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Reduced lmmunotoxicity and tericidal, with potent activity against meth- 
icillin-sensitive staphylococci. These intrinsic 

Preservation of Antibacterial properties. together with rnultiple PBP targets; 
result in low frequency of resistance selection. 
In addition, the carbapenem ilucleus is resistant 

Activity in a Releasable Side-Chain to most seiine p-lactarnases, whether of staph- 
ylococcal, enterococcal, or Gram-negative ori- 

Carbapenem Antibiotic gin carbapenems (3) .  We previously with improved described affinities a series for of 
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A carbapenem antibiotic, L-786,392, was designed so that the side chain that 
provides high-affinity binding to the penicillin-binding proteins responsible for 
bacterial resistance was also the structural basis for ameliorating immunopa- 
thology. Expulsion of the side chain upon opening of the beta-lactam ring 
retained antibacterial activity while safely expelling the immunodominant 
epitope. L-786,392 was well tolerated in animal safety studies and had sig- 
nificant in vitro and in vivo activities against methicillin- and vancomycin- 
resistant Staphylococci and vancomycin-resistant Enterococci. 

The increasing prevalence of resistance in eling ~lormally perfoi~ned by the more antibiot- 
Staphylococci and Enterococci to currently ic-susceptible PBPs (2). 
available antimicrobials has resulted in the sig- Carbapenems acylate a broad spectrum of 
nificant diminution of therapeutic options avail- PBPs with high affinity. They are rapidly bac- 
able. Patients infected with rnulti-drug resistant 
organisms are once again succumbing to sepsis 
(I). One approach to counter this is to directly 
target the molecular ~nechanism of resistance in 
an existing class of antimicrobials. restoring 
their effectiveness. Methicillin resistance in 
Staphylococci is generally dependent on the 
prod~lction of a unique penicillin-binding pro- 
tein (PBP), PBP2a, which like other high mo- 
lecular weight PBPs, catalyzes the transpepti- 
dation of peptidoglycan. PBP2a has a relatively 
low affinity to all the common p-lactam anti- 
biotics and. in the presence of antibiotic, is able 
to take on the critical tasks of cell wall remod- 
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P B P ~ ~ .  and concornitantactivity against methi- 
cillin-resistant S t i ~ p l ~ ~ ~ l o c o c c ~ ~ s  nlrrelrs (MRSA) 
(4) .  Improved affinity for PBP2a was related to 
the presence of a large lipophilic substituent 
attached to the carbapenem nucleus. Unfortu- 
nately, carbapenems opti~nized for their PBP2a 
affinity provoked iinnlune responses in rhesus 
inonlteys (5 ) ,  including high-frequency irn- 
nl~~ne-mediated hemolvtic anernia with 
Coombs positivity, a peripheral blood lympho- 
cytosis, and diffuse lymphoid hypeiplasia of 
spleen and lyinph nodes at subl~emolytic doses 
(15 mgl'kg body weight.day of L-742,728). 
These nonanaphylactic autoiinniune syildronles 
are occasionally obseived with lower freq~~ency 
and at higher doses in response to p-lactams in 
clinical use (6). 

Sera frorn rhesus macaques exposed to the 
carbapenerns L-742.728, L-741,462, and 
L-695;256 (7) all showed high titer. dmg- 
specific antibodies that could be affinity pu- 
rified on drug-sepharose coluinns and agglu- 

Table 1. Comparative in v i t ro  antibacterial act iv i ty o f  L-786,392, imipenem, and vancomycin on 
Staphylococci and Enterococci. 

MIC90 ( ~ g / m U  
Organism (number o f  strains) 

L-786,392 Vancomycin lmipenem 

Methicil l in-susceptible 5. aureus (15) 
Methicil l in-resistant 5. aureus (42) 
Methicil l in-susceptible coagulase- 

negative Staphylococcus spp. (23) 
Methicil l in-resistant coagulase- 

negative Staphylococcus spp. (25) 
Vancomycin-susceptible E. faecalis (1 7) 
Vancomycin-resistant E. faecalis (15) 
Vancomycin-susceptible E. faecium (12) 
Vancomycin-resistant E. faecium (31) 
Enterococcus gall inarum (14) 
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tinated rhesus red blood cells (RBCs) hapte- 
nated with 5 mg/ml of these carbapenems (8, 
9). Antibodies eluted from the surface of 
affected erythrocytes possessed the same 
specificity (10). Serum antibodies showed 
distinct patterns of cross-reactivity by free- 
drug competition in hemagglutination assays 
using in vitro haptenated erythrocytes with 
titers in the range of 1 : 5 12 to 1 : 2048. (Fig. 
1A). These carbapenems (aminolysed struc- 
tures in Fig. 1) all share structural elements of 
the MRSA pharmacophore and cationic sub- 
stituents (such as diazonia-bicyclo-octyl or 
imidazolium groups). Other carbapenems, 
such as meropenem, share only the same 
carbapenem nucleus. It was therefore possi- 
ble to measure the relative contributions of 
ring-opened carbapenem nucleus and side 
chain to the immunogenic epitopes generated 
in rhesus monkeys. Antisera from rhesus 
monkeys exposed to L-742,728 did not cross- 
react with meropenem-haptenated rhesus 
RBCs. We concluded that antisera specificity 
was determined solely by one or more immu- 
nodominant structural components of the side 
chain in the 2-position, that is, the essential 
MRS-pharmacophore necessary for high af- 
finity to PBP2a, and not to the opened car- 
bapenem nucleus. Drug-specific T cell pro- 
liferation (11) was also dependent on the 
presence of the MRS-active side chain (Fig. 
1B). We further concluded that both humoral 
and cellular responses to L-742,728 were de- 
pendent on an immunodominant side-chain 
epitope and were distinct from the carbap- 
enem nucleus. 

To limit immunotoxicity in a situation 
where the immunodominant epitope was also 
a key contributor to PBP2a binding, we cou- 

Fig. 1. (A) Cross-reactivity of 
L-742,728 antiserum in the 
IAT (9). Plasma sample was 
obtained from a rhesus mon- 
key on day 23 after the start 
of nine doses (50 mg/kg/ 
day) of L-742,728. Test cells: 
washed erythrocytes from a 
p-lactam-nayve rhesus were 
incubated for 2 hours at 
37OC with 5 mglml of com- 
pounds in neutral buffered 
saline. The expected surface 
residue structures formed 
from the named carbapen- 
ems are shown to the left. 
Antibody specificity was as- 
sociated with the aryl-cat- 
ionic side chain. There was 
no recognition of the nuclear 

pled the p-lactam ring opening with a chem- 
ical fragmentation resulting in the quantita- 
tive expulsion of the carbapenem side chain 
upon opening of the p-lactam ring (Fig. 2). In 
this way, the pharmacophore was present to 
support the initial interaction of the carbap- 
enem with the hydrophobic pocket of PBP2a, 
but the immunodominant epitope would be 
expelled once either acylation of the specific 
target had taken place or nucleophilic attack 
by bystander host proteins had occurred. The 
remaining ring-opened nucleus had to be sim- 
ilar both in size and structure to that of well- 
tolerated carbapenems such as imipenem, and 
although capable of eliciting an antibody re- 
sponse analogous to that seen for the benzyl- 
penicilloyl epitope, it should not result in 
high-frequency immunopathology. A reduc- 
tion of this model to experimental practice 
resulted in the identification of the 2-(naph- 
thosu1tamyl)methyl-carbapenem L-786,392 

(Fig. 2), which did not cross-react with spe- 
cific L-742,728 antisera or stimulate the pro- 
liferation of L-742,728-dependent lympho- 
cytes (Fig. 1). 

L-786,392 was effective against MRSA 
and methicillin-resistant coagulase-negative 
staphylococci [minimal inhibitory concentra- 
tion (MIC),, 5 4 pg/ml], and resistant En- 
terococcus faecium (MIC,, 5 8 pg/ml) and 
E. faecalis (MIC,, 5 4 pg/ml) (Table 1) 
(12). Good activity (MIC 5 2 ~ g / m l )  was 
demonstrated against vancomycin-intermedi- 
ate S. aureus (VISA) strains (13). L-786,392 
showed bactericidal activity against both 
MRSA (5 log reduction at the MIC in 24 
hours) and on vancomycin-resistant Entero- 
cocci (3 log reduction in 8 hours at the MIC). 
These activities correlated with the improved 
binding affinity that L-786,392 showed for 
key PBPs (14), specifically the PBP2a (IC,, 
= 1.7 kg/ml, compared to 128 pg/ml for 

Side chain released 
into solut~on 

Fig. 2. The releasable hapten hypothesis. Coupled P-lactam ring opening with a chemical frag- 
mentation results in the release of the immunogenic side chain, The figure illustrates primary 
aminolysis, but also is applicable to spontaneous or enzymatic hydrolysis and to PBP active-site 
serinolysis. 
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(B) Cross-reactivity of hemagglutination titer stimulation index 

L-742,728 T cell stimulation in (lldilution r twofold) (sample cpmlcontrol cpm k SD) 

the LTT (77). Peripheral blood 
mononuclear cells were obtained from the same rhesus blood sample described in (A). Continuous exposure of test compounds at 1.2 mglml was maintained 
for 72 hours prior to harvest. Cellular specificity was qualitatively similar to humoral response in (A). The common nuclear portion was not recognized in the 
response despite i ts  presence on the immunizing hapten. 
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in~ipenem) of MRSA (15)  and PBP5 (IC,, = 
2.4 pg!ml, compared to 19 p,giml for imi- 
pe~lem) of E. 1zii.ne (16). 

L-786.392 was effective in coillpleinent 
C5-deficient DBA/2N mice against the ho- 
motypically resistant and p-lactanlase posi- 
tive MRSA "76 Virginia" clinical strain at a 
high illoculuin [1.7 1 X 10' colony-foiming 
units (CFU) per mouse] (17). L-786,392 [me- 
dian effective dose (ED,,) = 3.9 ingikg per 
dose] was more active than vancolnycill 
(ED,, = 9.2 mg/ltg per dose). Imipenem, 
with its low PBP2a affinity. was sigilificailtly 
inferior in protecting the animals (ED,, = 
3 1.5 ingikg). L-786,392 was as active as imi- 
penem (ED5, = 0.024 and 0.035 mg/kg. 
respectively) against the methicilli11-sensitive 
S. ciuiezrs "SMITH strain. 

To determine whether the side chain was 
being expelled up011 opening of the p-lactam 

ring, we analysed the products formed after 
dehydropeptidase (DHP, renal dipeptidase 
E.C. 3.4.13.19) degradation. DHP readily 11y- 
drolyzes L-786,392 by opening the p-lactam 
ring and is therefore expected to release the 
side chaln. DHP treatment of L-786,392 gen- 
erated a pair of product pealts upon high- 
perforlnance liquid chromatography (HPLC) 
analysis (18). The kinetics of disappearallce 
of L-786,392 matched the appearance of 
ring-opened p-lactam and the liberated side 
chain (Flg. 3B) within experimelltal error, 
supporting the immediate and colnplete es- 
pulsion reaction. The expected identitles of 
the resulting fragments shown in Flg 3A 
were confimled by llquid chromatography 
Inass spectrometry (LC-hIS) (19) and nuclear 
inagiletic resonance spectroscopy 

To demonstrate side-chain expulsion upoil 
aminolysis at physiological pH, reaction of 

Fig. 3. (A) Monitoring 35 - A 
fragmentation chemis- 
t ry  by HPLC (78). Mo- i NH, 
lecular weights of prod- 
ucts of hydrolysis and 304 Sidechain ;i 
aminolysis were veri- 

-/OH \ MW = 401 
fied by LC-MS (79). The 
proposed structures of 

l 

the monocationic spe- 
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mil l ivolt .  (6) First-or- Am~noacyltris conjugated nucleus ) / 
MW =345 8 ,  der disappearance of 1 T l i S  8 ,  

> ,  

8 \ 
1 I /  
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L-786;392 with Tris was used as a model. 
The only products fomled ae re  confirmed by 
LC-MS to be the side chain and the amino- 
acyltris-conjugated nucleus (Fig. 3A). The 
rate of aminolysis of L-786.392 was the same 
as ilnipenem (k = 0.0127 mill-' for both 
compounds) and similar to L-742,728. The 
designed fragmentation mechanism should 
offer little opportullity for immune presenta- 
tion of the side chain. 

The immunopathology observed in animal 
safety studies with MRS-active carbapenems 
was dose-dependent Effective comparison of 
agents requires similar le\els of dlug expo- 
sure, best measured as the plasma concentra- 
tlon area under the c u n e  (AUC) of the phar- 
lnacokilletic curve in the target species. The 
intravenous pharrnacokinetics of L-786,392 
were determined at 10 nlglkg (20). L-786,392 
has a plasma half-life [ T I / ,  (P) = 1.34 hours] 
and an AUC of 119 pg.hour,'ml (21). Al- 
though the plasma half-life of L-742,728 was 
1.35 hours, the AUC was 56.44 p,g.houl;'ml. 
The level of dlug exposure in the 4-week 
study was therefore twofold greater for 
L-786,392 compared to the equivalent dose 
of L-742,728. 

Support for the amelioration of i inn~u- 
notoxicity by expelling the MRS-pharma- 
cophore was evident from the absence of 
any pathological changes in rhesus mon- 
keys after admillistration of L-786,392 at 
doses up to 100 n1g:kgiday for 4 weeks 
(11 = 8). There was no anemia, lymphocy- 
tosis. nor any evidence of increases in lym- 
phoid tissue weights nor histological evi- 
dence for lymphoid hyperplasia (Table 2). 
Only low titers of drug-specific antibodies 
were obser\ed in rhesus monkeys (30- to 
60-fold less than seen with L-742,728) 
These antibodies a e r e  specific for the rlng- 
opened p-lactam moiety (like penicillin) 
and not the immunodominant 2-aryl side 
chain as seen with previous compounds. 
Thus, hemagglutination was inhibited by 
the ring-opened nucleus (<0.1 p,glml) and 
not by a fully elaborated side chain at up to 
250 pgiml, a measured selectivity of 
>2500 : 1. In this respect, L-786,392 at dos- 

Table 2. Comparison of drug week-4 hematology 
and spleen weights in rhesus monkeys treated iv 
with either L-742,728 or L-786,392. Values indi- 
cate average percent change from control. HCT. 
hematocrit; HgB, hemoglobin. 

L-786,392 
Para- L-742,728 
meter (45 mglkg) (50 (1 00 

mglkg) mg/kg) 

RBCs -8.7 0 1.8 
H CT -9.8 2.7 4.2 

-8.0 3.2 3.2 
Spleen 73 -9.0 8.9 

weight 
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es of 50 to 100 1ng:kg:day for 28 days 
behaved siinilarly to high-dose penicillin, 
In which measurable serum tlters to the 
rlng-opened p-lactam llucleus epltope are 
found with high frequency and do not im- 
pede acceptable tolerability 111 humalls In 
contrast to L-742,728. whlch Induced T cell 
proliferation in nai've rhesus and human 
lyinphocytes in vitro to at least sixfold 
above background, L-786,392 lacked any 
lymphoproliferative capacity on both rhe- 
sus and human lyinphocytes in vitro (22). 

Erythrocyte-bound lmmunoglobul~n G 
(IgG), induced by treatment of rhesus macaques 
wlth L-786,392 (50 mgkgtday) for 28 days. 
was determined by 1231-protein A binding (23) 
Thele were 210 i 36 IgG illolecules per eiyth- 
rocyte versus 53 i 10 for conkol, which when 
acid-eluted from these cells, showed no drug or 
side-chain specificity despite being above the 
limit of detection in the DAT assay. These IgGs 
remained bound in the presence of sufficient 
free L-786,392 that displaced the drug-specific 
serum antibody from the surface of in vitro 
haptenized RBCs. We conclude that the ob- 
served small increase in erythrocyte surface 
immunoglobulin was unrelated to the serum 
antibodies to ring-opened nucleus. I11 vitro ex- 
posure of RBCs to 10 mg/ml 2-aryl-carbapen- 
ems resulted in the formatloll of mole than 
20-fold more drug-speclfic IgG blndlng sltes on 
the RBC surface compared to L-786.392, sug- 
gesting that thls contnbuted quantltatlvely to 
the potential for aneinla 

The "releasable hapten" strategy used in 
the deslgn of L-786.392 was successful 111 

reducing the immunogenicity of thls inole- 
cule, both quantitatively and qualitatively, 
after 4-week high-dose exposure in rhesus 
macaques. 
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