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Suppression of immune responses is necessary to limit damage to host tissue during inflammation, but it can
be detrimental in specific immune responses, such as sepsis and antitumor immunity. Recently, immature
myeloid cells have been implicated in the suppression of immune responses in mouse models of cancer, infec-
tious disease, bone marrow transplantation, and autoimmune disease. Here, we report the identification of a
subset of mature human neutrophils (CD11cPright/CD62Ldim/CD11bbright/CD16bght) as what we believe to be
a unique circulating population of myeloid cells, capable of suppressing human T cell proliferation. These
cells were observed in humans in vivo during acute systemic inflammation induced by endotoxin challenge
or by severe injury. Local release of hydrogen peroxide from the neutrophils into the immunological synapse
between the neutrophils and T cells mediated the suppression of T cell proliferation and required neutrophil
expression of the integrin Mac-1 (aMf2). Our data demonstrate that suppression of T cell function can be
accomplished by a subset of human neutrophils that can be systemically induced in response to acute inflam-
mation. Identification of the pivotal role of neutrophil Mac-1 and ROS in this process provides a potential

target for modulating immune responses in humans.

Introduction

Immune suppression is essential in immune regulation, but can
be detrimental in various pathological conditions. Classically,
lymphoid cells play a major role in regulating immune responses.
Recently, however, a role for myeloid cells that mediate immune
suppression has gained much attention (1). A heterogeneous
group of cells, referred to as myeloid-derived suppressor cells
(MDSCs), has been shown to directly suppress T cell functions
in murine models of cancer, infectious diseases, bone marrow
transplantation, and autoimmune diseases (2-5). The immune-
suppressive characteristics of these MDSCs are thought to limit
the effectiveness of anticancer vaccines (6). Murine MDSCs
consist of immature myeloid cells of monocytic and granulo-
cytic lineages (5). The majority of research concerning MDSCs
has focused on murine tumor models. Several mechanisms are
described to regulate suppression of T cell proliferation in these
models. In the majority of models, arginase I is associated with
MDSC function. Additionally, also, inhibition via ROS, TGF-f,
and IL-10 has been described (7). In mice, MDSCs with a granu-
locytic origin suppressed T cell proliferation via a ROS-mediated
mechanism (8). In humans, immature myeloid and granulocytic
MDSCs have been identified in patients with metastatic cancer
(9-11). In agreement with murine models, these cells suppress
T cell functions through an arginase I-dependent mechanism
(12). Few papers describe the involvement of ROS in human
MDSCs (13, 14). Relatively little is known about human MDSCs
compared with their murine counterparts, which greatly limits
our understanding of their mechanism of suppression in humans.
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Therefore, it is essential to gain more insight into the occurrence
and mechanisms of suppression by human MDSCs.

Apart from their occurrence in chronic inflammation, MDSCs
have been shown to suppress lymphocyte responses in a murine
model of sepsis (15). Also, in humans, the concept is emerging
that acute inflammation can result in immune suppression
(16). This suppression is characterized by an inadequate T cell
response, which can lead to opportunistic infections and reactiva-
tion of latent viruses (17, 18). So far, the role of human MDSCs in
acute inflammation has not been evaluated.

Human acute inflammation results in the mobilization of
large amounts of mature and immature neutrophils, which
are traditionally viewed as effector cells important in combat-
ing infections. We hypothesize that the (immature) neutrophils
released during acute inflammation fulfill the role of MDSCs
and suppress the immune response.

To test this hypothesis, we induced such inflammation by sys-
temic challenge with LPS (by i.v. injection of 2 ng/kg E. coli LPS) in
healthy volunteers (19).

Results
Appearance of a neutrophil subset afteri.v. administration of LPS in humans.
First, we determined the phenotype of circulating neutrophils after
LPS challenge. The left panel of Figure 1A depicts a flow cytom-
eter dot plot, showing uniform expression of CD16 and CD62L by
normal granulocytes before LPS administration. The CD16-nega-
tive cells were eosinophils. After LPS challenge, a marked decrease
was seen in circulating eosinophils (Figure 1A, right panel) in
peripheral blood. As previously described, a marked neutrophilia
was induced (20). At 3 hours after LPS administration, the pool
of circulating neutrophils consisted of at least 3 morphological
phenotypes (Figure 1A, right panel). At this time point, banded
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Figure 1

Neutrophil subsets after LPS administra-
tion. (A) Neutrophils were stained for CD16
and CD62L before and 180 minutes after
LPS administration. Before LPS admin-
istration, neutrophils formed one popula-
tion; the CD16'v cells are eosinophils. At
180 minutes after LPS administration, 2
distinct neutrophil subsets were identified.
Subsets were FACS sorted, and cytospins
were made and stained with May-Grunwald
Giemsa. Original magnification, x100. (B)
Neutrophils were stained for CD16 and
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(CD164m/CD62Lright) neutrophils appeared in the circulation,
most likely released from the bone marrow. In parallel, CD16brishe/
CD62L4™ neutrophils were found in the circulation, displaying a
hypersegmented nuclear morphology. The CD164m/CD62Lbright
and CD16b1ight/CD62Ldim cells were not found in healthy donors
before LPS administration (Figure 1A, left panel). These popula-
tions comprised 20%-25% and 10%-15% of total circulating neu-
trophils, respectively (Figure 1B). The third population, CD16brishe/
CD62LPright cells, fell in the same gate as the normal cells in the
left panel of Figure 1A. As a marked neutrophilia was present, the
CD16%™m and CD62Ld™ subsets comprised a substantial absolute
number of circulating leukocytes (Figure 1C).

Characterization of neutrophil subsets after i.v. LPS administration. The
neutrophil subsets displayed marked differences in expression of
surface markers. The CD62Ldi™ neutrophils showed an increased
expression of CD11b, CD11c, and CD54 but an equal expression
of CD88 compared with that of CD16%™ neutrophils (Figure 2A).
Supplemental Table 1 (supplemental material available online with
this article; doi:10.1172/JCI57990DS1) shows expression of 20 addi-
tional markers that were assayed. CD62L4™ neutrophils showed
higher expression of most surface markers assayed compared with
that of the other neutrophil subsets. Upregulation of expression
of CD11b on this subpopulation might be due to cellular activa-
tion induced by LPS administration, as this integrin is sensitive for
— and is rapidly induced by — soluble stimuli. A more stringent
marker for activated cells is ICAM-1 (CDS54), as this is mostly found
on extravasated neutrophils (21) and in vitro is only upregulated
after prolonged cytokine stimulation (data not shown).

Apart from the differences in expression of surface markers,
these 2 distinct populations also displayed functional heterogene-
ity. CD169m-banded neutrophils showed a higher rate of survival
after 24 hours in culture compared with that of the CD62Ld™ neu-
trophils, which displayed a similar, rapid apoptosis rate to that of
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CD62L at different time points; time point
0 is before LPS challenge. Percentages
of neutrophil subsets were calculated from
flow cytometry data. Data are expressed as
mean + SEM; n = 7. (C) Absolute counts of
neutrophil subsets were calculated using the
percentage of the subsets and the absolute
neutrophil counts (mean + SEM; n =7).

normal (¢ = 0) neutrophils (Figure 2B). Activation of the NADPH
oxidase, as measured by extracellular H,O, production, was approx-
imately 3-fold higher in CD62Ld™ neutrophils compared with that
in healthy control neutrophils and the CD164™ subset neutrophils
after ex vivo stimulation with platelet-activating factor (PAF) and
N-formyl-methionyl-leucyl-phenylalanine (EMLF) (Figure 2C).

CD62L4m/CD11cbe" neutrophils suppress lymphocyte activation. As
both mouse and human MDSC populations have been described
to contain neutrophils (1), we examined the capacity of our distinct
neutrophil populations to suppress phytohemagglutinin-induced
(PHA-induced) and CD3/CD28-induced lymphocyte activation.
Surprisingly, the CD62Ld™ hypersegmented neutrophils potently
suppressed T cell proliferation in a dose-dependent manner both
upon PHA and upon CD3/CD28 stimulation (Figure 3, A and B).
In marked contrast, CD16%™-banded neutrophils and neutrophils
isolated from blood before LPS administration were not able to
suppress lymphocyte proliferation (Figure 3, A and B). Around
80% of the cocultured neutrophils were apoptotic after 24 hours
(Supplemental Figure 1). The CD169™ neutrophil subset showed
fewer living cells in cocultures (Supplemental Figure 1) compared
with those in single cultures (Figure 2B), which might be due to
cytokine environment.

As PHA and CD3/CD28 lymphocyte responses are model sys-
tems for polyclonal T cell proliferation, we tested a more physi-
ological response using tetanus toxoid. For this, we used isolated
PBMCs from healthy volunteers who had received a tetanus boost-
er vaccination less than 5 years ago. Responses induced by tetanus
toxoid were suppressed to a similar extent as the PHA-induced
responses (Figure 3C).

The suppressive effect was not explained by induction of T cell apop-
tosis through neutrophil cytotoxicity, as both suppressive (CD62Ldm)
and nonsuppressive (CD164™) neutrophil subsets showed similar
amounts of T cell apoptosis in our cocultures (Figure 3D).
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Figure 2

Neutrophil phenotype after LPS admin-
istration (A) Neutrophils were stained
for CD16 and CD62L to discriminate
between the subsets. Additionally, they
were stained with CD11b, CD11c, CD54,
and CD88. Mean fluorescence intensity
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4 is depicted. Red lines depict CD16bright/
CD62L9m; gray lines depict CD16Pright/
CD62LP1ignt; green lines depict CD169m/

CD62Lbright, Graphs are representative
of 5 experiments. (B) Neutrophil survival
after 24 hours. Neutrophils subsets were
FACS sorted, and cells were incubated
for 24 hours at 37°C, 5% CO,; after incu-
bation, they were stained with annexin V
PE for 15 minutes and measured by flow
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T cell phenotype after coculture with CD62L%" neutrophils. Sub-
sequently, the T cell phenotype after coculture was analyzed.
No significant differences were found in CD4 and CD8 expres-
sion (Figure 4, A and B) after 2 days of coculture with CD62Ldim
neutrophils. ELISAs were performed measuring cytokines in the
supernatant of 4 day PHA-stimulated cocultures. Both IL-4 and
IL-10 levels were below the detection level in all conditions. IFN-y
(Figure 4C) and IL-13 (Figure 4D) production was lower in cocul-
tures with CD62L4™ neutrophils compared with that in the cul-
tures in the presence of normal and CD164™ neutrophils (Figure
4, C and D). Intracellular cytokine stains showed that neutrophil
cocultures did not influence the percentage of IFN-y-producing
(Figure 4, E and G) or IL-4-producing (Figure 4, F and G) cells.
These data suggested that neutrophils did not inhibit a subset of
IFN-y- or IL-4-producing lymphocytes but rather inhibited total
polyclonal proliferation. While the percentage of cytokine-pro-
ducing cells stayed constant, inhibition of proliferation resulted
in fewer T cells per well after 4 days. As a result, the total cytokine
production is decreased. There was no skewing toward Th1 (IFN-y)
or Th2 (IL-4, IL-13) due to coculture with neutrophils.

CD62L4"/CD11c"e" neutrophil-induced T cell suppression requires
neutrophil Mac-1. In murine models, MDSC T cell suppression can
be mediated by arginase I. L-arginine has been shown to inhibit the
effect of arginase I-mediated suppression (22). However supraphys-
iological concentrations of L-arginine did not affect CD62L4™ neu-
trophil-induced suppression. This showed that arginase I was not
used for T cell suppression by this subset of CD62Ld™ neutrophils
(Figure SA). Neutrophils have also been shown to secrete IL-10
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cytometry. Data are expressed as the
percentage of annexin V—negative, living
cells (mean + SEM; n = 5). (C) Relative
increase in H2O, in unsorted neutrophils
measured by flow cytometry with DHR.
Neutrophil subsets are visualized with
CD16 and CD62L staining. Cells were
stimulated with fMLF (10-6¢ M) and PAF
(10-6 M) for 15 minutes. Neutrophils
from healthy controls were used as a
control. Graph shows relative increase
in H.O, release (mean = SEM; n = 7).
**P < 0.005; ***P < 0.001.

10 10

[ Control .
B co1ebiohycpe2LYm
[ cp1edm/cpe2L bright

and TGF-f, which play an important role in T cell suppression.
However, antagonism of these factors revealed no role for these
cytokines in our system (Figure SA). Next, we investigated whether
a direct contact between lymphocytes and CD62Ld™ neutrophils
was needed, using a transwell system separating the cell suspen-
sions. In this system, neutrophils lost their suppressive capacity
compared with that of neutrophils that were not separated, indi-
cating that cellular proximity is needed between neutrophils and
lymphocytes (Figure 5B).

In addition to arginase I, ROS have been implicated in immune
suppression by MDSCs (23). The production of O, by the mem-
brane-bound NADPH oxidase is an essential antimicrobial func-
tion of neutrophils (24). H,O,, which is a downstream metabo-
lite of O3, has been shown to modulate T cell responses through
various mechanisms (235, 26). Therefore, we examined whether
H,0; production contributed to the suppressive effects of this
neutrophil subset. Indeed, the H,O, scavenger catalase was able
to partially recover the inhibition of T cell suppression by 20%
when added to the cocultures (Figure 5C). Next, as neutrophils
are capable of producing large quantities of hydrogen peroxide,
we examined whether suppression of T cell proliferation was
due to massive release of H,O,. Cocultures were supplemented
with the fluorescent probe Amplex Red, which is used to detect
extracellular H,O,. In these cultures, no extracellular release of
H,0; was observed (Figure SD). As a control, PAF/fMLF was
added to the cocultures, which showed that despite low num-
bers of neutrophils in the cocultures, an extracellular release of
H,0; could be detected (Figure SD).
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Figure 3

T cell proliferation after incubation with neutrophil subsets. Blood was drawn 180 minutes after LPS administration, neutrophils were stained for
CD16 and CD62L, and subsets were sorted. PBMCs were isolated from blood drawn before LPS administration and isolated by ficoll gradient
separation. T cell proliferation was measured by [3H]thymidine incorporation. (A) PBMCs were stimulated with PHA (10 ug/ml) and incubated
with different concentrations of the neutrophil subsets for 4 days. Data are depicted as the percentage inhibition of proliferation (mean + SEM;
n=7).(B) PBMCs were stimulated with CD3 at 0.15 ug/m/CD28 at 1 ug/ml and incubated with different concentrations of the neutrophil subsets
for 4 days. Data are presented as mean + SEM; n = 7. (C) PBMCs from healthy volunteers who had received a tetanus booster vaccination less
than 5 years ago were stimulated with tetanus toxoid, incubated with CD62Ldm or CD169m neutrophils, and added in a 2:1 neutrophil-to-lym-
phocyte ratio for 4 days. Data are depicted as the percentage inhibition of proliferation (mean + SEM; n = 10). (D) T cell apoptosis in neutrophil
cocultures. Neutrophils were added in a 2:1 ratio in culture conditions described for the T cell proliferation cultures. At various time points, cells
were stained with CD3 FITC and annexin V PE, and apoptosis was measured by gating the CD3-positive cells by flow cytometry. Data are

depicted as the percentage of living cells (mean + SEM; n = 4). *P < 0.05; ***P < 0.001.

The necessity of cellular proximity of neutrophils and T cells,
as observed in the transwell assay, and the ability of catalase to
prevent suppression, combined with a lack of an overall oxida-
tive environment, led us to hypothesize that neutrophils locally
deliver H,O; to T cells. Neutrophils are capable of creating immu-
nological synapses using integrins for efficient phagocytosis of
opsonized bacteria in which the integrin aMf2 (Mac-1) plays
an important role, and H,O, can be produced within these syn-
apses (27). In such synapses, availability of catalase could have
been limited, explaining the partial effect of catalase as described
above. Leukocyte integrins are pivotal in mediating cellular con-
tact, creating platforms of cellular communication (28). Indeed,
blocking Mac-1 using monoclonal antibody 44a in our cocultures
resulted in 35% recovery of T cell suppression (Figure 5C). As
T cells require functional aLp2 (LFA-1) integrin for effective
proliferation, specific blocking of LFA-1 or total B2 integrin
could not be performed, since T cell proliferation was potently
disrupted. Although our suppressive neutrophil subset was high
in CD11c (aXp2) expression, blocking CD11c in our cocultures
330
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did not affect T cell proliferation (data not shown). Combination
of both catalase and 44a resulted in a 62% decrease of CD62Ldim
neutrophil-induced inhibition of T cell proliferation (Figure SC).
This demonstrated that blocking of aM (CD11b/clone 44a) in
combination with scavenging of H,O; had an additive effect.
These data show that local delivery of H,O, to T cells results in
decreased proliferation. The immune-suppressive effect could be
mediated by monocytes, as these cells have been reported to inter-
act with neutrophils. Therefore, we depleted monocytes from the
PBMC fraction before adding neutrophils and PHA. This did not
alter the suppressive characteristics of the CD62Ld™ neutrophils
and demonstrated that monocytes were not required for the sup-
pressive phenotype of these neutrophils (Supplemental Figure 2).
We next visualized the interaction between CD62L4™ neutrophils
and T cells in a real-time imaging set up, using a culture medium
containing the Amplex Red probe for visualization of H,O,. Addi-
tion of HRP allowed for visualization of localized H,O, produc-
tion. Monocytes were depleted from the PBMCs for these experi-
ments. Local release of H,O, was observed at the sites of interaction
Volume 122
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ratio. The cells were stimulated with PHA. (A and B) After 2 days of coculture, cells were stained for flow cytometry, and the percentages of (A)
CD4-positive and (B) CD8-positive T cells was determined. Data are presented as mean + SEM; n = 3. (C and D) After 4 days, (C) IFN-y and (D)
IL-13 production was measured in the supernatant of the coculture using a sandwich ELISA. Data are presented as relative production of IFN-y
or IL-13 compared with that of PBMCs only (mean + SEM; n = 6). (E-G) The percentage IFN-y— and IL-4—producing T cells was measured by
intracellular cytokine staining. PBMCs were stained for CD4/CD8 and intracellular IFN-y and IL-4 after 2 days of coculture Depicted are (E) the
percentage IFN-y— or (F) IL-4—producing lymphocytes. Data are presented as mean + SEM; n = 4. An example of the staining is shown in G.

Numbers indicate the percentages of cells in each gate. *P < 0.05.

between neutrophils and lymphocytes (Figure 6A). Figure 6B shows
the same interaction as Figure 6A, and further analysis showed that
the Amplex Red signal colocalized with the CD16-labeled neutro-
phil membrane (Figure 6B). These interactions were of a short and
transient nature, lasting no longer than 4 minutes, as visualized in
time-lapse recordings (Figure 6C and Supplemental Video 1). H,O,-
positive spots were quantified using several hours of time-lapse
recordings. The mean number of H,O, spots per 1,000 cells in 5
hours was 133 + 14 spots in the CD62L4™ subset, compared with 33
+17 spots in the CD169™ subset (Figure 6D). This could be reduced
to 62 + 30 spots by adding a Mac-1-blocking antibody (44a) to the
coculture with CD62Ld™ neutrophils.

Identification of suppressive neutrophils in human systemic inflamma-
tion induced by injury. Finally, because neutrophils are sensitive to ex
vivo manipulation, we minimized manipulation and assessed T cell
suppression in total leukocytes as a control. Three hours after LPS,
total leukocytes were used, containing 85% neutrophils, 15% lym-
phocytes, and less than 1% monocytes. Addition of Mac-1-blocking
(aM/CD11b-blocking) antibodies to total leukocytes increased T
cell proliferation after PHA stimulation. This showed that unmanip-
ulated neutrophils were capable of suppressing T cell proliferation
in a Mac-1-dependent fashion (Supplemental Figure 3). Healthy
controls showed no increase in T cell proliferation after addition of
Mac-1-blocking antibodies (data not shown). Neutrophil apoptosis
in this assay was very low (Supplemental Figure 4); after 96 hours,
43%-61% (= 4%-7%) of annexin-negative cells were present in the
different culture conditions. There were no significant differences
in survival between the different culture conditions.
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This total leukocyte model system allowed us to assess the occur-
rence of Mac-1-induced T cell suppression in patients suffer-
ing from acute systemic inflammation. Severely injured patients
showed the occurrence of a similar CD62Ldm neutrophil subset
immediately after admission (<12 hours) to our hospital (Figure
7A). Five patients were sampled, and all patients showed the occur-
rence of the CD62L4™ neutrophil subset. The presence of Mac-1-
induced suppression was demonstrated by the increase in cell count
and IFN-y production induced by PHA upon addition of blocking
antibody 44a (Figure 7, B and C). Blocking CD11c as a control did
not induce increases in proliferation and IFN-y production.

Discussion

This study reports the identification of a human neutrophil subset
with a distinct functionality. A mature neutrophil subset released
into the circulation during severe inflammation suppresses T cell
activation. This suppression requires specific delivery of H,O, into
the immunological synapse in a Mac-1-dependent (CD11b/CD18-
dependent) manner.

Neutrophils are generally considered to be a homogenous popu-
lation. Only a few studies have addressed their potential hetero-
geneity, which has mainly been attributed to release of immature
neutrophils from the bone marrow (20, 29). In inflammation, this
heterogeneity has only been described in the context of their gener-
ally accepted antimicrobial functions (30, 31).

Our work is the first to our knowledge to show a distinct human
neutrophil phenotype during acute inflammation with an immune-
suppressive capacity. These cells display a hypersegmented nuclear
Volume 122 331
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Figure 5

Mechanism of neutrophil-induced suppression of T cell proliferation. (A) Soluble mediators of T cell inhibition. CD62L4™ neutrophils were added
in a 2:1 ratio to PHA-stimulated (10 ug/ml) PBMCs in the presence or absence of anti—IL-10 (5 ug/ml), TGF-f inhibitor LAP (1 ug/ml), or L-arginine
(1 mM). Data are presented as mean + SEM of 5 independent experiments. (B) Separation of CD62L9m neutrophils and PBMCs. Neutrophils
and T cells were separated by a membrane using a Thinsert system (MS). Neutrophils were placed in the upper compartment in a 2:1 ratio, and
PBMCs were placed in the lower. These data were compared with nonseparated neutrophils and PBMCs (). Data are expressed as mean =
SEM of 4 individual experiments. (C) CD62Ldm neutrophils were added in a 2:1 ratio to PHA- stimulated (10 ug/ml) PBMCs in the presence or
absence of Mac-1-blocking antibody 44a (10 ug/ml) and/or catalase (4,000 U/ml). As a control, 44a and catalase were also added to PBMCs
without adding neutrophils; data were corrected for this control. Data are presented as mean + SEM of 7 independent experiments. (D) Cocul-
tures contained PBMCs with or without FACS-sorted neutrophils subsets or neutrophils from before LPS (¢t = 0). Cocultures were stimulated
with PHA (10 ug/ml) and were incubated in culture medium containing Amplex Red (25 uM) and HRP (0.25 U/ml). Fluorescence after reduction
of Amplex Red was measured over a period of 8 hours. As a positive control, PAF (106 M) and fMLF (10-6 M) were added to the culture. One

representative experiment of 3 is depicted. *P < 0.05.

morphology, which implies increased maturation compared with
that of normal blood neutrophils. In addition, we believe neu-
trophils in this subset are characterized by a unique phenotype
(CD62Ldim/CD16bright/CD11bbright/CD54brizht) which distinguishes
them from classically short-term activated neutrophils (CD62Ldim/
CD16bright/CD11bbrisht/CDS4dim).

Importantly, we could not induce a similar Mac-1-dependent
suppressive phenotype by ex vivo activation of normal neutrophils
with various proinflammatory and antiinflammatory stimuli
(Supplemental Figure 5). There was some suppression of prolif-
eration after stimulation with fMLF, LPS, and IFN-y plus TNF.
However, this suppression was not dependent on Mac-1, as the
blocking antibody 44a did not counteract the suppression. Most
likely, in vitro neutrophil activation led to an extracellular respira-
tory burst, resulting in T cell suppression.

The finding that suppressive neutrophils could not be induced
in vitro makes it tempting to speculate that homeostatic blood
neutrophils lack a putative functional instruction induced in the
tissues. This hypothesis is supported by the fact that inflamma-
tion induces immunological stress, and its mediators, such as glu-
cocorticoids and catecholamines, can mobilize mature neutrophils
(32). Apparently, it is not possible to mimic such instruction and
maturation in the tissues in vitro, as neutrophils ex vivo undergo
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rapid apoptosis within 24 hours. In vivo, on the other hand, the
half-life of circulating neutrophils is much longer (approximately
3.75 days), and neutrophil tissue half-life is estimated to be 6- to
15-times longer than that of circulating neutrophils (33, 34).

The neutrophils released after systemic LPS challenge displayed
regulatory properties. This is in line with an emerging concept
(35). Recently, more regulatory functions of neutrophils have been
described. Murine neutrophils have been shown to produce IL-10,
impairing the antimicrobial defense (36). In addition, in various
murine models of cancer, sepsis, and transplantation, neutrophils
were found to be part of MDSCs. This heterogeneous group of
cells, suppressing lymphocyte activation, consists mainly of imma-
ture neutrophils and monocytes. Suppression required arginase
T or ROS (8, 37, 38). In humans with metastatic cancer disease,
arginase I-mediated suppression of lymphocytes was reported (10,
11). Arginase I depletes the microenvironment of L-arginine, which
is essential for various T cell functions. However, the suppressive
neutrophils in this study inhibited T cell proliferation via local
production of H,O,. Several mechanisms have been suggested for
T cell suppression by H,O,, including changes in the surface thiol
expression, NF-kB activation, and oxidation of the actin remodel-
ing protein cofilin (25, 26, 39, 40). These experiments relied on the
addition of various concentrations of H>O; to the culture media.
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Figure 6

Visualization of neutrophil-lymphocyte interactions. CD62LdM-sorted neutrophils stained
with CD16 FITC were added in a 2:1 ratio to unlabeled PBMCs and stimulated with PHA
(10 ug/ml). Cells were incubated in culture medium containing Amplex Red (50 uM)
and HRP (0.5 U/ml). Images were acquired using a Zeiss LSM510 Meta microscope.
(A) Neutrophil-lymphocyte interaction with a localized Amplex Red signal indicative for
local production of H.O.. (B) Same interaction as in A, showing that the Amplex Red sig-
nal colocalized with the CD16-labeled neutrophil membrane. The green line represents
CD16; the red line represents H,O,. (C) Time-lapse image of a neutrophil-lymphocyte
interaction. See Supplemental Video 1 for the full video. Representative examples are
shown of 4 independent experiments. Original magnification, x40 (A—C). (D) Quantifica-
tion of local production of H,O- spots in time-lapse images. Time-lapse images were
made by deconvolution microscopy (Applied Precision DeltaVision Core Imaging Sys-
tem; the camera used was a Cascade EMCCD). CD62Ld9m- and CD169m-sorted neu-
trophils stained with calcein were added in a 2:1 ratio to unlabeled lymphocytes and
stimulated with PHA (10 ug/ml). Cells were incubated in culture medium containing
Amplex UltraRed (50 uM) and HRP (0.5 U/ml). In one of the conditions, Mac-1-blocking
antibody 44a was added. The number of H,O,-positive spots were counted. Data are
presented as mean = SEM of 3 independent experiments. *P < 0.05.
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Suppression of T cell proliferation in severely injured patients. (A) Blood was drawn from severely injured patients immediately after admission
in the hospital. Total leukocytes were stained for CD16 and CD62L. A CD62L4™ subset of neutrophils was seen similar to the subset found 3
hours after LPS. Numbers indicate the percentages of cells in each gate. (B) Total leukocytes from severely injured patients were stimulated
with PHA (10 ug/ml) and incubated in the presence or absence (-) of blocking antibodies to Mac-1 (44a) or CD11c (clone 3.9) for 5 days. After
5 days of incubation, total leukocytes were counted. Groups were compared using a paired samples t test. Data are presented as mean + SEM
of 4 independent experiments. (C) IFN-y concentration was measured by ELISA in the supernatants of the 5-day cultures. Data are depicted as
relative increase compared with that of PHA only. Groups were compared using a paired samples t test. Data are presented as mean + SEM

of 5 independent experiments. *P < 0.05.

In our model, we observed short, very localized, and asynchronous
production of H,0; in an immunological synapse. ROS can rap-
idly be scavenged by an abundance of molecules, resulting in a very
short half-life. The release of H,O, in an immunological synapse,
as reported in this study, might therefore increase the efficiency of
H,0;-mediated immune regulation. This local release of ROS onto
the surface of T cells, the lack of detectable neutrophil extracellular
ROS release (Figure SD), and the absence of increased T cell apop-
tosis after neutrophils induced suppression (Figure 3D) suggest
that neutrophils are capable of releasing a limited amount of ROS
for immune regulatory purposes. The role of ROS in immune tol-
erance has been shown previously in models of chronic inflam-
mation (39). However, this latter study focused on macrophages,
because, in contrast to neutrophils, these cells were thought to
release limited amounts of immunoregulatory ROS. Additionally,
studies on the importance of cellular contact have focused on the
interaction between lymphocytes and APCs. Suppressive charac-
teristics have been reported for dendritic cells, which prevent full
T cell activation through active Mac-1 (41). A role for ROS in this
study was not evaluated.

It is tempting to speculate that the mechanism mediated by
Mac-1 and ROS in immune regulation is not restricted to neutro-
phils and may represent a more generalized mechanism for the
immune regulation by myeloid cells in humans, as both ROS and
Mac-1 have separately been implicated in immune regulation by
APCs (39, 41). In addition, the role of H,O; in the suppression
of T cell activation described in this paper might in part explain
the hyperinflammatory phenotype observed in patients suffering
from chronic granulomatous disease, who lack NADPH oxidase
(42). Despite the fact that neutrophil-T cell interactions have been
described in lymphoid organs in mice (43, 44), it is still unknown
whether human neutrophils enter lymphoid organs and come
334
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into close contact with T cells. In many acute and chronic inflam-
matory conditions, however, neutrophils and T cells are present
in the tissues. As neutrophilic inflammation frequently results
in tissue damage, neutrophil-induced inhibition of T cell prolif-
eration might be essential to limit T cell activation and, thereby,
maintain tolerance in these inflammatory conditions. The exact
role for neutrophils in immune tolerance in humans remains to
be examined; however, it is clear that neutrophil association with
solid tumors is detrimental for disease outcome, possibly through
suppressing immunogenic antitumor responses.

In conclusion, we provide evidence of what we believe to be a
newly identified subset of human neutrophils, which can potently
suppress T cell responses. Identification of this neutrophil subset
in human inflammation and the role of neutrophil Mac-1 integrin
might provide novel therapeutic strategies to target immune sup-
pression in inflammation and cancer.

Methods
Subjects and study design. Experiments were part of several endotoxin tri-
als (NCT00513110, NCT00783068, NCT00785018, NCT00916448,
NCT01374711; www.clinicaltrials.gov). Subjects were enrolled after screening
and prehydrated (43, 44). US reference E. coli endotoxin (lot Ec-5; Center for
Biologic Evaluation and Research, Food and Drug Administration, Bethesda,
Maryland, USA) was used in this study. Endotoxin was reconstituted in 5 ml
saline and injected as single i.v. bolus during 1 minute at ¢ = 0. Blood samples
anticoagulated with sodium heparin were taken from the arterial catheter.
Patients with severe injuries (an injury severity score of more than 15) were
included, with an expected intensive care stay of longer than 3 days. Blood was
sampled within 12 hours of admission to the emergency department.
Reagents. HSA and pasteurized plasma solution were purchased from
the Central Laboratory of the Netherlands (Sanquin). Isolation buffer
contained PBS supplemented with pasteurized plasma solution (10%)
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and trisodium citrate (0.4% [w/v]). Incubation buffer contained 20 mM
HEPES, 132 mM NaCl, 6 mM KCl, 1 mM MgSO,, 1.2 mM KH, PO,, sup-
plemented with 5 mM glucose, 1.0 mM CaCl,, and 0.5% (w/v) HSA.

1-Methyl tryptophan was provided by R. Lutter (Department of Experi-
mental Immunology and Pulmonology, Amsterdam Medical Center,
Amsterdam, The Netherlands). PHA (PHA-P), latency-associated peptide
(LAP), fMLF, PAF, PMA, dihidrorhodamine (DHR) (1), arginine, and HRP
were purchased from Sigma-Aldrich. Amplex Red and Amplex UltraRed
were purchased from Molecular Probes. CD14 microbeads was purchased
from Miltenyi Biotec. Tetanus toxoid was purchased from NVI. Ionomycin
and Brefeldin A were purchased from Invitrogen. Human erythrocyte cata-
lase was purchased from Meridian Life Science Inc. (BIODESIGN Interna-
tional). Fixation/Permeabilization Concentrate, Fixation/Permeabilization
Diluent, and Permeabilization Buffer were purchased from eBioscience. All
other materials were reagent grade.

Antibodies. Unlabeled antibodies were as follows: function blocking
antibody 44a (anti-oM integrin) was isolated from supernatant of the
hybridoma obtained from ATCC; function blocking CD11c (clone 3.9) was
obtained from Biolegend; CD3 (clone CLB-T3/4E, 1XE) and CD28 (clone
CLB-CD28/1, 15E8) were obtained from Sanquin; and anti-IL-10 (clone
12G8) was obtained from Schering-Plough Research (InstituteKenilworth).
Monoclonal antibodies used for flow cytometry are as follows: CD4
perCP (clone L200), CD8 APC (clone SK1), IFN-y FITC/IL4 PE (clone
25723.11/3010.211),CD16 Alexa Fluor 647 (clone 3G8), CD62L PE (SK11),
CDG62L FITC (DREGS6), CD11c APC (clone S-HCL-3), and annexin V-PE
were purchased from BD. CD11b PE (clone 2LPM19c) was purchased from
DAKO. CD16 FITC (clone LNK16) was purchased from Serotec. Other
antibodies used are stated in Supplemental Table 1.

Neutrophil flow cytometry and cell counts. Erythrocytes were lysed in isotonic
ice-cold NH4Cl solution followed by centrifugation at 4°C. After lysis, total
leukocytes were stained with antibodies for 30 minutes at 4°C in isola-
tion buffer. Cells were washed before analysis on a FACSCalibur (Becton
Dickenson) or sorted on a FACSAria (Becton Dickenson), FACSVantage
(Becton Dickenson), or MoFlo Astrios (Beckman Coulter Inc.). Total
leukocyte counts were counted in whole blood using Cell-Dyn 1800 cell
counter (Abbot Diagnostics). Using the percentages found by flow cytom-
etry and the absolute leukocyte count, the absolute numbers of circulat-
ing neutrophil subsets were calculated. For annexin V staining, PBMCs
were prestained with CD3. Afterward, cells were stained with annexin PE
in annexin-binding buffer.

Granulocyte and PBMC isolation. Cells were isolated as described previously
(45). In short, cells were separated by centrifugation over Ficoll-Paque PLUS
(GE Healthcare) for 20 minutes at 900 g. The mononuclear cell layer was
removed. The erythrocytes in the granulocyte layer were lysed as described
in the Neutrophil flow cytometry and cell counts section above. In some experi-
ments, monocytes were depleted using CD14 MACS microbeads.

ROS. Production of ROS was studied by staining total leukocytes with
CD16 and CD62L and loading with DHR for 15 minutes at 37°C. After
stimulation with fMLF or PAF/fMLF, the relative increase in ROS produc-
tion was determined in both neutrophil subsets by flow cytometry. In addi-
tion, isolated neutrophils and PBMCs were incubated in a 96-well plate
in the presence of PHA (10 ug/ml), Amplex Red (25 uM), and HRP (0.25
U/ml). Production of fluorescent resorufin, formed from Amplex Red in
the presence of HRP after peroxidation, was measured during 8 hours at
37°C using a fluoro-luminometer FluostarOptima (BMG LABTECH).

T cell proliferation. Experiments were performed in IMDM culture medi-
um supplemented with 5% pooled human AB serum (Cambrex), penicil-
lin (100 IU/ml; Gibco, Invitrogen), streptomycin (100 mg/ml; Gibco,
Invitrogen), and glutamine (1 mM; Gibco, Invitrogen). Proliferation at 96
hours was measured by assessing [3H]thymidine incorporation (1 mCi/
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well [Amershamy]); [3H]thymidine was added during the last 18 hours of
culturing. Proliferative responses are expressed as the mean [3H]thymidine
incorporation, which is measured as counts per minute of triplicate wells.
For the solubility experiments, Thinserts (Greiner) were used, 24-well
inserts with a pore size of 0.4 uM. In experiments with inhibitors or block-
ing antibodies, T cell proliferation was always corrected for PBMCs alone
with the same inhibitor or blocking antibody.

Cytokine ELISA. IEN-y and IL-13 production was measured by a sandwich
ELISA according to the manufacturers’ recommendations (Sanquin). The
detection limit was 2 pg/ml.

PBMC flow cytometry stainings. After 2 days of coculture, PBMCs were stimu-
lated with either control medium or 20 ng/ml PMA and 3 ug/ml ionomycin
for 6 hours; 10 ug/ml Brefeldin A was added after 1 hour. Cells were stained
on ice for surface markers CD4 and CDS8, fixed, permeabilized, and stained
with anti-IFN-y FITC and anti-IL-4 PE antibody at room temperature. Cells
were washed before analysis on a FACSCalibur (Becton Dickenson).

Microscopy. Cocultures of sorted CD62L4™ neutrophils (labeled with
CD16 FITC) and unlabeled PBMCs in the presence of PHA (10 ug/ml)
were supplemented with 50 uM Amplex Red and 0.5 U/ml HRP. During
the course of 4 hours, neutrophil-lymphocyte interactions were imaged
with a Zeiss LSMS510 Meta microscope. For quantification, CD62L4™- and
CD16%m-sorted neutrophils were stained with 1 uM calcein for 20 min-
utes at 37°C. Instead of Amplex Red, Amplex UltraRed (50 uM) was used
for these experiments. The interactions were imaged for an average of 3
hours using a deconvolution microscope (Applied Precision DeltaVision
Core Imaging System; the camera used was a Cascade EMCCD). Afterward
interactions were counted by eye; the person counting the interactions was
blinded for the different conditions.

Statistics. Data were analyzed using Graphpad Prism 4.0. Repeated-mea-
sures ANOVA was used to compare different time points. A Wilcoxon
signed-rank test or a 2-tailed paired samples ¢ test was used to compare
groups. A Pvalue of less than 0.05 was considered significant.

Study approval. The study protocol concerning the human endotoxemia
challenges was approved by the Ethics Committee of the Radboud Univer-
sity Nijmegen Medical Centre and complies with the Declaration of Helsinki
and the Good Clinical Practice guidelines. Volunteers gave written informed
consent. The Ethics Committee of the University Medical Center Utrecht
approved the study protocol concerning the patients suffering severe injuries
included in this study. Patients gave informed consent after sampling of the
blood according to the research protocol.
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