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uMMARY A new factor that inhibited phagocytosis to opsonizecl tar ets and
chcmotaxis of PMN \\, as extractcd from B. pel Iu$313 cells, and named PMN-

inhibit. ry hat'" (PIF). Cults in pha^. I p, .d'ord 10 tim. ^ in. re PIF than thus"
in phase 111, and like other phase I-associated components-the hema Iutinin, th
histamine-sensitizing factor and agglutinogcns-PIF showed degcnerativc, heno-
typic variation during in vitro culture of phase I bacteiia.

PIF was partially purified b}, four steps, including adsor tion chromato I I ,
on Dansyl-aminononamethylcnc Sepharose. The resulting fi. action \\, as Ilete
geneous but showed little histamine-sensitizing and cytotoxic activities and was f. .
from LPS, the hemagglutinin and a leukocyte agglutinin.

The inherent resistance of B. fellwssi's cells, in either phase I or 111, as demon-
strated also in the present study, and PIF-mediated defiance a ainst jinmunolo , I
defense mechanism may constitutc a coinplcx ITost-parasite relation in ex criment, I
infections with B. pel I"sri's.

INTRODUCTION

A variety of components of biological interest
have been found in Bo, 'dete//" pelt"$311 and
extensive studies have been made on the molec-

ular basis of the pathogenesis of this infection
and accompanying complications. The heat

I Present Address : Department of A, Iicrobiolog\',
OSal<a University Aledical School, Yamada-kami,
suita, Osaka

habit* toyin (HLT), th. ham, gglutinin (HA),
the ITistamine-sensitizing factor (HSF) and the
lymphocytosis-promoting factor (LPF), with
their unique biologic effects, seem to explain
the mode of Infection and the pathologic pic-
ture of this disease, as reviewed by Alorse
(1976) and Mum. " and Bergman (1977). Ef-
forts have thus been made to define a sin re
potent protective antigen among these or other
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but no conclusive results havecomponents,
been obtained so far. Possibly a combination
of two or more components forms the coin-
piete protective antigen, or some other as }, et
undiscovered component in a\, also be involved.

This report describes a new factor which,
like known \, irulent factors, is released Into the
culture fluid of B. pel. fussi's and interferes with
the phagocytic and chemotactic functions of
polymorphonuclear leukocytes (PAIN) of hu-
mans and animals. It seems possible that this
fart. ", ham, d th, PMN-inhibitory fartor (PIF)
of B. pertwssis, might also be related to the
virulence of the organisms. The active prin-
ciple was, therefore, extracted from the bac-
terial cells and PIF production by virulent and
avirulent strains and variants of B. peltussi's
were compared. The results, in conjunction
with the striking and characteristic resistance
of B. peltwssis to surface phagocytosis, suggest
a complex mechanism of host-parasite relation-
ship in this infection.

tion of 10q;, in place of soluble starcl, . The starch
was solubilized by iteating winl \, igorous shal<ing
before autoclaving the ntixture. No rigar \\. as added

2. Brinei I'"

B. pel illss, 's strain Tohamn to \'accine strain;
National Institute of Health, Japan) and Kendrick's
18323 \\. ere Lised as phase I cells, and strain Sakairi
(the 1<1tasato Institute) \\as used as phase 111 cells
Tltese strains \\, ere maintaiited on the solid starch
medium. The To baron strain at every 5-6 passage
in vitro \\, as either regenerated by passage in mouse
brain, or aged by in \, itTo passages to provide CUI-
tures of older in vitro generations

Bacteria grown for. 24 hr on the solid starcl\
mediun\ \\, ere inoculated into 200 inI of the modified
C-\\; medium and shal<en for about 241\r at 36 C
\\, hen the cell density, reached 20-30 xiO' cellslml,
20-in I portions of the subcLilture \\, ere transferred
to 800 in I volumes of fresh medium and shaken
for another 24 hr. Then phenol wars added to a
final concentratioiT of 0.216 and the ntixture was
stored overnigltt at 4 C.

NIATERIALS AND AllETHODS

I. Gillliii', 111ed^full

BOTdet-Gengou's blood agar (B-G medium) and
LITe IiqLiid medium of Cohen and wheeler (C-\\'
medium) \\. ere used in the earier part of this study.
The liquid mediunt Liscd in the latter part of the
\^orl{ \\, as a itTodification of C-\\: medium made
witlT reference to the reports of Sutherland and
Wilkinson (1961), MD, se and B, all, (1969), "rid
Parl<er (1976). it contained (in g per 10 liters)
Casaniino acid (Difco ; technical), 100 ; cysteine,
O. +; reduced gltitathione, 0.5; NaC1,25; KH, PO, ,
5; A1gC1, -6H, 0, I; CaC1, , 0.1; FeS0, -7H, 0,0.1;
CUS0, - 5H, 0, 0,005 ; tris(hydroxymethyl)amino-
methane (Tris), 24; ascorbic acid, 0.2; nicotinamide,
0.04; soluble starclt (NICrc1<), 15; and HClto adjust
the pH to 7.2. Cysteine, glutathione, ascorbic acid
and nicotinamide in a concentrated aqueous solution
were filter-sterilized, and added to the autoclaved
bulk of the meditim

Tite solid starcl\ medium used it ad the same coin-

position as the modified C-\V medium, except that
hydrolyzed starch (for electrophoresis ; \\;ako Pure
Chemical Industries) was added to a final concentra-

3 . PI epni'nil'o11 of bncte, in/ "Nil nct

Tite bacteria were collected b\, centrifugation in a
continuous Ho\\, system, washed \\'itIT saline, sus-
Derided in + v Lirea-0.14 itI NaC1-0.02 xi tris(ity-
droxymethyl) amino methane (Tris)-HCl buffer pH
7.4 (TBS) at 0.6 XIO" bacterialinI and sonicated
for four-consecutive 30 sec periods at 20 1<Hz in an
Ultrasonic DisrLiptor (Tomy Seiko Co. ,I, td. ). This
extract \\, as designated us SUX.

', anti'sei'a

Agglutinins to phase I and phase 111 B. telliiss, \
were prepared by repeated intravenous injections
into rabbits of phenol-killed, \\ashed cells of strains
To hama and Sakairi, respectively. Anti-To hama
(serotype for K-antigens; I, 2.4 \\, as made 1<-
specific by absorption \\. itIt strain Saltairi organisms
IgG antibodies were obtained by fraction ation of
the sera with 401.6 saturation of ammonium sulfate
and passage of the precipitate tlirough a DEAE-
cellulose column in 0.02 xi phosphate, pH 7.2

Precipitin antibodies to the culture super natant
of strain To hama \\, ere raised in rabbits Lising the

zinc-precipitated fraction described by Niwa (1962)
as antigen. when required, the antiserum \\. as
freed from antibody to lipopolysaccharide (LPS),
as folio\\s. LPS of phase I organisms, prepared as
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described below. , \\. as adsorbed on a DEAE-celltilose
columit in 02 \I phosphate buffer, pH 8. The
column \\as \\ashed first \\. itIt the same buffer Lintil

SIIgni' was no longer detectable in the emuent, alld
then \\ItIT 0.0+ M phosphate buffer, pH 8. A call-
bratscl amount of antiserum \\as titei, passed titrouglt
the column and the tinadsorbed fraction, \TITiclt \\as
free of antihod\ to I, PS, was collected

Antibody to the dinitrophen\. I group (DNP) \\, as
obtained by jinm11nizing rabbits \\ itit DNP-0\. al-
bumin in complete Freund's adjLivnnt. it \\'as

purified o1, DNP-AE-Sephnrose (dinitrophenylated,
etltyleitediaminc-coupled Sepharose 4B ; Pharmacia
Fine Chemicals). Tl, e an libodv adsorbcd o1, the
Irumunoadsorhent and cluted will\ 2.4' ' dinitro-

pitenol-NnOH, PI{ 8, \\. as exclusively IgG, asjudged
by jinmuiioclectrophorcsis

5. Pin>n, film, , of LPS

I, PS \\. as extracted from B. pel 11,331's cells by tlte
hot PITenol-\^ate^ It. ctltod of \\Jestphnl as described
by A, Incl, enitai, (1960). The LPS-Ticlt precipitate
obtaine, I b\' tilti'acentrifLigation wars treated with
DNnse, neated at 100 C for 10 milt and titci, tie, .tecl

\\. illT pronase (100 11glml; Sigma Chemicals Co. )
Titc final product \\. as dialyzed first against 0.01 xi
FDTA and the IT ironingt \\ atei , and iyophilized
Tile purlfiecl LPS 13repar"tion did itot migrate o1t
electroplioresis in 5'11. polyacrylamide gel in I, I,
SDS, but formed a single titicl< I, and at the top of
tl, e gel, detected it}. PAS-stall, ing (Fairbnnl*s at al. ,
1971)

and other jincteria in the absence of opsonizing
antibodies were tested on 1.1embrnnes to \\ hiclt
bacteria had been fixed, b}. mensLiring the Nitroblue
telr"201iLint (NBT) reducing reaction of Pit'IN
(Baehner and N'nthnit, 1967). For the test, 5 XIO"
^. ashed bacteria were adsorbetl on the surface of

eaclt filter disc (0. +511-pore, 13 nTm-diameter; Nillli-
pore) b} passing a suspensioit of 1<no\\'n cell
density throLig11 11te filter. Titcit 10n PitlN, \\, 111cl,
Itrid been incubated \\. itIl 0.02Q, NBT, \\ashed and
r'suspended in 0.1 inI of cold Tris-A containino
2 initi 1<CN, \\. ere layered on eaclt disc, and the
discs \\. eru incubated in a moist chamber at 37 C

for 20 milt. All experiments \\ere done in triplicate
and controls \\. ItIT it acteria alone and FA, IN alone

were rui, at the same time. After the incLibation,
cells \\. ere fixed witlT 311, glumraldehydc and air-
dried. The discs were made transparent by soaking
them in xylene, and the extent of phagocytosis \\, as
estimated b\. scanning densitometry of tl, e formazait
derivati\, c of NBT Lising a 565 11nt filter. The
values obtained were corrected by subtracting tlte
\,;11ues of control FA{N and the respecti\. e bacterial
controls. The relative phngocytosis index of PATN
from an individual CIOnor jigainst a gi\. en bacteria
\\'as calculated from tlie ratio OF tlte corrected \. tiltie

obtained \\Itit the bacteria to that of the same PMN

\^It 11 Sinp/11.10coct', is rilli', lis

6. PI'IPn, 'nil'o71 qf Pit""

Human FirlN \\. ETe isolated from health}. donors
b}, a in odincntioi, of tile method of \ran Furth and
Van Z\\, et (1973). The buffy coat layer, \\hicll
contained most of the mononuclem. cells \\. as re-

moved, and contaminating er}, nitocvtes \\. ere 11, scd
b}. Inclibatiitg tite preparation in 0.83'/, NHICl,
pH 7.2, for 2 milt at 37 C. 111 the final preparation
90-951j of the cells \\ere PAIN and over 95n, '

were \, Inbie, as Judged b}, the Try'pan blue d}, e
exclusioi, test. The cells could be stored in Tris-A

medium (NaC1,7,015 g; KC1,0.373 g; bovine serum
albumin. Iginlliter of 0.02M Tris-HCl, pH7.4)
containing 5 in\-I glucose for 2-4 hr without sig-
nthcant loss of their phagocytic activity.

7. 81/11nce phngocj, !o51\ of brinei, 'a

TITe capacities of PitlN to phagocytize B. pel illss, 's

8. Arstry 101 phngotJ, /DJi's 111h, TM7^^, I

Tnnitrophenylnted siteep erythrocytes (TNP-
SRBC) opsoiiizcd \\. illl IgG anti-DNP \\. ere Lised as
the standnrd pitngocytosis inducer in 11te assay. 01te
\, OILime of a SLispcnsion of 10' SRBClml \\'"s quic1<11.
mixed witlt + \, o111mes of 2 n. g!in I 2.4,6-Irinitro-
benzene sulfonate (Na salt) in bornte buffered saline,
PI~18.5, and gelttl} stii'red for 15 milt at 20 C. The
cells were then washed and fixed \\. ith 416 formal-
dehyde. For opsonization, a suspension of 2xlO"
fixed TNP-SRBC per inI of Tris-A was mixed \\. ith
an equal volume of rabbit anti-DNP a inglml) for
15 min. The nttiltiplicit\, of nittibody to TNP-
SRBC was in large excess of that required for
optimal opsonization and the cells \\. ere rapidly
phagocytosed by PitlN (average, 3-5 cells ingestedj
Pit, IN). The phagocytic reaction of FirlN and its
Inhibition b}. PIF were measured in tire following
t\\. o svstems

I) A, Ieasurement of 0, consumption
In the standard assa} system, samples of 10'

Pit. IN in 0.5 inI of Tris-A \\. ere mixed witl\ various

UTsuAll, S. at al PIMN Inhibito, 'y facto, ' of B. pel. !i'ssi's. I 123



dilutions of the PIF sample in a reaction vessel
equipped \\, it IT an oxygen-electrode, a stirrer and a
water-circLilation jacket (Kyusui Chemistry, Lab. ).
The mixture \\, as incubated for 10 min at 37 C to

allow temperature equilibr, tion and the rate of
endogenous 0, consumption \\. as measured. Then
I xiO' opsonized TNP-SRBC in 100 Fliter, and
30 it liter of 0.1 M CatCl, -i\IgCl, mixture were intro-
duced to initiate the phngocytosis reaction, and tlie
clTaiTge in 02 concentration was recorded. The rate
of induced 0, consumption, -do*Idt in rimolesj
mini107 Pit{N \\. as estimated from the difference
between the slopes of endogenous and phagoc}, to SIS-
induced 02 consumptions. The phagocytosis In-
hibition (F1) activity \\, as given by the formula,

Rate of 0, Liptake in the presence of inhibitor
Rate of 0, Liptake in the absence of inhibitor

XSample dilLttiOn
2) IVleasurement of the NBT reduction reaction

FirlN (10'1ml) \\, ere treated \\, ith 0.05% NBT at
37 C for 10 min and then \\. itIT KCN at a final
concentratioi, of 2 initi. Serial dilutions of the test

sample (25 I, liter) were mixed \\, itIT the treated FA{N
(25 1111ter) in a transparent microtra}, with U-type
wells. The mixtures \\, ere incubated for 10 min
at 37 C, and then 25 111iter of opsonized TNP-
SRBC, 2 xiO'Iml Tris-A containing 2 inM CaClg
and 2 inki IVlgCl, , \\. ere added. After the reaction
period of 20 in111 at 37 C the blue color of the cells
was obser\, ed, and the maximLim dilution of the
sample that inhibited the reaction nearly coin-
PIetely \\. as taken as the PI \, alue in Linitslml

dehyde, and observed under an inverted phase-
The \\. idtlT of the crescentcontrast microscope

formed b}, the swarm of PiVIN migrating toward
tlte \\'ell containing the chemotactic factor \\. as me as-
ured by eye and the titer of the sample giving width
of about half, or less than half, of that of control
PMN was scored as I CT tinit

10. assnj, 101 LPF rind HSF

LymplTocytcsis-promoting (LP) activity (Morse
and Bray, 1969) was assayed as described by Sato
and Ami (1972), and histamine-sensitizing (HS)
activity \\, as measured b}, the metlTod of Lehrer
at a1. (1974)

9. assny o1 111hib, lion of clie, ,, o1nxi's
Inhibition of chemotaxis (Cl) \\ as measured on

agarose-gel plates as described by Nelson at al
A fresll culture filtrate of either E. coll(1975)

(strain 055 ; K59) or Sri/11,071e//a enteritIchi \\. as Lised
as the chemotaxis inducing agent in most expen-
merits. Agarose-gel at 0.796 (wlv) was prepared
in Hanl<s' culture nTedium containing 10% (vjv)
human seruin that it rid been Inactivated at 56 C for
30 min. Pit, IN, 10' in 10 1111ter, were placed in the
center \\, ells of three-well array, s and allowed to
settle, and then tile supernatant fluid \\, as replaced
by 10 Initer of serial dilutions of the test sample or
Hanks' medium as a control. The two peripheral
\^ells received either the chemotactic factor'or me,
dium only. Plates \\, ere Incubated at 37 C in a
ITUmidified atmosphere of SVD CO2 in air for 2-4
hr. The\, were then covered \\, Ith 2q. glutaral-

11. He'll rigg!1,171,111 a, ,of pass, '"e lieningq/,, 11'11nti'o11
jests

Hemagglutinin (HA) activity. (Keogh and North,
1948; Masry, 1952) \\, as assayed in microtrays with
U-type wells by riteasuring the reaction between
serial two-fold dilutions of sample and a I % sus-
pension of SRBC. The relative amounts of cyto-
philic antigens, including HA and probably other
antigenic components capable of binding to ery-
throcytes, \\. ere assayed by a passive ITemagglutinn-
tion method (pHA). Serial dilutions of the sample
in the microtray \\, ere mixed \\, ith I % SRBC in
2 initi EDTA-phosphate buffered saline and after
30 min at 37 C rabbit antiserum to To hama cultLire

SLIPernatant that it rid been absorbed with LPS was
added

12. Mensi, , e, Meiji of LPS

LPS \\, as measured by the ITemagglutination-in-
hibition test Lising LPS-coated SRBC as described
by \Va, dim*, and Inkus (1966). SRBC we"e coated
with LPS at a "atio of 20 Ag I, PSIIO" SRBC, and
anti-Sal<airi that ITad been absorbed witl\ SRBC \\, as
Lised as the anti-LPS reagent

12+ BIKE\ JOURNAL V01.21 No. + 1978

13 . Alln/vt, 'cal 711et/10th

Approximate bacterial concentrations were esti-
mated by the optical densities of suspensions at
650 rim Lising international opacity Linit-coefficients
of I XIO'!inI fo" B. pel'illss?'s; 0.1 XIO'jinl for Sal-
11,011e//n ; 0.08 x 10'1ml for E. coli and Stop/Iy/o00cci, s ;
and 0.065 XIO"jinl for 811eptococci, s. Protein was
measured \\, ith FDlin phenol-reagent as described
by Lowry at a1. (1951). For determination of carbo-
hydrate, samples \\. ere itydrol}, zed \\, Ith 2 N HCl at
100 C for 2-4 hr in vacLium-sealed test tubes and



then HCl \\, as removed by e\, aporation. Total sugai
\\'as riteasured I^, tite phenol-SUIfLiric acid method
(DLibois at a1. , 1956), and itexosamine by the n\etllod
of Rondlc and NIOrgan (1955). Before determina-
tion of neLitral sugar the HCl-free itydrolysate was
passed througli a Do\\. ex 50 x 8 (H') column in
distilled water. Free fatty, acids and phospholipids
were determined b}, the methods of Itava and L;i
(1965) and Bartlctt (1959), respectively

RESULTS

I. Sulface phrrgocytosz\ qf B. pel'IIJ351'3 by 11"-
Jimii PMAr

The capacity of human PAIN to phagocytose
B. pelti, $313 cells in the absence of opsonizing
antibody was first examined with thc surface
phagocytosis system described in the Anate, Jul^
a"of Methods. in this system PAIN should
come in direct contact with bacteria jinmo-

bilized on the Tough surface of the filter mein-
brane. Even under such favorable conditions,
the susceptibility of B. pertussis to PMN was
surprisingIy low, antl PAIN from different
healthy individuals invariably showed little
phagocytosis of B. pelti{$513 rcgardlcss of the
phase of thc bactcria (Table I). Increase in
the bacterial densit\, from the routinc number

of 5 XIO' to +XIO' per disc did not increase
the phagocvtosis of strain To hama by PlylN
(T, bl. I).

This low phagocytosis of B. pelt"ssi's b},
PI\, IN was reflected in the fact that the bacteria

did not cause increased 0, uptake by FA, IN
(Fig. I). The reaction conditions in the 02-
electrode s}, stem, described in the Materials
n"of IPIethods, may, not be favorable for surface
phagocytosis, but, unlike B. pelt\sst's, botll S.
"wrei{s (Fig. IC) and E. cofi (data not shown)
caused marked 0, uptake by PiVIN.

B. pel'tiissis cells \\, ere, however, readily op-
sonized and, as shown in Fig. I (a, b), phago-
cytosis by FA, IN started soon after addition of
thc IgG fraction of rabbit antibody, specific to
the strain. The opsonin titers of these anti-
bodies \\, CTC nearly, equal to their agglutinin
titers in the IlDinologous system, but both
opsonization and agglutination showed strict
strain specificit},. Thus anti-To hama could
not opsonize strain Sakairi organisms and orce

TART, E I Sulface phugocjitos, s of B. pel'illss, 's rind o1/1e, ' bncte, 'itt bj, hull!o11 Pit//A'

S. allyCl, ,

Sal. elite, 111di\

E. coll

,3-hemolytic Styepto.
B. pert!,$313 (phase)

St, ain Sakai, i (111)

Strain To hama (1)
Strain To hama, x 8"

Bacteria

Ders(I.

it The relative phagocytic activity of PMN from each donor on each bacteria is expressed as the ratio of
the NBT reaction \\ith the organism to the NBT reaction of the same PMN \\, ith S. @111. eiis. For details
of experimental procedures, see Male, .iais and Methods

" The number of the bacteria \\. as increased from 5 XIO' in the standard procedure to +XIO'
" Not determined

2. 111hib, '101y offct of B. lieiii{,$1\ ,XII(ICJ CM
phdgocy/IC ICact!'0"s of PA/A'

Besides showing low susceptibility to phago-

T. I

I. 0, . 0.2, '

loto. I

lit0.3

ND'

M. K

lot0.3

O. 6, . 0 .I

OSLO. O

0.7tO. O

O . 2. . 0. I

01.01

O . 0, . 0 . O

PiVIN-donor

S. U

loto. o

ND"

0.7tO. O

ND

0.0t0.2

Doto. o

DILDO

I. M

loto. I

0.6+0.1

0.7

ND

0.3tO. I

0.2t0.2

ND

UTsuvi, S. at al PM1\' 1'11hititory factor of B. perti, ss!'s. I

S. S

10.02

0.5tO. I

03tO. O

ND

Doto. I

0.2tO. I

ND

O . I. . 0 .I

0.0t0.2

ND
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cytosis, B. pel'Iwssi's releases a factor that in-
hibits the phagocytic activity of PMN. This
effect was first observed with a culture filtrate

that had been concentrated by precipitation
with zinc acetate by the procedure used for
preparati, n of HSF by Niw, (1962). Later ^
sonic extract in urea (SUX) was used as a
source of this factor, as described in the Mate-
lidls and Methods. For the results in Fig. 2,
SUX obtained from a fresh culture of strain

To hama was dial}, zed against TBS and the
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FIGURE 2 Inhibition of phagocytosis of opsonized
B. pel ills$11 by 1'1F. (") 0* uptake by PMN (10'
cells) in their PItagoc\, tic response to B. pel'1,135, 's
strain To hama opsonized \\'ill, 6 Linits of IgG anti-
To hama. (b) Tite same reaction as (a) but in the
presence of 0.4 inI SUX. (c) The reaction of PMN
with bacteria opsonized \\, ith 12 units of IgG anti-
To hama. (d) The same reaction as (c) but in the
presence of 0.4 inI SUX. FirlN and SUX \\, ere
added to the reaction vessel at I. and at t, re-

spectively, and the opsonized bacteria at U .
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large amount of precipitate formed was re-
moved by centrifugation.

Treatment of human PAIN with this clear

supernatant of SUX caused marl<ed suppres-

20
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were readily removed by repeated absorption
with either chicken or sheep erythrocytes, as
shown in Table 2. In marked contrast, how-
ever, the F1 activity of partially purified pre-
parations \\, as not adsorbed on erythrocytes
(T"b1,2).

6. Partzhlpt, rillctttioii
I) Removal of nucleic acids by protaminc-
precipitation

A I% solution of protaminc sulfate (salmine)
was added to SUX in 4 M urea-TBS until the

maximunT precipitation was obtained (usually
at a final concentration of about 0.02% pro-
tamine sulfate) and the precipitate formed was
removed by centrifugation at 15,000xg for 30

The presence of 4 M urea did not inter-
fere with formation of the complex.
2) Removal of protamine and basic proteins
on CAI-cellulose

The excess protamine, which caused hemag-
glutination at a concentration as low as 0,001 %,
and other basic nucleoproteins of bacterial
origin \\, ere removed by CAIl-cellulose treat-
mont. CM-.. HUI. ^. (N"'), whi. h had b". n
equilibrated with 4 M Lirea-TBS and drained
by filtration, \\, as added to the supernatant
solution described above to gi\e a semi-solid
paste. The mixture was stirred for 20 min,
and then filtered through a glass-filter. The
CM-cellulose was washed with the same solvent

and the washing fluid was combined witlT the
filtrate.

CM-cellulose treatment at lower salt con-

centrations than that in 'TBS (0.14 M NaCl-
0.02M Tris-HCl) resulted in lower recovery of
PIF, while omission of urea resulted in in-
complete removal of protamine, prestimably
because of its association witli some acidic

components. These two steps together gave
nearly full recoveries of F1 and Cl activities,
but reduced the HA and pHA titers to half

those in the original SUX.
3) Fraction ation by ammonium sulfate pre-
cipitation

PIF was precipitated from SUX witlT 70%
saturation of ammonium sulfatc without loss

of activity, but it was unstable in TB S \\, ithout
The precipitate with 20-30% saturation

of ammonium sulfate, \\, hich mostly floatcd
upon centrifugation, was scarcely soluble in a
physiological solvent, but it became soluble
when combined \\, ith the precipitate at 70%
saturation or with the precipitate obtained by
further addition of the salt to the super natant
at 30% saturation. The strong interactions
between components seem to modify their
solubilities.

To obtain PIF in a soluble form, the CA, I-
cellulose treated material, described above, in
4 M urea-TBS was adjusted to 22% saturation
of ammonium sulfate (12.5 g of saltllOO inI)
and the precipitate was removed. The super-
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natant was then brought to 73 % saturation by
addition of further 37.5 g of saltjlOOinlonginal
volume and the resulting precipitate was dis-
solved in TBS at one-fourth the volume of the

original SUX.
In these three steps the recovery, of PIF was

nearly 100% with respect to the activities of
CT and F1, \\, ith 3- to 4-fold increase in the
specific activity on the basis of the activityI
protein ratio.
4) Adsorption chromatography
ANA!1-Sepharose

Since the main constituents of SUX were

presumed to be membrane proteins, we tried
to separate PIF by adsorption chromatography
on a lipophilic matrix. The best result ob-
tamed so far was with Dansyl-aminonona-
methylene-Sepharose(DNS-ANM-Sepharose),
prepared by coupling 1.9-diaminononane
(10 mmoles) with BrCN-activated (Cuatre-
casas, 1970) Sepharose 4B (60 g wet), and then
reaction of the free amino groups at pH 11
with Dansyl chl. "id. (4 mm, Its), add, d d, .p-
wise as a solution in acetone. \\Ihen kept in
the dark, DNS-ANAT-Sepharose could be used
repeatedly after washing successively with 2%
T"iron X-100, Hp, 10% tyro p". pi. nit add,
H20 and TBS.

The ammonium sulfate fraction described

,b. re (20-50 inI) w, ^ my phid to " 60 inI
column of DNS-ANlv'1-Sepharosc in TBS-
2 inM EDTA and the column was eluted with

a gradient of urea in TBS. Figure 5 shows
typical results. The PIF activity, measured
by the NBT method described above, ap-
peared in the uriadsorbed fraction with tailing
that indicated its considerable heterogeneity in
affinity for the adsorbent. The extent of
retardation on the column varied in different

samples. This ITeterogeneity mai, depend on
the amount of coexisting components that in-
teract with the active inoietv. Thus, the PIF
activity in crude SUX was strongly adsorbed
and was Gluted only with concentrations of
over 4 M urea or with 2% Triton X-100.

As shown in Fig. 5, the PIF activity was
clearly separated from HA, LPS and a Ieu-
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FIGURE 5 Adsorption chromatograph}, of partially
purified SUX on DNS-ANIVl-SeplTarose. Twenty
milliliter of ammonium sulfate-fraction ated SUX

(see Text) \\, as applied to a 60 inI-column of DNS-
ANA, 1-Sepharose. The column was eluted suc-
cessively with (1) TBS-2 in xi EDTA, (2) a concen-
tration gradient of O to 6 M Lirea in TBS, and (3)
8 xi urea in TBS. The gradient \\, as delivered from
a Yangrad apparatus \\. ith 300 in I of TBS-2 inM
EDTA in tlie first three compartments, 100 inI of
+ M urea-TBS in the foLirth, and 300 ntl of 6 M
urea-TBS in the last three compartments. Pooled
fractions I, 11, 111 and IV \\, ere dialyzed and con-
centrated to 10 inI I^, tiltrafiltration \\ith DiaHo
Un, 12 membranes (Amicon). Solid line, OD at
280 rim; broken line, OD at 230 rim
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kocyte agglutinating principle, which were re-
covered in Fr 111, Fr H and 111, and Fr TV,
respectively. NO HSF activity was present in
Fr I whiclT contained 25-50% of the applied
PIF. Fr I was concentrated by precipitation
with 70% saturation of ammonium sulfate

7. Reintz'0" of PIF pi. oof"ctt'o11 and doyener@true
changes of phase I orgn?lis"is

As originally reported by Leslie and Gard-
ner (1931), during culture, B. peltwssils rapidly
loses the phenot}, pic characters of freshly ISO-
lated virulent organisms. These changes are
presumably restricted to surface components,
such as agglutinogens, HA, and protective

BIKEN JOURNAL V01.21 No. + 1978



antigen, and probably also involve factors that
determine \, irulence (Standfast, 1951). This
and the dimctilts, \\, c often encountered in ob-
taining PIF from cultures of laboratory stocks
of strain To hama prompted Lis to see whether
PIF production also decreases during culture.

Fresh isolates from nTouse brain (strain
To hama) \\, ere transferred to solid starch me-
dium, whiclT gave faster growth than B-G
medium, and the culture medium \\, as renewed
every five days. Organisms from these stock
cultures after. various numbers of in vitro

TABLE 3. Deci'ease lit PIF PIOductz'o71 by B. peltussis $11'01}I Ibhn"In by in art, .o duel'"rr

Cultured bacteria

passages \\'CTC grown in modified C-\\' n\e-
dium, and harvested when the growth reached
20-30 x 10'Iml. Banter1.1 *xt",. ts (SUX) w. re
prepared and subjected to the protamine, C!\T-
cellulose, and aminoniunT sulfate steps de-
scribed above. The concentration of the pro-
ducts was adjusted to be equivalent to that in
2.4 x 10'' bacterialinI. Protein in the culture
super natant was precipitated with 70% satura-
tion of ammonium sulfate. The precipitate
was dissolved in 4 M urea-TBS and subjected
to treatments described above. The PI, Cl,

Strain

To hama

h, anti'o

passage"

2

Anti-To hama

O . 5 hr 24 ITr

256 20+8

Agglutination*

+

6

10

256

15

Anti-
Sakairi

6+

32

20+8

20

Sakairi

<2

20+8

512

Activity extract of culture filtrate

30

32

<2

18323

+o

16

HAClPI HSF

(Units) (Units) (Units) (HSD, ,)

SUx,

C. Fit

SUX

CF

SUX

SUx

CF

SUX

C. F

SUX

C. F

SUX

CF

SUx

CF

SUX

CF

SUX

SUX

CF

256

<16

+

16

it Freshly isolated bacteria from Inouse brain \\ ere cultured on solid starcl, medium (A, /ate, I'n!s alld A1cthods)
and then passaged in vitro at 5 da}s Intervals for the number of times indicated

" Dilutions of antiserum \\. ere treated with 10xlO" washed live omanisms

" Bacterial extract (SUX) \\. as purified to the ammonium sulfate step (see TeX!)
' Material in culture super natant precipitated at 7096 ammonium sulfate saturation. Concentrations used

\\ere equivalent to an original bacterial number per inI of 2. +XIO"

32

<16

16-8

6+

+

25

<16

16-8

+

8

+

2

+

,

2

2

2

2

2

2

2

8

8

8

<16

6+

6+

6+

<16

6+

32

<16

32

8

6+

8

32

8

8

+

8

8

8

+

o

o

o

o

16

16

8

256

6+

32

16

8

512

256

512

160

40

80

+O

<2

<2

16

8

8

8

+

+

+

32

32

32

80

+O

+o

20

80

40

10

10

20

20

<5

<5

80

80

80
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HA and histamine-sensitizing (HS) activities
of these products were assayed and their
changes with age of the cultures were ex-
amined. The results are shown in Table 3.

For comparison Table 3 also shows the agglu-
tination titers of the organisms at each age
with anti-To hama that had been absorbed by
cells of strain Sakairi and with anti-Sakairi.

The results sho\\, that the PI and CT ac-

tivities of PIF decreased with age of the CUI-
tures. The assay methods were not sufficient-
Iy accurate to allow us to show these changes
as continuous curves, but the results clearly
show a sharp fall in PIF between the 4-6th

Similar de-and the 15th passage.passage

creases were observed in the HA and agglu-
tination titers. After this decrease, the PIF
activity appeared to remain steady at the level
of phase 111, strain Sakairi cells, as also shown
in Table 3. These old cultures reverted to

PIF producers on mouse brain passage, with
similar increases in their other activities.

Table 3 also shows that, in contrast to strain
Tohama, strain 18323 was relatively stable in
these properties.

opsonized and phagocytosed by PAIN cells.
From studies on mouse brain infections,

Aham^ and H. pond1 (1970) infored that rich-
ther local phagocytes nor circulating Ieuko-
cytes arc capable of controlling infections with
virulent strains of B. permsst's in unimmunized

In jinmunized mice, the bacteria could
still overgrow neuroglial cells until the blood-
brain barrier broke down, but they were then
cleared up, presumably by the action of blood
leukocytes with the aid of opsonizing antibody.
Similar results in support of this concept were
also reported by Holt (1972). The present
findings provide direct proof for these ob-
servations.

In addition to the inherent resistance of B.

pel, tarssi's to surface phagocytosis, we found a
cell-free factor that inhibited the functions of

PMN. This factor, named PIF, was detected
in the culture fluid of phase I organisms of
B. permsszls. It could also be extracted from
bacterial cells by mild sonication in the pre-
sence of 4M urea (SUX), by a procedure
similar to that used for the extraction of HSF

by Lchre" at a1. (1974). Th. ready Mon^. of
the PIF activity suggests that the factor may
be associated with the surface sti. ucture of the

bacteria ; in fact, our later studies on isolated
cell \\, alls showed that PIF probably originates
from the outer membrane (Tmagawa at al. ,
data to be published).

The susceptibility of PIF to heat and PTO-
riase treatments (Table 2, Fig. 4) suggests its
protein nature. However, although PIF was
degraded by pronase, it did not lose activity.
Therefore, the possibility that PIF is a small
non-protein molecule but is firmly attached to
a protein carrier is not completely excluded.
In contrast, HA and HSF lost their activities
when treated with pronase, in agreement with
the results of Lehrer at a1. (1975).

The present method of purification of PIF
is unsatisfactory, and the preparation con-
sisted of several protein components, asjudged
by polyacrylamide-gel electrophoresis. Fur-
ther purification of PIF is difficult because of
its instability and physical polymorphism,

mice.

DISCUSSION

In the surface phagocytosis assay, system
devised in the present study, cultures of B.
pertwssis showed very low susceptibility to sur-
face phagocytosis by human PiVIN. This low
susceptibility was observed with botlT phase I
and phase 111 cells, and with PMN from dif-
forent halthy d. n. rs (T, bit I, Fig. I). Thi^
low susceptibility cannot be ascribed to any of
the main .surface structures known, such as
capsule or LPS, because strain Sakairi has no
capsule or K agglutinogens and because the
cultures of strain To hama used in these ex-

perlments \\, ere not agglutinated by, anti-Saka-
in, which consists mainly of antibodies to LPS.
Possibly some unidentified structure or sub-
stance, or some physical property, such as the
small size, makes these organisms highly re-
sistant to phagocytosis. On treatment with
specific IgG antibodies, these cells were easily

132 BIKEN JOURNAL V01.21 No. 41978



which is reflected in its inconsistent behavior

on gel filtration or ion eXchange chromato-
graphy. It is interesting that HSF (Munoz
et a1. , 1970) and HA also seem to sho\\, in o1cc-
ular polymorphism. Removal of poorly solu-
ble, low density material by precipitation \\, Ith
10\\, saturation (22%) of ammonium sulfate
greatly changed the physical behavior of PIF.
Thus, after the ammonium sulfate fraction a-

PIF became more soluble in TBS \\, ith-tion,

out urea but at the same time lost its erythro-
.yt. -bind, bility (T"bit 2). It I^ ther. fore pus-
SIble that PIF is closely associated \\, ItIT some
lipophilic material in the crude extract

Extraction of lipid with an organic solvent
would have reduced the molecular polymor-
phism but also the 1.1eld of PIF. Therefore,
we used DNS-ANA, 1-Sepharose as an adsor-
bent with a^nitv for hydrophobic substances

DNS-ANA, 1-SepharoseChromatography
separated PIF from HA, LPS and a leukocyte-
agglutinating activity, but gave VCry poor re-
covery for HSF. HSF may barc been Inac-
tivated on the column by dissociation into
subunits, which have been described for LPF
(=HSF) by A1. rs. and M. rsc (1976). Be
cause of the low recovery, of thc HSF activity,
we could not determine whether PIF and HSF

are structuralI\, ^elated.

A CIOsc parallel was found between PIF
production and other properties and products
known to be characteristic of virulent cells of

B. lie, Iwssis. This parallel \\, as demonstrated
in association witlT both genetic phase varia-
tion and phcnotypic variation, 1<nown as inodu-
Iation or mode variation of phase I organisms.
Table 3 shows that PIF production by strain
To hama was subject to degenerative change
and that this change was parallel with changes
in the agglutination titer of the bacteria and
in the HA activity of extracts. The parallel of
PIF with HSF was less clear, but this may be

attributed to the 10\\, accuracy, of the assay.
The mechanism for these continuous pheno-
typic changes ITas not been clarified. How-

since HA is not identical \\, itI\ PIF orever

with HSF (A1. rs, and At. rs. , 1976), it I^ pus-
sthl" that HA, HSF (LPF) and PIF "re ,x-
pressed on the bacterial surface as a cluster or
a complex of molecules, and that the absence
of one 1<e\, component fronT the surface may
influence production of the others,

In contrast to strain To hama, strain 18323
showed a considerable stability with regard to
PIF activity and other properties, as shown in
Table 3. It is interesting that the virulence
of this strain to mice is also stable in culture

(Ahams, 1970).
Our observations, in conjunction with those

by Holt (1972), seem to be consistent with the
following series of events in experimental B
peltiissis infections. (1) The bacteria gro\\,
freely in the pre-immune host, escaping from
the local surface phagocytosis. (2) IgG anti-
body in thc immune ITUst mediates opsonized
phagocytosis by FA'IN, thus constituting the
main I\OSt defense. (3) This defense may be
inhibited by PIF-mediated defiance by the
virulent bacteria. Thus it is tempting to spec-
ulate that jinmunologic ncutralization of PIF,
together with the opsonizing antibodies, re-
inforce the ITUst's defense against B. peltwss, s
Infcctions.

on
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