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a b s t r a c t 

Acute infections cause local and systemic disorders which can lead in the most severe forms to multi-organ fail- 

ure and eventually to death. The host response to infection encompasses a large spectrum of reactions with a 

concomitant activation of the so-called inflammatory response aimed at fighting the infectious agent and re- 

moving damaged tissues or cells, and the anti-inflammatory response aimed at controlling inflammation and 

initiating the healing process. Fine-tuning at the local and systemic levels is key to preventing local and remote 

injury due to immune system activation. Thus, during bacterial sepsis and Coronavirus disease 2019 (COVID-19), 

concomitant systemic and compartmentalized pro-inflammatory and compensatory anti-inflammatory responses 

are occurring. Immune cells (e.g., macrophages, neutrophils, natural killer cells, and T-lymphocytes), as well as 

endothelial cells, differ from one compartment to another and contribute to specific organ responses to sterile 

and microbial insult. Furthermore, tissue-specific microbiota influences the local and systemic response. A better 

understanding of the tissue-specific immune status, the organ immunity crosstalk, and the role of specific medi- 

ators during sepsis and COVID-19 can foster the development of more accurate biomarkers for better diagnosis 

and prognosis and help to define appropriate host-targeted treatments and vaccines in the context of precision 

medicine. 

I

 

O  

e  

d  

t  

c  

s  

t  

m

7  

t  

3

T  

i  

a  

g  

p  

m  

o  

d  

i  

t

(

 

g  

p  

m

 

i  

f

I  

t  

h

R

A

C

l

ntroduction 

Bacterial sepsis has been recognized by the World Health

rganization (WHO) as a global health priority.[ 1 ] The current

stimates of 47–50 million episodes and nearly 11 million

eaths per year, many of them children, come from a sys-

ematic review of data collected in 2017.[ 2 ] The number of

ases during the pandemic due to the severe acute respiratory

yndrome coronavirus 2 (SARS-CoV-2) is impressive (estimated

o be 676,609,955 on March 10, 2023, https://gisanddata.

aps.arcgis.com/apps/dashboards/bda7594740fd4029942346 

b48e9ecf6 ) while the total number of deaths might be higher

han the official figures (i.e., close to 18 million by December

1, 2021 vs. 5.9 million reported by authoritative sources).[ 3 ] 

he flop to develop new drugs to address the sepsis challenge

s a consequence of the failure of translational research, as well

s a simplistic approach to sepsis that does not consider the
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reat complexity of the syndrome and the great diversity of the

atients.[ 4 ] To address Coronavirus disease 2019 (COVID-19),

any therapeutic approaches have been inspired by the previ-

us studies performed in bacterial sepsis, but a concomitant and

ual inflammatory response with an immunosuppressive phase,

n addition to an under-recognition of immune and inflamma-

ory compartmentalization, has made the topic more critical[ 4 , 5 ] 

 Figure 1 ). 

New tools, including -omic approaches and artificial intelli-

ence (AI), are expected to enable the development of modern

recision medicine aimed at improving early diagnosis, clinical

anagement, patient prognostication, and clinical outcomes. 

Severe COVID-19 has been classified as a viral sepsis[ 6 ] and

t meets the sepsis definition as a life-threatening organ dys-

unction caused by a dysregulated host response to infection.[ 7 ] 

ndeed, a recent meta-analysis revealed that 77.9% of adult pa-

ients and 67% of the children hospitalized in the intensive
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Figure 1. Compartmentalization. In contrast to the hematopoietic compart- 

ments (blood, spleen) where immune cells are essentially immunosuppressed, 

leukocytes within the other organs are rather activated. While a crosstalk per- 

petuates the inflammatory process, some tissues are more prone to propagate 

the systemic inflammation. This is particularly the case of the lungs and adi- 

pose tissue during severe acute respiratory syndrome coronavirus 2 infection 

or the gut during bacterial sepsis. The role of bone marrow and the emergency 

hematopoiesis appears ambiguous. 
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are unit (ICU) for SARS-CoV-2 infection met the sepsis 3.0

riteria.[ 8 ] Pulmonary thrombosis,[ 9 ] high levels of circulating

-dimer,[ 10 ] and transcriptional profile showing involvement

f coagulation pathways in nasopharyngeal swabs[ 11 ] are remi-

iscent of the disseminated intravascular coagulation (DIC) en-

ountered in bacterial sepsis. The altered immune status of the

irculating leukocytes, particularly in terms of ex vivo cytokine

roduction observed in COVID-19 patients,[ 12 , 13 ] is similar to

hat reported in bacterial sepsis.[ 14 , 15 ] Furthermore, long-term

equelae have been observed post both bacterial sepsis and se-

ere COVID-19.[ 16 ] Mortality related to COVID-19 occurs fol-

owing life-threatening complications, including cardiac and re-

al failure, cerebrovascular disease, and acute respiratory dis-

ress syndrome (ARDS). However multiple differences exist be-

ween COVID-19 and bacterial sepsis.[ 16 ] ARDS was first defined

n 1967 as an acute onset of tachypnea, hypoxemia, and loss

f lung compliance.[ 17 ] Among hospitalized COVID-19 patients,

3% develop ARDS, and 75% of those are admitted to ICU,[ 18 ] 

or whom the mortality rate is extremely high.[ 19 ] The inci-

ence of ARDS among bacterial sepsis patients is lower, rang-

ng from 6%[ 20 ] to 34%,[ 21 ] depending on the studies. Multi-

mic comparison between COVID-19 ARDS and bacterial sepsis-

nduced ARDS identified in plasma 706 molecules (metabolites,

ipids, proteins) differently abundant between the two ARDS

tiologies, revealing more than 40 biological processes differ-

ntly regulated between the two groups.[ 22 ] Similarly, a urine-

ased multi-omic comparative analysis identified 150 metabo-

ites and 70 proteins that were differentially abundant between

he two ARDS etiologies.[ 23 ] Despite the early papers claiming

hat COVID-19 was associated with a cytokine storm within the

loodstream as in bacterial sepsis, we and others refuted this

dea.[ 24–26 ] In contrast, transcriptomic and proteomic analyses

f bronchoalveolar lavage (BAL) fluid cells revealed a robust in-

ate immune response with overexpression of genes involved in

nflammation illustrating an excessive local pro-inflammatory

ytokine release.[ 27 , 28 ] Such an observation is a hallmark of the

oncept of compartmentalization, defined as an inflammatory
327
eaction that we postulated to occur in organs of sepsis patients

oncomitantly with the altered immune status that can be iden-

ified within the systemic circulation.[ 29 ] 

he concept of compartmentalization of the inflammatory 

esponse: the precursor works 

The idea of a specific immune response within the lungs

merged in 1972 when a distinct humoral and cellular immune

esponse was observed in guinea pigs immunized either system-

cally or locally with the influenza virus vaccine[ 30 ] . The follow-

ng year, it was similarly reported in humans that cell-mediated

mmunity in the lower respiratory tract was best stimulated by

erosol immunization, while subcutaneous immunization stim-

lated primarily a systemic immune response.[ 31 ] The concept

f compartmentalization later appeared in a review published in

977 by Johnson and Philp[ 32 ] who reported that the amplitude

f the local and systemic immune responses initiated by a nasal

accination was distinct from that following a systemic delivery

f the antigen. In 1986, Fels et al.[ 33 ] compared intraperitoneal

s. intrapleural injection of Cryptosporidium parvum . They

howed that the alteration of arachidonic acid metabolism in

urine peritoneal or pleural macrophages was only observed

n those cells derived from the injected cavity. The concept

f compartmentalization in terms of cytokine production was

rst illustrated in rats that were systemically or intratracheally

hallenged with bacterial endotoxin lipopolysaccharide (LPS):

ncrease in tumor necrosis factor (TNF) levels was confined to

he LPS-challenged compartment.[ 34 ] In humans, the natural

ccurrence of compartmentalized cytokines was reported by

randtzaeg et al.[ 35 ] studying patients with meningococcal

eningitis and septic shock/bacteremia. They reported that

NF and interleukin-6 (IL-6) were localized to the subarachnoid

pace in patients with meningitis, but patients with septic shock

ended to have elevated cytokines in both serum and cere-

rospinal fluid.[ 35 , 36 ] Similarly, intravenous injection of LPS in

uman volunteers led to the detection of IL-8 in serum but not in

AL fluid.[ 37 ] However, such a discrepancy is not universal, and

t may depend on the nature of the studied chemokine. For ex-

mple, it was shown that intraperitoneal injection of LPS in mice

an lead to the induction of high levels of RANTES (chemokine

C-ligand [CCL] 5) within the lungs.[ 38 ] The variations may also

e due to different doses of LPS injected. Systemic reaction is not

n all-or-nothing process and is probably a continuum related to

he site and intensity of local insult. During bacterial peritonitis,

ot surprisingly, a major intraperitoneally compartmentalized

ytokine response occurs in humans.[ 39 ] In patients undergoing

ppendectomy, TNF was present in peritoneal fluid but not in

lasma, and IL-6 levels were very high in peritoneal fluids but

ow in plasma.[ 40 ] Of note, the plasma levels of cytokines may

e misleading and reflect neither their tissue concentration nor

heir local biological activity. This remark also concerns pa-

ients suffering from pneumonia or ARDS for whom significant

evels of cytokines, such as IL-6 and IL-8, were found in the

ALs but also in serum.[ 41 ] A crosstalk between compartments

as strongly suggested by the correlation between the levels

f soluble IL-6 receptor and soluble TNF receptors I and II

ound in plasma and in pleural effusion and by the correlation

bserved between the levels of transforming growth factor- 𝛽

TGF- 𝛽) in pleural effusion and in BAL in septic patients.[ 42 ] The
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ifferential location of the highest concentration of some medi-

tors, either in plasma or in the pleural cavity, argues in favor

f both a systemic and a compartmentalized response. The idea

s that systemic features result both from the draining of the

ocal reaction into the circulation and from the generalized

esponse due to circulating cells and the vascular endothelium.

or example, a relocation of inflammatory cells in the serosal

avities during acute inflammation such as the pleura or the

eritoneum has been observed during pneumonia.[ 43 ] 

Because cytokines can be trapped by the surrounding cells in

heir environment, measurable levels of cytokines in biological

uids represent the “tip of the iceberg. ”[ 44 ] In addition to cy-

okines, other inflammatory players, such as inducible nitric ox-

de synthase (iNOS), have been shown to be compartmentalized

n severe sepsis: NOS activity was increased in putrescent areas

n muscle and in fat tissues.[ 45 ] Another hallmark of compart-

entalization is the status of leukocytes which can vary depend-

ng upon their localization. In murine models of hemorrhagic

hock and endotoxemia, the transcriptional regulatory factors

F- 𝜅B and cAMP response element binding protein (CREB) as

ell as the extracellular regulated kinase 2 (ERK2) and the

itogen-activated protein kinase1/2 were activated in the lung

eutrophils but not in peripheral blood neutrophils.[ 46 , 47 ] Most

nterestingly, the immune status of cells from different compart-

ents can be fully different. For example, neutrophils isolated

rom the sputum of subjects with chronic bronchial sepsis fail

o respond to IL-10, in contrast to their blood neutrophils.[ 48 ] 

n contrast to the circulating monocytes from sepsis patients,

hich have been shown to be reprogramed toward a reduced ca-

acity to release inflammatory cytokines, macrophages derived

rom inflammatory foci can be more responsive in terms of IL-1

elease upon ex vivo activation than normal cells as reported in

atients with ARDS[ 49 ] or peritonitis[ 50 ] In 2001, one of us,[ 29 ] 

unford and Pugin[ 51 ] came to a similar conclusion: during sys-

emic inflammation, the immune response is compartmental-

zed. In other words, despite the systemic nature of the host’s

esponse in sepsis, the events observed within the bloodstream

ay not reflect events occurring within the tissues. Importantly,

he plasma from septic patients was considered to be an im-

unosuppressive milieu[ 52 ] as was illustrated by the presence

f certain anti-inflammatory cytokines such as IL-10 in plasma

hich was shown to contribute to the intracellular sequestra-

ion of human leukocyte antigen (HLA)-DR in monocytes during

eptic shock, a hallmark of the altered immune status of these

atients.[ 53 ] 

mmune cells differ from one compartment to another 

Sender et al.[ 54 ] have revealed the total number (1.8 × 1012 )

f immune cells in all compartments of the human body. The

one marrow and the lymphatic tissue host the greatest number

f immune (7 × 1011 each). This analysis reminds us that the

ature of immune cells varies greatly from one compartment

o another while they are present in the gastrointestinal tract,

ungs, skin, adipose tissue, skeletal muscles, kidneys, and

lood. For example, the number of immune cells in the skin

s twice that in the blood. Therefore, the analysis of blood

eukocytes to monitor the whole body’s immune status can be

uestioned. 
328
Most animal studies on immunity investigate tissue-

arvested cells (e.g., splenocytes, lung, bone marrow, and peri-

oneal cavity). In contrast, most studies in humans are per-

ormed on circulating cells from the blood samples due to

heir availability, even though immune processes usually take

lace in both lymphoid and non-lymphoid tissues. However,

ven in animal studies, immune cells of the same origin are

arely compared at different sites. Nevertheless, multiple lines

f evidence indicate that the immune cells of the same ori-

in differ depending on their localization in different tissues.

or example, in mice, macrophages from the spleen, the lungs,

he peritoneal cavity, and the brain each exhibit different cell

urface markers (e.g., CD11a, CD93, VCAM-1, and CX3CR1)

nd express different gene profiles.[ 55 ] Murine tissue-resident

acrophages (microglia, Kupffer cells, spleen macrophages,

ung macrophages, peritoneal macrophages, gut macrophages,

nd monocytes) display a distinct epigenetic landscape.[ 56 ] It

as elegantly demonstrated that differentiated tissue-resident

acrophages could be reprogrammed when transferred into a

ew microenvironment. Most interestingly, the capacity to re-

ease cytokines (IL-1, IL-6, TNF, and IL-8) which is very pro-

ounced for human monocytes in response to Staphylococcus au-

eus , interferon- 𝛾 (IFN- 𝛾) or phorbol myristate acetate, is nil for

ntestinal macrophages.[ 57 ] On the other hand, murine alveo-

ar macrophages have specific properties as they do not express

oll-like receptor (TLR) 9 in contrast to peritoneal macrophages

nd bone marrow-derived macrophages,[ 58 ] and they do not

roduce IFN- 𝛽 in response to TLR3- and TLR4-agonists, in con-

rast to peritoneal macrophages.[ 59 ] On the contrary, TLR9 ex-

ression has been observed on human alveolar macrophages[ 60 ] 

hich do produce type I IFN in response to viruses.[ 61 ] In mice,

t was shown that the TNF production in response to S. au-

eus is particularly dependent on the phagocytic process of the

acteria and on the phagosome maturation for murine mono-

ytes, while this is not the case for peritoneal macrophages

nd to a limited extent for alveolar macrophages.[ 62 ] This het-

rogeneity is further complicated by the existence of different

acrophage subsets within the murine heart, liver, lung, kidney,

nd brain, as revealed by single-cell transcriptomics.[ 63 ] This has

een nicely demonstrated in the analysis of the mouse kidney-

esident macrophages[ 64 ] 
: the transcriptomic analysis revealed

even distinct macrophage subpopulations, which are organized

nto zones corresponding to regions of the nephron. Each sub-

opulation was identifiable by a unique transcriptomic signa-

ure, suggesting distinct functions. Following ischemic kidney

njury, the original localization of each subpopulation was lost,

ither from changing locations or transcriptomic signatures. The

riginal spatial distribution of kidney macrophages was not fully

estored for at least 28 days after injury. Recently, metabolic

ifferences, specifically dependence on the oxidative phospho-

ylation of macrophages residing at different sites, were shown

n both humans and mice.[ 65 ] The existence of monocyte sub-

ets has also been demonstrated within the blood compartment.

or example, it was reported in humans that following an in-

ult such as severe surgery, the reduced expression of HLA-DR

ccurs within a few hours among the CD14HIGH CD16- mono-

yte subset when a similar reduction of HLA-DR expression

eeded 1 day to be observed on CD14LOW CD16+ monocytes.[ 66 ] 

nother degree of complexity is added by the fact that cir-

ulating monocytes can be recruited to the inflammatory
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ocus, and once differentiated into macrophages, they can dis-

lay inflammatory signatures different from that of resident

acrophages as illustrated in the murine model of experimen-

al autoimmune encephalomyelitis when comparing monocyte-

erived macrophages and microglia-derived macrophages in

rains and spinal cords.[ 67 ] 

The recruitment of neutrophils (polymorphonuclear [PMN]

ells) is another hallmark of inflammation. A local insult results

n their local recruitment; for example, the combination of me-

hanical ventilation and bacteria significantly increased the in-

ux of neutrophils into the BAL fluid in a murine model of me-

hanical ventilation.[ 68 ] Interestingly, still in a mouse model,

MN recruitment can occur in different tissues during a sys-

emic insult such as sepsis, as illustrated by the presence of

nfiltrating PMN within the myocardium resulting in cardiac

ysfunction.[ 69 ] In human peritonitis, recruited PMN in the ab-

ominal cavity have increased levels of IL-8 mRNA as compared

o circulating neutrophils.[ 70 ] 

Similarly, in patients with cystic fibrosis, a distinct pro-

le of expressed cytokines has been reported for blood and

putum PMN, while the responsiveness of the latter to anti-

nflammatory signals such as glucocorticoids or IL-10 appeared

mpaired.[ 71 , 72 ] In patients with ARDS, blood and alveolar neu-

rophils were distinct from circulating cells of healthy subjects,

ith increased CD11b and reduced CD62L expression, primed

xidase responses, resistance to phosphoinositide 3-kinase inhi-

ition, and delayed constitutive apoptosis.[ 73 ] 

A sequential characterization of natural killer (NK) cell re-

ponses in the spleen, lungs, bone marrow, peritoneum, and

lood in mice injected with endotoxin revealed that the ex-

ression of activation markers (CD69 and CD25) and effector

olecules (IFN- 𝛾, granzyme B, and IL-10) displayed an organ-

pecific expression.[ 74 ] Adoptive transfers of spleen and lung

K cells proved that these cells have the capacity to quickly

dapt to their new environment and adjust their response levels

o that of resident NK cells.[ 74 ] This investigation supports the

oncept of compartmentalization of human NK cells responses

uring systemic inflammation, associated with the extravasa-

ion of NK cells into the sites of inflammation.[ 75 ] The charac-

eristics of NK cells reflect their compartmentalization with dif-

erent surface markers expression and transcriptomes depend-

ng on whether they are present in human blood, spleen, or

ungs.[ 76 , 77 ] 

Data from human transplant donor studies showed that the

ajority of mucosal, lymphoid, and non-lymphoid tissue T

ells are tissue-resident cells (usually with the expression of

D103 marker), while half of the blood T cells have an ef-

ector memory phenotype.[ 78 , 79 ] Importantly, even the tissue-

esident T cells have a differential transcriptomic profile de-

ending on the tissue of residency.[ 80 ] Also, memory B cells

ave a tissue-dependent transcriptomic profile.[ 81 ] Importantly,

uch differences are preserved in both humans and mice, en-

bling animal model studies.[ 82 ] It should be emphasized that

he tissue-resident lymphoid cells develop and seed the distal

issues upon activation by pathogens or commensals, and the

pecific-pathogen-free mice present poor occurrence of these

ells.[ 83 , 84 ] One possibility to overcome this critical caveat is

he generation of the so-called “dirty mice ” by co-housing lab-

ratory mice with wild or pet shop animals.[ 85 , 86 ] Dirty mice

how an abundance of tissue-resident T cells and mimic the
329
mmune response to sepsis better than the “clean ” laboratory

ice.[ 86 ] 

mmune response differs from one compartment to another 

There are not many studies that simultaneously compared the

mmune cells from different compartments during experimen-

al or clinical sepsis. The most demonstrative investigation was

erformed by the team of Irshad Chaudry, the “father ” of the

ecal ligature and puncture (CLP) murine model of sepsis.[ 87 ] 

hey compared the ex vivo production of IL-2, IL-6, TNF, and

FN- 𝛾 by activated peripheral blood mononuclear cells (PBMCs),

pleen macrophages, alveolar macrophages, and Kupffer cells

ollowing CLP or CLP preceded by trauma-hemorrhage. The ex

ivo LPS-induced production of IL-6 and TNF by PBMCs and

pleen macrophages was reduced as compared to sham animals,

hereas those by alveolar macrophages and Kupffer cells were

nhanced. While an alteration of the immune status of circulat-

ng human blood monocytes has been regularly reported dur-

ng sepsis,[ 14 , 88 ] it should be emphasized that the bone marrow-

esident monocytes are primed for regulatory function prior

o their bone marrow egress and ahead of the development

f systemic inflammation during murine acute intestinal para-

itic infection.[ 89 ] Most interestingly, the hemophagocytosis syn-

rome, which is characterized by the activation of inflammatory

rocesses in the bone marrow, is a hallmark of a subset of sepsis

atients.[ 90–92 ] An aggressive immunosuppressive therapy has

een suggested to be beneficial for those patients.[ 93 ] Indeed,

n COVID-19, the use of recombinant interleukin-1 receptor an-

agonists (rIL-1Ra; Anakinra®) has been suggested to be bene-

cial in patients with such hemophagocytosis syndrome.[ 94 ] Be-

ause the immune status of leukocytes varies greatly depend-

ng on the compartment from where they are derived it would

e inappropriate to describe the sepsis patients as unequivo-

ally immunosuppressed.[ 95 ] Multiple examples illustrate that

ithin tissues, immune cells could be pre-activated while those

ithin the bloodstream or in the spleen are rather de-activated.

n mice injected with LPS, alveolar macrophages do not un-

ergo endotoxin tolerance as do blood monocytes or peritoneal

acrophages.[ 96 , 97 ] Similarly, in humans intravenous LPS injec-

ion suppresses the ex vivo PBMC response to LPS[ 98 ] but primes

hat of alveolar macrophages[ 99 ] as does an LPS instillation.[ 100 ] 

imilarly, in mice receiving an LPS pre-conditioning 18 h be-

ore a second LPS challenge, TNF levels were lower in plasma

ut higher in the renal cortex as compared to control mice.[ 101 ] 

n the brain, a similar observation was made: microglial cells

CX3CR+ CCR2− ) isolated from sepsis survivor mice 5 days post–

LP produce increased TNF compared to sham-operated ani-

als upon ex vivo stimulation with LPS.[ 102 ] One of the most

xtensive characterizations of the response of macrophages re-

iding in different organs in response to sepsis and sterile in-

uries (myocardial infarction and stroke) showed that the spe-

ific tissue residence was a more important factor determining

he response of these cells than the trigger of the major injury in

ice.[ 103 ] 

In healthy human blood neutrophils, CD24 ligation induces

ell death through depolarization of the mitochondrial mem-

rane in a manner dependent on caspase-3 and caspase-9 and

eactive oxygen species. A decreased CD24 expression observed

n blood neutrophils from sepsis patients was associated with
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 lack of functionality of the molecule because cross-ligation

f CD24 failed to trigger apoptosis.[ 104 ] Furthermore, popula-

ions of immunosuppressive mature and immature neutrophils

re found in the blood of sepsis patients. In co-culture, CD66b+ 

epsis neutrophils inhibit the proliferation and activation of

D4+ T cells.[ 105 ] In contrast, lung mature neutrophils of sepsis

nd COVID-19 patients are continuously recruited from circu-

ation and progress toward a hyperinflammatory state driven

y TNF and IL-1 𝛽. Upon recruitment, likely via the IL-8/CXCR2

xis, airway neutrophils acquire a distinct phenotype and pro-

uce inflammatory cytokines dominated by IL-8, IL-1 𝛽, IL-6,

nd CCL3/4, along with elevated levels of neutrophil elastase

nd myeloperoxidase, the hallmarks of transcriptionally active

nd pathogenic airway neutrophilia.[ 106 ] The presence of neu-

rophil extracellular traps (NETs) was found in the airway com-

artment and neutrophil-rich inflammatory areas of the intersti-

ium in the lungs of COVID-19 patients, while NET-prone primed

eutrophils were present in arteriolar microthrombi. These re-

ults support the hypothesis that NETs may represent drivers

f severe pulmonary complications of COVID-19.[ 107 ] Ac-

ordingly, targeting lung neutrophilia and NETosis-associated

ung impairment in sepsis and COVID-19 patients is highly

esirable.[ 108 ] 

An increased IL-17 production by 𝛾𝛿 T lymphocytes has been

bserved in the lungs of mice exposed to CLP.[ 109 ] In the skin

f mice who underwent CLP, resident memory CD8+ T-cells

aintain antigen-dependent “sensing and alarming ” function,

nalyzed in terms of IFN- 𝛾 production, whereas spleen CD8 T-

ells produce less IFN- 𝛾 as compared to sham animals.[ 110 ] In

he lungs, the CLP-induced sepsis did not influence the number

f CD4+ and CD8+ T cells while the number of liver CD8+ T

ells increased.[ 111 ] Also, the CD4+ T cells residing in the bone

arrow of septic mice showed preserved ability to cytokine pro-

uction together with a lower apoptosis rate in comparison to

plenic T cells.[ 112 ] 

he same receptors or the same mediators can play different 

oles depending upon the compartment 

It has been reported that depending upon the localiza-

ion of the insult, the same cell surface receptors, or even

he same cytokines, can have opposite effects. A very ele-

ant demonstration of this phenomenon was achieved with

ice in which TLR4 was specifically deleted either in myeloid

ells or in hepatocytes. In the mice undergoing CLP, TLR4

n hepatocytes was required for efficient LPS clearance from

he circulation, and its deletion was associated with enhanced

acrophage phagocytosis, lower bacterial levels, and improved

urvival in CLP without antibiotics, suggesting that TLR4 on

epatocytes is rather deleterious. In contrast, the absence of

LR4 in myeloid cells was associated with greater mortal-

ty as compared to wild-type mice, illustrating that TLR4 ex-

ression in myeloid cells is rather protective.[ 113 ] The role of

ifferent pattern recognition receptors (PRRs), was assessed

n peritoneal or pulmonary S. aureus infection models. Us-

ng scavenger receptors-deficient mice (CD36 KO; Scavenger

eceptor-A [SR-A] KO; MARCO KO) and TLR2 KO mice, it

as shown that these PRRs play opposite roles, being pro-

ective during lung infection but deleterious during peritoneal

nfection.[ 114 ] A similar dichotomy was reported for IL-10. Us-
330
ng IL-10 receptor-deficient mice and comparing cutaneous in-

ection vs. pulmonary infection by Francisella tularensis , it was

hown that IL-10 was deleterious in cutaneous infection but

rotective in pulmonary infection.[ 115 ] Of note, the respective

ole of a given innate immune player may vary depending on

he nature of the infectious agent. It was reported that CD137,

 member of the TNF receptor family, was protective dur-

ng Gram-positive peritoneal infection ( S. aureus ; Streptococcus

neumoniae ; Enterococcus faecali s) but deleterious during Gram-

egative peritoneal infection ( Escherichia coli ; Pseudomonas

eruginosa ; Salmonella enterica serovar Typhimurium ).[ 116 ] Other

xamples are given when comparing the responsiveness of

onocytes to that of monocytes-derived macrophages. IL-10 be-

aves as an anti-inflammatory cytokine when added to adher-

nt monocytes but primes non-adherent monocytes.[ 117 ] Simi-

arly, the anaphylatoxin C5a enhances monocytes responsive-

ess to LPS[ 118 ] but decreases that of M-CSF or GM-CSF-derived

acrophages.[ 119 ] 

eterogeneity of organ-specific endothelium 

Not only do immune cells vary from organ to organ, but

he endothelium displays major differences depending on the

issues.[ 120–124 ] The endothelium plays a critical role being at the

nterface between the bloodstream and organs. Particularly dur-

ng inflammation, it orchestrates cell adherence and recruitment

s well as the coagulation process. Endothelial cells throughout

he body are heterogeneous, and this is tightly linked to the spe-

ific functions of organs and tissues. Organ-specific endothelial

ell signatures are determined from development onwards and

onditioned by their microenvironments during adulthood. Mi-

rovascular endothelial cells have distinct morphological char-

cteristics reflecting the permeability control required to exert

heir physiological function. Vascular permeability and leuko-

yte recruitment are predominantly regulated at the level of

he capillaries and postcapillary venules, which show organ-

pecific structural differences based on inter-endothelial connec-

ions. There are three main types of capillaries. Non-fenestrated

ontinuous capillaries, characterized by low permeability and

 high abundance of tight junctions and caveolae, allowing the

ost controlled passage of blood and soluble components in the

lood, are found in the heart, lungs, and brain. Discontinuous

apillaries allowing free passage are found in the spleen, liver,

nd bone marrow. Fenestrated endothelium has an intermediate

ermeability and is characterized by sparse tight junctions to en-

ure proper filtration and transendothelial transport. It is found

n the microvasculature of the kidney, gastric endocrine glands,

nd intestinal mucosa. The intestinal-specific endothelial iden-

ity has been recently reviewed.[ 125 ] These endothelial cells are

pecialized for gut nutrient absorption and are critical for the re-

ruitment of enterotropic lymphocytes and gut immunosurveil-

ance. Furthermore, cell surface receptors of endothelial cells,

heir secretory profile and their metabolism vary from organ

o organ. The tissue-specific diversity of endothelial cells is re-

ected by their expression of genes characteristic for a given site

nd maintained during inflammatory response.[ 126 ] This speci-

city influences leukocyte trafficking and activation.[ 126 , 127 ] Ac-

ordingly, the heterogeneity of tissue endothelial cells can be

erceived as a key orchestrator of the compartmentalization of

mmune response. 
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pecific local microbiota influences tissue and systemic 

esponse 

A relationship was established between the local mucosal

icrobiota and the systemic viral load, spike-specific antibody

esponses, and inflammatory cytokine levels.[ 128 ] Local micro-

iota is another player that varies between compartments. Gut

icrobiota is well-known to be required not only for the de-

elopment of local immunity but also for physiological and

mergency hematopoiesis.[ 129 , 130 ] For years, the gut has been

laimed to be the motor of multiple organ failure.[ 131 ] Emerg-

ng evidence displays an important role of gut micro-organisms

including bacteria, fungi, eukaryotic viruses, and bacterio-

hages) and their derived metabolites in both the susceptibility

o as well as outcomes of sepsis.[ 132 ] The gut microbiome be-

omes pathologically altered in sepsis (so-called “pathobiome ”),

hich likely contributes to the development of sepsis-associated

ncephalopathy.[ 133 ] Disruption of the microbiome while treat-

ng sepsis with antibiotics can itself result in immune dysregula-

ion. Alterations in the gut microbiome resulting from sepsis and

ts treatment have been implicated in organ dysfunction typical

f sepsis.[ 134 ] The gut virobiome that partly consists of bacterio-

hages is also detectable in gut contents that might be different

etween sepsis and normal hosts.[ 135 ] 

The cutaneous microbiome also plays a role in the establish-

ent and maintenance of skin immunity. Importantly, the infant

kin flora and common causative pathogen(s) both contribute

o neonatal sepsis.[ 136 ] Similarly, respiratory tract microbiota

hape local immune responses.[ 137 ] Sepsis alters the pulmonary

icrobiota by enrichment with the gut microbiota, which cor-

elates with local inflammation.[ 138 ] Investigations of the respi-

atory microbiome led to the identification of three- and four-

actor signatures that predicted ARDS, hospital-acquired pneu-

onia, and prolonged mechanical ventilation with relatively

igh accuracy.[ 139 ] A role for the nasopharyngeal microbiome in

egulating local and systemic immunity that determines COVID-

9 clinical outcomes has also been reported by Smith et al.[ 140 ] 

heir study illustrates that during severe COVID-19, microbial

ysbiosis and high levels of IL-33, IFN- 𝜆3, and IFN- 𝛾 in the nasal

ucosa associated with a distinct pattern of inflammatory cy-

okines in the bloodstream are a testimony of the importance

f microbiota and compartments during COVID-19.[ 141 ] Multi-

le microbiota-directed interventions are currently under inves-

igation in the setting of sepsis, including fecal transplant, the

dministration of dietary fiber, and the use of antibiotic scav-

ngers that attenuate the effects of antibiotics on the gut micro-

iota while allowing them to concentrate at the primary sites of

nfection.[ 135 ] 

ungs are the site of immune activation during sepsis and 

OVID-19 

Before it acquired its new definition,[ 7 ] sepsis was pre-

iously defined as a systemic inflammatory response to

nfection.[ 142 , 143 ] This old definition is fully illustrated by the

act that independent of the site of infection, a major modifi-

ation of gene transcripts can be monitored within the blood

eukocytes. For example, in patients with peritonitis or with

neumonia, 3437 genes were similarly modulated, although 113

ere specific to community-acquired pneumonia and 1454 were
331
pecific to fecal peritonitis.[ 144 ] A comparison of the gene ex-

ression profile within the blood revealed an unexpectedly low

umber of 307 genes common to sepsis and COVID-19 when

839 were specific to severe COVID-19 and 125 to bacterial

epsis.[ 145 ] Most interestingly, a comparison of differentially ex-

ressed gene transcripts in tissue samples (lungs, heart, kidneys,

iver, and spleen) from meningococcal septic shock patients re-

ealed a great number of genes specific to each organ: 827 out of

039 in the lungs, 982 out of 2029 in the heart, 837 out of 2231

n the kidneys, 559 out of 1531 in the liver, while surprisingly,

he spleen expressed the lowest number of modulated genes, 435

f which 182 were specific to this organ.[ 146 ] A similar study in-

luded transcriptomic analysis of the cortex and hippocampus of

atients who died of septic shock.[ 147 ] The study reveals that the

rain also displays a specific pattern of activated and repressed

enes. 

While the altered immune status of circulating cells reflects

ystemic aggression, also revealed by increased levels of circu-

ating cytokines,[ 148 ] many organ analyses in humans demon-

trated a major perturbation of homeostasis which could lead

o organ dysfunction and damage, as illustrated within the

iver,[ 149 ] the kidneys,[ 150 ] the muscle,[ 151 ] the heart,[ 152 ] the

dipose tissue,[ 153 ] the bone marrow,[ 154 ] and the brain.[ 155 ] 

ndeed, neuroinflammation is a major life-threatening event

ccurring in COVID-19 patients associated with immune acti-

ation within the central nervous system,[ 156 ] leading to en-

ephalopathy that is well recognized in sepsis patients.[ 157 ] 

Frequently altered lung function and ARDS are a hallmark of

evere COVID-19 and bacterial sepsis. Depending on the studies,

p to 44% of the patients with bacterial sepsis developed acute

ung injury.[ 158 ] Nevertheless, post-mortem analysis of sepsis

atients revealed that lung pathology was detected in 90% of

he studied subjects.[ 159 ] The frequency of ARDS is great among

ospitalized COVID-19 patients, reaching up to 75% among the

ost severe patients admitted to ICU.[ 18 ] In a murine model of

epsis, it was elegantly demonstrated, using transfection of an-

isense oligonucleotides (ODN), that sepsis-induced gene over-

xpression of iNOS, cyclooxygenase-2, histamine H1-receptor,

latelet-activating factor receptor, and bradykinin B1 and B2

eceptors in lung tissues was significantly inhibited by NF- 𝜅B

ecoy ODN, thereby illustrating that NF- 𝜅B is a central tran-

cription factor during sepsis.[ 160 ] Among the other molecules

nd molecular platforms that orchestrate the inflammatory re-

ponse during sepsis and COVID-19, the inflammasome plays a

entral role.[ 161 , 162 ] Indeed, preventing the action of IL-1 𝛽 re-

eased after inflammasome activation by its natural antagonist

rIL-1Ra) was reported to be beneficial in severe COVID-19.[ 163 ] 

Comparison of biomarkers, cell content, and cell surface

arkers in the alveolar space and in the peripheral blood il-

ustrates the local inflammatory process during sepsis. Among

he cytokines, IL-8 is particularly elevated in the BAL of pa-

ients with ARDS as compared to serum levels.[ 164 ] In a murine

xperimental model, intranasal instillation of LPS in mice that

urvived sepsis led to higher levels of MIP-2 and S100A8/A9

n the BAL as compared to control, with enhanced lung injury,

ncreased alveolar permeability, increased neutrophil recruit-

ent, illustrating that sepsis could predispose to enhanced LPS-

nduced lung injury.[ 165 ] In agreement with this experimental

odel, it was noticed that the pulmonary source of the initial

eptic shock was an independent risk factor for subsequent ICU-
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cquired pneumonia.[ 166 ] In a porcine endotoxin shock model,

he expression of major histocompatibility complex class II was

ower on blood CD14+ CD163+ monocytes as compared to BAL

onocytes.[ 167 ] This observation was in conformity with a sim-

lar analysis performed in patients with septic shock[ 168 ] or in

atients with pneumonia-related ARDS.[ 169 ] Furthermore, in the

ater patients, there was a lower PD-L1 expression on the alveo-

ar than on blood monocytes of ARDS (when expressed in mean

uorescence intensity). 

As previously mentioned, a major cytokine storm is occur-

ing within the lungs of the COVID-19 patients as revealed

y transcriptomic analysis.[ 27 , 28 ] The intensity of the inflam-

atory process within the tissues associated with the devel-

pment of organ dysfunction is a hallmark of sepsis and to a

esser extent of COVID-19[ 170–173 ] ( Figure 2 ). Concomitantly,

he coagulation and complement systems are activated, fur-

her contributing to the local inflammatory process.[ 24 ] In addi-

ion, alveolar macrophage activation, NETosis, anti-Type I IFN

uto-antibodies, DAMPs release (e.g., S100A8), and viral cy-

opathogenicity contribute to the alteration of pulmonary func-

ion. The role of the coagulation process is illustrated by sig-

ificantly increased levels of d-dimers, thrombin-antithrombin

omplexes, soluble tissue factor, C1-inhibitor antigen, tissue-

ype plasminogen activator, and plasminogen activator inhibitor

ype I in the bronchoalveolar compartment.[ 174 ] The high levels

f inflammatory cytokines (IL-1Ra, IL-6, IL-8, IL-10, chemokine

XC-ligand − 10, IFN- 𝛾, and TNF) in endotracheal aspirates

s compared to serum suggests local production.[ 175 ] Of note,

mong the inflammatory cytokines present in bronchial aspi-

ates obtained during invasive mechanical ventilation of COVID-

9 patients, IL-1 𝛼, oncostatin M, and tumor-necrosis-factor-

elated apoptosis-inducing ligand (TRAIL) showed the strongest

ssociation with in-ICU mortality.[ 176 ] Among the players that

ould contribute to lung tissue injury, a protease-anti-protease

mbalance (neutrophil elastase vs. alpha-1 antitrypsin) has been

eported in the airways of SARS-CoV-2-ARDS patients.[ 177 ] In

ontrast, some markers are particularly abundant within the

loodstream of COVID-19 patients, such as vascular endothelial

rowth factor (VEGF) and several vasoactive eicosanoids.[ 178 ] In

ddition to soluble mediators which locally contribute to the al-

eration of the lung tissues, activated immune cells, particularly

 lymphocytes and myeloid cells in the respiratory tract perpet-

ate lung pathology and disease pathogenesis. Through longitu-

inal profiling of paired airways and blood from patients, Szabo

t al.[ 179 ] revealed many important features of severe COVID-

9. They confirmed that COVID-19 airways contain elevated

evels of myeloid and T cell-derived cytokines (i.e., Granzyme

, CCL2 (monocyte chemoattractant protein-1) CCL3 (MIP-1 𝛼)

CLL4 (MIP-1 𝛽), IL-7, and lymphotoxin). They showed that air-

ay T cells in COVID-19 are dominated by tissue-resident mem-

ry T cells expressing higher levels of T cell activation markers

HLA-DR and programmed cell death protein 1) as compared

o blood T-cells. Similarly, HLA-DR expression is higher among

irway myeloid cells as compared to those in the blood. Fur-

hermore, inflammatory gene signatures of T cells and myeloid

ells are enriched in the airways of COVID-19 patients. Finally,

OVID-19 lung autopsies exhibit specific and extensive accumu-

ation of monocytes and macrophages relative to control lungs.

 crosstalk between pro-inflammatory macrophages and IFN- 𝛾

roducing cytotoxic lymphocytes is associated with severe tis-
332
ue damage.[ 180 ] Indeed, in COVID-19, there is a positive feed-

ack loop between macrophages and T cells inside the lung

hat produces a prolonged and destructive inflammation. In the

ajority of patients with SARS-CoV-2 infection, the alveolar

pace was persistently enriched in T cells and monocytes. SARS-

oV-2 infects alveolar macrophages, which in turn respond

y producing T cell chemoattractants. These T cells produce

FN- 𝛾 that induces inflammatory cytokine release from alveo-

ar macrophages and further promotes T cell activation.[ 181 ] In

ontrast, sepsis mainly causes immune cell activation and burst,

nd inflammation tends to resolve rapidly.[ 182 ] 

he inflammatory process is perpetuated by a crosstalk 

etween compartments —a major contribution of the bone 

arrow 

The crosstalk between organs during sepsis has been well de-

cribed and documented.[ 24 ] For example, a crosstalk between

he gut and brain has been suggested in a rat model of sepsis,[ 183 ] 

nd an acute kidney injury can affect distant organs, including

eart, lung, spleen, brain, liver, and gut.[ 184 ] However, the way

ach organ contributes to propagating the inflammatory process

emains poorly understood, and feedback loops between injured

issues are not fully deciphered. Among the compartments, the

one marrow plays a central role by delivering throughout the

hole organism the innate and adaptive immune cells needed

o address the infectious process. Sepsis induces a similar expan-

ion and proliferation of early hematopoietic stem and progen-

tor cells (HSPC) while committed progenitors decrease. It was

uggestive that the Notch pathway contributed to this effect in a

umanized mice model of sepsis and endotoxemia.[ 185 ] More re-

ently, it was reported that the deubiquitinase ubiquitin-specific

eptidase 22 which regulates the levels of mono-ubiquitinated

istone H2B was an intracellular regulator of this process.[ 186 ] 

he phenomenon, known as “emergency hematopoiesis, ” aims

o provide urgently needed leukocytes[ 187 ] ( Figure 3 ). The boost-

ng of hematopoiesis is triggered by the pathogen-associated

olecular patterns (PAMPs) provided by the infectious agents,

he damage-associated molecular patterns (DAMPs) released by

ltered host cells and damaged tissues during the infectious

rocess and by hematopoietic cytokines (macrophage-colony

timulating factor [M-CSF], granulocyte CSF [G-CSF], GM-CSF,

nd IL-3). Concomitantly, chemokine CXC-ligand 12 (stromal

ell-derived factor-1), the main chemokine that regulates the

oming and maintenance of HSPC in this niche, is downregu-

ated during inflammation, allowing the mobilization of HSPC

o the periphery.[ 187 , 188 ] Furthermore, IL-1 was initially recog-

ized as a factor boosting hematopoiesis, acting in synergy with

he hematopoietic factors and was early named “hemopoietin-

. ”[ 189 ] IL-1 can be induced by PAMPs and favors the release of

L-3.[ 190 ] Within an amplification loop, IL-3 potentiates the in-

ammatory response by favoring inflammatory cytokines pro-

uction by mouse macrophages.[ 191 ] Accordingly, IL-3, which

s a cytokine involved in early differentiation and proliferation

f the bone marrow cell, fuels the cytokine storm and ampli-

es the inflammatory process during murine sepsis.[ 192 ] Thus,

mergency hematopoiesis associated with myeloid priming, in-

ate and adaptive immunity, and inflammation could contribute

o the pathobiology of sepsis and COVID-19.[ 187 ] The pres-

nce of immature neutrophil populations indicating the occur-
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Figure 2. Lung vs. systemic immune responses in COVID-19 and remote organ injury. 

CCL: Chemokine CC-ligand; CXCL: Chemokine CXC-ligand; HLA: Human leukocyte antigen; IFN: Interferon; IL: Interleukin; NET: Neutrophil extracellular trap; 

NF- 𝜅B: Nuclear factor 𝜅B; PD-1: Programmed cell Death protein 1; TGF: Transforming growth factor. 
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ence of emergency granulopoiesis in the bone marrow has been

inked to a potential immunosuppressive role of neutrophils dur-

ng SARS-CoV-2 infection.[ 193 , 194 ] A comparison of the immune

rofile of severe COVID-19 with non-SARS-CoV-2 pneumonia

CU patients showed that increased emergency myelopoiesis
333
nd adaptive immune paralysis were observed in both clini-

al settings. Of note, pathological immune signatures sugges-

ive of T-cell exhaustion were exclusive to COVID-19.[ 195 ] Simi-

arly, T-cell exhaustion has been regularly reported in bacterial

epsis.[ 196 , 197 ] Most importantly, the inflammatory environment
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Figure 3. The bone marrow in sepsis. During systemic infection PAMPs and cytokines enter bone marrow where they are sensed by both stromal and hematopoietic 

cells (including mature cells as macrophages and stem and progenitor cells). Induction of G-CSF, IL-1, IL-3, IFN, and Notch boost proliferation and myeloid differ- 

entiation of HSCs. HSCs also egress from the bone marrow due to altered chemokine gradients and proteolytic milieu. Massive inflammation leads to the generation 

of myeloid-derived suppressor cells which contribute to immunocompromised systemic response. Bone marrow macrophages not only sense PAMPs but also can 

bind haptoglobin via CD163 which activates them and, in some patients, lead to features of MAS. Macrophage-derived cytokines also modulate hematopoiesis. 

Tissue-resident T cells and NK cells reside in the bone marrow and are not paralyzed in sepsis as their splenic counterparts. NK cells are the source of IFN which 

induces anti-inflammatory phenotype of emigrating monocytes. 

DAMPs: Damage-associated molecular patterns; G-CSF: Granulocyte-colony stimulating factor; HSCs: Hematopoietic stem cells; IFN: Interferon; IL: Interleukin; MAS: 

Macrophage Activating Syndrome; M-CSF: Macrophage-colony stimulating factor; MDSCs: Myeloid-derived suppressor cells; NK: Natural killer; PAMPs: Pathogen- 

associated molecular patterns; TNF: Tumor necrosis factor. 
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elated to emergency hematopoiesis can reprogram the differen-

iation of granulocytes. In septic mice, Wang et al.[ 198 ] identi-

ed stressed granulocytes with innate immune memory. Those

eukocytes pose an amplified immune response, specifically

ausing lung injuries and increasing mortality during secondary

nfections. Additionally, the bone marrow is the primary site

f CD4+ memory T cell homing and proliferation after sepsis-

nduced lymphopenia. These cells have the capacity to migrate

utside the bone marrow niche and engraft murine secondary

ymphoid organs.[ 112 ] Of note, hematopoietic factors have been

uggested to be of putative interest to boost the altered immune

tatus of circulating cells.[ 199 ] Noteworthy, systemic inflamma-

ion can stimulate extramedullary hematopoiesis, particularly in

he spleen and the liver. Macrophages maintain the bone mar-

ow hematopoietic stem cells niche and regulate HSPC activity

y supplying various cytokines and retention factors.[ 200 ] En-

othelial cells and mesenchymal stromal cells also secrete fac-

ors that promote hematopoietic stem cell maintenance in these

iches.[ 201 ] During a murine model of sepsis and in humans,

he spleen has been identified as a major site of megakary-

poiesis and platelet production, and spleen-derived protective

latelets may be broadly immunomodulatory in acute inflam-

atory states such as sepsis.[ 202 ] 

aking into account the compartmentalized immune response 

or improved COVID-19 vaccination 

During bacterial sepsis, adaptive immunity has been regu-

arly reported to be suppressed as a reflection of lymphopenia

nd up-regulation of programmed cell death protein 1/PDL-1

nteraction between regulatory T cells and antigen-presenting
334
ells. The adaptive immunity plays a limited role during the

arly phase of sepsis and the proposal of vaccines as preven-

ion of sepsis has been rarely put forward, except in a few cases,

uch as meningococcemia[ 203 ] S. pneumoniae ,[ 204 ] P. aeruginosa ,

lebsiella pneumoniae , and E. coli infections.[ 205 , 206 ] After Che-

id et al.[ 207 ] offered the basis for a universal anti-endotoxin

ntibody, it has been attempted to address Gram-negative sepsis

ith passive therapy using anti-LPS antibodies. Anti-endotoxin

accines have been proposed to cope with the increasing oc-

urrence of antimicrobial-resistant Gram-negative bacteria, but

hey would merit further studies.[ 208 ] In the case of COVID-19,

he induction of a compartmentalized adaptive immunity could

e considered by mucosal vaccination. Because of the mode of

ontamination by SARS-CoV-2 through the nose and the throat,

atural infection initiates both local and systemic immunity.

owever, an analysis addressing both plasma and nasopharyn-

eal swabs revealed two types of responses.[ 140 ] Some patients

ad IgA and IgG antibodies in both compartments while oth-

rs had antibodies only present in plasma. Natural infection al-

ows the maintenance of SARS-CoV-2-specific immune memory

ithin tissues.[ 209 ] Up to 6 months after infection, SARS-CoV-

-specific CD4+ T, CD8+ T (in lower frequency than CD4+ T

ells), and B cells were predominantly localized in the lung

nd lung-associated lymph nodes. Based on the natural im-

une response to SARS-CoV-2 infection, mucosal vaccination

ould be supported to provide a suitable local and systemic

mmune response.[ 210 ] Furthermore, while intra-muscular vac-

ination did not prevent the vaccinated subject from being a

arrier of the virus once naturally infected and spreading the

irus, a stronger local immunity could limit the contamina-

ion process and be an appropriate approach for preventing
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uture pandemics. As recently reported respiratory mucosal im-

unization with a next-generation adenoviral-vectored triva-

ent COVID-19 vaccine expressing spike induces protective mu-

osal immunity against SARS-CoV-2 via induction of systemic

nd local antibodies, lung-tissue-resident memory T cells, and

rained alveolar macrophages.[ 211 ] Another approach would be

o use mucosal vaccination to boost a previous systemic deliv-

ry of the vaccine.[ 212 ] Thus, the compartmentalized immune

esponse should be seen as an advantage in proposing new vac-

ination strategies, but should also be carefully considered when

mmunotherapies are proposed in order to avoid an undesirable

oosting effect of the inflammatory response. 

recision medicine and compartmentalization 

Efforts to transfer to the bedside the therapies that had been

uccessful in pre-clinical murine models of sepsis have failed, as

ost of the clinical trials included a heterogenous sepsis pop-

lation, without taking into account the site of infection, the

ature of the infectious agent, the failed organ or any biological

arameters that would allow to identify the subset of patients

ho may benefit from a given treatment.[ 4 ] For example, a re-

nalysis of the rIL-1Ra (anakinra) sepsis trial indicated that a

ubgroup of patients with features of the hemophagocytosis-like

yndrome (i.e., based on the presence or the absence of concur-

ent hepatobiliary dysfunction and disseminated intravascular

oagulation) might benefit from the IL-1 blockade.[ 93 ] A similar

eneficial effect was reported in COVID-19 patients with sec-

ndary hemophagocytic lymphohistiocytosis[ 94 ] and subsequent

eta-analysis suggested that rIL-1Ra could reduce the mortal-

ty risk in patients with signs of hyperinflammation such as C-

eactive protein concentrations higher than 100 mg/L.[ 163 ] In-

erestingly, re-analysis of the trials of activated protein C led

o the identification of subsets of patients who respond differ-

ntly to activated protein C.[ 213 ] High ferritin levels can also

nrich the selection of therapy-responsive patients.[ 214 ] While

he benefit of glucocorticoids in sepsis remains debatable, and

nly a subset of septic shock patients could benefit from the

reatment,[ 215 ] their use in a homogenous group of patients with

evere community-acquired pneumonia or oxygen-dependent

OVID-19 was shown to be beneficial.[ 216 ] Even more benefits

an be obtained by patients who present specific endotypes, and

his example highlights the importance of defining endotypes in

epsis and COVID-19.[ 217 ] 

Sepsis or COVID-19 patients can display an immunosup-

ressed status, as revealed by the analysis of plasma markers

nd circulating blood leukocytes. Accordingly, for the introduc-

ion of biological therapies, it is critical to identify patients who

ay benefit from either immunostimulatory or immunosuppres-

ive treatment.[ 218 ] However, during sepsis and COVID-19, the

oncomitant expression of tissue inflammation and immunosup-

ression has been regularly reported.[ 179 , 219 , 220 ] Thus, immuno-

uppressive or immunostimulant therapies should precisely tar-

et different compartments. 

IL-7 has been shown to reverse the lymphopenia associated

ith human sepsis and to restore the peripheral T-lymphocytes

unction,[ 221 ] and GM-CSF to upregulate the HLA-DR expres-

ion on monocytes in septic patients with multi-organ dysfunc-

ion and to concomitantly increase of the ex vivo whole blood

NF response.[ 222 ] Both recombinant G-CSF and GM-CSF have
335
leiotropic immunomodulatory action during sepsis.[ 223 ] The

ompartmentalization process illustrates that the altered im-

une status is not a global defect[ 95 ] and the ambiguous behav-

or of GM-CSF questions the systemic or local administration of

his cytokine in sepsis and COVID-19.[ 95 , 224 ] 

Of note, the use of IFN- 𝛾 to boost the immune status among

echanically ventilated patients with acute organ failure, com-

ared with placebo neither significantly reduced the incidence

f hospital-acquired pneumonia nor the occurrence of death

n day 28. But most importantly, and in agreement with our

oncerns,[ 225 ] the trial had to be discontinued early due to a

igher rate of respiratory complications in patients receiving the

reatment. The poor lung tolerance of IFN- 𝛾 in critically ill pa-

ients suggests a specific immune response to treatment in this

ompartment.[ 226 ] 

As a consequence of these heterogeneous behaviors of im-

une cells depending on their organ localization, targeted ap-

roaches to deliver drugs aimed to specifically address im-

une cell functions in tissues appear as the most promising

trategy.[ 227–229 ] For example, it was recently demonstrated

hat a phosphoinositide 3-kinase- 𝛾 inhibitor specifically tar-

eted toward hepatic parenchymal cells without compromising

ther cells could be beneficial in restoring organ function in

epsis.[ 230 ] 

The lungs are the organs most easily targeted, using direct

rug delivery by aerosol therapy.[ 227 ] The other organs require

assage through different biological barriers, but several target-

ng strategies have been developed, including small molecules

e.g., peptides, nucleic acids), large molecules (e.g., antibodies),

r nanoparticles.[ 228 , 229 ] By tailoring the properties of nanopar-

icles, including size, shape, surface chemistry, and site-specific

rug delivery in organ, cellular, and subcellular levels could be

chieved.[ 231 ] Thus, the systemic administration of a drug for

ocal delivery or a local effect is now achievable.[ 229 , 232 ] 

The comprehensive research on the different compartments

f immune response requires proper analytical tools. Fur-

hermore, as high-throughput molecular techniques, including

ulti-omics, are producing gigabytes of data, only approaches

everaging AI and machine learning can boost the discoveries of

roper biomarkers and pathophysiological crosstalks. Then, at

he bedside, both of these techniques are believed to be helpful

n the prediction, diagnosis, subphenotyping, prognosis assess-

ent, and clinical management of sepsis.[ 233–237 ] Whether the

se of AI will appropriately address compartmentalization re-

ains an open question. 

onclusions and Perspectives 

The numerous failures of the development of host-targeting

reatments in sepsis clearly indicate the need for a change in

he research paradigm.[ 4 ] The phenomenon of the compart-

entalization of the immune response in the course of sepsis

as under-recognized for a long time despite clear signs of its

resence.[ 29 ] In agreement with our review questioning the va-

idity of analysis performed on circulating blood leukocytes to

efine the global immune status of patients,[ 225 ] Conway Mor-

is et al.[ 238 ] pointed out that mechanisms that predominate

n one tissue may not dominate or even be relevant in other

issues. Only recently did the progress in large-scale immuno-

ogical methods together with the focus on the comparison be-
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ween immune cells from different organs bring a broader at-

ention of researchers to this issue. Because of the specific lung

athology observed in severe COVID-19 patients, this viral sep-

is has offered an opportunity for the scientific community to

ocus on local immunopathology to emphasize the importance

f the concept of compartmentalization.[ 5 , 29 ] Understanding the

issue-specific responses of the immune cells during severe infec-

ions should enable a more precise selection of therapeutic tar-

ets and appropriate biomarkers. As a consequence, this could

ncrease the specificity and safety of novel therapies aimed to

avor precision medicine. 

While performing the proofreading of this manuscript, an

mportant contribution was published by Takahama et al. [239] 

upporting the concept of compartmentalization. Measuring dy-

amic changes in genes expression across organs, the authors

eautifuly established the specific responsiveness of different

issues and cell types in a murine CLP model, and upon LPS

njection. A pairwise cytokines injection mirrors the various im-

acts of sepsis across tissues. 
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