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C A N C E R

Control of brain tumor growth by reactivating myeloid 
cells with niacin
Susobhan Sarkar1, Runze Yang2*, Reza Mirzaei1*, Khalil Rawji1, Candice Poon1, Manoj K. Mishra1, 
Franz J. Zemp3, Pinaki Bose3,4,5, John Kelly1,3, Jeff F. Dunn1,2, V. Wee Yong1,3†

Glioblastomas are generally incurable partly because monocytes, macrophages, and microglia in afflicted patients 
do not function in an antitumor capacity. Medications that reactivate these macrophages/microglia, as well as 
circulating monocytes that become macrophages, could thus be useful to treat glioblastoma. We have discovered 
that niacin (vitamin B3) is a potential stimulator of these inefficient myeloid cells. Niacin-exposed monocytes 
attenuated the growth of brain tumor–initiating cells (BTICs) derived from glioblastoma patients by producing 
anti-proliferative interferon-14. Niacin treatment of mice bearing intracranial BTICs increased macrophage/
microglia representation within the tumor, reduced tumor size, and prolonged survival. These therapeutic out-
comes were negated in mice depleted of circulating monocytes or harboring interferon- receptor–deleted BTICs. 
Combination treatment with temozolomide enhanced niacin-promoted survival. Monocytes from glioblastoma 
patients had increased interferon-14 upon niacin exposure and were reactivated to reduce BTIC growth in cul-
ture. We highlight niacin, a common vitamin that can be quickly translated into clinical application, as an immune 
stimulator against glioblastomas.

INTRODUCTION
Glioblastomas (GBMs) are the most malignant and common form 
of primary tumors that arise in the adult central nervous system (CNS). 
They are deadly tumors with a median survival of 14.6 months de-
spite aggressive surgery, chemotherapy with temozolomide, and radi-
ation (1). The prognosis for GBMs remains dismal, in part, because 
their stem-like cells, brain tumor–initiating cells (BTICs), are rela-
tively resistant to chemoradiotherapy (2–4), in contrast to their more 
differentiated progenies. Further, BTICs account for glioma recur-
rence during temozolomide treatment in mice (2). Thus, there is an 
unmet need to develop therapeutics targeting BTICs.

An additional feature that contributes to the deadly nature of GBM 
is the tumors’ efficient exploitation of their microenvironment, includ-
ing of immune cells that infiltrate the tumor (3–12). The inflammatory 
infiltrate is dominated by peripherally derived macrophages and CNS- 
intrinsic microglia. These cells are histologically indistinguishable 
from each other and are collectively termed macrophages/microglia. 
The macrophages/microglia and circulating monocytes that become 
macrophages in tissues (collectively referred to here as myeloid cells) 
may initially attempt to control tumor growth but are ultimately 
subverted by BTICs and their progenies to assume an immuno-
suppressive phenotype and to promote GBM growth (8, 12, 13). Hence, 
medications that disable the tumor-promoting macrophages/microglia 
or those that reactivate the tumor-fighting properties of compromised 
circulating monocytes, in addition to tumor-infiltrating macrophages/
microglia, are highly desired for GBMs.

There is immense interest in improving the prognosis of GBM 
by targeting monocytes, macrophages, and microglia. Approaches 
include deleting these populations by targeting their survival factor, 
colony-stimulating factor-1 (14, 15); reducing their chemotaxis into 
tumor (16–18); using them as vehicles for drug delivery (19); deplet-
ing the number of immunosuppressive cells (16, 20) or increasing 
the amount of proinflammatory cells (21–23); blocking immuno-
suppression by these cells (24); reprogramming or converting the 
immunosuppressive cells into proinflammatory types (25–28); or 
using pharmacological activators to produce stimulated phenotypes 
that curb tumor growth (21, 22, 24).

We previously screened a drug library of 1040 compounds and 
reported on those that inhibit microglia activity (29). In that screen, 
we also found compounds that further increased microglial inflam-
matory activity elicited by lipopolysaccharide (LPS) stimulation, as 
measured by elevation of tumor necrosis factor– (TNF-). Of these, 
amphotericin B, an antifungal medication, had considerable anti-
tumor activity (22), but this medication is poorly tolerated in humans. 
Another compound that increased TNF- in LPS-activated microglia 
in our screen was niacin (vitamin B3 or nicotinic acid) (29). Because 
niacin has been safely used in humans at high doses to treat athero-
sclerotic coronary disease and dyslipidemias (30–32), we investigated 
the hypotheses that niacin-stimulated myeloid cells would inhibit 
the growth of BTICs in culture and prolong the survival of mice 
with intracranial BTICs. Here, we report our findings that niacin is 
a promising treatment for the currently incurable GBMs.

RESULTS
Niacin promotes the stimulation of monocytes, 
macrophages, and microglia in culture
We first used mouse bone marrow–derived macrophages (BMDMs) 
to evaluate the activity of niacin. These cells were enriched from bone 
marrow cells that were exposed to macrophage colony-stimulating 
factor (MCSF) as described previously (33). After 10 days in MCSF- 
containing medium, more than 85% of the cells were macrophages, 
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as determined by F4/80+, CD11b+, and CD45+ cells (fig. S1) and by 
Iba1 immunoreactivity (Fig. 1A). Less than 10% of the BMDM cul-
tures were Ly6C+ monocytes or Ly6G+ neutrophils (fig. S1). Twenty 
percent to 30% of the macrophages expressed CD11c and MHCII 
(major histocompatibility complex II), 60 to 80% expressed the 
costimulatory markers CD80 and CD86, and 95% were CD206+. We 
did not detect any F4/80LowCD11bLow dendritic cells in the BMDM 
cultures (fig. S1).

In our published drug screen, we found that niacin (10 M, given 
1 hour before LPS treatment) produced more TNF- (146%) than 
LPS alone (100%) (29). Here, we first asked whether niacin alone 
could increase cytokines in naive BMDMs or whether it required a 
priming stimulus. BMDMs were incubated with 100 M niacin be-
cause this concentration is readily achieved in humans taking 1 g of 
niacin for dyslipidemia (mean range in serum of 120 to 230 M 
between 1 and 2 hours after intake) (34). Niacin by itself did not 
increase TNF- and other cytokines in the cell-conditioned medium 
collected after 24 hours, but it further promoted TNF-, interleukin-6 
(IL-6), IL-12, and CXCL10 secretion elicited by LPS (Fig. 1B and fig. 
S2). In contrast, niacin reduced a major immunosuppressive mole-
cule in GBMs, IL-10 (Fig. 1B) (35).

Previous studies referred to niacin as an anti-inflammatory factor 
that lowered the activity of stimulated macrophages (36, 37). To resolve 
the discrepancy, we pretreated BMDMs with suprapharmacologic 
concentrations of niacin (500 and 1000 M) 24 hours before LPS stim-

ulation as conducted in the contradictory reports and compared this 
to obtainable in vivo niacin concentrations and a 1-hour pretreatment. 
Notably, 10 and 100 M niacin added 1 hour before LPS elicited an 
increase in TNF-, whereas higher niacin concentrations decreased 
this cytokine; a 24-hour pretreatment with all niacin concentrations 
lowered the subsequent LPS effect (Fig. 1C). Thus, niacin stimulates, 
rather than inhibits, LPS-activated macrophages at pharmacologically 
relevant in vivo concentrations when given 1 hour before LPS. Re-
cently, a study in Parkinson’s disease patients found that niacin 
shifted macrophages from a proinflammatory to an anti-inflammatory 
phenotype (38); however, these authors used 100 to 250 mg of niacin, 
whereas gram quantities are used in dyslipidemia.

During the culture period for BMDMs, some cells remained float-
ing as monocytes (39). These were collected and exposed to 100 M 
niacin for 24 hours. We noted that the viability and differentia-
tion of these monocytes were largely unaffected by niacin, with the 
exception of the increase in mean fluorescence intensity of CD80 
(fig. S3).

We tested whether niacin stimulation occurred with different im-
mune cell types from multiple species. Human blood-derived mono-
cytes, human monocyte-matured macrophages, and brain-derived 
microglia, as well as mouse peritoneal macrophages and BMDMs, 
did not increase TNF- in response to niacin alone, but all promoted 
the TNF- secretion elicited by LPS (Fig. 1D). Moreover, using the 
less potent but endogenously produced activators interferon- (IFN-) 

Fig. 1. Niacin stimulates monocytes, macrophages, and microglia. (A) Mouse bone marrow–derived macrophages (BMDMs) were cultured to over 85% purity as de-
termined by Iba1 fluorescence. (B) Cytokine and chemokine expression by BMDMs treated with LPS (100 ng/ml) and/or niacin (100 M). (C) TNF- concentration with 
pharmacologic concentrations of niacin in mouse BMDMs when given 1 or 24 hours before LPS. (D) TNF- concentration upon treatment of human monocytes, macrophages, 
and microglia and mouse BMDMs and peritoneal macrophages with niacin (100 M) alone or niacin (100 M) plus LPS (100 ng/ml). (E) TNF-, CXCL10, and IL-6 concentrations 
upon treatment with interferon- (IFN-) and IL-1 (iIL-1) in BMDMs in the presence or absence of niacin. (F) Effect of niacin on chemotaxis and phagocytosis in LPS- 
activated BMDMs or without LPS. All bars are means ± SEM of quadruplicate cultures, and data were analyzed by one-way ANOVA with Dunnett’s post hoc test relative to 
the LPS group; only the P values for differences between LPS and LPS + niacin are displayed.
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and IL-1 (collectively abbreviated as iIL-1), the amounts of TNF-, 
CXCL10, and IL-6 (Fig. 1E) raised in BMDMs by iIL-1 were fur-
ther enhanced by 1-hour pretreatment with 100 M niacin, as were 
the chemokines CCL2 and CCL5 (fig. S2); however, a noticeable in-
crease in CCL3 and CCL4 was observed with niacin treatment without 
priming by iIL-1 (fig. S2).

We exposed BMDMs to IL-4, a common stimulus that increases 
“M2”-like characteristics, to determine whether niacin would affect 
macrophage polarization under this condition. Attempts to measure 
an immunosuppressive cytokine, transforming growth factor–1 
(TGF-1), in the conditioned medium of cells were unsuccessful be-
cause its amounts were below detection. Arginase activity was mea-
surable, and the arginase activity increased by IL-4 in BMDMs was 
not affected by niacin (fig. S2C).

We addressed whether niacin affected other aspects of LPS- 
stimulated macrophage activity and found that it promoted chemo-
taxis and phagocytosis of LPS-exposed cells (Fig. 1F). We noted that 
niacin alone promoted phagocytosis by naive BMDMs (Fig. 1F), thus 
indicating that some responses of myeloid cells can be independently 
triggered by niacin without LPS priming.

In summary, niacin increases the amounts of several cytokines 
and chemokines in monocytes, macrophages, and microglia primed by 
LPS or iIL-1. For phagocytosis, niacin increased this activity with-
out the necessity of LPS priming.

Niacin-treated monocytes reduce the growth of GBM 
patient–derived BTICs in vitro
We used nine human BTIC lines generated in-house from resected 
GBM specimens (40–45). Cells were plated at either 5000 or 10,000 
per well in 96-well plates and exposed for 7 or 3 days, respectively, 
to conditioned medium collected from monocytes of healthy human 
volunteers. We focused on monocytes among myeloid cells because 
monocytes would be exposed to niacin while circulating in blood 
before their infiltration into tumors as macrophages; moreover, the 
capacity of niacin to cross the intact blood-brain barrier is not clear 
(46), although niacin is detected in the brain after intravenous ad-
ministration (47) in humans and the blood-brain barrier may be 
disrupted in GBM patients (48).

Whereas BTICs in control conditions formed prominent spheres 
over a 3- or 7-day period, this was reduced by monocyte conditioned 
medium (MonoCM) from healthy adults; notably, the sphere growth 
was further attenuated by medium from niacin-treated monocytes 
(Niacin-MonoCM) (Fig. 2, A and B, and fig. S4A). Notably, BT048 
and BT53M extensively used in most of the vitro and in vivo exper-
iments were of divergent genetic backgrounds (fig. S4B). In addition, 
O6-methylguanine-DNA methyltransferase (MGMT)–methylated (thus 
temozolomide-sensitive) patient-derived BTIC lines (BT048, BT084, 
BT206, and BT53M) and MGMT-unmethylated (temozolomide- 
resistant) lines (BT012, BT030, BT073, and BT075) (43) were all sen-
sitive to inhibition by Niacin-MonoCM (Fig. 2A and fig. S4A).

Extreme limiting dilution assay further confirmed the potent 
growth-reducing effects of Niacin-MonoCM on BTICs (fig. S5A). 
These results emphasize that niacin can alter monocytes directly to 
reduce BTIC growth; specifically, the Niacin-MonoCM reduced cell 
cycling and induced apoptosis of BTICs and caused BTICs to differ-
entiate, as suggested by lowered expression of the stemness markers 
nestin, Sox2, and musashi-1 (Fig. 2C and fig. S5, B to D).

When large BTIC spheres formed over several days in culture, the 
application of Niacin-MonoCM promptly reduced the size of the 

spheres (fig. S6A). Because niacin by itself was not toxic and ineffective 
in containing BTIC growth (fig. S6, B and C), we conclude that its 
effects on BTICs require the monocyte intermediary.

Mechanisms by which niacin-treated monocytes reduce 
BTIC growth in culture
We performed microarray analyses [Gene Expression Omnibus (GEO) 
accession number GSE103381] for 39,000 genes on human mono-
cytes isolated from three healthy volunteers. The volunteers’ blood- 
derived monocytes were exposed to niacin (100 M) ex vivo for 
6 hours. Principal components analysis indicated that there was di-
vergence in the basal (untreated) transcriptome of monocytes from 
all three participants, and niacin treatment resulted in changes unique 
to each individual (Fig. 2D); however, we also found 351 genes that 
were commonly altered after niacin treatment in all three partici-
pants with a cutoff of 1.2-fold (Fig. 2E); of these, 105 and 246 genes 
were up- and down-regulated, respectively, by niacin (data file S1). 
We note that the fold change of gene transcripts in response to niacin 
alone is modest, but this bodes well for its good tolerance in humans.

Because the conditioned medium from niacin-stimulated mono-
cytes reduced BTIC growth, we next addressed which of the altered 
genes encoded soluble molecules, using cellular component ontology 
analysis in the PANTHER database, where genes are categorized 
based on their cellular localization (fig. S6D). Among the different 
categories, we selected the extracellular region, aligned with our in-
terest in secreted proteins. We identified seven extracellular genes 
that were up-regulated by niacin across monocyte cultures (Fig. 2F), 
including IFN-14, which was reported to decrease proliferation of 
transformed renal and lymphoid cells in culture in a single study (49). 
Other IFN- were not altered in niacin-treated monocytes (data file 
S1). We confirmed the increase in IFN-14 by niacin through real- 
time polymerase chain reaction (PCR) of two additional human 
monocyte cultures (Fig. 2G). Moreover, niacin (100 M) treatment 
of monocytes from five healthy individuals increased their amount 
of IFN-14 protein in cell-conditioned medium (Fig. 2H). We noted 
that LPS did not enhance the niacin-stimulated increase of IFN-14 
protein (fig. S6E).

The finding that niacin treatment of monocytes increased IFN-14 
led us to ask whether this type I IFN could inhibit BTIC growth. The 
addition of recombinant human IFN-14 reduced BTIC sphere for-
mation within a concentration range of 5 to 100 ng/ml but not at 
1 ng/ml or below (Fig. 3A and fig. S6F). Moreover, recombinant human 
IFN-14 reduced the S-phase of the cell cycle of BTICs (Fig. 3B). 
We detected the up-regulation of IFN-–responsive genes, such as 
IRF9, STAT1, and STAT2, in three human BTIC lines with IFN-14 
treatment (Fig. 3, C and D, and data file S2). Last, we found that 
recombinant murine IFN-14 (mIFN-14) also reduced sphere 
formation by human BTICs (fig. S7); this cross-species capacity 
provides the rationale to treat mice harboring intracranial human 
BTICs with niacin, because mIFN-14 produced by monocytes and 
macrophages in vivo may conceivably work on the human implants.

To link the niacin-induced IFN-14 secretion by monocytes to 
suppression of BTIC growth, it would be desirable to prevent the 
production or release of IFN-14 by monocytes. However, primary 
monocytes did not survive transient RNA interference (RNAi) ap-
proaches such as small interfering RNA (siRNA) or lentivirus. More-
over, two commercial antibodies blocking the function of IFN-14 
killed cells and thus could not be used. We therefore targeted BTICs 
to reduce their expression of the receptor for IFN-14, the type 1 
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IFN- receptor (IFNAR1), using siRNAs (Fig. 3E). In human BTIC 
lines with siRNA knockdown of IFNAR1, IFN-14 (Fig. 3F) or Niacin- 
MonoCM (Fig. 3G) was no longer effective in reducing growth. These 
results support the contention that IFN-14 produced by monocytes 
helps account for the attenuation of BTIC growth by niacin-exposed 
monocytes.

We interrogated three separate GBM databases [GEO accession 
numbers GSE4536 and GSE7696, and The Cancer Genome Atlas 
(TCGA)] and found that IFNA14 transcript was expressed at very 
low and comparable amounts in normal brain and GBM samples 
and that its amount did not influence longevity of patients (fig. S8). 
We also interrogated the TCGA database for other soluble factors 

(SCUBE2, THSD4, LRGUK, CXCL2, and LRRC32) altered upon 
niacin treatment and found that these did not associate with survival 
of patients either (fig. S9).

Niacin prolongs longevity of SCID mice with intracranial 
patient-derived BTICs
We implanted GBM patient–derived BT012 cells into the right striatum 
of severe combined immunodeficient (SCID) mice and initiated 
7 days of systemic intraperitoneal treatment with niacin or vehicle. 
Niacin was used at 100 mg/kg because a previous study found that 
this dose produces 100 to 250 M plasma concentration in mice be-
tween 1 and 9 hours (50). The therapeutic efficacy of niacin was first 

Fig. 2. Niacin-treated monocytes reduce BTIC growth through soluble mediators including IFN-14. (A) Numbers of spheres above 60 m diameter in three GBM 
patient–derived BTIC lines exposed to MonoCM or Niacin-MonoCM from healthy volunteers (one-way ANOVA with Tukey’s post hoc test). (B) Images of 72-hour outcomes 
of spheres from a BT048 experiment; scale bar, 60 m. (C) Fluorescence-activated cell sorting (FACS) analysis of stemness marker, nestin, in BTICs treated with MonoCM 
or Niacin-MonoCM. (D) Principal components analysis of microarray data of monocytes from three individuals under control or 6-hour niacin-stimulated conditions. 
(E) Venn diagram displaying the number of transcripts differentially and commonly altered by niacin between the three individuals. (F) Genes encoding secreted factors 
that were up- or down-regulated by niacin across three monocyte preparations. FC, fold change. (G) PCR quantification of IFN-14 after 3 hours of exposure to niacin in 
monocytes from two additional subjects. (H) IFN-14 protein concentration in the conditioned medium (CM) of monocytes from five control subjects under basal conditions 
(MonoCM) or niacin stimulation (Niacin-MonoCM) (paired t test, each line represents a single subject).

 at K
arolinska Inst B

ibliotek on A
pril 4, 2020

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

http://stm.sciencemag.org/


Sarkar et al., Sci. Transl. Med. 12, eaay9924 (2020)     1 April 2020

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

5 of 15

assessed 6 weeks after implantation in live asymptomatic animals 
using T2*-weighted magnetic resonance imaging (MRI). Images 
showed large tumors in vehicle-treated mice and a much reduced 
tumor volume with niacin (Fig. 4, A and B). Vehicle-treated mice 
became symptomatic (lethargic, fluffed fur) shortly thereafter, and 
Kaplan-Meier survival plots showed that niacin prolonged survival 
(Fig. 4C).

We also used MRI to determine the effect of niacin on monocyte/
macrophage infiltration into implanted tumors. Here, the contrast 
agent USPIO (ultrasmall superparamagnetic iron oxide, ferumoxytol) 
was intravenously injected into mice, whereupon circulating phagocytes 
(largely monocytes) engulfed the iron particles; upon their migration 
into tumors, the iron signal could be tracked by MRI using changes 
in T2* (51). In mice 46 days after implantation with BT048, we found 
no difference in tumor T2* before and after ferumoxytol adminis-
tration for vehicle-treated animals. However, there was a decrease 

in tumor T2* indicative of ferumoxytol being trafficked into the tumor 
by monocytes after niacin treatment (Fig. 4, D and E). In corrobo-
ration, there was increased immunoreactivity for the macrophage/
microglia marker Iba1 (Fig. 4F).

Next, we addressed the requirement for myeloid cells for reduc-
tion of tumor growth in niacin-treated mice. We implanted BT048 
into the brains of SCID mice and reproduced the finding that daily 
niacin treatment prolonged the life span of mice (Fig. 4G). In parallel, 
other groups received weekly intravenous infusions of liposomes 
containing clodronate (dichloromethylene bisphosphonate) or 
phosphate- buffered saline (PBS) (control) starting at 7 days after 
implantation to deplete circulating monocytes and monocyte-derived 
macrophages (52); whether microglia were affected remained un-
clear. Effective depletion of monocytes/macrophages by clodronate 
liposomes in the livers of treated mice was observed by intravital 
microscopy (fig. S10). Niacin prolonged survival in mice treated 

Fig. 3. IFN-14 and induction of type I IFN-responsive genes in BTICs. (A) Effect of recombinant IFN-14 on BT048 and BT53M growth at 72 hours; one-way ANOVA 
compared to control. (B) Cell cycle analysis by propidium iodide flow cytometry in human BT53M cells incubated with recombinant human IFN-14; the numbers refer to 
the percentage of cells in the S phase of the cell cycle. (C) TaqMan Array Human Interferon Pathway analysis of IFN-responsive genes upon treatment with IFN-14 in three 
human BTIC lines. (D) PCR validation of IFN-responsive genes STAT1, STAT2, and IRF9 in three human BTIC lines upon IFN-14 treatment; unpaired t test compared to 
control. (E) Validation of IFNAR1 protein expression in BT53M cells transfected with two siRNAs to IFNAR1, 48 hours after transfection. Effect of recombinant IFN-14 
(F) or Niacin-MonoCM (G) on sphere-forming capacity of IFNAR1 knockdown BTIC cells; one-way ANOVA with Tukey’s post hoc comparisons. All bars are means ± SEM of 
quadruplicate cultures.
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with niacin plus PBS-liposomes, but 
mice treated with clodronate liposomes 
no longer showed improved survival in 
the presence of niacin (Fig. 4G). MRI 
images showed large tumors in niacin + 
clodronate liposome–treated mice com-
pared to those given niacin plus PBS- 
liposomes (Fig. 4, H and I). Thus, the 
efficacy of niacin required the presence 
of myeloid cells.

Niacin extends survival 
in immunocompetent mice 
with syngeneic BTICs
We extended our studies to syngeneic 
mice with normal immunity. We used 
the mBT0309 mouse BTIC line in the 
C57BL/6 background, previously gener-
ated and propagated as stem-like cells 
(53). In immunocompetent mice im-
planted with the mBT0309 line, niacin 
treatment extended survival, with this 
benefit lost in mice treated with clodronate 
but not PBS liposomes (Fig. 5, A to C). 
Thus, as with SCID mice implanted with 
patient-derived BTICs, the efficacy of 
niacin in immunocompetent mice with 
syngeneic brain grafts required myeloid 
cells. Immunohistochemistry of brain 
sections from niacin-treated immuno-
competent mice showed reduced num-
bers of CD204/CD206 anti-inflammatory 
Iba1+ macrophages/microglia (Fig. 5, D 
and E) compared to vehicle controls. 
Moreover, niacin-treated mice had de-
tectable cleaved caspase 3 apoptotic cells 
in different areas of the tumor, whereas 
this was not readily apparent in vehicle- 
treated mouse brains (Fig. 5F).

Within the systemic circulation, de-
termination of other immune cell types 
in niacin-treated mice showed that it did 
not affect CD3+, CD4+, CD8+, or memory 
T cells; there was no substantial decrease 
in the number of regulatory T cells (P = 
0.058) (fig. S11). Consistent with this, 
we did not find any difference in the CD3+ 
cells in brain sections from niacin-treated 
mice compared to vehicle (fig. S11C).

We sought to determine whether the 
therapeutic efficacy of niacin in vivo in-
volved signaling through the IFN-14–
IFNAR1 axis. We could not stably delete 
IFN-14 from monocytes as noted earlier, 
so we generated IFNAR1 knockout (KO) 
mouse BTICs using the parental BT0309 
line and the CRISPR gene editing system. 
DNA sequencing results show that 
the mouse Ifnar1 gene was completely 

Fig. 4. Niacin reduces the intracranial growth of GBM patient–derived BTIC implants in immunodeficient 
mice and prolongs their life span. (A and B) Mice were implanted with 10,000 BT012 cells in the striatum. 
Niacin (100 mg/kg) or vehicle (saline) daily intraperitoneal treatment was initiated from day 7. Representative 
T2-weighted MRI images at day 42 (tumor demarcated with red outline) are shown in (A), with tumor volume 
across mice displayed in (B) (unpaired t test). (C) Kaplan-Meier analysis of survival of mice receiving vehicle or 
niacin therapy (log-rank test). (D and E) Mice implanted with BT048 cells were left undisturbed for 35 days, after 
which the animals were treated with either vehicle or niacin (n = 4 each) for 7 to 9 days. MRI was then conduct-
ed, and a baseline T2* map (“pre-iron”) was collected. Ferumoxytol was next given through the tail vein at a dose 
of 30 mg/kg as a 100-l bolus, and another T2* map (“post-iron”) was collected 24 hours after. Representative 
MRI results (D) show darkening (arrow) after ferumoxytol injection only in the niacin-treated animals, indicating 
iron influx and thus monocyte infiltration (51) into the tumor (t test); the corresponding change in T2* is 
shown in (E). (F) After iron imaging [from (D)], mice were euthanized for immunohistochemistry to quantify 
Iba1-positive cells. (G) SCID mice were implanted with BT048 cells and initiated on daily niacin (100 mg/kg, 
intraperitoneally) or vehicle from day 7. Subsets of the niacin group were administered liposomes containing 
clodronate to deplete monocytes or liposomes containing PBS control. The Kaplan-Meier analysis (n = 5 per 
group) shows the therapeutic effect of niacin (P = 0.002 compared to vehicle, log-rank test) and the loss of 
niacin efficacy in clodronate liposome–treated mice compared to PBS liposome–treated animals. (H and I) Corre-
sponding MRI images (H) and quantitation (I) (unpaired t test; n = 4 for clodronate liposome group and n = 5 for 
PBS liposome animals).
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knocked out in clones 8-1E12 and 8-1G12 (designated as Ifnar1 KO 
8-1E12 and 8-1G12) mouse BTIC cells (fig. S12). The effect of 
IFN-14 on IFN-responsive genes was completely abrogated in 
Ifnar1 KO mouse BTIC cells in vitro (Fig. 6A). Moreover, whereas 
recombinant murine pan IFN- (mIFN-) or mouse IFN-14 
(mIFN-14) reduced the growth of wild-type (WT) BTICs, this ef-

fect was completely abrogated in the If-
nar1 KO (8-1E12 and 8- 1G12) mouse 
BTIC cells (Fig.  6, B and C). Notably, 
the conditioned medium from niacin- 
treated mouse BMDMs (Niacin-MøCM) 
could no longer reduce BTIC growth in 
Ifnar1 KO (8-1E12 and 8-1G12) mouse 
BTIC cells, unlike the case for WT cells 
(Fig. 6, D and E).

To corroborate the in vitro results, we 
implanted Ifnar1 KO (8-1G12) or WT 
cells in syngeneic immunocompetent 
C57BL/6 mice and started treatment 
with niacin or vehicle 7 days after. The 
therapeutic efficacy of niacin was reca-
pitulated in mice with WT BTICs, as 
evidenced through extended survival. In 
contrast, the therapeutic benefit of niacin 
no longer manifested in mice implanted 
with Ifnar1 KO BTIC cells (Fig. 6F). This 
result implicates type 1 IFN signaling as 
one of the crucial mediators involved in 
niacin-mediated BTIC growth reduction.

Combination therapy with niacin 
and temozolomide further 
enhances longevity of mice 
with intracranial BTICs
We determined whether temozolomide, 
a U.S. Food and Drug Administration–
approved alkylating chemotherapeutic 
drug used in GBM, could add to the ther-
apeutic effects of niacin in reducing BTIC 
growth by mobilizing myeloid cells. Where-
as temozolomide (100 M) and Niacin- 
MonoCM by themselves reduced BTIC 
growth in culture, the most marked de-
crease of growth occurred when these 
were combined (fig. S13).

Next, we addressed whether niacin 
and temozolomide have combinatorial 
effects in mice implanted with intracranial 
patient-derived BTICs. We used BT048 
and BT53M, which are both MGMT 
methylated and temozolomide sensitive 
(22). For the mice with BT048 implants, 
temozolomide (40 mg/kg) was given orally 
5 days/week for 3 consecutive weeks with 
a break of 2 days of no injection between 
weeks. This was unexpectedly toxic, re-
sulting in six deaths in the first week of 
temozolomide treatment, and the mice 
that died were excluded from analyses. 

For the remaining mice, MRI detection at day 49 showed a reduc-
tion in tumor volume in the niacin but not temozolomide or com-
bination groups (Fig.  7A). Niacin and the combination treatment 
prolonged survival compared to vehicle based on Kaplan-Meier anal-
ysis (Fig. 7B), but the combination was not substantially different 
when compared to niacin. MRI analyses at day 49 in asymptomatic 

Fig. 5. Therapeutic efficacy of niacin requires myeloid cells in immunocompetent mice with syngeneic 
mBT0309 implants. (A) Kaplan-Meier analysis of niacin on survival (P = 0.005, log-rank test) in animals treated with 
niacin and/or clodronate liposomes. (B and C) MRI images (B) of niacin-treated mice depleted of monocytes by 
clodronate liposomes in C57BL/6 mice with syngeneic mBT0309 implants (n = 5 to 10 per group), and quantitation 
(C) of tumor volume from MRI images (unpaired t test). In this figure, the MRI images were acquired using a less 
sensitive MRI owing to breakdown of the preferred magnet, so the tumor on MRI is outlined in red. (D and E) Immuno-
histochemical analysis of brain tumor sections to detect anti-inflammatory CD204+ (D) and CD206+ (E) Iba1+ 
macrophages/microglia. (F) Cleaved caspase 3 to detect apoptotic cells within the tumor in mouse brain sections.
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animals showed smaller tumors in niacin or combination treatment 
mice compared to vehicle or temozolomide animals (Fig. 7C). A 
single survivor in the niacin plus temozolomide group of BT048- 
implanted mice receiving daily niacin treatment died after a year, 
indicating a marked increase in survival.

We repeated the niacin/temozolomide experiment in mice im-
planted with the BT53M line, where we reduced the temozolomide 
dose to 30 mg/kg and adjusted its interval (gap of 1 week of no treat-

ment with temozolomide between the second and third week) to 
minimize its toxicity. MRI was conducted on day 36, when one vehicle- 
treated mouse was manifesting signs of tumor-associated toxicity 
(lethargy, fluffed fur). Figure 7D shows that whereas vehicle-treated 
mice already had measurable tumor volume, no MRI-detectable tumor 
was found in the other three groups at this early time point. Subse-
quent survival analyses show that temozolomide improved survival, 
which was exceeded in the niacin group. Notably, the combination of 

Fig. 6. Therapeutic efficacy of niacin is abrogated in mice harboring Ifnar1 KO BTIC implants. IFNAR1 KO mouse BTIC cells were generated using CRISPR gene editing 
(fig. S12). (A) WT mBT0309 cells were treated with murine IFN-14, and the expression of IFN-responsive genes Stat1, Stat2, and Irf9 was determined. Similarly, Stat1, Stat2, 
and Irf9 expression was determined in Ifnar1 KO (8-1E12 and 8-1G12) cells upon treatment with IFN-14; one-way ANOVA compared to WT BTICs. (B and C) Effects of 
recombinant mIFN- or mIFN-14 on WT mBT0309 and Ifnar1 KO 8-1E12 (B) and 8-1G12 (C) murine cells (one-way ANOVA compared to control). (D and E) Effect of niacin- 
treated macrophage conditioned medium (Niacin-MØCM) on WT and Ifnar1 KO BTIC cells, showing representative images (D) (scale bar represents 60 m) and quantification 
(E). All bars are means ± SEM of quadruplicate cultures and analyzed by one-way ANOVA. (F) Survival benefit with niacin was determined with Kaplan-Meier analysis in WT 
or Ifnar1 KO (8-1G12) implanted mice (log-rank test). n.s., not significant.
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niacin and temozolomide markedly prolonged survival by at least 
fivefold compared to vehicle-treated mice; the combination also 
conferred a survival advantage (P = 0.002) when compared to niacin 
(Fig. 7E).

We repeated the BT53M implants in a different experiment for 
histology comparisons, focusing on vehicle and niacin treatment. In 
this second experiment, where 7000 instead of the usual 10,000 
BT53M cells were implanted, asymptomatic mice were euthanized 

Fig. 7. Temozolomide promotes the life-extending efficacy of niacin in mice with GBM patient–derived BTICs. (A to C) SCID mice were implanted with BT048 cells 
and initiated on treatment 7 days later with daily niacin (100 mg/kg, >>>intraperitoneally), temozolomide (TMZ; oral, 40 mg/kg per dose in ORA-Plus for a round of 5 days/
week for three consecutive weeks), the combination of niacin plus temozolomide as per the individual dose schedule, or vehicle (intraperitoneal saline and oral ORA-Plus). 
MRI was done at day 49 and quantified (A; P value relative to vehicle, one-way ANOVA with Tukey’s post hoc test). Kaplan-Meier analysis to assess the therapeutic benefit 
of niacin and/or temozolomide (log-rank Mantel-Cox test) is displayed in (B). (C) Representative MRI images with arrows pointing to tumor. (D and E) In mice implanted 
with BT53M, the same four treatments as in (A) to (C) were used, except that the temozolomide dose was reduced to 30 mg/kg, and there was a gap of 1 week of no 
treatment with temozolomide between the second and third week. Temozolomide was no longer given after the third round of weekly administration. (D) Imaging was 
performed at day 36, and MRI-detected tumor was found only in the vehicle group. (E) Kaplan-Meier analysis to assess the therapeutic benefit of niacin and/or temozolomide 
(log-rank Mantel-Cox test). (F) A subset of the BT53M mice treated with vehicle or niacin were sacrificed at day 30 for histology; the tumor in the vehicle group manifested 
as a high density of cells detected by hematoxylin and eosin (H&E) staining. Tumor sections were also stained for Iba1, iNOS as a marker of proinflammatory macrophages/
microglia, and Ki67 as a marker of proliferation. (G to I) Quantitation of Iba1-positive (G), iNOS-positive (H), and Ki67-positive (I) cells (Mann-Whitney U test).
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at 7 weeks after implantation. Tumors detected by hematoxylin and 
eosin staining in vehicle mice were larger (covering the entire field 
in Fig. 7F) when compared to those in niacin-treated animals (tumor 
was confined to the center of the field). Iba1 and iNOS (inducible 
nitric oxide synthase) staining, indicative of a proinflammatory 
macrophage/microglia population (Fig. 7F), were more evident in 
the niacin-treated group and corroborated by blinded rank-order 
analyses (Fig. 7, G and H). Moreover, the tumors in the vehicle- 
treated mice showed a higher proliferation index, as detected by Ki67 
staining, compared to those in niacin-treated animals (Fig. 7, F 
and I). Overall, these results affirm the efficacy of niacin in reducing 
tumor volume, prolonging survival, and adding to the therapeutic 
effect of temozolomide.

The inefficient monocytes from GBM patients are 
reactivated by niacin to reduce BTIC growth in culture
Unlike cells from healthy human volunteers, monocytes isolated from 
the blood of four GBM patients did not inhibit the growth of alloge-
neic human BTICs (Fig. 8, A  to D). Notably, niacin increased 
IFN-14 in all four GBM-derived MonoCM (Fig. 8E) and restored 
their capacity to reduce BTIC sphere formation (Fig. 8, A to D). 
When IFNAR1 was reduced by siRNA in BTICs, niacin no longer 
reactivated the tumor growth–inhibiting capacity of GBM patient–
derived monocytes (Fig. 8, F and G), thus supporting the involve-
ment of IFN-14 in niacin-induced tumor control. Notably, when 
monocytes derived from one of these patients with GBM were treated 
with niacin ex vivo, they exhibited proinflammatory phenotypes, as 
evidenced by increases in TNF-, IL-1, MIP-1 (CCL4), and 
RANTES (CCL5) proteins (fig. S14). These patient-derived cells did 
not require priming with LPS for cytokine elevation, in contrast to 
that noted for cells from normal individuals (Fig. 1).

DISCUSSION
We previously reported that macrophages/microglia from healthy 
individuals curb BTIC growth in culture, but that this property is 
lost in cells from patients with GBM (22). Our current work pro-
poses niacin treatment as a means to overcome the compromised 
immunity. Although niacin is believed to have anti-inflammatory 
properties (36, 37), our results demonstrate that niacin stimulated 
proinflammatory properties in vitro when used at pharmacologically 
relevant concentrations. We discovered that some features of niacin, 
such as proinflammatory cytokine elevation, require a priming stimulus 
in most cases, whereas others including phagocytosis, transcriptomic 
changes, and elevation of some chemokines do not. For example, an 
increase in CCL3 and CCL4 chemokines was observed upon niacin 
exposure in the absence of any priming stimulus. Of interest, CCL3 
has been reported to confer antitumor properties in cancers such as 
melanoma (54, 55). Notably, we found that conditioned medium 
collected from monocytes exposed to niacin without a priming 
stimulus decreased sphere formation in all nine genetically diverse 
BTIC lines regardless of MGMT status. BTIC growth inhibition in-
duced by niacin-exposed monocytes resulted from reduced cell 
cycling, induction of apoptosis, and reduced stemness.

The potent growth-reducing effect of niacin-treated monocytes 
on BTICs provided impetus to evaluate its therapeutic efficacy in 
vivo. In mice with intracranial syngeneic or GBM patient–derived 
BTIC implants, treatment with niacin reduced tumor volume, as 
detected through MRI and histology, and prolonged the life span of 

tumor-bearing mice. In this regard, it is important to note that all 
niacin-treated mice had established tumor, and they all eventually 
died despite the marked survival benefits; this includes the lone ni-
acin survivor in Fig. 7E that eventually died after the experiment was 
terminated and in which the presence of tumor was verified at autopsy.

The key role of myeloid cells as intermediaries of the niacin benefit 
was demonstrated by the decreased signal in ferumoxytol MRI and 
by the loss of niacin efficacy in mice depleted of circulating mono-
cytes. These myeloid cells appeared to take on a more proinflammatory 
phenotype, as suggested by the increased number of proinflammatory 
iNOS-positive, and the reduced number of anti-inflammatory 
CD204/206-positive, Iba1 cells within tumors. Niacin treatment 
reduced growth of tumor in mice, as evidenced by reduced Ki67 
proliferation index and positive staining for cleaved caspase 3, in-
dicative of apoptosis.

With regard to whether myeloid polarization by niacin is required 
for the overall antitumor activity of niacin, it would be instructive 
to perform an experiment where niacin is given to mice in which 
the proinflammatory switch is prevented. Such an experiment is 
challenging to conduct because many triggers and signaling cascades 
affect myeloid polarization and they cannot all be antagonized.

Our experiments do not discriminate which myeloid cell popu-
lation is the principal target of niacin activity, but the easier access of 
circulating monocytes to niacin, as well as their depletion by clodronate 
liposomes, would suggest that circulating monocytes are a key target. 
Notably, the combination of niacin and the current drug standard 
of care, temozolomide, showed an even better survival benefit than 
either agent alone, highlighting the potential of adding niacin to the 
current therapeutic regimen for GBM. This is supported by the ca-
pacity of niacin to reactivate the BTIC growth inhibitory ability of 
GBM patient–derived monocytes; such a bioassay may be used in the 
future to monitor responsiveness to niacin therapy.

In the majority of our studies, BTICs were exposed to the condi-
tioned medium of niacin-stimulated myeloid cells, as these were grow-
ing from singly dissociated cells. Nonetheless, Niacin-MonoCM 
was also effective against well-established tumor spheres, where it 
disintegrated the spheres and prevented their further growth. This 
is encouraging for the use of niacin in GBM, especially because nia-
cin would likely be initiated on top of standard therapy after the 
resection of bulk tumor in patients with GBM.

A recent article reported that niacin inhibits the assembly of the 
leading edge of U251 GBM line cells in culture (56). However, these 
authors used concentrations in the range of 3.5 to 7 mM, which are 
unlikely to be encountered in vivo. As noted earlier, in humans tak-
ing 1 g of niacin for dyslipidemia, the mean range of niacin detected 
in serum was 120 to 230 M between 1 to 2 hours after intake (34).

We implicate IFN-14 as a molecule secreted by niacin-treated 
myeloid cells to reduce BTIC growth, given that this is the only type 
1 IFN increased in the microarray analyses of niacin-exposed 
monocytes, its protein content increases in the conditioned medium 
of niacin-stimulated monocytes, and the treatment of BTICs with 
siRNA to IFNAR1 abrogated the growth inhibitory efficacy of Niacin- 
MonoCM from control or GBM patients. Furthermore, Niacin- 
MøCM could not attenuate the growth of Ifnar1 KO mouse BTIC 
cells in culture. Moreover, in mice with intracerebral grafts of BTICs 
that were devoid of IFNAR1, niacin was no longer efficacious. How-
ever, the amounts of basal and niacin-stimulated IFN-14 were com-
parable in the conditioned medium of monocytes from control or 
GBM patients, suggesting that other factors are at play and that the 
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activity of IFN-14 in GBM-derived monocytes is blocked until 
stimulation by niacin.

We note that IFN-14 (20 to 150 pg/ml) was detected in the con-
ditioned medium of niacin-stimulated monocytes, whereas recombi-
nant IFN-14 (5 to 100 ng/ml) was needed to reduce BTIC growth. 
This is likely because cells in culture are producing IFN-14 into a 

relatively large volume of conditioned medium, so the amount mea-
sured reflects a dilution of the target protein. In other studies, cytokines 
were measured at much lower concentrations than those required to 
elicit a response in culture (57). We attempted to measure IFN-14 in 
the serum of mice treated with niacin, but the amount was below the 
limit of detection in treated and control mice.

Fig. 8. Monocytes from patients with GBM do not suppress BTIC growth in culture, but are reactivated by ex vivo exposure to niacin. (A) Blood-derived mono-
cytes were cultured from four patients with GBM peri-operatively, and samples of conditioned medium were obtained. BT53M cells were then exposed to conditioned 
medium of monocytes from healthy volunteers (MonoCM) or to conditioned medium from GBM-derived monocytes without (GBM-MonoCM) or with previous niacin 
(100 M) treatment (GBM-Niacin-MonoCM); sphere formation was evaluated. (B) Representative images of the BT53M cells after 2 days; scale bar, 60 m. (C and 
D) MonoCM or Niacin-MonoCM from GBM patients 1 (C) and 2 (D) were also tested on BT025 and BT048 lines for sphere formation. (E) IFN-14 protein concentration in 
the conditioned medium of monocytes from four patients with GBM under basal conditions or niacin stimulation (paired t test, each line represents a single patient). (F and 
G) The capacity of GBM-Niacin-MonoCM to reduce BTIC growth was also determined in siRNA IFNAR1 knockdown of BT53M (F) and BT048 (G) cells. All bars are means ± SEM 
of quadruplicate cultures and analyzed by one-way ANOVA with Tukey’s multiple comparisons post hoc test; P values are for comparisons against GBM-MonoCM unless 
otherwise indicated.
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The molecular mechanism of niacin-induced IFN-14 expression 
or of IFN-14–induced cell cycle arrest and apoptosis of BTICs is 
currently not known. However, type I IFNs regulate the transcrip-
tion of a large number of downstream targets that have direct effects 
on tumor cells and contribute indirectly through immune effector 
cells to contain tumors (58–60). Consistent with these reports, our 
study identified transcriptional induction of IFN-stimulated genes 
upon treatment with recombinant IFN-14 in BTIC cells, such as 
STAT1, STAT2, and IRF9, which were increased in the PCR array.

In interrogating three separate GBM databases (GEO accession 
numbers GSE4536 and GSE7696, and TCGA), we found no abnor-
malities of IFN-14 or niacin signaling in GBM. Given the low amount 
of IFNA14 transcript, we were not able to determine its associations 
with specific immune cell signatures in the TCGA database, including 
those of tumor-associated macrophages, regulatory T cells, myeloid- 
derived suppressor cells, and effector T cells. These observations do 
not preclude the pharmacological use of niacin to mobilize myeloid 
cells to inhibit BTICs in GBM, as our results show.

There are several shortcomings to our study. Besides the inability 
to prove unequivocally that the switch of macrophages/microglia to 
a proinflammatory phenotype is a prerequisite for niacin efficacy 
in vivo, we initiated niacin at 7 days after implantation of BTICs in 
mice, a time point when tumor should not yet be fully established in 
the brain. Future experiments should initiate niacin treatment at later 
time points when tumors are larger, although we note that a GBM 
patient would normally undergo surgery to remove any detectable 
tumor mass before the initiation of chemotherapeutics. Another 
shortcoming is our use of the intraperitoneal route of administration 
of niacin, whereas this is taken as an oral medication in humans. 
We used the intraperitoneal route as proof of principle because ab-
sorption by this route is more reliable than by oral gavage or the use 
of drug in the drinking water. In addition, because of the much smaller 
size of tumors in niacin-treated mice, we were unable to ascertain 
with confidence whether the density of angiogenesis was reduced by 
its treatment. Last, it would be of interest to administer niacin along 
with radiation therapy that patients are subjected to standard of care 
in GBM or with checkpoint inhibitors, and these are future experi-
ments that should be conducted.

In conclusion, we propose the immune-stimulatory activity of ni-
acin, a common vitamin that could be rapidly translated into clinical 
use, as an adjunctive treatment for patients with GBM. The subverted 
myeloid immunity in other cancers could also be conducive for ni-
acin intervention, but this remains to be determined in future studies.

MATERIALS AND METHODS
Study design
We determined sample sizes in the in vivo mouse model of tumor 
development based on our previous experience (22, 40). We commonly 
used 9 to 10 mice per group to determine the therapeutic efficacy of 
niacin in the presence or absence of temozolomide because this was 
expected to sufficiently power the study to determine statistical sig-
nificance. Because a principal objective of the animal experiments 
was to determine whether niacin prolonged the life of animals with 
intracranial BTICs, we used Kaplan-Meier survival curves, where 
mice found dead in their cages were recorded. In addition, in accor-
dance with ethics guidelines, mice that were moribund (negligible 
limb movement or loss of 25% of body weight from the preceding 
few days) were considered to be at an end-point and immediately 

sacrificed. We also determined an outlier criterion for the vehicle- 
treated mice, that is, we excluded any vehicle-treated mice that did 
not develop tumor within 30 to 45 days after implantation as deter-
mined by MRI. We excluded any vehicle- or niacin-treated mice that 
did not show any sign of tumor growth at sacrifice at least 45 dpi 
(days post-innoculation). Each xenograft experiment was performed 
at least twice, using tumor lines generated from GBM patients with 
different genetic backgrounds. In the syngeneic model, the therapeutic 
effect of niacin was evaluated at least twice; this was also the case for 
syngeneic Ifnar1 KO cells implanted in C57BL/6 mice. All mouse pro-
tocols were approved by the Animal Care Committee at the University 
of Calgary in accordance with research guidelines from the Canadian 
Council for Animal Care.

Several of the experiments were carried out in a blinded manner. 
For MRI evaluation of tumor-bearing mice treated with niacin or 
vehicle, we blinded the researchers to the animal groups before data 
acquisition. Rank order analysis was used to quantify the histological 
and immunohistochemical data for intracranial tumors, and this was 
conducted in a blinded manner. In the experiment to determine 
whether niacin-treated macrophage conditioned medium (Niacin- 
MØCM) could reduce WT BTIC growth and whether the effect of 
Niacin-MØCM would have an effect on Ifnar1 KO cells, the researchers 
were blinded. We also adopted an exclusion criterion for generating 
MonoCM from control human subjects, where monocytes were 
isolated from the venous blood of healthy adult individuals who were 
not on any anti-inflammatory medications. Last, GBM patient– 
derived BTIC cell lines were routinely checked using identity matching 
with the original parental lines. All experiments with human cells 
were conducted with approval from the Conjoint Health Research 
Ethics Board, University of Calgary, with informed consent from 
the human subjects.

Animals, BTIC implantation, treatment, and monitoring
BTIC spheres from BT012, BT048, and BT53M lines or mouse 
mBT0309 spheres were mechanically dissociated into single-cell sus-
pensions. Cells were washed with BTIC medium. Unless otherwise 
stated, 10,000 human or 25,000 murine cells were resuspended in 
2 l of PBS and implanted into the right striatum of 6- to 8-week-old 
female SCID or C57BL/6 mice (Charles River) stereotactically (22). 
Seven days after implantation, mice were treated with niacin at a 
dose of 100 mg/kg daily (intraperitoneally) until the termination of 
the experiment. Control mice were injected with an identical vehicle 
(saline) solution.

In another series of experiments, mice were treated with a com-
bination of niacin and temozolomide. Both niacin and temozolomide 
treatment were begun 7 days after implantation of BT048 cells, where 
niacin (100 mg/kg, intraperitoneally) was administered daily, whereas 
temozolomide (diluted in ORA-Plus) was given by oral gavage at a 
dose of 40 mg/kg of body weight for a round of 5 days/week for 
3 weeks. In the second series of experiments involving BT53M, the 
dose of temozolomide was reduced to 30 mg/kg, and there was a gap 
of 1 week of no treatment with temozolomide between the second 
and third week. Temozolomide was no longer given after the third 
round of weekly administration. Vehicle-treated mice were admin-
istered intraperitoneal saline and ORA-Plus by gavage in the same 
schedule as the individual treatments.

To deplete monocytes/macrophages, we used clodronate liposomes 
(22). After implantation of BT048, BT053M, or syngeneic mouse 
BT0309 cells, mice were treated intravenously via the tail vein with 
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liposomes at day 7 after implantation with 200 l of either control 
PBS– or clodronate-containing liposomes once per week for the du-
ration of the niacin treatment.

Statistical analyses
Kaplan-Meier survival curves were analyzed for statistical differences 
between groups using the log-rank Mantel-Cox test. For analyses of 
differences in experiments involving multiple groups, but where 
comparisons were made to a single group (such as to LPS in Fig. 1), 
a one-way analysis of variance (ANOVA) with Dunnett’s post hoc 
test was used. For multiple group comparisons to controls or to other 
subgroups within the same experiment, a one-way ANOVA with 
Tukey’s post hoc comparisons was used. For analyses of parametric 
data between two groups, we used an unpaired t test (two-tailed un-
less otherwise stated). For analyses of nonparametric data between 
two groups, a Mann-Whitney U test was used. Original data are in 
data file S3.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/537/eaay9924/DC1
Materials and Methods
Fig. S1. Characteristics of BMDMs.
Fig. S2. Effects of niacin in mouse macrophages and human monocytes: Cytokines, 
chemokines, and arginase activity.
Fig. S3. Niacin does not affect the viability or differentiation of monocytes.
Fig. S4. Reduction of BTIC growth by the conditioned medium of niacin-stimulated monocytes.
Fig. S5. Effects of Niacin-MonoCM or IFN-14 on BTIC growth, cell cycle progression, apoptosis, 
and stemness.
Fig. S6. Effects of Niacin-MonoCM, niacin, and IFN-14 on BTICs.
Fig. S7. Effect of mouse IFN-14 on BT53M cells.
Fig. S8. IFN-14 gene (IFNA14) expression and association with survival in GBM.
Fig. S9. TCGA analysis of other soluble factors.
Fig. S10. Clodronate liposome treatment depletes monocytes/macrophages as visualized by 
spinning-disc confocal microscopy of the liver.
Fig. S11. Peripheral and CNS infiltrating T lymphocytes in mice treated with niacin.
Fig. S12. Confirmation of mouse Ifnar1 gene KO by DNA sequencing.
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