Article

NK2R control of energy expenditure and
feeding to treat metabolic diseases
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M Check for updates

The combination of decreasing food intake and increasing energy expenditure
represents a powerful strategy for counteracting cardiometabolic diseases such

as obesity and type 2 diabetes’. Yet current pharmacological approaches require
conjugation of multiple receptor agonists to achieve both effects*™*, and so far, no safe
energy-expending option has reached the clinic. Here we show that activation of
neurokinin 2 receptor (NK2R) is sufficient to suppress appetite centrally and increase
energy expenditure peripherally. We focused on NK2R after revealing its genetic links
to obesity and glucose control. However, therapeutically exploiting NK2R signalling
has previously been unattainable because its endogenous ligand, neurokinin A,

is short-lived and lacks receptor specificity>®. Therefore, we developed selective,
long-acting NK2R agonists with potential for once-weekly administration in humans.
Inmice, these agonists elicit weight loss by inducing energy expenditure and
non-aversive appetite suppression that circumvents canonical leptin signalling.
Additionally, a hyperinsulinaemic-euglycaemic clamp reveals that NK2R agonism
acutely enhances insulin sensitization. In diabetic, obese macaques, NK2R activation
significantly decreases body weight, blood glucose, triglycerides and cholesterol, and
ameliorates insulin resistance. These findings identify a single receptor target that
leverages both energy-expending and appetite-suppressing programmes to improve
energy homeostasis and reverse cardiometabolic dysfunction across species.

Thedevelopment of long-acting pharmacotherapiesbased ontheincre-  surgery>™. Yet for people living with both obesity and T2D, a group
tin hormones—glucagon-like peptide-1 (GLP-1), glucose-dependent  of more than380 million people globally, the weight-lowering efficacy
insulinotropic peptide (GIP) and glucagon (GCG)—hasbeentransforma-  of GLP-1-derived pharmacotherapies is significantly reduced com-
tive for the treatment of cardiometabolic diseases such as obesity  pared with those individuals with obesity but without T2D'*2%5, The
and type 2 diabetes (T2D)*” . GLP-1receptor agonists and GLP-1IR/  mechanistic underpinnings of this blunted weight-lowering efficacy of
GIPR dual agonists are able to help an appreciable number ofindi-  GLP-1receptor agonists remain unknown but represent amajor unmet
viduals living with obesity to achieve sustained weight loss similar  need for the population with T2D. Additionally, although the current
to the levels obtained through the current ‘gold standard’, bariatric  approved options and next generation of treatments (for example,
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amylin receptor agonists') have made major strides in producing last-
ing and more tolerable appetite suppression, a key gap is the lack of a
means to increase energy expenditure. The importance of targeting
energy expenditureis particularly relevant given the steady declinein
basal metabolic rate in the population over the past 40 years”.

In the 1930s, the mitochondrial uncoupler dinitrophenol demon-
strated the powerful therapeutic potential of energy dissipation on
weight loss™®. However, dinitrophenol and more recent attempts to
leverage energy expenditure, such as peripheralbeta-adrenergic activa-
tion, have been burdened with narrow safety windows, cardiovascular
concerns and translational hurdles across species’. Most recently, gluca-
gonreceptor (GCGR) agonism has proved to be an especially promising
candidate for boosting catabolic metabolism**', althoughincreasesin
heartrate and hepatic glucose production and questions surrounding
loss of lean mass?®* could potentially limit its applicability, particu-
larly in the context of T2D. However, polypharmaceutical approaches
that conjugate GCGR agonists to insulinotropic drivers such as GLP-1,
with or without GIP (that is, triple or dual agonists, respectively) may
help mitigate these undesirable effects and enable GCGR agonism to
meaningfully contribute to treating cardiometabolic indications™.

From a T2D standpoint, despite insulin-sensitizing thiazolidinedi-
ones, GLP-1-based therapies and the sodium-glucose cotransporter 2
inhibitor (sGLT2i) class of glucose-lowering agents, some patients still
progress to aregimen of increasing insulin doses to combat insulin
resistance, whichislikely to serve to further exacerbate weight gain. To
this end, new mechanisms of glucose and lipid clearance have become
attractive targets. Nevertheless, the landmark clinical breakthroughs
usheredinby theincretin family solidly underscore the unprecedented
therapeutic potential of G-protein-coupled receptors (GPCRs) across
cardiometabolic indications. GPCRs are already the most druggable
proteins throughout pharmacology owing, in large part, to their
cell-type selectivity and surface accessibility?®. Therefore, we initially
set out to identify other GPCRs that might address remaining critical
unmet needs for people living with both obesity and T2D. We identified
aconserved GPCR pathway capable of not only peripherally promot-
ing energy expenditure and insulin sensitization but also centrally
reducing appetite.

Genetics of NK2R and metabolic health

To first enrich for candidate receptors that might be especially effec-
tive in a diabetic context, we leveraged the publicly available data-
base, HugeAMP Type 2 Diabetes Knowledge Portal (T2D-KP)*, which
contains human genetic associations assembled from over 350 stud-
ies. We compiled and ranked the loci of more than 380 non-odorant
GPCRsaccordingto their significance of association with haemoglobin
Alc (HbAlc) levels, a primary clinical indicator of glucose control and
diabetes progression®. We found that the most significant associa-
tion was with the region containing the neurokinin 2 receptor (NK2R)
gene (also known as tachykinin receptor 2 (TACR2)) (Fig. 1a). NK2R is
a G,-coupled receptor that is classically studied for its role in the gas-
trointestinal tract and the central nervous system® (CNS) but—to our
knowledge—has not previously been linked to glucose homeostasis or
cardiometabolic health. However, the presence of two closely adjacent
genes, tetraspanin 15 (TSPAN1S) and hexokinase 1 (HK1), complicates
the investigation of HbAlc and other trait associations to NK2R vari-
ants, particularly since HK1 is already significantly linked to HbAlc
levels through effects on erythrocyte metabolism and turnover®?,
Given this strong link between HbAlc and HK1, we initially focused
on coding variants in NK2R from an exome sequencing dataset?,
Functional investigation revealed that four missense variants,
123T (rs5030920; minor allele frequency (MAF) =23.6%), R323H
(rs61732393; MAF = 0.10%), V541 (rs151093941; MAF = 0.025%) and
A161T (rs148031991; MAF = 0.102%), reduced NK2R signalling capacity
of which two, 123T and R323H, were further associated with increased
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HbAlclevelsinthe UK Biobank (Fig.1b and Extended Data Fig.1a). We
additionally found modest associations between these variants and
fasting glucose, cholesterol, fat distribution, liver enzymes and total
bilirubin (Extended Data Table 1). However, gene-based association
tests for HbAlc, which were dominated by HK1 (Extended Data Table 2),
suggested that missense variants alone would not provide ameaningful
resolution of the specific effects attributable to NK2R.

Therefore, to more comprehensively investigate NK2R genetic
contributions, we assessed summary statistics on HbAlc associa-
tions in the greater NK2R-containing locus (including the adjacent
genes hexokinase domain-containing 1 (HKDCI), HK1 and TSPAN15)
from a European-ancestry meta-analysis comprising 438,069 individu-
als®.Inthis region, we identified 978 variants with genome-wide signifi-
cant associations for HbAlc (P <5 x 107®) of which 16 were independent
lead variants®® (r* < 0.01 within +1 Mb) (Table 1). Fine mapping of HbAlc
associations using CARMA® revealed 9 candidate causal variantswitha
posteriorinclusion probability of less than 0.1 (Table 2). These variants
represent four distinct signals within HKDCI (three variants), HK1 (four
variants), NK2R (one variant) and TSPANI15 (one variant) (Extended
DataFig.1b). The NK2R variant rs791147 (MAF = 26.2-48.4%) is intronic
and significantly associated with NK2R expression in several tissues,
including the brain, adipose tissue, macrophages and skeletal muscle
(Table 3), suggesting that it may regulate NK2R expression and HbAlc
levels. For abetter resolution of tissue-specific expression regulation
and HbAlc associations, we performed gene-based transcriptome-wide
association studies (TWASs) using PrediXcan. We found that increased
NK2R expressionin the nucleus accumbens (ACB) of the brain was asso-
ciated with decreased HbAlc levels, with or without adjustment for
body mass index (BMI), whereas expression of HK1 and TSPAN15 were
not (Fig. 1cand Table 4).

We next complemented the large-scale analyses of Western Europe-
answithan assessment of NK2R variant associations in the moreisolated
Greenlandic population, which has a unique genetic architecture due
toits geographical location and population history. The Greenlandic
population has similar rates of cardiometabolic disease as Europeans
and has previously revealed valuable genetic insights that are masked
orabsentin larger European cohorts®. Associations with traits related
to glucose homeostasis were not found in the Greenlandic cohort;
however, there were modest associations with obesity-related phe-
notypes (Extended Data Table 3). Specifically, the strongest associa-
tions were observed for the non-coding variant rs139900276 in the 5
untranslated region of NK2R. This variant was significantly associated
with reduced BMI, body weight, waist-hip ratio, waist-height ratioand
fat percentage (Fig. 1d). Furthermore, carriers of rs139900276 in the
Greenlandic population had significantly higher expression of NK2R
(by transcriptional profiling of whole blood) (Fig. 1e), suggesting that
NK2R expression was inversely related to obesity parameters. Collec-
tively, the glycaemic and obesity genetic associations from different
populations suggest that NK2R signalling may have arole in energy
homeostasisinhumans, and therefore represents aninteresting target
for metabolic investigation.

Toevaluate the effect of pharmacological activation of NK2R signal-
ling on mammalian metabolic homeostasis in vivo, the endogenous
NK2R ligand, neurokinin A (NKA), was administered subcutaneously
to diet-induced obese (DIO) mice. Mice were dosed twice daily, given
that native NKA has amarkedly short half-life of minutes (Fig. 1f). This
regimen of NKA administration (Fig.1g) was well tolerated and acutely
increased oxygen consumption (Fig. 1h). During 9 days of repeated
injections in DIO mice, food intake (Fig. 1i), body weight (Fig. 1j) and
inguinal (iWAT) and epididymal (eWAT) white adipose tissue (Fig. 1k)
were reduced in NKA-treated mice and insulin tolerance was improved
relative to vehicle controls (Fig. 11). Yet despite the beneficial effects
of NK2R agonism, the rapid clearance of NKA precluded an accurate
assessment of the bonafide therapeutic potential of NK2R. Therefore,
we generated alonger-acting peptide (hereby referred to as EBO014)
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Fig.1|NK2R agonismis genetically and functionally linked to
cardiometabolic protection. a, Ranked Pvalues for HbAlc associations of
381non-odorant GPCRloci (x50 kb) from T2D-KP. b, Gq signalling and HbAlc
associations of the NK2R missense variants 123T and R323H (n =2 per variant).
¢, TWAS of HK1, NK2R and TSPANI1S5 and HbAlc levels, with and without
adjustment for BMI. d,e, Obesity-related anthropometric associations of the
NK2R non-coding variantrs139900276 in the Greenlandic cohort (d) and NK2R
expression stratified by rs139900276 genotype (e). WHR, waist-hip ratio.

f, Pharmacokinetics of NKA (n =3 mice). g-k, In vivo effects of a twice daily
subcutaneous (s.c.) injection of vehicle or 1 mg kg NKA (g) on oxygen
consumption (n = 6 mice per group) (h), food intake (i) and body weight (j)

in which a 16-carbon fatty acid, called C16-gammaGlu (C16GG, the
side chain used in the GLP-1R agonist liraglutide®), was covalently
attached to Lys2 of native NKA to increase retention in the blood
from minutes to hours, probably viaalbumin binding (Fig.1m). Daily
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mice (NKA)).1, Insulin tolerance test of DIO mice treated with vehicle (n=6) or
NKA (n=7) twicedaily for 12 days. m, Pharmacokinetics of EBO014 (n = 3 mice).
n,o0, Invivo effects of daily subcutaneous injections of vehicle or 1 mg kg™
EB0O14 (n) on oxygen consumption (0; n =6 mice per group). p-r, Dose-
dependent changesin food intake (p), weightloss (q) and body composition (r)
after 12 days of daily injections (n=10 (vehicle, 0.1mg kg™),n=9 (0.3 mgkg™),
n=8mice (1mgkg™).Arrowheadsindicate time of injection of vehicle or
agonist (h,0). Dataare mean +s.e.m. (b,f,h-m,o-r); box plots present median
and Tukey’s whiskers (e).*P < 0.05,**P< 0.01, ***P < 0.005, ****P< 0.0001.
Detailed statistics are in the Supplementary Information and Source Data.

injections of EBO014 (Fig. 1n) robustly induced oxygen consumption
(Fig.10), decreased food intake during the initial days of treatment
(Fig.1p) and dose-dependently reduced body weight (Fig. 1q), which
was driven by loss of fat mass (Fig. 1r). Transient loose stools were
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Table 1| Results for linkage disequilibrium (LD) clumping in the HKDC1-HK1-NK2R-TSPAN15 region (10:70929740-

71367422)
Variant Base-pair A1l AO AFRMAF AMR EAS EUR SAS Beta s.e. P Closest gene
location MAF MAF MAF MAF (consequence)
rs143849423  10:70969723 G T 0.0008 0.0140 0.0000 0.0159 0.0050 0.0363 0.0064 174x10° HKDCT1(downstream
gene variant)
rs72814215 10:70998703 G A 0.0008 0.0060 0.0000 0.0139 0.0070 0.0580 0.0090 1.21x10™ HKDCI (intron variant)
10:71002040 10:71002040 T TG NA NA NA 0.4105 NA 0.0653 0.0019 752x10%’  HKDCI (intron variant)
10:71069872 10:71069872 T TA NA NA NA 01777 NA 0.0204 0.0027 8.62x10™ HK1(NA)
rs5030918 10:71078526 A C 0.000 0.0010 0.0000 0.0149 0.0020 0.2872 0.0063 O HK1 (intron variant)
rs2015803 10:71081399 T C 0.4675 0.4860 0.2480 02664 0.2700 0.0455 0.0021 6.32x10™"  HKI (intron variant)
10:71118821 10:71118821 AAG A NA NA NA 0.0401 NA 0.3077 0.0049 O HK1(NA)
rs9299503 10:71136050 A G 0.3109 04510 01935 0.4930 01935 0.0533 0.0020 1.87x10™"  HKI(intron variant)
rs4745984 10:71143488 Cc A 0.0144 0.3520 0.3254 0.0984 0.0700 0.0472 0.0031 179x10%* HK1 (intron variant)
10:71144995 10:71144995 C CTT NA NA NA 0.0635 NA 0.0418 0.0039 1.20x10™% HK1(NA)
rs117056999 10:71154564 T C 0.0030 0.0100 0.0000 0.0288 0.0030 0.0400 0.0054 1.22x107 HK1 (intron variant)
rs1236903 10:71198994 C 0.0030 0.0320 0.0000 0.0795 0.0150 0.0269 0.0040 177x10™ TSPANI15 (intergenic)
rs77356330 10:71205544 C T 0.0030 0.0320 0.000 0.0378 0.0060 0.0308 0.0042 2.48x10™" TSPAN15 (regulatory
region variant)
rs72811732 10:71227549 A T 0.0008 0.0190 0.0000 0.0368 0.0030 0.0444 0.0053 7.96x107" TSPAN15 (intron variant)
rs11598811 10:71288098 A 0.0023 0.0760 0.0000 0.0716 0.0150 0.0307 0.0037 1.46x107 NEUROGS3 (upstream

gene variant)

Results for the 16 independent variants (r?<0.01in 1,000kb) in the region with minor allele frequencies from 5 genetic ancestries: African (AFR), admixed American (AMR), East Asian (EAS),
European (EUR) and South Asian (SAS). The variant ID is from dbSNP, the base-pair locations are in build 37 and the annotations are from Variant Effect Predictor. The association tests were
two-sided without multiple corrections. A1, effect allele; AO, other allele; s.e., standard error; NA, variant not found in the reference panel.

initially noted in the mice at the highest dose but the compound was
otherwise well tolerated. These functional data uncover a paradigm of
homeostatic controlwhereby NK2R agonism is capable of simultane-
ously inducing energy expenditure and decreasing food intake. The
genetic variants provide further support that this signalling pathway
affects HbAlc in humans and pharmacological activation of NK2R
might be a new route through which to counteract cardiometabolic
diseases.

Development of long-acting NK2R agonists

Although NKA and long-acting EBO014 mediated several beneficial car-
diometabolic effects, it remained unknown whether these effects were
mediated by NKR2. NKA is a naturally unselective peptide within the
tachykinin family, and signals through both NK1R and NK3R with nearly
equal potency to its cognate receptor, NK2R® (Fig. 2a). This lack of
selectivityisa particular liability with respect to NK1R signalling, which

Table 2 | HbA1c associations of the nine genome-wide significant and causal variants in the overlapping the HKDC1-HK1-NK2R-

TSPAN15 region (10:70929740-71367422)

Variant Base-pair A1 AO AFR AMR EAS EUR SAS Beta s.e. P Consequence PIP Lead (¥
location MAF MAF MAF MAF MAF
rs72814215 10:70998703 G A 0.0008 0.0060 0.0000 0.0139 0.0070 0.0580 0.0090 1.21x10" HKDCTintron  1.0000 rs72814215
(r?=1.00)
rs112258245 10:71001310 A G 0.0219 01100 0.0000 01670 0.0450 0.0334 0.0026 5.92x10¥ HKDCTintron 0.6636 rs5785903
(r*=0.26)
rs72814226 10:71001449 G C 0.0219 0110 0.0000 01670 0.0450 0.0333 0.0026 7.91x10¥ HKDCTintron 0.3364 rs5785903
(r*=0.26)
rs10823338  10:71065977 G T 0.4145 05060 0.2649 0.2515 0.2700 0.0386 0.0022 1.03x10% HKTintron 1.0000 rs2015803
(r*=0.79)
rs16926246  10:71093392 C T 01747 0.0810 0.0010 01412 0.0540 0.2642 0.0027 O HK1intron 1.0000 rs5030918
(r*=0.07)
rs17476364 10:71094504 T C 0.0015 0.0610 0.0010 0.0994 0.0170 0.3189 0.0030 O HK1intron 1.0000 rs5030918
(r*=0.10)
rs6480402 10:71095378 A C 0.3767 0.2590 041319 0.2942 0.4350 01301 0.0021 O HKTintron 1.0000 rs5030918
(r*=0.02)
rs7911347 10:71170287 A C 02912 04310 0.2619 0.4841 0.3190 0.0105 0.0019 2.99x10® NK2Rintron 0.9965 rs200572185
(r*=0.02)
rs142394825 10:71236395 G C 0 0.0100 O 0.0119 0.0010 0.0888 0.0083 1.25x10% TSPANT5intron 1.0000 rs4745984
(r’=0.09)

Results for the associations of 9 candidate causal (posterior inclusion probability (PIP)>0.1) HbAlc variants in the 10:70929740-71367422 region. Fine mapping was computed with CARMA
software utilizing HbA1c European summary statistics from ref. 29. All variants are located in introns, three in HKDCT, four in HK1, one in NK2R and one in TSPAN15. Additionally, the minor allele
frequencies for five different genetic ancestries were added: African, admixed American, East Asian, European and South Asian. Finally, for each candidate causal variant the lead variant with
the highest correlation measured in r? was added. The variant ID is from dbSNP, the base-pair locations are in build 37 and the annotations from Variant Effect Predictor. The association tests
were two-sided without multiple corrections.
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Table 3 | eQTL associations for r7911347-A available in Open Target Genetics

rs7911347-A Adipose (Fusion) Adipose (TwinsUK) Brain DLPFC (ROSEMAP) Muscle (FUSION) Macrophage (ref.61) Monocyte influenza 6h (ref. 62)
HK1 NA NA NA NA NA NA

NK2R 0.397, P=3.2x10™% 0.370,P=1.2x10™  0.165, P=2.7x107° 111, P=4.0x107% 0.294, P=8.3x10™ NA

TSPAN15 NA NA 0.106, P=3.5x107° NA NA 0.549, P=1.9x107

Results are included for the tissues with reported expression quantitative trait loci (eQTL) associations for HK1, NK2R and TSPAN15. No eQTL associations were found for HK1. The association

tests were two-sided without multiple corrections. NA, not applicable.

islinked to CNS disorders, inflammation, cardiopulmonary disruption,
bronchoconstriction and nociception (painsensing)®. Thus, despite the
encouraging efficacy of the protracted NKA molecule, EBO014, NK2R
selectivity is necessary to pharmacologically leverage this signalling
pathway for therapeutic gain. As a starting point for developing highly
NK2R-specific long-acting agonists, we took advantage of a previously
described truncated NKA analogue, neurokinin A (4-10)-S5K/L9mL/
M10NIe (where mL is methylleucine and Nle is norleucine), which has
been shown to exhibit some degree of selectivity**.

Asingle replacement of Phe at position 6 with a structurally similar
Tyr conferred complete NK2R selectivity and generated the analogue
neurokinin A (4-10)-S5K/F6Y/L9mL/M10NIe (called EB1001 here)
(Fig.2b).Inthe EBI000 compound series, we also changed the protrac-
tionstrategy, substituting C16GG with a2x(8-amino-3,6-dioxaoctanoic
acid)-yGlu-C18-diacid moiety (C18DOGG; the side chain used in the
GLP-1R agonist semaglutide) owing to its superior albumin affinity
and water solubility compared with C16GG. We further optimized
EB1001 by replacing the Nle at position 10 with a methoxinine (Mox)
residue, to preserve hydrogen-bonding capacity, inananalogue, neuro-
kinin A (4-10)-S5K/F6Y/L9mL/M10Mox (called EB1002 here) (Fig.2b).
Like EB1001, EB1002 is highly selective against NK1R on both mouse
tachykininreceptors (Extended Data Fig. 2a,b) and human tachykinin
receptors (Fig.2cand Extended Data Fig. 2c) and has a markedly longer
half-life in mice (10.3 h for EB1002 compared with 5.5 h for EB1001)
(Fig.2d).

To assess the mode of action of NK2R agonism, DIO mice were
implanted with telemetric body temperature monitors and given a
single subcutaneousinjection of EB1002 (Fig. 2e). EB1002 administra-
tionled to asignificant and sustained increase in oxygen consumption
(Fig. 2f) and fatty acid oxidation (Fig. 2g) that was also reflected in a
modestincrease in core temperature (Fig. 2h). Concurrent with enhanc-
ing energy expenditure, asingle administration of EB1002 also strongly
decreased food intake (Fig. 2i) and respiratory exchange ratio (RER)
(Fig.2j) formore than 24 h. Collectively, these acute metabolic effects
reduced body weight (Fig. 2k) without any overt signs of discomfort or
changesin physical activity (Extended Data Fig. 2d). To further evalu-
ate safety and toxicity, CD-1 mice were subjected to a dose escalation
up to 7,500 nmol kg™. This dose amounted to more than 20 times the
dose that we used in our mouse efficacy models. We did not observe
any changesin serum liver enzymes (Extended Data Fig. 2e) or patho-
histological signs (Extended Data Fig. 2f and Extended Data Table 4).

Consistent with previous knowledge of neurokinin biology’, transient
appearance of loose stools was observed at the highest doses and thus
served toinformtolerance limits for EBI002 dosing. Notably, the effi-
cacy of EBI002 was abolished both in genetic Nk2rknockout (Extended
DataFig. 2g-1) and after acute pharmacological NK2R antagonism
(Fig. 2I-r), confirming robust in vivo selectivity.

We nextinvestigated the effects of NK2R agonism on glucose metabo-
lism. EB1002 significantly improved glucose tolerance in DIO mice
24 h after asingle dose compared to mice that were either treated with
vehicle only or treated with vehicle and pair-fed with EB1002-treated
animals (Fig. 2s,t), showing that the glycaemic correction occurred
independent of changesininsulinsecretion or food intake reduction.
To determine whether the improvement in glucose control was due
to altered insulin sensitivity, we performed a hyperinsulinaemic-
euglycaemic clamp study in chow-fed mice (Fig. 2u). Mice treated with
asingle dose of EB1002 required a 50% higher glucose infusion rate
during steady state compared to vehicle controls (Fig. 2vand Extended
Data Fig. 2m,n), revealing a profound increase in insulin sensitivity.
EB1002 trended to enhance oxidative skeletal muscle glucose disposal
(Extended Data Fig. 20) and significantly increased glucose uptake
into white adipose depots (Fig. 2w). However, NK2R-agonist-induced
effects on white adipocyte glucose uptake or other metabolic functions,
including oxygen consumption and lipolysis, were not cell autonomous
(Extended DataFig.2p-r). We next sought to determine how NK2R ago-
nismimpacted tissue-specificinsulin signalling in vivo. EB1002 acutely
and significantly increased insulin-induced AKT phosphorylationin
liver, gastrocnemius and brown adipose tissue (BAT) (Extended Data
Fig. 2s-u). Despite the increased insulin-stimulated glucose uptake
in WAT we observed during the clamp, there was no clear change in
insulin-induced AKT phosphorylation in iWAT after EB1002 admin-
istration (Extended Data Fig. 2v). Together, these findings reveal that
selective, long-acting NK2R agonism elicits dual regulation of energy
expenditure and food intake and potently improves insulin sensitivity.

NK2R agonism improves metabolic health

Repeated daily administration of EB1002 significantly and sustainably
reduced body weight (Fig.3a and Extended Data Fig. 3a) atleastin part
owing to transient suppression of food intake (Fig. 3b) in DIO mice.
Notably, injecting animals every other day with EB1002 was just as effec-
tive as daily administration at producing longer-term weight loss over

Table 4 | TWAS and sensitivity analysis of the association between NK2R expression and HbA1c levels in the ACB

Gene TWAS Sensitivity analysis Trait
Effect size Pvalue Effect size Pvalue

NK2R -0.147312885 5.57322x1078 -0.13674113 1.75x107 HbA1c

NK2R -0.047902365 1.60712x107™ -0.05624646 2.29%1072 HbA1c (BMl-adjusted)
HK1 -0.005043655 0.647995 0.02991872 5.08x10™ HbAlc

HK1 0.000288765 0.9628904 -0.010080M1 8.27x10™ HbA1c (BMl-adjusted)
TSPAN15 -0.032080736 0.004094338 -0.05479775 4.60x10™ HbA1lc

TSPAN15 0.003103694 0.5906543 -0.01864292 9.05x10™ HbA1c (BMl-adjusted)

P values were calculated using a two-sided z-test. Since only three genes were considered, nominal P values without applying a genome-wide false-discovery rate correction are reported.
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Fig.2|Development and characterization of first-in-class selective, long-
acting NK2R agonists. a, Signalling schematic for the tachykinin receptor
family along with respective endogenousligands, substance P (SP), NKA and
neurokinin B (NKB), adapted fromref. 6.b, Sequences of NKA and protracted,
selective NK2R agonists. ¢, Ligand-induced Gq signalling of human tachykinin
receptorsinvitro (n=2perligand).d, Pharmacokinetic profile of NK2R agonists
(n=3mice pergroup).e-k, Invivo effects of asingleinjection of EB1002 (e; inset
shows theimplanted body temperature monitor) on oxygen consumption (f),
fatty acid oxidation (g), body temperature (h), food intake (i), RER (j) and
weightloss (k) in DIO mice. Inf-j, arrowheads indicate time of injection of
vehicle or EB1002. Plot coloursinf-k match keyinf.n =6 (vehicle), n=5 (EB1002)
(f-i); n=8 (vehicle), n=9 (EB1002) (k). I-r, Evaluation of in vivo selectivity of
EB1002 with or without pre-administration of the NK2R antagonist saredutant

the course of 21 days (Extended Data Fig. 3a). However, we observed that
the body weights of NK2R-treated animals began toincrease gradually
overthe21days of injections, raising potential concerns of desensitiza-
tion (Extended Data Fig. 3a). Thus, we tracked the weight re-gain of the
cohort afterinjections were ceased and then re-administered asingle
injection of EB1002 to all mice (Extended Data Fig. 3b). Regardless of
previous compound exposure, all mice exhibited similar weight loss
(Extended Data Fig. 3b,c), demonstrating that there was no lasting
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inDIO mice (I) on oxygen consumption (m), fatty acid oxidation (n), body
temperature (0), food intake (p), RER (q) and weight loss (r). Inm-q, arrowheads
indicate 0.5 h pretreatment with vehicle or saredutant followed by EB1002.
Plot coloursinm-rmatchkeybelowl.n =6 per group (m,n,p-r); n=5pergroup
(0).s,t,Glucose tolerance (s) and insulin level (t) of DIO mice (n =8 (vehicle),
n=15(325nmol kg EB1002), n =16 (pair-fed with the EB1002-treated group)).
u, Setup of the hyperinsulinaemic-euglycaemic clamp study. v,w, Glucose
infusionrate (GIR) (v) and glucose uptake into iWAT and eWAT depots (w), for a
hyperinsulinaemic-euglycaemic clamp of lean mice 16 h after asingle injection
ofvehicle (n=7) or EB1002 (n = 8). Dataare mean +s.e.m.*P<0.05,*P<0.01,
***P<(0.005,****P<0.0001. Detailed statisticsare in the Supplementary
Information and Source Data.

desensitization induced by systemic NK2R agonism. Unexpectedly,
the single injection of EB1002 resulted in 10-15% weight loss over 7
days (Extended DataFig.3c), suggesting afar more sustained efficacy
than predicted by blood occupancy of the peptide.

In the initial phase of systemic agonism, we found that EB1002
acutelyincreased faecal triglyceride content and trended to increase
faecal cholesterol (Extended Data Fig. 3d,e), suggesting a potential for
reducedlipid absorption and/oraninduced release of lipidsinto the
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Fig.3|Improvement of systemic energy homeostasis by long-acting NK2R
agonism. a,b, Weight loss (a) and food intake (b) of DIO mice injected daily
with vehicle or EBI002 (n =6 per group). WT, wild type. ¢, Weight loss of DIO
mice that were transitioned to chow diet or continued on HFD 5 days before
daily injections (n =6 (HFD vehicle), n = 8 (chow vehicle, chow EB1002 and HFD
EB1002)). Arrowhead indicates firstinjection. d-g, Plasma concentrations of
GLP-1(d), leptin (e), glucagon (f) and PYY (g) of DIO mice injected daily with
vehicle (n=7) or EB1002 (n=8). h,Body composition of DIO mice injected daily
with vehicle (n=11) or EB1002 (n = 15).i-k, Weightloss (i), food intake (j) and
body composition (k) of DIO Nk2r-knockout (KO) mice injected daily with
vehicle (n=8) or EB1002 (n=9).1, Weight loss of DIO mice injected daily with
vehicle (n=11), EB1002 (n =15) or vehicle and pair-fed with EBI002-treated mice
(n=12).m-t, Schematic of DIO Ucp1-knockout mice at thermoneutrality (m)
used toassess weightloss (n), blood glucose concentration (o), RER (p),

intestine. Moreover, the efficacy of NK2R agonism was not dependent
oningestion of high-fat diet (HFD), as DIO mice that were transitioned
from HFD to chow diet 5 days before EBI002 treatment to mimic a
dietaryintervention, displayed similar weight loss to mice that were
maintained on HFD (Fig. 3c and Extended Data Fig. 3f). We next inves-
tigated whether acute or repeated administration of an NK2R agonist
affected the blood levels of hormones known to modulate feeding

fatty acid oxidation (q) and oxygen consumption (r), and linear regression of
oxygen consumption versus body weight (s) and body temperature (t) after a
singleinjection of vehicle, EBI002 or vehicle and pair-fed with EB1002-treated
mice. Inp-r,t, arrowheadsindicate time of injection, diamonds indicate
replenishment of food for the pair-fed group. Inn-t, n = 6 per group. u,v, Weight
loss (u) and food intake (v) of DIO, thermoneutrally housed UcpI-knockout mice
injected daily with vehicle (n=6) or EB1002 (n = 7). w-z, Setup of triple-chip
study to investigate the anatomical resolution of thermogenic output (w)
withinterscapular temperature (x; n = 3), hindlimb temperature (y; n=>5) and
abdominal temperature (z; n = 5) of DIO mice after asingle injection of EBI002
(indicated by arrowheads (x-z)). Dataare mean + s.e.m.*P<0.05,**P<0.01,
***P<0.005,****P<0.0001. Detailed statistics are in the Supplementary
Informationand Source Data.

and metabolism. A single injection of EB1002 did not change the
concentrations of GLP-1, leptin, glucagon or peptide YY (PYY) (Fig. 3d-
g). However, leptin and glucagon were significantly decreased and
PYY was significantly increased following a week of daily injections
(Fig.3d-g), suggesting that NK2R-agonist-induced whole-body meta-
bolicimprovements engage other homeostatic-regulating hormone
pathways.
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Body composition was assessed after 7 days of daily injections to
determine the cause of the weight reduction. We found that NK2R-
agonist-induced weight loss was solely attributable to decreased adi-
posity (Fig. 3h and Extended Data Fig. 3g) whereas lean mass was spared
(Fig.3h). There were no sex-dependent differencesin response to NK2R
agonism as EB1002-treated female DIO mice displayed similar changes
inbody weight, body composition, adipose depot weights, acute blood
glucose control, food intake, RER, oxygen consumption, fatty acid
oxidationand body temperature (Extended Data Fig. 3h-p). The effects
of repeated daily EB1002 injections were abolished in animals lacking
Nk2r (Fig. 3i-k and Extended DataFig. 3q), reinforcing the selectivity of
the agonist. The dependence of NK2R-agonist-mediated weight loss on
bothfoodintake (Fig. 2i) and energy-expending mechanisms (Fig. 2f),
was further evidenced when comparing EB1002-treated animals to
pair-fed controls (Fig. 31).

The translational potential of energy-expending modes-of-action
can be confounded by the reliance of rodent physiology on BAT ther-
mogenesis. Therefore, we evaluated the efficacy of NK2R agonismin
thermoneutrally housed DIO mice lacking the canonical BAT effec-
tor, uncoupling protein1 (UCP1) (Fig. 3m). To distinguish effects from
reduced food intake versus increased energy expenditure, weincluded
apair-fed Ucp1-knockout group that was matched to EB1002-treated
mice. InDIO UcpI-knockout mice, acute EB1002 treatment significantly
reduced body weight and blood glucose compared to vehicle-injected
and pair-fed mice (Fig. 3n,0), demonstrating NK2R agonism elicited
UCPI-independent mechanisms of weight loss and glucose control.
A single EB1002 injection into mice lacking UcpI reduced RER more
robustly than pair feeding over 2 days (Fig. 3p) and increased fatty
acid oxidation (Fig.3q), oxygen consumption (Fig. 3r,s) and body tem-
perature (Fig. 3t). The observation that oxygen consumption and body
temperature of pair-fed mice were lower than those of the the vehicle
group suggested that EBI002 induced an even greater degree of energy
expenditure than previously estimated. Repeated daily injections of
EB1002in DIO UcpI-knockout mice at thermoneutrality reduced weight
and food intake (Fig. 3u,v) to similar magnitudes as our earlier studies
inwild-type mice.

We next sought to investigate the anatomical contributions and
dynamics of NK2R-induced energy expenditure. Whereas our stand-
ardizedinvivo modelinvolvesimplanting temperature probes thatare
free-moving throughout the peritoneal cavity, we surgically anchored
telemetric temperature probes to three regions of each mouse to
achieve spatial resolution (Fig. 3w): (1) embedded in the interscapu-
lar region, between the brown adipose tissue and shoulder muscles;
(2) positioned along the upper thigh, running parallel to the quadriceps
muscle; and (3) situated against the abdominal wall of the peritoneal
cavity. Interscapular BAT depots were surgically denervated inasubset
ofthe mice. Compared with vehicleinjectioninthe same mice, asingle
subcutaneous injection of EBI002 robustly increased interscapular tem-
perature acutely and continuously over 48 h (Fig. 3x and Extended Data
Fig. 3r). However, hindlimb temperature was initially blunted before
progressively increasing between2 and 5 days afterinjection (Fig. 3y and
Extended DataFig. 3s), revealing a multiphasic, temporal distribution
of thermogenic output. Abdominal temperature was initially blunted
before returning to the pre-injection pattern (Fig. 3zand Extended Data
Fig.3t). Similar patternsinallthree anatomical regions were observed in
the BAT-denervated mice (Extended Data Fig. 3u-y). Although it remains
unclear how NK2R agonism orchestrates the observed anatomical and
temporal dynamics, the ability of asingle administration of EB1002 to
impart effects over the course of a week is in line with the timeframe
of earlier weight loss studies in which one injection led to progressive
weight reduction over 7 days (Extended Data Fig. 3b,c). Collectively,
these findings show that long-acting NK2R-induced improvements
in metabolic outcomes are driven by both reduced food intake and
increased energy expenditure, which occurs dynamically across mul-
tiple tissues and independently of the canonical BAT activity.
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NK2R agonisminthe CNS and periphery

We next assessed NK2R agonism in the context of genetic obesity and
canonical hypothalamic appetite-regulating circuitry®?¢, EB1002
was subcutaneously administered to DIO mice or hyperphagic
models lacking leptin (ob/ob) or the melanocortin 4 receptor
(Mc4r-knockout) (Extended Data Fig. 4a). Surprisingly, the same dose
of EB1002 (325 nmol kg™) that moderately lowered food intake in
non-hyperphagic DIO mice robustly attenuated appetite in both
male and female ob/ob mice (Extended Data Fig. 4b,), indicating that
NK2R agonism not only regulates food intake independently of leptin
signalling but also seems to be potentiated in the absence of leptin.
However, this potentiated action of NK2R agonism was not observedin
mice lacking Mc4r (Extended Data Fig. 4b), suggesting that NK2R food
intake regulation was still, to some extent, dependent on canonical
appetite-regulating signalling downstream of leptin. The markedly
increased efficacy of NK2R agonism in leptin-deficient mice was also
reflected in body weight (Extended Data Fig. 4c) and blood glucose
(Extended DataFig.4d), which were sustained significantly lower even
48 h after injection despite food intake beginning to increase back
towards baseline (Extended Data Fig. 4e).

To distinguish between peripheral and central contributions of
NK2R signalling, we performed a pharmacological study comparing
subcutaneous and intracerebroventricular (ICV) administration of
EB1002. HFD-fed ob/ob mice were housed inindirect calorimetric cages
atthermoneutrality and metabolic readouts were assessed after asin-
gle subcutaneous injection of vehicle or EB1002. After wash-out, the
micereceived an ICV dose ina crossover design (Fig. 4aand Extended
DataFig.4f). Central delivery of EB1002 robustly reduced food intake
(Fig.4b) and RER (Extended DataFig. 4g) similarly to peripheral admin-
istration, indicating that appetite could be directly controlled by the
CNS. However, ICV delivery of EB1002 significantly decreased oxygen
consumption (Fig. 4c), consistent with an effect primarily on food
intake without a simultaneous boosting or maintenance of energy
expenditure as was observed following subcutaneous injection
(Fig. 4¢). In line with the oxygen consumption measurements, body
temperature was more robustly increased by subcutaneous injection
compared withICV delivery, yet central administration was still able to
elicitadistinct temperature increase during the light phase (Extended
DataFig. 4h). Thus, thermogenic contributions of NK2R signalling
appear to emanate largely from peripherally accessible regions but
direct contributions from the CNS cannot be entirely ruled out. Even
withoutinducing energy expenditure, the EB1I002 dose delivered cen-
trally produced weight reductions similar to peripheral dosing (Fig. 4d),
probably owing to the more marked suppression of food intake. Notably
however, blood glucose was only significantly decreased by subcutane-
ous administration (Fig. 4e), suggesting that acute glycaemic control
was weight-independent and required peripheral NK2R signalling. The
effects of the ICV dose were CNS-specific as peripheral administration
of the ICV concentration, equivalent to 40 nmol kg™, elicited no effects
on metabolic parameters (Extended Data Fig. 4i-m). These findings
collectively suggest that NK2R activation acts via the periphery and
CNSto simultaneously suppress appetite, increase energy expenditure
and improve insulin sensitivity.

We next sought to gain insight into which brain regions might con-
tribute to the NK2R-mediated suppression of feeding. We found that
administration of EB1002 acutely and significantly reduced food
intake during refeeding following an overnight fast (Extended Data
Fig. 5a). Given that the activity of Agouti-related peptide-expressing
neurons (AgRP neurons) mediates a significant portion of refeeding,
thisresult suggests that EB1I002 could, at least in part, overcome AgRP
neuron-driven feeding. The activity of AgRP neurons can be blocked
through the activation of neurons in the dorsomedial hypothalamus
(DMH) or the dorsal vagal complex (DVC). To evaluate the potential
activation of these sites (as well as other regions known to regulate
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Fig.4|Distinct central and peripheral actions oflong-acting NK2R agonism.
a, Study design comparing effects of central and peripheral delivery of EB1002.
b-e,Foodintake (b), oxygen consumption (c), weightloss (d) and blood glucose
concentration (e) following subcutaneous or ICVinjection (all plot colours asin
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(vehicleICVinjections),n=13 (EB1002ICVinjections) (d,e). Arrowheads indicate
injections (c). f,g, Representative FOS staining in the DVC (f; scale bar,200 pm)
and quantification of FOS-positive cellsinthe NTS, APand DMV (g) of mice
injected with vehicle (n = 6) or EB1002 (n = 8). h, Preferenceratio for vehicle,
semaglutide or EB1002 (n=10 per group). i, Representative microscopy images
and quantification of FOS colocalization with reporter neurons expressing GFP
inthe NTS of Lepr*®L10 GFP (n =3 (vehicle),n=6 (EB1002)), Cck“*L10 GFP (n=2
(vehicle), n=3(EB1002)) and Calcr* Sun1 GFP mice (n = 6 (vehicle), n=7 (EB1002))
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foodintake, including the paraventricular nucleus of the hypothalamus
(PVH), arcuate nucleus (ARH) and the parabrachial nucleus (PBN)), we
assessed FOSimmunoreactivity (FOS-IR) 2 hafter EB1I002 administra-
tionin overnight-fasted mice. NK2R-agonist-induced changes in FOS-IR
were detected only in the DVC (Extended Data Fig. 5b,c). Within this
region, FOS-IRwas primarily increased in neurons within the nucleus of
thesolitarytract (NTS) and to alower extent in the area postrema (AP);
we found no change in the dorsal motor nucleus of the vagus (DMV)
(Fig. 4f,g). Whereas the APand NTS eachrestrain food intake as part of
the physiological response to a meal, some AP and NTS neurons also
promote aversive signals*%, Thus, we performed a saccharin-based
conditioned taste avoidance test with EB1002 treatment, revealing
no conditioned taste aversion formation by NK2R agonism (unlike
the aversive GLP-1R agonist semaglutide) (Fig. 4h). We additionally
assessed gastricemptying rate (also modulated by the DVC) but found
nodifference following acute administration of EBI0O02 when compared
to vehicle (Extended Data Fig. 5d). Thus, although EB1002 activates
neuronsinthe DVC, the appetite suppression by the compound appears
to occurindependently of aversive responses or alterations in gastric
emptying.

To map which neuronal populations in the DVC were activated by
NK2R agonism, we used reporter mice that labelled Lepr-, Cck- or
Calcr-expressing neurons. Whereas EB1002 activated asubset of neu-
rons within these established hunger-regulating populations (Fig. 4i
and Extended Data Fig. 5e-g), the majority of FOS-positive neurons
were distinct from these canonical populations (Fig. 4j). To further
characterize the cellularidentity of DVC neurons activated by EB1002,
we generated a single-nucleus RNA-sequencing (snRNA-seq) dataset
of the DVC from vehicle- and EB1002-treated mice. Transcriptionally
defined cell classes were identified with known neuronal and glial
markers. The neuronal population was subclassified and labelled on
the basis of a publicly available DVC atlas®, and 23,664 nuclei were
categorized into 25 neuronal populations (Fig. 4k). Cells from both
treatment groups were evenly distributed across all neuronal clus-
ters (Extended Data Fig. 5h). Quantification of immediate early gene
expression and transcriptional differences revealed Glu3 neurons®,
aGal- and Lepr-expressing population of glutamatergic NTS neurons
(Extended Data Fig. 4i), to be the most responsive to EB1002 (Fig. 41
and Extended Data Fig. 5j).

Given that Nk2ris expressed in the NTS (Extended Data Fig. 5k) and
ICV administration strongly regulated food intake (Fig.4b), we assessed
the importance of Nkr2 expression in the DVC for the response to
EB1002. We directly injected GFP- or Cre-expressing adeno-associated
virus (AAV) into the DVC of Nk2r-floxed mice (Fig. 4m and Extended Data
Fig. 51) (called Nk2r°Y°F or Nk2r"“*, respectively, here) and found
that EB1002 was still able to acutely suppress food intake and reduce
body weight in Nk2r*"““* mice (Fig.4n,0). Although we observed atrend
towardsincreased cell death in the AAV-Cre-injected DVCs compared
with AAV-GFP controls (Extended Data Fig. 5m), the preservation of
EB1002 effects in these mice suggests that direct NK2R signalling in
the DVCis not required for the efficacy of systemic NK2R agonism.
These data do not preclude the possibility that NTS neurons, which
would be downstream from a peripheral NK2R-induced signal, might
mediate EB1002 action.

To comprehensively decode the CNS contributions of NK2R agonism
inaglobal, unbiased manner, we next resolved whole-brain FOS activa-
tionusingiDISCO (immunolabelling-enabled three-dimensional imag-
ing of solvent-cleared organs) imaging after aperipheral administration
of vehicle or EB1002, using DIO mice fasted for the 2 h dosing period
(as opposed to the overnight-fasted chow-fed mice in Fig. 4f,g and
Extended DataFig. 5b,c). This analysis revealed the widespread activa-
tion of FOS by EB1002 compared with vehicle (Fig. 4p,q), suggesting
potentially different responses to NK2R agonism for obese mice com-
pared withleanmice. In DIO mice, EB1002 stimulated FOS activationin
many brain regions involved in the control of food intake, reward and
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energy balance and/or targeted by clinically validated weight-lowering
drugs*®, including, but not limited to, the PVH, NTS, AP, DMV, PBN,
ARH, DMH, ACB, lateral hypothalamic area (LHA) and parasubtha-
lamic nucleus (PSTN) (Fig. 4r). The effect of EB1002 further extended
tothe ventral and lateral areas of the cortical plate (Fig. 4r), which are
associated with the processing of olfactory and taste information,
consistent witha potential role of NK2R agonism on sensory processing
related to food intake. These complex networks of NK2R actionin the
CNS suggest that long-acting NK2R agonism exerts systemic control
through the coordinated engagement of numerous homeostasis and
behaviour-regulating neuronal populations.

Effects of NK2R agonismin primates

Inlight of translational hurdles between rodents and higher mammals,
we next sought to explore NK2R agonismin a cohort of obese male and
female rhesus macaques (nonhuman primates) with cardiometabolic
disease. At the time when the macaque study wasinitiated, EB1I001 was
the most advanced NK2R agonist developed, and was therefore the
compound selected. EB1001 was administered daily through subcu-
taneous injection in a dose-escalation study design over eight weeks
to determine tolerability and explore potential efficacy (Fig. 5a). The
dosing period was followed by a two-week wash-out period. To our
knowledge, selective NK2R agonism has not previously been tested
in nonhuman primates, and the neurokinin receptor family has been
linked to several adverse side effects’. Therefore, a dedicated primate
behavioural specialist monitored the animals throughout the study,
and compound exposure was assessed at each dose (Extended Data
Fig. 6a).Inline with most obesity and T2D therapeutic agents, gastro-
intestinal events were the primary side effects. Although there were no
incidents of nausea, emesis or diarrhoea at any dose, there was a peak
in looser stools at the highest dose of 480 nmol kg™ (Extended Data
Fig.6b), along with a concurrent spikein subdued, withdrawn behaviour
(Extended DataFig. 6¢). Gastrointestinal effects abruptly ceased after
areturnto the preceding tolerated dose of 240 nmol kg™, suggesting a
profile driven by maximum serum concentration (C,,,,), and withdrawn
behaviour followed similarly. Importantly, there were no indications
of anxiety or anxiety-like behaviours (for example, agitation, pacing or
unrest) atany dose (Fig. 5b). Moreover, there was no adverse effect on
cardiopulmonary (Fig. 5c and Extended Data Fig. 6d), hepatic (Fig. 5d
and Extended DataFig. 6e) or renal (Extended Data Fig. 6f) parameters.
Thus, these dose-escalation findings establish a safety window for
evaluating NK2R agonism in obese macaques.

Evenusing the early generation tool peptide EB1001, we were able to
gaininsightsinto the potential efficacy of NK2R agonismin macaques.
Notably, although allmacaquesinthe cohort were obese, their glucose
control varied from normoglycaemic to a range across the diabetes
spectrum, from mild to severe insulin resistance (stratified by crite-
ria adapted from ref. 41) (Fig. Se). Over the course of the eight-week
dose-up, EB1001 led to a modest but significant reduction in body
weight across the whole cohort (Extended Data Fig. 6g), which was
driven by non-plateauing weight loss in the diabetic group that was
maintained throughout the two-week period following treatment cessa-
tion (Fig. 5f). After aninitial trending differencein food intake between
normoglycaemic and diabetic animals (Fig. 5g), allmacaques uniformly
exhibited an approximate 25% decrease in food intake (Extended Data
Fig. 6h). Technical limitations prevented the measurement of energy
expenditure in the macaques.

Nonetheless, despite not being able to determine the maximal
weight-lowering potential of NK2R agonism by the conclusion of the
study, there were severalimprovements in cardiometabolic parameters.
Beforereaching the full extent of weightloss, EBI001 markedly reduced
fasting blood glucose concentrations (Fig. 5h) andinsulin levels (Fig. 5i),
leading to a uniform correction of insulin resistance (as assessed by
homeostatic model assessment-insulin resistance (HOMA-IR)) (Fig. 5j)
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Fig.5|NK2R agonismsafely counteracts cardiometabolic diseasein
diabetic, obese macaques. a, Schematic of EBI001dose-escalation study in
rhesus macaques (nonhuman primates (NHPs)). b-d, Anxiety-like behaviour
(b), heartrate (c) and blood alanine transaminase concentration over the
course of the dose-escalation study (n =10 macaques). e, Stratification of
macaque groups on the basis of diabetic status. f-k, Changes inbody weight
(f), food intake (g), fasting blood glucose (h), insulin level (i), HOMA-IR (j)
and insulin:C-peptide ratio (k) for normoglycaemic (n = 3) and diabetic

across the heterogenous diabetic group of macaques. These findings
onglucose controlunderscore the genetic association that we uncov-
ered between NK2R variants and HbAlclevelsin humans. Notably, the
improvementsinglucose control were still present two weeks after the
final compound dosing. Despite the marked improvement in glucose
control, NK2R agonism did not produce any incidents of hypoglycaemia
inthemacaques atany point during the dose escalation. Inaddition, the
insulin:C-peptide ratio, anon-invasive indicator of hepatic steatosis*,
was also significantly decreased in diabetic macaques following EB1001
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(n=7)macaques. All plot colours asinkeyinf.l, Changesintriglyceride
concentrations for allmacaques over the course of the study (n =10 macaques).
m-o, Stratification of macaque groups on the basis of baseline cholesterol
levels (m) and changes in total cholesterol (n) and LDL cholesterol (o) over the
courseofthe dose escalation. All plot coloursasinkeyinn.n=4macaques

(low baseline cholesterol), n = 6 macaques (high baseline cholesterol). Data
aremean t£s.e.m.*P<0.05,**P<0.01,***P<0.005, ***P<0.0001. Detailed
statisticsareinthe Supplementary Informationand Source Data.

administration (Fig. 5k), suggesting an NK2R-agonist-induced reduc-
tionin liver fat. Inline with these results, EB1001 rapidly and robustly
lowered plasma triglycerides in all macaques (Fig. 5I), irrespective of
diabetic status (Extended Data Fig. 6i). Furthermore, NK2R agonism
significantly reduced bothtotaland low-density lipoprotein (LDL) cho-
lesterolin animals with high starting cholesterol (Fig. 5m-o0) (as strati-
fied by ref. 43). Together, in obese, diabetic macaques, NK2R agonism
decreased body weight and food intake without causing emesis, and
efficiently improved insulin sensitivity and lipid control. The weight

Nature | Vol 635 | 28 November 2024 | 997



Article

loss and glucose control appeared to be even more pronouncedin the
diabetic macaques. Notably, the efficacy parameters and side-effect
profile of NK2R agonism that were assessed in mice and macaques were
fully translatable (Extended Data Fig. 6j).

Discussion

We set out toidentify GPCR pathways that regulate energy homeosta-
sis and could be leveraged to improve cardiometabolic health. In our
search, we uncovered anovel drug target whereby agonism of NK2R elic-
itedincreased peripheral energy expenditure and insulin sensitization,
aswell as central control of appetite. Our motivation to design selective
NK2R agonists was inspired by the revelation of genetic associations
to obesity and HbAlc. The association of HbAlc with NK2R variants
appears to have been previously overshadowed by the neighbouring
gene HKI. Given the strength of the association between HbAlc and
HK1 variants® and the close genomic proximity of HK1and NK2R, fully
disentangling variant associations between these two genesis difficult.
Nevertheless, our fine-mapping analysis and TWASs revealed associa-
tions between HbAlc and NK2R that were independent of HK1 variants.
Notably, the HbAlc associations in the HKI-NK2R-TSPANIS region
have notbeen ascribed to glycaemic control, but areinstead linked to
haemoglobinbiology by affecting the turnover or metabolism of eryth-
rocytes*. To that end, the anaemic phenotype of mice that are deficient
in HkI (ref.45) is fully consistent with this nonglycaemic influence on
HbAlc. However, NK2R agonism significantly counteracted hypergly-
caemiaandimproved insulin sensitivity acutely in mice and chronically
inmacaques, suggesting that NK2R signalling acts on glucose control
and not on erythrocyte viability. Further supporting the erythrocyte
independence of NK2R action are the findings that blood oxygenation
was significantlyimproved and blood urea nitrogen remained stablein
macaques after prolonged NK2R-agonist administration. This genomic
region has also been previously linked to cholesterol”, which is less
likely tobe attributed to the erythrocyte-based, proanaemic outcome
elicited by HK1 deficiency. NK2R agonism lowered triglycerides in all
macaques and significantly decreased LDL cholesterol in macaques
with higher baseline cholesterol, hinting that NK2R may potentially
be the gene responsible for this association to this region.

Key questions raised by the genetic findings include what the mecha-
nisticunderpinnings are of the obesity association with NK2R variants
foundinthe Greenlanders, and why this patternis not observedinthe
Western European population. Similarly, why is the HbAlc association
found in Western Europeans and not in Greenlanders? It is, of course,
tempting to speculate that the pronounced differences in diet and
environment may be contributing factors. Moreover, on the basis of
the extensive understanding of the genetics of human obesity***, the
effect sizes of the reported NK2R variantimply that disruption of NK2R
signalling does not have a causal pathophysiological role in the devel-
opment of obesity. However, the generation of long-acting, potent
NK2R agonists raises the possibility that sustained pharmacological
activation may ultimately contribute meaningfully to weight manage-
ment in humans, regardless of the physiological role of this receptor.
Futureinvestigationinto the mode of action of NK2R and comparison
between pharmacological and physiological contributions to energy
homeostasis should provide clarifying insights.

Owing to the high bar set by current and late-stage pipeline strate-
gies for the treatment of obesity?, for which more than 20% weight
loss in humans is now achievable™*8, the modest weight loss and the
gastrointestinal-related tolerability ceiling observed in preclinical
studies of these nonoptimized NK2R agonists would probably limit the
standalone targeting of this receptor for cardiometabolicindications.
This prospect is made even more likely in light of the profound recent
advances and an overall shift to leveraging multiple modes of actionin
unimolecular polyagonists?, exemplified by clinically validated com-
pounds such as tirzepatide (acting on GLP-1and GIP®, with average
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weight loss of up to 20.9%), survodutide (acting on GLP-1and GCG*,
with average weight loss of up to14.9%) and retatrutide (acting on GLP-1,
GIP and GCG*8, with average weight loss of up t0 22.1%). In the context
of polyagonism, the energy-expending feature of NK2R agonism could
provide anattractive alternative to glucagon, given thatin preclinical
models, NK2R agonism increased oxygen consumption but did not
affect heart rate and spared lean mass. Moreover, the non-aversive
appetite suppression, weight-lowering efficacy and insulin sensitiza-
tion in diabetic obese animals would represent additional strengths
over the current pharmaceutical toolkit. Thus, polyagonism strategies
thatincorporate NK2R activation may provide the greatest opportunity
to exploit this new biology for next-generation biopharmaceuticals.

This work reveals the beneficial effects of pharmacological NK2R
activation, but the physiological roles of NK2R signalling in metabolism
arelikely to be more nuanced and complex. Native NKA has a half-life on
the order of minutes®andis cleared with high efficiency that prevents
appreciable circulation. Thus, endogenous NK2R signalling is largely
dictated by local paracrine actions of NKA released fromresident secre-
tory cells. Conversely, EB1I001 and EB1002 are present in circulation
for hours and will theoretically activate all accessible NK2R receptors
throughout the body. To that end, the collective effects of EBI001 or
EB1002-induced central anorexigenic control and peripheralincrease
in energy expenditure and insulin sensitivity may be physiologically
elicited separately by NKA-NK2R signalling axes in different organ
systems and biological contexts. Specifically, determining whether
peripheralenergy expenditure and central anorectic control are coordi-
nated together and functionally linked will be a critical point toresolve
how endogenous NK2R signalling affects systemic energy homeosta-
sis. From a therapeutic standpoint, it will be further advantageous to
mechanistically delineate how the beneficial cardiometabolic and
gastrointestinal effects are regulated. The dose-escalation study in
macaques supports a pharmacological model whereby cardiometa-
bolicefficacy parameters are largely dictated by compound exposure,
whereas effects on the gastrointestinal are driven by C,,,,,. Notably,
although leveraging exposure-driven efficacy and minimizing gas-
trointestinal motility is essential for the cardiometabolic therapeutic
window, efforts to capitalize on the acute, high-dose effects are being
targeted as a potential way to help restore gut motility in individuals
who have undergone spinal cord trauma and suffer from diminished
neuronal control of gastrointestinal function. Therefore, resolving
the complex cell, tissue and interorgan contributions that collectively
shape the whole-body responsesto physiological and pharmacological
NK2R activation could enable us to clinically harness the full potential
of NK2R biology across indications.

Anotherkey, outstanding question surrounding the mode of action of
NK2Riswhichtissue ortissues are responsible for the energy expendi-
ture. NK2R is expressed throughout the body, however, the current
understanding of NKA action is centred largely arounditsroleas a
local, non-circulating messenger in the gastrointestinal tractor as a
neurotransmitter inthe CNS. Given that we find white adipose depotsto
bethe organs withthe most significant NK2R-agonist-induced glucose
disposal, and previous work in Caenorhabditis elegans hasimplicated
NK2Rsignallingin adipose catabolism®, these tissues represent intrigu-
ing candidates. Palamiuc et al. also found that C. elegans tachykinin
signalling functionally interacted with central serotonergic signalling®°,
whichis known to influence catabolic pathways and holds consider-
able potential for the treatment of cardiometabolic disease™. The lack
of direct effect of NK2R agonists on isolated adipocytes suggests the
requirement for other cell types or interactions (for example, innerva-
tion) in the in vivo tissue environment. Moreover, the anatomical and
temporal resolution of NK2R-agonist-induced effects on heat produc-
tion implicate contributions from multiple organs at different times
following compound administration. However, our findings from
BAT-denervated animals and thermoneutrally housed UcpI-knockout
mice probably preclude arole of canonical brown adipocytes.



The ability of EBI002-mediated NK2R agonism to suppress food
intake and body weight in ob/0b mice, which are obese owing to CNS
alterationsinappetite control, together with the ability of ICV-delivered
EB1002 to reduce feeding and body weight, reveal the importance of
NK2R-regulated CNS pathways for the salient actions of EB1002. The
important task of defining the neural systems by which NK2R signal-
ling acts to control metabolism and food intake will require substantial
additional work, however. Although neuronsin the DVC (especially the
NTS) were most strongly activated by EB1002 under multiple conditions
and weidentified several NTS cell types that were activated by EB1002,
ablating Nk2rin the DVC did not affect EB1002-induced appetite sup-
pression and weight loss. Consistently, iDISCO imaging of whole brains
from EB1002-treated DIO mice revealed that NK2R agonism elicited
FOS activation in many brain regions (including in many areas linked
to appetite, energy expenditure, body weight regulation, reward and
the processing of olfactory and taste information). Although one or
more of these brainregions presumably mediate the effects of EBI002
onenergy balance, the lack of strong detection and spatial resolution
of Nk2rexpression datainthe CNS from single-nuclei RNA-sequencing
brain atlases render it unclear how much of the NK2R-dependent FOS
activationis dueto afferent signals conveyed from the periphery, direct
action on neurons in a particular brain region, or signalling between
interconnected CNS regions. Furthermore, our studies were all per-
formed using a 2 h timepoint, when EB1002 is maximally high in the
blood. Thus, future investigations to map Nk2r and FOS co-expression
and incorporating multiple timepoints may better decode the cell
typesand complex trajectory of neuronal signalling that mediate NK2R
control of energy homeostasis.

Given the sexual dimorphism presentin cardiovascular metabolism
linked to body weight and energy homeostasis®and the translational
blind spotsinexclusively testing new therapeutic mechanismsinmale
preclinical models®®, we evaluated key features of NK2R agonism in
female DIO mice. Effects onbody weight, blood glucose, energy expend-
iture, fatty acid oxidation, body temperature, food intake and RER
wereall preserved between sexes. We similarly observed a potentiated
response on food intake in female ob/ob mice as in males, indicating
that theinteraction between leptin and NK2R signalling pathways was
independent of sex. We also evaluated NK2R agonismin obese female
macaques. The assigned females were ovariectomized in earlier studies
unrelated to this research. Although this allowed the maintenance of
male-female social housing pairs without the possibility of breeding,
the femalesare moreinline witha postmenopausal model. Thus, even
though the female macaques responded similarly to males, we could
notdetermine whether there were any interactions between oestrogen
and NK2R signalling or how female steroid hormones might affect
efficacy in primates.

These findings on dual appetite and energy-expending control by
NK2R are particularly surprising given that the tachykinin receptors,
NKIR, NK2R and NK3R, are among the oldest known neuropeptide
receptor families, with the NKIR ligand substance P even being called
the ‘pioneering peptide™*. Substance P and NKIR have beenimplicated
in metabolic homeostasis through driving food aversion®, which is
in line with the emetic role of NK1R%. This is in contrast to our find-
ings that NK2R agonismis non-aversive in mice and that there were no
emetic events following any dosing of an NK2R agonist in macaques.
NKIR antagonists have even been posited for obesity therapy®, yet
no changes in weight or cardiometabolic parameters were reported
after several clinical trials®®. Exploring the efficacy of NK2R activation
has long been impeded by the well-established cross-reactivity of its
native ligand NKA with the other tachykinin receptors and the difficulty
in generating NK2R-selective molecules that would avoid potential
NKI1R-linked adverse effects, such as gastrointestinal inflammation,
anxiety, bronchoconstriction and pain nociception®, or NK3R-linked
adverse effects, suchas hot flushes®. Yet decades-old studies in humans
comparing infusion of NKA and substance P already hinted at the

potential of NK2R agonism to increase energy dissipation without
changesin heartrate®, but these findings were never expounded upon.

One of the ubiquitous and most pronounced hurdles faced by
rodent-based biomedical research and development is translation to
humans. We were fortunate to have the opportunity to test the early
generation, prototypic NK2R agonist EB1I001in a cohort of older
macaques. Every parameter that we were able to measure translated
fromour observationsinrodentsto the diabetic, obese macaques, with
theadded benefit of reduced cholesterol and triglycerides. The recent
advances in bioharmaceutical therapies for T2D and obesity have set
incredibly highinnovation bars'>"*, However, we believe that features of
NK2R agonism such as energy expenditure with no signals of increased
cardiovascular risk, lean mass sparing, lack of nausea and, crucially,
insulin sensitization could complement the current drug repertoire,
particularly in the context of individuals living with both obesity and
T2D. Nonetheless, given the translational uncertainty that exists even
from nonhuman primate to human pharmacology, the true potential
of NK2R agonism and its position and utilization among current car-
diometabolic pharmacotherapies will only be realized in clinical trials.
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Methods

Mice

Mouse studies performed at the University of Copenhagen were
approved by The Danish Animal Experiments Inspectorate (permit
number: 2018-15-0201-01441and 2023-15-0201-01386) and the Univer-
sity of Copenhagen. Animal experiments performed at the University
of Michigan were approved by the University of Michigan Committee
onthe Use and Care of Animals (protocolno.00011066) and in accord-
ance with Association for the Assessment and Approval of Laboratory
Animal Care and National Institutes of Health guidelines. Studies in
Fig. 1p-r using EBO014 were conducted by Gubra. Mice were housed
insolid bottom cages withenvironmental enrichment at 22 °C (+2 °C)
in 55% (x10%) humidity and a 12-h light:dark cycle (light from 06:00
t018:00). Mice had ad libitum access to water and standard chow diet
(SAFE D30, Safe Diets) or 60% HFD (Rodent Diet with 60 kcal% fat,
D12492i, Research Diets) toinduce obesity asindicated in the figure cap-
tions and results. For studies with DIO mice, mice were challenged with
HFD for aminimum of 12 weeks starting from 8 weeks of age and were
used in pharmacology studies once the mean cohort size was at least
35 g. Groups were randomized for vehicle and compound treatment.
Pharmacological DIO studies in wild-type male and female mice were
performed on animals with a C57BI/6 NRj genetic background (Janvier
Labs). The description of backgrounds for the genetic models used are
asfollows: B6.V-Lep®’/JRj (0b/ob) mice and RjOrl:SWISS (CD-1) mice were
purchased fromJanvier Labs. B6.129S4-Mc4r™™“/J (Mc4r-knockout),
CCkrmI.I(cre)Zjh/J’ B6.129_Leprtm3(cre)Mgmj/J’ CalC,.tmI.l(cre)Mgmj/J’ B6,129'
Gt(ROSA)26SOr[mS(CAGsunI/SfGFP)Nm/J and Gt(ROSA)2650rtml(CAGrEGFP/RpIIO)Dolsn
mice were purchased from the Jackson Laboratory. The UcpI-knockout
line was provided by K. Kristiansen. B6N-Tacr2"™%*% (Nk2r-floxed)
mice were generated by GenOway on a C57BI/6N background by
inserting loxP sites around exon 1, which encodes 130 out of the
384 amino acids in the full-length receptor. UcpI-knockout, Nk2r-
knockout and Nk2r-floxed lines were bred in-house at 22 °C (+2 °C).
Cckmierozit/y and B6.129-Lepr™@oMemi/] mice were crossed with
Gt(ROSA)26Sor™m(CAGEGFP/RpIODOIsN mjca to create Cck®L10 GFP and
Lepr° 110 GFP mice respectively. Calcr™-19sm/} mice were crossed
with B6;129-Gt(ROSA)26Sor™SCACSunlAfGFENat ¢ create Calcr®™ Sunl GFP
mice. Studies were generally performed at 22 °C (+2 °C). Studies in
Ucpl-knockout mice and the ob/ob one time injection and subcutane-
ous/ICV crossover study were performed in thermoneutrally (29 °C
(£2°C)) housed mice.

Mice were trained with mockinjections for all injection studies for at
least 5 days. NKA (1 mg kg™; Almac) dissolved in Gelofusine (B. Braun)
was administered subcutaneously twice daily for 9 consecutive days.
EB0O014 (synthesized by Almac) was dissolvedinDMSO toa17 mg mi™
solution and further in 0.9% saline with 3% BSA. EBO014 was subcuta-
neously administered once daily at 1 mg kg™ for indirect calorimetry
measurements and at 0.01 mg kg™, 0.1mgkg™, 0.3 mg kg'and1 mg kg™
for the dose-dependent weight loss study.

EB1002 (synthesized by Novo Nordisk or PolyPeptide) was dis-
solved in 8 mM phosphate and 240 mM propylene glycol (pH 8.2)
and administered once, daily for 7 or 21 consecutive days or every
other day for 21 days via subcutaneous injections at 40 nmol kg™ or
325 nmol kg™ between15:00 and 16:00. The NK2R antagonist, saredu-
tant (SR 48968, MedChemExpress) was injected into the peritoneum
at5mgkg™in 0.9% saline with 1% Tween80 30 min prior to EB1002
injections. Body weight, blood glucose and food weight were taken
immediately before injections and 24 h after injections. The amount
of food for pair-fed groups was determined on the basis of at least
two previous studies. To mimic a diet intervention, DIO mice were
switched to chow diet 5 days prior to first injection and compared
to DIO mice maintained on HFD. The effect of EB1002 on food intake
in Extended Data Fig. 5a was assessed in overnight-fasted mice that
were refed at the time of injection.

Theinsulintolerance test was performed in DIO mice after the 9-day
injection regimen, 12 h after the final injection with 1 mg kg™ NKA.
Insulin tolerance test was carried out on 4-h fasted mice by intraperi-
toneal injection of 0.75 U kg ' insulin. Twenty-four hours prior to the
glucose tolerance test, DIO mice were subcutaneously injected with
vehicle or 325 nmol kg™ EB1002. Vehicle-treated mice had either ad
libitumaccess to HFD or were pair-fed to EB1002-treated mice. Glucose
tolerance test was performed the following day on 4-h fasted mice by
intraperitoneal injection of 1 g kg™ glucose. Insulin levels were meas-
ured using the Mouse/Rat Insulin Kit (mesoscale) according to the
manufacturer’s protocol.

GLP-1, leptin, glucagon and PYY were measured in plasma samples
using the U-PLEX Gut Hormone Combo 1 (ms) SECTOR Kit (MSD,
K15307K-1) according to the manufacturer’s protocol.

To evaluate the aversive potential in mice, a saccharin-conditioned
taste avoidance was performed as described®. On the conditioning
day, mice were exposed to a new flavour (0.15% saccharin) followed
by a subcutaneous injection of vehicle, 10 nmol kg™ semaglutide or
325 nmol kg™ EB1002.

Liquid phase gastric emptying was performed in 4-h fasted
mice. Mice received an injection of vehicle or EB1002 30 min prior
to an oral gavage of 4 mg paracetamol in 0.9% NaCl. Blood sam-
ples were collected via the tail vein 15 min after gavage and par-
acetamol levels were measured using Acetaminophen L3K assay
kit (Sekisui Diagnostics, 506-30) according to the manufacturer’s
protocol.

Tissue-specific insulin signalling was assessed in mice 18 h after
injection with vehicle or EB1002. 2 h fasted mice were sedated with
75 mg kg™ pentobarbital (intraperitoneal injection) and received aretro
orbital injection with 1.5 U kg ' insulin. Tissues were dissected 10 min
after insulin administration, snap-frozen and analysed as described
in‘Immunoblotting’.

Total lean and fat mass were measured by magnetic resonance
imaging using the minispec LF90 Il body composition analyser
(Bruker).

Metabolic characterization

Oxygen consumption, carbon dioxide production and food intake
were recorded using the Promethion core system (Sable Systems
International) with data processing using OneClickMacroVv2.52.1and
Macrointerpretersetup_v2_47 or the Phenomaster Home Cage Sys-
tem (TSE Systems) with PhenoMaster software v.8.2.9. Generally, mice
were transferred to training cages 3-7 days prior to the measurement
and were allowed to acclimate in the measurement chambers for at
least 24 h or until a stable baseline was observed. Fatty acid oxidation
was calculated using the formula®*: energy expenditure (kcal/h) x
(1-RER)/0.3.

Core body temperature and gross motor activity measurements
Continuous body temperature and motor activity were measured
with G2 E-Mitter telemetric devices (Starr Life Sciences) or with radio
frequency identification (RFID) temperature transponders (UCT-2112
microchips, Unified Information Devices). Probes were implanted
into the peritoneal cavity under sterile conditions. In brief, mice
were anaesthetized with isoflurane and received 5 mg kg™ Rimadyl
(ScanVet, 027693) and 8 mg kg Lidocaine (AstraZeneca). The sterile
probe was inserted into the peritoneum via a midline incision. After
closure, mice were allowed torecover on a heated surface and received
5 mg kg™ Rimadyl for 3 consecutive days. Mice were allowed to recover
for at least 7 days before study start. E-mitter data was recorded by
placing ER4000 Receivers under the cages within the TSE cabinet.
Temperature datawas integrated in the Phenomaster software. RFID
temperature transponder data was recorded by using UID Mouse
Matrix system (Unified Information Devices) in combination with
the Sable system.
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Triple-chip study

RFID temperature transponders (UCT-2112 microchips, Unified Infor-
mation Devices) were surgically implanted and anchored in female
mice for continuous and simultaneous measurement of temperature
in three distinct anatomical locations. Surgical and post-operative
procedures were performed as described above. Ventromedial abdomi-
nal chip (abdominal temperature): following a midline incision, the
chip was inserted in the abdominal cavity. Distolateral femoral chip
(hindlimb temperature): following a transverse left gluteal incision, a
subcutaneous lateral femoral pocket was prepared, and the chip was
inserted. Dorsomedial intrascapular chip (interscapular temperature)
and bilateral BAT denervation: following amidline dorsalincision, the
interscapular BAT was detached from the underlying muscle layer. Bilat-
eral denervation was performed as described®. The chip was inserted
with the tip containing the temperature probe placed between the BAT
and the dorsal muscle. The three temperatures were recorded using
the UID Mouse Matrix system (Unified Information Devices).

Brain cannulation and ICV injections

Foradministration of compounds directly into the brain of awake mice,
acannulawas placed into the cerebral ventricle. B6.V-Lep°®/JRj (ob/ob)
mice were anaesthetized withisoflurane and received 5 mg kg™ Rimadyl
(ScanVet, 027693) and 8 mg kg™ Lidocaine (AstraZeneca). Mice were fix-
atedinastereotaxic frame (KopfInstruments) and the scalp was opened
to expose the skull. Coordinates were zeroed on bregma and moved to
-0.3 mmintheanteroposterior axisand -1.0 mmin the mediolateral axis.
Asmallholewasdrilled into the skull and the guide cannula (C315GS-4/
Spc 2 mm, PlasticsOne) was inserted and fixated using a G-bond layer
(GCAmerica) and G-aenial universal flow (GC America). Finally,adummy
(C315DCS-4/Spc 2.5 mm, PlasticsOne) was screwed onto the guide can-
nulaand mice were allowed torecover onaheated surface and received
5mg kg Rimadyl for 2 consecutive days following the surgery. To test
the correct placement of the cannula, mice received aninfusion of 1.5 pl
of 24 pM angiotensin Il (Sigma) in artificial cerebrospinal fluid (CSF)
(Harvard Apparatus) viaaninjector (C315IS-4/Spc 2.5 mm, PlasticsOne)
and aninfusion pump (Harvard Apparatus) at arate of 2 pl min™ 5 days
after surgery. After theinfusion, the injector was leftin place for anaddi-
tional 45 sto minimize backflow. Then, theinjector wasremoved, and the
dummy was placed onthe cannula. Mice were monitored for angiotensin
ll-induced water intake and responsive mice were subsequently used for
ICVinjectionstudies. One week prior to study start, mice were housed at
thermoneutrality. Mice first received a single subcutaneous injection of
vehicle or 325 nmol kg™ EB1002 and after a wash-out period they were
infused with 1.5 pl artificial CSF or 2 nmol EB1002 in 1.5 pl artificial CSF
asdescribed above in a crossover design.

AAVinjectionsinto the DVC of Nkr2-floxed mice

Nk2r"" mice were anaesthetized using isoflurane. Mouse heads were
oriented ata 90°angle and anincision was made at the caudal aspect
of the skull to expose the brainstem. Using the obex of the skull as
aguide, 50 nl of AAV-GFP or AAV-CMV-CRE-GFP were injected into
eachsite of the DVC at a depth (z) of 0.350 mm. Virus was injected at
arate of 15-35 nl min™. The pipette remained in the DVC for an addi-
tional 3 min to allow viral particles to disperse, and then the pipette
was slowly removed. Mice received prophylactic analgesic carprofen
(5 mg kg™) before and for 24 h after surgery and were monitored for
10 days following the procedure to ensure recovery for surgical inter-
vention. Mice were fed a 60% HFD starting 6 weeks after surgery for 5
weeks. To assess the acute food intake response to EB1002, mice were
injected subcutaneously with either vehicle or 325 nmol kg EB1002
in a crossover design. Food intake was measured at hours 0,1, 2, 4
and 24 and body weights were recorded at 0 and 24 h post-injection.
After termination, hit sites of all mice were confirmed using immu-
nohistochemistry and mice with a confirmed bilateral hit site were
included inthe analysis.

Hyperinsulinaemic-euglycaemic clamp and peripheral glucose
uptake

Hyperinsulinaemic-euglycaemic clamps were performedin conscious,
unrestrained male mice at 24 weeks of age as previously described®.
In short, catheters were implanted under aseptic conditions into the
right jugular vein (C20PU-MJV1458; Instech) and the left common
carotid artery (CLOPU-MCA1459; Instech), exteriorized in the scapu-
lar region and secured using a dual-channel vascular access button
(VABM2B/25R25; Instech) under general isoflurane anaesthesia. Mice
were subcutaneously injected preoperatively with Carprofen (Smg kg™,
Norodyl Vet, Scanvet) for analgesia and a mixture of Lidocaine (7 mg kg™,
Xylocain, AstraZeneca) and Bupivacaine (7 mg kg™, Marcaine, Orifarm)
attheincision sites for local anaesthesia. Mice were allowed to recover
for 7-10 days. Mice were treated with either vehicle or 325 nmol kg™
EB1002 24 h prior to clamp experiment. Clamp studies were performed
in 4 h fasted mice. At 15 min and 5 min before the start of the clamp,
blood samples were taken for determination of basal glucose and insu-
linlevels. At O min, the clamp was initiated with continuous infusion
of human insulin (4mU kg™ min™, Actrapid; Novo Nordisk, Denmark).
Donor red blood cells were washed and used to compensate for the blood
loss to experimental mice during the repeated sampling (5 pl min™ of
50% RBC in10 U mI™ heparinized saline). Blood glucose samples were
taken every 10 min (Contour XT, Bayer) and blood glucose was then
adjusted using a variable infusion of 50% glucose. Both human and
mouse insulin levels (Mercodia) were determined at 100 and 120 min.
After120 min,a13 pCibolus of 2-[1-**C]-deoxy-D-glucose was given and
blood samplestakenat122,125,135,145and 155 minand specific activity
for 2-[1-*C]-deoxy-D-glucose was determined in these samples. After
euthanization, tissues for tissue-specific 2-[1-*C]-deoxy-D-glucose
uptake were sampled and snap-frozeninliquid nitrogen. Samples from
tissue-specific glucose uptake were processed as previously described®®.

Pharmacological pre-toxicology evaluation

For the evaluation of potential toxicological effects CD-1outbred mice
were daily eitherinjected with vehicle or with increasing concentrations
of EB1002 (150 nmol kg™ (2 consecutive days), 300 nmol kg™ (2 consec-
utive days), 600 nmol kg™ (2 consecutive days), 1,200 nmol kg™ (2 con-
secutive days), 2,400 nmol kg™ (2 consecutive days), 4,800 nmol kg™
(2 consecutive days) and finally 7,500 nmol kg™ (3 consecutive days)).
Liver, spleen, heart, kidney, oesophagus, stomach, duodenum, colon,
testis, cornea, bladder and thymus were dissected, fixed in10% formalin
and stained with haematoxylin and eosin for pathohistological analysis
performed by the Histology department, HistoCore, at the University
of Copenhagen. Slides were compared pairwise. Serum liver enzymes
were analysed by the Veterinary Diagnostic Laboratory core at the
University of Copenhagen.

Quantification of faecal cholesterol and triacylglycerides

Faecal samples were homogenized in cold methanol containing
butylated hydroxytoluene (1 mg ml™). After centrifugation (10 min
at10,000g, 4 °C), the supernatants were transferred into fresh vials
and the methanol was evaporated by vacuum centrifugation. Pellets
werere-dissolved in 0.1 M potassium phosphate, pH 7.4, 0.05 M NaCl,
5mMcholicacid and 0.1% Triton X-100. Cholesterol and triacylglycer-
ides were quantified using colorimetric kits from DiaSys (Cholesterol
(113009910704) and triacylglycerides (157109910026)) according to
the manufacturer’s instructions.

NKA and compound detectionin the blood

Pharmacokinetic profiles were determined in lean mice. Mice were
subcutaneously dosed with 1 mg kg™ NKA, 666.3 nmol kg EBO014,
325 nmol kg EB1001 and 325 nmol kg™ EB1002. Blood samples were
taken starting at 5 min until 60 h as indicated in respective graphs.
Plasma levels of NKA were determined using a Human Neurokinin A
kit ElisaKit (Ray Biotech). Plasmalevels of EBO014, EB1001and EB1002



were determined using LC-MS after precipitation with acetonitrile
containing 0.1% formic acid.

Insitu hybridization

Wild-type mice were anaesthetized with 75 mg kg™ pentobarbi-
tal and transcardially perfused with 4% paraformaldehyde (PFA) in
PBS. Whole brains were dissected, further fixated in 4% PFA in PBS
for 48 hat 4 °C and subsequently dehydrated using the automated
Excelsior AS tissue processor (Thermo Scientific) and embedded in
paraffin. Paraffin-embedded brains were cutinto 4 pm sections using
the Microm Ergostar HM 200 (Marshall Scientific) and mounted onto
glass slides. After deparaffination and rehydration, RNA molecules
were detected using the RNAscope Multiplex Fluorescent V2 Assay
kit (ACDbio) according to manufacturer’s protocol. Nk2r, Calcr and
Glplrwere detected with the RNAscope probes Mm-Tacr2 (441311),
Mm-Calcr-C2 (494071-C2) and Mm-Glp1r-C3 (418851-C3), and 3-plex
Negative probe (320871) and 3-plex-mouse Positive probe (320881,
all ACDbio) were used as negative and positive control respectively.
Signals were visualized with fluorophores at 570 nm (OP-001003) for
channel 1, 520 nm (OP-001006) for channel 2 and 690 for channel 3
(OP-001001, all 1:1000, Akoya Bioscience). Sections were mounted
with ProLong Gold antifade reagent with DAPI (P36935, Invitrogen). For
analysis, 4 mice were used and 2-3 sections per animal were imaged.

Immunohistochemistry

Mice were fasted overnight and injected subcutaneously with vehicle
or 325 nmol kg™ 2 h prior to euthanasia. Mice anaesthetized with iso-
flurane and transcardially perfused with PBS followed by 4% PFA in PBS.
Wholebrains were dissected, further fixatedin 4% PFAin PBS for 4 hat
22°C. After48 hina30% sucrose solution, brains were cutinto 30 pm
sections using a sliding microtome SM2010R (Leica) with a freezing
stage and temperature controller (BFS40-MPA, Physiotemp). Free
floating sections were blocked in 3% donkey serum with 0.1% Triton
X-100in PBS and incubated overnight at room temperature using the
following antibodies, against FOS (Cell Signalling, 2250, 1:1,000) and
GFP (Aves Laboratories, 1020, 1:1,000). Sections were washed, incu-
bated with a secondary antibody conjugated to Alexa Fluor 488 and
568 (Invitrogen, A-11039, A-11011, 1:250) and mounted.

To assess neuronal degradation in the DVC of Nk2r'““* and Nk2r"'c<"
mice, the Fluoro-Jade C (FJC), RTD Ready-to-Dilute Staining Kit for
identifying Degenerating Neurons (VWR) was applied according to
manufacturer’s instructions. Fluoro-Jade C positive neurons were
counted for quantification of neuronal degradation.

Microscopy
Fluorescence microscopy was performed using a Zeiss Axio Observer
microscope with Axiocam 702 mono camera or with an Olympus BX53
microscope.

Whole-brain FOS imaging

Two-hour fasted obese wild-type mice received a single subcutaneous
dose of vehicle or 325 nmol kg EB1002 before being terminated and
perfused with4%PFA2 hlater. The brains were subsequentlyisolated,
postfixed, and transferred to Gubra. At Gubra, the samples were cleared,
stained for FOS, and imaged at single-cell resolution using a light sheet
microscope as previously described*’. The data fromindividual brains
was mapped into anaverage mouse brain atlas template, and the num-
ber of FOS labelled cells was quantified in more than 800 brain regions.
For the calculation of fold changes, brain regions without FOS signal
(n=25) were excluded.

Immunoblotting

Protein was isolated and western blots were run as described previ-
ously®. Proteins were detected using the following antibodies, AKT
(Cell Signaling, 9272, 1:1,000), pAKT T308 (Cell Signalling, 9275,

1:1,000), Tyrosine hydroxylase (Abcam, ab137869, 1:1,000), UCP1
(Abcam, ab10983, 1:7,500) and peroxidase-conjugated AffiniPure
Goat Anti-Rabbit IgG (H+L) (Jackson Immuno Research, 111-035-144,
1:5,000). Images were acquired using an Odyssey Fc Imager (LI-COR).
Uncropped images can be found in the source data.

snRNA-seq

Mice wereinjected subcutaneously with vehicle or 325 nmol kg EB1002
2 hpriorto euthanasia. After decapitation, the brain was removed, and
the DVCs wereisolated from the brainstem under asurgical microscope.
Almm coronalsection of the hindbrain from bregma-7.0 to -8.0 mm
was cut with arazor blade. From the coronal section, a1.4 mm square
containing the DVC was snap-frozen. Samples from the same experimen-
tal conditionwere pooled (n = Smice per sample). Nuclei were extracted
as previously described®®. Sorting of 2n nuclei was performed by flow
cytometry using a BD FACSAria Illu Influx cell sorter (BD Biosciences).
Thegatingwas setaccordingto size and granularity using FSC and SSC
to capture singlets and remove debris. To detect DraQ5-positive nuclei
fluorescence was set at 647 nmand 670 nm. Each sample was sorted into
separate tubes, each with a total of 20,000 nuclei per 40 pl. Sequencing
libraries were generated using 10x Genomics Chromium Single-Cell 3’
Reagentkitaccordingtothe standardized protocol. Paired-end sequenc-
ing was performed using an Illumina NovaSeq 6000.

snRNA-seq analysis. Raw sequencing data were demultiplexed,
aligned to the mouse reference genome GRCm38 (mm10) and counted
using cellranger (version 7.0.0; 10x Genomics). Ambient RNA mol-
ecules were removed from cellranger raw count matrix files with
cellbender:remove-background (v0.3)®. Filtered count matrices were
analysed in R with Seurat (v4.3.0)°. Nuclei with at least 1000 detect-
able genes were retained. Genes expressed in at least 10 nuclei were
retained. ScDblFinder (v1.15.4)" with standard parameters was run on
individual 10x lanes to remove doublets. The count data were normal-
ized with NormalizeData and scaled with ScaleData function. Genes
were then defined as variable using FindVariableFeatures and used as
inputinto principal components analysis with RunPCA. The top 30 prin-
cipal components were retained and used for further dimensionality
reduction using RunUMAP and clustered using aresolution of 0.8 with
FindClusters. To perform cell-type-specific quality control, the nuclei
were splitinto two broad categories, neuronal and nonneuronal, using
CellAnnotatorR(v), on the basis of the expression of neuronal marker
gene Rbfox3or Snap25and the absence of nonneuronal markers. Neu-
ronal datawas further filtered by removing nuclei with unique molecu-
laridentifiers (UMIs) in the first and 99" percentile. Library complexity
was calculated by dividing the log of the total genes detected per nuclei
by the log of the total UMIs per nuclei. Nuclei in the first percentile of
thismetric wereremoved. Add_Mito_Ribo_Seurat was used to identify
and remove nuclei with >1% mitochondria and ribosomal genes. We
finally removed outliers by isOutlier with nmads = 5 run onindividual
10x lanes from the package SingleCellExperiment’. After all quality
control, atotal of 23,664 neurons remained. Neuronal cell types were
labelled by projecting labels from a previously published dataset®
(GSE166649) using Seurat FindtransferAnchors and TransferData
function.

Immediate early gene analysis. To calculate an IEG score, rapid pri-
mary response genes”® (Fosb, Npas4, Fos, Junb, Nr4al, Arc, Egr2, Egrl,
Maff, ler2, KIf4, Duspl, Gadd45g, Dusps, Btg2, Ppplrl5a and Amigo3)
were used to score each nuclei with the AddModuleScore function
from Seurat. For each cluster-sample combination we calculated the
average activity score which we then modelled by the interaction of
cell type and treatment. Estimated marginal means were compared
between treatments within each cluster. P values were corrected for
multiple testing using the Benjamini-Hochberg method (adjusting
for the number of cell populations).
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Perturbed cell-type analysis. We used the scDist package to calculate
the transcriptional distance between treatment and controls while also
controlling for individual-to-individual variability™.

Primary cell studies

Primary white adipocytes were isolated for wild-type mice and cul-
tures as described”. For in vitro oxygen consumption measurements,
cellswerereplated in Seahorse XF96 Cell Culture Microplates (Agilent
Technologies) onday 3 and oxygen consumptionin response to vehicle
or EB1002 (10 nM, 1 uM and 10 pM) was measured using a Seahorse
XFe96 Extracellular Flux Analyzer (Agilent Technologies) on day 7
as described”. For in vitro glucose uptake, differentiated cells were
starved for 2 h before treatment with Krebs-Ringer buffer containing
5mMglucose, and vehicle or EB1002 (10 nM, 1 pMand 10 pM). After 2 h,
cell media was incubated with a reaction mix mix (200 mM Tris-HCI,
500 mM MgCl,, 5.2 mM ATP, 2.8 mM NADP, and 6 ng ml™ hexokinase
andglucose-6-phosphate dehydrogenase mixture (10737275001, Roche
Diagnostics)) for15 minand glucose content was measured spectropho-
tometrically at 340 nm (Hidex sense, Hidex). Glucose uptake was cal-
culated onthebasis of disappearance of glucose from the media. Cells
have been tested negative for mycoplasma contamination.

Exvivo lipolysis

Toassess the effects of EB1002 on thelipolytic function of adipocytes,
mature adipocytes wereisolated from iWAT of wild-type chow-fed mice.
In brief, adipose depots were minced and digested in Krebs-Ringer
buffer containing 2% BSA and 0.2% collagenase type I (Worthington
Biochemical) at 37 °C. Cells were passed through a100-um cell strainer,
centrifuged (10 min, 10g, 4 °C) and the floating mature adipocyte frac-
tionwas washed three times. Cells were incubated with vehicle, EB1002
(10 nM,1pM and 10 pM) or 50 nMisoproterenol for 2 hat 37 °C. Finally,
non-esterified free fatty acids were measured in the medium using the
Fujifilm NEFA HR R2 kit according to manufacturer’s protocol.

Macaque studies

The macaque studies were conducted in compliance with all fed-
eral regulations, including the US Animal Welfare Act. Studies were
reviewed and approved by the OHSU/ONPRC Institutional Animal Care
and Use Committee. The ONPRC is accredited by AAALAC Interna-
tional. For these studies, 10 rhesus macaques (5 males and 5 ovariec-
tomized females,12-23 years of age with abody weight ranging from
7-24 kg) were pair-housed (1 male and 1 female) in custom designed
cages (Carter2 Systems) in shared rooms under fixed photoperiodic
conditions (lights on from 07:00 to 19:00). The cages meet the mini-
mum European Union accepted standards for housing nonhuman
primates (2.0 m?enclosure size, 3.6 m® enclosure volume, and 1.8 m
enclosure height). Shelves, verandas, solid flooring and changeable
plastic toys were available for the monkeys. The commercially avail-
able HFD (5LOP, Lab/Test Diets) was provided ad libitum twice every
day. Food intake was measured daily, and animals were separated for
1-2 hperiods when individual food intake was measured. Paired food
intake was measured for the remaining feeding times when animals
were socially pair-housed.

EB1001 was dissolved in 8 mM phosphate and 240 mM propylene
glycol (pH 8.2) and administered for 8 consecutive weeks via subcuta-
neousinjections between 08:00 and 09:00 prior to the morning meal.
Allanimals were started on the 30 nmol kg™ dose with every other day
dosing (q48h) for 1week, followed by daily dosing of the subsequent
higher doses. Dose escalations were as follows (nmol kg™): 60 (1 week),
90 (1week),120 (1week), 240 (2 weeks), 480 (4 days) and 240 (10 days).
Body weight was measured on a weekly basis using the same, calibrated
digital scale. Heart rate and oxygen saturation were recorded in sedated
animals using a pulse oximeter (Model 7500, Nonin Medical).

Blood samples were collected in conscious animals prior to morning
meal (overnight fast) and daily dose administration. Blood glucose was

measured onaBiosen clinical analyser (EKF Diagnostics) and C-peptide
and insulin were measured on a Cobas e411 analyser (Roche Diagnos-
tics). Remaining chemistry parameters alanine aminotransferase
(ALT), aspartate transaminase (AST), total cholesterol (Chol), creati-
nine (CREA), glucose triglyceride (TG), blood ureanitrogen (BUN) and
LDL cholesterol were analysed using the Pentra C400 (Horiba Medical).

Behaviour analysis was performed by members of the ONPRC Behav-
ioural Sciences Unit blinded to the experimental design. Observations
were taken directly on a mobile device and average behaviour scores
were calculated on the basis of events such as anxiety, stereotypy, eye
poking or withdrawn behaviour. Additional cage side observations
included signs of nausea (gaping and hunched posture), emesis and
stool consistency.

Association of missense variants with cardiometabolic traits
Toassess whether the 4 missense NK2R variants (R3232H, 123T, V541 and
A161T) are associated with cardiometabolic traits, their associations
in T2D Knowledge Portal (HbAlc phenotype page, accessed 21 May
2024; https://t2d.hugeamp.org/phenotype.htmi?phenotype=HBAIC;
RRID:SCR_003743)** were queried. For each variant, only the associa-
tions that presented a P value < 0.05 for the latest and largest Euro-
pean genome-wide association study (GWAS) per trait were included.
Additionally, the minor allele frequencyin five ancestries are reported:
AFR,AMR, EAS, EUR and SAS retrieved from 1000 Genomes reference
panel data from dbSNP?*7%,

SNP-level associations in the HKI-NK2R-TSPAN15 region
Utilizing the latest and largest European GWAS of HbAlc available
in T2D Knowledge Portal (query on 10/05/2024) (HbAlc phenotype
page, accessed 21 May 2024; https://t2d.hugeamp.org/phenotype.
htmI?phenotype=HBAIC (RRID:SCR_003743))*, summary statistics
fromJurgens et al.”’ were retrieved and 1,944 common variants (minor
allele frequency >1%) located 100 kilobases (kb) upstream from the HK1
transcription startsite (TSS) and 100 kb downstream from the TSPANIS
TSS (10:70929740-71367422) were investigated further.

The number of lead, independent, genome-wide significant variants
were assessed by performing LD clumping with with plink1.9 (ref. 77)
and utilizing the European 1000 Genomes reference panel phase 3
version 5 (ref. 30). An r* threshold of 0.01 and distance threshold of
1,000 kilobases (kb) were used.

Fine mapping of HbAlc associations in10:70929740-71367422 locus
with CARMA?®, a software designed to correct for differences in LD
betweensummary statistics and LD reference panels were performed.
CARMA with the default settings, utilizing European 1000 Genomes
reference panel phase 3 version 5 with annotations** were performed,
and those variants that presented a posterior inclusion probability
of >0.1wereinvestigated further. In dbSNP”®, minor allele frequencies
infive genetic ancestries were retrieved: AFR, AMR, EAS, EUR and SAS.

Finally, Open Target Genetics (OTG)”® was utilized to query the variant-
to-gene (V2G) scores used for gene prioritization and the associations
of causal variants with eQTLs.

Linkage disequilibrium analysis

All analyses were performed in Rstudio (2022.07.2 + 576) with R (4.1.3).
Data were loaded and manipulated using data.table (1.14.2) and
tidyverse (1.3.1). LD operations were performed using plink1.9 (ref. 77),
ggLD (https://github.com/mmkim1210/ggLD), and LDLink™. All results
can be reproduced by following the code available at https://github.
com/MarioGuCBMR/nk2r_hk1_genetics.

TWAS of NK2R and HbAlc

Elastic Net model of SPrediXcan methods were used to predict the asso-
ciation between gene and traits®**®2, The Elastic Net-based GTExv8 eQTL
models were downloaded from https://predictdb.org/post/2021/07/21/
gtex-v8-models-on-eqtl-and-sqtl/. The summary statistics of GWAS for
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BMI®?, HbAlc levels (total sample based)®?, and BMI-adjusted HbAlc
levels (total sample based)®* were used to conduct the association
analysis. The SNPlocs.Hsapiens.dbSNP144.GRCh37 Bioconductor pack-
age® was used to convert the genomic coordinates of SNPs to rsID for
the summary statistics of HbAlc and BMI-adjusted HbAlc. Sensitivity
analysis was performed using the CAVIAR fine-mapped variants®® for
NK2Rin nucleus accumbens of the brain tissue.

Genetic association studies in Greenlanders

Blood samples from Greenlanders collected in three population sur-
veys (data are available at ref. 87 and https://www.sdu.dk/da/sif/rap-
porter/2011/inuit_health_in_transition and https://www.sdu.dk/da/
sif/rapporter/2019/befolkningsundersoegelsen_i_groenland) were
genotyped using the Multi-Ethnic Global Array (Illumina). After quality
controlupto 5,758 individuals were available for association analyses.
Metabolic phenotypes were measured as previously described®s, and
association analyses were performed with a linear mixed model, to
account for relatedness and admixture, assuming an additive genetic
model and adjusting for age, sex, cohort using GEMMA®. We performed
association tests for all 132 variants within the coding region of NK2R
and the3’and 5’ untranslated regions +1,000 bp. The strongest associa-
tions across traits related to body composition were observed for the
non-coding rs139900276 variant. RNA was extracted from peripheral
blood forasubset of499 individuals. The procedure for RNA extraction,
sequencing, quality control, and quantification has previously been
described®. NK2R expression according to rs139900276 genotype
was tested with a linear mixed model adjusted for sex, age, and top
ten principal components from a principal components analysis of
the normalized expression matrix.

Mutation of human wild-type NK2R

SNPs identified by GWAS were introduced to human wild-type NK2R
coding sequence (NP_001048.2) in a custom pCDNA3.1(+) vector
(Genscript) using PCR-based QuickChange Site-Directed Mutagen-
esis (Agilent) according to manufacturer’s protocol. Mutated vec-
tor was introduced to Escherichia coli to amplify DNA and indicated
mutations were confirmed by forward and reverse strand Sanger
sequencing (Eurofins). PCR primers used to introduce mutations
are as follows (forward, reverse): 123T (CAACACCACGGGCACG
ACAGCCTTCTCCA, TGGAGAAGGCTGTCGTGCCCGTGGTGTTG),
V541 (TGACGGGTAATGCCATCATCATCTGGATCATCCTG, CAGGA
TGATCCAGATGATGGCATTACCCGTCA), A161T (CTGGTGGCTCTC
ACCCTGGCCTCCC, GGGAGGCCAGGGTGAGAGCCACCAG), R323H
(CCGGCTTGCCTTCCATTGCTGCCCATGG, CCCATGGGCAGCAATGGA
AGGCAAGCCGG), T346M (CGACCTCCCTCTCCATGAGAGTCAAC
AGGTG, CACCTGTTGACTCTCATGGAGAGGGAGGTCG), T363A
(TGGCTGGGGACGCAGCCCCCTCC, GGAGGGGGCTGCGTCCCC
AGCCA),H395R (TTGCCCCCACCAAAACTCGTGTTGAAATTTGAGGATC,
GATCCTCAAATTTCAACACGAGTTTTGGTGGGGGCAA).

Receptor activity assays

NKA-induced activation of mutated human NK2R and substance
P-, NKA-, NKB-, EB1001- and EB1002-induced activation of mouse
and human wild-type NKIR, NK2R and NK3R were measured by
inositol-1,4,5-trisphosphate [*H] Radioreceptor assay (IP; assay). IP,
assays were carried out using COS-7 cells (ATCC, CRL-1651) transiently
transfected by calcium phosphate transfection with one of the mutated
NK2R variants or the wild-type receptors as previously described”. The
IP, assay was performed the day after transfection. In brief, cells were
washed and pre-incubated in assay buffer (HBSS,10 mM LiCl, 0.2% w/v
ovalbumin) for 30 min followed by 120 minincubation with substance P,
NKA, NKB, EB1001or EB1002 at 37 °Casindicated inresult section and
figure legends. After incubation, plates were immediately placed on
ice, and cellswerelysed (10 mM formicacid). After 30 minincubation
1 mg per well SPA YSI beads were pipetted into a solid white 96 wells

plate and 35 pl of the lysis solution was transferred to the plate. Plates
were mixed, briefly centrifuged and left at room temperature for 8 h
before counting inaMicroBeta plate counter (Perkin ElImer). Cells have
been tested negative for mycoplasma contamination.

Sample size determination and blinding

No statistical methods were applied to predetermine sample size for
invivo pharmacology experiments. Sample sizes were determined on
the basis of previous experience with related experimental setups”.
Studies were not blinded.

Statistical analysis

Statistical analyses were performed using GraphPad Prism v.9.5.1 or
SPSSv.29.0.2.0 (IBM). Sample numbers and statistical analysis methods
areprovidedinthefigurelegends. Dataare presented as mean = s.e.m.
unless otherwise specified.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

snRNA-seq data have been deposited to the NCBI Gene Expression
Omnibus under accession number GSE276735. Source data are pro-
vided with this paper.

Code availability

The source code used to analyse the snRNA-seq data and produce fig-
ures is available at https://github.com/perslab/Sass-2024/.
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Extended DataFig.2|Development and acute testing of NK2R selective
agonists. a, Mouse tachykinin receptor signaling with endogenous ligands and
EB1001, b, mouse tachykinin receptor signaling with endogenous ligands and
EB1002, and, ¢, human tachykinin receptor signaling with endogenous ligands
and EB1001, (n =2 per variant for a-c). d, Cumulative locomotor activity of DIO
mice following asingleinjection of vehicle (n = 6 mice) or 325nmol/kg (n=5
mice). e, Serum liver enzymes (n =4 (ALT EB1002), n = 5mice for remaining
data) and f, representative microscopy images of various tissues of CD-1 mice
afterinjections with vehicle or increasing concentrations of EBI002
(seemethods, 7500 nmol/kg EB1002 prior to euthanasia), scalebars 100 pm.
g, Oxygen consumption, h, fatty acid oxidation, i, body temperature, j, food
intake, k, RER, and, I, weight loss of DIO Nk2r KO mice following asingle
injection of vehicle or 325 nmol/kg EB1002 (n = 6 mice per group fore, f, h-j, I,
n=>5mice pergroup forg), downward triangles signify time of injection.

m, clamped blood glucose, n, steady state mouse and human insulinlevels and
o, glucose uptakeinto metabolically active tissues for a hyperinsulinemic-
euglycemic clamp of lean mice following a single injection of vehicle (n=7
mice) or 325 nmol/kg EB1002 (n = 8 mice). p, invitro glucose uptake (n = 6 each

condition) and q, oxygen consumption of primary white adipocytes (WA) in
responseto various concentrations of EB1002 (n = 6 (vehicle), n=8 (each
EB1002 concentration)).r, ex vivo lipolysis of matureinguinal WA inresponse
tovarious concentrations of EB1002 and 50 nMisoproterenol (n =3 each
condition). Representative western blotimages and quantification of's, liver,
t, gastrocnemius, u, BAT and, v,iWAT of DIO mice treated with vehicle or 325
nmol/kg EB100218 h prior to injections withamock solutionorinsulin (n=5
(vehicle/mock), n = 6 (EB1002/mock, vehicle/insulin) n =7 mice (EB1002/
insulin)). Dataarerepresented as meants.e.m.Forall:*P < 0.05,**P <0.01,
***P<0.005,***P <0.0001. Unpaired two-tailed t-test of AUC for 48 h after
injection, d, g-k; unpaired two-tailed t-test, e, I, n, 0; repeated measures two-
way ANOVA with Geisser-Greenhouse correction, significanceindicates
treatment effect, m; ordinary one-way ANOVA with Tukey’s multiple
comparisonstest, significance shows post hoc test for treatment effect, p, r;
ordinary one-way ANOVA of AUC for baseline, compound (cpd), NEand FCCP
increments, q; and ordinary two-way ANOVA with Sidak’s multiple comparison,
significanceindicates post hoc test between vehicle and EBI002 treated mice,
s-v.Uncroppedblots are presented in Supplementary Fig. 1.
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Extended DataFig. 3 |Invivo effects of repeated NK2R agonist dosing.

a, Weightloss of DIO mice that have beeninjecteds.c. daily with vehicle or 325
nmol/kg EB1002 (q.d. EB1002), or every other day with 325 nmol/kg EB1002
(q.0.d.EB1002) (n =10 mice per group), and b, weight trajectory of the same
miceincludingawashout period and asingle re-injection with 325 nmol/kg
EB1002, with ¢, weightloss after re-injection. d, Faecal lipid contentande,
faecal cholesterol content of DIO mice that have beeninjecteds.c. daily with
vehicle or 325 nmol/kg EB1002 (n = 6 mice (d1vehicle and d7 vehicle and
EB1002), n =12 mice (d1EB1002)). f, Weight loss of DIO mice that were
transitioned to chow diet or continued on HFD 5 days prior to daily s.c.
injections with vehicle or 325 nmol/kg EB1002, datanormalizedtodO (n=6
mice (HFD vehicle), n =8 mice (chow vehicle, chow EB1002 and HFD EB1002)).
g, Adipose tissue weights of DIO mice that have beeninjecteds.c. daily with
vehicle (n=11mice) or 325 nmol/kg EB1002 (n =15 mice) for 7 days. h, Weight
loss, i, body composition, j, adipose depot weights, k, blood glucose, 1, food
intake, m, RER, n, oxygen consumption, o, fatty acid oxidation, and p, body
temperature of female DIO mice that have beeninjected s.c. daily with vehicle
or 325nmol/kg EB1002 (n = 6 mice per group (f,1,j-m), n =17 mice per group
(g, h),n=6mice (vehicle) and n =5mice (EB1002) for n), downward triangles
signify time of injection. q, Adipose depot weights of DIO Nk2r KO mice that
havebeeninjected s.c. daily with vehicle (n = 8 mice) or 325 nmol/kg EB1002

(n=9mice).r, Interscapular temperature (n =3 mice), s, hindlimb temperature
(n=5mice), t,abdominal temperature (n = 5mice) of DIO mice after asingles.c.
injection of vehicle, downward triangles signify time of vehicle injection.

u, Schematic setup of triple chip study tointerrogate anatomical resolution
ofthermogenic output withv, interscapular temperature, w, hindlimb
temperature, and x, abdominal temperature of BAT denervated DIO mice
afterasingleinjection of 325 nmol/kg EB1002 and vehicle (n =3 mice),
downward triangles signify time of injection of the indicated compound.

y, Representative western blotimages and quantification of BAT from sham
operated or BAT denervated mice (n = 6 (sham), n=4 mice (DNV), each BAT lobe
hasbeen analyzed separately). Dataarerepresented as mean +s.e.m. For all:
*P<0.05,**P <0.01,***P <0.005, ***P <0.0001. Repeated measures two-way
ANOVA with Geisser-Greenhouse correction and Tukey’s multiple comparison
test, significanceindicates post hoc test for treatment effect at last timepoint,
a, f;repeated measures two-way ANOVA with Geisser-Greenhouse correction,
significanceindicates treatment effect, ¢, h; repeated measures two-way
ANOVA with Geisser-Greenhouse correction and Sidak’s multiple comparison
test, significanceindicates post hoc test for treatment effects, d, e; unpaired
two-tailed t-test, g,1,j,q, y; repeated measures two-way ANOVA and Sidak’s
multiple comparison, significance indicates time effect, k; unpaired two-tailed
t-testof AUC of 24 hincrements, I-p.



Article

a b
Hyperphagic mouse models Food intake - diet induced obese vs hyperphagic mice Weight loss Blood glucose Food intake
B ob/ob ob/ob
Leptin =========- » ob/ob . 67010 6 male 8 febfyage 6Mc4r KO %57 \églq\gé)ez = =
) ob/o ~ . 2
5 — Vehicle c §6 5 28 £ o ~N
LepR . o 4{EB1002 T, > > S o0 2 T 4
v X X X x o c
Vg ] = = o 3 5
* ;€ kS 4 < = 3 B
MC4R -------- »McarKO -, | T 9 ° ° o o Ke)
} S8 24 32 3 8 251 3 > 2
Sor LD [ o s < ° =
Appetite Hyoer hab"a 3 o a
control yperphag! 0 Group * roup x x* Group % Group*x* ”3_10 *'***'Grovup *%%* Group
0 5101520 0 5101520 0 5101520 0 5101520 o1 2 o1 2
Time (h) Time (h) Time (h) Time (h) Time (days) Time (days) Time (days)
HFD-fed ob/ob mice Respiratory h i Respiratory i . k Food K
housed at thermoneutrality exchange ratio Body temperature exchange ratio Oxygen consumption ood intake
~y s.C. s:c. — Vehicle — EB1002
Single s.c. 0.957 — vehicle a8 0.90 £150 20
administration — EB1002 © v £
) 0.90 v ° 37 0.85 S 120 315
2 5 el
o g o £ I
o g 36 i 0.80 5 9 £10
< °
325 nmol/kg 2 ] IS}
Vehicle  ““£g1002 > 35 0.75 c 60 £ 5
< o
o ob/ob 40 nmol kg & ob/ob 40 nmol kg
crossover 0.70 12221 34 12Crou 0.70=—— 3 30 0
24 h 24h 24 h 24 h
Vehicle 2 nmol Respiratory | m
- EB1002 exchange ratio Body temperature Weight loss Blood glucose
I ICV Icv
[ single IcV 0.957 — vehicle 38 — 27 15
administration . EB1002 ;(3 - § <
: ® 37 > £
v 5 & 01 10
L Ui h Mm [y o 36 — o
T 0.80 (T ‘*,cr\. g k) 3
] “g -2 3 5
> 35 o
0.7 3 g |obob @ foblob
0,70 Lt Grol o a4 @, |40nmol kg 40 nmol kg’
" 24n 24 0 1 0101
Time (days) Time (days)

Extended DataFig.4 | Anatomical resolution of NK2R agonism. a, Genetic
models of hyperphagic obesity used tointerrogate NK2R agonist-dependent
appetite suppression. b, Food intake following a single s.c. administration of
vehicle or 325 nmol/kg EB1002 to DIO, male and female leptin deficient (ob/ob)
and Mc4rKO mice (n = 6 mice (DIO, vehicle), n=5mice (DIO, EB1002), n = 8 mice
(maleob/ob, vehicle; female ob/ob), n = 6 mice (male ob/ob, EB1002), n =11 mice
(Mc4rKO, vehicle), n = 8 mice (Mc4rKO, EB1002)). ¢, Weight loss, d, blood
glucose and e, food intake of ob/ob mice housed at thermoneutrality following
asingles.c.injection of vehicle or 325 nmol/kg EB1002 (n = 6 mice each group).
f,Schematic of crossover study comparingin vivo effects of peripheral versus
central delivery of EBI002 ong, RER, h,body temperature followings.c.or ICV
injection (n= 6 (vehicles.cinjectionsand EBI002ICVinjections), n =4 (EB1002

s.c.injections and vehicle ICVinjections)), downward triangles signify time of
injection (g, h).i,RER, j, oxygen consumption, k, food intake, I, weight loss and
m, blood glucose of ob/0b mice following asingles.c.injection of vehicle or 40
nmol/kg EB1002 (n =4 mice each group). Dataare represented asmean+s.e.m.
Forall:*P<0.05,**P <0.01,***P < 0.005, ****P < 0.0001. Unpaired two-tailed
t-test of AUCb; Repeated measures two-way ANOVA with Geisser-Greenhouse
correction, significance indicates treatment effect, ¢, e; Repeated measures
two-way ANOVA with Sidak’s multiple comparison test, significance shows post
hoctest for treatment effects, d; unpaired two-tailed t-test of AUC for 48 h after
injection, g-k; unpaired two-tailed t-test, I; Repeated measures two-way
ANOVA, m.
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Extended DataFig.5|See next page for caption.
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Extended DataFig. 5| Central effects of NK2R agonism. a, Food intake in
over-night fasted mice that have beens.c. injected with vehicle or 325 nmol/kg
EB1002 at time of refeeding (n =10 mice per group). b, Schematics of brain
sections (adopted from The Allen Brain Atlas) and representative images of
FOS staining (purple) with ¢, quantification of FOS positive cellsin the
paraventricular nucleus of the hypothalamus (PVH), the dorsomedial
hypothalamic nucleus (DMH), arcuate nucleus (ARH), the parabrachial nucleus
(PBN) and the dorsal vagal complex (DVC) of overnight fasted mice injected
with vehicle or325nmol/kg EB1002 2 h prior to euthanasia (n =4 mice per
group), scalebar200 um.d, Liquid phase gastricemptying of mices.c. injected
with vehicle or 325 nmol/kg EB1002 (n =10 mice each group). Representative
microscopy images and quantification of FOS (purple) colocalization with
reporter neurons (green) inthe DVC of e, LeprL10 GFP (n =3 (vehicle),n=6
(EB1002)), f, Cck®°L10 GFP (n =2 (vehicle), n=3 (EB1002)), and, g, Calcr Sunl

GFP mice (n= 6 (vehicle), n=7 (EB1002)) injected with vehicle or EB1002, scale
bar200 pm. h, UMAP plot of 23,664 neurons colored by treatment, i, violin
plot, andj, transcriptional case-control analysis of single nuclei RNA
sequencing data of the DVC of mice s.c. injected with vehicle or 325 nmol/kg
EB10022 h prior to euthanasia (n = 6 samples with 5 mice/sample).k, in situ
hybridization of Nk2r (red), Calcr (green) and GlpIr (purple) inthe DVC, scale
bar:top panel 200 pm, bottom panel 50 pm. I, Representative microscopy
images of the hitsites, scale bar 200 pm. m, Representative microscopy images
of Fluoro-Jade Cstainin the DVC of Nk2rfloxed mice that received abilateral
injection of AAV-GFP (Nk2r°“°P) or AAV-Cre (Nk2rP"““) into the DVC, scale bar
200 pm, (n =3 mice per group). Dataarerepresented asmean+s.e.m.Forall:
*P<0.05,**P <0.01,***P <0.005, ***P <0.0001. Repeated measures two-way
ANOVA with Geisser-Greenhouse correction, significance indicates treatment
effect, a; unpaired two-tailed t-test, ¢, d, m; forjred color indicates *P < 0.05.



[+]
o

EB1001 Exposure Stool composition Withdrawn behavior Blood
oxygenation
1,5007 e All NHPs 100 100
) @ All NHP ® All NHPs
= = 100 ® Solid stool ® *xk s
2 & = Looser stool 5 80
‘21,000 5 = Diarrhea s
E = (not observed) g 60
o 9 o
E g %0 £ 40
2 5001 ] s
a © S .
3 Ke) c 20 . s
w ] = T -
0 @ 0 = 0 el fedl L
&P 2885888582
o B < @ S g Dose (nmol kg™)
Administered dose 3 i3 @ &
I kg! 2 m ?
(nmot kg™) Dose (nmol kg') S
8
©
>
©
°
o
<
N
e © AllNHPs Renal health g h
AST Creatinine Blood urea nitrogen Body weight Food intake
% 40 ® 10 3 3 gZO 3 3 9 1 1 1 ? 20 3 3
° o { { ° i { ° i i Y i {
£ 2 £ 51 g o S 104 | | 20 % 2 |
@ Q " ! 3 ! ! ] ' ! o 9 ! !
2 & i { ; { % / | 2 } i
a T 0 ] { © : ] T -1 ! | © ; !
Q < { | 2 ! | < | I ] f {
e 0 £ i i €0 i i £ 1 i g 10 i
S S 5 i 1 e : S -2 : i S j
> ‘a: | ol ¥ 1 > e 5 20 !
220 g-107 | L2 i i 281 | 1l 20 | ]
s 8 i i & i i S i ; N i i
O 40 O b+ Ol O 4l xibose 1 O 4oL P70.0661 Dosel
20 2 4 6 810 202 46 810 202 46 810 202 46 810 202 46 810
Time (weeks) Time (weeks) Time (weeks) Time (weeks) Time (weeks)
! ' ) j Efficacy comparison
Triglycerides
— Parameter Mice NHPs
S
= ~ Food intake
T 200 2 ¥ ¥
g) > O, consumption 4 not measured
(2}
150 s Body weight 3 3
[0}
b g Fasted glucose I 3
§ | © Fasted insulin 4 3
= 1 o)
o i S HOMA-IR ¥ d
= | | c
o +b——r———— O goli2xidese 1 Fasted TG not measured 3
202 46 810 202 46 810
F hol | d
Time (weeks) Time (weeks) asted cholesterol  not measure: 3
® Nondiabetic NHPs
® Diabetic NHPs
Extended DataFig. 6 | Effects of NK2R agonismin nonhuman primates. NHPs).j, Summary comparison of effects of NK2R agonism between mice and
a, Exposure to EB1001 after s.c. injections of different doses. b, stool NHPs. Dataarerepresented as mean +s.e.m. Forall: *P <0.05,**P < 0.01,
composition, ¢, changes inwithdrawn behaviour, d, blood oxygenation, ***P<0.005,****P <0.0001. Repeated measures one-way ANOVA with
e, blood aspartate transaminase (AST), f, creatinine and blood urea nitrogen Geisser-Greenhouse correction and Dunnett’s multiple comparison test,
levels, g, body weight, and h, food intake during the dose escalation study significance indicates post-testbetween vehicle and treatments, b; repeated
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