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A relevant portion of patients with disease caused by the severe acute respiratory
syndrome coronavirus 2 (COVID-19) experience negative outcome, and several
laboratory tests have been proposed to predict disease severity. Among others,
dramatic changes in peripheral blood cells have been described. We developed and
validated a laboratory score solely based on blood cell parameters to predict survival in
hospitalized COVID-19 patients. We retrospectively analyzed 1,619 blood cell count from
226 consecutively hospitalized COVID-19 patients to select parameters for inclusion in a
laboratory score predicting severity of disease and survival. The score was derived from
lymphocyte- and granulocyte-associated parameters and validated on a separate cohort
of 140 consecutive COVID-19 patients. Using ROC curve analysis, a best cutoff for score
of 30.6 was derived, which was associated to an overall 82.0% sensitivity (95% Cl: 78-84)
and 82.5% specificity (95% Cl: 80-84) for detecting outcome. The scoring trend effectively
separated survivor and non-survivor groups, starting 2 weeks before the end of the
hospitalization period. Patients’ score time points were also classified into mild, moderate,
severe, and critical according to the symptomatic oxygen therapy administered.
Fluctuations of the score should be recorded to highlight a favorable or unfortunate
trend of the disease. The predictive score was found to reflect and anticipate the disease
gravity, defined by the type of the oxygen support used, giving a proof of its clinical
relevance. It offers a fast and reliable tool for supporting clinical decisions and, most
important, triage in terms of not only prioritization but also allocation of limited medical
resources, especially in the period when therapies are still symptomatic and many are
under development. In fact, a prolonged and progressive increase of the score can
suggest impaired chances of survival and/or an urgent need for intensive care
unit admission.

Keywords: blood cell count, severity score, immunological changes, COVID-19 outcome, oxygen therapy, clinical
management, triage
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INTRODUCTION

A new strain of coronavirus is responsible for the outbreak of a
pandemic that, by January 6, 2022, has caused 5,462,631 deaths
worldwide and reached over 296 million cases of infection (1).
The disease caused by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), known as coronavirus disease
2019 (COVID-19), is the third documented spillover of an
animal coronavirus to humans in the last two decades causing
serious disease (2). It created an emergency that, at the
beginning, was especially difficult to control in highly prevalent
areas, including the Lombardy region in Italy. On February 21,
2020, the first SARS-CoV-2-infected patients were admitted to
Luigi Sacco hospital in Milan, one of the two national reference
centers for infectious disease. The dramatic increase in new
infections and subsequent hospitalizations urgently required a
drastic reorganization of the healthcare system, especially the
need to admit the growing number of patients in the intensive
care unit. The medical emergency continued during patient
hospitalization as no effective specific treatment approaches
were and are available yet. In the middle of the fourth wave of
the COVID-19 pandemic, even though various preventive
measures including effective vaccines and improved therapeutic
management have been developed, we see the emergence of
multiple SARS-CoV-2 variants and a non-reassuring picture of
hospital admission rise. Now, as before, SARS-CoV-2-infected
patients may be asymptomatic or may present mild symptoms
such as fever, dry cough, nausea, asthenia, dysgeusia, anosmia,
and myalgia (3-5). About 15% of them, however, can progress to
a severe or critical form of the disease with an atypical
pneumonia and a progressive respiratory impairment, which
can eventually lead to a full-on acute respiratory distress
syndrome and an overall fatal outcome (6).

One of the characteristic changes that were observed soon
after the pandemic started is the atypical, for the viral infection,
distribution of blood cell types in COVID-19 patients especially
evident in those who are in severe or critical clinical conditions.
Modifications of the number, size, shape, and nuclear and
cytoplasmic composition detected in cellular populations of the
peripheral blood of COVID-19 patients have been shown to be
very dynamic and rapidly occur (7-9). Indeed, among laboratory
tests for monitoring hospitalized COVID-19 patients, blood cell
count (BCC) is frequently requested and modern hematological
analyzers, besides well-known routine parameters, give access to
novel ones, potentially useful for rapid monitoring of blood cell

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus-2;
COVID-19, SARS-CoV-2 disease; BCC, blood cell count; WBC, white blood cells;
NRBC, nucleated red blood cells; WNR, white and nucleated red cell; WDF, WBC
differential; NE, neutrophils; LY, lymphocytes; MO, monocytes; IG, immature
granulocytes; SSC, side scattering light; SFL, side fluorescent light; FSC, forward
scattered light; eIPU, extended information-processing unit; NE_ABS, NE
absolute count; NE%, NE percentage; LY_ABS, LY absolute count; LY%, LY
percentage; MO_ABS, MO absolute count; MO%, MO percentage; IG_ABS, IG
absolute count; IG%, IG percentage; HFLC_ABS, highly fluorescent lymphocyte
cell absolute count; HFLC%, highly fluorescent lymphocyte cell percentage; OXY,
oxygen; CPAP, continuous positive airway pressure CI, confidence interval; ROC,
receiver operating characteristic; AUC, area under the curve.

changes (10, 11). Brisou et al. (12) in 2014 reported that the LY-Y
parameter seems to be crucial in B-cell disorders. Later, in 2017,
Fundarena et al. (13) demonstrated the usefulness of
lymphocytes’ (LY) positional parameters included in Sysmex
XN to differentiate lymphoproliferative disorders. The
parameters investigated, LY-X, LY-Y, LY-Z, LY-WX, LY-WY,
and LY-WZ, were found to be very useful in detecting disease-
associated hematological changes. Recently, several authors
documented multi-lineage, morphological changes in
circulating blood cells in COVID-19 patients (14).
Lymphocytopenia was extensively reported by many as a
feature of COVID-19 and a prolonged decline in the absolute
LY count has been associated with disease severity and mortality
(15). Fahlberg et al. (16) argued if changes in monocyte (MO) or
neutrophil (NE) populations precede severe outcomes and if this
could direct clinicians to select patients at risk of clinical
deterioration. Martens et al. (17) investigated patients with
COVID-19 in comparison with COVID-19-negative
hospitalized patients affected by respiratory disorders. The
former showed both quantitative and qualitative differences in
leukocyte populations and a general increase of all
hemocytometric markers of activation. In particular, in
patients with COVID-19, in addition to an evident imbalance
of the LY and NE counts, both cell populations demonstrate
enhanced fluorescence signal, which, for NE, is expressed by the
NE-SFL (side fluorescent light) parameter, and highly fluorescent
lymphocyte cell (HFLC) is the parameter for LY. In both cell
populations, enhanced fluorescence activity reflects their status
of activation, the measure of which in COVID-19 patients seems
to be promising in the prediction of adverse outcome and an
independent predictor for mechanical ventilation and death
(18). In addition to NE and LY changes, it was observed that
in some COVID-19 patients rapid mobilization of neutrophils
creates a great demand of new mature cells at the cost of
shortening the maturation time of myeloid progenitors (19)
and spill-over of immature granulocytes (IG) into the
peripheral blood (20).

Overall, this evidence supports a panhemocytometric
approach to COVID-19 monitoring: lymphopenia,
neutrophilia, and abnormal/activated cells are observed from
the onset and appear to have discriminatory capabilities to target
patients in mild or critical conditions. More important, their
temporal changes may predict disease trajectory.

Armed with this knowledge, we have hypothesized if and
what peculiar changes of blood cell parameters could be used in
the development of the statistical model for monitoring and
predicting COVID-19 severity and outcome in hospitalized
patients. To confirm or reject the clinical relevance of this
scoring model, we sought to determine whether the score can
predict, the outcome, as well as the severity of the disease,
referred by the type of the oxygen (OXY) therapy
(symptomatic treatment) applied.

We show that the statistical model that we developed and the
estimated cutoff severity score can be important and valuable
elements in the clinical management of COVID-19 hospitalized
patients, readily applicable in many diagnostic laboratories
equipped with modern hematological analyzers.
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RESULTS

Characteristics of Study Cohorts

Table 1 displays demographic and medical history data for the
evaluated populations. In addition to the male proportion,
significantly lower in the validation cohort, this group showed
a longer hospital stay (on average, 3 weeks vs. 2 weeks) and a 2-
day later admission to the hospital from symptom onset. For the
rest of the characteristics evaluated, no significant differences
were found between the two cohorts.

Selection of Predictors

The final selection included the following parameters: LY%,
HFLC%, IG_ABS, NE-SFL, and LY-Y (for a detailed
description of the statistical analysis, see SupplMat 001). All
the selected variables show a peculiar fluctuation over time in
patients who survived in comparison with non-survivors
(Figure 1), and except for HFLC%, all meet statistical
significance. LY% is the most significant (p < 0.0001)
parameter associated with the clinical status of patients during
hospitalization. Median values and distribution of WBC-related
parameters considered for establishing the model according to
COVID-19 outcome are shown in Table 2.

Model Derivation, Best Score Cutoff, and
Validation of the Predictive Score

Score computing coefficients were based on a logistic regression
analysis as follows: linear predictor (LP) = -9.807 +
3.776*IG_ABS — 0.141"LY% — 0.541*HFLC% + 0.224*NE-SFL
—0.008*LY-Y, and the score was derived accordingly:

1

—F 100
1+exp(-LP)

score =

The ability of the score to correctly classify patient outcome
(survivors vs. non-survivors) was evaluated using all patients’
daily data. At the receiver operating characteristic (ROC) analysis,

the area under the curve (AUC) was 0.903 (95% CI: 0.887-0.919),
and at a score cutoff of 30.6, a 82.0% sensitivity (95% CI: 78-84)
and a 82.5% specificity (95% CI: 80-84) were obtained. The same
score cutoff at the day of outcome showed a sensitivity of 95.8%
(95% CI: 83-98) and a specificity of 96.0% (95% CI: 92-98). By
applying the best cutoff value derived by the ROC curve, we found
that the score could start to predict the poor outcome on average
2 weeks before the end of the hospitalization period. Figure 2A
displays all daily scores for all patients included in the derivation
cohort according to the outcome. Since the hospitalization period
among patients was different, the daily scores were depicted in
relation to the outcome day (death or hospital discharge). The
estimated score trajectories for survivors and non-survivors did
not overlap, and approximately 2 weeks before the outcome
started to diverge. We evaluated the difference between the
score trends of the two groups of patients by means of an
individual growth model estimated with random-intercept
mixed models. Particularly, the significance of the difference
between the two curves was estimated as the simple effect of
group at —30, —15, and 0 days to outcome. Results confirmed that
curves were statistically different (p < 0.001) in all three moments
[-30, F(1, 1,595.3) = 32.9, —15, F(1, 365.1) = 37.9, and outcome
day, F(1, 336.2) = 540.3]. Figure 2B displays score results in the
validation cohort. In this group, score trajectories did not show
statistical difference 30 days before the outcome [F(1, 673.5) =
0.11, p = 0.742], but showed a marked statistical difference at —15
[F(1,219.5) = 41.6, p < 0.001] and at the outcome day [F(1, 213.2)
= 320.2, p < 0.001]. In particular, in the validation cohort, the
curves started to become statistically different 24 days before
the outcome [F(1, 333.7) = 4.1, p = 0.044]. Based on these results,
the score could effectively predict the patient’s outcome at least
2 weeks before the end of the hospitalization period.

Analysis of Severity

The score progression over time was compared across severity

» o«

groups classified into “mild”, “moderate”, “severe”, and “critical”

TABLE 1 | Baseline characteristics of the evaluated cohorts.

Development cohort Validation cohort p-value
n 226 140
Age (years) [median (IQR)] 61 (49-72) 61 (50-69) 0.48
Sex [n (%)]
Male 154 (68.1%) 66 (47.1%) <0.001
Female 72 (31.9%) 74 (52.9%)
Total n of hematological tests 1,619 1,387
Hematological tests per patient [median (IQR)] 6 (3-9) 6 (4-12) 0.09
Hospital admission (days after symptom onset) [median (IQR)] 6 (3-10) 8 (4-11) 0.025
Hospital stay (days) [median (IQR)] 15 (9-21) 22 (13-38) <0.001
Non-survivors 49 (21.7%) 40 (28.6%) 0.17
Comorbidities [n (%)]
Cardiovascular disease 101 (44.7%) 59 (42.1%) 0.71
Hypertension 76 (33.6%) 51 (36.4%) 0.66
Endocrinopathy 40 (17.7%) 29 (20.7%) 0.56
Diabetes mellitus 30 (13.3%) 26 (18.6%) 0.22
Chronic respiratory disease 25 (11.1%) 14 (10.0%) 0.88
Obesity 10 (4.4%) 12 (8.6%) 0.16
Chronic kidney disease 10 (4.4%) 9 (6.4%) 0.55

IQR, interquartile range.
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conditions according to the OXY therapy administered by first DISCUSSION

fitting an individual growth model estimated with random-

intercept mixed models (Figure 3). The individual growth In the first months of 2020, the epidemiological scenario of
model was implemented with linear, quadratic, and cubic trend =~ SARS-CoV-2 infection rapidly changed and eventually turned
of days to outcome, and their interaction with severity group. into a pandemic. Soon after the start of the outbreak, it became
The score progression over time was compared across severity ~ evident that for proper management of the hospitalized COVID-
groups (for a detailed description of the statistical analysis, see 19 patients, a method was needed to assess the severity of the
Supplementary Material). Groups were compared at 5, 15, and  disease and the outcome. One of the characteristic changes for
30 days to outcome, estimating the overall differences due to the =~ COVID-19 patients is the atypical, for the viral infection,
group variable. As regards cohort 1, at 5 and 30 days to outcome,  distribution of cell types in peripheral blood. Taking into the
we found a severity level overall effect to be statistically — consideration these changes and the availability of conventional
significant. As regards cohort 2, at 5 days to outcome, we and advanced parameters in modern hemoanalyzers, we aimed
found a severity level overall effect to be statistically significant ~ to develop an easy laboratory score based on both standard and
and multiple comparisons showed that “critical” was statistically ~ novel hematological parameters to offer a fast predictor of the

different from all the other three groups (all p < 0.001). disease evolution in hospitalized patients and an efficient tool to
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FIGURE 1 | Moving averages of median of multiple measurements of LY%, IG_ABS, HFLC%, the fluorescent light intensity of the neutrophil area on the leukocyte
differential (WDF) scattergram (NE-SFL), and the fluorescent light intensity of the lymphocyte area on the WDF scattergram (LY-Y), measured in COVID-19 patients
according to days from symptom onset. Solid blue triangles and empty orange squares indicate non-survivors and survivors, respectively. ch, channel-arbitrary units
of light scattering.

Frontiers in Immunology | www.frontiersin.org 4 March 2022 | Volume 13 | Article 850846


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Birindelli et al.

Immune Parameters and COVID-19 Severity

TABLE 2 | Comparison of all leukocyte-derived parameters evaluated in the study according to the outcome of COVID-19 patients in the development cohort.

Parameters Survivors (n = 177)
n of hematological tests = 1151

Median IQR
WBC (x10%/L) 5.73 4.67-7.10
NE (x10%/L) 3.82 2.568-5.02
LY (x10%L) 1.23 1.00-1.63
MO (x10%/L) 0.50 0.40-0.65
NE (%) 67.2 57.3-72.9
LY (%) 21.7 17.3-30.2
MO (%) 8.9 7.3-10.7
IG (x10%L) 0.03 0.02-0.06
IG (%) 0.6 0.4-0.9
HFLC (x10%/L) 0.03 0.02-0.05
HFLC (%) 0.6 0.4-0.9
NE-SSC (ch) 151.73 148.50-154.90
LY-X (ch) 82.00 80.50-83.30
MO-X (ch) 122.65 121.33-124.14
NE-SFL (ch) 48.20 46.52-49.88
LY-Y (ch) 69.83 68.30-71.40
MO-Y (ch) 110.05 107.31-112.77
NE-FSC (ch) 84.50 82.03-86.29
LY-Z (ch) 59.78 57.76-60.64
MO-Z (ch) 62.50 61.40-63.52

Non-survivors (n = 49) p value
n of hematological tests = 468
Median IQR
10.71 7.69-14.08 <0.001
9.39 6.36-11.80 <0.001
0.84 0.69-0.99 <0.001
0.46 0.37-0.62 0.21
86.6 81.7-89.3 <0.001
7.4 5.8-11.0 <0.001
4.8 3.4-6.1 <0.001
0.13 0.07-0.34 <0.001
1.5 0.8-2.6 <0.001
0.04 0.03-0.05 0.58
0.4 0.2-0.6 <0.001
151.08 147.31-155.55 0.76
83.15 81.55-84.11 0.001
124.95 123.92-125.98 <0.001
50.80 49.45-53.73 <0.001
70.63 67.80-72.04 0.50
111.75 108.24-114.40 0.046
83.95 81.88-86.60 0.96
58.95 57.58-60.37 0.31
62.30 60.00-63.66 0.48

IQR, interquartile range; WBC, white blood cells; NE, neutrophils; LY, lymphocytes; MO, monocytes; IG, immature granulocytes; HFLC, highly fluorescent lymphocyte cells; NE-SSC, the
lateral scattered light intensity of the NE area on the WBC differential (WDF) scattergram, ch, channel-arbitrary units of light scattering; LY-X, the lateral scattered light intensity of the LY area
on the WDF scattergram; MO-X, the lateral scattered light intensity of the MO area on the WDF scattergram; NE-SFL, the fluorescent light intensity of the NE area on the WDF scattergram;
LY-Y, the fluorescent light intensity of the LY area on the WDF scattergram,; MO-Y, the fluorescent light intensity of the MO area on the WDF scattergram; NE-FSC, the forward-scattered
light intensity of the NE area on the WDF scattergram; LY-Z, the forward-scattered light intensity of the LY area on the WDF scattergram; MO-Z, the forward-scattered light intensity of the

MO area on the WDF scattergram.

sort patients into priority groups to determine how best to use
scarce resources.

Preliminary data have suggested that the unusually high
morbidity and mortality among SARS-CoV-2-positive patients
could be associated with the deregulation of host immune
responses, the biomarker of which is the dramatic drop of
blood LY counts (21). Consistent with the observation that an
effective immune response is crucial to counteract the infection,
we focused on the hematological parameters reflecting the status
of the immune system. To develop the COVID-19 severity
prediction model, we took into consideration only the WBC-
related parameters known to reflect their activation status or
association with infection and/or inflammation: LY%, IG_ABS,
HFLC%, NE-SFL, and LY-Y. As shown in Figure 1, all the
selected variables show a peculiar fluctuation over time in
patients who survived in comparison with non-survivors. LY%
was found to be the most significant (p < 0.0001) parameter
associated with the clinical status of patients during
hospitalization. It is not a surprise, since LY play a pivotal role
in clearing the virus and findings show that SARS-CoV-2-
infection can lead to T-cell exhaustion, of which the LY%
parameter is the direct reflection (22-24). The detection of I1G
in the peripheral blood of adults is always associated with the
adverse effects of the infection, and it is indicative of an insult to
the bone marrow caused by inflammatory reactions (25). We
found that from the second week after the onset, IG_ABS was not
only always higher in COVID-19 non-survivors in comparison

with survivors but peaked several times in the former group. The
parameter named HFLC% represents an abnormal cell
population placed in the area above the MO and LY region,
with high fluorescence intensity. In comparison with normal MO
and LY, the increased size and fluorescence, which is a sign of
high RNA content, both indicate an “atypical-reactive”
population. Their detection in peripheral blood during
infectious diseases mirrors the immune response and
activation of the immune-competent cells. Previous studies (26,
27) showed the correlation between HFLC and activated B LY,
and between HFLC and plasma cells in peripheral blood. By
reflecting the activity of B cells, the parameter HFLC% was
significantly increased in survivors in the second week after
symptom onset, showing the potential for differentiating
survivor vs. non-survivor patients.

The evident changes in the HFLC% parameter may reflect not
only the intensity of the antibody production but also changes
during which B cells become antigen-presenting cells (28). B cells
are indeed fundamental in mounting rapid and efficient
responses to soluble antigens and in promoting T-cell
proliferation and cytokine production. The reason for which
there is a lack of statistical significance in HFLC% parameter
between survivors and non-survivors is the Cox model we used,
which is more sensitive to variations close to the day of outcome.
Although, in this way, the relevance of HFLC% parameter was
likely to be underestimated in the model, its inclusion is
important not only statistically but also biologically. NE are the
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most abundant circulating WBC and are regarded as the first line
of defense of the innate arm of the immune system. However,
these cells can also exhibit strong pro-inflammatory reactions if
left uncontrolled (29, 30). The formation of granules and
vacuoles rich in toxic mediators, closely related to the NE

activity, significantly affects cellular changes in complexity and,
therefore, the position of the population cluster in the BCC graph
distribution, of which the NE-SFL value is the reflection. The
signal SFL used by the hemoanalyzer indicates the amount of
nucleic acids present in the cell and, as for the parameter HFLC,

Scores

Venturi mask or
Reservoir

&
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Ambient-air

-40 -30 -20 -10 0

Days to Outcome

FIGURE 3 | Moving averages of median of score progression over time across severity groups for the assessment of the score values with the severity of patients
based on the OXY therapy. Trend lines represent all the time points score measured in patients of the validation cohort according to the OXY therapy. Red line is for
“critical” OXY therapy, which is continuous positive airway pressure (CPAP) or mechanical ventilation; green line is for “severe” OXY therapy, which is Venturi mask or
reservoir mask; light blue line is for “moderate” OXY therapy, which is nasal-cannula; and purple line is for absence of OXY therapy, which is “mild”.
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allows one to distinguish between resting cells from activated
cells. Activated cells have a different membrane lipid
composition and a greater activity in the cytoplasm, which, in
turn, is due to an increase in nucleic acid content that gives a
more intense fluorescent staining.

Our data have shown that COVID-19 patients who died
experienced a significant increase (p < 0.004) in NE-SFL
parameter, especially in the last days before death. In addition
to the NE-associated parameter, NE-SFL, LY-Y also showed an
increase in non-survivors 1 week before the patient’s death. The
parameter LY-Y is the equivalent in LY of SFL for NE and, as the
last one, it also reflects enhanced nucleic acid synthesis in LY that
could be associated with the phenomenon called “cytokine
storm” (31). The LY-Y value proportionally increases with the
nucleic acid amount, which is the hallmark of activated/
abnormal LYs and lymphoblasts, such that Cho et al. proposed
this parameter to develop reflex testing rules for screening
samples for microscopic examination and to facilitate the
detection of abnormal lymphoid cells (32). Thus, it is not
surprising that the LY-Y parameter increased the predictive
ability of the score when included in the model.

Using the previously described parameters, we developed a
model for deriving a laboratory score for predicting COVID-19
severity. By applying the best cutoff value derived by the ROC

curve, we found that the score could start to predict the poor
outcome on average 2 weeks before the end of the
hospitalization period. It should be noted that, in the
validation cohort, we found higher score values than the study
cohort (Figure 2). This can be explained by the time during the
pandemic when these patients were admitted to the hospital, i.e.,
the end of March. By that time, new daily cases in Milan started
to suddenly increase, and this trend continued until May 2020.
During the same period, thousands of patients were in need of
intensive care. In this scenario, in contrast with the previous
weeks, more critical cases were admitted to our reference
hospital explaining the increase in average score values in
hospitalized patients and the longer hospital stay as well as
the slight but significant delay in hospital admission. Based on
these results, we can argue that our model could effectively
predict the patient’s outcome at least 2 weeks before the end of
the hospitalization period.

The aim of our study was to develop a score that can predict
not only the final outcome; we sought to develop the score that
could be applied as a routine test able to reflect and anticipate the
improvement or the worsening of the disease at any moment
during the hospitalization. It is known that the most common
COVID-19 symptom is dyspnea, which is often accompanied by
hypoxemia. Patients with severe disease typically require
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according to the OXY therapy. The patient was considered to be in critical condition upon admission to the hospital and, according to this, supported by CPAP OXY
therapy for 16 days (17 score time points—1 day had two BCC and then two scores). After clinical improvement, for the next 9 days (9 score time points), the OXY
therapy was alternated between CPAP and a lower grade of support, as Venturi mask is. The patient further improved, and accordingly, the type of the OXY therapy
changed to the nasal-cannula on day 28 till 5 days before the discharge when the patient did not require any OXY support. Score values are reported as labels.

M. ventilation, mechanical ventilation; CPAP, continuous positive airway pressure.

Frontiers in Immunology | www.frontiersin.org 7 March 2022 | Volume 13 | Article 850846


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Birindelli et al.

Immune Parameters and COVID-19 Severity

supplemental OXY and should be monitored closely for
worsening respiratory status. Enhanced respiratory support
encompasses different OXY strategies from mild to severe
according to OXY needs. Most hospitalized COVID-19
patients, in fact, did not have the same level of OXY support
needed throughout the whole period of their hospitalization;
instead, they went through “critical”, “severe”, “moderate”, and/
or “mild” phases according to the symptomatic OXY therapy. In
some cases, mild onset evolved into an acute, severe, or critical
condition, which eventually improved, leading to a complete
recovery, or remained critical until a fatal outcome is reached.
As shown in one of the cases retrospectively analyzed
(Figure 4), over the period of 45 days of hospitalization, the
said COVID-19 patient went through different phases of disease
severity, each of which had its corresponding type of OXY
therapy. The graph shows that for the span of time it took the
patient to clinically improve according to the OXY symptomatic
therapy, the score was always above the calculated cutoff
while it permanently gave values below the cutoff when the
OXY symptomatic therapy was reduced. The patient, even if
critical for several days, eventually recovered and the score could
accurately predict the outcome. We can argue that from day 16,
when the score started to be below or near the cutoff, reducing
the OXY therapy and avoiding switching between continuous
positive airway pressure (CPAP) and Venturi mask after several
days could be considered. For the same reason, on day 24, when
the score started to be half of the cutoft, further downgrading
OXY therapy to the use of nasal-cannula only could
be considered.

This conclusion is supported by the results of the analysis of
the relation between the OXY therapy and the score we
measured in all patients of the validation cohort (Figure 4).
Interestingly, we obtained four different trend lines that match
the type of the OXY symptomatic therapy required, and the
score calculated in that phase. It is important to underline that
the trend lines do not reflect single specific patients but all the
score values of all the patients investigated, classified according
to the severity based on the OXY therapy applied. It can be
noted that only “mild” and “critical” trend lines reach “day 07,
which represents the day of discharge or death, respectively.
“Moderate” and “severe” trend lines stop a few days before the
outcome because they reflect a transition to a different phase
(lighter or heavier) of the disease, which precedes the outcome.
Apparently, the “mild” and “moderate” trend lines show score
values constantly below the cutoff, while the “critical” trend line
is separate from the other three lines with score values almost
always doubling the cutoff. The peculiar shape of the “critical”
and “severe” trend lines combines and depicts two different
groups of patients. The first half decreasing trend represents
those patients who were, from the start, severely ill and who
eventually improved and switched to a less aggressive OXY
support till total recovery. The second half increasing trend
represents those patients who, regardless of the medical
approach, remained seriously ill or who suddenly worsened
until a fatal outcome is reached. In order to catch these
dramatic but very meaningful fluctuations, we did not base

the scoring model on only one or a few time point
measurements but all the available ones for each patient.

Even if major risk factors for COVID-19 severity have been
determined, namely, advanced age, male sex, and presence of
comorbidities such as cardiovascular disease, hypertension,
diabetes, and obesity (33), when we included age in the
model, the prediction ability of the score did not significantly
improve. Also, pre-existing pathologies, comorbidities, or drug
administration was deliberately not taken into consideration
because we showed that the modeled score may provide
independent information as it strongly reflects changes in
immune-competent cells, which are mainly caused by the
virus itself rather than by concomitant clinical conditions.
For these reasons, our score has been developed without
taking into consideration preexisting pathological conditions
or other important variables like age and ongoing
therapeutic interventions.

From March 2020, we constantly and repeatedly evaluated the
association of the score with clinical conditions of COVID-19
patients admitted to our hospital. As expected, the score was
predictive independently of the pandemic waves. In fact,
regardless of new emerging variants or the introduction of
vaccines, COVID-19 patients continue to suffer from the same
respiratory, cardiovascular, renal, digestive, and neuronal virus-
related problems, which, in turn, can all be ascribed to
uncontrolled immune response (34). Since the combination of
cellular parameters on which the score is based can reflect the
capability of the immune system to respond to the infections, a
high score always reflected a patient in critical condition and a
low score always reflected a patient under mild conditions.

Similar to our approach, the use of novel hematological
parameters in predicting COVID-19 severity was published
(35-43). However, only few authors considered dynamic blood
cell changes over different time points crucial in understanding,
monitoring, and predicting the severity of the disease. Linssen
and co-workers developed a prognostic score based on
hematological parameters, but they model the score on the
patients’ results during the first 3 days from the admission
only to identify critical illness patients irrespective of the final
outcome. The aim of our study was to develop a score that,
regardless of BCC, could reflect and possibly anticipate any
change occurring during the disease and that could modulate
and detect the above-described meaningful fluctuations, as well
as the final outcome. Additionally, our model combines the
chosen variables into an algorithm that eventually releases a
score value from 0 to 100, providing clinicians with a modulation
of levels of seriousness that can also be translated into different
levels of OXY support. In Figure 5, we graphically summarize
the entire logical hypothesis of the study starting from the typical
abnormal scattergram of a COVID-19 positive patient from
which have been selected the 5 predictors of the score. The
fluctuations of the 5 predictors over the time, have been captured
into the score algorithm and the score values have been calculate
in all COVID-19 patients investigated. As an example, we show
the graphical representation of the score in a COVID-19 patient
over the time of 45 days of hospitalization that perfectly matches
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FIGURE 5 | Graphical representation of the entire logical hypothesis of the study starting from the typical abnormal scattergram of a COVID-19-positive patient from
which have been selected the 5 predictors of the score. The analysis of data of the five parameters gave the moving averages of median that can clearly show
differences between survivors and non-survivors. The accurate statistical analysis provided the final score that has been combined to the severity of patients
according to the symptomatic OXY therapy administered. Finally, the combination of all what above described into the graphical representation of a COVID-19
patient over the time of 45 days of hospitalization that went through different phases of the disease severity according to the OXY therapy that show the solid
power of the score in representing, preceding, and explaining the course of the disease from the immunological point of view.

with the OXY therapy administered. Then we can conclude that
the score we derived can precede and reflect the course of the
disease from the immunological point of view. Given the above,
no scoring systems have been developed to date to monitor daily
the disease severity and the chance of survival of hospitalized
COVID-19 patients solely based on hematological parameters.
The application of the dynamic changes in blood cells that occur
during COVID-19 progression and the development of the score
that predicts the severity of the disease, as we demonstrated,
could help better manage hospitalized patients, and help in the
identification of therapeutic interventions and monitoring of
their efficacy. In addition to the OXY saturation, the repeated
assessment of the score can easily direct clinicians to re-triage
patients in order to optimize medical resources. Readily
accessible parameters from modern hematological analyzers
and the laboratory automation make our test easy to be
applied in many laboratories for routine diagnostics.
Additionally, it has no additional cost as the extraction of new
parameters has already been performed from routinely requested
hematological analyses.

MATERIALS AND METHODS

Study Design and Participants

We used BCC data obtained on a SYSMEX XN-series automatic
hemoanalyzer acquired from two independent retrospective
cohorts to develop and validate a laboratory score model for
prediction of the survival and clinical severity in hospitalized
COVID-19 patients. For model development, we used data from
1,619 BCCs from 226 COVID-19 patients, consecutively
admitted to the L. Sacco hospital from February 21, 2020, to
March 29, 2020. SARS-CoV-2 infection was confirmed by
reverse transcriptase polymerase chain reaction testing of
nasopharyngeal swab. No preexisting pathologies,
comorbidities, or therapy administration were considered as
exclusion criteria. Data were collected from the electronic
hospital database. Medical records were reviewed to confirm
the hospitalization outcome and clinical severity. For model
validation, a second, independent cohort of 140 consecutive
COVID-19 patients, with a total of 1,387 BCCs, was tested.
The time point scores of patients from the second cohort were
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also classified as “mild”, “moderate”, “severe”, and “critical”
according to the OXY therapy applied during the
hospitalization. More precisely, patients were classified as
“mild” when they were normally and autonomously breathing,
“moderate” when patients’ oxygenation was supported by nasal-
cannula, “severe” when patients’ oxygenation was supported by
Venturi mask or reservoir mask, and “critical” when patients’
oxygenation was supported by CPAP or mechanical ventilation.
The Institutional Review Board approved the study. To develop
the prediction model, we took into consideration only the WBC-
related parameters known to reflect cellular changes associated
with an infection and/or an inflammation.

BCC Procedure

All evaluated hematological parameters were measured on
peripheral blood samples collected in EDTA-K3 tubes
(Beckton Dickinson, Franklin Lakes, NJ, USA), processed
within 2 h from the sample collection on a Sysmex XN-series
hematology system (Sysmex Co., Kobe, Japan), based on a three-
module configuration working in parallel on the same track.
Standard and research hematological parameters were collected
from the eIPU software for further analyses. The XN platform
determines red blood cell and platelet counts, and hematocrit by
impedance technology, while white blood cell (WBC) count,
leukocyte differential, nucleated red blood cell (NRBC),
reticulocyte, and optical platelet counts are measured by flow
cytometry. White and nucleated red cell (WNR) channel is used
for WBC, NRBC, and basophil counts, whereas the WBC
differential (WDF) channel is used for NE, LY, MO,
eosinophils, and IG counts. Cells are also classified according
to side scattered light (SSC) for cell complexity (NE-SSC, LY-X,
and MO-X); side fluorescent light (SFL) for DNA or RNA
content (NE-SFL, LY-Y, and MO-Y); and forward scattered
light (FSC) for cell size (NE-FSC, LY-Z, and MO-Z). The
obtained information based on SSC, SFL, and FSC is related to
morphological and functional characteristics of the leukocyte
subpopulations, such as cell proliferation and protein
production, helpful to monitor blood cells’ response during
immuno-inflammatory reactions. In our laboratory
organization, the hematology test workflow relies on rule-based
technical validation of results by means of a software component
provided by Sysmex, named “extended information-processing
unit” (eIPU). When fulfilling the rule set validation criteria,
results are automatically released to the laboratory information
system and then immediately forwarded to the clinical wards. All
results not meeting the software-based validation criteria require
the supervision of a hematologist who eventually confirms by
microscopy the results obtained by the automatic analyzer.

Model Development

Standard and research hematological parameters were collected
from the eIPU software for further analyses. To develop the
prediction model, we took into consideration only the WBC-
related parameters, known to reflect an infection and/or an
inflammatory condition. These parameters included the
following: NE absolute count and percentage (NE_ABS and

NE%); LY absolute count and percentage (LY_ABS and LY%);
MO absolute count and percentage (MO_ABS and MO%); 1G
absolute count and percentage (IG_ABS and IG%); highly
fluorescent LY cell absolute count and percentage (HFLC_ABS
and HFLC%); and parameters dealing with morphological and
functional characteristics of the WBC subpopulations (NE-SSC,
LY-X, MO-X, NE-SFL, LY-Y, MO-Y, NE-FSC, LY-Z, and MO-
Z). All the WBC parameters dealing with the dispersion of
median values related to the internal complexity (WX), RNA/
DNA content (WY), and size (WZ), namely, NE-WX, LY-WX,
MO-WX, NE-WY, LY-WY, MO-WY, NE-WZ, LY-WZ, and
MO-WZ, were not considered. They denote the dispersion
width of the cellular population with regard to size, cellular
complexity, and fluorescence intensity, being a marker of
coexistence of cells at different stages of differentiation.

Statistical Analysis

The proposed score was evaluated according to the following
outcome: death during hospitalization (non-survivors) vs.
hospital discharge after clinical recovery (survivors).
Demographic, clinical, and laboratory characteristics were
compared between patients classified into these two categories.
Data were reported as percentages for categorical variables and
median with interquartile range limits for quantitative variables.
Differences between variables in different categories were
assessed by applying chi-square test (categorical) and Mann-
Whitney rank-sum test (quantitative). A Cox proportional
hazard model with time-varying covariates was used to
investigate the predictive ability of the selected parameters. To
reduce the influence of random fluctuations in the parameters,
the entire hospitalization period of each patient was divided into
three intervals of equal length. Time periods were identified by
days of stay for each patient. For patients with length of
hospitalization shorter than 1 week, only one interval was
defined. The score coefficients were obtained by using a logistic
regression with the clinical outcome as dependent variable and
the set of markers as independent variables. Logistic regression
was used because it yields coefficients that are like the Cox hazard
model but offers an easier way to compute a risk score on a daily
basis. The overall statistical significance of the model was
investigated by the likelihood ratio (LR) test and the Akaike’s
information criterion (AIC), the former providing a test of the
null hypothesis for the full model, and the latter giving
information about the goodness of the fit of the model itself.
To understand the stability of the scores, we performed a
bootstrap re-sampling approach and computed the bootstrap
percentile confidence intervals (CI). Each interval was at 95%
confidence, using the 2.5th and 97.5th percentile of the bootstrap
distribution obtained with 1,000 bootstrap samples. The best
cutoff value for the score for predicting death was obtained from
a ROC analysis, by choosing the value that maximized diagnostic
accuracy. Trend lines, depicting dynamic changes of the scores
calculated per day and per patient in the two groups (survivors
vs. non-survivors) of both cohorts, were derived. Differences
between the score curves of the two groups of patients were
evaluated by an individual growth model estimated with
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random-intercept mixed models. The individual growth model
was implemented with linear and quadratic trend of days to
outcome, and their interaction with patient group. The score
progression over time was compared across severity groups by
first fitting an individual growth model estimated with random-
intercept mixed models. The individual growth model was
implemented with linear, quadratic, and cubic trend of days to
outcome, and their interaction with severity group. Groups were
compared at 5, 15, and 30 days to outcome estimating the overall
differences due to the group variable. Each overall difference
effect at different days to outcome was probed with Bonferroni
correction pairwise comparisons. A p-value <0.05 denoted
statistical significance. All statistical analyses were done using
R software, version 3.6.3 (R Foundation for Statistical
Computing, Vienna, Austria).

DATA AVAILABILITY STATEMENT

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

REFERENCES

1. World Health Organization. Coronavirus Disease (COVID-19) Dashboard.
Data as Received by WHO From National Authorities.Available at: WHO
Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19)
Dashboard With Vaccination Data (Accessed Accessed: Jan 6, 2022).

2. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A Novel Coronavirus
From Patients With Pneumonia in China, 2019. N Engl ] Med (2020)
382:727-33. doi: 10.1056/NEJM0a2001017

3. Guan W-J, Z-y NI, Hu Y, Liang W-h, Ou C-q, He J-x, et al. Clinical
Characteristics of Coronavirus Disease 2019 in China. N Engl ] Med (2020)
382:1708-20. doi: 10.1056/NEJM0a2002032

4. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical Features of
Patients Infected With 2019 Novel Coronavirus in Wuhan, China [Published
Correction Appears in Lancet 2020 Jan 30]. Lancet (2020) 395:497-506. doi:
10.1016/S0140-6736(20)30183-5

5. Giacomelli A, Pezzati L, Conti F, Bernacchia D, Siano M, Oreni L, et al. Self-
Reported Olfactory and Taste Disorders in SARS-CoV-2 Patients: A Cross-
Sectional Study. Clin Infect Dis (2020) 71:889-90. doi: 10.1093/cid/ciaa330

6. Grasselli G, Pesenti A, Cecconi M. Critical Care Utilization for the COVID-19
Outbreak in Lombardy, Italy: Early Experience and Forecast During an
Emergency Response. JAMA (2020) 323:1545-6. doi: 10.1001/jama.2020.4031

7. Fan BE, Chong VCL, Chan SSW, Gek HL, Kian GEL, Guat BT, et al.
Hematologic Parameters in Patients With COVID-19 Infection. Am |
Hematol (2020) 95:E131-4. doi: 10.1002/ajh.25847

8. Zheng Y, Zhang Y, Chi H, Chen S, Peng M, Luo L, et al. The Hemocyte
Counts as a Potential Biomarker for Predicting Disease Progression in
COVID-19: A Retrospective Study. Clin Chem Lab Med (2020) 58:1106-15.
doi: 10.1515/cclm-2020-0377

9. Ding X, Yu Y, Lu B, Huo J, Chen M, Kang Y, et al. Dynamic Profile and

Clinical Implications of Hematological Parameters in Hospitalized Patients

With Coronavirus Disease 2019. Clin Chem Lab Med (2020) 58:1365-71. doi:

10.1515/cclm-2020-0411

Cornet E, Boubaya M, Troussard X. Contribution of the New XN-1000

Parameters NEUT-RI and NEUT-WY for Managing Patients With

Immature Granulocytes. Int | Lab Hematol (2015) 37:123-6. doi: 10.1111/

ijlh.12372

10.

AUTHOR CONTRIBUTIONS

SB and MP, conceptualization design of the study. MT, creation
of the model. SB, data curation. MGallucci, statistical analysis.
MS, AC and AR, patient data. SB, MP, MT, and MGallucci,
preparation of tables and figures. SB, MT, PL, EA, FF, AD, and
MGalli, data analysis and interpretation. SB and MT, writing
original draft. MP, critical revision of the manuscript. All authors
critically reviewed the draft and approved the final version
for publication.

FUNDING

This study was partially supported by University of Milan.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
850846/full#supplementary-material

11. Nierhaus A, Klatte S, Linssen J, Eismann NM, Wichmann D, Hedke J, et al.
Revisiting the White Blood Cell Count: Immature Granulocytes Count as a
Diagnostic Marker to Discriminate Between SIRS and Sepsis—a Prospective,
Observational Study. BMC Immunol (2013) 14:8. doi: 10.1186/1471-2172-
14-8

Brisou G, Manzoni D, Dalle S, Felman P, Morel D, Boubaya M, et al. Alarms
and Parameters Generated by Hematology Analyzer: New Tools to Predict
and Quantify Circulating Sezary Cells. J Clin Lab Anal (2015) 29:153-61. doi:
10.1002/jcla.21744

Furundarena JR, Uranga A, Sainz MR, Gonzalez C, Uresandi N,
Argoitia N, et al. Usefulness of the Lymphocyte Positional Parameters in
the Sysmex XN Haematology Analyser in Lymphoproliferative Disorders and
Mononucleosis Syndrome. Int ] Lab Hematol (2018) 40(1):41-8. doi: 10.1111/
ijlh.12726

Liike F, Ors6 E, Kirsten J, Poeck H, Grube M, Wolff D, et al. Coronavirus
Disease 2019 Induces Multi-Lineage, Morphologic Changes in Peripheral
Blood Cells. EJH (2020) 1:376-83. doi: 10.1002/jha2.44

Huang I, Pranata R. Lymphopenia in Severe Coronavirus Disease 2019
(COVID-19): Systematic Review and Meta-Analysis. ] Intensive Care (2020)
8:36. doi: 10.1186/540560-020-00453-4

Fahlberg MD, Blair RV, Doyle-Meyers LA, Midkiff CC, Zenere G, Russell-
Lodrigue KE, et al. Cellular Events of Acute, Resolving or Progressive COVID-
19 in SARS-CoV-2 Infected non-Human Primates. Nat Commun (2020) 11:1-
14. doi: 10.1038/s41467-020-19967-4

Martens RJH, van Adrichem AJ, Mattheij NJA, Brouwer CG, van Twist DJL,
Broerse JJCR, et al. Hemocytometric Characteristics of COVID-19 Patients
With and Without Cytokine Storm Syndrome on the Sysmex XN-10
Hematology Analyzer. Clin Chem Lab Med (2021) 59(4):783-93. doi:
10.1515/cclm-2020-1529

Dennison D, Al Khabori M, Al Mamari S, Aurelio A, Al Hinai H, Al Maamari
K, et al. Circulating Activated Neutrophils in COVID-19: An Independent
Predictor for Mechanical Ventilation and Death. Int ] Infect Dis (2021)
106:155-9. doi: 10.1016/j.ijid.2021.03.066

Orr Y, Wilson DP, Taylor JM, Bannon PG, Geczy C, Davenport MP, et al. A
Kinetic Model of Bone Marrow Neutrophil Production That Characterizes
Late Phenotypic Maturation. Am ] Physiol Regul Integr Comp Physiol (2007)
292(4):R1707-16. doi: 10.1152/ajpregu.00627.2006

12.

13.

14.

15.

16.

17.

18.

19.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 850846


https://www.frontiersin.org/articles/10.3389/fimmu.2022.850846/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.850846/full#supplementary-material
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1093/cid/ciaa330
https://doi.org/10.1001/jama.2020.4031
https://doi.org/10.1002/ajh.25847
https://doi.org/10.1515/cclm-2020-0377
https://doi.org/10.1515/cclm-2020-0411
https://doi.org/10.1111/ijlh.12372
https://doi.org/10.1111/ijlh.12372
https://doi.org/10.1186/1471-2172-14-8
https://doi.org/10.1186/1471-2172-14-8
https://doi.org/10.1002/jcla.21744
https://doi.org/10.1111/ijlh.12726
https://doi.org/10.1111/ijlh.12726
https://doi.org/10.1002/jha2.44
https://doi.org/10.1186/s40560-020-00453-4
https://doi.org/10.1038/s41467-020-19967-4
https://doi.org/10.1515/cclm-2020-1529
https://doi.org/10.1016/j.ijid.2021.03.066
https://doi.org/10.1152/ajpregu.00627.2006
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Birindelli et al.

Immune Parameters and COVID-19 Severity

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Mitra A, Dwyre DM, Schivo M, Thompson 3GR, Cohen SH, Ku N, et al.
Leukoerythroblastic Reaction in a Patient With COVID-19. Am ] Hematol
(2020) 95(8):999-1000. doi: 10.1002/ajh.25793

Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, et al. Dysregulation of Immune
Response in Patients With Coronavirus 2019 (COVID-19) in Wuhan, China.
Clin Infect Dis (2020) 71:762-8. doi: 10.1093/cid/ciaa248

Mahmoudi S, Rezaei M, Mansouri N, Marjani M, Mansouri D. Immunologic
Features in Coronavirus Disease 2019: Functional Exhaustion of T Cells and
Cytokine Storm. J Clin Immunol (2020) 40(7):974-6. doi: 10.1007/s10875-
020-00824-4

Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, et al. Functional Exhaustion
of Antiviral Lymphocytes in COVID-19 Patients. Cell Mol Immunol (2020) 17
(5):533-.). doi: 10.1038/s41423-020-0402-2

Zhang X, Tan Y, Ling Y, Lu G, Liu F, Yi Z, et al. Viral and Host Factors Related
to the Clinical Outcome of COVID-19. Nature (2020) 583:1-7. doi: 10.1038/
541586-020-2355-0

Ansari-Lari MA, Kickler TS, Borowitz MJ. Immature Granulocyte Measurement
Using the Sysmex XE-2100. Relationship to Infection and Sepsis. Am J Clin Pathol
(2003) 120:795-9. doi: 10.1309/LT30BV9UJJVOCFHQ

Linssen J, Jennissen V, Hildmann J, Reisinger E, Schindler ], Malchau G, et al.
Identification and Quantification of High Fluorescence-Stained Lymphocytes
as Antibody Synthesizing/Secreting Cells Using the Automated Routine
Hematology Analyzer XE-2100. Cytometry B Clin Cytom (2007) 72(3):157—
66. doi: 10.1002/cyto.b.20150

van Mirre E, Vrielink GJ, Tjon-a-Tsoi N, Hendriks H, de Kieviet W, ten
Boekel E. Sensitivity and Specificity of the High Fluorescent Lymphocyte
Count-Gate on the Sysmex XE-5000 Hematology Analyzer for Detection of
Peripheral Plasma Cells. Clin Chem Lab Med (2011) 49(4):685-8. doi:
10.1515/CCLM.2011.100

Attanavanich K, Kearney JF. Marginal Zone, But Not Follicular B Cells, are
Potent Activators of Naive CD4 T Cells. ] Immunol (2004) 172:803-11. doi:
10.4049/jimmunol.172.2.803

Zimmermann M, Steenhuis P, Linssen ], Weimann A. Detection and
Quantification of Hypo- and Hypergranulated Neutrophils on the New
Sysmex XN Hematology Analyzer: Establishment of an Adapted Reference
Interval for the Neutrophil-Granularity-Intensity Compared to XE-
Technology in Adult Patients. Clin Lab (2015) 61:235-41. doi: 10.7754/
Clin.Lab.2014.140704

Castanheira FVS, Kubes P. Neutrophils and NETs in Modulating Acute and
Chronic Inflammation. Blood (2019) 133:2178-85. doi: 10.1182/blood-2018-
11-844530

Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, Manson JJ.
COVID-19: Consider Cytokine Storm Syndromes and Immunosuppression.
Lancet (2020) 395:1033-4. doi: 10.1016/50140-6736(20)30628-0

Cho YU, You E, Jang S, Park CJ. Validation of Reflex Testing Rules and
Establishment of a New Workflow for Body Fluid Cell Analysis Using a
Sysmex XN-550 Automatic Hematology Analyzer. Int | Lab Hematol (2018)
40(3):258-67. doi: 10.1111/ijlh.12774

Aloisio E, Chibireva M, Serafini L, Pasqualetti S, Falvella SF, Dolci A, et al. A
Comprehensive Appraisal of Laboratory Biochemistry Tests as Major
Predictors of COVID-19 Severity. Arch Pathol Lab Med (2020) 144
(12):1457-64. doi: 10.5858/arpa.2020-0389-SA

34. Kumar A, Narayan RK, Prasoon P, Kumari C, Kaur G, Kumar S, et al.
COVID-19 Mechanisms in the Human Body-Whay We Know So Far. Front
Immunol (2021) 12:693938:693938. doi: 10.3389/fimmu.2021.693938

Rolla R, Vidali M, Puricelli C, Scotta AM, Pedrinelli A, Pergolini P, et al.
Reduced Activity of B Lymphocytes, Recognised by Sysmex XN-2000™
Haematology Analyser, Predicts Mortality in Patients With Coronavirus
Disease 2019. Int ] Lab Hem (2021) 43:e5-8. doi: 10.1111/ijlh.13331

Lapic I, Brencic T, Rogic D, Lukic M, Lukic I, Kovaci¢ M, et al. Cell Population
Data: Could a Routine Hematology Analyzer Aid in the Differential Diagnosis
of COVID-19? Int ] Lab Hematol (2021) 43:e64-7. doi: 10.1111/ijlh.13368
Urrechaga E, Aguirre U, Espana PP, de Guadiana LG. Complete Blood Counts
and Cell Population Data From Sysmex XN Analyser in the Detection of
SARS-CoV-2 Infection. Clin Chem Lab Med (CCLM) (2021) 59(2):e57-60.
doi: 10.1515/cclm-2020-1416

Santotoribio JD, Nuifiez-Jurado D, Lepe-Balsalobre E. Evaluation of Routine
Blood Tests for Diagnosis of Suspected Coronavirus Disease 2019. Clin Lab
(2020) 66(9). doi: 10.7754/Clin.Lab.2020.200522

Linssen J, Ermens A, Berrevoets M, Seghezzi M, Previtali G, van der Sar-van
der Brugge S, et al. A Novel Haemocytometric COVID-19 Prognostic Score
Developed and Validated in an Observational Multicentre European Hospital-
Based Study. Elife (2020) 9:¢63195. doi: 10.7554/eLife.63195

Osman J, Lambert ], Templé M, Devaux F, Favre R, Flaujac C, et al. Rapid
Screening of COVID-19 Patients Using White Blood Cell Scattergrams, a Study
on 381 Patients. Br ] Haematol (2020) 190(5):718-22. doi: 10.1111/bjh.16943
Yip CYC, Yap ES, De Mel S, Teo WZY, Lee CT, Kan S, et al. Temporal
Changes in Immune Blood Cell Parameters in COVID-19 Infection and
Recovery From Severe Infection. Br ] Haematol (2020) 190(1):33-6.
doi: 10.1111/bjh.16847

Zhang C, Zhang L, Chen X, Zhang H, Fei Y. Decreased “WBC*LYM” was
Observed in SARS-CoV-2-Infected Patients From a Fever Clinic in Wuhan.
Clin Chem Lab Med (2020) 58(7):1152-5. doi: 10.1515/cclm-2020-0270
Wang Z, He Y, Shu H, Wang P, Xing H, Zeng X, et al. High-Fluorescent
Lymphocytes are Increased in Patients With COVID-19. Br ] Haematol
(2020) 190(2):e76-8. doi: 10.1111/bjh.16867

35.

36.

37.

38.

39.

40.

41.

42.

43.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

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.

Copyright © 2022 Birindelli, Tarkowski, Gallucci, Schiuma, Covizzi, Lewkowicz,
Aloisio, Falvella, Dolci, Riva, Galli and Panteghini. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 850846


https://doi.org/10.1002/ajh.25793
https://doi.org/10.1093/cid/ciaa248
https://doi.org/10.1007/s10875-020-00824-4
https://doi.org/10.1007/s10875-020-00824-4
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1038/s41586-020-2355-0
https://doi.org/10.1038/s41586-020-2355-0
https://doi.org/10.1309/LT30BV9UJJV9CFHQ
https://doi.org/10.1002/cyto.b.20150
https://doi.org/10.1515/CCLM.2011.100
https://doi.org/10.4049/jimmunol.172.2.803
https://doi.org/10.7754/Clin.Lab.2014.140704
https://doi.org/10.7754/Clin.Lab.2014.140704
https://doi.org/10.1182/blood-2018-11-844530
https://doi.org/10.1182/blood-2018-11-844530
https://doi.org/10.1016/S0140-6736(20)30628-0
https://doi.org/10.1111/ijlh.12774
https://doi.org/10.5858/arpa.2020-0389-SA
https://doi.org/10.3389/fimmu.2021.693938
https://doi.org/10.1111/ijlh.13331
https://doi.org/10.1111/ijlh.13368
https://doi.org/10.1515/cclm-2020-1416
https://doi.org/10.7754/Clin.Lab.2020.200522
https://doi.org/10.7554/eLife.63195
https://doi.org/10.1111/bjh.16943
https://doi.org/10.1111/bjh.16847
https://doi.org/10.1515/cclm-2020-0270
https://doi.org/10.1111/bjh.16867
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Definition of the Immune Parameters Related to COVID-19 Severity
	Introduction
	Results
	Characteristics of Study Cohorts
	Selection of Predictors
	Model Derivation, Best Score Cutoff, and Validation of the Predictive Score
	Analysis of Severity

	Discussion
	Materials and Methods
	Study Design and Participants
	BCC Procedure
	Model Development
	Statistical Analysis

	Data Availability Statement
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


