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A B S T R A C T The susceptibility of exocrine and serum
immunoglobulins and antibodies to proteolytic degra-
dation was assessed. Colostral and duodenal fluid exo-
crine 11S IgA, monomeric serum IgA, and IgG were
digested with trypsin, chymotrypsin, or duodenal fluid.
Exocrine IgA was more resistant to digestion than were
the serum immunoglobulins. Under conditions of the
experiments, most of colostral IgA retained its 11 S
quaternary structure, including the secretory piece; the
portion degraded was reduced almost entirely to peptides.

The superior resistance of exocrine IgA was also dem-
onstrated by digestion of serum IgG and nasal exocrine
IgA diphtheria antitoxins with trypsin or duodenal
fluid. Selective precipitation of trypsin-digested anti-
toxins with antibodies to heavy chains, light chains, or
secretory piece revealed that the differences in sus-
ceptibility to digestion were due to differences in lability
of the Fc portions of the IgA and IgG antibody mole-
cules. The Fc portions of IgG antibody molecules were
degraded or cleaved from the Fab units of the mole-
cules, whereas the Fc-like portions of IgA antibody
molecules remained associated with their Fab-like units
and the secretory piece. On the other hand, trypsin
treatment did not affect the antigen binding ability of
the Fab parts of either the exocrine IgA or IgG anti-
bodies.

The Fc-like portions of exocrine IgA may be pro-
tected from tryptic degradation by the quaternary struc-
ture of the 11S molecules, which includes a dimer of 7S
IgA subunits and the secretory piece.

A preliminary report was made to the Midwest Section of
the American Federation for Clinical Research and the
Central Society for Clinical Research, Chicago, Ill., 1
November 1968; an abstract has been published (1).
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INTRODUCTION
Exocrine i1S IgA is the predominant immunoglobulin of
most human external secretions, including intestinal
fluid (24), colostrum, and milk (4, 5). Antiviral and
antibacterial antibodies of the IgA class (6-9) have been
identified in these fluids, suggesting that exocrine IgA
plays a role in the immune defenses of the gut. Be-
cause immunoglobulins in gastrointestinal fluids are ex-
posed to potent proteolytic enzymes, their susceptibility
to proteolytic degradation may influence their biological
activities.

Evidence concerning the stability of antibodies and
immunoglobulins exposed to proteolytic enzymes is
meager and inconclusive. The biological activity of cer-
tain milk antibodies resisted pepsin digestion more ef-
fectively than did the activity of corresponding serum
antibodies (9). The activities of other serum and exo-
crine antibodies were equally susceptible to tryptic (9,
10) or peptic (10) digestion. Tomasi and coworkers
(11, 12) have stated that exocrine IgA resists digestion
by several proteolytic enzymes which readily degrade
serum immunoglobulins, but experimental evidence has
not been published.

In this study, human exocrine and serum immuno-
globulins and antibodies were digested with trypsin,
chymotrypsin, or duodenal fluid. Susceptibility to di-
gestion was assessed principally by the following two
approaches: (a) digests of the immunoglobulins were
fractionated by gel filtration, and the per cent of each
immunoglobulin remaining intact was estimated from
the spectrophotometric absorption curves or by radial
immunodiffusion; and (b) diphtheria antitoxins pre-
pared from nasal secretions or serum were digested,
and the amounts of radio-labeled diphtheria toxoid bound
by intact antibodies or by their fragments were estimated.
The results indicated that exocrine IgA was more re-
sistant to digestion than were IgG or serum IgA, and
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that IgA antitoxin was more resistant than serum IgG
antitoxin.

METHODS
Purification of immunoglobulins and diphtheria antitoxins.

Colostral 11S IgA, the secretory piece (SP) free in colos-
trum, and serum IgG were purified as described (13).
Colostral IgA and SP were purified by diethyl aminoethyl
(DEAE)-cellulose (Mannex-DEAE, Mann Research Labs
Inc., New York) and Sephadex (Pharmacia Fine Chemicals,
New Market, N. J.) gel filtration from pooled, defatted
colostrum which had been stored at -20'C. Monomeric
serum IgA was prepared by a modification of the zinc sulfate
method (14). The supernatant of the zinc sulfate precipitate,
after addition of ethylenediaminetetraacetate (EDTA) and
subsequent dialysis, was treated with 50%o saturated am-
monium sulfate at pH 7.8. The precipitate was twice fil-
tered through a column of Sephadex G-200 (2.5 X 100 cm).
Protein was eluted by upward-flowing borate-buffered sa-
line (0.15 M NaCl in 0.01 M borate buffer, pH 8.0, contain-
ing 0.001 M EDTA). The final preparation contained less
than 5%o IgG and polymerized IgA.

Monomeric IgA was prepared from 11S colostral IgA
by reduction with 50 mmdithioerythritol and alkylation with
iodoacetamide as described (13). The 7S peak was isolated
by Sephadex G-150 gel filtration.

Diphtheria antitoxins were prepared from serum or se-
cretions of adults who had been immunized either by nasal
instillation or subcutaneous injection of diphtheria toxoid
(15). Exocrine IgA antitoxin was purified from nasal
secretions by DEAE-cellulose column chromatography and
Sephadex G-200 gel filtration. IgG antitoxin was isolated
from serum by DEAE-cellulose column chromatography.

Enzymes and duodenal fluid. Twice-crystallized Type 111
bovine pancreatic trypsin (12,000 BAEE U/mg) was pur-
chased from the Sigma Chemical Company, St. Louis, Mo.
Bovine pancreatic alpha chymotrypsin (crystallized, salt-
free, A grade, 1240 chymotrypsin neutral fraction [NF] U/
mg) and soybean trypsin inhibitor (three-times crystallized,
B grade) were purchased from Calbiochem, Los Angeles,
Calif. Stock solutions of the enzymes (10 mg/ml in 0.001 N
HCl) were stored at -20°C. Duodenal fluid was aspirated
from fasting adults, snap frozen, and stored for a few days
to a few weeks at -20'C before use. The subj ects had
various gastrointestinal disorders, but did not have pan-
creatic insufficiency; some were hypogammaglobulinemic.

Proteolytic activity of trypsin and duodenal fluid was
estimated by casein digestion according to Kunitz (16).
High protein casein was purchased from Calbiochem.
Specific activity of the trypsin was 3.9 X 10' Kunitz units.
Tryptic hydrolysis of p-toluenesulphonyl-L-arginine methyl
ester (TAME) was estimated by the method of Hummel
(17) in Determatubes TAME (Worthington Biochemical
Corp., Freehold, N. J.).

Gel filtration separation of digested immunoglobulins.
Immunoglobulin digests were separated on a 1.5 X 90 cm
column of Sephadex G-150 in borate-buffered saline (down-
ward flow at 4 ml/hr, 2°C), and collected in 3-ml fractions.
The column had been calibrated with colostral IgA, serum
IgG, and human serum albumin.

Antisera to human immunoglobulins. Rabbit antibodies
to human IgG, IgA, and SP were prepared as described
(13, 15). Anticolostral IgA was made specific for SP by
absorption with serum IgA; anti-serum IgA was made
specific for a chains by absorption with IgG. The ab-

sorbed antibody preparation did not react in double gel dif-
fusion with the Fab fragments isolated from reduced-alky-
lated and trypsin digested exocrine IgA. Rabbit antibodies
to the Fab fragment of normal human IgG were purified
from specific precipitates by described methods (18).

Immunologic methods. Antigenic analysis of digested
immunoglobulins was conducted by double diffusion in agar
gel according to Ouchterlony (19). The concentrations of im-
munoglobulins in duodenal fluid were estimated by single
radial immunodiffusion (20). Preparations of rabbit anti-
bodies specific for the heavy chains of human IgA or IgG
were included in the agar. Reference antigens were colostral
llS IgA and serum IgA and IgG. The concentration of IgA
in gel filtration fractions was estimated in a single radial
immunodiffusion system as described by Rowe (21), in
which sensitivity of the system was increased by adding a
step using radio-iodinated goat antibodies to rabbit
y-globulin.

Digestion of diphtheria antitoxin and estimation of toxoid
binding. Nasal fluid or serum antitoxin specimens were
incubated with trypsin or duodenal fluid at a concentration of
immunoglobulin (20 /Ag of N per ml or 0.13 mg of protein per
ml) similar to that of IgA in normal duodenal fluid (2-4)
Digestion was conducted with trypsin: substrate ratios of
1: 23 or 1: 10 (w/w) for 3 or 17 hr at 38°C in 0.05 M Tris-
HCl buffer, pH 8.0. Trypsin digestion was stopped by a
4-fold excess of soybean trypsin inhibitor. The amount of
'I-labeled diphtheria toxoid bound by IgA or IgG antitoxin
was then estimated as described (22). Soluble antigen-anti-
body complexes were formed by incubation (1 hr) of 0.2 ml
of digested antitoxin preparation with excess radio-labeled
toxoid. (Duodenal fluid digests were incubated at 4°C, tryp-
sin digests at 38°C.) Excess rabbit antibody specific for
immunoglobulin heavy chains, light chains, or SP then was
added to the appropriate antitoxin mixture in order to co-
precipitate toxoid bound only to intact antibodies or to Fab
fragments as well as to intact antibodies. Anti-'y or anti-Fab
antibodies were added to the IgG antitoxin mixtures; anti-a,
anti-SP, or anti-Fab antibodies were added to the IgA anti-
toxin mixtures. Control (undigested) antitoxins were
handled identically, except that duodenal fluid or a trypsin-
trypsin inhibitor mixture was added to them just before in-
cubation with toxoid. After further incubation of the anti-
toxin-toxoid mixtures (24 hr, 4°C), the precipitates were
washed with cold borate-buffered saline, dissolved in 0.6 ml
of 0.5 N NaOH, and the radioactivity was measured. The
amount of toxoid bound by the precipitated immunoglobulin
was estimated by comparing the sample's radioactivity with
that of standard tubes containing a known amount of
toxoid-&'I. The amounts of labeled toxoid bound by enzyme-
treated and untreated antitoxins were compared.

RESULTS

Digestion of exocrine and serum immunoglobulins.
Colostral llS IgA, serum IgA, or IgG (0.3-1.5 g/100-
ml solutions) were incubated with trypsin, chymotrypsin,
or duodenal fluid at 38°C for 8 hr in 0.05 M Tris-HCl
buffer, pH 8.0. The ratio of trypsin or chymotrypsin
to immunoglobulin was 1: 23 (w/w). Duodenal fluid
was diluted 2- to 5-fold in Tris-HCl buffer so that its
proteolytic activity, measured by casein digestion,
was similar to that of trypsin. Thus the proteolytic
activity of the fluid was less and the immunoglobulin
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FIGURE 1 Separation of trypsin-digested immunoglobulins by gel filtra-
tion on Sephadex G-150. IgAim, exocrine (colostral) IgA; IgAs, serum
IgA. Areas due to trypsin and trypsin inhibitor are cross-hatched. The
elution volumes of untreated colostral 11S IgA, serum IgG, and human
serum albumin are indicated by the arrows A, B, and C, respectively.

concentrations many times greater than those usually
found in duodenal fluid (2-4). (Trypsin digestion was
stopped by the addition of a 2-fold excess (w/w) of soy-
bean trypsin inhibitor; chymotrypsin and duodenal fluid
digestion was stopped by freezing.) Digestion mixtures
were fractionated by Sephadex G-150 gel filtration
(Fig. 1).

After digestion of colostral IgA with trypsin or
chymotrypsin, nearly all protein eluted as a single peak

in the volume corresponding to that of untreated itS
IgA. Antigenic analysis demonstrated that the protein
contained a-chain, light-chain, and SP antigenic deter-
minants on a single molecule. A very small amount of
small peptides also was eluted. Similar results were ob-
tained when IgA preparations from two other colos-
trum pools were digested with trypsin. After digestion
with duodenal fluid, colostral IgA yielded two addi-
tional small peaks. The first peak, a shoulder on the 11S
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FIGURE 2 Percentages of immunoglobulins remaining intact after digestion.
Percentages were calculated from gel filtration curves (Fig. 1). AE, exocrine
(colostral) IgA; As, serum IgA; G, serum IgG.

peak, eluted slightly earlier than IgG, and contained
a-chain and light-chain determinants, but no SP de-
terminants. Less than 3% of the recovered material was
in this peak. The second small peak eluted slightly later
than albumin and had only light-chain determinants.
About 90% of the immunoglobulin which was degraded
was degraded to peptides.

Trypsin, chymotrypsin, or duodenal fluid digests of
serum IgA contained a major peak which eluted in the
volume corresponding to that of the untreated protein
and which contained a-chain and light-chain determi-
nants. A much smaller peak, which eluted slightly later
than albumin and contained only light-chain determi-
nants, and considerable small peptide material also were
produced.

All three enzyme preparations degraded most of IgG
to fragments antigenically identical to Fab and Fc frag-
ments of papain-digested IgG as well as to small peptides.

The per cent of each immunoglobulin remaining intact
after digestion was calculated from the gel filtration
elution curves. The total area under each curve and
the area attributable to undegraded protein were esti-
mated separately; the area attributable to enzyme or
duodenal fluid protein was excluded. 85-90% of colos-
tral IgA was intact after digestion with trypsin or chymo-
trypsin, whereas only about 45-60% of serum IgA or
IgG were intact (Fig. 2). Duodenal fluid more effectively
degraded all three immunoglobulins, but colostral IgA
was still most resistant. Serum IgA was slightly more
resistant than IgG.

The stability of inmmunoglobulins in duodenal fluid
was assessed further under conditions more closely
simulating those within the duodenal lumen. Undiluted
duodenal fluids containing physiologic concentrations
(2, 3) of immunoglobulins were incubated at 380C for
8 hr, and concentrations of the immunoglobulins before
and after incubation where estimated by radial immuno-
diffusion. When duodenal fluids containing 0.30 and
0.44 mg/ml of IgA from two immunologically normal
adults were incubated, the IgA concentrations decreased
to 70 and 75%c, respectively, of preincubation concentra-
tions (Table I). (IgA in these unincubated fluids was
proven to be the 11 S exocrine variety by antigenic
analysis and gel filtration separation.) When serum IgG
was added to these fluids to achieve concentrations of
0.3 mg/ml and the mixtures incubated, IgG concentra-
tions decreased to 18 and 27% of the preincubation val-
ues. Colostral IgA, serum IgA, or IgG (0.3 mg/ml)
were incubated in duodenal fluids from two hypogam-
maglobulinemic patients. Digestion caused much less re-
duction in the concentration of colostral IgA than in the
concentrations of serum IgA or IgG (Table I). Pro-
teolytic activities of the fluids, measured by casein di-
gestion. were equivalent to 0.5-2.5 mg of trypsin per
ml.

The possibility was considered that IgA concentrations
in the digests may have been overestimated because of
the presence of large amounts of immunoglobulin frag-
ments with a-chain determinants. An aliquot of the
duodenal fluid-colostral IgA digest in which the IgA
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TABLE I
Decrease in Concentration of Immunoglobulins Incubated

for 8 hr in Whole Duodenal Fluid

Secretory Serum
Duodenal fluid* IgA IgA IgG

%of preincubation concentration

Normal 75 - 18
70 27

ly-Globulin-deficient 57 14 11
79 27 24

* Colostral IgA, serum IgA, and IgG were added to the -y-
globulin-deficient fluids; serum IgG was added to the normal
fluids.

concentration was estimated by immunodiffusion to have
decreased to 57% of the preincubation concentration
(Table I) was separated on a column of Sephadex G-150.
IgA in the eluted fractions was then estimated by the
radial immunodiffusion system augmented by radio-
labeled antibody. After digestion 51% of the immuno-
globulin was recovered in the volume corresponding to
that of undigested colostral IgA, and only about 10%
of material with heavy-chain determinants was found
in later-eluting fractions.

Digestion of reduced-alkylated colostral IgAM and as-
sessment of trypsin inhibitory activity of IgA4. Mono-
meric 7S IgA isolated from reduced and alkylated 11S
IgA was digested with trypsin at an enzyme: immuno-
globulin ratio of 1: 25 (w/w) in 0.05 M Tris-HCl buffer,
pH 8.0. After 8 hr at 380C, virtually all immunoglobulin
had been degraded to small peptides or to fragments
with light-chain determinants only.

In order to exclude the possibility that exocrine IgA
or SP possesses trypsin inhibitory activity, trypsin hy-
drolysis of TAME was measured in the presence or
absence of colostral IgA or free SP. Addition of a 25-
fold excess (w/w) of either protein to the incubation
mixture containing 0.7 ig of trypsin did not significantly
decrease the rate of hydrolysis. A 4-fold excess of soy-
bean trypsin inhibitor caused nearly complete inhibition.

Diphtheria antitoxin digestion. When either the se-
rum IgG or nasal IgA antitoxin preparation was treated
with trypsin and precipitated with anti-Fab antibodies,
the amount of toxoid bound by precipitated antitoxin
was approximately 100% of that bound in the untreated
preparations (Table IT). This finding indicated that the
antigen binding sites in the antitoxin molecules had not
been degraded by digestion. When anti-i chain anti-
bodies were added to the toxoid-IgG antitoxin mixture
(17 hr incubation), only 19% of the bound toxoid was
precipitated, whereas anti-a chain antibodies added to
the IgA antitoxin digest coprecipitated 93% of IgA-

bound toxoid, and 85% was precipitated by anti-SP
antibodies.

The antitoxins were also digested for 3 hr in duodenal
fluid having proteolytic activity equivalent to 1.3 mg of
trypsin per ml (about 200 times greater activity than
that of trypsin in the preceding experiment). After di-
gestion, only 16% of toxoid bound by IgG antitoxin was
coprecipitated by anti-y chain antibodies, whereas 84%
of toxoid bound to exocrine IgA antitoxin was copre-
cipitated by anti-a chain antibodies. The greater sus-
ceptibility of IgG antitoxin to digestion was also dem-
onstrated in a 3 hr incubation with trypsin (Table II).

DISCUSSION
The studies consistently demonstrated that exocrine
IgA was more resistant to proteolytic digestion than
were IgG or serum IgA immunoglobulins or antibodies.
The 11S quaternary structure of exocrine IgA evi-
dently remained largely intact after digestion, as indi-
cated by chromatographic fractionation and antigenic
analysis of digested colostral IgA, and by the finding
that the antigen combining ability of trypsin-digested
nasal IgA antitoxin had not been dissociated from its
a chains or SP. The superior stability of exocrine IgA
even at physiologic concentrations in undiluted duodenal
fluid was impressive. After a 3 hr incubation in fluids
with potent proteolytic activity, more than 80%' of IgA
antitoxin was precipitated with anti-a chain antibodies,
whereas only 16% of IgG antitoxin was precipitated by
antibodies of y chains. In immunodiffusion experiments,
the concentration of exocrine IgA incubated in duodenal
fluid decreased much less than did the concentrations
of IgG and serum IgA. Because digested serum and
exocrine IgA both yielded no or only small amounts of
heavy chain-containing fragments, the immunodiffusion
estimates of immunoglobulin concentrations probably
accurately reflect the difference in stability between
exocrine and serum IgA. On the other hand, estimates
of IgG concentrations in digests probably were elevated
modestly by the presence of Fc fragments. This artifact
would have caused the amount of IgG degraded to be
underestimated, and thus would not have influenced the
conclusion that exocrine IgA is more resistant to du-
odenal fluid digestion than is IgG.

Studies using diphtheria antitoxins revealed that dif-
ferences in resistance of exocrine IgA and TgG anti-
bodies to trypsin were due to differences in lability of
the Fc portions of the molecules. After a 17 hr digestion.
exocrine IgA antitoxin was almost entirely precipitated
by anti-a chain antibodies, whereas only a small frac-
tion of IgG antitoxin was precipitated by anti-y chain
antibodies. These findings indicated that the Fc portions
of most IgG antitoxin molecules had been degraded or
cleaved, while the corresponding portions of most IgA

1378 W. R. Brown, R. W. Newcomb, and K. Ishizaka



antitoxin molecules were antigenically intact and at-
tached to their Fab units. On the other hand, digested
IgG and exocrine IgA antitoxins both completely re-
tained toxoid binding ability that could be precipitated
by antibodies to light chains, indicating that the Fab por-
tions of both immunoglobulins remained intact and were
equally resistant to digestion.

Why exocrine IgA resists tryptic hydrolysis is un-
known, but the explanation may lie in the complex qua-
ternary structure of the immunoglobulin, which con-
sists of dimers of 7S IgA bound to SP by noncovalent
and disulfide linkages acting in concert (5, 13). Wedid
not find that yA monomers derived from reduced and
alkylated IgA are unusually stable; however, because
reduction and alkylation may have affected the lability
of the 7S molecules, this evidence is not conclusive.
The possibility that IgA2 proteins, which constitute a
higher proportion of IgA in secretions than in serum
(23, 24), are more resistant to proteolysis than are IgAl
proteins was not investigated. It seems unlikely, how-
ever, that the modest differences reported in IgA sub-
class concentrations could account for the large dif-
ference in resistance of serum and exocrine IgA to
whole duodenal fluid digestion. The polymer fraction
of serum IgA, held together exclusively by disulfide
bonds, is reportedly susceptible to enzymatic hydrolysis
(11), suggesting that SP may stabilize the exocrine IgA
molecule. Although this possibility is attractive, the
essential role of SP in maintaining the quaternary
structure of exocrine IgA has not been established (nor
was free SP or exocrine IgA effective in inhibiting
trypsin). The finding that a-chain proteins from pa-
tients with intestinal lymphoproliferative diseases form
polymers in vivo that are held together both by disulfide
bonds and noncovalent forces (25) suggests that the
similar linkages of exocrine IgA may be sufficient for
stabilization of the immunoglobulin. Since the a-chain
disease protein polymers are more resistant to digestion
with papain (25 a) and pepsin 1 than yA myeloma globu-
lins are, the resistance of exocrine IgA to tryptic di-
gestion may also be independent of the SP component.

Our findings are consistent with previous studies of
tryptic degradation of immunoglobulins. Trypsin cleaves
IgG principally into biologically-active Fab and Fc
fragments (26, 27). Fab fragments of trypsin-digested
IgG antibodies were found to retain antigen-binding
ability (27). Papain degrades normal serum and mye-
loma IgA to 3.5S fragments corresponding to the Fab
portion of IgG, but no fragments corresponding to Fc
fragments are produced (28). Cederblad, Johansson, and
Rymo (29) found colostral IgA difficult to degrade with
trypsin until they added 0.01 M cysteine. Considerable
amounts of Fab-like fragments, but no Fc-like fragments,

I Seligmann, M. Personal communication.

TABLE I I
Toxoid Binding Activity of Diphtheria Antitoxins

after Digestion

Digestion Precipitated by antibodies to

Heavy
Enzyme Antitoxin chain Fab SP

hr % % %

Trypsin 17 IgG 19 102
E:S,* 1:23 IgA 93 103 85

Duodenal fluid 3 IgG 16
IgA 84 -

Trypsin 3 IgG 52 103
E:S, 1:10 IgA 89 97

* Enzyme:substrate (immunoglobulin) w/w.

then were produced. The presence of cysteine, which
also enhances tryptic digestion of YG globulins (26),
may explain the greater degradation of colostral IgA
in their studies than in ours. In contrast to our con-
clusions regarding tryptic digestion of immunoglobu-
lins, Wilson and Williams (30) concluded that exocrine
IgA is not especially resistant to peptic digestion, be-
cause pepsin-digested colostral IgA yielded an amount
of peptides intermediate between amounts produced by
two groups of IgA myeloma proteins. The relative
susceptibility of serum and exocrine immunoglobulins
to peptic digestion therefore may differ from their sus-
ceptibility to tryptic digestion, although the gel filtration
data presented by Wilson and Williams actually sug-
gest that less colostral IgA than either group of mye-
loma proteins was degraded to fragments smaller than
the parent molecules, despite similarities in the amounts
of peptides produced.

Whether secretory IgA enjoys biological advantages
because of its resistance to digestion is uncertain, since
in these studies the antigen-binding ability of both IgG
and exocrine IgA antitoxin molecules were unaffected
by tryptic digestion. On the other hand, the biological
role of the Fc portion of IgA, which is protected in exo-
crine IgA, is unknown. Neither serum nor exocrine
IgA fix complement after nonspecific aggregation (31-
33) or in antigen-antibody complexes (34). An im-
portant role for the Fc portion of IgA probably will be
established, nevertheless, because the corresponding
portions of other immunoglobulins (IgG, IgM, and
IgE) are biologically important. The biological sig-
nificance of the resistance of secretory immunoglobulins
to tryptic digestion deserves investigation.
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