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Effect of Sex and Gender in Sepsis 
and Septic Shock: A Narrative Review

A. Lopez, I. Lakbar, and M. Leone

1.1  Introduction

Most diseases are expressed differently in men and women. While nearly 80% of 
cases of autoimmune disease occur in women, cancer is more frequent in men. This 
sexual dimorphism effect is also present in infectious diseases [1], which are one of 
the leading causes of mortality in the world.

In the intensive care unit (ICU), sepsis and septic shock are frequent and still 
have high mortality rates, reaching 45% for patients with septic shock [2]. Patient 
outcomes seem to rely on different phenotypes [3]. Sexual dimorphism could be 
approached as a first step in the personalized management of septic patients.

In this narrative review, we describe sex differences in infectious diseases in 
patients admitted to the ICU.
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1.2  Epidemiology

Men are more likely to develop infectious disease than women, with a mean annual 
relative risk (RR) of 1.28 (95% confidence interval [CI] 1.24–1.32) [4]. Over the 
last decade, large-scale studies have reported a higher incidence of sepsis in men 
than in women [4]. To understand the extent of this challenge, one should know that 
the number of men admitted to the ICU for sepsis and septic shock is higher than the 
number of men admitted to the ICU for other medical reasons [5]. Despite this find-
ing, a multicenter study did not find any differences in patient sex on the decision to 
admit to the ICU [6].

1.2.1  Source of Infection

Epidemiological studies suggest different susceptibility to infectious diseases 
according to sex (Fig. 1.1). Men are more likely to have lower respiratory tract 
infections than women [7], whereas sinusitis and tonsillitis occur more frequently 
in women than in men because of differences in respiratory tract anatomy [8]. 
Men are overrepresented among patients with severe bloodstream infections, 
with a relative risk of 1.3 (95% CI 1.1–1.6, P < 0.05) [9], and among patients 

Respiratory tract
infection

Bloodstream
infection

Gastrointestinal tract
infection

Skin infectionBone infection

Genital and urinary tract
infection

Fig. 1.1 Differences in source of infection according to sex
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with digestive infections [10], probably in relation to differences in dietary and 
hygiene behavior between men and women. However, an animal study showed 
that the female intestinal mucosa was more resistant to hypoxia and acidosis than 
that of males and that the production of pro-inflammatory markers was increased 
in males. This production was decreased after administration of flutamide, a tes-
tosterone antagonist [11].

In contrast, women are more likely to develop urinary and genital tract infections 
than men. Differences in anatomy, physiology, and cell biology of the lower urinary 
tract may explain this finding. Moreover, the urinary microbiome and hormonal 
regulation may amplify the rate of urinary and genital tract infections in the female 
population [12]. Table 1.1 summarizes this sexual dimorphism in source of infection.

1.2.2  Sepsis and Septic Shock

Population-based cohort studies have identified an increase in the incidence of sep-
sis over time, probably due to an improvement in clinical diagnosis after the new 
Sepsis 3 definitions, but also to an increasing proportion of frail patients in the 
population [13]. In a recent review [14] of large multicenter studies, 54–61% of 
patients admitted to the ICU for sepsis or septic shock were men. Offner et al. iden-
tified male sex as an independent risk-factor for severe infections after trauma (odds 
ratio [OR] 1.58 [95% CI 1.01–2.48], P = 0.04) [15].

Table 1.1 Differences in sex distribution according to source of infection

Source of infection Common causative bacteria More frequent in
Respiratory tract Streptococcus pneumonia Men

Chlamydophila pneumoniae
Legionella spp.
Mycoplasma pneumoniae
Mycobacterium tuberculosis
Pseudomonas aeruginosa
Acinetobacter baumanii

Bloodstream Escherichia coli Men
Staphylococcus aureus
Coagulase-negative staphylococci
Streptococcus pneumonia
Klebsiella spp

Gastrointestinal tract Salmonella typhi Men
Helicobacter pylori
Yersina enterocolitica
Escherichia coli
Enterobacteria
Enterococcus faecalis, Enterococcus 
faecium

Urinary tract Escherichia coli Women
Enterococcus spp.
Staphylococcus saprophyticus
Klebsiella pneumonia

1 Effect of Sex and Gender in Sepsis and Septic Shock: A Narrative Review
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As the production of sex hormones evolves with aging, age interferes with the 
relationship between sex hormones and infectious diseases. In children, most stud-
ies show that sepsis distribution is similar in boys and girls. In adults, the widest 
difference in sepsis incidence between the sexes occurs between 25 and 30 years of 
age [16]. However, a small difference between male and female patients is still 
observed at extreme ages [16]. In elderly patients, sepsis tends to affect women at 
older ages than men [4].

1.2.3  Sepsis and Shock Septic Outcomes

Sepsis and septic shock are a worldwide public health problem. Sepsis involves life- 
threatening organ dysfunction, and has a global incidence of almost 50 million 
cases per year worldwide, with a mortality rate of nearly 20% [16]. In a meta- 
analysis, the frequency of septic shock was estimated at 10.4% for patients diag-
nosed at ICU admission and 8.4% for patients diagnosed at any time during an ICU 
stay [17]. In general, women seem to have better clinical outcomes than men, who 
have longer ICU and in-hospital lengths of stay [18]. A retrospective analysis of a 
large clinical database reported that male patients with sepsis were more likely to 
require mechanical ventilation (P  =  0.012) and vasoactive agents (dopamine 
[P = 0.113], norepinephrine [P = 0.016], and epinephrine [P = 0.093]) during an 
ICU stay than women [18]. Men are also more likely to develop acute kidney injury 
than women [19].

All-cause ICU mortality and in-hospital mortality rates for septic shock are 37% 
and 39%, respectively [17]. In terms of differences according to sex, contrasting 
evidence is reported. Most epidemiological studies do not show sex differences in 
terms of sepsis-related deaths [20]. In a retrospective analysis of patients admitted 
to a polyvalent ICU, a higher mortality rate was found in older women with sepsis 
than in men [21]. However, age confounds the relationship between sex and mortal-
ity. In European countries, the median age at death in men in 2015 was 78 years, 
compared with 83 years in women [22]. Men are at higher risk of dying from major 
trauma, cancer, and cardiovascular diseases than women [1]. This can affect the 
findings associated with sepsis mortality.

1.2.4  Coronavirus Disease 2019 (COVID-19)

Another sexual dimorphism has recently been illustrated in ICUs around the world, 
with men developing more severe forms of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) infection than women. Men have been reported to be 
almost three times more likely to be admitted to the ICU with SARS-CoV-2 infec-
tion than women (OR  =  2.84; 95% CI 2.06–3.92) [23], although this study was 
unable to adjust the data for sex differences in comorbidities. In a cohort of 1522 
ICU patients, Moiseev et al. reported higher mortality rates in men over 50 years of 
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age than in women of the same age, although women had a higher occurrence of 
chronic diseases and comorbidities [24]. Therefore, sex disparities in disease sever-
ity may be explained by immune, hormonal, and chromosomal differences rather 
than by differences in comorbidities. Women exhibit higher CD4 T-cell counts and 
higher type I interferon (IFN-I) serum concentrations than men during viral disease 
[25]. IFN-I is believed to play a critical role in the immune response to SARS- 
CoV- 2 infection [26]. On the other hand, estradiol reportedly stimulates humoral- 
mediated immune responses and increases the production of antibodies [26]. With 
respect to chromosome-bias differences, SARS-CoV-2 binds to angiotensin- 
converting enzyme 2 (ACE-2), a protein encoded by X chromosome genes. Since 
ACE-2 is expressed differently in men and women, this may partly explain the lack 
of protection against SARS-CoV-2 in men [27].

1.3  Mechanisms Underlying Sex Differences

1.3.1  Animal Models

The effect of sexual dimorphism on infection has been determined by comparing 
males and females before and after castration. Males are less resistant to the 
development of endotoxic shock than females. The castration of males prevents 
this sexual dimorphism, but ovariectomy has no effect. The survival rate of 
females is higher than that of males and ovariectomized females in cecal ligation 
and puncture models [28]. In murine models, pro-inflammatory cytokines are 
higher in male than in female mice. In a murine model of intra-abdominal sepsis 
caused by injection of endotoxin, exogenous estradiol prevented organ oxidative 
damage [29].

Hence, sexual dimorphism reported in epidemiological studies is confirmed in 
experimental models of infection. A similar pattern has been found for most intra-
cellular bacteria. Leone et al. showed that male and ovariectomized mice infected 
by Coxiella burnetii exhibited higher rates of tissue infection than female mice [30]. 
The susceptibility of male and ovariectomized female mice to Mycobacterium 
avium-intracellulare infection and resultant mortality were higher than those of 
females [31].

1.3.2  Sex Hormones

Merkel et al. showed excess mortality after induction of sepsis in ovariectomized 
female rats, which was corrected by the administration of estradiol; treatment with 
estradiol reduced mortality from 80% to 50% [32]. Female sex hormones seem to 
have a protective role and androgens an immunosuppressive action [1]. In animal 
models of infection, an immunosuppressive effect of androgens has been observed, 
resulting in worse outcomes in males [1].

1 Effect of Sex and Gender in Sepsis and Septic Shock: A Narrative Review
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Unfortunately, the picture at the bedside is more complex, with dual effects of 
sex hormones according to their concentrations. In the ICU, a high serum estradiol 
concentration is associated with increased mortality [33]. In elderly patients with 
infections, mortality is associated with elevated estradiol concentrations in both 
sexes [34]. At variance with previous studies, elevated testosterone concentrations 
were found in women who did not survive [34].

1.3.3  Chromosomes

The X chromosome supports not only many genes that affect sex hormone levels but 
also genes involved in the immune response. The X chromosome, X-linked genes, 
and X chromosome inactivation mechanisms contribute to male susceptibility to 
infectious diseases [35]. This observation arises from studies in autoimmune dis-
eases. For example, an autoimmune female predisposition is found in systemic 
lupus erythematosus; indeed, the interleukin receptor-associated kinase 1 enzyme 
(IRAK-1), encoded by the X chromosome, is a risk factor for the occurrence of the 
disease [36]. In genetic chromosomal pathologies, there is a decrease in circulating 
T and B lymphocytes in Turner syndrome (45, X), but the opposite is noted in 
Klinefelter syndrome (47, XXY). Men with lowered serum testosterone concentra-
tions exhibit immunoglobin levels close to those of healthy women [37]. In an 
experimental study on Drosophila melanogaster, X chromosome genes involved in 
the immune response were found to have a role in regulating bacterial load [38]. 
This can be a selective advantage for the female sex in the immune response to 
infection. The inactivation of the X chromosome during embryonic development in 
women is not complete, because 10% of the genes are not inactivated. Thus, this 
genetic dimorphism may give women a natural advantage over men in fighting 
infections.

1.3.4  Immune Response

Immune functions are affected by a specific sex response. Male and female lym-
phocyte cells possess sexual hormone receptors on their surface, which work as 
nuclear transcription factors [39]. Estrogens directly stimulate B-lymphocyte cells 
and antibody production. This explains the greater humoral immune response with 
higher levels of immunoglobins in women than in men [40]. Androgen receptors 
have also been described on the surface of immune cells. Testosterone reduces 
natural killer (NK)-lymphocyte cell activity and the production of pro-inflamma-
tory cytokines by inhibiting the nuclear factor-kappa B (NF-κB) pathway. 
Testosterone has a negative control on Th1 differentiation, decreasing the produc-
tion of IFNγ and tumor necrosis factor (TNF)-α, and increasing susceptibility to 
bacterial infection. Animal studies have observed a negative effect of testosterone 
also on the development of B-lymphocyte cells and thus on the development of 
antibody production [41].

A. Lopez et al.
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1.3.5  Behavioral Factors and Gender Dimorphism

Exposure to pathogens and different social behaviors may interfere with the effect of 
sex in explaining differences between men and women. For a long time, smoking was 
more prevalent in men than in women [42] and was associated with an increased risk 
of respiratory diseases and infection [43]. Observational data may not discriminate 
between male groups and smoker groups among patients at high risk of infection; 
thus, the increased rate of infected men may be due to a higher prevalence of smokers 
among men than in women. This underlines the need for experimental investigations 
looking at the role of sex hormones in the process of infectious diseases.

Lifestyle is also influenced by gender. In a population of 761 adolescents, young 
girls did less physical exercise and had lower physical and psychological well-being 
but higher vegetable consumption and greater satisfaction from an educational context 
[44]. Such stereotypes may influence behavior and affect susceptibility to infection.

Gender inequalities also exist regarding access to healthcare. The prevalence of 
perceived unmet health care is significantly higher in women than in men. In 2019, 
the #LancetWomen movement was created to promote sex equality worldwide and 
highlight the inequalities in science, medicine, and global health between men and 
women [45].

In summary, the term ‘sex’ concerns biological features, chromosomes and hor-
mone expression, whereas ‘gender’ refers more to social roles and human behavior 
(Fig. 1.2); both can influence the susceptibility and response to sepsis.

GENDER
Social roles and behaviors

(food, sport, work, access to care)

SEX
Biological features, chromosomes,
hormonal expression, and anatomy

SEX

Fig. 1.2 Differences between gender and sex

1 Effect of Sex and Gender in Sepsis and Septic Shock: A Narrative Review
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1.4  Therapeutic Strategies and Sex Inequalities

Physicians should consider sex differences as the first step toward personalized 
management patient in sepsis. In an observational study on tuberculosis, women 
had a significantly longer delay before diagnosis and introduction of specific 
treatment [46]. In contrast, men had worse outcomes because of lower sputum 
culture conversion and higher mortality rates despite specific treatment [47]. 
These findings reflect a sexual dimorphism in patient management. In patients 
with septic shock, intravenous antimicrobials should be introduced as soon as 
possible after diagnosis [2]. However, the DISPARITY-II study found a delay of 
31 min before antimicrobial onset in septic women compared with men after rec-
ognition of infectious sources [48]. This finding is in line with a nationwide cohort 
study, in which swifter diagnosis and shorter time to antibiotics were noted for 
men, without a significant difference in ICU nursing workload [49]. These find-
ings justify the implementation of preventive protocols to reduce sex inequalities 
in health and wellbeing from an early age [45]. Finally, pharmacokinetics differs 
in men and women. In healthy volunteers, the median elimination half-life of 
Ringer’s acetate was shorter in women than in men [50]. In animal studies, car-
diac dysfunction during sepsis has been described in both sexes, but was more 
marked in male mice. Mathieu et al. compared the performance of landiolol, a 
short-acting beta-blocker, to prevent deleterious cardiac damage in male and 
female septic mice [51]. There were significant differences, with a dual effect 
being highlighted in males and females: whereas cardiac performance was 
improved in the male rats treated with landiolol, the treatment was deleterious in 
females. A sexual dimorphism of beta-receptors was described on tissue analysis 
[52]. This was related to sex hormones, because ovariectomy corrected this dele-
terious effect (personal data).

Regarding the effect of adjunctive corticosteroids during septic shock, hydrocor-
tisone decreased the ICU length of stay and duration of mechanical ventilation in 
men compared to women, but no significant differences were found for outcomes, 
support therapy, or health-related quality of life [53]. It is still too early to direct 
therapy based on these findings; further multicenter studies are necessary.

1.5  Conclusion

Male sex predisposes to developing sepsis and septic shock. This difference between 
men and women seems to get worse until the onset of menopause in females, sup-
porting a strong role for sex hormones. By contrast, the mortality of patients with 
sepsis is not affected by sex, probably because age confounds this outcome. 
Knowledge of sexual dimorphism mechanisms may offer an opportunity to person-
alize the management of patients with sepsis according to their age and sex.

A. Lopez et al.
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2.1  Introduction

The rise of the pandemic by the novel severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) generated a state of urgency within the medical community. 
This urgency was further aggravated by the accumulating number of critically ill 
patients admitted with acute respiratory distress syndrome (ARDS) and the consid-
erable mortality. Early publications suggesting that the ARDS was associated with 
a storm of cytokines led to the administration of various anti-cytokine drugs for 
treatment. After several months of pandemic, data now suggest that complex 
immune phenomena exist in the host and they mandate a personalized approach for 
management. The purpose of this review is to focus on the change in the function of 
monocytes in severe coronavirus disease 2019 (COVID-19) and to propose thera-
peutic interventions for restoration of the immune function.

2.2  What Does Cytokine Storm Signify in COVID-19?

The dawn of the SARS-CoV-2 pandemic was followed by several publications 
describing increased concentrations of pro-inflammatory cytokines in the circula-
tion of patients [1, 2], giving birth to the idea that hospitalized patients with severe 
or critical illness were suffering from cytokine storm syndrome. The real question 
is whether excess cytokine production is a unique feature for all patients with 
COVID-19 or whether the cytokine patterns in COVID-19 resemble what is seen in 
bacterial sepsis. Existing publications comparing the kinetics of cytokines in sepsis 
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with those in COVID-19 are limited. In one, the distribution of pro-inflammatory 
cytokines, namely interleukin (IL)-1β, IL-6, IL-8, IL-18 and tumor necrosis factor- 
alpha (TNF-α) was compared in nine patients with severe COVID-19, 12 patients 
with ARDS due to SARS-CoV-2, and 16 patients with bacterial sepsis; no differ-
ences were found [3]. In another publication, IL-1β, IL-6 and IL-10 were measured 
in the plasma of critically ill patients; 20 patients had pneumonia due to SARS- 
CoV- 2 and 20 patients had bacterial community-acquired pneumonia (CAP). 
Concentrations of IL-1β and IL-6 were greater in patients with critical COVID-19 
than in those with bacterial CAP, whereas patients with bacterial CAP had signifi-
cantly greater concentrations of IL-10. These findings suggest that one main feature 
of severe COVID-19 is a shift in the pro-inflammatory/anti-inflammatory balance of 
the host towards the pro-inflammatory spectrum [4].

It seems that, contrary to ARDS due to other causes, ARDS of COVID-19 origin 
is dominated by two main clusters of cytokines. The first is the cluster of C-X-C 
motif chemokine ligand 10 (CXCL10), granulocyte-macrophage colony- stimulating 
factor (GM-CSF) and IL-10 which drives progression to ARDS; the second is the 
cluster of IL-6, IL-1 receptor antagonist (IL-1ra), chemokine (C-C motif) ligand 20/
macrophage inflammatory protein-3a (CCL20/MIP-3a), C-X3-C motif chemokine 
ligand 1 (CX3CL1) and IL-15, which drives organ dysfunction [5]. Cytokine con-
centrations increase when the disease is worsening but their comparative distribu-
tion in different patients is linear and is statistically better expressed in box plots 
showing individualized patterns. The increase in circulating cytokines follows the 
increase in circulating viral load and is accompanied by a decrease in monocytes 
and lymphocytes [6]. These findings suggest that COVID-19 is dominated by com-
plex immune dysregulations that do not follow a unique pattern and in which indi-
vidualization may play a major role. This individualization may arise from the 
different pattern of stimulation of monocytes that starts the inflammatory response 
of the host to an infectious trigger.

2.3  The Role of Monocytes

Circulating monocytes and tissue macrophages are the first line of host defence 
against the offending pathogens. The traditional paradigm from bacterial sepsis is 
that the interaction of pathogen-associated molecular patterns (PAMPs) of bacteria 
with pattern recognition receptors (PRRs) of monocytes and macrophages leads to 
the over-production of pro-inflammatory cytokines and to subsequent organ dys-
function. The detection of increased circulating levels of pro-inflammatory cyto-
kines, namely of IL-6, at the start of the COVID-19 pandemic led to the assumption 
that these cytokines resulted from the excess stimulation of monocytes and macro-
phages by PAMPs of SARS-CoV-2. The described increase in the monocyte distri-
bution width further corroborated this hypothesis [7].

Surprisingly, the addition of the spike S glycoprotein or of the entire viral parti-
cle of SARS-CoV-2 to the growth medium of monocytes does not stimulate high 
cytokine production. When cells are primed with one PRR ligand, the production of 
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IL-1β becomes marked. This is also accompanied by increased formation of cas-
pase- 1 [6], which is greater among patients who are receiving mechanical ventila-
tion than among patients not on mechanical ventilation and which is also positively 
associated with the circulating levels of C-reactive protein (CRP) and IL-6. These 
findings suggest that early during the course of COVID-19 pneumonia, SARS- 
CoV- 2 is able to act as a ligand for the NLRP3 inflammasome and this leads to 
over-production of caspase-1 and to the subsequent cleavage of pro-IL-1β to IL-1β 
[8]. The exaggerated production of IL-1β is also indirectly evidenced by the 
increased serum concentrations of ferritin in patients. High ferritin concentration is 
characteristic of the macrophage activation syndrome present in critically ill patients 
with sepsis [9] and is produced following the excess production of IL-1β by liver 
Kupffer cells. The hyperferritinemia of patients with COVID-19 led us to hypothe-
size that the macrophage activation syndrome may be a major element in the patho-
genesis of the ARDS of COVID-19 caused by excess production of IL-1β.

Early during the course of the pandemic, we hypothesized that the progression of 
a patient with pneumonia from SARS-CoV-2 to ARDS was driven by two path-
ways: macrophage activation syndrome and complex immune dysregulation [10]. 
To classify patients, we used serum ferritin measured by an enzyme immunoassay 
and the expression of HLA-DR on circulating CD14-monocytes measured by flow 
cytometry. Macrophage activation syndrome was defined as serum ferritin >4420 ng/
ml, as suggested in the past for sepsis [9]. Complex immune dysregulation was 
defined as an absolute number of HLA-DR molecules on CD14-monocytes of 
<5000 when ferritin was ≤4420 ng/ml. We compared patients with ARDS due to 
COVID-19 to patients with ARDS developing after bacterial CAP and found that 
contrary to bacterial CAP where most of the patients remain unclassified, all patients 
with COVID-19 ARDS could be classified into either macrophage activation syn-
drome or complex immune dysregulation. Macrophage activation syndrome was 
found in 25% of cases with COVID-19 ARDS and these patients also had increased 
hemophagocytosis scores (HScores). When monocytes with low HLA-DR expres-
sion in patients with complex immune dysregulation were stimulated for cytokine 
production, they retained their capacity to produce TNF-α and IL-6. The decrease in 
HLA-DR with maintenance of cytokine production is a unique immunological pat-
tern that is different from the pattern of sepsis-induced immunosuppression in 
which monocytes defective for HLA-DR expression are unable to produce cyto-
kines. This led us to name this new immune pattern, complex immune dysregula-
tion. The decreased HLA-DR expression of complex immune dysregulation also 
drives the CD4-lymphopenia, CD8-lymphopenia, B-lymphopenia and hypoglobu-
linemia of ARDS COVID-19 [10].

Our findings have been corroborated by recent publications by other groups that 
described increased monocytes and decreased lymphocytes in the circulation of 
severe patients [11], increased monocytes in the alveolar space [12] and decreased 
CD4-lymphocytes in the alveoli [13]. These investigators described compartmental-
ized pro-inflammatory responses that were much more pronounced in the alveolar 
space than in the circulation. Inflammation in the alveoli is propagated over the time 
course of the disease as alveolar macrophages are replaced by monocytes migrating 
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from the circulation [12]. Using single-cell RNA sequencing, distinct clusters of 
monocyte activation were found in eight patients with mild COVID-19 and in 10 
patients with severe COVID-19. Monocytes from patients with mild disease had 
aberrant expression of HLA-DR and remained potent for the production of antiviral 
cytokines. Monocytes from patients with severe disease had low HLA-DR expres-
sion and abnormal expression of alarmins [14].

2.4  From Pathogenesis to Treatment: Suggestion 
for an Individualized Approach

The dispersion within the ICU community of the idea that the pathogenesis of 
COVID-19 ARDS was driven by a storm of cytokines led to the clinical use of 
anakinra and tocilizumab for management. Anakinra is the recombinant human 
receptor antagonist of IL-1 and it blocks the action of both IL-1α and IL-1β. 
Tocilizumab blocks the receptor of IL-6. Mimicking the approach that was followed 
almost 30 years ago with sepsis, both agents were studied for all patients with criti-
cal COVID-19 without any selective approach.

A search in the PubMed database as of 15 February 2021, using the key-words 
“tocilizumab” and “COVID-19” and “clinical trials”, retrieved 15 studies. We 
selected six of these studies because they reported clinical efficacy of tocilizumab 
in patients with severe or critical COVID-19 compared to controls. The six studies 
were either double-blind randomized clinical trials (RCTs), open-label RCTs or 
cohorts of patients using matched comparators [15–20]. Clinical benefit was 
reported in three of the studies. A summary of these studies is provided in Table 2.1. 
At the time this chapter was written, the results of the RECOVERY arm for patients 
receiving tocilizumab had not been published. According to the pre-print publica-
tion of the RECOVERY results [21], 2022 patients with COVID-19 receiving 
mechanical ventilation received one or two doses of tocilizumab and standard- of- 
care treatment, which included glucocorticoids; 2094 patients received standard-of-
care treatment alone. The 28-day mortality rates were 29% and 33%, respectively 
(P  =  0.007), showing a survival benefit from the addition of tocilizumab to 
glucocorticoids.

A search in the PubMed database as of 15 February 2021, using the key-words 
“anakinra” and “COVID-19”, retrieved 150 studies. Six studies were selected 
because they reported on the clinical efficacy of anakinra using comparators [22–
27]. Only one of these studies was an open-label RCT and the remaining were 
cohort studies with matched comparators. Clinical benefit was reported in five of 
the studies. A synopsis of these studies is provided in Table 2.2.

We believe that the selection of anakinra or tocilizumab as immunomodulatory 
treatment should be guided by biomarkers reflecting the mechanism of patho-
physiology and the degree of severity. We have recently treated seven patients 
with ARDS COVID-19 and macrophage activation syndrome with intravenous 
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anakinra for 7 days; five patients improved by the end of treatment as demon-
strated by increased baseline respiratory ratio and resolution of lung radiological 
opacities [28]. In the ESCAPE (Efficiency in management of organ dysfunction 
associated with infection by the novel SARS-Cov-2 virus through A PErsonalized 
immunotherapy approach) open-label trial, critically ill patients with COVID-19 
received intravenous treatment with either anakinra or tocilizumab, based on their 
immune classification into macrophage activation syndrome or complex immune 
dysregulation. More precisely, 60 patients with macrophage activation syndrome 
or complex immune dysregulation and increased liver enzymes were treated with 
anakinra and 42 patients with complex immune dysregulation and normal liver 
enzymes were treated with tocilizumab. The primary study endpoint was either at 
least a 25% decrease in the baseline sequential organ failure assessment (SOFA) 
score or at least a 50% increase in the respiratory ratio by day 8. This endpoint 
was achieved in 58.3% of the patients treated with anakinra and 33.3% of the 
patients treated with tocilizumab (P = 0.016) [29].

The recent findings of monocytes highly expressing alarmins in severe COVID-19 
[14] corroborates our hypothesis that progression into ARDS is a process of serial 
monocyte cell stimulation by alarmins produced by the bronchial tree upon invasion 
by SARS-CoV-2. These alarmins may be necessary for the priming of pro-IL-1β in 
monocytes and the subsequent cleavage to excess IL-1β through the SARS-CoV-2- 
stimulated NLRP3 inflammasome. We believe that concentrations of the biomarker 
soluble urokinase plasminogen activator receptor (suPAR) ≥6 ng/ml may indicate 
early which patients are likely to develop ARDS through exposure to alarmins. As a 
consequence, early treatment with anakinra driven by suPAR may block alarmins 
and prevent deterioration of these patients. We called this strategy SAVE (Supar-
guided Anakinra treatment for Validation of the risk and Early management of 
severe respiratory failure by COVID-19) and conducted a single-arm, open-label 
trial to demonstrate the safety and efficacy of anakinra administered as 100 mg once 
daily subcutaneously for 10 days to prevent progression into ARDS and need for 
mechanical ventilation (ClinicalTrials.gov Identifier: NCT04357366). As our com-
parators, we used parallel patients managed using standard-of-care in other depart-
ments of academic hospitals in whom the inclusion and exclusion criteria of the 
SAVE trial applied and who were propensity-score matched for age, comorbidities, 
admission severity scores (Acute Physiology and Chronic Health Evaluation 
[APACHE] II, SOFA, pneumonia severity index, WHO scale) and for treatment 
with azithromycin, hydroxychloroquine and dexamethasone. The incidence of 
ARDS after 14 days was 22.3% (95% confidence intervals [CI] 16.0–30.2%) among 
anakinra-treated patients and 59.2% (95% CI 50.6–67.3%) in the control group 
[30]. Following advice from the Emergency Task Force for COVID-19 of the 
European Medicine Agency, the pivotal, confirmatory phase III RCT with the acro-
nym SAVE-MORE has been designed which is currently ongoing in 40 study sites; 
32 sites in Greece and 8 sites in Italy (ClinicalTrials.gov Identifier: NCT04680949).
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2.5  Conclusion

The above discussion suggests that there is heterogeneity in the pathogenesis of 
COVID-19 regarding the functional state of monocytes and their implications for 
the host. Different patterns seem to predominate upon transition from severe illness 
to ARDS and with different patterns of ARDS. The distinction of these different 
states of immune activation can only be done with the use of biomarkers and may 
help guide personalized immunotherapy (Fig. 2.1).

References

 1. Laguna-Goyal R, Utrero-Rico A, Talayero P, Lasa-Lazaro M, Ramirez-Fernandez A, Naranjo 
L, et al. IL-6-based mortality risk model for hospitalized patients with COVID-19. J Allergy 
Clin Immunol. 2020;146:799–807.

 2. Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical course and risk factors for mortality 
of adult inpatients with COVID-19  in Wuhan, China: a retrospective cohort study. Lancet. 
2020;395:1054–62.

 3. Wilson JG, Simpson LJ, Ferreira AM, Rustagi A, Roque J, Asuni A, et  al. Cytokine pro-
file in plasma of severe COVID-19 does not differ from ARDS and sepsis. JCI Insight. 
2020;5:e140289.

 4. McElvaney OJ, McEvoy NL, McElvaney OF, Carroll TP, Murphy MP, Dunlea DM, et  al. 
Characterization of the inflammatory response to severe COVID-19 illness. Am J Respir Crit 
Care Med. 2020;202:812–21.

 5. Hue S, Beldi-Ferchiou A, Bendib I, Surenaud M, Fourati S, Frapard T, et  al. Uncontrolled 
innate and impaired adaptive immune responses in patients with COVID-19 acute respiratory 
distress syndrome. Am J Resp Crit Care Med. 2020;202:1509–19.

Fig. 2.1 Proposed mechanism of individualized pathogenesis in COVID-19
Pneumonia by SARS-CoV-2 stimulates the release of body alarmins. When severe disease 
emerges, alarmins stimulate monocytes and this is associated with activation of the NLRP3 inflam-
masome. The continuous alarmin stimulation leads to acute respiratory distress syndrome (ARDS) 
with the immune features either of macrophage activation syndrome or of complex immune dys-
regulation. Complex immune dysregulation is dominated by decreased expression of human leu-
kocyte antigen (HLA)-DR on monocytes. Suggested immunomodulatory treatment directed on 
each target is given. IL interleukin

M. Mouktaroudi and E. J. Giamarellos-Bourboulis



23

 6. Bermejo-Martin JF, González-Rivera M, Micheloud D, Tedim AP, Domínguez-Gil M, et al. 
Viral RNA load in plasma is associated with critical illness and a dysregulated host response 
in COVID-19. Crit Care. 2020;24:691.

 7. Ognibene A, Lorubbio M, Magliocca P, Tripodo E, Vaggelli G, Iannelli G, et  al. Elevated 
monocyte distribution width in COVID-19 patients: the contribution of the novel sepsis indica-
tor. Clin Chim Acta. 2020;509:22–4.

 8. Rodrigues TS, de Sá KSG, Ishimoto AY, Becerra A, Oliveira S, Almeida L, et al. Inflammasomes 
are activated in response to SARS-CoV-2 infection and are associated with COVID-19 severity 
in patients. J Exp Med. 2020;218:e20201707.

 9. Kyriazopoulou K, Leventogiannis K, Norrby-Teglund A, Dimopoulos G, Pantazi A, Orfanos 
SE, et  al. Macrophage activation-like syndrome: an immunological entity associated with 
rapid progression to death in sepsis. BMC Med. 2017;15:172.

 10. Giamarellos-Bourboulis EJ, Netea MG, Rovina N, Akinosoglou K, Antoniadou A, Antonakos 
N, et al. Complex immune dysregulation in COVID-19 patients with severe respiratory failure. 
Cell Host Microbe. 2020;27:992–1000.

 11. Carsetti R, Zaffina S, Piano Mortari E, Terreri S, Corrente F, Capponi C, et al. Different innate 
and adaptive immune responses to SARS-CoV-2 infection of asymptomatic, mild and severe 
cases. Front Immunol. 2020;11:3365.

 12. Grant RA, Morales-Nebreda L, Markov NS, Swaminathan S, Querrey M, Guzman ER, et al. 
Circuits between infected macrophages and T cells in SARS-CoV-2 pneumonia. Nature. 
2021;590:635–41.

 13. Ronit A, Berg RMG, Bay JT, Haugaard AK, Ahlström MG, Burgdorf KS, et al. Compartmental 
immunophenotyping in COVID-19 ARDS: a case series. J Allergy Clin Immunol. 
2021;147:81–91.

 14. Schulte-Schrepping J, Reusch N, Paclik D, Baßler K, Schlickeiser S, Zhang B, et al. Severe 
COVID-19 is marked by a dysregulated myeloid cell compartment. Cell. 2020;182:1419–40.

 15. Veiga VC, Prats JAGG, Farias DLC, Rosa RG, Dourado LK, Zampieri FG, et al. Effect of 
tocilizumab on clinical outcomes at 15 days in patients with severe or critical coronavirus 
disease 2019: randomized clinical trial. BMJ. 2021;371:n84.

 16. Salama C, Han J, Yau L, Reiss WG, Kramer B, Neidhart JD, et al. Tocilizumab in patients 
hospitalized with Covid-19 pneumonia. N Engl J Med. 2021;384:20–30.

 17. Stone JH, Frigault MJ, Serling-Boyd NJ, Fernandes AD, Harvey L, Foulkes AS, et al. Efficacy 
of tocilizumab in patients hospitalized with Covid-19. N Engl J Med. 2020;383:2333–44.

 18. Hermine O, Mariette X, Tharaux PL, Resche-Rigon M, Porcher R, Ravaud P. Effect of tocili-
zumab vs. usual care in adults hospitalized with Covid-19 and moderate or severe pneumonia: 
a randomized clinical trial. JAMA Intern Med. 2021;181:32–40.

 19. Salvarani C, Dolci G, Massari M, Merlo DF, Cavuto S, Savoldi L, et al. Effect of tocilizumab 
vs. standard care on clinical worsening in patients hospitalized with COVID-19 pneumonia: a 
randomized clinical trial. JAMA Intern Med. 2021;181:24–31.

 20. Ramiro S, Mostard RLM, Magro-Checa C, van Dongen CMP, Dormans T, Buijs J, et  al. 
Historically controlled comparison of glucocorticoids with or without tocilizumab versus sup-
portive care only in patients with COVID-19-associated cytokine storm syndrome: results of 
the CHIC study. Ann Rheum Dis. 2020;79:1143–51.

 21. Horby PW, Pessoa-Amorim G, Peto L, Brightling CE, Sarkar R, Thomas K, et  al. 
Tocilizumab in patients admitted to hospital with COVID-19 (RECOVERY): prelimi-
nary results of a randomised, controlled, open-label, platform trial. medRxiv. https://doi.
org/10.1101/2021.02.11.21249258

 22. Franzetti M, Forastieri A, Borsa N, Pandolfo A, Molteni C, Borghesi L, et al. IL-1 receptor 
antagonist anakinra in the treatment of COVID-19 acute respiratory distress syndrome: a ret-
rospective, observational study. J Immunol. 2021;206:1569–75.

 23. CORIMUNO-19 Collaborative group. Effect of anakinra versus usual care in adults in hospi-
tal with COVID-19 and mild-to-moderate pneumonia (CORIMUNO-ANA-1): a randomised 
controlled trial. Lancet Respir Med. 2021;9:295–304.

2 Complex Immune Dysregulation in COVID-19 and Implications for Treatment

https://doi.org/10.1101/2021.02.11.21249258
https://doi.org/10.1101/2021.02.11.21249258

