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SUMMARY
The state of immuneactivationmayguide targeted immunotherapy in sepsis. In a double-blind, double-dummy
randomized clinical study, 240 patients with sepsis due to lung infection, bacteremia, or acute cholangitis were
subjected tomeasurements of serum ferritin andHLA-DR/CD14. Patientswithmacrophage activation-like syn-
drome (MALS) or immunoparalysis were randomized to treatment with anakinra or recombinant interferon-
gamma or placebo. Twenty-eight-day mortality was the primary endpoint; sepsis immune classification was
the secondary endpoint. Using ferritin >4,420 ng/mL and <5,000 HLA-DR receptors/monocytes as biomarkers,
patients were classified intoMALS (20.0%), immunoparalysis (42.9%), and intermediate (37.1%). Mortality was
79.1%, 66.9%, and 41.6%, respectively. Survival after 7 dayswith SOFAscore decreasewas achieved in 42.9%
of patients of the immunotherapy arm and 10.0% of the placebo arm (p = 0.042). Three independent immune
classification strata are recognized in sepsis. MALS and immunoparalysis are proposed as stratification for
personalized adjuvant immunotherapy. Clinicaltrials.gov registration NCT03332225.
INTRODUCTION

Sepsis is defined as a life-threatening organ dysfunction due to

the dysregulated response of the host to an infection.1 This defi-

nition, based on the results of extensive research conducted

over the past three decades, aimed to pinpoint the importance

of the dysregulation of the host immune response. Over the

past two decades, large randomized clinical trials with immuno-
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modulators in sepsis failed to show benefit.2 Amajor explanation

for these failures is the significant heterogeneity in the clinical

and immunological phenotypes of sepsis. The extremes of the

immune dysregulation phenotypes in sepsis are a state of hyper-

inflammation and a state of immune paralysis, both deleterious

to short- and long-term outcomes. If we can understand in the

early phase of sepsis which patient is suffering from which

type of immune dysregulation, we might be able to design
s Medicine 3, 100817, November 15, 2022 ª 2022 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:egiamarel@med.uoa.gr
https://doi.org/10.1016/j.xcrm.2022.100817
http://Clinicaltrials.gov
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2022.100817&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Flow of patients among the two

stages of the PROVIDE trial

The first stage of immunological screening was

aiming to classify patients with septic shock and

without septic shock into MALS (macrophage acti-

vation-like syndrome), immunoparalysis, and inter-

mediate state. The second intervention stage was a

double-blind, double-dummy randomized clinical

trial where patients with septic shock and MALS or

immunoparalysis received blind adjunctive treat-

ment with placebo or personalized immunotherapy.

SLE, systemic lupus erythematosus.
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personalized adjunctive immunotherapeutic approaches that

might be more effective than standard immunotherapy.

The patients in a hyperinflammatory state have a high risk for

death during the first 10 days. These patients have excess pro-

duction of interleukin (IL)-1b by tissue macrophages, leading to

pancytopenia, bone marrow hemophagocytosis, liver dysfunc-

tion, and disseminated intravascular coagulation (DIC), a com-

plex of features named macrophage activation syndrome

(MAS).3 Using the HS score4 and the criteria proposed by Sha-

koory et al.,5 we suggested that features of MAS may present

in 3.7% to 4.3% of the total of patients with sepsis, an entity

that we called macrophage activation-like syndrome (MALS).

Concentrations of ferritin exceeding 4,420 ng/mL have speci-

ficity of 98.0% and negative predictive value of 97.2% for the

diagnosis ofMALS.6 The post hoc analysis of a large randomized

clinical trial showed that the subgroup of patients with MALS

experienced survival benefit when treated with the recombinant

antagonist of the IL-1 receptor, anakinra).6

The other extreme are patients who present with immunopar-

alysis.7 The cells of the immune system are in an exhausted

state, and this results in susceptibility for secondary infections,

prolonged hospitalization, and increased mortality. The decrease

of the expression of the human leukocyte antigen (HLA)-DR

expression on the membrane of circulating monocytes has

been put forward as the hallmark of immunoparalysis.8 Pilot

studies have shown that this state can be reversed by recombi-
2 Cell Reports Medicine 3, 100817, November 15, 2022
nant human interferon-g (rhIFNg).9 Since a

minority of patients present with immuno-

paralysis (probably not more than 25%–

30%), it is useless and perhaps even

dangerous to treat all sepsis patients with

rhIFNg.

PROVIDE (a Personalized Randomized

trial Of Validation and restoration of Im-

mune Dysfunction in severE infections

and Sepsis) is a randomized phase II,

investigator-initiated and sponsored, pilot

clinical trial conducted with two main ob-

jectives: (1) to provide tools to classify the

immune state of sepsis patients as

MALS, intermediate, or immunoparalysis,

and to investigate whether this classifica-

tion reflects final outcome (as defined by

survival); and (2) to assess whether ana-
kinra or rhIFNg in patients with MALS and immunoparalysis,

respectively, beneficially influence the outcome of the patients.

RESULTS

Patient population
The flowchart of both stages of PROVIDE is presented in Figure 1.

During the first stage of immunological screening, 240 patients

were studied; 177 with septic shock and 63 patients without sep-

tic shock. Most of the patients were males. The most common

infection leading to sepsis was community-acquired pneumonia;

the most common comorbidities were chronic heart failure and

chronic obstructive pulmonary disease (Table 1). Using ferritin

and the expression of HLA-DR on CD14-monocytes, patients

were classified into three states of immune function, namely

MALS, sepsis-induced immunoparalysis, and intermediate state

(Table 2). Among the 177 patients with septic shock, 46 met the

inclusion criteria for the second interventional stage of

PROVIDE. Eventually, 36 patients were randomized to the blind

intervention since 10 patients died before randomization.

First stage: Ferritin as classifier of MALS
During the first stage, it was found that the frequency of MALS

was significantly higher in patients with septic shock (44 of 177

patients, 24.9%) than in patients without septic shock (4 of 63

patients, 6.3%, p = 0.001). When the entire cohort of 240 studied



Table 1. Patient characteristics according to immune classification

Intermediate state (n = 89) Immunoparalysis (n = 103) MALS (n = 48) p

Age, years, mean ± SD 71.7 ± 16.5 74.2 ± 12.5 70.8 ± 14.2 0.308*

Male gender, n (%) 50 (56.2) 63 (61.2) 29 (60.4) 0.767**

CCI, mean ± SD 4.8 ± 2.3 5.2 ± 2.4 4.9 ± 2.3 0.398*

Septic shock, n, % 55 (61.8) 78 (75.7) 44 (91.7) 0.001**

APACHE II score, mean ± SD 21.1 ± 8.7 24.9 ± 8.5 29.5 ± 9.2 <0.0001*

SOFA score, mean ± SD 9.4 ± 4.0 11.0 ± 3.8 13.8 ± 3.5 <0.0001*

CRP, mg/L, mean ± SD 108.4 ± 105.7 108.6 ± 102.1 96.8 ± 104.8 0.843*

Type of infection, n (%)

Community-acquired pneumonia 40 (44.9) 45 (43.7) 19 (39.6) 0.740**

Hospital-acquired pneumonia 21 (23.5) 21 (20.4) 12 (25.0) 0.407**

Ventilator-associated pneumonia 8 (9.0) 15 (14.6) 5 (10.4) 0.465**

Primary bacteremia 13 (14.6) 16 (15.5) 10 (20.8) 0.620**

Acute cholangitis 7 (7.9) 6 (5.8) 2 (4.2) 0.676**

Gram-negative pathogens, n (%) 19 (21.3) 23 (19.4) 11 (22.9) 0.825**

Pathogens, n (%)

Escherichia coli 1 (1.1) 1 (0.9) 1 (2.1) 0.840**

Acinetobacter baumannii 3 (3.3) 7 (6.7) 1 (2.1) 0.338**

Klebsiella pneumoniae 5 (5.6) 2 (1.9) 4 (8.4) 0.182**

Staphylococcus aureus 2 (2.2) 6 (5.8) 2 (4.2) 0.465**

Candida albicans 4 (4.5) 2 (1.9) 2 (4.2) 0.578**

Main comorbidities, n (%)

Type 2 diabetes mellitus 27 (30.7) 27 (26.2) 16 (33.3) 0.639**

Chronic heart failure 17 (19.1) 28 (27.2) 17 (35.4) 0.105**

Chronic renal disease 9 (10.1) 12 (11.7) 5 (10.4) 0.938**

Chronic obstructive pulmonary disease 21 (23.6) 25 (24.3) 12 (25.0) 0.983**

Administered antimicrobials, n (%)

Piperacillin/tazobactam 35 (42.7) 37 (37.8) 13 (27.7) 0.236**

Carbapenems 25 (30.5) 34 (34.3) 21 (44.7) 0.261**

Tigecycline 11 (13.4) 19 (19.4) 12 (25.5) 0.223**

Colistin 25 (30.5) 34 (34.3) 25 (53.2) 0.029**

Vancomycin 17 (20.7) 24 (24.2) 9 (19.1) 0.690**

*Comparison using ANOVA test. **Comparison using Pearson chi-squared test.

APACHE, acute physiology and chronic health evaluation; CCI, Charlson’s comorbidity index; CRP, C-reactive protein; SD, standard deviation; SOFA,

sequential organ failure assessment.
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patients was divided into those with MALS (as diagnosed with

ferritin >4,420 ng/mL) and into those without MALS (as diag-

nosed with ferritin %4,420 ng/mL), we found that liver dysfunc-

tion and disseminated intravascular coagulation were more

common inMALS.More precisely, patients withMALS had lower

absolute counts of platelets, higher international normalized ratio

(INR), prolonged activated partial thromboplastin time (aPTT),

and higher levels of aspartate aminotransferase (AST), alanine

aminotransferase (ALT), and total bilirubin (Figure S1). These

findings corroborate that ferritin levels above 4,420 ng/mL are

consistent with the characteristics of MAS.

First stage: The number of HLA-DR receptors on CD14-
monocytes classifies sepsis-induced immunoparalysis
In this study, we used HLA-DR expression on CD14-monocytes

less than 30% to classify patients with immunoparalysis as
described in an earlier study.8 This cutoff of HLA-DR expression

was associated with greater likelihood for death after 28 days.

Surprisingly, only two patients had HLA-DR expression on

CD14-monocytes less than 30% to become classified with immu-

noparalysis. This led us to conclude that the percentage of HLA-

DR/CD14/CD45 is not an appropriate tool for the diagnosis of im-

munoparalysis. Since the expression of HLA-DR on CD14-mono-

cytes is an indirect measure of the risk for 28-day mortality, we

investigated for the cutoff of the percentage of HLA-DR/CD14/

CD45 that is prognostic for death. We performed receiver oper-

ating characteristics (ROC) curve analysis of the screened popu-

lation without considering patients with MALS. It was found that

the prognostic performance of the percentage of HLA-DR/

CD14/CD45 for 28-day mortality was poor (Figure 2A). In order

to develop the number of HLA-DR receptors on CD14/CD45

monocytes as classifier for sepsis-induced immunoparalysis, we
Cell Reports Medicine 3, 100817, November 15, 2022 3



Table 2. Classification of the immune states of sepsis used in the PROVIDE study

Macrophage activation-like syndrome Sepsis-induced immunoparalysis Intermediate

Ferritin >4,420 ng/mL %4,420 ng/mL %4,420 ng/mL

Percentage of CD45/CD14-monocytes that

express HLA-DR

All values <30% R30%
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applied four criteria: (1) the association with mortality; (2) the

compatibility with immune exhaustion of sepsis-induced immuno-

paralysis; (3) the association with patient deterioration10; and (4)

the lack of signs of macrophage activation. For criterion (1) we

repeatedROCcurve analysis for the number ofHLA-DR receptors

on CD14/CD45 monocytes and the prognostic performance was

substantially improved (Figure 2B). Using Youden index analysis,

a cutoff of HLA-DR receptors less than 5,000/monocyte was

found to be a better predictor of death after 28 days and it could

be considered as diagnostic tool of immunoparalysis (Figure 2C).

For criterion (2), we found that patients with less than 5,000 HLA-

DR/monocyte had lower production capacity for tumor necrosis

factor alpha (TNFa) by their peripheral blood mononuclear cells

(PBMCs) (Figure 2D). For the criterion (3), we analyzed the inci-

dence ofmultiple-organ dysfunction, which is an indirectmeasure

of patient deterioration. This was 21.3% (19 patients) among pa-

tients with an intermediate immune state and 35.9% (37 patients)

among patientswith less than 5,000HLA-DR receptors per CD14-

monocyte (p = 0.038). For the criterion (4), we found that the lab-

oratory results of impaired coagulation and liver dysfunction were

less evident among patients with less than 5,000 HLA-DR/mono-

cyte than among patients withMALS (Figure 2E). However, as this

analysiswas not available until the end of the trial, it was too late to

be used for the real-time diagnosis of immunoparalysis and sub-

sequent randomization for treatment with placebo/rhIFNg during

the trial. Using the cutoff of less than 5,000 HLA-DR/monocyte, al-

lowed us to retrospectively identify 103 patients as suffering from

immunoparalysis.

First stage: Intermediate immune state classification
Among patients diagnosed with neither MALS nor immunoparal-

ysis, 21 (23.6%) had ferritin concentrations between 1,000 and

4,420 ng/mL, which is consistent with intense inflammatory reac-

tion.11 Also 23 of these patients (25.9%) had HLA-DR receptors

between5,000and 8,000/monocyte, which is consistentwith par-

tial dysfunction of the immune system.11 Therefore, thesepatients

were classified to have an intermediate immune status.

First stage: Immune classification and 28-day outcome
As a consequence, the enrolled 240 patients were classified into

three groups of immune activation: MALS group (n = 48)

(20.0%), immunoparalysis (n = 103) (42.9%), and intermediate im-

mune state (n = 89) (37.1%). The repeatability of this classification

of the first andseconddayof samplingwas88.5%.Comparisonof

the clinical characteristics of these three groups is presented

in Table 1. Apart from larger values on severity scores and

greater frequency of septic shock in MALS, no other differences

were found. The classification groups differed significantly on

28-day mortality: mortality of the MALS group was 79.1% (95%

confidence interval [CI] 65.7%–88.3%); of immunoparalysis
4 Cell Reports Medicine 3, 100817, November 15, 2022
group 66.9% (95% CI 56.4%–74.4%); and of the intermediate-

state group 41.6% (95% CI 31.9%–51.9%) (Figure 3A).

Multivariate analysis showed that this immune classification

was an independent predictor of 28-day mortality (hazard ratio

[HR]immunoparalysis versus intermediate 1.76; 95% CI 1.17–2.64; and

HRMALS versus intermediate 2.38; 95% CI 1.49–3.81) regardless of

severity scores and presence of septic shock (Figure 3B). It is

important to state that most of the administered antimicrobials

weresimilar inall classificationgroups, thereforedifferenceonsur-

vival is not attributable to differences in medical treatment. How-

ever, the percentage of patients with MALS treated with colistin

was somewhat greater than the other groups. Multivariate Cox

regression analysis of survival was repeated using colistin among

covariates. The inclusionofcolistindidnot change thesignificance

of the independent impact ofMALS and sepsis-induced immuno-

paralysis on 28-day outcome (Table S1).

Second stage: Interventional trial
As presented in Figure 1, 36 patients were enrolled to the double-

blind, double-dummy randomized clinical stage of PROVIDE and

were randomized to administration of personalized immuno-

therapy (n = 15) or of placebo (n = 21). The first patient was ran-

domized on 2 December 2017 and the last on 1 December 2019.

By December 2019, it was decided to prematurely stop the study

because of the slow enrollment of patients. The slow rate of

enrollment was because the 30% cutoff of HLA-DR/CD14/

CD45 used as a tool of enrollment in the study for patients with

immunoparalysis was inappropriate, as discussed above. Of

the two patients classified as immunoparalysis, one was ran-

domized to receive rhIFNg and one to receive placebo (Table 3).

The 28-day survival did not differ between groups (Figure 4A):

18 deaths occurred in the placebo arm (28-day mortality 85.7%;

95% CI 65.4%–95.1%); and 14 deaths in the personalized immu-

notherapy arm (28-day mortality 93.3%; 95% CI 70.2%–98.8%).

Mortality after 90 days was the same. No difference was found

between the two groups on the incidence of secondary infections.

The exploratory endpoint of the study was survival associated

with SOFA decrease at the end of treatment. Since only one

patient was treated with rhIFNg, we limited the analysis to the

patients treated with anakinra. By day 7 (the end of anakinra

treatment), two patients allocated to placebo were alive with

decrease of baseline SOFA (10%) compared with six (42.9%)

of anakinra-treated patients (Figure 4B). On the same day 7,

there was a significant reduction of ALT and of INR, the hallmark

of MALS but not of AST, bilirubin, absolute platelet count, and

aPTT (Figures 4C and 4H). This signifies a positive treatment ef-

fect of anakinra in these patients with MALS. However, this was

not translated in improved mortality by day 28, most likely

because anakinra treatment was stopped prematurely on day

7, when patients still had important hyperinflammatory features.



Figure 2. Development of the number of HLA-DR receptors/monocyte as diagnostic tool for sepsis-induced immunoparalysis

(A and B) ROC curve (A) of percentage and (B) of number of HLA-DR receptors/monocyte of each day (day 1 and day 2) as a mortality predictor.

(C) Prognostic performance of <5,000 HLA-DR molecules/monocyte for 28-day mortality.

(D) Comparison the capacity ability of peripheral blood mononuclear cells for tumor necrosis factor alpha (TNF-a) production, following stimulation by endotoxin

(LPS) and phytohemagglutinin (PHA), between patients with <5,000 HLA-DR molecules/monocyte and with an intermediate state (ferritin %4,420 ng/mL and

R5,000 HLA-DR molecules/monocyte).

(E) Comparison of coagulation parameters and liver function enzyme levels between the immunoparalysis group and macrophage activation-like syndrome

(MALS) group. The p values of the indicated comparisons are shown. Values are provided as means and standard error. ALT, alanine aminotransferase; aPTT,

activated partial thromboplastin time; AST, aspartic aminotransferase; AUC, area under curve; CI, confidence interval; NPV, negative predictive value; PPV,

positive predictive value; RR, relative risk.
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Follow-up measurements of ferritin and of the expression of

HLA-DR/CD14/CD45 did not differ between the placebo arm

and the personalized immunotherapy arm (Figure S2).

There was no difference in the incidence of adverse events be-

tween the two arms of the study (Table S2).
DISCUSSION

In this investigator-initiated pilot study, we were able to de-

monstrate that sepsis patients could be distinguished into

three groups based on their immunological phenotype: a group
Cell Reports Medicine 3, 100817, November 15, 2022 5



Figure 3. Association of immune classifica-

tion of sepsis and 28-day mortality

(A) Survival curves of each classification group:

macrophage activation-like syndrome (MALS), im-

munoparalysis, and intermediate state. Log rank

values and p values are presented.

(B) Twenty-eight-day mortality-related risk factors

after univariate and multivariate Cox regression

analysis. Hazard ratios (HRs), 95% confidence in-

tervals (CIs), and p values are presented. APACHE,

acute physiology and chronic health evaluation;

SOFA, sequential organ failure assessment. *Values

represent Youden Index of ROC curves for mortal-

ity. **Not entering the equation after four steps of

forward analysis.
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with MALS (identified by serum ferritin >4,420 ng/mL), an inter-

mediate group without extreme immune dysregulation, and an

immunoparalysis group (identified by <5,000 HLA-DR/mono-

cyte). This distinction allowed us to prospectively study person-

alized immunotherapy in a randomized double-blind trial.

In those patients with MALS who were randomized to receive

anakinra, we found that their SOFA score, ALT, and INR

improved during the first week of treatment. However, the

decrease in SOFA was not translated into survival benefit, prob-

ably because of the need for more prolonged treatment. The

reason for the lack of long-term benefit of anakinra is most likely

the premature discontinuation of treatment, at amoment that the

hyperinflammatory state was still present. In this respect, it is

important to note that ferritin concentrations were still signifi-

cantly increased when anakinra was stopped. These data

strongly argue for a future approach in which anakinra in given

for longer periods of time, preferably until normalization of in-

flammatory markers.

The concept that anakinra might be of benefit in patients with

MALS came from a retrospective analysis of a phase III clinical

trial of the efficacy of intravenous anakinra in severe sepsis.12

This trial had failed to show a survival benefit, but post hoc anal-

ysis showed 30% reduction of 28-day mortality in the small sub-

group of 43 patients with liver dysfunction and DIC.5 Although

serum ferritin concentrations were not known, this group of pa-
6 Cell Reports Medicine 3, 100817, November 15, 2022
tients most likely suffered from MALS. In

that study, anakinra was administered for

3 days only but at a considerably higher

dose, i.e., 2mg/kg per hour in a continuous

infusion, which would mean for a 70-kg

person, a daily dose of 3,360 mg per day;

in the PROVIDE study we used a fixed

dose of 600 mg per day. As mentioned

above, based on our findings that the hy-

perinflammatory response has not sub-

sided after 7 days, we argue for a pro-

longed anakinra treatment and perhaps a

higher dose in future trials.

At the other end of the spectrum of im-

mune dysregulation of sepsis, we identify

immunoparalysis, responsible for the later

infectious complications and deterioration
in the sepsis patients. Our measurements of absolute number

of HLA-DR molecules on monocytes showed that immunoparal-

ysis is present in 42.9% of patients from sepsis onset and that it

occurs in sepsis patients with or without septic shock, being

associated with a high mortality rate. As immunostimulation is

an attractive treatment strategy for immunoparalysis,13 we

included an rhIFNg arm in the PROVIDE trial. This was based

on the results of a small open-label non-randomized clinical trial,

in which rhIFNg treatment was administered in nine patients with

septic shock. Reversal of immunoparalysis was achieved in all

nine patients, with increase of expression of HLA-DR molecules

on monocytes alongside ex vivo increase of TNFa production

following stimulation by LPS. In that study, clinical resolution

occurred in eight patients.14 Additional support for this treatment

came from a study in six human healthy volunteers in whom im-

munoparalysis was induced with bacterial endotoxin; these sub-

jects received rhIFNg subcutaneously or placebo. In the volun-

teers receiving rhIFNg, significant increase of HLA-DR

expression on monocytes was observed.9

The original marker chosen to diagnose immunoparalysis, i.e.,

less than 30% expression of HLA-DR on CD14-monocytes,

failed to identify patients with immune paralysis and poor

outcome. As a result, very few patients were classified as

suffering from immunoparalysis and hence eligible to be ran-

domized to rhIFNg treatment or matched placebo. In contrast,



Table 3. Clinical characteristics of treatment groups

Placebo (n = 21) Personalized immunotherapy (n = 15) p

Age, years, mean ± SD 69.7 ± 10.8 70.6 ± 15.1 0.838*

Male gender, n (%) 12 (57.1) 10 (66.7) 0.732**

CCI, mean ± SD 4.3 ± 2.2 5.7 ± 2.2 0.062*

APACHE II score, mean ± SD 18.2 ± 8.7 30.5 ± 9.4 0.376*

SOFA score, mean ± SD 14.5 ± 2.8 14.3 ± 3.1 0.843*

Type of infection, n (%)

Community-acquired pneumonia 10 (47.6) 2 (13.3) 0.040**

Hospital-acquired pneumonia 6 (28.6) 8 (58.3) 0.175**

Ventilator-associated pneumonia 3 (14.3) 3 (20.0) 0.677

Other 2 (13.3) 2 (13.3) 1.00

Main comorbidities, n (%)

Type 2 diabetes mellitus 6 (28.6) 6 (40.0) 0.499**

Chronic heart failure 4 (19.0) 8 (53.3) 0.071**

Chronic renal disease 0 (0) 4 (26.6) 0.023**

Chronic obstructive pulmonary disease 7 (33.3) 3 (20.0) 0.468**

Administered antimicrobials, n (%)

Piperacillin/tazobactam 3 (14.3) 2 (13.3) 1.00**

Carbapenems 10 (47.6) 12 (80.0) 0.083*

Tigecycline 6 (28.6) 3 (20.0) 0.705**

Colistin 13 (61.9) 10 (66.7) 1.00*

Vancomycin 3 (14.3) 4 (26.7) 0.418**

Antimicrobial treatment according to

ESCMID guidelines

18 (85.7) 12 (80.0) 0.677**

Hydrocortisone replacement 19 (90.5) 10 (80.0) 0.639**

*Comparison by the Student’s t test. **Comparison by Fisher’s exact test.

APACHE, acute physiology and chronic health evaluation; CCI, Charlson’s comorbidity index; ESCMID, European Society of Clinical Microbiology and

Infectious Diseases; SD, standard deviation; SOFA, sequential organ failure assessment.
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an explorative biomarker for immunoparalysis investigated in the

study, the total number of HLA-DR molecules on monocytes (as

assessed by Quantibrite), offers a better alternative. Patients

with less than 5,000 HAL-DR receptors on CD14-monocytes

are meeting all four applied criteria for classification of immuno-

paralysis, i.e., greater risk for 28-day mortality, association with

immune exhaustion of PBMCs, greater risk for progression into

multiple-organ dysfunction, and absence of signs of MAS. In a

recent large prospective study of 592 patients in the intensive

care unit, it was found that the trajectory toward decrease of

the absolute count of HLA-DR receptors on CD14-monocytes

is associated with greater likelihood for secondary infections,

with the authors using a decrease of less than 8,000 HLA-DR re-

ceptors per CD14-cell.15 While this cutoff is higher than the one

coming from the analysis of the PROVIDE trial, treatment with

rhIFNg in 13 patients with secondary infections and immunopar-

alysis led to the HLA-DR increase above 8,000/cell in nine of 13

patients and SOFA score decrease in 10 of 13 patients.16

A pertinent question is how the immunological stratification

used in this study relates to other immune endotypes described

in the literature. Endotypes have been defined as a compilation

of disease mechanisms that explain disease expression in

groups of patients.17 Two recent studies have proposed endo-

types of sepsis that are associated with unfavorable outcome.
The first study is GAiNS (UK Genomic Advances in Sepsis),

which analyzed 384 patients with sepsis due to community-ac-

quired pneumonia divided into one discovery cohort (n = 270)

and one validation cohort (n = 114). Two transcriptomic sepsis-

response signatures (SRS) were identified; SRS1 and SRS2.

Gene expression of DYRK2, CCNB1IP1, TDRD9, ZAP70, AR-

L14EP, MDC1, and ADGRE3 is driving the classification into

SRS1, which is characterized by downregulation of HLA-DR

and T cell activation. Patients with the SRS1 have worse

outcome than SRS2 in both the discovery and validation cohorts

and this is independent of age, gender, and the type of path-

ogen.18 Recently Scicluna et al. reported four endotypes in

sepsis based on transcriptomic profiles.19 These authors studied

two cohorts; one discovery cohort with 306 patients and a first

validation cohort with 216 patients both recruited in the context

of the MARS (Molecular Diagnosis and Risk Stratification of

Sepsis) study. A second validation cohort with 265 patients

from the GAiNS study was also studied. Patients were classified

into four endotypes, namely Mars1 to Mars 4, using the immune

pathways they characterized. Mars1 endotype was character-

ized by pronounced decrease of immune function, especially an-

tigen presentation and T cell function; these patients had the

worse outcome in all cohorts. The authors of the study elaborate

the need to identify single gene expressions as easier-to-use
Cell Reports Medicine 3, 100817, November 15, 2022 7



Figure 4. Effect of personalized immunotherapy

(A) Survival curves of both treatment arms. Log rank value and p value are presented.

(B) State of patients at day 7; patients are presented according to the survival status, decrease of SOFA score from baseline, or both.

(C–H) Comparison of alanine aminotransferase (ALT), aspartate aminotransferase (AST), bilirubin, absolute platelet count, international normalized ratio (INR), and

activated partial thromboplastin time (aPTT) between days 1 and 7 for each treatment arms; p values of indicated statistical comparison are presented. CI,

confidence interval; SOFA, sequential organ failure assessment.
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biomarkers for the rapid diagnosis of the endotype of each pa-

tient.19 In the PROVIDE study, we do not have transcriptome

data in all the patients in order to compare our classification to

the transcriptional endotypes, but one could hypothesize that

our immunoparalysis immunotype would at least partially over-

lap with the Mars1 endotype. Future studies are needed to

explore this.

PROVIDE defines a rapid classification of sepsis from an

immunological standpoint so that MALS and immunoparalysis

may be the basis of an algorithm of personalized immuno-

therapy. In our study, anakinra treatment was promising, as it

showed a therapeutic effect during treatment; this, however,

needs optimization. Based on the present study, a new random-

ized multicenter trial of personalized immunotherapy is currently

on-going (EudraCT number 2020-005768-74; Clinicaltrials.gov

NCT04990232). The lessons learned from PROVIDE (longer ana-
8 Cell Reports Medicine 3, 100817, November 15, 2022
kinra treatment, novel biomarker of immunoparalysis based on

the number of HLA-DR molecules per monocyte) are crucial for

an improved chance of success in future immunotherapy trials

in sepsis.

Limitations of the study
This pilot study, which was investigator-initiated, has several

shortcomings. First, because of the unreliable assessment of im-

munoparalysis, we were unable to enroll more than a few pa-

tients in the rhIFNg arm. Second, the treatment with anakinra

has been most likely stopped prematurely, which led to the

loss of therapeutic benefit after the end of the treatment. Third,

treatment with anakinra was started only on day 2 after diag-

nosis, due to the necessity to confirm on two consecutive days

the high ferritin concentrations. This led to a late administration

of the drug, with a high mortality in the first day after inclusion.

http://Clinicaltrials.gov
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As the correlation between ferritin concentrations in the patients

was very good, we argue for a swift initiation of therapy in future

trials.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD14-FITC (RMO52 clone) Beckman Coulter Cat# IM0645U; RRID: AB_130992

CD45-PC5 (J33 clone) Beckman Coulter Cat# IM2653U; RRID: AB_10641226

HLA-DR-RD1 (9-49 clone) Beckman Coulter Cat# 6604366;

RRID: AB_2832962

IgG1-PE isotype control (679.1Mc7 clone) Beckman Coulter Cat# A07796;

RRID: AB_2832963

IgG1-FITC isotype control (679.1Mc7 clone) Beckman Coulter Cat# A07795;

RRID: AB_2832964

Quantibrite Anti-HLA-DR/Anti-Monocyte (L243/M4P9) BD Biosciences Cat# 340827;

RRID: AB_400137

Mouse Anti-Human IL-6-PE (AS12 clone) BD Biosciences Cat# 340527;

RRID: AB_400442

Chemicals, peptides, and recombinant proteins

VersaLyse Lysing Solution Beckman Coulter A09777

Fixative Solution Beckman Coulter A07800

RPMI 1640 W/Stable Glutamine W/25 MM HEPES SigmaAldrich R0833

Lymphosep, Lymphocyte Separation Media Biowest L0560

PBS Dulbecco’s Phosphate Buffered Saline w/o

Magnesium, w/o Calcium

Biowest L0615

FBS Superior; standardized Fetal Bovine Serum,

EU-approved

Biochrom S0615

Gentamycin Sulfate BioChemica PanReac AppliChem A1492

Penicillin G Potassium Salt BioChemica PanReac AppliChem A1837

Lipopolysaccharides from Escherichia coli O 55:B5 Sigma-Aldrich L2880

Phytohaemagglutinin from Phaseolus vulgaris Roche SKU 11249738001

Critical commercial assays

Human TNFa uncoated ELISA Invitrogen 88–7346

Human Ferritin ELISA ORGENTEC Diagnostika

GmbH

ORG 5FE

Software and algorithms

SPSS IBM https://www.ibm.com/analytics/

spss-statistics-software

Other

Kineret Swedish Orphan Biovitrum https://www.ema.europa.eu/en/documents/

product-information/kineret-epar-product-

information_en.pdf

Immukine Boehringer Ingelheim https://www.ema.europa.eu/en/documents/

psusa/interferon-gamma-list-nationally-authorised-

medicinal-products-psusa/00001760/201601_en.pdf
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Evangelos

J. Giamarellos-Bourboulis (egiamarel@med.uoa.gr).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request
EXPERIMENTAL MODEL AND SUBJECT DETAILS

PROVIDE is a double-blind, double-dummy randomized clinical trial that took place between November 2017 and December 2019 in

14 study sites in Greece (nine Intensive Care Units and five departments of Internal Medicine) (EudraCT 2017-002171-26; approval by

the National Ethics Committee of Greece 78/17; approval IS 75–17 by the National Organization for Medicines of Greece;

Clinicaltrials.gov registration NCT03332225). Participants were adults (age R18 years) of either gender with lower respiratory tract

infection (community-acquired pneumonia or hospital-acquired pneumonia or ventilator-associated pneumonia) or primary bacter-

emia or acute cholangitis, and sepsis. Infections were defined according to international criteria (Table S3).20 Sepsis was defined as

total Sequential Organ Failure Assessment (SOFA) score 2 or more for new admissions or as 2 or more point-increase of the total

SOFA score for hospitalized patients. Septic shock was defined as persisting mean arterial pressure below 65mmHg despite

adequate intravenous administration fluids with plasma lactate greater than 2 mmol/L necessitating treatment with vasopressors.

Exclusion criteria were: other type of infections, stage IV malignancies, HIV infection, primary immunodeficiency, chronic intake of

corticosteroids defined as total daily dose equal or greater than 0.4 mg/kg of equivalent prednisone for more than the last

15 days, intake of anti-cytokine biological agents, history of systemic lupus erythematosus, history of demyelinating disorders, preg-

nancy, lactation and decision of no resuscitation. For all patients written InformedConsent Form (ICF) was provided by themselves or

by their legal representatives.

METHOD DETAILS

Study design
PROVIDE consisted of one screening/observation stage and one intervention stage. During the screening/observation stage there

was a daily recording of the following variables: type of infection, co-morbidities, total blood cell count, coagulation tests, renal

and hepatic biochemistry, arterial blood gases, culture results of blood, urine and tracheo-bronchial secretions, imaging results

and overall survival. Each patient had a blood draw of 10mL via a peripheral vein within the first 24 h from study inclusion (day 1) which

was repeated after 24 h (day 2). Samples were collected in EDTA-containing and clean vials and transferred via courier to the central

laboratory. Ferritin was measured in serum by an enzyme immunosorbent assay (ORGENTEC Diagnostika GmbH, Mainz, Germany;

lower detection limit 75 ng/mL). Using whole blood from the EDTA vial, white blood cells were incubated for 15min in the dark with the

followingmonoclonal antibodies: anti-CD14 FITC, anti-HLA-DR-PE, anti-CD45 PC5 (Immunotech, Marseille, France) and Quantibrite

HLA-DR/anti-monocyte PerCP-Cy5 (Becton Dickinson, Cockeysville Md). After incubation, cells were analyzed by flow cytometer

FC500 versus cells stained with anti-CD45 PC5 and anti-idiotypic IgG1. HLA-DR molecules on CD14/CD45 monocytes were ex-

pressed as a percentage of positive stained cells and as number of molecules per cell.

MALS was defined as ferritin more than 4420 ng/mL on both samples or on day 2 sample, regardless of flow cytometry results.6

Immunoparalysis was diagnosed as expression of HLA-DR/CD14/CD45 less than 30% of both days or on the sample of day 2 pro-

vided that ferritin concentration was%4420 ng/ml8. Patients who could not be classified as MALS or immunoparalysis were consid-

ered having an intermediate immune state.

Additionally, peripheral blood mononuclear cells (PBMCs) were isolated from each EDTA blood sample using gradient centrifuga-

tion over Ficoll-Hypaque density gradient. After three washings in ice-cold PBS (phosphate buffered saline, pH: 7,2), PBMCs were

counted using a Neubauer plate with trypan blue exclusion of dead cells and distributed on 96-wells plate at final volume 200 mL and

density 2.5 3 106/mL. PBMCs were incubated in RPMI 1640 (SigmaAldrich, Berlin, Germany) enriched with 2 mM of L-glutamine,

100 U/mL penicillin G, 0.1 mg/mL streptomycin without/with 10 ng/mL lipopolysaccharide (LPS) of Escherichia coli O55:B5 or

5 mg/mL phytohaemagglutinin (PHA). After incubation for 48 h at 37�C and 5% CO2 the supernatants were collected and tumor ne-

crosis factor alpha (TNF-a) concentration was measured in duplicate using an enzyme immunosorbent assay (Invitrogen Waltham,

Massachusetts; lower detection limit 20 pg/mL).

Intervention stage
Patients diagnosed with septic shock and MALS or immunoparalysis were allowed to participate in the intervention stage of the ran-

domized clinical trial. They were randomized into adjunctive treatment either with personalized immunotherapy or placebo. If clas-

sified asMALS, patients were randomized to anakinra (Kineret, Swedish Orphan Biovitrum, Athens) 200mg intravenously (iv) in 20mL
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saline every 8 h (q8h) for 7 days and placebo consisting of 0.5mL of NaCl 0.9% subcutaneously (sc) every 48 h (q48h) for 15 days; if

classifiedwith immunoparalysis they were administered 20mL of NaCl 0.9% iv q8h for 7 days or 100mg rhIFNg (Immukine, Boehringer

Ingelheim, Athens) at 0.5 mL sc q48h for 15 days. Patients randomized to placebo arm were administered NaCl 0.9% iv and sc as

described above. The above dose of anakinra was adjusted to 100 mg q8h when creatinine clearance was less than 30 mL/min.

Adverse events were daily captured. A separate computer-generated allocation sequence was prepared for each study site and

preparation of the study drug was done by an unblinded pharmacist. Blood draw for measurements of ferritin and of the expression

of HLA-DR/CD14/CD45 were repeated before start of the study drug and on days 4 and 7.

The endpoint of the screening/observation stage was the association of the immunological endotype with the 28-day survival

outcome. The primary study endpoint of the intervention stage was the effect of personalized immunotherapy on 28-day mortality.

Secondary endpoints were 90-daymortality, secondary infections and the appropriateness of immune classification using the total of

screened patients from the original screening stage. Exploratory endpoint was survival with decrease of SOFA score at the end of

treatment. Using the hypothesis that immunotherapy would decrease mortality from MALS from 60% to 35% and mortality from im-

munoparalysis from 50% to 35%, it was calculated that 278 patients should be enrolled to demonstrate these differences with 80%

power at the 10% level of significance.

QUANTIFICATION AND STATISTICAL ANALYSIS

Qualitative variables were expressed as percentages and 95% confidence intervals (CIs) and compared by the Fisher exact test.

Quantitative variables were expressed as mean ± SD (standard deviation) or SE (standard error) and compared using the Student’s

t-test or the MannWhitney U test. Paired comparisons were done by theWilcoxon test. The prognostic output of the percentage and

of absolute counts of HLA-DR molecules on monocytes for 28-day mortality was studied by ROC curve analysis. The co-ordinates

showing the highest sensitivity and specificity (Youden index) were selected. Multivariate stepwise Cox regression analysis was used

to validate if immunological classification was an independent factor of unfavorable outcome; hazard ratio (HR) and 95% confidence

intervals (CIs) were calculated. Any p value lower than 0.05 was considered statistically significant.

ADDITIONAL RESOURCES

The PROVIDE trial is registered at EudraCT 2017-002171-26 and at Clinicaltrials.gov registration NCT03332225.
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