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A major pathogenic feature associated with HIV infection is lymphoid fibrosis, which persists during
antiretroviral therapy (ART). Lymphoid tissues play critical roles in the generation of antigen-
specific immune response, and fibrosis disrupts the stromal network of lymphoid tissues, resulting
in impaired immune cell trafficking and function, as well as immunodeficiency. Developing an
animal model for investigating the impact of HIV infection-induced lymphoid tissue fibrosis on
immunodeficiency and immune cell impairment is critical for therapeutics development and clinical
translation. Said model will enable in vivo mechanistic studies, thus complementing the well-
established surrogate model of SIV infection-induced lymphoid tissue fibrosis in macaques. We
developed a potentially novel human immune system-humanized mouse model by coengrafting
autologous fetal thymus, spleen, and liver organoids under the kidney capsule, along with i.v.
injection of autologous fetal liver-derived hematopoietic stem cells, thus termed the BM-liver-
thymus-spleen (BLTS) humanized mouse model. BLTS humanized mouse model supports
development of human immune cells and human lymphoid organoids (human thymus and spleen
organoids). HIV infection in BLTS humanized mice results in progressive fibrosis in human lymphoid
tissues, which was associated with immunodeficiency in the lymphoid tissues, and lymphoid tissue
fibrosis persists during ART, thus recapitulating clinical outcomes.

Introduction

The hallmark of chronic HIV infection is the depletion of CD4" T cells, via direct virus-mediated killing
and indirect killing, which ultimately leads to AIDS in the absence of antiretroviral therapy (ART). Inflam-
matory response is also a hallmark of chronic HIV infection, and studies suggest that HIV-induced inflam-
matory response results in lymphoid tissue fibrosis, which contributes to lymphoid tissue damage, CD4* T
cell depletion, and impaired CD4" T cell reconstitution following ART (1-7). A study also demonstrated
that HIV-associated lymphoid tissue fibrosis is present in all categories of HIV-infected patients, including
HIV controllers and noncontrollers with or without ART (8). A notable exception is the so-called Berlin
patient, the only recorded case of complete and sustained remission of HIV; collagen levels in lymphoid
tissues of the Berlin patient were similar to healthy, uninfected controls (8).

Lymphoid tissues play a critical role in the generation of antigen-specific immune cells; thus, damage
to these organs significantly impairs the generation of robust host-immune response to infectious agents
and microbial antigens. Immune cells/therapeutic vaccine—based therapies for sustained HIV remission or
eradication is predicated on the notion that infused or vaccine-induced immune cells will control or erad-
icate the HIV reservoir, which includes the HIV reservoir located in lymphoid tissues (9). This idea posits
that infused or vaccine-induced HIV—targeting immune cells will survive and maintain functionality in the
fibrotic lymphoid tissues; however, there are no current small animal models for HIV-induced lymphoid
tissue fibrosis to evaluate said notion.

Studies using the surrogate SIV macaque model demonstrate that pathogenic SIV infection induces pro-
gressive lymphoid tissue fibrosis, which strongly correlates with CD4* T cell depletion (2, 7, 10); however,
virus/species-specific limitations may exist in translating findings from mechanistic studies to HIV-human
host interactions (11). Humanized mice reconstituted with human immune cells with or without human
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thymus organoid (primary lymphoid organ), broadly termed human immune system—humanized mice, has
been widely used to study HIV transmission, immunopathogenesis, chronic inflammation, and immune
response and is highly amendable to mechanistic studies, thus providing a robust small animal model that
complements the surrogate SIV macaque model (12). In human immune system—humanized mouse mod-
els, the immunodeficient mouse spleen is reconstituted with human immune cells to generate a humanized
murine spleen; however, human immune cell reconstitution and associated red pulp and lymphoid follicle
development in the humanized murine spleen is not optimal (13). The suboptimal human immune cell
reconstitution of the humanized murine spleen in human immune system—humanized mouse models is
exhibited by the disorganized splenic architecture and associated low red pulp macrophage reconstitution,
which — in contrast — is the most abundant cell type in the human spleen (14).

To improve the human lymphoid organoid system in human immune system—humanized mice, we coen-
grafted autologous fetal thymus, spleen, and liver organoids under the kidney capsule, along with i.v. injection
of autologous fetal liver—derived hematopoietic stem cells, thus generating BM-liver-thymus-spleen (BLTS)
humanized mice. The premise for this approach is well established, as several reports have demonstrated
development of spleen xenograft under the kidney capsule in immunodeficient mice (15-17). The BLTS
humanized mouse model supports human immune cell development, along with development of human
thymus and spleen organoids, which are comparable with human lymphoid organs in terms of both lymphoid
tissue architecture and cellular composition and distribution. We investigated HIV-induced collagen deposi-
tion (fibrosis) in human thymus and spleen tissues in the BLTS humanized mouse model. We demonstrate
that HIV infection induces excessive human collagen deposition (fibrosis) in human spleen and thymus tis-
sues in the BLTS humanized mouse model. Understanding the mechanisms of HIV-induced lymphoid tissue
fibrosis and its role in chronic inflammation, immune cell impairment, immunodeficiency, and the genera-
tion, trafficking, and function of anti-HIV immune cells is critical for developing novel therapeutic strategies
for treating persistent immune abnormalities associated with non-AIDS pathologies and eradicating the HIV
reservoir; the BLTS humanized mouse model provides a platform for addressing these questions.

Results

The BLTS humanized mouse model supports development of human spleen and thymus organoids and human immune
cells. Reports suggest that the microanatomy of lymphoid tissues plays a critical role in immune cell devel-
opment, and species-specific differences exist in the microanatomy of human and mouse lymphoid tissues
(18-20). The mouse thymus microanatomy differs from human thymus microanatomy by the absence of
sublobulation formed by a thin layer of collagen and reticular fibers, which are produced by reticular fibro-
blasts (19) (Supplemental Figure 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.120430DS1). The spleen, which is a major secondary lymphoid tissue accounting
for ~25% of total body lymphocytes, exhibits significant differences in the relative size and structure of the
red and white pulp between humans and mice (18) (Supplemental Figure 1). The human spleen has a small
white pulp/red pulp area ratio; thus, red pulp macrophages and stromal constituents including reticular
fibroblasts and reticular fibers are dominant components of the human spleen (18, 20) (Supplemental Fig-
ure 1). In contrast, the ratio of white pulp/red pulp area is high in the mouse spleen; thus, the mouse spleen
has low level of stromal constituents (18, 20) (Supplemental Figure 1). We hypothesized that differences
in the microanatomy of human and mouse spleens could contribute to suboptimal development of human
immune cells in immunodeficient mouse spleen. We hypothesized that cotransplantation of autologous
fetal thymus, spleen, and liver organoids under the kidney capsule — along with i.v. injection of autologous
fetal liver—derived hematopoietic stem cells, termed BLTS humanized mice — will enable development
of human spleen and thymus organoids and associated human immune cells in the organoids and the
periphery (Figure 1). We processed autologous human fetal spleen, thymus and liver organs into ~1 mm?
organoids and isolated autologous human CD34" hematopoietic stem cells from the fetal liver, and we sub-
sequently transplanted the organoids and stem cells into irradiated NSG mice (Figure 1 and Supplemental
Figure 2, A and B). Gross analysis of human lymphoid organoid development in BLTS humanized mice
at 10 weeks after transplantation showed development of human spleen and thymus organoids under the
kidney capsule (Figure 2A). In addition to supporting the development of human lymphoid organoids, the
BLTS humanized mouse model supports reconstitution of the immunodeficient mouse lymph nodes (axil-
lary and mesenteric) and the immunodeficient mouse spleen when compared with the day of transplanta-
tion (Figure 2A and Supplemental Figure 3, A-D). Longitudinal analysis also showed gross development

https://doi.org/10.1172/jci.insight.120430 2


https://doi.org/10.1172/jci.insight.120430
https://insight.jci.org/articles/view/120430#sd
https://doi.org/10.1172/jci.insight.120430DS1
https://insight.jci.org/articles/view/120430#sd
https://insight.jci.org/articles/view/120430#sd
https://insight.jci.org/articles/view/120430#sd
https://insight.jci.org/articles/view/120430#sd
https://insight.jci.org/articles/view/120430#sd
https://insight.jci.org/articles/view/120430#sd
https://insight.jci.org/articles/view/120430#sd

. TECHNICAL ADVANCE

Tissue & Cells Transplant
Spleen Thymus  Liver

o,
! Step ll. Isclate CD34+

: hematopoietic stem cells

¢ from liver and transplant

via retro-orbital injection.

Step Il. Process tissues into 1 mm? pieces
and implant under the kidney capsule.

Animal Conditioning

Step I. Myoablate with 200 Rads.

BLTS Humanized Mouse

Human Spleen & Thymus Organoids
Humanized-Mouse Spleen
Humanized-Mouse Lymph Node
Human Lymphocytes

Other Human Leukocytes

Human Hematopoietic Stem Cells

3 Step IV. Allow human immune cells
\' and lympheid tissues to develop.

X

(Vg

Figure 1. Construction of the BLTS humanized mouse model. In Step |, NSG mice are myoablated via y irradiation (200 rads) using a Cesium-137 irradiator.
In Step |l fetal tissues (spleen, thymus, and liver) are processed into 1 mm? pieces and transplanted as a “sandwich” under the kidney capsule in irradiated
NSG mice, following the administration of antibiotic and analogesic therapy and the induction of general anesthesia. In Step I, autologous CD34* hema-
topoietic stem cells are isolated from the fetal liver via magnetic selection and transplanted at 2 x 10° cells per mouse via retro-orbital injection following
kidney capsule transplantation of the lymphoid tissues. In Step IV, transplanted NSG mice were maintained under specific pathogen free conditions, and
the human spleen and thymus organoids — along with other lymphoid tissues and associated immune cells — were allowed to develop over a period of 10
weeks, resulting in the BLTS humanized mouse model.

of human lymphoid organoids (spleen and thymus) (Figure 2B) and gross reconstitution of the immuno-
deficient mouse spleen and lymph nodes (axillary) (Figure 2, B and C), which are maintained throughout
the natural life span (i.e., ~12 months and 36 weeks after transplantation). Interestingly, cotransplantation
of autologous human fetal spleen, thymus, and liver tissues under the kidney capsule, along with trans-
plantation of autologous fetal liver—derived hematopoietic stem cells, resulted in greater than 90% of BLTS
humanized mice without visible symptoms (excessive hair loss and wasting syndrome) of graft versus host
diseases (GVHD) as long as 36 weeks after transplantation (Figure 2D). Instances (<10%) of GVHD in the
BLTS humanized mouse model were associated with the failure of the human spleen and thymus organ-
oids to coengraft/develop together (data not shown). The absence of GVHD in the BLTS humanized mice
contrasts from human immune system—humanized mice reconstituted via cotransplantation of autologous
human fetal thymus and liver tissues under the kidney capsule, along with transplantation of autologous
fetal liver—derived hematopoietic stem cells, and termed BM-liver-thymus (BLT) humanized mice, which
exhibit >90% incidence of GVHD by 24 weeks after transplantation (21) (Supplemental Figure 4).

Histochemical analysis of human lymphoid organoids (spleen and thymus) in the BLTS humanized
mice demonstrates development of human lymphoid organoids (spleen and thymus), with the micro-
anatomy of the human lymphoid organoids at 10 weeks after transplantation comparable with human
lymphoid organs and different from mouse lymphoid organs (Figure 3A and Supplemental Figure 1).
Although very little is known about the early development of human thymus and spleen, the features
associated with the early development of the thymus and spleen organoids in the BLTS humanized
mice at 4 weeks after transplantation are generally consistent with the model of thymus (22, 23) and
spleen (24) development in mice. In the human thymus, the densely packed heterochromatin of the
lymphocyte nuclei forms the cortex and is responsible for the dark blue staining in sections stained with
H&E; within the cortex resides the medulla, which contains fewer lymphocytes, hence the relatively
lighter stain. The human thymus organoid at 10 weeks after transplantation in the BLTS humanized
mouse model recapitulates this feature (Figure 3A and Supplemental Figure 1). In the human spleen,
the densely packed heterochromatin of the lymphocyte nuclei, which forms the white pulp is respon-
sible for the dark blue staining in sections stained with H&E; the human spleen organoid at 10 weeks
after transplantation in the BLTS humanized mouse model recapitulates this feature (Figure 3A and
Supplemental Figure 1). Conversely, the abundance of red blood cells (erythrocytes) and the low levels
of lymphocytes in regions surrounding the white pulp accounts for the red stain (red pulp) in human
spleen sections stained with H&E; the human spleen organoid at 10 weeks after transplantation in the
BLTS humanized mouse model recapitulates this feature (Figure 3A and Supplemental Figure 1).

The distinct microanatomy of lymphoid tissues results in a distinct immune cell distribution profile
in different human lymphoid tissues and plays a critical role in the immune function of the respective
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Figure 2. Lymphoid tissues development in the BLTS humanized mouse model. (A) Representative gross analysis of the human spleen and thymus
organoids (SP/Thy; images not presented at similar scale) in the kidney capsule, humanized murine spleen (h-mSP; images presented at similar scale),
humanized murine lymph nodes (axillary) (h-mLN; images presented at similar scale) in BLTS humanized mice at 0 weeks (day of transplantation) and 10
weeks after transplantation. Representative gross analysis of the (B) humanized murine spleen (h-mSP) and the human spleen and thymus organoids
(SP/Thy) in the kidney capsule (images presented at similar scale) and (C) humanized murine lymph nodes (axillary) (h-mLN) in BLTS humanized mice

at indicated time points after transplantation. (D) Representative gross analysis of the absence of graft versus host disease (lack of fur loss or wasting
syndrome) in age-matched, nontransplanted NSG mice and BLTS humanized NSG mice at 36 weeks after transplantation. Shown are representative gross
tissues or animals (n = 4 per group). Black circles identifies tissues of interest.
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lymphoid organs. We examined the reconstitution and distribution profile of the immune cells in the
human lymphoid organoids in the BLTS humanized mouse model. Immunohistochemical analysis of
human spleen and thymus organoids in the BLTS humanized mouse model showed human immune
cell reconstitution, with a distinct immune cell distribution profile comparable with human lymphoid
organs (18, 19). Human thymus organoid in the BLTS humanized mice exhibit robust T cell (human
CD3" cells) reconstitution, with T cell levels highest in the cortex and relatively lower in the medulla
(Figure 3B); this is comparable with humans (19, 25). The human thymus organoid also exhibits macro-
phage and B cell (medullary B cells) reconstitution restricted to the medulla (Figure 3B), which is com-
parable with human thymus (19, 26). Human spleen organoid in the BLTS humanized mice exhibits
robust macrophage reconstitution, with macrophages cell (human CD68* cells) levels highest in the red
pulp and lowest in the white pulp (Figure 3B); this is comparable with healthy human spleen (18, 20).
The human spleen organoid also exhibits human T and B cells reconstitution, which is overwhelmingly
restricted to the white pulp, with human T and B cells occupying distinct zones (Figure 3B), as exhibited
in human spleen (18).

Human immune cells in the BLTS humanized mice also reconstitute immunodeficient mouse
lymphoid organs, specifically spleen and lymph nodes; however, said humanized murine spleen and
humanized murine lymph node differs from human lymphoid tissues in both microanatomy and
immune cell distribution profile (Supplemental Figure 3) (18, 27). The humanized murine lymph
nodes in the BLTS humanized mice exhibit human macrophages, T and B cell reconstitution; how-
ever, lymphoid tissue structures associated with optimal human lymph node development, including
paracortex and medulla, are absent (Supplemental Figure 3, A and B) (27). The humanized murine
spleen exhibits human T and B cell reconstitution in the BLTS humanized mice, but with less distinct
organization of T and B cell zones; red pulp development and human macrophage (human CD68*
cells) reconstitution is poor compared with human spleen (Supplemental Figure 3, C and D) (28). The
suboptimal development of humanized murine lymphoid tissues in the BLTS humanized mice is com-
parable with the suboptimal development of humanized murine lymphoid tissue structures in the BLT
humanized mice (Supplemental Figure 4A) (29).
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Figure 3. Human immune cells development in lymphoid tissues in the BLTS humanized mouse model. (A) Representative histological (H&E stain)
analysis of human spleen and thymus organoids in BLTS humanized mice (n = 4 per group) at indicated time points after transplantation. (B) Represen-
tative human-specific immunohistochemical (Brown stain; T cells, hCD3*; B Cells, hCD20*; or macrophages-hCD68*) analysis of human spleen and thymus
organoids in BLTS humanized mice (n = 4 per group) at 10 weeks after transplantation. Scale bars: 200 pum.
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The blood is a major component of the immune system; it is composed of various lineages of immune
cells, which play a critical role in eradicating or controlling of infectious agents, including HIV. It is well
established that human immune cells reconstitute the peripheral blood of human immune system—human-
ized mouse models, including the BLT humanized mouse model (Supplemental Figure 5). We examined
human immune cell reconstitution and the dominant immune cell subset within peripheral blood mononu-
clear cells (PBMCs), namely lymphocytes in BLTS humanized mice (Figure 4). Analysis of the PBMCs in
BLTS humanized mice showed high (~78%) human immune cell (human CD45" cells) reconstitution in the
peripheral blood, with human T (human CD3*) cells (including human CD4* and CD8" subsets at ~1.5:1
ratio) and B (human CD19%) cells (Figure 4, A and B) reconstituted (~77% of human PBMCs) at compa-
rable levels to lymphocytes population in the peripheral blood of healthy humans (30-32). In addition to
demonstrating robust human immune cell reconstitution in lymphoid tissues and the peripheral blood, we
also showed that the BLTS humanized mouse model is reconstituted with human immune cell subtypes that
are targets for HIV replication, namely CD4* T cells and macrophages (Figure 3 and Figure 4).

The BLTS mouse model supports HIV viremia and ART-mediated suppression of HIV viremia. Humanized
mouse models reconstituted with human immune cells and/or lymphoid tissues are the only models for in
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Figure 4. Human immune cell development in the peripheral blood in the BLTS humanized mouse model. (A) Rep-
resentative flow cytometry analysis of human immune cell (hCD45*) reconstitution, along with lymphocytes subsets,
including T cells (CD3*) and CD4* and CD8* T cell subsets and B cells (CD19*) in peripheral blood mononuclear cells
(PBMCs) of BLTS humanized mice at 10 weeks after transplantation. (B) Quantification of human immune cells recon-
stitution (n = 40; 3 independent experiments) and lymphocyte subsets (n = 7) in PBMCs of BLTS humanized mice at 10
weeks after transplantation. Data is presented as mean values + SD. P values were determined using paired, 2-tailed
Student’s t test between 2 groups.

vivo mechanistic studies of HIV infection, pathogenesis, and human immune response (33). To investigate
HIV replication dynamics in the context of an in vivo “human immune system”model, we infected BLTS
humanized mice with HIV. HIV replication kinetics in the BLTS humanized mice (Figure 5A) exhibits
similarity to HIV replication kinetics in adult humans (34), with viral load peaking at 2 weeks after infec-
tion and subsequently dropping by ~1.5 log, beginning at 6 weeks after infection, to a stable set-point at
12 weeks after infection (Figure 5A). For comparative analysis of HIV replication kinetics in BLTS and
BLT humanized mice, we used mice transplanted at the same time, using cells and tissues from the same
donor and under the same conditions and experimenter, with the only exception being the inclusion or
exclusion of the human spleen organoid. Additionally, HIV infection of BLTS and BLT humanized mice
was performed under the same conditions, using the same dose of inoculum and by the same experimenter.
Comparative analysis of HIV replication kinetics in BLT and BLTS humanized mice shows the absence
of significant change in viremia levels in BLT humanized mice after initial peak at 2 weeks after infection;
however the viral set point is similar between both models (Figure 5A and Supplemental Figure 6). The
lack of significant change in viral load in the BLT humanized mice after 2 weeks after infection is consistent
with published reports (35, 36). Mock-inoculated and HIV-infected BLT humanized mice were euthanized
at 12 weeks after infection and 24 weeks after transplantation for humane reasons due to severe GVHD,
while BLTS mice were extended to 24 weeks after infection and 36 weeks after transplantation.

The global current standard of care for HIV infection is daily administration of ART, which reduces viral
load to approximately <50 copies per ml (37, 38); however, HIV persists in reservoir, which are reactivated
within approximately 4 weeks upon cessation of therapy (39). We administered ART daily for 4 weeks to
HIV-infected BLTS humanized mice beginning at 8 weeks after infection and showed that ART significantly
reduces (>1.5 log reduction) HIV viral load within 1 week of treatment, with reduced HIV viral load main-
tained over the duration of the 4-week treatment (Figure 5B). Withdrawal of ART in viral load—suppressed
chronic HIV-infected BLTS humanized mice resulted in viral load rebound within 2 weeks, with viral load
levels reaching set point levels within 8 weeks after ART withdrawal (Figure 5B). For analysis of replica-
tion-competent HIV in the BLTS humanized mouse model, we utilize the TZM-bl cell line, which stably
expresses CD4, CCR5, and CXCR4 and carries an integrated copy of the pB-galactosidase (B-gal) gene under
control of an HIV-1 long terminal repeat (LTR) promoter, to quantify inducible replication competent HIV-1
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Figure 5. HIV replication kinetics in the BLTS humanized mouse model. (A) Kinetics of HIV-1 replication (HIV RNA
genome copies per ml, HIV GE copies per ml) in the blood following inoculation at 1 x 10° IU per mouse in BLTS human-
ized mice (n = 4 per group). (B) Kinetics of HIV-1replication (HIV RNA genome copies per ml, HIV GE copies per ml) in
the blood of chronic HIV-infected BLTS humanized mice following intervention with triple antiretroviral drug therapy
(ART) (n = 6 per group) and subsequent cessation after 4 weeks of treatment (n = 3 per group); viral load was allowed
to rebound over a period of 8 weeks. (C) Chronic HIV infection in BLTS humanized mice was allowed to develop over a
period of 8 weeks, and animals were subsequently treated with ART for 4 weeks, at which point replication-competent
HIV in human resting CD4* T cells from the human spleen organoid of individual mice were analyzed (n = 2) using the
TZA method, with CD4* T cells activated using CD3/CD28 stimulation; age-matched mock-inoculated BLTS humanized
mouse served as control (ND abbreviates not detectable). Data is presented as mean values + SEM.

in an assay, termed TZA (40, 41). We demonstrated the presence of replication-competent HIV in human
spleen organoid—derived human resting CD4* T cells (~5% [~2.5 X 10° to 4 X 109] of total splenocytes [~50
x 10° to 80 x 10°]) from ART-treated, HIV-infected BLTS humanized mice (Figure 5C). The detection of
replication-competent HIV in the human spleen in ART-treated, HIV-infected BLTS humanized mice is con-
sistent with studies demonstrating that the human spleen is a HIV sanctuary site during ART in humans (42).

Chronic HIV infection in BLTS humanized mice induces progressive tissue fibrosis in human lymphoid tissues.
Several studies have demonstrated that chronic HIV infection results in progressive lymphoid tissue fibro-
sis, which is not completely eradicated by long-term ART (43-45). Therefore, we examined chronic HIV—
induced lymphoid tissue fibrosis in the BLTS humanized mouse model. Chronic HIV infection results in
progressive collagen deposition (tissue fibrosis) in human lymphoid tissues (human spleen and thymus
organoids) in the BLTS humanized mouse model as measured using Sirius red/fast green stain (Figure 6A).
We also confirmed HIV-induced collagen deposition in human lymphoid tissues (human spleen and thy-
mus organoids) in BLTS humanized mice via Masson’s trichrome stain and demonstrated that the excessive
collagen deposition is of human origin via IHC detecting human collagen 1 (Figure 6B). We also examined
lymphoid tissue fibrosis in ART-treated, chronic HIV-infected BLTS humanized mice; significantly higher
levels of collagen were detected in human lymphoid tissues (human spleen and thymus organoids) from
ART-treated (4 weeks), chronic HIV—-infected BLTS humanized mice at 12 weeks after infection compared
with mock-inoculated mice (Figure 6C).

Chronic HIV infection in BLTS humanized mice also induces progressive collagen deposition in the
humanized murine spleen, albeit at a significantly slower rate and lower level, as compared with the human
spleen organoid (Figure 6 and Supplemental Figure 7, A and B). Excessive collagen or human collagen 1
is not detectable at 10 weeks after HIV infection in the humanized murine spleen, and the level of collagen
in the humanized murine spleen at 24 weeks after HIV infection (~7.6% of tissue area Sirius red*) is lower
compared with the human spleen organoid (~28.8% of tissue area Sirius red*) at 24 weeks after HIV infec-
tion (Supplemental Figure 7, A and B, and Figure 6A). ART-treated (4 weeks), chronic HIV—-infected BLTS
humanized mice at 12 weeks after infection exhibited significantly higher levels of collagen deposition in
humanized murine lymph nodes compared with mock-inoculated mice (Supplemental Figure 7C). For
comparative analysis, we examined collagen deposition in another human immune system—humanized
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Figure 6. HIV infection induces progressive tissue fibrosis in human lymphoid tissues in BLTS humanized mice. (A) Kinetics of lymphoid tissue fibrosis
(Sirius red/fast green stain; collagen-positive, red; and collagen negative, green) in human spleen and thymus organoids (n = 4 per group) following inocula-
tion at 1x 10° U per mouse in BLTS humanized mice; mock inoculated mice; and age-matched mice to 24 weeks after infection (24 WPI) served as controls.
(B) Lymphoid tissue fibrosis analysis was confirmed independently via Masson's trichrome stain (MT; aniline blue, collagen positive; dark red/purple, cell
nuclei; and red/pink, cell cytoplasm) and human collagen 1 (hCOL1) IHC in human spleen and thymus tissues in HIV-infected BLTS humanized mice at 10
WPI. Arrows indicate same region of the tissue across the different staining. (C) Analysis of lymphoid tissue fibrosis in human spleen and thymus organoids
of 4-week ART-treated HIV-infected BLTS humanized mice. Chronic HIV infection in BLTS humanized mice was allowed to develop over a period of 8 weeks,
and animals were subsequently treated with ART for 4 weeks, at which point lymphoid tissues (n = 3 per group) were analyzed for collagen deposition using
Sirius red/fast green stain (red, collagen-positive; green, collagen-negative); age-matched mice served as controls. Scale bars: 200 um. Data is presented

as mean values + SEM. P values (***P < 0.001, ****P < 0.0001) were determined using 1-way ANOVA between more than 2 groups or unpaired, 2-tailed
Student’s t test between 2 groups for each lymphoid tissue, with mock as the control group.

mouse model, namely the BLT humanized mouse model. Analysis of collagen deposition (fibrosis) in the
human thymus organoid and humanized murine spleen and lymph node tissues in BLT humanized mice
via Sirius red/fast green staining showed marginal levels of fibrosis in the human thymus and the human-
ized murine lymph nodes and showed the absence of fibrosis in the humanized murine spleen at 12 weeks
after HIV infection compared with mock-inoculated mice (Supplemental Figure 8).

Chronic HIV infection—induced lymphoid fibrosis in BLTS humanized mice is associated with immunodeficiency.
Several reports have demonstrated that chronic HIV—associated lymphoid tissue fibrosis is associated with
CD4* T cell depletion in humans (44, 45). Additionally, the levels of CD4* T cell reconstitution following
intervention with ART is strongly associated with the levels of existing lymphoid fibrosis (43, 45). We exam-
ined the relationship between human immune cell depletion and fibrosis in human lymphoid tissues. First,
immunohistochemical analysis of lymphoid follicles in the human spleen organoid showed that chronic
HIV infection progressively depletes both human T and B cells in their respective zones in the follicles
(Figure 7A). Second, immunohistochemical analysis of the dominant immune cell type for each lymphoid
tissue (macrophages [CD68*] cells in the spleen and CD4* T cells in the thymus) showed chronic HIV
infection progressively depletes both macrophages and CD4* T cells in human lymphoid tissues (Figure 7B).
Furthermore, we demonstrated HIV replication in the human spleen organoid, which was associated with
macrophage (CD163 RNA" cells) depletion (Figure 7C). Correlation analysis of immunodeficiency in lym-
phoid tissues and lymphoid tissue fibrosis showed that human macrophage depletion in the human spleen
organoid and human CD4" T cell depletion in the human thymus organoid strongly correlates with collagen
deposition in human lymphoid tissues in HIV-infected BLTS humanized mice (Figure 7D).

Discussion

Lymphoid tissue fibrosis is a major pathogenic feature associated with chronic HIV infection with or without
ART; however, the mechanisms of HIV-induced lymphoid tissue fibrosis remains to be fully elucidated (7, 8).
Several reports suggest a nexus between lymphoid tissue fibrosis, chronic inflammation, immunodeficiency,
and immune impairment in chronic HIV infection (45, 46). The role of HIV-induced lymphoid tissue fibrosis
in persistent immune abnormalities, including limited immune reconstitution, chronic inflammation, and
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Figure 7. HIV-induced immunodeficiency correlates with lymphoid tissue fibrosis in the BLTS humanized mouse model. (A and B) Human-specific
immunohistochemical analysis of the kinetics of immunodeficiency in human lymphoid tissues, (A) T (Brown stain, hCD3*) and B (Brown stain, hCD20*)
cell depletion in lymphoid follicle zones in human spleen organoid and (B) macrophages (Brown stain, CD68*) and CD4* T (Brown stain, CD4*) cell depletion
in human spleen (SP) and thymus (Thy) organoids, respectively, following inoculation at 1 x 10° IU per mouse in BLTS humanized mice; mock inoculated
mice, age-matched to the 24 weeks post-infection (24 WPI) served as controls. Immunohistochemical staining of spleens from nontransplanted NSG mice
with the human antibodies were nonreactive (data not shown). (C) In situ hybridization (RNA expression) analysis of macrophage (CD163*, FITC, green flu-
orescence) levels and the presence of HIV viral RNA (red/pink fluorescence) in the human spleen organoid in mock-inoculated and chronic HIV-infected (24
weeks after infection) BLTS humanized mice; spleen from nontransplanted NSG mice (NTP-mSP) served as control. (D) Correlation analysis of human mac-
rophage or CD4* T cell depletion and collagen deposition (Sirius red stained regions, % Area SR*) in human lymphoid tissues (human spleen and thymus
organoids). Representative images are shown (n = 4 per group), and data is presented as mean values + SEM. P values (****P < 0.0001) were determined
using 1-way ANOVA between more than 2 groups for each immune cell staining or lymphoid tissue, with mock as the control group. R2 coefficient was
determined using linear regression and 16 mice. Scale bars: 200 pm.

functional exhaustion of antiviral T cells in ART-suppressed individuals, remains to be clearly defined (43,
46). Additionally, the impact of HIV-associated lymphoid tissues fibrosis on the generation, trafficking, and
function of anti-HIV immune cells (including T cells) within lymphoid tissues and associated follicles also
remains to be clearly defined (46).

Understanding the mechanism of HIV-induced lymphoid tissue fibrosis could have a significant impact
on the development of novel therapeutic strategies for curing HIV infection and treating persistent immune
abnormalities associated with non-AIDS pathologies (38). Additionally, lymphoid tissue fibrosis could have
a significant impact on T cells/therapeutic vaccine-based HIV cure strategies, as recent studies demon-
strate that lymphoid tissues, including lymph nodes (47) and spleen (42), are sanctuary organs for HIV. The
stromal network of lymphoid tissues, which are damaged by fibrosis, play a critical role in the trafficking
and functionality of T cells (7). The in vivo functionality of infused anti-HIV T cells or the induction of
robust anti-HIV immune response via therapeutic vaccine in HIV-induced fibrotic lymphoid tissues are
unexplored areas due in part to the lack of robust small animal models. Developing a small animal model
that recapitulates chronic HIV infection and associated lymphoid tissue pathologies and immune abnor-
malities is critical for addressing the above discussed unexplored areas (38).

We established a human immune system-humanized mouse model, termed BLTS humanized mouse
model, that includes autologous human spleen and thymus organoids and human immune cells in order to
develop a small animal model of chronic HIV infection—induced fibrosis in human lymphoid tissues. The BLTS
humanized mouse model supports robust human immune cell development, along with robust development of
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lymphoid organs, including human thymus and spleen, which were comparable with human lymphoid organs.
The BLTS humanized mouse model addresses the problem of suboptimal macrophage reconstitution (29) and
poor lymphoid tissue architecture (13) in the humanized murine spleen of human immune system—humanized
mouse models via incorporation of a human spleen organoid. The BLTS humanized mouse model supports
robust human immune cell reconstitution (including macrophages) and lymphoid tissue microanatomy in the
human spleen organoid, with immune cell types and their relative levels and spatial distribution compara-
ble with human spleen (18). Most notably, the human spleen organoid supports robust red pulp macrophage
development at comparable levels with human spleen (18). Several factors could account for the robust human
macrophage reconstitution observed in the human spleen organoid in BLTS humanized mice. Firstly, the
human spleen-stromal network could facilitate optimal development of human tissue macrophages (48). Sec-
ondly, optimal development of human tissue macrophages in the spleen is not mediated by hematopoietic stem
cells but, instead, by embryonic-derived resident spleen macrophages, which are transplanted with the human
spleen organoid (48). The BLTS humanized mouse model also supports robust human immune cell reconsti-
tution and lymphoid tissue architecture in the human thymus organoid, with immune cell types (T cells, mac-
rophages, and B cells) and their relative levels and spatial distribution comparable with human thymus (19).

The BLTS humanized mouse model also supports reconstitution of immunodeficient mouse lymphoid
organs with human immune cells, resulting in the development of humanized murine spleen and lymph
nodes (axillary and mesenteric lymph nodes), albeit the humanized murine lymphoid tissue development
is suboptimal compared with human lymphoid tissues. The inclusion of the human spleen organoid could
have a significant impact on the overall human immune system development and associated immune
response to infectious agents (including HIV) in human immune system—humanized mice, as the spleen is
a major secondary lymphoid organ, with critical roles in the development of antigen-specific T and B cells,
and is a major deposit of antigen presenting cells and the mononuclear phagocyte system (49); future studies
should address those areas. Interestingly, extremely low (<10%) incidence of GVHD was observed in BLTS
humanized mouse model as high as 9 months after transplantation and near the natural life span of the
NSG mice (~12 months), with instances (<10%) of GVHD associated with the failure of codevelopment of
human spleen organoid (i.e., the absence of the spleen graft) and the human thymus organoid. In contrast,
BLT humanized mice predictively exhibit severe GVHD (fur loss and wasting syndrome) by 6 months after
transplantation (21) in comparative studies using the same procedures and donor tissues/cells across both
BLTS and BLT humanized mice. Several factors contribute to the development of GVHD, including HLA
class I alleles; future studies should rigorously examine GVHD across BLT and BLTS humanized mice
using the donor tissues with HLA class I alleles of high and low susceptibility for GVHD (21). Furthermore,
the impact of the human spleen organoid and associated resident immune cells (i.e., myeloid cells) on the
development of chronic GVHD should also be investigated. A possible mechanism of the reduced GVHD
in the BLTS humanized mouse model could be the engraftment/development of tolerogenic immune cells
in the human spleen, namely tolerogenic DCs and Tregs, which plays a major role in modulating immune
cell (i.e., T cell) activation (28). Future studies should examine the development of DCs and Tregs within the
human spleen organoid and other lymphoid tissues in the BLTS humanized mouse model.

To develop a small animal model for HIV-induced lymphoid fibrosis, we infected BLTS humanized
mice with HIV. Interestingly, HIV replication kinetics in BLTS humanized mice is comparable with adult
humans (34) but differs from BLT humanized mice. BLTS humanized mice exhibit a relatively higher peak
viral load, which subsequently drops to a lower viral set point and remains stable. Several factors could
account for the viral load kinetics in BLTS humanized mice. First, increase in the number of cells suscepti-
ble to HIV infection (i.e., spleen macrophages) could account for the higher peak viral load, and subsequent
reduction to a lower set point could result from anti-HIV immune response. Alternatively, the presence
of cells that support robust replication but undergo rapid depletion without subsequent reconstitution or
impaired immune reconstitution could account for the viral load kinetics in BLTS humanized mice. Future
studies should rigorously examine the contribution of the various lymphoid tissues to the viremia and the
human immune response associated with infection over time. Future studies should also rigorously exam-
ine HIV cellular reservoirs and their localization within human lymphoid tissues in BLTS humanized mice.
Histochemical examination of lymphoid tissues demonstrated that chronic HIV infection induces progres-
sive tissue fibrosis in both primary and secondary human lymphoid tissues in the BLTS humanized mouse
model, which persists despite ART (36), albeit with a short-term course of treatment. The HIV-induced
lymphoid tissue fibrosis correlated with macrophages and CD4* T cells loss in human lymphoid tissues in
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the BLTS humanized mouse model. Additionally, HIV infection in the BLTS humanized mice also results
in progressive loss of lymphoid follicles; thus, HIV-associated immunopathogenesis also negatively impacts
the functionality of lymphoid tissues. These findings are consistent with clinical studies in humans demon-
strating that HIV infection induces progressive lymphoid tissues fibrosis, which is not eradicated by ART
and is associated with suboptimal immune reconstitution (5, 8). Future studies should include an early-/
long-term course of treatment to determine the impact of ART on lymphoid tissue fibrosis progression/
regression in chronic HIV infection.

Several lines of evidence suggest that stromal cells, including fibroblasts, play a critical role in modulat-
ing tissue architecture and excessive collagen deposition (tissue fibrosis) (50). Interestingly, HIV infection
induced limited fibrosis in humanized murine lymphoid tissues compared with human lymphoid tissues in
the BLTS humanized model, suggesting human lymphoid tissue stromal cell and HIV/HIV-infected cell
interactions could play a critical role in HIV-induced lymphoid fibrosis. Additionally, the HIV-induced col-
lagen in human lymphoid tissues in the BLTS humanized model is of human origin, thus demonstrating a
human-mediated lymphoid tissue fibrosis. Myeloid cells such as macrophages are resident cells in a myriad
of tissues, including lymphoid tissues (50). It is well established that macrophages interact with stromal
cells and play a critical role in tissue repair, remolding, and fibrosis (50). We demonstrated that HIV infec-
tion induced lymphoid fibrosis in the BLTS humanized mouse model, which exhibits robust macrophage
reconstitution, while the BLT humanized mouse, which exhibits poor macrophage reconstitution, exhibit-
ed marginal lymphoid tissue fibrosis following HIV infection.

In summary, we report the development of a potentially novel human immune system—humanized mouse
model that incorporates human spleen and thymus organoids, along with human immune cells, termed BLTS
humanized mouse model. The BLTS humanized mouse model addressed several limitations associated
with human immune system—humanized mouse models, including development of GVHD and suboptimal
development of the mononuclear phagocyte system (i.e., macrophages). The BLTS humanized mouse model
provides a robust small animal model for in vivo mechanistic studies of HIV-induced fibrosis in human lym-
phoid tissues and the impact of lymphoid fibrosis on HIV pathogenesis and HIV cure strategies. The BLTS
humanized mouse model also provides a potentially novel platform for mechanistic studies of the interactions
between stromal cells and immune cells in HIV-induced fibrosis in human lymphoid tissues, as well as in vivo
evaluation of therapeutics targeting HIV-induced lymphoid tissue fibrosis. Importantly, the BLTS human-
ized mouse model could enable the unraveling of the nexus between lymphoid tissue fibrosis and persistent
immune abnormalities, including chronic inflammation, functional exhaustion of antiviral T cells, and limit-
ed immune reconstitution under conditions of robust ART-mediated HIV suppression. Additionally, human
immune system-humanized mouse models have been employed for in vivo mechanistic studies for a myriad
of human diseases, including cancer (51, 52), viral infections (53—62), and bacterial infections (63, 64); thus,
the BLTS humanized mouse model represents a potentially novel in vivo platform for biomedical research.

Methods

Construction of human immune system—humanized mice. Male and female NOD.Cg-Prkdcs I12rg™ Wi/ SzJ
(NSG) mice were obtained from the Jackson Laboratory (stock no. 005557) and bred in the Division
of Laboratory Animal Resources (DLAR) facility at the University of Pittsburgh. Human fetal tissues
were obtained from the Health Sciences Tissue Bank at the University of Pittsburgh, and tissues were
handled and processed under biosafety level 2 conditions. Male and female BLTS humanized mice
and male and female BLT humanized mice were generated as previously reported, with the exception
being the incorporation of human spleen organoids in the lymphoid tissue grafts in the BLTS mouse
model (29, 35, 36). In comparative studies between BLT and BLTS humanized mouse models, mice
were transplanted with cell/tissues from the same donor under the same conditions by the same exper-
imenter within a 12-hour period. Briefly, adult NSG mice were sublethally irradiated and anesthetized;
~1-mm? fragments of autologous human fetal thymus and liver with or without spleen were implanted
under the kidney capsule. CD34* hematopoietic progenitor cells purified from fetal liver of the same
donor were injected i.v. (via retroorbital route) following implantation of the lymphoid tissues. Mice
were housed under specific pathogen free conditions and fed irradiated chow (Prolab Isopro RHM
3000 Irradiated, catalog 5SP75-RHI-W 22, PMI Nutrition International) and autoclave water. Human
immune cell engraftment was detected by flow cytometry at 10 weeks after transplantation of lymphoid
tissues and autologous hematopoietic stem cells.
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Blood cell analysis. Peripheral blood cells were analyzed using flow cytometry. Briefly, peripheral blood
was collected from humanized mice and mixed with 20 mM EDTA at a 1:1 ratio; single cell leukocytes
were prepared via red blood cells lysis using Ammonium-Chloride-Potassium (ACK) buffer. Single-cell
suspensions prepared from peripheral blood of humanized mice were stained with a LIVE/DEAD Fixable
Aqua Dead Cell Stain Kit (Thermo Fisher Scientific), fluorochrome-conjugated antibodies (anti-mouse
CD45, BioLegend, catalog 103126; anti-human CD45, BioLegend, catalog 304014; anti-human CD3,
BioLegend, catalog 300312; anti-human CD4, BioLegend, catalog 317410; anti-human CD8, BioLegend,
catalog 300906; anti-human CD19, BioLegend, catalog 302232), fixed, and analyzed on a BD LSRFortes-
sa cell analyzer - flow cytometer (BD Biosciences). Data were analyzed using FlowJo software. Briefly,
leukocytes were selected based on forward and side scatter. Single cell and live leukocytes were selected
for further analysis of the percentage of human leukocytes (anti-human CD45*, hCD45") and mouse leu-
kocytes (anti-mouse CD45", mCD45%) in the peripheral blood. Subsequent analysis of the various human
lymphocyte populations and subsets were gated on human leukocytes.

Gross/tissue analysis. Gross analysis was performed using a camera (8 mega pixel); animals were either
euthanized or anesthetized prior to photographing. Indicated tissue samples from humanized mice, BALB/cJ
mice (the Jackson Laboratory; stock no. 000651; 5 months old) or humans (thymus, Carolina Biological Sup-
ply Company, catalog 314388; spleen, BioChain, catalog T2234246; tissues were projected to be juvenile/adult
tissues based microanatomy and/or supplier’s designation; refs. 65-68) were fixed with formalin and subse-
quently embedded in paraffin. Paraffin-embedded fixed sections were stained with H&E, Sirius red/fast green
(collagen/fibrosis; Polysciences Inc., catalog 24901-250), or Masson’s trichrome Stain Kit (collagen/fibrosis;
Polysciences Inc., catalog 25088-100) and validated in situ hybridization RNA probes (Advanced Cell Diag-
nostics, anti-human CD163, catalog 417061; anti-HIV1 CladeB, catalog 425531) or with indicated anti-hu-
man antibodies (anti-human CD3, Biocare Medical, catalog CME 324 A, B, C; anti-human CD68, Biocare
Medical, catalog CM 033A, -B, -C; anti-human CD20, Biocare Medical, catalog ACR 3004A, -B; anti-human
collagen 1, Abcam, catalog ab138492). Reactivity of in situ hybridization RNA probes was determined using
RNAscope Multiplex Fluorescent Assay (Advanced Cell Diagnostics). Immunoreactivity of indicated antibod-
ies was determined by incubation with DAB substrate (MACH 2 Detection Kit, Biocare Medical) and counter-
stained with hematoxylin. Quantification of Sirius red or immunoreactivity of indicated anitibodies was per-
formed using the ImageJ software (NIH) and following developer recommended methods for quantification.

HIV infection of human immune system—humanized mice. The CCR5-tropic strain of HIV-1 (NL4 with the
CCR5-tropic BaL envelope) (69) was generated by transfection of 293T cells (ATCC; ATCC CRL-3216) with
plasmid containing full-length HIV-1 genome, thus generating 293T supernatant with HIV; virus was titered
on GHOST cells (NIH AIDS Reagent Program; catalog 3942) (70). 293T supernatant without HIV was
used as mock control. Humanized mice with stable human leukocyte reconstitution were anesthetized and
inoculated with mock or HIV-1 (~1 x 10° infectious units) i.v. (via retroorbital route) or via intravaginal route.

ART in HIV-infected human immune system—humanized mice. Chronic HIV-infected humanized mice were
treated with ART (daily i.p. injections emtricitabine [FTC, Cayman Chemicals, catalog 16879, 200 mg/
kg body weight], tenofovir disoproxil fumarate [TDF, Cayman Chemicals, catalog 16922, 200 mg/kg body
weight], and raltegravir [RAL, Cayman Chemicals, catalog 16071, 80 mg/kg body weight) (36) beginning at
8 weeks after infection for a duration of 4 weeks. Viral load was allowed to rebound for a period of 8 weeks.

HIV-1 genomic RNA detection. Total RNA was purified from plasma using RNA-Bee (AMSBIO). The RNA
was then reverse transcribed using TagMan Reverse Transcription Reagents (Invitrogen) and quantitatively
detected by real-time PCR using the TagMan Universal PCR Master Mix (Invitrogen) with primers (forward
primer, 5' - CCCATGTTTTCAGCATTATCAGAA - 3, and reverse primer, 5' - CCACTGTGTTTAGCAT-
GGTGTTTAA - 3') and detection probe targeting HIV Gag gene (5' - AGCCACCCCACAAGA - 3') (71).
The assay sensitivity/cutoff is 10 copies/ml (71).

HIV-1 replication competent reservoir in resting CD4* T cells. Human splenocytes from human spleen organ-
oids of individual mock or ART-treated chronic HIV-1 infected humanized mice with undetectable viral
load (<10 copies per ml) were used in the TZA method (40, 72). Human resting CD4"* T cells were stim-
ulated with CD3/28 to reactivate the HIV reservoir, and infectious units per million cells (IUPM) was
determined following previously published methods.

Statistics. Significance levels of data were determined by using Prism7 (GraphPad Software). Experiments
were analyzed by 2-tailed Student’s ¢ test. Correlations between variables were evaluated using linear regression.
A Pvalue less than 0.05 was considered significant. The number of animals are specified in each figure legend.
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Study approval. Human fetal liver and thymus (gestational age of 18-20 weeks) were obtained from med-
ically or elective indicated termination of pregnancy through Magee-Women’s Hospital of UPMC via the
University of Pittsburgh, Health Sciences Tissue Bank. Written informed consent of the maternal donors
was obtained in all cases, under IRB of the University of Pittsburgh guidelines and federal/state regula-
tions. The use of human fetal organs/cells to construct humanized mice was reviewed by the University
of Pittsburgh’s IRB office, which has determined that this submission does not constitute human subject
research as defined under federal regulations (45 CFR 46.102[d or f] and 21 CFR 56.102[c], [e], and [1]).
The use of human hematopoietic stem cells was reviewed and approved by the Human Stem Cell Research
Oversight (h\SCRO) at the University of Pittsburgh. The use of biological agents (e.g., HIV), recombinant
DNA, and transgenic animals was reviewed and approved by the Institutional Biosafety Committee (IBC)
at the University of Pittsburgh. All animal studies were approved by the IACUC at the University of Pitts-
burgh and were conducted following NIH guidelines for housing and care of laboratory animals.
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