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surface co-localization with CD11b and internalization of 
PD-1 within vacuoles independent of CD11b staining. To-
gether, we believe the data support a role for PD-1 in medi-
ating aspects of innate macrophage immune dysfunction 
during sepsis, heretofore unappreciated. 

 © 2013 S. Karger AG, Basel 

 Introduction 

 Sepsis is the tenth most common cause of death in the 
USA and the number one cause of death in critically ill 
patients  [1] . This occurs despite the provision of seem-
ingly adequate fluid resuscitation, specific antibiotics, ag-
gressive operative intervention, nutritional support, anti-
bodies to endotoxin/lipid-A/MD2-TLR4 as well as vari-
ous anti-cytokine therapies  [2, 3] . Thus, it is readily 
apparent that more knowledge of the pathophysiology of 
sepsis is needed to develop more effective therapies to 
control its lethal effects.

  From a pathological perspective sepsis is thought to re-
sult from a state of disturbed inflammatory homeostasis 
that is often initiated by infection  [4, 5] . Experimental an-
imals as well as patients often exhibit aspects of a systemic 
pro-inflammatory state, which is either followed by or of-
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 Abstract 

 The effect of programmed cell death receptor-1 (PD-1) on 
phagocyte function has not been extensively described. 
Here we report that experimental mouse sepsis, cecal liga-
tion and puncture (CLP), induced a marked increase in peri-
toneal macrophage random migration, motility and cell 
spread, but these changes were lost in the absence of PD-1. 
Alternatively, phagocytic activity was inversely affected. In 
vitro cell culture imaging studies, with the macrophage cell 
line J774, documented that blocking PD-1 with antibody led 
to aggregation of the cytoskeletal proteins α-actinin and F-
actin. Further experiments looking at ex vivo peritoneal mac-
rophages from mice illustrated that a similar pattern of 
α-actinin and F-actin was evident on cells from wild-type CLP 
mice but not PD-1–/– CLP mouse cells. We also observed that 
fMLP-induced migration by J774 cells was markedly attenu-
ated using PD-1 blocking antibodies, a nonselective phos-
phatase inhibitor and a selective Ras-related protein 1 inhib-
itor. Finally, peritoneal macrophages derived from CLP as 
opposed to Sham mice demonstrated aspects of both cell 
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ten seen concomitantly with aspects of a generalized im-
mune suppressive or anergic state  [6–8] . In this respect, 
the murine protocol of cecal ligation and puncture (CLP) 
is the most accepted model for sepsis studies  [9, 10]  as it 
produces significant aspects of both states of host respon-
siveness, as well as concomitant infection in the presence 
of tissue injury. For this reason, many laboratories, includ-
ing our own, have applied the CLP model to study the role 
of the anti-inflammatory and/or immune suppressive pro-
cesses and their contribution to the pathology of sepsis.

  The innate immune response is the initial primary 
 defense mechanism typically activated against the 
pathogen(s) as a part of the initial host response in sepsis 
 [7, 11] . Macrophages play a central role in the initiation 
and regulation of this process because they are one of the 
principal pathogen scavengers and primary producers of 
inflammatory cytokines  [12–14] . In so doing, they not 
only serve as a member of the first line of defense against 
microbial pathogens, but also act as a bridge between ac-
tivation of the innate and adaptive response to foreign 
agents  [12] . Notably, sepsis studies show that macro-
phages are important contributors to the pro-inflamma-
tory/innate immune response (systemic inflammatory 
response syndrome, SIRS)  [15, 16] , and they show marked 
evidence of dysfunction, immune suppression and repro-
gramming of key processes associated with pathogen 
phagocytosis and pro-inflammatory cytokine productive 
capacity  [15, 16] , along with the ability to present and 
process microbial antigen(s) for presentation to T cells 
 [16–18] . In this regard, we have recently demonstrated 
that the negative immunoregulatory cell surface receptor, 
programmed cell death receptor-1 (PD-1; CD279), is 
markedly upregulated on blood monocytes and perito-
neal macrophages during sepsis  [19] . Furthermore, when 
peritoneal macrophages were isolated from septic PD-1 
gene-deficient (–/–) mice, they demonstrated improved 
bacterial handling/clearance and improved phagocytic 
capacity ex vivo when compared to cells derived from 
septic wild-type (WT) mice, and these PD-1–/– mice had 
decreased mortality from sepsis. These changes in cellular 
expression and the effects on phagocytic function in mac-
rophages are independent of the observed changes in the 
expression of PD-1 and its function on T cells.

  As mentioned above, a competent migratory and mo-
tility function of macrophages is a crucial process in me-
diating the movement of phagocytes to the site or source 
of infection or inflammation so they can contribute to the 
developing innate response. However, recent studies sug-
gest cells that are stimulated or potentiated to migrate 
randomly at a greater rate, in turn, spend less time in-

volved in the process of forming an immune synapse with 
T lymphocytes (the latter process is needed to optimize 
antigen presentation). Several studies looking at co-in-
hibitory receptors, such as cytotoxic T lymphocyte-asso-
ciated antigen-4 (CTLA-4)  [20]  have suggested that 
members of this family, which are related to PD-1  [21] , 
may have an impact on the motility and migratory capac-
ity of T lymphocytes. Furthermore, such effects on lym-
phocyte migration and motility may involve not only 
classical immune-receptor tyrosine inhibitory motif 
(ITIM) recruitment and activation of the phosphatases 
SHP-1/2  [21] , but signaling through Ras-related protein 
1 (RAP1) also affects cell adhesion molecules such as in-
tegrins  [22] . However, the contribution of such co-inhib-
itors to direct or indirect regulation of phagocyte func-
tions, such as phagocytosis and migration, as well as how 
their actions might be mediated in monocytes and mac-
rophages, are not well understood. In light of our recent 
observation that septic mouse and human monocytes and 
macrophages rapidly exhibit increased expression of the 
co-inhibitory cell surface protein PD-1  [19] , and for the 
reasons just mentioned, we attempted to determine 
whether PD-1 expression had an effect on the migration 
and motile capacity of macrophages after septic insult.

  Materials and Methods 

 Cecal Ligation and Puncture 
 As previously described male 8- to 10-week-old C57BL/6J mice 

or PD-1–/– mice  [23]  (kindly provide by Tasuku Honjo, Kyoto 
University, Kyoto, Japan, via Megan Sykes at the Massachusetts 
General Hospital, Charlestown, Mass., USA) were anesthetized 
with isoflurane and, following a midline incision, the cecum was 
exposed, ligated and punctured twice  [24] . Then, the cecum was 
returned to the peritoneal cavity and the abdominal incision was 
closed. In the control animals (Sham) the cecum was located and 
exposed but was neither ligated nor punctured. All of the experi-
ments performed here were carried out in accordance with the 
National Institutes of Health Guidelines on Laboratory Animals 
 [25]  and were approved by the Lifespan-Rhode Island Hospital 
Committee on Animal Use and Care.

  Flow Cytometry 
 Cultured murine-derived J774 cells (as described by ATCC) or 

mouse peritoneal leukocytes were isolated; the leukocytes were 
stained with either anti-F4/80 (clone BM8, rat IgG2a), anti-PD-1 
(clone J43, hamster IgG2), anti-PD-L1 [B7-H1] (clone M1H5, rat 
IgG2a) or anti-CD11b (clone M1/70, rat IgG2b) antibodies, along 
with the appropriate hamster/rat isotype controls (eBioscience, 
San Diego, Calif., USA), and analyzed via flow cytometry on a 
FACSArray flow cytometer (BD Biosciences; San Diego, Calif., 
USA) using FlowJo analysis software (Tree Star, Ashland, Oreg., 
USA), as previously described  [19] .
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  Macrophage Motility Assays/Cell Spread 
 To determine the effect of sepsis on macrophage-mediated motil-

ity (distance migrated and velocity of migration) from cells derived 
from septic mice that either have or lack the gene for PD-1, we uti-
lized the in vitro vital microscopic assessment of migration on 
ICAM-1 assay described by Yang et al.  [26]  and Elphick et al.  [27] . To 
do this, Delta T dishes (Thermo-Fisher, Pittsburgh, Pa., USA) were 
coated with mouse ICAM (10 μg/ml) and SDF-1 (200 ng/ml; R&D 
Systems Inc., Minneapolis, Minn., USA). Approximately 5 × 10 4  peri-
toneal macrophages, isolated by peritoneal lavage as previously de-
scribed  [19]  were washed and added to the Delta T dish containing 
1 ml of L-15 medium plus 2 mg/ml of glucose. Bright-field or differ-
ential interference images were then acquired every 5 s for 30 min 
under a 20× objective lens using a Nikon TE-2000U inverted micro-
scope. Temperature was maintained at 37   °   C throughout the experi-
ment using an FCS2 live-cell imaging chamber (Bioptechs Inc., But-
ler, Pa., USA). Cell paths were traced using MetaVue imaging soft-
ware. Random migration was investigated by adding LPS to media at 
a final concentration of 1 μg LPS/ml and analyzed by manually trac-
ing the outline of each cell in selected frames (i.e. at 50-second inter-
vals). The x and y coordinates of each cell were determined and the 
distance moved between intervals measured using ImageJ software 
(developed by Wayne Rasband, NIH, Bethesda, Md., USA; available 
at http://rsb.info.nih.gov/ij/index.html) and were then corrected so 
that the starting position was x = 0 and y = 0  [26]  (an analysis of cell 
migration for a typical experiment for cells isolated from either 48 h 
post-CLP WT or PD-1–/– mice is shown in  fig. 1 a). Velocity was de-
termined as distance over time independent of direction.

  The number of spread cells per field was determined using 
 ImageJ software. In brief, cells were bright-field imaged (no less 
than 5 randomly chosen fields were captured at each time point) 
using a Nikon TE-2000U inverted microscope with a 20× objective 
lens, initially after 15 min of adherence to establish a baseline 
(0 min) and at 15 min thereafter.

  Trans-Well Migration Assay 
 J774 cells were resuspended in HBSS containing 0.02% BSA and 

3 μg/ml Calcein-AM (Molecular Probes by Life Tech., Carlsbad, 
Calif., USA) at 5 × 10 6  J774 cells/ml and incubated at 37   °   C for 30 
min. J774 cells were washed twice and resuspended in HBSS at 1 × 
10 7 /ml. One hundred and fifty-microliter J774 cells were placed in 
the upper chamber of Transwell inserts (3.0 μm pore size, Corning, 
Corning, N.Y., USA). HBSS with or without 1 μ M  fMLP (as a che-
mo-attractant) was placed in the bottom chamber, along with ei-
ther anti-PD-1 blocking antibody (10 or 20 μg/ml), a Rap1 inhibitor 
(Ggti at 50 μ M ) or the phosphatase inhibitor (orthovanadate at 
10 μ M ). Where appropriate, inserts were coated with a 1:   40 dilution 
of BTI Biomatrix I (Biomedical Tech., Stoughton, Mass., USA). 
J774 cells were allowed to migrate for 2 h; samples were collected 
and relative fluorescent intensities were measured using an FL x 800 
Microplate Fluorescence Reader (BIO-TEK Instr., Winooski, Vt., 
USA). Relative fluorescent intensities were converted to cell num-
bers from a standard curve utilizing AssayZap Software for Apple 
Macintosh (BIOSOFT, Cambridge, UK). Duplicate samples for 
each condition were analyzed, one set comprising n = 1  [28] .

  Fluorescence Imaging 
  In vitro Cell Line.  A suspension of J774 (1 × 10 4  cells/ml) were 

incubated with anti-PD-1 blocking antibody or IgG (control) for 
90 min. For attachment, these cells were put onto individual cov-
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  Fig. 1.  CLP-induced rise in peritoneal macrophage migratory ca-
pacity is reduced by PD-1 gene deficiency.  a  Representative tracing 
of mouse peritoneal macrophage migration over time of cells de-
rived from septic PD-1–/– mice as compared to cells from septic 
WT mice (48 h post-CLP).  b  At 24 h, CLP mice macrophages mi-
grate further, but there is no difference in the absence of PD-1. 
However, at 48 h, CLP PD-1–/– mice had greatly reduced migra-
tory distance when compared to CLP WT mouse cells, but again 
with no differences in the Sham groups.  c  Similar results were seen 
in motility.  *  p < 0.05 versus PD-1–/– CLP (n = 5–6 per group), 
determined by ANOVA followed by Tukey’s test.  
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erslips for 60 min. Subsequently, 95% ethanol was added onto 
each coverslip, followed by 100% ethanol for fixation. After 
washing, the cells were incubated with anti-F-actin or anti-α-
actinin rabbit antibodies (Sigma, St. Louis, Mo., USA) for 90 
min, washed, and then incubated with the secondary anti-rabbit-
FITC conjugated antibody for another 90 min. Finally, coverslips 
were washed and fixed with 4% paraformaldehyde (Sigma) for 
45 min at room temperature, then mounted with mounting me-
dium containing the blue nucleic acid dye DAPI (Vector Labo-
ratories, Burlingame, Calif., USA). Utilizing a Nikon Eclipse 
E400 (Nikon Inc., Mellville, N.Y., USA) microscope, Mercury 
100 W light source (Chui Technical Corp., King’s Park, N.Y., 
USA) and Polaroid DMC-3 digital camera (Polaroid,  Cambridge, 
Mass., USA) macrophages were identified by their DAPI-stained 
nuclear morphology and examined for their respective antibody 
staining.

   Ex vivo Peritoneal Leukocytes.  WT background (C57BL/6J) or 
PD-1–/– mice were subjected to Sham (control) or CLP, which 
induces polymicrobial sepsis. The macrophages in the peritoneal 
lavage from Sham and CLP mice were collected 24 h after the pro-
cedures and concentrated on to glass microscope slide by cyto-
spinning. The cyto-spun cells were then examined for changes in 
their cytoskeletal morphology by florescence microscopy (viewed 
under a 20× objective lens) following staining with either anti-α-
actinin or anti-F-actin, as mentioned above. In some cases ex vivo 
harvested cells were immune stained for the concomitant expres-
sion of PD-1 as opposed to CD11b relative to DAPI-stained nuclei. 
Confocal images were acquired with a Nikon PCM 2000 (Nikon 
Inc.) using the Argon (488) and the green Helium-Neon (543) la-
sers. Images were collected with a 20× Plan Fluor lens and a 1× scan 
zoom. 0.25-μm optical sections were made through selected mac-
rophages expressing signals for both PD-1 and CD11b to assess not 
only the extent to which PD-1 expression co-localized with the 
signal for CD11b, but also the degree to which observations being 
made were of cell surface nature as opposed to being internalized 
or phagocytized.

  Immune-Precipitation and Western Blot Analysis 
 Peritoneal cells from Sham or CLP mice were collected 24 h 

after surgery by lavage with PBS, lysed in lysis buffer, and protein 
content was determined using the Bio-Rad protein assay reagents 
(Bio-Rad, Hercules, Calif., USA). Two hundred and fifty micro-
grams of cell lysates were then incubated with either CD11b anti-
body (4 mg per reaction, clone M1/70; Biolegend, San Diego, Ca-
lif., USA) or isotype IgG and protein A/G PLUS-agarose beads 
(10 ml, SC-2003; Santa Cruz Biotechnology Inc., Santa Cruz, Calif., 
USA) overnight at 4   °   C  [29] . After washing with PBS, the beads 
were resuspended in loading buffer and boiled for 3 min. The im-
mune-precipitated solution was used to assess the presence of 
PD-1 by Western immunoblot, as previously described  [30] . In 
brief, samples were separated on 16% SDS polyacrylamide gels and 
transferred to polyvinylidene fluoride membranes (Life Technolo-
gies, Grand Island, N.Y., USA). The membranes were blocked with 
5% non-fat milk in Tris-buffered saline with 0.05% Tween-20 and 
incubated with anti-mouse PD-1 (clone RMP1–30; Biolegend) an-
tibody overnight at 4   °   C. Membranes were washed and incubated 
with horseradish peroxidase-conjugated secondary antibody. Af-
ter washing, proteins were visualized by ECL and densitometri-
cally assessed by an Alpha Innotech image analyzer (Alpha Inno-
tech, San Leandro, Calif., USA).

  Phagocytosis Assay 
 Peritoneal leukocytes isolated from Sham or CLP mice as de-

scribed above were plated in 6-well tissue culture plates at 4 × 10 6  
cells/ml/well and incubated in complete RPMI 1640 medium at 
37   °   C. Ninety minutes later, non-adherent cells were washed off 
with PBS. The adherent macrophages were then co-cultured with 
 ∼ 60 μg of pHrodo TM -conjugated  Escherichia coli  BioParticles ®  
(Molecular Probes by Life Tech., Carlsbad, Calif., USA) in PBS at 
37   °   C for 1 h and washed completely with PBS. Cells were harvest-
ed by scraping, resuspended in PBS containing sodium azide, and 
the extent of fluorescent BioParticle ®  was detected by flow cytom-
etry as described previously  [19] . The percentage of cells contain-
ing fluorescent BioParticles ®  was then determined and used as an 
index of the phagocytic capacity of these cells.

  Statistical Analysis 
 Data are shown as the mean ± SEM and analyzed with the 

Mann-Whitney rank-sum test for frequency and intensity data. 
Parametric data were analyzed by ANOVA followed by Tukey’s 
test for multiple comparisons as indicated. Groups were consid-
ered statistically significantly different at a p value of <0.05.

  Results 

 CLP Induces an Increase in Macrophage Migration/
Motility That Is Mitigated by Deficiency in PD-1 Gene 
Expression 
 Although we observed a trend towards an increase in 

macrophage migration and the velocity of movement at 
24 h post-CLP, this was not statistically significant. How-
ever, following 48 h of exposure to CLP a marked increase 
in migration and motility (p < 0.05) in peritoneal macro-
phages isolated from WT septic mice as compared to ani-
mals subjected to Sham protocol was evident ( fig. 1 a–c). 
Alternatively, septic PD-1–/– mouse macrophages showed 
no such rise in migration when compared to both Sham 
groups ( fig. 1 a–c; p < 0.05). We also observed that macro-
phages harvested from WT septic mice exhibited a substan-
tial increase in the number of spread cells per field when 
compared to septic PD-1–/– mice ( fig. 2 a, b). Alternatively, 
cells obtained from WT Sham animals exhibited a mark-
edly lower number of spread cells ( ∼ 1/3 less) than the cells 
taken from CLP mice. Also, unlike the WT CLP mouse 
cells, the cells derived from the animals subjected to only 
the Sham protocol, when followed over 15 min in culture, 
continued to attach (become spread). Importantly, this abil-
ity to continue to attach/spread was also evident in the 
 PD-1–/– mouse cells irrespective of whether derived from 
either Sham or CLP animals. One other marked difference 
between the PD-1–/– and the WT mouse cells was the ini-
tial extent of the number of attached/spread macrophages 
seen when allowing them to adhere to plastic, whereby, 
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 PD-1–/– macrophages were substantially lower when com-
pared to WT mouse macrophages (a  ∼ 50% reduction in the 
number of spread cells was seen within the comparative 
Sham groups and  ∼ 80–90% decline in the number of spread 
cells was seen within the comparative CLP groups;  fig. 2 b).

  CLP Induces a Decline in Macrophage Bacterial 
Phagocytic Function That Is Mitigated by Deficiency 
in PD-1 Gene Expression 
 Since phagocytosis is a central process both to the de-

velopment of a competent functional innate as well as 
adaptive immune response, and also requires utilization/
re-arrangement of the cell’s cytoskeletal structures, we at-
tempted to assess the comparative impact of CLP-in-
duced sepsis on peritoneal macrophage phagocytic func-

tion in the presence or absence of PD-1 gene expression. 
In keeping with our prior observation  [19] , CLP mouse 
peritoneal macrophages exhibited a markedly reduced 
ability to phagocytose opsonized bacteria ( fig.  3 a, b). 
However, that capacity to phagocytose bacteria by perito-
neal macrophages derived from PD-1–/– CLP mice was 
restored to Sham-mouse cell levels ( fig. 3 a, b).

  Pre-Treatment of the Mouse Macrophage Cell Line, 
J774, with Antibodies against PD-1 Alters Cell 
Cytoskeletal Structure/Staining (for α-Actinin and 
F-Actin) 
 Since the results of the prior experiments indicated 

that the PD-1 gene product is involved directly and/or 
indirectly in inducing changes in peritoneal macrophage 
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  Fig. 2.  CLP-induced increase in the num-
ber of spread macrophage per field is re-
duced by PD-1 gene deficiency.  a  Repre-
sentative images of macrophage monolay-
ers derived from WT and PD-1–/– CLP 
illustrating the reduced number of spread 
cells typically seen on ICAM-1-coated 
plates (×20).  b  Summary data number of 
spread cells per field at 0 and 15 min 
(mean  ± SEM for 3 repeat experiments), 
which illustrates that the macrophages de-
rived from CLP WT mice exhibited a 
marked increase in the number of spread 
cells per field when compared to cells from 
PD-1–/– CLP mice.  *  p < 0.05 WT versus 
PD-1–/–;  #  p < 0.05 15 min group versus 0 
time;  †  p < 0.05 Sham versus CLP; deter-
mined by the Mann-Whitney rank-sum 
test. 
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migratory/motile capacity and cell spreading, as well as 
changes in phagocytic function, we wanted to determine 
if this was a result of the direct ligation of PD-1 on the cell 
surface. To assess this we treated mouse J774 cells (which 
express PD-1 by flow cytometry;  fig. 4 a) with anti-PD-1 

antibody or a mouse IgG control antibody for 90 min, 
then permeabilized and stained the adherent cells with 
either anti-mouse α-actinin or anti-mouse F-actin along 
with the nuclear stain DAPI ( fig.  4 b–e). What we ob-
served was that cells treated with anti-PD-1 antibody ex-
hibited aggregation as well as a punctate pattern in their 
staining for α-actinin ( fig. 4 c) and to a lesser degree for 
F-actin ( fig. 4 e), as opposed to a more even or homoge-
neous expression observed with mouse IgG control anti-
body treated J774 cells ( fig. 4 b, d).

  As these findings suggest that binding PD-1 leads to 
cytoskeletal element rearrangement and, as we have 
shown here that the processes such as macrophage mi-
gration and motility, spreading and phagocytic func-
tion, which require rearrangement of these same cyto-
skeletal structures, are also altered by sepsis, we felt it 
was important to determine the extent to which the ex-
pression of α-actinin and/or F-actin on mouse perito-
neal macrophages were also altered by the presence or 
absence of PD-1 gene product expression during the re-
sponse to experimental sepsis in vivo. What we saw here 
was that when comparing peritoneal macrophages de-
rived from CLP WT mice to cells derived from Sham 
animals, the septic mouse cells not only were more 
spread and irregular in shape, but also exhibited a more 
heterogenous/punctate pattern of staining for both 
α-actinin or F-actin as with the anti-PD-1-treated J774 
cells ( fig. 5 a, b, e, f). Alternatively, macrophages isolated 
from PD-1–/– CLP mice lack the spreading seen in the 
septic WT mouse cells and their α-actinin or F-actin 
staining was comparable to what was seen in both the 
WT or PD-1–/– Sham mouse cells expression ( fig. 5 a, c, 
d, e, g, h).

  CLP Induces a Rise in Both PD-1 and PD-L1 
Expression on F4/80+ Cells and the Rise in PD-L1 Is 
Not Affected by the Loss of PD-1 Gene Expression 
 While we have previously shown that following the 

CLP there is a marked rise in blood monocyte and peri-
toneal macrophage PD-1 levels  [19] , it was not clear 
whether or not expression of the most ubiquitous ligand 
for PD-1, PD-L1, was similarly affected by experimental 
sepsis, and also how it might be affected by the absence 
of the gene for PD-1. Here we observed, as we reported 
previously  [19] , that in as little as 12 h after CLP a rise of 
PD-1+ expressing in peritoneal F4/80+ macrophages 
can be seen and this lasts through 48 h ( fig. 6 a, b). Inter-
estingly, the percentage of PD-L1+ cells was also mark-
edly elevated (greater than 80% positive) in this same 
F4/80+ cell population ( fig.  6 b); however, the lack of 

Fig. 3. CLP-induced suppression of bacterial phagocytosis is re-
versed by PD-1 gene deficiency.  a  Typical FACS histograms of peri-
toneal macrophages that had been isolated by adherence from WT 
Sham, WT CLP, PD-1–/– Sham or PD-1–/– CLP mice and then 
co-cultured with pHrodo TM -conjugated  E. coli  BioParticles ®  for 
1  h. Cells were detached and assessed for their extent of  E. coli  
BioParticles ®  fluorescence intensity (mean fluorescence intensity 
is provide in parentheses) by flow cytometry. A region, M1, in 
which a cell was considered positive for containing fluorescent 
 E. coli  BioParticles ® , was established by comparison with a negative 
control that was run at 4   °   C as opposed to the 37   °   C used in all oth-
er cases.  b  Summary data for repeated assessments of macrophage 
preparations from 6–10 independent animals for a given treatment 
group. Data is presented as mean ± SEM. Asterisk ( * ) indicates the 
presence of a significant difference (p < 0.05) between treatment 
groups as determined by the Mann-Whitney rank-sum test.
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PD-1 gene expression did not attenuate this rise in PD-
L1 in any fashion. While not shown, a similar relation-
ship was seen with the PD-1 or PD-L1 expression on 
CD11b+ cells.

  The CLP-Induced Increase in Peritoneal Macrophage 
Migration Involves Activation of SHP-1, SHP-2 and 
RAP1 
 Most studies that have examined intracellular signal-

ing induced by the ligation of PD-1 indicate that it leads 
to the recruitment and activation of the phosphatases 
SHP-1 and SHP-2, which in turn antagonize the activa-
tion of Akt/PI3K  [21] . However, recent work by Schnei-

der et al.  [20]  and Owada et al.  [31]  suggest the signaling 
through co-inhibitory receptors like PD-1, such as CTLA-
4 or BTLA, may also activate components of cell cytoskel-
eton and/or associated leukocyte adhesion molecules like 
the integrin family of receptors, implying a mechanism 
by which PD-1 can have an effect on aspects of migration 
and phagocytosis. Therefore, we attempted to assess the 
impact of either blocking antibodies, non-specific phos-
phatase inhibition (using orthovanadate treatment) or se-
lective inhibition of RAP1 (Ggti inhibitor), a signaling 
protein involved in activation of the cytoskeleton  [32–
34] , on the bacterial peptide (fMLP)-induced increase in 
J774 cell migration ( fig.  7 ). We observed that not only 

Fig. 4. J774 cells exhibit altered cytoskeletal 
immunefluorescent staining pattern for ei-
ther anti-α-actinin or anti-F-actin when in-
cubated with anti-PD-1 blocking antibody 
but not control IgG.  a  Staining J774 cells 
with anti-PD-1 show that  ∼ 97% of cells are 
PD-1+, as determined by flow cytometry 
and depicted in the representative histo-
gram.                        b ,  c  Differences typically observed in 
the α-actinin-stained cells [in green for 
FITC- vs. DAPI-stained nuclei (blue); 
magnification ×40] treated with a non-spe-
cific IgG (control antibody;  b ) versus those 
treated with anti-PD-1 ( c ). Arrows point to 
area aggregations that contribute to a 
punctate pattern of their staining for 
α-actinin.  d ,  e  Illustration of the staining 
pattern typically observed in the F-actin-
stained cells [in green for FITC- vs. DAPI-
stained nuclei (blue); magnification ×40] 
treated with a non-specific-IgG (control 
antibody;  d ) versus those treated with anti-
PD-1 ( e ).
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could we antagonize/inhibit fMLP-induced migration by 
using PD-1 blocking/antagonistic antibodies, but that 
fMLP-induced migration was even further suppressed by 
treatment of these cells with the non-specific phosphatase 
inhibitor, orthovanadate, or the selective Rap1 inhibitor, 
Ggti ( fig. 7 ).

  PD-1 Co-Localizes with CD11b on Septic Mouse 
Peritoneal Macrophages 
 The work of Schneider et al.  [20]  evaluating co-inhib-

itory receptors, such as CTLA-4, suggested that intercel-
lular adhesion molecules such as the β-integrins may 
also be affected by the increased expression of co-inhib-

Sham

W
T

PD
-1
–/
–

W
T

PD
-1
–/
–

CLP

a b

c d

e f

g h

Fig. 5. Experimental sepsis induces altera-
tions in peritoneal macrophage cytoskele-
tal staining that are attenuated in cells de-
rived from mice lacking PD-1. Peritoneal 
macrophages derived from WT CLP mice 
(after 24 h), but not cells from PD-1–/– 
CLP mice, exhibit a more irregular and 
spread cell morphology and a punctate pat-
tern of fluorescent α-actinin (arrows;  a–d ) 
or F-actin ( e–h ) staining (in green for 
FITC) that is not seen in either of the treat-
ed Sham group’s cells (DAPI nuclear coun-
ter stain in blue).
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itory molecules like PD-1  [22] . Using immune-staining 
co-localization by confocal imaging, we attempted to 
determine the extent to which PD-1 antigen/receptor 
expression was associated or interacts with a member of 
the integrin family, CD11b.  Figure 8 a and b illustrate 
that following CLP-induced PD-1 expression was mark-
edly increased on peritoneal macrophages also express-
ing CD11b. Furthermore, we observed marked co- 
localization of PD-1 and CD11b on the cell surface of 
a  number of peritoneal macrophages ( fig.  8 a), which 
was  supported by three-dimensional reconstruction 
of  these  cells by Z-stack analysis (online suppl. fig.  1; 
for  all  online suppl. material, see www.karger.com/
doi/10.1159/000355888). Interestingly, within a number 
of these cells we also saw what appeared to be endosom-
al structures containing only PD-1 ( fig. 8 a; online suppl. 
fig. 1), but not CD11b. Finally, we observed that when 
anti-CD11b was utilized as a pull-down antibody, im-
mune-precipitated PD-1 was markedly increased in cell 
lysates derived from CLP mice compared to Sham mice 
( fig. 8 b).

  Discussion 

 Previous studies from our laboratory  [19, 35]  and oth-
ers  [36–38]  have recently demonstrated that signaling via 
PD-1:PD-L1 may have a significant impact on developing 
morbidity and mortality encountered during sepsis in not 
only experimental animals, but also humans. Studies with 
PD-1 gene-deficient mice, as well as neutralizing anti-
PD-1 antibody treatment in septic animals, point to an 
impact on the adaptive immune responsiveness. These 
changes include the restoration of delayed-type hyper-
sensitivity and a reduction of sepsis-induced lymphocyte 
cell death, as well as changes in innate immune responses, 
such as the suppression of the systemic inflammatory re-
sponse and restoration of declining phagocytic and/or al-
tered migratory capacity  [19, 35, 38] . PD-1 is expressed 
on a variety of immune cells besides just T cells (on which 
it has been most extensively considered as a mediator of 
the adaptive immune response)  [36–38] , such as mono-
cytes and tissue macrophages  [19, 35, 38] . Also, while 
downstream signaling through SHP-1/2 are the best un-
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mary data is presented as mean ± SEM de-
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treatment group. Asterisk (                                         * ) indicates the 
presence of a significant difference when 
p < 0.05 between CLP and Sham treatment 
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derstood pathways involved in regulating functional 
changes seen in cells that express PD-1  [21] , especially of 
the lymphoid lineage, little is known as to whether this 
same pathway is involved in mediating functional chang-
es in phagocytes that express PD-1. There is emerging 
evidence suggesting that downstream signaling via relat-
ed ITIM-like receptors, e.g. CTLA-4, may involve signal-
ing molecules outside the SHP-1/2 family  [20, 22] . In light 
of our recent observation that septic mouse and human 
monocytes/macrophages rapidly exhibit increased ex-
pression of the co-inhibitory cell surface protein PD-1 
 [19]  and for the reasons just mentioned, we have exam-
ined whether PD-1 expression effects the migration and 
motile capacity of macrophages after septic insult while 
also beginning to assess where this might be occurring.

  Here, we have shown that following CLP there is a de-
cline in phagocytic capacity (we have previously shown 
that this occurs with both opsinized and non-opsinized 
targets  [19] ) and that migratory capacity, both in rate and 
direction, along with cell spreading following surface ad-

herence, were markedly increased in septic WT animal 
cells and were, inversely, reduced to control/Sham mouse 
cell levels by PD-1 gene deficiency. We found that these 
changes in migratory/cell spreading capacity and their 
suppression in PD-1-deficient mouse cells appear to be 
substrate independent as this occurs in the presence or 
absence of ICAM-1 or fibronectin versus plastic alone 
(data not shown). This situation demonstrates the inde-
pendence of the changes in phagocytic capacity irrespec-
tive of the opsinization status of the targets.

  As migration and/or phagocytosis are dependent on 
cytoskeletal rearrangements for regulation, we examined 
the influence of PD-1:PD-L ligation in altering the cyto-
skeleton by using a blocking antibody directed against 
PD-1 on a mouse macrophage J774 cell line. Interesting-
ly, we found that in the presence of the anti-PD-1 anti-
body there was an increase in both cell spreading and that 
the staining pattern for α-actinin became more punctate 
in nature (less evenly distributed). The difference in F-
actin staining, while evident (like α-actinin) in the anti-
PD-1-treated J774 cells, was considerably less overt in the 
anti-PD-1-treated septic mouse peritoneal macrophages 
than the isotype-treated CLP animal cells. Importantly, 
we observed that while the WT CLP mouse cells exhib-
ited both spreading and a punctuated staining pattern for 
both α-actinin and F-actin, this phenotype was reduced 
back to Sham appearances in the CLP PD-1 gene-defi-
cient mice. Together, these data support the concept that 
the changes seen in migratory and/or phagocytic capacity 
are associated with changes in cytoskeletal re-organiza-
tion, and, importantly, this is affected directly or indi-
rectly by the lack of PD-1 gene expression. 

  Studies by Schneider et al.  [22]  suggest that signaling 
through related co-inhibitory molecules like CTLA-4 can 
interact with or activate components of the cytoskeleton 
via activation of the small GTPase family member RAP1. 
However, the evidence for similar activity in lympho-
cytes, let alone macrophages, expressing PD-1 is not 
known. To determine whether inhibiting PD-1 via anti-
PD-1 neutralizing antibody or by pharmacological inhi-
bition of downstream PD-1 signaling via phosphatases, 
such as SHP-1/2, that are recruited by PD-1 during recep-
tor ligation/activation  [21] , or blockade of RAP1 activa-
tion, with the inhibitor Ggti, lead to oblation of the migra-
tory capacity/phenotype, we again utilized the mouse 
macrophage J774 cell line and induced migration to 
fMLP. We found that not only the migration to fMLP was 
attenuated by neutralizing antibodies against PD-1 in a 
dose-dependent fashion, but also this was markedly fur-
ther suppressed by treatment of these cells with either the 
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non-specific phosphatase inhibitor orthovanadate or the 
RAP1-selective inhibitor Ggti. This strongly suggests that 
the PD-1 downstream signaling via both phosphatase and 
RAP1 recruitment/activation are needed to alter the mi-
gratory phenotype induced in response to fMLP ligation. 
While this indicates the need for downstream signaling, 
it does not preclude that these effects may be the result of 
the indirect action of an anti-inflammatory/pro-migrato-
ry agent or mediator’s action on this process. Interest-
ingly, we have found that pro-inflammatory cytokine re-
lease capacity in response to LPS challenge (which is 
markedly suppressed in WT background CLP mouse 
peritoneal macrophages) is significantly increased in 
PD-1 knock-out CLP mouse cells; however, it still re-

mains almost four times lower than Sham mouse/naïve 
animal’s cells capacity to respond to such stimulation 
 [19] . A similar response is also evident in human blood 
monocytes from septic shock patients  [19, 38] . Therefore, 
pro-inflammatory mediator release permitted by PD-1 
gene deficiency may be insufficient to account for the re-
duction in migratory capacity and/or the restoration of 
microbial phagocytic capacity.

  Given the significantly reduced inflammatory re-
sponse, we attempted to determine what if any evidence 
might exist that PD-1 interacts directly with integrins, 
such as CD11b, which might be involved in enhancing 
migration  [34] . We carried out both immune staining 
with confocal assessment of relative cellular location of 

Fig. 8. PD-1 co-localizes with CD11b 
on  septic mouse peritoneal macrophages. 
       a  Representative three-color immunofluo-
rescence staining of adherent peritoneal 
macrophages derived from Sham or CLP 
WT mice at 24 h post-CLP for the nucleus 
(DAPI), CD11b (anti-CD11b) and PD-1 
(anti-PD-1) co-localization.  b  Results of a 
typical Western immunoblot analysis for 
PD-1 expression on immunoprecipitated 
protein (IP) samples obtained from the 
cell lysates of peritoneal macrophages har-
vested from Sham versus CLP mice using 
anti-mouse CD11b antibody or IgG con-
trol.  c  Summary/repeated integrated densi-
tometric values (IDV) of PD-1 expression 
for CD11b IP samples are provided in the 
histogram. Data is presented as mean ± 
SEM derived from n = 4–8 independent 
mouse macrophage preparations assessed 
per treatment group. Asterisk ( * ) indicates 
the presence of a significant difference (p < 
0.05) between CLP and Sham treatment 
animals as determined by the Mann-Whit-
ney rank-sum test.
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PD-1 to CD11b expression of Sham or CLP mouse peri-
toneal macrophages and immune precipitation using 
CD11b as bait for PD-1 in these same cells. PD-1 appears 
to not only co-localize with CD11b as determined by Z-
stack analysis of confocal multiple color image analysis of 
the cell surface, but also by the ability to pull down PD-1 
with CD11b during immune precipitation as measured 
by Western immunoblotting. There was also a more overt 
relationship in cells derived from CLP mice as these ani-
mals upregulated both the expression of PD-1 and CD11b 
in response to septic challenge. To the best of our knowl-
edge this is one of the few demonstrations of such co-lo-
calization of an ITIM receptor family member and an in-
tegrin  [34] . Since CD11b has a role in a variety of leuko-
cyte functions, such as migration and motility (which we 
have considered here), phagocytosis, as well as adhesion-
mediated activities such as immune synapse formation 
associated with antigen presentation and certain cytotox-
ic actions  [39–41] , interactions of CD11b with PD-1 and/
or other potentially cell-associated co-inhibitory mole-
cules and/or their ligands might affect any of these pro-

cesses and functions (see proposed model in  fig. 9 ). How-
ever, this remains to be explored experimentally. In this 
respect, another example of an ITIM protein receptor in-
teraction from Chen et al.  [42]  documented that Siglec G 
(in mice)/Siglec 10 (in humans) has the capacity to bind 
and interact with CD24, which subsequently permits the 
binding of various danger-associated molecular patterns 
by CD24. This binding altered the macrophage respon-
siveness, via TLR4, relative to its capacity to transduce an 
activating versus a non-activating signal when bound to 
danger-associated molecular patterns as opposed patho-
gen-associated molecular patterns. This group has also 
subsequently indicated that Siglec G, via its glycosylated 
extracellular facing side groups, can bind bacteria  [43] ; 
serving as a receptor involved in pathogen recognition 
related to bacterial clearance and phagocytosis. However, 
Siglec G’s role in migration and/or its capacity to bind to 
other proteins associated with cell movement were not 
considered. In addition, we do not know the full spectrum 
of other protein:protein interactions that might be occur-
ring with PD-1. The significance of this PD-1:CD11b in-
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teraction relative to migratory and/or phagocytic effects 
mediated by PD-1 is tempered somewhat by the observa-
tion that both the suppression of the increase in septic 
PD-1–/– mouse cell migratory capacity/cell spreading 
and the restoration of phagocytic capacity were indepen-
dent of integrin ligand/opsonin binding. PD-1 ligation 
and subsequent downstream signaling events are the 
most likely mechanism by which such changes in cell 
function and phenotype are being mediated.

  In conclusion, we have described a novel finding that 
PD-1 contributes to macrophage migration during septic 
insult. Our data indicate that the role of PD-1 in macro-
phage migratory responsiveness during sepsis occurs in 
several different ways. Decreased migratory capacity, cell 
spreading and motility, due in part to changes in cytoskel-
etal α-actinin and F-actin aggregation capabilities, de-
creased association of CD11b, and upstream downregula-
tion of phosphatase and RAP1-dependent migration co-
alesce into macrophages that are less migratory than their 
WT counterparts. Additionally, PD-1–/– mouse cells 
have increased phagocytic ability. These observed changes 
provide further insight as to why PD-1–/– mice have a 
higher survival rate from CLP septic challenge. Increased 
phagocytosis would clearly be beneficial when trying to 
control a bacterial challenge. What exact benefit decreas-
ing migration confers is not currently known. However, 

such changes could in turn allow a more stable T cell syn-
apse interaction, which would improve overall immune 
responsiveness and aid in survival  [44]  (fig. 9). As macro-
phages are a bridge between innate and adaptive immune 
responses  [12] , improved communication between T cells 
and macrophages would increase an appropriate immune 
response to septic challenge. Additionally, decreased mo-
bility coupled with increased phagocytic ability creates 
macrophages that stay at the infection site and clear more 
pathogens. Finally, not having a large influx of activated 
macrophages to the infection site may aid in survival as 
the immune response would be more directed/regulated, 
rather than massive uncontrolled inflammatory reaction 
causing large bystander tissue damage  [4, 5] . Downregula-
tion of the PD-1 receptor during septic challenge as part 
of a treatment plan may be one way to aid in survival. Fur-
ther work in these areas is ongoing.
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