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Abstract

Background: Mutations in the recombinase-activating genes cause severe immunodeficiency, 

with a spectrum of phenotypes ranging from severe combined immunodeficiency to immune 

dysregulation. Hematopoietic stem cell transplantation is the only curative option, but a high risk 

of graft failure and poor immune reconstitution have been observed in the absence of 

myeloablation.

Objectives: Our aim was to improve multilineage engraftment; we tested nongenotoxic 

conditioning with anti-CD45 mAbs conjugated with saporin CD45 (CD45-SAP).

Methods: Rag1-KO and Rag1-F971L mice, which represent models of severe combined immune 

deficiency and combined immune deficiency with immune dysregulation, respectively, were 
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conditioned with CD45-SAP, CD45-SAP plus 2 Gy of total body irradiation (TBI), 2 Gy of TBI, 8 

Gy of TBI, or no conditioning and treated by using transplantation with lineage-negative bone 

marrow cells from wild-type mice. Flow cytometry and immunohistochemistry were used to 

assess engraftment and immune reconstitution. Antibody responses to 2,4,6-trinitrophenyl–

conjugated keyhole limpet hemocyanin were measured by ELISA, and presence of autoantibody 

was detected by microarray.

Results: Conditioning with CD45-SAP enabled high levels of multilineage engraftment in both 

Rag1 mutant models, allowed overcoming of B- and T-cell differentiation blocks and thymic 

epithelial cell defects, and induced robust cellular and humoral immunity in the periphery.

Conclusions: Conditioning with CD45-SAP allows multilineage engraftment and robust 

immune reconstitution in mice with either null or hypomorphic Rag mutations while preserving 

thymic epithelial cell homeostasis.
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Severe combined immune deficiency (SCID) includes various inherited immune disorders 

characterized by severe lymphopenia and lack of adaptive immunity.1–3 Over the past 

decade, allogeneic hematopoietic stem cell transplantation (HSCT) and gene correction of 

autologous stem cell precursors have achieved substantial success in treating patients with 

SCID thanks to newborn screening and improvement in donor selection, transplant 

protocols, and critical care.4–6

For patients with SCID, the use of preparative regimens aimed at facilitating the engraftment 

of donor-derived hematopoietic stem cells (HSCs) continues to be controversial because T-

cell reconstitution from a pool of committed lymphoid progenitors is also observed in the 

absence of durable HSC engraftment. Without conditioning, however, a higher risk of graft 

rejection and poor T- and B-cell reconstitution have been reported for patients with 

recombinase-activating gene (RAG) mutations, especially after haploidentical HSCT.5,7 In 

addition to natural killer cell–mediated rejection of donor cells, it has been hypothesized that 

poor immune reconstitution may also reflect competition between autologous and donor 
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cells at early stages of T- and B-cell development that precede expression of the RAG genes.
7–9 It has been demonstrated that the use of preparative regimens for HSCT in RAG-

deficient patients is associated with a lower risk of treatment failure and superior T- and B-

cell reconstitution than is no conditioning.5 However, conditioning regimens may cause 

acute and chronic toxicity, including organ damage, risk of infections, and infertility.10 

These considerations are particularly important for RAG deficiency manifesting as 

combined immunodeficiency with immune dysregulation (CID-ID), in which the unusual 

clinical presentation often leads to delayed diagnosis and progressive development of organ 

damage.11–13 In these patients, the mortality rate reported after HSCT is higher than the rate 

observed in patients with typical or atypical SCID.13 Overall, these observations emphasize 

the need to develop nongenotoxic conditioning regimens. Recently, biologic approaches 

based on mAbs specifically targeting hematopoietic stem and progenitor cells (HSPCs) have 

been developed. The use of anti-CD117 mAb has been shown to efficiently condition 

immunocompetent mice, enabling the engraftment of donor cells,14–16 and a clinical trial is 

under way in patients with SCID (ClinicalTrials.gov identifier NCT02963064). However, 

although CD117-SAP represents a promising nonmyeloablative agent as it depletes 

autologous HSPCs while preserving host immunity,17–19 its use may not suffice in the 

context of CID-ID, in which there is a specific need to eliminate autoreactive host cells. For 

this reason, because of their ability to eliminate both precursor and mature hematopoietic 

cells (as they all express CD45), anti-CD45 mAbs represent a more attractive target for the 

conditioning of patients with CID-ID. Indeed, lytic anti-CD45 mAbs have been tested in 

patients with hematologic malignancies,20 and promising results have been observed even in 

a RAG1-deficient patient with immune dysregulation.21 Conjugation of anti-CD45 mAb 

with saporin, a ribosome-inactivating protein that lacks the cell entry domain and is toxic 

only on receptor-mediated internalization,22 results in an immunotoxin (anti-CD45 mAb 

conjugated with saporin [CD45-SAP]) that efficiently depletes HSCs in wild-type (WT) 

mice, enabling stable multilineage engraftment with minimal organ toxicity.23 However, it is 

not known whether these innovative immunotoxin-based conditionings are effective in 

immunodeficient models in which bone marrow (BM) and thymus niches are occupied by 

autologous mutant T- and B- progenitor cells.

This is of special concern for patients whose hypomorphic mutations cause both 

immunodeficiency and severe immune dysregulation. Murine models recapitulating the 

spectrum of phenotypes associated with RAG mutations in humans may represent a useful 

tool to test such novel therapeutic approaches. We have recently described newly generated 

mouse models carrying missense mutations in the RAG1 carboxy-terminal domain, 

permitting partial T- and B-cell development and recapitulating the phenotype observed in 

patients with CID-ID.24 Here we report the effect of conditioning with CD45-SAP 

immunotoxin alone or combined with low-dose (2-Gy) total body irradiation (TBI) in 2 

mouse models of RAG deficiency: the Rag1-KO mice,25 mimicking SCID, and the Rag1-

mutant mice carrying a homozygous F971L mutation (Rag1-F971L),24 recapitulating CID-

ID.
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METHODS

Mice

C57B1/6 WT mice were purchased from Charles River Laboratories, Inc (Calco, Italy, and 

Wilmington, Mass). B6.129S7-Rag.1t1Mom/J mice (referred to as Rag1-KO), purchased from 

The Jackson Laboratory, were maintained in specific pathogen–free conditions, with 

experimental procedures approved by the institutional animal care and use committee of San 

Raffaele Hospital (protocol 910). Rag1F971L/F971L (referred to as Rag1-F971L) mice24 were 

studied according to protocol ASP LCIM6E, which was approved by the National Institute 

of Allergy and Infectious Diseases animal care and use committee.

Conditioning and transplantation protocols

Lineage-negative (Lin−) cells were isolated as described26 from 6- to 10-week-old donor 

CD45.1 WT mice and intravenously administered at a dose of 0.5 × 106 cells on the day of 

transplantation (day 0). Lin− cell purity (>90%) was assessed by flow cytometry. The CD45-

SAP immunotoxin was prepared as described23 by combining a biotinylated anti-CD45.2 

antibody (clone 104, Biolegend, San Diego, Calif) with streptavidin-SAP conjugate 

(Advanced Targeting Systems, San Diego, Calif) in a 1:1 molar ratio. Groups of CD45.2 

Rag1-KO and Rag1-F971L recipient mice were conditioned by using the following 

regimens: (1) lethal (8-Gy) TBI at day −1, (2) low-dose TBI (2 Gy) at day −1, (3) 

intravenous injection of CD45-SAP (3 mg/kg) at day −8, and (4) CD45-SAP (3 mg/kg) at 

day −8 and 2 Gy of TBI at day −1. The mice were followed until 16 weeks or 21 weeks after 

transplantation and then humanely killed. The levels of the liver enzymes alanine 

aminotransferase and aspartate aminotransferase were measured as described in the Methods 

section of the Online Repository (at www.jacionline.org).

In vivo immunization and antibody response

In vivo challenge with the T-dependent antigen 2,4,6-trinitrophenyl (TNP)-conjugated 

keyhole limpet hemocyanin was performed 4 months after transplantation as previously 

described.26 TNP-specific antibody titers were measured in serum by ELISA (see the 

Methods section of the Online Repository). Plasma levels of total IgG, IgM, and IgA were 

measured by using a multiplex assay (Beadlyte Mouse Immunoglobulin Isotyping kit 

[Millipore, Burlington, Mass]) on a Luminex Magpix instrument (Luminex Corp, Austin, 

Tex). Serum IgG autoantibodies were measured by using a microarray platform as described 

in the Methods section of the Online Repository.

Flow cytometry and TEC isolation

Single-cell suspensions were obtained from BM, spleen, thymus, and peripheral blood (PB) 

and stained with mAbs listed in Table E1. Samples were acquired on a FACSCanto II system 

(BD Biosciences, San Jose, Calif).

Thymic epithelial cells (TECs) were isolated as previously described27 and analyzed as 

described in the Methods section of the Online Repository.
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Histology

Thymus samples were formalin-fixed and paraffin-embedded. Sections (1.5-μm) were 

stained with hematoxylin and eosin. Digital images were acquired with an Olympus DP70 

camera mounted on an Olympus BX60 microscope by using CellF Imaging software (Soft 

Imaging System GmbH, Munster, Germany). Morphometric analysis of the medullary-to-

cortical ratio was evaluated by using Image-Pro software.

Statistical analyses

All results are expressed as medians plus or minus SDs. Statistical significance was assessed 

by using a 2-tailed Mann-Whitney test for comparing 2 groups or 1-way ANOVA and the 

Kruskal-Wallis test corrected for multiple comparisons by controlling false discovery rate. 

Statistically significant P values are shown in the figures as follows: *P <.05; **P < .005; 

***P <.0005; ****P <.0001.

RESULTS

Conditioning is required in null and hypomorphic Rag1 mice

HSCT without conditioning in RAG-deficient patients is associated with poor immune 

reconstitution, possibly reflecting competition between autologous and donor-derived stem 

and lymphoid progenitor cells.5,7 To assess whether the BM niches of Rag1-null and Rag1-
F971L mice are receptive to donor stem cell engraftment in the absence of depletion of 

autologous HSPCs, we transplanted BM Lin− cells from C57BL/6 CD45.1 WT mice into 

unconditioned C57BL/6 CD45.2 Rag1-KO and Rag1-F971L mice. The proportions of 

donor-derived CD11b+ myeloid cells in the PB (Fig 1, A) and Lin− Sca1+ c-kit+ (LSK) 

CD48− CD150+ HSCs in the BM (Fig 1, B) were very low (<5%) in all Rag1-mutant 

recipient mice after the transplant procedure. To verify whether these low proportions of 

donor cell engraftment could nonetheless permit immune reconstitution, we analyzed the 

immune cell composition in central and peripheral lymphoid organs. Rag1-mutant mice 

treated by unconditioned HSCT did not reverse the B- and T-cell differentiation blocks in the 

BM (Fig 1, C) and thymus (Fig 1, D), respectively. In particular, the distribution of B-cell 

subsets in unconditioned mice was superimposable to the pattern observed in untreated 

Rag1-mutant mice, with a significant increase in the proportion of B220low CD43− IgM− 

pre-B cells as compared with what was observed in WT mice (Fig 1, C [left panel]). 
Furthermore, in both models the absolute count of immature B cells remained significantly 

lower than in WT mice (Fig 1, C [right panel]). Thymopoiesis remained blocked at the 

CD4− CD8− double-negative (DN) stage in Rag1-KO mice on unconditioned transplantation 

(Fig 1, D). Untreated Rag1-F971L mice showed residual capacity to generate double-

positive and single-positive (SP) cells (Fig 1, D [left panel]), and only a modest increase in 

their proportion was observed after unconditioned HSCT (Fig 1, D).

The peripheral reconstitution mirrored that observed in central organs, with low white blood 

cell (WBC) counts measured over time in the PB of both Rag1-mutant strains on 

unconditioned HSCT (Fig 1, E). Four months after unconditioned transplantation, the 

absolute number of CD19+ B220+ B cells in the spleen of Rag1-mutant mice was no 

different from the values observed in untreated mice, but it was significantly lower than in 
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WT mice (Fig 1, F). Moreover, flow cytometric analysis of splenic B-cell subsets showed 

that unconditioned HSCT did not induce amelioration in the distribution of transitional 

(CD19+ B220+ CD21intermediate/low CD24high), follicular (CD19+ B220+ CD21intermediate 

CD24low), and marginal zone (MZ) (CD19+ B220+ CD21high CD24intermediate) B cells (Fig 

1, G). Similarly, the T-cell counts remained 50- to 100-fold lower in mouse models both 

with and without transplantation than in untreated WT mice (Fig 1, H). Phenotypic analysis 

of splenic T-cell subsets did not reveal any difference in the proportion of naive (CD62L+ 

CD44−) and effector/memory (CD62L−/+ CD44+) CD4+ (Fig 1, I) and CD8+ (Fig 1, J) cells 

between untreated and unconditioned Rag1-mutant mice that received transplants.

Altogether, these data demonstrate that in the absence of conditioning, MHC-matched 

HSCT into Rag1-deficient hosts does not enable effective engraftment of donor-derived 

hematopoietic and progenitor cells and does not correct the immune deficiency, indicating 

the need to deplete HSPCs.

CD45-SAP induces efficient depletion of endogenous HSCs in Rag1mutant mice

To test whether conditioning with CD45-SAP can efficiently deplete endogenous HSPCs 

from the BM and thymus, we injected Rag1-mutant mice with the CD45-SAP immunotoxin,
23 alone or in combination with low-dose (2-Gy) TBI, and compared the results with those 

obtained with 2 Gy or 8 Gy of TBI. CD45-SAP–based conditioning regimens were well 

tolerated in both Rag1-mutant mice (see Fig E1, A in the Online Repository at 

www.jacionline.org). After they had been humanely killed, necropsy did not show 

macroscopic alterations in their organs; in addition, normal serum levels of aminotransferase 

enzymes were observed in the majority of treated Rag1-mutant mice. Only a few mice 

showed a modest increase in alanine aminotransferase and aspartate aminotransferase levels, 

suggesting mild liver toxicity on conditioning with CD45-SAP (see Fig E1, B and C). To 

assess the degree of HSC depletion, we evaluated the absolute counts of LSK cells (which 

comprise both HSCs and progenitor cells) and LSK CD48− CD150+ HSCs in the BM of 

Rag1-mutant mice 8 days after CD45-SAP administration or 1 day after irradiation (see Fig 

E2, A in the Online Repository at www.jacionline.org). A single dose of CD45-SAP 

immunotoxin resulted in the depletion of 85.9% and 76.3% of LSK cells in Rag1-KO and 

Rag1-F971L mice, respectively (Fig E, 2B). Even higher levels of depletion were observed 

in the HSC compartment (95.2% in Rag1-KO and 91.7% in Rag1-F971L mice) (see Fig E2, 

C). Use of low-dose TBI was associated with significant variability in the depletion of HSCs 

in both models (see Fig E2, C). Of note, the combination of CD45-SAP with 2 Gy of TBI 

displayed a synergistic effect in depleting HSCs (94.7% in Rag1-KO and 100% in Rag1-
F971L mice) and progenitor cells (96.3% in Rag1-KO and 99.9% in Rag1-F971L mice) (see 

Fig E2, B and C) and corresponded to the highest level of depletion in both mouse models.

The kinetics of immune recovery in mice conditioned with CD45-SAP mirror donor 
chimerism in PB

To determine whether the degree of HSC depletion induced by CD45-SAP permits durable 

multilineage engraftment, we monitored the kinetics of myeloid chimerism and immune 

reconstitution in the PB over time by flow cytometry. As expected, low levels of myeloid 

chimerism were observed in both Rag1-mutant models on conditioning with 2 Gy of TBI, 
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whereas 8 Gy of TBI induced the highest levels of myeloid engraftment (see Fig E2, D and 

E). Conditioning with CD45-SAP alone allowed intermediate levels of myeloid chimerism 

in both models, but the combination of CD45-SAP and 2 Gy of TBI yielded similarly high 

levels of donor myeloid chimerism, as observed in 8-Gy–conditioned mice, suggesting 

optimal engraftment of donor-derived long-term HSCs (see Fig E2, D and E).

In parallel, we monitored the kinetics of immune reconstitution in the PB (see Fig E3, A in 

the Online Repository at www.jacionline.org). Irradiation with 2 Gy alone was not sufficient 

to normalize the WBC count or correct T- and B-cell deficiency in Rag1-mutant mice (see 

Fig E3, B–E). In contrast, Rag1-mutant mice that received a transplant and were conditioned 

with CD45-SAP plus 2 Gy of TBI or with 8 Gy showed a significant increase in WBC, T-

cell, and B-cell counts already at 8 weeks after transplantation (see Fig E3, B–D). 

Conditioning with CD45-SAP alone resulted in slower kinetics of WBCs and lymphoid 

recovery, with B-cell reconstitution in particular remaining sub-optimal in both mouse 

models (see Fig E3, B–E).

These results indicate that conditioning with CD45-SAP plus 2 Gy of TBI promotes high 

levels of engraftment of donor HSPCs equivalent to what was observed with 8 Gy of TBI, 

and it permits a faster kinetics of immune reconstitution than either CD45-SAP or 2 Gy of 

irradiation alone.

CD45-SAP–based conditioning allows efficient donor chimerism and lymphopoiesis in 
central lymphoid organs of Rag1-mutant mice

To verify whether conditioning with CD45-SAP is able to create a permissive environment 

for stable engraftment of donor HSCs in Rag1-mutant mice, we analyzed the proportion of 

donor CD45.1+ HSCs in the BM of differentially conditioned Rag1-mutant mice 4 months 

after transplantation. High levels of donor chimerism were observed in the HSC 

compartment of mice conditioned with 8 Gy or CD45-SAP plus 2 Gy, irrespective of the 

genetic background (Fig 2, A). Administration of CD45-SAP alone resulted in a partial and 

variable donor HSC chimerism ranging from 32.04% to 100% in Rag1-KO mice and from 

5.02% to 86.2% in Rag1-F971L mutants. In contrast, 2 Gy of irradiation resulted in poor 

HSC engraftment in both models (Fig 2, A).

To test how conditioning affects B-cell reconstitution, we determined the proportion of 

donor CD45.1+ WT cells at various stages of differentiation. Consistent with the levels of 

donor HSC chimerism, conditioning with 2 Gy of irradiation and with CD45-SAP resulted 

in modest or intermediate levels of donor chimerism, respectively, at the pro–B-cell stage, in 

which competition with autologous cells occurs (Fig 2, B). In contrast, conditioning with 

CD45-SAP plus 2 Gy or with 8 Gy of irradiation allowed high levels of donor chimerism 

already at the pro–B-cell stage. Finally, irrespective of the nature of conditioning, robust 

donor chimerism was detected at later stages of B-cell development, and even in Rag1-
F971L mice, in spite of the residual capacity to generate mature B cells24 (Fig 2, C). 

Immunotoxin-based regimens or 8 Gy of TBI resulted in a distribution of BM B-cell subsets 

that was similar to what was observed in WT mice (Fig 2, C [left panel]), with an absolute 

count of immature and recirculating mature B cells that was significantly higher than in 

untreated Rag1-KO and Rag1-F971L mice (Fig 2, C [right panel]).
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In parallel, we assessed donor chimerism in the thymus at different stages of T-cell 

development, including early thymic progenitors, DN1 to DN4 stage cells, double-positive 

cells, and SP4 (CD4+) and SP8 (CD8+) cells. Interestingly, in both mouse models, 

conditioning with CD45-SAP alone or with 2Gy was associated with a fluctuation in the 

proportion of donor cells at early stages (DN1-4) of thymopoiesis, and low levels of donor 

chimerism were observed especially at the DN2-DN3 stage (Fig 3, A). In contrast, 

conditioning with CD45−SAP plus 2 Gy or with 8 Gy permitted robust levels of donor 

chimerism throughout the early stages of thymopoiesis (Fig 3, A). Finally, irrespective of the 

conditioning used, high levels of donor chimerism were detected beyond the DN3 stage, 

reflecting the selective advantage provided by normal Rag1 expression to bypass the 

developmental block. To better quantify the impact of conditioning and transplant on thymic 

output, we analyzed thymocyte counts and subset distribution when the mice were humanely 

killed. Both untreated Rag1-mutant models were characterized by a dramatic reduction in 

total thymocyte counts (Fig 3, B). Thymic output was corrected in the mice conditioned with 

CD45-SAP alone or in combination with 2 Gy and with 8 Gy of irradiation (Fig 3, B), with 

rescue of early and late thymopoiesis (Fig 3, C) in both mouse models. Conversely, 2 Gy of 

TBI only partially restored thymocyte counts (Fig 3, B) and T-cell subset distribution (Fig 3, 

C) in both mouse models.

CD45-SAP conditioning supports the reconstitution of epithelial cells in the thymus of 
Rag1-mutant mice

To test the effect of conditioning on thymic epithelial architecture, whole thymic structures 

were analyzed by histology, and in parallel the proportions of medullary TECs (mTECs) and 

cortical TECs were assessed by flow cytometry. Conditioning with CD45-SAP–based 

regimens allowed restoration of normal thymus morphology with clear demarcation of 

medullary and cortical areas and normalization of the medullary-to-cortical ratio (Fig 4, A 

and B in the Online Repository at www.jacionline.org). Conversely, poor reconstitution of 

the thymic epithelial compartment was observed in Rag1-mutant mice conditioned with 2 

Gy of irradiation alone (Fig 4, A and B). Flow cytometric analysis further demonstrated that 

in Rag1-KO mice CD45-SAP–based regimens were more effective than irradiation-only–

based regimens in increasing the frequency of mTECs (Fig 4, C). Overall, reconstitution of 

the mTEC compartment was more robust in Rag1-F971L than in Rag1-KO mice, 

irrespective of the conditioning used (Fig 4, C).

Altogether, these findings indicate that conditioning with CD45-SAP, alone or in 

combination with 2 Gy of TBI, permits reconstitution of both thymocyte and TEC 

compartments.

Correction of peripheral lymphoid organ abnormalities in Rag1-mutant mice on 
conditioning with CD45-SAP–based regimens

Next, we assessed the immunologic reconstitution by analyzing the T- and B-cell 

compartment in the spleen of Rag1-mutant mice 4 months after transplantation. As 

expected, because of the strong selective advantage of WT-derived cells in generating mature 

T and B lymphocytes, the splenic T- and B-cell compartments of Rag1-KO mice that had 

received a transplant were composed entirely of CD45.1+ donor-derived cells in all 
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conditioning groups (Fig 5, A). In Rag1-F971L mice, a small proportion of host-derived T 

and B cells was observed on conditioning with CD45-SAP alone, with CD45-SAP plus 2 

Gy, or with 2 Gy (Fig 5, A). The levels of myeloid engraftment in the spleen paralleled those 

found in the PB (see Fig E2, D and E) and in HSCs (see Fig E2, C).

In both Rag1-mutant models, irrespective of the conditioning used, transplantation resulted 

in an increase in the splenic T-cell counts, as compared with in untreated mice, although the 

total T-cell count remained lower than in WT mice (Fig 5, B). To exclude the possibility that 

the increase of T-cell counts after transplantation may reflect homeostatic proliferation in a 

T-cell lymphopenic environment, we evaluated the distribution of naive and effector/memory 

T cells. As previously demonstrated,24 hypomorphic Rag1-F971L mice have a significant 

decrease in the proportion of naive T cells (Fig 5, C) as compared with that in WT mice and 

a relative increase in the proportion of effector/memory T cells (Fig 5, C). After 

transplantation, a similar distribution of naive and effector/memory CD4+ and CD8+ cells 

was observed in both Rag1-mutant models as compared with in WT mice, with the 

exception of Rag1-KO mice conditioned with low-dose irradiation (Fig 5, C). Similarly, 

improved B-cell reconstitution was observed in both models as compared with that in their 

respective untreated controls, although in all conditions B-cell count was lower than in WT 

mice (Fig 5, D). In both models, the relative distribution of transitional, follicular, and MZ B 

cells approached what was observed in WT mice, in particular, in mice conditioned with 

CD45-SAP–based regimens or with 8 Gy of TBI (Fig 5, E). In contrast, 2 Gy of TBI was 

associated with a poorer B-cell count, a relative excess of MZ B cells, and a lower 

proportion of follicular B cells, especially in Rag1-KO mice (Fig 5, D and E).

Conditioning with CD45-SAP allows correction of adaptive immune responses in Rag1-
mutant mice that received a transplant

Rag1-KO and Rag1-F971L mice are characterized by lack and variable levels of serum 

immunoglobulins, respectively.24,25 Compared with untreated mice, the Rag1-KO mice that 

received a transplant had significantly higher IgM and IgG serum levels that were within the 

normal range or higher (Fig 6, A and B). Untreated Rag1-F971L mice had IgM and IgG 

serum levels similar to those in WT mice, and no significant changes were observed after 

transplantation, irrespective of the conditioning regimen used (Fig 6, A and B). Normal IgA 

serum levels were observed in both Rag1-mutant models after transplantation with use of 

CD45-SAP–based regimens, whereas somewhat lower levels were detected in mice 

conditioned with 2 Gy of irradiation (Fig 6, C). To evaluate how conditioning regimens may 

affect the quality of humoral immune responses after transplantation, WT and Rag1-mutant 

mice were immunized with the T-cell–dependent TNP-conjugated keyhole limpet 

hemocyanin antigen. Compared with untreated controls, most Rag1-mutant mice that 

received a transplant were able to produce specific antibodies, with the greatest responses 

being observed in CD45-SAP plus 2-Gy– and 8-Gy–treated Rag1-KO mice and in CD45-

SAP– and 8-Gy–treated Rag1-F971L mice (Fig 6, D). Of note, levels of circulating 

autoantibodies, which are elevated in Rag1-F971L mice as a sign of tolerance breakdown,24 

were markedly reduced in CD45-SAP–conditioned mice and even normalized in mice 

conditioned with CD45-SAP plus 2 Gy of irradiation, or with 8 Gy of irradiation (see Fig E4 

in the Online Repository at www.jacionline.org).
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DISCUSSION

Herein, we have presented preclinical data supporting the use of a nongenotoxic, 

immunotoxin-based conditioning regimen for HSCT of patients with either severe or 

hypomorphic forms of RAG deficiency. We first demonstrated that in the absence of 

conditioning, host competition dramatically limits donor HSC engraftment, even in an MHC 

syngeneic setting, indicating that HSC depletion is required to allow donor cell engraftment 

and long-term immunologic reconstitution, irrespective of the severity of the immunologic 

phenotype. These findings are consistent with clinical observations. In particular, Schuetz et 

al have shown that unconditioned HSCT from matched sibling donors for RAG deficiency is 

associated with T-cell counts in the lower range of normal, and more variable and often 

incomplete, B-cell reconstitution.7 Moreover, it has been demonstrated that RAG deficiency 

and lack of chemotherapy-based conditioning represent risk factors for incomplete immune 

reconstitution after HSCT from donors other than HLA-matched siblings.5 Although a 

prospective clinical trial (ClinicalTrials.gov identifier NCT03619551) is currently under way 

to compare different doses of busulfan-based regimens for their capacity to induce immune 

reconstitution in newly diagnosed infants with SCID, alternative approaches, based on 

immunotoxins, are receiving increasing consideration, as they could help reduce the risks of 

acute and chronic toxicity associated with chemotherapy and TBI. In particular, promising 

results have been recently reported with use of antibody-drug conjugate (ADCs) for HSCT 

in both humanized mouse models and nonhuman primates, as well as for autologous gene 

therapy, and they are expected to translate soon into clinical trials.17,28,29 These observations 

will be instrumental to extend a nongenotoxic regimen to patients undergoing secondary 

HSC transplant for loss of chimerism or insufficient thymic output.

Here, we have compared CD45-SAP immunotoxin with genotoxic TBI in terms of their 

capacity to permit donor stem cell engraftment and immune reconstitution in 2 mouse 

models of RAG deficiency: the Rag1-KO mouse, mimicking SCID,25 and the Rag1-F971L 
mouse, modeling CID-ID.24 A single dose of CD45-SAP immunotoxin resulted in different 

kinetics of LSK cells, but similar efficacy of HSC depletion in the 2 mouse models. Both in 

the BM and in the thymus, conditioning with 2 Gy of TBI or with CD45-SAP alone resulted 

in low and intermediate levels of engraftment, respectively, at pro-/pre-B and DN3 stages, in 

which competition from endogenous mutant cells is expected.24,25 In contrast, combining 

CD45-SAP with 2 Gy of TBI had a synergistic effect, leading to more robust donor 

engraftment and faster kinetics of immune reconstitution in both models, similarly to what 

was observed with use of 8 of Gy of TBI. We also showed that CD45-SAP–based regimens 

allow significant improvement of thymic architecture and maturation of TECs, which 

support thymopoiesis and mediate positive and negative selection.30 We had previously 

shown that abnormalities of thymic architecture and TEC composition in humans and mice 

with RAG defects24,31–33 are associated with molecular signatures of self-reactivity in the 

peripheral T-cell repertoire.34,35 Restoration of TEC maturation may therefore also have 

important implications for correction of the immune dysregulation that is often associated 

with RAG deficiency. Finally, conditioning of Rag1-F971L mice with CD45-SAP led to 

marked improvement of the autoantibody profile, especially when combined with low-dose 
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TBI, indicating that this approach allows high levels of multilineage chimerism and corrects 

breakdown of immune tolerance.

Besides CD45-SAP, other mAb-based regimens have also been explored as nongenotoxic 

conditioning regimens. In particular, a humanized anti-CD117 mAb, targeting HSPCs, is 

being explored as single-agent conditioning regimen in patients with SCID 

(ClinicalTrials.gov Identifier NCT02963064), and the safety and efficacy of CD117-SAP 

immunotoxin have been tested in preclinical studies.17–19 Although targeting CD117 may 

open BM niches and facilitate donor stem cell engraftment,14 this approach would not 

deplete more mature lymphoid cells, which may compete with donor-derived cells at later 

stages of T- and B-cell development. In RAG deficiency, such cells may express self-reactive 

specificities because of the inefficiency of negative selection and may therefore mediate 

immune dysregulation. Our data demonstrate that CD45-SAP can also efficiently deplete 

lymphoid progenitor cells and, to some degree, even more mature cells in peripheral 

lymphoid organs. Our data also confirm and extend previous observations23 demonstrating 

the safety of this approach. A previous study has shown that a single dose of 3 mg/kg of 

CD45-SAP is sufficient to allow robust and durable donor engraftment.23 In this study we 

have demonstrated that optimal results are achieved when combining CD45-SAP and 2 Gy 

of TBI. Although low-dose TBI is often used as part of conditioning regimens in humans 

also; nonetheless, it represents a matter of concern in infants and young children, especially 

in patients with genetic defects associated with increased cellular radiosensitivity. 

Alternative approaches, such as use of higher doses of CD45 ADCs or combination with 

other mAb-based conditioning agents, need to be explored and would be particularly 

valuable in the treatment of diseases associated with cellular radiosensitivity.

One of the limitations of CD45-SAP is its half-life, which may lead to targeting of donor-

derived HSCs also if the transplantation is performed shortly after immunotoxin injection. 

Moreover, transient hepatotoxicity has been reported after injection of saporin alone,22 

ADCs,17 or radiolabeled anti-CD45 antibody,36–38 and mild signs of liver damage have also 

been observed in a minority of animals included in the present study. Although recent data 

showed that ADCs have a safer toxicity profile than do current conventional conditioning 

regimens based on alkylating agents and/or radiotherapy,17 several steps are needed before 

advancing this type of strategy into the clinical setting. In particular, future preclinical 

studies, may help assess the dosage, safety, and efficacy of other anti-CD45 ADCs (CD45 

ADCs) with shorter half-life and similar or even superior HSC-depleting properties.

Finally, although our model has explored the feasibility and efficacy of CD45-SAP in a 

mouse model of syngeneic HSCT, it is possible that more complex conditioning regimen 

protocols combining CD45 ADCs with other mAbs targeting T and/or natural killer cells 

may be needed to attain robust and durable multilineage engraftment in MHC-matched 

nonsyngeneic and MHC-mismatched settings.

In summary, we have demonstrated that CD45-SAP is a potent immunotoxin that can 

efficiently deplete endogenous HSPCs and more mature lymphoid cells, allowing robust 

donor stem cell engraftment and immune reconstitution in mouse models of null and 

hypomorphic Rag1 mutations. These results may pave the way for applying a similar 
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strategy with novel CD45 ADC molecules as a conditioning regimen for HSCT or gene 

therapy not only in patients with RAG deficiency but also in patients with other inborn errors 

of immunity associated with immune dysregulation or with a higher risk of poor stem cell 

engraftment, reduced thymopoiesis, and premature loss of T-cell repertoire diversity after 

HSCT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical implications:

Conditioning with anti-CD45 ADCs may represents a novel and safe conditioning 

regimen for patients with RAG deficiency and other inborn errors of immunity.
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FIG 1. 
Myeloid chimerism and immunologic reconstitution in unconditioned Rag1mut mice. A, 

Kinetics of myeloid chimerism measured by flow cytometry as the proportion of donor WT 

CD45.1+ cells gated on CD11b+ cells in the peripheral blood at different time points after 

the transplant (post-Tx) in nonconditioned (nc) Rag1-KO (knockout [KO]) mice (n = 6) and 

Rag1-F971L (F971L) mice (n = 5-9). B, Donor chimerism in HSCs identified as LSK 

CD150+CD48− cells of Lin− cells isolated from BM cells 16 weeks after the transplant. C, 

B-cell developmental stages were analyzed by flow cytometry in untreated (ut) mice or 16 

weeks after transplant in nc mice and shown as proportion (left panel) and absolute counts 
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(right panel) of B cells in BM (WT [n = 23], KO ut [n = 9], KO nc [n = 6], F971L ut [n = 5], 

and F971L nc [n = 8] mice). One-way ANOVA, Kruskal-Wallis test on pre–B-cell 

frequencies (left panel) and immature B-cell counts (right panel). D, CD4−CD8− double-

negative (DN), CD4+CD8+ double-positive, SP4 (CD4+CD8−), and SP8 (CD4−CD8+) cells 

were analyzed by flow cytometry and shown as proportion of thymocytes (left panel) and 

absolute counts (right panel) (WT [n = 20], KO ut [n = 7], KO nc [n = 6], F971L ut [n = 5], 

and F971L nc [n = 8] mice). One-way ANOVA, Kruskal-Wallis test on DN cell frequencies 

(left panel) and double-positive (DP) cell counts (right panel). E, WBCs were measured over 

time in the PB. One-way ANOVA, Kruskal-Wallis test at 12 weeks after the transplant. 

Asterisk colors indicate the groups of comparison. F, Splenic B-cell counts are shown in the 

graph. G. Proportions of splenic transitional (Trans), follicular (FO), and MZ B cells were 

analyzed by flow cytometry. One-way ANOVA, Kruskal-Wallis test on FO B-cell 

frequencies. H, Splenic T-cell counts are shown in the graph. I and J, Phenotypic analysis 

results of splenic T lymphocytes are shown in the graph according to the expression of 

CD44 on the CD3+CD4+ cells (I) and CD3+CD8+ cells (J); 1-way ANOVA, Kruskal-Wallis 

test on naive T cells. F and H, Gray dots in WT bar were values from the SR-Tiget 

laboratory, and pink dots indicate values from the National Institutes of Health laboratory; 1-

way ANOVA, Kruskal-Wallis test for multiple comparison. *P < .05; **P < .005; ***P 
< .0005; ****P < .0001. Means ± SDs are shown. Eff/mem, Effector/memory.
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FIG 2. 
Donor chimerism and immunologic reconstitution in the BM of conditioned Rag1mut mice. 

A, Donor chimerism in HSCs was measured by flow cytometry in Lin− cells isolated from 

Rag1-KO (knockout [KO]) and Rag1-F971L (F971L) mice and shown as the proportion of 

donor CD45.1+ cells and recipient CD45.2+ cells in an LSK CD150+CD48− cell gate. One-

way ANOVA, Krustal-Wallis test for multiple comparison. B, The proportion of CD45.1+ 

donor WT cells was evaluated in the main stages of B-cell development in the BM of Rag1-
KO (top panel) and Rag1-F971L (bottom panel) mice. One-way ANOVA, Kruskal-Wallis 
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test on pre–B-cell frequencies. Asterisk colors indicate the groups of comparison. C, The B-

cell developmental stages were analyzed by flow cytometry and shown as proportion (left 
panel) and absolute counts (right panel) of B cells in the BM. One-way ANOVA, Kruskal-

Wallis test on pre–B-cell frequencies (left panel) and immature B-cell counts (right panel). 
A-C, Analyses were performed 16 weeks after the transplant. *P < .05; **P < .005; ***P 
< .0005; ****P < .0001. Means ± SDs are shown. mat. rec., Mature recirculating; ut, 
untreated.
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FIG 3. 
Donor chimerism and reconstitution in the thymus of conditioned Rag1mut mice. A, Donor 

contribution during thymopoiesis of Rag1-KO (KO) and Rag1-F971L (F971L) mice is 

shown as proportion of donor WT CD45.1+ cells measured in each developmental stage: 

early thymic progenitor (Lin−CD8−CD25−cKit+CD44−), double-negative (DN) (DN1 

[CD4−CD8−CD25−CD44+], DN2 [CD4−CD8−CD25+CD44+], DN3 

[CD4−CD8−CD25+CD44−], DN4 [CD4−CD8−CD25−CD44−], double-positive (DP) 

(CD4+CD8+), SP4 (CD4+CD8−), and SP8 (CD4−CD8+) cells. One-way ANOVA, Kruskal-

Wallis test on DN3 cell frequencies. Asterisk colors indicate the groups of comparison. B, 

Total cell counts in the thymus are shown. For WT untreated mice (wt ut), gray and pink 

dots in the bar represent values obtained at SR-Tiget and at the National Institutes of Health, 

respectively. One-way ANOVA, Kruskal-Wallis test for multiple comparison. C, Subset 

distribution of developing T cells was assessed by flow cytometry. One-way ANOVA, 

Kruskal-Wallis test for multiple comparison on DN3 cell (left panel) or DN cell (right panel) 
frequencies. A-C, Analyses were performed 16 weeks after the transplant. *P < .05; **P 
< .005; ***P < .0005; ****P < .0001. Means ± SDs are shown. THY, Thymocytes.
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FIG 4. 
TEC reconstitution in conditioned Rag1mut mice. A, Representative images of thymic 

sections stained with hematoxylin and eosin (4x objective and 500-μm scale bar). B, 

Medullary (M) and cortical (C) areas were measured on thymic sections stained with 

hematoxylin and eosin and shown as a ratio. Gray dots in the WT bar are values from the 

SR-Tiget laboratory, and pink dots are values from the from the NIH laboratory; 1-way 

ANOVA, Kruskal-Wallis test for multiple comparison. C, TEC reconstitution was measured 

as the proportion of mTECs (EpCam+ Ly51+ UEA1high/CD80high) and cortical TECs 

(EpCam+ Ly51+ UEA1low/CD80low) were measured by flow cytometry 16 weeks after the 

transplant in Rag1-KO (knockout [KO] and Rag1-F971L [F971L] mice. One-way ANOVA, 

Kruskal-Wallis test for multiple comparison was applied on mTEC frequencies. *P < .05; 

**P < .005; ***P < .0005; ****P < .0001. Means ± SDs are shown.
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FIG 5. 
Donor chimerism and reconstitution in the spleen of conditioned Rag1mut mice. A, Donor 

chimerism in T (CD3+), B (CD19+ B220+), and myeloid (CD11b+ B220−) cells was 

measured by flow cytometry in splenocytes isolated from Rag1-KO (KO) and Rag1-F971L 
(F971L) mice and shown as proportion of donor CD45.1+ cells and recipient CD45.2+ cells; 

1-way ANOVA, Kruskal-Wallis test for multiple comparison on CD45.1+ cell frequencies. 

B, Splenic T-cell counts are shown. C, Phenotypic analysis results of splenic T lymphocytes 

were evaluated according to the expression of CD44 in the CD3+CD4+ (left panel) and 
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CD8+ cells (right panel); 1-way ANOVA, Kruskal-Wallis test for multiple comparison on 

naive T-cell frequencies. D, Splenic B-cell counts are shown. E, B-cell subsets’ distribution 

in spleen was evaluated as proportion of transitional (Trans), follicular (FO), and MZ B 

cells, as analyzed by flow cytometry. One-way ANOVA, Kruskal-Wallis test on FO B-cell 

frequencies. B and D, One-way ANOVA, Kruskal-Wallis test for multiple comparison. A-E, 

Analyses were performed 16 weeks after the transplant. *P < .05; **P < .005; ***P < .0005; 

****P < .0001. Means ± SDs are shown. Eff/mem, Effector/memory.
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FIG 6. 
In vivo immune cell function of conditioned Rag1mut mice. A-C, Immunoglobulin (Ig) 

levels were analyzed in plasma of Rag1mut mice 16 weeks after the transplant. D, In vivo T-

cell–dependent response was measured as anti–TNP-BSA IgG levels in the plasma of 

Rag1mut mice 28 days after the first TNP-conjugated keyhole limpet hemocyanin (TNP-

KLH) challenge by ELISA, and the specific response was shown as fold increase (FI) 

between the OD values at day 28 versus at day 0 (before challenge). A-D, One-way 
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ANOVA, Kruskal-Wallis test for multiple comparison. *P < .05; **P < .005; ***P < .0005; 

****P < .0001. Means ± SDs are shown. Ab, Antibody.
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