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Summary:

Decline in tissue NAD levels during aging has been linked to aging-associated diseases, such
as age-related metabolic disease, physical decline, and Alzheimer’s disease. However, the
mechanism for aging-associated NAD decline remains unclear. Here we report that pro-
inflammatory M1 macrophages, but not naive or M2 macrophages, highly express the NAD
consuming enzyme CD38 and have enhanced CD38-dependent NADase activity. Furthermore,
we show that aging is associated with enhanced inflammation due to increased senescent cells,
and the accumulation of CD38 positive M1 macrophages in visceral white adipose tissue. We
also find that inflammatory cytokines found in the supernatant from senescent cells
(Senescence associated secretory proteins, SASP) induces macrophages to proliferate and
express CD38. As senescent cells progressively accumulate in adipose tissue during aging,
these results highlight a new causal link between visceral tissue senescence and tissue NAD
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decline during aging and may present a novel therapeutic opportunity to maintain NAD levels
during aging.

Keywords: NAD metabolism, CD38, Aging, Inflammation, Macrophages, Senescent cells,
Senescence associated secretory phenotype (SASP), Macrophage polarization, NAMPT

Introduction:

Nicotinamide adenine dinucleotide (NAD) is a redox coenzyme central to energy metabolism
and an essential cofactor for non-redox NAD dependent enzymes including sirtuins and poly-
ADP-ribose polymerases (PARPs) (Canto et al., 2015). NAD, first termed “cozymase,” was
found to boost the cell-free glucose fermentation rate of yeast extracts (Harden, 1906). Early in
the 20™ century, NAD deficiency was linked to pellagra, a disease characterized by dermatitis,
diarrhea, dementia, and eventually death (Belenky et al., 2007). More recently, a progressive
decrease in NAD levels during aging in both rodents and humans has been documented in
multiple tissues including the liver, adipose tissue, and muscle (Yoshino et al., 2018).
Remarkably, restoration of NAD levels with the NAD precursor vitamins nicotinamide riboside
(NR), nicotinamide (NAM) and nicotinic acid (NA), in addition to the biosynthetic NAD precursor
nicotinamide mononucleotide (NMN) appear to mitigate aging-associated diseases (Mitchell et
al., 2018; Verdin, 2015; Yoshino et al., 2018). These observations have stimulated a flurry of
research activity aiming to better understand how NAD levels affect the aging process and how
or why NAD levels decline during aging, with the goal of developing therapeutics to combat
aging-related disease.

NAD can be synthesized from tryptophan through the de novo pathway and by salvage of either
of the three NAD precursor vitamins (Verdin, 2015). While dietary precursors can contribute to
NAD pools in a manner that depends on which pathways are expressed in particular tissues
(Bogan and Brenner, 2008), the prevailing thought is that the recycling of NAM via nicotinamide
phosphoribosyltransferase (NAMPT) is the predominant metabolic pathway most cells use to
maintain intracellular NAD levels (Liu et al., 2018). The rate of NAD synthesis is countered by
the rate of consumption by NAD consuming enzymes including sirtuins, PARPs, and the CD38
and CD157 NAD hydrolases. As NAD levels decrease, a key unanswered question in the field is
whether this results from reduced de novo NAD biosynthesis, reduced NAM salvage, enhanced
NAD consumption, or a combination of these effects either as a function of age or episodes of
metabolic imbalance.

There is evidence of reduced NAM salvage as aging-associated inflammation leads to reduced
expression of NAMPT (Yoshino et al., 2011). Thus, reduced NAMPT protein levels may
contribute to declining NAD levels. There is also evidence for increased expression of key NAD
consuming enzymes such as PARPs and CD38 during aging (Mouchiroud et al., 2013). PARPs,
in particular the ubiquitously expressed PARP1 and PARP2, are activated as a result of DNA
damage during aging (Lopez-Otin et al., 2013). Defective DNA repair mechanisms are
associated with increased PARP activation and progeroid (premature aging) diseases such as
Cockayne syndrome and Werner’s disease (Kim et al., 2005; Li et al., 2004; Scheibye-Knudsen
etal., 2014).
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However, it has recently been reported that PARP expression decreases during aging
concomitant with increased expression of CD38, a transmembrane protein that consumes NAD
to form cyclic ADP-ribose (CADPR), ADP-ribose (ADPR) and NAM (Camacho-Pereira et al.,
2016). Cd38 KO mice were protected from age-related NAD decline and had enhanced
metabolic health as a result of increased NAD levels and SIRT3 dependent mitochondrial
function, suggesting that CD38 is the primary NAD-consuming enzyme in age-related NAD
decline (Camacho-Pereira et al., 2016). However, these data do not address which cells
express CD38 in aged tissues and what mechanism(s) drive aberrant CD38 expression during
the process of aging and/or episodes of metabolic stress.

CD38 is ubiquitously expressed by immune cells and was first identified as a T cell activation
marker (Quarona et al., 2013; Reinherz et al., 1980). Its expression increases during
inflammatory conditions including colitis, sepsis, and HIV infection (Jackson and Bell, 1990;
Savarino et al., 2000; Schneider et al., 2015). Chronic low grade inflammation during aging,
termed “inflammaging” (Franceschi et al., 2000), is a leading mechanism of aging-associated
diseases and has been described as a significant risk factor for morbidity and mortality
(Franceschi and Campisi, 2014). Sustained activation of the immune system is energetically
costly and requires sufficient amounts of metabolites to fuel effector functions (Ganeshan and
Chawla, 2014). Thus, the immune system and metabolism are highly integrated. Despite this
knowledge, it is unclear how age-related inflammation affects NAD metabolism and the aging
process.

To study possible links between age-associated NAD decline and inflammation, we focused on
visceral adipose tissue. By studying this tissue during the switch from lean to obese conditions
much has been learned regarding how inflammation influences metabolic homeostasis, and
how nutrient status in turn influences immunity (Hotamisligil, 2017). As obesity develops,
peripheral monocytes are recruited to adipose tissue by adipokines, leading to a progressive
infiltration of pro-inflammatory M1-like macrophages, and the displacement of anti-inflammatory
resident M2 macrophages (Lumeng et al., 2007; Weisberg et al., 2003; Xu et al., 2003).
Increased M1-like macrophages promote a pro-inflammatory state accompanied by insulin
resistance, reduced rates of lipolysis, reduced tissue homeostasis, and the recruitment of
macrophages to dying or stressed adipocytes resulting in the formation of “crown like structures”
(Murano et al., 2008; Sica and Mantovani, 2012). This model suggests that macrophages, which
are found in high abundance in key metabolic tissues such as liver and adipose tissue, may
regulate metabolic health and disease through M1/M2 polarization and inflammatory signaling.
We hypothesized that expression of NAD consuming enzymes including CD38 by adipose
tissue macrophages contributes to their role in aging-associated metabolic changes by
regulating NAD homeostasis.

Here, we report that M1 macrophages show increased CD38 expression, enhanced NADase
activity, and production of NAD degradation byproducts NAM and ADPR. Using macrophages
derived from WT and Cd38 KO mice, we show that the high NADase activity of M1
macrophages is completely dependent on CD38 and not on other NAD consuming enzymes.
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We report that CD38 expression is elevated in resident macrophages from epididymal white
adipose tissue (eWAT) in old vs young mice. Lastly, we show that enhanced CD38 expression
by tissue resident macrophages during aging is driven by the secretion of inflammatory factors
by senescent cells. As senescent cells progressively accumulate in adipose tissue during aging,
these results highlight a new causal link between visceral tissue senescence and tissue NAD
decline during aging. Thus, suppressing CD38 expression and NADase activity by targeting
macrophages and senescent cells may provide a therapeutic target to help restore NAD levels
during aging.

Results:

Aging is associated with the accumulation of CD38 positive macrophages in adipose
tissue

To verify that NAD levels decline in adipose tissue during aging, we measured NAD levels in
epididymal white adipose tissue (eWAT) of mice at 6 months (young) and 25 months (old). We
observed close to 50% reduction of NAD and NADP in old mice compared to young (Figure 1A),
consistent with previous reports (Camacho-Pereira et al., 2016; Yoshino et al., 2011). Next, we
analyzed CD38 expression in macrophages, the predominant immune cell in visceral adipose
tissue (Xu et al., 2013), isolated from the stromal vascular fraction (SVF) of e WAT from old and
young mice. As previously reported, flow cytometry analysis of the SVF can be used to
distinguish resident and non-resident populations of adipose tissue macrophages (ATMs),
based on cell surface markers expressed by macrophages, including F4/80 (EMR1) and CD11b
(ITGAM) which are expressed by both resident and non-resident ATMs, and the integrin CD11c
(ITGAX) which is expressed by non-resident ATMs (Cho et al., 2014; Xu et al., 2013). Using a
similar gating strategy as Cho et al., and outlined in Figure 1B and S1A, we found a significant
increase in the proportion of macrophages in the SVF of adipose tissue particularly after 12
months of age (Figure 1C). This increase was accounted for by an increase in the proportion of
macrophages bearing a signature of resident macrophages (F4/80+, CD11b+, CD11c¢c-), but not
in the non-resident macrophage population (F4/80+, CD11b+, CD11c+) (Figure 1C).
Interestingly, resident macrophages from older animals, but not the non-resident macrophages,
showed progressively increased CD38 expression (Figure 1B, 1C, 1D and S1B). Although
CD38 is also expressed by activated B and T cells, we did not see a significant increase in
CD38 expression in non-macrophage immune cells in the SVF (CD45+, F4/80-, CD11b-)
(Figure S1C). Taken together, these data show that age-related decline in e WAT NAD levels is
correlated with enhanced expression of CD38 by resident adipose tissue macrophages (ATMs).

CD38 was recently identified as a marker of M1 macrophages (Jablonski et al., 2015). Thus, our
data suggest that during aging, resident ATMs are polarizing from a M2 to M1-like phenotype.

A similar switch from M2 to M1 macrophages has been reported during the metabolic stress of
obesity (Lumeng et al., 2007). We therefore analyzed CD38 surface expression in macrophages
from the eWAT of mice fed a high fat diet (HFD) or normal chow. In mice on a HFD diet, similar
to aged mice, we saw an expected increase in total macrophages as a fraction of SVF (Figure
S1D). In contrast to what we observed in aging, the fraction of resident macrophages present in
SVF only increased modestly while the non-resident macrophages increased significantly
(Figure S1D). Surprisingly, we observed the majority of resident ATMs from mice fed a high fat
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diet had low levels of CD38 expression compared to mice fed a normal chow, while CD38+ non-
resident macrophages were only a small fraction in both diets (Figure S1D). These results
indicate that enhanced expression of CD38 by resident macrophages is unique to aged adipose
tissue and that inflammation associated with obesity and aging are mediated via distinct
mechanisms. These findings are consistent with a recent publication which showed CD38 is not
enhanced in ATMs from obese mice or humans and that the inflammatory signaling pathways
activated in M1-like macrophages during obesity are distinct from those induced by classical M1
polarization with pathogen-associated molecular patterns (PAMPs) such as lipopolysaccharide
(LPS) (Kratz et al., 2014).

M1 macrophage polarization leads to increased expression of NAD hydrolases CD38 and
CD157 and degradation of NAD

To test if different subsets of polarized macrophages have differential NADase activity, we
polarized primary mouse bone marrow-derived macrophages (BMDMs) to the classical pro-
inflammatory M1 macrophage with the bacterial endotoxin LPS and to the anti-inflammatory
alternative activated M2 macrophage with the Th2 cytokine IL-4. Nicotinamide 1,N°-etheno-
adenine dinucleotide (-NAD) is a modified version of NAD in which cleavage of e-NAD by an
NAD hydrolase, such as CD38 or CD157, yields an increased fluorescence at 460nm that can
be monitored over time. Incubating cellular lysates from untreated naive (M0O) or M2
macrophages showed no significant increase in fluorescence (Figure 2A). In contrast, M1
macrophage cellular lysates showed significantly increased fluorescence, consistent with
increased NADase activity (Figure 2A and 2B).

Phenotypes in mouse and human macrophages can differ significantly (Murray et al., 2014). To
test whether these observations applied to human macrophages, we measured NADase activity
in MO, M1 and M2 macrophages derived from peripheral blood monocytes. We observed a
similar increase in NAD hydrolysis in human M1 macrophages when compared to naive and M2
subsets (Figure S2A). Taken together our data shows that enhanced NAD hydrolysis is a highly
conserved feature of inflammatory M1 macrophages in both human and mice.

NAD is a critical regulator of metabolic pathways since it is the major hydride acceptor and co-
factor for metabolic enzymes in glycolysis, TCA cycle, and glutaminolysis. Nutrient sensing and
metabolic pathways are critical for macrophage activation, gene transcription, and other effector
functions (Covarrubias et al., 2015; O'Neill and Pearce, 2016). The change in NAD hydrolase
activity shown above suggested that different macrophage subtypes might exhibit different NAD
levels. No reports have investigated how NAD levels might be linked to the metabolic
reprogramming of macrophage metabolism or how NAD levels are affected in different
macrophage polarization states. To address this question, we used targeted LC-MS to quantify
the NAD metabolome in polarized macrophages. Importantly, other NAD-consuming enzymes
such as PARPs, sirtuins, CD38 and CD157 all produce NAM as a byproduct of NAD hydrolysis.
Consistent with the high NADase activity of M1 macrophages, we observed significantly
elevated levels of NAM in M1 macrophages, but not in in naive MO and M2 macrophages
(Figure 2C). Unexpectedly, elevated levels of NAD and NADP were observed in M2
macrophages but not in M1 macrophages (Figure 2C). This observation may be due to the
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enhanced degradation of NAD by increased CD38 expression in M1 macrophages.
Furthermore, NAD/NAM ratios were significantly lower in M1 macrophages (Figure 2D).

To identify the NAM-generating, NAD consuming enzyme(s) responsible for the high NADase
activity in M1 macrophages, we measured mRNA expression of several key NAD consuming
enzymes during a time course of macrophage differentiation. We observed that only Cd38 (600-
fold increase) and to a lesser degree its homologue Cd757 (10-fold increase), but not Sirt1,
Parp1 and Parp2 were significantly upregulated in M1 macrophages relative to naive MO and
M2 macrophages (Figure 2E). A similar increase in CD38 expression was also observed in
human M1 macrophages (Figure S2B).

Despite the high NADase activity associated with M1 macrophages, their NAD levels seemed to
be stably maintained compared to untreated naive macrophages (Figure 2C). This suggested
that M1 macrophages might upregulate their biosynthetic and NAM salvage pathways to
compensate for increased NAD degradation. The tissue culture medium used in our
experiments lacks nicotinic acid but contains NAM. Under these conditions, NAD can be derived
de novo from tryptophan or recycled from NAM via the NAM salvage pathway. Therefore, we
measured mRNA levels of indoleamine 2,3-dioxygenase 1 (ldo7), along with other key enzymes
in the de novo NAD synthetic pathway (Figure 2E, S2C-D), and the NAM salvage pathway
enzymes Nampt and nicotinamide mononucleotide adenylyltransferases 1-3 (Nmnat1-3) (Figure
2E). In M1 macrophages, we observed an increase in mRNA levels for Nampt and Nmnat1,
which maintain nuclear NAD levels (Figure 2E). We did not see any significant changes in
Nmnat2 or Nmnat3, which regulate NAM salvage in the cytoplasm or mitochondria respectively,
or in Ido1 between M1 and M2 macrophages (Figure 2E). Interestingly, the gene expression of
several key enzymes in the de novo synthesis pathway were downregulated during M1
polarization, including kynureninase (Kynu) and 3-hydroxy-anthranilic acid oxygenase (Haao)
(Figure S2D). Furthermore, using LC-MS we observe increased levels of tryptophan, kynurenine
and kynurenic acid in M1 macrophages compared to MO and M2 macrophages (Figure S2E).
However, we were unable to detect other tryptophan pathway metabolites downstream of
kynurenine in either MO, M1 or M2 macrophages, which suggests, but does not prove, that
tryptophan may not significantly contribute to de novo NAD synthesis in macrophages
regardless of their differentiation stage (Figure S2E).

Such a possibility would predict a critical role for the NAD salvage pathway in maintenance of
NAD levels in macrophages. Indeed, we observed that macrophages treated with FK866, a
specific inhibitor of NAMPT (Figure 2F) showed a near complete suppression of NAD levels
both in M1 and M2 macrophages (Figure 2G). Our data indicate that macrophages rely almost
exclusively on the NAM salvage pathway to sustain their NAD levels and that M1 macrophages
compensate for their enhanced NADase activity by increasing mRNA expression of key NAD
salvage pathway enzymes, Nampt and Nmnat1.

NAM salvage pathway regulates NAD levels during M1 and M2 macrophage polarization
to fine tune macrophage gene expression
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In experiments described above, we consistently observed rising NAD levels during M2
polarization compared to M1 and MO macrophages (Figure 2C). This result suggested that M2
polarization requires higher NAD levels. To test if NAD levels can regulate macrophage
polarization, we pre-treated BMDMs with the NAMPT inhibitor FK866, to lower NAD levels
(Figure 2G). This led to decreased mRNA expression of multiple canonical M2 markers (Arg1,
Mgl2, Ccl24 and Fizz1) (Figure 3A), however this was not universal since the M2 markers Ym1
and Cd36 were unaffected. In agreement with reduced expression of the gene Arg1, arginase
activity, a key anti-inflammatory effector function of M2 macrophages, was also attenuated by
FK866 (Figure 3B). We have previously shown that the same subset of FK866 sensitive M2
genes (Arg1, Mgl2, Ccl24, and Fizz1) are fine-tuned and integrated to metabolic inputs, while
Ym1 and Cd36 are insensitive to metabolite levels including amino acids (Covarrubias et al.,
2016). To confirm the role of NAD depletion, we supplemented macrophages treated with
FK866 with different doses of nicotinamide mononucleotide (NMN) or nicotinamide riboside
(NR) in the culture medium. Both NMN and NR are NAD precursors that feed into the NAM
salvage pathway downstream of NAMPT (Figure 2F). Both rescued the mRNA expression of M2
genes inhibited by FK866 (Figure 3A and S3A) and arginase activity (Figure 3B) in a dose-
dependent manner, with the exception of Fizz1. In contrast to a previous report (Van Gool et al.,
2009), we observed that pre-treatment of macrophages with FK866 also suppressed mRNA
expression and secretion of M1 inflammatory cytokines such as /-6 and Tnfa but not the
metabolic enzyme Irg1 (Figure 3C and 3D). NMN and NR also restored mRNA expression and
protein levels of inflammatory cytokines in M1 macrophages (Figure 3C, 3D, and S3B).
However, much higher concentrations of NMN (Figure 3A-D) and NR (Figure S3A and S3B)
were needed to rescue FK866-sensitive M1 genes compared to M2 genes (Figure 3E). These
results show that the NAM salvage pathway regulates NAD levels in macrophages, and that
NAD is a critical regulator of macrophage polarization and regulates the mRNA abundance of a
subset of M2 and M1 genes. Importantly, we show that M1 and M2 macrophages have different
requirements for NAD levels, with M2 macrophages requiring higher levels of NAD to support
M2 gene expression and effector functions (Figure 2E).

The NAD consuming enzyme CD38 is exclusively expressed by M1 macrophages and is
the primary enzyme responsible for enhanced NAD hydrolase activity observed in M1
macrophages

To test the hypothesis that the high NADase activity observed in M1 macrophages is CD38-
dependent, we first analyzed CD38 surface expression using flow cytometry in BMDMs. We
compared MO, M1 and M2 macrophages obtained from wild type mice (WT) vs mice lacking
CD38 (Cd38 KO) (Cockayne et al., 1998). Consistent with the high Cd38 mRNA levels and
NADase activity associated with M1 macrophages (Figure 2), we found CD38 to be exclusively
expressed by WT M1 macrophages (Figure 4A and S4A). Importantly, cell lysates from M1
macrophages lacking CD38 showed low NADase activity (Figures 4B and 4C). Importantly,
PARP and sirtuin expression is unaffected in Cd38 KO macrophages (Figure S4B). These data
indicate that NADase activity of M1 macrophages specifically requires CD38, and not CD157 or
any other NAD-consuming enzyme. CD38 can be localized to cell membranes in a type Il and
type Ill orientation, with its enzymatic domain facing outside (type Il) or inside the cell (type IIl)
(Liu et al., 2017; Shrimp et al., 2014; Zhao et al., 2012). To test whether the CD38 enzymatic
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activity was predominantly localized to the extra- vs. intra-cellular space, we measured NAD
degradation of the non-cell permeable eNAD in intact cells. We found that extracellular eNAD
hydrolysis occurred only in M1 macrophages (Figure S4C), although to a lesser extent than
what we observed in cell lysates (Figures 4C). These data demonstrate that CD38 cleaves NAD
outside and inside cells and that a significant fraction of CD38 NADase activity in macrophages
is intracellular.

To investigate how CD38 regulates intracellular NAD levels in macrophages, we quantified NAD
and its metabolites in WT and Cd38 KO BMDMs. We found that WT M1 macrophages had
increased levels of NAM and ADP Ribose (ADPR), two specific products resulting from CD38
activity on NAD (Figure 4D). Importantly, the production of both metabolites was suppressed to
basal levels in M1 macrophages derived from Cd38 KOs (Figure 4D). Cd38 KO M1
macrophages also had significantly higher levels of NAD and NADP and a higher NAD/NAM
ratio compared to WT M1 macrophages (Figure 4D and 4E). Additionally, we found no
significant differences in the levels of the nucleotides AMP and ADP in WT vs Cd38 KO M1
macrophages (Figure 4D). Therefore, CD38 specifically consumes and regulates NAD
metabolite levels and does affect the levels of other adenine-containing nucleotides. These data
support the model that CD38 is a key regulator of NAD and its metabolites NAM and ADPR in
M1 macrophages. These results seem to exclude a major role for CD157, whose mRNA is also
increased in M1 macrophages (Figure 2E), as an NAD hydrolase. Interestingly, recent reports
suggest the preferred CD157 substrate is the NAD precursor NR (Preugschat et al., 2014;
Tarrago et al., 2018). In indirect support of this, we found that CD157 expression which was
enhanced in response to LPS treatment was associated with significantly reduced NR levels in
both WT and Cd38 KO M1 macrophages (Figure S4D and S4E). Thus, although CD157 may
indirectly influence NAD levels in M1 macrophages by consuming NR, the enhanced NADase
activity of pro-inflammatory M1 macrophages is mediated by CD38.

Senescent cells promote macrophage CD38 expression and proliferation via the
senescence associated secretory phenotype (SASP)

Cells enter senescence in response to diverse DNA damage and in response to oncogenic
stimuli. Senescent cells are characterized by cell cycle arrest and by a complex senescence-
associated secretory phenotype (SASP) that includes pro-inflammatory chemokines and
cytokines (Coppe et al., 2010). Because senescent cells are produced in response to metabolic
stress and accumulate during aging, they are thought to play a key role in the chronic
inflammation and chronic diseases associated with aging (van Deursen, 2014). In support of this
model, clearance of senescent cells extends lifespan and reverts age-related features in mice
(Baker et al., 2016; Baker et al., 2011; Xu et al., 2018). Therefore, we sought to investigate
whether cellular senescence influences macrophage polarization and CD38 expression during
aging. In old mice (25 months), mRNA expression analysis of eWAT revealed increased
expression of Cd38, senescence markers (p16"“, p21°P") and SASP genes including
inflammatory cytokines and chemokines (IL-6, IL-1p, IL-1qa., IL-10 and Cxcl1) when compared to
young mice (6 months) (Figure 5A and S5A). Consistent with the increased number of total
macrophages detected in adipose tissue from aged mice (Figure 1C), we also observed an
increase in the expression of the Cd68 macrophage marker in old vs. young eWAT (Figure 5A).
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Despite the increased numbers of macrophages in aged tissue, M2 macrophage markers
trended down (such as Arg1, Fizz1 and Mgl2) or were unchanged (Ccl24) (Figure 5A). Thus,
compared to young mice, we found adipose tissue from old animals to be significantly more
inflamed, have increased accumulation of senescent cells, and a shift in macrophage
polarization from M2 to a M1-like state.

Senescence can also be induced by intraperitoneal injection (IP) of young mice with the
chemotherapeutic agent doxorubicin. Doxorubicin intercalates into DNA and inhibits
topoisomerase Il activity, inducing cellular senescence both in tissue culture and in vivo
(Demaria et al., 2017; Pommier et al., 2010). In doxorubicin treated mice, mMRNA expression of
Cd38in eWAT was increased in parallel with senescence markers (p16 and p21) and
inflammatory cytokines and chemokines (Figure 5B and S5B), similar to that observed during
aging (Figure 5A). Flow cytometry of macrophages extracted from eWAT from doxorubicin-
treated mice showed increased macrophage accumulation compared to control mice (Figure 5C
and S5C). Furthermore, doxorubicin treatment also led to increased CD38+ resident and non-
resident macrophages (Figure 5C). These results support the model that senescent cells and
associated chronic inflammation is a key mechanism for increased CD38 expression in ATMs
from eWAT.

To test the hypothesis that SASP from senescent cells drives CD38 expression in
macrophages, we induced senescence in mouse dermal fibroblasts (MDFs) by irradiation (IRR-
MDF) or doxorubicin (Doxo-MDF) and purified conditioned media (Baar et al., 2017; Demaria et
al., 2017). Macrophages cultured for 24 hours in conditioned media from senescent cells
specifically upregulate Cd38 and to a lesser extent Cd7157, but not other NAD consuming
enzymes including Parp1, Parmp2, Sirt1 and Sirt2 (Figure 5D). Consistent with this observation,
co-culturing WT macrophages with senescent cells derived from irradiated mouse dermal
fibroblasts increased Cd38 expression to a similar extent (Figure S5D). This did not occur in WT
macrophages co-cultured with non-senescent MDFs or in Cd38 KO macrophages (Figure S5D).
Furthermore, we did not observe a significant increase in Cd38 mRNA levels in senescent cells
alone compared to non-senescent MDFs (Figure S5D).

Increased CD38 expression and enhanced NADase activity occurs in response to LPS-driven
activation of toll-like receptor 4 (TLR4) in macrophages (Figure 2 and 4) and during a
programmed immune response to pathogens (Matalonga et al., 2017). In addition to senescent
cell accumulation and their SASP, pathogen associated molecular patterns (PAMPs) may
represent another source of inflammation during aging. A recent study showed that gut intestinal
barrier permeability is increased during aging and which can lead to significantly higher levels of
endotoxins, including LPS, in aging tissues (Buford, 2017; Thevaranjan et al., 2017). To test
whether other TLR ligands besides LPS can increase Cd38 mRNA expression in macrophages,
we treated BMDMs with multiple TLR ligands including Pam3CSK4 (P3C4) (TLR1/2), heat-killed
Listeria monocytogenes (HKLM)(TLR2), poly(l:C)-high and low molecular weight (TLR3), LPS
(TLR4), flagellin S. typhimurium (FLA-ST) (TLRS), synthetic lipopeptide FSL-1 (TLR 6/2),
ssRNA (TLR7) and CpG oligonucleotide ODN1826 (TLR9). With the exception of poly(l:C), a
synthetic double stranded RNA that mimics viral RNA, all TLR ligands highly activated Cd38
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MRNA expression (Figure 5E). In addition to PAMPs, endogenous alarmin molecules derived
from damaged or dead cells, known as danger associated molecular patterns (DAMPs), are an
important source of sterile inflammation and have been reported to activate TLRs (Schaefer,
2014). Senescent human and mouse fibroblasts secrete nuclear protein HMGB1, a DAMP
which can activate TLR4 in addition to RAGE (Receptor for advanced glycation end products) to
promote inflammatory signaling pathways (Davalos et al., 2013). Surprisingly, treatment of
BMDMs with multiple DAMPs including HMGB1did not activate CD38 expression (Figure 5F),
suggesting that individual DAMPs may not be a mechanism of CD38 activation in macrophages.

In addition to DAMPs, cytokines such as type 1 interferons (IFNa/IFNf) have also been reported
to drive CD38 expression in mouse and human macrophages (Kratz et al., 2014).

We observed that IRR-MDF senescent cells significantly up-regulate transcription of /fna., along
with other inflammatory cytokines (Tnfe, II-12, 1I-6, and /I-10) (Figure 5G) compared to normal
MDF cells. Therefore, we treated BMDMs with these recombinant cytokines and measured
CD38 (Figure 5H). Interestingly, TNF-a, IL-6, and IL-10 were able to promote CD38 expression,
while IFNa., IFNB, and IL-12 did not (Figure 5H). The inability of type-1 interferons to promote
CD38 expression are consistent with our poly(l:C) data (Figure 5E). The poly(l:C) receptor TLR3
is the only TLR whose signaling is MYD88-independent and signals through IRF3, which leads
to upregulation of type 1 interferons and interferon inducible genes (Chin et al., 2010), but not
CD38 (Figure 5H). These observations support the model that the combined activities of TLR
activation by pathogen ligands and sterile sources of inflammation such as SASP enhance
CD38 expression and may contribute to decreased tissue NAD levels.

Lastly, we showed that aging leads to the accumulation of resident macrophages in mouse
eWAT (Figure 1C). Resident macrophages, such as ATMs, are seeded in tissues during
development and have the capacity to self-renew, which is driven by CSF1 and other growth
factors including MCP-1 and IL-4 during helminth infections (Amano et al., 2014; Davies et al.,
2013; Ginhoux et al., 2010; Hashimoto et al., 2013; Jenkins et al., 2011). Interestingly,
senescent fibroblasts highly express CSF1 (Figure 5G) and other growth factors (Coppe et al.,
2010). Therefore, to test if SASP can promote macrophage proliferation, we treated BMDMs
with SASP derived from IRR-MDFs or control media and measured cell proliferation with the
fluorescent thymidine analogue EdU which is incorporated into DNA during active synthesis
(Figure 51). We observed a 3-fold increase in Edu+ macrophages upon treatment with SASP
compared to conditioned media from non-senescent MDFs (Figure 51). This enhanced
proliferation resulted in higher cell confluency after just 24 hours of SASP exposure (Figure 5J).
Taken together, our data show that SASP is sufficient to drive expression of the NAD hydrolase
CD38 in macrophages as well as increase the total macrophage population by promoting
macrophage proliferation.

Discussion:

There is growing evidence that NAD levels decline during aging. However, the mechanism and
connections to episodes of metabolic stress are poorly understood. CD38 has recently emerged
as a key NAD consuming enzyme that is upregulated during aging. Loss of CD38 activity in
Cd38 KO mice or in mice treated with a CD38-specific inhibitor, 78c, are protected from age-
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related NAD decline and show improved metabolic health (Camacho-Pereira et al., 2016;
Tarrago et al., 2018). Therefore, blocking CD38 NADase activity is emerging as a promising
therapeutic target to suppress NAD loss associated with aging (Chini et al., 2018). In this study,
we investigated which cell types show increased expression of CD38 during aging and the
mechanism(s) responsible for this enhanced CD38 expression.

We determined that aging-related inflammation drives the polarization of tissue resident
macrophages to an M1-like state characterized by the increased expression of CD38 and
enhanced consumption of NAD (Figure 6). As organisms age, DNA damage and genotoxic
stress accumulates, leading some cells to undergo cell cycle arrest and senescence. Although
senescent cells can play beneficial roles in wound healing and embryogenesis, they also
secrete inflammatory factors or SASP that disrupt normal cellular functions, damage tissues,
and may promote carcinogenesis (Campisi, 2013; Campisi and Robert, 2014). Here, we provide
evidence that SASP is also sufficient to increase CD38 expression in macrophages and
promote macrophage proliferation, leading to increased accumulation of CD38+ macrophages
in both naturally aged mice and in young mice with increased senescent cell burden following
treatment with the chemotherapeutic agent doxorubicin (Figure 5). These results provide a key
link between the accumulation of senescent cells in aged tissues and age-related NAD decline.
Interestingly, recent studies using senolytics or genetically engineered mouse models, such as
p16-3MR and INK-ATTAC mice, have shown that selective killing of senescent cells during
aging leads to delayed aging-related diseases and increased healthspan (Baker et al., 2016;
Baker et al., 2011; Demaria et al., 2014; Xu et al., 2018). Our data suggest that some of the
health benefits derived from eliminating senescent cells may occur as a result of reduced CD38
expression in tissue resident macrophages leading to NAD repletion. Our study also raises new
questions on how senescent cells and macrophages communicate and how their interactions
influence each other’s function. While we showed that SASP, in particular immunomodulatory
cytokines such as IL-6, TNFa, and IL-10, can promote CD38 expression in macrophages
(Figure 5G-H), it will be important to more thoroughly investigate other components of the SASP
to identify additional factors which activate CD38 expression in macrophages. In addition to
sterile sources of inflammation such as SASP, we showed that a variety of PAMPs can also
promote CD38 expression (Figure 5E). Since aging is associated with a loss of gut epithelial
barrier integrity, or “leaky gut” (Thevaranjan et al., 2017), endotoxins from commensal bacteria
may also synergize with SASP to promote inflammation during aging and/or infection and
enhance expression of CD38. Therefore, future studies will be necessary to better understand
and dissociate sterile and non-sterile drivers of inflammation and how each influences CD38
expression and NAD hydrolysis.

In older mice with lower tissue NAD levels and hyper CD38 expression/NAD hydrolase activity,
Sirt3 activity is reduced leading to increased mitochondrial dysfunction (Camacho-Pereira et al.,
2016). Sirt3-dependent mitochondrial dysfunction promotes cellular senescence and regulates
the secretion of a subset of SASP (Wiley et al., 2016). Furthermore, it was recently reported that
NAD repletion in older mice leads to NAD binding to the NHD domain of DBCA1, releasing its
suppression of PARP1 and thereby allowing PARP1 to facilitate DNA repair (Li et al., 2017).
During aging and episodes of metabolic stress, enhanced CD38 NADase activity by
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macrophages and depletion of local tissue NAD levels may promote the accumulation of
senescent cells as a result of reduced activity of sirtuins and other NAD consuming enzymes
such as PARP1. More senescent cells would mean greater SASP in local tissues, creating a
positive feedback cycle which further drives the expression of CD38 and inflammatory
cytokines, thus resulting in enhanced inflammation, depletion of NAD, and increased cellular
senescence. Future studies will determine if drugs targeting CD38, such as 78c, can break this
cycle and lead to reduced cellular senescence in aged mice.

Another question our study raises is what role CD38 plays in modulating immune cell function.
There have been limited studies showing that CD38 regulates immune cell homing, innate
immune responses to pathogens, and anti-tumor immunity (Chatterjee et al., 2018; Lischke et
al., 2013; Partida-Sanchez et al., 2007). However, Cd38 remains a largely uncharacterized
gene in immunology, despite its widespread use in the field as an activation marker. While the
teleological purpose of increased NAD consumption by CD38+ M1 macrophages is not obvious,
it is tempting to speculate that degradation of NAD may influence NAD levels for control of other
NAD consuming enzymes such as PARPs and sirtuins (discussed above) or downstream
processes that are dependent on secondary messaging properties of CD38-derived NAD
metabolites, such as cADPR for control of Ca2+ mobilization (Wei et al., 2014). In addition,
NAM exhibits immunomodulatory properties and high levels of NAM can reduce inflammatory
cytokine production in macrophages (Weiss et al., 2015), suggesting that CD38 may act as a
feedback mechanism to initiate the resolution of acute inflammation. This negative feedback
mechanism may become maladaptive during aging.

Using a specific inhibitor of NAMPT, a key enzyme in NAD salvage, we also show that NAD
levels regulate macrophage polarization and that M1 and M2 macrophages appear to have
different requirements in terms of NAD (Figure 5 and 6). M2 macrophage polarization requires
higher levels of NAD precursors to support the gene transcription of a subset of M2 genes than
M1 macrophages (greater than 0.5mM NMN/NR for M2 genes vs 100uM for M1 genes) (Figure
3E). Our results, showing that NAD levels can regulate macrophage gene transcription are at
odds with a previous report showing that inhibiting NAMPT did not affect gene transcription.
This disparity may reflect the difference in the mouse macrophage-like cell lines (Raw 264.7)
used in their study vs the primary BMDMs used in our study (Van Gool et al., 2009). Our
findings bring up additional questions of how NAD levels may influence macrophage activation
and gene transcription. Interestingly, sirtuins have also been shown to regulate macrophage
polarization (Lo Sasso et al., 2014; Yoshizaki et al., 2010), and their activity is directly linked to
NAD levels. Future studies should investigate whether increased NAD levels in M2
macrophages are necessary to promote sirtuin activity. Lastly, NR and NMN supplements have
been shown to increase NAD levels and to increase health span and life span in mice (Yoshino
et al., 2018), and are becoming popular supplements to promote healthy aging in humans.
Therefore, it will be necessary to understand how restoring NAD levels with these supplements,
and potentially with CD38 inhibitors such as 78c, affects macrophage polarization and immune
system function.
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In conclusion, our study demonstrates that increased expression of CD38 in macrophages
represents an important source of increased NADase activity during aging. These data also
provide insight into how the immune system and NAD metabolism are integrated. While our
study focused on visceral white adipose tissue, we speculate that a similar mechanism linking
SASP to macrophage CD38 NADase activity is responsible for NAD declines in other tissues,
particularly those where macrophages reside in high abundance such as the liver and brain.
This newly discovered cross-talk between senescent cells and macrophages which modulates
tissue NAD levels may provide a therapeutic avenue to target age-related inflammation and help
restore NAD levels and metabolic health in aging individuals.
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Figure legends:

Figure 1. NAD decline during aging is associated with increased CD38+ tissue resident
macrophages in eWAT.

(A) LC-MS was used to quantify NAD and NADP in whole visceral epididymal white adipose
tissue (eWAT) from 6-month and 25-month-old mice. NAD and NADP concentrations are shown
as pmol/mg of tissue.

(B) Flow cytometry gating strategy to identify resident and non-resident macrophages isolated
from the stromal vascular fraction of eWAT, showing representative flow plots and histograms
for the indicated age of mice.

(C). Quantification of total macrophages, CD38+ resident macrophages, and CD38+ non-
resident macrophages isolated from eWAT of mice for the indicated age.

Data from individual mice are shown for in vivo experiments. Data is showing the mean + SEM.
Statistical significance defined as *P<0.05, **P<0.01, and ***P<0.00; two-sided Student’s t-test
except for 1A one-sided t-test was used.

Figure 2. M1 macrophages are characterized by increased NADase activity.

(A) NADase rates were measured in cell lysates from naive BMDMs (M0O) or BMDMs treated
with IL-4 (M2) or LPS (M1) after 16 hours of activation.

(B) Quantification of the NADase activity rate.

(C) LC-MS was used to quantify NAD and NAD related metabolites in naive MO, M1, and M2,
BMDMs for the indicated times.

(D) NAD/NAM ratios from LC-MS data above for each indicated time point

(E) mRNA expression of NAD consuming enzymes and NAD biosynthetic enzymes was
measured using gPCR in untreated BMDMs (MO) or BMDMs polarized to the M1 and M2 state
for the indicated times.

(F) Schematic representation of the NAM salvage pathway.

(G) NAD levels were measured by LC-MS in MO, M1 and M2 BMDMs pre-treated with or without
10nM/ml FK866 for 6 hours prior to stimulation with LPS for 6 hours or IL-4 for 16 hours.

Data is showing the mean + SEM. (n=3 biological replicates). Statistical significance defined as
*P<0.05, **P<0.01, and ***P<0.00; two-sided Student’s t-test.

Figure 3. NAD levels regulate macrophage polarization.
(A) mRNA levels for M2 markers in BMDMs pre-treated with or without FK866 and NMN for 6
hours prior to stimulation with IL-4 for 16 hours.
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(B) Arginase assay of M2 macrophages pre-treated with or without FK866 and NMN for 6 hours
prior to stimulation with IL-4 for 16 hours.

(C-D) mRNA levels and ELISA measurements of TNF-a and IL-6 in supernatants from BMDMs
pre-treated with or without FK866 and NMN for 6 hours prior to stimulation with LPS for 6 hours.
(E) Quantification of the half maximal effective concentration (ECso) for NMN used to rescue M1
and M2 macrophage gene expression.

Data is showing the mean + SEM. (n=3 biological replicates). Statistical significance defined as
*P<0.05, **P<0.01, and ***P<0.00; two-sided Student’s t-test. All statistical comparisons are
relative to M2/M1 + FK866.

Figure 4. High NADase activity in M1 macrophages is CD38 dependent.

(A) Representative flow cytometry plots comparing CD38 surface staining in naive (MO) WT and
Cd38 KO BMDMs or treated with IL-4 (M2) and LPS (M1) for 16 hours.

(B) NADase activity rates measured in WT and Cd38 KO MO, M2, and M1 BMDMs activated for
16 hours.

(C) Quantification of the NADase activity rate

(D) LC-MS was used to quantify NAD and NAD related metabolites in MO, M2, and M1 WT and
Cd38 KO BMDMs activated for 16 hours.

(E) NAD/NAM ratios from LC-MS data above

Data is showing the mean + SEM. (n=3 biological replicates). Statistical significance defined as
*P<0.05, **P<0.01, and ***P<0.00; two-sided Student’s t-test. Unless noted with a bar, all
statistical comparisons are relative to untreated WT or Cd38 KO sample.

Figure 5. Senescent cells promote CD38 expression in macrophages.

(A) mRNA levels of senescence markers, inflammatory genes, macrophage marker Cd68, and
M2 genes in whole eWAT from 6-month and 25-month-old mice.

(B) mRNA levels in e WAT from 6-month-old mice IP injected with PBS or doxorubicin.
Doxorubicin increases the expression of senescence markers, inflammatory cytokines,
macrophage marker Cd68 and Cd38 in total tissue and in isolated macrophages.

(C) Flow cytometry analysis and quantification of CD38+ macrophages isolated from 6-month-
old mice IP injected with PBS or doxorubicin.

(D) mRNA levels of Cd38 in BMDMs treated with conditioned media from mouse dermal
fibroblasts (MDF-CM), doxorubicin treated MDFs (Doxo MDF-CM), or irradiated MDFs (IRR
MDF-CM) as described for 24 hours.

(E) mRNA levels of Cd38 in BMDM s treated with the indicated TLR ligands for 16 hours.

(F) mRNA levels of Cd38 in BMDMs treated with the indicated DAMP ligands for 16 hours.

(G) mRNA levels of inflammatory genes in MDFs and IRR-MDFs.

(H) mRNA levels of Cd38 in BMDMs treated with the indicated concentration (ng/ml) of
recombinant mouse cytokines for 24 hours.

(I) Flow cytometry of Edu+ BMDMs treated with MDF-CM or IRR MDF-CM for 24 hours.

(J) Bright field microscopy image of BMDMs treated with MDF-CM or IRR MDF-CM for 24 hours
For in vivo experiments, data from individual mice are shown.

Data is showing the mean + SEM. (n=3 biological replicates except n=4 in G). Statistical
significance defined as *P<0.05, **P<0.01, and ***P<0.00; two-sided Student’s t-test except for
5a and 5b one-tailed t-test was used.

Figure 6. Proposed model how aging-related inflammation leads to enhanced NAD
degradation. Aging is associated with the accumulation of DNA damage, which leads to
genotoxic stress and the slow accumulation of senescent cells over time. Using in vivo and in
vitro senescent cell model systems, we show that the accumulation of senescent cells and the
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accompanying inflammatory cytokines of the senescence-associated secretory phenotype
(SASP) is sufficient to promote CD38 expression and macrophage proliferation. In addition,
increased intestinal permeability has been reported to occur during aging leading to enhanced
serum levels of endotoxins and other pathogen-associated molecular patterns (PAMPs) which
can activate the PRRs expressed by innate immune cells. Collectively, SASP and PAMPs can
promote an inflammatory state associated with increased expression of CD38 by tissue resident
M1-like macrophages characterized by enhanced NADase activity. In addition, we show that
NAD is a critical regulator of macrophage polarization, and that NAD fine-tunes a subset of
genes expressed during the anti-inflammatory M2 program. Thus, our data suggest that during
aging a subset of M2 macrophage genes may be affected as NAD levels decline.

Materials and Methods:

Mice: C57BL/6J mice were used for in vivo studies and as a source of BMDMs. Mice were
maintained at Buck Institute on a standard chow diet and all procedures were performed in
accordance with the guidelines set forth by the Institutional Animal Care and Use Committees
(IACUC) at the institution. Cd38 KO mice on a C57BL/6J background were obtained from The
Jackson Laboratory (Bar Harbor, ME) and were bred and housed at our animal facility at the
Gladstone Institute and Buck Institute.

BMDM culture and experiments: BMDMs used in experiments were derived from bone
marrow extracted from the femurs of euthanized mice (6-12 weeks old male and female
C57BL/6J) by mortar and pestle. Briefly, femurs, were placed in the mortar and were washed
with 70% ethanol to sterilize followed by two washes with complete RPMI (cRPMI; standard
RMPI (Corning) supplemented with 10% fetal calf serum, penicillin-streptomycin solution
(Corning), 1mM sodium pyruvate solution (Corning), 2mM L-Glutamine solution (Corning), 10nM
HEPES buffer (Corning), and 50uM 2-mercaptoethanol). After washing, 10mls of cRPMI were
added to the mortar and the femur bones were gently crushed. The resulting media was
collected and filtered through a 70um filter and placed in a conical tube. The filtered supernatant
was centrifuged at 1200 RPM (150 RCF) for 5 minutes. Cells were resuspended, counted and
plated at a density of 3x10° cells/10cm dish in 10ml of macrophage growth media (cRPMI
containing 25% M-CSF containing L929 conditioned media (made in house)). Cells were left to
grow for 7 days to differentiate and were supplemented with 5ml of macrophage growth media
on day 5. On day 7, BMDMs (yielding 10-12x10° cells/10cm dish) were lifted off the plate using
cold PBS containing 5mM EDTA. BMDMs were counted and replated in macrophage growth
media overnight prior to experiments. On day of experiments, macrophage growth media was
replaced with cRPMI 6 hours prior to stimulation to remove M-CSF. M2 polarization was
performed by stimulating macrophages with 10ng/ml recombinant mouse IL-4 (Peprotech). For
M1 polarization macrophages were stimulated with 100ng/ml LPS (LPS EK-Ultrapure,
Invivogen). To test how different TLR ligands activate CD38, a Mouse TLR Agonist kit was
purchased from Invivogen and BMDMs were treated with each ligand for 16 hours.
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Gene expression measurement: For in vitro experiments RNA was isolated using RNA STAT
60 (Amsbio) per manufacturer’s protocol. 1ug RNA was converted to cDNA using a High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems), and diluted with 280ul H>O post
reaction. Gene expression was measured using a CFX384 Real Time System (Bio-Rad) and
Thermo Scientific Maxima 2x SYBR Green. Data was analyzed using the CFX Bio-Rad software
and normalized using the delta/delta CT method. In vitro BMDMs were normalized to the
housekeeping gene hypoxanthine phosphoribosyltransferase (Hprt). For in vivo experiments
RNA was extracted from flash frozen epididymal fat samples using Trizol (ThermoFisher) in a
TissuelLyser system (Qiagen). cDNA was generated as described above and gene expression
was measured in a LightCycler480 Il using the Universal Probe Library system (Roche).
Expression was normalized to Actin and Tubulin using the delta/delta CT method.

In vivo experiments

Male C57BL/6J mice were obtained from the National Institute on Aging colony and The
Jackson Laboratory (Bar Harbor, ME). Mice ranging in age from 2 to 30-months old were used
for determination of the effects of natural aging. 6-months old mice were injected
intraperitoneally with a single dose of 10 mg doxorubicin/kg or vehicle (PBS) and euthanized six
weeks later. All animals were euthanized by CO: followed by cervical dislocation. Epididymal fat
was excised and portions of the tissue were either flash frozen in liquid nitrogen for gPCR
analysis or processed for flow cytometry as described below. All procedures were approved by
the Buck Institute IACUC and were in compliance with approved animal protocols.

NAD Metabolome Mass Spectrometry: For adipose tissue NAD and NADP levels, fat samples
were received on dry ice and stored at -80 °C. Samples were pulverized prior to extraction by
freezing in LN2 and adding to a Bessman pulverizer cooled to LN, temperature. Samples were
weighed frozen into microcentrifuge tubes cooled to LN, temperature. The appropriate internal
standard solution was added and the sample extracted with hot 75%Ethanol/25% HEPES (pH
7.1) buffer as previously described (Trammell and Brenner, 2013). After centrifugation, the
aqueous layer between the cell pellet and lipid layer was withdrawn and transferred to a clean
microcentrifuge tube; the solvent was evaporated to dryness using a vacuum centrifuge.
Standards and controls were prepared by adding internal standard, the appropriate amount of
standard working solution, and ethanol/HEPES buffer to microcentrifuge tubes; the standards
were dried along with the samples. The dried samples were stored at -20°C until reconstitution
immediately prior to the analytical run. For analysis, samples were reconstituted in 70uL of
10mM ammonium acetate and analyzed using 2 separations as previously described(Trammell
and Brenner, 2013; Trammell et al., 2016), and tissue NAD and NADP levels were normalized
to tissue weight. Cells Methodology: Briefly, 7x10° BMDMs were cultured in 10cM TC-plates
overnight in macrophage growth medium to ~90% confluence. The following day, the media
was replaced with cRPMI 6hrs prior to stimulating with IL-4 (10ng/ml) or LPS (100ng/ml) for the
indicated timepoints. BMDMs were washed twice with cold PBS, and gently scraped off,
counted, pelleted, flash frozen, and shipped overnight on dry ice to the Brenner Lab. Cell pellets
of BMDMs were received on dry ice and stored at -80 °C. To extract metabolites the appropriate
internal standard was added along with 400uL of hot ethanol/HEPES buffer as described
previously.' Calibrators and controls were prepared and solvent removed in a vacuum
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centrifuge. The analytical runs were conducted as above. BMDM metabolite levels were
normalized to cell number (pmol/1x10° cells) and graphed as normalized peak area. Internal
standards: Stable isotope analogs of nucleotides and nucleoside were grown in a yeast broth
with universally labelled "*C glucose, resulting in all ribose rings being fully labelled. *C1o NAD
was used as its internal standard. For the second analysis a mix of '®0O-NR, '®0-Nam, ds-NA, ds-
MeNam, and ds- methyl-4-pyridone-3-carboxamide was used as internal standard.

Quantification of tryptophan and metabolites levels: Quantification was performed as
previously described (Huang et al., 2013). Briefly, 7x10® BMDMs were cultured in 10cM TC-
plates overnight in macrophage growth medium to ~90% confluence. The following day, the
media was replaced with cRPMI 6hrs prior to stimulating with IL-4 (10ng/ml) or LPS (100ng/ml)
for 24hrs. Cells were washed twice with cold PBS, and gently scraped off, pelleted, flash frozen,
and shipped to the Lee lab on dry ice. The extracted tryptophan and metabolites analyzed by
LC-ESI-MS/MS (API1 5000 QTRAP mass, AB/SCIEX) by MRM mode. The tryptophan and
metabolites MS/MS transitions (m/z) were 205—188 for tryptophan, 209—192 for kynurenine,
225—208 for 3-hydroxy-L-kynurenine, 154—136 for 3-hydroxyanthranilic acid, 206—160 for
kynurenic acid, 190—144 for xanthurenic acid, 138—120 for anthranilic acid, 124—106 for 2-
picolinic acid, 168—150 for quinolinic acid, and 199—112 for L-mimosine as an internal
standard, respectively. The metabolites were separated on a Luna C18 column (2.1 x 150 mm,
5.0pm) with an injection volume of 5uL and a flow rate of 0.3 ml/min using 0.1% trifluoroacetic
acid for mobile phase A and acetonitrile for mobile phase B. The gradient was as follows: 0 min,
2% B; 12 min, 60% B; 13 min, 60% B; 14 min, 2% B; 20 min, 2% B. Data were acquired using
Analyst 1.5.1 software (Applied Biosystems, Foster City, CA). Data is presented as pmol/mg
protein.

Extraction of nicotinamide riboside (NR) and analysis by LC-MS/MS.

To define the relative abundance of NR by LC-MS/MS analyses, a previously described
extraction method optimized for NAD, NADP and NADPH was employed (Lewis et al., 2014).
Briefly, 7x10° BMDMs were cultured in 10cM TC-plates overnight in macrophage growth
medium to ~90% confluence. The following day, the media was replaced with cRPMI 6hrs prior
to stimulating with LPS (100ng/ml) for the indicated timepoints. Cells were washed twice with
cold PBS, and gently scraped off, pelleted, flash frozen, and shipped overnight to the Ben-Sahra
Lab on dry ice. Metabolites were extracted on ice with 250ul of a 40:40:20 mixture of
Acetonitrile/Methanol/ (10mM Tris, pH 9.2, 200mM NaCl). Supernatants were stored at -80°C
(one week or less) and 25l of the cleared solution was injected in a Thermo Q-Exactive (LC-
MS) in line with an electrospray source and an Ultimate3000 (Thermo) series HPLC consisting
of a binary pump, degasser, and auto-sampler outfitted with a Xbridge Amide column (Waters;
dimensions of 4.6mm x 100mm and a 3.5um particle size). The mobile phase A contained 95%
(vol/vol) water, 5% (vol/vol) acetonitrile, 20mM ammonium hydroxide, 20mM ammonium
acetate, pH 9.0; B was 100% Acetonitrile. The gradient was as follows: 0 min, 15% A; 2.5 min,
30% A; 7 min, 43% A; 16 min, 62% A; 16-18 min, 75% A; 18-25 min, 15% A with a flow rate of
400ul/min. The capillary of the ESI source was set to 275°C, with sheath gas at 45 arbitrary
units, auxiliary gas at 5 arbitrary units and the spray voltage at 4.0 kV. In positive/negative
polarity switching mode, an m/z scan range from 70 to 850 was chosen and MS1 data was
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collected at a resolution of 70,000. The automatic gain control (AGC) target was set at 1x10°
and the maximum injection time was 200ms. The top 5 precursor ions were subsequently
fragmented, in a data-dependent manner, using the higher energy collisional dissociation (HCD)
cell set to 30% normalized collision energy in MS2 at a resolution power of 17,500. The sample
volumes of 25ul were injected. Data acquisition and analysis were carried out by Xcalibur 4.0
software and Tracefinder 2.1 software, respectively (both from ThermoFisher Scientific). NR
peak area was normalized to protein concentration for each sample and graphed as normalized
peak area. Metabolomics services were performed by the Metabolomics Core Facility at Robert
H. Lurie Comprehensive Cancer Center of Northwestern University.

Adipose tissue Digestion: Adipose tissue digestion was performed as previously described
(Covarrubias et al., 2016). Briefly, adipose tissue was excised and minced, prior to being
digested with 2mg/ml collagenase (Sigma) diluted with KRBH containing 2% FBS for 30 minutes
at 37°C. The resulting suspension was filtered through a 70um filter and centrifuged for 5
minutes at 2000 RPM (425 RCF). The fat layer and supernatant were discarded, and the cell
pellet (SVF) was then washed twice with PBS containing 1mM EDTA and 2% FBS prior to
lysing red blood cells with ACK lysis buffer (made in house) and staining cells with antibodies for
flow cytometry as described below.

Flow Cytometry: Isolated adipose tissue stromal vascular cells (SVF), cleared of red blood
cells using ACK lysis buffer (as described above), were counted and blocked with anti-mouse
FC-block (BD Biosciences) per manufacturer's protocol for 15 minutes on ice. Cells were
subsequently labelled on ice for 30 minutes with the following antibodies diluted 1:200; CD38-
FITC (clone 90, Biolegend), CD11c-APC (N418, Biolegend), CD11b-PECy7 (M1/70,
eBioscience), CD45.2 PE (clone 104, eBioscience), and F4/80-BV510 (clone BM8, Biolegend).
Cells were immediately analyzed using the BD FACSAria flow cytometer. Compensation and
analysis of the data was performed using the FlowJo software. For in vitro experiments
activated BMDMs were lifted off of non-TC treated cell tissue plates after activation using cold
PBS with 5mM EDTA for 15 minutes prior to blocking with FC block and staining with antibodies
using the protocol described above. Click-iT EdU 488 Flow Cytometry Kit (ThermoFisher) was
used to measure macrophage proliferation per manufacturers protocol.

Human PBMC Macrophage Experiment:

Peripheral blood mononuclear cells (PBMCs) were purified from healthy donor blood (Blood
Centers of the Pacific, San Francisco, CA) from continuous-flow centrifugation leukophoresis
product using density centrifugation on a Ficoll-Paque gradient (GE Healthcare Life Sciences,
Chicago, IL). Monocyte were isolated by adherence: 3 x10° PBMC were seeded into 10cm cell
culture dishes and allowed to adhere in a 5% CO:incubator at 37°C for 2-3 hours in cRPMI.
Non-adherent cells were removed and the adherent cells were carefully washed, twice with
PBS. For the generation of human macrophages, monocytes isolated by adherence were
cultured in complete RPMI supplemented with 100ng/ml recombinant human M-CSF
(Peprotech) in a 5% CO; at 37°C for 7 days. After 7 days, the cells were stimulated with
100ng/ml LPS or 10ng/ml recombinant human IL-4 for 18 hours.
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ELISA: TNF—a and IL-6 were measured in the media of activated BMDMs using ELISA kits
purchased from Biolegend per manufacturer's protocol. Prior to ELISA supernatants were
cleared of debris or dead cells by centrifuging for 5 minutes at 425RCFx5min and diluted 1:150
with the ELISA dilution buffer recommended in the kit.

Western Blot: Cell lysates were prepared by lysing cells with RIPA Buffer containing Halt
protease and phosphatase inhibitor cocktail (ThermoFisher). Protein concentrations were
determined using BCA Assay kit (ThermoFisher). Approximately, 15ug of protein lysates were
loaded onto 8% polyacrylamide gels and transferred to PVDF membranes. The following
primary antibodies were purchased from Cell Signaling and were used to probe for proteins;
Tubulin (9F3), Parp1 (46D11), Sirt1 (1F3).

Arginase Assay: Arginase Assay was performed as previously described (Byles et al., 2013).
Briefly, 0.5 x10° stimulated BMDMSs were lysed with 75ul 0.1% TritonX-100 lysis buffer with Halt
protease inhibitor cocktail (ThermoFisher). Lysate arginine was activated by adding 50ul of
25mM Tris-HCL and 10ul of 2mM MnCl, to each sample and heating at 56°C for 10 minutes.
100pl of 500mM L-Arginine (pH 9.7) was added to each tube and left to incubate 45 minutes at
37°C. 800ul acid solution (H2SO4: H3PO4: H20 (1:3:7)) was used to stop each reaction. Urea
production was measured by adding 40ul of 9% a-isonitrosopropiophenone (dissolved in 100%
ethanol) to each sample and heated to 100°C for 15 minutes. A standard curve of urea was run
in parallel to the samples and standards/samples were measured at 540nm using a plate
reader.

NADase Assay: NADase activity was measured using a fluorescence-based assay. Briefly, 0.5
x 10° BMDMs/sample were lysed with 0.1% TritonX-100 Sucrose-Tris (0.25 M sucrose, 40mM
Tris [pH 7.4]) lysis buffer with protease and phosphatase inhibitors (ThermoFisher). For the
NADase assay on intact macrophages, 2.5 x 10° BMDMs/sample were gently lifted with the cell
scraper, centrifuged and resuspended in 100ul PBS/well. The reaction was started adding 80uM
of nicotinamide 1,N®-etheno-adenine dinucleotide (Sigma Aldrich). The samples were excited at
340 nm and the emission of fluorescence was measured at 460nm at 37°C every min for 1hr in
a PHERAstar FS microplate reader (BMG LABTECH). NADase activity was calculated as the
slope of the linear portion of the fluorescence-time curve, corrected by the amount of protein in
each sample. Protein concentrations were determined using BCA Assay kit (ThermoFisher).

Senescence Cell Condition Media Experiment: Irradiation induced senescence, mouse
dermal fibroblasts (MDF) were exposed to 10Gy X-rays and medium was changed to fresh
medium every 2 days. Control cells were mock irradiated. For chemotherapy-induced
senescence MDF were treated with doxorubicin (Sigma Aldrich) at concentration 250nM in
DMSO for 24 hr. The medium was replaced by normal DMEM supplemented with 10% FBS and
refreshed every 2 days. Control cells were treated with equal amount of DMSO. After day 10 of
treatment, conditioned medium (CM) were prepared by washing cells 3 times in PBS, then
incubating in media for 24 h. Bone marrow derived macrophages then incubated with this CM
for 24 hours and harvested for RNA isolation. For co-culture experiments, 1x10° WT or Cd38
KO BMDMs were counted and added to 6-well tissue culture plates containing 1x10*IRR MDFs
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or control MDFs at a ratio of (10:1) in 3.5mls of DMEM supplemented with 10% FBS in a 6-well
plate for 24 hours. Co-culture cells were harvested with RNA Stat 60 to analyze gene
expression of bulk RNA from both macrophages and senescent cells as described above.

Statistical Analysis: Statistical analysis was performed using GraphPad Prism software and
Microsoft Excel. One-sided and two-sided Student’s t-tests were applied to comparisons
between two conditions with mean £ SEM shown. NS, not significant, *P<0.05, **P<0.01, and
***P<0.001.
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Figure 2 A NADase Rates B NADase Assay
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Figure 3
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Figure 4
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igure 5
Natural Aging (6 vs 25 Months) - Visceral Adipose Tissue
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Figure 6
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