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Background: Prognostic tools are required to guide clinical decision-making in COVID-19.
Methods: We studied the relationship between the ratio of interleukin (IL)-6 to IL-10 and clinical outcome in
80 patients hospitalized for COVID-19, and created a simple 5-point linear score predictor of clinical out-
come, the Dublin-Boston score. Clinical outcome was analysed as a three-level ordinal variable (“Improved”,
“Unchanged”, or “Declined”). For both IL-6:IL-10 ratio and IL-6 alone, we associated clinical outcome with a)
baseline biomarker levels, b) change in biomarker level from day 0 to day 2, c) change in biomarker from day
0 to day 4, and d) slope of biomarker change throughout the study. The associations between ordinal clinical
outcome and each of the different predictors were performed with proportional odds logistic regression.
Associations were run both “unadjusted” and adjusted for age and sex. Nested cross-validation was used to
identify the model for incorporation into the Dublin-Boston score.
Findings: The 4-day change in IL-6:1L-10 ratio was chosen to derive the Dublin-Boston score. Each 1 point
increase in the score was associated with a 5.6 times increased odds for a more severe outcome (OR 5.62,
95% CI -3.22-9.81, P= 1.2 x 10~°). Both the Dublin-Boston score and the 4-day change in IL-6:1L-10 signifi-
cantly outperformed IL-6 alone in predicting clinical outcome at day 7.
Interpretation: The Dublin-Boston score is easily calculated and can be applied to a spectrum of hospitalized
COVID-19 patients. More informed prognosis could help determine when to escalate care, institute or
remove mechanical ventilation, or drive considerations for therapies.
Funding: Funding was received from the Elaine Galwey Research Fellowship, American Thoracic Society,
National Institutes of Health and the Parker B Francis Research Opportunity Award.

© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

While the overall clinical phenotype amongst those hospitalized is
heterogeneous, marked arterial hypoxaemia at initial presentation is

Coronavirus disease 2019 (COVID-19) is a global threat to health.
As of mid-August 2020, more than 22 million laboratory-confirmed
cases have been documented worldwide, with over 770,000 deaths
[1]. In-hospital studies have described a febrile pro-inflammatory
syndrome with accelerated progression to acute respiratory distress
syndrome (ARDS), acute renal failure, shock and arrhythmia [2,3].
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common.

In the intensive care unit (ICU) setting, the overall burden of dis-
ease and prolonged duration of mechanical ventilation have fuelled
concerns regarding potential ventilator shortages. Knowing when to
institute mechanical ventilation - and similarly when to remove it —
represents a key component of the efficient allocation of resources
during the current pandemic. Clinical management is further compli-
cated by COVID-associated hyperinflammatory syndromes and by
the off-label administration of both non-specific and targeted anti-
infective and anti-inflammatory therapies to COVID-19 patients
without an established evidence base for their use.
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Research in Context

Evidence before this study

Patients with coronavirus disease 2019 (COVID-19) demon-
strate elevated levels of circulating cytokines and accelerated
progression to acute respiratory distress syndrome. As the bur-
den of COVID-19 on healthcare resources grows, tools that help
caregivers predict the clinical course of the COVID-19 patient
address an area of need.

Added value of this study

The Dublin-Boston score is based on changes in the ratio of
interleukin (IL)-6 to interleukin-10 over time, and identifies
hospitalized patients at risk of impending poor outcome. In this
study the score, and the change in IL-6:IL-10 from which it is
derived, significantly outperformed the predictive capabilities
of IL-6 alone.

Implications of all the available evidence

Alterations in cytokine balance predict clinical progression, and
can be used to guide decision making. More informed prognosis
could help determine when to escalate or de-escalate care, a
key component of the efficient allocation of resources during
the current pandemic.

Circulating levels of the master pro-inflammatory cytokine IL-6
are elevated in patients with COVID-19 [4,5], and IL-6 has subse-
quently been suggested as a potential biomarker to help identify
patients who may benefit from proposed anti-inflammatory thera-
pies, such as steroids or monoclonal antibodies. IL-6 is secreted by a
wide range of cell types in response to a variety of pathological states,
including infection, inflammation and cancer [6,7]. Its gene expres-
sion is controlled by activating nuclear factors such as nuclear factor
(NF)-IL-6 [8], hypoxia-inducible factor (HIF)—1« [9-11] and, in par-
ticular, NF-«B [12-14]. Indeed, IL-6 can be induced by engagement of
bacterial lipopolysaccharide (LPS) [15], pro-inflammatory cytokines
such as TNF-« and IL-1 [16,17], or viral infections [18], all of which
activate NF-«B, and comprehensive mutational analyses have identi-
fied the NF-«B binding site as being crucial for IL-6 gene induction
[12,13]. HIF-1« is typically elevated in response to hypoxia [19], but
increased HIF-1a-mediated transcription of IL-6 may also be
observed in normoxia following a metabolic shift towards increased
aerobic glycolysis, known as a Warburg effect [11,20]. Although this
phenomenon was originally described in tumour cells it is not limited
to cancer, and occurs in immune cells in response to LPS and severe
inflammation [9,10,21-24]. In addition to transcribing pro-inflamma-
tory cytokines, HIF-1« also acts to suppress production of the anti-
inflammatory and pro-resolution cytokine IL-10 by regulatory T-cells
(Tregs). It does this by directly binding FOXP3 - a transcription factor
vital for Treg development - and marking it for ubiquitination and
proteasomal degradation [9,23,24].

Despite high levels in blood, use of isolated IL-6 measurement as a
COVID-19 prognostic tool, or as a means of evaluating clinical
response to treatment, is hindered by several factors. First, IL-6 levels
within the same patient vary significantly over the course of any
given day, the most conspicuous effect being a trough in the morning
[25]. Second, the magnitude of the IL-6 response to infection is, in
absolute terms, also variable between patients [26]. Furthermore, the
presence of immunometabolic comorbidities such as obesity can also
influence circulating IL-6 levels and IL-6 release [27-29].

Rather than focusing solely on increased baseline levels of IL-6 in
COVID-19, it may be more useful to view longitudinal inflammatory
biomarker levels as features of a more comprehensive shift in

metabolic and inflammatory balance, in which the ability of anti-
inflammatory mediators to keep pace with pro-inflammatory ones is
compromised.

Therefore, in this study, we evaluated longitudinal changes in IL-6
and the ratio of IL-6:IL-10 as they related to clinical trajectory in 80
patients hospitalized for COVID-19. We aimed to determine whether
changes in IL-6:IL-10 ratio are superior to changes in IL-6 in identify-
ing those at highest risk of clinical deterioration, and thus useful in
guiding clinical decision-making.

2. Methodology
2.1. Ethics

Ethical approval was received from the Beaumont Hospital Ethics
Committee (REC #18/52, #17/06). All patients provided informed
consent.

2.2. Patient selection

Patients hospitalized for COVID-19 (n = 80) were selected at ran-
dom from a list of medical record numbers corresponding to patients
with a confirmed diagnosis of COVID-19. A confirmed case of COVID-
19 was defined by a positive result on a reverse-transcripta-
se—polymerase-chain-reaction (RT-PCR) assay of a specimen col-
lected on a nasopharyngeal swab. Patients were excluded if they
were chronically immunosuppressed, receiving long-term oral corti-
costeroids, antivirals, hydroxychloroquine, anti-IL-1, anti-IL-6 or
anti-TNF therapy, known to be pregnant, on dialysis for chronic kid-
ney disease, had active neoplasia, or had a history of vasculitis or con-
nective tissue disease.

2.3. Assessment of clinical outcome

Clinical outcome was based on clinical change from day of study
entry (day 0) to day 7 of the study. Clinical improvement was defined
as a decrease of >2 points on a six-point ordinal scale [30] endorsed
by the World Health Organization (Table S1) or live discharge or
both, with clinical decline defined as an increase of >2 points or
death or both. Patients were “unchanged” if they did not meet the cri-
teria for having “improved” or “declined”. All subjects were evaluated
for their WHO clinical status each day on the study.

2.4. Cytokine measurements

Levels of IL-6 and IL-10 were measured in plasma by ELISA (R&D
systems, Minneapolis MN, USA) in accordance with the manufac-
turer’s instructions. Plasma was obtained every two days by centrifu-
gation of whole blood at 250 x g for 5 min at room temperature.
Cytokine measurements were undertaken by a blinded investigator
not involved in the clinical care of the patients. Similarly, results
were not shared with the treating physicians so as not to bias or
influence the clinical outcomes assessed. To minimize the potential
for inter-assay variability, samples were run in triplicate en bloc, with
a selection of samples run on every plate as points of reference. Abso-
lute values are provided in the Supplementary Appendix.

The decision to study these cytokines was based on work recently
published by our group and others regarding the COVID-19 cytoki-
naemia [4,5]. Although IL-1p, IL-8, TNF-« and other pro-inflamma-
tory cytokines were increased in those with severe illness, the most
prominent elevations observed in these studies were for IL-6. Central
to the present investigation was the concept of a loss of balance
between pro-inflammatory and anti-inflammatory mediators in
COVID-19. IL-10 is the most widely studied anti-inflammatory and
pro-resolution cytokine in ARDS [31], and was therefore used as an
anti-inflammatory comparator to IL-6. Severe COVID-19 is also
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associated with increased intracellular HIF-1oe [4], which further
prompted consideration of whether the IL-10 response would
become blunted as patients with COVID-19 got sicker. An additional
reason for choosing IL-6 ahead of other pro-inflammatory cytokines
was that it is currently being measured in a substantial number of
hospital laboratories, unlike its alternatives, which are largely con-
fined to the research lab setting. While we were aware that the inclu-
sion of multiple cytokines would almost certainly produce a more
precise score, this would also potentially render the score impractical
and more difficult to replicate.

2.5. Association of predictors with clinical outcomes

Our analysis focused on the every-two-day IL-6 and IL-6:IL-10 ratio
measurements. We analysed clinical outcome as a three-level ordinal
variable (“Improved”, “Unchanged”, or “Declined”). For both IL-6 and
IL-6:1L-10 ratio, we associated clinical outcome with a) baseline bio-
marker levels, b) change in biomarker level from day 0 to day 2, c)
change in biomarker from day O to day 4, and d) slope of biomarker
change throughout the time spent by a patient on the study. The IL-6
and IL-6:IL-10 ratio slopes were determined from a linear regression of
biomarker level (y) on hospital days (x). Untransformed IL-6 and IL-6:
IL-10 ratio levels were used for all analyses. “Day 0” was defined as the
day of first sample. The associations between ordinal clinical outcome
(“Improved”/“Unchanged”/“Declined”) and each of the different predic-
tors (a-d above for both IL-6 alone and the IL-6:IL-10 ratio) were per-
formed with proportional odds logistic regression using the polr()
function in the MASS package in R [32]. The cumulative odds ratios
(OR) for the proportional odds logistic regression represents the cumu-
lative odds of a more severe clinical outcome (“Improved” or
“Unchanged” vs. “Declined”; “Improved vs. “Unchanged” or “Declined”).
The range of baseline IL-6 values is approximately 100 times greater
than the baseline range of IL-6:IL-10 ratio values. Due to differences in
scale of IL-6 and IL-6:IL-10 ratio values, the ordinal logistic regression
OR is in reference to a 10-unit increase in all IL-6 predictors and a 0.1
unit increase for IL-6:IL-10 ratio predictors. All ordinal logistic regres-
sion associations were run “unadjusted” and were then adjusted for
age and sex. A Bonferroni-adjusted P value <0.00625 (0.05/8 predic-
tors) was considered statistically significant and P value <0.05 was con-
sidered “nominally” significant. The Akaike information criterion (AIC)
regression metric was used to evaluate the relative quality of logistic
regression models.

2.6. Calculating an easy-to-use clinical prediction score: the Dublin-
Boston score

In addition to the IL-6 and IL-6:IL-10 ratio predictors above, we
created a simple 5-point linear score predictor of clinical outcome
(“Dublin-Boston score”). This linear score was generated by multiply-
ing the day 0 to day 4 change in IL-6:IL-10 ratio by two, rounding to
whole numbers, and then restricting the score to a 5-point scale
ranging from —2 to 2 (i.e. the possible values were -2, -1, 0, 1, 2),
with a higher score giving a worse prognosis. The distribution of the
Dublin-Boston score was evaluated and its prediction accuracy was
compared to the various IL-6 and IL-6:IL-10 ratio predictors including
baseline levels, two-point change (day 0 to day 2, day O to day 4), and
slope over the course of the study. The Dublin-Boston score was asso-
ciated with ordinal clinical outcome (“Improved”/“Unchanged”/
“Declined”) with the OR representing the increased odds of a more
severe clinical outcome for each 1 point increase in the Dublin-Bos-
ton score.

2.7. Process for selection of a prediction model

A nested cross-validation (CV) approach was applied to select the
best model for prediction and to obtain unbiased estimates of

prediction accuracy. In the outer loop of the nested CV, an 8-fold CV
was conducted by splitting the data to a training set and a test set
(containing /s of the entire data) eight times. In the inner loop of the
nested CV, for each CV fold, another 5-fold CV was conducted by
splitting the training set to another training set and a test set. The
strongest models selected in each CV fold were then evaluated using
the test set that was not used in the selection of the model. It has
been proposed that such nested CV provides almost unbiased perfor-
mance estimates [33]. We considered a number of models for predic-
tion of clinical outcome (“improved”/“unchanged”/“declined”) as
noted in the main manuscript and also in the Supplementary Appen-
dix. Prediction accuracy was determined using multiple metrics,
including mean squared error (MSE), mean absolute error (MAS),
ranked probability score (RPS), and area under the curve (AUC, using
the pROC package in R). The final prediction model was obtained by
training our “best” model — specifically, the one that best combined
predictive performance with ease of use — on the entire dataset.

2.8. Role of funders

Funders had no role in study design, data collection, data analyses,
interpretation, or writing of this manuscript.

3. Results
3.1. Characteristics of the patients

The baseline clinical characteristics of the patients are shown in
Table 1. The mean (4SD) age of the patients was 58417 years; 65%
were male. The mean duration of symptoms before hospital admis-
sion was 2 + 2 days. The most common symptoms on admission to

Table 1
Baseline clinical characteristics of the cohort.

Total number 80

Age in years 58 +/-17

Male/female 52 (65)/28(35)

Duration of symptoms before admission in days 2+[-2

Duration of hospitalization at time of study entry in days 4 +/-3

Symptoms at admission
Fever 58(73)
Dyspnoea 52 (65)
Cough 33(41)
Sputum production 17 (21)
Myalgia 32(40)
Sore throat 20(25)
Nasal congestion 4(5)
Headache 18(23)
Fatigue 51(64)
Anorexia 14(18)
Nausea 12(15)
Diarrhoea 14 (18)
Chest pain 17 (21)
Anosmia 10(13)

Comorbidities
Hypertension 36 (45)
Ischaemic heart disease 20(25)
Diabetes mellitus 13(16)
Obesity 37(46)
Chronic lung disease 22(28)
Chronic kidney disease 16(20)

Smoking history
Current 15(19)
Former 19(24)
Never 46 (58)

Vaping history
Current 7(9)
Former 0(0)
Never 73(91)

Data presented as mean +/- SD or absolute number (percentage of group total).
Note: percentages rounded to nearest whole number.



the hospital were fever, dyspnoea, fatigue and cough. The mean
length of stay at the time of study entry was 4 + 3 days.

At the time of study entry, 88% of the total cohort were receiving
oxygen support therapy; 24 were invasively ventilated in the inten-
sive care unit (ICU), 19 were non-invasively ventilated or on high-
flow oxygen, and 27 were receiving low-flow oxygen via nasal can-
nula. The ICU subgroup included all patients meeting the study crite-
ria who were admitted to the ICU under the care of an intensivist
during the study period. Further details regarding patient exposures
and comorbidities are available in the Supplementary Appendix.

3.2. Model selection

A summary of the performance of each of the models studied in
predicting clinical outcome is provided in Table 2. In the unadjusted
analysis using nested CV, the best predictor of outcome was the slope
of the IL-6:IL-10 ratio across the duration of the study. The second
best overall model was the change in ratio between day 0 and day 4,
suggesting that it was a close approximation of the slope of IL-6:IL-10
ratio. For both of these models, the association with clinical outcome
at day 7 was consistent across the spectrum of COVID-19 patients,
with no difference in strength of association observed between those
requiring ICU support and those managed at ward level (Fig. 1). We
also evaluated the other models mentioned above using independent
test sets. The average prediction accuracy remained high, and was
close to the average prediction accuracy obtained in the model selec-
tion process, reducing our concern for overfitting due to small sample
size. No significant improvements were observed for the models
studied following adjustment for age and sex (Table S2). While the
performance of the slope of IL-6:IL-10 across the duration of the
study was slightly stronger than that of the 4-day change in IL-6:IL-
10 ratio, the differences were minimal. In association with clinical
outcome, the distributions of both the ratio slope and the 4-day
change in ratio were similar when stratified according to clinical
location (ward vs ICU, Fig. 1). Since calculating slopes in the clinical
setting is impractical, the change in IL-6:IL-10 ratio at day 4 was cho-
sen as the preferred model for predicting clinical outcome.

3.3. Association of IL-6 and IL-6:1L-10 ratio with clinical outcome

While the baseline IL-6 and baseline IL-6:IL-10 ratio were both
nominally associated with the clinical outcome, the change in IL-6:1L-
10 ratio was more significantly associated with the clinical outcome
than the change in IL-6. We applied an ordinal regression model to

Table 2
Predictive performance of the models studied.
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the entire dataset and observed that each 0.1 unit increase in the day
0 to day 4 change in IL-6:IL-10 ratio was associated with a 1.28 times
increased odds of having a more severe clinical outcome (OR 1.28,
95% CI 1.17—1.40, P = 9.3 x 1078, Table 3). Each 10 unit increase in
the day O to day 4 change in IL-6 was also significantly associated
with a more severe clinical outcome (OR 1.14, 95% CI 1.07-1.21,
P=6.2 x 107°), though with a decreased strength of association and
decreased goodness of fit as measured by a higher AIC (Table 3).
Therefore, compared to change in IL-6, change in IL-6:IL-10 ratio is a
superior predictor of clinical outcome. Adding in sex and age as cova-
riates to these models actually worsened the fit as measured by
increased AIC, possibly due to overfitting of the model (Table S3).

3.4. Performance of the Dublin-Boston score

With day 0 to day 4 difference in IL-6:IL-10 ratio being strongly
associated with clinical outcome and the most suitable of our tested
predictors for use in clinical practice, we developed the 5-point Dub-
lin-Boston score (-2, —1, 0, 1, 2) as a simple proxy for the 4-day
change in IL-6:1L-10 ratio. Briefly, the score is obtained by multiplying
the day O to 4 difference in IL-6:IL-10 ratio by 2 and then rounding to
the nearest whole number, setting a minimum value of —2 and a
maximum value of 2. The number of individuals with each score and
the range of day 0 to 4 differences in IL-6:1L-10 ratio for each score is
shown in Table S4. Each 1 point increase in the Dublin-Boston score
was associated with a 5.6 times increased odds (OR 5.62, 95% CI
—3.22-9.81, P =1.2 x 10~°) for a more severe outcome (Table 3). As
with the 4-day change in IL-6:IL-10 ratio the Dublin-Boston score
was clearly stratified across clinical change categories (“Improved”/
“Unchanged”/“Declined”), with no difference in the association
between score and outcome observed for ICU patients compared to
those on the ward (Fig. 2, Table S5).

4. Discussion

Here we show that alterations in cytokine balance predict clinical
progression, and demonstrate an easily calculated linear score based
on the IL-6:1L-10 ratio that can be used to guide clinical decision mak-
ing. The Dublin-Boston score uses the change between two IL-6:1L-10
ratio measurements taken 4 days apart to guide clinical decision-
making by identifying hospitalized patients at risk of impending poor
outcome, and is applicable to patients both in the ICU and on the
ward. The score, and the change in IL-6:IL-10 from which it is

Predictor MSE  MAE RPS Improved AUC  Declined AUC
Biomarker  Timing

IL-6:1L-10 Slope over study  0.20 0.20 0.15 0981 0.958
IL-6:IL-10 D4 - DO 035 030 023  0.927 0.928
IL-6 Slope over study 045  0.35 026  0.877 0.888
IL-6 D4 - DO 0.78  0.50 039 0.801 0.829
IL-6:IL-10 D2 - DO 0.83 053 038 0.827 0.866
IL-6 D2 -D0 133 078 045 0.731 0.746
IL-6 Admission (D0) 153 088 046 0.724 0.702
IL-6:1L-10 Admission (DO) 153 088 046  0.727 0.706
Dublin-Boston score 0.39 0.34 022 0921 0.897

IL — interleukin.

MSE — mean squared error.
MAE — mean absolute error.
RPS — ranked probability score.

Improved AUC — area under the curve for predicting the binary outcome of whether the patient

improved or not.

Declined AUC — area under the curve for predicting the binary outcome of whether the patient

declined or not.
D — Hospital day.
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Fig. 1. Association of IL-6:1L-10 ratio models with clinical outcome at day 7 by clinical location. For both the slope of the IL-6:IL-10 ratio across the duration of the study and the
change in IL-6:IL-10 ratio between day 0 and day 4, the association with clinical outcome at day 7 was consistent across the spectrum of COVID-19 patients. The distributions of
both the ratio slope and the 4-day change in ratio were similar when stratified according to clinical location.

derived, significantly outperform the predictive capabilities of IL-6
alone.

Using inflammatory cytokine balance as a means to project out-
come makes mechanistic sense. Both IL-6 and IL-10 are inextricably
linked to cell metabolism, which in turn is influenced by factors such
as infection, severe inflammation, hypoxia and obesity, all of which
are encountered in patients with COVID-19 who require hospitaliza-
tion. Our findings are consistent with a prior report investigating the
use of cytokine ratios in a small cohort of patients with the Systemic
Inflammatory Response Syndrome [34]. The link to clinical deteriora-
tion is similarly intuitive. Tachypnoea, for example, is a physiological
response to the stimulation of irritant, stretch and J receptors within

alveolar septae by pulmonary inflammation [35,36]. While

Table 3

Association of IL-6 and IL-6:1L-10 ratio with a more severe clinical outcome.
Predictors OR (95% CI)* AIC P-value
Biomarker  Timing
IL-6:IL-10 Slope over study 7.44 (3.43-16.13) 74.1 3.7 x1077
IL-6:IL-10 D4 - D0 1.28 (1.17-1.40) 111 93 x 1078
IL-6 Slope over study  5.04(2.62-9.70) 116 12x10°¢
IL-6 D4 - DO 1.14(1.07-121) 150  62x107°
IL-6:IL-10 D2-D0 1.19(1.08-1.32) 154 41x10™
IL-6 D2 -D0 1.13(1.03-1.23) 163 0.0061
IL-6 Admission (D0) 0.94 (0.90-0.99) 168 0.020
IL-6:IL-10 Admission (D0) 0.94 (0.89-0.99) 168 0.021
Dublin-Boston score 5.62(3.22-9.81) 103 12x107°

OR - odds ratio.

CI — confidence interval.

AIC - Akaike information criterion.
D — Hospital day.

* The cumulative odds ratios (OR) for the proportional odds logistic regres-
sion represents the cumulative odds of a more severe clinical outcome
(Improved or Unchanged vs. Declined, Improved vs. Unchanged or Declined).
Due to differences in scale of IL-6 and IL-6:1L-10 ratio values, the OR is in refer-
ence to a 10-unit increase for IL-6 predictors, a 0.1 unit increase for IL-6:IL-10
ratio predictors, and a 1 point increase in the Dublin-Boston score.

tachypnoea alone is unlikely to justify intubation, progressive eleva-
tions in the respiratory rate are predictive of impending poor out-
come. Early identification of the COVID-19 patient who is more likely
to deteriorate allows for increased preparedness and, if it is required,
more timely intubation. Indeed, patients with moderate-to-severe
ARDS who receive prolonged non-invasive ventilation prior to intu-
bation have increased ICU mortality [37]. Avoiding an extubation
that is potentially damaging is also valuable, since those who require
re-intubation also display increased mortality.

This study has inherent limitations. While the number of patients
is more than three-fold larger than prior similar studies in medically
ill patients, the sample size is still small, and lacks a replication
cohort. These issues were mitigated somewhat by the statistical
approach used, the absence of experimental or biological therapies in
the patient population, the analysis of multiple samples taken at reg-
ular intervals for each patient, and the clinical heterogeneity of those
studied. The criteria for hospitalization and the time from onset of
symptoms to presentation and/or diagnosis in patients with COVID-
19 remains variable internationally, influenced by health policy fac-
tors such as the cost of health care, the availability of testing and the
criteria that must be met by a patient to merit a test in some jurisdic-
tions. The patients recruited to the present study were availing of an
open-access government-funded public health service, qualified for
testing based on symptoms and had a wide range of socioeconomic,
ethnic, and demographic backgrounds. The results also do not
address asymptomatic individuals with COVID-19 — some individuals
experienced resolution of symptoms prior to discharge from hospital,
but none were asymptomatic at the time of recruitment to the study.

Comparing our data to the results of previous studies investigat-
ing circulating IL-6 and IL-10 as potential disease severity predictors
in COVID-19 [5,38-40] is challenging for several reasons.

First, while some of these studies may be larger by number, they
are cross-sectional; therefore the total number of samples included
in their analyses is substantially less than the number used in the
analysis described here. Indeed, our study shows that longitudinal
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Fig. 2. Association of Dublin—Boston score with clinical outcome at day 7 by clinical location. The Dublin-Boston score was designed as a simple proxy for the 4-day change in IL-6:
IL-10 ratio. Each 1 point increase in the Dublin-Boston score was associated with a 5.6 times increased odds (OR 5.62, 95% CI —3.22—9.81, P= 1.2 x 10~) for a more severe outcome
at day 7 across the entire cohort. No difference in the association between Dublin-Boston score and clinical outcome was observed for ICU patients compared to those on the ward.

measurements are superior to cross-sectional measurements in pre-
dicting clinical decline. Second, in previous studies that state an AUC
value for IL-6 and/or IL-10, the AUCs quoted were calculated within a
given study population without using nested CV (or any CV) and thus
probably represent overfitting; therefore they are unlikely to repre-
sent the true predictive abilities of IL-6 and IL-10. To further empha-
size this point, our baseline IL-6 measurements had AUCs of 0.7 for
predicting decline and 0.72 for predicting clinical improvement.
Third, our use of objective, WHO-approved clinical endpoints —
rather than symptoms or other subjective measures of clinical
improvement — reduces the risk of bias compared to these prior
studies. In our study, treating physicians were blinded, insofar as
they were unaware of the cytokine levels, IL-6:IL-10 ratios and Dub-
lin-Boston scores for any of the patients under their care.

The models used were adjusted for age and sex only. The rationale
for this was to derive a score that was as applicable and as easy to
perform as possible. Other clinical variables that are believed to influ-
ence outcome, such as body mass index, would potentially improve
the predictive ability of the score. However, obtaining accurate
weight and height recordings for each patient in an inpatient medical
ward or an ICU under the current circumstances is challenging, and
may risk overburdening an already stretched hospital staff.

Inclusion of chronic medical comorbidities such as pre-existing
lung disease is also challenging, since such a term covers a wide vari-
ety of heterogeneous conditions, each with a different prognosis. Fur-
thermore, different degrees of severity exist within each lung
disease. A patient with asthma would probably be expected to be less
compromised than a patient with cystic fibrosis, for example, while a
chronic obstructive pulmonary disease (COPD) patient with a fre-
quent exacerbator phenotype would similarly be expected to do
worse than a COPD patient with more stable disease. In this study,
we felt that restricting the Dublin-Boston score to a small number of
objective variables was preferable, and opted to sacrifice additional
precision in favour of ease-of-use. With the performance of the score
as is, any improvement in precision would have been uncertain and
incremental with a definite increase in model complexity.

Acute thrombotic events have been reported in up to 25% of ICU
patients with COVID-19 and 10% of non-ICU patients [41-43]. While
the exact mechanism underlying this phenomenon is incompletely
understood, it appears that increased levels of ACE2 expression by
endothelial cells following SARS-CoV-2 infection may lead to amplifi-
cation of endothelial injury and thromboinflammation [44]. Throm-
botic events did occur in this population. However, we did not
capture a change in the levels of IL-6 or IL-10 based on the develop-
ment of a thrombotic event. This may be due to the small sample
size, but may also be due to the fact that some patients had throm-
botic events that went undetected. The present demand for inpatient
radiology services coupled with the need to abide by strict

sterilization procedures after scanning COVID-19 patients means that
ultrasound and/or CT-based imaging for each patient with a diagnosis
of COVID-19 is not currently feasible. By the same token, it is recog-
nized that many of the thrombotic events detected in ICU patients
are incidental findings that are not clinically significant. Given the
complex relationship between cytokines and thromboembolic dis-
ease [45-47], and the lack of standardized screening — in particular
for venous thromboembolism — in COVID-19, a separate prospective
study of cytokines, thrombotic events, and outcomes in COVID-19 is
warranted.

While the Dublin-Boston score and changes in the IL-6:IL-10 ratio
both predict clinical outcome, and give an insight into the pathogene-
sis of COVID-19 inflammation, we emphasize that these data alone do
not support attempts to manipulate the ratio directly as a therapeutic
target. Although IL-6 may contribute to organ injury and death in
sepsis syndromes, it is also required for innate immunity and micro-
bial clearance [7,48]. Imprecise inhibition of the pro-inflammatory
effects may therefore represent a double-edged sword.

The IL-6 receptor (IL-6R), is a cell surface receptor expressed by a
limited number of cell types, most notably hepatocytes and macro-
phages. Following binding, the IL-6/IL-6R complex must associate
with a gp130 — a protein present on all cell types — for signal trans-
duction to occur [6,49]. This process, known as classic signalling,
mediates the anti-inflammatory and anti-microbial effects of IL-6. In
certain pathological states, however, cells that do not express the IL-
6R are capable of becoming IL-6-responsive. Cleavage of IL-6R is by
ADAM-17 produces a soluble IL-6R (sIL-6R), which is capable of bind-
ing IL-6 and subsequently the gp130 on cells that were previously
unresponsive to IL-6. The signalling that results is termed trans-sig-
nalling, and dictates the pro-inflammatory activities of IL-6 [6,49]. An
awareness of these distinct paradigms is critically important, since
monoclonal antibodies against IL-6R block both types of IL-6R signal-
ling. This is a clinically relevant drawback, as evidenced by increased
risk of bacterial infection in patients treated with tocilizumab [48],
and further illustrates that direct manipulation of biomarkers such as
the IL-6:IL-10 ratio do not assure improved outcomes.

Classical IL-6 signalling also plays an integral role in the endoge-
nous antiprotease response, upregulating the production and release
of the acute phase protein alpha-1 antitrypsin (AAT) by the liver
[50,51]. The primary role of AAT is to bind neutrophil elastase (NE)
[52], an omnivorous protease released by activated or disintegrating
neutrophils and a key cause of lung tissue damage and airway inflam-
mation in ARDS [53]. In patients requiring ICU admission, blunting of
the AAT response to COVID-19 is associated with poor outcome [4].

Furthermore, the absolute level of IL-6 does not reflect the body’s
response to IL-6, which largely depends on other factors such as the
degree of ADAM-17 activity, and circulating levels of the aforemen-
tioned sIL-6R and soluble gp130, which forms a blood buffer against
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the pro-inflammatory effects of IL-6 [54]. Genetics also play a role —
individuals with a single nucleotide polymorphism in the IL-6R gene
(rs2228145) display increased IL-6R shedding [55] and a higher
inflammatory tolerance [56].

Compensatory changes in these factors vary significantly between
different acute and chronic inflammatory conditions, again demon-
strating the difficulty in devising anti-IL-6 therapeutic strategies
based on data from other diseases, and further highlighting the role
of inadequate anti-inflammatory protection in determining outcome.
In this regard, treatment aimed at changing the level of a specific
cytokine, rather than restoration of cytokine balance by addressing
the underlying cause, may prove futile. Indeed, treatment strategies
addressing the underlying cause of changes in IL-6 and IL-10 are
more likely to be successful, with the Dublin-Boston score also repre-
senting a viable means of assessing the response to therapy in the
context of properly conducted randomized control trials. Should spe-
cific inhibition of IL-6-mediated inflammation be required, selective
blockade of trans-signalling would appear more likely to preserve
cytokine balance and bacterial clearance than blanket inhibition of
IL-6 signalling, and may constitute a safer approach.

Given the scale of the current pandemic, and the wide variety of
potential outcomes, tools that help caregivers predict the clinical
course of the COVID-19 patient address an area of need. More
informed prognosis could help determine when to escalate care,
guide clinicians seeking to institute or remove mechanical ventila-
tion, or drive considerations for therapies. The score described here is
a first step in this direction.
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