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Introduction

Summary

The local immune response is characterized by an increase in the rate of
entry of lymphocytes from the blood into regional lymph nodes and
changes in the output of cells in lymph. While significant data are avail-
able regarding the role of inflammation-induced vascular adhesion proces-
ses in regulating lymphocyte entry into inflamed tissues and lymph
nodes, relatively little is known about the molecular processes governing
lymphocyte exit into efferent lymph. We have defined a novel role for
lymphatic endothelial cells in the regulation of lymphocyte exit during a
delayed type hypersensitivity (DTH) response to mycobacterial purified
protein derivative (PPD). Soluble, pro-adhesive factors were identified in
efferent lymph concomitant with reduced lymphocyte output in lymph,
which significantly increased lymphocyte binding to lymphatic endothelial
cells. While all lymphocyte subsets were retained, CD4" T cells appeared
less susceptible than others. Among a panel of cytokines in inflammatory
lymph plasma, interferon (IFN)-y alone appeared responsible for this
retention. In vitro adhesion assays using physiological levels of IFN-y con-
firmed the interaction between recirculating lymphocytes and lymphatic
endothelium. These data demonstrate a new level of immune regulation,
whereby the exit of recirculating lymphocytes from lymph nodes is selec-
tively and sequentially regulated by cytokines in a manner equally as com-
plex as lymphocyte recruitment.
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recirculation

the full process of lymphocyte recirculation involves not
only blood-to-tissue migration, but also their return

Lymphocytes recirculate continuously between blood, tis-
sues and the lymphatic system.! While lymphocytes are
capable of recirculating through virtually any vascularized
tissue, 90% of traffic occurs through lymph nodes.”
Although these processes were described originally at the
whole-animal and organ level, the advent of molecular
technologies has allowed the cellular processes regulating
the blood-to-tissue migration of lymphocytes to be better
defined. It is now clear that lymphocytes, like neutrophils,
exit the blood through a regulated, multistep mole-
cular interaction between vascular endothelial cells and
lymphocytes.” However, it is important to remember that

to blood via efferent lymph.* Large animal models offer
unique surgical advantages for the study of lymphocyte
traffic, in that it is possible to directly cannulate individ-
ual lymphatic vessels draining defined lymphoid and
non-lymphoid tissues. It is therefore possible to analyse
quantitatively and qualitatively the traffic of lymph cells
through lymph nodes under physiological conditions for
extended periods of time, and as a result more is known
about the traffic of cells through lymph nodes in sheep
than in any other species.’

Under normal conditions, the output of cells in efferent
lymph is remarkably stable, and can in fact be quantified

Abbreviations: CFSE, carboxyfluorescein diacetate succinimydl ester; IHC, immunohistochemistry; OCT, optimal cooling

temperature.
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Lymphatic endothelium has a role in lymph node shut-down

based on organ weight such that 30 x 10° lymphocytes
exit per gram of lymph node each hr.”> However, antigen
stimulation causes marked, well-documented changes in
the exit of recirculating lymphocytes in the efferent lymph
of stimulated nodes.® Virtually all antigens are capable
of inducing an increase in cellular output from lymph
nodes, but some antigens, including purified protein
derivative (PPD) in bacille Calmette—~Guérin (BCG)-sensi-
tized animals, also evoke a period of decreased lympho-
cyte release within hours of antigen injection, which has
been termed ‘shut-down’.”® Intriguingly, it has been dem-
onstrated clearly that the shut-down response occurs con-
comitantly with an increased rate of entry of lymphocytes
from the blood” indicating that lymphocytes are retained
specifically within the lymph node at this early time-
point. Following shut-down, there is a marked increase in
the output of lymphocytes from the stimulated lymph
node and includes increased numbers of blast cells and
antigen specific cells.” It is hypothesized that increasing
lymphocyte traffic into the node enhances the probability
of specific lymphocytes encountering their antigen during
an immune response, but the precise role and mechanism
of shut-down remains unclear.

The mechanisms involved in lymph node shut-down
are unresolved; however, it seems likely that exit regula-
tion may parallel entry processes and involve adhesion
molecules, chemokines and cytokines. A recent report
showed that endothelia isolated from different tissues dif-
ferentially up-regulated chemokines and adhesion mole-
cules in response to tumour necrosis factor (TNF)-a,
IFN-y and transforming growth factor (TGF)-B."> A sim-
ilar effect may be seen in vivo within an antigen-stimula-
ted lymph node, as cytokines are produced and may
induce the expression of lymphocyte-specific adhesion
molecules on both high endothelial venules and lymphatic
endothelium. In culture, TNF-o increases the ability of
lymphatic endothelial cells to bind lymphocytes.'" Fur-
thermore, local injection of TNF-a will induce the expres-
sion of the endothelial inflammatory adhesion receptor
VCAM-1 on lymphatic vessels within the lymph node
that may serve to preferentially sequester y3-T cells.'?
Therefore it appears that cytokines, chemokines and
endothelia work in concert to increase lymphocyte traf-
fic and retention within lymph nodes during antigen
stimulation.

In an effort to uncover potential mediators of shut-
down in a physiological model of T cell immunity, we
collected efferent lymph from a lymph node draining
a PPD-induced delayed type hypersensitivity reaction
(DTH). This antigen was chosen as previous reports have
demonstrated that PPD reproducibly induces lymph node
shut-down.”® In order to isolate and identify soluble
mediators of shut-down, the effects of cell-free lymph
plasma obtained at various stages of lymph node shut-
down were screened using an in vitro assay of lymphocyte
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binding to cultured lymphatic endothelium and levels of
soluble cytokines were measured. In an effort to investi-
gate specificity in the shut-down response, we have exam-
ined the effects of shut-down on the migration of blood
(PBL) and efferent lymph lymphocytes (ELL) through the
stimulated lymph node.

Materials and methods

Animals, immunization and antigen stimulation

Randomly bred, adult ewes were obtained from Versuchs-
betrieb Sennweid (Olsberg, Switzerland). Handling and
treatment of the animals was conducted according to pro-
tocols approved by the regional government authority,
the Kantonales Veterindramt. The sheep were immunized
with a single injection of BCG equivalent to five times the
normal human dose (Institut Serotherapique et Vaccinal
Suisse Berne) at least 21 days prior to surgery. To pro-
voke a delayed hypersensitivity lesion, either 50 mg or
100 mg PPD (Statens Seruminstitut) was suspended in
1 ml of saline with 2% Evan’s blue and injected intra-
dermally in multiple sites in the drainage area of the
cannulated lymph node, as described previously.® The
appearance of Evan’s Blue dye in the draining efferent
lymph was evidence that the lesion was provoked in the
drainage area of the cannulated lymph node.

Surgical procedures

All surgical procedures were performed under aseptic
conditions and analgesic was administered as needed post-
operatively. Cannulation of prescapular efferent lymphatics
was carried out as described previously."” During surgery, a
roentgenography catheter vein with a three-way stopcock
attached (Becton Dickinson, Franklin Lakes, NJ) was
inserted into the jugular vein, as described previously."
Lymph was collected into sterile bottles sutured to the skin
of the animal, which contained penicillin and heparin
as described previously.”> All animals were allowed to
recuperate for at least 2 days before injection of PPD.

Cell collection and labelling

Efferent lymph lymphocytes (ELLs) were labelled with
either of the lipophilic dyes PKH-2 (Sigma, St. Louis,
MO)™ or Dil-DS (Molecular Probes, Eugene, OR)" as
described previously. Mononuclear cells were harvested
using centrifugation over Percoll and labelled with
carboxyfluorescein diacetate succinimydl ester (CFSE) as
described previously."* Both blood and lymph cells were
resuspened in saline for intravenous injection. After
re-injection, the concentration of labelled cells was allowed
to stabilize in lymph and blood for at least 48 hr before
experiments were started.
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Cell tracking and immunophenotyping

Lymphocytes were harvested from lymph by centrifuga-
tion at 450 g and washed twice with phosphate buffered
saline (PBS). Blood cells were harvested by hypotonic
lysis using distilled water and washed with PBS. Immuno-
phenotyping was performed as described previously using
well-characterized antibodies'* against ovine CD4 [mono-
clonal antibody (mAb) 17D], CD8 (mAb 7C2), CD21
(mAb 2-87) and yd T cells (mAb 86D) using a goat-anti-
mouse allophycocyanin conjugated secondary antibody
(Molecular Probes, Eugene, OR). Labelled cells were
analysed using a FACScalibur (Becton Dickinson). The
phenotype of lymphocytes present in lymph nodes during
lymph node shut-down was also examined. The right
popliteal lymph node was stimulated with PPD as des-
cribed and the contralateral lymph node treated with an
equal volume of Evan’s Blue saline. After 15 hr (which
was determined to be the period of maximum shut-
down) the sheep were killed and the lymph nodes
removed. Half the lymph node was embedded in optimal
cooling temperature (OCT) and frozen for immunohisto-
chemistry, while the remainder was minced, the mono-
nuclear cells purified using a Percoll gradient, and
immunophenotyped as above.

Lymphocyte/endothelial binding assay

Ovine lymphatic endothelial cells were cultured and the
binding assay performed as described previously.'' Care
was taken during the dissection of the lymphatic to
exclude any overlaying tissue so that blood vessels were
not present. The cultures had the typical cobblestone
appearance of lymphatic endothelial cells. Lymph plasma
was harvested at various times both before and after PPD
stimulation by harvesting cells at 450 g for 7 min. The
cell-free supernatant was removed and stored at —70°
until analysis. Lymphatic endothelium was digested from
intact mesenteric efferent lymphatics, cultured until con-
fluence and binding assays carried out between passages
6 and 15. Endothelial cells were characterized by their
ability to uptake Dil-acetylated LDL according to the
manufacturer’s instructions (Molecular Probes). The
endothelium was stimulated with lymph plasma, cyto-
kines or media for 17 hr, after which the monolayers
were washed extensively with PBS. In later experiments,
CD4" T cells were purified from efferent lymph or per-
ipheral blood mononuclear cells by negative selection
panning. Briefly, large, sterile Petri dishes were coated
with 12-15 ml of a solution of sheep-anti-mouse IgG
antisera (Cappel no. 55466) in PBS and incubated over-
night at 4C. The antibody solution was removed and the
plates washed extensively with PBS. The plates were then
blocked with 12-15 ml of PBS containing 5% fetal calf
serum (FCS) for 15 min at room temperature. Cells were
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stained with appropriate primary antibodies against CD8*
T cells, y6-T cells, a pan-granulocyte/myeloid marker
analogous to murine CD66, and B cells (CD8: mAb 6-87;
v6-TcR mAb 127-5; CD66 mAb 1-44-19; B cells mAb
2-104'">'15) " and washed three times to remove
unbound antibody; 10® total cells were then dissolved in
12-15 ml PBS containing 2% FCS, and added to the
plate. Plates were incubated for 1 h at 4° and the
non-adherent CD4" T cell population collected in a final
volume of 30 ml. Selected lymphocytes were labelled with
111-Indium oxine (111-In) and 1 x 10° were added to
the stimulated endothelium. After 1 hr non-adherent cells
were removed by vigorous washing, the adherent cells
lysed, and total radioactivity determined in a gamma
counter. The raw counts were divided by the total radio-
activity added and expressed as the percentage bound.

Cytokine immunoassays

Matched pairs of ovine cytokine specific antibodies for
IL-1, IL-6, and IL-8 were obtained from Serotec (Raleigh,
NC). Antibodies against ovine TNF were obtained from the
Center for Animal Biotechnology (Melbourne, Australia).
Each pair was composed of a monoclonal murine antibody
and a polyclonal rabbit antiserum. The immunoassays were
performed as described previously using 0-1% alpha casein
as the blocking agent.'® The murine antibody was used as
the capture antibody, followed by the rabbit serum, which
was detected by horseradish peroxidase-conjugated goat
anti-rabbit IgG and visualized using tetramethylbenzidine
substrate (Sigma). IFN-y was detected using the BOVI-
GAM commercial kit obtained from CSL Veterinary
according to the manufacturer’s instructions (Victoria,
Australia). Recombinant bovine IFN-y was a kind gift from
Dr Stephen Jones, CSL Veterinary. The BOVIGAM kit
cross-reacts with ovine IFN-y (product insert and our own
unpublished observations). All samples from each experi-
ment were run in duplicate for the respective cytokine on
the same day and included a standard curve and controls.

Immunohistochemistry

Immunohistochemistry was performed on the lymph
nodes harvested during the shut-down period. Monoclonal
murine antibodies against IL-6, IL-1, IL-8, TNF-a, CD4,
CD8, CD21 and vy3 T cells were used (sources as above).
The staining was performed as described previously with
the optimal dilution of primary antibody determined by
previous titration.® Diaminobenzidine was used to visual-
ize the reaction and Giemsa used as a light counterstain.

Statistics
To pool the data from multiple animals, the values

obtained during the baseline period were averaged. All
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values were then divided by this baseline value, to give a
relative change over the course of the experiment. A value
of more than 1 indicates an increase over the baseline
value, while a number lower than 1 indicates a decrease.
Where applicable, an analysis of variance (ANova) with
appropriate post-hoc tests and two-tailed t-test with a
P < 0-05 was used to determine significance.

Results

PPD-induced shut-down preferentially affects
recirculating lymphocytes

The injection of 50 pg of PPD into the drainage area of
the lymph node caused the cell output in efferent lymph
to decrease followed by an increase (Fig. 1). The shut-
down response reached its nadir approximately 15 hr
post-injection, and started to increase by approximately
32 hr post-injection. This is similar to numerous previous
reports using different antigens.>®'”

In three separate experiments the phenotype of
lymphocytes exiting during lymph node shut-down was
investigated. Although the absolute number of CD4, CD8,
vd T cells and B cells was decreased uniformly during
shut-down, the percentage of CD4 cells in the efferent
lymph increased relative to other subsets (Fig. 2). There-
fore, while the total number of exiting CD4 lymphocytes
decreased during the shut-down period, they appeared to
form a greater percentage of exiting lymphocytes. This
implied that CD4" T cells may have been less susceptible
to the retaining effects of PPD stimulation.

It is now clear that not all lymphocytes are equally
adept at recirculation. To investigate if shut-down had a
selective effect on highly mobile lymphocytes of the recir-
culating lymphocyte pool, we compared the ability of
labelled PBLs (poorly recirculating) and labelled ELLs
(rapidly recirculating) to transit stimulated lymph nodes.
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Figure 2. Blood CD4" T cells are retained to a lesser degree than
other subsets during DTH-induced shut-down. The number of all
measured lymphocyte subsets decreases during the period of lymph
node shut-down. (a) CD8 (M), yd (A) and CD21 (@) percentages
also decrease during lymph node shut-down but the percentage of
CD4 (#®) increases (b). To determine which of the pools of lympho-
cytes was responsible, three-colour FACs analysis was performed.
The CFSE-labelled blood pool of lymphocytes (c) shows an increase
in the CD4 subset. The recirculating lymph pool of lymphocytes
labelled with DiI-DS also shows an increase in the percentage of
CD4 cells (d), but not as large as the blood pool of lympho-
cytes. Ratios are calculated as in Fig. 1, and are the means of three
animals. Arrow indicates time of PPD injection (results presented as
mean = SEM).
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Figure 1. The output of lymphocytes in the efferent lymph decreases significantly over the first 24 hr after initiation of a DTH response: there

was a substantial decrease in the hourly output of lymphocytes in regional efferent lymph after the injection of 50 pg of PPD into the drainage

area of a prescapular lymph node (n = 3). Ratios for individual experiments were determined by dividing measured cell output over a given

experimental period by the average output obtained during the baseline period. These ratios were then pooled for three animals. The arrow indi-

cates the time of PPD injection (results presented as mean + SEM).
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Irrespective of the source of labelled cells, the propor-
tion of CD4 cells from both labelled pools were increased
in efferent lymph during peak shut-down. However,
retention appeared to be much more effective on CD4
positive T cells of the recirculating lymphocyte pool.
Labelled blood CD4 cells increased 300% over baseline
values and lymph CD4 cells by only 50% (Fig. 2). B cells,
CD8 and 3 T cells from either pool were sequestered
within the lymph node to a similar extent. These results
confirm previous reports that CD4" T cells are differen-
tially retained during lymph node shut-down compared
to B cells, CD8 and yd T cells. However, it seems clear
that subsets of CD4" T cells are differentially affected,
depending upon their recirculation capacity.

Pro-adhesive factors are present in efferent lymph
during shut-down

Factors, including cytokines, produced locally within the
lymph node, can be detected in efferent lymph. To deter-
mine if soluble factors in efferent lymph were capable of
inducing lymphocyte binding to lymphatic endothelium,
lymph plasma was collected prior to and during the max-
imal shut-down response and tested in an in vitro model.
Lymph plasma harvested either before PPD stimulation or
during the first 6 hr post-injection did not increase lym-
phocyte binding to lymphatic endothelial monolayers in
four separate experiments (Fig. 3). In contrast, lymph sam-
ples taken during maximal lymph node shut-down caused
a significant increase in the binding of lymphocytes to
lymphatic endothelium. This ability to increase lympho-
cyte binding gradually decreased as lymph node output
increased following shut-down. Both carotid artery and
jugular vein vascular endothelial cells were examined in
parallel and also exhibited increased binding when stimula-
ted with cytokines (data not shown). In control experi-
ments, both TNF-o and IFN-y increased lymphocyte
binding to a similar degree as efferent lymph samples.
These results indicated that soluble substances were present
in lymph plasma, which acted on lymphatic endothelial
cells to increase adhesive processes for ELL. We therefore
decided to test for the presence of immunoactive cytokines
in the lymph plasma draining a stimulated lymph node.

Bioactivity of efferent lymph corresponds to the
presence of IL-6 and IFN-y

The levels of TNF-a, IFN-v, IL-1f, IL-6 and IL-8 in efferent
lymph plasma were measured in three separate experiments.
The limit of detection for the enzyme-linked immuno-
sorbent assays (ELISAs) was 0-1 ng/ml for all cytokines
except the TNF-a assay. Unfortunately, no ovine TNF-a of
a known concentration was available, therefore a standard
curve was not constructed. None the less, it was possible to
establish variation from baseline values for this assay.
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Figure 3. Efferent lymph plasma collected during shut-down signifi-
cantly increases lymphocytes binding to lymphatic endothelial cells
in vitro. Lymph plasma was collected from the efferent lymph draining
a DTH-stimulated lymph node, and cells removed by centrifugation.
Individual samples were incubated with confluent cultures of lympha-
tic endothelium in the well-established binding assay. Numbered sam-
ples in the upper panel correspond to the lymph sample number in the
lower panel. Samples obtained during lymph node shut-down signifi-
cantly increased the binding of lymphocytes to lymphatic endothelium
relative to other lymph samples (*P < 0-05, ANOVA).

In normal unstimulated lymph the levels of these
cytokines were not consistently detectable. There was no
increase in TNF-o, IL-1$ and IL-8 in the lymph during
antigen stimulation (Fig. 4). In contrast, IFN-y and IL-6
were increased beginning 6 hr after the PPD injection.
The peak concentration of IL-6 and IFN-y corresponded
to the period of maximum lymph node shut-down
(Fig. 1). IL-1B did not reach the detection limit of the
ELISA assay (0-1 ng/ml) at any time tested.

Evan’s Blue dye (used as a marker in the PPD injec-
tions) was present in significant amounts in some of the
lymph samples collected soon after injection. To test if
Evans Blue affected the cytokine ELISAs it was added to
lymph plasma and cytokine levels were determined. The
addition of Evan’s Blue dye did not cause a deviation in
the cytokine levels. To determine if inhibitory substances
were present in lymph, cytokine was added exogenously
to known negative lymph. The added cytokine was detec-
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ng/ml

ng/mil

Figure 4. IL-6 and IFN-y are increased in the
efferent lymph concomitant with maximal
shut-down. Lymph, collected as in Fig. 3, was
tested in ELISA as described. IL-6 and IFN-y
are both increased over baseline measurements
during the period of maximal lymphocyte
retention in the lymph node. IL-8 and TNF-a
are not increased during this time. IL-1B
results were below the limits of detection for
the assay (mean results from three animals +
SEM).

ted in expected concentrations, indicating that no inter-
fering substances were present (data not shown).

Lymphatic endothelial cells can be stimulated by
physiological levels of IFN-y to bind ELL

To determine if preferential binding of recirculating CD4"
T cells within the lymph node could be accounted for by
the increase in IFN-y production, in vitro binding assays
were performed using labelled blood or lymph CD4*
T cells. Using similar concentrations of IFN-y to those
found in efferent lymph, we found a significant increase in
lymphocyte binding to endothelial cells. The baseline
binding of PBL CD4 cells was significantly greater then
ELL CD4 T cells. However, ELL CD4 cells increased their
binding to IFN-vy stimulated lymphatic endothelium to a
greater extent compared to blood CD4 cells (Table 1).
Therefore, it appears that the ELL CD4" T cells recovered
in lymph are better able to increase their binding even at
low concentrations of IFN-y. This effect appeared to be
saturable, as 100 ng/ml of IFN-y was no more effective in
stimulating the endothelium then 10 ng/ml.

No difference in lymphocyte subsets in the lymph
node during lymph node shut-down

To examine whether shut-down would transiently expand
the numbers of T or B cell subsets within the local lymph
node, regional lymph nodes draining either PPD-injected
or saline-injected skin were excised during the maximal
shut-down phase and the percentage of CD4*, CD8",
CD21" and v8-TcR" cells determined by flow cytometry.
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Table 1. Differential binding of blood versus lymph CD4 cells to
lymphatic endothelium'

Experimental conditions Blood CD4 cells Lymph CD4 cells

ECt + media 6-15 + 0-49* 2-85 + 0-26
EC + 1 ng IFN-y 8:96 + 1.14 6-01 + 0-49%
EC + 10 ng IFN-y 1158 + 1-49% 7-00 * 0-71%
EC + 100 ng IFN-y 12:08 + 1-16% 6-24 + 0-77%
EC + 100 ng TNF 10-2 + 2:99 4-04 + 0-49

'"PBL and ELL were separated by standard panning methods and
radiolabelled. Lymphatic endothelium was stimulated with cytokines
for 17 hr, washed and radiolabelled lymphocytes added. After 1 hr
non-adherent lymphocytes were removed by washing and the
remaining radioactivity determined.

*Average = SEM of the percentage bound of the added lymphocytes
in four experiments.

tEC = lymphatic endothelial cell.

IStatistically significant (P < 0-05) compared to media alone.

There was no significant difference in lymphocyte pheno-
types between the PPD-stimulated lymph node and the
contralateral NaCl-stimulated lymph node with respect to
CD4, CD8, CD21 and yd T cells. These data show that
while shut-down induces significant changes in the effer-
ent lymph cell populations, there is no measurable change
in the distribution of lymphocyte subsets in stimulated
lymph nodes as a whole during shut-down (Table 2).

Discussion

In these experiments we investigated mechanisms invol-
ved in the sequestration of lymphocytes in lymph nodes
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Table 2. Subset-specific retention of lymphocyte subsets is restricted
to the recirculating lymphocyte pool’

Lymphocyte subset PPD stimulated Saline control

CD4 41-5% (34-5, 48.5) 37-1 (342, 40-0)
CD8 189 (19-5, 18-2) 189 (195, 18-2)
v 4.6 (58, 33) 4.5 (62, 2-8)

CD21 45.7 (43-0, 48-4) 42.7 (39-2, 32:0)

'"PPD or saline was infused into the drainage area of prefemoral
lymph nodes, which were removed 19 hr later (during the time of
maximum lymph node shut-down as measured in the efferent
lymph). Cell suspensions were prepared, and the phenotype of cells
in the normal and stimulated lymph node compared. No significant
differences were evident between the PPD and the saline injected
lymph node (*average of two experiments). Numbers in parentheses
give the measured proportion of each subset in each of the two
sheep.

during antigen-induced lymph node shut-down. We simul-
taneously examined cytokine production, the migration of
the blood/lymph pools of lymphocytes and their pheno-
type during a PPD induced DTH response.

Mackay et al. demonstrated an increase in the percent-
age of CD4 cells during lymph node shut-down® similar
to the results reported in this study. They also noted a
decrease in the number of exiting CD4 cells, although not
as marked as reported here. Bujdoso et al.” reported an
increase in the percentage of CD4 cells 24 hr after the
injection of PPD, but the number of cells was not deter-
mined. These slight differences may be due to differences
in vaccination schedules. Nevertheless, in all three studies
a difference in the migration of CD4 cells during lymph
node shut-down was noted while CD8, yd T cells and B
cells all decreased uniformly. This retention is due prob-
ably to an up-regulation or increased avidity of adhesion
molecules on lymphocytes, endothelium and other lymph
node stromal cells. These adhesion molecules have yet to
be investigated fully but may involve VCAM, which is
increased on lymphatics of TNF-o-stimulated lymph
nodes.'” The recently described common lymphatic endo-
thelium and vascular receptor-1 (CLEVER-1) may also
have a role in lymphocyte sequestration, as it is found on
lymphatic endothelium and acts as an adhesion mole-
cule.'® As well, the role of lymphatic endothelium and
adhesion molecules in the exit of lymphocytes from
lymph nodes is still incompletely understood during nor-
mal exit and especially during the enhanced efflux seen
after lymph node shut-down. It is possible that different
adhesion molecules or chemokines are up-regulated to
allow greater migration of lymphocytes out of the lymph
node. Thus it appears that adhesion molecules may have
an important role in both pathological conditions such as
lymph node shut-down and during normal lymphocyte
traffic through lymph nodes, but further research is
required to delineate their role.
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The recently described poorly recirculating blood pool
of lymphocytes (PBL)'*' and the recirculating lymph
pool (ELL) were examined for their migration through an
antigen-stimulated lymph node. An increase in the per-
centage of both PBL and ELL CD4" T cells in the efferent
lymph was observed, with the PBL CD4 cells increasing
to a greater extent. We hypothesized that this may be due
to PBL CD4" lymphocytes not binding to the lymphatic
endothelium in the hilum of the lymph node to the same
extent as ELL CD4" cells. The in vitro binding assay con-
firms this, as PBL CD4 cells do not increase their binding
to IFN-y-stimulated lymphatic endothelium, while ELL
CD4" cells bind avidly. We have reported that the PBL
and ELL pools of lymphocytes migrated differentially into
cerebrospinal fluid after an intracerebroventricular infu-
sion of TNF-o.”® Together with the present study, this
indicates that these two pools may behave differently dur-
ing inflammation.

Two explanations could account for the increased per-
centage of CD4 cells in efferent lymph during lymph
node shut-down. One possibility is that there was a
reduced retention of CD4 cells within the lymph node
compared to other subsets. Alternatively, CD4 lympho-
cytes may have been selectively migrating into the lymph
node and hence exiting in larger numbers. There was no
significant difference between excised lymph nodes injec-
ted with PPD or saline during lymph node shut-down,
suggesting that CD4 cells were not preferentially migra-
ting into the lymph node. This argues that CD4 lympho-
cytes, especially blood CD4 cells, were not sequestered
during lymph node shut-down to the same degree as
other lymphocyte subsets. It is intriguing that CD4"
T cells, which are found in high numbers at the site of
DTH, were actually less likely to be retained within the
local lymph node. We did not measure directly the affer-
ent lymph draining the DTH lesions, to determine if
CD4" T cells were retained preferentially in the skin
lesions. Such a situation has been reported in the rejec-
tion of kidney allografts, where donor-specific reactivity
disappears from the afferent lymph draining the graft but
not the regional lymph node.”' These data demonstrate
the importance of the lymph node in initiating the
response, but it is necessary for lymphocytes to exit the
lymph node in the efferent lymph, migrate to the site of
inflammation and perform their effector function.

Lymph collected during the shut-down phase of the
immune response resulted in a dramatic increase in
lymphocyte binding to cultured lymphatic endothelium,
similar to that induced by IFN-y and TNF-o. This pro-
adhesive characteristic of cell-free lymph is the result of
soluble substances and may include cytokines, chemokines
and other uncharacterized factors. IL-1f, IL-6, IL-8, IFN-y
and TNF-o were not detected in appreciable amounts in
prestimulated lymph; however, IFN-y and IL-6 were
selectively increased during lymph node shut-down. Both
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of these molecules activate vascular endothelium to
up-regulated known adhesion molecules and increase
lymphocyte adhesion in vitro and in vivo.”>*> A recent
report has demonstrated that IL-6 has chemotactic abilit-
ies on human T cells,”* which suggests that IL-6 may be
acting to increase adhesion molecules but also recruit
lymphocytes directly into the lymph node. IEN-y applied
at similar levels to that found in lymph during shut-
down, increased lymphocyte binding to cultured lympha-
tic endothelial cells. We have demonstrated that an
in vivo injection of TNF-a'* or IFN-0*° may cause lymph
node shut-down. These results imply that cytokines have
a role in mediating lymphocyte retention within the
lymph node.

The mechanism and importance of lymph node shut-
down has remained unresolved to date. There are
currently no monoclonal antibodies specific for ovine
lymphatic endothelium to confirm the colocalization
of lymphatic endothelium with sequestered lymphocytes
using immunohistochemistry (IHC). However, we have
previously reported a role for lymphatic endothelium in
the retention of y3-T lymphocytes during TNF-a stimula-
tion.'”” Recent data suggest that lymphatic endothelium
plays an active role in lymphocyte exit from lymph nodes.
The mannose receptor on lymphatic endothelium can
mediate lymphocyte exit from lymph nodes using r-selec-
tin expressed on lymphocytes.”® As well, CLEVER-1 medi-
ates lymphocyte binding to lymphatic endothelium.'®
Interestingly, the immunosuppressant FTY720 inhibits
peripheral immunity by inducing the accumulation of
recirculating lymphocytes on the abluminal side of endo-
thelial cells lining lymphatic sinuses.”” Altogether, these
observations plus those from the current study suggest
that the lymphatic endothelium plays a dynamic role in
lymphocyte egress from the lymph node.

Lymphocyte sequestration within lymphoid tissue is
not unique to antigen-induced lymph node shut-down,
and has been found to be a characteristic of numerous
pathological situations. Specifically, human immunodefi-
ciency virus has been demonstrated to cause enhanced
migration into and retention of lymphocytes within
lymph nodes.*®** This altered migration has been correla-
ted with increased levels of IFN-v,?® which indicated that
physiological levels of IFN-y influence lymphocyte migra-
tion in vivo. It seems probable that this virus-induced
sequestration of recirculating lymphocytes contributes at
least in part to the marked immunosuppression observed
in AIDS patients. Furthermore, FTY720 induces seques-
tration of T and B cells within lymph nodes without
affecting their function in vitro.”' Therefore, while lym-
phocyte retention within lymph nodes is a normal com-
ponent of the acute immune response, extended periods
appear to inhibit systemic immunity.

In conclusion, we have demonstrated that the traffic of
cells through stimulated lymph nodes is regulated inde-
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pendently of lymphocyte entry. Furthermore, it appears
clear that lymphatics and lymphatic endothelium play an
active role in this process, potentially through cytokine-
reactive expression of pro-adhesive molecules. Although
all lymphocyte subsets migrated into the lymph node dur-
ing the shut-down period, PBL CD4" lymphocytes were
the least retained. These data suggest, for the first time, a
mechanism for the normal shut-down response observed
in acute immunity, and may indicate novel therapeutic
targets for immunomodulation in vivo.
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