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Mulder et al., Nat Rev Drug Discov, 2019

β-glucan training of human monocytes 
in vitro113. Intravenous administration 
of mTORi-HDL to mice on the day 
they received a heart allograft, as well 
as 2 and 5 days post-transplantation, 
markedly increased survival from 8 to 
60 days, and a subset of mice survived 
up to 100 days. However, a combination 
treatment of co-injected mTORi-HDL and 
a nanobiologic (tumour necrosis factor 
receptor-associated factor 6 inhibitor 
(TRAF6i)-HDL)132 that impairs CD40 
co-stimulation further increased allograft 
survival to 90 days. The immune response 
underlying organ rejection involves 
T cell activation through a cascade 
that includes alloantigen presentation 
(signal 1), co-stimulation (signal 2) and 
soluble cytokine secretion (signal 3). 
Whereas mTORi-HDL trained-immunity-
inhibiting nano-immunotherapy primarily 
regulates cytokine secretion (signal 3), 
TRAF6i-HDL blunts co-stimulation 
(signal 2) (FIG. 6a). The specificity of this 
synergistic approach could be improved 
through an additional immunotherapy 
that focuses on antigen presentation 
(signal 1), which has been achieved by 

Maldonado et al., who functionalized poly 
lactic-co-glycolic acid (PLGA) nanoparticles 
with both an antigen and rapamycin103. 
Intravenous and subcutaneous injection 
of these nanoparticles leads to CD4+ T cell 
tolerance in mice. Therefore, unlike the 
above-described study with mTORi-HDL, 
the observed effects are through 
lymphocytes and not innate immune cells. 
However, in both studies these effects are 
dependent on formulating rapamycin into 
nanoparticles and are not observed for the 
free drug. Alternatively, nanomaterials may 
exhibit an inherent capacity for immune 
cell polarization, as has been demonstrated 
for iron oxide nanoparticles that enhance 
the accumulation of pro-inflammatory 
macrophages in tumours138.

On the basis of our initial experience 
modulating trained immunity 
therapeutically113, we advocate combining 
it with immunotherapeutic strategies that 
target different pathways in the immune 
response. For example, it is increasingly 
evident that even for susceptible tumour 
types, such as melanoma, checkpoint 
blockade benefits only a subset of 
patients10,139. The pooled analysis of the 

KEYNOTE-001 (REF.140) trial found that 
approximately 34% of patients with 
late-stage melanoma had an objective 
response, whereas only 6% of the patients 
were full responders141. Additionally, in a 
variety of other malignancies, including 
prostate142,143 and ovarian cancer144, 
checkpoint-inhibitor drugs exert very 
little therapeutic benefit. Recent work 
on peripheral blood from patients has 
uncovered — using high-dimensional 
single-cell mass cytometry and a 
bioinformatics pipeline — that the frequency 
of classically activated (by pro-inflammatory 
stimuli) monocytes predicts therapeutic 
response in melanoma patients145. However, 
high levels of immunosuppressive myeloid 
cells lead to T cell dysfunction and failure 
to respond to checkpoint blockade 
immunotherapy145. We foresee that 
trained-immunity-promoting therapies can 
promote systemic and tumour-accumulated 
classically activated monocytes, thereby 
overcoming the immunosuppressive tumour 
microenvironment146. This enhances the 
ability of T cells to kill tumour cells and may 
increase the immune system’s susceptibility 
to checkpoint-inhibitor drugs (FIG. 6b).

Many other combinations can be 
considered. For example, the therapeutic 
efficacy of dendritic cell therapy can 
potentially be synergistically enhanced 
with trained-immunity-promoting agents. 
Alternatively, treating autoimmune 
diseases with IL-1β blockers can be 
complemented with agents that inhibit 
trained immunity.

Modulating durability
Although trained immunity is durable, it is 
not a permanent immune memory40. This 
impermanence is both a challenge and an 
opportunity. Temporarily inducing trained 
immunity pharmacologically could combat 
events such as immunoparalysis in sepsis147. 
At the same time, after the infection has 
been fought off, the risk of autoimmune 
disorders should be mitigated by subduing 
exogenously induced trained immunity.  
The opposite holds true for conditions  
that benefit from trained immunity 
suppression. When a therapeutic benefit 
is achieved, the treatment should be 
terminated. Therefore, considerable  
research effort should focus on  
investigating different regimens that 
involve the induction of trained immunity 
followed by induced inhibition and vice 
versa. Because epigenetic modifications 
underlie trained immunity, hindering 
epigenetic deactivation with compounds 
such as DNMT and HDAC inhibitors47 
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Fig. 5 | Regulating trained immunity with nanotechnology. Long-term therapeutic benefits can 
theoretically be achieved by the intravenous administration of nanomaterials that engage myeloid cells 
and their stem and progenitor cells in the bone marrow. Intravenously administrable nanomaterials 
(yellow circles) typically accumulate in the liver and spleen but can be designed to exhibit bone marrow 
proclivity. Induction of trained immunity can be prevented by functionalizing these nanomaterials with 
molecular structures that inhibit epigenetic and metabolic pathways that regulate trained immunity 
(green circles). The resulting ‘green’ cells have an alternatively activated phenotype. Conversely, by 
incorporating molecular structures derived from PAMPs that activate dectin 1 or nucleotide-binding 
oligomerization domain-containing protein 2 (NOD2), nanomaterials (red circles) can be applied to 
promote trained immunity. These ‘red’ cells have an inflammatory phenotype. Systemically inhibiting 
trained immunity using this nanotechnology-based approach may be employed to treat a variety of 
conditions, ranging from cardiovascular disease, and its clinical consequences myocardial infarction 
and stroke, and autoimmune disorders. Therapeutically inducing trained immunity may find use in 
overcoming immunoparalysis in sepsis and infections and in treating cancers.

Engaging hematopoietic organs
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What does our body offer naturally?

Duffy & Rader, Nat Rev Cardiol, 2009
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affected by the addition of laropiprant.30 The combina-
tion of extended-release niacin and laropiprant has not 
been approved by the US FDA but has been approved 
in Europe since July 2008, where it is marketed under 
the trade name Tredaptive® (Merck & Co, White House 
Station, NJ). A large clinical trial, HPS2-THRIVE, is cur-
rently underway and will provide additional safety data 
as well as definitively establish whether adding extended-
release niacin and laropiprant to a statin will reduce 
clinical cardiovascular end points in high-risk vascular 
patients to a greater extent than a statin alone.17

As discussed above, activation of the GPR109A recep-
tor might lead to some of the desirable lipolytic effects 
of niacin, as well as the undesirable flushing effects, 
thereby making development of therapeutically accept-
able GPR109A agonists a challenge. However, preclinical 
data suggest a role for adaptor proteins in the GRP109A-
associated effects of niacin, which may make it possi-
ble to pharmacologically dissociate these two effects.31 
Nevertheless, how niacin increases HDL levels and 
reduces LDL remains unresolved and is a key issue for 
the development of improved pharmacological agents.

CETP inhibition
Over the past decade, the field of HDL therapeutics had 
been eagerly anticipating the results of a large clinical 
outcomes trial with torcetrapib, a CETP inhibitor that 
had been shown in early clinical trials to markedly raise 
levels of HDL cholesterol.32,33 CETP is a plasma protein 
that mediates transfer of cholesteryl esters from HDL to 

ApoB-containing lipoproteins in exchange for triglycer-
ides.3 The interest in CETP inhibition began after the 
discovery, in 1989, of Japanese individuals with extremely 
high levels of HDL cholesterol who were genetically defi-
cient in CETP.34,35 This genetic association led naturally 
to the concept that pharmaco logical inhibition of CETP 
might be an approach to raise HDL cholesterol. 
Unfortunately, in December 2006, this strategy received 
an unexpected blow when the ILLUMINATE trial with 
torcetrapib was terminated prematurely because of a 
25% increase in major cardio vascular events and a 40% 
increase in death from cardio vascular causes in the 
active treatment arm.10 These adverse events occurred 
despite a 72% increase in HDL cholesterol and a 25% 
reduction in LDL chol esterol.10 In addition, surrogate 
end point studies looking at atheroma volume and 
carotid intima–media thickness were not associated with 
a decrease in atherosclerotic progression.36,37 Further 
analysis has revealed off-target effects of torcetrapib that 
could account at least in part for the increase in adverse 
cardio vascular events, namely increases in blood pres-
sure that correlate with increases in aldosterone levels, 
and changes in serum electrolytes consistent with 
mineralo corticoid excess.10 There was also a trend 
towards an increase in noncardiovascular mortality from 
cancer and infection, possibly due to off-target effects of 
the drug, but if this is a real finding the mechanisms are 
completely unknown.

Whether the effect of CETP inhibition on flux of 
cholesterol through the RCT pathway also had a role in 
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Figure 1 | HDL metabolism and reverse cholesterol transport. The liver secretes lipid-poor ApoA-I, which quickly acquires 
cholesterol via the hepatocyte ABCA1 transporter. Lipid-poor ApoA-I also promotes the efflux of free cholesterol from 
macrophages via ABCA1. LCAT esterifies free cholesterol to cholesteryl esters to form mature HDL, which promotes 
cholesterol efflux from macrophages via the ABCG1 transporter, as well as from other peripheral tissues by processes not 
fully defined. In macrophages, both ABCA1 and ABCG1 are regulated by LXR. Mature HDL can transfer its cholesterol to the 
liver directly via SR-BI or indirectly via CETP-mediated transfer to ApoB-containing lipoproteins, with subsequent uptake by 
the liver via the LDLR. Hepatic cholesterol can be excreted directly into the bile as cholesterol or after conversion to bile 
acids and, unless reabsorbed by the intestine, is ultimately excreted in the feces. HDL can be remodeled by lipases such 
as hepatic lipase and endothelial lipase, which hydrolyze HDL triglyceride and phospholipid, respectively. Abbreviations: 
ABCA1, ATP-binding cassette sub-family member 1; ABCG1, ATP-binding cassette subfamily G member 1; ApoA-I, 
apolipiprotein A-I; ApoB, apolipoprotein B; CETP, cholesteryl ester transfer protein; EL, endothelial lipase; LCAT, lecithin-
cholesterol acyltransferase; LDLR, LDL receptor; LXR, liver X receptor; SR-BI, scavenger receptor class B type I.
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High density lipoprotein architecture

Wasan et al., Nat Rev Drug Discov, 2008; Bale & Venkataraman, Biomed Pharmacother, 2022

Lipoprotein morphology



High density lipoprotein architecture

Wasan et al., Nat Rev Drug Discov, 2008; Bale & Venkataraman, Biomed Pharmacother, 2022

• Structural integrity 
• Natural stealth 
• Natural affinity for immune cells 

• ABCA1, ABCG1, SRB1

Apolipoprotein A1Lipoprotein morphology



RNASmall molecules1 2

3 Targeting 4 Proteins

Apofusion 
protein

Modular aNP platform for delivery to immune cells

Drug-lipid 
conjugates

RNA

Schrijver et al., Nat Biomed Eng, 2023

Priem et al., Sci Adv, 2026; Priem et al., Cell, 2020; Braza et al., Immunity, 2018; Van Leent et al., 
Sci Adv, 2021; Lameijer et al., Nat Biomed Eng, 2018; Binderup et al., Sci Transl Med, 2019 

Apofusion 
protein

Hofstraat et al., Nat Nanotechnol, 2025; Trines et al., Adv Mater, 2025



Modular aNP-RNA platform technology
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aNP-siRNA prototype
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aNP-siRNA library establishment
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aNP-siRNA library establishment
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aNP-siRNA library characterization
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LAMP-1 silencing in mice with aNP-siRNA 
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LAMP1 - Lysosomal associated membrane protein 1

• Membrane bound protein 
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Da Silva Sanches et al., Nano Letters, 2022 Hofstraat, Anbergen, Zwolsman et al.,  Nat Nanotechnol, 2025



Gene silencing in (myeloid) progenitor cells

Data represented as mean ± SD, each data point represents one animal. One-way ANOVA with Bonferroni post hoc test (*: p<0.05, **: p<0.01, ***: p<0.001).  
Hofstraat, Anbergen, Zwolsman et al.,  Nat Nanotechnol, 2025
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Gene silencing in (myeloid) progenitor cells

Data represented as mean ± SD, each data point represents one animal. One-way ANOVA with Bonferroni post hoc test (*: p<0.05, **: p<0.01, ***: p<0.001).  
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Lead aNP-RNA analysis

Hofstraat, Anbergen, Zwolsman et al.,  Nat Nanotechnol, 2025
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Inhibiting immunosuppressive monocyte migration

Hofstraat, Anbergen, Zwolsman et al.,  Nat Nanotechnol, 2025



Inhibiting immunosuppressive monocyte migration

Data represented as mean ± SD, each data point represents one animal. Student  t-test (**: p<0.01, ***: p<0.001).  
Hofstraat, Anbergen, Zwolsman et al.,  Nat Nanotechnol, 2025



Data represented as mean ± SD, each data point represents one animal. Student  t-test (**: p<0.01, ***: p<0.001).  
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Reporter gene expression in myeloid progenitor cells

Data represented as mean ± SD, each data point represents one animal. Student t-test (*: p<0.1).  
Hofstraat, Anbergen, Zwolsman et al.,  Nat Nanotechnol, 2025
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Reporter gene expression in myeloid progenitor cells

Data represented as mean ± SD, each data point represents one animal. Student t-test (*: p<0.1).  
Hofstraat, Anbergen, Zwolsman et al.,  Nat Nanotechnol, 2025
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Delivering IL-2 mRNA to secondary lymphoid organs
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In vivo IL-2 production using aNP-mRNA
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Imaging CD8 expansion in lymph nodes and tumor
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MC38 colorectal cancer model
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MC38 colorectal cancer model
IL-2 immunotherapy using aNP-mRNA
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B16F10 melanoma cancer model
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B16F10 melanoma cancer model
IFN-y immunotherapy using aNP-mRNA
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IL-2 immunotherapy using aNP-mRNA
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