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patients
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Shuaib Nasser8 

Abstract 

Background: Divergence between deterioration to life-threatening COVID-19 or clini-
cal improvement occurs for most within the first 14 days of symptoms. Life-threatening 
COVID-19 shares clinical similarities with Macrophage Activation Syndrome, which can 
be driven by elevated Free Interleukin-18 (IL-18) due to failure of negative-feedback 
release of IL-18 binding protein (IL-18bp). We, therefore, designed a prospective, longi-
tudinal cohort study to examine IL-18 negative-feedback control in relation to COVID-
19 severity and mortality from symptom day 15 onwards.

Methods: 662 blood samples, matched to time from symptom onset, from 206 
COVID-19 patients were analysed by enzyme-linked immunosorbent assay for IL-18 
and IL-18bp, enabling calculation of free IL-18 (fIL-18) using the updated dissociation 
constant  (Kd) of 0.05 nmol. Adjusted multivariate regression analysis was used to assess 
the relationship between highest fIL-18 and outcome measures of COVID-19 severity 
and mortality. Re-calculated fIL-18 values from a previously studied healthy cohort are 
also presented.

Results: Range of fIL-18 in COVID-19 cohort was 10.05–1157.7 pg/ml. Up to symp-
tom day 14, mean fIL-18 levels increased in all patients. Levels in survivors declined 
thereafter, but remained elevated in non-survivors. Adjusted regression analysis from 
symptom day 15 onwards showed a 100 mmHg decrease in  PaO2/FiO2 (primary out-
come) for each 37.7 pg/ml increase in highest fIL-18 (p < 0.03). Per 50 pg/ml increase 
in highest fIL-18, adjusted logistic regression gave an odds-ratio (OR) for crude 60-day 
mortality of 1.41 (1.1–2.0) (p < 0.03), and an OR for death with hypoxaemic respiratory 
failure of 1.90 [1.3–3.1] (p < 0.01). Highest fIL-18 was associated also with organ failure in 
patients with hypoxaemic respiratory failure, with an increase of 63.67 pg/ml for every 
additional organ supported (p < 0.01).

Conclusions: Elevated free IL-18 levels from symptom day 15 onwards are associ-
ated with COVID-19 severity and mortality. ISRCTN: #13450549; registration date: 
30/12/2020.
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Background
The Coronavirus disease 2019 (COVID-19) pandemic continues to cause significant dis-
ruption across the world. Despite intense efforts, consensus has not yet been reached on 
the pathogenic processes that lead to life-threatening disease.

Investigators have highlighted parallels between life-threatening COVID-19 infec-
tion and secondary Hemophagocytic Lymphohistiocytosis (HLH) also known as 
“Macrophage Activation Syndrome” (MAS), on the basis of genetic [1], clinical [2], his-
topathological [3], cytological [4] and immunological [5] similarities. MAS is a heterog-
enous syndrome encompassing different aetiologies; however, one type of MAS, NLR 
family CARD domain-containing protein 4 (NLRC-4) mutation-related, was discovered 
in 2018 to be pathologically driven [6] by loss of negative-feedback control of interleu-
kin-18 (IL-18) due to failure of its binding protein (IL-18bp) production, resulting in 
elevated levels of the biologically active “free” IL-18 (fIL-18) component. This study, 
therefore, aims to investigate whether dysfunctional negative-feedback of IL-18 is asso-
ciated with life-threatening COVID-19 disease.

IL-18 is the end-product of inflammasome activation. The inflammasome [7] comprises 
of pattern-recognition receptors (PRRs), stimulated by “pathogen-associated molecular pat-
terns” (PAMPS; e.g., bacterial toll-like receptor agonists) or “damage-associated molecular 
patterns” (DAMPS, e.g., signals of tissue injury). Activated PRRs organise into multi-protein 
cytosolic structures called inflammasomes, found across cell types. The final common path-
way of different inflammasomes is activation of the enzyme caspase-1, which cleaves pro-
IL-18 to its active, free form. fIL-18 potently augments interferon-gamma (IFN-gamma) 
production, but is also capable, in coordination with interleukin-2 (IL-2), in regulating a 
type-2 immune response [8]. IL-18 additionally stimulates interleukin-6 (IL-6) and Granulo-
cyte–macrophage colony-stimulating factor (GM-CSF) [9], blockade of which have yielded 
therapeutics for severe COVID-19 [10, 11]. IL-18 induces the release of its own binding pro-
tein (IL-18bp), which binds to it in a 1:1 ratio, at a higher affinity than the IL-18 alpha chain 
(IL-18Rα), the receptor ligand for mature fIL-18 [12]. IL-18bp, therefore, acts as a soluble 
decoy receptor, with high endogenous inhibition of IL-18 activity, in a negative feedback cir-
cuit. As such, on the assumption that the dissociation constant remains constant in different 
disease states, measurement of fIL-18 is a direct way to assess the integrity of this negative 
feedback circuit [40]; increased production of IL-18 without commensurate release of the 
binding protein will result in increased fIL-18. Measurement of total IL-18, therefore, without 
calculation of the “free”, biologically active component, can produce misleading results [13].

Research early in the pandemic showed that the multi-system inflammatory deteriora-
tion of life-threatening COVID-19, noted for its similarities to HLH, occurs between days 
9 and 14 (interquartile range) of symptom onset [14]. This fits with findings that Comput-
erised Tomography (CT)-based resolution of inflammatory lung changes in COVID-19 
occur from symptom day 15 onwards [15]. Both these sources indicate symptom day 15 
as a key timepoint differentiating those clinically improving, and those deteriorating to 
life-threatening disease. Therefore, to investigate whether loss of IL-18 negative feedback 
control is associated with life-threatening disease in COVID-19, we designed an observa-
tional, prospective cohort study looking at IL-18 negative feedback control from symp-
tom day 15 onwards, in hospitalised patients testing positive with COVID-19. This was 
achieved through measurement of total IL-18 and IL-18bp and calculation of the fIL-18 
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component. This was undertaken in 206 COVID-19 positive patients during hospital 
admission, matched to day from symptom onset. Adjusted multivariate regression analy-
ses were then used to quantify the strength of association between fIL-18 and disease 
severity and mortality outcomes, from symptom day 15 onwards.

Methods
Study setting and patient selection

The study was conducted at East Surrey Hospital, UK, with the period of recruitment 
running from the 9th October 2020 to 9th January 2021.

Inclusion criteria to the cohort were: SARS-COV2 polymerase-chain reaction (PCR) 
swab-positive result; age > than 18 years; inpatient admission. All patients were recruited 
to the study within 24 h of positive PCR result. This included patients who contracted 
COVID-19 while admitted to hospital for other medical or surgical reasons. There were 
no exclusion criteria; hospitalised patients at all levels of disease severity, including 
asymptomatic patients, were enrolled. If enrolled patients were discharged with COVID-
19 but re-admitted, they were not re-enrolled, but continued under the same enrolment. 
During the recruitment period 272 patients met the inclusion criteria. As per standard 
of care at the time of recruitment, all patients enrolled in this study, who required sup-
plemental oxygen, were initiated on a daily course of Dexamethasone 6 mg for 10 days.

Blood sample collection

Standard Operating Procedures to collect blood samples prospectively throughout the 
course of hospital admission for cytokine analysis, involved the following. First, Ethyl-
enediaminetetraacetic acid (EDTA) plasma and serum separator tubes used to collect 
blood samples for clinical purposes, were taken, with serum samples being allowed to 
clot for up to 30 min after harvesting and centrifuged immediately thereafter. Centrifu-
gation of all samples was conducted at between 1500 and 2000 g at room temperature 
(17–21 °C) for 15 min. 0.5–1 ml supernatant was then aliquoted using a sterile, multi-
channel pipette and stored in a 2 ml sterile Eppendorf ® tube. These were then stored 
at − 70 °C within 8 h of harvesting from patients. Aliquots were matched to “day from 
symptom onset” in 219 patients for whom the date of symptom onset was recorded in 
clinical notes.

ELISA testing and fIL‑18 calculation

EDTA plasma and serum samples were thawed at room temperature before enzyme-linked 
immunosorbent assay (ELISA) analysis. Total IL-18 (Human total IL-18/IL-1F4 Quantikine 
ELISA kit, R&D Systems, 5 Minneapolis, MN, USA; sensitivity: 5.15 pg/ml; coefficient of 
variance: 8.33%) and IL-18 Binding Protein (IL-18bp) (Human IL-18bpa Quantikine ELISA 
kit, R&D Systems, Minneapolis, MN, USA; sensitivity: 7.52 pg/ml; coefficient of variance: 
8.90%) were measured. IL-18 and IL-18bp analysis were always conducted from the same 
EDTA or serum sample. All ELISA procedures were undertaken at Cambridge University 
Hospital’s Cytokine Laboratory, Cambridge, UK, in accordance with the manufacturer’s 
protocol. The flow of participants from enrolment to analysis is presented in a Consort Dia-
gram (Fig. 1) and the basis for exclusion of 66 patients, resulting in final analysis of 1228 
aliquots from 206 patients. No samples measured were below the quantification limit.
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Calculation of fIL-18 levels were determined from Total IL-18 and IL-18bp using the 
established 1:1 stoichiometry and dissociation constant  (Kd) of 0.05 nM in a law of mass-
action calculation as per recent evidence [16] (see Additional file 1 for calculation steps). 
IL-18 and IL-18bp provided from historical data [17] in 442 non-COVID-19, healthy 
male volunteers were re-analysed  (Kd = 0.05  nM) to present baseline population fIL-18 
levels. Results with fIL-18 levels calculated using the historical  Kd = 0.4 nM [18] for pur-
poses of comparison to past studies, are presented in the Supplementary Materials.

Patient characteristics and outcome data collection

Patient characteristics and outcome data collection were recorded from clinical notes 
for the final 206 patients whose samples were used for statistical analysis.

Patient characteristics

Demographic and patient characteristic data recorded for all patients were: age; race; 
days since symptom onset at enrollment; sex; admission diagnosis; incidence of comor-
bidities: hypertension, diabetes, congestive cardiac failure, chronic kidney disease, and 
chronic lung disease; medications; number of blood samples taken per patient. Patient 
characteristics are presented in Table 1.

Outcome data

Outcome data recorded from blood sampling included: sample type (EDTA plasma 
or serum); lymphocyte count; neutrophil count; C-reactive protein; ferritin. Outcome 
data relating to respiratory parameters of the patient at the time of blood sampling were 
also recorded, including: fraction of inspired oxygen  (FiO2); method of oxygen delivery; 
partial pressure of oxygen  (PaO2) from arterial blood gas sampling or, if not available, 
derived from oxygen saturations  (SaO2) as described  ([SaO2/FiO2]–29.6/1.09) [19] and 
 PaO2/FiO2 ratio (PFR). Outcome data relating to organ dependency parameters included 
use of vasopressor, renal replacement therapy and artificial mechanical ventilation. 
Outcome data relating to 60-day mortality was recorded from electronic clinical notes, 
including patient Summary Care Record, which is updated contemporaneously.

Statistical analysis

All statistical analysis was carried out using R.

Longitudinal shape of the data

All IL-18 parameters (fIL-18, total IL-18 and IL-18bp) as well as all outcome data listed above, 
were categorised into bins by time from symptom-onset: days 1–4, 5–9, 10–14, 15–19, 
20–24 and 25–29. There was no previous data to inform this categorisation; these time 
frames were chosen as a balance between granularity and numbers of samples per bin for 
meaningful comparison while enabling analysis of samples from symptom day 15 onwards. 
Longitudinal data of all IL-18 parameters and outcome data are presented in Table 2.

Box plots of fIL-18, Total IL-18 and IL-18bp values by time from symptom onset, 
separated by 60-day mortality outcome, were constructed to present the shape of the 
data (Fig.  2). Separation by 60-day mortality was chosen as a more intuitive way of 
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Fig. 1 Consort diagram. Inclusion criteria enabled enrolment of 272 eligible patients, from whom 1732 
aliquots of serum and Ethylenediamine tetraacetic acid (EDTA) plasma and serum blood samples were 
obtained. Discarding of samples due to insufficient volumes for enzyme-linked immunosorbent assay (ELISA) 
left 1523 aliquots, of which, 1228 could be matched to day from symptom onset, from 206 patients
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understanding this longitudinal exploratory analysis, though  PaO2/FiO2 ratio (PFR) 
remained the primary outcome in the main statistical, regression analysis. Unpaired stu-
dent’s T test was used at days 15–19 on fIL-18 values, to verify whether the divergence in 
clinical condition from symptom day 15 onwards, referred to earlier, is reflected in fIL-
18 levels. We further constructed the same box plots in the sub-group of patients requir-
ing artificial mechanical ventilation at any point during admission (see Additional file 1).

Conclusions were not drawn from T tests conducted on IL-18 parameter profiles, con-
structed only to show shape of the data, rather, conclusions were only drawn from the 
results of adjusted multivariate regression models.

Regression analyses

Since IL-18 parameter profiles, described above, took each blood sample as an individual 
data point, without considering that some patients had more blood samples than others, 
adjusted multivariate regression analysis, accounting for patient-related confounders, 
could only be conducted after selecting one fIL-18 value per patient. We chose “high-
est fIL-18” value per patient, from symptom day 15 onwards, to ensure capture of the 
greatest degree of dissociation between IL-18 and its binding protein. Use of mean or 
median values were avoided, since they would have resulted in comparison of individual 
values to averaged values, due to differences in the number of blood samples obtained 
per patient.

All regression analyses were adjusted for by age; sex; comorbidities: diabetes, hyper-
tension, congestive cardiac failure, chronic kidney disease and chronic lung disease; 
admission diagnosis (COVID-19 or other) and sample tube collection type (EDTA 
plasma or Serum). All regression analyses are presented in Table 3.

Disease severity

Linear regression was conducted with highest fIL-18 from symptom day 15 onwards, 
against:  PaO2/FiO2 ratio (PFR) as the primary outcome (Fig. 3); CRP, Lymphocyte count 
as a percentage of white blood cells, neutrophil/lymphocyte ratio (NLR); concurrent 
number of organs supported, as defined by: vasopressor use, artificial mechanical venti-
lation, and renal replacement therapy (RRT). Comparison to ferritin levels could not be 
conducted due to insufficient data. Linear regression against NLR and number of organs 
supported, was repeated in a sub-population that excluded patients who had not died 
with hypoxaemic respiratory failure, as defined below.

Logistic regression with highest fIL-18 from symptom day 15 onwards as the covari-
ate, was conducted against concurrent organ support of any kind (out of vasopressor 
use, artificial mechanical ventilation, and renal replacement therapy) and concurrent 
artificial mechanical ventilation only.

Mortality analysis

Adjusted logistic regression analysis was performed with highest fIL-18 as the covari-
ate and crude 60-day mortality, as measured from onset of symptoms, as the out-
come. Adjusted logistic regression analysis was then repeated with 60-day mortality, as 
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Table 1 Baseline characteristics of 206 patients by 60-day mortality outcome

Results that reach the significance threshold are bolded

*IQR refers to “interquartile range”
¶ Race or ethnic group was recorded in the patient’s electronic health record
± Other admission diagnoses include the following (n): orthopaedic injury secondary to fall (15); stroke (4); fall without 
orthopaedic injury (3); pulmonary embolus (2); abdominal pain (2); confusion (2); decompensated congestive cardiac failure 
(2); sepsis (2); diarrhea (1); discitis (1); acute limb ischaemia (1); acute kidney injury (1); cellulitis (1); facial injury (1); subdural 
haemorrhage (1); trifascicular block (1); supraventricular tachycardia (1); small bowel obstruction (1); infective arthritis (1); 
hyperglycaemia (1); heart valve disorder (1)
‡ Co-morbidities were determined in the following manner: diabetes, hypertension, congestive cardiac failure and chronic lung 
disease were determined from diagnosis in patient notes; chronic kidney disease was determined as a recorded estimated 
Glomerular Filtration Rate < 90 in the year preceding admission or diagnosis in medical notes at the time of admission

Characteristic Survival to day 60 from 
symptom onset (n = 165)

Died by day 60 from 
symptom onset (n = 41)

Significance testing

Age

 Mean, year 69.8 [59–82] 77.4 [69–88] p < 0.01

 Distribution, %

  < 70 years 44 29 –

  70–79 years 21 22

  ≥ 80 years 34 49

Sex, %

 Male 53 63 –

 Female 47 37

Race, %¶

 White 64 54 –

 Minority: Asian 5 7

 Minority: Black 2 2

 Other/undisclosed 28 37

Admission diagnosis (%)

 COVID-19 84 85 –

  Other± 16 15

Median no. of days since symptom 
onset [IQR]*

7 [4–10] 6 [3–10] –

Median no. of blood samples taken 
per patient [IQR]*

2 [1–4] 4 [2–6] p < 0.05

No. of patients discharged prior to 
symptom day 15 (%)

89 (54%) 2 (4.8%) –

No. of patients died prior to symptom 
day 15 (%)

– 14 (34%)

Sample type analysed for IL-18 parameters (%)

 Serum 89 91 –

 EDTA plasma 11 9

Artificial mechanical ventilation status at any point during admission

 Not ventilated 145 (88) 29 (71) X2 (1, N = 206)
= 9.10
p < 0.01

 Received artificial mechanical 
ventilation

20 (12) 12 (29)

Previous coexisting disease—no. (%)‡

 Any of the below listed diseases 114 (69) 39 (95) X2 (1, N = 153)
= 32.5
p < 0.001

 Diabetes 37 (22.4) 11 (26.8) –

 Hypertension 76 (46.0) 24 (58.5) –

 Congestive cardiac failure 16 (9.7) 5 (12.2) –

 Chronic kidney disease 59 (35.8) 23 (56.1) X2 (1, N = 82)
= 4.48
p < 0.05

 Chronic lung disease 20 (12.1) 7 (17.1) –
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measured from onset of symptoms, with hypoxaemic respiratory failure, as the outcome. 
This was performed to help exclude patients dying from causes unrelated to COVID-
19, but having contracted COVID-19 as inpatients. Criteria for exclusion of patients 
from the “hypoxaemic respiratory failure” mortality group was: no PFR < 300 mmHg in 
recorded observations within 24 h of death. This was conducted blinded to patient fIL-
18 values, resulting in the exclusion of 4 out of 22 patients.

Results
Baseline characteristics

Of the 206 patients analysed for IL-18 parameters, 165 survived to day 60 from symptom 
onset, and 41 died. Mean age between the two groups was significantly different (p < 0.01), 
though the distribution of ages was not found to be significantly different. There was a greater 
proportion of males in the mortality group (63% vs. 53%). These findings are in keeping with 
previous reports [20] that age and male gender are risk factors for mortality with COVID-
19 infection. The distribution of race was not significantly different between the two groups. 
Median number of days from symptom onset were similar between survivors and non-survi-
vors (7 days vs. 6 days). Median number of blood samples taken per patient were significantly 
different (p < 0.05) with non-survivors having a higher median number of samples (2 sam-
ples vs. 4 samples). Of the fully enrolled cohort, 54% of 165 60-day survivors were discharged 
prior to symptom day 15 and thus not included in the regression analysis, being deemed to no 
longer have active disease, and thus at risk of introducing bias into the regression analysis. Of 
41 60-day non-survivors, prior to symptom day 15, 2 patients were discharged and 14 patients 
died. The 2 discharged non-survivors were deemed inappropriate for blood sampling due to 
their palliative status. Survivors showed less than half the rate of artificial mechanical venti-
lation as compared to non-survivors (12% vs. 29%) (p < 0.01), as would be expected. Having 
any comorbidity was significantly associated with mortality as compared to no comorbidity 
(p < 0.001) and of the comorbidities, only incidence of chronic kidney disease was significantly 
different in non-survivors than survivors, being higher in the former group (p < 0.05).

Longitudinal shape of the data

Detailed results of all data, separated by 60-day mortality outcome, longitudinally col-
lected, are presented in Table  2. These include data related to IL-18 parameters, bio-
chemical parameters and organ support parameters.

Figure 2a shows the shape of the data in relation to fIL-18 levels. It shows how mean fIL-18 
levels increased in survivors and non-survivors between symptom day 1 and symptom days 
10–14. From symptom day 15 onwards, we see mean fIL-18 divergence between survivors 
and non-survivors (days 15–19: 89.3 pg/ml [survived] vs. 138 pg/ml [died]; p < 0.03). fIL-18 
levels in survivors between days 15 and 29 from symptom onset, trend towards the level seen 
in healthy volunteers, represented by the blue bar. Profiles of IL-18bp and Total IL-18 levels, 
Fig. 2b and (c), respectively, show that the fIL-18 divergence after day 15 is due to increased 
production of IL-18 without a commensurate increase in the levels of IL-18bp.
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Regression analyses

Results of all regression analyses can be seen in Table 3.

Primary outcome:  PaO2/FiO2 ratio (PFR)

Highest fIL-18 from symptom day 15 onwards was significantly inversely associated 
with concurrent PFR. Adjusted linear regression demonstrates that for every increase 
in highest fIL-18 by 0.377 pg/ml, PFR decreases by 1 mmHg, or to put another way, for 
every increase in highest per patient fIL-18 by 37.7 pg/ml, PFR decreases by 100 mmHg 
(p < 0.03). Figure  3 depicts the relationship between PFR, separated into bins of 
100 mmHg as per the Berlin criteria [21] of ARDS, and highest per patient fIL-18 from 
symptom day 15 onwards. No parameters were significant confounders.

Table 3 Regression analysis for primary and secondary outcomes from symptom day 15 onwards

Results that reach the significance threshold are bolded
✸ The “hypoxaemic respiratory failure group” excludes 4 patients whose calculated PaO2/FiO2 ratio from values recorded in 
the last 24 h of life did not fall below 300 mmHg at any time. The group is used to exclude those who died from causes other 
than hypoxaemic respiratory failure
✦ “Per Additional Organ supported” refers to each new organ supported, out of: vasopressor support; artificial mechanical 
ventilation; renal replacement therapy

Outcome  Kd = 0.05 nM Highest free IL‑18 response 
coefficient (standard error)

Odds ratio per 50 pg/ml increase 
in highest free IL‑18 (95% 
confidence interval)

Significance

Primary outcome

  PaO2/FiO2 Ratio (mmHg) – 0.377 (0.111) p < 0.03

Secondary outcomes

 Mortality

  Death at 60 days from symptom 
onset (crude mortality)

1.41 (1.1–2.0) p < 0.03

  Death at 60 days from symptom 
onset (hypoxaemic respiratory 
failure)✸

1.90 (1.3–3.1) p < 0.01

 Organ-support dependency

  Any organ  support✦ 1.66 (1.1–2.9) p < 0.05

  Artificial mechanical ventilation 
only

1.66 (1.00–2.9) p = 0.05

  Per additional organ 
 supported✦

50.72 (23.0) p < 0.05

  Per additional organ supported 
(hypoxaemic respiratory 
failure)✦✸

63.67 (23.3) p < 0.01

 Biochemical inflammatory markers

  C-reactive protein (CRP) 0.065 (0.29) p > 0.5

  Lymphocyte (as % of white 
blood cells)

− 118.4 (109) p > 0.2

  Neutrophil/lymphocyte ratio 2.67 (1.3) p = 0.05

  Neutrophil/lymphocyte ratio 
(hypoxaemic respiratory 
failure)✸

3.54 (1.4) p < 0.03
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Secondary outcomes

Mortality

Adjusted logistic regression gave an odds ratio (OR) of crude 60-day mortality of 1.41 
(1.1–2.0) for each 50 pg/ml increase in highest fIL-18 from symptom day 15 onwards 
(p < 0.03). When the outcome group is narrowed to those who died by day 60 with 
hypoxaemic respiratory failure, adjusted logistic regression gave an OR of 1.90 (1.3–3.1) 
for each 50 pg/ml increase in highest fIL-18 from symptom day 15 onwards (p < 0.01). 
No parameters were significant confounders with either regression analysis.

Organ failure

Adjusted logistic regression showed a relationship between highest fIL-18 from symp-
tom day 15 onwards, and artificial mechanical ventilation status that was on the cusp 
of significance (p = 0.05). Taking any organ support (vasopressor support, artificial 
mechanical ventilation or renal replacement therapy) as the outcome, gave a significant 
OR of 1.66 (1.1–2.9; p < 0.05). For every additional organ supported out of vasopressors, 
artificial mechanical ventilation or renal replacement therapy, highest fIL-18 increased 
by 50.7  pg/ml (p < 0.05). When the same linear regression analysis was conducted, 
excluding those who did not die with hypoxaemic respiratory failure, adjusted linear 
regression gave an increase of highest fIL-18 of 63.67 pg/ml (p < 0.01) for each additional 
organ supported.
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Fig. 3 PaO2/FiO2 ratio (PFR) vs. Highest Free IL-18 (fIL-18) from symptom day 15 onwards. Highest fIL-18 per 
patient (n = 97) from symptom day 15 onwards shows an inverse, statistically significant relationship with 
concurrent PFR (primary outcome), divided into bins as per the Berlin Criteria for acute respiratory distress 
syndrome (ARDS) severity categories, and extended above 300 mmHg. Multivariate adjusted linear regression 
shows an increase of 37.7 pg/ml in highest fIL-18 for each decrease in PFR by 100 mmHg (13.3 kPa) (p < 0.03)
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CRP, NLR and lymphocyte (%), ferritin

Adjusted linear regression of highest fIL-18 against concurrent CRP, NLR and Lympho-
cyte count (as percentage of white blood cells) from symptom day 15 onwards showed 
only NLR as having a significant association. For each increase in NLR by 1 in patients 
with hypoxaemic respiratory failure, highest fIL-18 increases by 3.54 (p < 0.03). In the 
full patient cohort, an increase in NLR by 1 increases highest fIL-18 by 2.67 (p = 0.05). 
Not enough patients had measured ferritin levels for adequate regression analysis.

Discussion
We found that dysfunction of IL-18 negative feedback control is associated with disease 
severity and death in COVID-19 positive patients from symptom day 15 onwards. From 
symptom day 15 onwards, for every 37.7 pg/ml  (Kd = 0.05 nM) increase in highest per 
patient fIL-18, PFR (primary outcome) decreased by 100 mmHg (13.3 kPa) (p < 0.03). For 
each 50 pg/ml increase in highest fIL-18 per patient from symptom day 15 onwards, the 
adjusted OR for crude 60-day mortality was 1.41 (1.1–2.0] (p < 0.03). When the outcome 
was limited to those who died with hypoxaemic respiratory failure, the OR increased to 
1.9 (1.3–3.1); p < 0.01. For each increase in highest fIL-18 by 50 pg/ml, the OR for requir-
ing any organ support, defined as vasopressor therapy, artificial mechanical ventilation 
or renal replacement therapy, was 1.66 (1.1–2.9); p < 0.05. For each additional organ sup-
ported, fIL-18 increased by 50.7 pg/ml (p < 0.05) and when only patients who died with 
hypoxaemic respiratory failure were analysed, this increased to 63.67 pg/ml (p < 0.01).

This study adds to the literature in two significant ways. First, this is the first report 
to characterise free IL-18 levels in COVID-19 throughout the course of the illness; pre-
vious studies characterised either only the total IL-18 component [22, 23] which does 
not reflect the biologically active interleukin and may hide the true picture of inflamma-
some activation [13] or only analysed free IL-18 levels at admission. The latter resulted 
in missing trends that occur from the point of clinical deterioration in the second week 
of the illness and onwards. Second, this is one of the few studies to undertake interleukin 
analysis in the context of the disease course, through careful correlation to the first day 
of symptom onset.

The population under study were hospitalized adults who tested positive for SARS-
CoV-2 on PCR. The baseline features of the population relating to age and gender distri-
bution were in keeping with other studies [24]. Ethnic differences between the mortality 
groups were not significantly different, but not representative of the region of the hospi-
tal, with minority groups being under-represented. It is possible that the “undisclosed” 
ethnicity category contained a larger proportion of ethnic minorities. There was no 
difference in median number of days from symptom onset, at the time of enrolment, 
between mortality groups, indicating that non-survivors do not present later to hos-
pital than survivors. The mortality rate of patients not-ventilated (16%) and ventilated 
patients (37.5%) was higher than that described elsewhere (11.5% and 33%, respectively) 
[24]; however, this may have been due to the higher median age of participants in our 
study. The distribution of comorbidities was as expected between the mortality out-
comes, though of note, only the difference in chronic kidney disease reached the sig-
nificance threshold; hypertension incidence did not. This appears to be due to a lower 
incidence of hypertension (58.5%) in our non-survivors compared to that described 
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elsewhere (67.6%) [24]. During inpatient stay, non-survivors had significantly more 
blood samples taken per patient, as expected, with patients in intensive care being bled 
daily, and having a higher mortality rate than patients not admitted to intensive care. 
While daily dexamethasone was included in the standard of care by the time of enrol-
ment, IL-6 blockade had not yet been included. Thus, the fIL-18 profile observed in this 
study is in the context of steroid-based immunosuppression.

Two inflammasome types, NLRP3 and NLRC4, have classically been the main focus 
of study. IL-18 production from the NLRP3 inflammasome, an intracellular sensor of 
anti-microbial signals found mainly in macrophages, and which activates in response 
to the pathogenically stimulated ASC protein scaffold, shows how IL-18 can be detri-
mental to clinical outcomes along two axes: level and persistence of elevation. In models 
of sepsis, for example, injection of a low or moderate dose of lipopolysaccharide (LPS) 
induces a moderate rise in IL-18 levels that enhances anti-bacterial host defenses, while 
injection with high doses results in sustained, high levels of IL-18, that impair host anti-
bacterial defenses [25]. In models of lung infection, avian influenzae H5N1 and H7N9, 
which contain a PB1–F2 protein, persistently activate NLRP3, resulting in persistently 
elevated levels of IL-18, inducing IFN-gamma, and a subsequent cytokine storm [26, 27] 
in a manner reminiscent to severe acute respiratory syndrome (SARS) [28]. This profile 
of a sustained, elevated IL-18 level associated with poor clinical outcomes is in keeping 
with our findings that persistently elevated fIL-18 levels from symptom day 15 onwards 
are significantly associated with disease severity and 60-day mortality, in COVID-19.

While NLRC4 is also activated by pathogenic signals, specifically flagellin and com-
ponents of the type III secretion system [29], it is also capable of activating caspase-1 
and producing IL-18 independently of the ASC scaffold and thus, unlike NLRP3, is not 
dependent on pathogenic stimuli. Thus, NLRC4 mutations can result in overwhelm-
ing production of IL-18, as in systemic juvenile idiopathic arthritis (sJIA) [30] and adult 
onset still’s disease [31], in which NLRC4 mutations drive IL-18 production into the 
nanogram range, due to uninhibited production.

Hemophagocytic lymphohistiocytosis (HLH), a syndrome that bears key similarities 
to life-threatening COVID-19 [1–5], is characterised by phagocytosis in bone marrow 
and other tissues, of haemoglobin, white blood cells and platelets by histiocytes, such as 
macrophages, under excess stimulation by IFN-gamma. The aetiology of excessive IL-18 
production, and subsequent excess IFN-gamma stimulation, driving macrophage acti-
vation, differs by HLH type. For example, familial and secondary HLH, the latter also 
known as MAS, include macrophage activation due to lytic failure, by cytotoxic T-cells, 
of IFN-gamma producing antigen-presenting cells, due to intrinsic T-cell mutations 
[32]. MAS additionally is used to describe excessive release of fIL-18 due to uncon-
trolled inflammasome activation, due to NLRC4 mutations [33], again driving elevated 
IFN-gamma levels and macrophage activation. The third and final type, known as CpG-
induced MAS, involves relentless antigenic stimulation of the NLRP3 inflammasome, 
through activation of toll-like receptor 9 (TLR9), which recognises DNA rich in unmeth-
ylated CpG–DNA motifs from bacterial or viral DNA, again driving elevated fIL-18 lev-
els, and subsequent elevated IFN-gamma levels [34].

This third pathway of CpG-induced MAS through constitutive NLRP3 activation, may 
be the central pathomechanism of COVID-19. Early functional exhaustion of innate 
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immunity, so crucial in early antigen-control, is seen in fatal COVID-19 [35]. Work by 
Waggoner et al. has shown the essential role of Natural Killer (NK) cells in modulating 
CD4 + T Cells to prevent such functional exhaustion [36]. As NK cell function and num-
ber are impaired with age [37] and in those with metabolic syndrome conditions [38] 
we would expect to see greater functional exhaustion of lymphocytes in these groups, 
unchecked viral spread, and repeated inflammasome stimulation, driving CpG-induced 
MAS, with fatal outcomes.

Both Weiss et al. [6] and Girard–Guyonvarc’h [34] et al. have shown the essential role 
of IL-18bp in silencing IL-18 activity in MAS and CpG-induced MAS, respectively. Our 
findings demonstrate that elevated fIL-18 after symptom day 15 is driven by increased 
production of IL-18 without a commensurate increase in IL-18bp (Fig. 2). Why adequate 
levels of IL-18bp are not released from symptom day 15 onwards under its usual home-
ostatic mechanism is unclear. Neutralising auto-antibodies to IFN-alpha, seen in life-
threatening COVID-19 [39] may explain the elevated levels of fIL-18; IFN-alpha both 
diminishes IL-18 production from macrophages and is an important inducer of IL-18bp 
[40]. Interestingly, the PB1–F2 protein in H5N1 and H7N9, cited earlier, which drives 
a cytokine storm through excessive IL-18 production from mass activation of NLRP3 
inflammasome [27], also inhibits IFN-alpha production [41]. Persistently elevated fIL-18 
in severe COVID-19 may underlie the finding that elevated IFN-gamma after day 10 of 
symptoms is independently associated with death [42]; IFN-gamma potently activates 
macrophages [43] and macrophage-mediated destruction of lung architecture via infil-
tration of extra pulmonary tissue is a hallmark of fatal COVID-19 [44].

Weaknesses of this study include, first, the inherent limitations of being a single-centre, 
prospective observational study. Recognition of this early in study design was attempted 
to be mitigated through selection of a site which serves a racially diverse population. A 
second weakness relates to the use of PF ratios derived from  SaO2 when  PaO2 values were 
not available, albeit through a validated mathematical model. Right-shift in the haemo-
globin dissociation curve in critically ill patients may have resulted in under-estimation 
of the PFR in the critically ill cohort, potentially under-estimating the slope of the associa-
tion between highest fIL-18 and PFR from symptom day 15 onwards. This is unlikely to 
have played a significant role in introducing bias, however, since PFR was calculated from 
measured  PaO2 values directly, in all critically ill patients. A third weakness relates to the 
incompleteness of our data on ferritin measurement. Hyperferritinaemia forms a part of 
the H-score used to diagnose MAS, and is particularly elevated with NLRC4 mutation-
driven MAS. Though the ferritin levels seen in this study are certainly elevated (Table 2), 
the averaged values per time-bin do not reach the required threshold for contributing to 
the H-score (> 2000 ng/ml). This may be due to incomplete data collection, dexametha-
sone-mediated suppression, or simply, because life-threatening COVID-19 may not con-
form to all the diagnostic features of MAS as currently formulated, despite its similar 
clinical features and the association of elevated fIL-18 with disease severity and mortality. 
Finally, only four patients in the cohort received continuous veno-venous haemodiafiltra-
tion (CVVHDF) in our cohort, of whom, two died and two survived. Biologically active, 
mature IL-18 is 18 kilodaltons (kDa) [53], while the theoretical lower limit pore size of 
CVVHDF for convection is approximately 30–35 kDa [54]. A systematic review of extra-
corporeal cytokine removal reveals little data in relation to IL-18 removal, concluding that 
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hybrid techniques such as CVVHDF generally result in low levels of cytokine clearance 
[55]. This may be due to their hydration shell which results in behavior as larger molecules 
would.

Areas of further research include, first, validating these results in a separate cohort. 
Second, comparing fIL-18 levels in patients with COVID-19 against other conditions, 
which may help clarify conflicting results [45, 46], though of note, these cited studies 
did not analyse the free IL-18 portion. In addition, concurrent analysis of IL-6, though 
not within the scope of our research question, could be an avenue of further research. 
Since IL-18 stimulates IL-6 release [47], it is unlikely IL-6 blockade would attenuate 
the fIL-18 profile; current understanding is that the IL-1β/IL-6/CRP and IL-18/ferritin 
inflammatory axes are separate [48], supported by the lack of association between fIL-18 
and CRP in our study. Finally, though we focused our regression analyses on the period 
from symptom day 15 onwards on the basis of our research question, our longitudinal 
data indicates that non-survivors have higher IL-18bp early in the disease course (days 
5–9). High baseline IL-18bp, as seen in metabolic syndrome conditions [49], may pre-
vent a sufficient rise in fIL-18 necessary to facilitate a strong Th1 response for early anti-
gen-control, resulting in antigen escape from symptom day 15 onwards, and persistent 
inflammasome-mediated IL-18 release. This is an area requiring further research.

This study demonstrates the potential utility of fIL-18 as a biomarker of disease, from symp-
tom day 15 onwards in patients with COVID-19. While causation cannot be established in this 
observational study, our findings provide hypothesis-generating evidence for modulation of 
IL-18 from symptom day 15 onwards in patients with COVID-19. Our finding that for every 
37.7 pg/ml  (Kd = 0.05 nM) increase in highest fIL-18, PFR declines by 100 mmHg after symp-
tom day 15 (Fig. 3), provides both a time frame and a theoretical approach for fIL-18 blockade 
based on the degree of hypoxaemic respiratory failure. Potential drug candidates for such an 
intervention include Tadekinig Alfa (AB2Bio), a recombinant human interleukin-18 binding 
protein, having shown efficacy in conditions with elevated fIL-18, such as MAS [50] and sJIA 
[30], and caspase-1 inhibitor, Belnacasan (Roivant), currently in Phase 2 trials for COVID-19 
[51], having shown efficacy in reducing pulmonary inflammation in animal models [52].

Conclusions
We report that failure of negative feedback control of IL-18, resulting in elevated free 
IL-18 from symptom day 15 onwards in patients hospitalised with COVID-19 infection, 
is associated significantly with disease severity, as determined by PaO2/FiO2 ratio, organ 
support dependency and 60-day mortality. Our results support the hypothesis that life-
threatening COVID-19 may be MAS-like, and may benefit from IL-18 modulation from 
symptom day 15 onwards.
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