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Abstract 

CD38 is a multifunctional transmembrane glycoprotein found in multiple tissues and overexpressed in many cancer 
cells, notably in hematological malignancies such as leukemia and multiple myeloma (MM). Therefore, targeting CD38 
remains an attractive strategy for cancer treatment in hematological malignancies as well as in solid tumors. It plays 
a critical role in the progression of these diseases through its ADP-ribosyl cyclase and cADPR-hydrolase activities. 
Its importance has led to the development of various anti-CD38 monoclonal antibodies (mAbs), including daratu-
mumab and isatuximab, approved for MM treatment. These mAbs exert their anti-tumor effects through Fc-depend-
ent immune mechanisms and immunomodulation, enhancing T-cell and NK-cell-mediated responses. However, 
resistance mechanisms arise during the treatment with daratumumab, creating the necessity for new therapies. This 
review explains current knowledge about the role of CD38 as a target in oncology and aims to delineate the use 
of single domain antibodies (sdAbs) as innovative theranostic tools in nuclear medicine. For diagnostic purposes, PET 
radionuclides like 68 Ga, 64Cu, and SPECT radionuclides like 99mTc and 111In, are commonly used. Significant progress 
has been made in anti-CD38 radioligand therapy (RLT), with anti-CD38 antibodies providing insights into tumor biol-
ogy and treatment efficacy. In terms of therapy, RLT is a promising approach that offers precise targeting of malignant 
cells while minimizing exposure to healthy tissue. This involves the use of radionuclides emitting α particles, like 225Ac, 
212Pb or 211At, and β−-particles like 90Y, 131I, or 177Lu, to exert cytotoxic effects. Derived from Camelidae heavy chain 
antibodies, sdAbs offer advantages over conventional mAbs such as small size, high stability, specificity, and abil-
ity to recognize hidden epitopes. CD38-specific sdAbs, such as sdAb 2F8, characterized by our laboratory, showing 
excellent tumor targeting and their engineered constructs, such as biparatopic antibodies and chimeric antibodies, 
represent a new generation of theranostic agents for diagnosis and treatment CD38-expressing malignancies.

CD38 structure and functions
CD38 was first described in 1980 by Reinherz and 
Schlossman in their studies of thymocytes and periph-
eral T cells [1]. This protein is a type II transmembrane 

glycoprotein encoded on chromosome 4 (4p15.32) and 
consists of three domains: an intracellular domain (N-ter-
minus) of 21 amino acids, an alpha-helix transmembrane 
domain and an extracellular domain (C-terminus) of 256 
amino acids. This extracellular domain has a multifunc-
tional enzymatic activity. Initially described as an ADP-
ribosyl cyclase, CD38 cyclizes nicotinamide adenine 
dinucleotide (NAD) to cADPR. However, it can also 
hydrolyse cADPR to produce ADP-ribose. This reaction 
appears to occur at neutral or alkaline pH. Interestingly, 
at acidic pH, the protein uses NAD phosphate (NADP) 
as a substrate to produce nicotinamide adenine dinucleo-
tide phosphate (NAADP), which is hydrolyzed to ADP-
ribose 2’-phosphate (ADPRP) [2]. These two metabolites 
are involved in different pathways and play a key role as 
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second messengers in cellular  Ca2+ mobilisation. How-
ever, it has been described that these substrates are pro-
duced in the cytosol to induce  Ca2+ release mainly from 
the endoplasmic reticulum or the extracellular space by 
activating  Ca2+ channels. That’s why some studies have 
highlighted a cytosolic CD38 orientation, called type III 
CD38. This protein could be expressed on the surface 
of the plasma membrane as well as on the endoplasmic 
reticulum membrane.

CD38 expression
Over the past forty years, extensive research has eluci-
dated the multiple roles of CD38 and revealed its expres-
sion in various tissues under healthy conditions (Fig. 1). 
Predominantly observed in bone marrow, lymph nodes, 
thymus, spleen and tonsils, CD38 is also present in not 
hematopoietic tissues such as male tissues in the prostate 
and seminal vesicles [3, 4] (Fig.  1A). Notably, immune 
cells have the highest levels of CD38 in the human 

Fig. 1 Schematic representation of the CD38 distribution in human body based on data from “The Human Protein Atlas” (https:// www. prote inatl 
as. org/ ENSG0 00000 04468- CD38). The RNA-seq data are reported as nTPM (normalized transcript expression values) for different types of human 
tissues. A CD38 RNA expression detected in different organs, showing a predominance in hematopoietic tissues. B CD38 expression at immune 
cells level, grouped by types of immune cells

https://www.proteinatlas.org/ENSG00000004468-CD38
https://www.proteinatlas.org/ENSG00000004468-CD38
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body. Lymphoid cells—such as natural killer (NK) cells, 
memory and naive B cells—and myeloid cells, includ-
ing dendritic cells and plasma blasts, express high levels 
of this molecule (Fig. 1B), confirming is role in immune 
response. Indeed, CD38 is mainly involved in the matu-
ration of B cells. CD38 has also been studied and ana-
lyzed for its involvement in various pathologies over the 
last 30  years, in particular it is significantly involved in 
the pathogenesis of hematological neoplasms (Fig. 2). As 
abnormal CD38 expression in these malignancies corre-
lates with cellular proliferation and disease progression, 
it can be considered relevant both as a marker of disease 
progression/prognosis and as a target for therapy.

CD38 expression in lymphoma
CD38 is involved in the pathogenesis of several lymphoid 
cancers for which it is currently used as a prognostic 
marker or therapeutic target [5]. Classical Hodgkin’s lym-
phoma (HL), which accounts for approximately 10% of all 
diagnosed lymphomas, is a B-cell lymphoid disease that 
is subdivided into classical HL and nodular lymphocyte-
predominant HL [6]. In this malignancy, CD38 is mainly 
expressed on tumor-infiltrating lymphocytes where it 

acts as an immunomodulator [7]. Burkitt lymphoma is a 
highly aggressive cancer of mature B cells associated with 
a translocation of the MYC gene, resulting in an uncon-
trolled cell growth [8]. The rearrangement of the MYC 
gene, located on chromosome 8, with the immunoglobu-
lin heavy chain (IGH) or light chain genes results in over-
expression of CD38 [9] and downregulation of the LMO2 
gene [10]. Thus, the combination of LMO2-negative and 
CD38-positive may be used to diagnose Burkitt lym-
phoma [10]. Similarly, in diffuse large B-cell lymphoma 
(DLBCL) and high-grade B-cell lymphoma (HGBL), 
MYC overexpression is associated with BCL2 and/or 
BCL6 rearrangements [11, 12]. These subtypes, known as 
double/triple-hit lymphomas, are known as more aggres-
sive lymphomas. Dysregulation of BCL2 and BCL6, both 
of which have anti-apoptotic functions, confers a survival 
advantage to cancer cells [12]. The detection of CD38, 
TCL1 and CD44 in DLBCL and HGBL allows the differ-
entiation of lymphoid tumors with presence of MYC and 
absence of MYC translocations [13]. In addition, there 
is a higher intensity of CD38 expression (measured by 
flow cytometry) in the more aggressive multi-hit vari-
ants, which allows further differentiation of the diseases 

Fig. 2 Distribution of CD38 glycoprotein in the human body and the cancer related to its presence. CD38 is involved in the development of various 
malignancies, both solid and liquid tumors, related to various organs. Created with BioRender.com
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and the use of CD38 as a biomarker for early diagnosis 
[14]. In mantle cell lymphoma (MCL), CD38 expression 
correlates with poorer prognosis and promotes clonal 
B-cell accumulation, making it an attractive therapeutic 
and diagnostic target [15]. Another form of lymphoma 
is Waldenström’s macroglobulinemia (WM), which is 
characterized by the accumulation of malignant IgM-
secreting lymphocytes in the bone marrow and in other 
organs [16]. CD38-positive cells were detected in 20 out 
of 32 patients, with expression levels essentially identical 
to those seen in MM [17]. Finally, peripheral T-cell lym-
phoma (PTCL), which accounts for approximately 10% of 
aggressive lymphoid tumors [18], includes two common 
subtypes: Peripheral T-cell lymphoma (PTCL-NOS) and 
angioimmunoblastic T-cell lymphoma (AITL) [19]. CD38 
was found to be overexpressed in approximately 80% of 
AITL and 60% of PTCL-NOS cases [20]. Also in NK-T 
lymphoma, CD38 expression on tumor cells is signifi-
cantly correlated with a poor survival for patients with 
nasal type of NK-T cell lymphoma [21]. In conclusion, 
CD38 can be considered as a biomarker for diagnosis and 
a potential target for treatment in these forms of B- or 
T-cell lymphoma.

CD38 expression in chronic acute leukemia
CD38 plays an important role in the pathogenesis of 
several types of leukemia. Acute myeloblastic leukemia 
(AML) is an aggressive malignancy characterized by the 
clonal proliferation of primitive, immature hematopoi-
etic stem cells in the blood and bone marrow, leading to 
ineffective erythropoiesis and bone marrow failure [22]. 
Notably, AML cells exhibit high levels of CD38, which has 
been implicated with the regulation of cytokine release 
[23]. Studies by Farber et al. have shown that treatment 
with the monoclonal anti-CD38 antibody daratumumab 
is a promising anti-leukaemic strategy that induces leu-
kemic cell phagocytosis and blocks cell migration [24]. 
CD38 is also important in acute lymphoblastic leuke-
mia (ALL), an aggressive cancer of B or T lymphoblasts 
characterized by uncontrolled proliferation of immature 
lymphocytes [25]. In pediatric T-cell acute lymphoblastic 
leukemia, CD38 expression remains present from diag-
nosis to relapse, providing a potential avenue for targeted 
immunotherapy with anti-leukaemic efficacy [26]. Con-
versely, in Philadelphia chromosome-linked B-cell acute 
lymphoblastic leukemia CD38 is emerging as an inde-
pendent adverse prognostic factor useful for diagnostic 
purposes [5].

CD38 expression in chronic lymphocytic leukemia
CD38 is also involved in chronic lymphocytic leukemia 
(CLL), a malignancy characterized by the accumula-
tion of malignant mature lymphocytes in the peripheral 

blood, bone marrow and lymphoid tissues [27]. Overex-
pression of CD38 in these leukemic cells correlates with 
a hyperproliferative phenotype, facilitating cancer cell 
division upon interaction with activated T cells in the 
tumor microenvironment [28]. CD38 mediates cancer 
cell migration and homing within this supportive envi-
ronment, synergizing with the B cell receptor (BCR) 
pathway to promote malignant cell proliferation and 
survival [29, 30]. Specifically, CD38 acts as an auxiliary 
factor that further activates downstream signaling path-
ways that were initially triggered by the CXCR4 and BCR 
complex. In CLL, leukemia progression consists of recir-
culation of cancer cells from the blood to the lymphoid 
organs, and this process is coordinated by the chemokine 
CXCL12 and its receptor CXCR4 [31]. However, there 
are no differences in CXCR4 expression in patients with 
migrating and non-migrating CLL, suggesting that the 
diverse responses to CXCL12 are related to CD38 expres-
sion [31]. In addition, CD38 promotes the stimulation of 
CLL cells by activating the AKT/SYK/Mcl-1 signaling 
pathway. Ligation of CD38 to the BCR complex in lipid 
rafts provokes tyrosine phosphorylation of several intra-
cellular proteins, including spleen tyrosine kinase (SYK). 
SYK activates the downstream AKT pathway and induces 
the upregulation of MCL-1 expression, resulting in cell 
survival and migration [32]. Taken together, these results 
confirm the involvement of CD38 in cancer cell prolifera-
tion, chemotaxis and survival, and highlight its potential 
as a target for therapy in CLL [33].

CD38 expression in multiple myeloma
It is important to highlight the involvement of CD38 in 
MM, one of the most extensively studied CD38-associ-
ated diseases. MM is a hematological neoplastic disorder 
characterized by the accumulation of malignant plasma 
cells in the bone marrow, where the disease may cause 
complications that are often referred to as CRAB fea-
tures (hyper-calcinemia, renal insufficiency, anemia and/
or bone disease) or SLIM biomarkers (clonal bone mar-
row plasma cell percentage ≥ 60%; Involved: uninvolved 
serum free light chain ratio ≥ 100 and/or > 1 focal lesions 
with magnetic resonance imaging) [34]. The aberrant 
interactions between MM cells and stromal cells pro-
mote the reciprocal activation of myeloma cells and cre-
ates an environment that supports the progression of the 
disease [35]. The treatment of MM is based on the use 
of autologous stem cell transplantation and the combina-
tion of proteasome inhibitors and immunomodulatory 
agents. Although these strategies improved the outcome 
of MM patients, the majority of them still relapse and 
have a poor prognosis [36]. Consequently, the search for 
new therapies has focused on targets, particularly surface 
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proteins that are preferentially present or overexpressed 
on cancer cells compared to normal cells.

Among these targets, CD38 has emerged as particu-
larly promising due to its higher expression on MM cells 
compared to other, normal cells [37]. Several studies have 
shown robust and high CD38 expression on malignant 
plasma cells in BM samples of MM patients [38]. While 
the precise role of CD38 in MM cell biology remains 
incompletely understood, several investigations have 
explored its function as a glycoprotein and ectoenzyme 
in MM pathogenesis. As a glycoprotein, CD38 interacts 
with CD31, which is co-expressed on MM cells, and 
contributes to various cellular processes. These include 
T cell activation and proliferation, B cell differentiation 
and chemotaxis of neutrophils and monocytes [38]. In 
addition, as an ectoenzyme, CD38 modulates intracellu-
lar NAD + concentration, which is critical for maintain-
ing low glycolytic activity that supports cell proliferation 
and survival [39]. Depending on pH conditions, CD38 
catalyzes the conversion of NAD + to adenosine (ADO), 
a mediator of calcium signaling that promotes tumor 
survival and immune evasion. In addition to CD38, 
other ectoenzymes such as CD39, CD73 and CD203a are 
involved in the extracellular production of ADO and their 
levels reflect disease progression [38]. Indeed, macrovesi-
cles (MVs) isolated from bone marrow plasma samples 
of MM patients have shown higher levels of ectoenzyme 
expression compared to patients with MGUS and SMM, 
resulting in enhanced ADO catabolism [40]. In addition, 
CD38 serves as a metabolic sensor by interacting with 
osteoclasts (OCs) in adult skeletal remodeling [41]. OCs, 
which are fundamental to bone remodeling, are affected 
by CD38 inhibition, which not only inhibits bone resorp-
tion [41] but also restores T-cell function, thereby avert-
ing the progression of bone disease [42]. As CD38 is 
expressed on the surface of early OC precursors, CD38 
blocking may also prevent early OC formation [43]. Fur-
thermore, in MM, a subpopulation of regulatory T cells 
(Tregs) shows increased CD38 expression compared to 
T constitutive cells (Tcons), which enhances their immu-
nosuppressive effect. MM patients have a significantly 
higher Treg phenotype than healthy individuals [44].

CD38 expression in solid tumors
In addition to hematological malignancies, CD38 plays 
an important role in several other types of cancer, but 
data on its functional role are conflicting. Indeed, in 
some cancers, CD38 overexpression is correlated with 
tumor progression, while in others the opposite has been 
described.

In non-small cell lung cancer (NSCLC), CD38 is 
overexpressed in 40% of primary tumors and in many 
human lung cancer cell lines [45]. Knocking out the 

CD38 gene inhibited oncogenesis in  vitro and in  vivo. 
In fact, the NAD + glycohydrolase activity of CD38 
was essential for tumor progression by downregulat-
ing tumor suppressors (such as KEAP1) and upregu-
lating oncogenes (such as NRF2) [46]. In addition, 
tumors treated with PD-1/PD-L1 blocking antibod-
ies develop resistance through upregulation of CD38 
induced by all-trans-retinoic acid and IFNβ in the 
tumor microenvironment [47]. In NSCLC, a subset of 
cancer stem cells induces bone metastasis by stimu-
lating adenosine production and osteoclast activity. 
The high expression of CD38, PC-1 and CD73 in these 
cells favors pre-tumoral activity [48]. In other cancers, 
CD38 is mainly expressed by cells in the tumor micro-
environment. In triple-negative breast cancer, CD38 is 
expressed on tumor-infiltrating plasma cells. In fact, a 
retrospective study has shown that higher expression 
of CD38 on tumor-infiltrating plasma cells correlates 
with increased disease-free survival and overall survival 
[49]. In melanoma, CD38 expression has been found 
on cancer-associated fibroblasts (CAFs). By injecting 
melanoma cells into CD38−/− mice, the function of 
CD38 could be studied and was found to be involved 
in (1) resistance to cell death, (2) tumor vasculariza-
tion through a reduction in CD34, (3) recruitment of 
CAFs and (4) metastatic properties [50]. As described 
previously, CD38 inhibits the proliferation of memory 
CD4 + and CD8 + T cells via the alternative ectoenzy-
matic pathways that produce ADO—responsible for its 
suppression [51]. In colorectal cancer, Walterskirchen 
et  al. showed that metastasis-associated fibroblasts 
(MAF) expressed high levels of CD38 and activated 
macrophages into a pro-tumoral M2-like macrophage 
[52]. These macrophages activated by MAF are unable 
to activate T cells. However, knocking down CD38 
expression with siRNA did not affect macrophage 
polarization or T-cell activation. In esophageal can-
cer, CD38 expression on myeloid-derived suppressor 
cells (MDSC) discriminates between MDSC with high 
and low immunosuppressive function on T cells [53]. 
This CD38 expression was induced by inflammatory 
cytokines such as IL-6, IFNy, TNFa, CXCL-16, secreted 
by tumor cells. Therefore, the use of an anti-CD38 anti-
body could be an interesting strategy to restore the 
anti-tumor immune response by acting on MDSCs [54]. 
CD38 is also involved in gliomas where it supports the 
activation of tumor microglia and macrophages and 
subsequent tumor progression [55]. In this case, CD38 
through its cADPR directly promotes microglial activa-
tion by increasing Ca2 + levels. The role of CD38 in the 
tumor microenvironment on glioma progression was 
also investigated by comparing WT and CD38-deficient 
mouse models. The latter group showed attenuated 
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tumor growth and prolonged survival, suggesting the 
central role of CD38 in glioma expansion and its feasi-
bility as a target for glioma therapy [55].

Treatment with anti‑CD38 monoclonal antibodies
The overexpression of CD38 on cancers cells and their 
implication in cancer progression has led researchers to 
develop several monoclonal antibodies (mAbs) target-
ing CD38 [56–58]. Commercially available CD38 mAbs 
for MM treatment include daratumumab (fully human, 
approved by FDA in 2015 and by EMA in 2016) and 
isatuximab (fully human, approved in 2021). Other new 
agents are undergoing clinical trials, such as MOR202 
(Felzartamab) (fully human) [59], TAK079 (Mezagita-
mab) (fully human) [60], FTL004 (humanized Ig1) [61], 
SAR442085 (fully human engineered) [62] and TNB-738 
(fully human) [63]. Their anti-tumor activity depends on 
Fc-dependent immune effector mechanisms and immu-
nomodulatory effects that eliminate CD38 regulatory T 
cells and restore T-cell- and NK-cell-mediated antitumor 
immune responses [56].

Daratumumab
Despite significant therapeutic advances against MM 
over the past decades, a large proportion of patients 
relapse, resulting in poor overall survival [64]. The need 
to find new agents for refractory patients has led to the 
development of mAb-based therapies. Daratumumab 
(Janssen Pharmaceuticals) is the first high-affinity CD38-
targeting Ab to be approved by the FDA and EMA as a 
monotherapy for relapsed/refractory MM (RRMM) [65]. 
Daratumumab has direct and indirect anti-cancer activity 
by binding to CD38, inducing direct apoptosis of tumor 
cells and triggering complement-dependent cytotoxicity 
(CDC), antibody-dependent cell-mediated cytotoxicity 
(ADCC) and antibody-dependent cellular phagocyto-
sis (ADCP) [64]. Complement-dependent cytotoxicity 
involves the activation and deposition of complement 
components on the target cell surface, ultimately lead-
ing to the formation of the membrane attack complex 
(MAC). This permeabilizes the cell membrane, over-
coming the cells’ defenses and leading to cell death [66]. 
In addition, the anti-tumor activity is due to ADCC, 
whereby Ab-coated tumor cells are lysed by NK cells 
[67]. In fact, when the Fc portion of daratumumab binds 
to FcγRs on NK cells, cytotoxic proteins (granzymes and 
perforins) are released, leading to cell death [68]. In addi-
tion, ADCP induced by daratumumab binding to mono-
cytes and macrophages enhances cell killing mechanisms, 
as mAb-coated cancer cells are rapidly phagocytized by 
macrophages [69]. Finally, daratumumab induces direct 
myeloma cell apoptosis by modulating CD38 and via Fc 
receptor-mediated cross-linking. It binds to activating 

FcγRs on immune effector cells such as macrophages, 
NK cells and polymorphonuclear cells, inducing pro-
grammed cell death [70]. The induction of apoptosis was 
mainly studies on CD38 + MM cells and was verified by 
studying the morphological changes, phosphatidylserine 
translocation, loss of mitochondrial membrane poten-
tial and loss of membrane integrity after treatment [70]. 
In addition to its direct antitumor effects, daratumumab 
exerts an indirect immunomodulatory role by eliminating 
CD38 + immunosuppressive cell types (Treg, Breg and 
myeloid-derived suppressor cells) in the tumor micro-
environment (TME), thereby promoting T-cell prolifera-
tion and effector functions [44]. Together, these multiple 
mechanisms contribute to the efficacy of daratumumab, 
which was proven in the subsequent clinical trials as an 
effective and durable antitumor drug in MM patients. 
Daratumumab earned approval for monotherapy due to 
its efficacy, safety profile and durable responses demon-
strated in the phase 1/2 GEN501 and the phase 2 SIRIUS 
clinical trials on heavily pretreated RRMM patients [71, 
72]. Moreover, daratumumab’s activity was validated in 
newly diagnosed MM patients [73] and those with inter-
mediate-risk/ high-risk smoldering MM [74]. Following 
the encouraging results as single agent, daratumumab 
was evaluated in combination with immune checkpoint 
inhibitors, immunomodulatory drugs and proteasome 
inhibitors (Fig.  3). Combining daratumumab with these 
therapies improves treatment efficacy, reduces treatment 
resistance, and extends patient survival [75]. Combina-
tions with immune checkpoint inhibitors, such as PD-1/
PDL-1 axis and CD47 inhibitors, are still under investi-
gation. Inhibiting these inhibitory pathways emerges as 
a promising strategy to enhance the immune response 
against cancer cells (Fig. 3A). Preliminary data from tri-
als involving daratumumab with Pembrolizumab (a PD-1 
inhibitor), Atezolizumab (another PD-1 inhibitor), and 
TTI-622 (a CD47 inhibitor) suggest potential synergis-
tic effects, offering new avenues for MM treatment [77]. 
Additionally, significant improvements in ORR and clini-
cal outcomes have been seen with combinations with 
immunomodulatory drugs (IMiDs), such as lenalidomide 
and pomalidomide, and the proteasome inhibitors (PI) 
bortezomib and carfilzomib (Fig.  3C). The quadruplet 
regimen Dara-VRd (Daratumumab + Bortezomib + Lena-
lidomide + Dexamethasone) has recently shown superior 
response rates, higher minimal residual disease (MRD) 
negative rates, and improved progression-free survival in 
newly diagnosed multiple myeloma patients. In this regi-
men, lenalidomide can be replaced with cyclophospha-
mide [76]. Lastly, the feasibility of combining anti-CD38 
mAb with NK cellular therapy is currently being stud-
ied in clinic (NCT04614636). It has been reported that 
 CD38lowNK-cells exert a higher tumoricidal response 
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compared to  CD38highNK-cells. Daratumumab depletes 
 CD38highNK-cells favorizing the cytotoxic activity of 
 CD38lowNK-cells. Therefore, combining  CD38low NK 
cells or engineered  CD38KONK cells (without CD38 
expression) with daratumumab can enhance treatment 
efficacy (Fig. 3D).

Mechanisms of daratumumab resistance
However, after several months of treatment with dara-
tumumab, patients face a progression of their disease 
because of acquired resistance [78]. This resistance is 
mediated by different causes and mechanisms, (that are 
resumed in Table  1 and excellently summarized in dif-
ferent review articles [78].One of the most obvious and 

intriguing mechanisms of resistance involves alteration 
in CD38 expression, a crucial factor in both primary and 
acquired resistance to anti-CD38 therapies. The efficacy 
of ADCC and CDC, and consequently response rates 
observed in GEN501 and SIRIUS trials, are directly pro-
portional to CD38 expression levels on MM cells.

Isatuximab
Isatuximab, developed by Sanofi, is the second CD38-
targeting antibody approved by both the EMA and 
FDA in 2020/2021 for the treatment of MM. Presently, 
isatuximab is approved for the treatment of RRMM in 
combined therapy with pomalidomide and dexametha-
sone [79] and, in patients who have undergone two prior 

Fig. 3 Schematic representation of molecular mechanism of daratumumab combined therapy. A Dara with checkpoint inhibitors. The 
downregulation of the PD-L1/PD-1 pathway in MM cells, leads to the upregulation of CD38 on NK cells and their ADCC, favorizing a durable 
response. B Dara with IMiDs. IMiDs work by reducing IKZF1/3 levels, which increases CD38 expression, improving the effectiveness of Daratumumab 
treatment. NK cell-mediated ADCC is increased by enhancing both the number and activity of NK cells and reducing regulatory T cells (Tregs). 
Additionally, it stimulates macrophage-mediated ADCP. C Dara with PIs. The combination increases DR5 levels and decreases HLA-E levels, which 
strengthens NK cell-mediated ADCC and reduces immune evasion. D Dara with NK cells therapy. The tumor-killing ability of CD38low/- NK cells 
is improved by reducing the fratricide CD38high/- NK cells. Created by Biorender.com
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therapies, in combination with carfilzomib and dexa-
methasone [80]. Distinguished by its unique ability to 
inhibit the ectoenzymatic activity of CD38, Isatuximab 
diverges from Daratumumab by binding to a distinct 
epitope on CD38, which encompasses the CD38 ecto-
enzyme catalytic site. Through allosteric antagonism, 
Isatuximab effectively inhibits both CD38 hydrolase and 
cyclase activity [81]. Its anti-tumor activity manifests 
through various mechanisms, including the induction 
of direct homotypic aggregation (HA)-related apopto-
sis, mediated by via actin cytoskeleton polymerization, 
caspase-dependent pathways, lysosome-associated path-
ways, and the activation of immune mechanisms [82].

Like daratumumab, isatuximab engages in Fc-depend-
ent effector mechanisms such as ADCC, ADCP, and 
CDC [58]. Moreover, isatuximab exhibits immunomod-
ulatory effects by blocking the suppressive function of 
Tregs, consequently fostering NK- and T-cell-mediated 
antitumor immune responses [83]. Pomalidomide aug-
ments isatuximab’s capacity to reduce the proliferation 
of Tregs in a dose-dependent manner and to enhance T- 
and NK-cell-mediated lysis of MM [84]. Lastly, isatuxi-
mab depletes B-lymphocyte precursors, basophils, and 
NK lymphocytes in bone marrow cells [58]. Furthermore, 
it is able to induce apoptosis independently of cross-link-
ing [58]. Just like daratumumab, isatuximab can also be 
used in combination therapy with IMiDs and proteasome 
inhibitors. Isatuximab has shown comparable efficacy 
when combined with carfilzomib and dexamethasone 
(Isa-Kd) [76].

Other anti‑CD38 monoclonal antibodies
Both daratumumab and isatuximab are currently FDA 
and EMA approved for the treatment of MM. Other 
CD38 antibodies are under investigation for clinical 
development for the treatment of MM, such as MOR202, 
SAR442085, TAK079, FTL004 and TNB-738. They differ 

by the induced mechanisms of cell death, their affinity 
for FcγRIIIa and subsequent NK cell activation and the 
epitopes they bind. While MOR202 is currently being 
evaluated in phase III clinical trials, the development of 
others (such as SAR442085) has been stopped.

While initially developed to target MM, the scope 
of anti-CD38 monoclonal antibodies extends beyond 
hematological malignancies, both within and outside 
the hematological domain [67, 81]. In addition, ongoing 
research efforts are exploring the potential of MOR202 
for treating membranous nephropathy (NCT04145440), 
while TAK79 is being investigated for conditions like 
severe systemic lupus erythematosus and myasthe-
nia gravis (NCT04159805). Lastly, SAR442085 is being 
considered as a therapeutic option for Cold agglutinin 
disease (NCT04802057). These expansions into new 
therapeutic domains underscore the versatility and evolv-
ing landscape of targeted therapies.

Anti‑CD38 single domain antibodies as new 
therapeutic agents
Today, while daratumumab and isatuximab have 
become integral components of first-line MM treat-
ment regimens, some limitations have emerged in the 
use of mAbs as agents. One of the major drawbacks is 
their large molecular mass of about 150 kDa, respon-
sible for slow kinetics and limited tumor penetra-
tion with only approximately 20% of the administered 
dose reaching the tumor site [85]. Moreover, mAbs 
are mainly expressed in mammalian cells because of 
their complex structure, increasing the cost of large-
scale productions [86]. Overcoming these challenges 
requires the exploration of smaller CD38-binding 
molecules, with a particular focus on single domain 
antibodies (sdAbs) derived from the heavy chain anti-
bodies of Camelidae species [87]. These sdAbs offer 
several advantages, including small size, high stability, 

Table 1 Mechanisms of resistance to daratumumab treatment

Daratumumab mechanisms of resistance

Resistance factors Mechanisms Consequences

1) Reduction of CD38 expression - The depletion of high-CD38 expressing cells allows expan-
sion of low-CD38 expressing cells
CD38 direct internalization
- Trogocytosis

CD38 expression influences daratumumab activity
Immunosuppression
Escape from immune system

2) NK-cells activity - NK-cells activity favorize ADCC
- High ADCC leads to rapid NK-cell fratricide

Daratumumab efficacy reduced

3) CD47-SIRP α action - CD47 is overexpressed on MM cells, inhibiting of phago-
cytosis

Inhibition of ADCP
Immune escape of tumor cells

4) Complement regulatory proteins - Regulatory proteins are overexpressed on cancer cells, 
inhibiting the complement system

Less sensitivity for CDC induced by daratumumab

5) Tumor microenvironment - Stromal cells make contact to MM cells protecting them T-cell cytotoxicity reduced
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remarkable specificity and affinity for the target anti-
gen, and the ability to recognize hidden epitopes. Fur-
thermore, sdAbs are expressed in prokaryotic systems, 
lowering the production’s costs [86]. Consequently, 
they have emerged as promising candidates for a new 
generation of tumor imaging and therapeutic agents 
of various CD38-expressing malignancies [85, 88]. In 
2017, the first CD38-targeting sdAbs were developed 
by the group of Koch-Nolte, who identified 22 dif-
ferent CD38-specific sdAb families capable of rec-
ognizing the three different epitopes (E1, E2, E3) of 
CD38. Among these families, three nanobodies (JK2, 
MU1067 and MU523) showed antagonistic inhibition 
of CD38 enzymatic activity in a dose-dependent man-
ner, while two families showed potentiating effects. 
Notably, many sdAbs binding to epitope 2 and 3 inter-
fered with the binding of daratumumab, with MU375, 
MU1053 and MU551 showing competitive binding. 
Four sdAbs were found to bind CD38 independently of 
Daratumumab [89]. These CD38-specific sdAbs have 
immense therapeutic and diagnostic potential, mak-
ing them exciting candidates for further research and 
development (Fig. 4).

Integration of sdAbs in chimeric antibodies
Recent advances in antibody engineering have enabled 
the development of novel recombinant antibody con-
structs, including chimeric antibodies. CD38-specific 
sdAbs and humanized heavy chain antibodies have 
been extensively studied in preclinical experiments. 
These recombinant heavy chain antibodies (hcAbs) 
retain all the functionalities of traditional monoclonal 
antibodies but have a reduced size and improved solu-
bility [90]. As potential therapeutics for MM, sdAbs 
such as WF211, MU1067, JK36, genetically fused to the 
hinge and Fc domains of human IgG1, have demon-
strated the ability to elicit antibody-dependent cytotox-
icity against CD38 + cancer cells [89]. They were able to 
reduce tumor growth in murine models of myeloma and 
to induce ADCC in  vitro [89]. In addition, Baum et  al. 
have attempted to generate recombinant chimeric mouse 
IgG2a heavy chain antibodies, grouped into five distinct 
families, that bind non-overlapping epitopes of CD38 
[91].

Some of these CD38-specific hcAbs have been shown 
to inhibit the GDPR cyclase activity of CD38, while oth-
ers induce mechanisms of cytotoxicity in mouse tumor 
models [91]. The role of MU1067 and daratumumab 

Fig. 4 Different agent created targeting CD38 for treating multiple myeloma. Created with BioRender.com
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in the conversion of NAD + to ADPR and cADPR by 
CD38 expressed on MM cells has also been investigated. 
While Daratumumab shows a weak inhibition of cADPR 
production, MU1067 strongly inhibits both cADPR 
production and hydrolysis of cADPR to ADPR. Nota-
bly, both daratumumab and MU1067 show detectable 
inhibitory effects on ADPR cyclase activity but not on 
NAD + hydrolase activity [92].

Biparatopic antibodies, HLE‑nano‑BiKEs and chromobodies
Schütze et al. pioneered the development of biparatopic 
Abs constructed by fusing two different CD38 sdAbs to 
the hinge, CH2 and CH3 domains of human IgG1 via a 
flexible peptide linker. These biparatopic hcAbs were 
highly soluble and induced stronger CDC reactions com-
pared to Daratumumab [93]. By binding to two different 
epitopes of CD38, these constructs facilitate the forma-
tion of C1q-activating oligomers, thereby increasing the 
interaction with C1q and enhancing the CDC effect [93]. 
The increased CDC confers potential advantages for ther-
apeutic use, either alone or in combination with Daratu-
mumab, to potentiate its effect on MM cells [93]. In the 
area of antibody engineering, the therapeutic potential of 
novel conjugated half-life extended nano-BiKEs (Bispe-
cific Killer-cell Engagers) was evaluated. These nano-
BiKEs are composed of CD38-specific sdAbs fused to 
CD16-targeting sdAbs. These bispecific constructs, char-
acterized by their small size, high solubility and extended 
half-life facilitated by the integration of an albumin-spe-
cific sdAb, have demonstrated potent cytotoxicity against 
tumor cells, exceeding the ADCC of Daratumumab [94]. 
Finally, anti-CD38 sdAbs have been engineered with an 
immunotoxin (1053-PE38) to generate chromobodies 
capable of selectively killing CD38+ cells [95].

The theranostic approach in nuclear medicine
Among the various approaches, theranostics represents 
an important alternative technique for developing more 
specific and individualized therapies. The term "thera-
nostics" defines the ongoing efforts in the clinic to com-
bine diagnostic and therapeutic capabilities in a single 
pharmaceutical agent [96]. An ideal radiopharmaceuti-
cal theranostic agent has both diagnostic and therapeutic 
potential; however, in practice, the diagnostic and thera-
peutic components differ by incorporating a different 
radionuclide (Summarized in Tables  2 and 3), although 
the binding agent or vector remains the same. The anti-
gen-binding agent is often a small molecule (peptide) or 
an antibody or antibody fragment that binds to a dis-
ease-related antigen. CD38 is a valuable antigen in MM 
patients, even after relapse or resistance to treatment, 
because its expression remained elevated in patients with 
relapsed refractory MM. In a study of 68 paired samples, 

the average expression level was significantly higher in 
R/R patients compared to NDMM patients, highlighting 
the potential of CD38 as a target for imaging and therapy 
[97].

Anti‑CD38 agents for diagnosis of MM
In the diagnostic context, radiolabeled anti-CD38 anti-
bodies have emerged as promising tools that provide val-
uable insights into the biology of tumors. They also allow 
to evaluate the efficacy of monitoring the cancer cells 
during the treatment. Understanding the cellular pheno-
type and heterogeneity of cancers prior to the initiation 
of cancer treatment is critical, as is monitoring response 
to therapy during its course [98]. Nuclear imaging 

Table 2 A summary of the main radionuclides used for 
diagnosis in single photon emission computed tomography 
(SPECT) and positron emission tomography (PET)

Radionuclide Emission type Half‑life Emax (MeV) Diagnosis

99mTc γ 6.0 h 0.14 SPECT
67Ga γ 78.3 h 0.9, 0.19, 0.30
131I γ 8.0 days 0.28, 0.36, 0.64
111In γ 67.2 h 0.17, 0.25
89Zr Positron 78.4 2.4 PET
18F Positron 1.83 h 0.64
15O Positron 2.07 min 1.72
13N Positron 9.96 min 1.19
64Cu Positron 12.7 h 0.65
68Ga Positron 1.13 h 1.90
124I Positron 4.1 days 1.53

Table 3 A summary of the main radionuclides used for 
therapeutic purposes

Radionuclide Emission 
type

Half‑life Emax (MeV) Therapy

225Ac α 10.0 days 5.83, 5.79 Alpha therapy
211At α 7.2 h 5.87
227Th α 18.7 days 6.04, 5.97

-223Ra 11.4 days
224Ra α, β−, γ 3.6 days 5.44, 5.69

- 212Pb 10.6 h

- 212Bi  1 h
90Y β− 2.0 days 2.28 Beta therapy
67Cu β− 2.6 days 0.19
177Lu β−, γ 6.7 days 0.49
131I β−, γ 8.0 days 0.28, 0.36, 

0.64
153Sm β−, γ 1.9 days 0.82
161 Tb β−, γ 6.9 days 0.5, 0.6
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modalities include single-photon emission computed 
tomography (SPECT) and positron emission tomogra-
phy (PET), allowing the visualization and quantification 
of molecular processes using radiolabeled tracers. For 
diagnostic purposes, PET and SPECT tracers require 
radionuclide labels, emitting positrons and gamma rays 
respectively, with half-lives matching the biological half-
life of the targeting vector. Thus, mAbs which may take 
days to reach their target, are radiolabeled with long-lived 
radionuclides, which is not ideal as the patient should 
also be scanned several days post-injection. In the case of 
therapy, this also increases the effective dose to patients 
[99]. PET is preferred over SPECT due to its higher sensi-
tivity, higher spatial resolution, and higher quantification 
accuracy [100]. Immuno-PET, or iPET, is the given name 
sometimes used when it is performed using radiolabeled-
mAbs. to reduce the effective dose to patients.

mAbs‑based approaches
In MM, radiolabeled daratumumab, known for its 
high affinity and specificity for CD38, has been used as 
a diagnostic tracer for imaging purposes in both pre-
clinical [101, 102] and clinical studies [65, 103]. Tradi-
tionally, 2-Deoxy-2-[18F]-fluoro-d-glucose  ([18F]FDG) 
PET/CT has been the standard imaging technique for 
patients with MM. However, it is less sensitive in detect-
ing lesions with low metabolic rates [104]. Therefore, the 
exploration of radiolabeled daratumumab represents a 
promising alternative in diagnostic imaging. Through 
conjugation with the DOTA chelator and subsequent 
radiolabeling with the positron-emitting radionuclide 
copper-64 (64Cu), daratumumab has been successfully 
developed as a molecular probe targeting CD38-express-
ing MM cells [102]. Preclinical studies, particularly in 
mouse models bearing CD38 + tumors, demonstrated 
preferential accumulation of the  [64Cu]Cu-DOTA-
daratumumab within bone-associated tumor sites. In 
addition, PET/CT imaging using this radioligand demon-
strated improved sensitivity and specificity in detecting 
MM cell dissemination compared to conventional  [18F]
FDG PET/CT, while also showing superior sensitivity to 
bioluminescent signals [102]. These preclinical data were 
validated in a phase 1 study (NCT03311828) in which 
 [64Cu]Cu-DOTA-daratumumab PET/CT imaging pro-
vided whole-body imaging of MM with a safety profile 
[103].

In parallel, radiolabeling of daratumumab with  [89Zr]
Zr-oxalate has been developed as an alternative imag-
ing approach [101]. This innovative strategy aims to 
verify CD38 expression and to stratify patients for daratu-
mumab therapy, thereby reducing off-target toxicities and 
avoiding unnecessary treatment of individuals unlikely 
to respond.  [89Zr]Zr-DFO-daratumumab demonstrated 

high affinity and specificity for MM1.S human myeloma 
cells both in vitro and in vivo, with immunoreactivity of 
more than 95%. In mouse models bearing subcutaneous 
MM tumors, the radiopharmaceutical showed specific 
uptake in tumors of various sizes with excellent tumor-
to-background contrast, particularly evident at 6–7 days 
post-administration. Furthermore, PET imaging in a dis-
seminated mouse model demonstrated tumor cell locali-
zation in femur, tibia and spine, highlighting the potential 
of this antibody-based PET radiopharmaceutical for non-
invasive CD38-positive myeloma imaging [101]. Follow-
ing these results, a prospective first-in-human imaging 
phase I study (NCT03665155) was conducted to assess 
 [89Zr]Zr-DFO-daratumumab uptake in MM patients 
using PET/CT. Patients received 74  MBq (2  mCi) of 
the radioligand and underwent PET/CT over the next 
8  days with no adverse events reported.  [89Zr]Zr-DFO-
daratumumab demonstrated the ability to detect MM 
with high sensitivity, localise tumor cell infiltration and 
quantify disease burden. In addition, it allowed the detec-
tion of residual disease after therapy, which is impor-
tant for prognosis and is often used as an endpoint in 
clinical trials of MM. Prior to treatment,  [89Zr]Zr-DFO-
daratumumab could serve as a predictor for the tumor’s 
response to daratumumab therapy, and as biomarker for 
monitoring the response to daratumumab therapy [65]. 
Radiolabeled daratumumab has been studied as an imag-
ing tool in lymphoma and lung cancer [97]. A phase II 
trial of  [89Zr]Zr-DFO-daratumumab (NCT04814615) is 
underway to evaluate the potential clinical applications 
of this novel imaging agent.

SdAbs‑based probes
Although immunoPET, using mAbs as imaging probe, is 
a powerful diagnostic tool, it presents challenges. First, 
mAbs are produced in eukaryotic cell lines because of 
their complex expression and post-translational modifi-
cations, increasing the cost of production [105]. In addi-
tion, long-lived radionuclides are required to match the 
biological half-life of mAb-based tracers due to their 
interaction with the neonatal Fc receptor (FcRn) in 
endothelial cells, which protects serum IgG from degra-
dation [106]. Furthermore, the size of mAbs (150  kDa) 
exceeds the renal filtration limit, resulting in prolonged 
circulation and increased accumulation of these long-
lived radionuclides in healthy tissues. Unfortunately, 
currently available mAb imaging probes for the detec-
tion of MM are not suitable for use in patients treated 
with daratumumab, due to overlapping binding epitopes 
with daratumumab binding site [101] [102]. This unmet 
need for alternative constructs has led to the exploration 
of sdAbs. Whether labelled with radionuclides, fluoro-
phores or fluorescent proteins, sdAbs have proven useful 
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as tracer tools due to their small size and subsequent 
clearance from background organs [107]. Specifically, 
sdAbs have been successfully used in radionuclide-based 
imaging methods for various cancers and are promising 
tools for the diagnosis of MM [107]. Our laboratory pro-
duced and characterized sdAb#2F8. It was radiolabeled 
with 99mTc to evaluate its biodistribution and tumor tar-
geting potential [108]. sdAb#2F8 is minimally internal-
ized after CD38 binding and can be administered without 
affecting CD38 expression. In addition, it was found that 
this sdAb specifically binds to the tumor and does not 
spread to healthy tissue, resulting in a high tumor/nor-
mal tissue ratio. This specific and rapid tumor accumu-
lation, the lack of competition with daratumumab and 
rapid clearance make sdAb#2F8 an ideal candidate for an 
imaging approach to also assess response during dara-
tumumab treatment [108]. Two subsequent sdAb-based 
radiotracers,  [68Ga]Ga-NOTA-Nb1053 and 18F-labeled 
Nb1053, have been introduced for CD38-targeted immu-
noPET imaging for the early detection of MM [99, 109]. 
In particular,  [68  Ga]Ga-NOTA-Nb1053 showed to 
be able to identify tumor infiltration in the bone mar-
row before the presence of overt bone damage. This not 
only aids in efficient patient stratification and selection, 
but also provides a means to assess treatment response 
and monitor disease relapse in a CD38-dependent man-
ner. The use of sdAbs such as  [68 Ga]Ga-NOTA-Nb1053 
allows same-day imaging one hour after injection with 
high target-to-background ratios, avoiding concerns 
associated with non-specific bone accumulation seen 
with 89Zr-labeled mAb immunoPET techniques. How-
ever,  [68  Ga]Ga-NOTA-Nb1053 has several drawbacks. 
These include the constraints associated with the short 
half-life of  [68 Ga] (impossible to ship to other hospitals 
or inject many patients in one day) and the accumula-
tion in the kidneys, potentially causing nephrotoxicity 
when the radioligand would be changed for therapeutic 
purposes. Consequently, Nb1053 has been radiolabeled 
with 18F, resulting in a radioconjugate excreted via the 
hepatobiliary system, that prevents renal accumulation 
without compromising tumor uptake [99–109]. Another 
radioconjugate, 99mTc-labeled CD3813, has been tested 
as a SPECT radiotracer to image CD38-positive tumors 
and assess CD38 expression in patients before, during 
and after daratumumab treatment [110]. It has a smaller 
molecular weight (15  kDa) compared to the full-length 
antibody daratumumab, exhibits rapid uptake in tumors 
with high tumor/background ratios and undergoes rapid 
metabolism in vivo. Blocking experiments confirmed the 
CD38 specificity of tumor uptake by CD3813. It is an 
excellent radiotracer for imaging both MM and CD38-
positive lymphoma, outperforming  [18F]FDG PET/CT in 
MM imaging. The unaffected CD38 binding of CD3813 

in the presence of excess cold daratumumab suggests that 
CD3813 and daratumumab have distinct binding sites on 
CD38 [110].

Peptides for imaging
As an alternative to Ab and Ab fragments, peptides have 
traditionally been used as imaging probes. Peptides are 
less immunogenic and have pharmacokinetic advantages 
similar to those of sdAbs, with excellent uptake in tumor 
tissue and rapid clearance [97]. In addition, peptides 
have the advantage that they can be chemically synthe-
sized. They are stable at higher temperatures and under 
acidic conditions, which may be required for conjugation 
to radionuclides. CD38 binding peptides were obtained 
from phage display peptide libraries and synthesized 
using standard chemistry [97, 111]. Two families of pep-
tides (SL022, SL028, CA-1 and CA-2) were identified 
and showed high affinity and specificity for CD38. Their 
conjugation to 68  Ga or 64Cu allowed in  vivo visualiza-
tion of CD38 + myeloma or lymphoma tumors in murine 
xenograft models [97, 111]. Compared to linear peptides, 
cyclic peptides are less prone to conformational changes 
and present a larger surface area that can interact with its 
target [112]. They are more stable and resistant to exo-
peptidases and endopeptidases due to the lack of termi-
nal amine and carboxylic acid groups and a limited access 
to the cleavage sites [113]. The CD38-binding cyclic 
peptide AJ205 was synthesized and conjugated to the 
NOTA chelator [114]. Standard 68  Ga-labeling allowed 
to evaluate the pharmacokinetics, biodistribution, and 
in vivo specificity in different xenograft models using cell 
lines with different expression levels of CD38 and in two 
patient-derived xenograft models.  [68  Ga]Ga‐AJ206 PET 
showed specific accumulation of radioactivity in these 
models that correlated well with the CD38-expression 
levels in these tumors [114].

Anti‑CD38 conjugated with fluorescent dye
Fluorescence imaging has been developed over the last 
few decades as another type of imaging technique. Most 
of these tools are used in preclinical studies [115]. They 
offer many advantages, such as detection of multiple tar-
gets using the different fluorophore spectra available and 
avoidance of isotopes. Fluorescence imaging, especially 
in the near infrared (NIR) range, has deeper tissue pen-
etration. Combined with a low tissue autofluorescence, 
this spectrum favors a high resolution for imaging [116]. 
They are mainly used in cancer surgery to delineate the 
malignant lesion [116].

In contrast to radiolabeled anti-CD38 agents, conju-
gation with fluorescent dyes is less studied. A study led 
by Cho et  al. used the antibody daratumumab with a 
NIR fluorophore called DARA-NIRDye800 [117]. Their 



Page 13 of 19Bocuzzi et al. Journal of Translational Medicine  (2024) 22:998 

results showed that DARA-NIRDye800 is an interest-
ing tool for non-invasive preclinical evaluation of CD38 
expression in MM. Another study used this conju-
gate to create a bifunctional tool with mertansine, also 
called DM1—a tubulin inhibitor used to create an anti-
body–drug conjugate [118]. In this way, NIRDye800 
monitors the release and activity of DM1. In addition, 
other sdAb have been coupled to fluorophores to detect 
CD38-expressing tumors. RID-Alexa680-MU1067 and 
Alexa680-JK36 were developed to monitor lymphoma 
development in tumor-bearing mice [119–121]. Even 
up to 24 to 48  h after administration, imaging revealed 
a high level of residual signal with minimal background 
interference and good clearance. JK36 has also been 
conjugated to Alexa Fluor 488 to allow measurement of 
plasma cells [122]. Chromobodies have also been used to 
assess CD38 expression using fluorescent proteins [95].

Radioligand therapy
Among the various therapeutic strategies, radioligand 
therapy (RLT) stands out as a promising approach that 
offers precise targeting of malignant cells while minimiz-
ing exposure to healthy tissue. RLT involves the use of 
radionuclides that are directed to the cancer cells in order 
to exert cytotoxic effects. Radionuclides are unstable 
atoms with excess of nuclear energy, which attempt, dur-
ing radioactive decay, to reduce their energy by emission 
of α, β− and Auger electrons. These high linear energy 
transfer (LET) particles are ionizing radiation capable of 
damaging cellular DNA, disrupting its replication pro-
cess and ultimately causing cell death [96]. The damage 
is induced by direct and indirect effects of radiation. Ion-
izing radiations cause damage primarily by removing 
electrons from atoms, resulting in the breaking of cova-
lent bonds of molecules such as critical DNA. They are 
responsible for single- and double-strand breaks of the 
DNA, with the latter being considered as the predomi-
nant cause of cell death after ionizing radiation exposure. 
Additionally, radiation-induced damage is amplified by 
the generation of reactive oxygen species (ROS), chemi-
cally reactive entities capable of oxidizing proteins and 
lipids and inducing single-strand DNA breaks (indirect 
effects). Although cells have mechanisms to repair such 
errors, increased levels of ROS combined with impaired 
repair mechanisms can lead to cell death [123]. Moreo-
ver, non-targeted effects such as the abscopal (RIAE) and 
bystander effects (RIBE) can induce biological conse-
quences, such as adaptive response, genomic instability 
and genetic susceptibility, to neighboring cells through 
signaling factors released by irradiated cells [124, 125]. 
Alpha particles consist of two protons and two neutrons 
and carry a positive charge, while β− particles are small-
mass, negatively charged particles. Due to their higher 

LET, α-particles cause higher tissue damage within a 
short range of up to 100  μm [126]. β− particles have a 
lower LET and a longer range of several millimeters, 
which increases the likelihood of inducing damage in 
adjacent healthy tissues. In the context of mAbs, radio-
nuclides with a longer half-life emitters offer practical 
advantages in terms of pharmacokinetics, allowing for 
prolonged exposure and enhanced therapeutic efficacy 
[127]. Overall, RLT holds great promise as a targeted 
therapeutic strategy, offering precision targeting of can-
cer cells and efficacy in the treatment of cancer while 
minimizing adverse effects on healthy tissues.

Anti‑CD38 agents for RLT
Currently, in the field of RLT, efforts have been made 
to radiolabel various anti-CD38 mAbs with therapeu-
tic radionuclides. The efficacy of RLT in other hema-
tologic disorders led to development of a CD38-based 
RLT approach initiated by J. Green and O.W. Press in 
2014 [128]. Their pioneering work used both classical 
radioimmunotherapy (RIT) and a pre-targeted radioim-
munotherapy (PRIT), both directed against CD38, to 
deliver radiation specifically to MM cells. Their compara-
tive analysis demonstrated the advantages of PRIT over 
RIT. They used three different constructs: the OKT10-
Ab (anti-CD38 Ab) and the two antibody-streptavidin 
(SA) OKT10-CC (synthetic chemical conjugate) and 
OKT10-FP (a single-chain variable fragment (scFv) of 
OKT10-Ab). In the conventional RIT approach, the 
OKT10-Ab was directly radiolabeled with yttrium-90 
(90Y) or Indium-111 (111In). Conversely, PRIT was per-
formed using an antibodies-SA constructs combined 
with a 90Y-DOTA-biotin or 111In-DOTA-biotin. In this 
pre-targeting, the Abs-SA constructs were first delivered 
to localise to tumor sites, followed by the introduction 
of radioactive biotin, which recognizes SA. While RIT 
effectively controlled the disease, radioactivity could be 
observed in healthy organs. In contrast, the pre-target-
ing system significantly improved the tumor-to-normal 
organ ratio of absorbed dose, reducing radiation expo-
sure to healthy tissues. In fact, for RIT the ratio was < 1:1, 
while for the OKT10-CC and OKT10-FP ratios were 
9:1 and 638:1 respectively. This improved biodistribu-
tion not only delayed tumor development, but also com-
pletely eradicated cancer cells with minimal toxicity in 
xenograft models [128]. Subsequently, a second pre-tar-
geting method emerged with the development of bispe-
cific Ab fusion proteins [129]. These constructs coupled 
an scFv of an anti-CD38 mAb with an scFv conjugated 
to an 90Y-DOTA. This bispecific Ab showed enhanced 
anti-tumor activity, reduced risk of immunogenicity and 
lacked endogenous biotin interference compared to the 
SA-biotin system. In addition, the feasibility of PRIT as 



Page 14 of 19Bocuzzi et al. Journal of Translational Medicine  (2024) 22:998

a CD38-based therapy was confirmed in murine models 
with excellent tumor-to-normal organ ratios of absorbed 
dose [129]. Building on these studies, other anti-CD38 
mAbs have been investigated for RLT, using both α- and 
β−-particle emitters. Specifically, daratumumab has been 
radiolabeled with various radionuclides to address resist-
ance and to improve efficacy. In β−radiation studies, dara-
tumumab radiolabeled with lutetium-177 (177Lu) using a 
DTPA chelator, demonstrated tumor growth reduction 
and necrosis induction in preclinical lymphoma models 
[130]. In addition, daratumumab has been conjugated 
to DOTA for radiolabeling with the alpha-emitter actin-
ium-225 (225Ac), showing potent CD38-positive tumor 
cell-killing in  vitro and enhanced anti-tumor activity 
(~ 30-fold) in  vivo without significant side effects [131]. 
The potential of α-radioimmunotherapy (α-RIT) has been 
extensively investigated by conjugating daratumumab 
with lead-212 (212Pb) in both in vitro and in vivo models 
[132]. This innovative radioconjugate showed remark-
able efficacy, significantly inhibiting the proliferation of 
human myeloma RPMI8226 cell lines, in stark contrast to 
the minimal effects observed with the 212Pb isotypic con-
trol or cold antibodies. Notably, in  vivo studies showed 
that mice treated with 0.3 MBq of the radioconjugate had 
a median survival of 55 days compared to 11 days in the 
control group, indicating a significant inhibition of tumor 
growth compared to controls [132]. Comparing the effi-
cacy of radiolabeled daratumumab in MM patients, 
225Ac-based therapy showed superior tumor growth 
delay and reduced systemic toxicity compared to 177Lu-
based therapy [133]. This highlights the potential advan-
tages of α-RIT over β−RIT for the treatment of MM. In 
addition, promising results for RLT based on α-emitter 
radionuclides have also been obtained by radiolabeling 
other anti-CD38 mAbs. For example, the OKT10 mAb 
radiolabeled with the alpha emitter astatine-211 (211As) 
was investigated for the treatment of minimal residual 
disease (MRD) in a disseminated disease model of MM 
[134]. This therapeutic approach demonstrated increased 
median long-term survival with sustained remission in 
50–80% of mice with marginal toxicity at a single dose 
(24–45  µCi; 0.9–1.7  MBq). Importantly, the OKT10 
mAb targets a different epitope to daratumumab, which 
may allow it to be effective in patients receiving daratu-
mumab, potentially mitigating resistance [134].

Anti‑CD38 SdAbs‑based RLT
In the field of sdAbs, the sdAb#2F8 was selected by our 
group as a promising theranostic agent for the monitor-
ing and treatment of MM [108]. SdAb#2F8 has favorable 
properties for RLT, such as high affinity for the CD38 
antigen and lack of competition with daratumumab, 
making it a promising theranostic agent. sdAb 2F8 can 

be radiolabeled with 99mTc, 111In and 177Lu to perform 
biodistribution studies and evaluate therapeutic effi-
cacy in murine xenograft models. As a radiotherapeu-
tic agent, the sdAb 2F8 radiolabeled with the β−emitter 
177Lu, 177Lu-DTPA-2F8 showed dose-dependent tumor 
regression and survival in myeloma bearing mice [108]. 
Similar results were obtained when the experiment was 
repeated with low radioactive injected activity. The aim 
was to mimic as closely as possible a clinical approach 
of fractionated dosing to decrease the toxicity to healthy 
tissues. Repeating the experiment in these conditions 
resulted in an improvement in mice survival [108]. The 
compelling results of these studies highlight the poten-
tial of RLT targeting CD38 in MM and achieved durable 
therapeutic responses. RLT holds promise as a highly 
effective treatment modality for MM by exploiting the 
precise targeting capabilities of radionuclides and their 
potent cytotoxic effects on malignant cells. These results 
not only demonstrate the efficacy of RLT in inhibiting 
tumor growth and prolonging survival, but also highlight 
its ability to induce durable responses.

Future perspective
One of the major benefits of using theranostic agents 
targeting CD38 is the potential for creating personal-
ized therapy for patients. These radiopharmaceuticals 
provide a unique opportunity to conduct detailed, quan-
titative whole-body PET/CT scans, offering accurate 
information on tumor characteristics and location. This 
could help in selecting patients who could benefit from 
a specific, adapted therapy. Generally, these new strate-
gies should be directed towards diseases with significant 
unmet clinical needs, including cases that have relapsed 
or are resistant to current treatments, as well as rare 
(orphan) diseases. For example, alpha therapy shows 
potential in eradicating minimal residual disease (MRD), 
which is crucial before stem cell transplants to improve 
patient outcomes. Ongoing research is also focusing 
on identifying new targets, investigating the effective-
ness of combination therapies, and exploring the use 
of targeted radiotherapy on tumor stem cells. Moreo-
ver, these theranostic radiopharmaceuticals can serve 
as supportive treatments alongside standard anti-CD38 
based therapies. Many blood cancers, such as aggressive 
B- and T-cell lymphomas, as well as acute lymphoblastic 
and myeloid leukemia, still exhibit poor outcomes with 
rapid progression after first-line treatments. Despite their 
extensive use in diagnostics, research to move these radi-
opharmaceuticals into clinical practice has been limited 
in recent years. The main challenges include overcoming 
financial and regulatory issues, especially for agents tar-
geting hematological malignancies. The costs associated 
with mAbs, and antibody fragments are very high and 
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require significant industrial investments. In addition, 
obtaining certain therapeutic radionuclides like Actin-
ium-225 and Astatine-211 is difficult due to the limited 
number of facilities producing these radionuclides. Using 
sdAbs and scaffold proteins as radiopharmaceuticals 
has shown significant advantages, though bone mar-
row and kidney toxicity remain concerns. These issues 
might be overcome by targeting more specifically CD38 
by employing pre-targeting systems. In the end, resist-
ance phenomenon can emerge due to the loss of antigen 
expression; however, dual-antigen targeting is consid-
ered a promising approach. In any case, the potential for 
RLT to demonstrate greater efficacy compared to current 
standard treatments, while maintaining manageable tox-
icity, could support the recommendation of these novel 
approaches for patients [96].

Conclusions
As CD38 is overexpressed by many cancer cells, par-
ticularly in hematological cancers, it is an impor-
tant target for treatment. This glycoprotein has been 
extensively studied, particularly in MM, leading to the 
development of several drugs based on monoclonal 
antibodies targeting CD38, such as daratumumab and 
isatuximab. Both mAbs are commercially available and 
currently used in frontline therapy. However, resistance 
and relapse in patients have sparked interest in novel 
approaches using sdAbs derived from camelid species, 

which have favorable properties that can potentially 
overcome the limitations of traditional monoclonal 
antibodies. Their small size guarantees tissue penetra-
tion, rapid clearance and a high affinity for the antigen, 
thus allowing for a targeted therapy with a minimal 
impact on healthy tissues. The potential of CD38-tar-
geting sdAbs has been explored through the creation 
of different structures, such as chimeric antibodies, 
biparatopic antibodies, heavy chain-only antibodies, 
and half-life-extended nano-BiKEs, which show prom-
ise for the treatment of MM. In nuclear medicine, the 
development and application of anti-CD38 conjugates 
with radionuclides represent significant advances in the 
diagnosis and treatment of MM, offering more precise, 
personalized and effective therapeutic strategies. In 
terms of diagnosis, radiolabeled anti-CD38 Abs offer 
insights into tumor biology and treatment monitoring 
compared to traditional methods. At the same time, 
radiolabeled sdAbs, such as sdAb#2F8 (developed by 
our laboratory) have shown rapid clearance, high tumor 
targeting ratios and possible use as theranostic agents. 
In RLT, the emergence of α-radioimmunotherapy 
(α-RIT) using α-emitters offers further opportunities 
for durable responses and potentially curative outcomes 
in MM. Approaches using radiolabeled anti-CD38 con-
jugates have resulted in high tumor-to-normal organ 
ratios and reduced toxicity and sdAb#2F8 labeled with 
therapeutic radionuclides confirmed its potential as 

Fig. 5 Visual summary of theranostic potential of anti-CD38 agents. Created with BioRender.com
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theranostic tools (Fig.  5). Despite all these advances, 
challenges remain in the production and use of these 
therapeutic probes. Nevertheless, ongoing research and 
clinical trials continue to refine these tools and dem-
onstrate their potential to improve personalized treat-
ment strategies and patient outcomes in MM and other 
CD38-positive diseases.
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