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various penicilloyl haptenes, and their related compounds 
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Forty-six subjects who gave positive cutaneous reactions to benzylpenioilloyl-human 
serum albumin (BPO-HSA) or benzylpenicillin (PC G) were further skin-tested with 
14 kinds of test materials: benzylpenicillin, benzylpenicilloyl-epsilon-aminocaproate 
(BPO-EACA), divalent BPO-hexamethylenediamine, polyvalent BPO-human serum 
albumin conjugates, polyvalent BPO-poly-L-lysine conjugates, polyvalent penicilloyl- 
HSA conjugates of synthetic penicillins, polyvalent 6-aminOpeniGilkIniG acid-H&d 
conjugate, polyvalent cephalothin-HSA conjugate, and polyvalent conjugates of the 
acyl side-chain compounds of penicillins. Correlation coefficients among the diam- 
eters of wheals elicited with th,ese test materials varied with each test antigen. In 
order to evaluate the heterogeneity of combining sites of the human skin-sensitizing 
antibodies, “factor analysis” was carried out. Eight independent factors were eluci- 
dated, which suggests that there are at least 8 diferent kinds of antibody mole- 
cules with respect to their binding properties for the different penicillin compounds. 

R ecently, benzylpenicilloyl (BPO) haptenic groups have been generally 
considered to be a major antigenic determinant responsible for human peni- 
cillin hypersensitivity. I-4 In some clinical studies, however, it also was demon- 
strated that skin-testing with benzylpenicillin (PC (2) is a more specific index 
of immediate systemic reactions than testing with benzylpenicilloyl-polyly- 
sine.“-’ Thiel and colleagues* further demonstrated that penicillenate, penil- 
loate, penamaldoyl, or derivatives of 6-aminopenicillanic acid (B-APA) would 
frequently be potent inhibitors of hemagglutinat,ion reactions mediated by 
sera of subjects sensitive to benzylpenicillin. These findings indicate that PC C$ 
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The present stutly was tlcsignetl to ill\-cstigate the heterogeneity of corn- 
bining siles of hmlliln skill-sensitizing ;lntibOtlies to pc~nicilli~l t)y “ I’:lCt~Or 

il.llill YSiS ” 01’ wheill diameters c~voketl with 1’~ (: ;Illtl its rcIiltctI CO~~I~IOIII~(~S. 

MATERIALS AND METHODS 

Test reagents* 

Benx!-lperlic~illo~l-E-amirlocnpl.oate (BPO-EAVA), I)cnzvlpenicillo\-l-hexa- 
mcth~lcncclianlinc (BIV),-ITMJ)), henz~l~~cnieillo~l-l~ol~l~sinc (BPO-I’MI), and 
penieilloyl-TISA conjugat,cs of s,vnthrtic pcnieillins were prepare(l by motli- 
fi(*:~tio~l of Ilevine’s nletho(ls.‘“’ I7 (‘cphalothin-HSA (C’ET-HSA) ant1 6-amino- 
penicillanic acid-HSA (6-Al’A-HSA) con,jng~tcs ~vcre preparetl in the same 
manner as the preparation of p~~nieilloyl-IISA cotl,jnyiltes. T’hcnylaeetyl~lyeyl- 
HSA (J’A(+-HSA) and 2,6-dimcthoxyl~cnzoyl~lycyl-HSA (DRIBG-HSA) WCIY 
prcpa ret1 as tlcscribrd previously.‘” All t)hesc skin-test reagents WCI’C ~~nltlyzetl 
quantitatircly iis tlcscrihctl in the previous article’” and sterilized by filtration 
through HA Jlilliporc membranes. 

Skin-testing 

A total of 2,242 subjects admitted in six hospitds in Sapporo and Ot,aru 
districts, IIokkaitlo, were skin-tested with each of the following four solu- 

tions: 3 x 10-l; M (BJYI),,-TTSA, 3 x lo-‘: iPI (Pa(:),,-HSA, 500 units JW~ milli- 
liter of 1’~ (+ (each was dissolved in physiologic saline), an(l physiologic! 
saline as il control. The intracutanc~ous iqjcctions wcrc performed with 0.02 
ml. of each itntigCl1 solution. The test, sites were examined 15 minutes after 
injection for \\‘lltill reactions. Reil~tiOll intcnsitics were recorded in milli- 
meters as an average diameter. Wheiils of greater than 6 mm. with JXWLI~O- 

pods were considerctl positive. With (IlE’O) ,,-HSA. 66 sub,jects (2.9 per cent) 
gave positive whcal rcsponsrs. Three sub,jccts were rcadvc only to 1’~ G. Of 
these 69 sub,jccts. 46 (44 reactive to (I$PO),,-HSA and 2 reactive to PC G) 
were further skin-tested with 14 kinds of antigens simultaneously at the sites 
c*hoscn at random on their backs. 

*Human serum albumin (HHA) and L-polylysinr (moltwdar weight, 70,000) were pur- 
rhascrl from Mann Research Laboratories, Nex York. Renzglpenicillin (PC G), phenoxymethyl- 
penicillin (PC V), 2,6-dimethoxyphenylpenicillin (DMP PC), .5-meth-l-B-phenvl-2-iRoxazol?-l- 
penicillin (MPI PC ) , and 6.aminopmirillanic acid (6.APA) werr donated hy the Ranyu 
l’harmaceutical Co., Tokyo. Crpldothin (CET) WVRS donated Iby t,he Shionogi Pharmaceutical 
(h., Osaka. 
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Factor analysis’*-21 

Factor analysis is a method to reveal the structure of a phenomenon, 
which might be based on eRects from several factors independent of one an- 
other.* 

RESULTS 

Skin responses 

The wheal diameters evoked with 14 kinds of antigens in 46 subjects are 
listed in Table 1. IJnivalent haptene (i.e., RPO-EArA) was found to elicit 
merely faint reactions in 3 subjects (Nos. 19> 22, and 30). Two of the 3 sub- 
jects who gave positive skin tests to PC G had histories of anaphylactoicl 
reactions to PC G. Divalent haptene [i.e., (BPO) ,-H&ID] and polyvalent (from 
8 to 34%) haptcnes were almost equally effective in evoking cutaneous re- 
actions. In contrast, most of wheal diameters elicited with penicilloyl-HSA 
conjugates of synthetic penicillins and their related conlpo~u~ls were smaller 
than those elicited with BP0 haptcnes. However, it is noteworthy that pat- 
t,erns of cutaneous reactions to these antigens were quite difierent from sub 

ject to subject. For example, Subject 29 showed strong positive reactions to 
BPO-I’LL, (PA(:) ,,-HSA, and to l~lrenox~rr~eth~lpenicillo~l-HSA [ (PMPO) ,> 
-HSA] conjugate, while negative r*csults weye obtained with the other anti- 
gens. 111 Subject 33, on the other hand, all the antigens tested except BPO- 
EAC’A, (DMIW) ,:,-HSA, ant1 PC U were cfftdive clieitors of eutanrous re- 
actions. 

Table II shows the matrix of correlation coefficients among 14 kintls ol 
test antigens. PC (1 and I<PO-EAC’A were not, correlated with other testing 
agents, while the other 12 antigens were correlated with each other in var- 
ious degrees. There were high correlations among (BFW) ,-PLL, (BP(J) ,-1- 
HSA, and (BP(j) ,,,-PLL. Correlation coefficients among other antigens weYe 
smaller than those among these three. The findings that the correlation eo- 
efficicnts yariccl from antigen to antigen and that there were many antigens 
with low correlation coefficients seem to suggest, that skin-sensitizing anti- 
bodies to these antigens in a r*e:iginic scram consist of populations of 
antibody molr~c~ules lictcr~ogencous with rcspcct to their binding prop- 
erties. 

“If z,, is the result of the i-t11 test in the ~j-tll wse’, it? structure will h giwn l)y the 
equation 

r A,, = a,,F,, + xl,Fzi + . . . + a ,,,, F,,,, 
wl~rre F,,,, (m = 1, 2, . . , m) is tllca facbtor wore for the m-t11 factor in tllc j-t11 cast 
and a,,,j is the factor load of Y,,, to tllv j-t11 test, corresponding to the correlation co&icirnt 
between Zj, and F,,,,. If a, = 1, the test Z, is the factor F itself. Factors are drfinr~l to b(~ 
mutually independent. From tIlta pattern of factor load, ttw c~haracteristics of the factor will 
t)e estimated. The validity of suc11 a structure will 1~ criticized l)p result itself. This method 
is used to obtain a hypothesis on a rrasonal~lr numhrr of factors, which have to be cwnfirmed 
rxprrimmtally. The scllrdule of analysis followed in the article was as follows: (1) setting a 
histogram; (2) transformation to normal distribution; (3) calculation of the matrix of corre- 
l&ion coefficients; (4) principal component analysis; (5) maximum likelillood anal+; (6) 
varimax analysis ; (7) oblimax analysis ; (8) calculation of angles brtwwu c’ommon factors by 
ol)limsx method; (9) calculation of factor scores with each individual. 



1 Nrg. 
2 Neg. 
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P 

Neg. 

Nt=g. 
5 Nrg. 

6 NPg. 
7 Neg. 
x Nrg. 

9 Neg. 
10 Neg. 

11 Neg. 
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Neg. 6.5 Neg. 7.0 
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7.0 

13.0 
8.0 

9.0 7.0 11.5 
Neg. Nrg. 26.0 

6.0 X.0 20.0 

Seg. Nrg. 11.0 

Neg. Srg. 6.0 

Neg. NPg-. 

Neg. 7.0 

Neg. Neg. 

Seg. Neg. 

Nf~6’. Neg. 

Neg. 13.0 13.0 22.5 

Neg. 17.0 10.5 11.5 

Nrg. 14.5 Nrg. 10.0 

Neg. Nrg. Neg. Neg. 

Neg. Nt.g. Nrg. Neg. 

8.5 
8.0 

14.5 

15.5 
Nl?g. 

23.0 
24.5 

15.0 
9.5 

i.0 

Neg. Neg. Neg. Neg. 6.5 

Neg. 10.0 7.5 8.5 12.5 
Neg. 11.5 Neg. Keg. 20.0 
Neg. 7.5 Neg. Neg. 11.3 

Neg. 11.0 Neg. 8.0 14.5 

Neg. 10.0 Neg. Neg. 12.5 

Neg. 7.5 6.0 5.0 12.0 
Neg. NPg. Neg. 7.0 Neg. 
Neg. Neg. Neg. Neg. 15.5 

Neg. PT.0 Neg. Neg. Neg. 

Neg. Neg. Neg. Neg. Neg. 
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Antiaen 
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8.0 
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14.0 17.0 
Nrg. Neg. 
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* 1, RPO-EdCh ; 2, Pr G; 3, (PAG) ,,-HKA 4, (1)MHG) ,,-HSA 5, (CET ; ; 1 ,,-HSA ; 6, 
(6-APd)1”-11SA; 12, (P1\IPO),;-IISA; 13, (I)MPPO),,-HSd; 14, (MPIPO),s,-H%. 

FACTOR ANALYSIS 

Eight factors WCIY~ obtained by analysis of the matrix of correlation co- 
efficients.* In t,his case, the mm of lamhtla/N of component ont,pnt acrountcti 
for 92.2 per cent. The primary irritancy of the antigens and the difference of 
individual reactivity to the antigen are discounted as “error” in this pro- 
cedure. Thus most of the sizes of whoa1 tliametcrs elicited with each antigen 
were explained by these 8 factors. 

Factor loadings of 14 kinds of antigens on X orthogonal axes were calcn- 
latcd by the varimax methotl (Table Ill) and those on 8 oblique axes by the 
oblimax method. Each factor was represented by each axis. A strong similarit,y 
was seen in both patt,crns. Furthermore, in the oblimax solution the angles 
among these 8 factors I)ro,jcctcd into the space wcr(l warly 90 degrees, with 
the exception of the two between Iq’actors 3 ant1 5 and between 14’actors 5 and 
7 (Table IV). Therefore, it seems plausible that, these 8 factors will be a.pproxi- 
mately in(lrpcndrnt, of each other and t,hat the reactivities of each antigen 
will be represented by the vectors on the axes. 

As stben in Table 111, when the magnitude of the factor loadings is com- 
paretl, it is clear that Factor 1 ant1 Factor 2 are characterized specifically by 

*Thcx numhw of indrpendcnt factors was tl~~tcwninc~d according to thtl following two 
points: ( 1 ) per rent, of tot,al original c:ommunality was nearly 100, (2) residual variance 
c~oralencr mat,ris was set by means of thr cyuation 

X = V-1 (C - 12) = X,, (i, j = I, 2, . . 14) 
from standardized correlation matrix (C), estimated ~ol~wlation matrix (&), and ~TI‘OI’ var- 
ianw matrix (V). It vas followed hy rhi squaw twt gircn by the following equation 

where the drgrw of freedom vomputcd by thv formula: -) 
1 1 

(p k)’ - (1) + k) was 7. 

Hew, n is the sample size of mean diameter, p is the numlw of antigens, and k is the 
number of factors. The ohserved chi square was 10.92. As the va,lue of ehi square with this 
degree of freedom is (0.05) = 14.07, the observed value is not significant. Therefore, the 
maximum number of independent factors must be 8. 
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the reactions elicitctl with l:PO-F:ACA and PC (1, respectively. In l’actor 3, 
the factor loatls of the side chain groups, Cc., (l)iUB(r ) ,;(-HSA, (CET j 2,i-HSA, 
and (PAG),,-HSA, arc higher than those of other antigens. Accordingly, the 
rractions clicitcd with these antigens would 1x1 charactcrizcd by this factor. 
In the same wa,v, &‘&or 1 wonltl 1~ characterized by (RI’()),-I’LII, (BI’O) ,a- 
ITSA, ant1 (BP()) ,,,-T’T,T,. Fac:ors 5, 6, 7, and 8 n-oultl bc charactcrizctl by 
(BP()) ,-TTMI), (BPO) :,,,-T’Ll,, (6..AT’A) ,,,-HSA (the nuclear portion of the 
pcnicilloyl molecule), anal mrtl~~lphcn~liso~azol~lpenicill~~~l,,-HSA [ (Ml’l- 
PO) ,,-HSA] , respectively. 

7Vith each OF 46 subjects the factor sco~‘cs of these 8 factors were: calcu- 
Intcd. The factor scores rqrcscnt the weights of thcsc 8 factors influencing 
the whcal diamctcrs in each sub,jcct. When the scores of thcsc 8 factors were 
compared in each sub,jcct, the factors having high scores above 1 .O varied 
significantly from sub,jcct to subjrct except Factors 1 and 2. 

These results SWIII to show that the whcal reactions clicitcd with each 
test, antigen arc dependent upon tho combination of two or more factors, the 
I~wttcrn of which varies from subject to subject. 

DISCUSSION 

T”orty-six sub.jccts rcactirc to TWO or to PC C: were skin-tested simu- 
tancously with 74 kinds of antigens. I<y factor analysis of the whcal diam- 
cltcrs crokctl with each antigen, 8 indcpcndcnt fact,ors were clucidatecl. Since> 
primary irritnncirs of the antigens and the tlifYcrcnces of individual rcac- 
tiviticls to the antigens were discounted as “CI’IW” in the procedure of the 
analysis, it sckcbrns plausible that these 8 fa.ctors will be characterized by 8 
populations of skin-sensitizing antibodies with different binding properties. 

Factor 2 is characterized by an antibody specificity complementary to PC 
(1. Of interest is the fact t,hat 2 of the 3 subjects who gave positive cutaneous 
reactions to PC C+ had a history of immediate systemic reactions. Siegel and 
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Table III. Factor matrix by the zwimnx method 

Test materials 1 F 1 ) F ,z? 1 F3 1 F4 / F5 1 F6 1 F7 1 F8 

BPO-EACA 
PC G 
(PAG) ,,-HSA 
(DMBG) ,,-HSA 
(CET) ,-HSA 
(BPO),-PLL 
( BPO) ,,-HSA 
(BPO) Ila-PLL 
(BPO)?-HMD 
(BPO),,,-PLL 
(6APA) ,,-HSA 
(PMPO) ,-HSA 
(DMPPO) ,-HSA 
(MPIPO),,-HSA 

0.99 -0.03 -0.03 -0.09 -0.07 -0.01 0.00 0.05 
-0.04 0.97 -0.03 -0.18 -0.06 -0.07 0.00 ~-0.02 

0.14 -0.05 0.52 0.74 0.10 -0.08 0.16 0.18 
-0.02 -0.03 0 6” 
-0.08 -0.04 0:X; 

0.36 0.14 0.10 0.12 0.23 
0.1x n.17 0.10 0.32 0.30 

-0.16 4.10 0.17 0.8% 0.16 0.22 0.22 0.16 
-0.08 -0.3% 0.16 0.80 0.10 0.14 0.09 0.24 
-0.11 -0.02 0.27 * 0.70 0.24 0.26 0.12 n.2i 
-0.12 -0.10 0.27 0. I ‘3 1 5 0.82 0.14 0.16 0.19 

0.00 -0.14 0.16 0.5% 0.20 0.71 n.00 0.21 
0.01 0.00 0 2‘) 

o:li 
0.10 0.1 (I 0.00 0.93 0 .Y -. ‘3 

0.03 -0.06 0.42 0.73 0.14 0.22 0.58 
-0.08 -0.02 0.38 0.42 0.13 0.12 0.34 0.50 

0.08 -0.01 0.41 0.18 0.10 0.07 0.14 0.x:3 

Table IV. Angles between common factors (degree) by the oblimax method 

) Fl ( Fd 1 F3 1 F4 1 F5 1 F6 1 F7 1 F8 

Fl 0.0 87.5 71.2 -x4.5 -76.3 80.3 76.2 -89.2 
F2 0.0 77.0 -78.5 85.2 87.4 -71.2 87.3 
F3 0.0 x5.4 52.2 -85.3 73.2 -88.3 
F4 0.0 82.3 82.4 x5.5 -88.3 
F5 0.0 x9.1 62.2 -87.3 
F 6 0.0 72.0 77.1 
F7 0.0 186.5 
F 8 0.0 

Levine5 reported that 4 of 5 sera from immediate systemic reactors gave posi- 
tive passive transfer reactions to PC G but did not react to any of the poly- 
valent conjugates containing BPO, BPE, and penicillamine haptenic groups. 

Factor 1 is characterized by the reaction evoked with BP@EACA. The 
univalent haptene elicited merely a fa,int reaction in 3 subjects. Therefore, 
the meaning of the cutaneous reaction evoked with a univalent haptene W- 
mains to be studied. 

The other six factors seem to be characteriz,cd by heterogeneous popula- 
tions of skin-sensitizing antibodies which are cross-reactive with each other. 
The absorption test has been generally employed to detect cross-reacting skin- 
sensitizing antibodies coexisting in a reaginic serum. However, when a number 
of heterogeneous populations of skin-sensitizing antibodies coexist in a reaginic 
serum and the constitutional pattern of the antibodies varies from subject to 
subject, it would be difficult to evaluate the heterogeneity quantitatively. In 
this case, the intensity of a wheal-and-flare reaction evoked with an antigen 
would be interpreted as the sum of antigen-antibody reactions between the 
antigen and its homologous antibody and between the antigen and the cross- 
reacting antibodies. Accordingly, if wheal diameters evoked with an antigen 

in sufficient numbers of subjects are treated by factor analysis and if several 
kinds of independent factors arc elucidated as a result, the factors seem to be 



characterized by skin-sensitizing antibodies with different combining sites. 
For example, if a reaginic serum contains two antibody populations and one 
is complementary to the entire BP0 mole&c and the other is complementary 
to 6APA (the nuclear portion of the BP0 molecule), the polyvalent BP0 
haptene would react more intrnxely with the former than the latter. And if 
the constitutional ratio of the two antibody populations varies frorn sub,jrct 
to subject, two independent factors which represent each antibody specificity 
must be elucidated by factor analysis of the wheals. 

In fact, an antibody specificity complementary to (6-APA) n,,-HSA, which 
corresponds to the nuclear portion of the BP0 molcculc, was elucidated as 
Factor 7. In a study of antibody specificities of individual sera from penicillin 
allergy, Thiel and colleague9 demonstrated by their hemagglut,ination inhibi- 
tion experiments that among a variety of specific inhibition patterns there 
was an antibody specificity for which 6-APA or its polymer was the best in- 
hibitor. 

Factor 3 has a large factor load on the acyl side-chain groups of the peni- 
cillin molecule. It is characterized by an antibody complementary to (PAG) 18- 
HSA, (DMBG) ,,-I-ISA, and (CET) ,,-HSA. This fact seems to be consistent 
with the demonstration, as described in anothc? of our articles, that cephalo- 
thin (CET) had a strong cross-reactivity with rabbit anti-BP0 antibody, 
which would bc attributed mainly to the stercochemical similarity (i.e., aro- 
tnaticity) of the side-chain portion of PC G and (XT. AnotherZs of our articles 
demonstrated that the rabbit ami-BP0 ant,ibody pr~~l~~ccd in a single rabbit 
could bc scparatcd on a specific inlmunoadso~l~e~~t~ by clution with suitable 
ha.ptenes into some fractions complementary to the acyl side-chain portion, 
t>o the nuclear portion and to the cntirtr HP0 molecule containing carrier pru- 
t,eins. From this experiment it seems reasonable to speculate t,hat human anti- 
HP0 skin-sensitizing antibody wonld also consist of some antibody popula- 
tions having different combining sites adapted to different parts of the BP0 
molecule. 

Factor 8 has a large factor load on penicilloyl conjugates of synthetic 
penicillins, especially of MPIPc. This seems to demonstrate that Factor 8 
would correspond to the antibodies specific for penicilloyl haptcnes of syn- 
thetic penicillins, in view of prevalent usage of many synthetic penicillins. 
The authors had reported I” that some of the specific rabbit antibodies to peni- 
cilloyl-protein conjugates of synthetic penicillins were highly cross-reactive 
with penicilloyl conjugates of other penicillins. 

b‘rom the value of factor loads, it seems plausible that Factors 4, 5, and 6 
will correspond to t,he antibody adapted to HP0 haptenes. The difference 
among these three factors consists in the difference of numbers of the BP0 
groups contained per mole conjugate. Of interest is that Factors 5 and 6 are 
distinguished from Factor 4. Vactor 4 corresponds to the antibody specificity 
adapted to the polyvalcnt haptene containing 8 to 114 BP0 groups per mole 
conjugate. Factor 5 corresponds to the divalent haptene of (BPO),-HMD and 
Factor 6 to the polyvalent haptene in which 345 out of 550 c-NH, groups of 
PLL are coupled with BP0 groups. J,cvinc’” has demonstrated that PCA 



mediated by antibodies of comparxtivcly high lrinding affinity can bti rtlicitcd 
nioi’e efYectively by the divalent haptent> than 1)~ polyvalent haptrnes, wlrcrv 
as WA mediatrtl by antibodies of compariltivcl,v low binding affinity tquirvs 
polyvalent haptenes for, eff+ctivc eliritation. I~cviriP fui*thci. tlcmonstt~atccl 
that the abilities of UP0 cdon,jugatcs to cvoko ~hcal-arrtl-fl~rI,c rtlactions irl 
13P()-sensitive sub,jrcts wrrc tlrpc~ntlerrt upoti the tiurnhers of f<I’() grvn])s 
contained per* rriolv cori.jugate. The IY~~SOI~ why the antigenic reac+iritics of 
I3PO haptenes RI’C tlifferclnt with the numl~~~r~s of I:I’O groups contwincvl p(‘r 
mole conjugate rvriains to br stutlicd. 

The results of factor analysis se(lm to suggest that nt least, 8 kinds of irrlti- 
body specificities :LW involved in humans showing skill test r.cJac$ions to pen- 
cillin antigens. 

The authors wish to thank Professor Keimei Cvlashimo, I)epartment of Medicine, Hok- 
kaido University School of Medicine, for his critical review of this manuscript, and to thank 
Dr. Kosei Takahashi, Department of Physical Therapy and Medicine, University School of 
Tokyo, and Dr. Choiehiro Asano, Rhionogi (‘omputor Crntrr, for their helpful advice ant? 
statistical analysis. 
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