
Involvement of Sialic Acid on Endothelial Cells in Sections of peripheral lymph nodes, 

Organ-Specific Lymphocyte Recirculation 

Abstract. Mouse lymphocytes incubated on cryostat-cut sections of lymphoid 
organs (lymph nodes and Peyer's patches) specifically adhere to the endothelium of 
high endothelial venules (HEV), the specialized blood vessels to which recirculating 
lymphocytes attach as they migrate from the blood into the parenchyma of the 
lymphoid organs. Treatment of sections with sialidase eliminated the binding of 
lymphocytes to peripheral lymph node HEV, had no effect on binding to Peyer's 
patch HEV, and had an intermediate effect on mesenteric lymph node HEV. These 
results suggest that sialic acid on endothelial cells may be an organ-specific 
recognition determinant for lymphocyte attachment. 

An important component of immune 
surveillance is the dissemination of im- 
munocompetent lymphocytes through- 
out the body. This is accomplished by 
lymphocyte recirculation, a process by 
which mature lymphocytes move contin- 
uously from the bloodstream into lym- 
phoid organs and back to the blood again 
(1). Blood-borne lymphocytes are able to 
enter certain lymphoid organs including 
lymph nodes and Peyer's patches (gut- 
associated lymphoid organs) by binding 
to and crossing specialized venules re- 
ferred to as high endothelial venules 
(HEV) because of their cuboidal (or 
high) endothelial cells (2). The lympho- 
cyte-HEV interaction can be studied by 
means of a rigorously validated in vitro 
assay developed for the rodent (3-7). In 
this assay, lymphocytes overlaid onto 
frozen sections of lymph nodes or 
Peyer's patches adhere selectively to the 
morphologically distinct HEV exposed 
in the sections (Fig. 1, A and C). 

That the attachment of lymphocytes to 
HEV is highly specific has been verified 
in vivo and also with the frozen section 
assay. In particular, T lymphocytes 
show distinct binding preferences for pe- 
ripheral lymph node HEV, and B lym- 
phocytes preferably bind to Peyer's 
patch HEV (7). Furthermore, certain 
lymphoma lines exhibit nearly absolute 
binding specificities for either peripheral 
node HEV or Peyer's patch HEV (6). 
Specificity of binding of lymphocyte sub- 
sets and lymphoma lines to mesenteric 
lymph node HEV is intermediate be- 
tween that to peripheral lymph node and 
Peyer's patch HEV. These results indi- 
cate that the lymphocyte subpopulations 
and high endothelial cells of different 
lymphoid organs must display surface 
adhesion molecules of varying specific- 
ity. The adhesive specificities dictated 
by these molecules are believed to un- 
derlie the distinctive recirculatory pat- 
terns of T and B cells through mucosal as 
opposed to nonmucosal lymphoid organs 
and may be involved in determining the 
dissemination sites of lymphoid malig- 
nancies. 
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The identification of the adhesion mol- 
ecules that mediate lymphocyte adher- 
ence to HEV has recently received a 
great deal of attention. Cell surface anti- 
gens that appear to be involved in lym- 
phocyte adherence to peripheral node 
HEV have been identified on murine 
lymphocytes by immunological methods 
(8, 9). However, these studies provide 
no information on the physical nature of 
the lymphocyte-HEV interaction or on 
the identity of the HEV attachment sites. 

We previously prevented evidence 
that lymphocytes possess a cell-surface 
carbohydrate-binding (lectin-like) mole- 
cule that is involved in the binding of 
lymphocytes to peripheral node HEV in 
rat and mouse (10). We therefore exam- 
ined the HEV for the presence of carbo- 
hydrates that serve as recognition sites 
for the putative adhesive lectin on lym- 
phocytes. Preliminary support for the 
existence of such carbohydrate recogni- 
tion determinants was based on the ob- 
servation that periodate treatment of fro- 
zen sections (under conditions selective 
for carbohydrate oxidation) prevents 
binding of lymphocytes to both Peyer's 
patch HEV and peripheral node HEV 
(11). We now report that treatment of 
frozen sections of lymphoid organs with 
sialidase (12) affects lymphocyte binding 
to HEV in an organ-specific manner. 

mesenteric lymph nodes, and Peyer's 
patches from mice were cut on a cryo- 
itat, mounted on glass slides and fixed 
with paraformaldehyde (legend to Fig. 
2). Treatment of the sections with 2 units 
of Vibrio cholera sialidase (Gibco) com- 
pletely prevented lymphocyte binding to 
peripheral node HEV but had no effect 
on binding to Peyer's patch HEV (Fig. 
2). Inclusion of sialic acid in the diges- 
tion mixture (0.1M) abolished the en- 
zyme's activity. The Vibrio sialidase was 
active on peripheral node HEV at con- 
centrations as low as 0.05 unit but had no 
effect on binding to Peyer's patch HEV 
at concentrations up to 50 units (Figs. 1 
and 3). Sialidase had an intermediate 
effect i n  lymphocyte attachment to mes- 
enteric node HEV, producing a maximal 
reduction of 50 to 60 percent (Fig. 3). 

In order to provide further assurance 
of the specificity of the enzyme effects, 
affinity-purified sialidase from Clostridi- 
um perfringens was employed. Again, 
enzyme treatment of the sections result- 
ed in the elimination of lymphocyte bind- 
ing to peripheral node HEV, a partial (50 
percent) reduction of binding to mesen- 
teric node HEV, and no effect on binding 
to Peyer's patch HEV (Fig. 4). The ef- 
fects on peripheral node HEV and mes- 
enteric node HEV were prevented if the 
enzyme was combined with sialyl-lac- 
tose, a substrate for sialidase. 

These findings suggest that sialic acid 
residues on peripheral node HEV are 
required for lymphocyte attachment. 
Our results indicate that the target of the 
enzymes was sialic acid since (i) elimina- 
tion of lymphocyte binding to HEV was 
observed with two different sialidases, 
one of which was affinity-purified; and 
(ii) the activity of the enzymes could be 
prevented either by product inhibition 
(V. cholera sialidase) or substrate inhibi- 
tion (C. perfringens sialidase). These 

Fig. 1. Effect of siali- 
dase treatment of pe- 
ripheral node and 
Peyer's patch sec- 
tions on lymphocyte 
attachment. Peripher- 
al node and Peyer's 
patch sections were 
treated with control 
buffer (A and C) or 50 
Gibco units of Vibrio 
sialidase (B and D) for 
30 minutes at 37'C 
and tested for lym- 
phocyte binding as 
described in Fig. 2. 

Binding of exogenous lymphocytes to HEV was easily distinguished by the characte>stic 
appearance of densely bound, darkly staining lymphocytes overlying the histologically distinct 
HEV. (A and B) Adjacent sections of peripheral node showing the same HEV, arrowheads 
denote the boundary of HEV. (C and D) Adjacent sections of Peyer's patch with the same 
HEV. Scale bar, 20 pm. 



Fig. 2. Effect of Vibrio cholera sialidase treat- 130 

ment of peripheral lymph nodes (PN) and $ 
Peyer's patch (PP) sections on lymphocyte ,+- 
binding to HEV. Peripheral nodes (cervical, 5 loo 
axial, and brachial nodes) and Peyer's patches - 
from BALB/c mice (females, 5 to 8 weeks old) 
were frozen in a common block and sections, 5 0 70 

10 km thick, were cut. The sections were 8 5  
mounted in wells on glass slides, air dried, > 
and fixed with paraformaldehyde (10). C de- F 40 

notes treatment of sections with control buffer Z 
(100 k1 of 50 mM sodium acetate, 100 mM 
NaCI, 4 mM CaCI,, pH 5.5); E denotes treat- 10 

ment with 2 Gibco units of Vibrio enzyme in C E  E + S  C E  E t S  
the same buffer; and E + S denotes treatment 
with 2 units of enzyme plus 100 rnM sialic acid. Treatments were for 30 minutes at 37°C in a 
humidified chamber and were followed bv washing in Dulbecco's phosphate-buffered saline at 
4°C. Lymphocyte attachment to the frozen sections was assayed (10j with mesenteric node 
lymphocytes (1.2 x lo7 cells per milliliter) suspended in a physiological buffer-no supplemen- 
tary NaC1-with a 30 minute gyration period at 7" to 10°C. The density of exogenous 
lymphocyte binding was at least 50 times greater to HEV than to nonspecific sites (Fig. 1). The 
density of binding was quantified with a Bioquant I1 digitizing morphometry system (R&M 
Biometries) at a magnification of ~ 2 0 0  by counting the number of lymphocytes (at least 200 in 
each control section) bound to HEV (7 to 20 segments of HEV per section) and dividing by the 
total area of counted HEV (computed in units of lo4 km2) in the section. Binding was computed 
as the percent of binding in the controls not exposed to enzyme. Means and standard errors 
were computed from five replicate sections. 

specificity controls indicate that siali- 
dase, and not contaminating enzymes, 
was responsible for the biological ef- 
fects. Furthermore, we established that 
the Clostridium sialidase had no other 
detectable glycosidic activities o r  prote- 
ase activity (13). 

Sialidase had no effect on the ability of 
Peyer's patch H E V  to bind lympho- 
cytes, even when the concentration of 
the enzyme was 100 times that required 
to eliminate binding to peripheral node 
HEV. The resistance of Peyer's patch 
HEV to sialidase cannot be attributed to 
diffusible inhibitors emanating from the 
sections, since the various tissues were 
exposed to the enzyme in common wells. 
Therefore, the attachment sites on 
Peyer's patches probably do not require 
sialic acid (14). Nonetheless, the perio- 

date sensitivity of these sites suggests 
that their activity depends on carbohy- 
drate moieties. It seems plausible that 
the organ-specific binding of lympho- 
cytes to H E V  may be based on carbohy- 
drate determinants that vary with the 
anatomical site of the HEV.  The mesen- 
teric node HEV attachment sites show 
partial susceptibility to sialidase. This 
finding is consistent with the conclusions 
reached by Stevens et a / .  (7) in studies of 
cell binding-namely, that mesenteric 
node H E V  expresses both peripheral 
node- and Peyer's patch-like recogni- 
tion determinants. 

Our earlier results indicated that a cell- 
surface lectin on lymphocytes has a role 
in the binding of lymphocytes to periph- 
eral node HEV. Sugar competition stud- 
ies indicated that this lectin binds D- 

mannose-6-phosphate and to a lesser ex- 
tent L-fucose and D-mannose. Sialic acid 
did not specifically inhibit lymphocyte 
binding to the H E V  even though removal 
of sialic acid prevented lymphocyte 
binding to peripheral node H E V  (15). 
One possible explanation of these find- 
ings is that sialic acid on a peripheral 
node HEV constituent affects the degree 
of exposure or activity of adjacent at- 
tachment sites. Such a modulation activ- 
ity of sialic acid-whether it is a specific 
regulatory function or a nonspecific ste- 
ric effect-would have to be organ spe- - - 
cific in view of the complete resistance 
of Peyer's patch H E V  and the partial 
resistance of mesenteric node HEV to 
sialidase treatment. Another explanation 
of our observations is that the attach- 
ment site on peripheral node H E V  con- 
sists of sialic acid as  part of a specific 
oligosaccharide structure. Sendai virus, 
for example, binds to host cells by recog- 
nizing certain gangliosides but not others 
(16). The number and linkages of the 
sialic acid moieties as  well as  the associ- 
ated oligosaccharides are critical for this 
interaction. Perhaps, the adhesive lectin 
on lymphocytes recognizes a branched 
oligosaccharide on peripheral node H E V  
consisting of L-fucose or D-mannose 
(two structurally related sugars) on one 
terminus and sialic acid on another ter- 
minus (17). The critical contribution of 
sialic acid to  this postulated sialyloligo- 
saccharide may be to impart a negative 
charge to the structure. Evidence that 
charge is important to lymphocyte bind- 
ing to peripheral node H E V  is indicated 
by our findings that (i) high ionic strength 
partially inhibits this interaction and aug- 
ments the inhibitory activities of L-fu- 
cose and D-mannose (10); and (ii) as  
inhibitors, charged monosaccharides and 

M N P P Fig. 3 (left). Dose-re- 
F T  - soonse curve for siali- 

dase treatment. Pe- 
ripheral node (PN), 
mesenteric node 
(MN), and Peyer's 
patch (PP) sections 
were exposed to vary- 
ing amounts of Vibrio 
sialidase (Gibco) and 
tested for lymphocyte 
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attachment as de- : , p scribed in Fig. 2. Binding is expressed relative to the controls not exposed to enzyme. Means 
and standard errors were based on six independent replicate sections. Higher concentrations of 
sialidase (>5 units per section) while eliminating binding of lymphocytes to peripheral node 
HEV created new binding sites in subcapsular and medullary sinuses of the nodes. Contaminat- 
ing erythrocytes in the lymphocyte suspension also bound to these sinus sites. Fig. 4 (right). 
Effect of C. perfringens sialidase treatment of peripheral node, mesenteric node, and Peyer's 
patch sections on lymphocyte binding. C denotes treatment of sections, prepared as in Fig. 2, 
with control buffer (50 mM sodium acetate and 100 mM NaC1, pH 5.0); E denotes treatment 
with 0.01 unit of enzyme (affinity-purified Clostridium sialidase (Sigma) in the same buffer; and 

, E + SL denotes treatment with 0.01 unit of enzyme plus 2.5 mM sialyllactose (Sigma). The 
0 0.005 0.05 0.5 50 sections were otherwise treated as described in the legend to Fig. 2. Means and standard errors 

Units o f  e n z y m e  were based on five independent replicate sections. 



polysaccharides are superior to their un- 
charged counterparts (10). 

Determination of the exact role of sial- 
ic acid in the organ-specific adherence of 
lymphocytes to HEV awaits the isolation 
and characterization of the HEV attach- 
ment sites from the various lymphoid 
organs. 
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Stimulation of Bone Resorption in Vitro by Synthetic 
Transforming Growth Factor-Alpha 

Abstract. Experiments were conducted to test the hypoth~s i s  that tumor-derived 
transforming growth factor-alpha (TGF-a) is responsible for the increased bone 
resorption and hypercalcemia seen in some malignant diseases. Homogeneous 
synthetic TGF-a prepared by the solid-phase synthesis method stimuluted bone 
resorption directly in vitro in a concentration-dependent manner. Incubation times of 
72 hours or more were required to  stimulate resorption, which is similar to  the time 
course of bone resorption by epidermal growth factor. 

Transformed cells produce endoge- 
nous transforming growth factors 
(TGF's) that can reversibly induce the 
transformed phenotype in indicator cells 
in vitro. These polypeptide stimulators 
of cell growth and replication may repre- 
sent examples of autocrine or paracrine 
secretion by tumor cells (1). One class of 
these factors, called TGF-a, competes 
for binding to the epidermal growth fac- 
tor (EGF) receptor. Rat TGF-a has been 
sequenced and synthesized (2). We 
showed earlier that TGF-a activity is 
present in the partially purified material 
responsible for the bone-resorbing activ- 
ity in tumors associated with hypercalce- 

mia (3). We now report that synthetic 
TGF-a stimulates bone resorption di- 
rectly in vitro. Increased bone resorption 
may be an endocrine effect of TGF's 
secreted by tumor cells and may be 
responsible for the bone destruction fre- 
quently associated with malignancy. 

Synthetic rat-type TGF-a was pre- 
pared as described by Tam et al. (2). 
Purity of the protein was confirmed by 
sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis, amino acid analysis, 
and reversed-phase high-performance 
liquid chromatography (2). The biologi- 
cal activity of TGF-a preparations and 
synthetic TGF-a was monitored by 
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Fig. 1. Stimulation of bone resorption by 
synthetic TGF-a. Synthetic TGF-a was dis- ** solved in 100 p1 of 10 mM acetic acid contain- 
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ing bovine serum albumin (BSA) (fraction V;  
5 mglml) (Sigma) and serially diluted into 
BGJb plus 5 percent fetal bovine serum. 

1.0 fetal rat long bones (5). Bones were cultured 
0.5 1 .0 2.0 4.0 8.0 for 96 hours. Bone-resorbing activity is ex- 

R a t  s y n tke t i c  TGF-a ( n g l m l )  pressed as the treated-to-control ratio of 4 5 ~ a  
release ( 2  standard error of the mean of four 

bones per group). Statistical differences were calculated with Student's t-test for unpaired data 
(*P < 0.05; **P < 0.025). 
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* 
Doses are expressed as nanogram equivalents 
of EGF per milliliter of culture medium. Con- 
trols were treated with equivalent concentra- 
tions of 10 mM acetic acid containing BSA. 
Bone resorption was assessed by measuring 
the release of 45Ca from previously labeled 




