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We hypothesized that HIV-1-mediated T-cell loss might induce the production of factors that are
capable of stimulating lymphocyte development and expansion. Here we perform cross-sec-
tional (n = 168) and longitudinal (n = 11) analyses showing that increased circulating levels of in-
terleukin (IL)-7 are strongly associated with CD4+ T lymphopenia in HIV-1 disease. Using
immunohistochemistry with quantitative image analysis, we demonstrate that IL-7 is produced
by dendritic-like cells within peripheral lymphoid tissues and that IL-7 production by these cells
is greatly increased in lymphocyte-depleted tissues. We propose that IL-7 production increases
as part of a homeostatic response to T-cell depletion.

HIV-1 infection results in profound immunodeficiency marked
by increased peripheral T-cell destruction, decreased T-cell pro-
duction, and defects in cell-mediated immunity*?. We previ-
ously reported that abundant thymic tissue could be detected by
computed tomography (CT) in a large fraction of HIV-1-seropos-
itive adults®. Independent of age, thymic enlargement was signif-
icantly associated with increased numbers of circulating naive
(CD45RA+CD62L+) CD4+ T cells. Because sort-purified cells of
this phenotype are more likely to bear T-cell receptor (TCR) exci-
sion circles (evidence of recent intrathymic TCR rearrange-
ments)*®, this association indicates that the thymic tissue
visualized by CT is functional and not simply an inflammatory
infiltrate’. These observations support the hypothesis that
thymic function may be enhanced in some HIV-1-infected
adults and indicate that the T-cell loss incurred during the course
of HIV-1 disease might trigger a compensatory feedback loop
which facilitates T-cell production.

Homeostasis within the T-cell compartment might be regu-
lated by production of one or more factors that stimulate the dif-
ferentiation, survival and/or expansion of T cells. Although such
factors have not been linked to T-cell homeostasis in humans,
known precedents exist for feedback regulation of other
hematopoietic lineages. Erythropoietin is produced in the kid-
ney and exerts its function upon the bone marrow, inhibiting
the apoptosis of erythroid progenitor cells and stimulating their
growth and differentiation®. Likewise, thrombopoietin is pro-
duced by the liver and functions to promote the differentiation
of megakaryocytes within the bone marrow?®. A similar feedback
loop might connect the peripheral lymphoid compartment with
the bone marrow or thymus, regulating homeostasis in the T-
lymphoid lineage.

Various cytokines and hormones have been identified as posi-
tive regulators of thymopoiesis in rodents. Stem cell factor (SCF)
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and FIt-3 ligand stimulate thymopoiesis by acting on early
hematopoietic progenitors'®. Growth hormone and insulin-like
growth factor (IGF)-1 are potent stimulators of thymopoiesis
which have been associated with thymic regeneration in aging
rodents™*? and acceleration of immune reconstitution after bone
marrow transplantation in mice®. Interleukin (IL)-7 is a non-re-
dundant cytokine essential for thymopoiesis. In murine models,
disruption of IL-7 function results in massive reduction of lym-
phocytes within the thymus and peripheral lymphoid tissues***.
IL-7 stimulates thymopoiesis by providing a crucial survival sig-
nal to early thymocyte progenitors'®*®, In murine studies, ad-
ministration of IL-7 mobilizes pluripotent hematopoietic stem
cells from the bone marrow into the peripheral circulation®® and
also enhances T-cell reconstitution in myeloablated mice®*?.
Additionally, IL-7 stimulates the proliferation and cytotoxic
function of mature T cells in the periphery®*?. We hypothesized
that HIV-1 induced lymphopenia might induce increased pro-
duction of one or more of these potential stimulators of thy-
mopoiesis.

We report here that increased circulating levels of IL-7 are
strongly correlated with CD4+ T-cell loss in HIV-1-seropositive
subjects. Thus, increased production of IL-7 may occur in re-
sponse to lymphopenia. We also show production of IL-7 by
dendritic-like cells within peripheral lymph nodes and an in-
crease in IL-7 production within lymphocyte-depleted periph-
eral lymphoid tissues. We hypothesize that HIV-1-mediated
T-cell depletion may be ‘sensed’ in the periphery by lymphoid
stromal cells, and that these cells may then produce IL-7 to stim-
ulate T-cell differentiation, survival and/or expansion. Finally,
we show that higher IL-7 levels are associated with increased
HIV-1 viral load. Given the capacity of IL-7 to augment HIV-1
replication in vitro *?°, we consider a role for IL-7 in HIV-1 dis-
ease progression.
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Table 1 Cohort characteristics®
Cohort n Age Total CD4 Total CD8 HIV Viral Load Plasma IL-7
) (cells/pl) (cells/pl) (log,, copies/ml)® (pg/ml)
HIV+ Cohort 168 40.3 270 750 4.4 2.12
[26-68] [4-1,020] [78-2,403] [<1.7->5.7] [0.28-39.7]
CD4 <270 84 41 143 616 4.7 3.36
[27-67] [4-270] [78-2279] [<1.7->5.7] [0.53-39.7]
CD4 > 270 84 39 403 879 3.7 1.48
[26-56] [271-1,020] [311-2,403] [<1.7-5.4] [0.29-17.4]
Untreated® 65 38 226 656 4.8 2.57
[26-59] [4-685] [78-2,360] [2.5->5.7] [0.35-39.7]
Non - Pl ARV 33 42 221 813 4.7 2.11
[30 - 68] [15 - 644] [230 - 1,883] [3.7->5.7] [0.60 - 17.9]
Successful PI ARV® 32 38 442 849 <27 1.22
[28 - 56] [72-1,020] [321 - 2,260] [<2.7] [0.29 - 28.1]
Unsuccessful PI ARV' 32 42 258 861 4.4 2.88
[29 - 53] [23 -878] [200 - 2,403] [3.1->5.7] [0.78 - 10.2]
Former Pl ARV 6 45 165 714 4.5 4.04
[36 - 52] [19 - 273] [413 - 1,886] [2.1->5.7] [0.94 - 9.79]

2 Reported as median values; range shown in brackets.” Adjusted viral load determined as described in Methods section. © No exposure to ARVs.? At least 1 ARV, no exposure to Pl
therapy.® At least 3 ARVs, including at least 1 PI. HIV viral load (pre-adjusted value) < 500 copies/ml. On therapy > 3 mo." At least 3 ARVs, including at least 1 PI. HIV viral load (pre-
adjusted value) > 500 copies/ml. On therapy = 3 mo.? Prior exposure to Pl-based therapy. At time of study, off all ARV at least 6 mo.

Cross-sectional analysis

We performed a pilot study of a small cohort (n = 19) of HIV-1-
seropositive individuals, in which we investigated the relation-
ship between parameters of immune function (such as thymus
size and naive T-cell counts) and circulating levels of various po-
tential positive and negative regulators of thymopoiesis, includ-
ing IL-7, SCF, FIt-3 ligand, IL-2, IGF-1, thyroid stimulating
hormone, testosterone and glucocorticoids. We found a strong
inverse correlation between IL-7 levels and both total CD4+ T
cell-count (p =-0.62; P = 0.013) and naive CD4+ T-cell count (p =
—-0.69; P =0.001). No similar correlations were noted with any of
the other cytokines or hormones studied (Napolitano, unpub-
lished data).

We extended our study to a cohort of 168 HIV-1 infected
adults (Table 1). The cohort was divided into two groups defined
by the median CD4+ T-cell count: those with early/intermediate
disease (CD4 > 270 cells/ul) and those with advanced disease
(CD4 < 270 cells/ul). 39% of subjects were untreated; 20% were
taking antiretroviral (ARV) therapy which did not include an
HIV-1 protease inhibitor (Pl); 19% were taking Pl-containing
combination ARV (PI-ARV) with successful suppression of
viremia; and 19% were taking PI-ARV with an incomplete viro-
logic response. Circulating IL-7 determinations were compared
with simultaneous measurements of thymic index (TI), circulat-
ing lymphocyte subsets that included B-cell and natural killer

Fig. 1 Changes in IL-7, CD4+ T cell
count, and viral load over the course of
HIV-1 disease progression. a, IL-7 in-
creases logarithmically as the CD4+ T
cell count decreases below the normal
range. The line represents the least-
squares fit of the model: log,, (IL-7) =
1.52 — 0.49 x log,, (CD4). The model
R?is 0.29 (P = 0.0001). b, In subjects
with advanced HIV-1 disease (CD4 <
270), increased circulating levels of IL-
7 were strongly correlated with CD4+
T lymphopenia. The correlation weakened significantly in less advanced
disease (CD4 > 270) (upper panel). Increased IL-7 levels were associated
with higher viral load in all stages of disease (lower panel).
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(NK)-cell analysis, viral load and complete blood count with dif-
ferential. As observed?®, thymic tissue (n = 47) was positively cor-
related with increased circulating naive CD4+ T cells (p = 0.40; P
= 0.005) but not with circulating memory/effector T cells (p =
0.12; P = 0.46).

We previously reported a correlation between circulating IL-7
levels and CD4+ T lymphopenia. Univariate analysis (Table 2)
showed that IL-7 levels were increased in the setting of lower T-
cell counts, including both the CD4+ and CD8+ T-cell subpopu-
lations. Higher IL-7 levels were strongly associated with
depletion of both memory/effector and naive T cells.
Additionally, increased IL-7 levels were associated with higher
viral load. There was an inverse correlation between IL-7 levels
and counts of red blood cells and neutrophils, but these associa-
tions were less significant and likely due to their association with
advanced HIV-1 disease since they did not remain significant in
multivariate analysis. Only 28% (n = 47) of the cohort under-
went CT imaging of the thymus. Although there was a trend to-
ward increased IL-7 levels in subjects with lower TI, this did not
reach statistical significance (p = -0.25; P = 0.08). Weak correla-
tions were seen between IL-7 and both B-cell and NK-cell counts
but these also did not reach statistical significance. There was no
correlation between IL-7 level and age. ARV status did not alter
the observed correlations, although the relationships were more
difficult to appreciate among subjects virologically suppressed
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Fig. 2 Longitudinal analysis showing changes in 11 subjects followed for
6-25 mo. a, There was a significant decline in CD4+ T cell count of the co-
hort over the course of observation (P = 0.001). b, There was not a signifi-
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cant increase or decrease in the viral load of the cohort (P = 0.2). c, There
was a trend towards increased IL-7 levels (P = 0.14). d, IL-7 increased signifi-
cantly in proportion to the decline in CD4+ T cells (p =-0.64; P = 0.03).

on PI-ARV. We attributed these differences to the higher CD4+
T-cell counts and uniformly low viral loads of these subjects.

In multivariate analysis (Table 2), only lower CD4+ T-cell
counts (P = 0.0001, partial R? = 0.33) and higher plasma viral
RNA (P = 0.002, partial R? = 0.07) were independently associated
with higher IL-7 levels. The associations between CD4+ count,
viral load and IL-7 were not significantly nor substantially af-
fected by other variables including non-CD4+ lineages, percent
naive T cells, age, ARV treatment and cohort of origin.

Association of IL-7 levels with HIV-1 disease progression

We analyzed circulating IL-7 levels with respect to the stage of
HIV-1 disease. IL-7 levels rose in a logarithmic fashion as the
CD4+ T-cell count fell below normal levels and higher IL-7 levels
were seen predominantly in those subjects with lower CD4+ T-
cell counts (Fig. 1a). The CD4 data were subsequently log-trans-
formed to create linear relationships (Fig. 1b). Using the median
CD4+ T-cell count (270 cells/pl) to divide the cohort into two
groups, bivariate analysis showed a stronger correlation of in-
creased IL-7 with CD4+ T lymphopenia in subjects with more ad-
vanced disease (p = -0.54; P = 0.0001) in comparison with those

Table 2 Cross-sectional analysis of circulating IL-7 levels in HIV-1-
infected subjects

Univariate Analysis p P value n

Total CD4 count (-) 0.49 0.0001 168
Viral load (+) 0.49 0.0001 133
Memory CD4 Count (-) 0.48 0.0001 157
Naive CD4 count (-) 0.46 0.0001 157
T-cell count (-)0.44 0.0001 130
Total lymphocyte count (-)0.39 0.0001 168
Total CD8 count (-) 0.35 0.0001 167
Naive CD8 count (-) 0.32 0.0001 165
Memory CD8 count (-) 0.26 0.0005 165
Thymic index (-) 0.25 0.08 47
Neutrophil count (-)0.20 0.009 165
Red blood cell count (-)0.19 0.02 158
NK-cell count (-)0.15 0.09 129
B-cell count (-) 0.15 0.09 129
Age (-) 0.02 0.7 156
Platelet count (-)0.01 0.9 166
Multivariate Analysis Partial R? P value n

Total CD4 count 0.33 0.0001 132
Viral load 0.07 0.002 132
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with early/intermediate disease (p = -0.18; P = 0.11) (Fig. 1b,
upper panel). In contrast, the correlation between higher levels
of IL-7 and increased viral load was present in subjects with both
lower (p =0.42; P =0.0001) and higher (p =0.37; P =0.004) CD4+
T-cell counts (Fig. 1b, lower panel). The association between in-
creased IL-7 levels and increased viral load persisted in all stages
of disease, regardless of the parameters chosen for CD4+ T-cell
stratification.

Longitudinal analysis

To better relate these cross-sectional studies to disease progres-
sion, 11 HIV-1-seropositive subjects were studied over 6-25
months (Fig. 2). Five of the subjects were untreated and six were
taking non-Pl ARV during the period of observation. The median
CD4+ T-cell count of the cohort decreased from 311 to 70 cells/pl
(P = 0.001) (Fig. 2a) and the median viral load increased from
44,000 to 92,500 RNA copies/ml (P = 0.2) (Fig. 2b). Over this
same period, the median plasma IL-7 increased from 2.31 to 4.52
pg/ml (P = 0.14) (Fig. 2c). Consistent with the findings of the
cross-sectional study, the increase in IL-7 levels was significantly
associated with a decrease in the CD4+ T cell count (log,,
cells/pl) (p =-0.64; P = 0.03) (Fig. 2d). Changes in IL-7 were not,
however, significantly associated with changes in viral load (p =
-0.41; P = 0.21) (data not shown).

Production of IL-7 within peripheral lymph nodes

We investigated whether lymphocyte-depleted peripheral
lymph nodes of HIV-1 infected patients might be producing IL-
7. We performed immunohistochemical analysis of IL-7 produc-
tion at the single-cell level within peripheral lymph nodes from
patients with advanced HIV-1 disease (Fig. 3a). These specimens
exhibited lymphocyte depletion as assessed by hematoxylin and
eosin (H&E) staining and quantitative image analysis® (Table 3).
In all of the specimens examined, and in multiple sections, there
was distinct staining of IL-7-producing cells. Most of the IL-
7-staining cells appeared non-lymphoid in morphology. These
cells were characterized by large, irregular cytoplasm and some
featured cytoplasmic processes that were ramified into the inter-
stitium (Fig. 3a, inset). Phenotypic markers of the IL-7 producing
cells were positive for S100b (66%), CD68 (60%) and CD83
(20%), consistent with dendritic-cell or macrophage lineage
(data not shown). Most of the IL-7-producing cells were located
within the parafollicular T-cell regions and were immediately
surrounded by CD3+ cells (data not shown). Examination of
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Fig.3 Production of IL-7 within peripheral lymphoid tissue. a,
Immunohistochemical detection of IL-7 production within a peripheral
lymph node from a representative patient with AIDS (magnification: x400).
Stromal cells stain specifically for the presence of IL-7 (see insets; magnifica-
tion: x1000). IL-7 positive cells were stained brown by DAB while total nu-
cleated cells were stained blue by hematoxylin. IL-7 positive cells, most of
which stain positively for $100b and CD68, likely represent either dendritic

iii © 2001 Nature Publishing Group http://medicine.nature.com

cells or macrophages. b and c, Quantitative image analysis of IL-7 produc-
tion within peripheral lymphoid tissues. Representative sections are shown
from depleted (b) and hyperplastic (c) specimens (magnification: x100). IL-
7 positive cells are stained brown. IL-7 signal intensity was digitalized and is
represented by overlying yellow pixels. Production of IL-7 is increased in the
depleted tissues as evidenced by a higher number of IL-7 staining cells as
well as an increased intensity of IL-7 staining per cell (see Table 3).

lymphoid tissue from HIV-1-seronegative individuals also re-
vealed IL-7 production within dendritic-like cells with similar
phenotypic and morphological characteristics.

Increased IL-7 production within depleted HIV-1 lymphoid tissues
We examined the possibility that IL-7 production might be in-
creased in the setting of lymphocyte depletion.
Immunohistochemistry with quantitative image analysis was
performed on 12 peripheral lymphoid specimens (Table 3). Six
specimens, taken from individuals with AIDS, demonstrated
moderate to severe lymphocyte depletion by both total cell
number (median of 45.4% nucleated cells per total tissue area)
and CD3 staining (data not shown). The remaining six tissues
were hyperplastic (median of 74.3% nucleated cells per total
lymphoid area). Representative sections of depleted (Fig. 3b) and
hyperplastic (Fig. 3c) lymph nodes are displayed. IL-7 positive
cells are stained brown and the staining intensity is represented
by overlying yellow pixels. An increase in IL-7 production
within the depleted lymph node is evidenced by an increase in

both the number of IL-7 positive cells and the staining intensity
of the IL-7 positive area. Data from all 12 specimens were com-
piled (Table 3). Production of IL-7 was significantly higher in the
depleted tissues (median 1.56% IL-7 positive area within total
cell area) when compared to the hyperplastic tissues (median
0.12% IL-7 positive area within total cell area) (P = 0.004). In ad-
dition, measurement of the intensity of IL-7 positive staining by
quantitative image analysis revealed a significantly higher inten-
sity in samples from the depleted specimens, indicating that
each cell in the depleted tissue was making more IL-7 than those
in the hyperplastic tissues (median 1.46 versus 0.25 intensity
units/mm? respectively) (P = 0.004). There was a strong inverse
correlation of cellularity with both % IL-7 positive area (R? =
-0.70; P = 0.020) and IL-7 intensity (R> = -0.71; P = 0.018)
(Spearman correlation).

Discussion

The processes which regulate T-cell homeostasis are not well un-

derstood, but the homeostatic response likely consists of both
thymus-dependent and thymus-inde-

Table 3 IL-7 production within peripheral lymphoid tissues.

pendent pathways*?°. Though the in-

IL-7 positive area
(% IL-7 positive cell area /
total cell area)

Tissue source Cellularity
(% nucleated cells /

total lymphoid area)

Depleted
Lymph node® 46.6 1.81
Lymph node® 56.1 2.68
Lymph node 47.1 0.97
Lymph node 41.5 1.86
Lymph node 33.0 1.47
Lymph node 48.2 0.57

Median 45.4 % 1.56 *

Hyperplastic
Tonsil 76.8 0.02
Lymph node® 84.7 0.18
Lymph node 66.3 0.07
Lymph node 74.2 0.15
Tonsil 67.6 0.13
Tonsil 76.3 0.17
Median 74.3 0.12

(intensity units/mm?
of IL-7 positive area)

terplay between the thymus and the
peripheral lymphoid compartment has
been investigated in rodents*®, no
studies have addressed the homeostatic
response to chronic lymphocyte deple-
tion in humans.

IL-7 intensity

ézg Our findings demonstrate an increase
0.89 in both production of IL-7 and in circu-
0.88 lating levels of IL-7 in the setting of
1.63 HIV-1-induced lymphopenia. IL-7 has
0.75 been shown to enhance thymopoiesis
1.46* and to induce the expansion of mature

T lymphocytes, and these survival sig-
0.04 nals seem to be specifically directed to
0.65 the lymphoid lineage'*'"****%, We pro-
0.19 pose that IL-7 production is increased as
0.25 part of a compensatory feedback loop
0.15 that enhances T-cell differentiation,
8;2 survival and/or expansion, and consider

2 Displayed in Fig. 3b.” Displayed in Fig. 3a.° Displayed in Fig. 3c*P = 0.004 compared with hyperplastic tissue (Mann-

Whitney U)

that this may occur as part of a homeo-
static response to HIV-1-mediated T-cell
depletion. This hypothesis is supported
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by the detection of elevated IL-7 levels in other lymphopenic
conditions (for example, severe combined immunodeficiency
syndrome, acute lymphocytic leukemia, chemotherapy-induced
lymphopenia and idiopathic lymphopenia) and by the normal-
ization of IL-7 levels when lymphopenia resolves (Mackall, pers.
comm. and ref. 33).

Other non-exclusive explanations may account for the associ-
ation between circulating levels of IL-7 and CD4+ T lymphope-
nia. Because the IL-7 receptor is expressed on mature T cells,
circulating levels of IL-7 may be higher when the CD4+ T-cell
count is lower simply because fewer receptors are available. We
believe that this is unlikely, however: in our cohort with ad-
vanced disease (CD4 count < 270 cells/pl), the CD8+ T-cell count
was almost twice that of normal subjects (Table 1 and control
data, not shown), making it less likely that there was a large drop
in the number of available IL-7 receptors.

Another possibility is that IL-7 levels may rise in response to
HIV-1 related processes other than (or in addition to) CD4+ T
lymphopenia. For instance, increased IL-7 levels may be induced
by opportunistic infection. Though theoretically possible, it
probably is not a factor in our cohort since all of our participants
underwent clinical screening during their study visits. We can-
not exclude the presence of subclinical infections in this group,
but we saw no signs or symptoms of infection. Alternatively, the
production and secretion of IL-7 may be stimulated by the gen-
eralized state of immune activation that accompanies late stage
HIV-1 disease. The presence, however, of elevated IL-7 levels in
individuals with non-HIV-related lymphopenia (Mackall, pers.
comm. and ref 33) makes it improbable that the increased IL-7
levels seen in our cohort are secondary to an HIV-related phe-
nomenon such as cytokine dysregulation.

We favor the hypothesis that production (and circulating lev-
els) of IL-7 increase as part of a homeostatic response to lym-
phopenia. The finding of increased IL-7 levels in the setting of
lymphopenia from a variety of etiologies (Mackall, pers. comm.
and ref. 33) supports this hypothesis. We also postulate that T-
cell homeostasis might be regulated by non-lymphoid stromal
cells which are able to ‘sense’ T-cell depletion in the periphery,
possibly via interactions with adhesion molecules and/or other
products made by T cells (cytokines for example). In this respect,
interactions between hematolymphoid progenitors and bone
marrow stromal cells have been shown to be responsible for the
induction of IL-7 secretion by bone marrow stroma***. We spec-
ulate that similar interactions may occur between circulating T
cells and stromal cells residing within peripheral lymphoid or-
gans. When T cells are depleted from these organs, the ‘sensor’
stromal cells might be induced to produce IL-7. IL-7 could then
act upon thymic, extrathymic or both sites of T lymphopoiesis
to stimulate de novo T-cell production, or it could act locally
within peripheral lymphoid tissues to induce expansion of ma-
ture T cells.

IL-7 production has been detected within stromal cells of the
bone marrow and thymus®* and also within mucosal lymphoid
tissue®*; however, IL-7 synthesis within peripheral lymph
nodes has not been reported. Here we have demonstrated that
IL-7 is produced by dendritic-like cells within peripheral lymph
nodes (Fig. 3). Furthermore, we have shown that IL-7 production
is significantly increased within lymphocyte depleted tissues
(Table 3, Figs. 3b and c). These findings, which support our hy-
pothesis that increased IL-7 production by lymphoid stromal
cells occurs in response to lymphopenia, have important impli-
cations for our understanding of T-cell homeostasis. Though our
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data suggest a significant role for IL-7 in the maintenance of T-
cell homeostasis, we cannot conclude that IL-7 is the sole factor
involved in this process. Thus, IL-7 may work alone or in con-
junction with other factors, such as IL-15, which has recently
been shown to play an important role in memory T-cell expan-
sion*#°._ Additional studies are underway to further examine the
relationship between IL-7 production and lymphopenia, focus-
ing in particular on the possible role of additional positive and
negative regulators of T lymphopoiesis*.

Although there is a strong correlation between increased IL-7
levels and CD4+ T lymphopenia in our cohort, some individuals
with advanced lymphopenia do not have increased circulating
IL-7 levels. This heterogeneity is not unexpected since chronic
HIV-1 disease is accompanied by infection and eventual destruc-
tion of lymphoid stromal cells*®. Thus, the capacity to produce
IL-7 may be significantly diminished in certain individuals with
late-stage HIV-1 infection. Though our immunohistochemical
analysis demonstrates that IL-7 production remains at least par-
tially intact within peripheral lymphoid tissues of some patients
with advanced HIV-1 disease, this may not be the case for all in-
dividuals. We might expect to see improvement in immune pa-
rameters (such as thymic index and CD4+ T cell count) in those
individuals who are capable of producing higher levels of IL-7. In
fact, this finding might be predicted by murine models where IL-
7 facilitates immune reconstitution in the setting of immunode-
ficiency®®?'. If present, however, this effect may be difficult to
demonstrate in our cohort due to the presence of ongoing HIV-1
replication. This is particularly true in the setting of advanced
disease where the immunodestructive effects of HIV-1 may over-
whelm compensatory increases in positive regulators of T-cell
production or expansion. If so, it may be possible to shift this
balance more towards increased T-cell production if HIV-1 repli-
cation is controlled by use of effective antiretroviral therapy.

We have shown that increased IL-7 levels are associated with
increased viral load in all stages of HIV-1 disease (Fig. 1b, lower
panel). IL-7 has been reported to augment in vitro HIV-1 infec-
tion of both thymocytes and peripheral blood mononuclear
cells**#, Thus, our findings imply that higher circulating levels
of IL-7 may drive viral replication in vivo in those who are in-
fected with HIV-1. Accordingly, higher baseline levels of IL-7 in
early disease may increase viral burden and lead to faster CD4+
T-cell depletion over time*®. Moreover, a physiological feedback
loop involving IL-7 could not only drive de novo T-cell produc-
tion but also accelerate HIV-1-mediated T-cell loss via IL-7 en-
hancement of viral replication. Recent studies from our
laboratory confirm that IL-7 accelerates HIV-1 infection in vivo in
the SCID-hu Thy/Liv mouse (Napolitano, unpublished observa-
tions). These results have important implications, particularly if
IL-7 is to be considered as a form of immunomodulatory therapy
during HIV-1 infection.

We have demonstrated a strong and independent correlation
between circulating IL-7 levels and CD4+ T lymphopenia in HIV-
1-infected individuals using both cross-sectional and longitudinal
analyses. We have also observed that IL-7 is produced within den-
dritic-like cells of lymph nodes within HIV-1 infected individuals
and that IL-7 production by these cells is significantly increased in
the setting of lymphocyte depletion. We propose that these cells
may increase production of IL-7 after ‘sensing’ T-lymphocyte de-
pletion and that this occurs as part of a homeostatic response to T-
cell depletion. Finally, we have found that higher circulating
levels of IL-7 are associated with increased HIV-1 viral load, sug-
gesting that IL-7 may enhance HIV-1 replication in vivo and lead to
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increased viral burden and accelerated disease progression. Our
data support further investigation into the role of IL-7 in T-cell
homeostasis and into the role of IL-7 in the progression and treat-
ment of HIV-1 disease.

Methods

Human subjects. HIV-1-seropositive patients were participants in studies of
immune function at University of California at San Francisco or at Stanford
University between 1993 and 1999. Initially, 170 patients were selected
based upon the availability of T-cell subset analyses, CBC with differential,
and frozen plasma specimens for IL-7 determinations. Two patients were
excluded due to a recent change (< 3 mo) in ARV therapy. All studies were
approved by the University of California Committee on Human Research or
by the Stanford University Panel on Human Subjects in Medical Research.

Thymus measurement. Measurements of residual thymic tissue were per-
formed using CT scan images as previously described®. Only CT scans per-
formed within 6 mo (mean = 1.5 mo) of phlebotomy were included in the
analysis.

Flow cytometry. Circulating naive and memory CD4+ and CD8+ T cells
were measured by multiparameter flow cytometry on PBMCs using CD62L
and CD45RA markers as previously described®. Multiparameter determina-
tions of B Ilymphocytes (CD45+CD19+CD3-) and NK cells
(CD45+CD56+CD3-) were performed similarly.

Clinical labs. CBC with differential and routine chemistries were performed
at the clinical laboratories of San Francisco General Hospital or Stanford
Medical Center.

Viral load analysis. HIV-1 viral load was determined by Chiron (Emeryville,
California) bDNA 2.0, Chiron bDNA 3.0, or Roche PCR. Results from bDNA
2.0 assays were multiplied by 1.75 to adjust for systematic differences be-
tween the assays .

IL-7 determinations. Non-heparinized plasma specimens (in ACD or
EDTA) were stored at < -70 °C. Aliquots were thawed and analyzed in dupli-
cate using a commercially available, high sensitivity immunoassay which
detects both free IL-7 and IL-7 bound to carrier proteins or soluble IL-7 re-
ceptors (R&D Systems QuantikineHS IL-7 Immunoassay Kit, Minneapolis
Minnesota). Analysis was performed on a blood specimen drawn at the
same time as those specimens taken for flow cytometry, CBC with differen-
tial and viral load analysis. According to the manufacturer, the mean IL-7
level in healthy human adult plasma is 2.8 pg/ml for ACD plasma and 2.2
pg/ml for EDTA plasma using this assay (range 0.66-7.8 for ACD plasma;
0.66-9.2 for EDTA plasma, n = 38).

Immunohistochemistry. Tissue was obtained during autopsy or surgery,
immediately immersed in OCT, flash frozen in liquid nitrogen, and stored at
—70°C until immunohistochemical staining was performed. The sections
were cut to 8 um, fixed in 2% formaldehyde (Sigma, Sweden) and perme-
abilized with 0.1% saponin (Riedel-de Haen, Seelze, Germany). Following
peroxidase quenching, immunohistochemistry was performed using spe-
cific monoclonal antibody against human IL-7 (Rat IgG2a BVD10-11C10,
PharMingen, San Diego, California) and the Vectastain Elite ABC kit (Vector
Labs, Burlingame, California) according to manufacturer’s recommenda-
tion. Diaminobenzidine (DAB) was used as substrate with hematoxylin
counter stain. IL-7 expressing cells were quantified using computerized in
situ image analysis as described®*“. Control staining with normal rat serum
or secondary isotype-specific antibodies (Vector) showed virtually no non-
specific staining. Digital images of stained samples were transferred from a
DMR-X microscope (Leica, Wetzlar, Germany) into a computerized image
analysis system, Quantimet 550IW (Leica, Cambridge, United Kingdom),
which allowed detection of 16.7 million different colors. Percentage of IL-7
producing area was derived by dividing the total IL-7—positive cell area by
the total area of nucleated hematoxylin positive cells (mucosal epithelium
and crypts were excluded from total nucleated cell area in the tonsil speci-
mens). To calculate the total IL-7 positive area, several fields (mean=10
fields; mean tissue area= 1.4 x 10°um? encompassing the entire area of the

78

iii © 2001 Nature Publishing Group http://medicine.nature.com

biopsy were assessed for positive IL-7 signal (defined by specific red, green
and blue levels of the digital image; each color contains 256 levels). All sam-
ples were analyzed at the same threshold values. The frequency of posi-
tively-stained cells and the accumulated intensity of the positive staining
signal were measured in a semiquantitative way by a specialized software
program®, and results were expressed as percentage positive area and total
positive intensity of total tissue area. Limiting dilution of cDNA-transfected
cells injected into control tissue indicated a sensitivity of the assay of at least
1 positive cell/1000 events®. To calculate the percentage positive cells and
cellularity, the positive and negative cells in the digital image were counted
by a special computer program (Ola Norén, Leica, Kista, Sweden).
Cellularity was given as number of cells/total tissue area. Two-color staining
for the phenotype of IL-7 expressing cells was performed using commer-
cially available antibodies against CD3 (Becton Dickinson
Immunocytometry Systems, San Jose, California) and CD20, CD83, CD68
(all from DAKO, Carpinteria, California) and S100b (SH-B1, Sigma) at con-
centrations optimized on control tissues®. Cell surface staining was per-
formed before IL-7 staining. Tissues analyzed in Table 3 were obtained from
a different set of individuals than those described in Table 1.

Statistical analysis. Statistical analysis of the cross-sectional and longitudi-
nal studies was performed using SAS version 6.12 software (SAS Institute,
Cary, North Carolina). Spearman rank correlation coefficients were calcu-
lated to assess associations between any two continuous variables prior to
any data transformations. The longitudinal analysis was performed by cal-
culating the change in log,, transformations of IL-7, CD4+ T-cell count and
viral load from baseline for each study subject and testing for significant
changes over time using the Wilcoxon Signed-Rank test. Multivariate linear
regression was performed after log,, transformation of IL-7 in order to nor-
malize the variance of the dependent variable. Predictor variables, including
CD4+ T-cell count and viral load, were log,, transformed whenever neces-
sary to transform non-linear relationships with IL-7 into linear relationships.
Predictor variables were considered for stepwise inclusion in the multivari-
ate model if associations with IL-7 were observed in bivariate analysis (P <
0.15) or if the predictor variable was related to thymopoiesis (age for exam-
ple). Thymus score was not considered in multivariate analysis because data
were available for only 28% of the subjects. After inclusion of CD4+ T-cell
count and viral load in the multivariate model, no other variable was inde-
pendently associated (P < 0.15) with IL-7. To determine if the associations
between CD4+ T-cell count, viral load and IL-7 could be affected by interac-
tions with age, other cell lineages, treatment or cohort of origin, these vari-
ables were added as main effects and interaction terms to the multivariate
model predicting IL-7 based on CD4+ T-cell count and viral load. The num-
ber of subjects varies between analyses because of missing data. No adjust-
ment for multiple comparisons was performed. Statistical analysis of IL-7
production within peripheral lymphoid tissues (Table 3) was performed
with StatView version 5.0 software (SAS Institute).
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