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EPSIS IS RESPONSIBLE FOR MORE

than 225 000 deaths annually in

the United States.! Developing

new therapies for sepsis has been
particularly challenging, with more than
25 unsuccessful drug trials.?® Charac-
terized by an initial intense inflamma-
tory response or “cytokine storm,” pa-
tients with sepsis may present with fever,
shock, altered mental status, and organ
dysfunction.>® Numerous investigative
agents have been directed at down-
modulating this initial phase. Im-
proved clinical management algo-
rithms have led to survival of the majority
of patients in this early period.*!! How-
ever, those who survive early sepsis of-
ten develop nosocomial infections with
organisms not typically pathogenic in im-
munocompetent hosts and have reacti-
vation of latent viruses.®'*"* These ob-
servations have led to the controversial
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Context Severe sepsis is typically characterized by initial cytokine-mediated hyper-
inflammation. Whether this hyperinfllmmatory phase is followed by immunosuppres-
sion is controversial. Animal studies suggest that multiple immune defects occurin sep-
sis, but data from humans remain conflicting.

Objectives To determine the association of sepsis with changes in host innate and adap-
tive immunity and to examine potential mechanisms for putative immunosuppression.

Design, Setting, and Participants Rapid postmortem spleen and lung tissue har-
vest was performed at the bedsides of 40 patients who died in intensive care units (ICUs)
of academic medical centers with active severe sepsis to characterize their immune status
at the time of death (2009-2011). Control spleens (n=29) were obtained from patients
who were declared brain-dead or had emergent splenectomy due to trauma; control lungs
(n=20) were obtained from transplant donors or from lung cancer resections.

Main Outcome Measures Cytokine secretion assays and immunophenotyping of
cell surface receptor-ligand expression profiles were performed to identify potential
mechanisms of immune dysfunction. Immunohistochemical staining was performed
to evaluate the loss of immune effector cells.

Results The mean ages of patients with sepsis and controls were 71.7 (SD, 15.9) and
52.7 (SD, 15.0) years, respectively. The median number of ICU days for patients with
sepsis was 8 (range, 1-195 days), while control patients were in ICUs for 4 or fewer days.
The median duration of sepsis was 4 days (range, 1-40 days). Compared with controls,
anti-CD3/anti-CD28-stimulated splenocytes from sepsis patients had significant reduc-
tions in cytokine secretion at 5 hours: tumor necrosis factor, 5361 (95% Cl, 3327-7485)
pg/mL vs 418 (95% Cl, 98-738) pg/mL; interferon vy, 1374 (95% Cl, 550-2197) pg/mL
vs 37.5 (95% ClI, -5 to 80) pg/mL; interleukin 6, 3691 (95% Cl, 2313-5070) vs 365
(95% Cl, 87-642) pg/mL; and interleukin 10, 633 (95% Cl, —269 to 1534) vs 58 (95%
Cl, -39 to 156) pg/mL; (P<.001 for all). There were similar reductions in 5-hour lipo-
polysaccharide-stimulated cytokine secretion. Cytokine secretion in sepsis patients was
generally less than 10% that in controls, independent of age, duration of sepsis, corti-
costeroid use, and nutritional status. Although differences existed between spleen and
lung, flow cytometric analysis showed increased expression of selected inhibitory recep-
tors and ligands and expansion of suppressor cell populations in both organs. Unique dif-
ferences in cellular inhibitory molecule expression existed in immune cells isolated from
lungs of sepsis patients vs cancer patients and vs transplant donors. Immunohistochemi-
cal staining showed extensive depletion of splenic CD4, CD8, and HLA-DR cells and ex-
pression of ligands for inhibitory receptors on lung epithetial cells.

Conclusions Patients who die in the ICU following sepsis compared with patients
who die of nonsepsis etiologies have biochemical, flow cytometric, and immunohis-
tochemical findings consistent with immunosuppression. Targeted immune-
enhancing therapy may be a valid approach in selected patients with sepsis.
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hypothesis that the early hyperinflam-
matory state evolves to a subsequent hy-
poinflammatory state with significant im-
munosuppression.'*!® Although animal
studies demonstrate progression to an
immunosuppressive phase, epidemio-
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logic studies in clinical sepsis are
lacking.**? The purpose of this investi-
gation was to assess evidence of immu-
nosuppression in sepsis and to deter-
mine mechanisms that might be
responsible for the presumed impaired
immunity. Cells from spleen and lung
were studied to compare and contrast the
functional status and phenotype of cells
from a lymphoid organ and a periph-
eral organ that is a frequent site of noso-
comial infection.

METHODS

An overview of study design includ-
ing the purpose of the various immu-
nologic tests is shown in TABLE 1. Meth-
ods are described in further detail in the
eAppendix (available at http://www
Jjama.com).

Inclusion and Exclusion Criteria

Patients with sepsis who died while
undergoing treatment in surgical or
medical intensive care units (ICUs)
were included. Sepsis was defined using
a consensus panel definition: presence
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of microbiologically proven, clinically
proven, or suspected infection and
presence of systemic inflammatory re-
sponse syndrome (SIRS). The diagnosis
of SIRS required at least 2 of the follow-
ing: hypothermia (=36°C) or hyperther-
mia-{=38°C); tachycardia (=90/min);
tachypnea (=20 breaths/min) and/or ar-
terial PCO, 32 mm Hg or lower and/or me-
chanical ventilation; and leukocytosis
(=12 000/L) or leukopenia (=4000/1L)
and/or left-shifted white blood cell dif-
ferential count of 10% or higher.?

To try to limit potential confound-
ing effects of other conditions affect-
ing immunity, patients with cancer,
chronic viral infections (hwman immu-
nodeficiency virus, hepatitis B or C), or
autoimmune diseases and patients tak-
ing high-dose corticosteroids (hydro-
cortisone, >200 mg/d) or immunosup-
pressive medications were excluded.

Control Population

Control spleens were obtained from criti-
cally ill patients with no sepsis including

those declared dead by neurological cri-
teria and trauma patients who had emer-
gent splenectomy because of splenic in-
jury (see eAppendix for inclusion and
exclusion criteria). Patients who met
brain death criteria typically had been
mechanically ventilated for 48 to 72
hours, required vasopressors to main-
tain adequate organ perfusion, and had
associated organ injuries. Patients re-
quiring mechanical ventilation for more
than 4 days were excluded because of the
high incidence of vendlator-associated
prneumonia. Control lung tissue was ob-
tained from the excess tissue of trans-
plant donor lungs and from the non—
tumor-involved tissue of lobectomies
performed for cancer (eAppendix).

All studies were approved by the
Washington University or St John'’s Hos-
pital human research protection of-
fices. For tissue obtained by rapid au-
topsy of patients who died in the ICU,
the studies were determined by the
Washington University and St John’s
Hospital human research protection of-

Table 1. Immune System Analysis

i

Analysis of Cell

Lung cells: Figure 4 j

Immune Function Populations Assay Methods Organ/Tissue | Resuilts
Immune effector cells
innate Dendritic cells, o
. macfophages, natural Splenocytes: Figure 1,
) killer celis, monocytes Flow cytornetry, Spleen and splenocytes  Figure 2, Figure 3
immunohistochemistry Lung and lung cells
. Spleen: Figure 5
Lung: Figure 6, Figure 7
Adaptive T cells (CD4 and CD8) g- Figur aur

Immune supressor cells

Regulatory T cells,
myeloid-derived
suppressor cells

Flow cytometry

Splenocytes: regulatory
Tcell

Lung cells: regulatory

T cells and myeloid-
derived suppressor cells

Resuits section of text

Immune cell receptor expression
Expression of molecules
associated with antigen
presentation

HLA-DR expression

Flow cytometry,
immunohistochemistry

Splenocytes, spleen

Splenocytes: Figure 3
Spleen: Figure 5

Expression of molecules that
enhance immune responses

Receptors: CD28, CD69,
IL-2¢, IL-7Ra
Ligands: CD86

- Flow cytometry,

immunohistochemistry

Splenocytes
Lung cells

Splenocytes: Figure 2,
Figure 3, Figure 5
Lung cells: Figure 4

Expression of molecules that

Receptors: BTLA, PD-1,

Flow cytormetry,

Splenocytes or lung cells

Splenocytes: Figure 2,

anti-CD3/anti-CD28

SUpPress immune responses CTLA-4 immunohistochemistry Spleen or lung Figure 3
Ligands: PD-L1, PD-L2, Lung cells: Figure 4
HVEM Lung: Figure 6, Figure 7
Immune cell effector function
Cytokine secretion
Innate immune response: Natural killer celis,
lipopolysaccharide dendritic cells, En inked
macrophages, Zyme-Iinke ,
monocytes immunoscroent Splenocytes Figure 1
Adaptive immune response: T cells assay

Abbreviations: BTLA, B- and T-lymphocyte attenuator; CTLA, cytotoxic T-lymphocyte antigen; HVEM, herpes virus entry mediator; IL, interleukin; PD, programmed cell death.
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fices not to constitute human subjects re-
search because there was no interaction
with the patient prior to death. After the
patient had died, written permission to
collect postmortem tissue for research
purposes was obtained from the pa-
tient’s next of kin. For lung resection
specimens, all participants provided writ-
ten informed consent prior to surgery.
For lung tissue obtained from trans-
plant donors, the tissue was collected af-
ter death and provided to the labora-
tory completely anonymized; therefore,
it was also determined not to constitute
human subjects research. However, the
transplant donation consent signed by
next of kin included a provision that tis-
sue may be used for research purposes.
Similarly, spleens were obtained from
Mid-America Transplant, St Louis, Mis-
souri, from brain-dead organ donors
whose next of kin gave written consent
for use of tissues for research purposes.

Splenic and Lung Harvesting
and Cell Isolation

Spleen samples were obtained from 40
patients with sepsis and 29 patients
without sepsis within 30 to 180 min-
utes of death. Splenocytes were disso-
ciated and resuspended in sterile me-
dia.?! Splenocytes either were studied
acutely or stored at 4°C for subse-
quent analysis within 12 to 72 hours.
Cell counting and viability were deter-
mined as described previously.”

Lungs samples from patients with sep-
sis (n=34) or without sepsis (n=20) were
immediately processed. Lungs were fixed
overnight for immunohistochemistry or
single-cell suspensions were prepared,
counted, viability determined, and
stained for flow cytometry.

Cytokine Production

of Splenocytes

Mononuclear cells were prepared by den-
sity gradient centrifugation.” Cell viabil-
ity was greater than 85% to 90%. Cells
were stimulated with lipopolysaccha-
ride, anti-CD3/anti-CD28, or phorbol 12-
myristate 13-acetate (PMA)/ionomy-
cin. Supernatants were harvested at 5 and
22 hours and cytokines quantitated by
enzyme-linked immunosorbent assay.
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Flow Cytometric Analysis of Spleen
and Lung Cells

Cell suspensions were incubated with
isotype control or type-specific anti-
bodies. To determine the percentage of
cells positive for each marker, the per-
centage positive isotype control was
subtracted from that within the posi-
tive gate of the type-specific marker.
The mean fluorescence index (MFI)
was determined by subtracting the geo-
metric MFI of the isotype control from
the geometric MFI of the type-specific
marker.

Immunohistochemistry of Tissues

For spleen tissue, formalin-fixed sec-
tions underwent antigen retrieval fol-
lowed by incubation with primary an-
tibodies or isotype-matched controls.
Slides were sequentially incubated with
biotinylated antibody and peroxidase-
labeled streptavidin and immunoreac-
tive cells were visualized with diamino-
benzidine-chromogen. Lung tissue was
fixed in paraformaldehyde. Sections un-
derwent endogenous peroxidase
quenching and antigen retrieval fol-
lowed by incubation with primary an-
tibodies or isotype-matched con-
trols.?? Slides were incubated in
horseradish peroxidase (HRP)-
conjugated antibodies followed by vi-
sualization with HRP-AB-C substrate.

Evaluation of Tissue Slides

Slides were evaluated in blinded fashion
and scored as described previously.”

Statistical Analysis

Differences in sepsis vs nonsepsis cyto-
kine production and phenotypic expres-
sion were analyzed by 2-tailed nonpara-
metrict test (Mann-Whitmey U test) using
the statistical program GraphPad Prism,
version 5.0 (GraphPad Software). Statis-
tical significance was set at P<.05.

RESULTS

Patient Characteristics

The most common etiologies of sepsis
were ventilator-associated pneumo-
nia and peritonitis (TABLE 2 and eTable
1). Other causes included necrotizing
fasciitis, retroperitoneal abscess, in-

fected intravascular catheters, urinary
tract infections, intrapelvic abscess, and
osteomyelitis. The nonsepsis patient
population for control spleen tissues
consisted of 20 patients who met brain
death criteria and 9 patients who had
splenectomies because of traumatic in-
jury (Table 2 and eTable 2). Control
populations for lung consisted of speci-
mens from lung transplant donors
(n=10) or lobectomy for lung cancer
(n=10).

The mean ages of patients with sep-
sis and controls were 71.7 (SD, 15.9)
and 52.7 (SD, 15.0) years, respec-
tively. The median number of ICU days
for sepsis patients was 8 (range, 1-195),
while the median duration of sepsis was
4 days, with a range of 1 to more than
40 days (Table 2). Control patients were
in ICUs for 4 or fewer days. Patients
with sepsis had numerous comorbidi-
ties; in contrast, comorbidities were
much less frequent in organ donor con-
trols. The mean serum albumin level for
sepsis patients was 2.4 (SD, 0.62) g/dL,
with a range of 1.0 to 3.9 g/dL (nor-
mal hospital laboratory range for albu-
min is 3.6-5.0 g/dL) (eAppendix and
eFigure 4).

Cytokine Production in Spienocytes

Compared with controls, splenocytes
from sepsis patients produced signifi-
cantly fewer cytokines (tumor necro-
sis factor [TNF], interferon [IFN-y],
and interleukins {IL] 6 and 10) at 5 and
22 hours (FIGURE 1, eFigure 1, eTable
3, and eTable 4). Decreased cytokine
production was profound at 5 hours,
when selected sepsis tissues produced
minimal amounts of cytokines regard-
less of stimulus. For example, cyto-
kine production stimulated with anti-
CD3/anti-CD28 at 5 hours from
controls vs sepsis patients, respec-
tively, resulted in TNF, 5361 (95% CI,
3327-7485) pg/ml vs 418 (95% CI, 98-
738) pg/mL; IFN-y, 1374 (95% CI, 550-
2197) pg/mL vs 37.5 (95% CI, -5 to 80)
pg/mL; IL-6, 3691 (95% CI, 2313-
5070) pg/mL vs 365 (95% CI, 87-642)
pg/mL; and 1L-10, 633 (95% CI,-269
to 1534) pg/mL vs 58 (95% CI, -39 to
156) pg/mL (P<.001 for all). There




were similar reductions in 5-hour li-
popolysaccharide- and PMA/ionomy-
cin—-stimulated cytokine secretion
(Figure 1, eFigure 1, eTable 3, and
eTable 4).

By 22 hours, some splenocytes from
sepsis patients exhibited partial recov-
ery of cytokine production. Collec-
tively, secretion of cytokines by stimu-
lated sepsis splenocytes at 5 hours was
less than 10% of that of controls. How-
ever, by 22 hours, secretion had in-
creased to approximately one-third that
of controls and, for selected sepsis pa-
tients, cytokine production was similar
to that of controls (Figure 1). Cell vi-
ability at 5 and 22 hours was 93% and
86%, respectively, for controls vs 81%
and 60%, respectively, for sepsis patients.

To determine if the age differential
between controls and sepsis patients
was associated with changes in stimu-
lated cytokine production, compari-
son of data from sepsis patients aged 52
years or younger (n=5) vs older than
52 years (n=21) was performed and re-
vealed no statistical differences be-
tween these 2 groups (eFigure 2). Fur-
thermore, for virtually all cytokines,
sepsis patients in both age groups were
statistically different from controls. To
determine if duration of sepsis af-
fected cytokine secretion, data from pa-
tients who had sepsis for 4 or fewer days
were compared with that of patients
who had sepsis for more than 4 days.
No significant difference was seen be-
tween these 2 groups (eFigure 3). Like-
wise, because of potential confound-
ing effects of low-dose corticosteroids
on cytokine production, comparisons
were also made between sepsis pa-
tients receiving corticosteroids (n=9)
and not receiving corticosteroids
(n=15). Data from both of these groups
were statistically different from that of
controls but were not different from that
of each other (eTable 4). To deter-
mine if the patient nutritional state (as
reflected by serum albumin) had an ef-
fect on cytokine secretion in sepsis pa-
tients, TNF and IL-6 secretion were
plotted against patient serum albumin
(eFigure 4). No correlation was ob-
served.

IMMUNOQSUPPRESSION IN SEPSIS AND ORGAN FAILURE

Analysis of Immune Cell
Populations and Receptor Profiles
To assess possible etiologies for the
markedly depressed cytokine secre-
tion, we performed flow cytometric
analysis and examined expression of cell
surface receptors important in cellu-
lar activation (FIGURE 2, FIGURE 3, and
eTable 5). The splenic T cells of sepsis
patients had increased expression of ac-
tivation marker CD69 on both CD4 and
CD8 subsets and of IL-2Ra (CD25) on
CD4 T cells, when analyzed both as per-
centage of positive cells and as cellu-
lar expression (as determined by ‘geo-
mean fluorescence intensity [MFI]).
Expression of the percentage positive
cells and MFI of the potent pdsitive
costimulatory receptor CD28 was de-
creased on CD4 T cells in sepsis; MFI
for CD28 was also decreased on CD8
T cells. Inhibitory members of the CD28
family programmed cell death 1 (PD-1)
(CD279) and cytotoxic T-lymphocyte
antigen 4 (CTLA-4) (CD152) were also
examined. Sepsis patients had signifi-
cantly increased percentages of CD4 T
cells expressing PD-1 and increased
CTLA-4 positive CD8 T cells. Both MFI
and the percentage of cells expressing
the IL-7 receptor a (IL-7Ra, CD127),
which is critical for cell survival and is
decreased in cell exhaustion, were re-
duced on CD4 and CD8 T cells in sep-
sis spleen.

CD28 and PD-1 are engaged by their
ligands (CD80/CD86 for CD28, PD-
L1/PD-L2 for PD-1), which are ex-
pressed primarily on antigen-
presenting cells (APCs), including
dendritic cells and macrophages. Simi-
lar to findings on T cells, the costimu-
latory ligand CD86 was decreased and
the inhibitory ligand, PD-L1, was in-
creased on both macrophages and other
APCs (Figure 2 and Figure 3). HLA-DR
expression was highly significantly de-
creased on these APCs.

Cells from lung tissue were extensively
characterized for activating and inhibitory
receptors (eAppendix), and data are pre-
sented for markers in which we de-
tected meaningful differences (FIGURE 4
and eTable 6). The majority of T cells
from lungs of all groups expressed

Table 2. Clinical Characteristics

No. of
Characteristics Patients?
Patients with sepsis (n = 40)
Age, mean (SD) [range], y 71.7 (15.9)
[29-94]
Sex
Male 20
Female 20
Site of infection
Intrapelvic abscess 1
Intravascular catheters 2
Necrotizing fasciitis 1
Osteomyelitis 1
Pneumonia 22
Peritonitis ) 21
Retroperitoneal abscess 1
Urinary tract infection 3
Days in hospital, median (range) 11 (1-195)
Days in intensive care unit, 8 (1-195)
median (range)
Days of sepsis, median (range)? 4 (1->40)
Comorbidities
Diabetes 10
Heart disease 18
Morbid obesity 3
Neurologic 6
Renal disease 3
Respiratory | 10
Liver ) 2
Organ failure [
Circulatory, vasopressors 36
Hepatic 12
Renal 28
Respiratory 35
Microbe
Gram-positive 18
Gram-negative 25
Fungal 4
Control spleen donor patients (n = 29)
Age, mean (SD) [range], y 52.7 (15.0)
[24-84]
Sex
Male 17
Female 12
Admission diagnosis
Motor vehicle collision, head 1
trauma
Motor vehicle collision, 2
abdominal trauma
Gunshot wound, head 2
Gunshot wound, abdominal 2
Abdominal trauma ruptured 5
spleen
Blunt head trauma
Anoxic brain injury 3

Cerebrovascular accident with 13
internal hemorrhage

@Data are expressed as No. of patients unless otherwise
indicated.

The number of days that the patient was septic was fre-
quently difficult to know with certainty; some patients
may have been home with sepsis for several days prior
to hospital admission. .
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PD-1. However, the MFI of PD-1 was
higher on CD#4 cells from sepsis pa-
tients compared with both transplant
and lung cancer controls. Analysis of
B- and T-lymphocyte attenuator (BTLA)
(CD272), another T-cell inhibitory li-
gand, revealed that BTLA was also ex-
pressed on the majority of T cells but
was increased primarily on cells from
lung cancer patients. Interestingly, both
PD-L1 and PD-L2 expression were
markedly increased on plasmacytoid
dendritic cells of sepsis patients, pre-
senting opportunity for potent inhibi-
tory receptor-ligand interactions. In

contrast to plasmacytoid dendritic cells,
PD-1.2 was not detected on myeloid
dendritic cells, and PD-1.1 was ex-
pressed at low levels that were not sta-
tistically different between sepsis pa-
tients and controls.

Expansion of suppressive cells, in-
cluding regulatory T cells and myeloid-
derived suppressor cells (MDSCs), has
been reported in sepsis and provides an-
other plausible mechanism for immu-
nosuppression. In spleen, regulatory
T cells were increased approximately
2-fold in sepsis vs control patients
(mean, 8.5% [SD, 0.9%] vs 4.6% [SD,

0.6%], respectively; P<.05). In con-
trast, in lung, no increase in regula-
tory T cells was detected, but there were
increased cells consistent with an
MDSC phenotype, defined by Linl-/
HLA-DR low/CD33/CD11b high stain-
ing, isolated from sepsis vs control tis-
sue (47.9% vs 15.7%; P=<.01).

Spleen lmmunéhistochemistry

Evaluation of spleen tissue demon-
strated cellular loss in periarteriolar lym-
phoid sheath (PALS) and diminished
number and size of splenic follicles in
sepsis patients, as previously reported.?*

i

Figure 1. Cytokine Secretion in Stimulated Splenocytes
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Spleens were harvested from patients who died of sepsis (n=24-26) or nonsepsis etiologies (n=20-21). Cells were dissociated and washed and viability determined by
trypan blue exclusion. Viable splenocytes (1 X 107) were stimulated with lipopolysaccharide or anti-CD3/anti-CD28 antibody. Supernatants were harvested at 5 and 22
hours and tumor necrosis factor (TNF), interferon - (IFN-v), and interleukins (IL) 6 and 10 were measured by enzyme-linked immunosorbent assay. There was a marked
decrease in cytokine secretion in sepsis patients vs nonsepsis controls. Data were analyzed by 2-tailed nonparametric ¢ test (Mann-Whitney U test). Each data marker
represents an individual patient. Horizontal lines represent mean values. P<.001 for all plots, except P<.01 for TNF with lipopolysaccharide stimulation at 22 hours.
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Figure 2. Expression of Cell Surface Receptors on Splenic CD4 and CD8 T Cells
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See Figure 3 legend for explanation of geo-mean fluorescence intensity units, laboratory methods and statistical analysis. Compared with nonsepsis controls (n=24-
26), sepsis patients (1=28-31) had activated T cells (increased CD69 in CD4 and CD8 T cells as well as increased CD25 [interleukin {IL} 2 receptor a] in CD4 T cells).
Despite an activation phenotype, sepsis induced down-regutation of positive costimulatory receptors (CD28 in CD4 and CD8 T cells) as well as increased inhibitory
receptors (programmed cell death 1 [PD-1] for CD4 T cells and cytotoxic T-lymphocyte antigen 4 [CTLA-4] for CD8 T cells). The IL-7 receptor « chain (CD127) was
decreased in CD4 and CD8 T cells in sepsis.

JAMA, December 21, 2011—Vol 306, No. 23 2599




IMMUNOSUPPRESSION IN SEPSIS AND ORGAN FAILURE

Significantly reduced numbers of CD4,
CD8, and HLA-DR cells (dendritic cells,
macrophages, and B cells) typified sep-
sis splenic tissue (FIGURE 5), though a
small subset of sepsis tissue retained a
“normal” complement of these cell popu-
lations (eTable 7). Nineteen of 22 sep-
sis patients (but no controls [n=12])
had either decreased HLA-DR positiv-
ity, depletion of HLA-DR cells, or both.
Conversely, in red pulp, increased ex-
pression of HLA-DR on sinusoidal en-
dothelial lining cells was noted in 16
of 26 sepsis patients (Figure 5) but not
in any controls. PD-1 was noted in fol-
licular dendritic cells but generally not
in T-cell zone dendritic elements. In
contrast, PD-L1 was more typically seen
in T-cell zone dendritic cells. In sepsis
spleen tissue with severe cellular deple-

tion, the dominant PD-L1-positive
PALS population was capillary endo-
thelium, and this was increased rela-
tive to controls (eFigure 5). Macro-
phages were consistently PD-L1 positive
in all cell zones and were increased in
PALS and red pulp. PD-L1 was uni-
formly present in arteriolar and sinu-
soidal endothelium in both sepsis and
control spleen. PD-1 reactivity was un-
evenly expressed in arteriolar endothe-
lium and absent on sinusoidal linings.
Both B and T lymphocytes were vari-
ably positive for PD-1 and PD-L1 in
both sepsis and control patients.

Ligands for T-Cell Inhibitory Receptors
in Lung Parenchymal Cells

Signaling through inhibitory receptors on
T cells requires engagement by their cog-

nate ligand. While typically expressed by
APCs, these may be induced on nonim-
mune cells by inflammatory cytokines,
perhaps serving to locally inhibit T cells
and dampen inflammation. Immunohis-
tochemistry showed intense airway epi-
thelial staining for herpes virus entry me-
diator (HVEM), the receptor for BTLA,
on lung isolated from the majority of sep-
sis patients but not controls (FIGURE 6
and eTable 8). This was true for pa-
tients both with and without pneumo-
nia. Herpes virus entry mediator was ex-
pressed on macrophages from both
groups. We also stained for PD-L1 and
PD-1.2, the ligands for PD-1 (FIGURE 7).
PD-11 and PD-12 appeared to be ex-
pressed in sepsis lung and lung resec-
tions to a greater degree compared with
transplant donor lung.

Figure 3. Expression of Cell Surface Receptors on Splenic Antigen-Presenting Cells and Tissue Macrophages
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Splenocytes (2 X 10%) were stained with fluorescently conjugated antibodies or isotype-matched control antibodies and analyzed by flow cytometry (eAppendix). A
positive gate was established based on isotype control staining. The percentage positive for each marker was defined by subtracting the percentage within the positive
gate in the isotype control from the percentage within the positive gate in the specific stain. The geo-mean fluorescence intensity was determined by subtraction of the
nonspecific fluorescence of the isotype control antibody from the fluorescence of the specific conjugated antibody and is expressed in units, which are an average of
fluorescence intensity of the data collected within the selected gate after subtracting fluorescence intensity of isotope control. Antigen-presenting cells, ie, dendritic
cells and macrophages/monocytes, as well as tissue-specific macrophages, showed an immunosuppressive phenotype in sepsis as evidenced by decreased expression
of CD86 and HLA-DR. In addition, antigen-presenting cells from sepsis patients had increased expression of PD-L1, the ligand for the inhibitory receptor programmed
cell death 1 PD-1 on T cells. Each data marker represents an individual patient. Statistical analysis was performed by 2-tailed nonparametric-t test (Mann-Whitney U
test). Horizontal lines represent mean values.
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COMMENT

Early sepsis is characterized by exces-
sive inflammation in what is often termed
a “cytokine storm.”*® As sepsis persists,

dogenous viruses and develop nosoco-
mial infections with opportunistic patho-
gens.>*21 Investigators have argued that
these findings suggest that patients with
sepsis enter an immunosuppressive state,
but this is highly controversial and most
potential therapy for sepsis remains fo-

patients often have reactivation of en-

IMMUNOSUPPRESSION IN SEPSIS AND ORGAN FAILURE

cused on blocking immune activa-
tion.**?>28 While several potential ab-
normalities have been identified, a
comprehensive analysis of the immune
status of patients who die of sepsis has
not been conducted and mechanistic ex-
planations remain speculative.”? The
present study shows that splenocytes
from sepsis patients had highly signifi-
cant functional impairments as evi-
denced by major reductions in cyto-
kine secretion. Multiple inhibitory

Figure 4. Expression of Cell Surface Receptors on Cells Isolated from Lung Tissue

mechanisms were identified, including
dominance of inhibitory over activat-
ing receptors, expansion of suppressive
cell types, and induction of inhibitory
ligands on both APCs and tissue paren-
chymal cells. These findings are present
in the setting of apoptosis-induced
depletion of immune cells (Figure 5).22*
Both proinflammatory and anti-
inflammatory cytokines were impaired.
These spleen data are consistent with
multiple previous studies examining
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Lung tissue was digested via collagenase followed by isolation of single cells. Lung cells (3 X 10 were stained with fluorescently conjugated antibodies or isotype-matched
control antibodies and analyzed via flow cytometry (eAppendix). Lung CD4 and CD8 T cells from sepsis patients had increased programmed cell death 1 (PD-1), as de-
termined by geo-mean fluorescence intensity (MFI), compared with nonsepsis controls. Data for MFi are expressed in units, which are an average of fluorescence intensity
of the data collected within the selected gate after subtracting fluorescence intensity of isotope control. The majority of T cells from both sepsis and nonsepsis lung also
expressed PD-1 (>50%) and B- and T-lymphocyte attenuator (BTLA) (>60%). Lung CD4 T cells from resection controls had elevated BTLA expression (in percentage and
MFi) compared with sepsis patients. Plasmacytoid dendritic cells, a subset of dendritic cells, isolated from sepsis lungs had increased PD-L1 (in percentage and MF!) and
PD-L2 (in percentage), ligands for PD-1 expressed on lung T cells, compared with both nonsepsis control groups. For PD-1 analysis, n=22 (CD4) and n=20 (CD8) for
sepsis patients, n=9 (CD4) and n=8 (CD8) for transplant donor controls, and n=8 (both CD4 and CD8) for Jung resection controls. For BTLA analysis, n=21 (CD4) and
n=19 (CD8) for sepsis patients, n=9 (CD4) and n=8 (CD8) for transplant donor controls, and n=8 (both CD4 and CD8) for lung resection controls. For plasmacytoid
dendritic cell analysis, n=17 for sepsis patients, n=6 for transplant donor controls, and n=8 for lung resection controls. Statistical analysis was performed using a non-
parametric 2-tailed Mann-Whitney U test. Each data marker represents an individual patient. Horizontal lines represent mean values.
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blood that showed similar degrees of
cytokine suppression in sepsis.?>*%-32
Thus, the severely reduced cytokine pro-
duction observed in spleen is consis-
tent with a systemic abnormality. In a
subset of sepsis patients, cytokine pro-
duction at 22 hours was comparable with
controls without sepsis, suggesting that
in some patients, defective cytokine se-
cretion may be reversible if cells are re-
moved from the sepsis milieu.

Of particular interest is the expres-
sion of ligands for T-cell inhibitory re-
ceptors on tissue parenchymal cells.
Compared with controls, splenic capil-
lary endothelial cells of sepsis patients
had increased expression of the inhibi-
tory ligand PD-L1 (eFigure 5). Simi-

larly, lung cells from sepsis patients, both
with and without pneumonia, demon-
strated intense airway epithelial stain-
ing for HVEM, a key regulator of host in-
flammatory response in autoimmunity
and infection (Figure 6).>* Signifi-
cantly, the majority of lung T cells ex-
pressed BTLA, one of several ligands for
HVEM and another regulator of host in-
flammation.** Thus, the required ele-
ments for activation of this immunosup-
pressive pathway are present in sepsis.
Collectively, these data demonstrate that
parenchymal cells of spleen and lung ex-
press important immunoregulatory pro-
teins and that HVEM appears to be spe-
cifically induced in lungs of sepsis
patients.

The PD-1 pathway has emerged as an
important mechanism that inhibits T-
cell function. Expression of PD-L1 and
PD-L2 by dendritic cells promotes a
tolerogenic phenotype, resulting in T-
cell suppression.**3 In lung from sep-
sis patients, both PD-L1 and PD-1.2 were
detected on resident dendritic cells and
airway epithelial cells. Thus, these path-
ways might be engaged on T cells traf-
ficking through lung, resulting in local-
ized inhibition of T cells and thereby
predisposing to infection at this site. In
spleen, PD-1 expression was detected on
CD4 and CD8 T cells, and both PD-L1
and PD-L2 are known to be expressed
on endothelial cells (eFigure 5) and im-
pair CD8 T-cell cytolytic properties.’”

Figure 5. Immune Effector Cells in Spleen Tissue
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Spleen from sepsis patients (n=22) or nonsepsis controls (n=12) was stained for HLA-DR, CD4, or CD8 and examined by an investigator (P.E.S.) blinded to sample identity
: (eAppendix). 3,3’-diaminobenzidine 4-HCl was used as a chromogen to stain the cells of interest (brown), and a hematoxylin counterstain (blue) was used for background
i staining. A (HLA-DR immunostain; 200X), In a representative control sample, HLA-DR immunoreactivity is robust in all periarteriolar T- and B-cell zones, consistent with
i major histocompatibility complex (MHC) Ii pattem 2A (see reference 42 and eTable 7). There is marked loss of HLA-DR reactivity in B and T lymphocytes typical of neary
4 subtotal depletion of HLA-DR—eactive elements in sepsis (MHC Il pattern 4). Note that sinusoidal endothelium staining is pronounced, a change seen only in sepsis. B
{ f (CD4 immunostain; 400X), Periarteriolar CD4 cells are quantitatively decreased in sepsis (right panel) relative to control (left panel). C (CD8 immunostain; 400X), Peri-
i arteriolar CD8 cells are also quantitatively decreased in sepsis (right panel) relative to controls (left panel). D, The dot plots are cell counts for CD4 and CD8 T cells, obtained
gt by counting number of cells per field in peniarteriolar lymphoid sheaths. Two fields were counted per slide and averaged. Statistical analysis was performed using a non-

: parametric 2-tailed Mann-Whitney U test. Each data marker represents an individual patient. Horizontal bars represent mean values.
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Along-standing question in sepsis is
whether immunologic changes are or-
gan specific.*® Although differences ex-
isted, both spleen and lung shared com-
mon immunosuppressive mechanisms.
CD86 and HLA-DR expression were de-
creased in cells isolated from both
spleen and lung (Figure 1). In con-
trast, regulatory T cells were in-
creased in spleen but not in lung. T cells
isolated from both organs of sepsis pa-
tients had increased expression of the
major inhibitory receptor PD-1. Rela-
tive to spleen, there were twice as many
PD-1-expressing cells in lung, suggest-
ing the possibility of selective recruit-
ment of PD-1-expressing cells to lung.
In both organs, expression of ligands
for major inhibitory receptors was de-
tected on APCs and parenchymal cells.

Functional unresponsiveness of T cells
during chronic viral infections has long
been recognized and recently mechanis-
tically described as a state of cell “ex-
haustion.”*-* Driven by persistent an-
tigen exposure, exhaustion is typified by
progressive loss of cell function.** Phe-
notypically, exhaustion is character-
ized by persistent expression of mul-
tiple inhibitory receptors, including
PD-1, TIM-3,and LAG-3, along with de-
creased expression of CD127 (IL-7Ra),
and CD62L. The functional and pheno-
typic characteristics described for cell ex-
haustion are similar to the present find-
ings in sepsis, a state that is highly likely
to result in protracted antigen exposure
and cell simulation.* As noted in the
present study, splenic T cells demon-
strated profound reductions in cyto-
kine production as well as increased
expression of PD-land CD69 and de-
creased CD127. Collectively, these find-
ings suggest that T-cell exhaustion may
be an important immunosuppressive
mechanism in sepsis.

The present study has a number of
important therapeutic implications.
Most investigative agents in sepsis have
been directed at blocking inflamma-
tion and immune activation. Al-
though such therapies may be success-
ful if applied early, they may be harmful
if applied later in the immunosuppres-
sive phase. As supportive therapies of

IMMUNOSUPPRESSION IN SEPSIS AND ORGAN FAILURE

sepsis have improved, early deaths have
decreased and most patients enter a
more protracted phase, with evidence
of impaired immunity made manifest
by infections with relatively avirulent
organisms.>'** An important part of
implementing more targeted thera-
pies will be to accurately determine the
immune status of individual patients

during their disease. By using a com-
bination of functional assays and flow
cytometry to characterize immune cell
phenotypic changes, it may be pos-
sible to identify patients with more se-
vere immune compromise, for which
targeted immune-enhancing thera-
pies may be beneficial. A recent study
that treated sepsis patients with granu-

Figure 6. Expression of HVEM in Lung Tissue
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Sepsis or nonsepsis lung tissue was fixed in 4% paraformaldehyde and paraffin-embedded sections prepared
(eAppendix). Lung sections were incubated with isotype-matched controls (A) or primary antibodies to anti-
herpes virus entry mediator (HVEM) (B) followed by visualization of brown staining. Sepsis lung tissue stained
positive for HVEM, the ligand for B- and T-lymphocyte attenuator. Lung resections, in particular of the same
airway, were photographed using the 200X and 400X (inset) objectives for each antibody stain. C, Slides
presented in (B) were evaluated in a blinded fashion and scored (in percentage) based on their positive stain-
ing for HVEM. Data were graphed as percentage positive HVEM staining in lung tissue (epithelium, endothe-
lium, and macrophages) of sepsis patients and nonsepsis controls. Data presented in (C) are as follows: n=16
sepsis patients, n=7 transplant donor controls, and n=>5 lung resection controls. Each data marker represents
an individual patient. Horizontal bars represent mean values. 3,3’-diaminobenzidine 4-HCl was used as a chro-
mogen to stain the cells of interest (brown), and a hematoxylin counterstain (blue) was used for background
staining.

aComparison of HVEM-positive epithelium greater in sepsis patients vs nonsepsis controls: P=.01.

JAMA, December 21,2011--Vol 306, No. 23 2603




IMMUNOSUPPRESSION IN SEPSIS AND ORGAN FAILURE

Figure 7. Expression of PD-L1 and PD-L2 in Lung Tissue
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Sepsis or nonsepsis lung tissue was fixed in 4% paraformaldehyde and paraffin-embedded sections prepared
(eAppendix). Lung sections were incubated with isotype-matched controls (see Figure 6) or primary antibod-
ies to anti-programmed cell death ligand 1 (PD-L1) (A), or anti-PD-L2 (B), followed by visualization of brown
staining. Lung resections, in particular of the same airway, were photographed using the 200X and 400X
(inset) objectives for each antibody stain. 3,3-diaminobenzidine 4-HC! was used as a chromogen to stain the
cells of interest (brown), and a hematoxylin counterstain (blue) was used for background staining. Sepsis lung
tissue stained positive for PD-L1 and PD-L2, the ligands for PD-1, in lung epithelium compared with trans-
plant donor lung tissue. Lung resection (normal-appearing lung tissue distal to cancerous tissue) stained posi-
tive in airway epithelium for PD-L2, like sepsis lung tissue, compared with transplant donor lung tissue.

locyte-macrophage colony-stimulat-
ing factor based on monocyte HLA-DR
expression suggests that such thera-
pies might be successful.** Our find-
ings suggest additional targets. Inter-
leukin 7 has an excellent clinical safety
record and has been used to enhance
immunity in patients with cancer, hu-
man immunodeficiency virus type 1,
and hepatitis C. Interleukin 7 restored
immunity in patients with persistent vi-
ral infections and has improved viral
clearance and survival in animal mod-
els of chronic viral disease and sep-
sis.2+#4 The decreased IL-7Ra expres-
sion documented in the present study
could be causative in T-cell loss in sep-
sis, and IL-7 administration might ame-
liorate this problem Another potential
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therapeutic approach is to interfere with
inhibitory receptor signaling on T cells.
We have demonstrated up-regulation
of multiple inhibitory receptors and
their ligands, including PD-1 and BTLA.
Blockade of PD-1/PD-L1 interactions in
chronic viral infection has been shown
to reverse the functional unresponsive-
ness of T cells and to enhance viral
clearance.*® Blockade of PD-1 im-
proves survival in animal models of fun-
gal infection and sepsis.**

This study has several important
limitations of the ability to generalize
the findings to sepsis at large. These
limitations include the relatively small
sample size and the heterogeneous na-
ture of both sepsis and control pa-
tients. In this regard, the control groups

were markedly different from the sep-
sis patients in many aspects; for ex-
ample, nutritional status, degree of co-
morbidities, and length of illness.
Although the hypoalbuminemia noted
in the sepsis patients could be due to a
number of causes such as increased vas-
cular permeability, poor nutritional sta-
tus was undoubtedly a major contrib-
uting factor, and malnutrition has
numerous effects on host immunity that
could be responsible for some of the ob-
served immunologic findings.* Also,
the study was confined to sepsis pa-
tients who died in the ICU, some after
a considerable duration of sepsis. Thus,
the process may be different for sepsis
patients who die sooner of sepsis, who
do not die in the ICU, or who make a
good recovery, as well as for a broader
case mix in general. Finally, it is pos-
sible that findings in sepsis patients
were prodromal events and not reflec-
tive of patients with sepsis in general
but of patients with sepsis who had un-
successful responses to supportive mea-
sures. It should be emphasized that
deaths within the first 72 hours of sep-
sis in previously healthy patients with
infections of highly virulent organ-
isms are associated with extremely el-
evated proinflammatory cytokines, and
these deaths are likely secondary to an
overexuberant immunoinflammatory
response.”®1* Thus, the present study
serves as a bridge between preclinical
and early clinical findings and must be
viewed cautiously.

In conclusion, these data provide a
unique insight into the status of the im-
mune system during sepsis, not only in
a lymphoid organ but in peripheral tis-
sue. Identification of potential receptor-
ligand interactions and signaling path-
ways leading to immunosuppression
may allow for targeted therapeutic in-
terventions to restore host immunity.
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