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Introduction

The clinical immunology laboratory uses a variety of instru-
ments and technologies to provide researchers and clinicians means
to study the immune system and its components. It also functions to
perform various diagnostic tests of both humoral and cellular
immune activities. Standard immunochemical methodologies
include immunoelectrophoresis and various assays based on gel
precipitation of proteins. The analysis can be qualitative or quanti-
tative measures of antibody and complement activity. Other matri-
ces, such as latex or red cells, will agglutinate to reveal antigen or
antibody presence and relative amount. Serological techniques can
also use the properties of immunofluorescence, and complement fixa-
tion. Classical analytical methods for the study of cellular immune
function include T- and B-cell responses to mitogens or antigens,
and B-cell immunoglobulin synthesis in vitro. The increased DNA
synthesis, observed when leukocytes from two different individuals
are cocultured (mixed leukocyte reaction), is used to measure the
degree of histocompatibility.

One must emphasize, however, that the use of immunologic
testing is not a substitute for a careful history and physical examin-
ation. Too often, a patient is subjected to an extensive array of
tests, many of which are not standardized and have considerable
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Table 1
Cellular Parameters Measured by Flow Cytometry
Structural Functional
Cell size (1,2) Membrane integrity (23-25)
Cell shape (3,4) Membrane permeability (26,27)
Cytoplasmic granularity (5-7) Enzyme activity (28,29)
Pigment content (e.g., hemoglobin, Endocytosis (30,31)
lipofuschins) (8,9) Intracellular pH (32,33)
Protein fluorescence
(e.g., tryptophan) (10,11) Intracellular receptors (34,35)
DNA content (12-14) DNA synthesis (36,37)
DNA base ratio (15,16) Membrane fluidity (38,39)
Chromatin structure (17,18) Surface receptors (40—45)
RNA content (19,20) Cytoplasmic/mitochondrial
Total proteins (21,22) membrane potential (46,47)
Basic proteins (21,22) Cytoplasmic Ca* (48-50)

interindividual and even intraindividual variation. Such testing is
expensive and often has no clinical utility. It may even obscure a
diagnosis or confuse the clinician. With this in mind, we have chosen to
focus in detail on four newer technologies that are of particular
interest and usefulness to the contemporary clinical immunologist.
These are flow cytometry, monoclonal antibody technology, the
enzyme-linked immunosorbent assay, and recombinant DNA tech-
nology. We first present the basic concepts by which these methods
operate. These are followed by the application of these methods to
the study of the gp120 envelope protein of the human immunodefi-
ciency virus (HIV).

Methods and Techniques

Flow Cytometry

Basically, the process employed by flow cytometry is the sepa-
ration of individual cells or other units of biological materials in a
stream of liquid. These units are forced to flow in single file past
sensors that measure physical or chemical characteristics. Flow
cytometry can analyze materials as varied as immune complexes,
liposomes, cellular organelles, chromosomes, individual virus par-
ticles, bacteria, fungi, eukaryotic cells, cell hybrids, cell aggregates,
and even small multicellular organisms, such as brine shrimp.
Table 1 shows a list of various applications of flow cytometry in
analyzing cell structure and function, with representative refer-
ences in parentheses.
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Typically, whole or separated blood components, or a piece of
tissue from an organ or tumor biopsy, are prepared as a single cell
suspension. The cell suspension is placed in a pressurized cham-
ber and driven in a laminar and concentrically flowing sheath (usu-
ally composed of saline) through the flow cell. This process, called
hydrodynamic focusing, produces a laminar flow without mixing
sample and sheath. Hydrodynamic focusing forces cells to flow in a
narrow stream through the laser beam that transects the stream
horizontally. The driving pressures for the sheath and sample are
individually regulated. The velocity at which a cell passes through
the laser beam is determined by the sheath flow pressure. The sam-
ple pressure influences the sample flow rate and the sample stream
core diameter. A low sample drive pressure reduces sample delivery
rate and stream diameter. For example, the cells will be confined
more strictly to a single path through the laser beam. The sheath
fluid drive pressure regulates the velocity of the sheath flow, which
causes expansion or reduction of the sample core.

Depending on its design, the cytometer can use up to three
laser sources simultaneously. The multiple light sources are aligned
along a single excitation axis, in which they intersect the flow of
cells at a perpendicular angle. Cells pass through the light beams in
single file and interfere with the light path, resulting in light scat-
tering in all directions. Axial light loss, or the drop in energy, is
detected by a photodiode, which produces a signal proportional to
the loss of light energy. Forward light scatter is detected by fiber
optics, which direct the light to a photomultiplier tube. The tube
amplifies the signal for conversion into electrical energy. The two
signals are then processed to give information on cell size, refractive
index, and granularity. In this way, it is possible to identify cell sub-
populations without using specific chemical markers. For example,
based on light-scatter information, peripheral blood lymphocytes,
monocytes, and granulocytes can be distinguished.

Additional information may be gained through the analysis of
specific cellular components. In this case, the cells are placed in a
solution containing a fluorescent dye or a specific fluorescent anti-
body to a cell marker. Fluorescent emissions resulting from laser
excitation of bound fluorochromes are detected by long- and short-
wavelength fiber optics. These transmit signals to photomultiplier
tubes in direct proportion to the amount of fluorescent signal
detected.

The analog signal pulses are routed to circuits that respond only
to signals above a set threshold or within selected amplitude limits.
The signals are selected individually or in temporal pairs. They are
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displayed and/or recorded in different singular or combined forms
on an oscilloscope. Signal analysis is visually expressed as “chan-
nels.” Channels can be thought of as the x axis of a bar graph (histo-
gram) or the xy coordinates of a scatter plot (cytogram). A histogram
is used to represent a frequency distribution of a single input signal,
such as size. The cytogram provides a two-parameter array, for
example, size and granularity. Thus, two independent character-
istics of an individual cell can be simultaneously evaluated and
represented by a cytogram. Information on the frequency of size dis-
tribution, internal structure, or fluorescence of a cell is stored in
each channel that appears on the histogram or cytogram. Definable
regions within a histogram or cytogram make possible counts of the
entire cell population or subpopulations.

The most complex use of flow cytometry is the concurrent
identification, characterization, and physical isolation of indi-
vidual subpopulations of cells from larger, mixed populations. For
example, one may need to know if the distribution of DNA in a
lymphocyte subpopulation is associated with a specific cell-surface
antigen. This can be done by staining cells with fluorochrome-
labeled antibodies specific for the antigen of interest followed by
sorting. Flow sorting employs electrical and/or mechanical means
to select for cells with the desired characteristics. The analytic
optical signals are processed to produce electrical pulses that
charge the liquid stream. A positive or negative droplet containing
the desired cell is formed. Droplets broken off while the stream is
charged retain the charge. Downstream, the droplets pass through
an electrical field between two charged plates. Charged droplets
are deflected into a container or onto a slide while uncharged drop-
lets continue on the original course into a waste container or a third
container. The charging plates last for one or more droplet periods,
based on the time a cell is expected to enter a droplet. Charging
plates are synchronized. All drops formed are charged precisely to
ensure an equal charge on each droplet. In this way, the isolation
of relatively pure populations of viable cells can be achieved. The
sorted cells can then be stained with a DNA fluorochrome and
reanalyzed for DNA distribution. With multilaser systems, this
information is obtained simultaneously by staining the entire cell
population with fluorescent antibodies and DNA fluorochrome.
Concurrent measurements of antibody and DNA fluorescence in
each cell can then be made. By selecting certain threshold values,
the operator can choose all cells whose immunofluorescent signal
intensities are above a preselected level used for sorting and DNA
fluorochrome analysis.
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Although the most frequent clinical uses of flow cytometry are
counting and characterizing cells from peripheral blood samples
(561,52), single cell suspensions for flow cytometry analysis are also
prepared from solid tissues or tumors, and from adherent cultured
cells. Flow cytometry can also monitor bulk methods for the purifi-
cation of cell populations, such as sedimentation and centrifugation,
or affinity column-based separatory techniques. If large cell yields
are more important than high purity, bulk separation with flow cyto-
metric monitoring is more efficient than primary sorting. On the
other hand, if high purity is required, flow cytometry is more effi-
cient than microscopic analysis when sorting viable cells for further
analysis or manipulation, such as cell culture.

Two related problems are associated with the preparation of
cells for analysis. The greatest problem with flow cytometry is the
need for a test sample to be as monodispersed a suspension as pos-
sible. However, procedures that separate cells also remove most
adhesion molecules. Adhesion molecules are likely to be important
in the cells’ behavior. In this sense, the inappropriate use of flow
cytometry and single cell suspensions will result in “discarding the
baby with the bath water.” At that point, it will be preferable to use
image analyzers and microspectrophotometers with newly devel-
oped image intensifiers and laser scanners. The advantages of these
latter instruments are seen in the preservation of the physical orga-
nization of the cells being studied

Monoclonal Antibodies

In 1975, Kohler and Milstein reported their work on producing
mouse monoclonal antibodies (MAbs) to sheep erythrocytes (53).
Their contribution launched a new era in immunology. Using
somatic cell hybridization, it is possible to generate continuously
growing hybridoma cell lines, which synthesize and secrete MAbs
indefinitely. Since the first report, the use of MAbs has impacted on
almost every facet of biology.

MAbs are used in the research laboratory, where they remove a
previously worrisome source of variability in antisera. They are the
basis for the rapid expansion in clinical diagnostic tests utilizing anti-
body specificity as their indicator. They also brought simpler and more
sensitive assays to the laboratory where cumbersome chemical sep-
arations and analyses have been replaced. The entire gamut of
measurements that are germane to clinical medicine have been
affected. Besides providing the methodology for producing seemingly
inexhaustible amounts of homogeneous antibodies with a single speci-
ficity, Kohler and Milstein provided a prototype for the development
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of hybrid cell clones that immortalize cells that produce specialized
mediators, such as cellular growth factors or other lymphokines. Re-
cently, this same technology has been used for gene mapping and for
studies of gene expression and differentiation.

Producing MAbs involves somatic cell hybridization via the
fusion of an antibody-producing B-cell and a myeloma cell. The latter
is adapted to permanent in vitro growth, but lacks certain metabolic
processes, resulting in a requirement for exogenous metabolites. The
two cells are brought into close contact and treated with such agents
as polyethylene glycol to fuse their plasma membranes. The result-
ing fusion product contains both nuclei; a cell with two or more
dissimilar nuclei is a heterokaryon. In time, the nuclei fuse into a
single nucleus with genetic information from both original cells; this
is the hybrid. Hybrids usually lose some chromosomes, but retain
some properties of each parental cell. The end result is an immortal-
ized antibody-secreting cell.

When producing murine MAbs, the most commonly used mye-
loma mutants lack the enzymes hypoxanthine-guanine ribosyl
transferase and thymidine kinase. These are enzymes used in the
salvage pathway for DNA synthesis. Because these cell mutants
are unable to utilize hypoxanthine or thymidine, they die when the
endogenous synthesis of DNA precursors is blocked with aminop-
terin. Thus, these cells are unable to use either the salvage or de
novo pathways for the synthesis of DNA precursors. On the other
hand, the antibody-producing B-cells have an intact salvage path-
way (in the presence of aminopterin, their endogenous pathway is
also blocked). The cell hybrids, or hybridomas, that are produced
from the fusion event can survive in HAT (hypoxanthine, aminop-
terin, thymidine) medium. This is illustrated in Fig. 1.

The preparation of antibody-producing B-cells for fusion usu-
ally involves immunization. Administering an immunogen to ani-
mals normally results in the stimulation of a highly heterogeneous
population of cells. The degree of heterogeneity will be influenced
partly by the purity of the immunogen, as unwanted materials could
lead to unwanted antigen specificities. Also, different B-cells with
specificities for different sites or epitopes on the antigens will be
stimulated. Thus, the structural complexity of the purified antigen
is also a factor. Generally, the polyclonality of the immune response is
not a problem as long as the desired antibody responses are induced
to the degree that the subsequent screening procedures can isolate
the hybridomas of interest.

The choice of fusion partners for the B-cells also needs to be
considered. This is an especially critical factor in the production of
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Fig. 1. Hybridoma formation and Mab synthesis and selection.

human MAbs. Although the majority of MAbs have been derived
from mice and rats, human hybridomas, which produce human
MAbs, are particularly valuable to clinical medicine. For example, if
MAbs are to be administered to patients, the problems associated
with the rejection of xenogenic proteins are reduced. The production
of human MAbs has been impeded by the scarcity of human cell lines
that when fused will support the secretion of antibodies (54). HAT-
sensitive murine plasmacytomas have been used with human B-cells
to produce mouse x human hybrids (55-57). However, these inter-
species hybrids segregate human chromosomes and render the cell
unstable. Hybrids formed from human x human fusions are more
stable. Unfortunately, cells of the most differentiated human lym-
phoid neoplasias, the plasmacytomas, can rarely be maintained in
continuous culture. Of those plasmacytomas that have been estab-
lished in culture, few have the required deficiencies in their salvage
pathway enzymes, thus making them not usable as fusion partners.

Difficulties in obtaining suitable human myelomas for produc-
ing human x human hybridomas has prompted investigators to
search for lymphoblastoid cell lines among either malignant or nor-
mal hematopoietic tissues (568,59). However, lymphoblastoid cell
lines initially considered suitable as fusion partners were found to
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be infected with Epstein-Barr virus (EBV), were of polyclonal deri-
vation, and were diploid. The usual result was a relatively low effi-
ciency of fusion. An alternative approach to immortalizing human
B-cells has been the use of EBV to directly transform normal B-cells
into lines that can then be maintained in long-term continuous cul-
ture (60-62). The in vitro infection of human blood lymphocytes with
EBYV induces polyclonal immunoglobulin secretion. Therefore, it is
essential to first purify as much as possible the B-cells that secrete
antibodies of a particular specificity prior to transformation. At
present, this method has been of limited success because of the low
levels of MAbs secreted and problems with the stability of cells in
long-term culture.

A critical factor in the successful identification of useful MAbs
is the design of a highly selective screening protocol. The screening
of clones involves measuring the antigenic specificity of the anti-
bodies produced by them. For example, antibodies to interferon may
be detected by their ability to inhibit interferon activity. If MAb
recognition of certain cell types or cellular components is needed,
those cells or cell materials can be used as reagents to identify the
hybridomas secreting such antibodies. In addition to antigenic
specificity, other antibody qualities may be chosen. These include
avidity, affinity, and other thermodynamic or kinetic parameters.
Antibody isotype and biologic activities, such as complement fixa-
tion, mitogenesis, agglutination, and opsonophagocytic potential,
may also be considered.

MAbs are widely employed, usually after some chemical modifi-
cation. The most common change is the addition of enzyme, fluores-
cent, or radioactive tags. The resulting labeled antibodies have been
useful in many types of immunologically based assays. For example,
radiolabeled MAbs are used as probes in diagnostic imaging for the
detection of such malignancies as human colorectal carcinomas (63).
Toxic substances, such as ricin, may be covalently coupled to MAbs
specific for tumor antigens, which then deliver a toxic drug to the
tumor cells. In this way, higher concentrations of antitumor activity
can be directed to specific cells (64). Similarly, the conjugation of
other chemotherapeutic agents, such as daunomycin to MAbs has
been useful in the treatment of certain malignancies (65). MAbs have
also found uses in the separation of cells and other materials from
mixtures. For instance, reductions in graft-vs-host disease has been
achieved by the use of MAbs to remove cytotoxic T-cells in donor
bone marrow prior to transplantation (66). Polystyrene-coated mag-
netic beads have been conjugated to monoclonal antineuroblastoma
antibodies. The neuroblastoma cells bound to these conjugates can
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then be removed with a magnetic field (67). Finally, separation col-
umns using MAbs as affinity immunosorbents has eased the purifi-
cation of natural products or products manufactured by genetically
engineered bacteria.

The MAbs themselves can be structurally modified through
somatic cell genetics and recombinant DNA technology. The primary
nucleotide sequence of the immunoglobulin molecule can be altered
by isolating the corresponding genes or DNA fragments and modify-
ing the sequences coding for the heavy (H) and light (L) chains. A
variable (V) region of a mouse antibody can be linked to a human
constant (C) region, thus making the molecule look more like a
human immunoglobulin while retaining the ligand-binding proper-
ties of the original mouse antibody.

With the rapid development and refinement of recombinant
DNA methodologies, it was certain that MADb production would move
from mammalian cell fusion to genetically engineered antibodies
produced by prokaryotic cells. The major advantage is speed. Sev-
eral months are usually required for conventional fusion, cell cul-
ture, and screening processes. Genetically engineered antibodies can
be produced in 1-2 wk. Recently, Huse et al. (68) reported on a
lambda bacteriophage vector system that was used for the insertion
of anti-KLH p-nitrophenyl phosphonamidate H- and L-chain gene
sequences derived from mouse spleen cells into E. coli. The product
synthesized by the bacteria was an Fab fragment having specificity
for the immunizing antigen. Clinical applications with Fab frag-
ments of antibody molecules are many, including diagnostics and
drug-targeting immunoconjugates. The lack of the F¢ portion may
be advantageous in certain situations, as this decreases clearance,
adherence to cells, and complement activation. In other applications,
intact immunoglobulin molecules are required. In these cases, the
technologies needed to extend the H-chain genes and glycosylate
antibodies within mammalian cells are available.

Enzyme-Linked Imnmunosorbent Assay

Enzyme-linked immunosorbent assays (ELISAs) were devel-
oped as alternatives to radioimmunoassays (RIAs). The initial moti-
vation may have been the relatively onerous precautions required
with radioactivity of any sort, and the short half-life of most labels.
The precautions necessary for the minimal use of radioactivity added
substantially to time and costs of the assays. The first RIAs involved
reactant measurements by competitive binding of radiolabeled vs
unlabeled antigen with antibody. A separation step was needed to
distinguish between bound and unbound labeled antigen. Such
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Fig. 2. Different ELISA assays.

agents as ammonium sulfate, polyethylene glycol, trichloroacetic
acid, or second antibodies enhanced the precipitation of the anti-
gen—antibody complexes. Later, the precision and speed of separat-
ing complexes improved when the second antibody was immobilized
onto a “solid phase,” such as agarose, plastic, or Staphylococcus
aureus Cowan I strain bacteria. This “sandwich” type of RIA used
labeled antibodies, rather than labeled antigens. They offered sev-
eral advantages over the earlier competition type assays.

ELISAs have several advantages over the RIA. The use of ra-
dioactive materials has been eliminated. The labeled reagents are
stable and can be stored for long periods without loss of activity.
Multiwell microtiter plates, which replaced test tubes, are easy to
handle and, when used with automated well washers and plate read-
ers, large numbers of plates can be processed in a short period. The
use of plate readers, essentially specialized spectrophotometers, has
increased the sensitivity of ELISAs to the level of RIAs. Many dif-
ferent types of ELISAs are used in the laboratory (Fig. 2), and a
brief description of each of the most commonly used assays follows.

Perhaps the simplest type of ELISA is the indirect or sandwich
assay. Antigens, such as the measles virus, are passively bound to a
plastic microtiter plate through the use of a “coating buffer.” Crude
antigen preparations can be sufficient if appropriate controls are
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Table 2
Chromogenic Enzymes and Substrates Used in ELISA
Enzyme Substrate
Alkaline phosphatase p-Nitrophenyl phosphate
Horseradish peroxidase Orthophenylene diamine 2,2-azino-

diethyl-benzothiazoline-6-
sulfonate 5-amino-salicyclic acid
3,3,5,5-tetramethylbenzidine HCl

B-Galactosidase p-Nitrophenyl-B-p-galactosidase
4-methylumbelliferyl-B-p-galac-
tosidase

included to distinguish specific, nonspecific, and crossreacting inter-
actions. This step is followed by the addition of antisera, which con-
tain antigen-specific antibodies. These antibodies then bind to the
viral antigens. The nonbound material is washed away and the
remaining antimeasles antibodies are detected by adding an anti-
human immunoglobulin antibody conjugated to a chromogenic
enzyme. A large variety of enzyme-conjugated antibodies, including
MAbs, are commercially available. They are conjugated with differ-
ent enzymes, but alkaline phosphatase, horseradish peroxidase, and
B-galactosidase are most commonly used. If the enzyme-labeled
antibody is specific for a particular class of immunoglobulin, such as
IgM, then class-specific antibodies will be detected. The final step in
the ELISA is to remove the nonbound enzyme conjugate and add the
appropriate substrate (Table 2). Over time, the enzyme—substrate
mix generates detectable color changes, which are measured spec-
trophotometrically. The enzymatic activity can be stopped with
sodium hydroxide, sulfuric acid, or detergent. Otherwise, absor-
bance levels must be determined at prespecified times.
Concentrations of antigens can be determined using a two-site
ELISA. In this assay, antibodies bound to the wells of a plastic
microtiter plate are used to capture the corresponding antigen in
the test sample. MAbs and polyclonal antibodies have been used.
Most polyclonal antibodies bind well to plastic microtiter plates, though
certain MAbs do not. In such cases, binding has been increased
either by increasing the pH of the coating buffer or by covalently
binding the MAbs to bovine serum albumin. For capture antibodies,
the most important requirement, once they are bound to a solid
phase, is a high and specific binding capacity for antigen. In those
cases where crossreactivity exists, it can be removed by preabsorp-
tion with immunoabsorbents. MAbs offer a major advantage in
specificity and availability. However, in some cases they may be too
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specific and will not recognize all of the epitopes or antigens that one
would like to detect. In these cases, mixtures of MAbs have been used
to ensure the presence of all necessary specificities. The antigens thus
captured are then detected by a second enzyme-labeled antibody. It is
preferable that the two antibodies used are derived from the same
species to avoid species crossreactivity. This assay provides a rapid
and simple method for antigen detection, particularly when sample
and conjugate can be added simultaneously.

The class-capture ELISA is suited to cases in which it is desi-
rable to separate a particular class of immunoglobulins from a sample
prior to measurement of antibody activity. The capture antibody must
be specific for a single immunoglobulin isotype, such as IgM, in order
to detect class-specific antibodies. Otherwise, antigen-specific anti-
bodies of other classes could interfere with these measurements. The
primary purpose of this initial step is to eliminate a larger concentra-
tion of irrelevant isotypes that might interfere with the detection of
the class of interest. Class-capture assays have been used for the
detection of specific IgM antiviral antibodies and IgG or IgE antibod-
ies to various allergens. Class-capture assays have many advantages
over conventional indirect ELISAs using class-specific enzyme-conju-
gated antibodies. They avoid competitive inhibition caused by anti-
bodies of the same specificity that may be present in much higher
serum concentrations. For example, IgG antiallergen antibodies may
be in much greater concentration than IgE antibodies with the same
specificity, making the latter difficult to detect.

In competitive ELISAs, competition for binding to antigen can
be done by using an antigen-coated microtiter plate where a fixed
level of enzyme-labeled antibody competes with varying levels of
unlabeled antibody in the sample. The relative concentrations,
epitope specificities, and affinities of the test and competing anti-
bodies are crucial to achieve a sensitive, specific, and reliable assay.
Sensitivity can be increased if the unlabeled test antibody is allowed
to bind to the antigen before the labeled reagent is added. The sig-
nal in all competitive assays is inversely related to the concentra-
tion in the sample.

A similar approach can be used to measure antigen in a test
sample. In this case, antibody binding to antigen on a solid phase is
inhibited by soluble, nonlabeled antigen. The resultant activity is
measured by adding an enzyme-labeled antiimmunoglobulin. Such
assays have been used to measure the potency of allergen extracts.
The presence of soluble antigen in the sample can also be deter-
mined by competition with soluble-labeled antigen for binding to
antibody on a solid phase. The sensitivity and specificity of the
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procedure is greatly dependent on having a supply of antigen suffi-
ciently pure to allow efficient labeling. The sample must also be
appropriately robust to ensure retention of antigenicity during
labeling and must possess the same epitope specificity as the test
antigen. This method, as with other antigen-detection methods dis-
cussed, is affected by the presence of antibody in the sample.

The ELISA can be amplified and sensitivity increased by simple
devices. The simplest is by the use of the observed strong binding of
biotin to avidin. Generally, antibody conjugation with enzyme is a
one-for-one or one-for-two situation. Biotin is a smaller molecule,
and 10 or more may conjugate to an antibody without destroying
its activity. Avidin has strong-affinity biotin receptors. Such en-
zymes as alkaline phosphatase can be conjugated to avidin. In this
type of ELISA, there is an additional step of binding of avidin—alka-
line phosphatase conjugates to biotinylated antibodies. In this way,
five or more enzymes will be bound to one antigen—antibody com-
plex. The degree of color developed from any initial antigen concen-
tration will be correspondingly greater, and lower antigen concen-
trations detectable.

A similar amplification occurs if a second antibody technique is
used. The antigen-detecting antibody is unlabeled. The immune
complex is disclosed when an enzyme-conjugated antibody recogniz-
ing the first antibody is used. Many second antibodies may bind to
the first antibody, at differing epitopes. The enzyme activity of the
immune complex is proportionally enhanced. The level of detectable
antigen is lower than in the direct assay (69).

Genetic Engineering with Recombinant DNA

Recombinant DNA, as the term implies, is the introduction of a
gene or set of genes from a donor source into the recipient strand of
DNA. Paul Berg and his coworkers constructed the first recombi-
nant DNA molecule in 1971. They successfully opened the SV40
DNA molecule and spliced it to a bacterial chromosome. This accom-
plishment introduced a new era in molecular genetics (Fig. 3). The
product results in the tandem expression of donor and recipient
genes. Genetic recombination is a naturally occurring biological pro-
cess in virtually all organisms. Recently, the term recombinant DNA
has taken on a specific meaning because of major advances that have
occurred in our understanding of plasmids and DNA metabolism.
We are now able to routinely isolate genes from various organisms
and incorporate them into eukaryotic or prokaryotic cells. The
result has been the development of technology that makes it pos-
sible to manufacture enormous quantities of biologically active and
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clinically important substances, to insert genes into metabolically
deficient cells, or to insert resistance genes into normal human cells
to protect them during chemotherapeutic treatment of neoplasia.
In the laboratory, recombinant DNA results from joining seg-
ments of DNA from different sources in vitro. Usually, the DNA
segments are derived from different species. After introducing
recombinant DNA into bacterial cells, the organism synthesizes
the gene products of the newly acquired DNA. Special enzymes,
called restriction enzymes, are required to produce recombinant
DNA. This family of enzymes recognizes unique sites on the DNA
molecules that are short, symmetrical sequences of bases. Restric-
tion enzymes cut double-stranded DNA (both plasmid and foreign
DNA) within these unique sites at staggered positions on both
strands. This results in several pieces of DNA with single-stranded
self-complementary ends. The cut foreign DNA pieces are mixed
with the cut plasmid DNA pieces and, with the help of a DNA ligase,
join together to form a recombination of foreign and plasmid DNA.
Once constructed, the recombinant plasmid is introduced into a
bacterial cell by a process called transformation. Chemical sub-
stances are used to treat the cell walls of the recipient bacteria to
remove structural barriers and increase their permeability to DNA.
Transformed cells become hybrids, which carry a plasmid contain-
ing recombinant DNA in addition to their own genomic DNA. Each
time the bacterium divides, so does the plasmid, thus maintaining
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the recombinant DNA. Plasmid recombinant DNA is transcribed
and translated in products harvested from cell cultures and uti-
lized in a variety of applications. Most bacterial cells do not readily
secrete substances they synthesize into the culture medium. There-
fore, cells must be collected and lysed to harvest the gene product
of interest. Current efforts in genetic engineering aim at generat-
ing recombinant cells that naturally secrete their product into cul-
ture medium.

Another focus in genetic engineering is using eukaryotic cells
as recipients of recombinant DNA and as producers of recombinant
DNA products. Different technology is required to construct plas-
mids containing eukaryotic genes intended to synthesize and secrete
a particular product. The problem is that eukaryotic genes consist of
two regions, exon regions, which code for the protein product, and
intron regions or intervening sequences within the gene, which do
not code for a protein product. Eukaryotic cells transcribe the entire
sequence of the gene (both exons and introns), and then excise the
intron regions of the messenger RNA (mRNA) and splice the exon
regions of the mRNA to form the sequence that will be translated
into functional protein.

Bacterial cells do not contain enzymes that can excise intron
RNA. Therefore, a bacterial cell cannot make functional mRNA or
protein from eukaryotic genes. For eukaryotic genes to be functional
in bacterial cells, a DNA copy of the eukaryotic mRNA is made in
vitro with viral reverse transcriptase. This complementary DNA
(cDNA) represents the entire coding sequence of DNA for the pro-
tein of interest (containing all of the exons, but no introns). The
cDNA is then introduced into a bacterial cell in the form of a recom-
binant plasmid and can be transcribed and translated.

Recombinant DNA research has increased our understanding
of gene regulation and has provided a means for producing enor-
mous quantities of clinically important biological substances. The
contributions of recombinant DNA to modern medicinal therapeu-
tics include (1) production of natural and synthetic peptides, (2) sub-
unit vaccines, (3) MAbs, (4) nucleic acid hybridization probes for in
vitro and in vivo diagnostics and biological imaging, (5) production
of therapeutic targets for rational drug design, and (6) the use of
cloned enzymes as stereospecific catalysts in large-scale production
of small medicinal molecules. For instance, human genes have been
inserted into bacterial DNA for the production of somatostatin,
human growth hormone, insulin, and interferon. Growth factors,
such as epidermal growth factor (EGF); lymphokines, such as tumor
necrosis factor (TNF), and interleukins (IL-1 through IL-7) are also
being produced in this manner.
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Recombinant vaccines, such as the recombinant form of hepati-
tis B vaccine, have been successfully used for immunization. Simi-
larly, peptide factors, such as streptokinase, which is used clinically
for the dissolution of blood clots, are now being manufactured by
genetically engineered bacteria. Clearly, recombinant DNA technol-
ogy provides the potential for producing virtually any biological
molecule used for clinical therapeutic purposes. Use of similar tech-
nology for other situations, such as the insertion of genes to offset
metabolic deficiencies or provide resistance to chemotherapeutic
agents, requires more sophisticated engineering. These genes must
be regulated so as to become an integral part of the cell’s life.

The Clinical Inmunology Laboratory and AIDS

The acquired immunodeficiency syndrome (AIDS) will be used
to illustrate how the aforementioned methods have been applied in
the laboratory. However, the vastness of AIDS research makes it
necessary to focus on a relatively small segment of this subject. We
will discuss the application of flow cytometry, ELISA, MAbs, and
recombinant DNA to the study of the HIV-1 envelope protein, gp120.
This well-described glycoprotein is of great interest, because it func-
tions to attach viral particles to the CD4 surface antigen of cells.
Antibodies to gp120 may also neutralize this virus, thus making this
of considerable importance in vaccine research. The rest of this
paper will give an overview of how the methods described earlier
were used in identifying the CD4 molecule as the ligand of gp120, in
mapping the epitopes of gp120, and in generating and evaluating
recombinant gp120 vaccines.

gp120 and CD4

Mammalian T-lymphocytes can be segregated into two major
groups based on surface protein markers. Those that possess the
CD4 antigen are considered to be of the “helper” type while those
that express CD8 are termed “suppressor/cytotoxic” T-cells.
Although relatively early observations had shown that infection by
HIV was associated with CD4* T-cells, understanding the relation-
ship of CD4 and gp120 required the use of MAbs. Dalgeish et
al. (70) and Klatzmann et al. (71) were able to block the in vitro
infection (as measured by reverse transcriptase activity and syncy-
tia formation) of CD4* cells with HIV by preincubating target cells
with MAbs to CD4. MAbs to other target antigens did not have the
same protective effect. The direct binding of HIV to CD4* cells was
demonstrated by McDougal et al. (72). Following incubation of lym-
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phocytes with HIV, they were able to detect the cell-bound viral par-
ticles through the use of fluoresceinated antibodies to HIV and flow
cytometry. The CD4 phenotype of these susceptible cells were con-
firmed by flow cytometry. They then showed that preincubation of
CD4* cells with virus blocked the detection of the CD4 antigen with
MAbs. Also, through recombinant DNA technology, the transfer of
the CD4 gene and its expression to previously CD4- human cells
made these cells susceptible to infection by HIV (73). In regard to
gpl120 and CD4, the binding of CD4 with gp120 was demonstrated
by the ability of CD4 to coprecipitate the radiolabeled viral gp120
(74). Also, the introduction of changes into the nucleotide sequence
of the gp120 gene was shown to affect gp120-CD4 association (75).

Epitope Mapping

Studying the immune response to the AIDS virus has at least
two major applications. One is determining if a response is gener-
ated to the etiologic agent and, if so, why individuals still succumb
to this disease. The other is the development of vaccines to prevent
infection by HIV. The function of gp120 in initiating contact between
the virus and its target cell, coupled with the known antibody
responses to this protein, make gp120 of central importance in AIDS
research.

Despite the attractiveness of gp120 as a target of vaccine devel-
opment, a major obstacle is the variability within the gp120 amino
acid sequence. Conserved and hypervariable regions have been docu-
mented in the amino acid sequences of different strains of gp120
(76,77). Of concern was the finding that the predicted antigenic
regions were also the most variable, suggesting that vaccines would
be unlikely to enable individuals to respond favorably to the many
HIV strains to which they could be exposed. However, the finding
that uninfected children born to seropositive mothers were protected
by maternal anti-gp120 antibodies implied that protection can be
achieved (78). In fact, much has been written about the neutralizing
activity of antisera to recombinant, synthetic, and purified gp120.
Most of the neutralizing activity (generally measured as the inhi-
bition of syncytia formation or reverse transcriptase activity) is
centered on epitopes on the third hypervariable region (V3), also
called the principal neutralizing determinant (PND). As expected,
the antibodies tended to be type- or variant-specific in that they did
not neutralize heterologous HIV isolates (79-81). On the other hand,
there were also reports of antisera neutralizing several HIV isolates,

suggesting that responses to conserved epitopes may be generated
(82-84).
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Table 3
Binding Specificities of Monoclonal Antibodies to gp120
Neutralizes

MADb MADb type Epitope® HIV?® Refs.
110-1 Mouse C, CD4-, aa 489--511 No 85
110-4 Mouse V, V3+, CD4-, aa 303-323 Yes 85
9284 Mouse V, V3+, aa 307-330 Yes 86
0.5p Mouse Closer to COOH terminus

than 9284 Yes 86
5C2E5 Mouse L, C,CD4*, aa 397-439 Yes 87
N70-1.9b Human D,v,Vv3: Yes 88
P4/D10 Mouse C, V3+, aa 304-323¢ Yes 89
L5.1 Mouse C, aa 79-103 No 89
RL16.76.1 Mouse C, aa 251-270 No 90
1E3 Mouse V, Carbohydrate Tn Yes 91
G3-4 Mouse D,V3-, CD4* Yes 92
448-D Human D, C, V3-, CD4* Yes 93
559/64-D Human D, C,v3-,CD4* Yes 93
588-D Human D, C, V3-, CD4* Yes 93
450-D Human L, C, V3-, CD4*, aa 487-509 No 93
BAT085 Mouse L, V,V2+, CD4-, aa 169-183 Yes 94
G3-136 Mouse D, V, V2+, CD4*, aa 169-183 Yes 94

¢D, discontinuous or L, linear; C, conserved or V, variable, determined by cross-
reactivity of MADb with different strains of HIV or by comparison with amino acid map
by Modrow et al.; V3*, located in V3; V3-, not located in V3; CD4*, inhibits gp120/CD4
binding; CD4-, does not inhibit gp120/CD4 binding; aa, amino acid residues.

®Neutralization parameters include blocking of gp120/CD4 binding, syncytia forma-
tion, and cytopathic effect.

cAlthough this segment of gp120 is considered variable, Akerblom et al. identified
a conserved site within V3, which may have allowed for the broad specificity of this
neutralizing antibody.

In order to study the immune response to gp120 in more detail,
epitope mapping with MAbs was done. By generating MAbs to seg-
ments of the macromolecule, whether these segments are conforma-
tional or linear, the immunogenicity of these individual segments
and their importance in viral neutralization can be analyzed. Table
3 gives a representative sample of publications that reported on the
ability of anti-gp120 MAbs to neutralize viral activity and their loca-
tions of binding on gp120. As noted, the functional characteristics of
these MAbs varied according to whether their epitopes were:

1. Linear or discontinuous;

2. Considered to be segments of hypervariable or conserved amino
acid residues;

3. Part of the CD4 binding site; and

4. Important in viral neutralization.
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One consistency appears to be that all MAbs that did not neutralize
virus had conserved epitopes. Also, all MAbs that bound to the V3
region had neutralizing activity.

One MAb, P4/D10, was representative of six MAbs that recog-
nized the principal neutralizing determinant, yet neutralized a wide
variety of HIV isolates. Akerblom et al. (89) identified a conserved
four-amino-acid segment within the V3 region that may have been -
responsible for this activity. This was done with MAbs to gp120 deriv-
ed from the immunization of mice with purified gp120, recombinant
and synthetic linear gp120 peptides, and the ELISA. The reactivity of
these MAbs to HIV were first measured by their ability to neutralize
viral infectivity and their ability to bind to recombinant gp120
(rgp120) by the indirect ELISA. These MAbs were then grouped
according to their gp120 epitope specificities. This was done by a com-
petitive ELISA in which one MAb was used to block the binding of
another to rgp120. Three general epitope specificities were identified.
In order to further define the specific epitopes recognized by these
MAbs, indirect ELISA was performed using 15-amino-acid synthetic
peptides representative of gpl120 epitopes. P4/D10 was one of six
MAbs that reacted strongly with sequences 304—-318 and weakly with
309-323. Another group, represented by L5.1, bound to determinants
closer to the amino terminus of gp120. These specificities were also
confirmed by a competitive ELISA in which individual MAbs were
incubated concurrently with two different synthetic peptides, one
solubilized in the buffer and the other bound to the solid phase (plas-
tic well). The binding of MAbs specific for the solid-phase antigen
should be inhibited by the same antigen in solution, but not by differ-
ent antigens. Fine mapping of the epitope of P4/D10 was done using a
series of eight-amino-acid peptide sequences that were constructed
with seven-amino-acid overlaps; this was done for gp120 sequences
from nine HIV strains. Interestingly, all six neutralizing antibodies
of the P4/D10 group responded to the sequence QRGPRG. The
conserved GPRG was predicted to form a P turn, and neighboring
residues were thought to be important in the presentation of this
sequence. Thus, relatively constant regions may be found among
variable regions to which vaccine development can be directed.

The ELISA may also be used to measure other characteristics
of anti-gp120 MAbs. Karwowska et al. (93) were able to determine
the binding affinities of their MAbs to recombinant gp120. Basically,
known concentrations of a MAb were preincubated with varying
quantities of rgp120. These mixtures were then added to ELISA
plates with wells coated with the rgp120; the coated wells then re-
acted with the unbound antigens. Dissociation constants were then
determined from these data.
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In order to determine if the epitopes of anti-gp120 MAbs were
also CD4 binding sites, flow cytometry has been used. The incuba-
tion of gpl120 with CD4* target cells, followed by antibodies 9284
(86), 110-1, and 110-4 (85); fluoresceinated antiimmunoglobulins;
and flow cytometry analyses confirmed that gp120 bound to their
targets. Inhibition studies in which gp120 was preincubated with
MADbs showed that 9284 and 110-1 did not interfere with binding to
CD4. At very high concentrations, 110-4 did provide some inhibi-
tion. However, this was thought to be artifactual, because the con-
centrations of 110-4 required for viral neutralization was much
lower. Therefore, the epitopes recognized by these MAbs were prob-
ably not within the CD4 binding regions.

Recombinant Vaccines

AIDS is a chronic condition that ultimately leads to death
through opportunistic infections. Although treatments for the HIV
and subsequent infections are being studied, prevention assumes
the use of vaccines. In this regard, the response to gp120 has been of
interest to researchers, and immunization with gp120 obtained from
recombinant DNA technology is one the major strategies currently
being used. Various aspects of the human immune response to
rgpl20 has been reported, including the induction of antigen-spe-
cific cytotoxic T-lymphocytes (95) and salivary antibodies (96). Vac-
cination studies in humans and baboons will serve as examples of
how the methods described in this paper have been used in immuni-
zation protocols and assessments of efficacy.

Gorse et al. (97) reasoned that gp120, which retains its native
conformational epitopes, are more likely to generate useful humoral
responses to viral infection than denatured antigens. Their vaccine
was derived from an infectious clone of HIV-1 ,.. The gpl160 was
produced by cultured insect cells transfected with a recombinant
baculovirus expression vector containing the gp160 gene (gp120is a
cleavage product of gpl60, the other gene product being gp41).
Human volunteers were innoculated with this subunit vaccine
supplemented with an alum adjuvant. Using flow cytometry, the
researchers were able to detect native-antigen-specific antibodies to
HIV gp160, including those of two other strains. The detection
method used HIV-infected or rgp160-pulsed cell lines that expressed
the gp160 antigens on their surfaces. Serum antibodies bound to
these cells could then be detected by fluoresceinated antihuman
antibodies and flow cytometry. These results were confirmed by
ELISA; the antigens used included both whole viral lysates and
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rgpl60. Although viral neutralization assays were not done, this was
a positive step toward vaccine development.

Other researchers also believed that native antigens were more
likely than denatured antigens to generate protective immunity.
This is especially important, because antibodies to carbohydrate
epitopes have been described (91). Toward this end, Haigwood et al.
(98) produced native, glycosylated rgp120,,, in Chinese hamster
ovary cell cultures. Immunizations of baboons with this antigen were
compared to denatured rgpl20 produced by yeast cells. Haigwood et
al. also evaluated the effects of the timing of immunizations and
different adjuvants on the immune responses. Using two viral neu-
tralization assays (syncytia formation and gag protein production),
they noticed that the native antigen gave humoral responses of
higher titers directed to a broader range of HIV isolates than the
denatured antigen. Comparisons of antigen-specific antibody titers
were also confirmed by ELISA using the recombinant antigens. The
results of this study demonstrated that immune responses to con-
served epitopes, common to a relatively large number of HIV iso-
lates, are much more likely to be generated by native recombinant
antigens than denatured, linear antigens. They also noted that not
all of the HIV isolates neutralized by native gp120 antisera con-
tained the conserved GPRG sequence, again suggesting that useful
conserved epitopes are conformational and not linear. Finally, adju-
vants were essential in the development of responses to heterolo-
gous strains of virus.

Leukocyte proliferation assays using rgp160 as antigens have
also be used as measurements of the effectiveness of rgp160 as an
immunogen. Peripheral blood leukocytes from gpl160—immunized
healthy human volunteers were exposed to rgp160 in vitro to gener-
ate secondary immune responses (99,100). The results showed that
immunization of healthy people does generate an antigen-specific
cellular immune response without compromising the ability of leu-
kocytes to respond to other stimuli, such as mitogens.

Conclusion

The four technologies outlined in this paper are widely used in
the clinical diagnosis of, and research into, many immunological dis-
eases. They are also of immense importance in biotechnology. It is
hoped that this overview of concepts and applications of flow cytom-
etry, ELISAs, and recombinant DNA gives the reader an appreci-
ation of the numerous ways in which these technologies can be used
in the immunology laboratory.
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