
B
asic

954 Guillemette Masse-Ranson et al. Eur. J. Immunol. 2019. 49: 954–965DOI: 10.1002/eji.201848001

New Technology

Research Article

Accelerated thymopoiesis and improved T-cell
responses in HLA-A2/-DR2 transgenic BRGS-based
human immune system mice

Guillemette Masse-Ranson1,2,3, Mathilde Dusséaux1,2, Oriane Fiquet1,2, Sylvie Darche1,2,
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Human immune system (HIS) mouse models provide a robust in vivo platform to study
human immunity. Nevertheless, the signals that guide human lymphocyte differentiation
in HIS mice remain poorly understood. Here, we have developed a novel Balb/c Rag2−/−

Il2rg−/− SirpaNOD (BRGS) HIS mouse model expressing human HLA-A2 and -DR2 trans-
genes (BRGSA2DR2). When comparing BRGS and BRGSA2DR2 HIS mice engrafted with
human CD34+ stem cells, a more rapid emergence of T cells in the circulation of hosts
bearing human HLA was shown, which may reflect a more efficient human T-cell devel-
opment in the mouse thymus. Development of CD4+ and CD8+ T cells was accelerated in
BRGSA2DR2 HIS mice and generated more balanced B and T-cell compartments in periph-
eral lymphoid organs. Both B- and T-cell function appeared enhanced in the presence of
human HLA transgenes with higher levels of class switched Ig, increased percentages
of polyfunctional T cells and clear evidence for antigen-specific T-cell responses follow-
ing immunization. Taken together, the presence of human HLA class I and II molecules
can improve multiple aspects of human B- and T-cell homeostasis and function in the
BRGS-based HIS mouse model.
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Introduction

Human immune system (HIS) mice provide a valuable small ani-
mal model to study human immune responses following infection,
vaccination, or in response to malignantly transformed cells. HIS
mice are generated following engraftment of CD34+ hematopoi-
etic stem cells (HSC) in irradiated immunodeficient hosts and
this represents a simple approach to reconstitute a majority of
adult hematopoietic lineages [1–3]. The resulting HIS mice har-
bor a wide variety of human immune cells (B, T, NK, myeloid)
that are present in diverse organs (spleen, bone marrow, thymus,
liver, lung, mesenteric lymph nodes, and to a lesser extent in the
gut) [2, 4, 5]. Finally, HIS models generate stable hematopoietic
reconstitution that can last for > 6 months. Nevertheless, HIS mice
do not perfectly model human hematopoiesis and fail to recapitu-
late critical aspects of human immune responses (reviewed in [6]).
For example, antigen-specific B- and T-cell responses are subop-
timal in most HIS mice, which may reflect the fact that human
lymphocytes are not properly “educated” in the context of murine
HLA within the stromal microenvironment. This lack of cognate
interaction might be responsible for the impaired T-cell specific
responses and poor B-cell differentiation (reduced Ig class switch-
ing) that have been described in HIS mice [4, 7–9].

Genetic modifications such as transgenes, knock-in or knock-
out mutations have been used to create modified HIS models with
improved functionality [10–19]. As antigen receptors and MHC
molecules have coevolved during evolution, it could be expected
that transgenic expression of human HLA molecules followed by
engraftment with HLA-matched HSC should generate a HIS model
with improved development of HLA-restricted human T cells. In
HLA-A2 transgenic NSG (NOD Prkdcscid Il2rgtm1wjl) mice, antigen-
specific CD8+ T-cell responses against viral antigens or vaccines
was improved [10–15, 17]. NOD Rag2−/− Il2rg−/− hosts contain-
ing a HLA-DR4 transgene (DRAG mice; hybrid HLADR0101α1/I-
Ed, regulated by the mouse I-Ed promoter) reconstituted with
matched HSCs, were shown to develop more T cells, especially
CD4+ T cells, sustained higher levels of human natural antibod-
ies (IgM and IgG), and elicited efficient antibody responses to
tetanus toxin vaccination [11]. HIS mice expressing both class I
(HLA-A2) and class II (HLA-DR4) MHC transgenes (DRAGA mice)
generated CD8+ specific T cells and cytotoxicity upon immuniza-
tion, mounting influenza-specific antibody responses [20], that
were not observed in HLA-A2 only HIS mice (HLA-A2.1α 1α 2/H-
2Db) [21].

In the present study, we generated a novel HLA-transgenic
HIS model based on Balb/c Rag2−/− Il2rg−/− SirpaNOD (Balb/c
Rag2tm1Fwa Il2rgtm1Cgn SirpaNOD; BRGS hosts [2] with HLA-A2 and
HLA-DR2 transgenes (BRGSA2DR2). We found that BRGSA2DR2
hosts engrafted with matched HSC display a more rapid recon-
stitution of T-cell subsets, in particular CD8+ T cells, as well as
higher levels of class-switched IgG and improved generation of
vaccine-induced antigen-specific T cells. BRGSA2DR2 HIS mice
extend the arsenal of HLA transgenic HIS mouse models that can
be used as preclinical tools to assess immunogenicity of human
vaccine candidates.

Results

BRGSA2DR2 HIS mice show accelerated kinetics
of human immune cell engraftment

To assess the impact of transgenic expression of human MHC
class I and class II molecules on human lymphocyte develop-
ment in an immunodeficient Balb/c background, HLA-A2 ‘HHD’
(encoding a hybrid HLA-A2.1/H-2Db α chain covalently linked
to human β2-microglobulin; [22]) and HLA-DR2 (DRA*0101 and
DRB1*1501 under control of the mouse MHC II promoter; [23])
transgenes were extensively backcrossed to BRGS mice [2] yield-
ing BRGSA2DR2 hosts. HIS mice were generated in BRGS or
BRGSA2DR2 neonatal recipients with HLA-A2+DR2+ CD34+ HSC
as previously described [16, 24–28] and composition of human
CD45+ hematopoietic cell subsets in the blood of engrafted HIS
mice was assessed at 8 and 12 weeks postgraft (wpg) (Fig. 1A, B).
Compared with non-HLA transgenic BRGS HIS mice, BRGSA2DR2
HIS mice showed more T cells in the blood at 8 wpg with a higher
percentage of CD8+ T cells (Fig. 1A). This difference persisted
at 12 wpg. The early generation of T cells resulted in a higher
frequency of CD45+ cells in BRGSA2DR2 HIS mice at 8–10 wpg
(Fig. 1B). B cells emerge in the blood before T cells in many HIS
mouse models [4], and BRGS HIS mice are no exception: B cells
outnumber T cells by 20 to 100-fold in the early postengraft period
(Fig. 1C). Expression of human HLA class I and class II transgenes
in the host equilibrated the B/T ratio in the blood at all-time points
assessed (Fig. 1C). Finally, BRGS HIS mice show a marked bias
toward generation of CD4+ T cells at 12 wpg with an elevated
CD4/CD8 ratio; this bias is not observed in BRGSA2DR2 HIS mice
that maintain a normal CD4/CD8 ratio (Fig. 1D). Together, these
results demonstrate accelerated kinetics and more balanced com-
position of human T- and B-cell development in BRGSA2DR2 HIS
mice.

Analysis of human thymopoiesis in BRGSA2DR2 HIS
mice

We next assessed the impact of human HLA-A2 and -DR2 trans-
genes on human intrathymic T-cell development in the BRGS HIS
mouse model. Thymocytes were isolated and phenotyped for their
major subsets (CD4–CD8– “double negative” DN, CD4+CD8+ “dou-
ble positive” DP, CD4+ “single positive” CD4SP and CD8+ “single
positive” CD8SP) at 8 and 16 wpg. When comparing CD4 versus
CD8 thymocytes, BRGSA2DR2 HIS mice showed more DP cells, a
higher frequency of CD8SP and a reduction in DN cells at 8 wpg
(Fig. 2A, B). Within the mature thymic CD3+ T cells, HLA expres-
sion had an important impact on CD8SP development (Fig. 2A).
Concerning absolute numbers of cells, thymi from BRGSA2DR2
HIS mice harbored more human hematopoietic cells that was
largely due to increased numbers of mature CD3+ T cells (Fig. 2C)
including CD4SP and CD8SP thymocytes that were significantly
increased (Fig. 2D). Taken together, the analysis of intrathymic
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Figure 1. Kinetics of human cell reconstitution in the blood of BRGS versus BRGSA2DR2HISmice. (A) Representative flow cytometry immune-
phenotypic analysis of hCD45+ blood cells at 8 weeks and 12 weeks post graft (wpg) in humanized BRGS versus BRGS HLA-A*02-HHD class I
and HLA-DRB1*15 class II transgenic mice (BRGSA2DR2) reconstituted with HLA-A*02+ HLA-DRB1*15+ HSCs. (B) Analysis of hCD45+ cells using
the hCD45% × 100/ (hCD45% + mCD45%) formula (B) or CD19/CD3 ratio (C) over time (wpg) in BRGS (full circle) and BRGSA2DR2 (open circle).
(D) Comparison of the CD4/CD8 ratios in both models at 12 wpg. Each dot represents one mouse and data are representative from at least five
independent experiments (14–34 mice in each group).

T-cell development in BRGSA2DR2 HIS mice suggest that the ear-
lier emergence of peripheral T cells in the early postgraft period is
due to enhanced and accelerated thympoiesis following selection
on human HLA.

B-cell development in BRGSA2DR2 HIS mice

HIS mice develop a diverse repertoire of Ig+ B cells in the
BM and spleen [4, 9]. Comparing BRGS and BRGSA2DR2 HIS
mice, we found that absolute numbers of splenic CD19+CD20+

B cells and IgM+IgD+ mature B cells were similar at 8 wpg
(Fig. 3A, B) suggesting that early emergence of mature T cells
from the thymus did not affect B-cell homeostasis at this time.
Splenic B cells at 8 wpg showed an immature, transitional phe-
notype (IgM+IgD−CD10hiCD38hi; Fig. 3B) as observed previously
[4, 18, 29], and CD27+ memory B cells were rare in both BRGS
and BRGSA2DR2 models (Fig. 3A, B).

A different picture emerged when the B-cell analysis was per-
formed at 16 wpg. Absolute numbers of splenic B cells were
decreased in BRGSA2DR2 HIS mice and IgM+IgD+ cells were
notably diminished, whereas the frequency of CD27+ memory
B cells was increased (Fig. 3A, B). Moreover, transitional CD38+

B cells were less frequent in the BM of BRGSA2DR2 HIS mice at
16 wpg (Fig. 3B). These results suggest enhanced B-cell activa-
tion and switch of näıve IgM+ B cells to IgG-producing progeny
in BRGSA2DR2 HIS mice. While plasma cells (phenotype) were
not detected in either HIS mouse model (Fig. 3C), we found that
steady-state levels of IgG were markedly enhanced in BRGSA2DR2
HIS mice starting at 12 wpg (Fig. 3D). The evolution of B-cell
homeostasis may be the result of enhanced T-B cooperation avail-
able in BRGSA2DR2 HIS mice.

Impact of HLA expression on peripheral T-cell subsets
in BRGSA2DR2 HIS mice

We further characterized the peripheral T-cell compartment in
these two HIS models through analysis of activated pheno-
type (CD45RO+ CD45RA−), and further activation states using
CD45RA+ CD27+ näıve (N), CD45RA− CD27+ central memory
(CM), CD45RA− CD27– effector memory (EM), and CD45A+

CD27– effector memory T cells (EMRA) in CD4+ and CD8+ com-
partments. Representative staining patterns are shown in Fig. 4A.
No significant differences in absolute numbers of splenic CD4+

or CD8+ T cells were observed at 16 wpg (Fig. 4B). Similar
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Figure 2. Human thymopoiesis in BRGS versus BRGSA2DR2 HIS mice. (A) FACS analysis showing the human CD4+ and CD8+ T-cell reconstitution
in the thymus at 8 wpg in single, alive, hCD45+ or hCD45+ CD3+ cells. (B) Bar graph showing the percentages of each population in the thymus
in the hCD45+ gate (DN: double negative CD4−CD8−, DP: double positive CD4+ CD8+, CD8+ simple positive and CD4+ simple positive) in both
models at 8 and 16 wpg. Statistical analysis (p-value summary) comparing the frequency of each subset from the two models are on the side of
the bar graph. (C) Total human CD45+ and CD3+ cellularity in the thymus of BRGS (full symbols) and BRGSA2DR2 (open symbols) reconstituted
with HLA-A*02+ HLA-DRB1*15+ HSCs at 8 and 16 wpg. (D) Analysis of the percent age of double negative (DN) cells in the CD45+ population and
absolute numbers of CD3hi CD8+ and CD3hi CD4+ SP in the thymus of both models at 8 and 16 wpg. Each dot represents one mouse (8–9 mice per
group) and data are representative from three experiments at 8 wpg and two experiments at 16 wpg.

observations were made for T cells in the lung and liver, with
the exception of hepatic CD4+ T cells that were decreased (Sup-
porting Information Fig. 1A, B). Regulatory T cells (that have a
CD4+CD127–CD25+ phenotype) were equally rare in the spleen
of 8 weeks postgraft BRGS and BRGSA2DR2 HIS mice (Support-
ing Information Fig. 3). In older animals, we detected a signif-
icant CD127–CD25+ Treg population that included a previously
described highly suppressive HLA DR+CD45RA– subset [30] that
was significantly increased in BRGSA2DR2 HIS mice (Supporting
Information Fig. 3).

Concerning T-cell activation states, we observed significant
increases in the percentages of CD45RO+ CD4+ T cells in the
spleen, lung, and liver of BRGSA2DR2 HIS mice (Fig. 4C; Sup-
porting Information Fig. 1A, C). In contrast, this was not the case
for CD8+ T cells in any tissue examined and this did not impact
on the absolute numbers of CD45RO+ CD4+ and CD8+ T cells

when comparing BRGS and BRGSA2DR2 HIS mice (Fig. 4C, D;
Supporting Information Fig. 1A, C). When comparing N, CM, EM,
and EMRA T-cell subsets, we found that BRGSA2DR2 HIS mice
showed a shift toward central memory T cells at the expense of
naive T cells for both CD4+ and CD8+ T cells in the spleen, lung,
and liver (Fig. 4E; Supporting Information Fig. 1B, D), consistently
with a previous study [19].

CD4+ and CD8+ T cells in BRGSA2DR2 HIS mice have
increased polyfunctionality

We next compared the functionality of mature splenic T cells in
BRGS and BRGSA2DR2 HIS mice following exposure to phar-
macological agents (PMA/ionomycin). As previously described in
several different HIS mouse models, peripheral T cells can secrete

C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu
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Figure 3. Human B-cell reconstitution in the lymphoid organs of BRGS versus BRGSA2DR2 HIS mice. (A) Representative flow cytometry and gating
strategy for the mature/memory phenotype of B cells in the spleen within single, alive, hCD45+, CD3− cells in both models at 8 and 16 wpg. (B)
Absolute numbers of CD19+CD20+ B cells and frequency of mature IgM+IgD+, memory CD27+CD38−, immature (CD38+ IgM+ IgD−C D10+), and
CD38+ in CD19+CD20+ B cells for BRGS (full symbols) and BRGSA2DR2 (open symbols) mice at 8 (spleen) and 16 wpg (spleen and bone marrow).
(C) Steady-state human immunoglobulin M (IgM) and G (IgG) titers in the plasma of BRGS (full circles) and BRGSA2DR2 (open circles) HIS mice
between 8/9 wpg (pooled) and 16 wpg. (D) Absolute numbers of CD38+CD138+ plasma cells at 8 (spleen) and 16 wpg (spleen and bone marrow).
Each dot represents one mouse and data are representative from three experiments at 8 wpg (five mice in each group) and two experiments at
16 wpg (7–8 mice in each group) for (A) and (B), with a threshold number of 104 cells for subsequent analysis of B-cell phenotype. For (C), each dot
represents one mouse and data are pooled from at least five independent experiments (5–14 mice per group).

a range of cytokines following in vitro activation [11, 14, 17, 31].
This was the case for T cells in BRGS-based HIS mice that pro-
duced IFN-γ, TNF-α, and expressed the cytotoxic effector molecule
granzyme B (Fig. 5A, B). When analyzing individual effectors, we
found significant increases in the percentages of CD4+ T cells
expressing IFN-γ and CD8+ T cells expressing granzyme B (Fig.
5A, B). The latter was in part due to a higher baseline level of
granzyme B that was observed in both splenic CD4+ and CD8+

T cells in BRGSA2DR2 HIS mice. Regarding polyfunctional T
cells, BRGSA2DR2 HIS mice showed increased percentages of both
CD4+ and CD8+ T cells coexpressing two (IFN-γ, TNF-α) or three
(IFN-γ, TNF-α, granzyme B) effector pathways (Fig. 5A, B; Sup-
porting Information Fig. 2). Together, these results suggest that
BRGSA2DR2 HIS mice have an enhanced capacity to generate
multifunctional differentiated T cells.

MVA vaccinated BRGSA2DR2 HIS mice generate
antigen-specific T- and B-cell responses

To evaluate the overall capacity of BRGSA2DR2 HIS mice to gener-
ate immune responses, we immunized animals using a single dose
of a Modified Vaccinia virus Ankara vaccine (MVA-HIVB, French
National Agency for AIDS Research ANRS) [32, 33] encoding a
full-length Gag protein and as well as partial Pol and Nef anti-
gens (Fig. 6A). Ten days after immunization, no major changes in
T-cell subsets were observed in either BRGS or BRGSA2DR2 HIS
mice suggesting minimal induction of T-cell activation or prolif-
eration (Fig. 6B; Supporting Information Fig. 4). However criti-
cal differences were noted between the BRGS and BRGSA2DR2
models after immunization: we detected increased numbers of
CD8+ T cells and an increased frequency of effector memory

C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu
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Figure 4. T-cell phenotype in BRGS versus BRGSA2DR2 HIS mice. (A) Representative flow cytometry and gating strategy for the activating/memory
phenotype of T cells in the spleen within single, alive, hCD45+, CD3+ cells at 16 wpg. (B) Absolute numbers of CD4+ and CD8+ T cells in the
spleen of BRGS (full symbols) and BRGSA2DR2 (open symbols) 16 wpg HIS mice reconstituted with HLA-A*02+ HLA-DRB1*15+ HSCs. Frequency
(C) and absolute numbers (D) of activated/memory CD45RO+ among CD4+ and CD8+ in the spleen of both models. (E) Bar graph showing relative
frequencies of T-cell memory subsets in the spleen of BRGS and BRGSA2DR2 for CD4+ (left panel) and CD8+ (right panel) cells (N: naive CD45RA+

CD27+, CM: central memory CD45RA− CD27+, EM: effector memory CD45RA− CD27−, EMRA: Effector memory terminally differentiated CD45RA+,
CD27−). Each dot represents one mouse. Representative data of seven to eight mice in each group from two independent experiments at 16
wpg. Statistical analysis (p-value summary) comparing the frequency of each subset from the two models are on the side of the bar graph
legend.

population, especially for CD4+ T cells (Fig. 6B). Importantly,
T cell-specific responses were only detectable in BRGS A2DR2 HIS
mice where we could observe a significant increase in Gag-specific
T-cell responses (Fig. 6C). We further documented that three out
of 12 MVA-HIVB immunized animals developed MVA-specific IgG
responses in the plasma (Fig. 6D). These results suggest that inter-
actions of human T cells with HLA molecules are critical for the
differentiation of mature T cells that can respond in an antigen-
specific fashion after immunization.

Discussion

Humanized mice engrafted with human HSC and reconstituted
with a human immune system can be used to investigate the
development of human immune cells in vivo. They also repre-
sent a new preclinical model for studying the physiopathology of
human pathogens (reviewed in [34–37]) or the efficacy of ther-
apeutic intervention or vaccines [38, 39]. However, the lack of
HLA expression on murine thymic epithelium and in peripheral

C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu
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Figure 5. T-cell function in BRGS versus BRGSA2DR2 HIS mice. IFN-γ, TNF-α, and granzyme B expression by splenic CD4+ and CD8+ T cells
following overnight stimulation in vitro. Splenic CD4+ (A) and CD8+ T cells (B) in BRGS (full symbols) and BRGSA2DR2 (open symbols) HIS mice
at 16 wpg. The circular diagrams show the distribution of producing cells versus nonproducing (left diagram), and the different cytokine profiles
in the producing cell gate (right diagram) (IFN-γ+, TNF-α+, IFN-γ+ TNF-α+, IFN-γ+ TNF-α+ GrzB+) in BRGS and BRGSA2DR2 HIS mice. Low levels of
IL-13 and IL-17 were also detected (data not shown). Representative data of seven to eight mice in each group from two independent experiments
at 16 wpg.

tissues in most HIS mouse models may limit the extent of human
T-cell development, education, and function, thereby reducing the
capacity of these models to “read out” human cellular immune
responses.

Considering the tight coevolution of T-cell receptors and
MHC molecules, optimal human thymopoiesis and T-cell selec-
tion would necessitate the presence of human HLA on mouse
thymic epithelial cells or the presence of human epithelial cells
in the mouse thymus. Thymic epithelial cells promote selection
of the “helper” CD4+ and “cytotoxic” CD8+ T cells via MHC class
II and MHC class I, respectively. In the case of HIS mice, the
MHC molecules that select human T cells from CD34+ HSC pre-
cursors is assumed to be the corresponding murine H-2 homologs,
although this has not been rigorously tested. While several immun-
odeficient NSG/NOG hosts lacking murine class I and/or class II
molecules have been reported [40–42], only one study assessed
the role for mouse MHC in human thymopoiesis in HIS mice [8].
These authors studied NOG mice lacking class II Ab sequences
and found < 1% of CD4SP cells developed in the thymus of this

HIS mouse model. Moreover, human T cells in the spleen of these
HIS mice failed to proliferate in response to CD3 activation [8].
Although human T-cell signaling pathways were not extensively
studied, this study suggests that mouse H-2Ab class II molecules
are important for intrathymic selection of human CD4+ T cells and
for functional differentiation of both CD4+ and CD8+ T cells.

Several studies have reported the impact of enforced expres-
sion of HLA class I and/or class II molecules on human T-cell
development in different HIS mouse models. The experimental
approaches included HLA class I transgenes alone [10, 12–14],
class II transgenes alone [11, 15, 19] or both class I and
class II transgenes [20, 21]. Engraftment of “matched” CD34+

HSC (meaning cells that bear the same allele as the trans-
genic HLA) was performed in some cases. In most cases, an
enhancement of overall T-cell homeostasis and/or function can
be noted, although the cellular mechanisms that account for
these changes are not always clearly defined. For example,
HLA-B*51:01 transgenic hosts improved overall thymopoiesis in
the NOK (NOD/SCID/JAK3−/−) background although matched

C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu
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Figure 6. Antigen-specific HIV responses in BRGS versus BRGSA2DR2 mice. (A) Schematic overview of the MVA-HIVB immunization of HIS mice
between 12 and 16 wpg. (B) Splenic CD4+ and CD8+ T cells numbers in nonimmunized (black symbols) and immunized (red symbols) from
BRGS (full symbols) and BRGSA2DR2 (open symbols) HIS mice. (C) ELISPOT IFN-γ analysis of splenocytes from BRGS (full circles) and BRGSA2DR2
(open circles) reconstituted with HLA-A*02+ HLA-DRB1*15+ HSCs 10 days after immunization with MVA-HIVGPN viral particles (red symbols). (D)
MVA vector-specific IgG response in the plasma determined by ELISA from MVA-HIVB immunized and nonimmunized BRGSA2DR2 HIS mice.
Nonimmunized BRGS and BRGSA2DR2 animals were also analyzed as controls (black circles). Each dot represents one mouse. Representative data
of three independent experiments with one (BRGS NI) to seven mice analyzed per group.

HLA-B51+ HSC were not used [13]. In contrast, Suzuki et al.
demonstrated that engraftment of HLA-DR matched HSCs are
critical for T- and B-cell function in humanized HLA DR4 NOG
transgenic mice as HIS mice made using mismatched HSCs could
not produce IgG after OVA immunization [15].

In this report, we analyzed the impact of HLA class I and class
II transgenes on human T-cell development and function in the
Balb/c Rag2−/− Il2rg−/− SirpaNOD (BRGS) HIS model [2, 22, 23].
Several different HIS models exist: all are based on immunod-
eficient mice (Rag2/Il2rg DKO, SCID/Il2rg DKO) that harbor
SIRPa polymorphisms from the NOD background as has been
reviewed extensively [6]. Compared to NSG-based HIS mice,
BRGS-based HIS mice show very similar human cell reconstitu-
tion (Legrand et al. 2011) but do not exhibit irradiation sen-
sitivity that characterizes SCID-based HIS models. As such, the
Rag-based HIS models (including BRGS) may be less subjected
to spontaneous mortality or graft-versus-host disease develop-
ment upon human cell reconstitution compared with SCID-based
counterparts.

Human immune cell reconstitution using HLA transgenic BRGS
hosts was compared with nontransgenic BRGS recipients using
the same CD34+ HSC donor cells that expressed HLA-A2 and
HLA-DR2. We observed that matching for donor HSC accelerated
overall lymphoid reconstitution, resulting in balanced B/T-cell
development and improved peripheral lymphocyte functionality.
In particular, BRGSA2DR2 HIS mice were highly responsive to
the MVA-based HIV vaccine (MVA-HIVB, French National Agency
for AIDS Research ANRS) [32, 33] demonstrating their capacity
to generate antigen-specific T-cell responses following immuniza-
tion. Moreover, BRGS HIS animals are healthy and do not develop
any signs of autoimmune or inflammatory disease.

Previous studies compared the DRAGA NRG-based HIS model
(bearing HLA-A2 class I and HLA-DR4 class II transgenes) to
the single HLA-A2 class I and to the single HLA-DR4 transgenic
NRG mice [21]. Interestingly, the DR4 transgene appeared to
make a larger contribution to the improvement in overall perfor-
mance of their model (thymic engraftment, frequency of mice with
human reconstitution, number of CD4 cells, immunoglobulin class
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switching, cytokine secretion, CD8 cytotoxicity) compared to the
HLA-A2 transgene, with DRAGA HIS mice showing a similar phe-
notype to the DR4 single transgenics. Similarly, the frequency of
CD4 CM T cells are increased in NSG-based HIS mice that express
DR1 using AAV [19]. Other reports showed a major contribution
of the HLA-A2 transgene to overall T-cell development and differ-
entiation [13, 14]. Interestingly, EBV-infected NSG HLA-A2 trans-
genic mouse splenocytes showed a high capacity to respond to
EBV dominant antigens, whereas NSG mice did not, and tetramer
detection of specific CD8+ T cells became possible [17].

While we have not extensively compared single HLA-A2 versus
HLA-DR2 BRGS HIS mice, our preliminary experiments indicate
that MVA-induced immune responses can be elicited in HLA-A2
only BRGS HIS mice. Further studies will be necessary to under-
stand how expression of class I or class II HLA impacts on human
T-cell differentiation in our HIS mouse model.

Several studies have reported an immature phenotype of B
cells in humanized mouse models [8, 43–46]. The reconstitution
of functional B cells is also reported to be limited in patients that
receive cord blood HSCs [47]. However, it seems clear that the
engrafted human hematopoietic systems in HIS mice evolves with
time, with an increase in mature B-cell generation as animals
age and accumulate activated T cells [4]. Our data suggest that
improved development of T cells in HLA transgenic mice might
increase B-cell differentiation and the steady state IgG levels by a
similar mechanism.

Taken together, our results suggest that BRGSA2DR2 HIS mice
provide an improved model to assess human immune responses
to pathogens or vaccines in vivo. As recent modifications to the
BRGS model have generated HIS mice with enhanced DC function
(BRGSF; [16]) or robust LN development (BRGST; [18]), it will
be interesting to assess the impact of human HLA expression on
human immune function in HIS mice that combine these different
modifications.

Materials and methods

Ethics statement

Animals were housed in micro-isolators under pathogen-free con-
ditions with humane care. Experiments were approved by an insti-
tutional ethical committee at the Institut Pasteur and validated
by the French Ministry of Education and Research (Reference
MENESR # 02162.01).

Mice

HLA-A*02-HHD class I and HLA-DRB1*15 class II transgenic mice
[22, 23] have been backcrossed (>10 generations) to the Balb/c
Rag2−/- Il2rg−/- SirpaNOD strain (BRGS) [2] to create BRGSA2DR2
hosts.

Generation of HIS mice

BRGS and BRGSA2DR2 mice were used as recipients to create HIS
mice as previously described [16, 18, 24, 25, 27]. Briefly, fetal
liver CD34+ cells were isolated using affinity matrices according
to manufacturer’s instructions (Miltenyi Biotec) and subsequently
phenotyped for CD34, CD38, and HLA-A2 expression by FACS
(Supporting Information Table 1). Dry pellets of CD34-negative
fractions were haplotyped for HLA class I and class II alleles by
PCR (LABType SSO, One Lambda). Newborn (3–5 day old) pups
were sublethally irradiated (3 Gy) and injected intrahepatically
with 5 to 10 × 104 CD34+CD38− human fetal liver cells that were
from HLA-A*02+HLA-DRB1*15+ donors or from 1:1 mixtures of
HLA-A*02+ and HLA-DRB1*15+ donors. These two conditions
generated similar immune reconstitution and immune responses
to vaccination, and the same donor cells were always compared
directly in BRGS and BRGSA2DR2 recipients. Analyses were per-
formed on 8–16-week-old mice. All manipulations of HIS mice
were performed under laminar flow conditions.

Cell isolation

Thymus and spleen were minced and filtered through 100 μm cell
strainer (Falcon). Femur and tibia bones were crushed with mortar
and pestle to extract cells. Lungs were cut into pieces before colla-
genase D digestion (Roche) for 45 min. Livers were minced using
metallic filters. Percoll density gradient centrifugation (GE Health-
care Life Sciences) was used for liver and lung lymphocyte prepa-
ration. Erythrocytes were lysed using RBC lysing buffer Hybri-Max
(Sigma). All cell preparation steps were performed using RPMI
1640 Glutamax (Life Technologies) supplemented with 100 U/mL
penicillin, 100 g/mL streptomycin (Invitrogen), and 2% fetal calf
serum.

Flow cytometry

For blood cells, the total percentage of hCD45 was deter-
mined using the formula hCD45%x100/(hCD45%+mCD45%).
For organ-derived cells, fixable viability dye eFlour506 (ebio-
science) was used to exclude dead cells and human and mouse
FcR were blocked (polyclonal human IgG and 2.4G2 anti mouse
Fc receptors) before antibody (Ab) staining. Fluorochrome-
conjugated Abs from BD biosciences, Biolegend, ebioscience, and
Miltenyi were used in this study (Supporting Information Table
1). For surface marker staining, cells were incubated with Abs on
ice for 30 min. For intracellular cytokine detection, freshly isolated
cells were stimulated with 50 ng/mL PMA (Sigma-Aldrich) and 1
μg/mL ionomycin (Sigma-Aldrich) for 4 hours in the presence of
Golgi-plug (BD biosciences) (three last hours of stimulation) prior
to intracellular cytokine staining using the BD cytofix/cytoperm
kit (BD biosciences). Flow cytometers Fortessa (BD biosciences) or
LSR II (BD biosciences) were used to acquire the data and Flowjo
software (TreeStar) was used for data analysis. FACS acquisition
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and analysis have been done according to the guidelines reported
in [48].

Immunoglobulin titration

Human IgM and IgG levels were quantified by ELISA in the plasma
as described [28]. MVA vector-specific IgG level were evaluated by
ELISA using MVA-GFP coating (provided by the Vaccine Research
Institute, Créteil) and plasma from immunized animals.

MVA-HIVB GPN vaccine immunization

Recombinant MVA expressing an HIV polyprotein (containing full-
length Gag, fused to 3 Pol and 2 Nef fragments) was previously
described [32] and provided by the Vaccine Research Institute,
Créteil. The vaccine was injected by intraperitoneal (ip) route at
the dose of 0.48 × 10exp7 pfu.

ELISPOT assay

The 96-well plates with a nitrocellulose filter base (MultiScreen,
Millipore) were coated with purified anti–IFN-γ capture antibod-
ies (human IFN-γ ELISPOT pair, BD biosciences). After overnight
incubation at 4°C, the plates were washed twice with glutamine
containing IMDM (Lonza), 10% FCS and penicillin/streptomycin
(Gibco) and incubated for 2 hours at room temperature for the
blocking step. Splenocytes were added to the plates in doubling
dilutions from 5 × 105 cells per well in the presence of 100 μg/mL
overlapping peptide pool from the HIV Gag full-length protein
(final concentration 1 μg/mL for each peptide in the plate) and
1 μg/mL purified anti-CD28 (clone 28.2, eBioscience) or anti-
human CD3/CD28 activating beads (Dynabeads, Gibco) for res-
timulation, both in the presence of IL-2 (10 IU/mL) and IL-7
(100 ng/mL) (Miltenyi Biotech). Doubling dilutions were also
applied to nonstimulated splenocytes (only maintained in IL-2
and IL-7) to determine the background. After 36 h incubation
in a 37°C 5% CO2 incubator, the plates were washed following
the manufacturer’s protocol (human IFN-γ ELISPOT pair, BD bio-
sciences), incubated with biotinylated anti-IFN-γ detection anti-
body (BD Biosciences), followed by streptavidin-HRP conjugate
(BD Biosciences), and the AEC substrate kit (BD Biosciences). The
plates were then dried and the red spots were enumerated using
an ELISPOT counter (Bioreader 5000 Eb, Biosys).

Statistical analysis

Datasets were tested with two-tailed unpaired non-parametric
Mann–Whitney tests, using Prism version 6 (GraphPad Software).
Significant p values are shown as: *p < 0.05, **p < 0.005, ***p <

0.0005. Lines showing the means in each data set were applied in

linear scale graphs, whereas medians were applied for logarithmic
scale graphs.
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