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Using noninvasive in vivo imaging and
experimental autoimmune uveoretinitis as
a model, we show for the first time that
the mechanisms controlling blood mono-
cyte recirculation through peripheral and
lymphoid tissues alter during inflamma-
tion. The recirculation of monocytes in
mice with ocular inflammation but not
controls was found to depend on the
selectin CD62-ligand (CD62L) and on
CD44. Not only was rolling efficiency ab-
lated or markedly reduced in antibody-

treated mice, but most of the labeled
monocytes also disappeared from the
circulation within seconds, anti-CD44–
treated monocytes homing to the lymph
nodes and anti–CD62L-treated mono-
cytes homing to the spleen. Our data
indicate that, although PSGL-1 has a par-
tial role in the transmigration of mono-
cytes into the inflamed retina, CD62L has
a key role in regulating recruitment of
monocytes to lymphoid tissue from the
blood during inflammation and that CD44

is required to maintain CD62L� inflamma-
tory monocytes within the circulation dur-
ing inflammation. This effect was sys-
temic, because sequestered monocytes
accumulated in mesenteric as well as
draining cervical lymph nodes, and inflam-
mation dependent, because depletion of
circulating blood monocytes was much
reduced or absent in normal mice and
accumulations of adoptively transferred
monocytes in the lymphoid tissues did
not occur. (Blood. 2008;112:1166-1174)

Introduction

Nondifferentiated monocytes are known to circulate in the blood
and tissues for up to 3 days, and during that time they are recruited
to the tissues where they differentiate into macrophages or myeloid
dendritic cells.1-3 Subsets of blood monocytes with differential
migratory potential have been identified, and the capacity of
monocytes to preferentially migrate to sites of inflammation has
been linked to expression of the selectin CD62-ligand (CD62L),
CC-chemokine receptor-2 (CCR-2) and CD14, whereas subsets
that are CCR-2� and CD16� are recruited to tissues independently
of inflammatory stimuli to become resident monocyte macrophages
or myeloid dendritic cells (DCs).4 More recently, we have shown
that differentiation and recruitment of the inflammatory subset is
independent of local inflammatory stimuli, requiring monocyte
conditioning or differentiation over time within the circulation.
Bone marrow–derived monocytes (BM-Mo’s), transferred intrave-
nously to mice with established ocular inflammation, required 24 to
48 hours of in vivo conditioning before being able to roll on
endothelium efficiently and migrate into the inflamed retina. This
capacity to roll and migrate was largely lost after 72 hours in the
circulation. In the retina, adoptively transferred, in vivo condi-
tioned monocytes differentiated into CD11c�, B220� DCs and
F4/80ve macrophages, indicating that a permissive endothelium
alone is not sufficient for active recruitment of monocytes from the
blood.3

Understanding the processes involved in mononuclear myeloid
cell trafficking has considerable importance both for targeting
antigen-pulsed DCs used as vaccines and for the control of
inflammatory diseases.5,6 Recruitment of mononuclear myeloid
cells from the blood to the tissue and from the tissue to lymph

nodes is controlled by adhesive interactions between the cell and
the vascular or lymphatic endothelium. The mechanisms involved
in recruitment of leukocyte subsets from the blood to the tissues
and lymphoid organs have been extensively studied, primarily in in
vitro model systems under defined molecular conditions. Multiple
molecules, constitutively expressed or induced under inflammatory
conditions, have been identified as playing a role in monocyte
adhesion and diapedesis.7,8 The multistep paradigm that has
emerged invokes weak interactions by selectins that allow leuko-
cyte rolling on vascular endothelium that initiates an adhesion
cascade. This is triggered by chemokines and results in firm
adhesion and spreading of the monocyte on the endothelium
through regulation of avidity of �1-integrins and �2-integrins.9,10

Fast rolling is mediated by CD62L11 and is regulated by vessel wall
shear stress.12 Rolling through E- or P-selectin is slower, but it is
also shear stress–dependent when rolling on P-selectin glycopro-
tein ligand-1 (PSGL-1).13 This dependence on shear stress is
believed to limit leukocyte interactions in the center of vessels or in
vessels with very high or very low wall shear stress, and the steady
rolling generated enables the leukocyte to receive crucial activating
stimuli from the endothelium. Some overlapping and redundancy
appears to exist in the system,14 and mechanisms controlling
monocyte trafficking to a Th1-type inflammatory lesion under
physiologic conditions of flow in vivo are not known.

Using experimental autoimmune uveoretinitis (EAU) as a
model inflammation, we have been able to demonstrate mecha-
nisms controlling specific T-lymphocyte subset rolling, sticking,
and transendothelial cell migration within normal and diseased
neurovascular postcapillary endothelial venules where shear stress
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levels are relatively high (I.C., H.X., A.M., et al, manuscript
submitted 2002).15-17 A reduction in shear stress in retinal veins
from approximately 30 dyn/cm2 to 20 dyn/cm occurs up to 24 hours
before leukocyte infiltration, and rolling and sticking efficiencies
are negatively correlated with wall shear stress, providing a good
model for studying leukocyte subset trafficking in vivo during
inflammation. In this study we focus on the kinetics of monocyte
trafficking in vivo and in particular on the role of CD44 that is
implicated in primary adhesive interactions between leukocytes
and endothelium18 and has a major role in leukocyte homing in
EAU,19 as well as CD62L and PSGL-1 that have been shown to
account for at least 90% of leukocyte rolling in vivo.20 In addition
to mediating monocyte infiltration of the inflammatory site, we
show for the first time that CD62L has a key role in regulating
recruitment of monocytes to lymphoid tissue from the blood during
inflammation and that CD44 is also required to maintain CD62L�

inflammatory monocytes within the circulation during inflamma-
tion. Unexpectedly, this effect was systemic because distant as well
as draining lymph nodes were involved and inflammation specific,
because no sequestration of the adoptively transferred, in vivo
conditioned monocytes to lymphoid tissues was observed in
normal mice.

Methods

Animals and retinal inflammation model

Eight- to 12-week-old wild-type C57BL/6 mice and homozygous C57BL/6
mice expressing enhanced green fluorescent protein (EGFP) under the
control of a chicken �-actin promoter and cytomegalovirus enhancer were
maintained in the Medical Research Facility at Aberdeen University. EAU
was induced in wild-type C57BL/6 mice as described.21 Retinal inflamma-
tion occurred at day 16 to 18 after infection and peaked at day 21 to 28 after
infection. All procedures were approved by the Home Office Regulations
for Animal Experimentation, United Kingdom.

In vivo monocyte trafficking using scanning laser
ophthalmoscopy

Lymphocyte-depleted BM-Mo’s were prepared from EGFP� bone marrow
cells as described.3 In vivo monocyte trafficking was studied using our
scanning laser ophthalmoscopy (SLO) technique as described.22,23 This
nonsurgical technique minimizes any leukocyte trafficking artifacts. The
retinal vasculature is imaged through the intact cornea, and adoptively
transferred leukocytes may be tracked as they enter through the retinal
artery, traverse the capillary network, and exit through the retinal vein. Mice
are unharmed by the procedure and can be rescanned over several days if
necessary. Briefly, mice were anesthetized with an intramuscular injection
of 0.4 mL/kg Hypnorm (Janssen-Cilag, Antwerp, Belgium) and 1 mL/kg
diazepam (Phoenix Pharmaceuticals, Gloucester, United Kingdom) intraperi-
toneally. EGFP� BM-Mo cells (8 � 106) in 150 �L phosphate-buffered
saline were injected into the tail vein. After 48 hours to allow in vivo
conditioning to an inflammatory phenotype, SLO images were recorded
simultaneously on videotape (S-VHS) and digitally at 25 frames per
second. For each eye, 3 regions of interest containing 1 to 3 veins/venules
were recorded for at least 30 minutes. Video analysis was performed
off-line as described.17,24 This protocol excludes any neutrophils present in
the EGFP� BM-Mo transfers because neutrophils released from the bone
marrow die rapidly and turnover time within the circulation is normally no
more than 24 hours. Rolling leukocytes and those not interacting with the
endothelium were counted in each venule. Rolling cells were defined as
those cells with a velocity below the critical velocity. The rolling efficiency
was calculated as the percentage of rolling fluorescent cells among the total
number of fluorescent cells entering a venule. The sticking efficiency was
determined as the percentage of labeled monocytes that remained adherent

for at least 20 seconds. In antibody blocking experiments, baseline measure-
ments were recorded for up to 15 minutes before intravenous injection of
30 �g isotype control Ig (rat IgG) or 30 �g anti–mouse monoclonal
antibodies (mAbs) CD44 (rat IgG2b IM7),25 CD162 PSGL-1 (rat IgG1
2PH1),26 CD11a, LFA-1 (rat IgG2a M17/4),27 CD62L, L-selectin (rat IgG
MEL-14)28 all from BD Biosciences (San Jose, CA).

Ex vivo tracking of monocytes in retina and lymphoid tissue

To test the effect of mAb treatment on monocyte infiltration of the EAU
retina and other tissues, groups of 6 immunized mice (21-24 days after
infection) were injected intravenously with 8 � 106 EGFP BM cells and
then treated for 3 days with 30 �g/mouse per day of mAb or control rat
anti–mouse IgG. These concentrations have been optimized in previous
studies and had no effect on the recirculation of monocytes in control
groups (data not shown).29 To label retinal vessels, 50 �L of 2% Evans blue
(Sigma Chemical, Poole, United Kingdom) was injected into the tail vein
and allowed to bind for 5 to 10 minutes before asphyxia with CO2. Tissues
were then harvested and fixed in 2% (wt/vol) paraformaldehyde (Agar
Scientific, Cambridge, United Kingdom). Retinal whole mounts were
prepared as described elsewhere.19 Other tissues were cryoembedded in
optimal cutting temperature compound, and frozen sections were prepared.
Both retinal whole mounts and tissue sections were observed using a
confocal scanning laser microscope (LSM510 META; Carl Zeiss, Jena,
Germany). For tissue sections both 488-nm and 543-nm wavelengths were
used to distinguish between autofluorescence and EGFP� cells. Three
sections were obtained from each tissue, and 3 images were taken randomly
from each using a 20� objective lens. Images were analyzed using Image
Pro Plus system (Media Cybernetics, Bethesda, MD), and data were
expressed as means and SEMs of the number of EGFP� cells per square
millimeter. Unfixed, frozen tissue sections were labeled with Mel-14, IM7,
or anti-EGFP antibody ab290 (rabbit polyclonal; AbCam, Cambridge,
United Kingdom) using the alkaline phosphatase anti–alkaline phosphatase
(APAAP) technique as described.21

Flow cytometry

Single-cell suspensions were blocked with 1% normal rat serum and
immunostained with CD44 (IM7), CD162 PSGL-1 (2PH1), CD62L,
L-selectin (MEL-14), CD11b (M1/70), CD11c (HL3), CD11a (M17/4),
B220 (RA3-6B2), or isotype control IgG (BD Biosciences, Coley, United
Kingdom), or F4/80 (CI:A3-1; Serotec, Oxford, United Kingdom). Samples
were analyzed by LSR flow cytometry (BD Biosciences). Antibodies were
conjugated to fluorecein isothiocyanate (FITC), phycoerythrin (PE), allophy-
cocyanin (APC), peridinin chlorophyll protein (PerCP), PerCP–cyanin (Cy)
5.5, or biotin as required. Biotin-labeled antibodies were detected by the
addition of streptavidin (SA)–APC or SA-PE (1:400; BD Biosciences).
Negative isotype controls and single positive controls were performed to
allow accurate breakthrough compensation. Gates and instrument settings
were set according to forward and side scatter characteristics, and popula-
tions were gated to exclude dead or clumped cells. Data were collected from
at least 3 individual animals in each group and expressed as means and
SEMs and compared using the unpaired Student t test.

Results

In vivo kinetics of monocyte recirculation through the inflamed
EAU retina and effect of blocking mAb to CD62L, PSGL-1,
CD44, and LFA-1

The kinetics of monocyte recirculation measured by SLO imaging
of inflamed eyes is shown in Figure 1. Data were recorded from
mice with EAU 48 hours after monocyte transfer, and the effects of
mAb treatment on recirculation, rolling efficiency, and sticking
efficiency were measured. Analysis of SLO images showed that the
normal rate of EGFP� monocyte recirculation through inflamed
vessels was 11.9 (� 5.6) cells/min. The rolling efficiency of these
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monocytes on the endothelium varied considerably, depending on
the extent of inflammation (as assessed by vessel leakage of low
concentration fluorescein dye coinjected with cells), but the
average rolling efficiency (ie, percentage of transferred cells
passing through vessel that rolled on endothelium) was 37.8%
(� 15.7%), similar to our previous observations in this model.3 The
average sticking efficiency of monocytes adhering to endothelium
was 8.7% (� 6.6%). LFA-1 is essential for T-cell trafficking but
was shown not to be involved in monocyte adhesion and diapedesis
in vitro8; we therefore included CD11a blocking mAb M17/4 as an
additional irrelevant mAb control group for these studies.

After baseline measurements were recorded, the role of specific
adhesion molecules was tested by infusing blocking mAb intrave-
nously and imaging was continued for a further 15 to 20 minutes.
CD62L and CD44, the hyaluronan (HA) receptor, are 2 major
adhesion molecules on monocytes, and treatment with 30 �g/
mouse of anti-CD62L mAb MEL-14 or anti-CD44 mAb IM7 had
an immediate and dramatic effect (P � .01) on the numbers of
circulating monocytes passing through the retinal vessels. CD44
mAb removed virtually all cells from the circulation, and rolling
and sticking efficiencies were effectively reduced to nil. In some
CD62L mAb–treated mice a few EGFP� cells continued to

circulate (5.8 � 1.9 cells/min) but with significantly reduced
rolling efficiency (5.1% � 7.9%; P � .01) and sticking efficiency
(P � .01). In contrast, rat IgG isotype control Ab or LFA-1 mAb
had no significant effect on EGFP� monocyte numbers in the
circulation or on their rolling and sticking efficiency within the
inflamed vessels (Figure 1).

CD62P (P-selectin) is up-regulated on retinal venules, the
principal sites of leukocyte adhesion and diapedesis in EAU, at the
time of blood-retina barrier breakdown and leukocyte infiltration of
the retina.16 We therefore also examined the effect of blocking
PSGL-1, a ligand for both P- and E-selectin, which was shown to
mediate monocyte or platelet aggregations, secondary tethering,
and integrin activation (Figure 1).30 Treatment with PSGL-1 mAb
had no significant effect on circulating EGFP� cell numbers, but
rolling efficiency was significantly reduced (P � .05). In this group
PSGL-1 mAb also had an overall significant effect on sticking
efficiency (P � .05), but this was an “all or none” effect. This could
reflect a threshold effect, indicating that in some mice PSGL-1–
independent molecular receptors were involved, possibly linked to
hemodynamic parameters (less severe disease and higher shear
stress within the vessel) or tyrosine sulfation of the L-selectin
ligand or both.31

Figure 1. Effect of monoclonal antibodies on monocyte trafficking in retinal vessels in EAU. Blocking antibodies to CD62L, CD44, and PSGL-1 significantly reduced
rolling and sticking of monocytes in inflamed vessels. Freshly isolated EGFP bone marrow–derived monocytes (8 � 106) were injected intravenously into mice immunized 21 to
24 days previously with peptide to induce EAU. After 48 hours, cell trafficking in the retinal vasculature was analyzed by SLO. Retinal images were recorded for 15 minutes, and
then mice were injected intravenously with 30 �g/mouse of rat anti–mouse antibody, and recording continued for a further 20 minutes. Data were then compared before and
after antibody treatment. (A) Recirculation of adoptively transferred cells was expressed as the number of transferred EGFP monocytes detected in the same section of the
retinal vessel before and after antibody infusion. (B) Rolling efficiency, expressed as the percentage of rolling fluorescent cells among the total number of fluorescent cells
entering a venule before and after antibody infusion. (C) Sticking efficiency, expressed as the percentage of fluorescent monocytes within the same venule that remained
adherent for at least 20 seconds. *P � .05; **P � .01; Student paired t test; n was at least 16 vessels from 3 mice.
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In groups in which mAb treatment did not deplete circulating
EGFP� monocytes, rolling velocity was measured on inflamed
endothelium (Figure 2). The rolling velocity was recorded for
15 minutes before infusion of 30 �g of PSGL-1 mAb or LFA-1
mAb. Recording in the same vessels was continued for another
20 minutes. Average rolling velocity of EGFP� monocytes in
untreated or LFA-1 mAb–treated inflamed vessels was 124.8
(� 16.3) �m/s, and this was significantly increased in PSGL-1–
treated mice (231.4 � 38.4 �m/s; P � .01; Figure 2A), consistent
with dominant PSGL-1–dependent interaction between monocytes
and endothelium with residual, possibly CD62L dependent, faster
rolling interactions occurring when PSGL-1 N-terminus is
blocked.32,33 Our results are also consistent with previous in vitro
observations of significantly faster CD62L-dependent rolling of
neutrophils compared with P- or E-selectin–dependent rolling.11

These experiments were performed under high shear stress (20-
30 dyn/cm2) equivalent to that found in EAU venules17; however,
the velocity of PSGL-1–blocked monocyte rolling observed in the
inflamed retinal venules here (231.4 � 38.4 �m/sec) is approxi-
mately twice the velocity of CD62L-dependent neutrophil rolling
observed in vitro by Puri et al.11

Circulating monocyte depletion by CD62L mAb MEL-14 and
CD44 mAb IM7 is inflammation dependent

Inflammatory processes impose activating phenotypes on both
endothelium and leukocytes; so to identify antibody-dependent
clearance mechanisms as a reason for the sudden loss of circulating
EGFP� monocytes after treatment with MEL-14 and IM7 mAbs,
we examined the effect of these antibodies on the recirculation of
monocytes through the retina in normal mice in comparison to
EAU mice. Figure 3A,B shows that adoptively transferred EGFP
monocytes recirculated through the normal retina at approximately
the same rate (25.7 � 2.7 cells/min) as in inflamed EAU retinas
(Figure 1). This value was not reduced after infusion of CD62L
mAb (24.8 � 2.23 cells/min); however, in CD44 mAb–treated
normal mice a significant reduction in recirculating monocytes was
observed 2 to 5 minutes after infusion (from 24.2 � 2 to
16.4 � 2.1 cells/min; P � .05). Infusion of mAb can temporarily
sequester target cells within tissues such as the lung, and, when
SLO measurements of recirculating cells were recorded over time,a
sudden dip in EGFP monocytes passing through the retina was seen
in both control and EAU mice 2 minutes after mAb infusion

Figure 2. Monocyte rolling in inflamed retinal vessels is increased by blocking antibody to PSGL-1 but not LFA-1. Freshly isolated EGFP bone marrow–derived
monocytes (8 � 106; A,B) were injected intravenously into mice immunized 21 to 24 days previously with peptide to induce EAU. After 48 hours, cell trafficking in the retinal
vasculature was analyzed by SLO. Retinal images were recorded for 15 minutes, and then mice were injected intravenously with 30 �g/mouse of rat anti–mouse antibody to
PSGL-1 (A) or LFA-1 (B) and recording continued for a further 20 minutes. Rolling velocity of transferred EGFP-expressing monocytes or T cells expressed as micrometers per
second was calculated as described in “In vivo monocyte trafficking using scanning laser ophthalmoscopy” and for monocytes; data were compared before and after antibody
treatment. The horizontal bar indicates the median value. *P � .05; **P � .01; Student paired t test; n was at least 36 randomly chosen rolling cells in venules of 3 mice.

Figure 3. Depletion of circulating EGFP monocytes
in the retinal vasculature by blocking mAb CD62L
and CD44 is inflammation dependent. Freshly iso-
lated EGFP bone marrow–derived monocytes (8 � 106)
were injected intravenously into control mice or mice
immunized 21 to 24 days previously with peptide to
induce EAU. After 48 hours, cell trafficking in the retinal
vasculature was analyzed by SLO. Retinal images
were recorded for 10 minutes. Mice were then injected
intravenously with 30 �g/mouse of rat anti–mouse
antibody and recording continued for a further 20 min-
utes. Cells per minute passing through the same
section of retinal vessel were compared before and
after antibody treatment in control mice (A). (B) Recircu-
lation of adoptively transferred cells was analyzed at
2-minute intervals (expressed as the number of trans-
ferred EGFP monocytes detected in the same section
of retinal vessel) of control and EAU mice before and
after antibody infusion. *P � .05; **P � .01; Student
paired t test; n was at least 16 vessels from 3 mice in
each group. Error bars represent SEM.
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(Figure 3C,D). This was a temporary effect in normal mice,
because the rate of recirculating EGFP monocytes increased back
to control levels after 12 minutes. In EAU mice the numbers of
recirculating monocytes in both CD62L and CD44 mAb–treated
EAU mice continued to fall and remained profoundly reduced
compared with controls (P � .01 in both groups), showing that the
depletion of circulating monocytes observed in EAU mice was
inflammation specific.

Differential trafficking of monocytes to lymphoid tissues in
EAU but not control mice treated with CD62L mAb MEL-14 or
CD44 mAb IM7

To determine the fate of adoptively transferred monocytes, organs
and tissues of groups of recipient EAU and normal control mice
were examined with flow cytometry and microscopy 30 minutes
and 24 hours after a single infusion of mAb and at 72 hours after
3 infusions of mAb. Figure 4A to C shows that 30 minuets after
infusion with MEL-14 anti-CD62L antibody adoptively transferred
monocytes were found dispersed throughout the venous sinuses of
the spleen but were restricted to the subcapsular sinuses of lymph
nodes, whereas in mice treated with IM7 anti-CD44 antibody
monocytes had entered the node and were present within the
medullary sinus and in clusters around vessels. In the spleen,
EGFP� monocytes were also found throughout the venous sinuses
and red pulp and notably in large numbers clustered around and in

the marginal zones of the lymphoid follicles (Figure 4C). This rapid
accumulation of transferred monocytes within the lymphoid tis-
sues, particularly in IM7-treated mice, provides an explanation for
the sudden loss of circulating fluorescent cells in the retina
observed by SLO (Figures 1,3). After 24 hours these relatively
large accumulations of EGFP-expressing cells were no longer
evident; only a few scattered cells were detectable using the
APAAP technique. Using flow cytometry, we detected a drop
from 88% (� 2.5%) to 55% (� 18%) in CD11b� monocytes in
the blood of the anti-CD44 mAb–treated group at 30 minutes
after infusion as predicted from SLO data (Figures 1,3), but this
was not reflected in statistically significant increases or de-
creases of CD11b or EGFP�CD11b monocytes in the spleen,
(IgG control, 0.08% � 0.04%; CD62L, 0.07% � 0.04%; CD44,
0.04% � 0.005%).

Using a more-sensitive detection technique of confocal micros-
copy to follow the fate of EGFP� cells in the tissues, we were able
to show significant accumulations of adoptively transferred mono-
cytes in lymphoid tissues of mice with EAU after 3 days of
treatment with CD62L or CD44 mAb compared with control IgG,
LFA-1, or PSGL-1 mAbs (Figure 4D,E and Figure 5). Sectioning of
lymph nodes, spleen, and other tissues showed that in EAU mice
treated with CD62L mAb, EFGP� cells had preferentially homed to

Figure 4. Localization of adoptively transferred monocytes in lymph node and
spleen differs with antibody treatment. Freshly isolated EGFP bone marrow–
derived monocytes (8 � 106) were injected intravenously into control mice or mice
immunized 21 to 24 days previously with peptide to induce EAU. Mice were then
treated with mAb for up to 3 days. Groups of mice were killed at 30 minutes and
24 hours after a single treatment or after 3 treatments. Tissue samples were then
snap frozen, cryosectioned, and immunostained using the APPAP technique (A-D)
for the presence of EGFP� cells using a specific antibody, or examined by confocal
microscopy (E,F). Original magnification �400 (A-D) ; �200 (E); �640 (F).

Figure 5. Adoptively transferred monocytes in anti-CD62L–treated mice home
to the spleen, and in anti-CD44–treated mice monocytes home to the lymph
nodes in EAU but not control mice. Effect of monoclonal antibody treatment on
trafficking of adoptively transferred monocytes into secondary lymphoid and other
tissues in control and EAU mice by confocal microscopy. Freshly isolated EGFP bone
marrow–derived monocytes (8 � 106) were injected intravenously into mice immu-
nized 21 to 24 days previously with peptide to induce EAU (A) or control mice (B).
Mice were then injected intravenously with 30 �g of control IgG or blocking antibody
per mouse per day for 3 days. Tissue samples were then snap frozen and
cryosectioned, and the numbers of EGFP� cells present in the tissues were
enumerated (A,B). c-Node indicates cervical lymph node; m-Node, mesenteric lymph
node. *P � .05; **P � .01; Student paired t test; n was at least 12 randomly chosen
times 20 fields of view in tissue sections from 3 mice per group. Error bars represent
SEM.

1170 XU et al BLOOD, 15 AUGUST 2008 � VOLUME 112, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/112/4/1166/1457650/zh801608001166.pdf by guest on 08 June 2024



the spleen (72.6 � 13 cells/mm2; P � .01), with significantly re-
duced numbers being found in the cervical lymph nodes (c-LNs;
2.8 � 1.2 cells/mm2; P � .01) and mesenteric lymph nodes (m-
LNs; 5.6 � 1.32 cells/mm2; P � .05) compared with IgG controls.
Conversely, in mice treated with CD44 mAb IM7, EFGP� cells
preferentially homed to the lymph nodes (c-LN, 55.9 � 17.3 cells/
mm2; P � .05; m-LN, 60.7 � 16.2 cells/mm2; P � .01), with re-
duced numbers found in the spleen (17.5 � 1.7 cells/mm2; P � .05)
compared with IgG controls. In normal mice, (Figure 5B) treatment
with blocking mAb actually reduced the numbers of monocytes in
the lymphoid tissues. These observations are consistent with a role
for CD62L and CD44 in directing circulating monocytes to other
nonlymphoid tissues such as bone marrow in the absence of
inflammation.34 Very few cells were found in the lungs or livers in
any of the groups, indicating that cellular clearance through the
reticuloendothelial system was not a significant event with any of
the mAbs tested.

Effect of mAb treatment during 72 hours on monocyte number,
phenotype, and migration into inflamed retina

Monocytes as well as retinal antigen-specific T cells are required
for full expression of EAU, and mechanisms for monocyte
migration into peripheral inflamed tissues rather than lymphoid
tissues are likely to differ.14 We therefore examined the effect of
blocking mAb on the migration of adoptively transferred
monocytes into inflamed retina. Mice with EAU were treated
with 30 �g Ig/mouse per day for 3 days after infusion of donor
EGFP� monocytes. After 72 hours, blood samples were taken
for fluorescence-activated cell sorting (FACS) analysis, the mice
were killed, and retinal whole mounts were prepared for
confocal microscopy. Figure 6A shows that 72 hours after
injection, small numbers of transferred EGFP� cells continued
to circulate despite significant sequestration of cells in the
lymphoid tissues of EAU mice treated with CD62L or CD44
mAbs. EGFP� monocyte numbers in the blood of CD62L- and
CD44 mAb–treated mice were depleted compared with control
Ig–treated mice, but this was significant only for the CD44
mAb–treated group (P � .01). Treatment with CD62L, CD44,

and PSGL-1 mAbs also significantly reduced the numbers of
infiltrating EGFP� monocytes in the retinas of EAU mice
compared with isotype- and LFA-1 mAb–treated control groups
(P � .01), confirming that CD11a also has no role in inflamma-
tory monocyte trafficking in vivo (Figure 6B).

Anti-CD44 treatment with a mAb such as IM7 blocks HA
binding function and was shown to be effective in blocking
T-cell traffic and ameliorating inflammation in a number of
animal models, including EAU.19 However, given the impor-
tance of soluble (shed) as well as membrane-bound CD44 in
regulating cell function, inhibition of leukocyte recirculation
and infiltration of the inflammatory site may involve more than
simple blocking of HA function. Other mechanisms proposed
include regulation of function through activation and sulfation
of the adhesion molecule or changes in cell-surface expression
through down-regulation or shedding. Previous studies have
indicated that T-cell trafficking is controlled by surface expres-
sion of CD62L and CD44. High surface expression of CD62L,
characteristic of naive T cells, is lost during inflammation as
CD44 is up-regulated. Equally, CD62L is less important in
inflammatory T-cell recruitment than in lymph node homing. We
therefore analyzed the expression of CD62L, CD44, PSGL-1,
and LFA-1 on circulating EGFP monocytes recovered from the
circulation of EAU mice (Figure 6C) and normal control mice
(Figure 6D) after 3 days of mAb treatment. CD44 expression
(Geo-MFI) was very much lower on monocytes from all groups
of EAU mice than with normal mouse groups, suggesting that
monocyte transmembrane CD44 was lost during inflammation.
Treatment with the mAbs had relatively minor effects on the
surface expression of the adhesion molecules examined. Statisti-
cal analysis showed some significant differences. Treatment
with CD62L mAb reduced CD44 expression and treatment with
PSGL-1 mAb increased LFA-1 expression on monocytes from
EAU but not control mice. However, whether these changes
were sufficient to exert physiologic effects is in doubt because
Geo-MFI changes did not mirror in vivo functional changes
observed in earlier experiments.

Figure 6. Blocking antibodies to CD62L, CD44, and
PSGL-1 but not LFA-1 significantly reduce the
numbers of adoptively transferred monocytes enter-
ing inflamed retina. Freshly isolated EGFP bone
marrow–derived monocytes (8 � 106) were injected
intravenously into mice immunized 21 to 24 days previ-
ously with peptide to induce EAU. Mice were injected
intravenously with 30 �g of control IgG or blocking
antibody per mouse for 3 days. Numbers of circulating
cells remaining in the blood were analyzed by flow
cytometry (A). Transferred cells that had infiltrated the
retinas were then counted by confocal microscopy of
retinal whole mounts (B); **P � .01 compared with IgG
control; Student t test; n was 12. Density of expression
of adhesion molecules analyzed in both EAU (C) and
control mice (D) after mAb treatment expressed as the
geometric mean fluorescent index (Geo-MFI). *P � .05;
**P � .01 compared with IgG control; Student t test; n
was 3. Error bars represent SEM.
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Discussion

Differential trafficking is known to be required for the localization
of effector leukocyte subsets, either to sites of inflammation or to
lymphoid tissues, and tissue-specific chemokine expression and
receptor signaling was identified as providing specificity to endothe-
lial traffic signals, raising the concept of molecular codes specific
for particular disease processes.5 Previously, we have shown that a
permissive endothelium alone is not sufficient to recruit monocytes
from the circulation,3 but data we present here support the concept
of differential monocyte trafficking in vivo in steady state and
inflammation, with specific roles identified for CD62L and CD44 in
maintaining monocytes within the circulation during inflammation.
Blockade of CD62L caused retention of monocytes within the
spleen, whereas blockade of CD44 caused retention of monocytes
within the lymph nodes. Surprisingly, this effect was inflammation
specific because blockade of CD62L and CD44 had no apparent
effect on the ability of monocytes to recirculate in normal mice.
These observations are also consistent with a role for CD62L and
CD44 in directing circulating monocytes to other nonlymphoid
tissues such as bone marrow in the absence of inflammation.34

Identifying signals controlling monocyte differentiation and func-
tion in inflammation versus steady state will be important for
identifying disease-associated therapeutic targets that do not affect
normal protective immunity.

For monocytes, 2 major subsets have been identified with
differing chemokine and adhesion molecule expression that govern
trafficking potential to inflammatory sites.6 Recently, we showed
that acquisition of the inflammatory monocyte phenotype is a
time-limited property of monocytes independent of external inflam-
matory signals. Bone marrow–derived monocytes adoptively trans-
ferred into normal mice recirculated freely for at least 72 hours, and
viable monocytes could be found in both lymph nodes and spleen
throughout the sampling period.3 When injected into mice with
EAU, adoptively transferred monocytes did not migrate into the
inflamed retinal tissue until 24 to 48 hours after transfer, despite
repeated trafficking through inflamed retinal vessels. This time
frame coincided with the acquisition of maximum rolling effi-
ciency and maximal expression of CCR-2 and LFA-1 by mono-
cytes. These data indicate that an inflamed endothelium and
associated chemokine and cytokine microenvironment are not
sufficient to recruit circulating monocytes, and new monocytes
leaving the bone marrow require in vivo conditioning over a
defined time period before switching to a phenotype that enables
homing to inflammatory sites. In the experiments described here,
we have included a 48-hour in vivo conditioning period to allow
inflammatory monocyte maturation or differentiation before taking
SLO measurements or administering mAb treatments to examine
mechanisms controlling monocyte recirculation and homing to an
inflammatory site in vivo.

The main physiologic function of selectins is to allow high-
affinity rolling interactions between leukocytes and the endothe-
lium under flow, mediating signal transduction and firm adhe-
sion.20,35 For these experiments we examined the role of CD62L
because it is expressed by most monocytes and has been implicated
in mediating inflammatory monocyte migration.6 PSGL-1 was also
chosen as the interaction between P- and E-selectin and PSGL-1
induces changes in integrin function and increased adhesion of
monocytes to endothelium in vitro,30 but to date there is no record
of its role in mediating monocyte function in delayed-type hyper-
sensitivity (DTH) inflammation in vivo. CD44 was also included in

this study because both CD44 and its ligand hyaluronan are
up-regulated in the EAU eye,16 and, although implicated in
lymphocyte function in both in the uveitic eye and other DTH
models, no specific role for CD44 in monocyte trafficking has been
identified. Antibodies to CD11a were included to confirm that
LFA-1 has no role in monocyte adhesion and diapedesis in vivo in
our model, and it provided a useful additional negative control for
our assays. VLA-4 has been implicated in monocyte trafficking in
other models, but inclusion of this integrin was considered beyond
the scope of this study because VLA-4 was shown not be involved
in monocyte attachment under flow,36 and is not specifically
up-regulated in retinal venules in EAU.16

Our experiments show that, although PSGL-1 has a partial role
in regulating monocyte migration into the inflamed retina, CD62L
and CD44 were absolutely required for effective monocyte traffick-
ing to the retina in EAU. The accumulation of monocytes in the
spleens of CD62L mAb–treated EAU but not control mice is
unexplained. Immunostaining of lymph nodes and spleens from
normal and EAU mice showed no obvious differences in the
expression of CD44 or CD62L (data not shown). This is perhaps
not surprising because in this organ-specific inflammatory model,
the focus of inflammation is limited to the retina of the eye. The
restriction of EGFP� cells to the subcapsular region of the lymph
nodes in MEL-14–treated mice is consistent with a defect in the
ability of these cells to traverse high endothelial venule (HEVs),
particularly during inflammation. In contrast, the spleen has no
HEVs so in MEL-14–treated animals monocytes were able traffic
freely through this tissue.

MEL-14 mAb at high concentrations (100 �/mouse) were
reported to affect cell trafficking, particularly of lymphocytes,29 but
a dose of 30 �g/mouse per day appeared to have no significant
effect on monocyte trafficking in our control mice. Sialomucin
(CD43) as well as CD62L is involved in monocyte migration into
lymph nodes from the blood by HEVs,14 and our data would
indicate that CD62L is not necessary or largely redundant in
monocyte trafficking in the normal mouse, consistent with data
from L-selectin–deficient mice.37 The inflammation-specific nature
of sequestering would imply that monocyte-expressed CD62L or
its endothelial cell–expressed ligands have undergone modification
in response to the EAU inflammatory response in the host, allowing
the adhesive interactions necessary for monocyte adhesion and
migration.35 Our previous observation that rolling is an acquired
characteristic of adoptively transferred CD62L� monocytes in
mice with EAU and that inflamed endothelium alone does not
permit monocyte rolling3 would suggest that it is monocyte-
expressed ligand changes as well as endothelial cell–expressed
ligand changes that are critical for rolling. Flow cytometric analysis
of CD62L expression on monocytes retrieved from the circulation
of normal and untreated EAU mice showed no significant differ-
ences in CD62L expression (percentage and geo-MFI; data not
shown), indicating that factors other than receptor density may
determine L-selectin–dependent monocyte rolling.

CD44-deficient mice also show no obvious immunologic de-
fects until challenged with infection or inflammation,38 and post-
translational modification of CD44 can alter function at different
stages of disease.18 Our data are therefore consistent with previous
studies that have suggested that CD44 is not important for normal
T-cell trafficking to lymph nodes and that physiologic changes
associated with inflammation alter hierarchy of adhesion molecule
function to allow selective recruitment of T cells to lymphoid or
inflammatory site, and is the first indication that CD44 also has a
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specific role in monocyte trafficking during inflammation. Al-
though distribution of monocytes in the MEL-14–treated mice can
be rationalized as an effect on MEL-14–dependent trafficking at the
HEVs, the reduced numbers of EGFP� cells in the spleens are more
difficult to understand. CD44 clearly has a role in trafficking,
particularly during inflammation, and monocytes were able to enter
the spleen rapidly after adoptive transfer in IM7-treated mice. The
localization of large numbers of these cells both with the red pulp
and around the marginal zone at 30 minutes after transfer and later
loss in inflammation could have 2 explanations: (1) the cells were
targeted for clearance; (2) the cells became sequestered in another
compartment (such as the bone marrow). We believe the second
explanation is more likely because IM7 is widely used as a
blocking antibody in functional studies, cells were not found in the
lungs or liver in any number, and the simple clearance of antibody
opsonized cells would be independent of inflammation.

In conclusion, we demonstrate for the first time that the
mechanisms controlling monocyte recirculation through peripheral
and lymphoid tissues by the blood alters during inflammation, and
we also show that the effect is systemic. Differential trafficking is
known to be required for the selective recruitment of naive or
effector T cells either to sites of inflammation or to lymphoid
tissues.37,38 Our data suggest that differential trafficking of mono-
cytes also occurs during inflammation and that regulation of ligand
density or posttranslational modification of CD44 and CD62L may
be involved. Thus, posttranslational modification of CD44 is
required to maintain monocytes within the circulation during
inflammation and mediate homing to the inflammatory site, and
CD62L may be less important during inflammation but necessary
for recruitment to the lymph node. PSGL-1 was also shown to be
involved in monocyte rolling and recruitment to an inflammatory

site. The SLO data also support our earlier hypothesis that
monocytes must undergo maturation and differentiation in the
circulation before they acquire the ability to roll on inflamed
endothelium and that changes in monocyte receptor function are
crucial events that enable inflammatory monocytes to traffic to the
site of inflammation. To date there is little information on monocyte
trafficking in vivo during inflammation. This study highlights the
dynamic relation between CD44 and CD62L in controlling mono-
cyte trafficking in vivo. Understanding the mechanisms controlling
differential trafficking of immature and inflammatory monocytes as
well as naive and effector T cells will be required for effective
control of chronic inflammation in the future.

Acknowledgment

This work was supported by The Wellcome Trust.

Authorship

Contribution: J.L. directed the research and wrote the paper; A.M.
operated the SLO analysis; H.X. carried out the SLO analysis,
prepared the figures, and contributed to the manuscript; I.C.
assisted with experimental design and contributed to the manu-
script; R.D. prepared and scored the tissue sections and provided
technical support.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Janet Liversidge, University of Aberdeen
Institute of Medical Sciences, Foresterhill, Aberdeen, AB25 2ZD
United Kingdom; e-mail: j.liversidge@abdn.ac.uk.

References

1. van Furth R. Phagocytic cells: development and
distribution of mononuclear phagocytes in normal
steady state and inflammation. In: Gallin JI, Gold-
stein IM, Snyderman R, eds. Inflammation: Basic
Principles and Clinical Correlates. New York, NY:
Raven Press; 1988:281-295.

2. Randolph GJ, Beaulieu S, Lebecque S, Steinman
RM, Muller WA. Differentiation of monocytes into
dendritic cells in a model of transendothelial traf-
ficking. Science. 1998;282:480-483.

3. Xu H, Manivannan A, Dawson R, et al. Differen-
tiation to the CCR2� inflammatory phenotype in
vivo is a constitutive, time-limited property of
blood monocytes and is independent of local in-
flammatory mediators. J Immunol. 2005;175:
6915-6923.

4. Geissmann F, Jung S, Littman DR. Blood mono-
cytes consist of two principal subsets with distinct
migratory properties. Immunity. 2003;19:71-82.

5. Luster AD, Alon R, von Andrian UH. Immune cell
migration in inflammation: present and future
therapeutic targets. Nat Immunol. 2005;6:1182-
1190.

6. Tacke F, Randolph GJ. Migratory fate and differ-
entiation of blood monocyte subsets. Immunobi-
ology. 2006;211:609-618.

7. Imhof BA, Engelhardt B, Vadas M. Novel mecha-
nisms of the transendothelial migration of leuko-
cytes. Trends Immunol. 2001;22:411-414.

8. Schenkel AR, Mamdouh Z, Muller WA. Locomo-
tion of monocytes on endothelium is a critical step
during extravasation. Nat Immunol. 2004;5:393-
400.

9. Luscinskas FW, Lawler J. Integrins as dynamic
regulators of vascular function. FASEB J. 1994;8:
929-938.

10. Luscinskas FW, Kansas GS, Ding H, et al. Mono-
cyte rolling, arrest and spreading on IL-4-acti-
vated vascular endothelium under flow is medi-
ated via sequential action of L-selectin, beta
1-integrins, and beta 2-integrins. J Cell Biol.
1994;125:1417-1427.

11. Puri KD, Finger EB, Springer TA. The faster kinet-
ics of L-selectin than of E-selectin and P-selectin
rolling at comparable binding strength. J Immu-
nol. 1997;158:405-413.

12. Finger EB, Puri KD, Alon R, et al. Adhesion
through L-selectin requires a threshold hydrody-
namic shear. Nature. 1996;379:266-269.

13. Leppanen A, Yago T, Otto VI, McEver RP,
Cummings RD. Model glycosulfopeptides from
P-selectin glycoprotein ligand-1 require ty-
rosine sulfation and a core 2-branched O-gly-
can to bind to L-selectin. J Biol Chem. 2003;
278:26391-26400.

14. Imhof BA, Aurrand-Lions M. Adhesion mecha-
nisms regulating the migration of monocytes. Nat
Rev Immunol. 2004;4:432-444.

15. Xu H, Manivannan A, Jiang H-R, et al. Recruit-
ment of IFN-�-producing (Th1-like) cells into the
inflamed retina in vivo is preferentially regulated
by P-selectin glycoprotein ligand 1:P/E-selectin
interactions. J Immunol. 2004;172:3215-3224.

16. Xu H, Forrester JV, Liversidge J, Crane IJ. Leuko-
cyte trafficking in experimental autoimmune uve-
itis: breakdown of blood-retinal barrier and up-
regulation of cellular adhesion molecules. Invest
Ophthalmol Vis Sci. 2003;44:226-234.

17. Xu H, Manivannan A, Goatman KA, et al. Reduc-
tion in shear stress, activation of the endothelium,
and leukocyte priming are all required for leuko-
cyte passage across the blood–retina barrier.
J Leukoc Biol. 2004;75:224-232.

18. Cichy J, Pure E. The liberation of CD44. J Cell
Biol. 2003;161:839-843.

19. Xu H, Manivannan A, Liversidge J, et al. Involve-
ment of CD44 in leukocyte trafficking at the
blood-retinal barrier. J Leukoc Biol. 2002;72:
1133-1141.

20. Ley K, Bullard DC, Arbones ML, et al. Sequential
contribution of L- and P-selectin to leukocyte roll-
ing in vivo. J Exp Med. 1995;181:669-675.

21. Taylor N, McConachie K, Calder C, et al. En-
hanced tolerance to autoimmune uveitis in
CD200-deficient mice correlates with a pro-
nounced Th2 switch in response to antigen chal-
lenge. J Immunol. 2005;174:143-154.

22. Xu H, Manivannan A, Goatman KA, et al. Im-
proved leukocyte tracking in mouse retinal and
choroidal circulation. Exp Eye Res. 2002;74:403-
410.

23. Crane IJ, Xu H, Manivannan A, et al. Effect of
anti-macrophage inflammatory protein 1	 on leu-
kocyte trafficking and disease progression in ex-
perimental autoimmune uveoretinitis. Eur J Im-
munol. 2003;33:402-410.

24. Crane IJ, Xu H, Wallace C, et al. Involvement of
CCR5 in the passage of Th1-type cells across the
blood-retina barrier in experimental autoimmune
uveitis. J Leukoc Biol. 2006;79:435-443.

25. Hua Q, Knudson CB, Knudson W. Internaliza-
tion of hyaluronan by chondrocytes occurs via
receptor-mediated endocytosis. J Cell Sci.
1993;106(Pt 1):365-375.

26. Borges E, Eytner R, Moll T, et al. The P-selectin
glycoprotein ligand-1 is important for recruitment
of neutrophils into inflamed mouse peritoneum.
Blood. 1997;90:1934-1942.

INFLAMMATORY MONOCYTE TRAFFICKING IN VIVO 1173BLOOD, 15 AUGUST 2008 � VOLUME 112, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/112/4/1166/1457650/zh801608001166.pdf by guest on 08 June 2024



27. Saban MR, Saban R, Bjorling D, Haak-Frendscho
M. Involvement of leukotrienes, TNF-alpha, and
the LFA-1/ICAM-1 interaction in substance P-in-
duced granulocyte infiltration. J Leukoc Biol.
1997;61:445-451.

28. Bowen BR, Fennie C, Lasky LA. The Mel 14 anti-
body binds to the lectin domain of the murine pe-
ripheral lymph node homing receptor. J Cell Biol.
1990;110:147-153.

29. Lepault F, Gagnerault MC, Faveeuw C, Boitard C.
Recirculation, phenotype and functions of lym-
phocytes in mice treated with monoclonal anti-
body MEL-14. Eur J Immunol. 1994;24:3106-
3112.

30. Costa Martins PA, van Gils JM, Mol A, Hordijk PL,
Zwaginga JJ. Platelet binding to monocytes in-
creases the adhesive properties of monocytes by
up-regulating the expression and functionality of

beta1 and beta2 integrins. J Leukoc Biol. 2006;
79:499-507.

31. Kanamori A, Kojima N, Uchimura K, et al. Distinct
sulfation requirements of selectins disclosed us-
ing cells that support rolling mediated by all three
selectins under shear flow. L-selectin prefers car-
bohydrate 6-sulfation to tyrosine sulfation,
whereas p-selectin does not. J Biol Chem. 2002;
277:32578-32586.

32. Alon R, Chen S, Puri KD, Finger EB, Springer TA.
The kinetics of L-selectin tethers and the me-
chanics of selectin-mediated rolling. J Cell Biol.
1997;138:1169-1180.

33. Ridger VC, Hellewell PG, Norman KE. L- and P-
selectins collaborate to support leukocyte rolling
in vivo when high-affinity P-selectin-P-selectin
glycoprotein ligand-1 interaction is inhibited. Am J
Pathol. 2005;166:945-952.

34. Sunderkotter C, Nikolic T, Dillon MJ, et al. Sub-

populations of mouse blood monocytes differ in
maturation stage and inflammatory response.
J Immunol. 2004;172:4410-4417.

35. Rosen SD. Ligands for L-selectin: homing, inflam-
mation, and beyond. Annu Rev Immunol. 2004;
22:129-156.

36. Luscinskas FW, Ding H, Tan P, et al. L- and P-
selectins, but not CD49d (VLA-4) integrins, medi-
ate monocyte initial attachment to TNF-alpha-
activated vascular endothelium under flow in
vitro. J Immunol. 1996;157:326-335.

37. Steeber DA, Green NE, Sato S, Tedder TF. Lym-
phocyte migration in L-selectin-deficient mice.
Altered subset migration and aging of the im-
mune system. J Immunol. 1996;157:1096-1106.

38. Stoop R, Gal I, Glant TT, McNeish JD, Mikecz K.
Trafficking of CD44-deficient murine lymphocytes
under normal and inflammatory conditions. Eur
J Immunol. 2002;32:2532-2542.

1174 XU et al BLOOD, 15 AUGUST 2008 � VOLUME 112, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/112/4/1166/1457650/zh801608001166.pdf by guest on 08 June 2024


