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Human immune system (HIS) mice provide a model to study human immune responses
in vivo. Currently available HIS mouse models may harbor mouse Fc Receptor (FcR)-
expressing cells that exert potent effector functions following administration of human
Ig. Previous studies showed that the ablation of the murine FcR gamma chain (FcR-γ)
results in loss of antibody-dependent cellular cytotoxicity and antibody-dependent cel-
lular phagocytosis in vivo. We created a new FcR-γ-deficient HIS mouse model to com-
pare host (mouse) versus graft (human) effects underlying antibody-mediated immune
responses in vivo. FcR-γ-deficient HIS recipients lack expression and function of mouse
activating FcRs and can be stably and robustly reconstituted with human immune cells.
By screening blood B-cell depletion by rituximab Ig variants, we found that human FcγRs-
mediated IgG1 effects, whereas mouse activating FcγRs were dominant in IgG4 effects.
Complement played a role as an IgG1 variant (IgG1 K322A) lacking complement binding
activity was largely ineffective. Finally, we provide evidence that FcγRIIIA on human NK
cells could mediate complement-independent B-cell depletion by IgG1 K322A. We antici-
pate that our FcR-γ-deficient HIS model will help clarify mechanisms of action of exoge-
nous administered human antibodies in vivo.
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Introduction

Robust and relevant preclinical animal models remain essen-
tial tools to evaluate in vivo biological activities, pharmacody-
namics as well as safety and efficacy of novel therapeutics for
human disease. In this respect, human immune system (HIS) mice
based on immunodeficient hosts (e.g., NOD/LtSz-scid Il2rgnull

(NSG), NOD/Shi-scid Il2rgnull (NOG), and Balb/c Rag2nullIl2rgnull

SirpaNOD (BRGS) mice) have demonstrated their value for the
study of candidate vaccines, treatments for viral infections like
EBV or HIV and for novel cancer therapies [1–3]. HIS mice harbor
human innate and adaptive immune cells after engraftment and
differentiation of human hematopoietic stem cells that generate
functional cellular and humoral immune responses [4–6] and can
thus be used for preclinical testing of novel therapeutic strategies,
while closely mirroring the situation in humans.

Monoclonal antibodies (mAbs) represent one category of ther-
apeutic agents that have revolutionized disease treatment, in
particular those involving viral infections and cancer; this is
an extremely active area of research with >100 mAbs already
approved for clinical use [7]. Antibodies function by modulat-
ing immune responses through several distinct modes of action
that include blocking of receptor–ligand interactions, mimick-
ing the binding of natural ligands, direct induction of apop-
tosis, and mediating interactions with immune system compo-
nents [8–11]. In the latter, engagement of antibodies with the
complement system leads to complement-dependent cytotoxic-
ity (CDC) [12] or complement-dependent phagocytosis (CDP)
[13], whereas engagement with Fc Receptor-expressing (FcR+)
immune cells, such as natural killer (NK) cells, neutrophils, and
macrophages, provokes antibody-dependent cellular cytotoxic-
ity (ADCC) or antibody-dependent cellular phagocytosis (ADCP)
through activation pathways involving the FcR-γ chain (encoded
by Fcer1g) [14].

Therapeutic mAbs (Tx mAbs) are developed with human IgG
isotypes (mostly IgG1, IgG4), which have differential binding to
human (FcγR+) hematopoietic cells and abilities to activate com-
plement [15, 16]. The analysis of these human mAbs in preclinical
HIS models is further complicated as recipients harbor functional
macrophages and neutrophils [17] and may retain a functional
complement system [18], which can confound the interpretation
of exogenously administered Tx mAbs [19, 20]. Previous studies
have shown that human IgG-based mAbs bind to mouse FcR-γ+

cells in vivo [21, 22].
To define the roles for human FcR-γ+ hematopoietic cells dur-

ing Tx mAb administration in vivo more clearly, HIS mouse mod-
els have been developed where the contribution of activating
mouse FcRs can be excluded. One approach made use of mAbs
with Fc regions that have reduced or abolished binding to mouse
FcRs [14, 21]. Still, these variant mAbs also show reduced or abol-
ished human FcR binding so their ability to discriminate mouse
versus human FcR activation was limited. HIS mouse models with
the ablation of Fcer1g (lacking expression of IgG activating recep-
tors FcγRI, FcγRIII, FcγRIV, and IgE receptor FcεRI) and Fcgr2b
(lacking inhibitory receptor FcγRIIB) genes have been reported

[23, 24]. These models provide “cleaner” systems to assess Tx
mAbs activities that interact with human FcR+ cells. Interestingly,
hCD20+ tumor cell depletion was observed in one Fcer1g-deficient
model [24] after rituximab administration even in the absence of
human immune cells suggesting additional host effector mecha-
nisms.

In this study, we generated a novel Fcer1g-deficient strain
using a CRIPSR/Cas9 approach in BRGS-HLA-A2tg-HLA-DR2tg

(BRGSA2DR2; [2]) that functionally ablates mouse activating
FcRs (FcγRI, FcγRIII, FcγRIV) which can bind human Ig [14, 25,
26]. We further characterized HIS mice produced in BRGSA2DR2
Fcer1g−/− recipients to identify the role of human FcR-γ+ cells and
other mechanisms contributing to exogenous Tx mAbs responses
in vivo.

Results

Generation and validation of BRGSA2DR2 Fcer1g−/−

mice

BRGSA2DR2 mice [2] were rendered Fcer1g-deficient using
CRISPR/Cas9-mediated gene targeting (see “Materials and meth-
ods” section). Genomic DNA sequencing revealed a 66-bp Exon 2
deletion (Supporting Information Fig. 1A and C) resulting in Exon
2 skipping upon transcription (Supporting Information Fig. 1B
and C). In silico mRNA sequence analysis predicted a frameshift
truncated protein of 27 amino acids (Supporting Information Fig.
1D and E).

Fcer1g gene deletion impairs the expression of murine
CD16/CD32 (FcγRIII/FcγRII), CD64 (FcγRI), and the IgE recep-
tor (FcεRI) [25]. We observed no significant difference in
CD16/CD32 expression in Gr-1+ neutrophils between Fcer1g
wt and heterozygous BRGSA2DR2 mice, whereas CD16/CD32
expression in Fcer1g−/− mice was significantly reduced (Fig. 1A)
confirming previous observations that residual FcRa chain expres-
sion is Fcer1g-independent [25]. In contrast, CD64 and FcεRI
staining was abrogated in CD11b+ and CD11b− cells, respec-
tively (Fig. 1B and C; Supporting Information Fig. 2A) consistent
with previous reports [25]. Absence of mouse FcR-γ chain protein
in spleen cells was confirmed by intracellular staining (Support-
ing Information Fig. 2B). We performed an IgG-dependent pas-
sive systemic anaphylaxis assay (Fig. 1D) to assess FcγRIII func-
tion [27]. A significant drop in body temperature consistent with
acute anaphylaxis was seen in Fcer1g wt and heterozygous mice,
whereas Fcer1g-deficient mice maintained stable body tempera-
ture over time (Fig. 1E). Together, these results demonstrate suc-
cessful inactivation of the FcR-γ chain in BRGSA2DR2 mice at
DNA, mRNA, protein, and functional levels.

Efficient human immune cell engraftment in
BRGSA2DR2 Fcer1g−/− mice

We assessed human cell reconstitution [2] after CD34+

hematopoietic stem cell engraftment in this new BRGSA2DR2
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Figure 1. Validation of Fcer1g-deficient BRGSA2DR2 hosts. (A–C) Representative FACS staining in blood (left) and quantification of frequency of
positive cells (right) in Fcer1g wt (gray; n = 9), Fcer1g+/− (black; n = 14), Fcer1g−/− (red; n = 14) BRGSA2DR2 mice for (A) mCD16/32 in monocytes
(CD11b+, SCC-Alow, mGr-1low/mid), (B) mCD64 in macrophages (CD11b+, SSC-Alo, Gr1mid/−), and (C) mFcεR-1α in CD11b-, Gr1-cells, respectively; each
dot represents one mouse, and data include results from three independent experiments. Group means were compared by Kruskal–Wallis test. (D)
Schematic diagram of passive systemic anaphylaxis (PSA) assay. (E) Body temperature difference �T = (Txmin − T0min) in °C over time in PSA assay
after TNP33-BSA mIgG2a injection in Fcer1g wt (gray; n = 4), Fcer1g+/− (black; n = 7), Fcer1g−/− (red; n = 6) BRGSA2DR2 mice. Means between groups
were compared by Tukey’s HSD test at each timepoint; statistical significance is indicated (ns: not significant). Data are represented as mean ± SEM
and representative of two independent experiments.
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strain. Human immune cell subset composition in the blood at
12 weeks postgraft and in the organs at 16 weeks postgraft was
similar when comparing BRGSA2DR2 Fcer1g WT or heterozygous
HIS mice (referred to as “HIS”) with BRGSA2DR2 Fcer1g-deficient
HIS mice (referred to as “HIS Fcer1g−/−”). There were no signif-
icant differences in the degree of humanization in the blood or
in different organs in the absence of Fcer1g (Supporting Informa-
tion Fig. 3A and C). No significant differences in percentages or
absolute numbers of total hCD45 (Fig. 2A and D), CD19+ B cells
(Fig. 2B and E), CD3+ T cells (Fig. 2C and F), NKp46+CD94+

NK cells (Fig. 2G), CD4+ or CD8+ T cells (Fig. 2H and I), or
ratio of CD4/CD8 T cells (Supporting Information Fig. 3B) were
observed in the blood, spleen, BM, and liver between HIS and
HIS Fcer1g−/− mice, indicating comparable human immune cell
differentiation in this novel Fcer1g-deficient HIS mouse model to
previously reports [4–6, 17, 24, 28].

OKT8-mediated depletion of hCD8a+ cells in HIS mice
requires Fcer1g

We next assessed exogenous antibody-mediated depletion in
HIS Fcer1g−/− mice. The anti-hCD8a antibody (OKT8) has been
demonstrated to efficiently deplete human CD8a+ T cells in sev-
eral HIS mouse models [28, 29]. This mIgG2a antibody binds
murine FcγRs and can activate complement via C1q binding [22,
30]. OKT8 injection into HIS mice efficiently depleted hCD8a+

T cells in the blood, whereas only partial depletion was seen
in HIS Fcer1g−/− mice (Supporting Information Fig. 4A and B),
demonstrating the involvement of mouse Fcer1g-dependent as
well as Fcer1g-independent mechanisms. We could exclude OKT8-
mediated inhibition (masking) as an explanation for the observed
hCD8a+ T-cell loss as hCD8b (which forms heterodimers with the
hCD8 alpha chain [31] and is co-expressed on most hCD8a+ T
cells in our HIS mice) expression was similarly decreased (Sup-
porting Information Fig. 4A and C). Frequencies of hCD19+ B
cells (Supporting Information Fig. 4D) were unaffected, confirm-
ing specificity of the OKT8-mediated depletion.

Deciphering mechanisms that contribute to
Ig-mediated cell depletion in HIS mice

We next dissected the human FcR-dependent mechanisms under-
lying exogenous antibody-mediated depletion in HIS mice. For
this, we studied depletion of human B cells following administra-
tion of the Tx anti-hCD20 mAb Rituximab (Fig. 3A). One advan-
tage of this model is the availability of human IgG variants with
different isotypes and capacities to bind and activate complement
[15, 16, 23, 32]. In a similar fashion to the method described
in Lux et al. [23], we analyzed hCD19+ cells before and after
rituximab injection as hCD19 is co-expressed on the majority of
hCD20+ B cells in the HIS mice (Supporting Information Fig. 5A).

We first compared depletion mediated by hIgG1 and hIgG4
variants, the latter displaying limited affinity for human FcRs

(except for CD64), while retaining strong binding to mouse FcRs
and weakly activating complement [16, 22, 33–38]. The hIgG1
Rituximab variant similarly reduced human B cells in both HIS
and HIS Fcer1g−/− mice (Fig. 3B and C) suggesting the involve-
ment of human FcR+ effector cells and/or mouse complement
in the depletion. In contrast, the hIgG4 Rituximab variant, while
able to deplete human B cells in HIS mice, was significantly less
efficient in HIS Fcer1g−/− mice (Fig. 3B and C) confirming ear-
lier studies [23]. These results demonstrate that hIgG4 mAbs can
deplete target cells in HIS mouse models, and this largely occurs
through activating FcR+ mouse cells. Interestingly, partial hIgG4
antibody-mediated depletion still occurred in HIS Fcer1g−/− mice
(compared to control PBS injected mice; Fig. 3C) revealing a non-
FcR-γ-dependent mechanism that could include mouse comple-
ment.

In order to delineate effects mediated by Rituximab in HIS
Fcer1g−/− mice via human FcR+ cells from those involving com-
plement, we analyzed the depletion capacity of a Rituximab vari-
ant (IgG1_K322A) that fails to bind complement or induce CDC
and has reduced binding to human FcγRIIA and FcγRIIIA with
a roughly twofold reduction in ADCC compared to IgG1 [39].
Human B-cell depletion by the Rituximab IgG1_KA variant was
clearly reduced in HIS Fcer1g−/− mice compared to Rituximab
IgG1 control mAb (Fig. 3B and C). These results indicate that
complement-dependent mAb depletion operates in HIS mice in
the absence of activating mouse FcRs.

In most Rituximab IgG1_KA-injected HIS Fcer1g−/− mice, lit-
tle or no human B-cell depletion was detected. Nevertheless,
IgG1_KA-injected HIS Fcer1g−/− mice had significantly higher
depletion compared with PBS-injected HIS Fcer1g−/− control
mice (Fig. 3C) suggesting the involvement of human FcR+ cells.
We verified the specificity of Rituximab treatment and found
no significant differences in CD8+ T-cell numbers in HIS and
HIS Fcer1g−/− mice injected with Rituximab IgG1 or IgG1_KA
versus controls (Supporting Information Fig. 5C). We noticed
that the degree of depletion in Rituximab IgG1_KA-injected HIS
Fcer1g−/− mice strongly correlated with the percentage of human
NK cells present in the blood of individual HIS mice (Fig. 3D).
We failed to find a similar correlation with other human immune
cell subsets, for example, CD8+ T cells (Supporting Information
Fig. 5D).

To further test the potential role for human NK cells, we
expanded these FcγR+ effector cells in HIS Fcer1g−/− mice using
exogenous IL-15. Previous work from our laboratory [40] showed
that human IL-15 supplementation in HIS mice increases NK
cell effector functions and human CD16 expression. We observed
significantly higher levels of hCD19 B-cell depletion in IL-15
boosted compared with control Rituximab IgG1_KA-treated HIS
Fcer1g−/− mice (Fig. 3C). Furthermore, human B-cell depletion
correlated strongly with enhanced CD16 expression on human NK
cells in IL-15 boosted HIS mice (Fig. 3E), whereas FcR+ human
macrophages were not affected by the IL-15 boost (Supporting
Information Fig. 5E). These results suggest that an inducible
ADCC activity by human NK cells underlies the human B-cell
depletion in rituximab IgG1_KA-treated HIS Fcer1g−/− mice.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Figure 2. Human immune cell reconstitution in BRGSA2DR2 Fcer1g−/− mice. Quantification of human immune cell populations in human immune
system (HIS) Fcer1gwtmice (black) versus HIS Fcer1g−/− mice (red). (A–C) In blood at 12 weeks postgrafting (wpg), (A) percentage of hCD45 calculated
as %hCD45 cells = 100*hCD45/(hCD45 + mCD45), (B) frequency of CD19+ B cells in hCD45 cells, and (C) frequency of CD3+ T cells in hCD45 cells.
(D–I) For the spleen, BM and liver at 16 wpg. (D) Absolute numbers of hCD45 per organ (for BM for one femur and one tibia). Frequency of (E) CD19+ B
cells, (F) CD3+ T cells, (G) NKp46+ and CD94+ NK cells in hCD45 and (H) CD4+ and (I) CD8+ in total CD3+ T cells. Each dot represents one mouse, and
data from the blood are representative for 21 mice (>6 independent experiments) and from the organs for 2 independent experiments. Pairwise
comparison in the blood was done by Wilcoxon test, and Kruskal–Wallis test was used for multiple comparisons of means in the organs.
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Discussion

Antibodies elicit diverse effects during immune responses as solu-
ble Ig, complexed with antigens (immune complexes) or bound
to relevant targets on the cell surface. Subsequent steps may
involve the activation of effector cells (via FcRs) or comple-
ment, leading to ADCC, ADCP, complement-dependent phago-
cytosis, or CDC [12–14, 41, 42]. As many current HIS mouse
models may possess endogenous mouse FcR-bearing hematopoi-
etic cells and may retain a functional complement system
[18, 43], interpretation of effects elicited by Tx mAbs in
reconstituted HIS mice is challenging [19, 20]. Recently, sev-
eral FcR-γ-deficient HIS mouse models based on NOG, NSG,
or Rag2−/−/Il2rg−/− backgrounds were reported [23, 24, 44,
45]. Here we describe a FcR-γ-deficient BRGSA2DR2 strain
that can be robustly reconstituted to generate HLA-educated
HISs. Together, these new models have provided important
insights into specific roles for mouse and human FcR-γ+ cells
as well as complement in HIS mice receiving exogenous Tx
mAbs.

One consistent finding observed in these different FcR-γ-
deficient HIS models is the important role played by residual
mouse FcR+ cells in mediating effects of Tx mAbs. This was
first shown in immunocompetent and immunodeficient mouse
models [43–46] and subsequently in HIS mice [23, 24, 47,
48] in the context of tumor rejection. The differential effects
mediated by hIgG1 and hIgG4 isotypes in HIS mice were ini-
tially revealed in FcR-γ-deficient HIS mice using human B cell
or mouse platelet-depleting antibodies [23, 47]; results we con-
firm here using B-cell-depleting Rituximab. Katano et al. showed
the important role for mouse FcR (most likely involving acti-
vating forms) in human tumor rejection using an NOG-based
model [24], confirming earlier work [43, 45, 46]. Still the
murine effector cells responsible for the biological effects varied
in these reports, including circulating neutrophils and/or tissue
macrophages.

Here we extend the list of potential host mechanisms responsi-
ble for Tx mAb effects in HIS mice to include mouse complement.
We used an Fc mutant of Rituximab IgG1, which harbors the K322A
point mutation that abolishes C1q binding [39]. B-cell depletion
was less efficient using the KA variant Rituximab in HIS Fcer1g−/−

mice, suggesting an important contribution of complement to
cell depletion in our HIS mouse model. Still, a twofold reduc-
tion in ADCC and binding of IgG1_KA via FcγRIIA and FcγRIIIA
to human immune cells has been reported [39] suggesting that
lower ADCC/ADCP mediated by human FcγR+ cells may also be
involved.

FcR-γ-deficient HIS mice may be useful in defining the contri-
bution of human FcγR+ cells to effects mediated by exogenously
delivered Tx mAbs or other immunomodulators that can bind
FcRs (e.g., Fc-fusion proteins [49]). Katano et al. [48] used an
adoptive cell transfer model in IL-15Tg FcR-γ-deficient NOG mice
to suggest that human NK cells could be involved in the elimina-
tion of human tumor xenografts, although the precise mechanism
remained unclear. Here, we showed in fully reconstituted FcR-
γ-deficient BRGSA2DR2 HIS mice that NK cells were important
effectors of rituximab and that boosting human CD16+ NK cells
(via exogenous IL-15) could amplify B-cell depletion elicited by
the IgG1_KA rituximab variant. To our knowledge, this result rep-
resents the first direct demonstration of in vivo ADCC mediated
by human NK cells.

Neutrophils, dendritic cells (DCs) and macrophages are the
other main human FcR+ hematopoietic cells that develop in HIS
mice and may also be involved in antibody-dependent effects. As
such, use of BRGSA2DR2 Fcer1g−/− HIS mice carrying an Flk2Flt3
mutation, which develop enhanced human DCs and innate lym-
phoid cells after hFlt3L administration [17, 50], may help clarify
the role for human FcR+ DCs in mediating Tx mAbs effects in
HIS mice. Identification of the precise human FcγR+ cell subsets
involved in antibody-mediated cellular effects in vivo will allow
better characterization of the properties of Tx mAbs to tailor them
to be most efficient in diverse disease settings.

Study limitation and future perspectives

The effect of antibody depletion on blood cells in HIS mice was
performed in order to have an accurate pretreatment control.
Future studies should examine the extent of depletion in HIS
organs such as the spleen and BM to confirm the observations
made in this work.

Materials and methods

Ethics statement

Animals were housed in ventilated cages under specific-pathogen-
free conditions with humane care. Experiments were approved by
the Institut Pasteur Ethics Committee (#2013-0131, dap210088),
authorized by the French Ministry of Education and Research
(#02162.02, APAFIS # 35066–2022013116538847v2), and con-
ducted in compliance with French and European regulations.

�
Figure 3. Human B-cell depletion in human immune system (HIS) mice by rituximab variants. (A) Scheme of hCD20 depletion by rituximab injec-
tion. (B) Representative FACS plots of blood fromHIS (top) and HIS Fcer1g−/− (bottom)mice at prebleed or at d1 (24 h after injection) for each antibody
variant. (C) B cells (%) = %CD19 (d1)/%CD19 × 100 (prebleed) in HIS (black), HIS Fcer1g−/− (red), and IL-15 boosted HIS Fcer1g−/− (red; blue outline)
mice injected with either NaCl (control) or variants of rituximab with human IgG1, IgG4, or IgG1_KA Fc fragment. Kruskal–Wallis test was used
for multiple comparisons of means between groups. (D) Spearman correlation analysis of B cells (%)with %CD94+ NK cells in hCD45 at prebleed
for rituximab IgG1_KA injected HIS (left) and HIS Fcer1g−/− (right) mice. (E) The Spearman correlation analysis of B cells (%) with %CD16+ NK cells
(CD19−, CD3−, CD94+) in hCD45 at prebleed for rituximab IgG1_KA injected HIS Fcer1g−/− mice with or without IL-15 boost. Each dot represents one
mouse, and data include results from two independent experiments for all conditions.
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Mice and generation of BRGSFA2DR2 Fcer1g-deficient
strain

BRGSF (BALB/c Rag2tm1Fwa Il2rgtm1Cgn SirpaNOD Flt3tm1lrl) and
BRGSA2DR2 (Balb/c Rag2−/− Il2rg−/− SirpaNOD Tg(HLA-A/H2-
D/B2M)1Bpe, Tg(HLA-DRB1*1501)#Lfug) have been previously
described [2, 50]. BRGSFA2DR2 mice were generated and used
as hosts for CRISPR-mediated modification of the Fcer1g locus
(Mouse Genetics Engineering Center of Institut Pasteur). The fol-
lowing guide sequences were chosen by using the CRISPOR Web
tool (https://crispor.tefor.net/) [51], and guide 1: TGA GTC GAC
AGT AGA GTA GG and guide 2: TCC AGG ATA TAG CAG AGC
TG targeting exon 2 of the Fcer1g gene were each cloned into a
PX330 expression vector (a gift from F. Zhang, the Broad Institute
of Massachusetts Institute of Technology and Harvard University,
Cambridge, MA; plasmid 42230; Addgene [52]). To generate m
Fcer1g gene, zygotes were microinjected with pX330 as previously
described [53].

PCR and sequencing

Extraction of genomic DNA from biopsies using proteinase K
(Eurobio) at 56°C and DNA was subsequently precipitated with
ethanol. mRNA was extracted from blood with the QIAamp RNA
Blood Mini Kit (Qiagen). Retro transcription of mRNA into cDNA
was done using SuperScript III Reverse Transcriptase (Invitrogen)
with Random Hexamers (Invitrogen). DNA or cDNA spanning the
Fcer1g Exon 2 was amplified by PCR; primers for genomic DNA,
forward (Fwd): 5′-TTT TCC CTT CAG ACC ATG GGG-3′, reverse
(Rev): 5′-CCC ATG GGC ACC CTG TAT C-3′; for cDNA, Fwd: 5′-
CAG CTG CGC AGT TCT GTC A-3′, Rev: 5′-ATC TGC TTT CTC
ACG GCT GG-3′. For sequencing, the PCR product was run on an
agarose gel, the respective bands were cut out, and the DNA was
purified with the NucleoSpin Gel and PCR clean-up kit (Macherey-
Nagel) before sequencing (Eurofins Genomics, Cologne). Analy-
sis, primer design, and protein prediction used public data sources
(https://www.ncbi.nlm.nih.gov).

Passive systemic anaphylaxis assay (PSA)

Mice between 9 and 15 weeks old were sensitized by intravenous
(i.v.) injection of 200 μg mIgG2a-anti-trinitrophenyl (TNP) (clone
Hy-1.2) per mouse. After 24 h, they were i.v. injected with 100 μg
BSA substituted with 33 molecules of TNP (TNP33-BSA)/mouse,
and the body temperature was measured via a rectal thermometer
before injection (t0) and at 10, 20, 30, and 40 min after injection
[27].

Tissue/organ processing and cell isolation

To obtain single cell suspensions, spleens were dissociated using
40 μm cell strainers (Falcon). To extract BM cells, one femur

and one tibia were crushed with a mortar and pestle, and cells
were filtered with a 100 μm cell strainer (Falcon). Red blood cells
were lysed using ACK buffer (NH4Cl, KHCO3, EDTA in H2O; pH
7.3). The liver was cut into small pieces, digested at 37°C with
25 μg/mL Liberase TL (Roche) and 100 μg/mL DNase I (Roche),
passed through a 100 μm cell strainer and mononuclear cells iso-
lated by Percoll (GE Healthcare) density gradient centrifugation.
All cell suspensions were filtered through cell-strainer caps (Fal-
con) before counting with Trypan blue (Life Technologies) and
staining for flow cytometry. For all organ processing steps, RPMI
Medium 1640 (Life Technologies) with 5% fetal calf serum (Euro-
bio) was used.

Flow cytometry

Flow cytometric analysis was performed in accordance with pub-
lished guidelines [54]. Whole blood collected in EDTA-coated
Microvettes (Sarstedt) was directly stained with fluorochrome-
conjugated antibodies (Table 1) at 4°C for 30 min, erythrocytes
were lysed, and samples fixed with FACS Lysing solution (BD). For
the organ-derived cells, a maximum of 2 × 106 cells were used for
analysis, prior to staining they were incubated for 10 min at RT
with IgG from human serum (Sigma-Aldrich) and FcR blocking
reagent Mouse (Miltenyi). For surface marker staining, respective
fluorochrome-conjugated antibodies (Table 1), for dead cell exclu-
sion Viability dye eFluor 506 (Invitrogen) and cell number deter-
mination CountBright absolute counting beads (Invitrogen), were
diluted in brilliant stain buffer (BD). Staining was done at 4°C
for 30 min, after washing cells were fixed in 4% PFA (EMS) and
resuspended for acquisition. Washing steps were done in FACS
buffer (1× DPBS (Gibco) with 2% fetal calf serum (eurobio),
2 mM EDTA (Invitrogen)). For intra cellular staining cells were
fixed by Cytofix/Cytoperm (BD) and subsequently incubated with
intra cellular antibody diluted in Perm/Wash (BD) for 30 min at
4°C. Data were acquired on an LSR Fortessa (BD) and analyzed
with FlowJo 10 software (FlowJo LLC).

Generation of human immune system (HIS) mice

HIS mice were generated in BRGSA2DR2 FceR1g+/− and
FceR1g−/− mice as previously described [2, 17, 50, 55]. Briefly,
human fetal liver (Advanced Bioscience Resources Inc.) CD34+

cells were isolated using MicroBead Kits (Miltenyi). CD34,
CD38, and HLA-A2 expressions were phenotyped by FACS and
the HLA class II allele haplotype analysis by PCR (LABType
SSO, One Lambda). 7–15 × 10 [4] CD34+CD38− cells from
HLA-A*02+ HLA-DRB1*15+ donors, or from 1:1 mixtures of
HLA-A*02+ and HLA-DRB1*15+ donors, were intrahepatically
injected into 2–10-day-old mice that had been sublethally irra-
diated (3 Gy). The efficiency of humanization in the blood
was assessed by flow cytometry using the following formula:
%hCD45 × 100/(%hCD45 + %mCD45); only mice with human-
ization ≥10% were used for experiments.

© 2023 The Authors. European Journal of Immunology published by
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Table 1. List of antibodies used in this study.

Antigen Fluorochrome Clone Reactivity Supplier Catalog
number

CD3 BV510 SK7 Human BioLegend 344828
CD3 APC-Vio770 REA613 Human Miltenyi

Biotec
130-113-136

CD4 APC RPA-T4 Human BD 555349
CD4 BUV496 SK3 Human BD 612936
CD11b AF700 M1/70 Mouse/human eBioscience 56-0112-82
CD16 BUV737 3G8 Human BD 564434
CD16 BUV805 3G8 Human BD 748850
CD16/CD32 PE 2.4G2 Mouse BD 561727
CD19 PE HIB19 Human BioLegend 302208
CD19 PE-CF594 HIB19 Human BD 562294
CD20 BV786 2H7 Human BioLegend 302356
CD45 APC-Cy7 30-F11 Mouse BD 557659
CD45 PerCP-Cy5.5 HI30 Human BD 564105
CD45 FITC 30-F11 Mouse BioLegend 103108
CD45 BUV395 HI30 Human BD 563792
CD45 BV650 30-F11 Mouse BD 563410
CD45 BUV805 HI30 Human BD 612891
CD64 PE X54-5/7.1 Mouse BD 558455
CD8a PE-CF594 RPA-T8 Human BD 562282
CD8a BV786 RPA-T8 Human BioLegend 301046
CD8b PE-Cy7 SIDI8BEE Human eBioscience 25-5273-42
CD94 FITC DX22 Human BioLegend 305504
CD94 PerCP-Vio700 REA113 Human Miltenyi

Biotec
130-119-763

FCER1A PE MAR-1 Mouse eBioscience 12-5898-82
FCER1G FITC Human/mouse Merck-

Millipore
FCABS400F

Gr-1 FITC RB6-8C5 Mouse BD 553127
NKp46 BV421 9E2/NKp46 Human BD 564065

Antibody-mediated depletion of human cell subsets in
vivo

For CD8a+ cell depletion, HIS mice were prebled 3 days before
i.p. (intraperitoneal) injection with 100 μg/mouse of antihuman
CD8a antibody OKT8 (BioXcell) in PBS, and control mice were
injected with only PBS and bled at day 4 (d4) postinjection. For
CD20+ cell depletion, HIS mice were prebled 6 days before i.p.
injection with 25 μg/mouse of antihuman CD20 antibody ritux-
imab in the IgG1, IgG4S228P, and IgG1_K322A format or saline
solution and bled at day 1 (d1) postinjection. Tx Abs are gen-
erally used in the stabilized IgG4S228P format to prevent Fab arm
exchange of IgG4 hemi-molecules [56].

Human IL15 boost in vivo

HIS mice were injected four times i.p. with 100 μL of hIL-15Ra-Fc
(7.5 μg) + hIL-15 (2.5 μg) (R&D Systems) every 3–4 days; 1 day
after the last injection mice were prebled, injected with IgG1_KA,
and bled at d1 postantibody injection.

Statistical analysis

Data were compared with unpaired nonparametric tests as indi-
cated in the figure legends, and correlations were tested by the
Spearman correlation using RStudio (Version 1.4.1106). p Values
are indicated as ns: p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001,
****p ≤ 0.0001.
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