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Abstract

Recent reports indicate that intracellular levels of NAD decline in tissues during chronological
aging, and that therapies aim at increasing cellular NAD levels could have beneficial effects in
many age-related diseases. The protein CD38 (CLUSTER OF DIFFERENTIATION 38) is a
multifunctional enzyme that degrades NAD and modulates cellular NAD homeostasis. At the
physiological level, CD38 has been implicated in the regulation of metabolism, and the
pathogenesis of multiple conditions including: aging, obesity, diabetes, heart disease, asthma and
inflammation. Interestingly, many of these functions are mediated by the CD38 enzymatic activity.
In addition, CD38 has also been identified as a cell surface marker in hematologic cancers such as
multiple myeloma, and a cytotoxic anti-CD38 antibody has been approved by the FDA for use in
this disease. Although this is a remarkable development, killing CD38-positive tumor cells with
cytotoxic anti-CD38 antibodies is only one of the potential pharmacological uses of targeting
CD38. The present review discusses the biology of the CD38 enzyme and the current state of
development of pharmacological tools aim at CD38 and explores how these agents may represent
a novel approach to treat human conditions including cancer, metabolic diseases and diseases of

aging.
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Emerging roles of NAD metabolism in human disease: The promise of
“NAD boosting therapies”

Nicotinamide adenine dinucleotide (NAD) is a cofactor in electron transfer during oxidation-
reduction reactions, and also plays a crucial role in cell signaling, regulating several
pathways from intracellular calcium transients to the epigenetic status of chromatin [1-6].
Thus, NAD is a molecule that provides a link between signaling and metabolism.
Importantly, decline in cellular NAD levels has emerged as a potential key player in the
pathogenesis of several diseases including age-related conditions (Table 1) [1-32].

In fact, age-related decline of NAD is of particular interest [1-6]. As the world population
ages, the incidence of age-related co-morbidities will continue to increase. It appears that
age-related organ dysfunction and age-related diseases are, at least in part, governed by
impairment in tissue energy metabolism [1-14]. Understanding the mechanisms that drive
these metabolic abnormalities in aging may lead to the development of new therapies for the
elderly population. Unfortunately, to date, there are no therapies directly aimed at any of the
fundamental biological mechanisms of aging [33]. In animal models, age-related metabolic
diseases and decline in healthspan can be mitigated by therapies that restore tissue levels of
NAD [1-32], suggesting a role for “NAD-boosting” therapies [1-31].

Experimental “NAD boosting” or “NAD replacement” can be accomplished via
administration of NAD precursors such NMN, NR and derivatives of vitamin B3, or via
inhibition of NAD-degrading enzymes [1-31]. Therefore, it is important to determine the
mechanisms that regulate homeostasis of this nucleotide /n7 vivo. The reactions that consume
NAD are mediated by enzymes involved in the non-oxidative roles of NAD [1-4]. Of these
enzymes, CD38, PARPs and SARM1 appear to significantly contribute to cellular NAD
degradation [1-4, 6, 19, 28, 34-39]. Until recently, the prevailing hypothesis to explain the
age-related NAD decline was that activation of DNA-repair enzymes such as PARPs during
the aging process would consume and deplete cellular NAD [1-4]. However, we
demonstrated that levels and activity of CD38 increase during aging, and that this enzyme is,
at least in part, responsible for the age-related NAD decline [6]. For example, genetic
ablation of CD38 protects against age-related NAD decline and mitochondrial dysfunction
[6]. Due to the emerging role of NAD homeostasis in aging and age-related diseases, our
discovery of the role of CD38 in the control of cellular NAD levels opens the possibility that
CD38 inhibition may be used as a therapeutic approach to increase cellular NAD levels
(Figure 1)[1-4, 6]. Here, we review the biological, biochemical, and pharmacological aspects
of CD38, with emphasis on its role in NAD homeostasis.

CD38: from cell surface marker to multifunctional enzyme involved in NAD
metabolism

CD38 was first identified by the herculean task of E. L. Reinherz and S. F. Schlossman to
characterize and identify cell surface markers with monoclonal antibodies, as part of their
pioneer search of molecules for immunophenotyping of T-cells [38-39]. However, beyond a
role as structural marker, CD38 is involved in several physiological and pathological
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conditions [6,19, 34-40]. In particular, CD38 is the main NAD-degrading enzyme in several
mammalian tissues [6,19, 34-40]. Some pharmacological approaches to inhibit CD38 take
advantage of its role as a cell surface marker when the intention is to target the killing, or
modulate CD38-positive cancer and/or immune cells, as in multiple myeloma (MM) and
other cancers (Figure 2)[41-50]. On the other hand, modulating CD38 enzymatic activity
may serve as a “NAD boosting” therapy for aging and metabolic diseases (Figure 1)[1-4, 6,
19, 36, 39]. Below we will discuss key biological aspects of CD38 and the potential
pharmacological tools available to study and target this molecule, including anti-CD38
antibodies and small molecule inhibitors.

The biology of CD38

CD38 is a multifunctional protein involved on cellular and tissue NAD homeostasis and in
the generation of the second messengers ADPR and cyclic-ADPR (cADPR) that are
involved in intracellular calcium signaling [38-40, 51]. Functional and structural data
indicate that the promoter region of the human CD38 gene, located at chromosome 4, is
regulated by several factors including NF-xB, RxR, LxR, and STAT [38-39, 52].
Importantly, CD38 expression is induced by inflammatory cytokines, endotoxins, interferon,
and some nuclear receptors (Figure 3)[38-39, 52]. Therefore, TNF-a and LPS treatment
results in increased expression of CD38/NADase activity and in a subsequent dramatic
decrease in cellular NAD levels [38-39, 52]. Understanding the mechanisms regulating
CD38 gene expression provides clues to the mechanisms governing the increased expression
of CD38. In particular, the pro-inflammatory state observed during the aging process may
provide a link between cytokine-induced CD38 expression, age-related tissue NAD decline,
and the “inflammaging” theory [1, 53].

A unique characteristic of the CD38 enzyme is its cellular localization. The great majority of
CD38 has a type Il membrane orientation, with the catalytic site facing the outside of the
cell [38-39]. Thus, over 90% of CD38 functions as an ecto-NADase [54]. Since the majority
of substrates for NADase- CD38 are expected to be intracellular, the ecto-enzymatic activity
of this enzyme represents an intriguing “topological paradox” (Figure 3b). Until recently, it
had been difficult to explain this paradox. However, we and others demonstrated that CD38
degrades not only NAD, but also circulating NAD precursors such as NMN and NR, before
they can be incorporated inside cells for NAD biosynthetic pathways [6, 55].

CD38 has also been observed in intracellular membranes, such as in the nuclear membrane,
mitochondria, and endoplasmic reticulum [38-39]. In addition, a small fraction of CD38 is
also expressed as a type |11 plasma membrane protein with the catalytic site facing the inside
of the cell (Figure 3b)[56]. Finally, soluble intra and extracellular forms of CD38 have also
been described (Figure 3)[38-39, 57]. The relative roles of the different “anatomical”
locations of CD38 in cellular and tissue NAD homeostasis is one of the outstanding key
questions in the field.

Catalytic activity and physiological roles of CD38

As discussed above, CD38 is a multifunctional enzyme that uses B-NAD and other p-NAD
derivatives, such as B-NADP and p-NMN, as substrates. Interestingly, CD38 does not accept

Trends Pharmacol Sci. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chini et al.

Page 4

either a-NAD or NADH as substrates. The primary catalytic reaction of CD38 involves the
cleavage of a high energy p-glycosidic bond between nicotinamide and the ribose moiety.
During catalysis, the removal of the nicotinamide moiety from p-NAD is coupled with the
formation of non-covalent enzyme-substrate intermediates such as E-ADPR or the less
abundant E-cADPR. These intermediates are stabilized through H-bonds between their
ribosyl 2"-, 3"- OH groups and the catalytic residue Glu226, a residue required for the
NADase and cyclase activity of the enzyme [38-40, 58-60]. Structural and mutagenesis
experiments revealed other important residues in the catalytic site like Glu146, Trp189,
Trpl125, Ser126, Thr221 and Arg127 [38-40, 59-60]. The intermediates of the reaction are
released from the catalytic site forming ADPR or cADPR. In general, the majority of the
CD38 NADase catalytic activity will generate nicotinamide, and a nearly stoichiometric
amount of ADPR with residual amounts of NAD being converted to cADPR and
nicotinamide [34-35, 38-40, 58-60]. These two catalytic activities of the enzyme are
classified as glycohydrolase and ADPR-ribosyl cyclase [34-35, 38-40, 51, 58-60]. The
amino acid sequence of CD38 has considerable homology with a pure ADP-ribosyl cyclase
from Aplysia [38-40, 60]. At least two residues in CD38 contribute to its increased
glycohydrolase versus cyclase activity, namely Thr-221 and Glu-146 [58-60]. In fact,
mutagenesis of these residues abolishes CD38 NADase activity and increases its cyclase
activity [60].

Both ADPR and cADPR have second messenger signaling roles [38-40, 51, 58, 60]. The
roles of CD38 as a cyclase and of NAD-derived calcium messengers in physiology and
pathology were extensively reviewed by others [38-40, 51, 58, 60]. Importantly, it should be
highlighted that when CD38 is catalyzing the degradation of NAD to ADPR, or the
cyclization of NAD to cADPR, there is NAD consumption and nicotinamide generation,
leading to the crucial role of CD38 in tissue NAD and nicotinamide homeostasis [6, 34-35,
38-40].

Importantly, due to its ecto-enzymatic activity, CD38 not only regulates intracellular and
extracellular NAD homeostasis, but also modulates the availability of extracellular NAD and
its metabolites [6, 57]. For example, the CD38 ecto-NADase activity plays a role in the
extracellular adenosine pathway [61]. In fact, it was reported that extracellular adenosine can
be generated from both NAD and ATP degradation via a cascade of events that includes
CD38 ecto-NADase, and CD39 ecto-ATPase activity. In turn, adenosine can bind to specific
purinergic P1 receptors, eliciting signals in multiple cells including immune-modulatory
effects in tumorous microenvironment [61].

Very importantly, CD38 has a crucial role in the regulation of NAD-dependent processes in
several cellular compartments. For instance, CD38 regulates the activity of the nuclear and
mitochondrial SIRTUINs [6, 34-35]. SIRTUINs are NAD-dependent deacetylases implicated
in the regulation of metabolism and several aspects of ageing, healthspan and longevity
[2-3]. In particular, we observed that CD38 degrades NAD and decreases the accessibility of
NAD to these enzymes [6, 34-35]. It is also possible that generation of nicotinamide by
CD38 may regulate SIRTUINS activity, since nicotinamide is an endogenous inhibitor of the
SIRTUINs [62-63]. Thus, the potential role of CD38 as SIRTUIN regulator is of major
pharmacological relevance.
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Pharmacological approaches to target/modulate CD38

The identification of CD38 as a key enzyme involved in NAD metabolism, cell signaling,
and cancer suggests its potential as a target for multiple conditions. Based on the therapeutic
goals, CD38 can be targeted using different pharmacological approaches such as cytotoxic
antibodies, enzymatic-blocking antibodies, and with reversible or irreversible small
molecule inhibitors.

Anti-CD38 antibodies: a success story in multiple myeloma and future perspectives in
NAD replacement therapy

CD38 is highly and uniformly expressed at the cell surface of MM cells, and at lower levels
in normal lymphoid and myeloid cells, and in some tissues of non-hematopoietic origin [38,
41-49]. This spur the development of several anti-CD38 antibodies for MM [41-49]. In fact,
monoclonal antibodies (mAbs) against CD38 are highly efficacious in the treatment of MM
[41-49]. Currently, four monoclonal antibodies are in clinical trials for the treatment of
CD38™ malignancies [41-49]. The most advanced is Daratumumab (Janssen Biotech) which
received FDA approval for MM in 2015 [41-42]. Three other CD38 binding antibodies are in
clinical trials: Isatuximab (Sanofi-Aventis), MOR202 (Morphosys), and TAKO79 (Takeda)
(Table 2) [42, 48-49, 64]. Direct /n vitro comparisons of these mAbs showed comparable
antibody-dependent cell-mediated toxicity (ADCC) and binding affinities, but remarkable
differences in the ability to induce direct apoptosis, to induce complement-mediated
cytotoxicity (CDC), to inhibit enzymatic activities, and to induce antibody-dependent cell-
mediated phagocytosis (ADCP)(Figure 2 and Table 12)[41-42]. In addition, it has been
demonstrated that these anti-CD38 mAbs also have a potential /7 vivo immune modulatory
effects on the tumor microenvironment such as enhancing effector T-cell function and
inhibiting suppressive T-reg activity (42). In light of the fact that these three anti-CD38 show
similar safety and efficacy profiles, it is hypothesized that ADCC is the main mechanism of
action of these antibodies in MM [41-42]. However, as discussed above, CD38 is a
multifunctional membrane enzyme and regulates a variety of NAD-dependent cellular
processes. Although these antibodies were selected on the basis of cytolysis, it is possible
that some of their therapeutic effects may be mediated by inhibition of the NADase activity
and subsequent NAD boosting effects. In particular, immune modulatory effects of anti-
CD38 antibodies during cancer therapy may be at least in part related to the decrease in
CD38 NADase activity. Very recently, Chatterjee et al. showed that the CD38-NADase-NAD
* axis plays an important role in the immune response of T cells in a preclinical model of
melanoma [50]. These studies indicate that high levels of NAD™, negatively regulated by
CD38, preserve T cell function against tumors cells, raising the possibility that inhibition of
CD38 may work synergistically with blockade of PD-1/PD-L1 pathway in immune therapy
for cancer. These findings suggest that combined therapy may lead to superior tumor
responses. To date, isatuximab is the only clinically relevant anti-CD38 antibody shown to
inhibit the catalytic activity of the enzyme (Table 2). Anti-CD38 antibodies that specifically
inhibit CD38 NADase activity without cytotoxic effects may become an important tool for
the boosting NAD, immune modulation, and for use in age-related diseases. These new
antibodies may pave the way for the development of highly specific CD38 NADase
inhibitors aimed at “NAD boosting” therapy in the near future. However, to date there is no
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in vivo evidence that therapeutic anti-CD38 mAb exert their effects via inhibition of the
CD38 NADase activity. In fact, if the anti-tumor effects of inhibiting CD38 can be at least in
part mediated by inhibition of its CD38 NADase activity is not known.

Small molecule CD38 inhibitors

To date, over 200 compounds are listed as CD38 inhibitors in the literature [40, 54, 58-60,
65-78]. Regarding chemical structures, CD38 inhibitors can be classified as NAD-analogs,
flavonoids and heterocycles compounds [40, 54, 60, 65-78]. Based on mechanisms of action,
they can be pooled into two groups: covalent and non-covalent inhibitors (Table 2). Covalent
inhibitors form a bond in the active site at Glu226. Even though an excess of nicotinamide
can recover the enzymatic activity, under physiological conditions the rate of dissociation is
expected to be very slow [3]. On the other hand, non-covalent inhibitors bind to amino acid
resides in the active site of the enzyme through weaker interactions, like hydrogen and
hydrophobic bonds [1-4].

Mechanistic/structural-based NAD analogs CD38 inhibitors

Flavonoids

This class of CD38 inhibitors was developed via modification of the nicotinamide ribose in
the molecule of NAD and NMN [58-59, 66-67]. These inhibitors were designed based on the
knowledge of the mechanisms of catalysis and crystal structure of CD38 and are considered
mechanistic/structural-based inhibitors. These molecules include the carba-NAD and the
ara-NAD analogs [54, 59, 66-67]. Carba-NAD and pseudo carba-NAD are non-covalent
inhibitors of CD38, and have low affinity for the enzyme (Table 2). On the contrary,
arabinose-derivatives are covalent inhibitors of CD38, and their potency is further increased
when the 2-hydroxyl group was replaced by a fluoride (Table 2 and Figure 4). Figure 4
shows the modifications that led to these analogs. Likewise, modification of the
nicotinamide ribose in NMN and NR led to even more potent covalent and non-covalent
inhibitors of CD38 (Figure 4 and Table 2).

The therapeutic potential of these NAD analog inhibitors may be limited due to the
inhibitory effect they may have in several other NAD dependent enzymes, which raises
concerns about their specificity. Thus, these “non-specific” effects may limit their /n vivo
applicability. However, it is possible that in the future some covalent inhibitors may serve as
CD38 modifiers in therapies aimed at ex vivo optimization of immune cells therapy for
cancer [50]. For example, based on recent published data, one could envision that treatment
of ex vivo hybrid Th1/17 cells with these inhibitors could increase their tumor suppressive
effects [50].

Several natural compounds were reported to inhibit the catalytic activity of CD38 [40,
71-76]. These include flavonoids such as apigenin, quercetin, and leteolinidin (Figure 4 and
Table 2). The beneficial effects of flavonoid CD38 inhibitors were reported in animal models
of obesity, heart ischemia, kidney injury, viral infection, and cancer [71-77].
Mechanistically, inhibition of CD38 /n vivo via apigenin leads to an increase in cellular
NAD levels and activation of NAD-dependent enzymes, (e.g.SIRTUINS) [72]. Most
flavonoids are competitive antagonists of CD38 and 4,5-dihydroxyanthraquinone-2-
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carboxylic acid (RHein) is the only uncompetitive inhibitor reported to date (Table 2)
[75-76]. Unfortunately, flavonoids are far from being specific inhibitors of CD38, showing
several “off-target” effects, and also have poor oral pharmacokinetic profile [1,2, 9-13]. On
the other hand, some of these compounds were described as safe for human use, supporting
druggability of CD38.

CD38 inhibitors derived from 4-amino-quinoline

The availability of data from crystallography of CD38, and a better understanding of its
mechanism of catalysis, paved the road for the design of new high affinity and more specific
CD38 inhibitors [78-79]. These small molecule candidates are non-covalent reversible
inhibitors of the enzyme. Two studies using high throughput screening discovered active
compounds with IC50 in the nanomolar range [78-79]. The compounds are heterocycles
derivatives of 4-amino-quinoline [78-79]. The three lead compounds, 78¢ (IC50 7.3 nM), lai
(IC50 46nM), and lah (IC50 115nM), increased NAD levels in muscle and liver of diet-
induced obese mice [78-79]. They have improved pharmacokinetic profile for oral
administration and acceptable specificity, chemical, and biological stability compared to
NAD analogous and flavonoids. Mechanistically, they may interact with other amino acid
residues in the catalytic site, rather than Glu226. For 78c, the most important interaction in
the active site appears to be a hydrophobic interaction of C4 group and Trp176 and the
hydrogen bond between the 2-ketoresidue and the side chain amide of Asp183 [78]. For the
other derivatives, hydrogen bonds between the carboxylate side chain of both Glu146 and
Aspl155 and face-to-face m-t stacking with Trp189 appear to be more important [78-79]. As
previously discussed, mutagenesis studies revealed that these residues are important for the
NADase activity of human CD38, and changes in these residues led to the abolishment of
the glycohydrolase activity and to an increase in the cyclase activity. So, the blockade of the
interaction of endogenous substrates with these residues appears to be the molecular
mechanism of inhibition by these drugs [78-79]. It is possible that these inhibitors may also
have selective inhibitory effects on the CD38 NADase over its cyclase activity. Thus, these
compounds may become powerful tools to understand the importance of the different
catalytic activities of CD38 in a multiplicity of conditions like asthma, cancer, metabolic
syndrome and aging. Because these drugs increase NAD levels in many tissues /n7 vivo, and
our studies show that CD38 is the main NADase regulating NAD levels during aging, these
compounds can also improve and advance “NAD boosting” therapy for aging-related
diseases.

Concluding Remarks

The development of non-cytotoxic anti-CD38 antibodies and small molecules targeting the
NADase enzymatic activity of CD38 may present as an important advancement in therapies
for cancers and age-related diseases, but many important questions remain about CD38
biology and potential therapeutic uses (see outstanding questions). One of these questions
concerns the CD38 “topological paradox” and its role in intercellular NAD homeostasis. Of
particular interest, is there a specific role for CD38 sub-cellular localization on the dynamics
of intracellular NAD compartmentalization? For example, does CD38 regulates
preferentially NAD in specific locations such as the mitochondrial or nuclei? This is a very
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important question that could potentially be approached experimentally by using CD38
constructs targeted for different sub-cellular distributions and the newly developed NAD
biosensors [80-81]. Another important question in the biology of NAD and CD38 is related
with the potential role of the CD38 gene homologous BST-1 in organismal NAD
homeostasis. Finally, from the pharmacological point of view it is necessary to determine the
therapeutic role of CD38/NADase inhibitors and other NAD “boosting” therapies for
diseases of aging and metabolic syndrome. In this regard, a very crucial question is what are
the potential unwanted side effects of CD38 inhibitors? Based on the role of CD38 in the
immune system and behavior these may include impaired immune response to infections and
neurological abnormalities [40, 50-52, 82-83]. These side effects vary between different
types of CD38 inhibitors due to different mechanisms of inhibition, effect on the cyclase vs
NADase activity of CD38, tissue distribution, and pharmacokinetic profiles. For example,
the low blood brain barrier penetrability of antibodies and some small molecule inhibitors
may mitigate the theoretical CNS side effects of CD38 inhibitors. Future pre-clinical and
clinical studies will bring light to the potential transformative role of CD38 inhibitors in
human diseases.
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Glossary
NADase

NAD glycohydrolase

ADP-rybosyl cyclase

cADPR and ADPR

SIRTUINs

NAD precursors

An enzymatic activity that leads to the degradation of NAD
unrespect of the products

The break of the glycosidic bond between nicotinamide
and ribose of NAD. This reaction leads to the degradation
of NAD and formation of the products adenosine
diphosphate-ribose (ADPR) and nicotinamide

A reaction where NAD is converted to its cyclic analog
cyclic-adenosine-diphosphate ribose (CADPR) and
nicotinamide

CADPR and ADPR are second messengers involved in
calcium signaling

NAD-dependent deacetylases involve don the control of
metabolism, healthspan and aging. In mammals there are
seven SIRTUINS (SIRT1-7)

NAD precursors are molecules that can be used by cells
and tissues to make NAD. They include nicotinamide and
vitamin B3 derivatives such as nicotinamide riboside (NR)
and nicotinamide mono nucleotide (NMN)
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Outstanding Questions Box

Is CD38 ecto-NADase activity the main contributor to NAD homeostasis in
Vivo?

How does CD38, a mainly ecto-NADase, regulate the homeostasis of NAD
inside of the cell?

How do the different orientations and subcellular distribution of CD38
contribute to the compartmentalization of NAD homeostasis?

Does a CD38 positive cell regulate the availability of NAD precursors to a
CD38 negative cell /n vivo?

Does BST-1, a protein homologous to CD38, play a role in organismal NAD
homeostasis?

Will NAD-boosting therapies be an effective way to treat or prevent age-
related diseases and metabolic syndrome?

Does the combination of CD38 inhibitors with NAD precursors present an
advantage in NAD boosting therapy for age-related diseases?

What will be the unwanted side effects of inhibiting CD38 NADase activity?
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Highlights
. Changes in NAD metabolism play an important role in the aging process and
the pathogenesis of several diseases.
. “NAD boosting” therapy can promote increases in longevity and healthspan
in animals models of aging, accelerated aging and age-related diseases.
. CD38 is one of the main NAD degrading enzymes in mammalian tissues, and

plays a key role in age-related NAD decline.
. CD38 is a druggable target in the therapy of human cancers.

. Inhibition of CD38 with small molecules or monoclonal antibodies can
decrease NADase activity and promote boosting in cellular NAD.
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Figure 1. (key figure). “NAD boosting therapy” via CD38 inhibition in age-related diseases
A. CD38 breaks NAD into ADPR/cADPR and NAM. The main site of reaction in the NAD

molecule is the terminal ribose, specifically the covalent bond between N1 in nicotinamide
and anomeric carbon of the ribose. CD38 breaks the N-glycosyl bond and the main product
of the reaction are ADPR and nicotinamide with a very small portion of NAD been
converted to cADPR. The figure abbreviations are: ADPR — adenosine ribose cADPR cyclic
adenosine ribose NAM - Nicotinamide NAD - nicotinamide adenosine dinucleotide. B. A
pro-inflammatory phenotype is observed during the aging process (inflammaging
hypothesis). Inflammatory cytokines and endotoxins are potent inducers of CD38
expression, leading to an increase in the tissue NADase activity and a subsequent decline in
cellular NAD levels that may play a role in the development of the aging phenotype,
decrease resilience, metabolic dysfunction, and the appearance of some age-related diseases.
Inhibition of CD38 via small molecule CD38 inhibitors (smCD38i) or non-cytotoxic
monoclonal antibodies that inhibit CD38 activity (CD38i mAB) may prevent cellular NAD
decline and promote healthspan and successful aging.
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Figure 2. CD38 targeted therapy in cancer
CD38 has at least two potential roles in cancer therapy. First, cytotoxic anti-CD38 antibodies

can promote the killing of CD38 positive cancer cells via direct and indirect effects. On the
other hand, CD38 expression in immune cells, cancer cells and other cells in the tumor
micro environment may cause a decrease in tissue NAD levels that has a negative effect in
the immune-response against the tumor. Thus, small molecule CD38 inhibitors (smCD38i),
or monoclonal antibodies that inhibit CD38 activity (CD38imAB) can promote an increase
in tissue NAD levels and a positive anti-tumor immune response.
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Figure 3. The biology of CD38 and topological paradox
Figure 3A demonstrates the regulation of the CD38 gene expression by inflammatory agents

and the link between “inflammaging”, increased CD38 expression, and cellular NAD
decline. CD38 expression is activated by LPS, cytokines, interferon, and LxR ligands such
as 25-hydroxycholesterolcholesterol (25-HC). In particular, cytokines, interferon and
endotoxins have been proposed to play a role on the sterile inflammatory process observed
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during aging. In B the CD38 topologic paradox dictates that although most NAD is
intracellular only a minority of CD38 has its catalytic site facing the inside of the cells.
Thus, the most prevalent form of CD38 (type I1), that has its catalytic site facing the outside
degrades extracellular NAD and NAD precursors, such as NMN, limiting its availability to
NAD synthesis in intracellular pools. A secretory soluble form of CD38 with extracellular
NADase activity has also been described (esCD38). On the other hand, the type Il
transmembrane form of CD38 has its catalytic site facing the inside, hence having
accessibility to the larger intracellular NAD pools. Minor expression of CD38 has also been
described in intracellular membranes such as the nuclear membrane and mitochondrial
membrane. The expression of intracellular CD38 may be limited to prevent cellular NAD
degradation and cellular metabolic collapse.
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Figure 4. The chemical structure of the different classes of smCD38i
The overall mechanism of action is the inhibition of NAD breakdown. To date no inhibitors

can selectively block the glycohydrolase vsthe cyclase activity of CD38. NAD analogs can
be considered covalent and non-covalent inhibitors. Ara-NAD analogs are covalent

competitive inhibitors. Carba-analogs are non-covalent competitive inhibitors. Most
flavonoids and small molecule inhibitors of CD38 are non-covalent competitive inhibitors.
RHein is the only uncompetitive inhibitor in the flavonoid class.
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Table 1
Conditions where cellular NAD decline or the beneficial effects of NAD *“boosting”
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therapy have been described

Conditions Reference
Aging, longevity, healthspan and progeroid syndromes 5-14, 16
Cataract, genetic macular degeneration 14,15
Hearing loss 16, 17
Obesity and diabetes 8, 18-20
Non-alcoholic and Alcoholic fat liver disease 19, 21-23
Kidney and Heart disease 24,27
Neurodegeneration-related disease and stroke 28,29
Muscular dystrophy and muscular mitochondrial disease 30, 31
Fetal malformation (Vactrel syndrome) 32
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