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SUMMARY

In mammals, nicotinamide (NAM) is the primary NAD precursor available in circu-
lation, a signaling molecule, and a precursor for methyl-nicotinamide (M-NAM)
synthesis. However, our knowledge about how the body regulates tissue NAM
levels is still limited. Here we demonstrate that dietary vitamin B; partially regu-
lates plasma NAM and NAM-derived metabolites, but not their tissue levels. We
found that NAD de novo synthesis from tryptophan contributes to plasma and tis-
sue NAM, likely by providing substrates for NAD-degrading enzymes. We also
demonstrate that tissue NAM is mainly generated by endogenous metabolism
and that the NADase CD38 is the main enzyme that produces tissue NAM. Tis-
sue-specific CD38-floxed mice revealed that CD38 activity on endothelial and im-
mune cells is the major contributor to tissue steady-state levels of NAM in tissues
like spleen and heart. Our findings uncover the presence of different pools of
NAM in the body and a central role for CD38 in regulating tissue NAM levels.

INTRODUCTION

The discovery that NAD levels decline during aging and its association with many aging-related diseases
(Camacho-Pereira et al., 2016; Chini et al., 2020; Covarrubias et al., 2020; dePicciotto et al., 2016; Gomes
et al., 2013; Scheibye-Knudsen et al., 2014; Tarrago et al., 2018; Williams et al., 2017; Yoshino et al.,
2011) raised interest to develop NAD-replacement therapies for human diseases (Chini et al., 2021; Raden-
kovicet al., 2020). Nonetheless, many aspects of the NAD precursors biochemistry are still obscure, limiting
our capacity to design effective approaches for NAD precursors supplementation. Therefore, it is funda-
mental to understand the sources of NAD precursors, their transport, and metabolism within the body,
including the involved cell types.

NAD-degrading enzymes like Poly (ADP-ribose) polymerases (PARPs), the protein deacetylases Sirtuins,
and the ADP-ribose hydrolases such as CD38 degrade NAD molecules for signaling purposes (Katsyuba
et al., 2020). Although PARPs are more active in specific contexts such as DNA damage (Brown et al.,
2021; Cameron et al., 2019), sirtuins participate in stress responses (Kosciuk et al., 2019; Mao et al,,
2011; Yang et al., 2016), and CD38 expression and activity increases in inflammatory conditions (Chini
et al., 2020; Covarrubias et al., 2020; Piedra-Quintero et al., 2020). Although PARP1/2 and Sirtuins1/2 -ac-
count for most NAD-degrading activity in cultured cells under basal conditions (Liu et al., 2018), CD38 is the
main NAD-degrading enzyme that regulates tissue NAD levels in physiological conditions in vivo (Aksoy
et al., 2006). Therefore, organisms must constantly counterbalance NAD consumption with NAD synthesis
to maintain NAD homeostasis.

A common product of these NADases is nicotinamide (NAM). In mammals, the NAD salvage pathway, in
which the enzyme nicotinamide-phosphoribosyltransferase (NAMPT) is the rate-limiting step, recycles
NAM generated by NAD breakdown or taken up from the circulation for NAD synthesis (Liu et al., 2018;
Revollo et al., 2004; Rongvaux et al., 2002). NAD synthesis can also take place through the de novo pathway
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Figure 1. Dietary precursors regulate plasma levels, but not tissue levels of NAM

(A-C) 3-5-month-old male mice were fed a control diet (CD) and a NAM-free diet for 21 days (n = 5 mice/group). (A) Plasma metabolites on days 8, 15, and 21.
(B) Urine metabolites on day 15. (C) Tissues metabolites on day 21.

(D and E) 3-month-old hACMSD mice were fed a NAM-free diet in the presence of doxycycline (to induce hACMSD expression) for 3 and 13 weeks (n = 4-6
mice/group). (D) Levels of tissue metabolites relative to control diet (NMN was not detected in the spleen and NR was not detected in the liver and WAT). (E)
NAM levels on the plasma.

(F) Expression of Parp1, Sirt1, and Cd38by qPCR in tissues. Tissue abbreviations used in all figures are jejunum (JEJ), spleen (SPL), liver (LIV), white adipose
tissue (WAT), lung (LUN), heart (HT), kidney (KID), skeletal muscle (MUS), and brain (BRA).

Error bars represent mean + SD and asterisks indicate significant differences between control diet and NAM-free diet (t-test). In all figures: *, p < 0,05; **,
p < 0.01; ***, p < 0.001. See also Figure S1.

nicotinamide mononucleotide (NMN) or nicotinamide riboside (NR) (Katsyuba et al., 2020). Although the
body can use multiple precursors for NAD synthesis, NAM resulting from NAD breakdown in the liver —
mainly coming from tryptophan — appears to be the primary circulating NAD precursor for most tissues
(Liu et al., 2018). Thus, NAM is both a critical NAD precursor and a product of NAD degradation.

The roles of NAM appear to go beyond NAD synthesis. For instance, studies have proposed that NAM can
inhibit sirtuins and PARPs in vitro (Bitterman et al., 2002; Dominguez-Gomez et al., 2015; Ungerstedt et al.,
2003), in vivo (Green et al., 2008; Hathorn et al., 2011; Turunc Bayrakdar et al., 2014) and that it may possess
anti-inflammatory activity (Hiromatsu et al., 1992, 1993; Kumakura et al., 2021; Ungerstedt et al., 2003).
Recently, NAM has been recognized as a kinase inhibitor for p38 MAPK, Rho-associated protein kinase
(ROCK), casein kinases (CK1), and others, regulating stem cell differentiation and survival (Meng et al.,
2018, 2021). In addition, NAM is also a precursor for methyl-NAM (M-NAM) synthesis, a metabolite with
immunomodulatory (Kilgour et al., 2021), vasoprotective (Bar et al., 2017), antithrombotic (Mogielnicki
et al., 2007), and metabolic functions (Chen et al., 2021; Miwa, 2021; Takeuchi et al., 2018; Zhang et al.,
2020). Therefore, NAM is not only a precursor for biologically active metabolites, but it also may directly
act as a signaling molecule.

Here we explored currently underappreciated aspects of the NAM metabolism, identifying different pools of
NAM in the body under physiological conditions. We demonstrate that although the diet regulates plasma
levels of NAM, CD38 activity on endothelial and immune cells controls tissue levels of NAM in vivo. Our
data indicate that NAM metabolism is complex and comprises the interplay between diet and tissue
compartments.

RESULTS
Dietary precursors regulate plasma levels, but not tissue levels of NAM

To address whether dietary NAD precursors regulate NAM levels or other NAD precursors in the body, we
measured the levels of NAM, NAM-derived metabolites (M-NAM, pyridones N-methyl-2-pyridone-5-
carboxamide (2-PY), and N-methyl-4-pyridone-3-carboxamide (4-PY)), NMN, and NR in plasma, urine, and tissues
of mice fed a diet free of NAM (and other NAD precursors such as NMN and NR, or nicotinic acid) for 21 days. We
observed that the levels of NAM and the NAM-derived metabolites M-NAM, 2-PY, and 4-PY were 55-67% lower
in the plasma and 43-52% lower in the urine from mice fed a NAM-free diet compared to those fed a control diet
from day 15 on (Figures 1A and 1B). However, tissue levels of NAM were similar in both diet groups after 21 days
on diet (Figure 1C), except for the lung (with NAM and M-NAM levels that were on average 35 and 48% lower,
respectively) and the spleen (with M-NAM levels on average 46% lower) in mice fed a NAM-free diet compared to
those on control diet. In contrast, NAD levels were stable in all tissues (Figure 1C).

An endogenous source of tissue NAM that could be compensating for a lack of dietary NAM is the NAD
synthetic pathway from tryptophan. To investigate this possibility, we used a transgenic mouse model in
which the human enzyme a-amino-B-carboxy-muconate-semialdehyde decarboxylase (hACMSD) is
controlled by a tetracycline-inducible promoter (Palzer et al., 2018). Doxycycline (Dox)-induced overex-
pression of hRACMSD in these mice converts the intermediate tryptophan metabolite ACMS into aminomu-
conic semialdehyde instead of quinolinic acid. It thereby removes this intermediate from the NAD de novo
synthesis pathway (Palzer et al., 2018). In this model, hACMSD expression is only induced in tissues that
naturally express this enzyme, such as the liver and kidney (Pucci et al., 2007) (Figure STA), which are
also the tissues that mostly perform NAD'de novo synthesis (Liu et al., 2018). Thus, hACMSD
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overexpression significantly impairs NAD synthesis from tryptophan, and we investigated if this was suffi-
cient to cause a NAM-deficient state when combined with a NAM-free diet (Palzer et al., 2018).

We harvested tissues from hACMSD overexpressing mice that had been fed either a NAM-free or control
diet for 3weeks (21 days) and 13 weeks and measured NAD-related metabolite levels (Figure 1D). Of inter-
est, in a tissue that perform NAD de novo synthesis —liver (Liu et al., 2018) = NAM levels decreased only after
mice were fed a NAM-free diet for a long period (13 weeks), but not in the short-term (3 weeks). (Figure 1D).
However, levels of these metabolites in white adipose tissue (WAT) - a tissue with low expression levels of
de novo pathway genes (Figure 3A) — were similar in both groups even after 13 weeks of diet (Figure 1D).
Analyzing plasma, we observed a decrease in NAM, M-NAM, NR, 2PY, and 4PY in NAM-free diet-fed mice
(Figures 1E and S1B). In addition, hAACMSD induction alone did not promote any changes in tissue NAM
(Figure S1C), reinforcing that both a reduction in the NAD™ de novo synthesis and a NAM-free diet are
required to decrease tissue NAM levels in mice. Thus, NAD synthesis from tryptophan seems to play a
role in plasma and have limited effect in tissue NAM pools.

Of interest, ADP-ribose (ADPR) levels, a product of NADases, decreased in the liver and especially in the
spleen of ACMSD-overexpressing mice fed a NAM-free diet compared to the control diet (Figure 1D). This
result suggests that NAD-degrading enzymes may contribute to NAM levels in these tissues. To investigate
this possibility, we analyzed tissue expression of Parp1, Sirt1, and Cd38-the main NADases in the body. In
spleen, we found that at 13 weeks Cd38, but not Parp 1 and SirtT expression, was reduced by about 60% in
hACMSD-overexpressing mice fed a NAM-free diet relative to control diet (Figure 1F), and this occurs while
changes in ADPR and NAM were observed in this tissue. However, the expression of these genes was com-
parable inthe liver and fat on either diet (Figure 1F). This may explain why NAM levels were more affected in
the spleen compared to the liver and WAT.

Overall, these results indicate that dietary NAM regulates plasma levels of NAM, whereas other mecha-
nisms involving the NAD de novo synthesis pathway from tryptophan in combination with a NAM-free
diet and the NAD degradation pathway seem to maintain tissue levels of this metabolite. However, it ap-
pears that, at least in the case of the spleen, the effect could be mediated by changes in CD38 because
both NAM and ADPR decreased. Therefore, next we explored the potential role of endogenous tissue
metabolism as a source of tissue NAM.

The steady-state levels of NAM correlate with NAM exchange flux and NAD salvage pathway
flux in multiple tissues

In tissues, a combination of three different mechanisms may regulate the steady-state levels of NAM: NAM
production by NAD-degrading enzymes, its recycling flux through the salvage pathway, and its uptake from
plasma. To address possible contributions of these different pathways to NAM steady-state levels, we
made a set of observational analysis to find correlations between NAM levels and NAM fluxes through
the NAD salvage pathway or NAM exchange (between tissues and plasma) in different tissues. For this,
we plotted NAM concentrations measured in C57BL/6 mouse tissues against NAM fluxes through salvage
and exchange pathways using data provided elsewhere (Liu et al., 2018) (Figure 2). Overall, we found no
correlation between NAM levels and NAM fluxes through the salvage pathway (NAM recycling flux) (Fig-
ure 2A) and the NAM exchange flux (Figure 2B). However, NAM levels correlate with NAM fluxes through
the salvage pathway and exchange pathway in a particular subset of tissues (muscle, brain, heart, spleen,
and intestine), with r° values of 0.83 (p = 0.0302) and 0.86 (p = 0.0233), respectively. Of interest, the tissues
that do not fit the correlation (liver, fat, lung, and kidney) have the highest expression of NAM excretion
pathway genes compared to other tissues (Figure 3A), suggesting that flux through M-NAM and
N-oxide formation may influence the steady-state levels of NAM in these tissues.

CD38 activity highly correlates with NAM flux through the salvage pathway in different
tissues

To investigate how tissues regulate their steady-state levels of NAM, we did an observational analysis of gene
expression related to the NAD metabolome in different tissues. Because NAD half-life seems to mainly reflect
the activity of NAD consumers in different tissues (Liu et al., 2018; McReynolds et al., 2021), and because flux
through different pathways may also influence the steady-state levels of NAM, we quantified mRNA expression
of genes of the NAD degradation (Cd38, Parp1, Sirt1, Sarm1), salvage (Nampt, Nmnat1-3, Naprt, Nrk), excretion
(Nnmt, Aox1, Aox3, CypZ2el), de novo synthesis (Ido7, Ido2, Kynu, Haao, Qprt), and repair (Apoalpb, Carkd)

4 iScience 25, 105431, November 18, 2022
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Figure 2. The steady-state levels of NAM correlate with NAM fluxes in some tissues
(A and B) NAM levels data measured in 3-5 months-old C57BL/6 male mice tissues (average of n = 4) against NAM fluxes
through salvage and exchange pathways using data previously published (Liu et al., 2018). See also Table S2.

pathways. We used the expression levels of the housekeeping gene Thp as a reference, because its expression
had low variation among the different tissues tested (Figures S2A and S2B). To search for obvious correlations in
this screening, we arranged the mRNA data from different tissues in order of NAD half-life, according to Liu et al.
(2018). Note that we excluded skeletal muscle data specifically from the correlation analysis with NAD half-life
(Figure 3C) because this tissue behaved as an outlier due to its very long NAD half-life. As shown in Figure 3A,
Cd38 expression seem to inversely correlate with NAD half-life, indicating that this gene may be the primary
driver for NAD turnover in tissues. Moreover, although Nampt expression appeared to correlate positively
with NAD half-life (Figure 3A), further analysis revealed no correlation (Figure S3A). We confirmed a high corre-
lation of Cd38 expression and NADase activity (° of 0.79, p = 0.0013, Figures 3B and $3B) and NAD half-life (r of
0.69, p = 0.0103 Figure 3C) in different tissues. However, NAD™ levels poorly correlate with NADase activity (Fig-
ure 3D), indicating that other factors may contribute to the steady-state levels of NAD" in tissues.

To determine whether CD38 activity contributes to NAM steady-state levels, we plotted NAM concentra-
tion against NADase activity in different tissues (Figure 3E). Consistent with the data in Figure 2, NAM levels
correlate well with NADase activity only if we exclude those tissues that highly express the NAM excretion
pathway (P of0.75, p =0.0557, Figures 3E, S2C, and S2D). Also, NADase activity only moderately correlates
with NAM exchange flux ( of 0.54, p = 0.0240 Figure 3F) but strongly correlates with NAM recycling flux
through the NAD salvage pathway (% of 0.89, p = 0.0001 Figure 3G).

Overall, these data suggest that CD38 activity contributes to the NAD turnover in different tissues in young
mice, promoting constitutive NAD breakdown, presumably counteracted by NAM flux through the salvage
pathway. Also, CD38 expression and activity seem to correlate with the steady-state levels of NAM in most
of the tissues under physiological conditions.

CD38 regulates tissue levels of NAM, but not plasma levels

As aforementioned, the expression and activity of the NADase CD38 correlate with tissue NAM levels. To
confirm the relationship between CD38 and tissue NAM, we measured the concentrations of NAM and
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Figure 3. Continued

(B-G) NADase activity measured in tissues of 3 months-old male WT mice was plotted against: (B) Cd38 mRNA expression, (C) NAD half-life (data from Liu
etal., 2018), (D) NAD" levels, (E) NAM levels, (F) NAM exchange flux (data from Liu et al., 2018), and (G) NAM recycling flux (data from Liu et al., 2018) (average
of n=4).

See also Figures S2, S3, and Table S2.

NAM-derived metabolites (M-NAM, 2-PY, 4-PY) in tissues, plasma, and urine of young wild type (WT) and
CD38-KO mice. Our previous work on CD38-KO mice found low NADase activity and increased NAD™
levels in all tested tissues compared to WT mice (Aksoy et al., 2006; Chini et al., 2002). Surprisingly,
CD38-KO mice contained 3-25 times (average 13 times) less NAM in different tissues than WT mice (Fig-
ure 4A), although plasma levels of NAM were similar (Figure 4B). In addition, urine from CD38-KO revealed
around two times less NAM (Figure 4C). This difference may reflect the lower levels of NAM in the kidney
(Figure 4A) or represent how the body regulates plasma NAM. Remarkably, levels of M-NAM, a NAM-
derived metabolite, were comparable between WT and CD38-KO mice (Figure 4A), indicating that the
NAM used for M-NAM synthesis comes from a CD38-independent source within the tissues. As a control
for our M-NAM measurements, we measured M-NAM levels in WT and KO mice for the enzyme nicotin-
amide-N-methyl-transferase (NNMT) (Brachs et al., 2019). NNMT uses NAM and the universal methyl donor
S-adenosyl-methionine (SAM) as substrates for M-NAM synthesis (Alston and Abeles, 1988; Scheller et al.,
1996). In contrast to CD38-KO mice, we did not detect M-NAM in NNMT-KO mice (Figure S4A). Moreover,
levels of M-NAM and derived metabolites (2-PY and 4-PY) were similar in tissues, plasma, and urine from
WT and CD38-KO mice (Figures 4A-4C and S4B).

We also measured the expression of several genes involved in the NAD metabolome in WT and CD38-KO
mice. For most of these genes, we did not detect significant differences between WT and CD38-KO mice
(Figure S4C). A few exceptions were some enzymes on the salvage pathway being decreased in a few tis-
sues and some enzymes on the NAM excretion pathway showing an increase in some tissues of the CD38-
KO mice. In conclusion, CD38 appears to regulate NAM in tissues without major alterations in gene expres-
sion of NAD metabolism.

We also observed that NAM levels, but not M-NAM, were lower in mice expressing the catalytically inactive
form of CD38 (CD38-Cl, Figure 4D). Our previous characterization of the CD38-Cl mouse model found no
NADase activity and increased tissue NAD" levels (Tarrago et al., 2018). Hence, our present results in CD38-
Cl mice confirm that CD38 regulates tissue NAM through its enzymatic activity.

Because genetic models may be limited due to possible compensatory mechanisms adopted by the organ-
ism, we tested whether acute CD38 inhibition could decrease tissue NAM. For that, we injected mice (i.p.)
with a neutralizing antibody against CD38 (Abé68) that inhibits its catalytic activity (Chini et al., 2020) and/or
administered NMN, a CD38 substrate (Camacho-Pereira et al., 2016; Chini et al., 2020). In line with genetic
models, treatment with Ab68 decreased NAM levels in different tissues (Figure 4E). NMN administration
alone increased NAM levels in most tissues, and Abé8 treatment consistently reduced tissue NAM even
in the presence of NMN (Figure 4E). These data reinforce that CD38 is the main NMNase in tissues and
demonstrate that NMN is a CD38 substrate to generate NAM. Although tissue M-NAM levels increased
with NMN treatment, CD38 inhibition did not influence M-NAM levels even in NMN-treated mice (Fig-
ure 4F). This evidence emphasizes that M-NAM synthesis occurs in a tissue compartment that generates
or takes NAM up independent of CD38.

An unsolved question in the literature is the identity of the main liver NADase that produces NAM and al-
lows its redistribution to other tissues within the body through the circulation (Liu et al., 2018). If CD38 is the
main NADase involved in this process, we would expect that CD38-depleted mice fed a NAM-free diet
would suffer from NAM deficiency in the plasma and show lower NAD levels systemically. To investigate
this possibility, we fed CD38-Cl mice a NAM-free diet for 21 days, similarly to Figure 1A, and measured
metabolite levels in different tissues and plasma. Our results showed that the plasma and tissue NAD me-
tabolome of CD38-Cl mice is comparable during NAM-free or control diet (Figures S5A and S5B), further
confirming that CD38 regulates tissue, but not plasma NAM.

Because NAM is a product of CD38-dependent NAD degradation, we investigated if CD38 inhibition

induced a switch in the abundance of free versus bound forms of NAM in tissues. To address this, we
calculated the total tissue NAM fractions as the sum of the free NAM amounts with the amounts of known
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Figure 4. Tissue levels of NAM are lower in the absence of CD38 activity

(A-C) Levels of NAM and NAM-derived metabolites (M-NAM, 2-PY, 4-PY) in: (A) tissues, (B) plasma, and (C) urine of 3-5-month-old male WT and CD38-KO
mice (n = 4).

(D) NAM and M-NAM levels in tissues from 3-5-month-old male WT and CD38-Cl| mice (n = 5-8 mice/group).

(E and F) 3-month-old male WT mice were injected i.p. with vehicle (Ctrl, NMN groups), 5 mg/kg Ab68 (Ab68, Ab68 + NMN groups), with and without
500 mg/kg NMN. Tissue NAM and M-NAM levels expressed relative to control (Ctrl) (n = 5 mice per group).

(G) Total levels of NAM in all NAM-containing metabolites in tissues of 3-5-month-old WT and CD38-KO mice (n = 4).

(H) Fraction of NAM-containing metabolites compared to the sum of all NAM-containing metabolites.

Error bars represent mean + SD and asterisks indicate significant differences (B-D, and G, t-test; E and F, one-way ANOVA, and Dunnett’s post-test). See
also Figure S4.

NAM-containing intermediates: NAD, NMN, NR, and M-NAM. As shown in Figure 4G, the total NAM frac-
tions were similar in WT and CD38-KO mice, except for WAT. Subsequently, we calculated how much of the
total NAM fraction corresponded to the amounts of each metabolite in WT and CD38-KO tissues (except
WAT). From all metabolites, free NAM and NAD-bound NAM represented the most abundant forms of tis-
sue NAM, whereas NMN, M-NAM, and NR represented only a tiny fraction of the total tissue NAM forms
(Figure 4H). We also detected a shift from free NAM to NAD-bound NAM abundance in CD38-KO tissues
compared to WT (Figure 4H). Of interest, this shift in the NAD-bound NAM fraction was less prominent in
tissues with lower CD38 expression (Figure 4H), reinforcing that CD38 is the main NADase regulating NAD
and NAM tissue levels. In addition, it appears that CD38 regulates the ratio of the free versus incorporated
NAM in tissues.

Other NAD-degrading enzymes do not regulate tissue NAM levels

We next examined whether other NADases contribute to the regulation of tissue NAM (Figure 5A).
Measuring NAM levels in tissues of Sarm1-KO, Parp1-KO, Sirt1-KO and CD38-KO mice, we found reduced
NAM levels only in CD38-KO mice, whereas those of WT, Parp1-KO, Sarm1-KO, and Sirt1-KO mice were
similar (Figures 5A and S5C). Consistent with this finding, i.p. injections of olaparib, a Parp-1 and -2 inhibitor
(Menear et al., 2008), did not significantly decrease tissue NAM in mice, whereas Abé8 treatment promoted
a quick drop in tissue NAM, which was already evident 2 h after injection (Figure 5B). Thus, our data suggest
that CD38, but not other NADases, regulates tissue NAM levels.

CD38 in endothelial and immune cells is the primary source of NAM in tissues

We next aimed to determine which cell types within the tissues generate NAM. CD38 expression is widely
reported for immune and endothelial cells (Boslett et al., 2018; Chini et al., 2019, 2020; Covarrubias et al.,
2020; Matalonga et al., 2017; Piedra-Quintero et al., 2020). Thus, we generated hematopoietic and endo-
thelial cell-specific CD38-deficient mouse lines, namely CD38 Flox/Vav1-iCre and CD38 Flox/Tek-Cre. We
bred CD38-floxed mice with two commercially available Cre recombinase lines: iCre mice, with improved
Cre recombinase expression under control of the vavl oncogene promoter to target deletion of loxP-
flanked genes in hematopoietic cells (deBoer et al., 2003; Ogilvy et al., 1999; Shimshek et al., 2002), and
TIE2Cre mice, with Cre-recombinase under the control of the receptor tyrosine kinase Tek promoter to
target endothelial and hematopoietic cells (Koni et al., 2001) (Figure 6A). The CD38 Flox/Vav1-iCre line
serves both to address the participation of immune cells in NAM generation and, by exclusion, to discrim-
inate the participation of endothelial cells from immune cells in CD38 Flox/Tek-Cre mice.

To characterize these new mouse models, we examined CD38 protein expression in tissues of CD38 Flox/
Vav1-iCre and CD38 Flox/Tek-Cre mice by immunoblots (Figures 6B, S6A, and S6B). Within spleen, a tissue
mainly constituted by immune cells, we virtually detected no CD38 in both lines, whereas in liver and heart
CD38 expression was lower only in CD38 Flox/Tek-Cre samples (Figure 6B). This finding indicates that
CD38 is mostly derived from immune cells in spleen, and endothelial cells in liver and heart. Of interest,
in the intestine (jejunum), we only saw a minor decrease in CD38 levels in both mouse models (Figure S6A),
indicating that most CD38 is present in other cell types. We also analyzed CD38 distribution in heart and
spleen by imaging and flow cytometry (Figures 6C, S6C, and S6D). Both techniques confirmed the presence
of CD38 in endothelial cells from the CD38 Flox/Vav1-iCre mice but not from CD38 Flox/Tek-Cre mice. We
also corroborated CD38 deficiency in spleen, and its presence in the jejunum, in both mouse models by
immunostaining (Figures 6C and SéD).

We measured NAM and NAD™ in different tissues from CD38 Flox/Vav1-iCre and CD38 Flox/Tek-Cre mice
(Figures 6D and S6E). Except for the intestine and brain, CD38 deficiency of endothelial and immune cells
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Figure 5. CD38, but not of other NAD degrading enzymes, regulates tissue NAM levels

(A) NAM levels in 3-5-month-old male WT, PARP-KO, SARM1-KO, and CD38-KO mice (n = 3-5 mice/group). Values in KO
mice were calculated relative to their respective control WT mice.

(B) NAD™ and NAM levels in 3-month-old WT male mice injected i.p. with 5 mg/kg Ab68 or Olaparib. Values were
calculated relative to 0 h (n = 4 mice/time point).

Error bars represent mean + SD, asterisks indicate significant differences using one-way ANOVA and Dunnett's post-test
(A) or two-way ANOVA and Sidak’s post-test (B).

See also Figure S5.

(CD38 Flox/Tek-Cre) resulted in remarkably low tissue NAM levels, concomitant with a decrease in NADase
activity (Figure 6D). On the other hand, mice depleted of CD38 in immune cells (CD38 Flox/Vav1-iCre)
showed low NAM levels and NADase activity only in spleen, but not in the other tissues (Figure 6D), making
it likely that immune cells are the main contributors to tissue NAM within the spleen. However, the involve-
ment of splenic endothelial cells cannot be entirely excluded. Therefore, in young mice, under non-inflam-
matory conditions, endothelial cells appear to be the primary source of NAM in most tissues. These data
are surprising because it has been assumed that the main source of CD38 enzymatic activity in vivo is the
immune cells. However, our data provide clear evidence that endothelial cells are a significant source of
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Figure 6. CD38 in endothelial cells is the main source of NAM in tissues

(A) Schematic representation of the generation of CD38 Flox/Vav1-iCre and CD38 Flox/Tek-Cre mouse models.

(B) Immunoblots of CD38 in 3-5-month-old CD38 Flox, CD38 Flox/Vav1-iCre, CD38 Flox/Tek-Cre, and CD38-KO male mice.

(C) Immunostaining of CD38, CD31, and CD45 in spleen and heart.

(D) NAM levels and NADase activity in CD38 Flox, CD38 Flox/Vav1-iCre, and CD38 Flox/Tek-Cre (n = 4 mice/group). Data are expressed relative to the
control CD38 Flox mice for each tissue.

Error bars represent mean + SD and asterisks indicate significant differences using one-way ANOVA and Dunnett's post-test. See also Figure Sé.

CD38 NADase activity and key regulators of tissue NAM levels in young healthy mice. It does not exclude a
possible role of CD38" immune cells as important generators of NAM during aging or inflammation.

CD38 from immune cells also contributes to NAM generation

To confirm the contribution of immune cells to NAM generation, we transplanted bone marrow from WT and
CD38-KO mice into irradiated CD38-KO mice (WT > KO and KO > KO, respectively). Afterward, we measured
NAM levels in organs with high immune cell infiltration under physiological conditions, such as spleen and
jejunum, and in organs with naturally low immune cell infiltration, such as heart, WAT, and liver. Bone marrow
transplants from WT into CD38-KO mice resulted in an almost complete recovery of NAM levels in spleen, rela-
tive to WT, consistently with an increase of splenic NADase activity (Figure 7A). Jejunum showed a 55% recov-
ery in NAM levels and a 21% recovery of NADase activity after transplant. The prominent recovery of NAM
levels in these organs may be a result of a reminiscent inflammation and cellular senescence caused by the
irradiation (necessary for the depletion of bone marrow cells in the recipient mice). Moreover, NAM levels
and NADase activity recovered only slightly in other organs, agreeing with low immune cells infiltration in
these tissues in young mice (Figure 7A). As expected, CD38-KO mice transplanted with CD38-KO bone
marrow maintained low tissue NAM levels (Figure 7A). This reinforces that immune cell are the primary
NAM generator in spleen and seem to contribute only marginally to NAM levels in other tissues.

To investigate which cell types within spleen, produce NAM, we treated mice with cytotoxic antibodies for
48 h to deplete cytotoxic T cells (CD8), T-helper cells (CD4"), and B cells (CD20"), successfully depleting
these lymphocyte populations from spleen (Figure S7). CD4" cell depletion resulted in a slight decrease of
NAM levels in the spleen (22%), whereas depletion of CD8" and CD20" cells resulted in a 68 and 74% reduc-
tion, respectively (Figure 7B). Thus, the main cell types generating NAM in the spleen appear to be B and
CD8T cells. Single cell RNA-sequencing analysis from the spleen of 3-month-old mice, using data pro-
vided in The Tabula Muris Consortium (Tabula Muris, 2020), shows a considerable proportion of B cells
in the spleen expressing CD38 at high levels compared to other cell clusters in this organ (Figures 7C~
7F). Nonetheless, only a small proportion of CD4* and CD8™ cells express CD38, at low levels, compared
to the other cell clusters identified (Figures 7C-7F). So, other NAD-degrading enzymes may account for
NAM generation in splenic CD8" cells. Therefore, our data supports the notion that the main source of
CD38 mediated NAM production in the spleen are the B cells. The role of B cells in tissue nicotinamide
metabolism deserves further investigation.

DISCUSSION

Despite the importance of NAM as a fundamental NAD precursor (Liu et al., 2018), a substrate for M-NAM
synthesis (Alston and Abeles, 1988; Scheller et al., 1996), and a signaling molecule (Hiromatsu et al., 1992,
1993; Meng et al., 2021; Papaccio et al., 1999; Ungerstedt et al., 2003), it is not well understood how the
body controls the levels of NAM. Our study uncovers three different pools of NAM in mice: (1) The circu-
lating pool, which mainly comes from NAD synthesis from tryptophan and from the diet; (2) the CD38-
dependenttissue NAM pool; and (3) the CD38-independent tissue NAM used for M-NAM synthesis. Impor-
tantly, we reveal a significant role of endothelial CD38 in maintaining NAM levels in most tissues, whereas
immune cells contribute to NAM generation in the spleen, at least partially via CD38, under physiological
conditions.

Recent findings surprisingly demonstrate that NAD turnover is high, with NAD half-life ranging from 15 min
to 15 h depending on the tissue (Liu et al., 2018). However, the molecular mechanism responsible for this
fast NAD turnover remains unknown. Because NAD levels seem to decline with aging as a result of
increased CD38-dependent NAD consumption (Camacho-Pereira et al., 2016; Chini et al., 2020; Covarru-
bias et al., 2020; Tarrago et al., 2018) without concomitant flux compensation through the salvage pathway
(McReynolds et al.,, 2021), we investigated if CD38 contributes to the NAM fluxes under physiological
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Figure 7. CD38 from immune cells contributes to NAM generation

(A) Sublethally irradiated 3-5-month-old male CD38 KO mice were subjected to bone marrow transplantation (BMT) with 1 X 10° bone marrow cells (BMCs)
per animal from either WT (WT > KO) or CD38 KO donors (KO > KO). Twelve weeks after transplantation, tissues were harvested, and NAM levels and CD38
activity were measured. Graphs show data relative to WT mice (n = 4 mice per group in the BMT and n = 5-23 for WT control mice).

(B) 3-5-month-old male WT mice were treated with anti-CD4, CD8, and CD20 cytotoxic antibodies. Levels of NAM were measured in the spleen (n = 4).
(C-F) Single cell analysis of RNA-seq data for the spleen of 3 months-old C57BL/é mice (data from Tabula Muris Consortium). (C) UMAP projections of RNA-
seq data. (D) CD38 gene expression on UMAP projection. (E) Violin plot showing CD38 expression across different cell clusters. Expression value is shown as
log normalized counts. (F) Dot plot showing CD38 expression across the cell clusters.

Error bars represent mean + SD and asterisks indicate significant differences using one-way ANOVA and Dunnett's post-test (A, compared to WT mice; B,
compared to IgG control) or Sidak’s post-test (C). See also Figure S7.
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conditions. Our results indicate that the NAD synthesis through the salvage pathway mainly counterbal-
ances CD38 activity in young mice, explaining the high correlation between CD38 activity and NAM recy-
cling flux. As previously proposed, these findings validate CD38 as the main NADase in tissues (Aksoy et al.,
2006; Chini et al., 2020) and indicate that CD38 may be the primary contributor to the fast tissue NAD turn-
over under physiological conditions.

Although rodents are resistant to diet-induced pellagra (Fukuwatari et al., 2008; Palzer et al., 2018; Terakata
et al.,, 2013), we demonstrate that dietary vitamin B3 deficiency affects plasma and urine levels of NAM and
NAM-derived metabolites in mice. However, this decline of circulating NAM has no direct effect on the tis-
sue NAD metabolome, including tissue NAM levels. This fact probably reflects the robustness by which the
body performs NAD synthesis from tryptophan, as suggested by previous studies (Fukuwatari et al., 2008;
Palzeretal., 2018; Terakata et al., 2013), and recycles NAM through the salvage pathway. Accordingly, only
under conditions of a long-term NAM-free diet together with an impairment of the NAD de novo synthesis
pathway (by overexpressing the hACMSD enzyme in mice), NAM levels decreased in some tissues. How-
ever, the molecular mechanism regulating the remaining plasma NAM (in mice fed a NAM-free diet) is still
unclear, but it does not seem to require CD38.

Thus, although mice lacking CD38 activity have much less tissue NAM, only its free (unconjugated form) levels
decrease. So, upon CD38 inhibition, NAM molecules remain in tissues primarily incorporated as NAD mole-
cules moieties. This observation agrees with the role of CD38 as a regulator of NAD levels in the body (Aksoy
et al., 2006; Camacho-Pereira et al., 2016; Chini et al., 2020). However, because the fraction of free (unconju-
gated NAM) is the precursor for M-NAM synthesis, it is unclear why M-NAM levels in tissues, plasma, and urine
do not change upon CD38 inhibition. A potential explanation could be that different compartments exist
within the tissues: a compartment where CD38 produces most tissue NAM and specific compartment(s) where
M-NAM synthesis takes place using NAM that is not generated by CD38. Another possible explanation for the
fact that the CD38 blockage does not affect M-NAM levels is that the amount of tissue NAM, although much
lower in the absence of CD38, could still be sufficient to supply substrate for M-NAM synthesis. Indeed, tissue
levels of M-NAM are on average 50 times lower than those of NAM, suggesting a low requirement for M-NAM
synthesis. In addition, murine Nampt has a much higher affinity for NAM (Ky = 0.92 uM) (Revollo et al., 2004)
than Nnmt (K = 370 uM) (Scheller et al., 1996), which could explain the low tissue levels of M-NAM. Therefore,
it is unlikely that a drop in NAM levels would not impact M-NAM generation in tissues, considering the low
affinity of NNMT for NAM. In conclusion, these observations support the idea of distinct compartments within
the tissues where NAM pools are not interchangeable.

Further evidence supporting the existence of distinct tissue compartments for M-NAM synthesis is that the
tissues with the highest NAM levels (liver, fat, and lung) express the highest levels of the excretion pathways
genes, including Nnmt. Also, NAM levels in these tissues do not correlate with CD38 activity. Besides, NMN
administration in mice promoted a 2- to 4-fold increase in M-NAM levels independently of CD38. Thus, it
seems that tissues possess specific Nnmt-expressing compartments that do not take up CD38-generated
NAM for M-NAM synthesis. Instead, they may generate their own NAM pool for M-NAM synthesis in a
CD38-independent fashion and/or take up NAM from the circulation. However, the nature of this tissue
compartment remains elusive. Whether endothelial cells accumulate CD38-generated NAM, or if this NAM
is released to the extracellular space, is still an open question that we plan to address in future studies.

Our data demonstrate that immune cells produce NAM in the spleen. Considering the anti-inflammatory
effects attributed to NAM, NAM released by immune cells could have immunomodulatory functions on the
surrounding tissues during inflammation. For instance, NAM treatment was shown to (1) inhibit cytokine
responses (IL-1B, IL-6, IL-8, TNFa) to endotoxin in whole human blood (Ungerstedt et al., 2003), (2) to
diminish the IFN-y-induced expression of adhesion proteins such as intercellular adhesion molecule-1
(ICAM-1) on thyroid and endothelial cells, which presumably reduces lymphocyte homing to inflammatory
sites (Hiromatsu et al., 1992, 1993), and (iii) to inhibit cytokine-induced MHC class Il antigens on pancreatic
cells (Yamada et al., 1990). Administration of NAM in vivo attenuated cytokine induction in ischemia/reper-
fusion-induced lung injury in rats (Su et al., 2007); alleviated the progression of kidney disease in mouse
models by reducing inflammation and fibrosis (Kumakura et al., 2021; Zhen et al., 2021); and reduced
high-fat diet-induced steatosis and inflammation in mice (Mitchell et al., 2018). However, these studies
did not investigate whether NAM has a direct effect as an anti-inflammatory molecule. Instead, a NAM-
induced increase of M-NAM and/or NAD could be mediating this immunomodulatory function.

14 iScience 25, 105431, November 18, 2022

iScience



iScience

NAM was also shown to act as a signaling molecule by modulating protein kinases. NAM directly inhibits
the activity of ROCK1/2, CK1 (a, B, and d), and p383 by interfering with their kinase-ligand interaction in vitro
and promoting human embryonic stem cells differentiation (Meng et al., 2018, 2021). In addition,
KINOMEscan assays revealed that NAM interacts with the active sites of multiple other kinases, including
some involved in cellular inflammatory responses, such as IKKe, IKKB, JAK2 JAK3, and JNK1 (Meng et al.,
2018, 2021). Thus, the anti-inflammatory role of NAM may depend on its ability to inhibit protein kinases.
However, irrespective of the mechanism, the possibility that immune cells may secrete NAM to prevent an
exacerbated immune response and tissue damage during inflammation deserves further investigation.

In summary, we demonstrate the existence of distinct NAM pools in the body, which are differentially regu-
lated. Although diet and NAD de novo synthesis regulate the plasma NAM pool, the NADase CD38
regulates the major tissue NAM pool. Furthermore, tissues possess a minor CD38-independent NAM
pool dedicated to M-NAM synthesis. Finally, endothelial cells play a major role in regulating tissue
NAM. These findings may pave the way for improved design of NAM-based therapies. For instance,
many aspects of NAD precursor supplementation are currently attributed to NAD levels restoration.
Instead, they may reflect increases in NAM or M-NAM levels. Therefore, itis essential to explore this subject
further to identify the molecular pathways that regulate these different NAM pools, such as a putative NAM
transporter.

Limitations of the study

In this study, we did not address if CD38-derived NAM accumulates intracellularly or if it accumulates in the
extracellular space within the tissues. In other words, the nature of the tissue compartmentalization for
NAM and M-NAM synthesis is still an open question. In addition, we have not done metabolite tracing anal-
ysis to address if CD38-generated NAM can produce M-NAM directly. Although we have identified the ex-
istence of different pools of NAM in a mouse model and that CD38 is an essential regulator of the tissue
NAM pool, here, we did not explore the consequences of a disruption in CD38-generated tissue NAM
levels in physiological or pathological conditions. We also have not investigated if CD38-derived NAM
has some signaling or immunoregulatory role on endothelial, immune cells, or other cell types within
the tissues. Finally, most of the experiments performed here were done in male mice only. So, we cannot
exclude the possibility of sex differences.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse CD38 Affinity Purified Polyclonal Ab
CD45 antibody

Phospholamban Monoclonal Antibody (2D12)
CYP3A4 antibody

B-Actin (D6A8) Rabbit mAb

Mouse Anti-GAPDH Monoclonal Antibody,
Unconjugated, Clone D4C6R

Alexa Fluor 647 Rat Anti-Mouse CD38
CD45 FITC

Rat 1I9G2a, k

Rat 1IgG2b, k

Rabbit anti ACMSD

R and D Systems

Abcam

Thermo Fisher Scientific
Proteintech

Cell Signaling Technology
Cell Signaling Technology

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences

Novus Biologicals

Cat# AF4947, RRID:AB_1241945
Cat# ab40763, RRID:AB_726545
Cat# MA3-922, RRID:AB_2252716
Cat# 18227-1-AP, RRID:AB_2090329
Cat# 8457, RRID:AB_10950489
Cat# 97166, RRID:AB_2756824

Cat# 562769, RRID:AB_2728651
Cat# 553080, RRID:AB_394610
Cat# 557690, RRID:AB_396799
Cat# 553988, RRID:AB_479619
Cat# NBP1-33499

Anti-a-Tubulin antibody Sigma Aldrich Cat# T9026, RRID:AB_477593
anti-mouse CD38 antibody Ab68 TeneoBio UniAb clone ID 337468
anti-mouse CD8a Bio X Cell Cat# BEO061, RRID:AB_1125541
anti-mouse CD4 Bio X Cell Cat# BEOOO3-1, RRID:AB_1107636
aCD20Ab Genentech, Roche Group mlgG2a 5D2

Chemicals, peptides, and recombinant proteins

Olaparib LC Laboratories Cat# O-9201

Alcohol dehydrogenase (ADH) Sigma-Aldrich Cat# A3263

Diaphorase Sigma-Aldrich Cat# A3263

Resazurin sodium salt Sigma-Aldrich Cat# 199303

ND1 - Niacin deficient diet Teklad Cat# TD140376

CD1 - 10% casein diet Teklad Cat# TD140375

Deposited data

Spleen AnnData (h5ad)

Tabula Muris Senis

https://cellxgene.cziscience.com

Experimental models: Organisms/strains

Mouse: C57BL/6
Mouse: C57BL/6 CD38KO

Mouse: C57BL/6 CD38 catalytically-inactive (Cl)

Mouse: PARP1-KO: C57BL/6

Mouse: SARM1-KO: C57BL/6
(B6.129X1-Sarm 1tm1Aidi/J)

Mouse: SIRT1-KO tissues

Mouse: C57BL/6J-Gt(Rosa)26Sort™ (T TaxM2)ae
COH al tmé(tetO-hACMSD)MMF

Dr.Eduardo N. Chini, Mayo Clinic
Dr.Eduardo N. Chini, Mayo Clinic
(Partida-Sénchez et al., 2001)

Dr. Eduardo Chini Mayo Clinic
(Trans-Viragen)

Dr. Eduardo Chini. Original from
Jackson laboratory
(129S-Parp1tm1Zqw/J) backcross to
C57BL/6 for 10 generations

Jackson laboratory

Dr. Keir Menzies

Palzer et al. (2018)

N/A
N/A

N/A

N/A

RRID:IMSR_JAX:03439

N/A
N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse: CD38 flox (Cd38™") This study N/A

Mouse: CD38 flox/Vav1-iCre This study N/A

Mouse: CD38 Flox/Tek-Cre This study N/A

Oligonucleotides

For primers, see Table S1 Thermo Fisher Scientific N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to the lead contact, Dr. Eduardo Chini
(chini.eduardo@mayo.edu).

Materials availability

The original datasets and the tissue specific knockout mouse generated in this study can be made available
to investigators based on reasonable requests and scientific collaborations.

Data and code availability

® This article analyzes existing, publicly available data. These accession numbers for the datasets are listed
in the key resources table. All data reported in this article will be shared by the lead contact on request.

® This article does not report original code.

® Any additional information required to reanalyze the data reported in this article is available from the
lead contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical compliance

All Protocols requiring the use of animals were approved by the Institutional Animal Care and Use Commit-
tee (IACUC) of Mayo Clinic and of Utah State University, and studies were conducted in adherence with the
National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. Mice were housed in
standard cages at regulated temperature (ranging from 68°C to 72°C), and humidity (30-70%) with a 12 h
light—dark cycles and were maintained on a standard chow diet (ND; PicoLab 5053 Rodent Diet 20; Lab Di-
ets) ad libitum. Male mice were used for these experiments.

Mouse models

We performed the experiments using the following mouse strains: C57BL/6 (WT), CD38-KO, mice expressing
the catalytically inactive form of CD38 (CD38-Cl), 129S and C57BL/6, PARP1-KO, CD3gvavi=icre: and
CD38"%~C"® conditional-KO mice. Except for the PARP1-KO mice, which are on a mixed background (1295
and C57BL/¢), the other transgenic lines are on a C57BL/6 background. All animals used in this study were
young adults (3-5 months). Mice received standard chow ad libitum, except for the NAM-free diet experiment,
in which special diets were given (control diet— TD.140375 and NAM-free diet— TD.140376, both from Envigo).
The CD38-KO mice (Aksoy et al., 2006; Partida-Sanchez et al., 2001), as well as CD38-Cl mice (Tarrago et al.,
2018), and hACMSD mice (Palzer et al., 2018) have been described previously. SARM1-KO mice and PARP1-KO
mice were purchased from the Jackson Laboratories, and the tissue-specific CD38-KO is described below. All
head-to-head comparisons were with the respective WT background mice.

METHOD DETAILS
Development of CD38 tissue-specific KO mice

C57-BL/6 mice with homozygous floxed (loxP-flanked) Cd38 alleles (Cd38ﬂ/ﬂ) were bred with commercially
available Vav-iCre mice (JAX#008610) or Tie2-Cre mice (JAX#004128). Cd38"* offspring that were positive
for the Cre recombinase transgene were bred back with homozygous floxed CD38 mice. Resulting CD38
flox (Cd38ﬂ/ﬂ), CD38 flox/Vav1-iCre or CD38 Flox/Tek-Cre, which were our experimental mice. Control
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mice were Cd38"f Cre-negative. Experimental mice were screened by PCR for the presence of recombi-

nation in blood and absence of recombination in ear punch samples.

Antibody and drug treatments in vivo

NAM-deficient diet

3-5-month-old C57BL/6é mice were fed a control diet (CD1 - 10% casein diet; TD140375, Teklad custom
diet) and a NAM-free diet (ND1 — Niacin deficient diet, 10% casein; TD140376, Teklad custom diet) for
21 days (n = 5 mice/group). Plasma was collected on days 8, 15, and 21 and levels of NAM metabolites
were determined. Urine was collected on day 15 and levels of metabolites were determined. At day 21,
mice were euthanized, and tissues were collected for further analyses. Male mice were used for this
experiment.

Induction of ACMSD with doxycycline

3-month-old hACMSD mice were fed a NAM-free diet in the presence of doxycycline for three months
(n = 3-6 mice/group). Composition of defined diets and hACMSD gene induction was performed as
described previously (Palzer et al., 2018). After 3 and 13 weeks on diets, mice were euthanized, tissues
were harvested, and metabolites were measured for further analysis. Male mice were used for this
experiment.

Anti-CD38 mouse antibody and NMN

3-month-old C57BL/6 mice were treated with a single dose of PBS (vehicle) or Abé8 (i.p., 5mg kg—1). At day
3, mice were given an oral gavage with NMN (500mg kg—1) or vehicle PBS, euthanized 6 h later, and tissues
and serum were collected for further analysis. Male and female mice were used for this experiment.

Time course with Abé8 and olaparib

3-month-old C57BL/6 mice were treated with Abé8 (i.p., 5mg kg—1 using PBS as vehicle) or olaparib (i.p.,
10mg kg—1 using 5% DMSO, 15% PEG400, and 80% of 15% hydroxypropyl-y-cyclodextrin, in citrate buffer
pH 6.0 as vehicle) in a time course regimen of 2-, 4-, and 48 h. When treatment was completed, mice were
euthanized, and tissues were harvested for further analysis. All mice used for this experiment were male.

Cytotoxic antibodies

3-5-month-old C57BL/é mice were treated with a single injection of IgG control or cytotoxic antibodies —
anti-CD20Ab (500ug; GeneTech), anti-CD4Ab (250ug; Bioxcell BEOOO3-1), or anti-CD8Ab (500ug; BioXcell
BE0061) —by i.p. injection for 28 h. When treatment was completed, mice were euthanized, and tissues were
harvested for further analysis. All mice used for this experiment were male.

Bone marrow transplant

3-4-month-old CD38 KO recipient mice were irradiated using a cesium irradiator with two dosages of 5
Gray (gY) radiation 24 h apart. Bone marrow cells were isolated from tibias and femurs of 6- to 8-week-
old WT or CD38 KO donor mice. After the second irradiation dosage, recipient mice were injected with
approximately 1x10° donor cells by retro-orbital injection. Transplant mice were given sulfamethoxazole
(95mg kg—1 per 24 h) in drinking water starting at 3 days before the first irradiation through 2 weeks after
transplant. Engraftment was confirmed by staining blood cells for CD38. Twelve weeks and five days after
transplant, mice were euthanized, and tissues were harvested. Male and female mice were used for this
experiment.

Immunoblotting

Immunoblotting assays for whole cell lysates of cells and tissues were performed as previously described
(Tarrago et al., 2018). Tissues or cells were homogenized and lysed in NETN buffer (20 mM Tris-HCI (pH 8.0),
100 mM NaCl, 1 mM EDTA and 0.5% Nonidet P-40) supplemented with 50 mM B-glycerophosphate, 5 mM
NaF and a protease inhibitor cocktail (Roche). After 30 min of incubation at 4°C, the samples were centri-
fuged at 12,000 r.p.m. for 10 min at 4°C. Protein concentrations in the supernatants were determined by
Bio-Rad protein assay. Lysates were separated by SDS-PAGE, and electrophoretically transferred to poly-
vinylidene difluoride (PVDF) membranes (Immobilon-P; Millipore). Enhanced chemiluminescence detec-
tion was performed using Super-Signal West Pico or Femto Chemiluminescence Substrate (Thermo
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Scientific). Films were scanned and densitometry was performed using ImageJ. The following antibodies
and their dilutions were used for immunoblotting: mouse CD38 (R&D Systems; AF4947, 1:1,000), CD45
(Abcam; AB40763; 1:1000), Phospholamban (PLN) (Invitrogen; MA3-922; 1:1000), CYP3a4 (Proteintech,
18227-1-AP; 1:1000), actin (Cell Signaling Technology; 8457, 1:5,000) and GAPDH (Cell Signaling Technol-
ogy; 97166, 1:5,000).

Measurement of NAD levels by cycling assay

Detection of NAD" was performed as described before using a cycling assay (Camacho-Pereira et al., 2016;
Kanamori et al., 2018; Tarrago et al., 2018). In summary, to determine intracellular NAD" levels approxi-
mately 20 mg of tissue was homogenized in 10% trichloroacetic acid (TCA). Samples were centrifuged at
12,000 r.p.m. for 2 min at 4°C. The supernatants were collected, and the pellets were resuspended in
0.2N NaOH for protein determination. TCA was removed with organic solvents (three volumes of 1,1,2-tri-
chloro-1,2,2-trifluroethane: one volume of trioctylamine) in a ratio of two volumes of organic solvent to one
volume of sample. After phase separation, the top aqueous layer containing NAD" was recovered and the
pH was corrected by addition of 1M Tris (pH 8.0). For the cycling assay, samples were diluted in 100 mM
sodium phosphate buffer (pH 8) in a volume of 100 uL per well and added to white 96-well plates. Next,
100pL of reaction mix (0.76% ethanol, 4 uM flavin mononucleotide, 27.2U ml—1 alcohol dehydrogenase
(ADH), 1.8U ml—1 diaphorase and 8 uM resazurin) was added to each well. Then, 96-well plates were
read in a fluorescence plate reader (Molecular Devices, SpectraMax Gemini XPS) in an excitation wave-
length of 544 nm and an emission wavelength of 590 nm. We have previously demonstrated that the
NAD™ cycling assay is as sensitive and specific as the ultra-performance liquid chromatography (UPLC)-
mass spectroscopy (MS) assay (Camacho-Pereira et al., 2016).

Metabolomics by HPLC-MS

NAD* metabolome was measured as described in Tarrago et al. (2018). For nucleotide measurements, the
HPLC was at a flow rate of 0.25 mLmin~" with 99% buffer A from 0 to 3 min, a linear gradient to 99% buffer
A/1% buffer B (100% methanol) from 3 to 20 min, 80% buffer A/20% buffer B from 20 to 21 min, a linear gradient
to 30% buffer A/70% buffer B from 21 to 28 min at 0.35 mLmin~", 99% buffer A/1% buffer B from 28 to 31 min
and a linear gradient to 99% buffer A from 31 to 37 min at0.25 mLmin~". Concentrations were quantified based
on the peak area compared to a standard curve and normalized to protein content in the tissue sample.

NADase activity

NADase activity was measured as described previously (deOliveira et al., 2018), where 50 pM nicotinamide 1,N6-
ethenoadenine di-nucleotide (e-NAD) was used as substrate in 0.25 mM sucrose and 40 mM Tris-Cl (pH 7.4).

Quantification of mMRNA

RNA was isolated from cells and mouse tissues using TRIzol or Qiagen RNeasy kits. cDNA was synthesized
using the Qiagen QuantiTect or ABI High-Capacity cDNA Reverse Transcription kit. Real-time gPCR was
performed using commercially available TagMan gene expression probes (Applied Biosystems), according
to the manufacturer’s instructions on a Bio-Rad CFX384 thermal cycler. The relative mRNA abundance of
target genes was calculated by the 207249 method. Expression changes were calculated relative to con-
trol. TagMan probes used in this study are described in Table S1.

Immunostaining

OCT-embedded tissue was cryosectioned at 10-um thickness and fixed in MeOH:acetone (1:1) for 5 min at
—20°C. Sections were blocked with 10% normal donkey serum in PBS-T for 1 h at RT, and then incubated
overnight at 4°C with fluorescently tagged primary antibodies in 1% donkey serum. The following anti-
bodies from BD Biosciences were used: CD38 AF647 (562769), CD45 FITC (553080), IgG2ak AF647 isotype
control (557690) and IgG2bk isotype control (553988), using a 1:100 dilution for all. Nuclei were stained with
Hoechst 33342. Images were obtained with an LSM 780 confocal microscope, and image capture was per-
formed with ZEN 2.1 black software (Zeiss) using standardized exposure settings.

Single-cell analysis

We downloaded the spleen (Smart-Seg2 RNA sequencing library) AnnData (h5ad) file generated by the
Tabula Muris Senis (Tabula Muris, 2020) investigators from https://cellxgene.cziscience.com. We per-
formed these analyses, filtering, and figure visualization using the Scanpy toolkit (Wolf et al., 2018) and
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considered for analysis only 3-month-old data. We filtered low-quality cells with fewer than 2,500 reads and
250 genes, as well as genes expressed in less than 3 cells. We normalize each cell to 10,000 read counts, and
then log transformed the data. Finally, we scaled the dataset to unit variance and zero mean, and we trun-
cated values with maximum value set to ten. After preprocessing, the number of retained cells were 1665.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as mean + SD, analyzed by two-sided Student's t-test (for comparisons of two
groups) or ANOVA(for more than two groups). The post-tests used and the value of n are indicated in
the figure’s legends. Analyses were performed using GraphPad Prism 9 software.
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