
regulating CD84-mediated granulopoiesis. Sci Transl Med. (2024) 16:eadgl915.
doi: 10.1126/scitranslmed.adg1915

77. Ambrose LR, Morel AS, Warrens AN. Neutrophils express CD52 and exhibit
complement-mediated lysis in the presence of alemtuzumab. Blood. (2009) 114:3052-5.
doi: 10.1182/blood-2009-02-203075

78. Elsner J, Hochstetter R., Spiekermann K., Kapp A. Surface and mRNA expression
of the CD52 antigen by human eosinophils but not by neutrophils. Blood. (1996)
88:4684-93. doi: 10.1182/blood.V88.12.4684.bloodjournal88124684

79. Gabrilovich DI. Myeloid-derived suppressor cells. Cancer Immunol Res. (2017)
5:3-8. doi: 10.1158/2326-6066.CIR-16-0297

80. Rowan R. M., Bins M., Bull B. S., Coulter W. H., Groner W.. The assignment of
values to fresh blood used for calibrating automated blood cell counters. International
Committee for Standardization in Haematology; Expert Panel on Cytometry. Clin Lab
Haematol. (1988) 10:203-12. doi: 10.1111/j.1365-2257.1988.tb01172.x

81. Hassani M, Hellebrekers P., Chen N., van Aalst C., Bongers S., Hietbrink F., et al.
On the origin of low-density neutrophils. J Leukoc Biol. (2020) 107:809-18.
doi: 10.1002/JLB.5HR0120-459R

82. Hardisty GR, Llanwarne F., Minns D., Gillan J. L., Davidson D. J., Gwyer Findlay
E., et al. High purity isolation of low density neutrophils casts doubt on their
exceptionality in health and disease. Front Immunol. (2021) 12:625922. doi: 10.3389/
fimmu.2021.625922

83. Blanco-Camarillo C, Rosales C. Low-density neutrophils: enigmatic cells in health
and disease. ] Immunol Res. (2025) 2025:3037744. doi: 10.1155/jimr/3037744

frontiersin.org


https://doi.org/10.1177/1753425914542445
https://doi.org/10.1164/rccm.201606-1143OC
https://doi.org/10.3389/fimmu.2021.695972
https://doi.org/10.1111/sji.13108
https://doi.org/10.1038/s41419-020-03125-1
https://doi.org/10.3389/fped.2022.893045
https://doi.org/10.1136/jitc-2020-001223
https://doi.org/10.1136/jitc-2020-001223
https://doi.org/10.1158/1078-0432.CCR-17-3726
https://doi.org/10.1016/j.cellimm.2021.104302
https://doi.org/10.1038/nri2506
https://doi.org/10.1186/s12967-015-0755-y
https://doi.org/10.1016/j.jim.2012.04.004
https://doi.org/10.1038/ctg.2012.23
https://doi.org/10.1152/japplphysiol.00090.2002
https://doi.org/10.1038/s41467-025-62090-5
https://doi.org/10.1038/s41467-025-62090-5
https://doi.org/10.18632/aging.202149
https://doi.org/10.1016/j.xcrm.2023.101380
https://doi.org/10.1186/s12967-022-03835-4
https://doi.org/10.1016/j.thromres.2022.10.011
https://doi.org/10.1126/scitranslmed.adg1915
https://doi.org/10.1182/blood-2009-02-203075
https://doi.org/10.1182/blood.V88.12.4684.bloodjournal88124684
https://doi.org/10.1158/2326-6066.CIR-16-0297
https://doi.org/10.1111/j.1365-2257.1988.tb01172.x
https://doi.org/10.1002/JLB.5HR0120-459R
https://doi.org/10.3389/fimmu.2021.625922
https://doi.org/10.3389/fimmu.2021.625922
https://doi.org/10.1155/jimr/3037744
https://doi.org/10.3389/fimmu.2026.1729699
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The composition of MDSC-subpopulations PMN-like, M-like, and e-like MDSC is associated with the severity of infectious mononucleosis in pediatric patients
	1 Introduction
	2 Materials and methods
	2.1 Study population
	2.2 Isolation of peripheral blood mononuclear cells
	2.3 Flow cytometry-based analysis of myeloid-derived suppressor cells
	2.4 Gating strategy for MDSC
	2.5 Statistical analysis
	2.5.1 Regression models
	2.5.2 Bootstrap likelihood ratio test
	2.5.3 Temporal and concurrent analysis using mixed-effect models
	2.5.4 Exploratory mixed-effects models of myeloid cells and MDSC-like subsets
	2.5.5 Other analyses and statistical software

	2.6 Study approval

	3 Results
	3.1 Patient baseline characteristics
	3.2 Comparable frequencies of total MDSC-like cells during the early and late phases of IM
	3.3 Temporal dynamics of PMN-like, M-like, and e-like MDSC during the early and late phases of IM
	3.4 Exploratory associations between myeloid cells and MDSC-like subpopulations
	3.5 Dynamics of PMN-like, M-like, and e-like MDSC proportions depending on days after onset
	3.6 Relationship between different IM features and the dynamics of PMN-like, M-like, and e-like MDSC proportions over time
	3.7 Impact of PMN-like and M-like MDSC on long-term IM outcomes
	3.8 Other analyses using linear regression

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


