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ABSTRACT

Background: COVID-19 causes high mortality and long hospitalization periods. The aim of this study was to search
for new early prognostic strategies accessible to most health care centers.

Methods: Laboratory results, demographic and clinical data from 500 patients with positive SARS-CoV-2 infection
were included in our study. The data set was split into training and test set prior to generating different multivari-
ate models considering the occurrence of death as the response variable. A final computational method called
the BGM score was obtained by combining the previous models and is available as an interactive web application.
Results: The logistic regression model comprising age, creatinine (CREA), D-dimer (DD), C-reactive protein (CRP),
platelet count (PLT), and troponin | (TNI) showed a sensitivity of 47.3%, a specificity of 98.7%, a kappa of 0.56, and
a balanced accuracy of 0.73. The CART classification tree yielded TNI, age, DD, and CRP as the most potent early
predictors of mortality (sensitivity = 68.4%, specificity = 92.5%, kappa = 0.61, and balanced accuracy = 0.80). The
artificial neural network including age, CREA, DD, CRP, PLT, and TNI yielded a sensitivity of 66.7%, a specificity of
92.3%, a kappa of 0.54, and a balanced accuracy of 0.79. Finally, the BGM score surpassed the prediction accu-
racy performance of the independent multivariate models, yielding a sensitivity of 73.7%, a specificity of 96.5%,
a kappa of 0.74, and a balanced accuracy of 0.85.

Conclusions: The BGM score may support clinicians in managing COVID-19 patients and providing focused inter-
ventions to those with an increased risk of mortality.

Keywords: BGM score, Clinical biochemistry, COVID-19, Mortality prediction, Risk score, Serum biomarkers

infections and deaths exceed 17.8 million and 680,000, respec-
tively. The first studies that analyzed the clinical complications
associated with this disease were from China. In this area,
many of the patients had mild to moderate symptoms (80%),
about 14% had a severe disease course (dyspnea, O, satura-

Introduction

The SARS-CoV-2 virus emerged in the last quarter of 2019
in Wuhan, the capital of Hubei province of China. The disease
caused by SARS-CoV-2 virus, named COVID-19 by the World

Health Organization, has spread rapidly and globally cau-
sing a pandemic with unprecedented clinical, humanitarian,
and economic repercussions (1,2). In the absence of reliable
data on worldwide seroprevalence, the number of confirmed
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tion <93%, pulmonary infiltrates), and about 6% presented
with critical progression characterized by respiratory failure,
septic shock, and/or multiorgan failure (3). The data accumu-
lated so far from more than 10,000 patients in the European
Union and in the New York City area show that among the
confirmed cases, 30% required admission and 4% required
care in intensive care units (ICUs) due to their critical condition
(4,5). In turn, it was observed that mortality is particularly high
in the subgroup of patients with advanced age and preexisting
comorbidities, among which obesity, hypertension, and dia-
betes are frequently found (6). It is noteworthy that patients
without these associated comorbidities can also present with
a critical or severe course of the disease. Therefore, the search
for early biomarkers to assess the severity of the pathology
and its clinical progression is currently necessary to rationalize
the use of hospital resources in ICUs and reduce the mortality
associated with COVID-19.

2021 The Authors. This article is published by AboutScience and licensed under Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).
Commercial use is not permitted and is subject to Publisher’s permissions. Full information is available at www.aboutscience.eu

e Journal of Circulating Biomarkers - ISSN 1849-4544 - www.aboutscience.eu/jcb
\


https://doi.org/10.33393/jcb.2021.2194
https://creativecommons.org/licenses/by-nc/4.0/legalcode

Several clinical laboratory markers, such as lymphocyte
(LYMPH) count, lactate dehydrogenase (LDH), and D-dimer
(DD), are altered in patients with COVID-19 (7). Other stu-
dies have shown significant differences in the concentration
of cytokines in blood (interleukin [IL]-6, tumor necrosis fac-
tor [TNF]-y, IL-8, IL-2R) among patients who have required
ICU admission and patients who do not (8). In turn, infection
biomarkers such as C-reactive protein (CRP), procalcitonin
(PCT), and ferritin (FER) increased significantly with the seve-
rity of the disease (8). However, despite the research efforts
made in the field of laboratory tests, reliable algorithms with
early prognostic value have not yet been generated to esta-
blish the risk of future complications in patients infected with
SARS-CoV-2.

The lack of accurate early prognostic algorithms based on
central laboratory testing for COVID-19 has spurred resear-
chers to direct their efforts toward the use of omics tools in
the search for potential biomarkers. In a first study published
by Shen et al (9), the combination of proteomics and meta-
bolomics allowed the identification of a panel of 22 proteins
and 7 metabolites with predictive power to differentiate mild
vs. severe COVID-19 with 94% accuracy. A second study publi-
shed in Cell Systems (10) showed that European researchers
identified 27 differentially expressed proteomics biomarkers
associated with different grades of COVID-19 severity in
hospitalized patients. Despite these positive advances, the
technical complexity of these omics tools and their high cost
limit their applicability in the clinical arena.

In the context of the vast scope of the SARS-CoV-2 crisis
and until we achieve sufficient immunization coverage of the
population, we believe that the search for new early progno-
stic strategies must prioritize their applicability and accessi-
bility to most health care centers. In this line, the objective
of our study was to generate predictive algorithms for early
stratification of patients with COVID-19 who may be at the
risk of developing severe complications. To this aim, we desi-
gned a retrospective cross-sectional single-center study in
which we evaluated different predictive algorithms for mor-
tality considering demographic factors, clinical factors, and
standard laboratory tests usually present in most central cli-
nical laboratories.

Materials and methods
Patient population

Five hundred patients with COVID-19 confirmed by
real-time reverse transcription polymerase chain reaction
(RT-PCR) in nasopharyngeal exudates were included in this
retrospective study. These patients required hospitalization
in an ICU, internal medicine, or pneumology ward in our
hospital between March and June 2020. The clinical and
laboratory data that we collected in our database were the
first information available within 48 hours after admission
of the patient. Demographic and clinical data were obtained
from our hospital information system (SAP Patient Mana-
gement). The variables included were: age, sex, smoking
and drinking habits, asthma, chronic obstructive pulmonary
disease (COPD), diabetes mellitus, dyslipidemia, obesity,

BGM score for COVID-19 mortality prediction

hypertension, heart failure, ischemic heart disease, hospita-
lization days, ICU stay, and in-hospital death. This study was
approved by the Ethical Committee of the Hospital Clinic of
Barcelona and was conducted following the ethical princi-
ples of the 1975 Declaration of Helsinki. The data set is avai-
lable at the online repository figshare with DOI:10.6084/
m9.figshare.13252277.

Laboratory measurements

Blood samples were collected in lithium heparin-,
ethylenediaminetetraacetic acid-, and citrate-coated blood
collection tubes for biochemical, hematological, and coa-
gulation testing, respectively. After centrifugation at 3,000
rpm for 15 minutes, plasma samples were immediately pro-
cessed. Alkaline phosphatase (ALP), alanine aminotransfe-
rase (ALT), aspartate aminotransferase (AST), total bilirubin
(TBIL), creatinine (CREA), FER, gamma-glutamyl transfe-
rase (GGT), glucose (GLU), LDH, CRP, PCT, and troponin |
(TNI) were measured using an Atellica Solution automa-
ted analyzer (Siemens Healthineers, Tarrytown, NY, USA).
The intra-assay and inter-assay coefficient of variation was
lower than 6% and 8%, respectively, in all cases. Hemato-
logical parameters (including hemoglobin [HB] and counts
of white blood cells [WBC], neutrophils [NEU], LYMPH and
platelets [PLT]) were analyzed without centrifugation using
an Advia 2120 (Siemens Healthineers, Tarrytown, NY, USA).
Finally, the Sysmex 5100 (Sysmex, Kobe, Japan) was used
for DD, prothrombin time (PT), and partial thromboplastin
time (PTT) analysis.

All the parameters were measured in the Core Laboratory
of the Hospital Clinic of Barcelona according to the manufac-
turer’s instructions.

Statistical analysis

Categorical variables were expressed as numbers and
percentages and compared using the Chi-square test. Conti-
nuous variables were expressed as median and interquartile
range (IQR) and were compared by the Mann-Whitney-
Wilcoxon test.

The strength of the relationship between the laboratory
parameters was assessed using the Pearson or Spearman
correlation coefficients. The multivariate statistical analyses
conducted were logistic regression (LR) (11), classification
tree (CT) through the CART algorithm (12), and artificial neu-
ral network (NNet) (13). Missing data were imputed via bag-
ged tree models (11), and the data set was then split into a
training and test set. The optimal parameter for each model
was determined in the training set, calculating the best ave-
raged predictive performance after 10-fold cross-validation.
Additionally, to the previous multivariate models, we gene-
rated a computational method, called the BGM score, which
provides the survival probability of a patient with COVID-19
considering the variables age, CREA, DD, CRP, PLT, and TNI.
We modulated the survival probability of the BGM score as
a probabilistic event depending on the survival probability
given by the LR (PS(LR)), the CT (PS(CT)), and the NNet (PS(NNet))

models generated from our data set. Further, the Ps(LR)’ PS(CT),
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and PS(NNet) were multiplied by their corresponding model
accuracies (Ac(LR), cry and AC(NNet’ respectively), giving the
foIIowmg equation #or the BGM score survival probability:

s(BGM (AC x Ps(LR)) n (AC(CT) s(CT)) m (AC (NNet) Ps(NNet)) Addi-
tlonally, the %ollowmg constraints were applied to the P,
to incorporate the best predictive features of the LR, CT, anJ

NNet models:

AC sy X Py < 0.5 AC iy X Pysy 2 0.5
PS(BGM) =0 AC(CT) X PS(CT) <0.5 ;=1 AC(CT) X PS(CT) >0.5
ACnen X Pspnery < 0-5 ACnen X Pspnery = 0-5
AC sy X Pysy < 0.5
Pigamy 1= ACcr) X Py ACcry X Py 205
AC ety X Psuney < 0-5
AC sy X Pyay < 0.5
= ACnet) X Pspuneyy  ACicry X Py(ery <0.5

AC e X Py = 0-5

Sensitivity, specificity, positive predictive value, negative
predictive value, kappa, total accuracy, and balanced accu-
racy ([sensitivity+specificity]/2) were calculated for each
model considering only the test set (99 cases). All the statisti-
cal analyses were performed using public libraries from the
Comprehensive R Archive Network (CRAN; http://CRAN.R-
project.org) rooted in the open-source statistical computing

J Circ Biomark 2021; 10: 3

environment R, version 3.6 (http://www.R-project.org/).
A p-value <0.05 was considered statistically significant.

We wrote an interactive web application using the R Shiny
package (14) that implements the four multivariate models
that we generated in our study. This web application can be
used to calculate the survival probability for a patient with
COVID-19 and is freely available at the link “https://bgm-hoc.
shinyapps.io/Shiny_covid_clinic/”

Results

Five hundred subjects with a confirmed diagnosis for
COVID-19 formed the study population. Overall, the median
age of the patients was 64 years, 42.6% were female, and
patients were discharged within a median of 10 days. The
most common comorbid conditions were hypertension
(44.2%), dyslipidemia (31.2%), and diabetes mellitus (18.8%).
Among the patients recruited, 23.4% required ICU, and
19.4% died during follow-up. The demographic, clinical, and
laboratory results of the patients corresponding to the first
48 hours after admission are summarized in Tables | and II.

We evaluated a panel of 12 biochemical, 5 hematological,
and 3 coagulation biomarkers for each patient. As shown in
Figure 1, we detected the presence of high significant corre-
lations in AST-ALT (r = 0.9, p < 0.001) and WBC-NEU (r = 0.8,
p < 0.001). To avoid the presence of multicollinearity bias in
multivariate analysis, we excluded the variables AST and NEU
for future calculations. We included the rest of the bioche-
mical, demographic, and clinical variables in the multivariate
LR model that we designed considering the occurrence of
death as a response variable and that we generated per-
forming 10-fold cross-validation. Among all the explanatory

TABLE | - Demographic and clinical characteristics of the patients at the first 48 hours after admission

Total Nonsurvivors Survivors p-value
n =500 n =97 (19.4%) n =403 (80.6%)

Female, n (%) 213 (42.6%) 42 (43.3%) 171 (42.4%) 0.96752
Age, median (IQR) 64 (54-76) 80 (72-86) 61 (50—72) 6.50e-25
Active smoker, n (%) 25 (5.0%) 6 (6.2%) 9 (4.7%) 0.73589
Active alcohol consumer, n (%) 15 (3.0%) 4 (4.1%) 11 (2.7%) 0.69568
Asthma, n (%) 25 (5.0%) 5 (5.2%) 20 (5.0%) 1.00000
COPD, n (%) 26 (5.2%) 8 (8.2%) 18 (4.5%) 0.21092
Diabetes, n (%) 94 (18.8%) 30 (30.9%) 64 (15.9%) 0.00111
Dyslipidemia, n (%) 156 (31.2%) 41 (42.3%) 115 (28.5%) 0.01247
Obesity, n (%) 3 (6.6%) 4 (4.1%) 29 (7.2%) 0.38628
Hypertension, n (%) 221 (44.2%) 64 (66.0%) 157 (39.0%) 2.63e-06
Atrial fibrillation, n (%) 37 (7.4%) 10 (10.3%) 27 (6.7%) 0.31576
Heart failure, n (%) 3 (4.6%) 11 (11.3%) 12 (3.0%) 0.00112
Ischemic heart disease, n (%) 31 (6.2%) 14 (14.4%) 17 (4.2%) 0.00045
ICU admission, n (%) 117 (23.4%) 30 (30.9%) 87 (21.6%) 0.06921
Hospitalization days, median (IQR) 10 (6-18) 6 (3-11) 12 (7-20) 9.86e-09

COPD = chronic obstructive pulmonary disease; ICU =

© 2021 The Authors. Published by AboutScience - www.aboutscience.eu

intensive care unit; IQR =
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TABLE Il - Biochemical, hematological, and coagulation parameters determined within the first 48 hours after admission

Total (n = 500) Nonsurvivors (n = 97) Survivors (n = 403) p-value Normal

n Median (IQR) n Median (IQR) n Median (IQR) ranse
ALP, U/L 491 (98.2%) 68 (55-90) 94 (96.9%) 76 (58-108) 397 (98.5%) 68 (45-86) 0.00342  46-116
ALT, U/L 492 (98.4%) 29 (19-50) 95 (97.9%) 25 (18-48) 397 (98.5%) 29 (19-51) 0.30541 5-40
AST, U/L 487 (97.4%) 38 (27-60) 93 (95.9%) 49 (31-73) 394 (97.8%) 37 (26-56) 0.00974 5-40
TBIL, mg/dL 490 (98.0%)  0.5(0.4-0.7) 93 (95.9%) 0.6 (0.4-0.9) 397 (98.5%)  0.5(0.4-0.7)  0.01930  0.2-1.2
CREA, mg/dL 500 (100%) 0.89(0.71-1.1) 97 (100%)  1.11(0.87-1.83) 403 (100%) 0.86(0.69-1.04) 4.60e-10  0.3-1.3
FER, ng/mL 383(76.6%) 602 (266-1278) 71(73.2%) 914 (376-1533) 312 (77.4%) 559 (240-1190) 0.00221  15-200
GGT, U/L 491 (98.2%) 39 (25-78) 94 (96.9%) 39 (27-92) 397 (98.5%) 40 (24-76) 0.43835 5-40
GLU, mg/dL 500 (100%) 107 (96-130) 97 (100%)  125(104-160) 403 (100%)  105(95-123)  9.95e-07  65-110
LDH, U/L 477 (95.4%) 316 (244-418) 87 (89.7%)  432(276-583) 390 (96.8%) 301 (240-395) 6.99e-07 <234
CRP, mg/dL 499 (99.8%)  7.3(3.4-15.1) 97 (100%) 14.3(7.9-22.8) 402 (99.8%) 6.3(2.8-11.9)  1.51e-12 <1
PCT, ng/mL 416 (83.2%) 0.11(0.05-0.25) 77 (79.4%) 0.37(0.17-1.05) 339 (84.1%) 0.09 (0.04-0.18) 2.40e-19 <0.5
TNI, ng/L 410 (82.0%) 8.5(3.9-22.8)  77(79.4%) 450 (20.1-112.1) 333 (82.6%) 6.8 (3.2-14.9) 1.05e-21  <45.2
HB, g/L 500 (100%) 137 (126-147) 97 (100%) 130 (114-143) 403 (100%) 139 (128-148) 0.00015  120-170
PLT, x10%/L 500 (100%) 180 (137-227) 97 (100%) 166 (112-220) 403 (100%) 182 (146-231)  0.00130  130-400
WBC, x10°/L 500 (100%) 6.0 (4.5-7.7) 97 (100%) 7.2 (5.4-9.8) 403 (100%) 5.8 (4.4-7.3) 1.89e-05 4-11
LYMPH, x10%/L 500 (100%) 0.8 (0.6-1.1) 97 (100%) 0.6 (0.4-0.9) 403 (100%)  0.9(0.6-1.2)  5.10e-11  0.9-4.5
NEU, x10%/L 500 (100%)  4.6(3.2-6.3) 97 (100%) 5.7 (4.5-8.3) 403 (100%) 4.2 (3.1-5.7)  5.17e-08 27
DD, ng/mL 450 (90.0%) 700 (400-1300) 79 (81.4%) 1500 (800-4350) 371(92.1%) 600 (400-1000) 1.96e-11 <500
PT, sec 273 (54.6%) 12.8(12.1-13.6) 57(58.8%) 13.1(12.3-14.3) 216(53.6%) 12.8(12.1-13.5) 0.02284  9.9-13.7
PTT, sec 225 (45.0%) 29.7 (27.4-31.8) 55(56.7%)  29.1(26.7-31.3) 170 (42.2%) 30.0(27.9-32.0) 0.11795 23.5-32.5

ALP = alkaline phosphatase; ALT = alanine aminotransferase; AST = aspartate aminotransferase; CREA = creatinine; CRP = C-reactive protein; DD = D-dimer;
FER = ferritin; GLU = glucose; GGT = gamma-glutamyl transferase; HB = hemoglobin; LDH = lactate dehydrogenase; LYMPH = lymphocyte count;
NEU = neutrophil count; PCT = procalcitonin; PLT = platelet count; PT = prothrombin time; PTT = partial thromboplastin time; TBIL = total bilirubin;

TNI = troponin I; WBC = white blood cell count.

variables included initially in the model (variables shown in
Tabs. I'and Il) only age, CREA, DD, CRP, PLT, and TNI were early
independent predictors of mortality after admission (Tab. Il1),
according to the model selection rule based on the Akaike
information criterion (AIC). This multivariate model yielded
a sensitivity of 47.3%, a specificity of 98.7%, a kappa of 0.56,
and a balanced accuracy of 0.73 for identifying patients with
a high risk of mortality. We obtained these performance
characteristics using a validation set of 99 cases that were
not used for training the model. Despite the high negative
predictive value of the LR model (0.9), we observed a low
sensitivity that suggests that the model was sensitive to class
imbalance.

To improve our classification performance without down-
sampling, we next generated two additional multivariate
models based on a different paradigm of categorization, CTs
with the CART algorithm (the implementation in R is called
rpart) and NNets. Considering all the variables from Tables |

and I, the CART CT yielded TNI (cutoff value of 44 ng/L), age
(cutoff value of 79 years), DD (cutoff value of 700 ng/mL), and
CRP (cutoff value of 15 mg/dL) as the most potent early pre-
dictors for stratifying patients with a high vs. low risk of morta-
lity (Fig. 2). These cutoff values were similar to their reference
intervals implemented for clinical diagnosis (TNI < 45.2 ng/L,
DD < 500 ng/mL, and CRP < 1 mg/dL). This model outperfor-
med the LR model with a sensitivity of 68.4%, a specificity of
92.5%, a kappa of 0.61, and a balanced accuracy of 0.80 for
identifying patients with a high risk of mortality in our valida-
tion set. Despite this performance comparison, one common
characteristic in these models was that both yielded clinical
laboratory measurements as the most powerful predictors of
mortality in patients with COVID-19.

In general, the outputs of LR and CT are intuitive and easy
to implement as predictive algorithms in the clinical setting.
However, NNets are black boxes regarding the contribution
of the explanatory variables to the output of the response
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ALP = alkaline phosphatase;
ALT = alanine aminotransferase;

3 - 04 AST = aspartate aminotransfe-
9 0.12 0.01 0.17 0.29 0.27 rase; CREA = creatinine; CRP =
C-reactive protein; DD = D-dimer;

L 02 FER = ferritin; GLU = glucose;

GGT = gamma-glutamyl transfe-
rase; HB = hemoglobin; LDH =
lactate dehydrogenase; LYM-
PH = lymphocyte count; NEU =
neutrophil count; PCT = pro-
calcitonin; PLT = platelet count;
TBIL = total bilirubin; TNI = tro-

FER 0.35 -0.08 0.06 0.09 0.06 0.05 0.01 | | - poninI; WBC = white blood cell
CRP-0.08 0.11-0.08 0.06 008 046 | | ount:
LYMPH 0 -0.03 -0.02 -0.02-0.04
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TABLE Il - Logistic regression coefficients for predicting the
response variable “survival vs. death” for patients with COVID-19

Odd ratio Std. error Z-statistic p-value
Age 2.012 1.281 5.665 1.47e-08
CREA 2.573 1.012 2.465 0.01370
DD 2.086 1.000 2.493 0.01266
CRP 2.012 1.828 4.942 7.71e-07
PLT 0.697 1.079 -3.025 0.00249
TNI 1.210 1.000 2.051 0.04031

CREA = creatinine; CRP = C-reactive protein; DD = D-dimer; PLT = platelet
count; TNI = troponin I.

variable. Therefore, we have to limit the selection of varia-
bles to generate manageable NNet models applicable to
most clinical settings regardless of their limitations in their
laboratory tests portfolio. In this context, and with the inten-
tion intending of improving our LR model, we generated an
artificial NNet including only the variables that remained as
early independent predictors of mortality in the LR model:
age, CREA, DD, CRP, PLT, and TNI. Supplemental figure 1
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shows the optimal architecture of the neural model that was
obtained after 10-fold cross-validation. The NNet model yiel-
ded a sensitivity of 66.7%, a specificity of 92.3%, a kappa of
0.54, and a balanced accuracy of 0.79 for identifying patients
with a high risk of mortality in our validation set. This perfor-
mance was comparable to that achieved by our previous CT
algorithm.

The three algorithms we generated can be divided into
two groups considering their sensitivity and specificity. The
model with the highest specificity was LR, while the CT and
NNet models presented lower specificity but a higher sen-
sitivity. These differences in predictive accuracy led to our
developing a new hybrid model in combination with the LR,
CT, and NNet models to incorporate the best predictive fea-
tures of each. As described in the Material and Methods,
our model, called the BGM score, calculates a survival pro-
bability for patients with COVID-19 by multiplying the survi-
val probabilities of the three previous models corrected by
their accuracies. We assessed the BGM score performance in
terms of prediction accuracy over the validation set, yielding
a sensitivity of 73.7%, a specificity of 96.5%, a kappa of 0.74,
and a balanced accuracy of 0.85 for the prediction of COVID-
19 patients who died. Figure 3 shows the statistical compa-
rison of the accuracies of the four models, where it can be
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Fig. 2 - Multivariate classification tree analysis. Troponin | (TNI),
age, D-dimer (DD), and C-reactive protein (CRP) were the most
powerful predictors. The number O represents survival and 1 re-
presents death. For each square (leaves), survival and death pro-
babilities are represented with decimal numbers at the left and the
right side, respectively, and the percentage represents the number
of cases that is split between the leaves of tree partitions.

Units: TNI, ng/mL; age, years; DD, ng/mL; CRP, mg/dL.
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Fig. 3 - Comparison of the accuracy values of the different multiva-
riate models. Logistic regression (LR), decision tree (DTree), neural
network (NNet), and the BGM models. The plot shows the accuracy
value for each model (horizontal line) and their corresponding 95%
confidence interval (vertical lines). *p < 0.05 vs. all the models, and
#p < 0.05 vs. the logistic regression model.

seen that the BGM score model significantly outperformed
all the other models. Our hybrid model corroborates the pro-
gnostic value of the clinical laboratory tests for patients with
COVID-19.

A web application with the implementation of the BGM
score model is available at “https://bgm-hoc.shinyapps.io/
Shiny_covid_clinic/”.

BGM score for COVID-19 mortality prediction

Discussion

This retrospective study identified risk factors for death in
hospitalized patients with COVID-19. Older age, lower LYMPH
and PLT in addition to higher CREA, DD, CRP, and TNI were
independent risk factors for death among patients. Taking
this into account, we developed a predictive algorithm for
mortality (BGM score) considering standard laboratory tests
usually present in most central clinical laboratories.

Concerning biochemical, hematological, and coagulation
parameters, our findings are in consonance with those pre-
viously described. For instance, a recent published work by
Sis6-Almirall et al (15) revealed that LDH, DD, and CRP were the
most important laboratory parameters significantly associated
with adverse outcomes, evaluated as death or ICU admission.

Alterations in coagulation parameters, in particular high
DD level and low PLT, have been linked with severe COVID-
19 patients (16,17). These disorders reflect the hypercoagu-
lable state present in poor prognosis, which could promote
microthrombosis in the lungs, as well as in other organs (18).

Elevated TNI levels are frequent in patients with COVID-19
and have been significantly associated with fatal outcomes.
Several mechanisms may explain this phenomenon: viral
myocarditis, cytokine-driven myocardial damage, microan-
giopathy, and unmasked coronary artery disease. SARS-CoV-2
uses angiotensin-converting enzyme 2 (ACE2) as its entry
receptor and subsequently downregulates ACE2 expression.
This mechanism may complicate the clinical course media-
ted through inflammatory response, endothelial dysfunction,
and microvascular damage (19).

Early monitoring ofimmunological biomarkersis animpor-
tant basis to guide treatment strategies in COVID-19. In this
study, CRP was the only immunological biomarker assessed
significantly related to mortality. Recently, a meta-analysis
including 16 independent studies highlighted the importance
of CRP as a possible biomarker for mortality due to COVID-19
infection (20). Furthermore, the study by Wang (21) showed
that CRP levels were positively correlated with lung lesion
and disease severity in the early stage of COVID-19.

Lymphopenia is a common feature in patients with
COVID-19. Significant decreases in T-cell counts have been
observed in patients with severe disease (22). Up to now, the
underlying mechanisms leading to the observed lymphope-
nia are little known and better understanding will provide
insight into better management of such patients (23).

A high serum CREA level is a frequently observed compli-
cation in nonsurvivor inpatients (24). It has been described
that around 20% of patients admitted to an ICU require renal
replacement therapy 15 days after iliness onset (25).

Previous studies reported comorbidities to be one of the
most important risk factors associated with increased disease
severity (6,7,26). Likewise, our study reported a significant
association between mortality and some of the collected
comorbidities, including diabetes, dyslipidemia, hyperten-
sion, heart failure, and ischemic heart disease. Despite these
differences found between survivors and nonsurvivors, none
of our prediction models did include any comorbidity since
the clinical laboratory measurements were stronger predic-
tors of mortality in patients with COVID-19.
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Age was the only nonlaboratory-related variable associa-
ted with symptom aggravation in our study. This is in accor-
dance with previous publications reporting age to be the
most important predictor of death in patients with COVID-19
(27). Immunosenescence is defined as the declined ability of
elderly patients to react properly upon infection, to initiate
and maintain an adequate protective immune response, and
to develop immunological memory (28). Thus, the severity of
viral infections (e.g., influenza, respiratory syncytial virus) is
notably increased among older adults compared to younger
individuals, and more acute and long-term sequelae often
develop as a result (29,30).

Other studies have been published using machine learning
models to predict the mortality in COVID-19 patients, and
some of them were included in systematic reviews and meta-
analysis (31). Our study presents some common points with
these publications since the predictors used in the BGM score
were also identified to be relevant predictors of mortality in
other models, supporting their significant association with
adverse patient outcomes. One of our study’s strengths is that
we have used a relatively large sample size compared with
the research items cited in the meta-analysis, including a sub-
stantial number of nonsurvivors. Also, our final algorithm, the
BGM score, only includes a small number of simple laboratory
measurements, which makes our model easy to implement
in the routine clinical practice. It’s noteworthy that all the
variables of our study were collected in the first 48 hours of
admission. Hence, our model can provide an early detection
of patients at high risk of death, favoring early interventions.

Our study has several limitations. First, it was a retrospec-
tive single-center study, which may lead to biased results.
Second, we recruited only patients with moderate or severe-
stage disease and not asymptomatic or mild-stage disease.
Therefore, prospective multicenter studies including patients
with various stages of disease are warranted to confirm the
reliability of the BGM score model.

The effects the pandemic is causing on medical resources
worldwide highlight the need to develop early predictor
models capable of detecting which patients can be mana-
ged safely at district hospital or can benefit from domiciliary
hospitalization programs and which ones will need intensive
care. Therefore, identifying risk factors at presentation that
predict the likelihood of disease progression will be useful to:
(1) increase the therapeutic effect in patients with a risk of
higher disease progression and (2) reduce the mean hospita-
lization time in patients not at risk.

To conclude, we have developed an easy-to-use model
comprising biochemical, hematological, and coagulation
parameters presented in most clinical laboratories able to
predict the survival probability of a patient with COVID-19
with high accuracy. This web tool may support clinicians in
managing this infectious disease and providing focused inter-
ventions to patients with COVID-19 at a higher risk of death.
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ABSTRACT

Introduction: Progastrin-releasing peptide (proGRP), a precursor of GRP, has been recently reported as a putative
circulating biomarker for differential diagnosis between non—small cell lung cancer (NSCLC) and SCLC. We evalu-
ated the diagnostic effectiveness of proGRP to differentiate patients with NSCLC and SCLC and the usefulness of
combined measurement of proGRP and neuron-specific enolase (NSE) for diagnosing SCLC.

Methods: Serum proGRP, NSE, cytokeratin 19 fragment 21-1 (CYFRA 21.1), squamous cell carcinoma antigen (SCC
Ag) and carcinoembryonic antigen (CEA) were prospectively collected and measured in patients with a new diag-
nosis of lung cancer. Serum proGRP was also measured in healthy subjects. The serum proGRP, NSE, CYFRA 21.1
and CEA concentrations were determined by an electrochemiluminescence immunoassay and the serum SCC Ag
concentration was determined by an automated immunofluorescence assay. Differences between proGRP and
NSE in patients with SCLC and NSCLC were evaluated and compared using Mann-Whitney test.

Results: A total of 77 patients affected by SCLC (n = 17) and NSCLC (n = 60) were enrolled in the present study.
Moreover, 50 cases of healthy subjects were analyzed for proGRP. SCLC patients showed a significantly higher
proGRP (1,484 pg/mL; range 168-3,777) levels compared to NSCLC patients (45 pg/mL; range 31.7-60.6),
p<0.0001. In healthy subjects the median proGRP level was 36.1 (28.8-43.5) pg/mL, significantly lower than SCLC
patients. ProGRP showed a higher specificity when compared to NSE, with a difference in proportion of 47.5%
(95% confidence interval 32.5% to 62.5%, p<0.001). Serial measurements of proGRP in SCLC patients showed a
decrease in responsive chemotherapy patients.

Conclusions: ProGRP is an accurate biomarker for diagnosis of SCLC and for discrimination of SCLC from NSCLC.

Keywords: Lung cancer, proGRP, Serum biomarker

Introduction

Lung cancer is one of the most common and malignant
tumors, with high morbidity and mortality worldwide, and its
incidence has been increasing, especially among women, in
the last decades (1,2). The early diagnosis and accurate sta-
ging of lung cancer for immediate and appropriate treatment
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are among the main strategies to improve survival rates (3).
The first step in the diagnosis is to distinguish between non—
small cell lung cancer (NSCLC) and SCLC, which has a poo-
rer prognosis (4,5). Despite lung cancer diagnosis being only
based on histology, different serum biomarkers have been
proven to be useful tools for the diagnosis, prognosis and fol-
low-up, but there are currently no guidelines or standards on
their application in clinical practice (6,7). The National Aca-
demy of Clinical Biochemistry (NACB) Laboratory Medicine
Practice Guidelines (8) recommend carcinoembryonic anti-
gen (CEA), squamous cell carcinoma-related antigen (SCC-
Ag), neuron-specific enolase (NSE), cytokeratin 19 fragment
21-1 (CYFRA 21.1), carbohydrate antigen 125 (CA 125) and
progastrin-releasing peptide (proGRP) as routine markers of
lung cancer. NSE is considered the tumor marker of choice in
SCLC diagnosis, but it is not pathognomonic because its effec-
tiveness is related to the stage of the tumor (9).
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ProGRP is a precursor of gastrin-releasing peptide (GRP),
an active hormone involved in the physiological digestive
process. GRP is a 27-amino-acid peptide homologous to the
C-terminal of bombesin isolated from porcine stomach, in
fetal as well as neonatal lung tissue and in primary lung can-
cer, particularly in SCLC (10-13).

GRP cannot be used as a biomarker due to its instability
(half-life of GRP is 2 min), while proGRP is a stable protein
with a half-life of 19-28 days. Recently, circulating proGRP
has been reported as a putative biomarker for differential
diagnosis between NSCLC and SCLC (14-18).

The aim of the present study was to evaluate the diagno-
stic effectiveness of proGRP to differentiate patients with
NSCLC and SCLC, the usefulness of combined measurement
of proGRP and NSE for the diagnosis of SCLC, the compari-
son of diagnostic efficacy of proGRP vs. a combined panel of
tumor markers and to establish the reference values of pro-
GRP in healthy patients.

Methods

Patients

Serum proGRP, NSE, CYFRA 21.1, SCC Ag and CEA were
prospectively collected and measured in patients with a new
diagnosis of lung cancer admitted to the Thoracic Medical
Oncology of the National Cancer Institute “G. Pascale” of
Naples.

Moreover, serum proGRP was measured in healthy
subjects collected at the Unit of Transfusional Medicine of
the National Cancer Institute “G. Pascale” of Naples.

The present study was approved through the Ethics Com-
mittee and all patients completed an informed consent.

Assay

Serum samples were taken in Vacutainer tube SST Il
Advance and analyzed in less than 1 hour. Serum proGRP,
NSE, CYFRA 21.1 and CEA concentrations were determined
by an electrochemiluminescence immunoassay on a Cobas
C6000 automated analyzer (Roche Diagnostics). Serum SCC
Ag concentration was determined by an automated immuno-
fluorescence assay on Kryptor compact plus (Thermo Scienti-
fic). For all analytes the reference range was set according to
the data sheet manufacturer.

Statistical Analysis

Data were described as reported: continuous variables as
mean and standard deviation, or median and interquartile
range if distribution was not symmetric; categorical variables
as number and percentage. Differences of diagnostic markers
proGRP and NSE in patients with SCLC and NSCLC were eva-
luated and compared using Mann-Whitney test. Successively,
proGRP and NSE were categorized and defined positive using
these criteria: cutoff >100 pg/mL for proGRP; >17 ng/mL
for NSE. Furthermore, the algorithm proposed by Molina et
al. (19), taking into consideration SCC, proGRP, NSE, CYFRA
and CEA, was used to classify patients. For each biomarker
(proGRP, NSE and algorithm), the diagnostic measures, such
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as sensitivity, specificity, positive predictive value (PPV) and
negative predictive value (NPV), were calculated to evaluate
the accuracy in discriminating SCLC from NSCLC. Pairwise
comparison of diagnostic measures was performed using
McNemar’s test (20). Receiver operating characteristic (ROC)
curve analysis was calculated to define new threshold values
for proGRP and NSE in our population. The area under the
ROC curve (AUC) was used to quantify accuracy and define
sensitivity and specificity. For descriptive purpose, proGRP
values (in log scale) in SCLC patients were collected and
reported for the whole treatment period. All tests were
two-tailed and a p-value <0.05 was considered statistically
significant. All data were analyzed using R software 3.3.1
(R foundation for Statistical Computing, Vienna, Austria).

Results

ProGRP serum level in lung cancer patients

A total of 77 patients affected by lung cancer, 17 SCLC and
60 NSCLC, were enrolled in the present study between July
2015 and July 2017; moreover, 50 cases of healthy subjects
were collected from the Unit of Transfusional Medicine, at
the National Cancer Institute “G. Pascale” of Naples, Italy.

The study design is shown in Figure 1.

The mean age of the 17 SCLC patients was 63.4 + 8.6
years and there were 10 (58.8%) male and 7 (41.2%) female
patients. The 60 NSCLC patients were older (68.4 + 9.1 years)
and with higher proportion of male patients (65%) (Tab. I).

The median (interquartile range [IQR]) proGRP level in the
total population was 47.3 (34.3-87.3) pg/mL. SCLC patients
showed (Tab. | and Fig. 2) a significantly higher proGRP (1,484
[168-3,777] pg/mL] levels compared to NSCLC patients (45
[31.7-60.6] pg/mL) (Mann-Whitney test, p<0.0001). In addi-
tion, NSE was significantly higher in SCLC than NSCLC patients

50 Healthy 100 Patients with suspected Lung Cancer
Subjects (15/20 SCLC)
proGRP SCC- proGRP- NSE-CYFRA-CEA

Histology

RN

SCLC NSCLC
(n=17) (n=60)

proGRP- NSE at each cicle of first
line treatment (six cicles)

Fig. 1 - Flow chart of the study design.
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TABLE | - Patients’ characteristics and values of different analytes

Total patients SCLC NSCLC

(n=77) (n=17,22%) (n=60,78%)

Age, years

Mean (SD) 67.3 (9.16) 63.4 (8.6) 68.4 (9.11)
Sex, n (%)

Female 28 (36.40) 7 (41.2) 21 (35.00)

Male 49 (66.60) 10 (58.8) 39 (65.00)
Creatinine, mg/dL

Median (IQR) 0.82 (0.67-0.93) 0.82 (0.68-0.9) 0.82 (0.66-0.96)
LDH, U/L

Median (IQR) 418 (336-560) 510 (376-633) 415 (330-543)
AST, U/L

Median (IQR) 17 (13-22) 17 (13-22.5) 17 (14-22)
ALT, U/L

Median (IQR) 16 (12-25) 16 (11-20) 16 (12-26)
Bilirubin, mg/dL

Median (IQR)  0.5(0.4-0.7)  0.5(0.4-0.6)  0.5(0.4-0.7)
CEA, ng/mL

Median (IQR) 7.9 (3.1-38.9) 4.6 (3-17.9) 8.7 (3-42.6)
CYFRA, ng/mL

Median (IQR) 5.4 (3.2-12.7) 3.4(2.3-6.4) 7 (3.3-13.7)
NSE, ng/mL

Median (IQR) 19 (14.2-27.6)  55(34-107.4)  17.7 (13-24)
SCC, ng/mL

Median (IQR)  0.5(0.1-0.8) 0.2 (0.1-0.6) 0.5 (0.2-1.1)
proGRP, pg/mL

Median (IQR) 47.3 (34.3-87.3) 1484 (168-3777) 45 (31.7-60.6)
proGRP (log10)

Mean (SD) 1.9(0.8) 3(1) 1.7 (0.3)

ALT = alanine aminotransferase; AST = aspartate transaminase; CEA = carci-
noembryonic antigen; CYFRA 21.1 = cytokeratin 19 fragment 21-1; IQR = in-
terquartile range; LDH = lactate dehydrogenase; NSCLC = non—small cell lung
cancer; NSE = neuron-specific enolase; proGRP = precursor of gastrin-releas-
ing peptide; SCC = squamous cell carcinoma; SCLC = small cell lung cancer;
SD = standard deviation.
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(55 [34-107.4] ng/mL versus 17.7 [13-24] ng/mL), whereas
CYFRA 21.1 was lower in SCLC patients. There were no diffe-
rences for CEA and SCC biomarkers.

In healthy subjects the median proGRP level was 36.1
(28.8-43.5) pg/mL, significantly lower than SCLC patients
(data not shown).

ProGRP and NSE in lung cancer histological types and
therapeutic response

Diagnostic accuracy of each biomarker is reported in
Table II. According to lung cancer histological type, proGRP
showed a sensitivity of 82.4% (95% confidence interval [Cl],
56.6-96.2) with a specificity of 93.3% (95% Cl, 83.8-98.2). PPV
and NPV were 77.8% and 94.9%, respectively. NSE biomarker
and algorithm (NSE + proGRP) showed the following value
of accuracy: sensitivity (100% and 86.7%, respectively), spe-
cificity (45% and 96.6%, respectively), PPV (34% and 86.7%,
respectively) and NPV (100% and 96.6%, respectively).
Pairwise comparison of proGRP with NSE and algorithm
highlighted no differences in terms of sensitivity. ProGRP sho-
wed a higher specificity when compared to NSE, with a diffe-
rence in proportion of 47.5% (95% Cl 32.5% to 62.5%, Exact
McNemar’s test p<0.001). ProGRP and algorithm measures
revealed a similar performance for both of them.

On ROC curve analysis, AUC for proGRP and NSE was com-
parable with 0.86 (95% Cl, 0.71-1) and 0.92 (95% Cl, 0.84-
0.99), respectively (Fig. 3).

Serial measurements of proGRP in 12 SCLC patients sho-
wed a decrease in responsive patients and they are depicted
in Figure 4.

Discussion

In our study, median proGRP levels were significantly
higher in patients with SCLC than in those with NSCLC or
healthy subjects. Plasma proGRP at cutoff level of 100 pg/mL
showed a high sensitivity and specificity (82.4% and 93.3%,
respectively) in identifying patients with SCLC, with a speci-
ficity higher than NSE. PPV and NPV were 77.8% and 94.9%,
respectively. Moreover, responsive patients presented a
decrease in proGRP levels. These results confirm the accu-
racy of proGRP in clinical practice in the diagnosis of SCLC.

In 2011, a meta-analysis of 5,146 patients enrolled in
11 clinical trials, including 1,095 with SCLC, concluded that
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5 ° .o z N0 v non-small-cell lung cancer;
e 100 ee 10- 000000009°***° NSE = neuron-specific eno-
..o * | lase; proGRP = progastrin-
10 o0 | releasing peptide; SCLC =
1 1' small cell lung cancer. Va-
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TABLE Il - Diagnostic accuracy of proGRP, NSE and their combination in discriminating SCLC from NSCLC

Sn PPV NPV
proGRP 82.4 (56.6-96.2) 93.3(83.8-98.2) 77.8 (52.4-93.6) 94.9 (85.9-98.9)
NSE 100 (80.5-99.9) 45 (32.1-58.4)* 34 (21.2-48.8) 100 (87.2-100)
Algorithm 86.7 (59.5-98.3) 96.6 (88.3-99.6) 86.7 (59.5-98.3) 96.6 (88.3-99.6)

NPV = negative predictive value; NSE = neuron-specific enolase; PPV = positive predictive value; proGRP = progastrin-releasing peptide; Sn = sensitivity;

Sp = specificity.
*Exact McNemar’s test p<0.001.

z
=8
25744
Q
(2]
AUC (95%Cl)
9 p
& S
© /,/" —m— proGRP 0.86 (0.71-1)
pd o NSE 0.92 (0.84-0.99)
,,//
_
S
o yd
8 |
AL T T T T
0.00 0.25 0.50 0.75 1.00
1-Specificity

Fig. 3 - Receiver operating characteristics (ROC) curves of proGRP
and NSE. NSE = neuron-specific enolase; proGRP = progastrin-rele-
asing peptide. Area under the curve (AUC) were reported.

proGRP appeared to be a promising marker for SCLC, with a
sensitivity of 71.6% and a specificity of 92.1% (21). However,
the poor pooled estimates of sensitivity, the wide range of
sensitivity and specificity estimates across studies and the
high degree of inconsistency made the conclusions of the
meta-analysis weak.

The levels of six tumor markers, CYFRA21-1, CEA, NSE,
CA125, proGRP and SCC, were evaluated in 392 Chinese
patients affected by lung cancer (including 308 with NSCLC
and 84 with SCLC), in 116 patients with benign lung disea-
ses and in 144 healthy controls (22). The results showed that
the levels of NSE and proGRP were significantly higher in the
SCLC group than in the NSCLC group and that the sensitivity
(at 95% specificity) of NSE, proGRP and the combination of
the two markers for differential diagnosis of NSCLC and SCLC
was 71.9%, 90.6% and 90.8%, respectively.

In a Chinese study, plasma proGRP levels were prospecti-
vely measured in 75 SCLC patients, and they were significantly
higher than those of 234 NSCLC patients (1058.0 vs. 37.46 pg/
mL, p<0.001) (23). In this study, proGRP showed 87.8% sen-
sitivity and 91.5% specificity, at a cutoff level of 65.7 pg/mL.
Moreover, change of proGRP levels before and after chemo-
therapy was analyzed. In patients with SCLC who were follo-
wed through the treatment, the median proGRP levels of the
responders decreased after chemotherapy (p<0.001).

A retrospective ltalian study evaluated serum proGRP
levels in 37 patients with SCLC and 28 patients with advan-
ced NSCLC (24). Median proGRP level was 919 pg/mL in SCLC
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Fig. 4 - Serial measurement of proGRP in SCLC patients and correla-
tion with therapeutic response. Black point with solid line describes
patients with complete response to therapy. Gray point with dashed
line describes patients with partial response to therapy. proGRP =
progastrin-releasing peptide; SCLC = small cell lung cancer.

and 32 pg/mLin NSCLC (p<0.0001). In this study, proGRP sho-
wed 86.4% sensitivity and 96.4% specificity, at a cutoff level
of 77.8 pg/mL. Moreover, in patients with extended disease,
median proGRP was 46-fold higher than in patients with limi-
ted disease (p = 0.004), notwithstanding all the limitations of
a statistical analysis conducted over a small-size population.

The results of our study support the use of proGRP at
diagnosis to discriminate SCLC from NSCLC or nonmali-
gnant disease. Strengths of our analysis are the prospective
design of the study and the inclusion also of health controls
to determine the reference values of proGRP in healthy
subjects, not evaluated to date in other studies. Further-
more, our study highlights that the diagnostic efficiency of
the test is equivalent to that demonstrated by the associa-
tion of tests included in the diagnostic algorithms, sugge-
sting that proGRP can be considered a valid test to reduce
time and costs.

Limitations of our study are the small number of patients
enrolled in the study and, in particular, of those with SCLC
evaluated with serial measurements of proGRP during tre-
atment. A larger study to confirm the predictive role of
proGRP reduction in early identification of responsive SCLC
patients to first-line treatment with chemotherapy combined
with immunotherapy is planned.

In conclusion, proGRP is an accurate biomarker for the
diagnosis of SCLC and for discriminating SCLC from NSCLC.
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Further studies should confirm its utility also for treatment
and monitoring of SCLC patients.

Abbreviations

AUC = area under the curve; CEA = carcinoembryonic
antigen; CYFRA 21.1 = cytokeratin 19 fragment 21-1; GRP =
gastrin-releasing peptide; IQR = interquartile range; NACB
= National Academy of Clinical Biochemistry; NPV = nega-
tive predictive value; NSCLC = non—small cell lung cancer;
NSE = neuron-specific enolase; PPV = positive predictive
value; proGRP = precursor of gastrin-releasing peptide; ROC
= receiver operating characteristics; SCC Ag = squamous cell
carcinoma antigen; SCLC = small cell lung cancer.
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Circulating erythroblast abnormality associated with
systemic pathologies may indicate bone marrow damage
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ABSTRACT

Background: The circulating rare cell population is diverse and rich in diagnostic information. Its characterization
and clinical exploitation by cell-based liquid biopsy is an ongoing research task. Bone marrow is one of the major
contributors to the peripheral blood rare cell population and, consequently, determines individual rare cell pro-
files thus depending on bone marrow health status. Bone marrow damage has been associated with aggressive
or late-stage systemic diseases and egress of various bone marrow cells into the blood circulation. The associa-
tion of quantity and heterogeneity of circulating erythroblast with bone marrow damage is of particular interest.
Methods: Circulating CD71"e"/CD45-/Hoechst"e" blast cells from healthy, noncancer- and cancer-afflicted donors
were enriched by CD45 depletion and analyzed by immunofluorescence microscopy.

Results: A new finding of aberrant and mitotic circulating erythroid-like cells that appear similar across blood do-
nors afflicted with various systemic pathologies is reported. Further presented is a classification of said erythro-
blast-like cells in nine subcategories according to morphological differences between phenotypically similar cells.
Conclusion: Aberrant and mitotic bone marrow-derived rare circulating erythroid-like cells can be detected in the
blood of afflicted individuals but not in healthy donors, suggesting the cause of bone marrow damage.

Keywords: Bone cancer, Bone marrow damage, Circulating rare cells, Erythroblast, Liquid biopsy

Introduction

Advancement in cell-based liquid biopsy (cbLB) compri-
ses aspects of technology and biology (1,2). The latter often
focused on the clinical translation of biomarkers mostly
comprising known phenotypically specified cell types, such
as epithelial, endothelial, or mesenchymal cells (3-5). A new
chapter may have been opened with the awareness of the
so-called circulating rare cell population (CRP) that holds the
potential of cell discovery as well as of comprehensive cell
analysis similar to a cytological investigation (6). CRP includes
all kinds of non-hematopoietic but also rare hematopoietic
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mainly bone marrow-derived cells and suggests a greater
influence of bone marrow health status on individual CRP
profiles and, most likely, vice versa. Conversely, high diagno-
stic potential of the CRP, in particular for the assessment of
bone marrow damage (BMD), can be deduced yet still, which
entails a steep gain in knowledge about character and fun-
ctionality of individual rare cells (7). One of the most pro-
mising markers to be associated with BMD is the circulating
erythroblast (CEB). This cell type is a known and common
part of the CRP, yet has been rarely investigated for clinical
applications in cbLB (6). We have earlier reported on the
occurrence of immature CEB-like cells in healthy donors and
suggested the association of respective findings above base-
line with underlying pathologies affecting the bone marrow
(8). Our data presented support of the hypothesis that incre-
ased levels of CEB predict BMD caused by chronic and syste-
mic diseases. We herein report a new finding of erythroid cell
abnormality with respect to poly-nucleation, cell pairing, and
aggregation in association with systemic pathologies. The
implications of the findings of, in particular, morphologically
aberrant CEB would represent cytological evidence of BMD
and be far-reaching for care in systemic diseases, for exam-
ple, for the evidence-based prediction of distant invasion in
cancer. As a first step into this research, we intend to describe

© 2021 The Authors. This article is published by AboutScience and licensed under Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).
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and classify the newly found CEB abnormalities as part of CRP
associated with systemic disorders and provide first-hand
evidence of the association with BMD.

Theory of liquid biopsy-based BMD detection

In cancer, BMD is an expected consequence of invasion by
aggressive tumor cells referred to as disseminated tumor cells
(DTC) and may entail a systemic response by way of egress of
bone marrow cellular components that forms abnormal CRP
profiles (6). Consequently, BMD detection in the setting of a
cancer diagnosis is predictive of aggressive distant invasive
disease. Relevant circulating cell types being indicative of
and highly sensitive to slightest BMD are erythroid precur-
sors that vary in quantity and maturation state upon bone
marrow imbalances (8). CEB concentrations may vary in the
range of <1 to 2 x 10° cells/mL depending on age, lifestyle in
the lower concentration regimen, and disease type and seve-
rity in the higher concentration regimen, respectively. The
pathological mechanism behind erythroblast egress as well
as abnormalities is not well understood in particular for non-
erythroid pathologies. We suggest at least two pathologies
at work. One is the dysregulation of erythropoiesis, another
is a dysfunctional blood barrier. We theorize that a change
in the micro-environment of the so-called erythroid islands
(9) at the vascular niche is caused by stress, for example, by
invasion and nesting of aggressive DTC. Stress may be cau-
sed by inducing hypoxic conditions or by interaction with the
erythroblast committed central macrophage or the erythro-
blasts themselves (10,11). Hypoxia develops in growing
tumors, suggesting that active/aggressive DTC may induce
hypoxia in the bone marrow micro-environment as well and
may outstrip their ability to take up oxygen and nutrients
from their environment by diffusion. Tumor-induced hypo-
xia is associated with poor prognosis (12). Furthermore, DTC
are theorized to be in competition with erythroblasts for
physical interaction with the central macrophage, and then
changing the activation state of the central macrophage in
the erythroid island most likely causing inflammatory cell
recruitment, dysregulation of erythroblast proliferation and
maturation, and destabilization of the vascular integrity. Fur-
thermore, erythroblast cell cycle defects may be caused by
altered mitochondrial function (13).

Methods

Patient cases

Nonspecific systemic pathologies were chosen to investi-
gate the presence of CEB abnormality comprising a late- and
early-stage breast cancer sample taking liquid biopsy before
palliative treatment and after surgery and during chemoadju-
vant therapy treatment, respectively. The collection further
comprised an extensive stage small cell lung cancer (SCLC)
patient taking a liquid biopsy during 3rd line chemotherapy
therapy and a stage 4 non-small cell lung adenocarcinoma
before palliative treatment. Another liquid biopsy was taken
from a stage 3 head and neck cancer patient during che-
motherapy. Furthermore, subjectively healthy persons with
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known underlying pathologies included three individuals
afflicted with diabetes type Il, osteoporosis, and throm-
bocytosis, respectively. Informed consent was sought from
the patient at the time of the blood draw in accordance with
institutional review board (IRB) protocol.

Detection platform

The cbLB procedure has been described in our previous
publication with modifications (8). In brief, 5 mL blood taken
from 17 healthy donors and 4 cancer patients was subjected
to pre-enrichment by red blood cell lysis yielding highly puri-
fied nucleated cells in the range of 1.8e7 to 5.5e7 cells. The
cell suspension was further enriched by CD45 depletion assay
employing an automated magnetic cell enrichment platform
(Walderbach |, SanoLibio GmbH, Muenchen). The resulting
cell suspension comprised carry-over leukocytes counting
3000 cells on average and all sorts of CD45-negative rare
cells, among them CEB. In order to visualize their presence,
the enriched cell suspension was subjected to cell membrane
staining by conjugate antibodies reactive against CD71 and
CD45 in both cases and nucleus staining by Hoechst Blue DNA
stain. For analysis, the sample suspensions were loaded into
a 386-well plate suitable for high-resolution image recording
at 40x magnification using the Operetta system (PerkinElmar)
and recording a bright field channel, channels for UV, green,
and yellow fluorescence emission. Columbus analysis sof-
tware served as screening and image analysis tool. Cells were
identified as CEB in case of high expression of CD71 along the
membrane, high nucleus density as well as complete absence
of CD45 marker signal.

Results

We have identified known but also thus far unreported CEB
morphologies exclusively in diseased individuals that follow
in principle typical descriptions of erythroblast morphology
and erythroid-specific CD71"&"/CD45-/Hoechst"&" phenotype.
Detected cell morphologies could be recognized across dise-
ases and therefore grouped into four main morphological
distinct types which could be further divided into a total of
nine subtypes (Fig. 1). Type 1 CEB represents normal erythro-
blasts and were found commonly in healthy donor blood at
low concentrations, which can be further grouped into small
(type 1a) and large (type 1b) erythroblasts owing to the size dif-
ferences to the erythroblast maturation process (8). Type 1a is
the most abundant cell type in all samples and represents the
matured circulating counterpart of otherwise bone marrow
dwelling orthochromatic erythroblasts with diameters in the
range of 6.5 um to about 12.4 um. Type 1a cells corresponded
to the commonly described appearance with dense nuclei and
a high nucleus to cytoplasm ratio (N/C ratio). Class 1b deno-
tes less frequent large CEB with diameters exceeding 12.4
um as previously described (8). Apart from the size, immatu-
rity is represented by a low-density chromatin nuclei in the
diameter of about 6 um to 10 um and exhibiting a low N/C.
Type 1 CEB may reflect abnormal erythropoiesis by cell ele-
vation above normal concentrations only (Tab. I). Type 1 CEB
could be further divided into subtypes 1c and 1d comprising
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Fig. 1 - Gallery of CD71"e"/CD45-/Hoechst"e" circulating erythroblast (CEB) types. From left to right and upper to lower. The first two images
represent normal erythroblasts measuring 10.5 um and 7 um in diameter, respectively. Next is shown a class 1b large CEB with low chromatin
density measuring 14 um in major diameter. Next is shown a megaloblast presenting irregular chromatin texture and is followed by a macro-
normoblast. The following two images represent symmetric type 2a binucleated CEB. The next image represents an asymmetric aberrant
type 2a binucleated CEB. Next is shown a type 2b CEB and is characteristic of a binucleated and multilobulated nucleus. The next two images
represent symmetric mitotic CEB of class 3a. Next is shown a type 3b mitotic CEB with apparent chromatin bridging and a type 3b CEB showing
symmetric and asymmetric mitosis. The last two images represent type 4 CEB aggregates revealing nucleus variations in size and maturation.

Table I - Patient findings

Patient type Patient description Type Type Type Type Type Type Type Type Type
1a 1b 1c 1d 2a 2b 3a 3b 4
1. Breast cancer, late Treatment-naive recurrent 3219 13 46 10 257 1 515 2 1260
stage breast cancer and bone, liver
metastasis
2. Breast cancer, early Postsurgery baseline, stage 2, 2 None None None 2 None None None None
stage lymph node negative
Mid-term ACT 62 3 6 None 1 None 2 None None
3. Small cell lung cancer, 3 months 3rd regimen, brain 385 10 4 None 36 None 6 2 4
extensive stage metastasis
4. Lung adenocarcinoma, Treatment naive, stage 4 81 9 None None 4 None 4 None None
late stage
5. Head and neck, Under treatment 5 None None None None None 1 None None
advanced stage
6. Diabetes Healthy 6 None None None 1 None 1 None None
7. Thrombocytosis Stable thrombocytosis, healthy 2705 2 None None None None 1 None None
8. Osteoporosis Osteoporosis healthy 9 None 1 None 1 None None None None
9. Healthy Data from Schreier et al. 2018 7.5% <1 None None None None None None None
(n=15)

ACT = adjuvant chemotherapy.
Numbers denote cell concentrations per 5mL whole blood.
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so-called megaloblasts and macro-normoblasts, respectively.
The finding of such abnormal morphologies in the circula-
tion represents evidence of dyserythropoiesis and predicts a
pathological state of the bone marrow (14,15). Megaloblasts
show nucleocytoplasmic asynchrony and moderate to high
and intracellular chromatin heterogeneity and high N/C ratio.
Macro-normoblasts show no nucleocytoplasmic asynchrony,
total condensation nuclei in a diameter of about 4 um to
6 um, and a very low N/C ratio. Type 2 CEB denotes an appa-
rently relatively frequent morphological abnormality in both
nonmalignant and malignant diseases and is characterized by
symmetric multi-nucleation in a single cell most likely ascri-
bed to asynchronous mitosis. Type 2 CEB may also vary in size
and shape and includes aberrant cell types containing nuclei
that differ in size and maturation (Fig. 1). We further divided
type 2 CEB into binucleated (type 2a) and multinucleated or
multinuclear lobulation single cells (type 2b) following World
Health Organization (WHO) descriptions of bone marrow
erythroblast abnormality (16). Different underlying patholo-
gies and/or stages may be causative of the number of nuclei
in a single cell, for example, in the classification of conge-
nital dyserythropoietic anemia in which types |I-IV directly
correlate with the number of erythroblast nuclei (17). Mye-
lodysplastic syndromes may produce three or more nucle-
ated, yet mostly binucleated erythroblasts (15). Type 3 CEB
denotes cells in synchronous mitosis at various stages from
metaphase till cytokinesis and seems to occur across disease
types as frequent as type 2a CEB. This type could be further
divided into symmetric (type 3a) and aberrant (type 3b) cell
morphologies. The latter includes CEB pairs showing internu-
clear bridging or containing nuclei that differ in size, number,
and maturation (Fig. 1). Type 4 comprises cells appearing in
groups of at least three round or oval, normal or binucleated
cells and represents the morphological aspect of a cell cluster.
These cells may be seen to be in division or constitute a bre-
akaway of aggregated erythroblasts from an erythroid island
within the bone marrow. Type 4 CEB is only found in late-stage
malignancies.

Apart from types 1a and b, all other herein reported
types were not found in the healthy cohort (8) (Tab. ). The-
refore CEB types 1c, d, 2, 3, and 4 are herein referred to as
abnormal and would denote bone marrow defects to some
extent. According to Table I, the CEB profile with regard to
heterogeneity and cell number may be positively correlated
with disease severity, suggesting a relatively high sensiti-
vity toward slightest physiological imbalances of the bone
marrow.

Discussion

CRP is expected to convey a wealth of diagnostic informa-
tion ascribed to lesion-associated cell egress into the blood
stream or to tissue repair or maintenance. It is good to say
that the rarest population of cells is most decisive for, and
thus informative of, our health. Rare cells associated with
tissue repair may comprise bone marrow-derived progeni-
tor and stem cells. Those rare cells associated with lesions
may comprise respective tissue-derived mature somatic
cells, such as epithelial or endothelial cells. The diagnostic
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exploitation of a single, a few, or all detectable circulating
rare cells in a sample is referred to as cbLB. Our investigation
in that field, in particular on the circulating CD71"&" phenot-
ype, has revealed a staggering variety of morphologies across
different diseases that are seemingly not associated with
pathological erythropoiesis and seem to correspond to fin-
dings of erythroid abnormality as could be found in the bone
marrow (15). Erythrobast abnormality has been rarely repor-
ted to circulate, and to the best of our knowledge only in case
of diseases with underlying pathological erythropoiesis (18).
Apart from systemic diseases, treatment by chemotherapy
is known to elevate CEB concentration (11), suggesting that
CEB abnormality in patient 3 may be caused or influenced
by chemotherapy. The two samples of patient 2 before and
during chemoadjuvant therapy, respectively, would also sup-
port chemotherapy-induced CEB elevation.

We would like to take the opportunity to suggest possible
clinical usefulness of our findings. The assumption is that CEB
abnormality would denote sufficient cytological evidence to
diagnose bone marrow defects and would allow us to grade
BMD based on cell quantity and type. Cell aberration, in par-
ticular, and/or the finding of type 4 CEB could provide evi-
dence for the association with more severe BMD as has been
found exclusively in metastatic cancer (patients 1 and 3). Our
thoughts about CEB abnormality and the association with
BMD may be supported by investigations of the bone mar-
row pathology reporting similar erythroblast abnormality in
case of severe bone marrow diseases, such as leukemia or
hereditary anemia (18-20).

When applied to cancer, in particular early stage cancer
patients may benefit from correct assessment of individua-
lized distant invasion profiles (21) however, conventional
functional imaging methods are not capable of detecting
potentially hazardous distant micro-metastasis. Also, the
detection of circulating tumor cells (CTCs) only predicts
metastases based on statistics (22,23). Moreover, bone mar-
row biopsy may provide pathological evidence of distant
disease development at the individual level, yet is not routi-
nely performed given the patient risk by the procedure and
low discrimination power between dormant and active inva-
sion. Positive findings of tumor cell dissemination at earliest
stages were commonly reported from bone marrow biopsies
(24-26). Despite the evidence to support prognostic signi-
ficance in early-stage breast cancer patients (27-30), bone
marrow micro-metastases assessment (BMMA) as progno-
stic marker for relapse was found invariant to existing tre-
atment decision making and, thus, was not adopted into
clinical routine ever since (31). Henceforth, the diagnostic
question of BMMA and single-cell invasion must be shifted
from the status of distant invasion to distant aggressiveness,
that is, BMD. The detection of CEB via cbLB could be a well-
suited and better alternative to BMMA given the improved
stratification power between dormant or inactive and active
tumor cell invasion. We can expect from our data that dor-
mant metastases would not produce marked CEB profiles
and, vice versa, active disease would generate detectable
CEB profiles. Finally, our BMD detection platform may tap
into the exciting notion of CTC/DTC-guided treatment deci-
sion based on tumor evolution (32).
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Conclusion

The study investigated circulating erythroid nucleated
cells in the blood of healthy and afflicted individuals. Bone
marrow-derived erythroblasts were identified in each blood
donor by positive CD71 staining and typical erythroblast
morphology confirming commonness as part of the blood
rare cell population. Furthermore, abnormal erythroblast-like
cells as known to the pathologist from bone marrow biop-
sies were found only in diseased individuals in this study. This
report is mainly dedicated to the new finding of aberrant and
mitotic erythroblast-like cells that are so far unknown to cir-
culate in the blood of diseased individuals foremost in cancer
patients. The cell abnormality could be coarsely classified into
synchronous and asynchronous mitosis, respectively, and is
likewise suspected to be bone marrow-derived, consequently
indicating various degrees of BMD. A new cancer biomarker
panel could be established in cbLB when used in combination
with circulating epithelial cells as a potential detection and
grading platform of cancer-associated active distant invasion.
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ABSTRACT

Interleukin-33 (IL-33), a member of the IL-1 family, is critically involved in the modulation of the activity of a
diverse range of immunocompetent cells. Essential roles have been implicated in cardioprotection, in both in-
nate and adaptive immune responses in mucosal organs, and in the maintenance of adipose tissue cells. Over
the past 10 years, several studies evaluated the usability of IL-33 as a biomarker in diseases of inflammatory and
noninflammatory origin. Our group is currently evaluating the predictive role of serum IL-33 in acute kidney injury
(AKI). The aim of the article is to discuss selected studies on IL-33 in different diseases and its potential role as a

biomarker molecule.

Keywords: Biomarker, IL-33, Inflammatory diseases, Noninflammatory diseases

Introduction

The identification of biomarkers for either early diagnosis
or risk prediction in various diseases remains a fundamental
goal in the whole field of medicine. A sophisticated discussion
of all or of at least the most important findings in recent years
is impossible in one single article that is intended to focus on
one potential marker molecule. The literature on biomarkers
in even one particular disease, such as acute kidney injury
(AKI), is vast. For illustrative purposes, it needs to be men-
tioned that more than 100 candidate molecules have been
investigated in AKI subjects over the past 20 years (1). Only
few parameters (e.g., NGAL, KIM-1 (2,3)) or combinations
of two proteins such as the product of urinary insulin-like
growth factor-binding protein (IGFBP-7) and tissue inhibi-
tor of metalloproteinase (TIMP-2) (4,5) have been proven
as reliable tools for diagnostic/prognostic purposes under
certain AKl-associated conditions. However, no parameter
can truly replace serum creatinine for measuring excretory
kidney function in daily clinical practice, despite creatinine
far from being an “optimal” biomarker. In 2019, our group
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published a study on cytokine profiling in patients with ANCA-
associated vasculitis (AAV) (6). Serum from healthy subjects
and from patients with AAV or other autoimmune-mediated
diseases was analyzed for concentrations of certain pro- and
anti-inflammatory mediators. It became apparent that serum
IL-33 was significantly higher in AAV subjects than in controls.
Also, AAV patients with necrotizing glomerulonephritis (NGN)
differed from AAV subjects without NGN. These findings led
to the hypothesis of IL-33 as a potential biomarker in acute
renal diseases, namely in AKI. The respective study has been
initiated and is ongoing. The current article will summarize
the most important references on IL-33 as a diagnostic tool
and risk predictor in genetic and acquired diseases.

Interleukin-33—origin and physiology

Interleukin-33 (IL-33) belongs to the IL-1 family of cytoki-
nes (7). Common feature of the latter is a beta-trefoil struc-
ture, which has been identified in proteins such as IL-1alpha
and -beta, IL-1Ra, and IL-18. IL-33 was initially found within
endothelial cell nuclei of so-called human high endothelial
venules (HEV). Baekkevold et al (8) described the protein
as NF (nuclear factor)-HEV. Later, Pichery and colleagues (9)
detected IL-33 within the nuclei of murine cells in various
tissues, such as epithelial cells, lymphoid organs, brain,
and embryonic tissue. Herein, the cytokine was expres-
sed in a constitutive manner. In contrast, blood vessels did
not show constitutive IL-33 expression. Within nuclei, IL-33
binds to chromatin (10); in the extracellular space however,
it interacts with ST2. The latter exists as membrane-bound
and soluble isoform (sST2), respectively (11). Interleukin-33
mediates so-called alarmin function. Alarmins, which are
represented by extracellularly secreted proteins of various
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origin and phenotype, indicate cell/tissue damage. Subse-
qguently, immune cells are activated. In this context, IL-33 has
been shown to modulate the activity of mast cells, group 2
innate lymphoid cells (ILC2s), T helper 2 cells, eosinophils,
basophils, dendritic cells, macrophages, and others (12).
Essential roles of the cytokine have been implicated in car-
dioprotection (11), in both innate and adaptive immune
responses in mucosal organs (13) and in the maintenance of
adipose tissue cells (via immune cell modulation) (14).

Quantification of serum IL-33

The data on IL-33 quantification by either ELISA (enzyme-
linked immunosorbent assay) or multiplex technologies are
heterogeneous. By far not all groups initially succeeded in
measuring serum levels of the cytokine. Firstly, Krychtiuk
and colleagues (15), who identified low serum IL-33 to be
predictive in intensive care-treated patients, did not detect
the protein in 57 out of 223 subjects. In 2016, Ketelaar et
al (16) reported the results of serum IL-33 quantification
by using four different ELISA kits (Quantikine and DuoSet,
R&D systems, respectively; ADI-900-201, Enzo Life Sciences;
SKR038, GenWay Biotech Inc, San Diego, USA). Serum sam-
ples were drawn from asthma patients. The authors included
different numbers of samples per individual kit: Quantikine—
n = 45; DuoSet—n = 17; ADI-900-201—n = 17; SKR038—n =
22). Surprisingly, the percentages of samples above the lower
detection limit (LLD) were 0 (zero) in two kits (ADI-900-201
and SKR038). The Quantikine kit showed only 2% of all sam-
ples above the LLD, the DuoSet kit was successful in at least
76%. Comparable findings were reported by Asaka et al (17),
who also employed the Quantikine kit. Difficulties in IL-33
quantification were also reported by Riviére and colleagues
(18). In this context, it needs to be noted that erythrocytes
contain IL-33 in relevant concentrations. Thus, hemolysis
may increase serum IL-33 concentrations and potentially
adulterate the findings in biomarker-related studies (19).

Aberrant IL-33 in diseases: elevation

Genetic disorders

Behairy and colleagues (20) evaluated 60 infants with
cholestasis, assigned to one of two subgroups with ver-
sus without biliary atresia (BA and non-BA group). Subjects
belonging to the first group showed significantly higher serum
IL-33. Also, IL-33 was higher in both groups as compared to
healthy controls. Finally, IL-33 correlated with aspartate and
alanine aminotransferase (ALT), and with serum bilirubin in
a positive manner, respectively. Since cytokine levels addi-
tionally correlated with the fibrosis stage, the authors con-
cluded a potential (pathogenic) role of IL-33 in BA disease
progression.

Cardiovascular diseases
A study in subjects with chronic kidney disease (CKD)

was published in 2017 (21). Two-hundred and thirty-eight
CKD patients were followed up for 24 months. Both serum
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IL-33 and ST2, the circulating isoform of the IL-33 receptor,
were quantified and associated with cardiovascular events
and parameters of endothelial dysfunction (flow-mediated
vasodilation, FMD). The two analytes increased with decre-
asing estimated glomerular filtration rate and elevated levels
were associated with impaired FMD and cardiovascular risk.
Nevertheless, Bao et al (22) failed to show increased IL-33 in
CKD subjects. In experimental studies TGF-B KO (knock out)
enhanced IL-33, and while its inflammatory regulation varies
with the disease, in the heart it protects against pathological
remodeling after infarction, myocyte hypoxia, pressure over-
load, and increased Ca? release from the SR (sarcoplasmic
reticulum) which is tunneled to mitochondria via mitochon-
drial RyR, leading to stimulation of mitochondrial adenosine
triphosphate production (23).

Autoimmune-mediated diseases

In 2010, Mu et al published data on rheumatoid arthritis
(RA) (24). Three groups were evaluated: healthy controls, RA
subjects, and patients with osteoarthritis. The cytokine was
not detectable in controls and osteoarthritis but in almost
100 RA subjects (42.2%). Cytokine concentrations correlated
with the RF and anti-CCP titers, respectively, and anti-TNF-
alpha therapy reduced IL-33 serum levels. IL-33 elevation in
RA was also shown by Hong and colleagues (25). Borsky et al
(26) performed a study in psoriasis vulgaris subjects, inten-
ded to quantify serum levels of alarmins. The latter act as
danger signals. The following factors were analyzed: HMGB1,
IL-33, S100A7, and S100A12. In total, 63 psoriasis patients
and 95 controls were included. All four proteins were ele-
vated in a significant manner. Correlations between serum
concentrations and disease activity were however not iden-
tified. Our group studied subjects with AAV and with other
autoimmune-mediated diseases (6). Serum concentrations
of the following parameters were measured: IL-18, IL-6, IL-17
A, IL-17 F, IL-21, IL-22, IL-23, TNF-a, sCD40L, IL-4, IL-10, IL-25,
IL-31, IL-33, and INF-y. A total number of 62 AAV subjects
were included in the study (39 females; 23 males). Forty-five
subjects were PR3+, 17 subjects showed ANCA specificity for
MPO (myeloperoxidase). Serum IL-33 was elevated in AAV
and SSc (systemic sclerosis). In AAV, higher levels were found
in non-NGN. Minaga et al (27) investigated a rarer type of
disease, type 1 autoimmune pancreatitis (type 1 AIP), belon-
ging to the heterogeneous group of IgG4-related disease
(IgG4-RD). The study revealed higher levels of interferon-
alpha and of IL-33 in type 1 AIP subjects in comparison to
individuals with chronic pancreatitis of other origin and to
healthy controls. Bakr et al (28) analyzed serum IL-33 in
patients with pemphigus vulgaris. Affected subjects showed
higher cytokine levels than healthy controls. Also, serum
levels significantly correlated with the activity of the disease
(measured by the Pemphigus Disease Area Index, PDAI).

Neoplasia
A study in patients with newly diagnosed prostate can-

cer was published in 2019 (29). One-hundred and fifty indivi-
duals were included. Serum IL-33 was higher than in controls,
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particularly in subjects with higher disease stages. Neverthe-
less, cytokine concentrations did not differ between certain
predefined genotypes. As a matter of fact, elevated IL-33 has
also been documented in other malignant diseases such as
gastric cancer (30), endometrial cancer (31), non-small cell
lung cancer (32), and breast cancer (33).

Sepsis

Sepsis may be regarded as an archetype of a widespread
inflammatory disease. In 2016, Cekmez and colleagues (34)
reported data from 128 septic children (20 of these were
controls). Finally, 68 individuals were excluded since blood
cultures were negative. Serum IL-33 differed significantly
between the two groups of controls vs sepsis (1.1 + 0.28 ng/
mL vs 5.23 + 1.80 ng/mL; p = 0.01). Two years later, another
study performed in septic children (neonates) (35) showed
comparable findings with a rapid IL-33 increase at the first
day after diagnosis, followed by a decrease over time (days
3and 7).

Others

Although immune-mediated mechanisms are substan-
tially involved in the pathogenesis of asthma bronchiale,
the disorder has been placed in this section. Bahrami and
colleagues (36) included 61 affected children and 63 healthy
controls in their analyses and found serum IL-33 to be
significantly elevated. Blood cytokine levels increased with
increasing disease severity. The predictive value of serum
IL-33 in polytraumatized subjects was analyzed by Halat and
colleagues (37). The specific aim was to evaluate whether
IL-33 is suitable for the prediction of pulmonary complica-
tions. The study included 130 patients, serum samples were
obtained at the time of hospital admission and 2 days later.
Subjects that developed both parenchymal lung injury and
subsequent Acute Respiratory Distress Syndrome (ARDS)
showed particularly high serum IL-33 at the time of admis-
sion. It was hypothesized that the cytokine is involved in
promoting sustained lung injury in traumatized patients.
Sundnes et al (38) also published a trial in traumatized
individuals (n = 136). Plasma samples were collected at the
time of hospital admission and several hours later (2, 4, 6,
and 8 hours). The analyses showed a rapid and transient
IL-33 increase in a subset of patients. The latter presented
with more intense tissue injuries and a higher degree of
coagulopathy. Another study related to serum patterns of
alarmins (Danger-Associated Molecular Patterns—DAMPs)
focused on schizophrenia. The following molecules were
quantified: IL-33, sST2, HMGB1, and S100B (39). The study
included 68 patients suffering from chronic schizophre-
nia and 29 healthy controls. All four analytes were higher
in the disease group. It was concluded that alarmins may
be involved in latent neuroinflammation underlying/per-
petuating schizophrenia. Yuan and colleagues focused on
chronic hepatitis B (CHB) (40). A total number of 130 CHB
patients were included, 48 cases were defined as stable, 50
patients showed progression to acute-on-chronic liver fai-
lure (ACLF), 30 individuals also progressed but with overall

Serum IL-33 as biomarker

milder dynamics (pre-ACLF). The highest IL-33 levels were
detected in ACLF patients, associations were found with
serum ALT, aspartate transaminase, and the Model End-
Stage Liver Disease (MELD) score, respectively. The combi-
nation of serum IL-33 and the MELD score was predictive
with regard to the 90-days mortality. Thus, IL-33 was propo-
sed as prognostic marker in CHB-associated liver disease. In
2021, Venkataraman et al (41) published multiplex immune
assay data from children with “Paediatric inflammatory
multisystem syndrome temporally associated with SARS-
CoV-2 infection (PIMS-TS).” Numerous cytokines were ele-
vated, including IL-33. Duan and colleagues analyzed gout
patients and found increased IL-33 in respective subjects
with even higher levels in those individuals without impai-
red kidney function (42). Also, IL-33 was negatively correla-
ted with markers of kidney dysfunction.

Aberrant IL-33 in diseases: suppression

Cardiovascular diseases

Experimental data showed neuroprotective effects of
IL-33 (43,44). Therefore, Chen et al (45) evaluated the rela-
tionship between serum IL-33 and the risk for hemorrhage
transformation (HT) of acute ischemic stroke (AIS) in
humans. More than 150 individuals were included, none of
these received thrombolytic therapy. Patients were assigned
to the HT group if any radiographic signs of HT became appa-
rent during the first 2 weeks after AIS diagnosis. Multivariate
regression analysis identified IL-33 as an independent HT
predictor (lower serum IL-33 levels were associated with
higher HT risk). The authors expanded their analyses in the
context of poststroke depression (46) and found a compa-
rable (inverse) association between serum IL-33 and the
risk for depression after AIS. Together, the data confirmed
the concept of IL-33-mediated neuroprotection, even in
humans. In this context, an important study by Li et al (47)
evaluated long-term outcome variables of stroke patients in
relation to initial serum IL-33. Higher cytokine levels were
associated with a better 2-year outcome of affected indivi-
duals. Low serum IL-33 was finally also shown to be predic-
tive in patients with intracerebral hemorrhage (48). A study
in patients with heart failure with reduced ejection fraction
(HF-REF) was published by Segiet et al (49). One hundred
and fifty-five HF-REF individuals (males: 106, females: 49)
were included, the mean left ventricular ejection fraction
was 32.13 +12.8%. Patients displayed lower mean serum
IL-33 as compared to controls. Also, cytokine levels were
lower in HF-REF of ischemic origin as opposed to HF-REF of
other etiology.

Autoimmune-mediated diseases

A rarer autoimmune-mediated disorder (at least in cen-
tral Europe), Behget’s disease was evaluated by Koca et al
(50) who included 117 affected individuals. While patients’
serum IL-33 did not differ from control levels, active disease
states were associated with lower IL-33. Nevertheless, cer-
tain allelic variations did not differ in serum IL-33.
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Others

In contrast to the study by Halat et al (37), who found
IL-33 to be elevated in polytraumatized patients, another
investigation performed in critically ill subjects showed oppo-
site findings. Krychtiuk and colleagues (15) evaluated the
predictive value of both IL-33 and sST2 with regard to the
30 days mortality in 223 intensive care patients. IL-33 was not
detectable at all in 57 subjects. Serum IL-33 concentrations
below the median strongly predicted death in an indepen-
dent manner. Lower-than-normal IL-33 concentrations were
also documented in osteoporosis (51) and in amyotrophic
lateral sclerosis (52). Finally, Hasan et al (53) showed a nega-
tive correlation between IL-33 and the body mass index. They
also found IL-33 to negatively correlate with HbA1C in non-
diabetic individuals.

No aberrant IL-33 in diseases
Cardiovascular diseases

Firouzabadi and colleagues (54) measured serum IL-33
and the soluble isoform of its receptor (sST2) in 44 heart
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failure patients (n = 25 under carvedilol treatment vs n = 19
without beta-blocker therapy) and in 22 healthy controls.
The analyses did not reveal any differences between any of
the three groups, which led to the conclusion that cardio-
protective effects of carvedilol are most likely not mediated
via the IL-33/sSTs axis. Two other studies related to acute
cardiovascular diseases did also not show any differences in
serum IL-33 between controls and patients. Demyanets et al
(55) investigated subjects with stable angina, NSTEMI (non-
ST-segment elevation myocardial infarction), or STEMI in
comparison to healthy controls. Dhillon and colleagues (56)
analyzed NSTEMI subjects.

Table | summarizes studies on serum IL-33 in diseases,
assigned to one out of three groups: elevation/suppression
or constant IL-33.

Conclusions

The data on serum IL-33 in human diseases are hetero-
geneous. On the one hand, methodological difficulties in
measuring serum IL-33 may occur and must always be put
into consideration if low levels or no protein at all is detec-
table. The majority of studies in which IL-33 quantification

TABLE | - Studies in serum IL-33 in inflammatory and noninflammatory disorders

IL-33 elevation IL-33 suppression

Constant IL-33

Biliary atresia (20) HT of AIS (45)
CKD (21)

Rheumatoid arthritis (24)
Rheumatoid arthritis (25)
Psoriasis vulgaris (26) HF-REF (49)
Prostate cancer (29)
Gastric cancer (30)
Endometrial cancer (31) Osteoporosis (51)
Non—small cell lung cancer (32)
Breast cancer (33)

Sepsis in infants (34)

Sepsis in infants (35)

Asthma bronchiale in children (36)
Polytrauma (37)

Trauma (38)

ANCA-associated vasculitis (6)
Pemphigus vulgaris (28)

Type 1 autoimmune pancreatitis (27)
Schizophrenia (39)

Hepatitis B-associated acute-on-chronic
liver failure (40)

PIMS-TS (41)
gout (42)

Poststroke depression (46)
Long-term outcome after stroke (47)

Intracerebral hemorrhage (48)

Behget’s disease (50)
Critically ill subjects (15)

Heart failure (54)

CKD (22)

Stable angina pectoris, NSTEMI, STEMI (55)
NSTEMI (56)

Amyotrophic lateral sclerosis (52)
Increased body weight (53)

References appear according to the order in the text.

AlS = acute ischemic stroke; CKD = chronic kidney disease; HF-REF = heart failure with reduced ejection fraction; HT = hemorrhage transformation; IL = interleukin;
NSTEMI = non-ST-segment elevation myocardial infarction; PIMS-TS = pediatric inflammatory multisystem syndrome temporally associated with SARS-CoV-2 infection.

© 2021 The Authors. Published by AboutScience - www.aboutscience.eu
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succeeded showed higher blood concentrations of the cyto-
kine. However, to identify a pattern that potentially allowed
conclusions on the exact role of serum IL-33 in inflammatory
and noninflammatory diseases is quite difficult. We cited a
total number of 21 studies that reported IL-33 elevation
under pathological circumstances. Thirteen out of these 21
investigations evaluated diseases with distinct inflammatory
pathogenesis (exceptions: CKD, BA, schizophrenia, five mali-
gnancies). Two out of 10 studies reporting lower IL-33 were
nevertheless also performed in inflammatory disease states
(Behget’s disease, critically ill subjects). Thus, it may be con-
cluded that elevation of serum IL-33 should be expected with
higher probability in inflammatory than in noninflammatory
disorders. The references on malignancies with elevated IL-33
were all referring to carcinomas. Activation of the immune
system is known to significantly occur in malignant disorders.
Itis therefore not surprising that diseases such as heart failure
with preserved or reduced ejection fraction, ischemic stroke,
or even most cases of AKI are not associated with increased
serum IL-33. Regarding the heterogeneity of diseases with
either IL-33 elevation or suppression, it is hardly possible to
propose the molecule as specific biomarker at the moment.
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ABSTRACT

Background: The ganglioside G, is a potential circulating tumor biomarker for the childhood cancer neuro-
blastoma. Interpreting the levels of a circulating tumor biomarker depends in part on a knowledge of the
biomarker’s clinical pharmacology.

Methods: We studied the plasma and cerebrospinal fluid (CSF) pharmacokinetics of the C g lipoform of G, in
two nonhuman primates with indwelling subcutaneous CSF lateral ventricular reservoir systems. G_, was quanti-
fied with a validated high-performance liquid chromatography (HPLC)/tandem mass spectrometry assay. G, was
administered as a short intravenous infusion and frequent plasma and CSF samples were drawn over 72 hours.
Results: G, plasma concentration declined monoexponentially with a half-life of 16 hours. Clearance was 0.0136
and 0.0131 L/h and volume of distribution (V,) was 0.035 and 0.038 L/kg in the two animals. V, was equivalent to
plasma volume. Greater than 98% of G, in plasma is in a bound form consistent with its known association with
lipoproteins and accounting for its limited volume of distribution. G, did not cross over from plasma into the CSF.
Conclusions: The pharmacokinetic profile of G_, is favorable for a circulating tumor biomarker. This study demon-
strates the value of characterizing the clinical pharmacology of circulating biomarkers to better understand their

clinical behavior.

Keywords: Biomarker, Ganglioside, Neuroblastoma, Pharmacokinetics

Introduction

The ganglioside G, is a constituent of the plasma mem-
brane of neuronal cells and is also expressed on the surface
of the childhood cancer, neuroblastoma, and other cancers
of neuroectodermal origin, such as melanoma. G, has a lipid
domain (ceramide) that inserts into the plasma membrane
and a 5-membered glycan domain that contributes to the
glycocalyx on the cell surface. The glycan domain contains
2 sialic acid groups that are fully ionized in the physiological
pH range.

G,, circulates in low nanomolar concentrations in chil-
dren, but its concentration is 30-fold elevated compared to
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controls in the serum of children with high-risk/high-stage
neuroblastoma (1). We developed and validated a sensi-
tive and specific high-performance liquid chromatography
(HPLC)/tandem mass spectrometry assay to quantify the
circulating lipoforms of G_,, and we are evaluating G_, as
a circulating tumor biomarker for neuroblastoma. The C
lipoform (18-carbon fatty acid chain length in ceramide) is
the predominant form of G, in the plasma of patients with
neuroblastoma.

Interpreting the results of a circulating tumor biomarker
depends in part on a knowledge of the biomarker’s clinical
pharmacology. The steady-state circulating concentration of
a tumor biomarker is determined by its rate of production
by the tumor and by its clearance. Slow clearance results in
accumulation of the biomarker in the plasma and enhances
the sensitivity for detecting low tumor burden. However, a
slowly cleared biomarker is not responsive to rapid changes
in tumor burden (e.g., surgical resection). For example, an
a-fetoprotein (AFP) concentration exceeding 100,000 ng/mL
can take more than 2 months to fall into the reference
range after complete resection of an AFP-producing tumor.
Conversely, a rapidly eliminated tumor biomarker will not
accumulate in the circulation, but its concentration may bet-
ter reflect changes in tumor burden in real time.
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We studied the pharmacokinetics and cerebrospinal fluid
(CSF) penetration of G, after intravenous administration
of the ganglioside to two nonhuman primates (NHPs) with
indwelling subcutaneous CSF lateral ventricular reservoirs
that allow for rapid, serial CSF sampling (2).

Methods

Chemicals

Purified human brain-derived G_, was purchased from
EMD Millipore Corp. (Billerica, MA) and contains two domi-
nant lipoforms of G ,—D18: 1-18:0 (C,, molecular weight
1674.9 g/mol) and D18: 1-20:0 (C,). G, was dissolved in a
small volume of dimethyl sulfoxide (DMSO), diluted in sterile
normal saline, and filter sterilized through a 22-micron filter. A
sample of the filtered drug solution was assayed for content
of the C, lipoform of G, to quantify the administered dose.

Animals

This study was approved by the National Cancer Institute
Animal Care and Use Committee. Two adult male rhesus mon-
keys (Macaca mulatta), weighing 8.0 and 8.6 kg, respectively,
were humanely utilized for this study and were cared for in
accordance with the National Research Council Guide for the
Care and Use of Laboratory Animals, 8th edition (3). Animals
were socially housed when possible. Both subjects had previ-
ously undergone implantation of an indwelling lateral ven-
tricular catheter, which was attached to a subcutaneously
implanted CSF reservoir (2). The subjects also had subcuta-
neously implanted femoral venous access ports for sampling
blood. Each subject had a veterinary physical and neurologi-
cal examination and blood chemistries and complete blood
counts performed prior to G_, administration to ensure they
were physiologically and neurologically within normal lim-
its. After G, administration the subjects were observed for
adverse events daily for 2 weeks and had biweekly clinical
chemistries and complete blood counts.

G,, was administered as a 10-minute intravenous infusion
through a temporary catheter in the cephalic or saphenous
vein. Blood was serially sampled from the femoral venous
access port and CSF was sampled from the subcutaneous CSF
reservoir.

Sample times and sample processing

Blood (3 mL) and CSF (0.3 mL) were collected prior to
the G, infusion, at the end of the 10-minute infusion, and
0.25, 1, 2, 4, 6, 8, 24, 48, and 72 hours postinfusion. Blood
was collected in heparinized tubes and placed on ice. Plasma
was separated by centrifugation at 4°C. Plasma and CSF were
stored frozen at —80°C until assayed.

Sample analysis
The concentration of the C , lipoform of G, in plasma and
CSF samples was quantified using a previously reported, vali-

dated HPLC/tandem mass spectrometry method with a lower
limit of quantification of 3 nM (4). Human brain-derived G,

© 2021 The Authors. Published by AboutScience - www.aboutscience.eu
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which is made up of approximately 60% C,; and 40% C,, lipo-
forms, was used to construct the standard curves for the assay.

Pharmacokinetic analysis

A one-compartment pharmacokinetic model with
first-order elimination was individually fit to the plasma
concentration-time data from the 2 subjects using Phoenix
NLME v.8.3 (Certara, Princeton, NJ). Model parameters are
clearance (CL) and volume of distribution (V). The elimination
rate constant (kel) was derived from CL/Vd, the half-life from
0.693/ke|, the area under the concentration-time curve (AUC)
from dose/CL, and the mean residence time (MRT) from 1/ke|.

Protein binding

Human plasma was spiked with human brain-derived G,
to achieve a 200 nM concentration of the C , lipoform. Spiked
plasma was centrifuged through a Vivaspin 500 concentrator
with a 300,000 molecular weight cutoff (MWCO) polyether-
sulfone (PES) membrane (Sartorius, Goettingen, Germany).
G,, concentration was measured in the concentrate that
remained above the PES membrane and the effluent that

passed through the PES membrane.

Results

The predose concentrations of C, G, in the 2 subjects
were 5.0 and 3.7 nM in plasma and 4.0 and 8.9 nM in CSF.
The predose plasma concentrations in the subjects are similar
to G, concentrations in control human plasma (1). End-of-
infusion G,, plasma concentrations were 1,390 and 1,090 nM,
and concentrations declined in the plasma in a mono-
exponential fashion (Fig. 1). Pharmacokinetic parameters for
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Fig. 1 - Plasma concentration-time curve for the C , lipoform of G,
in 2 nonhuman primates after a short intravenous infusion.
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TABLE | - Pharmacokinetic parameters for the C , lipoform of G, in nonhuman primates after a short intravenous infusion

Animal Weight Dose Volume of Clearance k., AUC Half-life MRT
(kg) (nmol) Distribution (L/h) (h) (nM - h) (h) (h)
(L/kg)
1(ZB39) 8.6 402 0.0354 0.0136 0.0448 29,500 15.5 22.3
2 (2157) 8.0 313 0.0384 0.0131 0.0427 23,800 16.2 23.4

ke‘ = first-order elimination rate constant; AUC = area under the concentration-time curve; MRT = mean residence time.

C, G,, for the 2 subjects are listed in Table I. The adminis-
tered dose of G, was estimated from the volume of drug
solution administered and the concentration of C, G, in
the postfiltration drug solution. Intersubject variability in the
pharmacokinetic parameters was minimal. The volume of dis-
tribution of G, approximated plasma volume (blood volume
in adult rhesus macaques is 0.062 L/kg (5)). Clearance of G,
from the circulation was slow with a half-life of 16 hours.

C, G,, concentrations remained at or near baseline levels
in CSF throughout the 72-hour sampling period. The peak CSF
concentration in animal 1 was 9.0 nM at the end of the infu-
sion (baseline concentration was 4.0 nM), and CSF concentra-
tions in animal 2 did not exceed the baseline concentration
of 8.9 nM.

More than 98% of C , G_, in human plasma (200 nM) was
retained in the plasma concentrate (above the membrane)
after centrifugation through the Vivaspin 500 concentrator
with a 300,000 MWCO PES membrane. The effluent G_, con-
centration was 4.5 nM after 15 minutes of centrifugation.

Conclusions

The disialoganglioside G, is expressed in the cell mem-
brane of neuroblastoma tumor cells and is shed into the cir-
culation in patients with high-risk/high-stage disease (1,6).
Prospective studies are ongoing to assess its potential util-
ity as a circulating tumor biomarker for high-risk neuroblas-
toma. We characterized the pharmacokinetics of G, in a NHP
CSF access model that has proven to be predictive of human
plasma and CSF disposition for a wide variety of drugs (7) in
order to better understand the clinical behavior of circulating
G,,- The pharmacokinetic parameters from this study should
prove useful for interpreting serial G, concentrations moni-
tored over the course of a patient’s disease.

The pharmacokinetic characteristics of G, are favorable
for a circulating tumor biomarker. The 16 hours half-life in
plasma indicates that G, should be rapidly responsive to
changes in tumor burden. After treatment, a new steady-
state concentration should be reached within 3 to 4 days
(5 half-lives), suggesting that plasma G_, concentration could
be useful for assessing treatment effect in near real time.
The limited volume of distribution, which is equivalent to
plasma volume in NHPs, enhances sensitivity because the G,
is concentrated in (limited to) the compartment from which
it is being measured. If G, were more widely distributed
throughout the body, the concentration in plasma would be
proportionally lower.

Ultrafiltration of plasma spiked with G, showed that it
circulates in a bound form with a large molecular weight. This

is consistent with the previously reported association of G,
and other gangliosides with lipoproteins, which have molec-
ular weights in excess of 3,000 kDa (8). G, is not detectable
in lipoprotein-depleted plasma and is primarily associated
with low-density lipoproteins (LDLs) (8). Binding of G, to LDL
and, to a lesser extent, other lipoproteins accounts for the
volume of distribution being limited to plasma volume, and
likely also accounts for the lack of G_, penetration into the
CSF in the NHP CSF access model. Detecting G, in the CSF of
patients with neuroblastoma could be an indicator of brain or
meningeal tumor spread even in the presence of high plasma
G,, concentrations.

The anti-G,, monoclonal antibody, dinutuximab, is a
component of the frontline treatment of neuroblastoma.
Circulating G, could theoretically bind to dinutuximab and
block the binding of the antibody to G, on the surface of
tumor cells. Dinutuximab binds to the glycan portion of G,
that resides on the cell surface. The configuration of G, in
LDL is likely to be similar to that in the cell membrane with
the polar glycan portion on the surface of the lipoprotein
complex and the ceramide portion extending into the non-
polar core. Therefore, even though G, is essentially all
bound to lipoproteins in the circulation, the antigenic glycan
portion may still be exposed on the surface for binding to
dinutuximab.

Dinutuximab immunotherapy is currently administered
in the final phase of neuroblastoma therapy, when plasma
G,, concentrations are likely to be low, but pilot studies are
ongoing to investigate the use of dinutuximab in the initial
phase of therapy when circulating G_, concentrations are
likely to be higher in some patients. Binding of the antibody
to lipoprotein-associated G, could lower the efficacy of dinu-
tuximab by limiting the amount of antibody available to bind
to tumor cells.

The pharmacokinetic profile of G, is favorable for a cir-
culating tumor biomarker. With its relatively short half-life,
plasma G, concentrations should reflect changes in tumor
burden with a minimal lag time, and the limited volume of
distribution translates into higher concentrations in plasma,
improving its sensitivity. This study demonstrates the value
of characterizing the clinical pharmacology of circulating
biomarkers to better understand their clinical behavior. The
use of the NHP model that is predictive of human phar-
macokinetics provided the opportunity to study the phar-
macokinetics of G, after administration of a known dose
and without interference from endogenous production. We
plan to confirm the results using a more limited sampling
approach in children with neuroblastoma after definitive
treatment.

A‘ © 2021 The Authors. Journal of Circulating Biomarkers - ISSN 1849-4544 - www.aboutscience.eu/jcb
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