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ABSTRACT 

Polymorphonuclear neutrophils (PMNs) from s~ven patients who ex

perien<;:ed recurring staphylococcal infections, were tested in order to 

establish if measurements of phagocytic and bactericidal capacity would 

reveal a functional cause for the repeated episodes of disease. Using 

a microprocedure developed for this 'purpose, the results for six of 

these patients were found to be comparable to normal values. PMNs from 

one patient, however, showed a deficiency in their ability to both phago

cytize and kill s. aureus. This defect could not be attributed to serum 

deficiencies or ascribed to any previously defined class of nel.ltrophil 

function. 

In other studies, six clinical isolates of Staphylococcus aureus 

were compared for their relative susceptibilities to the killing effects 

of oxacillin. Three of the strains had minimum bactericidal concentra

tions which were >10 times the minimum bacteriostatic concentration for 

this antibiotic and were designated tolerant (Tol+). The other st;r-ains 

had minimum bactericidal concentrations which were comparable to the 

minimum bacteriostatic concentration (Tol-). Lysis curves of these 

strains revealed that the Tal+ strains exhibited a diminished rate of 

lysis when inhibited by oxacillin. This reduced rate of lysis was re

flected also in a reduced rate of viability loss when the cells were 

exposed to oxacillin. Cells of each phenotype, previously labeled with 

[
14C]Glycerol, secreted radioactivity when inhibited by oxacillin. How-

ever,. the Tal+ strains rele.ased over twice as much labe 1 as the Tal

strains. The behavior of 60 to 65%_ of the labeled material released by. 

inhibited cells during both sodium dodecyl sulfate gel electrophoresis 



and Sepharose 6B chromatography corresponded to that of lipoteichoic 

acid. When the major component of secreted material was added to 

oxacillin-inhibited Tol- strains, an inhibition of the lytic response 

was observed. These results suggest that oxacillin tolerance in S. 

aureus could be related to the enhanced secretion of an autolysin 

inhibitor, such as lipoteichoic acid. 

Several investigators have recently reported an increase in the 

severity of infections due to Tol+ strains. Since the enhanced'excre

tion of LTA by Tol+ staphylococci is the only knownphenotypJ.c differ

ence between these two strains, the effect of this molecule on neutrophil 

function was measured using the microprocedure. The addition of LTA to 

the incubation mix·ture res1..1lted in a dose dependent inhibition of phago

cytosis •. The decrease~ uptake of. S. aureus in the presence of LTA was 

accompanied by a corresponding increase in the number of organisms 

surviving in the presence of the phagocytes. Additional studies sug

gested that LTA interferes with the process' of opsonization, prior to 

engulfment. 
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INTRODUCTION 

A. Statement of the Rroblem 

Infections due to the Gram positive organism, Staphylococcus aureus, 

can take many forms, from localized skin abscesses, to pneumonia, osteo

myelitis, and endocarditis. Though Mandell (1) has suggested that 50%' of 

the more serious s. aureus infections occur in patients with depressed 

host defenses, many of the predisposing factors remain undefined. In 

addition, several reports (2,3) have recently indicated that patients in

fected with antibiotic tolerant strains of s. au:reus respond less well to 

antibiotic therapy and exhibit a less .favorable ·clinical outcome than 

patients infecte~ with non-tolerant strains. This study was initiated to 

determine if a precise measurement of neutrophil phagocytic and bacteri

cidal capacity would reveal a functional cause for the recurrent staphy

lococcal infections experienced by certain individuals. Additional 

efforts were directed at understanding the molecular basis of antibiotic 

tolerance in order to account for the difference in virulence between the 

tolerant and non-tolerant phenotypes. 

B. Review of the Literature 

The importance of the phagocytic neutrophil has been recognized 

since the turn of the century when Metchnikoff first postulated its role 

in host defense (4). The eradication of invading bacteria is the primary 

function of the polymorphonuclear neutrophil (PMN) (5), and many studies 

have been conducted to determine the way in which these cells work. 

1 



Procedures for testing neutrophil function: 

In 1972, Castro, et al. (6) assayed the bactericidal ac~civity of 

freshly drawn whole blood. for s .. aureus. The number of viable bacteria 

was measured at various intervals by plating aliquots from a reaction 

mixture wqich contained 6000 PMNs/colony forming unit, ·with nutrient 

agar. While other investigators have used similar methods to determine 

loss of viability of· test organisms, most additional studies have em

ployed neutrophils that were purified to various degrees from freshly 

drawn heparinized blood samples. Peterson, et al.. (7) studied PMN 

functi,on using a: leukocyte enriched suspension which was obtained after 

dextran sedimentation of red blood cells. More recent investigations 

(8,9) have employed neutrophils that were purified on Ficoll density 

gradients according to the method outlined by Boyum {10) • 

2 

Another procedure for determining the bactericidal capacity of 

neutrophils was described by Antazis and Kniker (11) in 1979. This 

assay required only a small sample of whole blood that was allowed to 

clot on a coverslip. The clot. was rinsed away, after which a suspension 

of organisms v1as layered on top of the adhering PMNs. Seventy-five to 

ninety minutes later, live organisms were distinguished from non-viable 

cells by ultra-violet mic.roscopic examination of the coverslip after 

staining with acridine orange. 

Measurement of the actual ingestion of organisms by PHNs has proven 

to be a more difficult aspect of neutrophil function testing. Initially, 

phagocytic indices were determined microscopically by counting the number 

of organisms which appeared to be associated with the leukocytes (12,13). 

Subsequent studies have employed radiolabeled organisms, whereby the rate 
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of phagocytosis was determined by measuring the amount of label that be-

.came associated with the leukocyte. This method formed the basis of 

several studies by Peterson, et al. concerning the kinetics of phagocyte-

sis of~- aureus by normal PMNs (7,8). DeChatelet, ~tal. (14) psed 

radiolabeled organisms in their studies comparing the bactericidal 

activities of neutrophils and eosinophils as did Densen and Mandell (15) 

in their investigations of gonococcal. interactions with PMNs. 

The primary criticism of such phagocytic determinations relates to 

an inability to distinguish between attached and ingested organisms. 

Though several procedures have employed thorough washing of the neutro-

phils to remove uningested organisms (7) or digestion of extracellular 

staphylococci with lysostaphin \16,17), most often the values reported 

represent "leukocyte-a-ssociated" bacteria (18). 

Biochemical basis of neutrophil function: 

In order to inte::t,"pret the results obtained in in vitro assays, such 

as those described above, an understanding of the biochemistry of events 

which take place in the phagocytizing_cell is necessary. Many studies 

conc::erning the biochemical basis of opsonization, engulfment, and killing 

of microorganisms by PMNs have appeared in recent years and have been 

extensively reviewed (4,19-24). Hence, only selected aspe~ts of these 

subjects as they relate to this project will be considered here. 

Opsonization: 

PMN. phagocytosis of ~· aureus proceeds slowly or not at all in the 

absence of an adequate source of opsonins. Peterson, et al. (7) in 1976, 

determined that heat-labile serum factors were primarily responsibl~ for 
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opsonizat:j.on of this organism in non-immune serum. Subsequent studies by 

this same group in 1978, showed peptidoglycan to play a key role in the 

opsonization of s-. aureus (25). That is, peptidoglycan is the primary 

molecule whose recognition leads to effective opsonization. 

Complement, a heat-labile system of eleven proteins, was discovered 

by Bordet in his studies on the lysis of Gram negative bacteria by serum 

(5)o This group of proteins circulate as inactive precursors in serum 

and are designated Cl-C9 with Cl representing an aggregate of three dis

tinct proteins, Clq, Clr, and Cls. The components of complement act in 

a sequential manner, such that activation of one protein results in the 

activation of the next, the ultimate objective being lysis of the target 

organism. 

Though not completely understood, the initial activation of comple

ment has been shown to proceed via two pathways, referred to as the 

classical and alterna-te pathways of complement activation. The classicai 

pathway has been studied in greatest detail, primarily in an experimental 

model measuring complement mediated lysis of sheep red blood cells. In 

this sytem, two classes of antibody, IgM and IgG, have been shown to be 

able to fix or activate complement (26). In studies with ~· aureus, 

Peterson, et al. (25) suggested that naturally occuring antibody to 

peptidoglycan is responsible for complement fixation via the classical 

pathway. 

In the sheep erythrocyte model,one molecule of IgM was found to com

bine with one molecule of Cl, however, two mol~cules of IgG, sufficiently 

close to one another on the cell surface are required to activate comple

ment (26). Clq attaches to the Fe portion of the antibody molecule via 
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a non-covalent linkage. Clr a~d Cls ar~ then able to bind to Clq with 

the entire complex being held together by ionic binding through ca++ (27). 

Thus, chelating agents such as EDTA are able to disrupt and thereby in

activate Cl. Attachment of Cls produces an esterase activity within the 

molecule. 

The natural. substrate .for activated Cls is C4. C4 is cleaved into 

C4a and C4b. C4b attaches to the cell and C2 in then absorbed, resulting 

in the splitting of C2 into C2a and C2b. The complex of C4b2a is known 

as C3 convertase. C3 is bound to C4b2a and cleaved into two components, 

C3a and C3b. Each C41:;>2a molecule is capable of c].eaving several hundred 

molecules of C3 and hence provides an important amplification step in the 

sequence. Also, C3b molecules attached to the sur-face of the organism 

act as opsonins in phagocytosis since the·re exist on the PMN, receptors 

for these molecules. 

C5 convertase, C4b2a3b, cleaves C5 into C5a. and C5b. C5b remains 

attached to the cell surface as the remaining components, C6, C7, C8, 

and C9, are activated and become attached in sequence. With Gram nega

tive organisms, as well as in other experimental systems such as those 

utilizing sensitized sheep red blood cells, attachment of the final com

plement molecules results in a functional hole in the cell membrane 

resulting in osmotic lysis of the cell (28). 

The alternate pathway of complement activation was described in 

1954, by Pillemer (29). In addition to. being sensitive to activation by 

immunoglobulins other than IgG or IgM, certain bacterial products such 

as endotoxins and capsular carbohydrates can result in complement fixa

tion via this pathway. The alternate pathway produces a C3 cleaving 
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enzyme composed of two distinct components, Factor B (which is activated 

by Factor D) and C.3b. The enzyme in this pathway that cleaves CS is 

composed of Factor B and two rno1ec.ules of C3b. 

Following cleavage of CS, the remainder of the complement cascade 

proceeds in a manner similar to the classical pathway. Studies performed 

in guinea pigs that are deficient in C4, i.e. 'a blocked classical pathway, 

have shown that the rate of activation of complement proceeds with a dis-

tinct delay (30). Delays in activation upwards of 10 minutes have been 

reported relative to activation by the classical pathway which proceeds 

almost immediately (30,31)~ 

Engulfment: 

While it was known that specific receptors of the neutrophil for 

antibody and for C3b provided a means of attachment, of. opsonized orga-

nisms to the phagocyte, perhaps the most de:tailed description of the 

engulfment process was·reported by Griffin, et al. '(32) in 1975. Work 

by these investigators with opsonized sheep red blood cells led to 

verification of the "zipper" model of phagocyto.sis. Their studies em-

played erythrocytes functionally opsonized on only one hemisphere. 

They demonstrated that only when receptors and opsonins were allowed to 

follow a sequential interactiDn around the entire circumference of the 

cell, did complete ingestion take place. 

As a consequence of attachment of an organism to the neutrophil, 

there occurs within the phagocyte, a burst of respiratory activity. 
\ 

Such activation has been the subject of intensive investigation in 

recent years. However, aside from its energy requirement, little is 

known about the molecular basis of this event (22,23). 



7 

In 1978, Korchak and Weissman (33) presented evidence for changes in 

membrane potential of the leukocyte iiTI!Pediately following exposure to 

surface stimuli. Membrane potential measurements were calculated on the 

basis of distribution of the lipid-soluble cation, triphenylmethyl vhos-

phoniurn (TP~+) across the membrane. Early changes in membrane potential 

were found to preceed other measurable phenomena such as production of 

superoxide and the respiratory burst. In fact, the respiratory burst has 

been shown to exhibit a lag time of 30-60 seconds following stimulation 

(34). Korchak and Weissman theorized that changes in the membrane poten-

tial resulted in displacement of membrane ca++ which is involved in the 

signaling process for subsequent phagocytic events:. 

Bactericidal activity: 

The classical work of Sbarra and Karnovsky (35) first described the 

respiratory burst as it related to the process of phagocytosis in guinea. 
" 

·pig PMNs. In addition~ they showed that the oxygen consumed was not used 

in energy production. In 1961, Iyer, Islam, and Quastel (36) were the 

first to propose that at least part of the oxygen consumption could be 

used as a-microbicidal agent by the phagocytes through its conversion 

into H202. Babior (4) described "four increases" which constitute the 

respiratory burst: increases in oxygen uptake, superoxide (o2-) produc-

tion, H202 production, and hexose monophosphate shunt activity. He 

proposed that these increases are linked together through an enzyme 

system which catalyzes the one electron reduction of oxygen to supero~ide, 

using NADPH as the.electron donor. Such reactions can be represented as 

follows: 
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2 02 + NAD:i?H -----4 

An'increased NADP+ concentration leads to activation of the hexose mono-

phosphate shunt. 

Root and Metcalf (37), working with cytochalasin S treated neutro-

phils, were able to confirm that essentially all the oxygen consumed 

during the respi~atory burst was converted to superoxide. In addition, 

they demonstrated that the action of superoxide <;lismutase on superoxide 
/ 

resulted in the only important source'of H2o2 generated during the 

burst. 

The myriad of events associated with the respiratory burst produce 

a variety of potentially microbicidal· oxidative products. Superox.i,de 

has been proposed to act directly as a bactericidal agent (38,39), how-

ever, this concept has not been supported by. more recent investigations 

(40,41). Klebanoff (41), in 1979, studied the potency of an artifici~l 

superoxide anion generating system through the action of xanthine oxi-

dase on acetaldehyde. Such a system allowed him to study the bacterici-

dal activity of o2-,. H2o2 , the hydroxyl radical, and singlet oxygen. 

The reduction of 02- to H202 was found to proceed spontaneously or with 

the aid of superoxide dismutase. Further reduction, resulting in the 

production of the hydroxyl radical (OH•), was proposed to proceed via 

the Haber-Weiss r~action, 

or by a modification of this reaction involving the initial reduction 'of 

a metal ion by o2-. A number of possible mechanisms were proposed for 

the formation of singlet oxygen via the interaction of the various pro-

ducts of oxygen reduction. 



The xanthine oxidase superoxide.generating system was .found to be 

most bactericidal when S\lpplemented with myeloperoxidase and a halide. 

The bactericidal acti~ity observed in the absence of myeloperoxidase was 

proposed to be due primarily to the activity of the hydroxyl radical and 

singlet oxygen and not superoxide (41). Requirements for the myeloper

oxidase mediated bactericidal activity were· first described by Klebanoff 

in i967 (42) • Myelope:t::"oxidase is present in the azurophil granules of 

PMNs and.catalyzes the oxidation of halide ions to hypohalite ions by 

H202. Its bactericidal action is believed to involve halogenation of 

the bacterial cell wall (4) . 

The importance of an intact syste·m of oxidative killing mechanisms 

is demonstrated by the disease courses observed in patients with chronic 

granulomatous disease (CGD) and glucose 6-'!phosphate dehydrogenase defi

ciency who are unable to mount a respiratory bur.st (22). Lysosomal 

granules within th_e neutrophil, however, cont9,in an array of enzymes 

which are oxygen independent. The ability of these enzymes to kill 

organisms in the absence of metabolic oxygen products has been observed 

under anaerobic conditions (43). 

9 

In addition to triggering the respiratory burst, stimulation of the 

neutrophil promotes fusion of the azurophil and specific granules with 

the developing phagosome. The azurophil granules contain myeloperoxidase, 

lysozyme, and 6-glucuronidase as well. as acid hydrolas~s and a number of 

cationic antibacterial proteins. The specific granules also contain 

lysozyme in addition to lactoferrin, a protein believed to reduce free 

iron concentration to far below that needed for bacterial growth {5) . It 

has been suggested. that the signal for release of lysosomal hydrolases is 
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associated in part with the transient assembly of microtubules (44) • 

Degranulation of the specific granules occurs before that of the azuro.

phil granules, usually prior to the complete formation of the phagosome. 

Consequently, greater than ninety percent of the contents of these gran

ules are released extracellularly and are believed to play a role in the 

inflammatory response (45). On the other hand, the majority of the pro

ducts of the azurophil granules are delivered into the phagosome where 

these enzymes are involved in killing and digestion of the microbes. 

The combined action of a low pH (5.5--6.5), lactoferrin, 1 lysozyme, and a 

number of cationic proteins within the phagosome have been shown to be 

bactericidal for some organisms (45). 

Neutrophil function a.bnormali ties: 

Due to the complexi~y of the phagocytic and bactericidal mechanisms 

of PI.ffis, many potential defects in the proces.ses are possible, and a num

ber of these have been·described. However, not all errors of phagocyto?is 

are of cli-nical consequence. This is due to the multiple mechanisms of 

host defense· and the "over-kill" capacity of the phagocyte (20). 

One serious neutrophil defect is that described in patients with 

chronic granulomatous disease. Leukocytes from these individuals are 

unable to destroy certain species of bacteria, particularly the catalase 

producing organisms such as staphylococci and the enterobacteriaceae (46) • 

This deficiency manifests itself most often as a sex-linked disorder in 

male children and has been attributed to a defect in NADPH oxidase, the 

enzyme primarily responsible for initiation of the respiratory burst. 

While other activities of the neutrophil are believed to be normal, no 

oxidative bactericidal products are formed (24) . 
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Glucose 6-phosphate dehydrogenase deficiency is related biochemical-

ly to CGD in that ~·o respiratory burst occurs. This syndrome can be 

distinguished·from CGD by stimulating hexose monophosphate shunt activity 

in the neutrophil with methylene blue in the presence of [l- 14C] glucosee 

14co2 is liberated from CGD leukocytes, however, no utilization of glu .... 

case is observed in neutrophils from patients with G6PD deficiency (24) . 

In addition to these and other less serious oxidative mechanism 

defects, a number of transient defects of neutrophil function have been 
) 

describedQ These have been observed most often in patients suffering 

from acute infections. Hellen and Solberg (47) detected defects of neu~ 

trophil function in 35% of a group of 141 patients with pacterial infec-

tions. In a similar study, Koch (48) attributed the similar defects to 

a malfunction of the myeloperoxidase - mediated bactericidal system. 

Recurrent s. aureus infections: 

Infections due tb· s. aureus can take many forms, from localized skin 

ab.scesses, to pneumonia, endocarditis, and bacteremia. The primary reser-

voir for the organism is the anterior nasal vestibule. A carrier rate of 

20-40% in adults has been reported by Mandell (1) who, in addition, sug-

gests that 50% of the more serious S. aureus infections occur in patients 

with depressed host defenses. 

Patients suffering from recurrent S. aureus infections have presented 

a particular problem to clinicians. The syndrome is often seen in con-

junction with severe forms of dermatitis and eczema (49-51). Hyper-

immunoglobulinemia E is routinely observed in such patients, and 

considerable attention has been given to neutrophil chemotaxis in these 

individuals. Dahl, Green, and Quie (SO) reported on eleven such patients 
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and observed impaired chemotaxis in each. In 1974, Hill and Quie (49) 

described chemotactic defects in three additional children with chronic 

eczema and recurrent abscesses. Subsequent investigations (52) have 

failed to"'establish a clear link between neutrophil chemotaxis, elevated 

serum IgE, and recurring staphylococcal infections. However, Schopfer, 

et al. (53) 'recently demonstrated that IgE in such patients was specific 

for peptidoglycan in the cell wall of S. aureus. The immunopathogenesis 

of recurrent infections remains unknown (52). 

Mechanism of action of penicillin: 

Since its discovery in 1926, the exact mechanism of action of peni

cillin and its derivatives has not been completely elucidated. In 1965, 

several investigations indicated that penicillins were inhibiting the 

last step in cell wall synthesis, the cros$-linking of the peptidoglycan 

strands (54). Wise and Park (55) reported that cell wall material from 

S. aureus contained a greater amount of alanine and a co~respondingly 

higher number of free amino groups follov1ing treatment w.i th penicillin. 

Consideration of similar findings along with the proposed structural 

similarity of penicillin to the acylated D-alanyl-D-alanine in the linear 

glycopeptide of the cell wall, prompted Tipper and Strominger (56) to 

propose that penicillin inhibits the linking of murein subunits to one 

another via transpeptidation. 

Since then, bacteria have been shown to contain a number of targets 

(penicillin binding proteins, PBP) that are distinct both biochemically 

and functionally (57). S. aureus has been shown to contain at least four 

such PBP. These proteins are responsible fo,r transpeptidase, carboxy

peptidase, endopeptidase, and penicillinase activities (47). Penicillin 
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I 

and its analogues have been shown to behave as substrates for the enzymes 

that they inhibit. They immobilize, at least transitorily, these enzymes 

in the form of enzyme-inhibitor complexes (58). 

A number of observations have indicated that enzyme inhibition alone 

is not sufficient to cause death and lysis of the target organism. Pneu-

mococci grown in the presence of ethanolamine \vere found to be inhibited 

by penicillin, but lysis did not occur (59). Similarly, penicillin was 

found to arrest the growth of organisms in a culture maintained at.a low 

pH (approximately 6), however, lysis was observed only after the pH was 

increased (60). Perhaps the most convincing evidence for a two phase 

mechanism of action of penicillin was the result of studies by Tomasz 

(61,62) with a lysis defective pneumococci, first isolated by Lacks (61·). 

Tomasz showed that the growth of such organisms, when treated with peni-

cilli!:f, was sensitive to a concentration of antibiotic, similar to that 

of the parent strain. Lysis of the organisms, however, did not occur un-

less wild-type autolysins were added exogenous-ly to the culture. The 

response demonstrated by these lysis-defective pneumococci was termed 

antibiotic tolerance. 

Upon treatment of pneumococcal cultures with antibiotic, an addi-

tional phenomenon was observed. Lipoteichoic acid (LTA) residues, 

normally located in the cell membrane of these and other Gram positive 

organisms, were found to "leak" into the growth medium (62-64). On the 

basis of studies with antibiotic tolerant pneumococci, Tomasz (57,62) 

proposed a new hypothesis to account-for the action of penicillin on 

microorganisms. According to the model, the inhibition of cell wall 

synthesis by any means triggers bacterial. autolytic enzymes by 
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destabilizing the endogenous complex of autolysin inhibitor (LTA) and 

autolytic enzymes. In support of the proposal that LTA acts as an in-

hibitor of autolytic enzyme activity, studies have shown that LTA, when 

added along with wild type autolysins to penicillin treated cultures of 

lysis-defective pneumococci, prevented lysis (57). Additionally, cells 

grown in the presence of LTA have been found not to divide normally (65). 

Though interference with murein synthesis appears·to labilize LTA 

complexes with their resultant loss into the medium, the biochemical 

mechanisms for this phenomenon remain unknown (57). However, subsequent 

I 
to the hydrolysis of covalent bonds in the cell wall, lysis of the orga-

nism seems to result, ultimately, from an imbalance of osmotic forces 

that cannot be resisted by the plasma membrane (57). 

Structure and properties of lipoteichoic acid: 

LTA is an imp~rtant molecule with respect to antibiotic therapy with 

penicillin and its anaiogues. The term used to designate this glycerol-

phosphate polymer is due to LTA's covalent association with glycolipid 

in the plasma membrane (66) • The nature of this association became clear 

only when mild extraction procedures were employed i'n the isolati.on of 

LTA. In studies with Lactobacillus fermenti, Wicken and Knox (67) found 

that phenol extraction of cell wall material from these organisms re-

sulted in a complex of teichoic acid with. glycolipid, while extraction 

with trichloroacetic acid yielded a degraded product. The glycolipid 

portiqn of the mole.cule is responsible for the amphipatic properties ex-

hibited by LTA. Such properties have proven to be important in purifica-

tion procedures for this molecule. Coley, Duckworth, and Ba~.dily (68) 

showed that micellar forms of LTA eluted immediately after the void 



volume during chromatography on Sepharose 6B. Silvestri, et ale (69) 

demonstrated the ability of LTA to associate with artificial membranes 

prepared from phosphatidyl choline. 
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Although LTA has been shown to act as an inhibitor of autolytic 

enzyme activity (70~74) other roles have also be.en proposed for this 

molecule. Due to its ability to bind divalent cations, LTA is believed 

to be responsible for maintenance of a high con.centration of Hg++ in the 

vicinity of the plasma membrane (75) • Additional studies have suggested 

that LTA in S. aureus acts as the acceptor on which the nascent peptido

glycan chains are synthesized (75). The amphipathic nature of the LTA 

molecule accounts for its ability to bind to mammalian cell membranes 

(66,76), a property suggesting that LTA could play a role in the patho

genesis of Gram positive organisms by aiding in their attachment (76). 

Antibiotic tolerance in s. aureus: 

A tolerant response to cell wall antibiotics, similar to that ob

served in the lysis-defective pneumococcus, has now been observed in a 

ntmlber of other organisms (74,77,78). Tolerance inS. aureus was first 

described by Best, et al. (74) in 1974. This study showed that signifi

can·tly more autolysin activity could be extracted from antibiotic treated 

cultures of non-tolerant str.ains than from the tolerant cultures. Such a 

f.inding provided further evidence for the requirement of autolytic enzyme 

activity for the lytic response of these organisms to bactericidal anti

biotics such as penicillin and its analogues. 

Following this initial observation, Sabath, et al. (79) in 1977, 

reported that 44% of the bacteremic strains of ~· aureus which they 

studied showed pe.nicillin tolerance. Although a number of additional 
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reports of antibiotic tolerance in ~- aureus have appeared in the litera

ture ( 76, 80-82) , the incidence of thi,s phenomenon has not been agreed 

upon. This could be explained in part by a recent study that reported 

significant differences in the minimum bactericidal concentration (MBC) 

of s'everal antibiotics depending on the type of growth media used in the 

determination (83)e S. aureu$ was found to demonstrate such differences 

when the MBC was m~asured in Mueller-Hinton and Brain Heart Infusion 

broths.. Additionally, Mayhall and Apollo (84) reported the importance 

of the growth phase of the inocula used for the MBC determinations. Nine 

tolerant isolates which they studied were found not to show tolerance 

when retested using log phase r.ather than stationary phase cells. 

At the 1978 Interscience Conference on Antimicrobial Agents and 

Chemotherapy, two studies (2,3) were reported which indicated that pa

tients infected with tolerant strains exhibited a less favorable clinical 

outcome than patients infected with non-tolerant strains o-f S. aureus. 

Both studies reported higher fatality rates in patients infected with 

tolerant organismse In addition, 1Hilty, et al. (2) pointed o~t that 

such organisms represented a particular problem in patient groups whose 

host defenses were .already compromised. 

C. Objectives of the Project 

This project was undertaken in order to address several problems 

relating-neutrophil function to s. aureus infections. Objectives were 

set forth a~ follows: 

1. To develop a practical and reliable method for measuring 

the phagocytic and bactericidal capacity of purified hu

man neutrophils for S. aureus. 



2. To determine if significant neutrophil function defects 

were related to the disease course observed in patients 

suffering from recurrent .§_. aureus infections. 

3. To further describe the relationship of LTA content in 

s. aureus to. a11:tibiotic tolerance in these organisms. 

4. To determine if LTA could be related.to the increased 

severity qf infections as described in patients infected 

with tolerant strains of s. aureus. 
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MATERIALS M~D METHODS 

A. Patients 

All patients included in this study had a history of recurring S. 

aureus infections and were referred by Dr. B. B. Wray, M.D., Department 

of Pediatrics, and Dr. N. J. Carter, M.D., Department of Infectious 

Diseases, Medical College of Georgia, Augusta. A brief. ·description of 

each patient is included in Table 1. IgE levels were measured using the 

Phadebas IgE PRIST kit (Pharmacia, Uppsula, Sweden). Chronic granuloma

tous disease in patient, T.S., was diagnosed by Dr. R. B. Johnston, Jr., 

M.D., Department of Pediatrics, University of Alabama, Birmingham. This 

determination was based on chemiluminescence of the patients cells in 

response to opsonized zymosan (85). 

The novel results obtained with patient T.C., a black female with 

no prior history of infection until age eleven, merit an extended .case 

report. Infection in T.C. developed as a rash in the axillae and sub

sequently become generalized. A resulting staphylococcal pyoderma of 

the scalp was only partially controlled with erythromycin and triamcino

lone (0.1%) cream. 

At age 12 she had a transient episode of idiopathic thrombocytopenic 

purpura related to mycoplasma pneumonia. Additional therapy i.ncluded 

gentamycin and cephalothin. S. aureus scalp infections continued with 

the development of secondary alopecia. Cultures .:f·or anaerobes were nega

tive. Skin biopsy at this time was interpreted as psoriasiform dermati

tis. Laboratory studies revealed a normal skin window and a positive 

rheumatoid £actor as determined by agglutination of sheep red blood cells 
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with sensitized rabbit gammaglobulin. Lymph node biopsy, E-rosettes, and 

lymphocyte stimulation studies were ·all normal. Delayed hypersensitivity 

skin test to streptokinase-streptodornase was positive. Tests to candida, 

PPD, and mixed bacterial vaccines were negative. Weakly positive immedi

ate skin tests to fungi were also observed. Antinuclear antibody was 

positive in a speckled pattern. Additional cultures yielded Serratia 

marcescens from the eyelids and Pseudomonqs aerugi~osa from the ears. 

Serum IgG was 2, 097 mg%, IgA was 321 mg%, IgM v1as 59 mg%, and IgE was 

35,000 I.U./ml. C3 and C4 were 111 mg% and 15 mg%, respectively. 

At age 13, she developed cough, fever and arthralgia along with· 

hematuria and proteinuria. Clinical diagnosis at this time was systemic 

lupus erythematosus. The patient died followi.ztg a lumbar puncture and 

autopsy permission was denied. 

Control donors for this project were free of apparent acute infec

tion and were not on drug therapy at the time of the study. Blood 

samples were obtained from each patient and normal volunteer following 

informed consent and protocol approved by the Human Assurance Committee 

of the Medical College of Georgia. The studies in this project conformed 

to the principles outlined in the Declaration of Helsinki. 

B. Organisms 

Recent clinical isolates of S. aureus.were used throughout the 

study. Isolates were obtained from the bacteriology laboratories of 

Talmadge Memorial Hospital, Augusta, Georgia; University Hospital, 

Augusta, Georgia; and Children's Hospital, Columbus, Ohio. All iso

lates were shown to be coagulase positive (86) and further confirmation 

was based on fermentation of mannitol using mannitol salts agar (Difco 

Laboratories, Detroit). 
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Cultures were maintained on tryptic soy agar (Difco Laboratories, 

Detroit) slants at 4°C. Growth conditions depended on the ~ype of assay. 

Radioactively labeled cells for phagocytosis experiments were obtained by 

growth of the culture for 6~8 generati~ns in tryptic soy broth (TSB} con

taining 15 l.lCi of [2- 3 H]gly~il:fe .(Schwarz/Mann, Orang:eburg, NY) per mle 

Toward the end of log phase, bacterial cells were harvested by centrifu

gation. The pellets were washed twice in cold phosphate buffered saline 

(PBS}, pH 7.4, and the final culture density was adjusted spectrophoto

metrically to an absorbance of 0.4 at 540 nm in PBS (about 2 x 10 8 colony 

forming units per ml). Cultures used for LTA studies were-inoculated 

into TSB containing 0.5 l.lCi of [1,3- 14c]glycerol (New England Nuclear 

Corp.) per ml and grown to the log phase. Further processing of these 

cultures will be discussed under the appropriate headings below. 

c. Serum 

Human control serum (NPS) for all studies was obtained from at least 

six normal donors, pooled, and kept frozen in one ml aliquots -70°C. 

Patient serum not used immediately was stored under similar conditions. 

C-4 deficient guinea pig serum was a gift from Dr. Jan Doran and was 

reconstituted from lyophilized preparations. 

D. Preparation of Leukocytes 

Blood samples obtained by venipuncture from patients and normal 

volunteers were treated similarly. Plastic laboratory-ware was used 

throughout the isolation procedure which was adapted from those de

scribed by others (7,10). Briefly, 10-20 ml of heparinized venous blood 

was collected and mixed with Ha~ks balanced salt solution (HBSS) con

taining 6% dextran (MW approx. 80,000; Sigma, St. Louis) (3 ml dextran 
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to 10 ml whole blood). After sedimentation (1 x g) for one hour at room 

temperature, the leukocyte-rich pla·sma layer was withdrawn with Falcon 

transfer pipettes (Becton Dickinson,· oxnard, CA) , layered onto 3 ml 

Ficoll-Paque (Pharmacia, Piscataway, NJ), and centrifuged at 400 x g for 

30 minutes. The lymphocyte layer was discarded and the neutrophil pellet 

was washed with heparinized HBSS (1 U/ml). Contaminating red blood cells 

in the resulting pellet were removed by hypotonic lysis for 20 seconds 

with cold distilled water. The isotonicity of the mixture was restored 

by the addition of two-times concentrated saline. After an additional 

centrifugation, the cells were resuspended in.J:leparinized HBSS and enumer

ated using a Coulter Counter Model D2N (Coulter,Electronics, Hialeah, FA). 

Preparations were adjusted to a final concentration of 20 million cells/ml 

in HBSS containing 1% gelatin and routinely contained > 95% PMNs. Trypan 

blue dye exclusion studies were not performed as a test of viability since 

microscopic observation showed that essentially all of the Pr-1Ns in the 

phagocytosis mixtures ingested at least one organism. 

E. Phagocytosis Mixtures 

Phagocytosis mixtures were prepared in wells of microtiter plates to 

a final volume of 0.1 ml. Initially 10 ~1 PBS, 10 ~1 patient or control 

serum, and 50 lJl of patient or control neutrophils were added to the well. 

The reaction was then initiated by the addition of 30 ~1 of the radio

labeled bacterial suspension. This resulted in a bacteria to neutrophil 

ratio. of approximately 6:1 in the presence of 10% serum. Deviations from 

this general protocol are indicated below in regard to the appropriate 

' experiment. Microtiter plates were covered and incubated at 37°C atop a 

modified vortex mixer, the speed of which was adjusted to provide 



approximately 500 oscillations/minute. This was found to maintain sus

pension of the cell mixtures without disruptin·g the leukocytes. 

F. Measurement of Killing 

22 

Immediately after the addition of bacteria (zero time) , and at sub

sequent times, 10 ~1 samples were removed from the wells and placed in 

sterile distilled watero After vigorou~ vortexing and appropriate dilu

tions, samples were plated with .tryptic soy agar. The percent of the 

original bacterial population (as colony-forming units; cfu's) surviving 

in ·the presence o.f the phagocytes at various times was calculated accor

ding to the formula: 

cfu at sampling times 
% survival = X 100 

cfu at zero time 

G. Meast+rement.of Phagocytosis 

At zero time, 10 1-11 samples of. the incubation mixtures were placed 

in Bio-Vials (Beckman Instruments, Fullerton, CA) containing 1 ml PBS. 

The vials were centrifuged at 800 x g, after which the pellets were di

gested with 0.1 ml Beckman Tissue Solubilizer for 2 hours at 56°C. 

Samples were counted in a Beckman Scintillation Spectrometer (Model LS230) 

following the addition of 2.5 ml Beckman Ready-Solv EP. Phagocytic activ

ity was measured at subsequent times by placing 10 1-11 samples from the 

same wells into Bio-Vials containing 1 ml 0.04 M NaF (14) prepared in PBS 

containing l·u lysostaphin (Schwarz/Mann, Oragneburg,· NY-) per ml (16,17). 

Bio-Vials were incubated,for 30 minutes at 37°C and then centrifuged at 

160 x g (7). The resulting pellets were washed twice with PBS and the 

final pellet was digested and counted as desribed above. 
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The percent of the original bacterial population which was leukocyte 

associated was calculated according_ to the formula: 

CPM leukocyte associated at sampling time x·. 100 % phagocytosis - · 
CPM in bacterial pellet at zero time 

H. Glucose Oxidation 

In a total volume ~f loO ml, 10 6 granulocytes ih HBSS containing 

0. 83 mM 1- 1 4C-glucose, 0. 02 l.lCi (New England Nuclear Corp., Boston, I-.11\) , 

0. 5 mg zymosan (Sigma Chemical Co. , . St. Louis, MO) , ·and 10% serum was 

incubated in a 10 ml sealed, center-well flask at 37°C for 1 hour. The 

reactions were terminated by the addition of Oc5 ml of lN H2so4 , and the 

C02 was collected in 0.4 ml of phenethylamine: methylcellusolve (1:2) 

which was counteq in a toluene-based scintillation fluid. 

I. Iodination Reactions 

The measurement of iodination was modified after Pincus and Klebanoff 

(87}. In a total volume of 0.5 ml, 10 6 granulocytes in.HBSS containing 

4.4 mM glucose, 0.25 mg zymosan, 50 mM K125 I (0.5 ~Ci, New England Nucle~r 

Corp.) and 8% serum were incubated at 37°C for 1 hour. The reactions were 

terminated by the addition of 0.1 ml NaS203 (0.1 M) and 1 ml of cold 10% 

trichloroacetic acid. The mixture-s were centrifuged, and the resulting 

pellets were washed five times with 1.5 ml of cold trichloroacetic acid. 

125 I in the washed pellets was determined with a Beckman Biogamma Scintil-

lation Counter. 

J. Antibiotic Susceptib_ility Tests 

,Antibiotic tolerance was assessed initially by adding 2 x 10 5 cfu of 

log-phase cells in 0.5 ml of TSB to each of a series of tubes containing 
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two-fold dilutions of oxacillin (Bristol Laboratories, Syracuse, N.Y.) in 

TSB. Final concentrations of the drug ranged from .19 to 50 1Jg of oxacil

lin/ml. After 24 hour,s at 37°C, the tubes were inspected visually to 

determine the lowest concentration of oxacillin precluding growth (MIC). 

A Oel ml amount from each clear tube was spread on TSA plates and incubated 

for 24 hourse As suggested by Sabath, et alo. {79), those antibiotic levels 

which reduced the original population 99.9% were considered bactericidal. 

Strains of S. aureus with a minimum bactericidal concentration (MBC) > 10-

fold the MIC were considered to be tolerant. 

K. Lysis Measurement~ 

The lytic response of log-phase cultures to oxacillin was determined 

spectrophotometrically. Actively growing. cells {2 x 10 8 cfu/ml, final 

concentration) were added to TSB containing s' lJg of oxacillin per ml and 

incubated with shaking at 37°C. Spectropho-tometric readings (540 nm) were 

made periodically over·a 6 hour incubation period . 

. L. Viability Measurements 

The rate of viability loss of clinical isolates grown in the presence 

of oxacillin was also determined. Log phase cells were inoculated into 

TSB containing 5 llg of o~acillin/ml in order to give an initial concentra

tion of 1 x 10 5 cfu/ml. Samples of the antibiotic inhibited culture were 

removed. periodically, diluted with sterile buffer, and plated with TSA in 

order to correlate viability loss with optical density. 
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M. Isolation of LTA from S. aureus Cell r·1embrane 

LTA was isolated initially from the S. aureus membrane by a method 

similar to that of Coley, et alo (68) employing a cold, aqueous phenol 

extraction procedure. Organisms were grown in 14C-glycerol, as described 

above, in quantities $Ufficient to provide 30 grams (wet weight) of cellso 

The pellet was washed and resuspended in 0.9% sodium chloride. The cells 

were then disrupted with 0.1-rmn diameter glass. beads by shaking the mix~ 

ture in a Braun homogenizer (Bronwill Scientific, Rochester, NY). After 

centrifugation (16,000 x g, 30 minutes) the resulting supernatant solution 

was lyophilized. The dried product was stirred with CHCl3:MeOH (2:1) for 

24 hours and then washed three addi tiona·l times with the chloroform

methanol mixture to ensure that all lipids were removed from the membrane 

preparation. The residue was resuspended in 200 ml H20 and extracted with 

an equal volume of 80% phenol for 40 minutes at 4°C. After centrifugation 

the aqueous layer was removed and dialyzed against distilled water for 24 

hours. The dialysate was treated with 10 f.lg/ml each of·ribonuc1ease and 

deoxyribonuclease _(Miles Laboratories, Elkhart, IN) while incubating at 

37°C for 48 hours under toluene. The phenol extraction was repeated and 

the aqueous layer was dialyzed and freeze dried. The resulting product 

was dissolved in 2 ml H2o and applied to a 2.5 x 50 em column of Sepharose 

6B (Pharmacia Fine Chemicals, Piscataway, NJ). The column was equili

brated and eluted with 0.2 M ammonium acetate containing 0.01% sodium 

azide (pH 6.9). Fractions (3 ml) were collected at a rate of 15 ml/hour 

and analyzed for radioactivity, phosphate (88), and nucleic acids (absorp

tion at 260 nm). For radioactivity measurements, 0.5 ml samples were 

removed from each 3 ml fraction and CPM of 14C were made using 5 ml of a 
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toluene-based scintillation fluid containing 30% Triton X-100, 0.5% 2,5-

diphenyloxazole, and 0. 013% POPOP [1, 4-bis- (5-phenyloxazoly) benzene] 

and a model LS-230 liquid scintillation spectrometer (Beckman Instru-

ments) • 

N. Release of Glycerol-Labeled Material by Oxacillin-Inhibit(2d Cells 

Cells of ..§_. aureus 'which. had grown for six to eighi=: generations in 

[
14C]glycerol were. pelleted by centrifugation, washed three times in PBS, 

and resuspended in isotope-free TSB to a suspension density of 2 x 10 8 

CFU/ml (absorbance at 540 nm, 0.40). Oxacillin was added to a final con-

centration of 5 lJg/ml, and the cells were incubated with shaking at 37°Ce 

Samples (1 ml) were removed from the flasks at 0, 30, 60, and 90 minutes 

and centrifuged at 10,000 x g for 5 minutes. Radioactivity measurements 

were made by counting 0.5 ml fractions of the resulting supernatant solu-
, 

tion with 5 ml of the toluene based scintillation fluid as described in 

section .H above. 

o. Characterization of Glycerol-Labeled Cells and Secreted Radioactivity 

Cells which had been labeled. with [ 14C] glycerol were prepared to an 

absorbance of 0.4 (540 nm) and grown in a medium containing 5 lJg oxacillin 

per ml for 75 minutes. At this time the cells were pelleted by centrifu-

gation, and the resulting supernatant solution was dialyzed for 24 hours 

against three changes of distilled water at 4°C. The dialysate was con-

centrated to a volume of about 10 ml by rotary evaporation at 37°C and 

extracted with an equal volume of 80% phenol at 4°C for 1 hour. 

The aqueous layer was removed, and the phenol layer was washed with 

an equal volume of distilled water. The combined aqueous layers were 

dialyzed for 24 hours against 3 changes of distilled water to remove the 
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phenol and then concentrated to a volume of about 2 ml by rotary evapora

tion. The sample ~as applied quantitatively to a column of Sepharose 6B 

(Pharmacia Fine Chemicals} which was equilibrated and eluted with 0.2 i1 

anunonium acetate containing 0.01% sodium azide (pH 6.9) .. Fractions (3 ml) 

were collected at a rate of 15 ml/hour and analyzed for radioactivity, 

phosphate, and nucleic acid as above. 

In other studies, smaller quantities of cells were labeled by inocu

lation into 2.5 ml of TSB containing 2 pCi of [1,3- 14C]glycerol per ml. 

After growth to the end of log phase, the cells were pelleted by centri~ 

fugation and washed twice in PBS.. Cultures (10 ml) were adjusted to an 

absorbance of 0.4 (.540 nm) by the addition of isotope-free media. Aft~r 

inhibition with 5 pg of oxacillin per ml for 70 minutes the cells were 

separated by centrifugation. 

Cell pellets were digested by incubation in 2 ml of lysostaphin 

(1 U/ml in phosphate-b~ffered saline; Schwarz/Mann, Orangeburg, NY) for 

30 minutes at 37°C. The relative amounts of lipid in glycerol-labeled 

material were estimated .from the proportions of radioactivity that 

partitioned into the chloroform· layer after: extraction of the cell pel

lets and supernatant fractions by the method of Bligh and Dyer (89)~ 

Samples of the aqueous layers were counted directly in theTriton X-100-

based scintillation cocktail, whereas samples of the chloroform layers 

were evaporated to dryness under N2 before counting. Samples of the 

supernatant solutions were taken at different stages during the isolation 

of the major component of the glycerol-labeled material and were subjected 

to sodium dodecyl sulfate (SDS) electrophoresis by the method of Weber and 

Osborne (90). The gels were sliced at 2-mm intervals, and the slices were 



extracted with 0.3 ml of 1% SDS overnight at room temperature before 

counting with Triton X-100-based scintillation cocktail. Recoveries of 

the radioactivity applied to the gels ranged from 65 to 70% . 

. P. Deacylation of LTA 
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Material which eluted from the Sepharose 6B column at a position 

designated as peak I (see Figure 12) was deacylated in 10 volumes. of 

methanolic KOH ( 0. 2 r.-1) at 3 7 °C for 15 minutes. The treated material was 

passed t:hrough a Dowex 50 column (71) • The eluent was dialyzed for 24 

hours against several changes of distilled water and concentrated by 

rotary evaporation~ 

Q. Purification of LTA from Cult:ure Media-

Initial steps in the procedure for purification of LTA excreted into 

the growth media of oxacillin inhibited cultures were similar to that de

s~ribed in section L above. Following phenol extraction and dialysis, 

however, the material was applied to a 2.5 x 25 em column of Bio-Gel P6 

(Bio-Rad Laboratories, Richmond, CA) in order to remove phenol. After 

elution with distilled water containing 0.01% Na azide, the high molecular 

weight LTA was recovered. in the void volume, concentrated, and applied to 

a 2.5 x 86 em column of Sepharose 6B. This column was eluted with 0.2 M 

arrunonium acetate containing 0.01% Na azide and fractions were analyzed 

for radioactivity. Fractions corresponding to peak I (see Figure 15) 

were pooled, dialyzed extensive.ly against distilled H20, and lyophilized. 

The freeze-dried product was purified further according to the.procedure 

outlined by Silvestri, et al. (69) employing phosphatidyl choline vesicles. 

The quantity of LTA in the final preparation was determined from c?-nalysis 

of phosphate content. 



29 

R. -Binding Experiments 

Due to its affinity for cell membranes, the rate at which radio-

labeled.LTA bound to human red blood. cells was measured according to 

the procedure described by Beachey, et al. ( 76) • 'I'he procedure of 

Beachey, et al. (76) was used to measure the affinity of LTA for human 

RBCs. 

S. Preparation of Antibody to LTA 

One milligram of column purified LTA was included in an emulsion 

I 

with 0.4 ml of water plus 0.4 ml of Freund's complete adjuvant (Difco 

Laboratories, Detroit). Equal amounts of the solution were injected 

into the right and left posterior footpads and into the back (subcuta-

neously) of adult New Zealand White Rabbits. A similar "booster" 

injection was given one week later. After an additional week, serum 

was collected and compared to serum drawn from the rabbit prior to 

immunization for. its ability to agglutinate sensitized sheep red blood 

cells (91). After serial dilution of the antiserum a titer was estab-

lished for LTA antibody in treated and control rabbits. 

·T. Protein Determination 

Protein in LTA preparations was determined by the method of Lowry, 

et al. (92). 



RESULTS 

A. Analysis of the Microtiter Procedure for Measuring Phagocytosis 

and Killing of S~ aureus by Human Neutrophils 

The microtiter procedure used in this study for measuring phago~ 

cytosis and killing of S. aureus was based on the principles described 

by Peterson, ~ al. (7) in 1976. Fewer cells and other constituents 

were required, however, since the final volume of the various mixtures 

in the microtiter wells was 100 111 rather than 1-4 ml. 'unlike the pre

viously described assay of Peterson, samples were removed at To in order 

to determine the total amount of-radioactivity that had beep incorporated 

by the bacteria. Control experiments showed that centrifugation (800 x g 

for 5 minutes) of the diluted T 0 samples was sufficient to pellet 99% of 

the radioactivity added as radio-labeled S. aureus. 

In addition, the samples removed at various times from the wells for 

phagocytosis determinations were placed in PBS containing 0.04 M NaF and 

lysostaphin (1 U/ml). This represents an important variation from the 

previously described protocol (7). NaF was included in order to inhibit 

the energy-requiring process of phagocytosis and killing (22,23) while 

allowing the lysostaphin to digest extracellular staphylococci. Figure 1 

shows that the fluoride was able to inhibit continued engulfment of the 

bacteria. In this e~periment, phagocytosis mixtures were prepared as 

described in the Materials and Methods section. Immediately following 

the removal of the T0 sample, however, NaF was added to the well in a 

quantity sufficient to provide a fipal concentration of 0.04 M. Addi

tional samples were removed at 5 and 10 minutes, and the percent of 

leukocyte associated radioactivity was determined. As shown by the 
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Figure 1 Inhibition of Phagocytosis by NaF. 

Phagocytosis mixtures were.prepared as described in the 
Materials and Methods and the percent of-radioactivity 
wluch was leukocyte associated after 5 and 10 minutes 
was determined. Open circles (o----0) represent values 
obtained when·0.04 M NaF was added to the well following 
removal of the T 0 sample. Closed circles (-e) rep
resent values for control well containing no NaF. 
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average of duplicate experiments, fluoride was able to reduce phagocytosis 

more than 20%, relative to control values, within 5 minutes after its 

addition to the wells. 

Lysostaphin, a mixture of enzymes specific for the cell wall of So 

aureus, has been shown to cause rapid lysis of these organisms (93). As 

determined by pour plate procedures, lysostaphin at a concentration of 

1 U/ml was found to provide greater than a 9.9.99% reduction in colony 

forming units when the treated suspension was incubated for 30 minutes 

at 37°C. Therefore, in order to determine the rate of phagocytosis, 

samples from the phagocytosis mixtures were treated with NaF. Extra

cellular staphylococci were digested with lysostaphin -and the phagocytes 

containing engulfed bacteria were pelleted and washed before radioactivi

ty measurements were made. 

In order to study the variation in measurements made from several 

similarly prepared wel.l,s, neutrophils were isolated from a healthy donor. 

Ten wells were prepared containing identical amounts of leukocytes, serum 

(NPS), and bacteria. Five of the wells were used for phagocytosis deter

minations, while the killing rate of s. aureus. was measured in the 

remaining five wells. As shown in Figure 2, the rates of phagocytosis 

increased rapidly in each of the wells and reached a maximum by 20 mi

nutes. Presented a~e the means and standard errors for values obtained 

from each of the five wells at 3, 5, 10, 20, and 30 minutes. Figure 3 

shows the rate of viability loss of S. aureus in the presence of the 

neutrophils. As initial rate of ·rapid killing w·as observed which gradu-. 

ally decreased. The kinetics of viability loss were found, therefore, 

to complement those observed for phagocytosis (Figure 2). The means and 

standard errors are presented for the five wells at each interval. 



Figure 2 Variation of Phagocy-tosis Measurements .. 

Five identical phagocytosis mixtures were prepared as 
' described in the Materials and Methods. -Leukocyte
associated radioactivity was determined at 3, 5, 10, 
20, and 30 minutes and percent phagocytosis was calcu
lated. Presented are .the means and standard errors 
for values obtained with the five wells. 
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Figure 3 Variation of Bactericidal Measurements. 

Five identical phagocytosis mixtures were prepared as 
described in the Materials and Me.thods. The. percent 
of the original inoculum surviving in the presence of 
the leukocytes after 5, 10, 20, and 30 minutes was 
determined by pour plate procedure. Presented are 
the means a:nd standard errors for values obtained with 
th.e five well(S. 
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As additional controls, phagocytosis mixtures were prepared without 

serum or without neutrophils with 10· ~1 of PBS and 50 ~1 of HBSS with 1% 

gelatin substituted for serum and leukocytes, respectively. Percent 

phagocytosis was calculated as described in the Materials and Methods, 

and the results are shown in Figure 4 along with values for mixtures 

which contained all components (serum, leukocytes, and bacteria). As 

expected, measurements made in the absence of serum or neutrophils showed 

little phagocytosis (< 5%) and these values did not increase with time. 

Be Neutrophil Function Studies in Patients with Recurring S. aureus 

Infections 

A primary aim of this investigation was to determine whether certain 

aspects of PMN function, such as phagocytic and bactericidal activity, are 

_affected in patients with repeated st-aphylococcal infections. The micro..

titer procedure was initially developed for this purpose since such diseases 

often manifest themselves early in life, and the volumes of blood required 

by existing.procedures are not always obtainable from small children. 

Table 1 lists each of the patients whose neutrophil function was 

determined for this study. Also sho~:.·rn are the serum IgE levels for each 

patient as well as a brief descr~ption of the nature of the recurring in

fection that each experienced. Five of the patients studied. demonstrated 

elevated levels of IgE while two of the patients showed normal levels. 

T.S., a patient with chronic granulomatous disease (CGD), was .included as 

a control since the performance of her neutrophils could be predicted. 

The complex process by which granulocytes eliminate invading bacteria 

begins with the opsonization and engulfm&nt of invading microorganisms. 

Since opsonization depends on serum components and engulfment reflects 
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Patient Group 

I. Recurring infections, 
normal IgE levels. 

II. Recurring infections, 
elevated serum IgE 
levels. 

III. Atopic dermatitis. 

IV. Chronic granulomatous 
<lisease. 

Patients 

R.C. 

C. B. 

G.S. 

J.M. 

R.W. 

T.C. 

T.F. 

T.S. 

TABLE 1 

SUMMARY OF PATIENTS STUDIED 

Sex/Age 

F/5 

F/6 

F/36 

M/4 

F/8 

F/12 

F/12 

f/5 

Serum IgE 
(I. U. /ml) 

14 

29 

3000 

4300 

5600 

>30000 

1000 

N.D. 

Nature of Staphylococcal Infection 

Pustules, especially on the hands. 

Scleroderma, infected skin ulce~s. 

Recurrent rectal and axillary 
abscesses. 

Repeated skin lesions, occasional 
bacteremia. 

Scalp infections predominatelyo 

Psoriasiform dermatitis; pyoderma 
of scalp. 

2° s. aureus involvement. 

Pneumonia; osteomyelitis. 

------··· .. --·-· sar«"t . ..,.n~-----;;,o..~~--=--o:=~ 

w 
-....] 



PMN response to the opsonized particles, phagocytosis measurements in 

vitro should differentiate between serum and cellular aspects of the 

process. For this reason, each of the patients listed in Table 1 were 

screened for phagocytic capacity using neutrophils isolated from Ficoll 

gradients with both normal, pooled serum and each patien~'s homologous 

serum. 

The results in Figure 5 sh9w the kinetics of phagocytosis by tbe 

patients and 10 healthy control subjects. As indicated in this graph, 

leukocytes from the controls were used to establish normal ranges. of 

phagocytosis, and all of the patients but one .exhibited phagocytic 

rates which were within the 95% confidence limits indicated by the 

dashed lines. The one patient which did not engulf §_. aureus normally 

(T.C.) is represented on this graph with open circles. Her initial 

rate of engulfment was below the normal va~ues, and the uptake of 

labeled bacteria appeared to cease after about 10 minutes. 

38 

Since this initial screening of the patients was conducted using 

10% normal, pooled. serum, the phagocytosis measurements were repe.ated 

using the patient·' s cells and serum together and the patient's serum 

with control cells. The results are shown in Figure 6. Again, the · 

only patient to exhibit abnormal phagocytosis was T.C. This diminished 

phagocytosis was the same as faun~ in Figure 5, regardless of the serum 

source, and her serum supported normal rates of staphylococcal engulf

ment by leukocytes. from normal volunteers. Additional experiments were 

conducted which showed that the serum from other patients with elevated 

leve.ls of serum IgE also supported phagocytosis by control cells nor

mally. 
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The most important aspect of neutrophil function, of course, is the 

ability to kill bacteria after engulfment. This fact is well documented 

from studies of patients with CGD. Leukocytes from these children phago

cytize bacteria normally (as was shown in Figure 5), but the cells do not 

generate the metabolic burst characteristic of normal P~~s which is 

necessary for killing of the engulfed bacteria (94) . This is shown in 

Figure 7 where leukocytes from each of the patients in the study were 

compared for bactericida:l activity using the microprocedure. The rate of 

viability loss of ~· aureus in the standard incubation with normal granu

locytes and the experimental variation observed is indicated by solid 

circles and dashed lines. The lack of bactericidal activity by cells 

from the CGD patient is more apparent, but the leukocytes from T.C. were 

only slightly more able to killS. aureus than were leukocytes from T.S., 

and were definitely abnormal in killing capacity. All of the othe~ pa

tient's cells performed in the normal range. As was previously noted 

with·phagocytosis, the results were the same when either the patient's 

own serum or normal, pooled serum was used as a source of opsonins. 

As mentioned above, leukocytes from children with CGD are unable to 

accomplish the metabolic burst which genera·tes H2o2 and other oxyge_n 

derivatives (such as superoxide anion) from intracellular glucose (94). 

Since the neutrophils from T.C. were unable to either phagocytize or 

kill ~- aureus normally, it was of interest to compare her granulocytes 

with both normal and CGD leukocytes with respect to respiratory burst 

activity. As a consequence of the respiratory burst, H202 is produced 

by the neutrophil which, in conjunction with the myeloperoxidase syst.em, 

acts as a potent microbicidal agent (95). Both the respiratory burst 



Figure 5 Phagocytosis of S. aureus by PMNS. 

Bacteria were labeled with 3H-glycine. Percent phagocytosis 
was determined by comparing leukocyte associated radioactivity 
to the amount of the labeled inoculum. Presented a~e the mean 
phagocytosis ·values for PMNs obtained from 10 healthy individ
uals (~---•) along with 95% confidence intervals (----). 
Values for all patients studied including T.S. fell within the 
confidence intervals. Phagocytic values for T. c. (o----0) 
were measured in a similar manner. 
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Figure .6 Phagocytosis with Normal and Patient Sera. 

Phagocytic rates were determined as in Figure 1. Control 
neutrophils from a healthy donor were incubated along with 
NPS (e e) and serum obtained from T. C. (e----8) . Also 
presented are values for T.C.'s phagocytes incubated with 
NPS (~) and autologous serum (0----0) .. 
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Figure 7 · Survival of S •· · aureus in the Pres·ence o:f PMNs. 

Viable bacteria, incubated in the presence of PUNs and NPS~ 
were enumerated at various times by plating 10 l.ll samples 
with TSA. Pt;:rcent survival was determined as described in 
the Materials and Methods. The mean values obtained from 
phagocytes from 15 healthy donors (I 8) are presented 
along with 95% confidence intervals (-----). Values for 
T.C.'s neutrophils are shown (o----o) along with those of 
T.S. (/::.--/::.). 
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and myeloperoxidase measurements were made in conjunction with this pro

ject by Dr. D. F. Scott. As shown in Table 2, there is no enhancement 

of glucose oxidation by CGD leukocytes when,challenged with zymosan. 

The cells from T.C., however, responded to the zymosan challenge with a 

relative respiratory burst which was less than half that of the controls 

and of.other patients with recurring s. aureus infections. Again, there 

was no difference in the cellular responses when the patient's own serum 

was compared with normal serum. Myeloperoxidase activity was measured , 

by determining the extent of iodination of protein by phagocytizing PMNs 

in the presence of 125 I. The results in Table 3 represent separate ex

periments in which the iodination potential of T.C. and T.S. were com

pared to normal granulocytes. As indicat~d, the apparent myeloperoxidase 

was reduced, relative to control levels, by about the same extent as 

their respecti~e abilities to oxidize glucose. This would be expected if 

the myeloperoxidase system was intact and the iodination activity was 

solely dependent on the amount of H2o2 being produced from the oxidation 

of glucose. 

C. Relationship of LTAto Antibiotic Tolerance inS. -aureus 

In light of the reports of increased severity of infections due to 

tolerant strains of S. aureus (2,3), it was of interest to further inves

tigaile the molecular basis of antibiotic tolerance. Tolerant strains 

(Tal+) exhibit a low minimum inhibitpry cOncentration (MIC) for the S

lactam and other cell wall antibiotics, but the minimum bactericidal 

concentration (}ffiC) is from 10- to over 100-fold greater than the MIC. 

Since routine disk susceptibility tests on agar do not reveal Tol+ 

strains, subcultures from tubes in an antibioti_c dilution series are 
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TABLE 2 

1- 14 C-GLUCOSE OXIDATION BY ISOLATED LEUKOCYTES 

Source 
of PMNs (no. expt.) 

14co2 Productiona 
(n moles/10 6 P~NL/hr) 
No Patient Pboled 

Relative Oxidationb 
Patient Pooled 

Serum Serum Serum Serum Serum 

Control (22) 1.1 44.1 46.2 40.1 42.0 

T.C. (2) 1.5 24.0 16.5 16.0 

T.S. (2) 1.6 1.5 1.3 0.9 

aPMNs from patients and normal control subjects were isolated as 
described in the Methods Section.· The cell concentration was 
adjusted so that 10 6 granulocytes were incubated in HBSS con
taining 0.83 mM l- 14C-gluccse, 10% serum (or PBS), and 0.5 mg 
zymosan (total volume of 1.0 ml) in a sealed center-well flc3.sk 
for 1 hr. The reactions were terminated by the addit~i.on of 0. 5 
ml of lN H2S04 and the C02 was collected in 0.4 ml of phenethy
lamine: methylcellusolve (1:2) which was then counted in a 

· toulene.-based scinti.llation fluid .• 

0.8 

bThe relative oxidation· of glucose by cells from,patients and 
control subjects was determined ·using sera from patients and 
normals and compared to the activity of cells lacking any serum. 
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TABLE 3 

IODINATION BY ISOLATED LEUKOCYTES 

pmoles 125 r bound/10 6 Leukocytes/bra 
Leukocyte 

Source No Serum Patient Serum Pooled Serum Stimulatiorib 

T.C. 182 1028 782 4 .. 3 

Control 138. 2130 1308 

T.S. 70 87 1.2 

Control 138 1725 12~5 

aFreshly isolated PMNs (10 6
) were incubated in HBSS containing 

4.4 mM glu~ose, 50 mM 125 I (0.5 lJCi), 8% serum when added, and 
250 lJg zymosan in a total volume of 0.5 ml. Incubations were 
for 1 hr at 37° and were terminated by the addition of 1.0 ml 
NaS203 and 1 ml of cold 10% trichloroacetic acid. The mixtures 
were centrifuged, and the resulting pelletswere washed five 
times with 1. 5 ml of cold 596 trichloroacetic· acid. The 12 5 r 
contained in the pellets was determined with a Beckman Biogamrna 
scintillation counter. The values shown are the average of 
duplicate samples in each experiment. 

bRelative stimulation was determined ·-from comparisons of the 
iodination by the cells in the presence of pooled serum rela
tive to samples lacking serum. 
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necessary to establish which isolates resist the killing effects of drug 

levels approximating the MIC. Of a number of isolates screened for anti-

biotic tolerance in this. way, the six strains listed in Table 4 were 

chosen for further study. As indicated, the Tel+ strains had MBCs which 

were 16- to 65-fold greater than the MIC. The Tel- strains had MBCs for 

oxacillin which were no more than twice the MICs. 

The MIC/r.ffic technique suffers from the necessity of having to wait 

at least 48 hours before the results can be determined. In addition, 

there is no commonly accepted relationship of"MIC to MBC to define tel-

erance. Sabath, ~ al. (79) used an ~me which was 32 times the MIC as 

their criterion for tolerance, and Bradley, et al. (81) defined toler-

ance as the presence of 2: 100 cfu per ml after a 24 hour incubation of 

10 5 cfu/ml in 12.5 1Jg of antibiotic/ml. In view of the report of Best, 

et al. (74) that actively growing cells of Tal+ strains do not lyse_as 

readily as Tal- strains when inhibited by cell wall antibiotics, an 

attempt was made to develop a more rapid and definitive means of identi-

fication of Tal+ strains. 

Oxacillin-induced lysis of the six strains. listed in Table 4 was 

measured by using log-phase cells growing in TSB c·ontaining 5 1Jg of 

oxacill.in per ml. As Figure 8 shows, the Tal+ isolates were readily 

dist~nguished from Tal- isolates by the rates at which the cells lysed 

when grown in oxacil-lin. Both the onset of lysis and the initial rates 

of turbidity loss were· slower. with Tol+ strains. In numerous experiments-

with these and other strains, it was observed that actively growing Tol~ 

strains lysed to an absorbance below that of the original inoculum in 4 

to 5 hours while Tal+ strains did not. Figure 9 shows that the diminished 



TABLE 4 

S. AUREUS STRAINS STUDIEDa 

Strain MIC MBC MBC/MIC 

Bogdan 0.39 6.25 16 
Stromeier 0.19 12.5 65 
Redmond 0.39 12.5 32 
Tutter 0.19 0.39 2 
McDowell 0.19 0.39 2 
Lance 0.19 0.39 2 

a 
MICs and MBCs of oxacillin werecdetermined for 

six clinical isolates of s. aureus. A total of 
105 CFU was added in TSB to a series of tubes 
containing two-fold dilutions of oxacillin to 
give final volumes of 1· ml. After incubation 
for 24 hr at 37°C, the MIC was defined as the 
conc!=ntration which precluded any visible growth. 
A 0.1-ml amount was removed from each clear tube 
and spread on TSA plates to detect viable orga
nisms. The MBC was defined as the oxacillin con
centration which killed at least 99.9% of the 
original inoculum. The values given are concen
trations.in micrograms per milliliter. 
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Figure 8 Oxacillin-induced Lysis of Tol+ and Tol- Strains. 

Actively growing cultures of each clinical isolate were 
adjusted to give an initial inoculum of 2 x 10 8 CFU/ml in 
TSB containing 5 lJg of oxacillin per ml. Absorbance was 
measured spectrophotometrically at the times indicated 
during growth at 37<°C. The solid symbols (a,!, IIJ 
represent the responses of the Tol+ strains, and the open 
symbols (0, 6, [])represent the responses of the Tal
strains. A growth control lacking antibiotic was included 
for each strain and is represented here by a single sylnbol 
( (2l) sinc;e no differences in the normal growth rates of 
the six strains were detectable. All values indicated are 
the means of at least three separate experiments. 
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lysis by Tol + s·trains growing in oxacillin was accompanied by an enhanced 

survival of the tolerant populations under these conditions. 

LTA has been shown to act as an inhibitor of autolytic enzymes by a 

. number of investigators (70-74). In an effort to study the r·ole of this 

substance in relation to antibiotic tolerance in.§_. aureus, the molecule 

was purified initially from the cell membrane of this organism by a cold 

aqueous phenol extraction technique adapted from the procedure of Coley, 

et al. (68). As described in the Materials and Methods, cultures of s. 

aureus were labeled with 14C-glycerol and grown to the log phase. The 

cells were harvested by centri"fugation and disrupted in a Braun homo-

genizer. Following extraction with chloroform: methanol (2:1) and 80% 

cold aqueous phenol, the material was applie& to a column of Sepharose 6B. 

The elution profile for this column is shown in Figure 10. These results 

are similar to those of Coley, et al. who, along with other investigators 

employing comparable gel filtration techniques (72), reported peak I to 

contain LTA. Peak· II was reported to contain deacylated LTA and peak III, 

a mixture of several, non-dialyzable 14C-glycerol labeled compounds (72). 

Nucleic acids were determined by absorption at 260 nm. As shown in 

Figure 10, essentially all nucleic acid containing material eluted in the 

vicinity of peak III. This is important since the amount of LTA in peak 

I was based on phosphate content assuming 27.5 glycerol-phosphate resi-

dues per molecule (71). Peak I was found to contain a total of 58 nmol 

of LTA which was derived from an initial 30 g (wet weight) of §_. aureus. 

As previously stated, upon treatmen~ of pneumococcal cultures with 

antibiotic, LTA was found to "leak" into the growth medium. This pheno-

menan was reported for cultures of Streptococcus_pneumoniae and Strepto-

coccus sanguis (62-64). In an effort to determine whether Tol+ cells of 



Figure 9 Relative Bactericidal Acti'vity of Oxacillin on Tol+ and Tal
Strains. 

Actively growing cells of each clinical isolate of S. aureus 
were adjusted to give an initial inoculum of 10 5 CFU/ml in 
TSB containing 5 ~g of oxacillin per .ml. The flasks were 
incubated with shaking at 37°C, and samples were· removed at 
the times indicated, diluted, and plated on TSA. The responses 
indicated are the means from triplicate experiments with three 
Tol + ( • ) and three Tol- ( 0 ) strains. · 
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Figure 10 r;:hromatography of LTA on Sepharose 6B Column: Membrane 
Preparation. 

LTA was isolated from the membrane of S. aureus which had 
been labeled with 1 4 C-glycerol. Following ~xtraction with 
80% aqueous phenol and centrifugation, the aqueous layer 
·was dialyzed, concentrated, and applied to a column of 
Sepharose 6B. The column was eluted with 0.2 M ammonium 
acetate contain'ing 0. 01% Na azide. The elution profile 
of radioactive material is shown . (8--$}. Nucleic acid 
in the fractions was detected by absorption at 260 nm 
(o----0). The position of the arrow represents the void 
volume. 
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.§_. a:ureus were resisting the lytic and killing effects of oxacillin 

through the similar release of an inhibitor of autolytic enzymes (LTA), 

the six strains listed in Table 4 were grown in TSB containing radio

active glycerol. The labeled cells were inoculated into TSB both with 

and without 5 ~g of oxacillin per ml. Samples were removed at suitable 

intervals and centrifuged, and the radioactivity in the supernatant 

solution was determined. The resul,ts (Figure 11) show that neither Tol+ 

nor Tol- strains growing in the absence of oxacillin released appreciable 

amounts of radioactivity. However, the inhibited strains differed signi

ficantly in the amount of radioactivity released. As Figure 11 shows, 

the Tal+ strains excreted greater than twice the amount of label as the 

Tal- strains did after 90 minutes • 

. In an attempt to account for the difference in the amount of radio

activity released from Tol+ and Tal- strains, the relative extent of 

incorporation of glycerol into. each phenotype was determined. s. aureus 

Bogdan, a tolerant strain, was found to incorporate about 50% more 

.glycerol on a dry weight basis than a non-tolerant strain (Table 5) . 

Based on the amount of chloroform-extracted radioactivity obtained from 

lysostaphin digests of the two strains, it wa.s shown that the tolerant 

strain also incorporated about 50% more label into cellular lip.id than 

the non-tolerant strain did. In. each strain, 25 to 30% of the total 

cellular radioactivity was extrac~able with chloroform. 

An indication of the nature of the secreted material was obtained 

from the experiments shown in Table 6. Glycerol-labeled cells of the 

two phenotypes were incubated in TSB containing oxacillin, and the rela

tive release of radioactivity from the strains was compared. As Figure 11 



Figure· 11 Radioactivity Release by Oxacillin-Inhibited Strains of 
S. aureus • 

. Each of the six S. aureus strains was grown in TSB con
taining [ 14C]glycerol as described in the text. Labeled 
cells from these cultures were then incubated in TSB 
(initial inoculum, 2 x 10 8 CFU/ml) containing 5 1Jg of 
oxacillin per ml at 37°C. At the times indicated, samples 
were removed and centrifuged, and the radioactivity in· the 
superna··tant solutions was measured. The values shown are 
the means ± standard errors from tllree separate experiments 
with the three Tol + ( e ) and three Tol- ( 0 ) of strains of 
s. a~reus. The control values (~)represent secretion by 
the cultures lacking oxacillin. 
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TABLE 5 

INCORPORATION OF [ 1 4 C] GLYCEROL BY 

Tol + AND Tal~ STRAINS OP S. AUREUS 

Amt of radioactivity incbrporated into: 

Strain Whole cells (cprn/mg Lipid (cpm/mg of 
of dry wt, x 10 3 )a dry wt, x 10 3 )b 

Bogdan (Tol+) 496 ± 20 124 ± 14 

232 ± 27 82 ± 9 

Tol+/Toi-· 1.5 1.5 

aEach strain was inoculated into 2.5 ml of TSB containing 
2.0 ~Ci of [l,3- 14C]glycerol and incubated at 37°C with 
shaking. At the end of log growth (absorbance at 540 nm, 
~1.00), the cells were removed by centrifugation, washed 
with phosphate-buffered saline, and resuspended in phos
phate-buffered saline containing lysostaphin (0.5 U/ml). 
After 30 min at 37°C, the radioactivity was measured as 
described in the text. Th"e values given are the means ± 
standard errors from three separate experiments. 

bsamples of the lysates described above were extracted 
with chloroform (89), and the proportion·of lipid in each 
strain was determined from measurements of the extractable 
radioactivity. The values given are the means ± standard 
errors from three separate experiments. 
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shows, the tolerant strain secreted 2.6 times as much label as the Tel

strain did. In addition, the Tol+ strain secret~d 33% of the total eel~ 

lular radioactivity, and the Tol- strain secreted only 22%. Both strains 

secreted 3 to 4% of -the. total radioactivity in the form of lipid (chloro

form extractable) • These results indicate that cell material other than 

lipid is secreted in greater amounts by Tol+ strains than by Tol- strainso 

To determine whether the glycerol-labeled material was of a high 

molecular weight, labeled cells of Tol+ and Tol- str~ins were inoculated 

into TSB containing 5·1-lg of oxacillin per ml. After a 75 minute incuba

tion, the cells were removed by centrifugation·, the supernatant solutions 

were extracted with phenol as described above, and the extracted material 

was chromatographed on Sepharose 6B. The elution profile of the radio

activity recovered after phenol extraction is shown in Figure 12. The 

main peak of radioactivity (fractions 20 to 30t referred to as peak I) 

was observed in the position others have described as corresponding to 

LTA (72,96), and it failed to absorb ultraviolet light at 260 nm. This 

was followed by a smaller peak (fractions 35 to 45; referred to as peak 

II) , which has been. previously reported to be deacylated LTA (72, 96) • 

It was also observed that tre~tment of peak I material with methane

lie KOH (71) converted it to a form which eluted exclusively in the 

position of peak II. 

The antigenic properties of LTA have been described (66) . Further 

studies, in this regard, showed- peak I material was capable of eliciting 

an antibody response in rabbits. When rabbit serum was tested for its 

ability to agglutinate sensitized sheep red blood cells as :described in 

the Materials and Methods·, the titer rose from 1:1 prior to immunization, 



Strain 

Bogdan (Tal+) 
Lance (Tal-) 

Tol+/Tol-

TABLE 6 

OXACILLIN-INDUCED EXCRETION OF-RADIOACTIVITY BY 

[
14 C]GLYCEROL-LABELED STRAINS OF ~e AUREUSa 

Total cellular radioactivity 
(cpm/mg of dry wt, x l0 3 )b 

524 
306 

1.7 

Total radioactivity released 
(cpm/mg of dry wt, x 10 3

) 

174 
66 

2.6 

% Released 
Total Lipide 

33 
22 

1.5 

4.3 
2.9 

1.5 

aThe values presented are the means obtained from duplicate incubations of each strain 
and are representative of the results obtained in three experiments. 

bCells of each strain were labeled during growth in [1,3- 14C]glycerol, washed, and 
adjusted to 2 x 10 8 CFU/ml, and a portion was lysed by using lysostaphin as described 
in Table 5, foo_tnote a. The remaining cells were inoculated into TSB containing 
oxacillin (5 lJg/ml) and incubated at 37°C for 75 minutes. The cells were then removed 
by centrifugation, and the supernatant fraction was analyzed for radioactivity. 

cEach supernatant solution was extracted with chloroform to determine the percentage 
of cellular lipid (see Table 5) excreted by oxacillin-inhibited cells of the two 
strains. 
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Figure 12 Column Chromatography of Material Secreted by Oxacillin
Inhibited Strains of S. · aureu$. 

After the cells we.re removed by centrifugation, the entire 
c;ulture medium from each of s·ix 14C-glycerol labeled oxacillin
inhibited strains was extracted with 80% aqueous phenol, 
dialyzed, concentrated by rotary evaporation, applied to a 
column of Sepharose 6B, and eluted ~vith 0.2 M ammonium acetate 
(pH 6.9). Fractions (3 ml) were collected, and samples were 
measured for radioactivity. Symbols: 8, Tol+ (three strains); 
0, Tol- (three strains). 
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to 1:64 following immunization. While these studies provide only indirect 

evidence for the presence of LTA in the preparation, they do demonstrate 

that the material in peak I was of a complexity sufficient to elicit an 

antibody response. 

Dr. D. F. Scott, in conjunction with this project, studied the migra

tion of glycerol-labe_led material from oxacillin-inhibited cells by SDS 

electrophoresis. No differences betw~en Tal+ and.Tol- strains were ob

served with respeGt to either the distances migrated or the relative 

proportions of the bands of radioactivity (Table 7). v1hen samples of the 

growth media were run directly, two bands of label were observen. The 

minor bands were found to contain up to 30% of the label applied to the 

gel. If the media were dialyzed against water before electrophoresis, 

the amount of label in the minor bands was reduced to 10 to l5 9o of the 

amount applied. Extraction of the dialyzed medium with chloroform~ 

methanol eliminated the minor band. The migration of the major bands 

increased from an Rf of 0.49 to an Rf of 0.66 after chromatography on 

Sepharose. Both S~I?harose 6B peak II and deacylated peak I migrated with 

the tracking dye. In addition, when a sample of peak I material was ex

tracted with chloroform, less than 0.2% of the radioactivity was chloro

form soluble. 

It was of interest to determine whether the material in peak I af

fected the lytic response of oxacillin-inhibited cells of S. aureus. This 

was done by adding peak I material tocTol- cells inhibited by oxacillin 

(Figure 13}. As indicated, :the material in peak I (at 0.75 nmol/ml) had 

no effect on uninhibited cells. However, when it was added. to the culture 

at the same time as oxacillin or within 60 minutes of this time, there was 



TABLE 7 

ELECTROPHORETIC MIGRATION OF SECRETED RADIOACTIVITY ON SDS-ACRYLAMIDE GELSa 

No. of Sample 
No. Sample bands Major Rf Minor Rf Major Rf/Minor Rfb 

1 Medium, Tol+ + oxacillinc 2 0.49 0.74 1.8 
2 Medium, Tol- + oxacillinc 2 0.49 0.75 1.8 
3 Dialyzed medium, Tol+ + oxacillind · 2 0.48 0.75 5.4 
4 Dialyzed medium, Tol- + oxacillind 2 0.49 0. 76. 5.6 
5 Sample 3 after CHCl3-methanol 1 0.54 

extraction 
6 Peak 1, Sepharose 6B columne 1 0.66 
7 e 1 1.0 Peak 2, Sepharose 6B column 
8 Sample 6, deacylated with NaOHf 1 1.0 

asamples containing from 5 x 10 3 to 9 x 10 3 cpm in 100 ~1 were electrophoresed on SDS-10% 
acrylamide gels at pH 7.4 by the method of Weber and Osborne (90)-. The Rf values indi
cated represent the migration of radioactivity relative to the tracking dye (bromophenol 
blue) and represent the average of values from two to four preparations. 

bRepresents the relative ratio of radioactivity in the major and minor bands. 

cMedium after incubation for 90 min in TSB containing 5 ~g of oxacillin per ml. 

dAfter incubation for 90 min in TSB containl.ng 5 ~g of oxacillin per ml, tl-ie media were 
dialyzed for 24 hr against several changes of distilled water (4°C). · 

e 
The radioactivities of peaks 1 and 2 (Fig. 12) were pooled, dialyzed, concentrated, and 
applied to the gels. 

£Sample 6 was deacylated with 0.2 N NaOH as described in the text. 

(J1' 

~ 



Figure 13 Effect of LTA on Oxacillin-Induced Lysis of a Tol
s. aureus strain •. 

The radioactive material _eluting fractions 20 to 30 (see 
Figure 12) was pooled, dialyzed, and concentrated by rotary 
evaporation.· The concentration of this material was deter
mined by phosphate measurements as described by Cleveland, 
et al. (71) .. Its effect on a Tol- s.traJ..n growing in TSB 
·containing 5 llg of oxaci).lin per in1 was determined by adding 
0.75 nmol/mi (final concentration) at zero ~ime ([]), 30 
minutes ( .l ) , and 60 minutes ( 0 ) • Also shown are 1 ysis 
controls r&J to which no secreted material was added and 
growth controls (e) to which neither oxacillin nor secreted 
material was added.· The secreted material had no :effect on 
culture turbidity in the absence of oxacillin:. 
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a demonstrable effect on cellular lysis. It is also apparent from 

Figure 13 that the effect was primarily one in which the· onset of lysis 

was delayed. After 3 to 4 hours of growth in the oxacillin, the rates 

of turbidity loss by the 'cultures were the same. Neither peak II mate

rial nor peak I material treated with methanolic KOH affected the lytic 

response. to oxacillin~ 

Silvestri, et al. (69) reported in 1978, a. new procedure for puri~ 

fication of lipoteichoic acids using phosphatidyl choline vesicles. 

This technique was shown to effectively remove contaminants from LTA 

prepared both from the membrane and from the culture media of Strepto

coccus mutans. For this reason, this procedure was adopted to purify 

LTA from S. aureus to be used in subsequent studies. 

Cultures of 14C-glycerol labeled s. aureus were inhibited for.75 

minutes 'l;'li th 5 lJg of oxacillin/ml, after which the. cells were pelleted 
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by centrifugation and the resulting supernatant w~s dialyzed. The 

dialysate was extracted with 80% aqueous phenol. Following centrifugation 

and additional dialysis of the aqueous layer, the material was applied to 

a 2.5.x 25 em column of BieGel P6 and eluted with.water containing 0.01% 

Na azide to remove phenol. The elution profile for this colUmn is shown 

in Figure 14. As indicated, the bulk of the labeled material was elut·ed 

within the void volume as would be expected for high molecular weight 

compounds in this system. Fractions corresponding to peak I were pooled, 

conqentrated by rotary evaporation, and applied to a 2.5 x 85 em column 

of Sepharose 6B. The elution profile for this column is shown in Figure 

15. Peak I (fractions 64-97) eluted immediately after the void volume 

which was consistent with results from previous LTA preparations when 



Figure 14 Eluti"on Profile from the Bio-Gel P6 Column of LTA Prepared 
from the Media. 

Cells ~f s. aureus were labeled w·ith 14C-glycerol and. 
inhibited with· 5 ~g of oxacillin/mi. LTA which was excreted, 
was purified by dialysis of the media and extraction with 80% 
aqueous phenol. Following centrifugation, the aqueou~ layer 
was dialyzed and applied to a column of Bio-Gel P6. The 
material was eluted with water containing 0.01% Na azide and 
3 ml fractions were collected. 0.1 m1 samples from each frac
tion were removed and analyzed for radioactLvity. ! The posi
tion of the arrow represents the void volume. 
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Figure 15 Elution Profi~e from the Sepharose 6B Column of LTA 
Prepared from the Media,~ 

Material corresponding to peak .I of the Bio-Gel P6 column 
(see Figure 14) was applied to a. column of Sepharose. 6B. 
After elution with 0.2 M ainmonium acetate containing 0.01% 

· Na azide, 0.1 ml samples from 3 ml fractions were analyzed 
for radioactivity. The position of the arrow represents 
the void- volume. 
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chromatographed on Sepharose 6B (Figure 12). LTA prepared from the growth 

media in this way, however, did not exhibit a third peak of radioactivity 

as did LTA preparations from the cell membrane (Figure 10). 

Fractions corresponding to peak I were pooled and dialyzed, and the 

material was purified further with phosphatidyl choline vesicles as de-

scribed by Silvestri, et al. (69). The resulting product was lyophilized 

and compared on a per milligram basis to material (crude LTA) which had 

been recovered from peak I prior to vesicle purification. As shown in 

Table 8, phosphate and protein content as well as specific activity were 

determined for the two preparations. While phosphate content increased 

from 360 nmoles/mg in the crude LTA preparations to 480 nmolesjmg in 

vesicle purified LTA, protein contamination was significantly reduced. 

A·lso noted was a decrease in specific activity in the purified LTA. Ad-

ditionally, UV spectrum analysis of the purif~ed proQ.uct showed no 

significant bands of absorption. 

As further verification that the material was LTA, a study was under-

taken to determine binding to red blood cells. As previously outlined by 

Beachey, ~ al. (76), 14C-LTA was mixed with various concentrations of 

human red blood cells that had previously been washed and suspended in 

phosphate buffered saline. Following incubation at 37°C, cell-associated 

radioactivity was determined. The results shown in Table 9 demonstrate 

an increase in cell-associated radioactivity with time. In addition, the 

binding was shown to be dependent on the concentration of RBCs. 
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TABLE 8 

· ANALYSIS OF CRUDE AND VESICLE PURIFIED LTA 

Source of LTA . a Phosphate Proteinb Specific Activity 
(nmol/mg) (lJg/mg) (cpm/mg) 

Crude (Peak I, 360 19.45 4813 
Sepharose 6B column) 

Vesicle Purified 480 6.1 3388 

a Chen, et al. (88) 

bLowry, et al. (92) 



TABLE 9 

ERYTHROCYTE BINDING OF LTAa 

CPM Bound 

Tube # RBCs To T4o T5o T1a o 

1 No RBCs 82 83 78 89 

2 5 X 10 7 59 96 105 96 

3 1 X 10 8 46 105 129 135 

4 2'.'5 X 10 8 
49' 153 170 254 

aWashed human erythrocytes were suspended in phos- · 
phate buffered saline and incubated with 14 C-LTA 
at 37°C. Final concentrations of red blood cells 
'in the 100 1-11 reaction mixtures ranged frorri 0 -
2.5 x 10 8 cells. 0. 25 mg of 1 4 C-LTA with a speci
fic activity of 19,303 cpm/mg was added to each 
tube. As shown, samples were removed at O, 40, 
60, and 80 minutes and cell-associated radioactiv
ity was determined. 
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D. Relationship of LTA to Increased Severity of Infections due to 

Antibiotic Tolerant Strains of s. aureus 

Since 1978, several clinical reports have indicated that patients 
I 

infected with tolerant strains of S. aureus had a less favorable clini-

cal outcome than patients infected ~ith nontolerant strains of this 

organism. In light of the observations of increased LTA exc.retion in 

tolerant strains, the effects of LTA in an in vitro assay that deter-

mined the phagocytosis and killing s. aureus by human polymorphonuclear 

leukocytes were studiedD 

Neutrophils were purified from heparinized blood samples. Bacterial 

cells were radiolabeled by growth in the presence of 3H-glycine., anq nor-

mal pooled human serum served as a source of opsonins. Incubation mix-

tures consisting of 10% serum and a bacteria to neutrophil ratio of 6:1 

were prepared to a final volume of 0.1 ml in wells of a u .... bottom micro-

titer plate. LTA was .added to the wells at various concentrations as 

indicated. The percentage of bacterial cells phagocytized was calculated 

by comparing the amount of leukocyte-associated radioactivity in 10 ~1 

samples to the amount of the labeled inoculum. As shown in Figure 16, 

LTA was added to give a final concentration of 0, 0.5, 1.0, 2.~, or 5.0 

nmoljml in each of five wells. Radiolabeled bacteria.were found to 

associate rapidly with the phagocytes in wells which contained no LTA. 

However, a concentration dependent inhibition of phagocytosis was ob-

served as measurements were made in wells containing· increasing amounts 

of LTA. The primary effect of LTA seemed to be to Cl.elay the onset of 

phagocytosis rather than to inhibit completely the bacteria-leukocyte 

association. 



Figure 16 Lipoteichoic Acid (LTA) Inhibition of Phagocytosis. 

Radiolabeled cells of S. aureus, purified neutrophils, and 
pooled human serum ~vere incubated with 0, 0. 5, 1. 0, 2. 5, 
or 5.0 nmol of LTA/ml. Percent bacteria phagocytized was 

p based on leukocyte-associated radioactivity. 
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Next, the rate of viability loss of ~· aureus in the presence of the 

phagocytes was determined. Samples of 10 ~1 from each well were plated 

with nutrient agar, and the percentage of the original population of 

bacteria surviving was calculated. Figure 17 shows the percent survival 

of test organisms in wells containing no LTA, as well as in other wells 

containing 0.5, 1.0, or 2.5 Th~ol of LTA/ml. Wells with no LTA exhibited 

a rapid decrease in the number of viable organisms., The concentration

dependent inhibition of killing by LTA, as in the phagocytic study, was 

not evident at earlier time periods. 

Peterson, et al. C25) reported the importance of complement in .§._. 

aureus phagocytic systems. Interestingly, t. J. Silvestri (Ph.D. Thesis, 

University of Florida, Gainsville, 1977) showed LTA to interfere with the 

complement mediated lysis of sheep erythrocytes~ Since diminished opsoni

zation of bacteria could account for the inhibition of phagocytosis and 

killing by·LTA, the effect of this molecule in phagocytic incubation mix

tures containing preopsonized bacteria was measured. As shown in Figure 

18, when bacteria .were incubated with normal pooled serum for 30 minutes 

prior to being mixed with the neutrophils, LTA at a concentration of 2.5 

nmol/~1 was found to have no inhibitory effect on the rat~ of killing of 

S. aureus (open circles). 

These data suggest that LTA is able to diminish the usual rapid op~. 

sonizatiort and phagocytosis of ~- aureus in an in vitro system. Peterson, 

et al. (25) reported that opsonization of S. aureus supported only by 

products of complement activated by the alternate pathway, proceeds with 

a delay of about 10-15 minutes compared to that of complement components 

activated by the classical pathway. After this initial delay~ however, 



Figure 17 Lipoteichoic Acid (LTA) Inhibition of Killing of~· aureus. 

Bacterial cells, pu:rified neutrophils, and pooled human serum 
were incubated along with 0, 0.5, 1~0, or 2.5 nmoJ of iTA/mi. 
Samples (10 ~1) were removed and plated with nutrient agar. 
Percent survival was calculated by comparing colony-forming 
units at the sampling time to the number of cells in the 
inoculum. 
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Figure 18 Effect of LTA on Survival of Preopsoni"zed Bacter i·a. 

Phagocytosi"s· mixtures were prepa.red in which NPS' and LTA 
(2. 5 nmol/ml) were i·ncubated toge.ther prior to the addi·tion 
of bacteria and leukocytes (O-· -·-OJ. In other mixtures, 
bacteria were preopsonized by incubation of the organisms 
in the presence of s:erum for 5 minutes at 37 °C prior to the 
addition of LTA and leukocytes (0-0). Similar mixtures 
contained no LTA (4----&). The percent of the original 
inocul urn of bacteria surviving in the mixtures was deter-. 
mined by pou1.· plate procedure of sa~ples taken at 5, 10 
and 20 ln.inutes. 
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Peterson, et al. (25) showed that the rate of complement consumption via 

the alternate pathway w.as at least equal to the rate of complement con-

surnption when both pathways were fu~ctional. Hence, studies were per-

formed using C4-deficient guinea pig serum [which can be activated only' 

by the alternate pathway, (97,98)] as a source of opsonins. Phagocytosis 

supported by the C4-deficient serum showed a delay of approximately is 

minutes before a more rapid rate of engulment was observed. Further, LTA 

was found to have no additional inhibitory effect on phagocytosis when 

C4-deficient guinea pig serum was employed as the only opsonic source. 

Since the kinetics of such a system resembled that observed with LTA 

inhibition of phagocytosis, the possibility that LTA interferes with early 

acting components of the classical pathway was investigated. - LTA has been 

shown to bind divalent cations (75). For this reason, studies were done 

in the presence of excess (.lo- 3 M) ca++ in order to determine if LTA was 

competing for ca++, needed for stabilization of the Clq, Clr, Cls complex 

in the classical pathway of complement activation. Phagocytosis mixtures 

\vere prepared with leukocytes, NPS, 10- 3 H ca++ and LTA (final concentra-

tion of 5 nmol/rnl) • Similar control mixtures were prepared which con-

tained, in addition to leukocytes and NPS, ca++ or LTA alone, or which 

contained neither ca++ nor LTA. As shown in Figure 19, LTA delayed the 

onset of phagocytosis as expected, while 10- 3 M': ca++ had no effect on 

phagocytosis by itself. More important, ·however, the presence of Ca++ 

in the mixtures \vas unable to prevent the inhibitory effect of LTA. 



Figure 19 Effect of Excess ca++ on LTA Inhibition of Phagocytosis of 
s. aureus. 

Phagocytosis mixtuers were prepared as described in the 
Materials and Methods. In addition to serum, leukocytes 
and bacteria alone (0----9), one mixture contained 2.5 
nmol LTA/ml. (a----m), one mixture contained lo- 3 M ca++ 
(0----0) , and one mixture contained LTA and ca++ (c----0). 

The percent of bacteria phagocytized was based on leuko
cyte associated radioactivity at 5, 10, 20 and 30 minutes. 
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DISCUSSION. 

"Two factors are implicit.in the term host-parasite relationship: 

(1) the properties of the infectin_g microorganisms, and (2) the host's 

total response to the infecting agents. The eventual outcome of the 

host-parasite struggle will be the net result of the interaction of 

both." 1 This project was undertaken in order to learn more about the 

condition of patients who suffer from recurring episodes of s. aureus 

infection. In addition, further investigations were aimed at learning 

why in<?-ividuals in:fected with antibiotic tolerant strains of S. aureus 

experience a less favorable clinical outcome than patients infected 

with non-tolerant strains of this organism. 

A. Analysis of the Microtiter Procedure for Measuring Phagocytosis 

and Killing of s. aureus by Human Neutrophils 

The microprocedure used in this study was developed.for the purpose 

of determining if a precise measurement of phagocytosis and bactericidal 

activity by neutrophils from patients suffering from recurring staphylo-

coccal infections, would reveal a functional cause for this disorder. 

While based on principles from existing procedures (7,22), the micro-

technique as described in the Materials and Methods provides a number of 

advantages. First, fewer cells and other. constituents are required since 

the final volume of the various mixtures in the microtiter wells was 

100 111 rather.than 1-4 ml. Because some immunological defects,such as 

CDG (24), manifest themselves early in life, the small volume Qf blood 

needed permits such studies to be more readily performed on small children. 

1Bellanti, J.A. 1978. 
J. A. Bellanti, Immunology. 

Host-parasite relationships, page 355, In 
w. B. Saunders, Co., Philadelphia. 

74 



75 

Samples are removed at various times from the wells for phagocytosis 

determinations and placed in PBS containing both 0.04 M NaF and lysosta

phin (l U/rnl). This represents another unique aspect of the procedure. 

As a metabolic inhibitor, the fluoride inhibits continued engulfment of 

the bacteria (Figure l) , while lysostaphin rapidly digests extracellular 

s. aureus without an effect on the bacterial cells already phagocytized 

(17). For viability studies, samples were diluted in sterile distilled 

water and vigorously vortexed prior to plating with nutrient agar. This 

actior: served to disrupt the leukocytes and minim;ize clumping"of the 

staphylococci .. The microprocedure was found to provide consistent phago

cytosis and bactericidal measurements when neutrophils from a single donor 

were tested simultaneously in five sim~lar mixtures (Figures 2 and 3) • 

Additional studies using neutrophils from a number of heal,thy, control 

donors allowed the establishment of a normal range of values for phago

cytosis and killing in the presence of normal pooled serum (Figures 5 

and 7). This method was also readily adapted to permit comparisons of 

leukocyte function (both patients and controls) in the presence of con

trol and patient serum. Thus, a clear differentiation between potential 

serum abnormalities, such as complement defects, and true cellular dys

function can be made. 

B. Neutrophil Function Studies. in. Patients with Recurring S. aureU$ 

Infections 

Since thE: eradication of invading bacteria is a-primary function of 

PMNs, a number of investigators have studied these cells in an effort to 

discover a reason for the recurrent episodes of S. aureus infection ~x

perienced by certain individuals (49-53,101). Due to the complexity of 
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the immune system, there are several ways in which these cells can fail 

to meet a microbial challenge. The first\is insufficient :movement into 

the area of bacterial invasion f·rom the bloodstream. This could be 

caused by abnormal complement factor(s} which normally.promote chemotaxis 
) 

(99), inhibitors of cell movement in the serum (100) 1 or defe.cts in the 

~ells themselves which delay migration toward chemoattractants. 

There are several underlying conditions which have. been associated 

with defective PMN chemotaxis, but one of the more common is extreme 

hyperganunaglobulinemia E. Several studies have examined patients with 

recurring .§._. aureus infect.ions and hyper IgE serum levels and found ab-

normal PMN chemotaxis (SO) • Other studies have not found a clear. 

association between IgE levels, infections, and chemotactic de.fects. 

Snyderman, et al. (101) studied 14 patients with varying degrees of 

atopic dermatitis in 1977 and found no correlation between the neutrophil 

chemotactic defects, tne serum IgE lev~l, or the severity of _the dermati-

tis. More recently, Schopfer, ~ al. (52) reported on seven similar 

patients and found that serum IgE levels did not correlate with leukotac-

tic defects, but all of the patients had. elevated IgE antibodies to .§._. 

aureus. Since most of ·these previous studies were primarily conce.rned 

with chemotaxis and failed to show a clear basis for repeated infections, 

this investigation was initiated to determine if a precise measurement of 

··phagocytosis and bactericidal activity by leukocytes from patients with 

the hyper IgE· syndrome would reveal a functional cause for the recurrent 

infections. 
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Of patients who have been characterized as at risk to staphylococcal 

infections because of granulocyte defects, the most widely studied are 

those with chronic granulomatous disease. Children with this disorder 

experience repeated episodes of infection with staphylococci as well as 

.certain gram negative bacteria (94). Neutrophil function studies were 

performed with cells from T.S., a patient with CGD, in order to provide 

reference values from which other defects could be discussed. The neutro

phils of CGD individuals phagocytize bacteria normally (Figure 5) , but the 

usual burst of oxidative met~olism observed during phagocytosis does not 

occur (Table 2). Thus, there, is a failure to produce hydrogen peroxide 

and other oxygen species which are considered bactericidal (23) . In 

addition, the absence of H2o2 makE;!S the myelope.roxidase-H2o2-halide system 

in leukocytes inoperative (95) (Table 3). These characteristics are all 

evident from the behavior of the granulocytes from T.s.· 

With the exception of T.C., the patients who experienced recurring 

episodes of §_. aureus infection and whose neutrophils we~e tested in this 

study (Table 1), were found to ethibit normal phagocytic an~ bactericidal 

capacity. This was true when homologous serum or control serum was used 

as a source of opsonins. 

With respect to T.C., the contrast of this patient's abnormality 

rules out CGD. However, the exact nature of T.C.'s granulocyte dysfunc

tion was not determined and her recent death precludes. further study. 

Her cells were not able to phagocytize ~- aureus normally (Figure 5) and 

did not respond to particle challenge with a normal. metabolic burst 

(Table 2). The defect, therefore, could be membrane-related. Certainly, 

the ability of a PMN to engulf an opsonized bacterium requires recognition 



and response at the plasma membrane (23) and Roes, et al. (102) have 

recently shown that the primary oxygen-reducing system of these cells 
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may be located in the plasma membrane. Therefore, some critical "trigger" 

for these cell surface processes could have been the basis for T.C.'s 

neutrophil dysfunction. Interestingly, the reduced respiratory burst 

manifested by her leukocytes did result in greater bactericidal activity 

than T.S.'s in spite of the reduced rate of phagocytosis. This confirms 

the importance of glucose metabolism in PMN bactericidal. activity (24). 

Regardless of the precise cellular basis· for T.C .. 's granulocyte abner

mali ty it is unlikely that her serum IgE levels are directly respon.sible 

for the defect since normal, pooled serum did no't affect her cellular 

function (Figure 6). These findipgs indicate that additional testing .of 

individuals with recurrent staphylococcal infection. and hyper IgE is 

needed to reveal the basis for this syndrome. 

c. Relationship of LTA to Antibiotic Tolerance in s. aureus 

No studies to date have specifically sought to relate antibiotic 

tolerant strains of S. aureus to patients with recurring infections due 

to this organism. The absence of more complete clinical studies is 

probably due to the fact that' routine disk susceptibility tests, as em

ployed in hospital laboratories, do not permit the detection of tolerant 

strains. In addition, the difficulty and lack of standardization of 

MIC/MBC determinations discourages tube dilution measurements. For thfs 

reason an effort was made to correlate the rate of lysis of clinical iso

lates of ~- aureus grown in the presence of oxacillin, to MIC/HBC tests 

of antibiotic tolerance in these organisms. The finding that Tol+ cells 

lyse less readily than Tol- cells when inhibited with this antibiotic 
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(Figure 8) provides a rapid and convenient means for detecting tolerance. 

Since organisms ·such as Str~ptococcus sanguis are well known to be killed 

by-the S~lactams with minimal lysis (78), and since viability determina

tions are much more sensitive than absorbance measurements, it might be 

expected that lysis curves will.produce some false positives when used to 

screen for tolerance. For this reason lysis curves may prove more bene

ficial if used primarily as screening procedures for detection of tolerance, 

which can then be followed up with viability studies. 

Though a number of investigators (80-82) have reported on the inci

dence of antibiotic tolerance among clinical isolates of ?_. aureus since 

the original report (74) , the biochemical basis of this phenomenon has 

not been elucidated. Best, et al. (74) found that the specific activity 

of autolysins extracted from cells subsequent to oxacillin inhibition of 

cell wall synthesis was much. higher in a Tol- strain than in a Tol+ 

strain. This difference prompted, in this investigation, exploration of 

the possibility that To.l+ strains resist the lytic and killing effects of 

cell wall inhibitors via an autolysin inhibitor. The previous demonstra

tions of inhibition of lytic activity by LTAs in pneumococci (70) and 

streptococci (71) ~uggested that LTA might be involved in staphylococcal 

tolerance. 

Waks and Tomasz (63) demonstrated the release of LTA into the medium 

of penicillin-treated pneumococci and showed that this macromolecule in

hibited autolysin activity and protected penici.llin-inhibited cells from 

lysis. The results shown in Figure 11 indicate that upon oxacillin in

hibition, 14C-glycerol labeled~- aureus also secretes a labeled sub

stance whose behavior on both SDS-acrylamide electrophoresis (Table 7) 



and Sepharose 6B chromatography (Figure 12) corresponds to that of LTA. 

The inhibition of cell lysis by this material ·(Figure 13) and its loss 

of such activi~y. .upon treatment with methanolic KOH suggest that the 

material is LTA. 

LTA has been proposed to function in normal, growing cells as a 

-regulator for murein hydrolases (70). Its location at the cell surface 

(66) and its.ability to inhibit autolysin activity (71) make LTA an 

80 

ideal candidate for this role. Tol+ strains of S. aureus could be 

regulatory mutants which produce more LTA than other (Tol-) strains since 

they are labeled more extensively by glycerol (Tables 5 and 6). However,

its enhanced release after oxacillin inhibition of Tol+ strains compared 

with its release by Tol- strains could appear paradoxical. One might 

expect that the strains which resist lysis upon exposure to oxacillin 

(Tol+) would retain LTA rather than secrete it. Resolution of this 

problem may depend on studies which can distinguish between LTA secreted 

from the wall and LTA released from the cytoplasmic membrane. If, for· 

example, oxacillin inhibition of Tol+ strains result in the loss of more 

wall LTA and less membrane LTA than in Tal- strains, the differential 

effect on lysis and cell killing could be explained by· damage to the cyto

plasmic membrane of Tol- strains. 

In 1978, Silvestri, et al. (69) reported a procedure which employed 

phosphatidyl choline vesicles for isolation of LTA from Streptococcus 

mutans. In their hands, this method was found to almost completely re~ 

move protein, polysaccharide, and nucleic acid contaminants that were 

present in LTA prepared·by gel filtrations. The_vesicle procedure was 

adopted for use in this project fo.r purification of LTA ·from S. aureus. 



The vesicle purified product was compared to LTA which was purified by 

Sepharose 6B chromatography alone (Table 8). Unfortunately, the yield 

81 

of vesicle purified LTA was routinely < 10% of the sta:r;ting material, an~ 

the· small amount of product precluded extensive analyses. As expected, 

however, protein-contamination was greatly reduced by the vesicle technique, 

and UV spectrum analysis.of the purified product indicated no significant 

bands of absorption. In addition, purified material was 'found to bind to 

sheep red blood cells {Table 9) as has been previously described for LTA 

(76). Vesicle purified LTA was used in subsequent .. studies of the effect 

of LTA on neutrophil function. 

D. Relationship of LTA to Increased Severity·of Infections Due to 

Antibiotic Tolerant Strains of s. aureus 

When added to phagocytosis incubation mixtures containing serum, 

neutrophils, and ~· aureus, vesicle purified LTA was found to inhibit both 

the phagocytic and bactericidal capacity of the granulocytes in a concen

tration dependent manner (Figures 16 and 17}. The kinetics of the inhi

bitory action were especially interesting in that an initial delay of 5-

10 minutes in the onset of phagocytosis and killing was observed, rather 

than a complete inhibition of these activities. This was followed by a 

more rapid rate of engulfment and killing that equaled or surpassed the 

rates observed in controls containing no LTA. The effect was not seen, 

however, when bacteria were preopsonized by incubation with normal serum 

at 37°C, prior to the addition of LTA to the reaction mixtures (Figure 18). 

This finding suggests that the effect of LTA is on an element of opsoniza

tion rather than the neutrophils themselves. 
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Protein A, a substance which has been purified from cell wall prep

arations of_§_!" aureus, has been shown to have antiphagocytic effects as 

well. However, the amount of protein A required for the inhibition of 

phagocytosis has been reported to be ·100 ~g/ml (i03). Since total protein 

in the LTA preparations was less than 1 1-J.g/ml, final concentration, it 

seems unlikely that the inhibition of phagocytosis could be due to Protein 

A contamination. 

In phagocytic systems similar to those in this study, complement has 

been shown to be primarily responsible for the opsonization of ~~ aureus 

in non-immune serum (7). Hence, phagocytosis an_d killing are greatly re

duced when heat--inactivated (complement destroyed) serum is employed as 

the sole source of opsonins. Any explanation of the effect of LTA on 

opsonization must then, consider complement.. The possibility that LTA is 

re$ponsible for activation of complement prior to the addition of bacteria 

does not seem likely. In this event, the serum would be depleted of 

opsonic complement components, and the in,crease in the rate of phagocyto

sis which was observed with time (Figure 16), would not be seen. 

The kinetics of phagocytosis and killing of .§_. aureus observed in 

LTA inhibited phagocytosis mixtures, were found to be similar to the 

kinetics of complement cons'J.:!,mption via the alternate pathway. Peterson, 

et a1. (25) demonstrated, with. C2-deficient serum, that complement con

sumption which proceeded via the alternate pathway alone, proceeded with 

a delay of 10-15 minutes relative to normal serum.. Such delays .in comple

ment activation have been reported by Frank, as well, in his review of 

complement {31) • The idea that LTA inhibits opsonization by interferring 

with the classical pathway of complement activation is s';lpported by the 
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work of L. J. Silvestri (Ph.D. Thesis, University of Florida, Gainsville, 

1977), who showed LTA to interfere with the complement mediated lysis of 

sheep erythrocytes. Using purified complement components, Silvestri pro

vided evidence that the effect of LTA was directed at the classical path

way and most likely interferred with the activity of Cl. 

Activities of the alternate pathway are most often studied using 

serum preparations that haye been treated with MgEGTA (104). Such studies, 

however, are not possible in phagocytic systems as described in this pro

ject due to the requirements of ca++ for the engulfment process. While 

the inhibitory action of LTA was shown not to be due to competition for 

ca++ ions, necessary for stabilization of the Cl complex (Figure 19), 

perhaps the best explanation for the complement inhibitory action of LTA 

is in relation to the work of Raepple, et al. (lOS) and Loos, et al. ( 106). 

These investigators showed that polyanionic compounds are able to inhibit 

the'consumption of C4 and C2 by Cls and postulated that polyanions inter

fere with postively charged binding sites for C4 or C2 on Cls. 

On the basis of the observations in this investigation., it is possible 

to suggest a model to relate antibiotic toierance in ~· aureus to the in

creased severity of disease which is reported to be associated with 

tolerant strains of this organism. The major aspects of this hypothesis 

are as follows: 

1. Inhibition of cell wall biosynthesis res~lts in the loss of 

LTA from the organisms into the surrounding medium. Addi

tionally, significantly more LTA is released from tolerant 

strains of S. aureus than from non-tolerant strains of this 

organism. 



2. Extracellular LTA is able to inhibit the usual rapid 

opsonization of S. aureus. With respect to the studies 

of Silvestri (Ph.D. Thesis, University of Florida, 

Gainsville, 1977) and Laos, ~ al. (106), LTA appears 

to interfere with the postively qharged binding sites 

for C4 or C2 on Cls. 

3. The release of greater quantities of LTA by tolerant. 

strains, could result in quantities of extracellular 

LTA suffici~nt to interfere with opsonization of these 

organism. Such inhibition of opsonization might enhance 

the survival of the cells in the presence of phagocytes 

and complicate the eradication of the parasites by host 

defense mechanisms. 

8A 

Though the phago~ytos'is _and killing rates for many: Tol + and Tal

strains by normal PMNs were determined, no statistically valid correla

tion between LTA levels and susceptibi.li.ty to neutrophils was obtained 

directly. With respect to the assay procedure itself, however, these 

results might be explained by the fact that the organisms were nesessari

ly washed free of unincorporated l~el and growth medium immediately 

prior to their incubation with the leukocytes. Hence, significant quanti

ties of extracellular LTA would not be present in the reaction mixture. 

It is important to realize that, while difficult to demonstrate, LTA 

could accumulate in significant quanti ties in are.as of localized infection 

due to s. aureus. Indeed amounts as small as 0.5 nmol/ml were shown to 

de.lay both phagocytosis and killing in vitro. For this reason the poten

tial of LTA as a new virulence factor for this organism·should not be 

disregarded. 
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SUMr-IARY 

1. Aspects from various procedures designed to measure phagocytosis and 

killing of s. aureus by human P~rns were incorporated and modified 

into a microprocedure for testing neutrophil function. While 

requiring smaller volumes of blood and other constituents, the 

technique was shown to be reliable and could be easily adapted for 

comparison of leukocytes from various donors, different sera, or 

different strains of organisms. 

2. Using the microprocedure, neutrophil.function studies were performed 

on seven patients with recurrring staphylococcal infection. Values 

for only one patient were shown to be abnormal. The defect in both 

phagocytic and bactericidal activity exhibited by this patient's 

leukocytes appears to be a novel finding and could not be assigned 

to any of the prev:iously defined categories of neutrophil function 

abnormalities. 

3. In order to discover a more rapid means for detection of antibiotic 

tolerance in strains of ~- aureus, oxacillin induced lysis of these 

.organisms was measured spectrophotometrically. Both the onset of 

lysis and the initial rates of turbidity loss were slower with Tol+ 

strains. This proved to be an effective means for screening new 

isolates of s. aureus for tolerance prior to performing more diffi

cult and time· consuming MIC/MBC measurements. 
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4. Antibiotic inhibited cultures of S. aureus were shown to excrete LTA 

into the growth media as has been reported for other organisms (.63). 

Perhaps more significant, Tel+ strains of s. aureus were shown to 

excrete more of this substance into the surrounding media than Tel

strains. Additionally, LTA, purified from the media was found to in

hibit the lysis of actively. growing cult'lllres following exposure to 

oxacillin. These findings indicate that LTA is directly rela~ed to 

the phenomenon of antibiotic tolerance in this organism. 

5. Because of it.s relation to antibiotic tolerance in S~ aureus, LTA 

was tested for its effect on phagocytosis and killing of this orga

nism by human PMNs. LTA was fo'Uild to delay the onset of both phago

cytosis and killing in a concentration dependent mann~r. Additional 

studies suggested that the effect of· LTA was on the·process of 

opsonization of organisms prior to engulfment. 
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