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SUMMARY
Humanization of mice with functional T cells currently relies on co-implantation of hematopoietic stem cells from fetal liver and autol-

ogous fetal thymic tissue (so-called BLT mouse model). Here, we show that NOD/SCID/IL2rgnull mice humanized with cord blood-

derived CD34+ cells and implanted with allogeneic pediatric thymic tissues excised during cardiac surgeries (CCST) represent an alterna-

tive to BLT mice. CCST mice displayed a strong immune reconstitution, with functional T cells originating from CD34+ progenitor cells.

They were equally susceptible to mucosal or intraperitoneal HIV infection and had significantly higher HIV-specific T cell responses. An-

tiretroviral therapy (ART) robustly suppressed viremia and reduced the frequencies of cells carrying integrated HIV DNA. As in BLTmice,

we observed a complete viral rebound following ART interruption, suggesting the presence of HIV reservoirs. In conclusion, CCST mice

represent a practical alternative to BLT mice, broadening the use of humanized mice for research.
INTRODUCTION

For the last three decades, the development of humanized

mice aiming at modeling faithfully the human immune

system has been an important quest. Indeed, several

human diseases cannot be modeled in rodents, thus hin-

dering research in immune pathophysiology and drug

development. To obtain a humanized immune system,

the most commonly used model is achieved by injecting

human hematopoietic stem cells (HSCs) into sublethally

irradiated NOD/SCID/IL2rgnull (NSG) mice (humNSG).

This humNSG model allows for the development of

partially functional lymphoid and myeloid human cells

(Garcia and Freitas, 2012; Matsumura et al., 2003). Indeed,

in the absence of a human thymic environment, HSC-

derived T cell progenitors cannot undergo full maturation

and education since the mouse thymus is atrophic in

NSGmice and, in addition, does not express human leuko-

cyte antigen (HLA) molecules (Lee et al., 2019). To address

this issue, the bone-marrow-liver-thymus (BLT) model was

developed (Garcia and Freitas, 2012; Kalscheuer et al.,

2012; Lan et al., 2006). In this BLT model, fetal human

thymic pieces are engrafted under the mouse kidney

capsule, along with an intravenous (i.v.) injection of
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HSCs purified from the autologous fetal liver. This model

allows a more authentic thymopoiesis and consequently

displays an improved human T cell reconstitution and

function compared with the humNSG (Garcia and Freitas,

2012; Kalscheuer et al., 2012; Lan et al., 2006). Humanized

models that exhibit a multilineage immune reconstitution

and a functional T cell compartment, such as the BLT, are

paramount in studies of human-specific pathogens, such

as HIV, that infect cells of the immune system.

Mice are not susceptible to HIV infection owing to the

lack of essential virus-dependency host factors that HIV re-

lies on to support viral entry, expression, and production of

infectious particles (Morrow et al., 1987). Thus, the devel-

opment of humanized mice represents a major advance

in this field in that it enables studies of HIV replication,

pathogenesis, immune responses, and sensitivity to thera-

peutics (Victor Garcia, 2016). When inoculated with HIV,

humNSG mice develop high levels of viremia with HIV

invading multiple tissues (Halper-Stromberg et al., 2014;

Holt et al., 2010; Joseph et al., 2010; Watanabe et al.,

2007). However, a caveat of the humNSG model is the

absence of the adaptive human immune response, and in

this context, the BLT model is superior and currently

considered the most advanced and versatile small animal
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system to study HIV transmission, persistence, and treat-

ment (Denton and Garcia, 2011; Hatziioannou and Evans,

2012). BLT mice infected with HIV have high levels of

sustained viremia, display virus-induced CD4+ T cell deple-

tion, and are capable of mounting virus-specific humoral

and cellular immune responses (Brainard et al., 2009).

Importantly, viral replication in BLT mice can be

completely suppressed by antiretroviral therapy (ART),

making the model useful to investigate HIV persistence

and to develop experimental strategies for eliminating/

controlling persistent HIV reservoirs (Dash et al., 2019;

Kessing et al., 2017; Nixon et al., 2020; Tsai et al., 2016).

The BLT mouse model is extensively used to study the

human immune system and is conceivably the gold stan-

dard to study HIV and human immune system interac-

tions. However, access to human fetal tissues is challenging

or even impossible in several countries, making this model

not broadly available for research worldwide. Moreover,

given the size of fetal tissues, the number of mice that

can be made from one donor is limited. This constraint in-

creases the variability during pre-clinical investigations,

underlining the need for a larger production of mice per

donor. Our goal was to develop a humanized mouse model

using easy-to-access pediatric thymic tissues obtained

during cardiac surgeries (thymectomy is often performed

during major cardiac surgeries) that could support an

optimal T cell reconstitution when co-engrafted with hu-

man cord blood-derived HSCs. Here, we report that this

cord blood cardiac surgery thymus (CCST) humanized

mouse model exhibits a functional T cell compartment

that derives fromCD34+ cells and recapitulates key features

of HIV infection and persistence.
RESULTS

Histological structure of primary and secondary

lymphoid organs recovered from BLT and CCST mice

The CCST model is based on the engraftment of pediatric

thymic tissues, otherwise discarded during cardiac surgery,

into the quadriceps femoris muscle. Thymic implantation

is then followed by injection of cord bloodderived CD34+

within hours of the surgery (Figures 1A and 1B), similar

to what is being done in human thymus transplantation

(Markert et al., 2003, 2010). We first assessed the need to

culture thymic pieces in vitro (as shown in Figure 1A) prior

to engraftment in order to eliminate mature T cells. All

mice (n = 6) engrafted with uncultured thymic pieces and

HSC injection showed rapid engraftment of hCD3+ cells

and died within 2 months from what appeared to be a

graft-versus-host disease (GvHD)-like syndrome (Figure S1).

In contrast, most mice (5 of 6) engrafted with previously

cultured thymic pieces, as performed in human transplan-
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tation (Markert et al., 2003, 2010), survived for at least

20 weeks post-humanization (p = 0.0006, Figure S1).

Consistent with this outcome, histological and flow-cy-

tometry analyses showed that a cultured thymus had

significantly fewer hCD3+ cells after 10 days in culture

(Figure S2).

Fetal thymic pieces engrafted under the kidney capsule of

BLT mice were capable of growing to more than ten times

their size. In contrast, CST from CCSTmice did not exhibit

a size expansion and was indeed difficult to recover and

separate from the muscle fiber. Nevertheless, histological

analysis showed that in both cases the thymi were well in-

tegrated into the surrounding tissues with the presence of

connective tissue (Figure 1C). Moreover, in both models,

thymi were similarly populated with numerous CD3+ cells

and some CD19+ cells. Hassall’s-like corpuscle structures

were observed (Figure 1C, left) in both models, although

larger in the CCST mice, indicating increased activity

of the thymus. Unlike in mice humanized without a hu-

man thymus graft (humNSG), mesenteric lymph nodes

(MLNs) with an organized structure, including germinal

center with distinct T and B lymphocyte zones, were devel-

oped in both BLTandCCSTmice (Figure 1C, right). As well,

spleens with comparable structures were observed in both

models (Figure 1C, middle). Hence, CCST mice developed

primary and secondary lymphoid organs that were similar

to those observed in the BLT model.

Human immune cell reconstitution in CCST mice

The kinetics of human immune cell reconstitution was as-

sessed in peripheral blood. In BLT and CCST models, hu-

man CD45+ cells could be observed as early as 2 weeks after

humanization (Figure 2A). All three models showed com-

parable kinetics and intensity of hCD45+ reconstitution

(p = 0.4228, two-way ANOVA). Indeed, BLT showed a

reconstitution going from an average of 56% ± 19% to an

average of 73% ± 26% of hCD45+ cells between 10 and

20 weeks post humanization (wph) while CCST and

humNSG both plateaued at approximately 60% by 5 wph

(Figure 2A, upper graphs; averages of 64% ± 24% at 10

wph and 56% ± 33% at 20 wph for CCST; averages of

46% ± 5.2% at 10 wph and 64% ± 2% at 20 wph for

humNSG). Significant differences between groups were

observed for hCD3+ (calculated among hCD45+, Figure 2A)

(p < 0.0001 for BLT versus CCST; p < 0.0001 for BLT versus

humNSG; p < 0.001 for CCST versus humNSG; two-way

ANOVA). While only less than 1% of hCD3+ cells were de-

tected at 10 wph in humNSG, BLT mice supported the

development of human T cells within 2–3 wph, resulting

in a rapid and robust reconstitution of the hCD3+ popula-

tion (average of 16% ± 24%; Figure 2A). As in BLT mice,

CCST mice displayed early T cell reconstitution, with the

detection of hCD3+ cells after 2 weeks (average of 3.6% ±



Figure 1. Pediatric thymus from cardiac surgery can be implanted into NSG mice as an alternative to fetal thymus
(A) Thymus retrieved from 3-day-old to 5-year-old donors undergoing cardiac surgery was cut into 1-mm2 pieces and put on a gelfoam
sponge culture system for 7–21 days.
(B) Two to three pieces were engrafted into the quadriceps muscle of NSG mice along with an i.v. injection of 1–2 3 105 umbilical cord
blood CD34+ (see Video S1).
(C) Left panels: representative thymic tissue sections from both BLT and CCST mice recovered at 30 weeks post humanization (left panels).
Hematoxylin-phloxin-safran staining shows that engrafted tissues were well inserted in the surrounding tissues (arrow, in the kidney for
BLT and in the quadriceps muscle for CCST). Both models showed typical thymus structure with cortex (C), medulla (M), and Hassall’s
corpuscles (H). Immunochemistry staining shows the presence of hCD3+ (T cells) and hCD19+ (B cells). The thymus displayed medullar and
cortical arrangement with thymic epithelium expressing cytokeratin 19. Middle panels: spleen tissues from both BLT and CCST displaying
white (W) and red (R) pulp, T cells (hCD3+), B cells (hCD19+), and monocytes (hCD68+), as well as megakaryocyte (open arrowhead). Right
panels: mesenteric lymph nodes (MLN) recovered from BLT and CCST mice displayed germinal centers with B and T lymphocyte zones.
4.8%), which then increased gradually throughout the life

of the mice (Figure 2A). Regarding hCD19+, although the

shape of the reconstitution curve was similar in all three

models, significant differences in the proportion of

hCD19+ among hCD45+ were observed between the

groups (p < 0.0001 for BLT versus CCST; p < 0.0001 for

BLT versus humNSG; p < 0.01 for CCST versus humNSG;

two-way ANOVA). No significant differences were found

for the hCD14 population (p = 0.8420, two-way ANOVA).
The relative proportion of the different human immune

cell populations in the blood was compared between BLT

and CCST mice. In BLT mice, the hCD3+ population

increased inproportion through timeandstabilizedwithhu-

man cells composed ofmainly Tcells (hCD3+), followedbyB

cells (hCD19+) and monocytes (hCD14+) (Figure 2B). In

contrast, CCST had predominantly hCD19+, balanced with

hCD3+andhCD14+aswell asotherhCD45+ cells (Figure2B).

Interestingly, this cell distribution remained stable through
Stem Cell Reports j Vol. 18 j 597–612 j February 14, 2023 599
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time. Within the hCD3+ population, the proportions of

hCD4+ and hCD8+ cell populations were comparable be-

tween BLT and CCST mice (p = 0.6500 for hCD4 between

models and p = 0.0995 for hCD8; two-way ANOVA),

although CCST data showed a higher variability between

mice (Figure 2C). Analysis of the human cell immune popu-

lation in the lung, liver, bone marrow, and spleen showed

that levels of hCD45+ cells were overall comparable between

the twomodels,while thatofhCD3+was significantlyhigher

in tissues of BLT mice compared with CCST (Figure 2D).

Consequently, humanCD4+ andhCD8+proportionsamong

the human immune cells (hCD45+) were also significantly

higher in tissues of BLT mice relative to CCST mice (Fig-

ure 2E). Altogether, the CCST model reconstituted a human

immune system thatwas qualitatively and quantitatively an

intermediate between BLTand humNSGmice, with a robust

hCD3+ compartment and secondary lymphoid organs, two

key characteristics for immune function.

One could argue that T cells observed in CCST mice are

thymus-derived proliferating mature T cells, mimicking

the model whereby NSG mice are injected with peripheral

blood mononuclear cells. However, this is highly unlikely

for several reasons. First, the kinetics of T cell count rise in

CCST was slow and, as such, could not have been a result

of proliferation of peripheral mature T cells (Figure 2A). Sec-

ond, in the absence of cord bloodCD34+ cells, NSGmice en-

grafted with a cardiac surgery thymus, which had been

cultured under the same conditions as in CCST mice, had

few circulating T cells (<1%, data not shown). Nevertheless,

to formally rule out this possibility and confirm that T cells

in CCST mice actually stemmed from CD34+ cells that

seeded the thymus and differentiated into thymic progeni-

tors and mature T cells, CCST mice were engrafted with

CD34+ cells previously transduced with a GFP-expressing

lentivirus (39% transduction efficiency). First, from the

apparition of hCD3 until week 7 post humanization, our

data suggest that there was a transient mix of T cells origi-

nating from CD34+ HSC and of T cells coming directly
Figure 2. Unlike humanized mice without a thymus (humNSG),
stitution
(A) Peripheral blood from mice of the three models was harvested and a
(each dot represents a mouse analyzed at a given time point). Extent
[mouse and human]), hCD3+ (among hCD45+), hCD19+ (among hCD
regression curve was calculated for each subpopulation using the grow
for which a two-phase exponential association model was applied.
(B) Graphic representation of the relative proportions of human T cells
mice at 5, 10, and 15 weeks post humanization, showing an increase
(C) Dynamic changes in the level of human CD4+ and CD8+ T cells with
Non-linear regression curves were calculated using a two-phase expo
(D and E) (D) Proportions of human CD45+ and CD3+ and (E) levels of CD
humanization as measured by flow cytometry. The Mann-Whitney test
***p < 0.001, ****p < 0.0001.
from the CST. Then, after week 7, based onGFP+hCD3+ pro-

portion, these T cells originating from the implanted

thymus seemed to have been replaced by the engrafted

CD34+ cells. Indeed, after 7 wph, we observed that the per-

centage of GFP+ cells was similar in all lineages (B, T, or

CD14+), strongly suggesting that, from this point on,

T cells did originate from the CD34+ cell pools (Figure 3A).

Otherwise, the hCD3+GFP+ population would have been

lower than thehCD19+GFP+ or hCD14+GFP+. Interestingly,

the same was true for BLT mice, as illustrated in Figure 3B.

Flow-cytometry analyses of T cell subsets, namely

T central memory (CD3+CCR7+CD45RA�), T effector

memory (CD3+CCR7�CD45RA�), T effector memory re-ex-

pressing CD45RA (EMRA, CD3+CCR7�CD45RA+), and

naive T cells (CD3+CCR7+CD45RA+) in both CD4+ and

CD8+ T cells revealed that CCST and BLT models did not

have the same distributions. Indeed, while BLT mice had

a distinct predominance of naive CD4+ and CD8+ T cells,

CCST mice showed more variability with a higher propor-

tion of cells that are either central memory or EMRA

compared with BLT (Figure 3C).

T cell function in CCST and BLT mice

We tested T cell function using both an allogeneic human

tumor challenge and an ex vivo phytohemagglutinin

(PHA)-dependent proliferation assay. The tumor challenge

was performed by injecting allogeneic luciferase-express-

ing human pre-B leukemic REH cell line (Figures 4A–4C).

All REH-challenged humNSG reached high levels of lucif-

erase expression 3–6 weeks following tumor cell injection

and died within 7 weeks, while no REH leukemic cells

were detected in any of the BLT mice, as shown by the

absence of luciferase signal and 100% survival rate

(Figures 4A–4C). In comparison, the response to REH chal-

lenge was more variable with CCST mice. Indeed, 5 out of

the 14 CCST mice (35%) injected with REH controlled

leukemic cell growth while the other CCST mice allowed

for the establishment of leukemia, but with a significant
CCST and BLT humanized models allow for robust T cell recon-

nalyzed by flow cytometry for the level of human cell reconstitution
of the reconstitution of hCD45+ (calculated among total CD45+ cells
45+), and hCD14+ (among hCD45+) was as shown. A non-linear
th exponential association model for all populations except hCD19,

(CD3+), B cells (CD19+) and monocytic cells (CD14+) in BLT and CCST
in T cell proportion over time for BLT mice.
in the hCD3+ population in peripheral blood of CCST and BLT mice.
nential association model.
4+ and CD8+ T cells in tissues of CCST and BLT mice at 25 weeks post
was applied to compare ranks of two groups. *p < 0.05, **p < 0.01,
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Figure 3. Circulating human immune cells in CCST and BLT mice originate from engrafted CD34+ hematopoetic stem cells
Human HSCs were transduced with a GFP-expressing lentivirus. Transduction efficiency was 39% at the time of mouse engraftment. (A and
B) Immune reconstitution data from (A) CCST (n = 3) and (B) BLT (n = 2) mice up to 19 weeks post humanization (wph). T cell (hCD3+), B
cell (hCD19+), and monocyte (CD14+) compartments exhibited similar proportions of GFP-expressing cells. The y axis is indicative of the
percentage of GFP+ cells within the population indicated in the x axis (either hCD3+, hCD19+, or hCD14+).
(C) Flow-cytometry analysis of the different subpopulation of T cells, namely T central memory (CD3+CCR7+CD45RA�), T effector memory
(CD3+CCR7�CD45RA�), T effector memory re-expressing CD45R (EMRA, CD3+CCR7�CD45RA+), and naive T cells (CD3+CCR7+CD45RA+)
populations in both CD4+ (top graphs) and CD8+ T cells (bottom graphs) of the CCST and BLT models (left and right columns, respectively).
delay in the kinetics of leukemic cell dissemination and,

consequently, the survival (p < 0.001, Figures 4A–4C),

compared with humNSG (p = 0.0002). Despite this relative

control of leukemic growth, as a whole CCST mice had a

higher luciferase activity (p = 0.0111) and poorer survival

than BLT mice (p = 0.0135).

In the context of PHA-dependent proliferation assay,

both hCD4+ and hCD8+ T cells from CCST and BLT mice

incorporated 5-ethynyl-20-deoxyuridine (EdU) following
602 Stem Cell Reports j Vol. 18 j 597–612 j February 14, 2023
mitogen stimulation, albeit at a lower level for CCST mice

(median of 46.67% for BLT and 21.62% for CCST, p =

0.0466, one-way ANOVA with Tukey’s post hoc test). In

contrast, T cells isolated from humNSG did not respond

to PHA stimulation (Figures 4D and 4E, median of 5.69%,

p = 0.0061 compared with CCST, p < 0.0001 compared

with BLT; one-way ANOVA with Tukey’s post hoc test).

T cells isolated from BLT and CCST mice had respectively

a mean of 8- and 5-fold more EdU+ cells than those from



Figure 4. Functional T cells are developed in CCST and BLT mice
(A) Pre-B leukemic REH cells expressing luciferase were injected in the three humanized models, and mice were imaged weekly by injecting
D-luciferin to follow the progression of the leukemic cells. Depicted are representative BLT, CCST, and humNSG mice with different ca-
pabilities to respond to the REH challenge.
(B) Intensity of the luciferase expression (expressed in photons per cm2) was used as a surrogate marker of leukemia progression in BLT
mice (red line), CCST mice (blue line), and humNSG mice (green line). Medians ± range are shown for the luciferase signal. p = 0.0111
between BLT and CCST, p = 0.0002 between humNSG and CCST, and p < 0.0001 between BLT and humNSG (two-way ANOVA).
(C) Survival curves show a significant difference (log-rank tests) between BLT (n = 10, red line), CCST (n = 14, blue line), and humNSG
(n = 8, green line). BLT versus humNSG: p < 0.0001; BLT versus CCST: p = 0.0135; CCST versus humNSG: p = 0.0001.

(legend continued on next page)
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humNSG (Figure 4E, p < 0.0001, one-way ANOVA). Alto-

gether, these data indicate that T cells from CCST mice

were functionally capable of proliferating upon mitogen

stimulation and rejecting tumor cell challenge.

Robustness of the CCST model

To assess whether it was possible to generate CCST mice

with biobanked tissues, we compared animals made with

fresh thymic tissues with those made with previously

frozen thymic pieces. As shown in Figure S3, mice human-

ized with biobanked tissues were comparable with those

generated with fresh tissues in terms of the level of CD3+

cells and Tcell ability to reject infused leukemic cells. Over-

all, the success ratewas 74.8% (242mice; 27 groups, defined

by mice made on the same day with the same tissues and

HSCs). Mice within groups were widely homogeneous in

that they were either all usable or not at all, except for 3 of

the 27 groups in which there was a mix in the quality of

the immune reconstitution, suggesting that the variability

principally lay between the groups and not within a group.

Finally, the impact of HLA compatibility between thymic

pieces and injected CD34+ cells on the quality of immune

reconstitution was assessed in 103 CCST mice, whereby

no significant impact was detected (p = 0.9232, chi-squared

test, Table S1). Similarly, the ageof the engrafted thymusdid

not affect significantly the level of immune reconstitution

(p = 0.0732, chi-squared test, Figure S4A) or T cell function,

as evaluated by the ability to clear REH (p = 0.4805, two-

sided chi-squared test, Figures S4B and S4C).

CCST mice support efficient HIV infection and mount

robust HIV-specific T cell responses

As stated above, BLT mice are the gold standard of human-

ized mouse models to study pathogenesis and treatment of

HIV infection (Denton and Garcia, 2011; Hatziioannou

and Evans, 2012). We thus compared key characteristics

of HIV infection in CCST and BLT models using HIV

NL4.3-ADA-GFP (Figure 5A). First, we observed that both

models were susceptible to HIV infection via the mucosal

or intraperitoneal route, as viral loads were detectable at

similar levels through time post infection (Figure 5B). As

well, real-time PCR analysis showed nearly comparable

abundance of total viral DNA in different tissues, although

frequencies of integrated HIV DNA-positive cells in spleen,

lung, and liver were significantly higher in BLT mice (Fig-

ure 5C). Interestingly, in CCST mice the frequency of pro-
(D) Proliferative capacity of peripheral blood T cells isolated from the
with 5 mg/mL PHA-L for 24 h in the presence of EdU. Representative
(E) Enumeration of hCD4+hCD8+EdU+ cells showed that T cells from CC
humNSG (n = 7) mice (p = 0.0061 with CCST, p < 0.0001 with BLT). T
0.0466). One-way ANOVA with Tukey’s post hoc test.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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ductively infected (p24+) CD4+ T cells was higher in the

liver, though not significantly different in spleen or lung

tissues. (Figure 5D; gating strategy illustrated in Figure S5).

Having demonstrated that CCST mice were highly sus-

ceptible to HIV infection, we next asked whether T cells

from infected animals could elicit T cell response upon

ex vivo stimulation with HIV peptides. To this end, we

pulsed T cells from the spleen with HIV peptide pools

(Zhen et al., 2017) or phorbol myristate acetate (PMA)

and then assessed their capacity to produce interferon-g

(IFN-g). To this end, we observed that in response to HIV

peptides, significantly higher levels of CD4+ and CD8+

T cells in CCST mice were producing IFN-g compared

with BLT mice (median: 10.4% versus 0.7%, p < 0.0001

for CD8+ T cells and 3.9% versus 0.7%; p < 0.01 for CD4+

T cells, respectively; p < 0.0001; Figures 6A and S6). As

well, PMA stimulation resulted in more CD4+ T cells from

CCST mice expressing IFN-g although no differences

were noted for CD8+ T cells. A similar analysis of splenic

T cells from uninfected CCST and BLT mice showed that

in response to mitogenic stimulation with PMA/ionomy-

cin, both CD4+ and CD8+ T cell subsets were able to pro-

duce IFN-g, highlighting once again that T cells developed

in CCST mice are functional. However, we found no statis-

tically significant difference in the frequency of IFN-g-ex-

pressing T cells between CCST and BLT mice (Figure 6B),

although T cells from the spleen of CCST mice expressed

a higher level of activationmarkers HLA-DR andCD69 rela-

tive to those from BLT mice (Figure 6C).

Overall, our findings revealed that CCST mice could be

efficiently infected with HIV and that T cells developed in

this model were functional and capable of expressing cyto-

kines following antigenic stimulation.

CCST mice as an investigative model to study HIV

persistence during ART

Having shown that CCST mice were capable of supporting

efficient infection and mounting an antigen-specific T cell

response, we nextwanted to establishwhether this human-

ized mouse model could be used to characterize the devel-

opment of HIV reservoirs. To study this aspect, we infected

CCST and BLT mice and when the level of viremia started

plateauing (about 6–7 weeks post infection), the animals

were treated with an antiviral regimen containing emtrici-

tabine, tenofovir, and raltegravir (Figure 7A). As expected,

plasma viral loads were reduced to undetectable levels in
three models of humanized mice was tested by ex vivo stimulation
flow-cytometry plots are shown for each model.
ST (n = 7) and BLT (n = 8) mice proliferated significantly more than
cells isolated from CCST mice proliferated also less than BLT (p =



Figure 5. CCST mice are as susceptible to HIV infection as BLT mice
(A) CCST and BLT mice were infected with 200,000 TCID50 of NL4.3-ADA-GFP HIV via intraperitoneal injection or vaginal inoculation and
monitored for 7 weeks.
(B) Plasma viral load measured in CCST (blue lines) and BLT (red lines) mice following HIV infection. Shown are median values (+95%
confidence interval) from 9–19 (depending on the time point) CCST and 15 BLT mice injected intraperitoneally and 7 CCST and 6 BLT mice
inoculated vaginally.
(C) Levels of total and integrated HIV DNA in the spleen, lung, and liver, quantified by real-time PCR.
(D) Frequency of virus-expressing (p24+) human CD4+ T cells (as defined by hCD3+hCD8� owing to HIV-mediated CD4 downregulation) in
the spleen, lung, and liver as measured by flow cytometry.
wpi, weeks post infection; LOD, limit of detection. The Mann-Whitney test was applied to compare ranks of two groups. ns, not significant;
*p < 0.05, **p < 0.01.

Stem Cell Reports j Vol. 18 j 597–612 j February 14, 2023 605



Figure 6. Comparison of general and HIV-
specific T cell response in CCST and BLT
mice
(A) Splenocytes from infected CCST and BLT
mice were kept untreated or stimulated with
PMA/ionomycin, pooled Clade B HIV peptides
(env, gag, pol, nef) (2 mg/mL), or lympho-
cytic choreomeningitis virus (LCMV) peptides
(GP61-80, GP276-286) (100 ng/mL). LCMV
stimulation served as a specificity control for
the assay. Frequencies of cytokine-express-
ing human T cells were measured intracellu-
larly by flow cytometry. Depicted are overall
data in different mice (CCST, 10 mice and BLT,
12 mice). Four dots connecting each line
represent an individual mouse.
(B) Splenocytes from uninfected (UI),
unstimulated CCST and BLT mice were stim-
ulated with PMA/ionomycin and assessed
for IFN-g expression in T cells as described
in (A).
(C) Surface expression of activation markers
HLA-DR and CD69 on T cells from the spleen of
uninfected CCST (blue) and BLT (red) mice
was measured by flow cytometry.
In all panels, each dot is one mouse. The
Mann-Whitney test was applied to compare
ranks of two groups. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001; ns, not sig-
nificant.
ART-treated mice in both models (Figure 7B). Congruent

with this observation, we observed a significant reduction

in the level of total (5-to 24-fold) and integrated (12- to

33-fold) HIV DNA in different lymphoid and non-

lymphoid tissues (Figure 7C) in ART-treated mice. As well,

ART resulted in a marked median reduction of cell-associ-

atedHIVRNAby at least 45- to 77-fold dependingonorgans

(Figure 7D). Lastly, the proportion of p24+hCD3+hCD8�

cells in tissues was suppressed to nearly undetectable levels

in ART-treated mice in bothmodels (Figure 7E, p < 0.001 in

all ARTconditions). Importantly, the fact thatweobserved a

complete viral rebound upon treatment interruption dem-

onstrates not only the presence ofHIVreservoirs in infected

CCSTmice (Figure 7F) but also that CCSTmice can be used

as a model of HIV persistence during ART.
DISCUSSION

Here, we describe a newmodel of humanizedmice that fos-

ters the development of functional T cells without the use

of fetal tissues. This model comes in a timely fashion since

research projects conducted with fetal tissues are becoming
606 Stem Cell Reports j Vol. 18 j 597–612 j February 14, 2023
increasingly difficult to perform because of limitations in

obtaining tissues. Therefore, there is a need for the develop-

ment of new humanized mouse models that could substi-

tute the BLT model without losing its advantages. In this

study, we provide strong evidence that CCST mice could

be a good alternative to BLT mice, especially for HIV

research. Indeed, CCST mice displayed strong immune

reconstitution, with T cells originating from CD34+ pro-

genitor cells, proliferating efficiently in response to mito-

genic stimulation ex vivo and capable of rejecting allogeneic

human leukemic cells in vivo. These findings demonstrate

the functionality of developed human T cells in CCST

mice. Despite having fewer T cells than BLT mice, CCST

micewere equally susceptible tomucosal or intraperitoneal

HIV infection and mounted a stronger HIV-specific T cell

response following infection. Importantly, the presence

of integrated HIV DNA could be documented despite ART

treatment and virological suppression, and viral rebound

could be observed upon treatment interruption, indicating

that CCSTmice can be used as a model to study HIV persis-

tence in the presence of antiretroviral therapy.

The CCSTmodel is different from the recently developed

NeoThy humanized mouse (Brown et al., 2018) in two



(legend on next page)
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major ways. In the latter model, neonatal thymic pieces of

approximately 10-day-old neonates were implanted under

the kidney capsule along with i.v. injection of CD34+ cells

isolated from cord blood. Ours involves implantation of

thymic tissues, which could be up to 5 years old, in the

quadriceps instead of kidney capsule. We used this

approach because initial attempts at implanting thymic

pieces in the kidney capsule were repeatedly unsuccessful

(data not shown), prompting us to ultimately adopt the

procedure used for thymic transplantation in human (Mar-

kert et al., 2003, 2010) whereby the thymus is implanted in

the quadriceps. According to our veterinary surgeon, the

surgical procedure is less complex. Another advantage of

this technique is that we could freeze thymic pieces and

cord blood CD34+ cells to perform humanization when

needed (Figure S3). Interestingly, as described in thymic

transplantation in human (Markert et al., 2008), and as

observed for the NeoThy model (Brown et al., 2018), HLA

compatibility did not have an impact on the reconstitution

of the immune system (Table S1). However, the use of pedi-

atric thymi seems to require a pre-culture ex vivo to prevent

rapid occurrence of a GvHD-like syndrome. In this context,

we hypothesize that resident T lymphocytes from the

thymic graft are capable of expanding and attacking recip-

ient tissues and cells, leading to mouse death. As such, the

pre-culture step is essential to eliminate potentially xenor-

eactive mature/maturing T cells from the engrafted

thymus. Consequently, T cells developed in CCST mice,

when the humanization is stabilized (after 7 weeks), are

derived from the injected HSCs that are niched in the hu-

manized mouse bone marrow, as demonstrated by the re-

sults from our GFP-transduced HSC experiments. The

thymic culture could explain the differences observed in

the reconstitution kinetics of hCD3+ cells in CCST mice

compared with the BLTmice, whereby a pre-culture of fetal

tissues is not needed. Kalscheuer et al. (2012) published a

personalized model of immune-mediated disorders based

on the engraftment of fetal thymus along with stem cells
Figure 7. Establishment of HIV latency in the CCST mouse model
(A) CCST mice were infected (intraperitoneal route) with 200,000 TCID
infected mice was treated for up to 6 weeks with emtricitabine (100 mg
control group was represented by untreated mice.
(B) Dynamic changes in plasma viral load over the course of infection
(BLT), ART-treated mice in blue (CCST) and red (BLT).
(C) ART-induced changes in levels of total and integrated HIV DNA in
(D) HIV RNA levels in tissues of untreated or ART-treated CCST and B
(E) Effect of ART on the frequency of CD4+ T cells in tissues expressin
(F) The presence of viral rebound following antiretroviral therapy treat
latency in infected CCST mice. As a result of ATI, levels of viremia we
represents one mouse.
The Mann-Whitney test was applied to compare ranks of two groups
significant.
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from adult patients. Interestingly, in this model it is neces-

sary to administer anti-CD2 antibodies to eliminatemature

T cells that might otherwise cause GvHD (Brown et al.,

2018; Kalscheuer et al., 2012). This suggests that ex vivo cul-

ture or monoclonal antibody administration eliminates

mature T cells from thymic pieces and reduces the occur-

rence of GvHD. Moreover, the T cell immune reconstitu-

tion observed in our CCST mice is similar to the one

described in the NeoThy model (Brown et al., 2018), even

though we injected a lower number of CD34+ cells.

The CCST humanized mice displayed organized primary

and secondary lymphoid organs, suggesting the develop-

ment of a functional immune system. The implanted

thymus in CCST mice exhibited medullar and cortical

arrangement with classical thymic epithelium expressing

cytokeratin 19, as in the case with BLT mice. As well, the

spleen from CCST mice shared similar structures with

megakaryocytes observed in both models, indicating

splenic extramedullary hematopoiesis. Lastly, MLNs dis-

played germinal centers having distinct T and B lympho-

cyte zones in both the BLT and CCST models.

The immune reconstitution in the peripheral blood of

CCST mice was robust, albeit not as high as in the BLT,

but clearly more efficient than in humNSG, particularly

with respect to the T cell compartment. Interestingly, the

replenishment of T cells in the CCST model was progres-

sive, as observed after T cell-depleted bone marrow trans-

plantation in human (Haddad et al., 1998). Similar to the

BLT system, a transient first wave of T cells likely comprises

mature T cells coming directly from the engrafted thymus;

however, as humanization stabilizes, peripheral T cells

observed in CCST mice are T cells stemming from HSCs

that undergo a physiological differentiation in the trans-

planted thymus. This observation is supported by the

similar distribution of GFP-expressing cells within hCD3,

hCD19, and hCD14 cells. It is very unlikely that CD34+

cells differentiate inmouse thymus in the CCSTmice given

that we observed a good human thymic maturation with
50 of NL4.3-ADA-GFP HIV. At 6 weeks post infection (wpi), a group of
/kg weight), tenofovir (50 mg/kg), and raltegravir (68 mg/kg). The

and ART. Untreated mice are depicted in purple (CCST) and yellow

different tissues of CCST and BLT mice.
LT mice.
g viral protein p24.
ment interruption (ATI, blue lines), supporting the existence of HIV
re increased to the level of untreated mice (green lines). Each line

. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not



Hassal corpuscles and that humNSG mice did not display

the same kinetics of T cell development. Moreover, the

relative proportions of immune subpopulations remained

stable through time in CCST mice. In addition, analyses

of naive and memory T cell proportions showed that

CCST mice have a transient population of EMRA T cells

in the first weeks post humanization and that naive

T cells become predominant after week 12. Altogether,

these data suggest that the first ‘‘wave’’ of T cells coming

out of a neonatal thymus (from an individual older than

a fetus and living in a non-sterile environment) resulted

in a lower proportion of naive T cells than T cells coming

out of a fetal thymus. As time passed, naive T cells became

predominant in bothmodels, suggesting that the first wave

of residing hCD3 exiting the thymus is replaced by new

T cells stemming from the injected HSCs, which is consis-

tent with the GFP data. As previously reported (Lan et al.,

2006), the reconstitution of human CD45+ cells was

slightly slower in BLT mice but ultimately reached higher

levels. This difference in the reconstitution kinetics might

be partially due to the source of hCD34+ (fetal liver versus

cord blood), different numbers of injected cells (5 3 105

versus 1–2 3 105, respectively) and xenogeneic T cell

proliferation.

Importantly, the CCST model recapitulated key T cell

functions such as PHA-induced proliferation and alloge-

neic tumor rejection. This approach could be useful to

study immune interactions with tumors, as one could

model patient-derived xenograft and implant autologous

immune system from the same patient’s HSCs together

with an allogeneic thymus from cardiac surgery (either

fresh or biobanked).

The classical humNSG model does not require the use of

fetal tissues. Nevertheless, in the context of HIV research,

the lack of a functional adaptive immune system in this

model limits its capacity to help address important ques-

tions pertinent to virus-host interactions. Humanized

NSGmice are also less susceptible to HIV infection through

themucosal route, which represents themainmode of viral

transmission in human (Tebit et al., 2012). In this study, we

demonstrate that CCST mice represent an efficient substi-

tute for the BLT model for HIV study, and could be an

option for research teams that cannot have access to fetal

tissues. First, we show that CCST mice are equally suscepti-

ble to HIV infection through both the mucosal and intra-

peritoneal routes. Despite having fewer CD4+ T cells as tar-

gets for HIV infection, viral dissemination (plasma viral

load) in CCST mice was comparable with that in BLT

mice. Interestingly, we observed lower levels of integrated

HIV DNA and higher levels of p24+ cells in certain organs

of CCST mice. However, it remains to be established

whether these differences were related to higher expression

of HLA-DR and CD69 on T cells of CCST mice. It is
tempting to speculate that the latter might be an inherent

feature of the CCST system considering the source of the

engrafted thymus (pediatric versus fetal as in BLT) and/or

CD34+ cells (heterologous versus autologous as in BLT).

This being said, despite these fundamental differences,

we provide evidence showing that viral replication in

CCST mice could be efficiently suppressed by ART and

that there is bona fide viral rebound upon treatment inter-

ruption. The latter strongly supports the existence of

authentic HIV reservoirs in these infected mice. Third, we

demonstrate that HIV exposure leads to the development

of a more vigorous HIV-specific T cell response in CCST

mice compared with BLT. In this setting, CCST mice repre-

sent the first humanized animals generated without the

need of fetal tissues and yet capable of eliciting antigen-

driven immune responses, especially in the context of

HIV infection.

Altogether, this new model of mouse humanization is

robust and convenient by: (1) its wide range of potential

thymus donors; (2) tissue abundance allowing for larger

production; (3) the use of biobanked tissues; and (4) HLA

independence. However, the CCST model has its own lim-

itations. First, there is greater variability compared with the

BLT model in terms of the overall reconstitution, relative

distribution of immune subpopulations, and success rate

(74.8%). The different distribution of immune cell subsets

(Figure 2) might be linked in part to the technical difficulty

in determining whether the thymic pieces to be implanted

were components of the medulla and/or cortex. Since a

fetal thymus is smaller than a pediatric thymus, pieces of

the latter are more likely to comprise both the medulla

and cortex than the former ones, which could explain

the greater variability observed in the CCSTmodel. Howev-

er, although the level of T cells in CCST remains lower

compared with BLT, this limitation does not constrain

the levels of HIV viremia or the extent of viral infection.

In conclusion, the CCST model is a practical alternative

to the BLT model that could prove to be better for HIV

studies because of its robust antigen-specific T cell

response. The ease by which the CCST model can be

achieved, regarding surgery skills, availability of thymic

material, and the fact that thymic sections can be cryopre-

served and biobanked, could dramatically increase the

availability of functional humanized mouse models world-

wide and facilitate, among others, in vivo HIV research.
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authors, Elie Haddad (elie.haddad@umontreal.ca) or Éric A. Cohen

(eric.cohen@ircm.qc.ca).

Materials availability

All unique/stable reagents generated in this study are available

from the lead contact with a completed Materials Transfer

Agreement.

Data and code availability

The authors are willing to share the data upon request. There is no

code.

Study approval
The study was reviewed and approved by the Center Hospitalier

Universitaire (CHU) Sainte-Justine institutional (CER #2126) and

the CSSS Jeanne Mance review boards (Montreal, Canada), and

was performed in accordance with federal and provincial laws.

Human tissues were obtained following written informed consent

to participate in this study. All animal experiments were performed

in accordance with protocols approved by each institution’s Insti-

tutional Animal Care andUse Committee (IRCM, 2015-11& 2018-

06 and CIBPAR #582 & 593) following Good Laboratory Practices

for Animal Research.

Tissue processing
Human autologous fetal thymus and liver were harvested and pro-

cessed on the same day. The fetal liver was cut into small pieces and

shaken at 230 rpm for 30 min at 37�C in a sterile complete RPMI

medium (RPMI 1640 + GlutaMAX [Gibco by Life Technologies,

Thermo Fisher Scientific, Waltham, MA]) + 10% decomplemented

fetal bovine serum (FBS) (Gibco by Life Technologies) and peni-

cillin-streptomycin (P/S) (Wisent, St.-Jean Baptiste, QC, Canada)

supplemented with 1 mg/mL collagenase (Sigma-Aldrich, St.

Louis, MO), DNase I recombinant (Roche by Sigma-Aldrich), and

sodium pyruvate (Sigma-Aldrich). The suspension was then

filtered with a 70-mm cell strainer and washed with Dulbecco’s

PBS without calcium ormagnesium (dPBS�/�) (Gibco by Life Tech-

nologies) with 0.6% citrate phosphate dextrose (Sigma-Aldrich).

Hepatocytes were then removed by low-speed centrifugation

(18 3 g, 5 min) and the supernatant spun again (470 3 g, 5 min).

Pelleted cells were collected and purified by density centrifugation

using Ficoll (GEHealthcare, Uppsala, Sweden). HSCswere then en-

riched by using the hCD34 Micro-Bead kit Ultrapure (Miltenyi,

Bergisch Gladbach, Germany). hCD34+ cells were either resus-

pended in dPBS�/� and kept on ice until injection in mouse or

were frozen in FBS + 10% dimethyl sulfoxide (DMSO) (Thermo

Fisher Scientific).

Humanpediatric thymus tissueswere obtained frompatients un-

dergoing cardiac surgery (n = 19, age ranges between 1 day and 5

years old; mean age 1 year 2 months, median 6 months) during

their stay at CHU Sainte-Justine (Montreal, Canada). Upon recep-

tion, the thymus was washed in dPBS�/� and cut into small pieces

(around 4–8 mm3). Pieces were either put in culture or frozen in

decomplemented human serum type AB (Wisent) +10% DMSO

(10–20 pieces/mL) as described by Kalscheuer et al. (2012). When

put in culture, pieces were placed on top of a 0.8-mm isopore mem-

brane filter (Sigma-Aldrich), on top of a 1-cm2 absorbable gelatin

sponge (Pfizer, Kirkland, QC, Canada) in the presence of F12 me-

dium (Gibco by Life Technologies) + 10% FBS + P/S + Fungizone
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(Gibco by Life Technologies) + HEPES (Sigma-Aldrich) (Figure 1A).

Thymic pieces were kept in culture at 37�C for between 7 and

21 days. The fetal thymus was either used directly for surgery in

mice or frozen as described above.

Cord blood CD34+ isolation
Human cord blood was obtained from the Cord Blood Research

Bank of the CHU Sainte-Justine under the approval of the CHU

Sainte-Justine institutional review board and written informed

consent from donors. Mononuclear cells were purified by using

SepMate (STEMCELLTechnologies, Cambridge,MA,USA) using Fi-

coll. As described above, HSCs were then enriched by using the

hCD34 Micro-Bead kit Ultrapure. hCD34+ cells were kept in

culture at 37�C in either RPMI medium with human recombinant

stem cell factor at 50 ng/mL (PeproTech, Rocky Hill, NJ, USA),

human recombinant thrombopoietin (PeproTech), or human re-

combinant Fms-related tyrosine kinase 3 ligand (PeproTech) until

injection in mice (within 3–6 h of culture), or were frozen in FBS +

10% DMSO.

Human tissue transplantation
NOD/LtSz-scid IL-2Rgc(null) (NSG)mice were purchased from The

Jackson Laboratory (Bar Harbor,ME, USA). Allmicewere housed in

a specific pathogen-free animal facility of CHU Sainte-Justine

Research Center or at the animal core facility of theMontreal Clin-

ical Research Institute. For all models, 6- to 10-week-old NSGmice

were conditioned with sublethal (2.5 Gy) total-body irradiation on

the day prior to humanization. HumNSG mice were simply in-

jected i.v. with 1 3 105 pooled human cord blood CD34+ cells in

100 mL of dPBS. For BLT mice, human fetal thymus fragments

(one per mouse) measuring about 1 mm3 were implanted under-

neath the recipient kidney capsule.Within 24 h, 3–53 105 human

autologous fetal liver CD34+ cells in 100 mL of dPBS�/� were in-

jected i.v. For CCST mice, three human pediatric thymus frag-

ments were implanted in the left quadriceps muscle of the mouse

and 1–2 3 105 pooled human cord blood CD34+ cells in 100 mL of

dPBS were injected i.v. within 3–6 h after the surgery. When

mentioned, CD34+ cells were transduced with a lentivirus coding

for GFP. In brief, 1 3 105 CD34+ cells isolated from cord blood

were plated on RetroNectin-coated wells and transduced with len-

tiviral particles based on baboon envelope pseudotyped (BaEV-LV)

(Girard-Gagnepain et al., 2014) coding for the GFP under the

control of the UCOE0.7-SFFV promoter (pHUS-GFP vector) at a

multiplicity of infection of 1.4 (Colamartino et al., 2019). After

24 h, cells were harvested, pooled, washed, and injected into

mice. All animals were anesthetized with isoflurane and treated

with buprenorphine for postoperative pain management, and

their drinking water was supplemented with Baytril antibiotic for

10 days post surgery.

Engraftment assessment
The presence of circulating human cells was then evaluatedweekly

in 50 mL of peripheral blood harvested through the saphenous vein

and collected in heparinized tubes. The absolute number and pro-

portion of cell subpopulation was assessed by fluorescence-acti-

vated cell sorting (FACS) using CountBright Absolute Counting

Beads (Thermo Fisher) along with monoclonal antibodies directed
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against hCD45 (clone HI30), hCD3 (clone UCHT1), hCD19

(clone HIB19), and hCD14 (clone B159) (all from BioLegend, San

Diego, CA, USA), and mCD45 (clone 30-F11) (BD Biosciences,

Franklin Lakes, NJ, USA). Human CD45 percentages are calculated

among all CD45+ cells (murine and human). The acquisition was

carried out on a BD FACSCanto or FACS LSR Fortessa system (BD

Biosciences). Mice were sacrificed when pre-defined limit points

were reached. At the time of sacrifice, the thymus (if present), liver,

mesenchymal lymphnode (if present), blood, and spleenwere har-

vested and evaluated by histopathology and flow cytometry.

Infection of mice and quantification of viral loads

CCST and BLT mice were infected with 200,000 TCID50 of NL4.3-

ADA-GFPHIV in 100 mL of Dulbecco’smodified Eagle’smediumvia

intraperitoneal injection or vaginal inoculation andmonitored for

up to 25 weeks depending on experiments. HIV viral load in the

plasmaof humanizedmicewas determinedweekly using the quan-

titative COBAS AmpliPrep/COBAS TaqMan HIV test, version 2.0

(Roche; detection limit, <20 copies/mL).

ART

Six-week-long daily ART, consisting of emtricitabine (100 mg/kg

weight), tenofovir (50mg/kg), and raltegravir (68mg/kg),was initi-

ated at usually 6–7 weeks post infection for a group of mice and

maintained until sacrifice. The control group was represented by

untreated mice.

Nucleic acid extraction and quantification of HIV genomes by

real-time PCR

RNAs fromspleencellsorother tissueswereextractedusinganRNeasy

Mini plus kit (QIAGEN) according to themanufacturer’s instructions.

cDNAwasgeneratedusingSuperscript II reverse transcriptase (Invitro-

gen) and used as templates for HIV RNA analysis as detailed below.

DNA from spleen cells, lung cells, and liver cells were extracted from

gDNA eliminator columns using a Qiamp Fast DNA stool mini kit

(QIAGEN) according to the manufacturer’s instructions. Quantifica-

tion of total HIV DNA, integrated HIV DNA, and unspliced HIV

RNA was performed by modified nested real-time PCR assay using

Taq DNA polymerase (BioLabs) in the first PCR and TaqMax Fast

AdvancedMaster Mix (Applied Biosystems) in the second PCR (Van-

dergeeten et al., 2014). DNA from serially diluted ACH2 cells (NIH

AIDS Reagent Program, NIAID, NIH), which contain a single copy

of the integratedHIVgenome,was extracted and amplified inparallel

to generate a standard curve from which unknown samples were

enumerated. Human CD3 gene was used as a normalizer.
Statistics
Data are presented as mean ± SEM unless otherwise stated. Data

analysis was performed using GraphPad Prism 8.0 (GraphPad Soft-

ware). Statistical tests applied for each experiment are stated in the

legends of figures. A p value of less than 0.05 was considered statis-

tically significant. The symbols *, **, ***, and **** in the figures

signify p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.

No statistical methods were used to pre-determine population

size. Randomization was not used.
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