Research article

Cumulative mechanisms of lymphoid tissue
fibrosis and T cell depletion in HIV-1
and SV infections

Ming Zeng,' Anthony J. Smith,! Stephen W. Wietgrefe,! Peter J. Southern,’ Timothy W. Schacker,?
Cavan S. Reilly,® Jacob D. Estes,* Gregory F. Burton,5 Guido Silvestri,® Jeffrey D. Lifson,*
John V. Carlis,” and Ashley T. Haase'

Department of Microbiology and 2Department of Medicine, Medical School, University of Minnesota, Minneapolis, Minnesota, USA. 3Division of Biostatistics,
School of Public Health, University of Minnesota, Minneapolis, Minnesota, USA. “AIDS and Cancer Virus Program,
Science Applications International Corporation—Frederick Inc., National Cancer Institute, Frederick, Maryland, USA.
Department of Chemistry and Biochemistry, Brigham Young University, Provo, Utah, USA. 6Yerkes National Primate Research Center,
and Emory University, Atlanta, Georgia, USA. "Department of Computer Science and Engineering, Institute of Technology,
University of Minnesota, Minneapolis, Minnesota, USA.

The hallmark of HIV-1 and SIV infections is CD4" T cell depletion. Both direct cell killing and indirect mecha-
nisms related to immune activation have been suggested to cause the depletion of T cells. We have now iden-
tified a mechanism by which immune activation-induced fibrosis of lymphoid tissues leads to depletion of
naive T cells in HIV-1 infected patients and SIV-infected rhesus macaques. The T regulatory cell response to
immune activation increased procollagen production and subsequent deposition as fibrils via the TGF-$1
signaling pathway and chitinase 3-like-1 activity in fibroblasts in lymphoid tissues from patients infected
with HIV-1. Collagen deposition restricted T cell access to the survival factor IL-7 on the fibroblastic reticular
cell (FRC) network, resulting in apoptosis and depletion of T cells, which, in turn, removed a major source of
lymphotoxin-f3, a survival factor for FRCs during SIV infection in rhesus macaques. The resulting loss of FRCs
and the loss of IL-7 produced by FRCs may thus perpetuate a vicious cycle of depletion of T cells and the FRC
network. Because this process is cumulative, early treatment and antifibrotic therapies may offer approaches

to moderate T cell depletion and improve immune reconstitution during HIV-1 infection.

Introduction

Depletion of CD4* T cells, the defining characteristic for which the
immunodeficiency viruses HIV-1 and SIV were named, has been
attributed to direct mechanisms of infection and cell killing and
indirect mechanisms such as increased apoptosis accompanying
the chronic immune activation associated with HIV-1 and SIV infec-
tions. More recently, there has also been increasing evidence that
fibrosis induced by immune activation damages lymphoid tissue
(LT) niches, thereby contributing to T cell depletion and impaired
immune reconstitution upon institution of antiretroviral drug
treatment (1, 2). In HIV-1 infection, fibrosis, measured as collagen
deposition in LTs, strongly correlates with depletion of naive CD4*
T cells and inversely correlates with the extent of immune reconsti-
tution after suppression of viral replication by antiretroviral therapy
(2-6). In pathogenic SIV infection as well, collagen deposition in
the early stage of SIV infection of rhesus macaques (Macaca mulatta;
RMs) is associated with initial decreases in CD4* T cells (7).

The mechanisms by which LT fibrosis depletes CD4" T cells and
impairs immune reconstitution in these immunodeficiency virus
infections have not been well defined, but one previously advanced
hypothesis (2), based on studies in mice (8-11), is that collagen
deposition disrupts the architecture of the LT niche, so that T cells
have less access to self-antigen/major histocompatibility complex
signals and IL-7 on the fibroblastic reticular cell (FRC) network on
which they migrate. Since these factors are critical for T cell survival,
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particularly naive T cells, decreased access to these homeostatic sig-
nals would result in increased apoptosis as a mechanism for T cell
depletion associated with fibrosis in HIV-1 and SIV infections.

We tested this hypothesis in SIV-infected RMs, an animal model
in which we could analyze LN biopsies obtained in longitudinal
and cross-sectional studies. We first show that FRCs are the major
source of IL-7, the primary survival factor for naive T cells in RMs,
and that LN fibrosis limits lymphocyte access to FRC-derived IL-7,
resulting in depletion, particularly of naive CD4" T cells, through
apoptosis. T cell apoptosis, along with other T cell killing mecha-
nisms such as pathological immune activation that can lead to
increased apoptosis of T cells, in turn diminishes the availability
of T cell-derived lymphotoxin-f (LTf), on which the FRC network
depends. The decreased availability of LTB-producing cells, along
with collagen-restricted access to FRCs, results in loss of both the
FRC network and IL-7 production. This further impairs the surviv-
al of naive T cells, perpetuating a vicious cycle of continuous and
cumulative loss of both T cells and the FRC network (diagrammed
in Supplemental Figure 1; supplemental material available online
with this article; d0i:10.1172/JCI45157DS1).

These results suggest that therapeutic interventions to avert
or moderate this pathological process of fibrosis could improve
immune reconstitution after highly active antiretroviral therapy
(HAART). To design effective interventions, we investigated the
underlying mechanisms of fibrosis in LTs during HIV-1 infec-
tion and found that increases in TGF-B1 expression in T regula-
tory cells activate the TGF-P1 signaling pathway in fibroblasts to
trigger the increase of production of procollagen and chitinase
3-like-1 (CHI3L1), an enzyme that could enhance maturation of
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Figure 1

Desmin is a marker of FRCs and FDCs. Confocal images
of LN sections from uninfected RMs (representative image
for 1 animal out of 9) stained for desmin (green) and mark-
ers (red) for FDCs (CD35 and CD21) and FRCs (ER-TR-7).
Desmin staining colocalizes with the FDC markers and
the FRC marker, respectively. FDCs form a network with
higher density than the FRC network in the T cell zone.
Scale bar: 50 um.

nism by which LT fibrosis causes depletion of T cells is
by decreasing access to the survival factor IL-7 by first
showing in uninfected RMs that the FRC network is
the major source of IL-7 for T cells. We used antibodies
to desmin to label both the FRC network in the T cell
zone of LNs and the follicular dendritic cell (FDC) net-
work in B cell follicles, antibodies to IL-7 to label IL-7-
positive cells, and antibodies to desmin and in situ
hybridization (ISH) to detect and quantify IL7 mRNA.
We found that both IL7 mRNA and IL-7 protein pre-
dominantly colocalize with the FRC and FDC networks
(Figures 1 and 2), analogous to the localization of cyto-
skeletal and nervous system mRNAs and proteins (12,
13). Quantitatively, we conservatively estimated that
approximately 70% of IL7 mRNA colocalizes with the
FRC network in the T cell zone and approximately 80%
colocalizes with the FDC network in B cell follicles (Sup-
plemental Figure 2A). The colocalization of IL-7 pro-

tein and the FRC network is consistent with results reported in the

show in vitro that targeting the TGF-B1 signaling pathway with  mouse (8, 10), and the small portion of IL-7 we found associated

the antifibrotic drug pirfenidone dramatically reduces
collagen produced by primary human fibroblasts. These
data suggest that the TGF-B1 signaling pathway plays a
key role in progressive LT fibrosis during HIV-1 infection.
Therefore, early initiation of HAART to limit the viral
replication-dependent inflammation that drives this pro-
cess, along with complementary therapeutic interventions
directed at the TGF-f1 signaling pathway, could poten-
tially avert or moderate this pathological process and
improve immune reconstitution after HAART.

Results
The FRC network is the major source of IL-7 for T cells in the
T cell zone. We investigated the hypothesis that the mecha-

Figure 2

FRC and FDC networks are the major producers of IL-7. (A) LN
sections (representative image for 1 animal out of 3) stained for
desmin (red) and IL-7 (green). Merged confocal images show
colocalization of IL-7 and FDC and FRC networks in the B cell
follicle and T cell zone, respectively. Scale bar: 20 um. (B) ISH
for IL7 mRNA combined with desmin immunohistochemical
staining (brown), showing the colocalization of /L7 mRNA and
FRCs. In the image taken in transmitted light, the FRCs and
their processes have been stained brown. The red arrow in the
left panel corresponds to the position of /L7 mRNA shown with
the arrow in the right panel. In developed radioautographs, after
hybridization to a S3-labeled IL-7—specific riboprobe, the sig-
nals (with epipolarized light) are yellow-appearing silver grains,
overlying the brown-stained FRCs and FRC processes (red
arrow) shown in the left panel. Original magnification, x600.
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Figure 3

Collagen deposition and loss of the FRC network lead to loss of con-
tact between T cells and FRCs. (A) In the merged confocal image in an
uninfected RM (representative image for 1 animal out of 9), collagen
(red) colocalizes with the FRC network (green) and the CD3* T cells
(blue) are in contact with the FRC network. (B) In an animal at 180 dpi
(representative image for 1 animal out of 4), there is abundant collagen
staining that does not colocalize with the FRC network. Note the FRC
network (green) is also greatly decreased, so that large numbers of
T cells are not in contact with the FRC network but instead mainly
contact non-FRC-associated collagen. Scale bar: 10 um.

with a subset of dendpritic cells and macrophages (Supplemental
Figure 2B) is consistent with a study of human LTs (14).

Collagen deposition and loss of the FRC network impede access to IL-7
while also depleting its source. Under physiological conditions, FRCs
ensheathe collagen fibers to form a connective tissue and fibrous
network on which lymphocytes, antigen-presenting cells, and other
cells within LTs migrate (8, 15-17). This architecture allows T cells
to efficiently access chemokines and cytokines, including survival
factors such as IL-7, “posted” on their path (10, 11, 18). Thus, LT
sections from uninfected RMs stained with antibodies to type I
collagen, desmin, and T cells reveal that the collagen and desmin
colocalize and define the FRC network and 3D space in which the
T cells migrate and visibly contact the FRC network (Figure 3A and
Supplemental Figure 3A). In marked contrast, in chronically infect-
ed RMs (180 days after SIVmac239 infection [dpi]), large deposits
of collagen are evident outside the FRC network, while the FRC
network itself is greatly decreased (Figure 3B). As a consequence,
few T cells visibly contact the FRC network and instead are only in
contact with collagen (Figure 3B and Supplemental Figure 3B).

Increased naive T cell apoptosis. Since T cells migrate on the FRC
network to access survival factors such as IL-7, the physical bar-
rier created by collagen deposition and the loss of the FRC net-

Figure 4

Loss of FRC network leads to increased apoptosis of naive T cells.
(A—C) Confocal images of LN sections from RMs at different time points
after SIV infection immunofluorescently double stained for desmin
(green) and activated caspase-3 (red), showing increased apoptosis
associated with loss of the FRC network at (B) 180 dpi (representative
image for 1 animal out of 5) and (C) 462 dpi (representative image for
1 animal out of 5 animals infected longer than 200 days), compared
with (A) uninfected RMs (representative image for 1 animal out of 9).
Scale bar: 20 um. (D) Confocal image of a LN section, showing apop-
totic naive T cells (yellow arrows) (TUNEL* [green]; CD45RA* [red];
and CD3* [blue]) at 180 dpi (representative image for 1 animal out of 5).
Scale bar: 20 um.
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work itself would be expected to restrict IL-7 access and deplete
the source of IL-7, thereby increasing apoptosis, particularly in the
naive T cell populations (10, 18, 19). We indeed found dramatic
increases in apoptotic cells in the T cell zone in chronically infected
animals. This was evident by comparison of an uninfected animal
(SIV-) with an infected animal at 180 dpi and was even more strik-
ing in an infected animal at 462 dpi (Figure 4, A-C). While there
were cells clearly undergoing apoptosis even when they were close
to the residual FRC network (Figure 4B), consistent with the well-
established mechanism of increased apoptosis associated with
chronic immune activation, the great majority of activated cas-
pase-3* apoptotic cells were located in apparent “black holes,” in
which the FRC network had been lost and replaced by collagen. As
predicted, we found significant increases in naive T cell apoptosis
(Figure 4D and Figure 5B), which is inversely associated with the
quantity of FRCs and positively associated with the quantity of
collagen (P =0.0004 and P = 0.002, respectively).

Depletion of naive CD4* and CD8" T cell populations by increased
apoptosis. The increased apoptosis in naive T cell populations was
significantly associated with their depletion (Figure 5, A and B;
P =0.0001). Significant increases were detectable after the acute
stage of SIV infection and accelerated markedly in the later chronic
stages of infection. In the acute stage of infection, the FRC net-
work and IL-7 were slightly increased (Figure SC and Supplemen-
tal Figure 4, A and B), coincident with the LT hyperplasia in this
stage of infection (Supplemental Figure 4B), potentially compen-
sating for collagen deposition occurring during the acute phase,
so that there was only a small decrease in naive T cell numbers.
However, after 90 dpi, there was a rapid and parallel decline in the
FRC network, IL-7 (Figure SC and Supplemental Figure 4, A and B;
P <0.0001), and naive T cells (Figure 5, D and E; P = 0.0004). Most
of the surviving naive T cells resided at the border of B cell and
T cell zones (Supplemental Figure 4C), where the majority of the
residual FRC network and IL-7 was still detectable (Supplemental
Figure 4, A and B, arrow). Lastly, as our hypothesis predicts, the
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Figure 5

Loss of FRCs is associated with loss of naive T cells within LTs. (A) Confocal images of LN sections from RMs at different time points after
SIV infection immunofluorescently double stained for CD45RA (green) and CD3 (red), showing gradual loss of CD45RA+*CD3* naive T cells
within LTs during SIV infection (total n = 38; n = 9 for uninfected RMs, n = 5 for 7-dpi RMs, n = 5 for 14-dpi RMs, n = 5 for 30-dpi RMs, n = 4 for
90-dpi RMs, n = 5 for 180-dpi RMs, and n = 5 for 300-dpi RMs). Scale bar: 30 um. (B) Quantification of the number of apoptotic naive T cells
(TUNEL*CD45RA+CD3*) and the number of naive T cells (CD45RA*CD3+), showing significant inverse association (total n = 38, P = 0.0001). The
time point “300 dpi” represents the mean measurement of 5 animals, which were infected for 222 days, 280 days, 294 days, 462 days, and 560
days, respectively. (C) QIA of the percentage of area staining positive for desmin and the percentage of area staining positive for IL-7, showing
significant association between the quantity of IL-7 and the quantity of the FRC network (total n = 38, P < 0.0001). (D) QIA of the percentage of
area staining positive for IL-7 and the number of CD45RA+*CD3+ naive T cells within LTs, showing the kinetics of IL-7 and the kinetics of naive
T cell number. Error bars represent SD. (E) QIA of the percentage of area staining positive for IL-7 and the number of CD45RA+*CD3* naive
T cells for each animal, showing that loss of naive T cells is associated with loss of IL-7 production (total n = 38, P = 0.0004).
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LTp* T cells are depleted during SIV infection in RMs. (A) Confocal images (representative image for 1 animal out of 5) showing CD3* T cells
(red) are the major producers of LT (green) in the T cell zone in an uninfected RM LN. Scale bar: 30 um. (B and C) Progressive depletion of
LTp* T cells (green) in RM LTs at (C) 180 dpi (representative image for 1 animal out of 5) compared with those at (B) 30 dpi and (A) those from
an uninfected animal. Scale bar: 30 um. (D) QIA of the number of LTB* T cells and the percentage of area staining positive for desmin for each
animal, showing the correlation between LT3+ T cells and FRCs (P < 0.0001; n = 9 for uninfected RMs, n = 5 for 30-dpi RMs, n = 5 for 180-dpi

RMs, n = 5 for 300-dpi RMs).

destruction of LT architecture not only decreased the naive CD4*
T cell number in LNs but also had a similar impact on naive CD8*
T cells, with similar and parallel losses of both naive CD4* and
CD8* cells (Supplemental Figure 4, D-F).

Survival interdependencies — loss of FRCs caused by loss of LTPB*
T cells. Collagen deposition and loss of the FRC network decreased
both access to IL-7 and the major source of IL-7 in the T cell zone,
resulting in increased apoptosis and loss of T cells. However, what
explains the loss of the FRC network itself? We hypothesized that
the loss of the FRC network was reciprocally related to depletion
of T cells as a major source of LTP (20), based on ex vivo studies
in the mouse, in which maintenance of the FRC network has been
shown to be dependent on LT signaling from T cells (21). We con-
firmed this dependency in vivo by documenting loss of the FRC
network in mice by separately blocking either the LT pathway
or by depleting T cells (Supplemental Figure 5) and then showed
that T cells are a major source of LT (~80% of the LTP" cells are
T cells) in the T cell zone of RMs (Figure 6A). Furthermore, the loss
of LTR* T cells followed a parallel time course, consistent with the
loss of the FRC network in SIV infection (Figure 6, B-D), further
supporting the conclusion that the loss of FRCs is a consequence
of the loss of LTf-producing T cells.

Fibroblasts are the major producers of collagen. These findings estab-
lish a cooperative and cumulative mechanism of collagen deposi-
tion and naive T cell depletion but leave unanswered the questions
of the cellular sources and mechanisms of collagen production
and deposition. For answers to these questions that could provide
insights to design interventions in HIV-1 infection to minimize
depletion and improve immune reconstitution, we turned to HIV-1
infection in studies of LT and in vitro models.
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To determine the cellular source of collagen within LT in HIV-1
infection, we used antibodies to CD3 (T cells), CD68 (macro-
phages), CD20 (B cells), CD11c (dendritic cells), and vimentin
(fibroblasts) to identify which cell types were producing procol-
lagen, the precursor of mature collagen fibers (22-24). As shown
in a representative image in Supplemental Figure 6A, procollagen
mainly colocalized with vimentin* fibroblasts. To corroborate this
finding, we used ISH combined with immunohistochemistry to
show that type I collagen (COLIA2) mRNA primarily colocalized
with vimentin® fibroblasts (Supplemental Figure 6B). Lastly, we
isolated leukocyte and fibroblast subpopulations from human
tonsils and compared their ability to produce collagen in an ex
vivo culture system. As shown in Supplemental Figure 6C, cultured
primary fibroblasts were able to synthesize type I collagen, while
leukocytes produced very little type I collagen (data not shown).
Taken together, these data confirm that fibroblasts are the major
producers of collagen within LTs.

Enbanced TGF-B1 signaling leads to increased production of collagen.
The TGF-B1 signaling pathway is a known, key mediator of fibro-
sis (25-27), while TGF-f1* regulatory T cells have been shown to
be an important factor in increased fibrosis of LT during acute
SIV infection (7). We therefore examined the expression of vari-
ous components of the TGF-B1 signaling pathway in the LTs
from a cohort of HIV-1-infected patients (Supplemental Table 1),
including TGF-B1, TGF-B1 receptor II (TGF-f1 RII), and down-
stream signaling molecules, such as phosphorylated smad2/3
(p-smad2/3). We did detect an increase in TGF-B1* T cells during
HIV-1 infection (Figure 7, A and B, and Supplemental Figure 7A),
identified mainly as CD3*/CD4*/Foxp3* regulatory cells (Supple-
mental Figure 7A and Supplemental Figure 8). This increase in
Volume 121
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Figure 7

The TGF-p1 signaling pathway
is activated in LTs during HIV-1
infection. (A) Immunofluorescent
images of TGF-B1 (green staining;
first row), TGF-B1 RIl (red stain-
ing; second row), p-SMAD2/3 (red
staining; third row), and procolla-
gen (blue staining; fourth row) in
LTs from HIV-1-infected individu-
als, showing a parallel increase in
TGF-p1 and its cognate receptor,
leading to activation of the TGF-f31
signaling pathway (p-SMAD2/3)
and resulting synthesis of procolla-
gen (representative image for 1 out
of 4 subjects at each stage). Scale
bars: 50 um. (B) TGF-B1+ cells
were quantified in each LN biopsy
and are reported as the number of
TGF-p1—expressing cells per mm?
of tissue. Mean values for each
group are indicated by horizontal
black bars. (C) TGF-f1-express-
ing cells were significantly correlat-
ed with collagen type | deposition
in the inguinal LN. Each individual
colored symbol represents an indi-
vidual subject.
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TGF-B1* regulatory T cells was accompanied by a parallel increase
in TGF-B1 RII expression in vimentin® fibroblasts and increases in
the downstream signaling molecules p-smad2/3 (Figure 7A and
Supplemental Figure 7, B and C).

The increased frequency and spatial proximity of TGF-f1* regu-
latory T cells and TGF-B1 R* fibroblasts (Supplemental Figure 7D)
suggested a potential mechanism for increased collagen deposi-
tion in which interactions between T cells and fibroblasts activate
the TGF-B1 signaling pathway. In support of this hypothesis, we
found a significant association between TGF-f1* cells and fibrosis,
as measured by collagen type I deposition (r = 0.68, P = 0.0001)
(Figure 7C). Moreover, addition of TGF-f1 to primary fibroblasts
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cultured ex vivo resulted in increased production of type I collagen
over basal levels (Supplemental Figure 9).

Blocking TGF-B1 signaling decreases production of collagen. These
results, linking LT fibrosis to activation of the TGF-f1 pathway
during viral replication-related inflammation, with consequent
disruption of the FRC network and depletion of naive T cells,
suggested that interventions that disrupt these processes, even
without directly affecting viral replication, might confer thera-
peutic benefits. To begin to evaluate approaches for inhibition of
LT fibrosis as a possible adjunctive therapy in HIV-1 infection, we
investigated the effects of the antifibrotic drug pirfenidone on the
TGF-B1 signaling pathway. Addition of pirfenidone to TGF-f1-
Volume 121 March 2011 1003
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stimulated fibroblasts effectively blocked this signaling pathway
and concomitantly decreased collagen production in an ex vivo
culture system (Supplemental Figure 9).

Role of CHI3L1 in collagen deposition and relationship to TGF-B1 signal-
ing. In a previous microarray analysis of HIV-1-infected LT (28), we
identified CHI3LI as one of the genes with the greatest increase in
expression during HIV-1 infection. Since CHI3L1 has been shown
to play an important role in collagen formation, both by increasing
the rate of fibrillogenesis during the collagen maturation process
(29, 30) and decreasing the rate of collagen degradation by inhibit-
ing MMP-1 (30), we explored the role that CHI3L1 might play in
increasing collagen deposition during HIV-1 infection. We found
significant increases in the CHI3L1 expression in LTs during HIV-1
infection, consistent with the previously documented increases in
mRNA (P = 0.034) (Supplemental Figure 10, A and B), and identi-
fied vimentin® fibroblasts as the cells that express CHI3L1 (Sup-
plemental Figure 10C). As a number of cytokines induce CHI3L1
expression (31, 32), we asked whether increased TGF-f31 expression
was associated with increased CHI3L1 expression during HIV-1
infection and found that there was a significant, positive associa-
tion between TGF-B1* cells and CHI3L1 expression in LT (r = 0.49,
P=0.0092) (Figure 8A). In addition, TGF-B1 treatment of primary
LT fibroblasts resulted in enhancement of CHI3L1 expression
compared with that of untreated cultures (Figure 8, B and C).
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Figure 8

TGF-p1 stimulates the production of CHI3L1 by LT fibroblasts. (A)
TGF-B1-expressing cells were significantly correlated with CHI3L1
expression in the inguinal LN. Each individual colored symbol repre-
sents an individual subject. (B) Immunofluorescent images of CHI3L1
(green staining) in primary human fibroblasts, treated with or with-
out TGF-B1 (250 ng/ml) for 48 hours (representative image of 10).
Cell nuclei appear blue (DAPI staining). Scale bars: 50 um. (C) The
extracellular CHI3L1 networks of primary human fibroblasts were
quantified for each condition and are reported as CHI3L1 mean fluo-
rescence intensity. Data are expressed as mean + SD, where 3 inde-
pendent experiments were performed in quadruplicate. The results are
shown with significance where applicable (P < 0.05).

As we had now shown that CHI3L1 and procollagen are both
produced in LT fibroblasts and both increased during HIV-1 infec-
tion, we hypothesized that CHI3L1 directly contributed to colla-
gen deposition by facilitating the formation of collagen fibrils (29,
30). Consistent with this hypothesis, we found (a) CHI3L1 levels
and collagen type I in LT are significantly correlated (r = 0.85,
P <0.0001) (Figure 9A); (b) addition of exogenous CHI3L1 to cul-
tures of primary fibroblasts enhanced the formation of mature col-
lagen type I (Figure 9B); and (c) CHI3L1-specific blocking antibod-
ies reduced this effect. We also found that pirfenidone treatment
blocked the effects of CHI3L1 on collagen formation (Figure 9B),
suggesting that the antifibrotic effects of the drug are cooperative:
blocking the TGF-B1 signaling pathway inhibits both production
of procollagen and CHI3L1, thereby blocking fibril formation.

Discussion

The hallmark of untreated immunodeficiency virus infections is
the cumulative depletion of CD4* T cells that is most marked in the
later stages of infection by the predominant depletion in blood and
LT of naive CD4" T cells (3-5). This has been attributed to impaired
output from the thymus (33-35) combined with loss in the periph-
ery, in which T cells die by direct and indirect mechanisms related
to chronic immune activation: (a) activated naive T cells become
memory T cells that are susceptible to infection in which they suc-
cumb or are killed by virus-specific CD8" T cells and (b) activated
cells undergo activation-induced cell death (1, 36, 37).

To these established mechanisms we now add another indirect
mechanism of T cell depletion in which chronic immune activation
elicits a T regulatory counter response with the adverse consequence
of increased collagen production and deposition. This, in turn, sets
in motion cooperative and cumulative mechanisms that contribute
to the depletion of T cells, particularly naive T cells in SIV-infected
RMs (Supplemental Figure 1A): collagen disrupts T cell access to
IL-7 provided on the FRC network, leading to increased apoptosis
of T cells, particularly naive T cells. The depletion of LTR* T cells,
in turn, deprives the FRC network of the major source of LTR* (20),
on which it depends (21). This, along with the collagen-restricted
access of LT* T cells to the FRC network, results in loss of the FRC
network and further decreases in IL-7 availability for T cells. Thus,
a positive loop mechanism (Supplemental Figure 1) is established
that progressively and cumulatively causes T cell depletion, particu-
larly in the naive T cell populations.

This mechanism provides a broadened perspective on the pref-
erential depletion of naive CD4* T cells in late HIV-1 infection in
both peripheral blood and LTs (3-5) and helps explain why both
naive CD4* and CD8" T cells are depleted in HIV-1 infection (38,
March 2011
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39), thereby impairing the ability to respond to new infections and
malignancies. Because of resistance to viral infection by naive CD8*
T cells and relative resistance to viral infection and killing of naive
CD4* T cells (40, 41) compared with that of memory CD4" T cells
(42, 43), depletion of these populations has heretofore been attrib-
uted to indirect mechanisms of apoptosis associated with chronic
immune activation (1, 36, 37) and to decreased thymic output
(33-35), rather than direct mechanisms. However, these indirect
mechanisms do not fully account for the continued apoptosis and
slow and incomplete restoration of the naive CD4* T cell popula-
tions after HAART has largely suppressed direct losses attributable
to viral infection and after immune activation has largely subsided
with commensurate decreases in activation-induced cell death
(ref. 44 and Supplemental Figure 1A). On the other hand, collagen
deposition, which impairs access to IL-7 on the FRC network and
causes loss of the FRC network, itself an important source of IL-7,
provides mechanisms for (a) depletion of both naive CD4* and
CD8* T cells (38, 39); (b) the continued high level of apoptosis in
LTs while on HAART; and (c) the correlation between the extent
of fibrosis of LTs before the initiation of HAART and the extent of
restoration of naive CD4 T cells after long-term HAART (ref. 6 and
Supplemental Figure 1B).

Our findings suggest the potential benefit of IL-7 treatment dur-
ing HIV-1 infection. Indeed, studies have shown that complement-
ing HAART with IL-7 during both SIV and HIV infection signifi-
cantly increases the circulating naive CD4* T cell number (45-47).
Furthermore, ex vivo and in vivo studies with T cells from HIV-1-
infected patients showed that IL-7 treatment could significantly
upregulate Bcl-2 levels to normalize the extent of apoptosis in CD4*
and CD8* T cells from HIV-1-infected individuals (48, 49). These
data consistently suggest that insufficient IL-7 is a key contributor
in the impaired T cell homeostasis in SIV/HIV infection.

However, the immediate decline of the absolute numbers of both
naive CD4" and CD8" T cells after termination of IL-7 therapy
(45-47) suggests that complementing IL-7 only provides transient
survival benefit for naive CD4 and CD8 T cells and strongly argues
for the development of therapeutic interventions to provide long-
term survival benefit for naive T cells. Our findings here clearly
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suggest that collagen deposition and the loss of FRCs as the major
source of IL-7 play critical roles in compromising homeostasis of
naive T cells, and thus restoration of the LT niche could poten-
tially provide long-term survival benefit for naive T cells.

Our findings on mechanisms of fibrosis in LTs during HIV-1
infection also support a cooperative and cumulative mechanism of
collagen deposition driven by immune activation (Supplemental
Figure 1A). The increased expressions of both TGF-f1 in regula-
tory T cells (responding to immune activation) and its cognate
receptor in spatially proximate fibroblasts chronically activate
the TGF-B1 signaling pathway. This results in increased expres-
sion of procollagen, the immature, unprocessed form of collagen
(Supplemental Figure 11). TGF-B1 also enhances the expression
of CHI3L1, so that in this model, TGF-f1 plays a dual role; itis a
cytokine that increases both an upstream substrate (procollagen)
and its downstream effector (CHI3L1) within the same cell type
(fibroblast), thereby establishing a cooperative process of collagen
deposition and cumulative fibrosis in LT during HIV-1 infection.

The link established here among fibrosis, damage to the LT
niche through loss of access and a source of IL-7 on the FRC
network, and naive T cell depletion clearly argues for therapeu-
tic approaches targeting fibrosis and maintaining and restoring
a functional FRC network. Because the underlying mechanisms
of both fibrosis and damage to the FRC network operate cumula-
tively, the most straightforward way to do this would be through
earlier initiation of HAART to limit the inflammation associated
with viral replication that drives the process. In addition, develop-
ment of adjunctive antifibrosis treatment might additionally avert
or lessen the consequences of damage to the LT niche and improve
immune reconstitution. As a proof of principle, we targeted the
TGEF-B1 signaling pathway with the antifibrotic drug pirfenidone,
currently in a phase II clinical trial in the treatment of pulmonary
fibrosis (50), and showed that we could dramatically reduce colla-
gen production by primary human fibroblasts. Thus, therapeutic
interventions directed at the TGF-f1 signaling pathway or other
pathways involved in collagen formation, deposition, and degrada-
tion could potentially avert or moderate LT fibrosis and improve
immune reconstitution after HAART.
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Methods

Ethics statement. The human study was conducted according to the prin-
ciples expressed in the Declaration of Helsinki. The study was approved
by the Institutional Review Board of the University of Minnesota. All
patients provided written informed consent for the collection of samples
and subsequent analysis.

LN biopsy specimens. Inguinal LN biopsies from 4 HIV-negative individu-
als and 23 untreated HIV-1-infected individuals at different clinical stages
(Supplemental Table 1) were obtained for this University of Minnesota
Institutional Review Board-approved study. Viral load measurements were
obtained on the same day as biopsies. Each LN biopsy was immediately
placed in fixative (4% neutral buffered paraformaldehyde or Streck’s tissue
fixative) and paraffin embedded.

Animals, SIV infection, and LN biopsy specimens. Adult RMs used in these
studies were housed in accordance with the regulations of the American
Association of Accreditation of Laboratory Animal Care and the standards
of the Association for Assessment and Accreditation of Laboratory Ani-
mal Care International. These studies were approved by the Institutional
Animal Care and Use Committees of Emory University (Atlanta, Georgia,
USA) and the University of Pennsylvania (Philadelphia, Pennsylvania,
USA). LTs were obtained in longitudinal studies from 5 RMs who were
inoculated intravenously with 10,000 TCIDs, of SIVmac239 (gift from
R. Desrosiers, New England Primate Research Center, Harvard Medical
School, Southborough, Massachusetts, USA), and additional LTs from
11 RMs were obtained in previously described cross-sectional studies (51).
Each LN biopsy was immediately placed in fixative (4% neutral buffered
paraformaldehyde or Streck’s tissue fixative) and paraffin embedded.

Immunofluorescence, immunobistochemistry, ISH, and quantitative image
analysis. All staining procedures were performed as previously described
(51, 52), using 5- to 30-um tissue sections mounted on glass slides. Tis-
sues were deparaffinized and rehydrated in deionized water. Heat-induced
epitope retrieval was performed using a high-pressure cooker (125°C) in
either DIVA Decloaker (Biocare Medical) or EDTA Decloaker (Biocare
Medical), followed by cooling to room temperature. Tissues for collagen
type I staining required pretreatment with 20 ug/ml proteinase K (Roche
Diagnostics) in proteinase K buffer (0.2 M Tris, pH 7.4, 20 mM CaCl,) for
15-20 minutes at room temperature. Tissue sections were then blocked
with SNIPER Blocking Reagent (Biocare Medical) for 30 minutes at room
temperature. Primary antibodies were diluted in TNB (0.1 M Tris-HCI,
pH 7.5;0.15 M NaCl; 0.05% Tween 20 with Dupont blocking buffer) and
incubated overnight at 4°C. After the primary antibody incubation, sec-
tions were washed with PBS and then incubated with fluorochrome-con-
jugated secondary antibodies in TNB for 2 hours at room temperature.
For sections using 2 mouse primary antibodies, one of the antibodies was
first biotinylated using the One-step Antibody Biotinylation Kit (Milt-
enyi Biotec) according to the manufacturer’s instructions; an anti-biotin
fluorophore-conjugated antibody was then used as the secondary reagent.
Finally, sections were washed with PBS, nuclei were counterstained blue
with TOTO-3 or DAPI, and sections were mounted using Aqua Poly/
Mount (Polysciences Inc.). Immunofluorescent micrographs were taken
using an Olympus BX61 Fluoview confocal microscope with the following
objectives: x20 (0.75 NA), x40 (0.75 NA), and x60 (1.42 NA); images were
acquired and mean fluorescence intensity was analyzed by using Olympus
Fluoview software (version 1.7a).

For combined immunohistochemistry/ISH, collagen type I (COL1A2)
cDNA (IMAGE clone 740269 from ATCC, vector PT7T3D-Pac) was cut
with EcoRTand transcribed with T3 polymerase (Promega) in the presence
of S3 UTP to make the anti-sense probe. The cDNA was cut with Noz I
and transcribed with T7 polymerase to make the control sense probe,
according to the manufacturer’s instructions. IL-7 cDNA (IMAGE clone
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5748841; Invitrogen) was cut with Sal/I and transcribed with T7 polymerase
(Promega) in the presence of S3 UTP. Tissues were deparaffinized in an
incubator at 60°C for 2 hours and rehydrated through graded ethanols.
Heat-induced epitope retrieval was performed using a water bath (95°C for
25 minutes), followed by treatment with acetic anhydride. Sections were
hybridized with S3%-labeled anti-sense or control sense RNA probes over-
night at 45°C, washed in 2X standard saline citrate (SSC) at 37°C, treated
with RNase A at 37°C for 60 minutes, and washed in 50% formamide/2X
SSC at 50°C for 5 minutes, 1X SSC at 50°C for 10 minutes, and 0.5X SSC
at 50°C for 15 minutes. Tissues were then blocked with SNIPER Block-
ing Reagent (Biocare Medical) and incubated overnight at 4°C with the
primary antibody. Tissues were then washed. Endogenous peroxidase
was inactivated with 3% (vol/vol) H,O; in methanol and signal detected
with Mach-3 (Biocare Medical) and DAB Kits (Vector Laboratories). Slides
were dehydrated in ethanols containing 0.1 M ammonium acetate and
air dried. Slides were dipped in nuclear track emulsion, dried, exposed
at 4°C, developed, fixed, counterstained with Harris Hematoxylin (Sur-
gipath), and mounted with Permount (Fisher Scientific). Stained sections
were examined by light microscopy at ambient temperatures. Light micro-
graphs were taken using an Olympus BX60 upright microscope with the
following objectives: x10 (0.3 NA), x20 (0.5 NA), and x40 (0.75 NA); images
were acquired using a SPOT Color Mosaic camera (model 11.2; Diagnos-
tic Instruments) and SPOT acquisition software (version 4.5.9; Diagnostic
Instruments). Isotype-matched IgG/IgM-negative control antibodies in
all instances yielded negative staining results (see Supplemental Table 2,
which lists the primary antibodies and antigen retrieval methodologies).

Quantitative image analysis (QIA) was performed using 10-20 ran-
domly acquired, high-powered images (x200 or x400 magnification) by
either manually counting the cells in each image or by determining the
percentage of LT area occupied by a positive chromogen or fluorescence
signal using an automated action program in Adobe Photoshop CS, with
tools from Reindeer Graphics.

Ex vivo culture system. The experimental protocols used here for human
tissue samples had full Institutional Review Board approval (Human Sub-
jects Committee, Research Subjects’ Protection Program, University of
Minnesota), and informed written consent was obtained from individual
patients, or the legal guardians of minors, for the use of tissue in research
applications prior to the initiation of surgery. Fresh human palatine tonsil
tissues were obtained from routine tonsillectomies and processed within
1-2 hours of completion of surgery. Viable tonsil lymphocyte suspen-
sions were prepared by forcing cut tissue pieces through a metal sieve and
collecting the released single cell suspension in complete RPMI medium
(10% heat-inactivated fetal calf serum, 1x L-glutamine, and penicillin and
streptomycin; Invitrogen). The cells were washed and immediately cryo-
preserved. The remaining stromal cells left on the sieve were cultured in
complete RPMI medium at 37°C/5% CO, and adherent, proliferating
fibroblasts were visible after 2-5 days in culture; confluent monolayers
developed after 10-25 days. These primary stromal populations were read-
ily released with trypsin and further expanded/passaged using routine pro-
cedures for adherent cells.

Subconfluent primary stromal cells (2 x 104 cells/well) were grown on Lab-
Tek II chamber slides 2 days before experimental manipulation. TGF-B1,
CHI3L1, and other agents were added to the culture and incubated for 48
hours before analysis. For vimentin and p-smad2/3 staining, cells were first
fixed by Streck’s tissue fixative and then subjected to secondary antibody
staining as previously described. For live cell staining, samples were directly
incubated with primary antibodies against collagen type I and/or CHI3L1
at 4°C overnight, without antigen retrieval treatment; samples were then
subject to secondary antibody staining as previously described. To quantify
levels of collagen type I or CHI3L1, 10 randomly stained confocal images
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Number3  March 2011



from each specimen and condition were captured, and the mean fluores-
cence intensities were calculated by FV10-ASW software.

LT signaling blockade and CD3" T cell depletion in mice. In order to block
LTP signaling, mice were injected intra-peritoneally each week with 100
ug of LTRR-Ig (gift from Jeffrey Browning, Biogen Idec, Inc., Cambridge,
Massachusetts, USA) or control IgG and were sacrificed 1 week after the
second injection of LTPR-Ig. LTs were sectioned and stained for ER-TR7
using rat monoclonal anti-ER-TR-7 (clone ER-TR-7, Acris, Germany). For
the CD3* T cell depletion study, mice were injected intra-peritoneally each
week with rat anti-CD3 antibody (clone 30H12, 500 ug per injection) or
vehicle control. LTs were isolated after the eighth injection and sections
were stained for ER-TR?7.

Statistics. All associations involving SIV-infected monkeys were tested
using linear mixed models. Restricted maximum likelihood was used to
obtain parameter estimates, and Wald tests of regression coefficients were
used to test for an association between each independent variable and the
response variable of interest. Random intercepts were used to model the
animal correlation in the response variable. More specifically, 3 different
variables were used as response variables (the percentage of area staining
positive for IL-7, the number of naive T cells, and the number of naive
T cells undergoing apoptosis), and all other variables (namely, the percent-
age of area staining positive for desmin, the percentage of area staining
positive for collagen, and days after infection) were used as explanatory
variables. Backward variable selection was used to remove nonsignificant
covariates. This process led to models in which (a) days after infection and
the percentage of area staining positive for desmin (P < 0.0001) were predic-
tive of the percentage of area staining positive for IL-7; (b) the percentage
of area staining positive for collagen (P = 0.002) and the percentage of area
staining positive for desmin (P = 0.0004) were predictive of the number
of naive T cells undergoing apoptosis; (c) the percentage of area staining
positive for IL-7 was predictive of the number of naive T cells (P = 0.0004);
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and (d) the number of naive T cells undergoing apoptosis was predictive
of the number of naive T cells (P = 0.0001). P values of less than 0.05 were
considered statistically significant.

Associations between continuous variables involving HIV-infected
humans were estimated using Pearson’s correlation coefficient (after trans-
forming to the log scale), and tests were conducted using the usual ¢ test for
a correlation. Differences in CHI3L1 protein levels between HIV-negative
and -positive subjects were tested using a 2-sample ¢ test (after transform-
ing to the logarithmic scale to stabilize the variance). All calculations were
performed with the software R, version 2.10.1.
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