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Summary

An increasing number of implantable biodegradable polymeric drug systems are
now in clinical use or undergoing experimental and clinical investigations for di-
verse therapeutic applications. This article summarizes the use of copolymers of
lactic and glycolic acid as carrier materials for the controlled release of antigens
for vaccination and of chemotherapeutic agents for the therapy of chronic micro-
bial diseases. These approaches illustrate some of the important conceptual and
technical issues that must be considered in the future development of implantable
biodegradable polymeric systems. These systems offer considerable promise for
achieving controlled release of the new classes of biological mediators produced
by recombinant technology, particularly those vaccines intended for use in the Third
World. The future development of these systems will almost certainly require the
use of specialized approaches to particular delivery problems but, overall, the de-
velopment is viewed with considerable optimism.

1. Introduction

Biodegradable polymeric drug-delivery systems have been the subject of applied
research and development for approximately two decades (for reviews, see Refs.
1-3). This paper provides a brief review of the future opportunities and challenges
for implantable, biodegradable drug carriers. Particular emphasis will be given to
the use of copolymers of lactic and glycolic acids in a matrix type formulation to
illustrate the potential merits and shortcomings of such systems [4-18].

It is considered that the future application of these delivery systems will em-
brace two broad areas of therapeutic utility. The first is in the delivery of the
emerging new classes of biological mediators, most notably peptides and proteins
produced by increasingly powerful synthetic methods and by recombinant DNA
technology. One particularly intriguing application concerns the potential utility of
polymeric systems in engineering novel controlled release profiles to augment the
immunogenicity of molecules in new vaccination strategies. This contrasts with the
historical emphasis to polymeric systems which have focused primarily on their
ability to achieve longer-term zero-order release profiles. Biodegradable polymers
also offer important opportunities for the ‘protection’ of labile macromolecules as
an additional property, coupled to the advantages of controlled release. The con-
formational subleties of complex macromolecular biological mediators can be pre-
served in polymers in much the way a delicate rose is preserved for display in plas-
tic. Of course, the requirement for mediator stability must be coupled with the
design and synthesis of a protective polymer that fulfills the desired biodegrada-
bility plus reproducible release kinetics.

The second major area of future application of biodegradable polymeric drug-
delivery systems is in improved patient compliance. Several examples will be dis-
cussed as to how this can be exploited to therapeutic advantage in chronic dis-
eases, affecting populations in which socio-economic and cultural factors often im-
pose significant obstacles to sustained therapy with conventional dosage forms.
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This brief review provides an outline of some of the emerging applications of
biodegradable polymeric systems in developing novel approaches to vaccine tech-
nology, the use of controlled release technology in improved therapy of microbial
infections and also in promoting patient compliance.

II. Background

The significant research interest in the development of subcutaneous implanta-
tion devices for long-term maintenance of therapeutic drug levels coincides with
the increased medical and public acceptance of such drug-delivery systems. This
represents an area of investigation in which significant progress can be expected,
and a diverse array of drugs and support materials are presently under investiga-
tion. These systems take the form of either encapsulation or a formed matrix, or
a combination of the two systems. .

These two types of polymeric delivery system, in turn, can be further divided
into two subgroups: those in which no residual material remains at the implant site
at the end of the delivery period and those in which some non-degradable or non-
absorbable material remains. In the former, the biodegradable structural material
is either a natural substance, such as cellulose or protein, or a synthetic polymer
which degrades to natural products, such as small acids found in metabolic path-
ways, e.g., copolymers of lactic and glycolic acids. In contrast, in the second cat-
egory of non-degradable polymers the implant must be tolerated long-term and not
evoke any adverse responses, or it must be removed surgically. Not surprisingly,
biodegradable polymers are preferred because follow-up surgical procedures pose
various risk levels (depending on the site of implantation), and significant invasive
procedures are both costly and worrying to the patient.

Polylactic acid, polyglycolic acid and the poly(lactic/glycolic) acid copolymers
(PLGA) have been used for many years as surgical sutures because they are bio-
degradable, biocompatible and exhibit moderate strength in tension, compression
and bending. These properties make PLGA copolymers desirable for use in other
medical applications. Over the past two decades, PLGA copolymers have been in-
vestigated extensively for the delivery and controlled release of compounds such
as proteins and various pharmaceutical products.

The physical advantages of PLGA copolymers include strength, hydrophobicity
and pliability. The polymer is water insoluble but is degraded by hydrolysis to the
monomers, lactic acid and glycolic acid, which are water soluble. PLGA is mis-
cible with a wide variety of biologically active compounds. Solid formulations of
polymer with a biologically active compound can therefore be prepared and de-
signed to respond to (an) aqueous environment(s) by slowly releasing both the
compound and lactic and glycolic acids.

A variety of drug/PLGA systems are currently under development as candidate
systems for the {ong-term maintenance of therapeutic drug levels. Systems have
been devised successfully for the delivery of a range of chemical classes and to
achieve delivery periods that vary from days to years. Typically, these systems are
fabricated in forms in which the drug is either encapsulated or incorporated into
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the matrix, or a combination of these two forms. Only matrix-type systems will be
discussed in this article. The final formulation must be characterized not only in
terms of its chemical composition but also with respect to physical features such
as size, shape, density, and porosity which determine the drug/polymer release
profile.

Materials are released from PLGA-compressed matrices via a combination of
diffusion and erosion. As drug particles which are solvated diffuse out of the ma-
trix, the exposed polymer is hydrolyzed and released as monomers. New
drug/matrix surface is thus exposed and the process of diffusion and erosion con-
tinues. The mechanism of release is complex. Despite extensive mathematical
modeling of release profiles, no single model is able to correlate the impact of pol-
ymer formulation, drug properties, drug loading profile and dosage form on the
release rate(s). Empirically, however, sufficient data are available to permit the
design of PLGA systems with desired release characteristics.

PLGA polymers can be prepared in any molar ratio of lactic to glycolic acids.
The proportion chosen is important in determining the in vivo degradation rate
[19]. Polymers prepared in a 50:50 proportion are hydrolyzed much faster than
those which have a higher proportion of either monomer. For use in drug delivery
systems, lactic acid is usually selected as the predominant species because it is more
hydrophobic than glycolic acid.

Both the molecular weight and the molecular-weight distribution of the polymer
affect the lifetime of the device. The dependence of release rate on polymer mo-
lecular weight was demonstrated in work on the sustained release of sulfadiazine
from polylactic acid (Fig. 1). The release rate was reduced as the molecular weight
of the polymer increased up to 100000. Beyond this size no differences were ob-
served. It has also been shown that lowering the polymer dispersity from 2.0 to
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Fig. 1. Effect of molecular weight of 50dl/50L.(+)-lactic acid copolymers on the cumulative percent WR-
7557 released in vitro from 1.5 mm diameter beads containing 33.3% WR-7557.
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1.4 produced a system for the release of pyrimethamine, which had a reduced in-
itial level of release and a constant release rate for a longer period [2].

The rate of release of a particular drug from a specific PLGA matrix can be con-
trolled by manipulating the percentage drug content in the drug/polymer compos-
ite. This is illustrated by the release of the narcotic antagonist, naltrexone from
PLGA matrix beads [7]. Four different drug-loading percentages, ranging from 50
to 80%, were prepared in a 75L/25G PLGA copolymer prepared as rods 1.6 mm
in diameter. Analysis of drug release in vitro showed that release rates increased
as loading increased (Fig. 2). The time taken to achieve 80% release varied from
8 to 45 days. '

Very soluble active macromolecules, such as proteins, are released relatively
rapidly from PLGA systems. Long-term delivery of protein such as antigens for
single-dose immunization systems or peptide hormones in various therapeutic set-
tings will require PLGA matrix systems with very low drug contents.

The gross physical features of the dosage form (size and shape) are of less sig-

100 T

90—

60—

501

40—

Symbol Naltrexone loading T,oo (days)

Cumulative percent naltrexone released

(o] 80 % 19
20 a 70°, 31 -
] 60 51
[w 90 %6 66
10] —
| i | { 1
o 10 20 30 40 50 60 70
Days

Fig. 2. The effect of naltrexone loading on drug release rate and duration from 1.6 mm diameter rods
(75L/125G PLGA) showing the dependence of release rate on drug loading.
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nificance in determining the release rate. The choice is made primarily on the basis
of the specific delivery requirements. Oral systems may be coated beads or pow-
ders. Bolus devices are often monolithic cylinders 1.9 cm in diameter. Subcuta-
neous or intramuscular implantation can be constructed as rods, beads or sus-
pended powders. Often the ability to retrieve implanted devices after a period of
use is desirable. This is accomplished most easily with rods, but is impossible with
powders, and difficult for beads that are small enough to be easily implanted
through a trocar.

The prepared materials can be sterilized by gamma radiation. The cobalt-60
process, at 2.5 Mrad dosage, is effective and has been shown to have minimal im-
pact on release rate [2].

III. Pulsed release

One of the most attractive features of polymeric drug-delivery systems is that
the release of materials can be engineered to come within precise and well-con-
trolled time periods thus enabling ‘pulses’ of drug release to be created. This is
particularly attractive in situations where multiple drug combinations are required.
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Fig. 3. Biphasic-pulsed release of d-norgestrel from PLGA polymer (90% di-lactide/10% glycolide).
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Fig. 4. Biphasic dual-pulsed release of norgestrel from 50% levonorgestrel/50% PLGA matrices (75%
L-lactic/25% glycolic acid). Note the different release profiles to Fig. 3.

The utility of pulsed release is illustrated by studies on the controlled release of
the contraceptive steroid, d-norgestrel. PLGA matrices were prepared and ex-
truded as cylindrical rods 1.5 mm in diameter. Some rods were coated with pol-
ymer of the same composition as the matrix. Fig. 3 shows the in vivo release of d-
norgestrel from implants composed of 90% dl-lactic/10% glycolic copolymer with
an average molecular mass of 145 kDa. These results reveal an initial burst of drug
release lasting two weeks, followed by a second burst of greater duration occurring
approximately two months after implantation. The coated rods (not shown in Fig.
3) did not show the first burst. Similar results were obtained with a lower molec-
ular mass (40 kDa) PLGA (75% vr-lactic/25% glycolic acids). In tests with rabbits
an initial burst is seen in the first week, followed by a second burst peaking at about
day 100 (Fig. 4).

IV. Potential applications of polymers in the controlled release of antigens for im-
munization

Implantable, biodegradable systems offer considerable promise for the sequen-
tial pulses of biological mediators such as peptide and proteins. Such molecules
are now attracting considerable attention as therapeutic candidates because of re-
cent advances in synthetic chemistry and genetic engineering which have made it
possible to obtain and characterize such molecules on a scale that could never be
achieved by classical approaches of extraction from tissues. Biocompatible. bio-
degradable polymeric systems also offer several attractive features as immunolog-
ical adjuvants in single-dose vaccines. Immunization schemes against a number of
parasitic, viral and bacterial infections, as well as toxins of military interest, could
benefit from these systems. For example, a vaccine preparation could be con-
structed to deliver two timed-release pulses of immunogen. The challenge is to en-
gineer the presentation of antigen as two temporally distinct, controlled ‘bursts’,
in a manner sufficient to stimulate lasting immunity. Success would be encourag-
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ing because it would enable safe. single-dose mass vaccination of military person-
nel or others at risk of exposure to unusual agents, and would enhance the effec-
tiveness of worldwide vaccination programs against conventional diseases, such as
malaria and other diseases endemic in the Third World, in which logistical consid-
erations are all too often a major obstacle to repeated vaccination of individuals
living under poor socio-economic conditions and/or remote locations. Pulsed de-
livery of two immunizing doses from a single injection would eliminate the need
for a second visit for ‘booster’ vaccination. Naturally, such systems are applicable
only to those diseases in which lifelong, or at least prolonged, immunity can be
evoked by exposure to antigen(s) for the time for which pulsed release can be
achieved and sustained.

Vaccine preparations could be implanted subcutaneously as rod-shaped mat-
rices of poly(lactic/glycolic) acid together with the immunizing antigen. In this novel
system the rods would also act as adjuvants and release antigen slowly over a pe-
riod of several days post-implant, following a second repeat inoculation via a pulse
of antigen release after a period of weeks. The aim is to achieve a controlled re-
lease system designed expressly for immunization and not to seek to achieve the
traditional zero-order controlled release kinetics for which polymeric systems have
been used in the past.

In the future, biodegradable polymer matrices for biologicals could be devel-
oped for the treatment of many different diseases. The release pattern for these
mediators will not necessarily follow traditional zero-order release kinetics, and will
be designed to achieve release profiles that will elicit the optimal immunological
or therapeutic response.

For the examples cited above, the need is to protect personnel from incapaci-
tation caused by microbial infections or toxins. The threatening sources of expo-
sure are both natural and unnatural (biological warfare agents). The latter must
still be considered by military commands despite current treaties banning the use
of such agents. In both the military and non-military situations, the number of
people to be protected is large and presents major logistical problems. The method
of immunization must be simple, safe, effective. economic, and it is highly advan-
tageous if a single-dose immunization system can be used.

Vaccines of interest could include, for example, anthrax, cholera, plague, yel-
low fever and malaria. Multi-dose vaccines for these infections are becoming avail-
able, but the logistics of repeated dosing often render them impractical for military
use and is certainly a hindrance to their rapid deployment. Similarly, in the more
routine non-military indications, multiple-dose vaccination programs are difficult
to implement in parts of the world where the need is often greatest, in which eco-
nomic, cultural and/or geographic factors are major handicaps to obtaining re-
peated access to individuals at risk to disease.

A possible solution is to develop a biodegradable, implantable immunological
synthetic adjuvant that has the timed-release profile required to provide long-last-
ing immunological protection. An implanted vaccine of this kind would present the
immunogen(s) in such a manner as to enhance the response of the immune sys-
tem. As in conventional vaccines, it is obligatory that the immunogen be properly
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stabilized prior to release and that the epitope sites which evoke protective im-
munity, whether humoral or cell-mediated, are presented to the immune appara-
tus in an optimal manner.

To achieve effective protective immunity, it is likely that the delivery system will
need to provide bi-modal or dual-pulsed timed release of antigen(s). An initial burst
of antigen release over a period of several days after implantation will be required
to induce the primary immune response. After a period of weeks, during which
little, if any, antigen will be released, the system will then need to release spon-
taneously a second antigen pulse. The release profile will mimic the events ob-
tained with two separate inoculations. An idealized release profile is shown in Fig.
5. We consider that multipulsed systems could be developed in the future that would
be able to simulate three or more separate injections.

Current evidence suggests that a suitable dosage form will be as a rod-shaped
matrix of poly(lactic/glycolic) acid (PLGA) plus the antigen(s). The rod-shaped dose
form is easily implanted subcutaneously with a trocar [20]. The total dose will be
small. Once implanted, the device should not be unusually noticeable. Mass in-
oculations could be given safely to all personnel at risk. For solid delivery forms,
surgical removal is possible if this should become necessary. However, since the
entire device is biodegradable, it would leave no final residue.

In classical immunization procedures, a single-dose of antigen is delivered in one
injection. Antigen is present at a high level for a short time, but is soon lost from
the inoculation site. Short-term immunity may be achieved in this way. With re-
peated treatments a secondary immune response is evoked which may impart last-
ing immunity. The length of time that free antigen from a single injection is pres-
ent may be extended by delivering the antigen in an oil-based medium, as in
Freund's Complete Adjuvant (FCA), which degrades and releases antigen slowly.
However, even with the use of adjuvant, multiple doses are usually required. Also,

Release

Fig. 5. Idealized modulated bi-modal dual-pulsed release profile.
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the nature of the degradation products of FCA renders it unsuitable for human
use. The issue of optimal antigenic *mass’ must also be considered. If the concen-
tration is too low the immune tolerance may develop rather than protective im-
munity.

Long-term release of antigen from a non-degradable polymer matrix has been
demonstrated by Langer [21}. This method was as effective in inducing antibodies
in mice as conventional administration of two doses of the antigen in FCA. A con-
trolled release system that would allow a second burst of antigen to be delivered
should elicit a secondary immune response and thus provide lasting immunity (at
least for those immunogens which elicit long-term immunological memory).

A second example of the application-controlled release systems for vaccination
is in poliovirus immunization. Polio remains a serious public-health threat in many
areas of the world. Although vaccination programs have been effective in reducing
the incidence of disease in western countries, efforts to provide worldwide pro-
tection have been less successful. The success of poliovirus immunization schemes
in the Third World has been compromised by the problem of intercurrent disease,
particularly enteric disease, and the stability of the vaccine. In addition, the logis-
tical problems involved in the administration of two or more vaccine doses which
require repeated visits are substantial. Many populations may be difficult to revisit
because of remote location, nomadic lifestyle or various economic or political
problems.

It has been shown in some countries that poliovirus immunization programs, al-
though wide-reaching, produce only limited levels of herd immunity. Although the
reasons for failure are undoubtedly complex, the lack of potency of oral polio vac-
cines in areas where diarrhea is endemic is viewed as a major problem. It is not
uncommon for more than three sequential doses to be required to evoke protec-
tive immunity under these conditions. Even when an extended immunization can
be achieved the frequency of successful immunization may still be inadequate.

Viral vaccines have had a major beneficial impact on world health. The success
of these products has, however, been greatest in the more developed countries in
which the widespread availability of primary health care, strong public health
schemes and the availability of refrigerated facilities for the transport and storage
of vaccines each facilitate efficient immunization. Unfortunately, in the Third World
such services are not always available and the transfer of vaccine from the man-
ufacturer to the village, can be dislocated by many factors. The lack of refrigera-
tion facilities is a particular problem and a breakdown in the ‘cold-chain’ from
manufacturer to patient results in loss of vacine activity.

There is, therefore, an urgent need for a poliovirus vaccine that could offer two
advantages over current vaccines. Firstly, improved heat stability would reduce
storage needs and increase the reliability of immunization in diverse climates. Sec-
ondly, a single-dose vaccine would eliminate the need for repeated follow-up con-
tacts with every individual receiving vaccination.

Two different types of poliovirus vaccine are presently available. An injectable
dose form, consisting of killed polio viruses, is utilized to create an immunological
memory of the polio antigen. When an adequate dose is given, life-long memory
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is induced. Upon subsequent exposure to the disease, neutralizing antibodies are
induced rapidly and prevent the onset of clinical disease. This type of vaccine is
sold in the U.S.A. by Squibb/Connaught. The vaccine must be refrigerated until
used, and has a shelf-life of 12 months; multiple doses are given to ensure that
adequate 1mmunologlcal memory is achieved.

The oral vaccine contains a live attenuated strain of poliovirus. This vaccine has
achieved significant popularity in vaccination programs in western countries. The
live virus propagates in the gut and induces seroconversion and long-term immu-
nologic memory in analogous fashion to natural infection. -

Significant advances in both biology and engineering have occurred since the in-
troduction of the present poliovirus vaccines. It is now feasible instead to consider
the use of a heat-stable, killed poliovirus vaccine which could be given as a single
dose. This goal can be accomplished by using recent advances in biotechnology.
These technologies include:

— high-yield virus-production methods which reduce the cost and the number of
batches needed for system verification;

new methods for drying killed virus to increase its stability;

improved knowledge of the causes of protein destabilization;

— new methods for the stabilization of macromolecules and viruses;

new knowledge of the structure of poliovirus;

the use of genetic engineering for large-scale production of heat-stable antigens
and/or antigenic variants produced by site-specific mutagenesis.

In summary, stabilization of the poliovirus by entrapment in a polymeric matrix,
in conjunction with these technical advances. could offer two substantial advan-
tages: (1) elimination of the need for refrigeration and (2) immunization with a
single inoculation.

V. Applications of controlled-release systems to enhance patient compliance in anti-
infectives therapy and vaccination

As noted earlier. a major area for future use of controlled-release technologies
is in addressing problems of patient compliance. this approach of new formulation
for traditional pharmaceutical products as well as the newer product classes being
generated by biotechnology. Potential applications in the therapy of mycobacterial
diseases will be discussed as representative examples.

VA. Drug-delivery systems in the treatment of chronic microbial diseases tubercu-
losis

The development of chemotherapeutic agents for infections caused by Myco-
bacterium tuberculosis has changed dramatically the importance and threat of this
disease in western countries. Although current drug regimens are therapeutically
effective and well tolerated, problems remain. Some patients may not have access
to therapy because of their location in Third World nations. For these individuals
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therapy may be too expensive or unavailable. Even when these obstacles do not
exist, therapy 1s burdensome and extends over long periods. For a vast number of
cases, the ultimate problem in effective treatment is comphance.

Compliance problems can be approached by the use of controlled-release drug
delivery systems. Recognizing that effective chemotherapy of tuberculosis involves
the administration of multiple drugs. a possible delivery system would need to be
one in which several drugs are released at rates appropriate to each other. In ad-
dition, since dosing regimens change during the course of chemotherapy, it may
be advantageous to develop a system with biphase release kinetics in which an in-
itial two-month release profile is followed by a four-month cycle of release of a
second drug combination. The development problems inherent in considering this
type of delivery system for drug combinations are complex. However, discussion
of such systems in the context of the therapy of a prevalent and well-known dis-
ease serves 1o illustrate the exciting prospects for the future of controlled-release
drug-delivery systems.

For a disease considered curable and preventable, tuberculosis has continued its
assault on the United States’ and world’s populations. In 1983, over 23000 new
cases of tuberculosis were reported in the United States alone and approximately
2000 deaths from tuberculosis have been recorded by the National Center for
Health Statistics in each of recent years. Also, in the growing epidemic of AIDS,
mycobacterial infections are emerging as important opportunistic pathogens in this
particular immunocompromised population. Internationaily, approximately 10
million new cases occur each year with 2 million annual deaths. In addition, mil-
lions more of the world’s population are believe to be infected by the tubercle ba-
cilli, many of whom will develop clinical disease. Tuberculosis thus warrants re-
newed attention, with full eradication of the disease as the objective.

The primary reason for the failure to achieve clinical cure in tuberculosis despite
the availability of effective chemotherapy, is not lack of expertise on the part of
the practising physician in prescribing therapy, but reflects the inability of many
patients to fulfill the complete treatment cycle. Patient compliance is a major ob-
stacle to total disease eradication, and compliance problems are particularly prev-
alent in Third World countries.

It is unfortunate that tuberculosis is not like syphillis, which can be cured with
a single injection, or like pneumococcal pneumonia. which can be treated effec-
tively with 5-7 days therapy with a single oral agent. The current state-of-the-art
therapy for tuberculosis requires, at a minimum, 6 months of multi-drug therapy
to achieve a high likelihood of cure. Herein lies the problem of total disease erad-
ication. The socio-economic status and geographic locations of the many stricken
populations are not conducive to compliance with such complex treatment regi-
mens. '

Treatment for tuberculosis has undergone several major changes over the past
few decades [23]. One of the first effective modes of treatment to be used was the
use of enforced rest and exercise in isolated sanatoria. Lung collapse procedures
and resections were also probably beneficial in selected cases, but their benefit was
never proved. The development of specific chemotherapeutic agents represented
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a watershed, and is perhaps the only true revolution in tuberculosis treatment. Al-
though the morbidity and mortality attributable to tuberculosis were decreasing
under older regimens, chemotherapy markedly accelerated the decline of the dis-
ease in western countries.

Truly effective chemotherapy for tuberculosis started in 1952 with the introduc-
tion of isoniazid (Hopewell, P.C., personal communication; in part). Although
streptomycin had been introduced 6 years earlier, the lack of a suitable companion
agent to inhibit the emergence of resistant organisms had limited its value [24].
Shortly after streptomycin was introduced it became apparent that patients who
improved initially after drug treatment worsened subsequently [25]. It was soon
determined that the organisms isolated from patients who had relapsed were no
longer susceptible to streptomycin, thereby defining the important principle that
bacterial populations are not uniform in their susceptibility to these agents. The
concept of multi-drug chemotherapy in tuberculosis was first validated in a British
Medical Council study in which streptomycin was supplemented by para-aminos-
alicylic acid [26]. Treatment with more than one drug has now become standard
in the management of tuberculosis. -

With identification of the need for a multi-drug regimen of isoniazid. plus strep-
tomycin and/or para-aminosalicylic acid, subsequent efforts focused on defining the
optimum combinations of these agents and the duration of therapy. In 1962. the
Medical Research Council reported that for inpatients with cavitary pulmonary tu-
berculosis the relapse rate was significantly less after 24 months of therapy than
after 12 months; relapse rates of 4% vs. 22%, respectively [27]. This same study
also demonstrated that an initial 6 weeks of therapy with streptomycin to supple-
ment isoniazid and para-aminosalicylic acid reduced the incidence of treatment
failures. but did not alter relapse frequency.

Based on these results, it came to be generally accepted that the optimum du-
ration of treatment was 24 months. Treatment with isoniazid and para-aminosal-
icylic acid was regarded as sufficient for patients with limited disease, but strep-
tomycin was commonly given for an initial 30-90 days in patients with more severe
disease.

In addition to improvements in patient survival. a second important benefit of
intensive chemotherapy was that fewer survivors served as potential sources of new
infections due to the reduction in tubercle bacilli in their sputum. As in the case
of improved survival. the reduction in the prevalence of chronically positive pa-
tients reached its maximum in 1956.

In the 10-15 years after an understanding of the basic elements of effective drug
therapy was developed. a number of important modifications have been intro-
duced in programs bv which tuberculosis patients have been treated. Hospitali-
zation, which had been regarded as an essential component of care for all. or part.
of the treatment period. was shown to confer no benefit compared to treatment at
home [28]. Moreover. it was demonstrated that chemotherapy was very effective
in reducing or eliminating the infectivity of patients. thereby decreasing the need
for their isolation [29]. Other long-held notions concerning effective treatment were
also eliminated. Diet and rest were shown not to be important factors in deter-
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mining the outcome of disease [30.31]. Surgical procedures became of less and less
importance in patient management [32]. Finally, it was recognized that anti-tu-
berculosis drugs could be given in single daily doses or even twice weekly without
decreasing their effectiveness [33.34}.

In 1967, the effectiveness of ethambutol as a substitute for para-aminosalicyclic
acid was reported [35]. Ethambutol was readily accepted as a much more tolerable
and less toxic companion drug for isoniazid. However, in terms of potency,
ethambutol (at least in the doses studied; 15-25 mg/kg per day) did not represent
a significant improvement over para-aminosalicylic acid. Thus, by 1970 the stand-
ard treatment for patients with pulmonary tuberculosis in the United States, Can-
ada and the United Kingdom consisted of treatment with isoniazid and etham-
butol for 18-24 months, often supplemented by an initial 1-3 months of
streptomycin [36]. Therapy was administered as single daily doses. largely on an
outpatient basis. with little emphasis on diet or rest. Isolation was less commonly
used, although still employed in certain centers.

The next major advance in chemotherapy for pulmonary tuberculosis resulted
from the discovery of the antimycobacterial effect of rifampin, and the demon-
stration that using the combination of isoniazid and rifampin, generally with
ethambutol, streptomycin or pyrazinamide, duration of treatment could be short-
ened dramatically [37.38]. The impetus for attempting to decrease the duration of
treatment owed much to the observation that the available regimens were very
much less satisfactory under usual operational circumstances [39]. Compliance
continues to be a major problem in the United States as well as in developing
countries [40,41]. It was assumed that, by shortening the length of treatment, ef-
forts could be focused on compliance. In addition, a treatment program of less than
12 months would not pose a daunting prospect for the new patient, thereby fos-
tering compliance.

A large number of the clinical trials of drug regimens for pulmonary tubercu-
losis involved different durations of therapy. Interpretation and comparison of the
outcome of one study vs. another is complicated, since the inclusion and exclusion
criteria are often poorly defined. It is difficuit to determine if selection bias influ-
enced the composition of the groups studied. In many reports appropriate statis-
tical analysis is lacking, and insufficient information is provided to allow statistical
significance to be assessed. The treatment periods, and the definitions of treat-
ment failure, relapse and adverse reactions also vary in different reports. Often,
one cannot determine whether patients were '‘managed in a routine manner or re-
ceived special care. This last factor is particularly important in assessing the po-
tential regimen for use under field conditions.

In spite of these shortcomings, the data accumulated in these studies allow sev-
eral important generalizations to be made. Firstly, although there are reports of
good clinical results obtained with regimens lasting less than 6 months, relapse rates
with regimens of this duration are high. Secondly, in regimens of less than 9 months,
and probably in any regimen of less than 12 months, rifampin is an essential com-
ponent, at least for the initial 1-2 months. In addition, the outcome of regimens
of less than 8 months duration is probably better if rifampin is used throughout.
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Thirdly, pyrazinamide given in the initial phase of treatment improves the efficacy
of regimens of less than 9 months duration. It does not appear, however, that con-
tinuing pyrazinamide beyond the initial two months improves the outcome of
treatment. Fourthly, at least in the doses usually given, ethambutol detracts from
efficacy when substituted for pyrazinamide. There is suggestive evidence, how-
ever, that ethambutol may be a satisfactorily substituted for streptomycin. Fifthly,
it also appears that continuation of streptomycin beyond the initial 2 months does
not improve outcome. Finally, there is good evidence that intermittent adminis-
tration of appropriately chosen drugs after an initial daily phase, and perhaps from
the outset of treatment, achieves results equal to those of daily administration.

In summary, it seems safe to state that the minimum acceptable duration of
treatment is 6 months. The initial phase of a 6-month regimen should consist of
isoniazid, rifampin, pyrazinamide and either streptomycin or ethambutol given daily
for 2 months. The second phase should consist of a 4-month regimen of isoniazid
and rifampin given daily, 3 times weekly or 2 times weekly. With treatment du-
rations of 9 months, the need for three or four drugs in the initial phase is not
clear. Moreover, isoniazid and rifampin may be given twice weekly after an initial
1 month of daily treatment, or perhaps even from the outset.

There are several caveats that apply to these recommendations. Firstly, the or-
ganisms must be susceptible to the drug(s) used. Secondly, patients must take all,
or nearly all, of the prescribed treatment. Thirdly, the sputum should be negative
for tubercle bacilli by culture at the end of 3 months of treatment. If the sputum
still contains M. tuberculosis after 3 months of therapy, the patient should be reas-
sessed carefully to determine whether a change in treatment regimen is indicated.

VB. Rationale for a controlled-release drug-delivery system for tuberculosis treat-
ment

The development of effective chemotherapeutic agents for tuberculosis has done
much to contribute towards the eradication of this important debilitating disease.
It is encouraging to note that research on this disease has progressed to the point
that ‘cure’ can be assured for almost all cases provided that long-term patient com-
pliance is guaranteed. One of the major reasons for treatment failure is premature
curtailment of therapy.

By definition, a 100% cure rate in all cases requires a vigilant approach to treat-
ment. Recognizing, however, that one of the obstacles to total disease eradication
lies in the treatment of the noncompliant patient, a case can be made for a con-
trolled-release drug-delivery system for treatment of tuberculosis. A drug-delivery
system for a combination of currently available drugs administered as as single in-
jection would make it possible to contemplate a global disease eradication pro-
gram with the aim of achieving the more modest, yet realistic, goal of a cure rate
of greater than 50%.

The dosing schedule for a possible drug delivery system of this kind is shown in
Fig. 6. This scheme seeks to achieve a 6-month regimen in which an initial 2-month
treatment cycle with one drug combination is followed by a 4-month course with
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(Drugs A,B,C)  (Drugs A,D)

Regimen 3
(Drugs A,B,C,D)

Fig. 6. Dose profile for proposed controlled release delivery of multiple drug combinations for the
therapy of tuberculosis.

a second combination. The objective is to deliver one two-component system (reg-
imen 3) at the time of the initial diagnosis. One component (regimen 1) of the sys—
tem contains drugs of first-course chemotherapy (shown as A, B and C,.e.g.,
fampin, pyrazinamide, ethanbutol), which is projected for the first 2 months The
second component (regimen 2) of the system contains the drugs of second -course
chemotherapy (shown as A and D, e.g., rifampin and isoniazid). The advantage
of such a system lies in its design. By incorporating a judicious choice of drugs, it
may be possible to elicit a ‘cure’ in a majority of potentially non-compliant pa-
tients with minimally toxic side effects. Thus, with a reasonable degree of confi-
dence, the physician may be able to treat patients that are likely to present com-
pliance problems.

It is p0551ble that the objectives of a multi-drug delivery system can be accom-
plished via the development of an tmplantable ‘rod’ containing the appropriate
drugs in combination with a biocompatible biodegradable polymer, such as PLGA
(polylactic/glycolic acid). This is a type of controlled-release drug-delivery system
which has met with success for a number of years.

Its formulation for use in tuberculosis is viewed as realistic. Immediate efforts
would focus on the fabrication of a multi-drug-delivery system that is capable of
achieving the projected drug-release profiles, while longer term goals would ad-
dress the overall efficacy of the system from the perspective of treatment of pop-
ulations with a high level of non-compliance caused by challenging economic and/or
logistical considerations.

Although the overall goal would be the formulation of a ‘single dose’, 6-month
controlled-release system, interim research goals could be met by the successful
development of two separate formulations: one multi-drug controlled-release sys-
tem for use in the initial 2-month cycle, and another for a subsequent 4-month
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treatment cycle. Thus, depending on physician judgement and the level of patient
compliance, a ‘double dose’ treatment schedule could be used if the smgle -dose’
system had not been developed.

VC. Leprosy

A second example of an area for future application of controlled-release tech-
nology in which the problem of patient compliance is also severe involves another
mycobacterial infection: leprosy.

The term ‘leprosy’ is frequently avoided because of its unfortunate historical and
social connotations. It is often referred to as Hansen’s disease and is caused by the
microorganism Mycobacterium leprae. Like tuberculosis, leprosy has long plagued
mankind and is described in texts dating from 600 B.C. [42-45}]. The majority of
cases today occur primarily in Africa and Asia, where leprosy is endemic. The dis-
ease is also prevalent in South America with an estimated 200000 cases. It is es-
timated that there are 10.6 million leprosy patients world-wide, but this may be a
conservative figure {46,47]. Of these, only 3 million are registered. Leprosy is not
a major problem in the United States, which has approximately 5000 cases, with
300 new cases diagnosed each year.

Lepromatous leprosy (LL) or nodular leprosy is the more severe form of the
disease causing incapacitating deformity of the hands and feet. Progressive phys-
ical disability carries with it social rejection, resulting in segregation of infected in-
dividuals from the rest of the community. After infection is established, the en-
suing disease is a benign process, that may take years to reach a terminal stage.
The other form of leprosy, nerve leprosy, is associated with atrophy of the muscies
and nerves, and disease progression takes longer than nodular leprosy.

Current problems in the treatment of leprosy are attributed to the growing re-
sistance of M. leprae to the chemotherapeutic agent dapsone [49,51] and to the
lack of patient compliance {52]. For almost 40 years, diaminodiphenylsulfone (DDS,
Dapsone) has been used widely as the drug of choice in leprosy control programs.
Dapsone is cheap, safe and effective, usually achieving rapid clinical but slower
bacteriological improvement. There is, however, some tendency to relapse when
drug therapy is discontinued.

- Presently, a major problem in dapsone monotherapy is the increasing resistance
of M. Laprae to this drug. A study by the World Health Organization (WHO) re-
ports that primary resistance (i.e. confirmed before treatment) to dapsone is wide-
spread and increasing {46]. It has been reported that secondary resistance (i.e., drug
resistance during the course of treatment) is also increasing in treated or relapsed
patients [53]. Resistant cases pose an obvious risk as a source of new infections.

Multi-drug therapy has been recommended for all leprosy cases as a counter-
measure to drug resistance. The principai drug combination involves intermittent
administration of rifampin with dapsone {54]. In the U.S.A. the prescribed dose
is 100 mg dapsone daily and 600 mg rifampin weekly [55]. In other parts of the
world, a combination of dapsone, rifampin and clofazimine has been recom-
mended by W.H.O. Even with this regimen there is evidence of rifampin resist-
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ance occurring in relapsed patients. Reports of the apparent absence of clofazim-
ine resistance has enhanced its use in therapy [56]. Unfortunately, few studies have
examined the question of clofazimine resistance in detail. In addition, this com-
pound produces an objectionable reddish-brown pigmentation of the skin.

The limited number of anti-leprosy drugs currently available and the growing
problem of resistance make the development of anti-leprosy drugs or a vaccine a
difficult problem. A further problem is the lack of rapid in vitro methods for cul-
tivating M. leprae. Numerous attempts to cultivate M. leprae on artificial media
have been unsuccessful and the supply of purified M. leprae is obtained from in-
fected Armadillo tissues [46]. Present screening methods employ the mouse foot
pad for the study of drugs for activity against M. leprae [59,60]. While there are
many advantages to using the mouse foot pad in terms of statistical requirements
and convenience, the toxicity and the pharmokinetics of agents in this species are
often unfavorable and not necessarily predictive of the human response.

As in the case of tuberculosis, the problem of patient compliance in leprosy is
due primarily to the long duration of therapy. A typical drug regimen includes self-
administered daily dapsone with a once-per-week dose of rifampin. However, a
once-per-month dose of rifampin has also been shown to be effective. A maximum
period of therapy is 36 months for paucibacillary cases and a minimum of 24
monthly clinic visits and supervised doses for multi-bacillary cases [54]. One rea-
son given for the patient non-compliance in following this regimen is the lack of
confidence in modern treatment because the regimen and the illness are relatively
enduring during initial treatment [61,62].

The magnitude of non-compliance in leprosy is high. A study by Collier [64]
showed that at the end of the first year of treatment, the default rate was nearly
50%. According to another study, irregular attendance (clinical treatment visits less
than 9 times out of a possible 13 yearly visits) was seen in 30-50% of patients each
year [64]. A combination of factors are responsible for the high magnitude of non-
compliance in Third World nations: population migrations and displacements, cost,
health beliefs, lack of education and instruction, social rejection, and the lack of
overall care for the patient’s disabilities.

A leprosy vaccine is only in the early stages of development, and the search to
improve the efficacy of existing drugs, as well as the development of new com-
pounds, continues. As mentioned earlier, new drug development is hampered by
the inability to cultivate M. leprae in vitro. Given that non-compliance is a major
problem in leprosy control, it would be an advantage to have a drug-delivery sys-
tem for anti-leprosy drugs that would alleviate the need for the individual to ad-
minister daily and monthly doses of dapsone and rifampin, respectively. The tech-
nology and development of a long-acting delivery system for these anti-leprosy
drugs has yet to be accomplished because of some major obstacles. For the drugs
currently used in leprosy chemotherapy, a system would have to be devised to de-
liver very large amounts of drugs (700 mg dapsone weekly). This is not considered
feasible. Even if the dapsone dosage could be reduced, the long duration of the
drug treatment still requires very large amounts of drug to be incorporated in a
delivery system. If lower doses of existing drugs were efficacious or new drugs were
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effective against M. leprae in lower-dose forms, the concept of a long-acting drug-
delivery system would have considerable merit for use in this extremely wide-
spread and debilitating disease of man.

The long duration of the drug treatment requires very large amounts of drug to

be incorporated in a delivery system. The major question of how best to admin-
ister therapeutic drugs in large amounts, such as those used in leprosy chemo-
therapy, is an important focus of immediate and future work which is needed in
the design and development of new long-acting drug-delivery system.
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reagents and in vitro immunisation show promise as an alternative strategy (Vanx,
D. unpublished results). Association of organelles with the cytoskeleton may also
play an important role in control of intracellular fusion by facilitating their move-
ment within cytoplasm [77]. The roles of free Ca®* and of intracellular metabolic
signalling events have not been defined.

Delivery of endosome content to lysosomes is influenced by the nature of the
receptors involved (cf. uptake of opsonised vs. living pathogens) and by their de-
gree of cross-linking. As shown by Mellman and his colleagues, polvvalent FeR-
ligand interactions result in degradation within lysosomes, unlike monovalent
binding which results in FcR recycling from endosomes to the surface. The degree
of acidification as endocytic organelles move into the cell and pH-sensitivity of re-
ceptor-ligand interactions determines whether and where a ligand (e.g.. transfer-
rin) or a constituent (e.g., Fe?*) dissociates from its receptor.

At one time the properties of macrophage acid hydrolases seemed well defined,
but in recent years studies in this area have lagged behind in relation to other as-
pects of vacuolar physiology. It is known that M@ contain relatively high levels of
numerous hydrolytic activities capable of degrading all natural macromolecules,
and that levels of some of these can be markedly induced by digestible and non-
digestible endocytic stimuli. Recently there has been interest in catheptic activities
in endosomes, i.e., pre-lysosomal organelles, because of their possible importance
in ‘processing’ of protein antigens. The molecular biology of M@ hydrolases de-
serves further study because of their potential role in catabolism.

111.9. Secretion and extracellular interactions

Although these are major M@ responses regulated by plasma membranc recep-
tors, a detailed consideration of these functions falls outside the scope of this re-
view [78,79]. M@ are able to release a wide range of products (protein. lipid and
low molecular weight products) by rapid mobilisation from cellular precursors (c.g.,
leukotrienes from arachidonate) or by vesicular secretion, following induced syn-
thesis. Some products have only a short lifespan or range of action (e.g., O3}, oth-
ers enter the circulation and influence targets locally and systemically (e.¢., 11.-1,
cachectin/TNF). Targeting of M@ by agents could induce secretion via receptor
ligation and therefore result in desirable and undesirable consequences for the host.
The selectivity of responses (e.g., proteinase release vs. respiratory burst) is not
understood and receptors such as CR; induce endocytosis without triggering a res-
piratory burst. For example, CR; and MFR contribute to uptake of unopsonised
zymosan, a yeast wall product which is a potent stimulant of both a respiratory
burst and arachidonate release, but the role of individual M@ receptors in me-
diating these secretory responses is still unclear.

Extracellular cytotoxicity, e.g., antibody-dependent lysis, is an important host
defence mechanism involving mainly O,-dependent killing. Since FcRs. for cx-
ample, are excellent triggers of the respiratory burst oxidase complex, it is possible
to target the destruction of cells or organisms by an appropriate antibody. In some
murine experimental tumour models specific monoclonal antibodies of the 1g(G2a



