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ABSTRACT

A batch separation procedure has been developed for retrieval of tumor necrosis tactor {TNE} x from the microliter volumes of fluid
isolated from the human temporomandibyiar joint { TMJ). Paramagnetic beads coated with monoclonal antibodies for TNF were used.
The beads, and bound TN, were recavered from solunion with the aid of 2 magnetic field, The amonnl of bead-bound TNF was
quantificd using an immuno-hased assay developed in this laboratory called the cluster assay. The cluster assay was specilfic for TINF
and linear up to 10 ng. Using these methods we found that TMT Auid contained 0.2 4.2 ng per 100 gl of Auid with a mean value of 1.9 ng
and a standurd deviauon of 1.1 ng. This study demonstraies the utility of barch immnnomagnetic separation for the concemration and

purification of proteins, and the cluster assay for quantification of prateins from microliter volumes of body flinds.

INTRCDUCTION

Separations need not be performed on a col-
umn. An alternative, batch separation, is normal-
ly performed by the addition of g slurry of a solid
phase directly to the solution containing the li-
gand (see ref. | for brief review}. A batch sep-
aration may be uselul when the ligand is present
in low amounts and when only microliter vol-
umes of fluid are available. In the present study
we used a batch procedure 1o isolate tumor ne-
crosis factor {(TNF) %, 4 trimeric protein with a
molecular mass of approximately 17 000 daltons
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per monomer secreted by monocytes and macro-
phages. The biochemistry and biological effects
of TNF have recently been reviewed {2]. Previous
work from this [aboratory has identified TNF in
a variety of fluids {3 -5] and results from other
laboratories have identified TNF in scrum [6],
synovial exudates from rheumatoid joints [7] and
serum of children with severe infectious purpura
(8].

The temporomandibular joint (TMJ), the ar-
ticulation between the base of the skull and the
mandible or lower jaw. is lined with a synovial
membrane and contains only microliter volumes
of synovial fluid [9]. Previous studics have identi-
fied inflammatory mediators such as the plasina
proteins immunoglobulin G (1g() and immuno-
globulin M [10] and components of the arachi-
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donic acid cascade, including prostaglandin E;
and leukotricne By [11]in the fluid collected from
this joint. While the results of all these studies
indicate changes in the biochemical conyposition
in the dysfunctional joint, the cause for the pain
and destruction associated with TMI dysfunction
remains unclear. Although some have argued
that the pain and dysfunction are a result of nus-
cular hyperactivity and joint discase [9.12.13],
others have suggested an asceptic inflammatory
reaction in the masticatory muscles [14]. The
presence of inflammatory markers [10.11] to-
scther with the favorable results obtained with
corticosteroids [15] supports inflammation as an
explanation. 1n addition, as TNF induces the se-
cretion of collagenase by fibroblasts [16.17) and
has heen implicated in the destruction of connec-
tive tissue and the resorption of bone | 18], 1solat-
ing TNF from TMI fluid could provide a mecha-
nism to explain the pain and dysfunction associ-
ated with the disease of this joint,

For the separution of TNF-x, we used as solid
phasc paramagnetic beads precoated with anti-
TNF monoclonal antibodies {(MAbs). The addi-
tion of a slurcy of these beads to a microliter sam-
ple of the joint fluid resulted in binding of the
TNE to the antibody-coaled beads. The applica-
tion of a magnetic field 1o the solution separated
the beads and the attached TNF {rom the solu-
tion, resulting in a concentration and purification
of the small amounts of TNF in the fluid. Previ-
ous studies have used antibody-coated magnetic
beads for the recovery of virus [19], bacteria [20]
and cells [21 23] from tissue cultures. In addition,
immunomagnetic beads were used for the sep-
aration of cells with open column chromatogra-
phy [24.25].

The quantification of the bead-bound TWNF
was accomplished using an immuno-based assay
developed in this laboratory, called the cluster
assay. The method replaces the color-gencrating
system of an enzyme-linked immunosorbent as-
say (ELISA) with 4 second bead having a diame-
ter one half that of the head used for capture.
Coaling the second bead with a polyelonal, or
alternatively, a different epitope seeking MAb al-
lows this smaller bead to bind to unused epitopes
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on the bound TNF. Thus, the presence of TNF
acts as a bridge resulting in the formation ol u
lurge bead small bead complex or cluster. On the
basis of the number of clusters, a suitable cali-
bration curve can be constructed allowing the
quantification of the amount of TNF present 1n
the fluid. Using the cluster assay and immuno-
magnelic scparation, here we report, for the first
time, that TINF is present in TMJ fluid.

EXPERIMENTAL

Materials

Paramagnetic beads, 5 pm (M-434). coated
with sheep anti-mouvse 1gG antibodies, and 2.85
am (M-280), couted with either sheep anti-rabbit
1gG antibodies or sheep anti-mousc [gG antibod-
ies, the Dynabead rotator and the perminent
magnet (Dynal MPC-E} were obtained from Dy-
nal (Great Neck, NY, USA); human recombi-
nant TNF-2 (rTNF) and mouse anu-TNF MaAbs
(clone 189 and clone 195/8) were obtained from
Boehringer-Mannheim (Indianapotlis, IN. USA);
rabbit serum. containing ant-TNF polyclonal
antibodies (PAbs), was a gift from Dr. Anthony
Cerami. The antibody fraction was purified using
a Scpharose Profein A celumn {7 em x | em
1.D.}. The Sepharose Protein A, bovine serum al-
bumin {BSA), human serum albumin (HSA),
Thimerosol and phosphate-buffered saline (PBS)
were obtained from Sigma ({5{. Louis. MO,
USA). Interlenkin-1 (II-13 was a gift from Dr.
Gloria Gronowicz, The Olympus-inverted micro-
scope equipped with Hefliman phase optics and
the Olympus camera were obtained from Micro-
Tech {Harttord. CT, USA) and the Tech Pan 1353
film was from Kodak {Rochester, NY, USA).

Attachment of antibodies to beads

Paramagnetic beads (5 am) (500 ul containing
[.5-mg beads) coated with sheep anti-mouse [gG
aniibodies were mixed with clone 199 mousc an-
1i-TNF MAD in an overnight incubalion at 4°C
with end-over-cnd rotation. in the Dynabead ro-
tator, in 120 mAM NaCl-27 mM KCl-10 mM
phosphate. pH 7.4 (PBS) containing 0.1% B3A.
The heads were recovered {rom solution with the
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aid of the permancnt magnet, then washed in
four changes of PBS BSA with 30 min for each
change. The bead—MAbDb complex was stored as a
slurry in PBS-BSA with 0.01% Thimerosal.
These MAD beads were washed and resuspended
in PBS-BSA immediately before use. 'The con-
centration of the MAb beads in the slurry was
determined by counting aliquots In a hemocy-
tometer using 200 x total magnification.

Two types of 2.85-um paramagnetic beads
were used. The beads with sheep anti-rabbic anti-
bodies were coated with purified rabhit anti-TNF
PAbs while the sheep anti-mouse beads were
coated with mouse anti-TINF MAbs, clone 195/8.

Calibration curve

A calibration curve was developed using rTNF
as follows. 2 . [0° MAb-coated 3-pm beads were
added to 60 ul of'a PBS-BSA solution containing
1-4 ng of rTNF. After incubation for 2 min at
room temperature, the beads were recovered.
washed cace with PBS-BSA and resuspended in
60yl of PBS BSA. A second solution was pre-
pared containing either PAb-coated or MAb-
coated 2.85-um beads at a concentration fwenty-
fold in excess of the number of large beads. OF
this solution, 200 @ were added to the solution of
5-pum beads, the mixture was incubated at room
temperature for [} min, and the number of clus-
ters was deterimined microscopically (sce below).

Collection of TMJF fluid

Fluid was collected from eleven TMIJs in eight
palients undergoing either arthroscopy {scven
TMIJs) or arthrotomy (four TMIs) for internal
derangements. All arthroscopy patients selected
met the eriteria stated in the position paper on
arthroscopy of the TM.I by the American Associ-
ation of Oral and Maxillofacial Surgeons. 1n ad-
dition, this study was approved by the [nstitu-
tional Review Board of the University of Con-
necticut Heaith Center.

Fluid was collected prior to either arthroscopy
or arthrotomy with the paticnt under general an-
esthesia, The superior jeint space was first injoct-
ed, by an inferolateral approach, using an 18-
eauge necdle with 1.5 ml of bupivacaine without
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epinephrine, followed by injection of 1.5 ml of
lactated Ringers sclution. After | min. all fluid
was aspirated from the joint. The amount of fluid
recovered ranged from approximately 250 to
1000 ). The fluid was transferred io polypropyl-
cne tubes and stored at —20°C until assayed.

RESULTS

Separation of TNF from the TMJ fluid

A slurry of S-ym paramagnetic beads coated
with MAb specific for TNF (MAb beads) was
prepared to contain 6.3 - 10° beads per ml in
PBS-BSA. In most cascs, 50 4l of the sharry were
trunsferred 1o 100 pl of the TMJ fluid. 1n experi-
ments designed to determing a suitable incuba-
ton time, the siurry remained in the fluid for as
long as 30 min. After separation and quantifica-
tion by the cluster assay {see below), we found
that the amount of TNF retrieved after 2 min wus
siimlar to that recovered after 30 min. Therefore,
in alt subsequent experiments the slurry remained
i the solution from 2 1o 4 min. The beads were
scparated from the fluid by placing the test tube
against a permanent magnet {(MPC-E). and the
solution was removed.

Definition of the clusier assay

After separation, the beads were resuspended
in PBS- BSA, and a twenty-fold excess of either
anli-INF PAb- or MAb-coated 2.85-um beads
was added to cach tube and incubated to allow a
farge bead—small bead complex, or cluster. to
form. A diagrammatic represcentation of the con-
figuration of this complex when PAbs were used
is shown in Fig. 1A, Clusters were visualized and
counted using an inverted microscope with Hoft-
man phase contrast optics at a tolal magnifica-
tion of 400 %, In Fig, 1B, a representative image
obtained in the abhsence of TNF is shown. A sin-
gle cluster, indicated by the arrow and defined as
one large bead attached to one or more small
beads, is visible. Fig. [C shows an image ob-
tained in the presence of TINF. Numerous clus-
ters, indicated by the arrows, are visible.

For counting clusters, large beads were seored
as being cither 1solated or in contact with a small-
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Fig. 1. Desenplion of the ciuster assay. {A) Schematic repre-
sentarion of the inmunochemistry wnderlying the cluster assay.
In the diagram, un MAb-couated bead is shown coupled to TN
which in wirn s coupled (e a PAb atiached to a small bead A
claster s formed when Lhe FAD binds 1o Llhe TNF MAb head
complex, Photomiserographs show representalive images of clus-
ters and were oblained wsing an Olvmpus camera and Tech Pan
135 film. (B) A representative image abtained in the absence of
TNE. A number of large hoads and a grewer number of small
beads are visible. Tn this image. only one large brad was observed
n contacl with @ smmall bead {arrow), {C) A representative iage
abtained ins the presence of 4 ng of TN Several large beads
{arrows) were observed in contael. or clostered with, small
bz,

er bead. When counting, the initial microscopic
field was chosen at random and afier all lurge
beads in that field had been scored. the micro-
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scope stage was moved 1o a contigucus field. The
ratio of large beads found in clusters to the total
number of large beads was then calculated. A
sample processed without TNF served as the
blank and. after the number of clusters was deter-
mined, a similar ratio was obtained. The blank
ratio was subtriacted from the experimental ratio
1o give the number of clusters which arc ex-
pressed in arbitrary “cluster units™ (CUJ).

Reproducibility of the procedure

The reproducibility of the procedure was stud-
ied as follows. To examine the reproducibility of
counting, a stock selution (2 ng per 106 ml) of
rTNF was prepared. Five aliguois were removed,
pracessed as described above, and the number of
clusters formed in each of the five samples was
determined. Also. to examine the reproducibility
of pipettinp. five solutions. of five different con-
centrations {0, 0.5, 1. 2 and 4 ng} of rTNF were
prepared, processed as described. and the num-
ber of clusters in cach solution was determined.
It both experiments, the anthmetic averages of
the single counts of the {ive solutions or the single
counts of the five different concentrations had a
standard deviation (S.Dyof 4 2 CL.

Calibration curves

I order to evalunate the magnitude of the error
associdted with the cluster assay, the S.13. was
determined as [ollows. 1n a representative experi-
ment, standard solutions of rTINF svere prepared
at amounts indicated on Fig, 2. MAb beads (3
st were added, and the amount of TNF cap-
tured was determined by the cluster assay.
Curves were generated by plotting the number of
CU as function of TNF. For I ng,. n = 9, for 2
ng. i = 7and fordng, n — 8; 0% = 0.998 for the
line. Fig. ? shows both the meuns (squares) and
the magnitude of the $.D. (error bars) for cach of
the eight values.

Spectficity of the cluster assay

Body fluid samiples would be expected {o con-
tein other vompounds such as scrum albumin
and other closely related cytokines such as II-1.
Therefore, the specificity of the cluster assay pro-
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Iig. 2. Standard curve gencrated by scoring 200 farge heads as pusitive or negalive for cluster formation. i a represenlalive Lxpnment,
standard solutions of TNF were preparcd. 21 amounts incicated in 2 total volume of 60 gd. MAD beads were added and the amount of

TIF captured was determined by the cluster assay. For 1 ng. s
bars represent the magnitude of 5.1 for cach value.

cedure was investigated by replacing TNE with
either 1ISA or [I-1, In these experiments, solu-
tions of various concentrations of HSA and IL-1
were prepared, and 3-pm MAb-coated beads
were added followed by the addition of 2.85-um
PAb-coated beads. The clusters present at each
of the concentrations were determined and the
results are shown in Fig. 3. For comparison, the
number of clusters recovered with various con-
centrations of added TNF is also shown on Fig.
3. In contrast to the number of clusters formed
when TINF was present, Fig., 3 shows that no
clusters were detectable with either HSA {open
squares) ot [L-1 {open circles).

Rerrieval of TNF from TMJI fluid

After collection. 3-gm MAb-coated paramag-
netic beads were introduced into the fluid, TNF
captured on the bead surface amd the beads sep-
arated from the fluid. Fellowing resuspending
and washing the beads, a twenty-fold excess of
the smaller 2 85-um amtibody-coated beads was
added, and the amount of TNF in each sample
was measured by the cluster assay. Fig. 4 shows
the distribution of TNF values obtained {rom
each TMJ] sample. The concentration ranged

9 for2ng, » — Tand fordng.n = & r° = .98 for the line. Error
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Fag. 3. Deiermination of Tk1 and HSA by the cluster assay. In
this experiment, known amounts of 1i-1 and HSA were used in
place of TNI, Samples were incubated with 5y beads coated
with anti-FNI° MAbs, For lhe elusler zssay. 2.83%-pm brads were
coated with purified ant-TNF PAbs. (L) HSA: () I-1; {4)
TNE.
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Fig. 4. Recovery of TWNT [rom heman TMI synosial Muid, The
results of the assay of elever sumples of hunan TMI synovial
fluid collecied from cight patients undergoing either asthroscopy
{n = 7} or arthrotemy {(n = 47 are shown. An average value of
1.9 ng of TNF per 100 was obtained with an 8.1) of F 1.1 n2
per 10 .
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from a low of 0.2 ng to a high of 4.2 ng per 100 gl
of fluid, with a mean value of 1.9 ng and an 5.1,
of [.1. ng.

For those samples exhibiting low values of
TME. the possibility was considered that some
component of the TMJI fluid was inhibiting the
assay or otherwise inuctivaling the TNF. To test
this possibility, a samplc that was previously
shown to have a low value, in this case (0.2 ng of
TNE, was used. A 100-40 aliquot of this sample
was then “spiked”™ with 2 ng of F¥TNF. Antibody-
coated beads were added, and the amount of
TNF recovered was determined by the cluster as-
say. As shown in Fig. 3A, over 95% of the TINF
i the spiked solution was recovered in the assay,
indicating that the original low cluster value was
ot due 1o the presence of an inhibitor.

Similarly, for those samples exhibiting high
valnes of TNF, the possibility existed that addi-
tional TNF wus present but not recovered be-
cause of an inadequate number ol antibody sites
on the S-pm beads. To test this possibility. 2 - 10°
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Fig. 5. Recovery of TNFE. {A) A clinical sample was assayoed and
0.2 ng of TNE was recoverad. A secund aliguot of thos sample
was “spiked” with 2 ng ol authentic TRF and the sample as
sayed apain. The recovery of TNIY betore ¢salid har) and atler
(stippled bary (he spiking is shown. (B) Approximately 4 ng of
TNF were recovered [tom a oliniea samplz using 2 - 107 beads.
An additional 2+ 107 beads were added 1o the same samnple and
the TNF present was determined. The TINF values obtained foi-
lowing the first (solid bar} and second {stippled bar} coliection
are shown,

S-um antibody-coated beads were added to a
sample to determine the amount of TNF present.
The beads were separated from the solution, and
this solution was set aside. The beads were re-
suspended, 2.85-um antibody-coated beads add-
cd, and the amount of TINF was determined.
Next, to the solution that had been set aside an
additional 2 - 10° 5-um antibody-coated beads
werg added. Again the beads were separated
from the solution, resuspended, and the amount
of TNF recovered was determined. Fig. 5B pre-
sents the results of s experiment. As shown,
about 4 ng of TINF were recovered by the first set
of 5-pm antibody-coated beads. In contrast, the
INF recovered by the sccond set of antibody-
coated beads was barely detectable. These Gnd-
ings indicate that almost all of the TNF thut was
originally present had been removed with the first
set of beads and therefore a sufficient number of
inmuneadsorption sites were present initially on
the 3-um antibody-coated beads 1o assure recov-
ery of greater than 95% of the TNF.
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DISCUSSION

In the present study we used paramagnetic
beads coated with anti-TNF MADbs as the solid
phase to capture the TNF from the selution. Pre-
vicus studies have used antibody-coated magnet-
ic particles with open colemn chromatography to
separate cell types [23]. Because of the microliter
volumes of fluid thal were available far Lthe pres-
ent study, it was advantageous to use a batch
procedure. Batch separations have heen used for
the fractionation of creatine kinase iscenzymes
using an anion exchanger [26], and anion ex-
changers were also used to separate [actate de-
hyvdrogenase 1soenzymes using a batch techunique
[27]. A comparisen of the efficacy of batch versus
column chromatography has been presented |28].

The immunomagnetic procedures have other
advantages as well. For example, the ability to
scparate the magnetic particles from the solution
using a permanent magnetic field provided a con-
venient method for concentraling the TNF. The
ability to concentrate the sample ensures that suf-
ficient amount of antigen will be available for the
analysis. And, finally, another advantage is that
the usc of MAbs insures that the separation will
be specific. This specificity was demonstrated by
the results of cxperiments which showed that nei-
ther the related cvtokine I1-1 nor HSA would be
captured.

Following immunomagnetic separation, the
cluster assay was used to quantifly the amount of
TNF. The cluster assay, while similar to an EL-
[SA, replaces the color-generating system with a4
second smaller bead. In the cluster assay, the
smaller bead can be coated with either PAbs or
MADbs, provided the [atter are reactive to epi-
topes different from the MAbs atrtached to the
3-pm capture beads. With the <luster assay, a
positive result is obtained when the antibodies on
the small beads bind 1o an epitope on the TNF
forming a bead MAB-TNF-antibodv—bead
cluster. As the two beads are different in size, the
contact point between a large and small bead can
be taken as evidence ol the presence of i single
TNF molecule and a one-to-one correspondence
may be sct up between the number of contact
peinis and the number of TNF molecules.
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When compared to assavs such as the ELISA
angd the latex agglutination assay, the cluster as-
say has several advantages. For example, the an-
tigen need not he removed from the bead for
analysis. Also, the ELISA procedure requires the
addition of multiple reagents, and as each addi-
tion Increases the possibility of crror, the degree
of precision of the method will be reduced. In
contrasl, the cluster assay involves the addition
of only enc reagent, the solution of small beads.
Thus, the cluster assuy will be more precise than
the ELISA,

The latex agglutination assays. while superfi-
cialty similar to the cluster assay, have several
significant differences. For example, agglutina-
tion assays invelve pelymerization of smaller
units to form a structure of sullicient size to be
detected by a method such as nephelometry. In
contrast, with the cluster assay only a duner is
formed and cach dimer indicates the presence of
an antigen.

While the immunomagnetic separation meth-
od has the advantages described above, there are
some limitations. The most significant is that the
fluid must be collected from the body space be-
fore separation. As this collection involves inva-
sive surgical procedures, the possibilily must be
considered that the collection procedure might
influence the amount of antigen recovered. For
exarmple, the amount of TNF recovered might be
affected by the introduction of surgical instru-
ments and ithe washing procedure necessary to
collect the fluid. Overcoming this limitation
would require the development of procedures to
collect the antigen directly in the body cavity
without the collection of fluid. Proccdures for the
i sitre separation o TNF are described in the
accontpanying paper [29].
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