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Abstract

Introduction: Inflammatory markers have long been observed in the brain, cere-

brospinal fluid (CSF), and plasma of Alzheimer’s disease (AD) patients, suggesting that

inflammation contributes to AD and might be a therapeutic target. However, non-

steroidal anti-inflammatory drug trials in AD and mild cognitive impairment (MCI)

failed to show benefit. Our previous work seeking to understand why people with

the inflammatory disease rheumatoid arthritis are protected from AD found that

short-term treatment of transgenic AD mice with the pro-inflammatory cytokine

granulocyte-macrophage colony-stimulating factor (GM-CSF) led to an increase in acti-

vated microglia, a 50% reduction in amyloid load, an increase in synaptic area, and

improvement in spatial memory to normal. These results called into question the con-

sensus view that inflammation is solely detrimental in AD. Here, we tested our hypoth-

esis thatmodulationof the innate immune systemmight similarly beused to treatAD in

humans by investigating the ability of GM-CSF/sargramostim to safely ameliorate AD

symptoms/pathology.

Methods:A randomized, double-blind, placebo-controlled trial was conducted inmild-

to-moderate AD participants (NCT01409915). Treatments (20 participants/group)

occurred 5 days/week for 3 weeks plus two follow-up (FU) visits (FU1 at 45 days and

FU2 at 90 days) with neurological, neuropsychological, blood biomarker, and imaging

assessments.

Results: Sargramostim treatment expectedly changed innate immune systemmarkers,

with no drug-related serious adverse events or amyloid-related imaging abnormal-

ities. At end of treatment (EOT), the Mini-Mental State Examination score of the

sargramostim group increased compared to baseline (P = .0074) and compared to

placebo (P= .0370); the treatment effect persisted at FU1 (P= .0272). Plasmamarkers
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of amyloid beta (Aβ40 [decreased in AD]) increased 10% (P = .0105); plasma markers

of neurodegeneration (total tau and UCH-L1) decreased 24% (P = .0174) and 42%

(P= .0019), respectively, after sargramostim treatment compared to placebo.

Discussion: The innate immune system is a viable target for therapeutic intervention

in AD. An extended treatment trial testing the long-term safety and efficacy of GM-

CSF/sargramostim in AD is warranted.
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cyte, neuroinflammation, neutrophil, Pittsburgh compound B positron emission tomography, sar-
gramostim, tau, tumor necrosis factor-alpha, ubiquitin C-terminal hydrolase L1

1 INTRODUCTION

Inflammation has been implicated in Alzheimer’s disease (AD)

pathogenesis and provides a promising target for therapeutic

intervention.1–4 For example, patients with rheumatoid arthritis

(RA) have a reduced risk of developing AD,5 which was originally

attributed to their use of non-steroidal anti-inflammatory drugs

(NSAIDs).5 However, NSAIDs showed no benefit in clinical trials with

either AD ormild cognitive impairment (MCI) participants.6,7

We focused on the innate immune system and hypothesized

instead that intrinsic factors associated with RA pathogenesis itself

may underlie its AD protective effect(s). We found that only 20 days

of subcutaneous treatment with granulocyte-macrophage colony-

stimulating factor (GM-CSF), which is upregulated in RA patients’

blood, reduced AD pathology by >50%, increased the activation

of microglia, and completely reversed the cognitive impairment of

transgenic AD mice.8 GM-CSF treatment also improved cognition

in wild-type (WT) aged mice.8 These effects of GM-CSF in both

AD and WT mice have since been replicated by other groups.9,10

Finally, in a retrospective study, we found that leukemia patients who

underwent short-term treatment with recombinant human GM-CSF

(rHuGM-CSF/sargramostim) plus recombinant human granulocyte

colony-stimulating factor (rHuG-CSF/filgastrim) as supportive therapy

after high-dose chemotherapy and hematopoietic cell transplantation

(HCT) showed significantly improved cognition at 6 months com-

pared to HCT patients who received G-CSF alone or no treatment,11

also indicating that GM-CSF may generally improve cognition by

mechanisms separate from an effect on AD pathology.

Aswill be discussed, GM-CSF is a hematopoietic and innate immune

system modulator and pro-inflammatory cytokine whose beneficial

effects on cognition may derive from several mechanisms. For exam-

ple, in neurological injury and disease, GM-CSF has been found to

have anti-apoptotic effects on neurons; to promote neurogenesis

and arteriogenesis; to reduce the formation of glial scars; and, very

recently, to show reduced levels in the cerebrospinal fluid (CSF) of AD

patients.12–29

These results prompted us to test our hypothesis that GM-CSF/

sagramostim will stimulate the innate immune system, improve cogni-

tion, and reduce pathology in participants withmild-to-moderate AD.

2 METHODS

We carried out a randomized, double-blind, placebo-controlled phase

II trial to test the safety and efficacy of sargramostim treatment in

mild-to-moderate AD participants, defined by clinical diagnosis and a

screening Mini-Mental State Examination (MMSE) score of 10 to 26

inclusive (NCT01409915; seeMethods in supporting information).

Participants who met eligibility criteria (Table 1) were randomized

to receive either sargramostim (20 participants, standard Food and

Drug Administration dosage 250 mcg/m2/day subcutaneous injection

[SC], 5 days/week for 3 weeks) or placebo (20 participants, SC saline, 5

days/week for 3 weeks).

At the baseline visit, each participant underwent neurological and

cognitive assessments, safety and biomarker blood draws, and a mag-

netic resonance imaging (MRI) scan before being administered their

first dose of sargramostimor placebo at theUniversity of South Florida

School of Medicine Clinic (3 participants) or in the Colorado Clinical

and Translational Studies Institute (CCTSI; 37 participants). Partici-

pants returned daily, 5 days/week for 3 weeks, for SC sargramostim

or placebo treatment, and for follow-up visits at 45 days (FU1) and

90 days (FU2) after the end of treatment (EOT). Neuropsychologi-

cal tests, MMSE, ADAS-Cog memory subscale (ADAS delayed word

recall + ADAS word recognition + ADAS orientation + ADAS word

recall avg30), Alzheimer’sDiseaseAssessment ScaleCognitive subscale

(ADAS-Cog13), Alzheimer’s Disease Cooperative Study Activities of

Daily Living Scale (ADCS-ADL), Clinical Dementia Rating scale Sum of

Boxes (CDR-SB), and Trail Making Test A (TRAILS-A) were performed

at baseline, EOT, FU1, and FU2. Safety/biomarker blood draws, MRI,

and, for the last half of the study, amyloid-positron emission tomogra-

phy (PET) imageswere collected. Study dataweremanaged using RED-

Cap electronic data capture tools at the University of Colorado.31
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TABLE 1 Participant characteristics at baseline visit (see also
Figure S1)

Demographics

Treatment group Sargramostim/leukine

(250 μg/m2/day, SC)

Placebo/saline

(SC)

Number of participants 20 20

Number, Females, (%) 12 (60) 11 (55)

Mean age (yrs), (SD) 67.10 (6.57) 70.15 (6.42)

Meanweight (kg), (SD) 75.3 (15.8) 76.9 (13.2)

Race/ethnicity, number, (%)

Asian/Pacific Islander 0 (0) 0

Black/African American 0 (0) 1 (5)

White 20 (100) 19 (95)

Hispanic/Latino 0 (0) 0

Other 0 (0) 0

Mean educational level (yrs),

(SD)

15.70 (2.92) 15.80 (2.71)

Mean assessment score, (SD)

MMSE 17.10 (4.58) 20.75 (4.97)

ADAS-Cog13 42.87 (12.73) 36.20 (12.01)

ADCSADL 56.50 (12.30) 62.75 (8.98)

CDR - Sum of Boxes 7.10 (3.32) 6.10 (2.67)

Trail Making Test A 101.50 (46.17) 84.85 (48.84)

Abbreviations: ADAS-Cog13, Alzheimer’s Disease Assessment Scale Cog-

nitive subscale; ADCS ADL, Alzheimer’s Disease Activities of Daily Living;

CDR, Clinical Dementia Rating;MMSE,Mini-Mental State Examination; SC,

subcutaneous; SD, standard deviation.

3 RESULTS

3.1 Safety (primary endpoint)

Data and Safety Monitoring Board (DSMB) assessments of study

events found no drug-related serious adverse events (SAEs), including

no amyloid-related imaging abnormalities (ARIAs, determined by MRI

visual reads for microhemorrhages or edema; Table S1 in supporting

information). The most common sargramostim-associated AEs were

dermatological (sixteen for sargramostimvs. five for placebo), gastroin-

testinal (eight for sargramostim vs. five for placebo), and headache

(eight for sargramostim vs. two for placebo), as expected for this

medication.32

3.2 Innate immune system activation

To confirm the expected effects of GM-CSF/sargramostim on the

innate immune system,33,34 complete blood counts (CBC) with differ-

ential were performed (Figure 1A, B, and C; Table S2-5 in supporting

information), which showed that monocytes, lymphocytes, and neu-

trophils increased after sargramostim treatment. The Meso-Scale

Discovery (MSD) system was used to assess changes in inflammatory

HIGHLIGHTS

∙ There were no granulocyte-macrophage colony-

stimulating factor (GM-SCF)–attributable serious adverse

events, amyloid-related imaging abnormalities.

∙ Innate immune system blood cells and cytokines were

changed by GM-CSF/sargramostim.

∙ Mini-Mental State Examination scores improved at

end of treatment and 45-day follow-up with GM-

CSF/sargramostim treatment compared to placebo.

∙ Plasma amyloid beta 40 increased by 10% with GM-

CSF/sargramostim treatment.

∙ Plasma total tau and UCH-L1 decreased by 24%, 42%

respectively with GM-CSF/sargramostim treatment.

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the litera-

ture using traditional (e.g., PubMed) sources and meet-

ing abstracts and presentations. The pathophysiology of

granulocyte-macrophage colony-stimulating factor (GM-

CSF) is well studied but only in Alzheimer’s disease (AD)

biology by us and not at all in clinical studies. These rele-

vant citations are appropriately cited.

2. Interpretation: The findings of our clinical trial led to the

conclusion that GM-CSF is safe and well tolerated and

can improve cognition and normalize plasma biomarkers

of neuropathology (A+T+N) in ADparticipants. Although

consistent with pre-clinical findings currently in the pub-

lic domain, the finding of a clinical treatment effect and its

speed and extent were novel and unexpected.

3. Future directions: The article indicates that a larger,

longer trial of GM-CSF/sargramostim in AD is warranted.

cytokines. For example, sargramostim treatment resulted in statis-

tically significant increases in interleukin (IL)-6, IL-10, and tumor

necrosis factor alpha (TNF-α); a statistically significant decrease in

IL-8 (Figure 1D); and a statistically significant decrease in the albu-

min/globulin ratio (Figure 1E), illustrating the immunomodulatory

activities of GM-CSF.

3.3 Efficacy (secondary/exploratory endpoints)

Although this trial was small and thus inherently underpowered,

several secondary/exploratory outcomes were statistically significant.

Analyses for potential efficacy revealed a statistically significant

positive treatment effect of sargramostim on the MMSE, which

was selected as an outcome measure based on its superior sensi-
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F IGURE 1 Increases in markers of the innate immune system in sargramostim-treated participants compared to placebo-treated participants.
Complete blood counts (CBC) with differential were used to determine the effects of granulocyte-macrophage colony-stimulating factor
(GM-CSF)/sargramostim treatment on cells of the innate immune system. Absolute numbers of monocytes (A), lymphocytes (B), and neutrophils
(C) were all statistically significantly increased during the treatment phase (15 injections over 3weeks) in the sargramostim group compared to the
placebo group (P= .0005, P= .0512, and P< .0001, respectively) at the end of treatment (EOT) (see Tables S2-4). The shorter half-life of
neutrophils is revealed by the fact that when aweekend intervened after an injection of GM-CSF/sargramostim, the absolute neutrophil counts
dropped, but then increased again during active treatment. D, TheMeso-Scale Discoverymethodwas used to determine changes in plasma
inflammatory cytokines with sargramostim treatment. At EOT compared to baseline, sargramostim treatment leads to statistically significant
increases in interleukin (IL)-2 (P= .0022), IL-6 (P= .0154), IL-10 (P= .0003), and tumor necrosis factor alpha (TNF-α; P< .0001), and a decrease in
IL-8 (P= .0052). Shown are natural log transformed values. There were no significant changes from baseline in any inflammatorymarkers at either
follow-up 1 or follow-up 2 visits (data not shown). E, The ratio of plasma albumin to globulin is often used to assess inflammation and its acute
phase response. As expected, sargramostim stimulated a drop in the albumin/globulin ratio compared to placebo (P= .0029 at EOT). Graphs
plotted asmeans+/– standard error of themean.
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tivity to temporal changes.35 Specifically, at EOT, the mean MMSE

total score change in the sargramostim group was 1.45 units higher

relative to baseline (P = .0074; Figure 2A; Table S6 in supporting

information). The difference in mean change from baseline in MMSE

total scores between the sargramostim and placebo groups was

1.80 (P = .0370) at EOT and 1.75 (P = .0272) at FU1 (45 days after

EOT).

The improvement in total MMSE score occurred in: (1) 70%

of sargramostim-treated participants compared to 35% of placebo-

treated participants at EOT (P = .0267), (2) 60% of sargramostim-

treated participants compared to 20% of placebo-treated participants

at FU1 (P = .0098), and (3) 55% of sargramostim-treated partici-

pants compared to 25% placebo-treated participants at FU2 (trend;

P = .0528; Figure 2A). Combining the results to identify an over-

all treatment effect, 80% of sargramostim-treated participants were

“responders” in that they showed a higher MMSE score compared to

baseline at either EOT or at FU1, compared to only 35% of placebo-

treated participants (P= .0040).

Study participants were randomized, and although the mean

MMSE scores at screening were not significantly different between

the sargramostim and placebo groups, they were at baseline (–3.65,

95% confidence interval [CI]: [–6.71, 0.59], P = .0207). Correcting

for baseline scores as covariates is not recommended,36 and indeed

such an alternative model showed no statistically significant effect

of baseline MMSE on its change from baseline at any time point,

which justifies using the unadjusted cell means model. Nonetheless,

using baseline adjustment models, the treatment effect was only

marginally statistically non-significant at EOT (1.60, 95% CI: [–0.21,

3.40], P = .0808) and was statistically significant at FU1 (1.80, 95% CI:

[0.15, 3.46], P= .0338).

To further investigate the sargramostim treatment effect, subsam-

ples of 10 participants from each group were randomly drawn 10,000

times andMMSE scores analyzed, which showed a sargramostim treat-

ment effect in each part of the entire study (Figure 2C).

The ADAS-Cog13 assessment showed no statistically significant

sargramostim effect compared to baseline or compared to the placebo

groupatEOT.However, at FU1,ADAS-Cog13 showeda statistically sig-

nificant increase (worsening) in the sargramostim group compared to

baseline (P = .0009) and compared to the placebo group (P = .0147),

and returned to non-significance at FU2 (Figure 3A; Table S7 in sup-

porting information). Such a rebound effect after halting treatment has

been observedwith other AD drugs.37

The memory domain subscale of ADAS-Cog1330 at EOT (when the

MMSEshoweda statistically significant improvement) showedanearly

statistically significant trending improvement in the sargramostim

group compared to placebo (P = .0632), suggesting that the sar-

gramostim treatment effect is primarily on the memory domain (Fig-

ure 3B; Table S8 in supporting information).

The ADCS-ADL showed a small, non-significant improvement in the

sargramostim group at EOT (P = .3485; Figure S2A; Table S9 in sup-

porting information), but was statistically significantly correlated with

MMSE (see below). CDR-SB and TRAILS-A measures showed no sta-

tistically significant effects of sargramostim treatment (Figure S2B,C;

Tables S10,11 in supporting information).

3.4 Plasma biomarkers of AD neuropathology

To assess changes in brain pathology according to the National

Institute on Aging and Alzheimer’s Association (NIA-AA) Research

Framework,38 the plasma biomarkers amyloid beta (Aβ)40, Aβ42, total
tau, plasma ubiquitin C-terminal hydrolase L1 (UCH-L1), glial fibrillary

acidic protein (GFAP), and neurofilament light (NfL) were measured

(SIMOA platform, Quanterix). In the sargramostim group at EOT,

mean plasma Aβ40 level, which is reduced in AD,39,40 showed an 8.4%

increase from baseline (P = .0127), and was 10% higher compared

to the placebo-treated group (P = .0105; Figure 4A; Table S12 in

supporting information), potentially indicating less sequestration of

mono/oligomeric Aβ in the brain. Using the N4PB assay, total tau,

whose plasma levels are increased in AD, reflecting both tau pathology

and neurodegeneration,40,41 decreased by 17% in the sargramostim-

treated group compared to baseline (P = .0327) and decreased by

24% (P = .0174) compared to the placebo-treated group baseline

change (Figure 4B; Table S13 in supporting information). At EOT,

another independent measure of neurodegeneration, UCH-L1,40,42,43

decreased by 40% in the sargramostim-treated group compared

to baseline (P = .0017), and by 42% in the sargramostim-treated

group compared to the placebo-treated group (P = .0019; Figure 4C;

Table S14 in supporting information). The N3PA measures of tau

were more variable than the N4PB measures and showed a smaller,

non-significant difference between the sargramostim-treated group

and the placebo-treated group at EOT.

3.5 Amyloid imaging

For the second half of the study, amyloid-PET imaging was used as

an inclusion criterion. All 16 participants diagnosed as having mild-to-

moderate AD at screening, who were then assessed by amyloid-PET

imaging, were found to be amyloid-positive, thus validating the clinical

inclusion criteria.

We compared the amyloid-PET imaging data at baseline and

at FU1 for the remaining 16 substudy participants (Amyvid-PET:

two sargramostim-treated, six placebo-treated; 11C-PiB-PET: five

sargramostim-treated, three placebo-treated [Text S2 in supporting

information]). There were no statistically significant changes in stan-

dardized uptake value ratio (SUVr) for each ligand separately or when

combined byCentiloid scale conversion44 or by themethod of Properzi

et al.45 (Tables S15-S20 in supporting information). However, the pow-

ers of the tests are limited by the small number of participants.
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F IGURE 2 Improvement inMini-Mental State Examination (MMSE) scores in sargramostim-treated participants compared to placebo-treated
participants. A, Mixedmodel analysis ofMMSE data from the 20 sargramostim-treated participants and 20 placebo-treated participants shows a
statistically significant improvement in the sargramostim group at the end of treatment (EOT; A) compared to baseline (1.45, 95% confidence
interval [CI]: [0.44, 2.46], P= .0074) and compared to the placebo group (1.80, 95%CI: [0.12, 3.49], P= .0370), and at the first follow-up visit (FU1;
B) at 45 days after the EOT, compared to the placebo-treated group (1.75, 95%CI: [0.21, 3.29], P= .0272). Shown are the results+/– standard
error of themean [SEM], setting the baselines at 0. See Table S6 for full statistical analyses. B, The improvement in total MMSE score occurred in:
(a) 14 of 20 (70%) sargramostim-treated participants, and 7 of 20 (35%) placebo-treated participants (P= .0267) at the EOT, (b) 12 of 20 (60%)
sargramostim-treated participants and 4 of 20 (20%) placebo-treated participants (P= .0098) at the 45-day follow-up visit (FU1), and (c) 11 of 20
(55%) sargramostim-treated participants and 5 of 20 (25%) placebo-treated participants (P= .0528; non-significant trend) at the 90-day follow-up
visit (FU2). (* P< .05; ** P< .01) Combining the results to identify an overall treatment effect shows that 16 of 20 (80%) sargramostim-treated
participants can be considered “responders” in that they showed a higherMMSE score compared to baseline at either the EOT or at the 45-day
follow-up visit, compared to only 7 of 20 (35%) placebo-treated participants (P= .0040). Difference in proportion by treatment groupwas tested
with Chi-square/Fisher’s exact association test (see Table S6 for full statistical analyses). C, To assess the effect of sargramostim treatment on the
participants throughout the study, the 20 sargramostim-treated participants and 20 placebo-treated participants were each divided into 10,000
random subsamples of 10 participants each, and for each simulated data set, a model was run, generating estimates for themeans and
contrasts. For> 98% of the simulated data sets, the estimate for change from baseline to the EOTwithin the sargramostim group, and the
estimates for the treatment effects on change from baseline to EOT and change from baseline to FU1were greater than zero. ThemeanMMSE
scores were calculated and graphed as a delta distribution. The distribution was approximately Gaussian and themean andmedian delta was 1.8,
as was the delta of the entire 20 sargramostim-treated participants and 20 placebo-treated participants analyzed in (A) and (B), showing that the
statistically significant difference between the sargramostim-treated participants and the placebo-treated participants at the EOT reflected all
parts of the trial. Because we reported interim study results at symposia in 2018, we tested for a potential subsequent bias and found no
significant difference between themean total MMSE scores of participants enrolled during the first and second halves of the trial. Graphs plotted
asmeans+/– SEM. (* P< .05; ** P< .01)
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F IGURE 3 Changes in Alzheimer’s Disease Assessment Scale Cognitive subscale (ADAS-Cog13) score and its memory domain subscale in
sargramostim-treated participants compared to placebo-treated participants. A, There were no significant changes in ADAS-Cog13 scores
between sargramostim-treated participants and placebo-treated participants during the treatment phase (through the end of treatment [EOT]
≈day 19). Note that the scores shown on the Y-axis have been inverted so as tomirror Figure 1 and show improved cognition in the upward
direction. However, at follow-up 1 (FU1), 45 days after the EOT, the ADAS-Cog13 showed a statistically significant increase (worsening) in the
sargramostim group compared to baseline (4.46, 95% confidence interval [CI]: [2.11, 6.82], P= .0009), and compared to the placebo group (4.33,
95%CI: [0.90, 7.76], P= .0147) and then returned to the level of the placebo group at the 90-day follow-up visit. The treatment effect was stronger
when baseline ADASwas adjusted for (5.54, 95%CI: [2.31, 8.78], P= .0013), and there was a statistically significant effect of baseline on expected
change score at the 45-day follow-up (–0.173 per scale unit, 95%CI: [–0.298, –0.049], P= .0077). B, To compare to thememory-predominant
Mini-Mental State Examination (MMSE)measure, thememory domain subscale of ADAS-Cog13 (ADAS delayedword recall+ADASword
recognition+ADAS orientation+ADASword recall avg) was analyzed. At the EOT, which is when theMMSE showed a statistically significant
improvement (Figure 2), the ADAS-Cog13Memory Subscale showed a statistically trending improvement from baseline in the sargramostim group
compared to placebo (–1.84, 95%CI: [–3.82, 0.11], P= .0632). Unlike theMMSE, however, the ADAS-COG13memory subscale showed no
statistically significant improvement within the sargramostim group between baseline and the EOT. The treatment effect was attributable to the
worsening of the placebo group. Nor was there a treatment effect for the ADAS-Cog13Memory Subscore at the 45-day follow up. Although there
was no statistically significant baseline effect on change scores for the EOT, thus justifying the uncorrected cell meansmodels,18 the statistical
trend for the treatment effect of the ADAS-Cog13memory subscale at the EOT disappearedwhen baseline was adjusted for. Shown are the
results+/– standard error of themean, with the baselines set to 0. See Tables S7 and S8 for full statistical analyses.

3.6 Correlation analyses

Although correlations do not allow conclusions to be drawn regarding

potential mechanisms, it is notable that at EOT, MMSE changes from

baseline for all participants correlated to their log changes in immune

cells, including neutrophils (Figure 5A; Pearson coefficient = 0.409;

P = .0098) and lymphocytes (Figure 5B; Pearson coefficient = 0.353;

P = .0276). Similarly, changes in plasma GFAP and plasma NfL from

baseline were highly correlated at all time points (Pearson coeffi-

cient = 0.752, 0.693, 0.663 at EOT, FU1, and FU2 respectively; all

P < .0001; Table S21 in supporting information; Panel 5C shows EOT

correlation), indicating that neuronal damage and gliosis are linked in

the brains of participants withmild-to-moderate AD.

Although ADCS-ADL measures alone showed only a weak, non-

statistically significant beneficial effect of sagramostim treatment

compared to placebo, there was a strong positive correlation between

sargramostim-associated changes in MMSE and changes in ADCS-

ADL at EOT (Figure 5D; Pearson coefficient = 0.476; P = .034)

and at FU1 (Figure 5E; Pearson coefficient = 0.656; P = .017;

Table S21), which corresponded to the times that showed a treatment

effect of sargramostim on MMSE. Thus, the beneficial effect of GM-

CSF/sargramostim treatment onMMSE is partiallymirrored in another,

quite different measure of cognitive function.

4 DISCUSSION

The results of this first phase II trial of the innate immune systemmod-

ulator GM-CSF/sargramostim in participants with clinically diagnosed

mild-to-moderate AD allow the followingmajor conclusions:

4.1 Primary endpoint: safety and innate immune
system activation

1. Short-term sargramostim treatment in mild-to-moderate AD par-

ticipants increased innate immune cell and cytokine measures and

was safe andwell tolerated.
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F IGURE 4 Sargramostim treatment reduces biomarkers of neuropathology compared to placebo-treated participants. Plasma biomarkers of
Alzheimer’s disease amyloid and tau pathology and neurodegeneration were assessed using the SIMOA platform (Quanterix). A, Amyloid beta
(Aβ)40 data fromN3PA plates are plotted (+/– standard error of themean [SEM]) and show a statistically significant increase in the sargramostim
group at the end of treatment (A), compared to baseline (P= .0127) and compared to the change in placebo from baseline (P= .0105). B, Assessed
using N4PB plates, total tau levels decreased 17% compared to baseline (P= .0327) and 24% (P=.0174) compared to the change from baseline in
the placebo group (A). C, At the end of treatment, another measure of neurodegeneration, plasma ubiquitin C-terminal hydrolase L1 (UCH-L1),
decreased 40% compared to baseline (P= .0017) and 42% compared to the change from baseline in the placebo group (P= .0019). Shown are the
results+/– SEM, with the baselines set to 0. See Tables S12-14 for full statistical analyses

4.2 Secondary, exploratory endpoints

2. The mean change in an objective measure of cognition, the MMSE

total score, was improved (increased) in the sargramostim group at

EOT compared to baseline and compared to the placebo group and

remained improved compared to placebo at FU1.

3. Changes in MMSE were correlated with changes in ADCS-ADL at

EOT and at FU1.

4. Changes in plasma GFAP were highly correlated with changes in

NfL, suggesting a link between neuronal and glial damage in AD.

5. The ADAS-Cog13 memory subscale scores trended to improve-

ment at EOT, mirroring the sargramostim treatment-associated

cognitive improvement shown by the MMSE. The mean ADAS-

Cog13 change score showed no statistically significant treatment

effect at EOT, butwas temporarilyworse in the sargramostimgroup

45 days after EOT, suggesting a likely rebound effect. The find-

ing that sargramostim led to improvement in MMSE and a trend

improvement in the memory subscale of the ADAS-Cog13, but not

in other neuropsychological tests, suggests that its primary benefi-

cial effect was onmemory.
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F IGURE 5 Correlations among and between changes in behavior and biomarkers of Alzheimer’s disease. A, In addition to the effect of
sargramostim treatment on bothMini-Mental State Examination (MMSE) and immune system cells shown in Figure 1, we assessed the
correlations between thesemeasures (Table S21). The Pearson correlation between change inMMSE and change in absolute neutrophil counts
was statistically significant at the end of treatment (EOT; 0.409; P= .0098). B, The correlation between change inMMSE and change in absolute
lymphocyte counts was also statistically significant at the EOT (0.353; P= .0276). These results show that the improvement in cognitionmeasured
byMMSE is correlated with (and possibly caused by) the increase in innate immune system stimulation and its downstream effects. C, There was a
very strong correlation between changes in plasma glial fibrillary acidic protein, a measure of astrocyte activation, and plasma neurofilament light,
a measure of neuronal damage, from baseline at all time points for all participants (Pearson coefficient= 0.752, 0.693, 0.663 at the EOT, follow-up
1 [FU1], follow-up 2 [FU2]; all P< .0001; Panel C shows the correlation for the EOT), indicating a likely mechanistic link between neuronal damage
and brain glial inflammation in AD.D, E, Within the sargramostim-treated group, changes inMMSEwere positively correlated with changes in
Activities of Daily Living at the EOT (Pearson coefficient= 0.476; P= .034, Panel D) and at FU1 (0.656; P= .017, Panel E), the time points that
showed a statistically significant treatment effect of sargramostim onMMSE.
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6. Statistically significant changes in plasmameasures of amyloid, tau,

and neurodegeneration (Aβ40, total tau, andUCH-L1, respectively)
toward normal with sargramostim treatment compared to base-

line and/or to placebo and multiple statistically significant correla-

tions at EOT suggest a link between the modulated innate immune

system, reduced neuropathology, and improved cognition resulting

from sargramostim treatment.

7. PETmeasures of amyloid load in a small substudy showedno signif-

icant differences between the scans (baseline and FU1).

Although these results suggest that short-term GM-CSF/

sargramostim treatment leads to innate immune system activa-

tion, cognition/memory improvement, and partial normalization of

blood measures of amyloid and tau pathology and of neuronal damage

in participants with mild-to-moderate AD, the main conclusion of the

study is that additional longer, larger trials of GM-CSF/sargramostim

in AD are warranted.

Unlike most AD drugs, which have been designed to target a spe-

cific step in the AD pathogenic pathway, GM-CSF/sargramostim is dif-

ferent because it has broader targets: hematopoiesis and the innate

immune system. The significant increase in Aβ40 and the reductions

in total tau and UCH-L1 in the current study are consistent with GM-

CSF/sargramostim having an AD-modifying effect.

The previous findings thatGM-CSF treatment improves cognition in

aged WT mice,8,10 in the Dp16 mouse model of Down syndrome (DS),

which lacks amyloid deposition or other AD pathology (manuscript

under review), and in leukemia patientswith chemotherapy-associated

cognitive decline,11 indicate that GM-CSF can also improve cognition

independent of AD pathology, which may contribute to the improved

MMSE performance observed after sargramostim treatment. Indeed,

GM-CSF treatment has been reported to be beneficial for many neu-

rological injuries and diseases without associated AD pathology. For

example, in animal models of stroke, spinal cord injury, traumatic brain

injury, and retinal degeneration, GM-CSF crosses the blood-brain bar-

rier and is both neuroprotective and anti-apoptotic, stimulates arte-

riogenesis and blood flow, induces leptomeningeal collateral growth,

decreases infarct volume, improves/restores locomotor function, and

promotes axon preservation/regeneration.12–23 GM-CSF also induces

proliferation of neural stem cells24–27 and plays a key role in neuronal

plasticity.28 In Parkinson’s disease (PD) models, GM-CSF treatment

prevents dopaminergic neuronal cell death and improves locomotor

function.46–48 A placebo-controlled trial that treated PD participants

with sargramostim for 56 consecutive days met its primary endpoint

of safety and tolerability, and showed modest improvements in motor

function.49

In addition to providing evidence that GM-CSF/sargramostim may

have both disease-modifying and cognition-enhancing activities in AD,

the results of this trial also shed light on the role of neuroinflammation

and the innate immune system in AD, an area of active investigation

and debate.3 The post mortem observation of inflammatory proteins

and cells in human AD brains and the finding that pro-inflammatory

proteins in AD animal models affect brain pathology and cognitive

decline suggest that inflammation plays an integral role in the AD

pathogenic pathway.3,50 However, given the failure of NSAID trials

in participants with AD or MCI,7 our findings that sargramostim

treatment increased immune cell numbers and cytokine levels, which

are traditionally considered to reflect inflammation, and that sar-

gramostim treatment improved one measure of cognition and also

normalized several biomarkers of AD pathology, suggests that tar-

geted modulators of neuroinflammation may be a better therapeutic

strategy than general anti-inflammatory drugs.

The sargramostim effect on changes in MMSE scores at EOT,

which persisted at FU1 (45 days after EOT), suggests that GM-

CSF has longer-term effects than its plasma half-life (terminal elim-

ination half-life of 1.4 hours32) might predict. Whether the stable

cognitive benefit is due to continued glial-based reductions of AD

pathology, or due to other neuronal benefits outlined above, remains

unknown. Taken together, the potential broad-reaching effects of GM-

CSF/sargramostim on the innate immune system and on neuronal func-

tion represent a novel approach to AD therapy.

4.3 Strengths and weaknesses

The strengths of this study include its randomized, double-blind,

placebo-controlled designwithmultiple neurological, neuropsycholog-

ical, cell, cytokine, ADpathology biomarkers, and neuroimaging assess-

ments, which allow conclusions regarding the safety of sargramostim

treatment, plus inferences about its potential efficacy and underly-

ing mechanisms in AD. The main weaknesses are the short treatment

period, small sample size, especially in the amyloid-PET substudy, and

non-memory cognitive measures, showing no direct treatment effects.

5 CONCLUSION

The data presented herein show that GM-CSF/sargramostim treat-

ment was safe and well-tolerated and provided measurable disease-

modifying and memory-enhancing benefits to participants with mild-

to-moderate AD. Inasmuch as AD is still not successfully treated using

other interventions that reversemarkers of both cognition and pathol-

ogy, our findings indicate the need for a larger, longer trial.
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