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Abstract: We developed a flow cytometry (FC) assay enabling the rapid and accurate identification
of bacterial and viral infections using whole blood samples. The streamlined flow cytometry assay
is designed to be user-friendly, making it accessible even for operators with limited experience in
FC techniques. The key components of the assay focus on the expression levels of specific surface
markers—CD64 on polymorphonuclear neutrophils (PMN) as a marker for bacterial infection, and
CD169 on monocytes (MO) for viral infection. The strong performance indicated by an area under
the receiver operating characteristic (ROC) curve of 0.94 for both PMN CD64 positive predictive
value (PPV) 97.96% and negative predictive value (NPV) 76.67%, and MO CD169 PPV 82.6% and
NPV 86.9%, highlight the assay’s robustness in differentiating between bacterial and viral infections
accurately. The FC assay includes the assessment of immune system status through HLA-DR and
IL-1R2 modulation in MO, providing a useful insight into the patients” immune response. The
significant increase in the frequency of MO exhibiting reduced HLA-DR expression and elevated
IL-1R2 levels in infected patients (compared to healthy controls) underscores the potential of these
markers as indicators of infection severity. Although the overall correlation between HLA-DR and
IL-1R2 expression levels was not significant across all patients, there was a trend in patients with
more severe disease suggesting that these markers may have the potential to assist in stratifying
patient risk. The present FC assay has the potential to become routine in the clinical microbiology
laboratory community and to be helpful in guiding clinical decision making.

Keywords: flow cytometry; bacterial and viral infection; polymorphonuclear neutrophils; monocytes;
immune dysfunction; interleukin-1 receptor 2; HLA-DR; CD64; CD169
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1. Introduction

Recognizing bacterial and viral etiologies in febrile patients is often a diagnostic
challenge [1]. Medical history, physical findings, and ancillary medical tests, such as the as-
sessment of the standard biomarkers of inflammation, including leukocyte count, absolute
neutrophil count, and acute phase reactant levels (C-reactive protein, procalcitonin), have
a reasonable negative predictive value for infection, but their positive predictive value is
limited and does not reliably distinguish between the two different causative agents [2].
This clinical uncertainty may alter the trajectory of patient care, including antibiotic misuse,
both over- and under-use, with consequences for individual and global health, including
the emergence of antibiotic resistance [3,4]. To facilitate accurate clinical decision making,
various microbiological tests are regularly requested. Blood or other bodily fluid cultures
are the methods commonly used in clinical settings to identify microbial pathogens, but
their diagnostic utility is often reduced by the initiation of empiric antimicrobial treatment,
sampling quality, contamination, and, most significantly, long lead times of approximately
24 to 48 h. This length of time before deciding what initial treatment to pursue is usually
associated with a worst prognosis [5]. In addition, sensitivity may be reduced if only low
sample volumes are available, such as in pediatric patients, and repeated blood samplings
are required [6,7]. Perhaps most importantly, these tests are inherently limited by the
need to sample the infection focus, which is particularly challenging in lower respiratory
infections and fever without source. Therefore, there is a pressing need for reliable and
rapid tools to aid clinicians in detecting the presence of a bacterial or viral infection in
febrile patients so that immediate and appropriate treatment can be started.

Innate immunity is the first line of defense against pathogen invasion and involves
complex and dynamic interplays between pathogens and host immune defense mecha-
nisms. Myeloid cells, such as polymorphonuclear neutrophils (PMN) and monocytes (MO),
are the first mechanisms of innate immunity that oppose the spread of pathogenic organ-
isms [8]. Both PMN and MO use pattern recognition receptors to immediately identify
the pathogen-associated or damage-associated molecular patterns and produce a robust
inflammatory response that leads to activation of several signaling cascades including the
production of antibacterial or antiviral mediators and the modulation of various functional
molecules on the cell surface [8].

The most intensively investigated surface molecule in PMN as a biomarker of an
infection of bacterial origin is Fc-gamma receptor 1—commonly referred to as CD64—a type
of integral membrane glycoprotein that binds monomeric IgG-type antibodies with high
affinity [9,10]. CD64 molecules are barely present on the membrane of resting PMN, being
stored intracellularly, but can be sharply mobilized upon bacterial activation. The surface
density of CD64 in PMN is estimated to be approximately < 1000 sites per cell, which is
at the lowest level of detection by most flow cytometers. CD64 density increases within
10-120 min after exposure to lipopolysaccharide in vitro and may remain stable for over
48 h [11]. There is also evidence that cytokines such as G-CSF may act on myeloid precursor
cells and induce CD64 expression in PMN released into circulation [12,13]. Taken together,
these studies imply that CD64 expression on the PMN membrane seen in patients with bacterial
infection is a reliable indicator of direct pathogen contact, cytokine exposure, or both.

Numerous preclinical studies have demonstrated the protective role of sialoadhesin or
siglec-1 (CD169) expressed on the MO membrane in viral infections. For example, during
Friend virus complex infection, CD169 expressing MO reduced viral dissemination in the
spleen and induced an effective cytotoxic T lymphocyte response [14]. Similar findings
have been described in experimental vesicular stomatitis virus infections [15]. HIV infection
has been shown to increase CD169 expression in MO in a non-human primate model [16] and
in HIV patients [17]. ZIKV-infected patients also show increased CD169 expression in MO [18].

More recently, CD169 expression in MO has received great attention in the context
of SARS-CoV-2 infection and has been shown to be a sensitive biomarker for the early
diagnosis and follow up of COVID-19 patients [19-23]. Mechanistic studies have shown
that CD169 expression is upregulated by IFN-« [24,25], a cytokine typically released into
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circulation upon viral infection. In this regard, CD169 modulation has even been proposed
as an indirect measure of serum IFN-« level [26]. In addition, MO play various roles during
the response to infection that are reflected in the modulation of functional cell surface
markers such as HLA-DR and interleukin-1 receptor type 2 (IL-1R2, also known as CD121b).
A progressive decrease in HLA-DR expression level in MO is consensually recognized as
a reliable marker of infection-evoked immunosuppression and it has been linked to poor
prognosis in critically ill patients that experience an initial strong pro-inflammatory phase
that then transitions to an anti-inflammatory phase until immunoparalysis [27,28]. IL-1R2
is a high-affinity decoy receptor that participates in the regulation of the inflammatory
response by competing with IL-1R1 to bind IL-1 without inducing signaling in that it acts as
the negative regulator of the proinflammatory IL-1 signaling pathway [29]. As a conserved
immune evasion strategy employed by evolutionary pathogens to limit the effects of cytokines,
chemokines, and growth factors [30], it is not surprising that a multiple whole blood gene
expression study showed that MO characterized by a high level of IL-1R2 membrane expression
appears in the circulation as a consequence of severe bacterial infection [31].

The various studies listed above successfully used flow cytometry (FC) assays to detect
the modulation of PMN and MO surface markers to diagnose bacterial and viral infections
and infection-induced immune paralysis using fluorochrome-conjugated monoclonal anti-
bodies in whole blood samples [19-26,28,32-37]. However, while the modulation of CD64
in PMN is relatively easy to assess, being commonly measured by using lymphocytes,
which do not express CD64, as an internal biological control, the extent of the modulation
of CD169, HLA-DR, and IL-1R2 in MO is relatively more difficult to measure simply and
objectively, as appropriate internal controls have not yet been defined. For example, the
measurement of HLA-DR modulation in various bacterial and viral infection contexts to
obtain information about the status of the patient’s immune system has led to controversial
results that have cast doubt on its diagnostic value [34-36]. These discrepancies likely reflect
the typical uncertainty in defining the magnitude of changes occurring in cell markers that
show a unimodal distribution with no clear separation between positive and negative cells,
making data analysis susceptible to inter-user variability. The present FC assay includes
the evaluation of IL-1R2 and HLA-DR, both markers that show a unimodal distribution
that is difficult to analyze. To overcome this problem, FC assays have been developed that
translate flow signal intensity values into antibody binding capacity (ABC) units employing
calibrated beads [37]. This method has the obvious advantage of reducing the dependence
on operator subjectivity, but it is time-consuming and costly and requires skilled operators,
additional reagents, and a longer intervention time, which limit widespread clinical use.
Adding to this is the fact that flow cytometers have only just become part of the clinical
microbiology laboratory community. Therefore, although FC assays potentially bear all
the hallmarks of viable diagnostic tools to complement classical microbiology tests, their
use in clinical practice remains limited by these technicalities, and an easy-to-perform and
inexpensive FC assay to identify bacterial and viral infections and provide information
on the patient’s immune system status through a simple assessment of the modulation of
PMN and MO surface marker remains an unmet need.

The goal of this study is to describe an FC assay that builds on pre-existing FC assays
exploring the modulation PMN and MO membrane molecules in the context of infectious
disease, but minimizes the work up and guesswork inherent in previously published ones
and eliminates the need for experienced operators to stain samples and interpret data. In
addition, this study explores for the first time the modulation of IL-1R2 in MO in unselected
patients with acute infections. These features will likely allow the present FC assay to
become a routine procedure in clinical microbiology laboratories and possibly at points of
care to guide febrile patient management in a timely manner.
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2. Results
2.1. Gating Strategy and Assessment of PMIN and MO Marker Modulation

As a premise of this study, we observed two PMN populations with different for-
ward and side scatter (FSC and SSC, respectively) signal intensities in most blood samples
(Supplementary Information, Figure S1A,B). An early study suggested that PMN with a
low FSC signal and high SSC signal, such as those we observed here, represented apop-
totic PMN [38], a phenomenon that probably reflects a peculiar vulnerability of PMN to
unavoidable shear stress during sample processing. The cell membrane of apoptotic cells is
altered and may facilitate non-specific antibody binding. Therefore, we first ascertained
that the PMN CD64 expression level was not altered in apoptotic PMN. We also verified
that apoptotic PMN did not affect the autofluorescence of the total PMN population in the
PE channel (Supplementary Information, Figure S1C-E), which is important because PMN
are the internal negative control for the PE-conjugated anti-CD169 monoclonal antibody
used to measure CD169 expression in MO.

FC data analysis basically relies on the gating strategy to investigate and quantify the
populations of interest. Unfortunately, gating is an inherently subjective and error-prone
procedure. Therefore, we preferred using rectangular regions, which are easier to place
manually around the cell populations of interest, i.e., PMN, MO, Non-B lymphocytes,
and B lymphocytes, than polygonal regions to minimize the impact of subjectivity on
data analysis and to make the assay as simple as possible for inexperienced users. The
gating procedure was further facilitated by visualizing the SSC signal in log mode instead
of the more commonly used linear mode. Finally, the present FC assay used the same
fluorochrome for CD64 and CD19 to allow operators to draw all regions around the different
cell populations of interest on the initial SSC/CD64-CD19 plot.

The activated PMN are homogeneous in terms of CD64 expression. Thus, based
on early studies [20-22,25,32,33], PMN CD64 modulation was measured as the ratio of
mean CD64 expression (calculated as mean fluorescence intensity, MFI) to the MFI of
CD64-negative cells, thereafter referred to as PMN index. For this purpose, we preferred
to use non-B lymphocytes MFI instead of the more common MFI of the entire population
of non-myeloid cells, since preliminary experiments indicated that the autofluorescence
of this population was somewhat more consistent across samples. The regions delineated
by SSC intensity and CD64/CD19 staining to identify PMN and non-B lymphocytes, the
calculated MFI and determined PMN index are illustrated in Figure 1, exemplifying a
healthy control (HC) (Figure 1A) and a patient with a microbiologically confirmed bacterial
infection (Figure 1B).

CD169, HLA-DR, and IL-1R2 in MO are all characterized by unimodal distribution
and homogeneous expression and modulation, similar to that of CD64 in PMN. Although
in principle these markers could also be studied by developing the appropriate indices,
we thought that this approach would require additional working time. Therefore, we
decided to express the modulation of these markers as percent-positive cells to simplify and
accelerate data analysis. To this end, we devised a strategy that uses the different cell popu-
lations in the whole blood sample as internal negative controls for the visual positioning
of the target boundaries. All cell types inherently possess autofluorescence because of the
different amounts of naturally occurring fluorochromes, including nicotinamide adenine
dinucleotide phosphate (NAD(P)H), flavinins, porphyrin, lipofuscin, and others that are
excited by the incident lasers and emit across a wide range of wavelengths [39]. In lysed
whole blood samples, PMNs are more autofluorescent than MO and both cell populations
are more autofluorescent than lymphocytes. In the present study, the autofluorescence of
PMN was ~1.4 higher than the autofluorescence of MO in the PE channel and was therefore
deemed acceptable for visual boundary placement for measuring PE-CD169 expression in
MO (MO CD169). The autofluorescence of PMNs was only ~1.1 higher than the autofluo-
rescence of MO in the FITC channel, but PMN could not be used as a border for measuring
FITC-IL-1R2 expression in MOs (MO IL-1R2) because PMN, as well as B lymphocytes, can
express surface IL-1R2 under certain circumstances [40,41]. Therefore, we were forced to
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use non-B lymphocytes to establish the negative boundary for MO IL-1R2, despite the fact
that the autofluorescence of MO in the FITC channel was considerably higher (~1.8) than
that of non-B lymphocytes.
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Figure 1. Gating strategy to analyze PMN CD64 expression level modulation. PMN and non-
B lymphocyte regions used to calculate the PMN index. (A) Representative healthy control;
(B) microbiologically confirmed bacterial infection patient. PMN and non-B lymphocytes MFI
are displayed along with the PMN index.

The boundary for HLA-DR expression in MO (MO HLA-DR) was easily set using
B lymphocytes as a purely internal HLA-DR-positive reference cell population. Figure 2A
illustrates the four rectangular regions delineated by SSC intensity and CD64/CD19 stain-
ing to identify the PMN, MO, non-B lymphocytes, and B lymphocytes in a representative
HC. Figure 2B-D illustrates the boundaries for measuring the modulation of MO CD169,
MO HLA-DR, and MO IL-1R2 using PMN (B), B lymphocytes (C), and non-B lympho-
cytes (D) as internal references, respectively. Figure 2E-G illustrates MO CD169 (E),
MO HLA-DR (F), and MO IL-1R2 (G) expression level as cell percentage in a represen-
tative HC. Figure 2H-] exemplifies MO CD169 (H), MO HLA-DR (I), and MO-IL-1R2 (L)
modulation in a representative patient with SARS-CoV-2 infection (H) and in critical pa-
tients with bacterial (I) and viral infection (L). Note that the modulation MO CD169 and
MO IL-1R2 is represented as a percentage of MO above the boundary, while the modulation
of MO HLA-DR is represented as a percentage of MO below the boundary. Of note is that,
with the obvious exception of the PMN region that had to be extended to accommodate
PMN with the increased level of CD64 expression in subjects with bacterial infection, the
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remaining regions had to be only marginally adapted to encompass the cell cluster of
interest throughout the study.

B E H

A 23 0% 23 7% B %

2
17 0! A = ==
e e e e - o e , P
SVMPH CD169-PE >
B-LYMPH C F I
15‘ |‘u5 1‘0“ G'E El 0 OS o,
E 2% 22%
CD64/CD19-PC7 ]
=g =g
t t] %
T T T T T T T T T T T T T e
1t 10t 10t 10® P 107 102 10® 10t 10 P 107 102 10% 104 10% 10°
HLA-DR-APC >
D J
%: © 1
i 0% 2% EE 94%
~ 3
o]
=r ]
) 3 =
=) ]
O + + -
5 29 =4 =3
o 3 3
a E
O 3
S 2 e i i e e LB 1 2 ) e ) e F——rrrrmr LARLLL SRR L B R LY
102 10% 104 108 108 102 10% 104 10 108 107 10° 104 100 10°
IL-1R2 FITC >

Figure 2. Gating strategy to analyze MO CD169, MO HLA-DR, and MO IL-1R2 modulation.
(A) Selection of PMN, MO, non-B lymphocytes, and B lymphocytes to establish boundary posi-
tion for each marker; (B) boundary for MO CD169 using PMN; (C) boundary for MO HLA-DR
using B-lymphocytes; (D) boundary for MO IL-1R2 using non-B lymphocytes; (E-G) representative
healthy control; (H) patient with SARS-CoV-2 infection; (I]) patients with severe bacterial infection.
Percentage of cells above or below the boundary is indicated in each plot.

The use of the BD Quantibrite™ Anti-HLA-DR/Anti-Monocyte kit is deemed as
a trustworthy tool to estimate the number of bound antibodies per cell [37] beyond the
inherent variability of the FC assays due to the performance of monoclonals and flow
cytometers. Thus, some samples were run in parallel to compare the extent of MO HLA-DR
downmodulation measured by the present FC assay with that provided by the kit. Figure 3A
shows the good correspondence between data generated by the two assays, confirming the
reliability of the present FC assay. A study has shown that MO HLA-DR downmodulation
in concomitance with MO IL-1R2 upmodulation is associated with poor prognosis in
patients with invasive bacterial infection [31]. The present FC assay was developed to serve
as an accessible diagnostic aid in unselected febrile patients regardless of the severity of
the pathology in the clinical setting of general hospital. As a result, there were not enough
cases of seriously ill patients for statistical analysis to prove or disprove that previous
finding [31]. However, a concomitant MO HLA-DR downmodulation and MO IL-1R2
increase was observed in the few patients with more severe infection (Figure 3B).
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Figure 3. (A) Good correspondence between MO HLA-DR downmodulation calculated by the present
FC assay (percentage of MO with reduced HLA-DR expression level, x-axis) and the Quantibrite™
Anti-HLA-DR/Anti-Monocyte kit (antibody binding capacity, ABC, y-axis). (B) Concomitant modu-
lation of MO HLA-DR and MO IL-1R2 in a representative healthy control subject (left plot) and a
critically ill febrile metastatic gastric cancer patient with severe bacterial infection (right plot).



Int. J. Mol. Sci. 2024, 25, 11632

8 of 16

2.2. Modulation of PMN Index and MO Markers

Patients with microbiologically confirmed bacterial and viral infection are thereafter
referred to as BaMC and ViMC patients, respectively. Patients in which microbiological
confirmation was not obtained due to the physician’s decision are thereafter referred to as
without microbiological confirmation (WMC) patients. Non-infected patients with uveal
melanoma are thereafter referred to as tumor (T) patients. To illustrate FC assay output
in the real-world context, data are reported using box and whisker plots to provide an
unobstructed view of the data, and outliers have not been removed.

The performance of the PMN index in distinguishing HC from BaMC patients was
assessed using receiver operating characteristic (ROC) curve analysis. PMN index values
yielded an area under the ROC curve (AUC) of 0.94 (p < 0.0001) (Figure 4A, left plot).
According to the maximized likelihood ratio, the best cutoff value was 12 with 87.3%
sensitivity and 95.8% specificity. Positive predictive value (PPV) and negative predictive
value (NPV) were 97.96 and 76.67, respectively. The calculated PMN index in HC, BaMC,
WMC, and T patients is reported in Figure 4A, right plot, that also shows the cutoff
value. The PMN index was significantly higher in BaMC patients than HC (p < 0.0001,
one-way ANOVA and Tukey’s test). There was no significant difference between the HC
and WMC group. However, MO IL-1R2 upmodulation in the latter group tended to be
higher in the few patients that exceeded cutoff, which is suggestive of overlooked bacterial
infections. Two T patients had a PMN index above cutoff. The performance of MO CD169
upmodulation in distinguishing HC from ViMC patients was evaluated using ROC curve
analysis. The MO CD169 upmodulation yielded an AUC of 0.94 (p < 0.0001) (Figure 4B
left plot). According to the maximized likelihood ratio, the best cutoff value was 15.5 with
86.4% sensitivity and 83.3% specificity. PPV and NPV were 82.6 and 86.9, respectively. The
MO CD169 upmodulation measured in HC, VIMC, WMC, and T patients is reported in
Figure 4B right plot, which also shows the cutoff value. The MO CD169 upmodulation was
significantly higher in VIMC patients than HC (p < 0.001, one-way ANOVA, and Tukey’s
test). There was no significant difference between HC and WMC patients. However, a
substantial proportion of patients in the WMC group showed MO CD169 upmodulation
above cutoff, suggesting an overlooked viral infection. Two T patients had an MO CD169
upmodulation above cutoff. MO HLA-DR downmodulation and MO IL-1R2 upmodulation
performance in distinguishing HC from infected patients (for this analysis, BaMC and ViMC
data were cumulated and referred to as infected patients, IP) was evaluated using ROC curve
analysis. The MO HLA-DR downmodulation yielded an AUC of 0.86 (p < 0.0001) (Figure 4C,
left plot). According to the maximized likelihood ratio, the best cutoff value was 39.5 with
81.8% sensitivity and 83.3% specificity. The MO HLA-DR downmodulation measured in
HC, IP, WMC, and T groups is reported in Figure 4C, right plot, which also shows the
cutoff value. The extent of MO HLA-DR downmodulation was significantly higher in IP
and WMC groups than HC (p < 0.001 and p < 0.02, one-way ANOVA and Tukey’s test,
respectively). Four out of the seven T patients showed MO HLA-DR downmodulation
above the cutoff. The IL-1R2 upmodulation yielded an AUC of 0.95 (p < 0.0001) (Figure 4D,
left plot). According to the maximized likelihood ratio, the best cutoff value was 13.5 with
89.1% sensitivity and 94.7% specificity. The IL-1R2 upmodulation measured in HC, IP,
WMC, and T patients is reported in Figure 4D, right plot, which also shows the cutoff
value. MO IL-1R2 upmodulation was significantly higher in IP and WMC patients than
HC (p < 0.0001 and p < 0.002, one-way ANOVA and Tukey’s test, respectively). Two out of
five T patients had an IL-1R2 expression level above the cutoff.
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Figure 4. FC assay performance in recognizing patients with bacterial and viral infection according
to PMN CD64 and MO CD169 modulation and in stratifying febrile patients into different groups
according to MO HLA-DR and MO IL-1R2 expression level. Left plots show the area under the
receiver operating characteristic curve (AUC curve). Right plots show data distribution as box
plots (median value and interquartile range) and cutoff value (red dotted line). (A) PMN index.
(B) MO CD169. (C) MO HLA-DR. (D) MO IL-1R2. HC, healthy controls; BaMC and ViMC, febrile
patients with microbiologically confirmed bacterial and viral infection, respectively; WMC, febrile patients
without available microbiological confirmation; IP, infected patients (cumulated data of BaMC and ViIMC
patients); T, tumor patients. Statistically significant differences are shown as ** for p < 0.02, *** for p < 0.001,
and **** for p < 0.0001; not statistically significant differences are indicated as n.s.
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3. Discussion

Although several studies have reported the usefulness of FC assays for the rapid
identification of bacterial and viral infections [17-26,32,33,35,36], their use in routine clinical
microbiology practice is still limited. We have argued that the acceptance and incorporation
of FC assays into standard paradigms of care and the management of febrile patients could
be facilitated by minimizing subjectivity and technicalities. Thus, we developed an FC
assay that utilizes a straightforward gating procedure and data analysis to aid novice users
in detecting the presence of a pathogen. Furthermore, we incorporated two phenotypic
markers of MO as indicators of the patient’s immune system status in the assay. We
deliberately included febrile patients across multiple clinical syndromes and pathogen
species to underline the wide applicability of the present FC assay.

The present FC assay identifies bacterial infection by the increased expression level of
CD64 PMN, in line with previous reports [20-25,32,35]. To this end, based on existing FC
assays [20-25,32,35], we developed a PMN index that has shown excellent performance in
terms of specificity and sensitivity due to the high efficiency of the monoclonal antibody
used for the detection of CD64. Importantly, this good performance was observed in
a cohort of unselected consecutive febrile patients with a wide range of disease severity,
highlighting the ability of this FC assay to quickly identify bacterial infections in the context
of general clinical practice, suggesting that the high PMN index in febrile patients should
encourage treating physicians to request an immediate microbiological investigation to
arrive at a definitive diagnosis.

In line with previously published FC assays [17-22,24-26], the present FC assay detects
viral infection as MO CD169 upmodulation. Although the assay performance was good, it
was not as satisfactory as that for detecting bacterial infection. We hypothesize that the for-
tuitous inclusion of subjects with asymptomatic viral infection, a fairly common occurrence
in the generally “healthy” population, may have adversely affected the performance of the
assay. Performance was somewhat lower than reported in some previous studies [33,42,43].
We can only conjecture as to why our results differ. However, certain comparative features
are worth noting. The patient population in these studies was predominantly patients with
SARS-CoV-2 who typically have higher levels of MO CD169 expression than those infected
by other viral species [33]. In addition, the level of MO CD169 expression is associated with
disease severity [42,43]. The present study included more patients infected with various
viral species than SARS-CoV-2 and only two critically ill SARS-CoV-2 patients.

The present FC assay incorporated the MO HLA-DR expression level assessment as
a surrogate indicator of immune fitness. We observed that MO HLA-DR downmodulation
characterized most patients with microbiologically confirmed bacterial and viral infection,
in line with the current literature [22,44-47]. Notably, we found MO HLA-DR downmod-
ulation above the cutoff in a sizeable proportion of the patients in which microbiological
confirmation was not sought and observed that half of these patients had a PMN index
and/or MO CD169 above the cutoff, arguing for the presence of an overlooked pathogen.
Notably, the MO HLA-DR expression level measured by the present FC assay was well
matched to that obtained with calibrated beads, which is consensually accepted as a reliable
method for estimating the numbers of HLA-DR molecules on the MO membrane [37]. This
highlights the reliability of the present FC assay in the MO HLA-DR modulation measure.

To our knowledge, the presence of MO IL-1R2 in patients with infectious diseases has
been described in only one study on patients with severe bacterial infections [31]. Here,
we found MO IL-1R2 in the vast majority of patients with microbiologically confirmed
bacterial and viral infection, an unexpected result as most of the patients were not seriously
ill. I.L.-1R.2 participates in the regulation of the inflammatory response in competition with
IL-1R1 to bind IL-1 and restore homeostasis [29,30]. However, IL-1 is also an established
cause of fever due to the stimulation of the hypothalamus [48]. Since all the patients
included in the study had a fever, we can infer the generalized increase in MO IL-1R2
expression level to be a common phenomenon that intervenes to counteract the biological
activity of IL-1, even in mild infections. Studies focusing on the relationship between
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MO IL-1R2 expression level and plasma IL-1 level are needed to clarify this point. The
same study [31] showed that the upmodulation of MO IL-1R2 concomitantly with the
downmodulation of MO HLA-DR indicated a dysregulated immune response to bacterial
infection and a negative prognosis. We did not find any significant correlation between the
two markers in the entire cohort of infected patients, probably due to the low number of
critical patients included in our study. However, we observed MO IL-1R2 upmodulation
concomitant to MO HLA-DR downmodulation in two infected febrile patients who also had
advanced cancers, thus supporting the efficiency of this FC assay in stratifying the risk of
infected patients. Further studies may be warranted to confirm the utility of MO HLA-DR
and MO IL-1R2 modulation in larger populations of patients with infectious diseases in
relation to the presence or absence of an underlying (severe) disease.

This study included a small group of patients with uveal melanoma with no clin-
ical and laboratory evidence of infection who were treated with the therapeutic anti-
body tebentafusp, a bispecific antibody that docks T cells to glycoprotein 100 (gp100) on
melanoma cells and induces the release of several inflammatory cytokines [49] to explore
the activity of cytokines on the PMN and MO surface markers we explored here. We found
that the surface markers were randomly modulated in some patients, thus representing
a warning in the use of the present FC assay for detecting bacterial and viral infection
in patients receiving drugs that potentially induce cytokine production. In addition, an
early study showed that the level of PMIN CD64 expression tended to be elevated in cancer
patients without active infection [50].

The present FC assay has some limitations. Firstly, similar to other FC assays, it
cannot definitively identify the specific bacterial and viral species involved in an infection.
Secondly, the assessment of monocyte MO HLA-DR expression levels can be hindered in
conditions such as profound B-cell lymphopenia or when there is a substantial presence
of circulating neoplastic B cells. Moreover, each laboratory is required to create its own
dataset of healthy control samples due to the absence of established reference intervals,
which can be a significant barrier to standardization. Looking ahead, it is expected that the
development of standardized and commercially available antibody combinations, ideally
in a dried format that allows for easier handling and preparation, will enhance the adoption
of this assay in clinical microbiology laboratories. Such advancements could also support
efforts for harmonization across different healthcare centers.

Lastly, there remains an urgent need for further research, particularly in larger pop-
ulation studies, to evaluate the assay’s capability to differentiate between infectious and
non-infectious fever. This is especially relevant for patients with autoimmune diseases,
where alterations in polymorphonuclear (PMN) and monocyte surface markers have been
observed without clear signs of infection [50-53]. Addressing these challenges will be
crucial for improving the diagnostic accuracy of the present FC assay in clinical practice.

4. Materials and Methods
4.1. Patient Accrual and Ethics Statement

We prospectively recruited 74 patients (48 males: median age 67.5 years, 25th and
75th percentile 47.25-74.75, respectively; 26 females: median age 65 years, 25th and 75th
percentile 27.25-79.5, respectively) from the emergency department, internal medicine
department, and surgical department of Policlinico Universitario A. Gemelli, IRCCS, Rome,
Italy. The study included 8 non-infected patients affected by uveal melanoma that under-
went immunotherapy with tebentafusp, a bispecific antibody engaging T cells with glyco-
protein 100 (gp100) on melanoma cells that induces cytokine release syndrome (CRS) [49],
and 24 subjects without either clinical or laboratory signs of infection, referred to as HC
and matched for age and sex.

This was a not-for-profit, observational, single-center study approved by the in-
ternal Institutional Ethics Committee (approval code: protocol 0039313/21, SepsiFlow,
Prot ID 4537; date of approval, 9 November 2021). This study was conducted in accor-
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dance with the Declaration of Helsinki. Written informed consent was obtained from each
participant or legal guardian, as applicable.

4.2. Study Population

Inclusion criteria were peak fever > 37.5 °C since onset of symptoms and clinical suspi-
cion of an acute infectious disease based on medical history, physical examination, complete
blood count, and chemistry panel on the judgement of the treating physician. Patients
were consecutively recruited, irrespective of underlying disease and reason for hospital
admission. Empiric antibiotic treatment was not an exclusion criterion. Blood was collected
within 4 days since onset of symptoms. Patients were retrospectively stratified according
to whether bacterial and viral infection was confirmed by appropriate microbiological
tests. Cultures from blood, urine, bronchoalveolar lavage, and stool were performed using
aerobic and anaerobic bottle (BACT/ALERT® VIRTUO bioMérieux, Marcy I'Etoile, France)
before starting empiric antibiotics, unless delayed initiation of antibiotics could worsen
mortality. Bottles were incubated up to five days or until they signaled positive. In this
case, broth aliquots were collected for standard identification studies, which entailed Gram
staining, direct analysis in the Bruker MALDI BioTyper (Bruker Daltonik GmbH, Leipzig,
Germany), and solid-medium subcultures. After isolation from the cultures, bacteria were
identified by MALDI BioTyper analysis at log (score) values > 2.0. [54]. The respiratory spec-
imens were tested with the FilmArray® Pneumonia Plus Panel (FAPP) (Biofire, BioMérieux
Marcy 1'Etoile, France), which detects a panel including 15 typical bacteria, 3 atypical
bacteria, 7 antimicrobial resistance (AMR) genes, and 9 viruses. For SARS-CoV-2 and other
respiratory virus detection, including Rhinoviruses (RVs), respiratory Enteroviruses (EVs),
and respiratory syncytial virus (RSV), the Allplex SARS-CoV-2 and AllplexTM Respiratory
Pannel Assays (Seegene, Seoul, Republic of Korea) were utilized. For the detection of
Cytomegalovirus (CMV) and Epstein—-Barr Virus (EBV), the Artus CMV and EBV QS-RGQ
Kits (QIAGEN, Venlo, The Netherlands), respectively, were utilized. For the detection
of Herpesvirus type 1 (HSV-1) and type 2 (HSV-2), the RealStar® alpha Herpesvirus kit
(Altona Diagnostics, Hamburg, Germany) was utilized.

4.3. Sample Collection

Peripheral blood samples were collected by venipuncture into an EDTA-containing
vacutainer blood collection tube. Preliminary experiments showed that marker expression
underwent time-associated changes that varied among different markers when the sample
processing did not start within 2 h from blood draw. Thus, all flow data were generated
within this time frame.

4.4. Monoclonal Antibodies and Staining Procedure

Even careful handling of PMN ex vivo is fraught with unwanted heterogeneity and
alterations that can potentially reduce assay reproducibility and alter biological conclusions.
Thus, as the present FC assay was designed to be employed in routine settings, we felt
it important to exclude sample logistics that affected PMN viability and the FC assay
results. To this end, we performed a series of real-life FC experiments. The data showed
that variable proportions of PMN underwent apoptosis during blood collection, in line
with a previous report [38], although membrane damage did not affect FC assay data
(Supplementary Information).

We adapted the commercially available 3-color antibody combination I0Test Myeloid
Activation kit CD169-PE/HLA-DR-APC/CD64-PB Antibody Cocktail™ (Beckman Coulter,
Brea, CA, USA) [55]. We reasoned that a pre-formulated 3-color antibody combination
would have reduced the error-prone pipetting of liquid reagent and ensured superior
workflow efficiency and more reliable FC results than dispensing each reagent individ-
ually. However, in the preamble to the study, we tested 18 HC and 33 microbiologically
confirmed bacterial infection patients and found that the CD64-PB signal was fairly dim,
conceivably reducing its ability to identify bacterial infection. Thus, we substituted the
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brighter isoclonic CD64-PC7 conjugate (Beckman Coulter) for the weak CD64-PB conjugate.
To this end, we dispensed 2 pL of the CD64-PC7 Moab to the whole blood sample 20 min
before carrying on with staining with the IOTest Myeloid Activation kit CD169-PE/HLA-
DR-APC/CD64-PB Antibody Cocktail™. The amount of CD64-PC7 Moab necessary to
saturate CD64 binding sites was determined empirically and was consistent throughout the
study. IL-1R2-FITC Moab (Invitrogen, Waltham, MA, USA) and CD19-PC7 Moab (Beckman
Coulter) were pipetted along with the IOTest Myeloid Activation kit CD169-PE/HLA-DR-
APC/CD64-PB Antibody Cocktail™. This Moab panel had minimum spectral overlap and
no cross-laser excitation so as to simplify technicalities. In fact, the only spectral overlap
with a potential detrimental effect on the data analysis was due to the CD64-PC7 signal
entering the PE-CD169 channel, which could be very easily detected and compensated
via visual inspection, even by inexperienced users. Moabs were added to 50 uL whole
blood in polypropylene non-sterile flow cytometry 5 mL round-bottom tube and mixed
by gently pipetting. Samples were incubated at room temperature in the dark for 20 min.
VersaLyse™ (Beckman Coulter) was used for the lysis of red blood cells following the
manufacturer’s instructions. Samples were immediately run on the cytometer. FC analysis
was performed on a DxFLEX flow cytometer (Beckman Coulter) equipped with 488 nm,
638 nm, and 405 nm lasers, except for the viability experiments during the set-up proce-
dure that were performed on a CytoFLEX LX also equipped with 355 nm laser for DAPI
excitation (Supplementary Information). Scatter and fluorescence signals were determined
for each cell and stored in list-mode data files in FCS 3.0 format. Samples were acquired
at ~500 events/s. An acquisition region that included MO was established on SSC/CD64
dot plot to collect at least 6 x 10% cells in each run. The cytometer was calibrated daily
using Daily QC Fluorospheres (Beckman Coulter). Some experiments were carried out
to compare the HLA-DR expression measured by the present FC assay with that being
measured by the BD Quantibrite™ Anti-HLA-DR/Anti-Monocyte kit (BD Biosciences,
Franklin Lakes, NJ, USA). To this end, we selected six representative samples with various
HLA-DR expression levels. Sample preparation and flow cytometric analysis were carried
out as detailed in the technical data sheet included in the kit. Flow data were first generated
and analyzed by an inexperienced user and then independently checked for consistency by
an expert investigator using the CytExpert™ Software 2.0 (Beckman Coulter). Users were
both blinded to the clinical data of patients to minimize biases in data analysis.

4.5. Statistics

Study samples were assigned a designation of infection—either bacterial or viral—or
no infection. Box whiskers and descriptive statistics were generated for each biomarker.
Welch’s ANOVA for more than two groups was used to test for differences between group
means followed by Tukey’s multiple comparison test. Receiver operating characteristic
(ROC) curves were constructed and both Area Under the Curve (AUC) and cutoffs for
the best balance of sensitivity and specificity were calculated by the likelihood ratio test.
Positive predictive value (PPV) and negative predictive value (NPV) were also calculated.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms252111632/s1.
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