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The quantitative evaluation br the antibody content of anti-
pneumococcic sera by analysis of the antigen-antibody precipitates
has been reported by Heidelberger (15). According to this author
the nitrogen content of the specific precipitates 1as determined by
means of the Pregl miocro-Zjeldahl procedure. It has been shown by
Heidelberger and Kendall (18), and Heidelberger and Kabat (20), that
this method is acourate only when the proper ratio of antigen to
antibody is established.

The prineipal difficulty in the routine use of this procedure
for ascertaining the potency of antipneumococeie sera is the es-
tablishment of the proper ratio of antigen to antibody. This
problem is particularly important when it is necessary to perfom
a large number o analyses with samples of widely differing enti-
body eontent. The method reported in this paper is d&signed to

provide a rapid means for adjusting the ratio of antigen to anti-

20719



2.

body in the appraisement of antipneumococois sera and concantrates,
Yor the sake of clarity the nitrogen determination will be re-
viewed very briefly. The antibody is removed from solution as a
specific precipitate upon the addition of either the homologous
purified earbohydrate or a saline suspension of homologous pneumo-
cocei. From the standpoint of laboratory practice the carbohydrate
has no advantage over a suspension of the organiams (20), and the
latter is much more economical and far less difficult to prepare.
The antigen referred to in this report is a suspension of the organ-
iams, The proportions of pneumococei and serum must be chosen s0 as
$0 leave an excess of cells. The nitrogem content of an accuratsely
measured volume of the pneumococcie suspension is deducted from the
total nitrogen found in the specific agglutinate. The difference is
the amount of agglutinin nitrogen removed by the bacterial cells (82).
%hen analyzing am unknown serum for antibody nitrogemn it has
been customary to select a 0.5 ml or a 1.0 ml aliquot, depending upon
the potency of the serum. Using emounts less than 0.5 ml involves
unavoidable errors in pipetting. These aliguots may prove satisfac-
tory for original sera, but for concentrated products difficult com-
plicetions arise. With such products the amount of nitrogen in even
a 0.5 ml aliquot is usually far too great for micro methods. In
addition to this factor, emormous amounts of antigen are involved in
removing the antibody from these solutions. Obviously such concen-

trated products can be arbitrarily diluted, e.g., ten times; then a
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1.0 ml aliquot can be analyzed with accuracy.

¥hen confined to the anslysis of only a few samples a day, or
when the samples all contain nearly the same concentration of anti-
body, this simple method of haphazerd dilution cen be used, but with
doubtful satisfaction. A more reliasble method must be employed
where there are a large number of samples in which the amount of anti-
body is an entirely unknomm factor, or at best only roughly known.
An example of this situation would be the simultaneous analysis of a
large number of routine eoncentreations of antipneumococeie sers,
where it is desired to know the antibody nitrogen content of the
original sera, fractions obtained during refinement, and the final
concentrates. In such instances the antibody may very from a mere
trace to over 10 mg of nitrogen per mi. A preliminary procedure for
the estimation of the potencies would simplify the analysis.

Agglutinin titers indicate approximately the amount of anti-
body present, and, when properly interpreted, this titer has a
semi-quantitative signiticaneg. It 18 on the basis of thistiter
that an unknown pneumococeic antibody solution is classified as to
its relative antibody concentration. When this is known, the volume
of antigen required to precipitate completely the antibody imn a
glven aliquot cen be caloulated, thereby eliminating the necessity
of adding the antigen in successive amall emounts until no anti-

body remains in the supernatant.
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Experimental

Determination of the Agglutinin Titer. The unkmown antibody
was diluted with physiologicel saline solution in the ratio of a

geometrical progression starting with a 1:2 dilution. It was seldm
found necessary to go beyond a series of ten tubes for each sample.
Yor the sake of convenience, 0.5 ml of saline was pipetted into each
tube., Into the first was placed 0.5 ml of the semple, which was
mixed, end transferred in like manner to each succeeding tube. One
drop of homologous entigen was added to each tube excepting the
tenth which was reserved in ease the titer weat beyond this point.
The antigen used for this purpose was the same suspension that was pre-
pared for the guantitative determination. The tubes were them
placed in a mechenicel sheker and observed after two minutes of
agitation. Unless the titer was zero, the "eguivelence zone" was
readily apparent. In this zone there was alweys one tube in rhich.
occurred an optimum agglutination of the organiams., Considerable
care was exercised in selecting this tube. Oftem there were two or
three tubes very much alike in appearance. In this situation the
tube having the larger individual flekes, which tend to stick to-
gether, has been designated as the "optimum® titer. When there was
any doubt, ;t was found advisable to select the tube having the
higher dilution. Later onrn it will be shown how on the basis of this
titer the proper dilution for a satisfactory nitrogen determination

was celculated,
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Alow

potency horse serum was selested which contained from 0.3 mg to 0.5
mg of antibody nitrogen per ml., A stronger serum could have been used
provided it was diluted to0 meet these requirements. It is this serum
which is referred to as the control antiserum, because it was to this
concentration of nitrogen that all of the unkmown antibody solutions
wore adjusted. The agglutinin titer was ascertained acodrding to the
method just described, and was rechecked about every two weeks. A 500
ml lot of Type 1 antipneumococeic serum was prepared in this manner,
preserved with merthiolate and stored at 4°C. This supply has lasted
for nearly six months, and its potency has not appreciably dropped

a8 indicated by 1its agglutinin titer or by quantitative analysis.

The purpose in selecting a control serum of low potenmecy, 1.e.,
between 0.3 mg and 0.5 mg antibody nitrogen per ml, was to restriet,
within practical limitations, the amount of standardized antigen re-
quired for complete precipitation of the antibody. This resulted in
a more economical use of the antigen than oould have been obtained
with a ocontrol serum of higher poteney., It was assumed that any un-
known a_ntibody solution adjusted to this concentration would reguire

the same volume of antigen as indicated for the control serum.

cilent pneumococcus culture was prepared to make about 500 ml of

ultimate bacterial suspension., It was found inadvisable to prepare
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more than a month®s supply of antigen. After this period of time
the egglutinating activity of the antigen was unrelisble.

The antigen used for this test was a formalin-killed, 12-hour
culture of imeunococei of maximm virulence. The celle were centri-
ruged and washed until the supernatent was nitrogen free. Every
precaution was teken to prevent sutolysis of the organisms. The
finsl suspension was diluted with saline solution, to which had
been added formalin to a concentration of 2 per cent, s0 as to con-
tain between 0,20 mg and 0.25 mg of total nitrogen per ml.,

The procedure for standardizing the amtigen as to its agglutin-
ating ability consists in adding verying amounts to a constant
volume of the control serum., One ml of this serum was pipetted
into each of 14 pyrex test tubes 28 mm x 150 om. These were the
same tubes which were used to carry out the digestion and distilla-
tion in the Kjeldahl apparatus. Enough saline solution was added
to each tube to make the ultimate volume 10 ml. Duplicate quanti-
ties'of the antigen were added to the serum in the following amounts:
0.2 m, 0,5m, 1.0 m1, 2,0 m, 3.0 ml, 4.0 ml, end 5.0 ml. The
antigen was measured out in a c¢alidbrated pipette. The saline solu-
tion was present to insure the optimumm proportions of antigen to
antibody in all tubes. The tube ﬁich shows meximum precipitation
of the antibody, with a minimm smount of antigen, indicates the op-
timum volume of antigen to add to any solution which has the same

concentration of antibody as the control serum.



Preparation of Semples for Quantitative Analysis. The concen-

tration of the unknown antibody solution ir relation to the contiol
serum was calculated from the ratio of their agglutinin titers.
Samples stronger than the control serum were diluted accordingly;
the weaker samples were used undiluted and in larger emounts., For
exsmple, if the control serum C had a titer of 1:64, end antibody
solution A had a titer of 1:512, then A was approximately 8 times
more ooncentrated than C. Therefore, & 1:8 dilution of serum A
was accurately prepared using physiological saline solution as the
diluent, and a 1 ml aliquot of this was used for the actual assay.
If entiserum B had a titer of 1:168, then 4 ml of B would be used
undiluted. 8ince it was found impractical to use serum aliquots
larger than 8 ml, this amount was not exceeded in amy instance,
The sera were measured in duplicate guantities with cali-
breted pipettes into the aforementioned pyrex test tubes (22 mm x
150 nm)., Seline solution wes then added to each tube followed by
the calculated amount of antigen, to make a total volume of 10 ml.
A calibrated burette was used to measure out the antigen. The
contents were then thoroughly mixed by placing the tubes in a
mechanical sheking machine for $ minutes, The tubes were sealed
with parafilm and allowed to stand overnight at 4° C. They were
eentrifuged from 30 to 60 minutes at 2000 r.p.m. The period of

centrifuging depended upon the nature of the agglutinate,.
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As a precautionary measure the supernatant of each sample was
checked for the presence of nonprécipitated antibody. The agglutin-
in test was used for this purpose, as it was found to be more satis-
factory for routine use than the precipitin test. An undiluted
aliquot of each supernatant was tested with one drop of the antigen;
the desired reaction was the complete absence of agglutination,
which indicated that the antibody had been entirely precipitated.
From the assay of over two hundred samples the criterionwas estab-
lished that not more than 10 per cent of a series of sumples should
show free antibody in the supernatent in accordance with this test.
If this situation did not exist then it was assumed that either the
amount of calculated antigen had been incorrectly determined, or
the antiserum was not sufficiently diluted. As a temporary measure
more antigen was arbitrarily added to the supernatant in 1.0 ml
gquantities until the agglutinin test was negative.

The supernetant was then removed by means of suetion applied
40 a capillary pipette, care being taken not to lose any of the
agglutinate, Fach agglutinate was washed twice with ice cold
water, and centrifuged. The nitrogen was quantitatively determined
by a modification of the Pregl micro-Kjeldahl procedure. A measur-
ed amount of antigen was run through with each series of samples
in order to cheock the nitrogemn content of the cells. The differ-
ence between this value and that obtained for the specific sgglu-

tinate represents the agglutinin nitrogen of the sample.



A comparison of methods:

Table 1

results obteined

(1) when the antigen-antibody ratio was not properly adjusted.

9.

Tube] Volume of Volume of enti-] <Qualitative Mg of anti-
No. antibody gen test on sup~- | body nitro- | Average
ernatent for | gen per ml
Dilutjon ml free antibody ng mg
1 lml of 1:101 0.25 initisl + 4,0
2 4.3 4.2
3 " 0.5 " ++ 5.7
4 6.7 6.2
5 " 1,0 " +++ 8.0
6 7.9 8.0
7 " 2.0 " - 9.5
8 9.1 9.3
9 d 4.0 " - 11.4
10 11.9 11.7
11 " 6.0 " - 9.3
12 9.1 9.2
0.25 " +
13 " 0.5 added * ++
14 0.5 " ++4
005 " —
1.75 Total 11.4
11.4 11.4
RS TEEEETE ST
[2) when the antigen-sntibody ratio was properly adjusted.
15 | 1 ml of 1:8 | 3.0 initial ** - 11.4 1.2
16 11.1 ¢

* 0.5 ml quantities were added in successive emounts until the supernatant
tested negative for antibody.
**  Calculated emount.

Scheme for interpreting the qualitative test:
- 1o agglutination

+ slight
++ moderate
+++ heavy



10,

Table 2

Importance of selecting he correct titer and the correct guantity of
antigen.

Tube | Agglutin- Volume of | Volume of anti- | Qualitative Mg antibody
No. in titer antibody gen test on sup- nitrogen
ernatant for per ml
Dilution —Aree antibody
2.0 ml initial +
1.0 * addsd +
1.0 * " ++
1 1:128 lml of 1:2 (1.0 " bt ++
l1.0" " ++4
i1.0* " ++4+
1.0 » i -
8.0 * ¢otal - 11,2
2 1:256 lmlofl:4 | 2.0 " dinftial +++
1.0 * addéd *4e
1,0 " " -
F Y34
4.0 " total - 10.8
3 1:512 lmlof 1:8 | 2,0 " 4{nitial - 9.7
4 1:512 lmlof 1:8 | 3.0 " initial - 11.3
S 1:1024 1l ml of 1:16] 2.0 " initisl - 9.7
é 1:2048 1lml of 1:32] 2.0 ® 1initial - 10.2
? 1:4096 1 ml of 1:64] 2.0 * 4initiel - 3.5
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Table 3

Standardization of the antigen as to its agglutinative activity.

Volume of antigen added to0 1.0 ml of the control serum

Lot No. ml ml ml ml ml ml ml Initial vol-
of anti-] 0.25 0.50 1.0 2.0 3.0 4.0 5.0 ume of anti-
gen ' gen required
Mg antibody nitrogen per ml of control serum as calculated
Type 1 0.18 0.26 0.36 0.40 0.42 0.42 0.40 3.0 ml
Sa . .
Type 1 0.17 0.31 0.35 0.42 0.39 0.41 0.41 2.0 ml
5b
(]
Type 1 0.14 0.23 0.32 0.35 0.38 0.14 - 3.0 ml
7a
Type 1 0,11 0.23 0.32 0.39 0.40 - 0.32 3.0 ml
(4]
2a
2b “

Note: It 18 evident that regardless of the quantity of antigen required
for complete precipitation of the antibody in a given control serum, the
net nitrogen value should be the same, ¥With the various lots of Type 1
antigen shown there is an unexplainsble error of 0.09 mg between the
highest and lowest values. This error, however, does not have any effect
on selecting the initial calculated voluue of antigen for the individual
lots.,
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Data showing the reliance of the caloulated amount of antigen as being
suffioient forcomplete precipitation of the antibody in an unknown serum.

Agglut-
inin
titer

Volume of anti-
body solution
used

Serum
No.

Lot No.
of an-
tigen

Calculat-
ed amount
antigen
added

Qualitative
test on su-
pernatant
for free

_antibody

14

8 ml undiluted

(- ¢ N4 ]
o0

Yy

Additiond
antigen
required

[-X-% -2 E

1:8

+ 50V

k16

cvoo

]

1:32

[ B O |

voco

1:128

lmlofal:2
dilution

omE

LI I B I 4

1:256

1l mlof a 1:4
dilution

103

oo PO OO IO OO IOCOONNGOLD
QP

VOO PRAIPDDPRPHAIVNADDDDIOOOUG OO (O L G

LI I I B

OCQOOKH]IO0OCOOMN|[OCO0COCOCOIO0COMO[[FOOOOIIFOOOO




Table 4 (Cont'd.)

Agglut-| Volume of anti-| Serum| Lot No.] Caloulat-|Qualitativel Additional
inin body solution No. | of ad- | ed amount|teat on su-] antigen
titer used ‘tigen | antigen |pernatant |required
added for free ml
m], aptibody
1:512 |1 ml of a 1:8 22 5S¢ 4 - 0
dilution 32 Sa 3 - 0
38 Sa 3 - o
42 Se 4 - 0
78 6 2 - 0
1:1024 |1 ml of a 1:16 14 5b 2 - 0
dilution 44 Soe 4 - o
59 6 2 - 0
64 6 2 - 0
71 6 2 - 0
1:2048 | 1 ml of a 1:32 2 5b» 2 - 0
dilution 3 L ) 2 - 0
S 50 2 - 0
6 L ) 2 - 0
23 Sb 2 - 0
1:4096 | 1 ml of a 1:64
dilution 4 5b 2 - o
10 5b 2 - (o}
17 2a 3 - 0
18 2a 3 - 0
i 26 5b 2 - 0
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Table 5

Showirg results of agglutinin titers and their interpretation.

Inti-

gglu.g- 1:2) 1:4 [1:8] 1:16, 1:52{1:64{1:128{1:256{1:51211:1024{ 1:2048| Titer
tion - _

*) + + + + ++ +++ ++ + - - - 1:64
63 |- 1- |- |- - "1- - - - - - 0

68 S ——— ~ o = ~ — hy - — 9

73 ++ + 4= - - - - - - - - 1:2
102 j++ | + + - - - - - - - - 1:2
82 +++ ) ++ + + - - - - - ~ - 1l:4
99 ++4 | ++ - - - - - - - - - 1l:4
86 + +++ | ++ + - - - - | - - - 1:8
97 ++ +++ | ++ ++ + - - - - - - 1:8
80 + ++ +++ | ++ + - - - - - - 1:16
105 |+ + T+ | 444 | + — _ - _ _ - 1:16
62 + ++ |4+ | 44+ | ++ |+ - - - - - 1:22
67 + + + +++ | ++ + - - - - - 1:22 .‘-
i]i + + + ++ +++ ++ + - - - - 1:64
98 + + + ++ ++ +++ + - - - - 1:64
60 + + + + ++ +++ ++ + + - - 1:128
66 + + + ++ ++ +++ ++ + - - - 1:128
65 + + + + + ++ +++ ++ + - - 1:256
72 + + + + + + +++ ++ + - - 1:256
e |+ PR e + T + ++ + +++ | - - 1:512
8 + * + + + + ++ +i+ | 4+ + + bl:S.II._Z:
- None

+ Slight

++ Heavy

+++ Optimum
* Control serum
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Correlaetion between agglutinin titer and antibody content of Type 1
antipneumococcic sera.

&
g

E

N#Nt—‘b‘lmt@
SEERERIR|-

¢ o

L]

[

Agglutinin
Titer
1:256

1:512

Serum| Mg. Anti- | Agglutinin
No. body N/ml Titer

39 0,00 (0]

P 0,01 1:2
41 0.01 1:4
43 0.05

45 0.02

47 0.01

57 0.09

62 0.08

2 0,05

86 0.20 1:8
o7 0.22

106 0.17

24 0.06 1:6
27 0.27

30 0.24

39 0.29

34 0.28

80 0.24

400 0,37

$5 0.48 1:32
50 0.50

67 0.1l

76 0.50

75 0.47

79 0,58

98 0.54

89 0.41

91 0.58

93 0.30

985 0,42

52 0.70 1:64
8l 0.49

84 0.79

104 0,66

52 0.80 1:128
48 1.38

56 1.60

107 1.24

13 1.26

58 1.56

60 1.92

61 l.12

66 l.44

70 1.28

85 0.98

87 1.26

100 2.06

92 0.86

96 1.5¢4

20 30

1:1024
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CORRELATION BETWEEN
AGGLUTININ TITER
AND ANTIBODY
CONTENT OF . VARIOUS
ANTI PN, SERA

82 SAMPLES

CURVE
REPRESENTING

MAXIMUM —
VALUES

CURVE
REPRESENTING

1oe . ] 16 32 64 128 256 sie 1024

AGGLUTININ TITER
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Discussion

The difficulties encountered when the antibody content of a
gserum is ascertained without adjusting the antigen-antibody ratio
are shown in Table 1. A Type 1 concentrated antipneumococcic serum
(No. 71) was chosen at random. Since it was known that this was a
concentrated product, it was arbitrarily diluted ten times with
saline. Under actual conditions only one of the six guantities of
antigen shomm in the table would have been added to the 1 ml aliquot
of serum. Supposing the initial smount had been 0.5 ml an erroneous
result would have been obtained. On the other hand, if it had been
6.0 ml the nitrogen value would be low, by virtue of the fact that a
large excess of antigen inhibits complete precipitation of antibody.
Obviously, the only accurate procedure is to begin with a small ini-
4ial volume of antigen, and add successive small smounts to the
supernatant until the optimsal proportions of the components are
reached. This is impractical and time consuming as is evidenced by
the one instance cited in this table when it required an hour and a
half to follow this procedure. In tubes No. 15 and 16 this same
sample was determined according to the method presented in this
paper and the results are self-explanatorye.

In Table 2 the importance of interpreting the correct titer
from which to make the subsequent dilution of the antibody is em-
phasized. Also, the importance of correctly determining the ini-

$ial volume of antigen is pointed out. It is evident in this table
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and the one preceding that the qualitative agglutinin test does not
detect significant traces of antibody in the supermatant. This would
explain how the situation in tubes No. 3 and 4 could arise. On the
basis of the criterion (24) that the antigen must be in slight excess
for the complete precipitation of antibody, it is evident that this
condition does not exist in tube No, 3.

When the antibody is dluted until the antibody concentration is
quite amall md the antigen i8 held constant, the results become less
reliable. In tube No. 7 there was a large excess of cells in propore
tion to the antibody.

Table 3 illustrates how the initial quantity of antigen was cal-
culated in order to cause complete precipitation of the antidbody in
any antiserum adjusted to the concentration of the control serum.
Several different lots are shown including two Type 2 pneumococcus
suspensions. Whenever there was a question regarding the choice of
two quantities of antigen, the larger volume was always selected in
order to increase the margin of safety.

The reliability of employing this celculated amount of antigen
is shown in Table 4. There are cited fifty~-five samples 8 elected at
random from this study. It was from these data that the criterion
was established that not over ten per cent of a seriss of samples
should show free antibody in the supernatant after the initial
suspension of pneumococci had been added, _

Unavoidable errors may arise due to the interpretation of the
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agglutinin titer by different persons. For this reason Table $ has
been included. Here an attempt has been made to depict the many
different appearances the dilutions may have throughout the "equiva-
lence zone®™. Two antiserums are cited for each titer. The writer's
interpretation is recorded in the last column.

The reliability of the agglutinin titer as a means of approx-
imating the antibody content of antisera and concentrates is veri-
fied in Table 6 and the accompanying graph. There is a definite
correlation between the agglutinin titer and the subsequent anti-
body nitrogen value. As would be anticipated with dilutions organ-
ized in a geometrical progression, the points plotted for any given
titer are not especially grouped at one value but are distributed
throughou't a definite area. It is also evident that for titers
below 1:4 the antibody nitrogem is s0 low &s to be considered in-
significant.

No attempt has been made to prove that this serological test
could ever replace the nitrogen analysis as a quantitative deter-
mination. However, it is conceivable that a closer relationship
could be worked out between the agglutinin titer and the correspond-
ing antibody nitrogen value. In Table 4 it is shown that this re-
lationship is close emnough for all practical purposes.

It was found important in performing the agglutinin titer test
that the quantity of antigen added to the serum dilutions should not

be.excessive; e.g., rather than mixing 0.5 ml of the serum dilutions



with an equal volume of antigen, one drop was sufficient. With ex-
cessive amounts of antigen thelir agglutination was inhibited, which
resulted in a false interpretation of the titer and inconsistent
results.

The amount of agglutinste formed was shown by Heidelberger (20) to
be independent of the concentration of antibody but dependent upon
the relative proportions in which the components are mixed. The
agzlutinin content is given in absolute terms when the proportions
of pneumococeci and serum are such as to leave the cells in slight
excess. In the method presented in this paper, the correct emount
of cells is selected experimentally for a given serum and by means
of the agglutinin titer the proportion of entibody to antigen is
brought to the proper ratio regardless of the potency of the serum.

The experimental procedure for the development of this method
was done almost entirely with Type 1 pneumococci. Enough work was
done with Types 2 and 3, however, to justify the application of

this method to those types.

Summary

The proper antigen-antibody ratio of antipneumococcic sera
must be established prior to an accurate nitrogen determination. A
practical method for obtaining this ratio, when a large number of
samples of widely differing antibody content are to be assayed, is

presented in this paper.
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There was shown to be a close enough correlation between the
agglutinin titer of an entiserum and its specific nitrogen content
t0 enable a preliminary estimastion of its potency to be made. The
antigen used in this study was a formalin killed, saline suspension
of pneumococci standardized as to its nitrogen content and agglu-
tinative activity.

The correct proportion of cells to antibody was first ascer-
tained for a control serum of low potency. The agglutinin titer
of the unknown serum was obtained and compared with the titer of
the control serun., The antibody concentration of the unknown was
then adjusted to that of the control, and the same volume of cells
was added as was indicated for the control serum. It wes seldom
found necessary to add further antigen,

This method is applicable to eny solution of Type 1, 2 and 3
poneumococcic sera regardless of their respective antibody concen-

tration,



JLL




1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

22.

Bibliography

Avery, O0,.T., and Heidelberger, M.
Immnological relationships of cell constituents of pneumococcus.
J. Exper. Med., 38:81-85 (1923)

Avery, 0,T., and Heidelberger, M..

Immunological relationships of cell constituents of pneumococcus.
Paper II.

J. Exper. Med., 42:367-376 (1925)

‘Barnes, L.A., Clarke, C.M,, and Wight, E.C.

Comparisons of various methods for the routine titration of Types
I and II antipneumococeic horse serums.
J. Immunol., 30:127-138 (1936)

Boyd, W.C., and Hooker, S.B.

The influence of molecular weight antigen on the proportion of
antibody to antigen in precipitates,

J. Gen. Physiol., 17:341-348 (1934)

Brown, R.A.

A specific precipitation test for the standardization of Type 1
antipneumococcus serum.

J. Immunol., 25:149-154 (1933)

Chdl, BQF.. and Goebel’ ¥.F.

The purification of the antibodies in Type I antipneumococcus
serum, and the chemical nature of the type-specific precipitin
reaction.

J. Exper. Med., 62:179-202 (1935)

Dean, H.R., and Webb, R.A.

The influence of optimal proportions of antigen and antibody in
the serum precipitation reaction.

J. Path. & Bact., 29:473-492 (1926)

Duncan, J.T.

Optimal agglutination: The significance of the different ratios
of serum to bacteria.

Brit. J. Exper. Path., 15:23-44 (1934)

Dlmcan, :oTo

The specific character of the stage of aggregation in agglutina-
tion and precipitation of antibody-antigen compounds.

Brit. J. Exper. Path., 19:328-338 (1938)

Francis, T., Jr.

The {dentity of the mechaniams of type-specifiec agglutinin and
precipitation reactions with pneumococcus,

J. Exper. Med., 55:55-62 (1932)






11. ZEnders, J.F.
A note on the specific agglutination of pneumococcus Types
I, II and III.
J. Exper. Med., $5:191-202 (1982)

18. Goodner, K., and Horsfall, ¥.L., Jr.
Properties of the type specific proteins of antipneumococcus
sera. I. The mouse protective valus of Type I sera with re-
ference to the precipitin content,
J. Exper, Med. 66:413-424 (1937)

13. 1Ibid. II.
Immunological fractionation of Type I antipneumococcus horse
and rabbit sera.
J. Exper. Med., 66:425-435 (1937)

14, Heidelberger, M., and Kendall, P.E.
A quantitative study of the precipitin reaction between Type
III pneumococcus polysaccharide and purified homologous anti body.
J. Exper. Med., 50:809-823 (1929)

15. Heidelberger, M., Sia, R.H.P., and Kendall, F.X.
Speocific precipitation and mouse protection in Type I entipneumo-
coccus serum.
J. Exper. Med., 52:477-483 (1930)

16. Heidelberger, M., and Kabat, E.H.
Chemical studies on bacterial agglutination. I. A method.
J. Exper. led., &:“3‘653 (1934)

17. Heidelberger, M,, and Kendall, F.E.
The precipitin reaction between Type III pneumococcus polysac-
charide and homologous antibody. II. Conditions for quantita-
tive precipitation of antibody in horse sera.
J. Exper, Med.,, 61:559-562 (1935)

18, Heidelberger, M., and Kendall, F.E.
The precipitin reaction between Type III pneumococous polysac-
charide and homologous amtibody. III. A quantitative study
and a theory of the reaction mechanism.
J. Exper. Med., 61:563-591 (1935)

19, Heidelberger, M., and Kabat, E.A.
Chemical studies on bacterial agglutination. II. The identity
of precipitin and agglutinin,
J. Exper. Med., 63:737-744 (1936)



20,

22.

27,

4,

Heidelberger, M., and Kabat, E.A.

Chemical studies on bacterial agglutination. III. A reaction
mechaniam and a quantitative theory.

J. Exper. Med., 65:885-902 (1937)

Heidelberger, M., and Kabat, E.A.

Chemical studies on bacterial agglutination. IV. The reaction
of pneumococcus specific polysaccharide with homologous rebbit
antisera,

J. Exper. Med., 65:647-660 (1937)

Heidelberger, M., and Kabat, E.A.

Chemical studies on bacterial agglutination. V. <Quantitative
data on pneumococcus R (Dawson S) anti-R (S) systems.

J. Exper. Med., £7:545-550 (1938)

Heidelberger, M.
Chemical espects of the precipitin and agglutinin reactions.
Chem. Reviews, £4:323-343 (1939)

Heidelberger, M.

Quantitative absolute methods in the study of antigen-antibody
reactions.

Bact. Reviews, 3:49-95 (1929)

Hooker, S.B,, and Boyd, W.C.

The non-specificity of the flocculative phase of serologic eg-
gregation.

J. Tmmunol. 33:337-351 (1937)

Marrack, J., and Smith, ¥.C.

(a) Quantitative aspects of the immunity reactions; the precip-
itin reaction.

Brit. J. Exper. Path., 12:30-35 (1930)

(b) Composition of the precipitate in precipitin reactions.
Ibid, 12:182-190 (1931)

Malkiel, S., and Boyd, ¥.C.

The composition of specifie precipitates in the region of anti-
gen excess,

J. Exper. Med., 66:383-395 (1937)

mrg&n, H.S.

The inhibition zone in precipitin reactions with the soluble
specific substance of pneumococcus.

J. Immunol., 8:449-456 (1923)






3l.

32.

33.

25,

Northrop, J.H., and DeKruif, P.H.

The stability of bacterial suspensions., III. Agglutination
in the presence of protein, normsl serum and immune serum.
J. Gen. Physiol., 4:655-667 (1922)

Smith, W.
The titration of antipneumococcus serum.
J. Path. and Bact., 35:509-526 (1932)

Sobotka, H., end Friedlander, M.

The precipitin reaction of antipneumococcus sera. III. The
ratio of precipitin to protective antibody im Type II.

J. Exper. Med., 53:299-301 (1931)

Topley, W.W.C, Wilson, J., and Duncen, J.T.
The mode of formation of aggregation in bacterial agglutination.
Brit. J. Exper. Path., 16:116-128 (1935)

White, B.
The biology of pneumococcus.
The Commonweelth Fund, (1938), Oxford University Press.



ACKNOWLEDGMENT

This work was financed by a grant from the Conmonwealth
Jund of New York City to the Michigan Department of
Health Leaboratories,

The author is indebted to Dr. Ward Giltner of Michigan
State College for his advice amd critici.n, and to Dr.
J. T. Tripp of the Michigan Department of Health Labor-
atories for directing the investigations carried out im
this thesis. The assistance of Dr. P. A. Wolf and Mrs.
J. Glassen, also of the Michigan Department of Health
Laboratories, in conduoting the laboratory analyses is
gratefully acknowledged,



ROOM USE ONLY







©
o~
<
i~
o

e
—
—
=
=o
=
i
=
=

T—

gy



