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Uromodulin (Tamm-Horsfall protein), the most abundant constituent of human urine, is
synthesized exclusively in the kidney tubular epithelium and its amino acid sequence suggests a
capacity for cell adhesion. We investigated adhesion between human uromodulin and neutrophils
by allowing uromodulin, immobilized on microtiter plates, to interact with neutrophils. It was
found that neutrophils attached to uromodulin in a saturable manner. The binding was inhibited by
uromodulin in solution. It required metabolically active cells, was calcium sensitive and could be
inhibited by arginine-glycine- aspartate-containing peptides in solution. These data suggest that
urormodoulin can act as a specific ligand for neutrophils. This interaction is potentially important in
leukocyte trafficking in the kidney and in the pathogenesis of interstitial nephritis. ¢ 1594 academic

Press, Inc.

Uromodulin (Tamm-Horsfall protein) is the most abundant protein of normal human urine
(1). Its cDNA sequence (2-4) reveals the presence of four epidermal growth factor (EGF)-like
motifs and one arginine-glycine-aspartate (RGD) sequence, suggesting a capacity for cell adhesion.

While the physiological function of this protein in normal kidney remains unclear,
uromodulin has been implicated in the pathogenesis of experimental and clinical tubulo-interstitial
nephritis (5-8). In vitro, uromodulin has been shown to activate neutrophils (9,10) and monocytes
(11, 12). Direct binding between uromodulin and neutrophils has been examined in one study (13)
which showed specific binding between monomeric uromodulin in solution and neutrophils at 4°C.

In the mammalian kidney, uromodulin is expressed abundantly and exclusively on the
surface of the epithelial cells lining the thick ascending limb of the loop of Henle (TAL, 14), where
it exists as a high molecular weight polymeric gel (MW ~ 7x107 kDa). In this study, we examined
binding mechanisms between neutrophils and immobilized, polymeric uromodulin, mimicking its
in - vivo state more closely and found that neutrophils adhered to microtiter plates coated with
uromodulin by a calcium dependent, RGD-mediated mechanism, requiring metabolically active

cells.

* To whom correspondence should be addressed. Fax:(405) 271 3191.

Abbreviations: ALB: human serum albumin; BSA: bovine serum albumin; EDTA:
ethylenediaminetetraacetic acid; EGF: epidermal growth factor; EGTA: ethylene glycol-bis (B-
amino ethyl ether) N,N,N',N'-tetraacetic acid; HBSS: Hank's balanced salt solution; ICAM-1:
intercellular cell adhesion molecule - 1; RGD: arginine-glycine-aspartic acid; RT: room temperature;
TAL: thick ascending limb of loop of Henle.
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MATERIALS AND METHODS

Isolation of Uromodulin: Uromodulin was purified from human urine by minor modifications of
the original salt precipitation method of Tamm and Horsfall (15), dialyzed against water,
lyophilized and confirmed to be pure by the appearance of a single band on SDS-PAGE at 80 kDa.
There was no band in the region of 150 - 200 kDa, excluding major contamination from IgG,
another protein of large molecular weight found in urine (16).

Isolation of Human Neutrophils: Human neutrophils were isolated from heparinized whole blood
by density gradient centritugation in a Ficoll-Hypaque based medium (Mono-poly resolving
medium, Flow Laboratories, McLean,VA). Contaminating erythrocytes were removed by
hypotonic lysis in water. Preparations were judged to be pure on the basis of their microscopic
morphology. The neutrophils were counted using a hemocytometer.

Binding Assay: 96 well polystyrene microtiter plates (Immulon 4, Dynatech, Chantilly,VA) were
coated with uromodulin (100 pl of 100 pg/ml per well) or other proteins used as negative or
positive controls, in bicarbonate buffer, pH 10.0, and allowed to incubate overnight at 4 °C in a
humidity chamber. All experiments were done in triplicate and repeated at least once. Next
morning, unbound protein solution was flicked off the plates and the plates were blocked with 1%
bovine serum albumin (BSA) in Hank's balanced salt solution (HBSS, Cat.# 310-4065AF, Gibco-
BRL, Gaithersburg, MD) for one hour at RT to inhibit non-specific binding. Neutrophils isolated
above were then added to the wells at a concentration of 200,000 cells per well and allowed to
incubate with the protein bound on the plate for 60 minutes at RT. RT was chosen because
binding appeared to require metabolically active cells. 37 °C was not chosen because at 37 °C
neutrophils tend to become non-specifically sticky. In some experiments, neutrophils were first
incubated with a competitor of binding for 30 min at 4 °C. The wells were washed twice with
0.1% BSA in HBSS and examined under a microscope. Bound cells were quantitated using a
myeloperoxidase assay described below. Human serum albumin (ALB, 100 ul of 100 pg/ml) was
used as negative control and P-selectin (GMP-140, PADGEM, 100 ul of 5 pug/ml, a gift from Dr.
Rodger McEver), a molecule previously shown to bind neutrophils (17), was used as a positive
control.

Myeloperoxidase Assay:Neutrophils bound to the microliter plates were solubilized by incubation
with 200 pl per well of 0.5% hexadecyltriethylammonium bromide in 50 mM potassium
phosphate, pH 6.0, for 30 minutes at room temperature to release myeloperoxidase activity into
solution. 20 pl of the above extract was added to 15 pl of 0.08 M potassium phosphate buffer, pH
6.4, 20 pl of 0.003% H,O5 (1:10,000 dilution of 30% H,O, in the potassium phosphate buffer)

and 10 pl of 16 mM tetramethylbenzidine substrate solution in N, N- dimethylformamide. The
blue color reaction was stopped after 5 minutes with 100 ul of 1 M H3POy, pH 3.0. The optical

intensity of color was read in a spectrophotometer (Dynatech) at 450 nM. A standard curve was
obtained simultaneously for each experiment by placing known number of neutrophils in
sequentially increasing amounts, in triplicate, in separate wells.

Peptide Synthesis: Peptides were synthesized by the Fmoc (N2-9-Fluorenylmethyloxycarbonyl)
solid phase synthesis strategy (18) by the Molecular Biology Resource Facility of the Warren
Medical Research Institute. Crude peptide mixture was separated by reverse phase C18 HPLC.
All major peaks were collected and analyzed for their amino acid content following hydrolysis in 6
N HCI for 20-24 hrs. under vaccum by cation exchange chromatography. The amino acid
composition was found to be within 5 % of that expected.

RESULTS

Neutrophils bound to uromodulin and to P-selectin (positive control) but not to albumin
(negative control) (Fig. 1). Neutrophils preincubated with uromodulin in solution did not bind
albumin (Fig. 2) suggesting that neutrophils were binding to uromodulin and not being activated
by uromodulin to become non-specifically sticky. The binding of neutrophils to immobilized
uromodulin was reduced by uromodulin in solution at 100 pg/ml (Fig. 3) but higher concentrations
of uromodulin did not produce additional inhibition, possibly because of tendency of uromodulin
to come out of solution above 100 pg/ml. A time curve revealed that neutrophil binding to
uromodulin plateaus at 30 minutes. A dose-response curve, obtained by incubating equal number
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Fig, L Neutrophils bind to uromodulin and P-selectin (positive control) but

not to albumin (negative control). Microtiter plates were coated with human
serum albumin (ALB), 10 pg/well, uromodulin (UM), 10 pg/well and P-selectin,
0.5 pg/well, as described under methods. Freshly isolated human neutrophils
(200,000/well) were allowed to incubate with them for 30 min at RT and binding
measured as described under methods. Results are presented as mean + s. d. (n=3).
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Fig, 2. Neutrophils pre-incubated with uromodulin do not bind to albumin.

Neutrophils were allowed to incubate with wells coated with uromodulin (UM) or
albumin (ALB) as described for Fig. 1. In addition, one set of neutrophlls were
first pretreated with uromodulin in HBSS at 50 pg/ml for 30 min at 37 °C and
then allowed to incubate with uromodulin-coated wells. Results are presented as
mean + 8. d. (n=3).

Fig. 3. Neutrophil binding to immobilized uromodulin is reduced by
uromodulin in solution. Neutrophil binding to uromodulin coated microtiter
plates was carried out as described for Fig. 1. In addition in some wells
uromodulin (UM) or albumin (ALB, negative control) was added to neutrophil
suspension at concentrations of 100 pg/ml (10 pg/well) to act as potential
competitors for the immobilized UM. Results are presented as percentage of
binding of untreated neutrophils (mean + s.e.m., n=9, t test, ALB vs. UM, p <
0.007).

277




Vol. 200, No. 1, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

'a g7y 4°C b
7 ° ~
o a0k B 22 C kS
- 2 s
5 =R - 1%0r
z oo x
. oSeiole) —
— 150 L :::':’:‘ n
= Ty oo =
2. < XS] =
ossbesns S =
<) o) QCRXA [l
= [$Soe%ode! X °
5 e o [
= cok R 3
© ne 2
z B S
i &
'g Koot = 50
a0 [o8a%%s =]
= RS =
Kot
Q TR 3
2 o 2
oy 7
LV s |
ol
UM P-SELECTIN ALB
Fig. 4. Neutrophil binding to uromodulin requires metabolically active cells.

a) Microtiter plates were coated with uromodulin (UM), P-selectin or albumin
(ALB) and neutrophils allowed to react with them as described for Fig. 1. Parallel

expoeriments were performed at 4 'C and at RT (22 DC). Neutrcgphils bind toOUM at
22 Chbutnotat4 C; to P-selectin (positive corgtrol) bothat4 Candat22 C;and

to albumin (ALB, negative control) neither at 4 C nor at 22 OC. b) Microtiter plates
were coated with uromodulin (UM), P-selectin or albumin (ALB) as described for
Fig. 1. Neutrophils were fixed by incubation with freshly prepared 1%
paraformaldehyde in PBS, pH 7.4,for 20 min at RT. Paraformaldehyde was
inactivated by adding 0.1 volume of buffer containing 200 mM Tris and 400 mM
glycine buffer for 10 min. Neutrophils were then washed thrice in HBSS and
allowed to incubate with microtiter plates coated with UM, P-selectin and ALB as
for Fig. 1. Formalin fixed neutrophils were found not to bind uromodulin or
albumin but did bind to p-selection. Results are presented as mean + s. d. (n=3).

of neutrophils with sequentially increasing amounts of uromodulin, showed that the binding
plateaus at 5 pg/well.

Neutrophil binding to lectins such as P-selectin, has been shown not to require
metabolically active cells (17) but neutrophil binding to integrin ligands such as ICAM-1, is seen
only in cells that are active metabolically, and is not seen in fixed or quiescent cells (19). Fig. 4
shows the need for metabolic activity in neutrophil-uromodulin interaction. Neutrophils bound to
uromodulin at 22 °C but not at 4 °C (Fig. 4a). Moreover, formalin fixation of neutrophils
abolished their binding to uromodulin but not to P-selectin (Fig. 4b). Together, these data
demonstrate that uromodulin-neutrophil interaction in this experimental model requires
metabolically active cells and resembles an integrin mediated process.

Since several cell adhesion molecules have been demonstrated to bind to their ligands in a
divalent ion dependent mechanism, we next proceeded to test whether the binding of neutrophils to
uromodulin was dependent upon divalent cations. Binding of neutrophils to uromodulin was
determined in the presence of EDTA (chelates calcium and magnesium) or EGTA (chelates calcium
but not magnesium) and both agents inhibited the binding, consistent with the calcium dependence
of the binding (Fig. 5).

Integrins are dimeric protein molecules that bind specific ligands (20). Most, though not
all, integrin ligands have a specific tripeptide, ‘RGD’ sequence. The human uromodulin molecule
has one ‘RGD’ sequence at position 142-144, flanked by tyrosine (Y) on the 5' end and glycine
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Fig. 5 Neutrophil binding to uromodulin is calcium dependent. Microtiter

plates were coated with uromodulin (UM) and albumin (ALB) as for Fig. I.
200,000 neutrophils suspended in HBSS were incubated with each well. In some
wells 5 mM EDTA or EGTA were added to neutrophil suspension to chelate
calcium and magnesium (EDTA) and calcium alone (EGTA). The binding is
inhibited equally by chelation of calcium alone (EGTA) or by chelation of calcium
and magnesium (EDTA). Results are presented as mean + s. d. (n=3). ANOVA ]
vs. 2, p <0.05; 2 vs. 3, p <0.05; 2 vs. 4; p <0.05.

(G) on the 3' end. We next tested whether this sequence “YRGDG' was critical to the binding of
neutrophils to uromodulin by examining the ability of synthetic peptides to inhibit neutrophil
binding to uromodulin. Fig. 6 shows the results of these experiments and reveals that the binding

was inhibited by RGD-containing pentapeptide ‘YRGDG’ but not by control peptides ‘YRGEG’
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Fig. 6 Neutrophil binding to uromodulin is "RGD" dependent. Microtiter

plates were coated with uromodulin (UM) and albumin (ALB) and neutrophils
allowed to interact with them as for Fig. 1. In some wells, ‘RGD’ and control
peptides were added to the neutrophil suspension at a concentration of 1,000 pg/ml.
The binding is inhibited by ‘RGD’ containing peptide “YRGDG’ but not by control
peptides ‘YRGEG’ and ‘SQDYPVVR’. Results are presented as mean + s. d.

(r;)=(3))5 ANOVA 1 vs. 2, p <0.05; 2 vs. 3, p <0.05; 2 vs. 4, p >0.05; 2 vs. 5, p
>0.05.
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and *“SQDYPVVR’ suggesting not only that binding requires the ‘RGD’ site but also emphasizing
the critical importance of the aspartic acid (D) residue in this interaction.

DISCUSSION
This study has examined interactions between polymeric immobilized uromodulin and
neutrophils. Results suggest that neutrophils show saturable, reversible, time-dependent and dose-
dependent binding to uromodulin by a process that requires metabolically active cells, is calcium
dependent and is RGD-mediated.

These data do not directly identify the neutrophil adhesion molecule for uromodulin but do
point toward potential candidate molecules. Major adhesion molecules on the neutrophil surface
are L-selectin and B2-integrins. L-selectin is constitutively expressed and binds to sialylated
oligosaccharides in a lectin like interaction (21). Binding of selectins to their ligands in general
does not require metabolically active cells. B2-integrins are expressed on the neutrophil surface in
an activation dependent manner and require metabolically active cells for binding. Interactions of
B2-integrins with their ligands usually requires calcium (22) and may (23) or may not (24) involve
the ‘RGD’ wripeptide in the ligand. Our data suggest a potential role for neutrophil integrins in the
binding of neutrophils to uromodulin and also provide the first evidence, to our knowledge, that
the ‘RGD’ sequence in uromodulin is functionally active. Further studies are needed to confirm
and dissect the role of individual neutrophil integrins in this interaction. Although, uromodulin has
long being implicated in pathogenesis of tubulointerstitial nephritis (5-8), direct interactions
between uromodulin and neutrophils have been examined only recently (9,10, 13). Horton et. al.
(9) first demonstrated that particulate uromodulin stimulates respiratory burst, degranulation and
leukotriene production in neutrophils. Yu et. al. (1) showed that uromodulin increases
phagocytosis, complement receptor expression and arachidonic acid metabolism in neutrophils.
The mechanism of binding between neutrophils and uromodulin has been examined in only one
other study (13). Thomas et. al. (13) used radiolabeled monomeric uromodulin in solution and
found that it bound to neutrophils at 4 °C and that the binding could be displaced by sialic acid.
Their data with monomeric uromodulin is different from our results with polymeric uromodulin
and is consistent with the possibility that monomeric uromodulin involves an interaction with L-
selectin, and that monomeric and polymeric uromodulin bind to neutrophils by different
mechanisms. In the mammalian kidney, uromodulin exists as a high molecular weight polymer on
surface of cells lining the TAL and in the tubular fluid downstream from the TAL. The present
study has examined the mechanism of interaction between polymeric uromodulin and neutrophils,
and perhaps represents the in- vivo situation more closely. Taken together, these other reports and
ours do suggest that uromodulin has the potential to participate in the pathogenesis of immune-
mediated tubulointestitial nephritis especially in the early stages when neutrophils are an important
component of the infiltrating cells.

Furthermore, these results may be significant in the context of neutrophil migration across
renal epithelium. Normal urine contains up to 2 million neutrophils per day (25) and an increased
excretion of neutrophils in urine (pyuria) occurs in infectious pyelonephritis (26) and in immune-
mediated, sterile tubulo-interstitial nephritis (27). While neutrophil migration across the vascular
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endothelium has been the subject of many studies (28), neutrophil migration across epithelium in
general (29) and renal epithelium in particular (30) has not been thoroughly investigated.
Neutrophil migration across the intestinal epithelium has been shown to be mediated by binding of
leukocyte integrin, CD11b/CD18 (Mo1/Mac-1) to an unidentified ligand in the intestinal epithelium
(31). Similar studies have not been performed for renal epithelium. Our data suggest that
uromodulin may serve as an integrin ligand facilitating neutrophil migration across renal epithelium
in the genesis of pyuria.

In conclusion, we demonstrate that polymeric uromodulin binds neutrophils in a calcium
dependent, RGD-mediated, integrin-like process that may be important both in the normal kidney
and in inflammatory disorders of the renal interstitium.
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