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SUMMARY

Lymphocyte emigration from the intestinal wall via lymphatics is necessary to maintain gastrointestinal
immunity and also to connect the different parts of the mucosal immune system. In the present study the
numbers and time kinetics of proliferating lymphocyte subsets leaving the gut wall via intestinal
lymphatics were analysed in mesenteric lymph node adenectomized minipigs (n¼ 8). After cannulation
of the major intestinal lymph duct, afferent lymph was collected under non-restraining conditions. In
four pigs lymphocytes taken from the intestinal lymph and blood were incubatedin vitro with the
thymidine analogue bromodesoxyuridine (BrdU) to label all lymphocytes in the S-phase of the cell
cycle. The other four pigs received a single i.v. injection of BrdU 1 week after cannulation. The initial
percentage of BrdUþ lymphocyte subsets in the intestinal lymph 15 min after BrdU injection was
comparable to that after thein vitro labelling (1·56 0·7% in T cells, 10·66 1·6% in IgMþ cells and
30·06 11·9% in IgAþ cells). From this level onwards, the percentage ofin vivo labelled BrdUþ

lymphocyte subsets reached a maximum at 12 h after BrdU application. A different pattern of BrdUþ

subsets was seen in the blood. After an early peak at around 3–4 h, the frequency of BrdUin vivo
labelled cells decreased. Each subset had a maximum between 12 h and 48 h after BrdU application
(maximum of BrdUþ CD2þ T cells at 12 h, 4·66 1·5%; IgMþ BrdUþ at 48 h, 8·86 3·3%). The present
results provide a basis to determine the time necessary for induction of specific intestinal immunity
during oral vaccination studies.
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INTRODUCTION

In the intestine humoral as well as cellular immunity plays an
important role in the defence against harmful antigens and in
inducing oral tolerance. The details of the different processes that
regulate immunity, oral tolerance, or inflammation of the host are
still unknown. Many aspects of intestinal immune reactions have
been studied and reviewed recently [1–3], but the local prolifera-
tion of B and T lymphocytes in the compartments of the gut wall
(Peyer’s patches, lamina propria and epithelium) and especially
their emigration behaviour have only rarely been studied.

So far it is known that an intestinal immune reaction starts
within the organized lymphoid tissues. After controlled antigen
uptake by M cells, which are specialized cells of the dome
epithelium [4], antigen presentation, stimulation and induction of
antigen-specific B and T cells initiate the immune response, mainly
in the Peyer’s patches. Many of the induced lymphocytes emigrate
and recirculate preferentially into the lamina propria of the

intestinal mucosa [5,6], where T cells and cytokines regulate
plasma cell differentiation (for review see [3]). This continuous
cell traffic is important, especially for those antigen-specific
lymphocytes mediating immunity after oral vaccination [7,8].
The present study focuses on the detailed time kinetics of prolif-
erating lymphocytes leaving the intestinal wall via lymphatics as
an essential aspect for understanding immune responses to enteric
pathogens as well as for the development of oral vaccination
protocols. In previous vaccination studies in humans, antibody-
secreting cells were detected in the blood about 7 days after oral
immunization with cholera toxin [9], but it is not clear at what
point of time antigen-specific cells proliferate and emigrate from
the place of antigen contact.

In this study all lymphoid cells in the cell cycle of the whole
animal were labelled using one single injection of the thymidine
analogue bromodesoxyuridine (BrdU). The labelled cells—lym-
phoblasts and their progeny, which are newly formed cells—were
followed in the intestinal lymph and in the blood. The incorporated
BrdU and the subsets were detected by a double-labelling proce-
dure. Thus, the appearance of the gut-emigrating proliferating
lymphocytes was analysed and quantified in the intestinal lymph
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using an established pig model [10,11]. The omnivorous pig was
kept non-restrained under nearly physiological conditions. Using
this model the data on lymphocyte recirculation from the intestine
back to the lamina propria have not only been confirmed, but the
pool sizes of these cells accumulated in the lamina propria have
also been quantifiedin vivo [12]. To study lymphocyte prolifera-
tion without the effects of the operation, it was necessary to sustain
the lymph collection for a period of up to 2 weeks. This essential
step was made possible by a new cannula.

The present results are a basis for experimental strategies in the
development of effective vaccination protocols, e.g. using the pig
model for human rotaviral disease [13] or vaccination protocols
against typhoid fever in humans [14].

MATERIALS AND METHODS

Surgical techniques
The experiments were performed on eight female minipigs of the
Göttingen breed. At age 3 months the animals were laparotomized
under i.v. thiobarbiturate anaesthesia (Trapanal; Byk Gulden,
Konstanz, Germany) and all mesenteric lymph nodes draining
the small intestine were removed (animal weight 10·36 1·6 kg).
After the operation the afferent and the efferent lymph vessels
reanastomose by physiological regeneration, so that it is possible
after a few weeks to collect gut-derived lymph directly without
influence of the mesenteric lymph nodes. At around 8 months old
(animal weight 34·76 5·1 kg) a venous cannula was established in
the external jugular vein of all animals, before the major intestinal
lymph duct was cannulated. Using a midline laparotomy the
peritoneum was opened. The intestinal lymph duct was found
below the pancreas near the confluence of the left renal vein and
the posterior vena cava. The cannulation was performed with a
special cannula (Teflon TPE Micro Tube; Novodirekt GmbH,
Kehl/Rhein, Germany) in a silastic leading tube (Silastic; Dow
Corning GmbH, Meerbusch, Germany). The end of the cannula
was exteriorized through an incision in the right abdominal wall.
The intestinal lymph was collected in a 250-ml flask fixed in a bag
tied on the animal. Afterwards the minipigs were kept under non-
restraining conditions with free access to food and water. They
recovered quickly from the operation and were not affected by the
surgery.

Collecting and handling the samples
During the experiment the intestinal lymph was collected con-
tinuously, the flasks being changed twice a day, on average about
every 12 h. The lymph flasks contained 5 ml sterile RPMI 1640
(Seromed Biochrom KG, Berlin, Germany) supplemented with
antibiotics (6000 U penicillin, 6 mg streptomycin, 75mg ampho-
tericin, 3 mg gentamycin; Seromed) and 1500 IE heparin to pre-
vent clotting (Liquemin N 250000; Roche, Grenzach-Wyhlen,
Germany). For each lymph sample the volume and the time of
the collecting period were determined, before the cells were
centrifuged at 400g for 10 min and resuspended in RPMI 1640.
This step was repeated with a defined volume of RPMI 1640. Using
a phase contrast microscope at×500 magnification the nucleated
cells, lymphocytes and erythrocytes were counted in a Neubauer’s
counting chamber. Based on the data obtained, the lymph flow/h
and the hourly output of lymphocytes were calculated. In addition,
blood samples were taken from the external jugular vein. To
remove the erythrocytes by osmotic shock, 1 ml EDTA blood
was incubated with 10 ml lysis solution (8·3 g NH4Cl þ 0·1 g

EDTA þ 1·0 g KHCO3 and 1l distilled water) for 10 min at room
temperature. The remaining nucleated cells were centrifuged at
200g and resuspended in 1 ml RPMI 1640. Using a haemocyto-
meter these cells were counted. Giemsa-stained cytospots were
used to determine the percentage of lymphoid cells among the
nucleated cells.

Determination of lymphocyte subpopulations
In brief, an indirect immunofluorescence staining was used to
determine the lymphocyte subpopulations in the lymph and blood
samples. In a microtitre plate 1·5×106 lymph or blood cells were
incubated with seven porcine-specific MoAbs against CD2 (pre-
ferentially a/b T cells in the pig), CD4 (T helper cells), CD8
(cytotoxic/suppressor T cells), IgA, IgM, macrophages and Null
cells, which are mainly CD2¹ g/d T cells in the pig [15,16]. As
a secondary antibody a PE-labelled goat anti-mouse antibody
(Dianova, Hamburg, Germany) was applied to identify the lym-
phocyte subpopulation using a flow cytometric method. Addition-
ally, a double immunofluorescence staining (CD4/CD8) with
isotype-specific secondary antibodies (PE- or FITC-labelled goat
anti-mouse antibody) was used to determine the CD4þCD8þ

lymphocytes in the intestinal lymph and in the blood. Flow
cytometric analysis of the cells was performed with a FACScan
HP 9000 (Hewlett Packard, Ford Collins, CO). The FACScan
program was used for acquisition and the MDI-Software (WinMDI
2.7, facs.scripps.edu) for evaluation of the data.

Proliferation study
In vitro labelling. In four animals the lymph and blood samples

were taken immediately after the cannulation and on the following
days and the cells were used for BrdUin vitro labelling to charac-
terize all cells in the S-phase of the cell cycle. With regard to the
intestinal lymph the flasks contained BrdU (10mmol/l ) for a
collecting period of 1 h per day. The blood samples were incubated
for 30 min with BrdU in a water bath at 378C. Each lymph and
blood sample was treated as described.

In vivo labelling. One week after successful cannulation of the
intestinal lymph duct four of the minipigs received a single i.v.
dose of BrdU (20 mg/kg body weight; Sigma, Mu¨nchen, Germany).
The lymph and also the blood samples were collected at defined
intervals after the injection. The first samples were obtained at 5,
10, 15 and 30 min, hourly from 1 h to 6 h after injection, then at 9 h
and 12 h, and during the next 3 days at 12-h intervals.

Markers for porcine lymphocytes (CD2, CD4, CD8, IgM, IgA
and Null cells [15]) were used in an immunocytochemical stain
(bridging antibody, alkaline phosphatase–anti-alkaline phosphatase
(APAAP) complex (Dako, Hamburg, Germany) and fast blue salt
(Sigma)). After fixing and denaturation of the DNA the incorporated
BrdU was detected by an immunoperoxidase method [10,11].

Statistical analysis
The percentage of BrdUþ lymphoid cells was determined by
analysing at least 500 subset positive cells for incorporated BrdU.
Means and s.d. were calculated. Differences were taken as signifi-
cant when they reached at leastP<0·05 in the Wilcoxon Mann–
Whitney test.

RESULTS

After the cannulation of the intestinal lymph duct the minipigs
showed no clinical problems, and they had normal food intake
and bowel movements during the whole observation period
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(12·16 3·5 days (mean6 s.d.)). The lymph flow was relatively
constant (17·96 7·1 ml/h) and the hourly lymphocyte yield ranged
between 8·16 2·7×106 (animal 1) and 43·46 12·2×106 (animal
8), so that on average 27·56 18·0×106 lymphocytes/h left the
intestinal wall via lymphatics. The lymph flow remained stable, but
the lymphocyte output decreased within the first 24 h after the
operation. From the second post-operative day onwards the lym-
phocyte yield increased again and remained at a comparable high
level until the end of the experiments.

Lymphocyte subset distribution
Using flow cytometry the lymphocyte composition was analysed in
the intestinal lymph and in the circulating blood in parallel. The
percentages of immunoglobulin-positive, CD2þ and Null cell sub-
sets were comparable over the whole experimental period with no
influence of the i.v. BrdU application. In the intestinal lymph
83·26 6·9% and in the blood 54·66 8·7% CD2þ T cells were
detected. The CD4þ T helper cells (39·56 3·4%) outnumbered the
CD8þ T cytotoxic/suppressor cells (30·26 5·5%) in the lymph,
whereas in the blood more CD8þ cells (31·16 6·6%) than CD4þ

cells (25·86 3·8%) were found. The double immunofluorescence
staining showed a simultaneous expression of CD4 and CD8
antigens on lymphocytes in the intestinal lymph (4·66 0·7%)
and in the blood (8·86 2·0%). About 10% of all lymphocytes in
the lymph were Null cells (10·36 4·3%). In contrast, the blood
contained approximately three times more Null cells (27·96 7·9%).
The frequency of immunoglobulin-positive lymphocytes in the
intestinal lymph (IgM, 9·26 3·4%; IgA, 1·26 0·5%) and in the
blood (IgM, 8·66 2·9%; IgA, 1·96 2·1%) was similar. The sum of
CD2þ cells, immunoglobulin-positive cells and Null cells, includ-
ing cells identified as macrophages (lymph, 1·46 0·9%; blood,
12·86 8·9%), was approx. 100%. These calculations provide

evidence of identification of all lymphocyte subsets in the intesti-
nal lymph and in the blood. Among all nucleated cells of intestinal
lymph there was a proportion of up to approx. 4% dendritic cells,
as revealed by microscopic analysis of Giemsa-stained cytospin
preparations.

Proportion of BrdUþ cells in the intestinal lymph
Using a double-labelling technique the proliferative behaviour of
lymphocyte subsets was determined afterin vitro and in vivo
labelling with the thymidine analogue bromodesoxyuridine. The
indices, which were obtained afterin vitro labelling (Fig. 1) of
lymphocytes (n¼ 4), showed no variation at the different time
points after the cannulation (CD2þ, 2·16 0·4%; IgMþ, 9·16
2·4%; IgAþ, 29·66 7·3%). Furthermore, the number of BrdUþ

subsets was lower in blood lymphocytes, but remained stable over
the whole observation period.

The BrdU in vivo application at a defined time point (pulse
label) was necessary to examine the emigration of proliferating or
already newly formed lymphocytes. In the intestinal lymph 15 min
after BrdU injection 1·56 0·7% CD2þ T cells had incorporated the
label (CD8þ, 0·76 0·1%; CD4þ, 2·26 0·6%). However, a higher
BrdU labelling index was found for the immunoglobulin-positive
lymphocyte subsets (IgMþ, 10·66 1·6%; IgAþ, 30·06 11·9%).
These indices obtained after 15 minin vivo were comparable to
those afterin vitro labelling. During the following collection
periods the amount of BrdUþ lymphocytes increased and reached
a maximum at 12 h after BrdU application. In Fig. 2a the emigra-
tion behaviour of BrdU-labelled IgAþ cells is shown for each of
the four animals. At the maximum a mean of 57·46 5·7% IgAþ

lymphocytes had incorporated the label. The frequency of BrdUþ

cells leaving the gut wall 12 h after the application was 3·66 1·0%
in the CD2 subset and 17·16 3·0% in the IgM subset (Fig. 2b). In
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Fig. 1. In vitro bromodesoxyuridine (BrdU) labelling of lymphocytes taken from the intestinal lymph and the blood. The relative proportions
of cells, which were in the S-phase of the cell cycle, are given as mean6 s.d.A, IgAþ BrdUþ; W, IgMþ BrdUþ; K, CD2þ BrdUþ.



the later sampling periods the frequency of BrdUþ cells decreased
in all subsets. About 12 h after BrdU application, lymphocytes
which showed only a dull labelling of BrdU were observed in each
subset. The time kinetics of these populations was determined
separately (Fig. 2b).

The total numbers of BrdUþ lymphocyte subsets leaving the

intestinal wall were calculated based on the lymphocyte yield/h,
the lymphocyte subset evaluation by flow cytometry and the counts
performed using the double-stained subset/BrdU cytospot. The
maximum output per hour was 0·56 0·2×106 CD2þ BrdUþ cells,
0·36 0·1×106 IgMþ BrdUþ and 0·16 0·1×106 IgAþ BrdUþ B
lymphocytes 12 h after BrdUin vivo labelling.
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Fig. 2. (a) Frequency of proliferating or already newly formed IgAþ lymphocytes in the intestinal lymph for each of the four animals after
bromodesoxyuridine (BrdU) injection. For clarity, only results of selected time points during the first 12 h after BrdU application were
included in this and the following figures.X, Animal 5;B, animal 6;O, animal 7;P, animal 8. (b) Detailed time kinetics ofin vivo BrdU-
labelled IgMþ and CD2þ lymphocytes in the intestinal lymph (pooled results of four minipigs, mean6 s.d.). Additionally the appearance of
only dull-labelled BrdUþ lymphocytes, which were detected from 12 h after BrdU injection onwards, are shown. Note that the scale of the
ordinate is different from that in (a).X, IgMþ BrdUþ; W, IgMþ BrdUþ dull; O, CD2þ BrdUþ; K, CD2þ BrdUþ dull.
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Time kinetics of BrdUþ cells in the circulating blood
The kinetics of BrdUþ lymphocytes in the circulating blood was
different from that observed in the intestinal lymph. Moreover,
differences could also be seen between the B and T cells. The
percentage of BrdU-labelled CD2þ cells in the blood increased
from 0·86 0·2% at 15 min, which was comparable to the results of
in vitro labelling (Fig. 1), to an early peak at 3 h (2·06 0·9%) after
BrdU application (Fig. 3). During the following hour the BrdUþ

CD2þ subset decreased (1·56 0·8%). Then the maximum per-
centage of BrdUþ CD2þ lymphocytes was achieved 12 h after the
injection (4·66 1·5%). The proportions of BrdU-labelled CD4 and
CD8 subsets were similar to the CD2 subset (peak at 3 h and
maximum at 12 h after BrdU injection). The frequency of BrdUþ

immunoglobulin-positive cells rose from the initial value (IgMþ,
1·36 0·6%; IgAþ, 21·76 4·1%) to a peak at 4 h and then decreased
over the next 2 h (Fig. 3). From 6 h onwards the immunoglobulin-
positive subset increased again and reached a maximum between
24 h and 48 h after the injection (IgMþ, 8·86 3·3% at 48 h; IgAþ,
54·56 16·5% at 24 h). Based on the small numbers in the circulat-
ing blood it was not possible to determine dull-labelled BrdUþ

cells separately.

DISCUSSION

In this study the appearance, numbers and subset composition of
stimulated B and T cells in the intestinal lymph and in the blood
were studied under physiological conditionsin vivo. Analysing the
kinetics of lymphocyte emigration from the gut in detail will help
to understand the time schedule of an intestinal immune reaction.
The omnivorous, monogastric pig was used as model because its
gastrointestinal tract is comparable to that of humans, e.g. the post-
natal, antigen-dependent development of the Peyer’s patches [17].
The mesenteric lymph nodes of the pig are unique in their direct

vascular exit of lymphocytes [18,19], with only a few lymphocytes
leaving the mesenteric lymph nodes via lymphatics to reach the
thoracic duct. After mesenteric lymph node adenectomy it was
possible to obtain afferent intestinal lymph almost exclusively. The
use of a new Teflon cannula allowed the cannulation of the major
intestinal lymph duct in the pig model for up to approx. 2 weeks.

In our investigations the lymph flow (17·96 7·1 ml/h) and the
lymphocyte yield (27·56 18·0×106/h) were comparable to those
reported in earlier studies [10,15]. In total these pigs lose only
0·2% of their total lymphocyte pool per day [20] through the
cannulation of intestinal lymph. There is no evidence that this
amount of lymphocyte loss has any relevance for the results of
lymphocyte proliferation.

The addition of the percentages of CD2þ, immunoglobulin-
positive and Null cells, which are preferentially CD2¹ g/d T cells
in the pig [16], resulted in approx. 100%. Under the supposition
that the three populations were different and effectively non-
overlapping [21], all lymphocytes in the intestinal lymph were
characterized by flow cytometric analysis. A significant population
of CD4þCD8þ T cells was present among the gut-emigrant
lymphocytes. The frequency of these CD4þCD8þ lymphocytes
in the circulating blood was approximately double that in the
intestinal lymph. Other investigators showed that in the pig
CD4þCD8þ T cells are memory T helper cells [22], which can
be induced by vaccination [23]. A double expression of CD4/CD8
by rat T lymphocytes was also linked to activation [24]. These
results are in accordance with results in humans, where some
CD4þCD8¹ T lymphocytes express CD8 afterin vitro activation
[25].

The main objective of the present study was to determine the
emigration behaviour of gut-derived lymphocyte subsets. The time
kinetics was analysed in detail using the thymidine analogue BrdU,
which is incorporated in proliferating cells during the S-phase of
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the cell cycle and can be revealed by immunocytology. An
interesting aspect of thein vivo study was the high initial value
of BrdUþ cells observed within the first samples. The indices
obtained after BrdUin vitro labelling, which were comparable to
those after 15 minin vivo, suggest that these lymphocytes prolif-
erate while leaving the intestinal wall, which has also been shown
in other species [26,27]. Moreover, ourin vivo results showed a
maximum emigration of newly formed B as well as T cell subsets
12 h after injection of the DNA precursor. Due to the high absolute
numbers of T cells, more BrdU-labelled T than B lymphocytes
emigrate from the intestinal wall in total numbers. This is in
accordance with the results of earlier studies [10,11]. The appear-
ance of only dull-labelled lymphocytes in the intestinal lymph
from 12 h after BrdU injection onwards provides evidence that
these lymphocytes were daughter cells from compartments of the
gut wall. The concept of semiconservative replication accounts for
the low colour reaction of these cells. However, the present
experimental arrangement did not allow the origin of the bright
and dull BrdUþ gut-emigrating lymphocytes or the contribution of
fast recirculating lymphocytes to the pool of BrdUþ emigrants to
be clarified.

Regarding the recirculating lymphocyte pool, earlier studies
were based on the use of only thoracic duct lymphocytes from rats
[28] and mice [29], which represented a balance of lymphocytes
from different sources including the gut. Recent studies, especially
in sheep, in which lymph-derived lymphocytes were labelled and
retransfused intravenously, showed that these actively recirculating

cells reached peak levels in various lymph samples 20–30 h after
retransfusion [30,31]. In those experiments only a few labelled
cells were detected in the gut lymph within the first few hours after
reinjection. Most of these cells were large lymphocytes or lym-
phoblasts, which showed that they were in the S-phase of the cell
cycle, a process that was presumably initiated by antigenic stimu-
lation [32]. In the pig the majority of fluorescein-labelled lympho-
cytes taken from the intestinal lymph need at least 12 h to migrate
from the blood through the gut wall back to the intestinal lymph
[10]. Therefore, most BrdU-labelled lymphocytes that emigrate
from the intestine within the period up to 12 h after BrdU applica-
tion will have their origin in the compartments of the gut wall.
Moreover, earlier studies pointed out that these lymphocytes with
the described time kinetics have their origin mainly in the Peyer’s
patches. The metaphase-arrest technique using vincristine demon-
strated a large quantity of proliferating cells not only in the follicles
but also in the corona and interfollicular area [33]. These results
suggest that the BrdU-labelled cells have their origin mainly in
the interfollicular area (T cell area) and the follicles (B cell area) of
the Peyer’s patches. In mice it was demonstrated that Peyer’s patch
cells possess an inherent capacity to continue dividingin vitro,
whereas most lymphoid cell populations do not exhibit strong
proliferative reactions in culture under normal circumstances [34].
Proliferating cells were observed in the lamina propria [35], and
in the epithelium cells were detected 1 h after BrdU injection,
which had incorporated the label in the S-phase of the cell cycle
[36]. The frequency of these proliferating lymphocytes in both
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compartments is not high enough to contribute in marked numbers
to the newly formed cell pool observed in the gut lymph.

A different migratory pattern of BrdU-labelled B and T
lymphocytes was observed in the blood. In the present study the
early peak at 3 h for T and at 4 h for B cell subsets after BrdU
application may be explained by an early emigration of stimulated
lymphocyte subsets, not from the gut but from different lymphoid
or non-lymphoid tissues, e.g. the thymus, spleen, bone marrow,
and other sources [33]. Because the blood lymphocyte pool is kept
in equilibrium with its large reservoirs of migrating cells, lympho-
cyte recirculation experiments are now necessary to clarify the
early peak of BrdUþ cells in the blood.

In conclusion, our results provide evidence that in the intestinal
lymph most newly formed lymphocytes 12 h after BrdU injection
predominantly comprise lymphocytes, which have their origin in
the Peyer’s patches and are developed during intestinal immune
responses. Moreover, it was possible to propose a hypothesis about
the appearance of BrdUþ lymphocytes, including the only dull-
labelled cells in the intestinal lymph (Fig. 4). Based on these
results, it has to be investigated whether this pattern is also typical
of the appearance of specific cells after antigen exposition. So far
the parameters of a successful oral vaccination, e.g. dose, single or
repetitive application, and in particular the time intervals, have
been arrived at by trial and error and not because the different steps
of the pathomechanisms are really understood. Thus, the present
data provide the basis to determine the time necessary for the
development of intestinal immune responses.
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