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A GREAT DEAL OF RESEARCH CONDUCTED OVER THE PAST TEN YEARS HAS
established potent antiretroviral therapy as a tried and true way of dras-
tically reducing Hi1v replication. Less is known about strategies to en-
hance T-cell production to preserve or restore immune function in
HIV-infected patients. This is not to say that immune-based research and
evaluation is not being conducted. Work completed at the Gladstone In-
stitute of Virology and Immunology—not to mention the numerous oth-
er immunology labs throughout the world—is a testament to this. As the
Gladstone Institute’s Dr. Laura Napolitano affirmed at the January prN
meeting, much progress has been made. Not only do we better under-
stand the mechanisms by which cp4+ cells are lost in HIV-infected in-
dividuals and then gained in response to antiretroviral therapy, re-
search in this regard has given rise to a number of potential pharma-
cologic strategies that continue to be explored in studies.

I. The Rise and Fall of CD4+ Cells

DUBBED “THE SEAT OF COURAGE’ BY THE GREEK PHYSICIAN GALEN IN THE
second century Ap and “the abode of the soul” by other ancients, the thy-
mus has long been an organ of great scientific interest. It was not un-
til the 1950s that the thymus was classified as a lymphoid organ. With
the explosion of immunology as a distinct biological field of study in the
1960s and 1970s, more detail regarding the function of the thymus
and its relationship to the rest of the immune system rapidly emerged.

Peaking in relative size by the time of a baby’s first birthday, the thy-
mus is an organ with a distinct cellular organization. It lies in the up-
per part of the mediastinum behind the sternum, extending upwards
into the root of the neck. The thymus is divided into two or more seg-
ments—called lobes—composed of grape-like clusters demarcated by
cortical and medullary regions. From the end of the first trimester of ges-
tation through adolescence, the thymus clearly functions as an organ of
de novo T-cell production. At puberty, however, things change quite
dramatically. While the organ maintains its size and “wet” weight, the
healthy-looking thymic tissue of the younger organ is gradually lost and
replaced by deposits of fat. This process of “involution” is continuous,
and beyond the age of 40 to 50 functioning thymic tissue is hard to find.

The process of T-cell production begins in the bone marrow, where
progenitor cells are released and then migrate to the thymus for expan-
sion and differentiation (thymopoiesis). In the thymus, maturing T-cells
must undergo two selective processes. First is a positive selection to retain
only those cells with T-cell receptors (Tcrs) that can recognize “self” rra
molecules. This is followed by a negative selection to remove those cells
with unwanted, “anti-self” Tcrs. In this way, the only T-cells to survive—
approximately 1% of all T-cells that enter the thymus for maturation
each day—are those that can effectively engage in an immune response
later. Those cells move out into the peripheral circulation as naive

(cD45RA+CD62L+) cD4+ and cps+ T-cells. Within compartmentalized lym-
phoid organs and upon contact with antigen in the context of appropriate
antigen-presenting cells, naive T-cells then mature into CD45RO+ memory
T-cells endowed with a complete array of effector functions.

CD4+ Cell Decline in HIV Infection

AS WAS REVIEWED IN AN ARTICLE SUMMARIZING A LECTURE BY DR. JOSEPH
M. McCune (see “Mechanisms of T-Cell Depletion and Restoration in
H1v Disease” in the September 2002 issue of The PRN Notebook)—Dr.
Napolitano's colleague at the Gladstone Institute and the University of
California, San Francisco—there are essentially two distinct ways in
which cp4+ cell counts become depleted in untreated H1v infection
(see Figure 1).

First there is the high-turnover model, which involves the destruc-
tive effects of HIvV on cp4+ cells and macrophages in the periphery
(e.g., the peripheral lymphoid organs). There are both direct and indi-
rect mechanisms by which this occurs. Direct destruction of infected
cells is associated with viral envelope-triggered apoptosis, disruption of
cell membrane integrity/syncytia formation, and accumulation of un-
integrated viral pNa. There are also mechanisms that cause indirect de-
struction of uninfected cells. Examples include cytolysis by Hiv-specif-
ic cytolytic T-cells or by natural killer cells, and T-cell activation.

There is also the regenerative failure model, which involves the in-
hibitory effects of #1v on the production of new cp4+ cells in the thymus.
And much like the destructive effects of H1v on cp4+ cells in the pe-
riphery, there are both direct and indirect mechanisms by which H1v can
impair cp4+ cell production in the thymus. Direct effects include H1v-
mediated death of progenitor cells. Indirect effects include cytokine
dysfunction and uiv-induced apoptosis.

“Since there are a number of potent antiretroviral therapies that are
now available to decrease H1v replication in the periphery and thereby de-
crease the destruction caused by H1v,” Dr. Napolitano explained, “what
we're most interested in now is in finding ways to enhance cp4+ cell pro-
duction so that people with H1v infection can better restore and better pre-
serve their immune system. Hiv-infected adults in particular have a big
problem with T-cell production. Not only does H1v have the ability to in-
fect and destroy the thymus, most adults dor't have much of a functioning
thymus to begin with, meaning that the gland itself isn't readily able to
produce many new T-cells, even if H1v isn't present.”

20 THE PRN NOTEBOOK® | VOLUME 10, NUMBER 1 | MARCH 2005 | WWW.PRN.ORG



|l. Potential Enhancers of CD4+ Cell Production

TO ENHANCE CD4+ CELL PRODUCTION—MOST NOTABLY NAIVE CD4+ CELLS,
which are diminished in H1v infection and can be very difficult to replace
with antiretroviral therapy alone—Dr. Napolitano and her colleagues, as
well as other investigators interested in immune reconstitution, have
been focusing on positive regulators with potential to increase the
number of naive T-cells in the body: interleukin-2 (11-2), growth hormone
(cH), and interleukin-7 (1-7).

Just as a loss of red blood cells or platelets is naturally countered with
the production of erythropoietin or thrombopoietin to stimulate the pro-
liferation of early erythroid or megakaryocytic progenitors, HIv-in-
duced depletion of cp4+ cells might elicit one or more factors that
stimulate the production of cp4+ cells in the thymus and elsewhere. And
when natural production of regulators may not be substantial enough
to spark cp4+ cell production, therapeutic administration of these prod-
ucts may be beneficial.

Interleukin-2 (IL-2)

THE CYTOKINE IL-2 IS A CENTRAL REGULATOR OF T-CELL FUNCTION (SEE
Figure 2). It is produced by antigen-activated T-cells and induces pro-
liferation of both cp4+ cells and cps+ cells. It also promotes maturation
and cytotoxicity activity of cps+ cells; stimulates immune responses
against viruses and intracellular organisms (the TH1 response); regulates
the tempo and magnitude of the immune response; and also potentiates
function of antigen-presenting cells, Nx cells, and B-cells. More re-
cent data suggest that 11-2 also plays a crucial role in regulating au-
toimmune responses.

11-2 effects on the thymus are still being elucidated. While 11-2 ad-
ministration has been shown to increase the concentration of circulat-
ing naive cp4+ cells, even in patients with advanced H1v disease, this has
been attributed primarily to the increased proliferation and decreased
apoptosis of these cells in lymph nodes and the periphery

Despite the fact that 11-2 is not (yet) approved as an immune-based
therapy in H1v infection in the United States, its safety and efficacy—
using various doses—have been evaluated in numerous clinical trials
since the 1980s. The doses used by most investigators have ranged
from 9 million international units (mM1u) (600 °g) a day to 15 mM1U (1 mg)
a day, given for five days and repeated every eight weeks.

Prior to the current era of triple-drug antiretroviral therapy, 11-2
was usually evaluated in clinical trials involving patients receiving either
single or dual nucleoside reverse transcriptase inhibitor (NrT1) therapy.
Consistent improvement in cp4+ cell counts was documented in most
patients receiving 11-2 therapy, along the lines of a 200 to 500 cp4+
cell/mm? advantage measured seven weeks following the five-day treat-
ment course compared with patients receiving Nrt1 therapy alone.
Conversely, cp4+ cell counts rarely improved in patients who started
11-2 therapy with fewer than cp4+ 200 cells/mm?® at baseline, with wors-
ening of viral load and clinical status seen in some of these patients.

In studies conducted in more recent years, 11-2 combined with
more potent antiretroviral therapy has been found to generally result in
cp4+ count improvements of 100 to 600 cells/mm? over antiretroviral
therapy alone when monitored seven weeks after a five-day treatment
course. No significant increases in Hiv viral load have been docu-
mented—there have been some reports of transient increases, as well
as reports of viral load decreases in some studies—and no clear effect
on latent viral reservoirs. And unlike studies exploring 11-2 in earlier
years, 11-2 combined with potent antiretroviral therapy is often associ-
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ricure 1. D4+ Cell Decline During Hiv Infection

There are two distinct ways in which cp4+ cell counts become depleted in
untreated H1v infection. First there is the high-turnover model, which in-
volves the destructive effects of HIv on cp4+ cells and macrophages in the
periphery (bottom half of figure). There is also the regenerative failure mod-
el, which involves the inhibitory effects of HIv on the production of new
cp4+ cells in the thymus (top half of figure).

Source: Laura Napolitano, MD

ated with significant cp4+ cell count increases in patients beginning 11-
2 therapy with fewer than 200 cp4+ cells.

The results of recently closed Phase III studies—including the sizcaar
study (initiated by Chiron but subsequently turned over to the Universi-
ty of Minnesota and the National Institutes of Health) and the esprrT study
(at the National Institutes of Health)—are very much anticipated. siLcaat
enrolled Hiv-infected individuals who had less than 300 cp4+ cells/mm?,
while EspriT enrolled individuals who had greater than 300 cp4+
cells/mm?>. Both trials compare the progression to an aArps-defining di-
agnosis of patients who are randomized to receiving antiretroviral therapy
alone compared to those receiving antiretroviral therapy plus 11-2.

During the initial years of 11-2 research involving H1v-infected pa-
tients—most notably in studies conducted at the National Institutes of
Health campus in Bethesda—11-2 was administered by intravenous
infusion. The typical dose was 18 m1U per day, administered continu-
ously for five days, every eight weeks. Moderately severe toxicities were
common, including severe flu-like symptoms, fever, bone marrow tox-
icity, hypotension, phlebitis, gastrointestinal toxicity, renal insufficien-
cy, and dermatologic reactions. “Most clinicians who have experience
with intravenous 11-2 know that it often provided significant benefits with
respect to cp4+ cell counts,” Dr. Napolitano said. “At the same time, it
had a huge toll on some of the people who were taking it.”

Dosing in more recent studies, including sircaat and esprrT, has in-
volved 4.5 or 7.5 M1U of 11-2 administered subcutaneously twice daily for
five days every four to eight weeks. “In some cases,” Dr. Napolitano
added, “where we see prolonged increases in cp4+ cell counts using sub-
cutaneous 11-2, it may be possible to extend the interval between dosing
to 12 months or longer.” She also noted that while the frequency and
severity of toxicities are diminished with these lower doses of subcu-
taneous 112 therapy, toxicities are still considerable.

Studies conducted in New York, under the direction of Dr. Kendall
Smith, have developed an alternative approach to 1r-2 therapy (see “In-
terleukin-2: Use in Immune Restoration and During Structured Treat-
ment Interruption” in the March 2000 issue of the Notebook). Because
the 11-2 receptor expressed by antigen-activated T-cells has a very high
affinity for 11-2, Dr. Smith’s group administers much lower doses of
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FiGure 2. IL-2 and IL-2 Receptor Complex

Interleukin-2 is represented schematically in red. The receptor-alpha chain
is blue, the beta chain is yellow, and the gamma chain is green.

Source: Curtis Sather (Claremont McKenna College). Based on molecular structure data con-
tained within the Brookhaven Protein Data Bank (D).

11-2: 2 million units a day. At this dose, Dr. Smith has demonstrated that
peak plasma 11-2 concentrations are sufficient to saturate the high
affinity receptors, but do not bind appreciably to the lower affinity 11-2
receptors expressed by natural killer (Nk) cells. Accordingly, the systemic
toxicity associated with high-dose 11-2 administration can be circum-
vented, and a low therapeutic concentration of 11-2 can be achieved in
total-body extracellular space.

11-2 can be prescribed in the United States, but is approved by the U.S.
Food and Drug Administration only for the treatment of renal cell can-
cer. In Europe, it is approved for the treatment of H1v in patients with few-
er than 200 cp4+ cells/mm?. “Usage in H1v disease is still considered ex-
perimental in the U.S.,” Dr. Napolitano said. “While it can be prescribed
for H1v, this is considered an off-label use of the drug. If off-label use is
pursued, patients should be monitored closely by a provider familiar with
112 therapy. Also, 11-2 therapy can be very expensive for the patient.”

Dr. Napolitano also discussed some of the contraindications and
cautions that must be noted prior to 11-2 administration in Hiv-positive
patients. For example, patients with an active infection should delay 11-2
therapy, given that it can briefly suppress the immune response. Second,
11-2 administration should be avoided or approached with great caution
in patients with cardiac or pulmonary disease, given the potential of
11-2 to cause hypotension and/or cardiopulmonary toxicity. “This in-
cludes patients with hypertension who are taking medications to control
blood pressure,” Dr. Napolitano cautioned. “Medications used to control
blood pressure may increase the risk of 11-2-associated hypotension.”
Patients with autoimmune disease, diabetes, or thyroid disease may not
be good candidates for 11-2 therapy, and need to be monitored very close-
ly since 11-2 may worsen these conditions. Hiv-infected women who are
pregnant should not receive 11-2.

In summary, substantial increases in cp4+ cell counts associated
with 11-2 therapy may, in theory, offer benefits to Hiv-infected patients,

such as decreased opportunistic infections, decreased bacterial and my-
cobacterial infections, and possibly enhanced mHiv-specific immunity.
“However,” Dr. Napolitano added, “there are insufficient data to determine
if 11-2 confers true immunologic or clinical benefits. Moreover, with po-
tential immunologic gain comes the cost of moderate toxicity, if the
high-dose intermittent regimen is used.”

Growth Hormone (GH)

WHILE IL-2 APPEARS TO CONTRIBUTE TO AN INCREASE IN NAIVE CD4+ cell
populations through survival of existing cells in the periphery, research
indicates that ¢ may increase the number of new T-cells much earli-
er in the production process. “We're conducting studies in our labora-
tory to better understand how GH acts as an immune booster in the hu-
man body,” Dr. Napolitano explained. “Limited data suggest that it
works very early in T-cell production by stimulating T-cell progenitors
in bone marrow. It also may facilitate the engraftment and survival of
these progenitors in the thymus.”

A number of rodent studies have been completed. G may act directly
upon immune tissues or its effects may be mediated indirectly through
insulin-like growth factor-1 (1G¥-1). Rodents deficient in ¢H exhibit
stress-related thymic hypoplasia that improves with ¢H replacement
(Berczi, 1991; Murphy, 1992; Dorshkind, 2000). In older rodents, the ad-
ministration of GH or 1GF-1 reverses age-related declines in thymopoiesis
and accelerates immune reconstitution in immunodeficient animals
(Kelley, 1986; Knyszynski, 1992; Bar-Dayan, 1994; Montecino-Rodriguez,
1998). What's more, GH or 1GF-1 therapy accelerates immune reconsti-
tution in immunodeficient animals (Beschorner, 1991; Murphy, 1992;
Woo, 1999; Montecino-Rodriguez, 1998; Tian, 1998).

Based on the results of these rodent studies, Dr. Napolitano and her
colleagues hypothesized that treatment with recombinant human
growth hormone (rhcH) might reverse thymic involution and stimulate
production of naive cp4+ cells in Hiv-infected patients.

In a clinical trial published in a 2002 issue of a1ps, Dr. Napolitano's
team treated five Hiv-infected adults with rhcH (Serostim) 3 mg/day for
six to 12 months (Napolitano, 2002; 2002a). The dose was reduced to 1.5
mg per day after the first six months of therapy, except in one subject,
in whom rhca dose reduction occurred at month 2 as a result of per-
sistent arthralgias. Immunological analyses were performed before
rhGH treatment and repeated at three-month intervals after rhcH initi-
ation. Thymic mass was analyzed using computed tomography with
quantitative density and volume analysis. Analysis of circulating lym-
phocytes, including naive and memory T-cell subsets, was also per-
formed using multiparameter flow cytometry.

There was a marked increase in thymic tissue in all subjects after six
months of rhcH therapy (see Figure 3). At baseline, the five patients had
thymic atrophy as evidenced by the near-complete replacement of the thy-
mus Dby fat on cT scan (mean thymic index of one). Repeat analysis after
six months of treatment revealed a prominent increase in dense thymus
tissue in all of the rhGH recipients (mean thymic index of four, P =
0.0002 compared with baseline). Quantitative density and volume mea-
surements at six months demonstrated a mean increase in thymic den-
sity of 86 Hounsfield Units (1u) (P = 0.0008), and a mean increase in
thymic volume of 88% (P = 0.06). To determine whether the reversal of
thymic atrophy was caused by a generalized lipolytic effect of rhcH,
quantitative density analysis was performed on the axillary adipose tis-
sue of each patient. No increase in axillary adipose density was detected
(mean change of +3 HU at six months and -9 Hu at one year).

Treatment with rhcH was also associated with an increase in the
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Intereukin-7 (IL-7)
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ricure 3. Growth Hormone Therapy Is Associated with
Increased Thymic Density and Volume

In a clinical trial reported in 2002, Dr. Laura Napolitano and her colleagues treated five
Hiv-infected adults with recombinant human growth hormone (thcH) 3 mg/day for six
to 12 months. The dose was reduced to 1.5 mg per day after the first six months of ther-
apy, except in one subject, in whom rhGH dose reduction occurred at month 2 as a re-
sult of persistent arthralgias. Thymic mass was analyzed using computed tomography
with quantitative density and volume analysis. Analysis of circulating lymphocytes, in-
cluding naive and memory T-cell subsets, was also performed using multiparameter

flow cytometry.

As is illustrated here, there was a marked increase in thymic tissue in all subjects af-
ter six months of rrhGH therapy. Quantitative density and volume measurements at six
months demonstrated a mean increase in thymic density of 86 Hounsfield Units (Hu),

and a mean increase in thymic volume of 88%.

Source: Napolitano, 2002.

tion, judging by its effects on lymphoid progenitors in the
bone marrow, thymocytes, and peripheral T-cells (see Fig-
ure 4). In the thymus, it inhibits apoptosis and enhances
proliferation of developing thymocytes in the earliest stage
of maturation. And in the periphery, 11-7 stimulates pro-
liferation and enhances cytotoxicity of mature T-cells.

To evaluate the activity of endogenous 11-7 in HIv-infec-
tion, Dr. Napolitano and her colleagues first set out to de-
termine if Hiv-mediated cp4+ cell loss induces the produc-
tion of factors that are capable of stimulating lymphocyte de-
velopment and expansion. In one series of cross-sectional (n
= 168) and longitudinal (n = 11) analyses, her group demon-
strated that increased circulating levels of 11-7 were strong-
ly associated with cp4+ lymphopenia in H1v disease (Napoli-
tano, 2001). Using immunohistochemistry with quantitative
image analysis, Dr. Napolitano—working with Dr. Jan An-
dersson of the Karolinska Institute in Stockholm—also
demonstrated that 11-7 is produced by dendritic-like cells
within peripheral lymphoid tissues and that 11-7 produc-
tion by these cells was significantly increased within lym-

percentage and absolute number of naive cp4+ cells. When compared with
baseline values, the mean absolute gain in the naive cp4+ cell percentage
was 6% at six months, 10% at nine months, and 12% at 12 months; the
six, nine, and 12-month increases were statistically significant. Naive
cps+ cells did not increase with rhGH treatment, and no significant
changes in thymic index, naive cp4+ cell percentages or naive cps+ cell
percentages were seen in historical control subjects who were main-
tained on effective antiretroviral therapy for a similar period of time.

Dr. Napolitano's team followed two study participants to evaluate the
effects of discontinuing rthcH on thymic function. Repeat thymus crt
scans, three to twelve months after rhcH discontinuation, revealed a de-
crease to baseline thymic density in both individuals. However, gains in
naive cp4+ cells remained stable.

A handful of studies reported over the past two years have sup-
ported the findings of Dr. Napolitano’s group. “It goes without saying
that these findings do not support the general use of rhcu with the in-
tent of reversing immune deficiency,” Dr. Napolitano said. Certain
limitations of this study, including the small number of treated subjects
and the lack of a randomized control arm, require that these data be in-
terpreted with caution. There are also several significant adverse effects
of growth hormone therapy that must be taken into consideration.
Fortunately, additional studies are under way to evaluate further the role
of rhH as an immune-based therapy.

phocyte-depleted tissues. This was characterized by an in-
creased percentage of 11-7-positive cells and increased amounts of 11-7 pro-
duced per cell in biopsied lymph nodes.

Also of interest are unpublished data presented at a 2001 Keystone
Symposium by Dr. Napolitano and Dr. Ruth Greenblatt of the Womern's In-
teragency Hiv Study (wins). With pre- and post-antiretroviral therapy
samples available from 237 #1v-positive women, Dr. Napolitano's group
confirmed its earlier results by demonstrating a strong and independent
correlation between circulating 11-7 levels and lymphopenia. Of particular
interest, pre-therapy 11-7 levels predicted the degree of cp4+ cell recovery
upon initiating HAART, and post-therapy 11-7 levels decreased as the cp4+
cells recovered. These data indicate that endogenous 11-7 may function to
increase lymphocyte production and/or expansion.

In more recent years, the results of non-human primate studies in-
volving therapeutic administration of 11-7 have been reported. These
studies have primarily involved administration of 11-7 to siv-infected and
uninfected macaques or to baboons undergoing bone-marrow trans-
plants. In these animals, 11-7 was associated with a marked increase in
circulating naive and memory cp4+ and cps+ cells, splenomegaly, and
lymphadenopathy. Given that there was no clear evidence of increased
thymopoiesis, the predominant effect of 11-7 in these animals might be
the expansion of peripheral T-cells.

Although 11-7 has been shown to enhance Hi1v replication in sever-
al laboratory studies, there was no acceleration of s1v infection in 11-7
treated animals, both on and off antiretroviral treatment. “Further an-
imal studies are ongoing,” Dr. Napolitano commented. “Currently
there are no data on the safety or immune effects of 11-7 in humans;
however, clinical trials involving cancer patients are recently under
way at the National Institutes of Health and a Phase I study is planned
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Fiure 4. Interleukin-7: Effects on T-cell Production

1L-7 appears to have several effects on T-cell production, judging by its effects on lymphoid
progenitors in the bone marrow, thymocytes, and peripheral T-cells. In the thymus, it in-
hibits apoptosis and enhances proliferation of developing thymocytes in the earliest ~ ministration and bone marrow transpl
stage of maturation. And in the periphery, 1L-7 stimulates proliferation and enhances cy-

totoxicity of mature T-cells.

Source: Laura Napolitano, Mp.
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