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The enhancement of antitumour immunity via agonists of the stimulator
ofinterferon genes (STING) pathway is limited by pharmacological
barriers. Here we show that the covalent conjugation of a STING agonist
to anti-albumin nanobodies via site-selective bioconjugation chemistries
prolongs the circulation of the agonist in the blood and increases its
accumulationin tumour tissue, stimulating innate immune programmes
thatincreased theinfiltration of activated natural killer cellsand T cells,
which potently inhibited the growth of mouse tumours. The technology
ismodular, as demonstrated by the recombinant integration of asecond
nanobody domain targeting programmed death-ligand 1 (PD-L1), which
furtherincreased the accumulation of the agonist in tumours while blocking
immunosuppressive PD-1/PD-L1interactions. The bivalent nanobody-STING
agonist conjugate stimulated robust antigen-specific T-cell responses and
long-lastingimmunological memory and conferred enhanced therapeutic
efficacy. It was also effective as a neoadjuvant treatment to adoptive T-cell

therapy. As amodular approach, hitchhiking STING agonists on serum
albumin may serve as abroadly applicable strategy for augmenting the
potency of systemically administered cancerimmunotherapies.

Immune checkpoint inhibitors (ICIs) targeting cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell
death protein1(PD-1) or programmed death-ligand 1 (PD-L1) recep-
tors have revolutionized the treatment of an increasing number of
cancers but are still only effective for a relatively small fraction of
patients (-15%)". For many cancers, this can be partially attributed to
poor tumour immunogenicity and an immunosuppressive (that is,
‘cold’) tumour microenvironment (TME) that restricts the infiltration

and/or function of antitumour T cells>?. The innate immune system
plays a critical role in cancer immune surveillance*, with clinical evi-
dencelinking activation of certain patternrecognition receptor (PRR)
signalling pathways toincreased T-cellinfiltration and responses toICls
in cancer patients>®. Accordingly, the relationship betweeninnate and
adaptive antitumour immunity has motivated the clinical exploration
and continued development of agonists targeting PRRs, including
toll-like receptors (TLRs), retinoic acid-inducible gene-I (RIG-I)-like
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Fig.1|Design, synthesis and in vitro characterization of an anti-albumin
nanobody for site-selective conjugation of STING agonists. a, Scheme
depicting the concept of an albumin-hitchhiking nanobody-STING agonist
conjugate for cancerimmunotherapy. Anti-albumin nanobodies conjugated

to STING agonists bind to circulating albumin in situ, resulting inimproved
pharmacokinetics and increased biodistribution to tumour sites that stimulates
antitumour innate and adaptive immune responses. b, Computational model
ofthe anti-albumin nanobody (nAlb) binding at domain IIB of HSA. ¢, ITC traces
(top) and binding isotherms (bottom) of nAlb binding to human and mouse
serumalbumin at pH 7.5 with calculated dissociation constant (K). d, Reaction
scheme for generating molecularly homogeneous nAlb conjugates through
site-selective enzymatic ligation of an amine-PEG;-azide followed by conjugation

of agonist or dye cargo through strain-promoted azide-alkyne cycloaddition
(SPAAC). e, Structure of diABZISTING agonist conjugated toa DBCO-PEG,; handle
for ligation to azide-functionalized nanobodies via SPAAC. f,g, ESI-MS (f) and
SDS-PAGE (g) showing nanobody conjugate purity and molecular weight (see
Source Data for uncropped gel inref. 90). h,i, Dose-response curves in A549-
Dual (n =3) (h) and THP1-Dual type l interferon reporter cell lines (n = 3) (i) with
estimated EC, values indicated in the legends; RLU, relative light unit. j, qPCR
analysis of gene expression in mouse BMDMs treated in vitro with 0.25 uM of
free diABZI or nAlb-diABZI conjugate (n = 3). Pvalues determined by one-way
ANOVA with Dunnett’s multiple comparison test with groups compared to PBS.
Replicates are biological, and data are shown as mean + s.e.m. Panel a created
with BioRender.com.

receptors (RLRs) and stimulator of interferon genes (STING). Activa-
tion of these pathways caninduce a coordinated antitumour immune
response by triggering the production of type linterferons, proinflam-
matory cytokines, chemokines, costimulatory molecules and other
mediators that potentiate T-cell responses and enhance the efficacy of
ICIs*”%, PRR agonists have typically been administered intratumourally
as an ‘in situ vaccine’ with the intent of stimulating a systemic adap-
tive immune response that mediates distal tumour regression and/
or immune memory to protect against disease recurrence®’. While
promising, intralesional therapy may not be feasible or practical for
patients with metastatic, poorly accessible tumours, particularly for
repeated dosing™. Itis worth noting that intratumoural administration
has thus faryielded underwhelming outcomesin the clinic”, motivating
aneed for systemically administered therapies targeting PRR agonists.

Among the PRRs, STING has emerged as one of the most prom-
ising targets for stimulating antitumour innate immunity'> ™, with
remarkable efficacy in preclinical models leading to clinical trials
of a growing arsenal of STING-activating therapeutics'®. However,
clinical exploration of STING agonists has been primarily restricted

to intratumoural administration of cyclic dinucleotides (CDN) and,
unfortunately, has yielded disappointing results”. This can be partially
attributed to both the aforementioned limitations of intratumoural
administration and the poor drug-like properties of CDNs—anionic
small molecules—that limit their activity and efficacy for systemic
administration”. This challenge has prompted the development of
several promising nanoparticle-based drug carriers for CDNs'*? as
well as small molecule STING agonists with improved chemical proper-
ties for systemic administration*****, However, therapeutic targeting of
STING remains a considerable challenge owing to multiple intertwined
pharmacological barriers, including suboptimal pharmacokinetics and
poor tumour accumulation, that limit efficacy and increase the risk
ofinflammatory toxicities*. Hence, there is a need for drug delivery
technologies that afford increased spatiotemporal control over the
delivery of systemically administered STING agonists for the treatment
of advanced and metastatic disease.

Here we present the development of a modular drug delivery
technology for safe and effective systemic administration of STING
agonists based on the concept of ‘albumin-hitchhiking?®. Albumin
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Fig. 2| Anti-albumin nanobodies increase cargo delivery to tumour sites

to promote uptake by cancer cells and tumour-associated myeloid cells.

a, Representative dose-response curves for nanobody-Cy5 conjugate surface
binding and intracellular uptake at 37 °C and 4 °C measured by flow cytometry
in THP-1cellsin vitro. b, MFI (Cy5) of RAW 264.7 (n = 5), EMT6 (n = 4) and BMDM
(n=3) cells treated with nAlb-Cy5 (2 uM) with (+EIPA) or without (-EIPA) the
macropinocytosis inhibitor EIPA. Pvalues determined by two-sided Student’s
t-test. c,d, Representative confocal micrographs showing colocalization of Cy5
(red) with lysotracker green (green) in RAW 264.7 cells; Hoechst nuclear stain
(blue) (scale bars, 100 um) (c) with percentage colocalization determination
for nAlb-Cy5 and nGFP-Cy5in RAW 264.7 (n=9) and EMT6 (n = 6) cells (d).
Pvalues determined by two-sided Student’s t-test. e, Pharmacokinetics of free
DBCO-Cy5 dye and indicated nanobody-Cy5 conjugates injected intravenously
at2 mg kg™ in healthy female C57BL/6 mice (n = 5). Elimination phase half-life
and AUC areindicated in the legend. f,g, Representative IVIS fluorescence
images of excised tumours and major organs (f) and quantification of average
radiant efficiencies 24 h following intravenous administration of DBCO-Cy5
(n=>5)and nAlb-CyS5 (n = 8) at 2 mg kg™ to female Balb/c mice with orthotopic
EMT6 breast tumours (g). Pvalues determined by one-way ANOVA with

Dunnett’s multiple comparison test with each organ compared to tumour.

h,i, Quantification of percentage of injected dose per gram of tissue (%ID per g) 24 h
following intravenous administration of nAlb-Cy5 at 2 mg kg™ or PBS (vehicle)
to female Balb/c mice with orthotopic EMT6 breast tumours (n =5) (h) and
female C57BL/6 mice with subcutaneous B16.F10 tumours (n=5) (i). P values
determined by two-way ANOVA with post hoc Tukey’s correction for multiple
comparisons. j, Representative fluorescence microscopy images of EMT6 tumour
sections stained for DAPI (blue), CD45 (green) and CD31 (red) 24 h following
administration of nAIb-Cys5 (yellow) alone or in combination with nAlb-diABZI.
Scale bars, 200 pm. kI, Flow cytometric analysis of nAlb—-CyS5 cellular uptake in
EMT6 tumours evaluated as the percentage of indicated cell type comprising

all Cy5" live cells (k) or as the percentage of Cy5* cells (cell type of all Cy5* cells)
within anindicated live cell population (I) 24 h following administration of nAlb-
Cy5alone (n=7) or nAlb-CyS5 co-administered with nAlb-diABZI (n = 8); MFI for
each cell population is shown in Supplementary Fig. 13. Inset of k: percentage

of indicated cell population in the tumour as measured by flow cytometry. DC,
dendritic cell; M®, macrophage; NK cell, natural killer cell. Pvalues determined
by two-way ANOVA with Sidak’s test for multiple comparisons. Replicates are
biological, and data are shown as mean +s.e.m.

is a promising drug carrier based on its long circulation half-life and
proclivity to accumulate at tumour sites via both passive and active
transport mechanisms” . Albumin and albumin-binding chaperones
have been widely used to improve the delivery of chemotherapeu-
tics, exemplified by albumin-bound paclitaxel (Abraxane)®’, as well
as protein®, peptide® and nucleic acid therapeutics®. Inspired by this
previous work that motivates the unexplored potential of albuminasa
carrier for STING agonists, we engineered a high-affinity anti-albumin
nanobody (thatis, single-domain antibody) for site-selective enzymatic
bioconjugation of STING agonists via biorthogonal chemistry. Using a

conjugatable diamidobenzimidazole (diABZI) STING agonist as aclini-
callyrelevant example, we demonstrate that nanobody hitchhiking of
STING agonists on serum albumin dramatically improves their phar-
macological properties and increases tumour accumulation, leading
toareductionintumourburdenandimproved therapeutic outcomes
in multiple mouse tumour models. We further demonstrate the pro-
grammability of the technology for integrating tumour targeting and
additionalimmunoregulatory functions through the developmentofa
bispecificnanobody-diABZI conjugate that binds to both albumin and
theimmune checkpoint ligand PD-L1. We demonstrate that this bivalent
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nanobody carrier for STING agonist delivery further increases tumour
accumulation while also inhibiting immunosuppressive PD-1/PD-L1
interactions, resulting in areprogramming of the TME to amore immu-
nogenic ‘hot’ milieu and a priming of antitumour T cells that further
potentiate responses to multipleimmunotherapeutic modalities. Col-
lectively, our study positions albumin-hitchhiking nanobody-STING
agonist conjugates as an enabling, multimodal and programmable
strategy for cancerimmunotherapy with high translational potential.

Results

Synthesis of albumin-hitchhiking nanobody-STING agonist
conjugates

We hypothesized that conjugation of a STING agonist to an
albumin-binding chaperone would extend blood circulation half-life
and increase accumulation in cancerous tissue, enriching the pro-
duction of cytokines and chemokines that facilitate the recruitment,
proliferation and activation of leukocytes to the TME, which promotes
cancer cell death (Fig. 1a). While several promising albumin-binding
molecules have been described, including small molecules, fatty
acids, peptides and Streptococcus protein G-derived domains”?%*,
we elected to base our design onananobody with high affinity for albu-
min because nanobodies are modular and programmable via genetic
engineering, are molecularly well defined, are amenable to scalable
industrial manufacturing and are components of approved and clini-
cally advanced therapeutics, including ozoralizumab, which contains
ananti-albumin nanobody domain®. In addition, we sought to avoid the
potential risk of accelerated albumin clearance that can occur due to
direct covalent drug conjugation strategies”* and to minimize the liver
accumulation associated with the use of lipid-based albuminbinders™,
achallenge also faced by many promising nanoparticle-based STING
agonists'>***%, We therefore recombinantly expressed a previously
described nanobody domain—termed nAlb—that binds with nanomolar
affinity to serum albumin (Fig. 1b)**. We modelled the binding of the
nanobody domain to human serumalbumin (HSA) using RoseTTAFold
to generate the nAlb nanobody and RosettaDock to predict the bind-
ing site of the nanobody to the serum protein albumin. We found that
the nAlb nanobody reached an optimal energy conformation through
binding at domain IIB of HSA, indicating that nAlb does not compete
with albumin binding to neonatal fragment crystallizable receptor,
which facilitiesits long serum half-life (PDB, 4NOF). The binding affinity
of nAlb was verified using isothermal calorimetry (ITC) both at physi-
ological pH (7.5) and at endosomal pH (5.5), where nAlb maintained
nanomolar affinity to both HSA and recombinant mouse serum albumin
(Fig.1c and Supplementary Fig.1).

Toenablesite-selective ligation of STING agonists, we cloned the
C-terminal of the nAlb nanobody to present a selective ligation tag
(LPETGGHHHHHHEPEA) that acts as a substrate for an engineered
pentamutant of sortase A designed to selectively ligate any primary
amine-containing small molecule to the C-terminus of a protein®,
offering high programmability in the design. Using this approach, we
ligated an amino-poly(ethylene glycol),-azide (NH,-PEG;-N,) linker,
which conferred a single azide functional handle on the nAlb nano-
body and canbe used toligate cargo via strain-promoted azide-alkyne
cycloaddition (Fig. 1d,f). While this strategy is amenable to ligation
of diverse classes of STING agonists, we selected a diABZI compound
as ongoing clinical trials are exploring similar agents as a systemi-
cally administered immunotherapy (for example, NCT03843359).
To enable covalent conjugation to the nanobody, we synthesized a
diABZl variant that was functionalized with an azide-reactive dibenzo-
cyclooctyne (DBCO) group and aPEG; spacer (DBCO-PEG,,—-diABZI) at
the 7-position of one of the benzimidazole groups (Fig. 1e and Supple-
mentary Figs.2-4), amodification thatis not predicted tointerfere with
diABZIbinding to STING. We then used strain-promoted azide-alkyne
cycloaddition toinstall asingle DBCO-PEG,,—~diABZISTING agonist ora
DBCO-functionalized sulfo-Cy5 (referred to herein as Cy5) dye onto the

nanobody and verified 1:1 conjugation by electrospray ionization-mass
spectrometry (ESI-MS) (Fig. 1f) and sodium dodecyl sulfate-poly-
acrylamide electrophoresis (SDS-PAGE) (Fig.1g).

We evaluated the activity of the nAlb conjugated STING ago-
nist (nAlb-diABZI) as well as the parent DBCO-PEG,,—~diABZI com-
pound and a previously optimized diABZI* (compound 3; referred to
henceforth as diABZI) intwo humanreporter cell lines for typelinter-
feron production: monocytes (THP1-Dual) and lung carcinoma cells
(A549-Dual) (Fig.1h,i). We found that the DBCO-PEG,,~diABZI variant
retained anear-identical EC,, value to the original diABZI agonist from
literature, while, as expected, the in vitro activity of the nAlb-diABZI
conjugate was reduced but nonetheless maintained high sub-100 nM
activity for type linterferon production. Furthermore, we tested the
activity of the nAlb-diABZI conjugate in mouse bone-marrow-derived
macrophages (BMDMs), demonstrating that nAlb-diABZI stimulated
the expression of the STING-driven cytokines /fnb1, Tnf and Cxcl10
after 4 h (Fig. 1j).

Albumin-hitchhiking nanobodies show tumour tropism and
enrich cargo delivery

Albumin has been reported to enter cancer cells and tumour-associated
myeloid cells (for example, macrophages) through both
albumin-dependent, receptor-mediated pathways and by
micropinocytosis”?. Although mechanisms of cellular albumin inter-
nalization may vary between tumour and cell types, we sought to gain
insightinto how nAlb-diABZl enters cells and activates STING. We first
validated that intracellular uptake of nAlb-Cy5 was abrogated at 4 °C
indicating an active endocytotic mechanism (Fig. 2a and Extended
Data Fig. 1); by contrast, diABZI can enter cells by passive transport
across the plasma membrane”. We next assessed whether albumin
binding enhanced nAlb internalization by EMT6 breast cancer and
myeloid cells. To test this, we first used flow cytometry to compare
the cellular uptake of nAlb-Cys5 to a negative control nanobody tar-
geting green fluorescent protein (GFP), nGFP-Cy5 (Supplementary
Fig. 5), in serum-containing media, finding minor differences in cel-
lular uptake between nAlb-Cy5 and nGFP-Cy5 (Extended Data Fig.1).
While eliminating serum from culture media decreased nAlb-Cy5
uptake, this occurred to the same extent for nGFP-Cy5, again indi-
cating that cellular uptake occurs predominantly in an albumin
receptor-independent manner in these cell types. Albumin canalso be
internalized by cancer and tumour-associated immune cell populations
through non-receptor-mediated micropinocytosis. To evaluate this,
weinhibited micropinocytosisin EMT6 cells, RAW264.7 macrophages
and BMDMs using 5-(N-ethyl-N-isopropyl) amiloride (EIPA), which
significantly reduced nAlb-Cy5 uptake (Fig. 2b). Given that macropi-
nosomes often traffic to lysosomes, we next assessed colocalization
of nAlb-Cy5 with lysotracker and found that a substantial and similar
fraction (>50%) of nAlb-Cy5 and nGFP-CyS5 was colocalized with lys-
osomes or late endosomes in EMT6 and RAW264.7 cells (Fig. 2¢,d).
As expected, nAlb-diABZI did not mediate endosomal disruption as
assessed using a previously described galectin 9 (Gal9) endosomal
recruitment assay (Extended Data Fig.1)**.

Togaininsightinto how amide-linked diABZlis released from the
nanobody upon cellular internalization, we incubated nAlb-diABZI
withlysosomesisolated fromrat liver (tritosomes), which are used to
investigate stability and catabolism of molecules trafficked to an endo-
some-lysosome pathway, and used matrix-assisted laser desorption/
ionization (MALDI) mass spectroscopy to assess the emergence of a
PEGylated diABZI adduct that would be predicted due to amide bond
cleavage by lysosomal proteases (Supplementary Fig. 6). We observed
the presence of this peak as early as 1 h following incubation with tri-
tosomes, suggesting that a fraction of nAlb-diABZI is lysosomally
degraded to release a PEGylated diABZI variant. We synthesized this
compound (Supplementary Figs. 7-9) and evaluated in vitro activity in
THP1-Dual typelinterferonreporter cells, finding that it had a similar
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Fig. 3| Albumin-hitchhiking STING agonist inhibits breast tumour growth

by shifting theimmune cell profile of the TME. a, Schematic of EMT6 tumour
inoculation, treatment schedule and study end point for gene expression

and flow cytometry analysis. b,c, Tumour growth curves (b) and spider plots
ofindividual tumour growth curves (c) for each mouse with EMT6 tumours
treated with nAlb-diBZI (n=9), diABZI (n = 8) or PBS (n = 8). Pvalue determined
by two-way ANOVA with post hoc Tukey’s correction for multiple comparisons
with comparison to PBS on day 17 shown. d-j, Flow cytometric analysis of breast
tumours and spleen 24 h following final dose of nAlb-diABZI or PBS (n = 6).

d, t-Distributed stochastic neighbour embedding (tSNE) plots of live cellsin
EMT6 tumours coloured by cell population with relative expression level of Ki67,
CD69 and PD-1as indicated on heat map. e,f, Heat maps summarizing the fold

change in the percentage of indicated cell population (e) and fold change in the
frequency of NK cells, CD8" T cells and CD4" T cells expressing the indicated
marker or marker combination in EMT6 breast tumours (f). g, Quantification
ofKi67'CD69* and Ki67'PD1* CD8" and CD4" T cells in EMT6 tumours following
treatment with nAlb-diABZI or PBS. h, Quantification of frequency of major
histocompatibility complex-Il (MHC-II)" and PD-L1" macrophages in EMT-6
tumours following treatment with nAlb-diABZI or PBS. i, Heat map summarizing
fold change in the frequency of NK cells, CD8* T cells and CD4" T cells expressing
activation markers within splenic populations. j, Quantification of Ki67'CD69*
andKi67'PD1' CD8" and CD4" T cellsin spleens. P values determined by two-tailed
Student’s t-test. Replicates are biological, and data are shown as mean +s.e.m.
Panelacreated with BioRender.com.

EC;,valuetothe previously described diABZI molecule, which can enter
cells through passive transport” (Supplementary Fig. 10).

We next evaluated the pharmacokinetics and biodistribution
of nAlb site-selectively conjugated to CyS5 as described for diABZI
above (nAlb-Cy5) compared to an analogous control anti-epidermal
growth factor receptor (EGFR) nanobody (nEGFR) that we cloned
and CyS5 labelled using the same strategy (Supplementary Fig. 5). To
assess the pharmacokinetic profile achieved by using anti-albumin
nanobody hitchhiking, we intravenously administered free DBCO-
Cy5, nEGFR-CyS and nAlb-Cy5 in healthy female C57BL/6 mice and
collected blood at discrete time points over several days (Fig. 2e). By
measuring the concentration of CyS5 in the serum using fluorescence
spectroscopy, we determined the elimination half-life of both the free

dye and thenEGFR-CyS5 conjugate to be approximately 5 min, matching
the expected half-life of a typical nanobody that is rapidly cleared via
renal excretion due to its smallsize (-15 kDa)*. However, the nAlb-Cy5
conjugate had an elimination half-life of approximately 55 h, consistent
with in situ binding to and hitchhiking on serum albumin, which has
a half-life of -35-40 h in mice*’. By comparison, the reported half-life
of diABZIis -90 min®*, while that of CDNsiis typically <5 min**. We next
tracked the biodistribution of DBCO-Cy5, nEGFR-Cy5 and nAlb-Cy5
in female Balb/c mice with orthotopic EMT6 (EGFR") breast tumours
inoculated in the mammary fat pad (MFP). At 24 hafter administration,
mice were euthanized, and major organs and tumours wereimaged with
aninvivoimaging system (IVIS) instrument to evaluate Cy5 biodistribu-
tion (Fig. 2f,g), and tissue was homogenized for quantification of Cy5
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Fig. 4| Design, synthesis and testing of bivalent nanobody-STING agonist images of excised tumours and major organs (left) and quantification of average
conjugate for albumin hitchhiking and targeting of PD-L1. a, Scheme for the radiant efficiencies (right) of tumours and major organs 48 h after administration
cloning, expression and bioconjugation of small molecule cargo to generate the of nPD-L1-Cy5 and AP-CyS5 in mice with EMT6 breast tumours (n = 4). Pvalues
AP-diABZI conjugate. b,c, SDS-PAGE (b) and ESI-MS (c) confirming the purity determined by repeated measures ANOVA with Dunnett’s multiple comparison
and molecular weight of AP conjugates (see Source Data for uncropped gels in test for tumour compared to indicated tissue. I, Comparison of Cy5 radiant
ref.90).d,e, Dose-response curves for indicated nanobody-diABZI conjugate efficiencies in tumour tissue 48 h following administration of indicated

in A549-Dual (n=3) (d) and THP1-Dual typelinterferon reporter cell lines (n = 3) nanobody-CyS5 conjugate (n = 6 for PBS and nAlb-CyS5; n =4 for AP-Cy5;n=3
(e) with estimated ECs, values indicated in the legends. f, qPCR analysis of genes for nPD-L1-Cy5). Pvalues determined by one-way ANOVA with post hoc Tukey’s

associated with STING activationin BMDMs in response to treatment at discrete correction for multiple comparisons with comparisons between all groups

time points with indicated agonist at 0.25 uM (n = 3). g,h, Dose-response and PBS and between nAlb-Cy5 and AP-Cy5 asindicated. m, Representative
curve for nAlb-Cy5 and AP-Cy5 conjugate intracellular uptake and surface IVIS fluorescence images of excised tumours and major organs (left) and

binding at 37 °Cand 4 °C as measured by flow cytometry in B16.F10 cells (n=2 quantification of average radiant efficiencies (right) of tumours and major
at4°Candn=3at37°C)(g) and EMT6 cells (n = 3) (h). i, MFI for nAlb-Cy5 and organs 48 h after administration of AP-CyS5 in mice with wild-type EMT6 (WT) and
AP-Cy5 conjugate surface binding at 2 uM compared to PBS (0 pM) for EMT6 PD-L1knock-out EMT6 (PD-L1KO) breast tumours (n =5). Pvalues determined
WTand EMT6 PD-L1KO cell lines at 37 °C (n = 3). KO, knock-out; WT, wild type. by repeated measures ANOVA with Dunnett’s multiple comparison test for

Jj, Pharmacokinetics of indicated nanobody-Cy5 conjugate in healthy Balb/c WT versus PD-L1KO groups. Replicates are biological, and data are shown as
female mice (n =4 for nPD-L1-Cy5; n =5 for all other groups). Elimination phase mean +s.e.m. Panel acreated with BioRender.com.

half-lifeand AUC are indicated in the legend. k, Representative IVIS fluorescence

using fluorescence spectroscopy (Fig. 2h). We observed minimal Cy5  to secreted protein acidic and rich in cysteine (SPARC) expressed in
fluorescencein major organs for bothnEGFR-Cy5and nAlb-Cy5conju-  tumour tissue has also beenimplicated in increased accumulation of
gates but substantial tumour accumulation of only the nAlb-Cy5con-  albumin-binding therapeutics®”, and we found that SPARC is expressed
jugate, corresponding to ~11% injected dose per gram tissue (Fig.2h), inboth EMT6 and B16.F10 tumours (Supplementary Fig.12) and may
significantly higher thanother organs; similar findings were observed  therefore contribute to nAlb accumulation.

in a B16.F10 tumour model (Fig. 2i). Immunofluorescence staining of Based on the preferential tumour accumulation of nAlb-CyS5, we
excised and cryosectioned tumours (Fig. 2jand Supplementary Fig.11)  next used flow cytometry to determine which tumour-associated cell
further confirmed nAlb-Cy5accumulationat the tumoursite, withthe  populations internalized the conjugate (Fig. 2k,| and Supplementary
highest Cy5 fluorescence observed proximal to CD31" tumour vascula- ~ Fig.13). At 24 hafter intravenous injection of nAlb-Cy5, we found that
ture and with Cy5 signal also observed within the tumour stroma (for  ~-8% of alllive cellsin the tumour were Cy5" (Supplementary Fig.14), and,
example, colocalizing with CD45" immune cells). Albumin binding among Cy5" cells, the majority were CD11b"F4/80* tumour-associated
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macrophages or CD45°CD31 cells, which are primarily cancer cells
(Fig. 2k). Cancer cells (CD45°CD31") and macrophages are the most
prevalent cell populations in the EMT6 tumour model and have been
reported to endocytose albumin in tumours*-*, Evaluating nAlb-Cy5
uptake within specific cell populations, we found that ~5-10% of can-
cer cells (CD31°CD45°), macrophages (CD11b"F4/80") and dendritic
cells (CD11c*) were Cy5" with a higher (-15-20%) frequency of Cy5*
CD45°CD31" endothelial cells and neutrophils (Fig. 2I). As assessed by
Cy5 median fluorescence intensity (MFI), the cell populations with the
highest degree of nAlb-Cy5 uptake were CD45"CD31" endothelial cells,
neutrophils, dendritic cells, macrophages and cancer (CD45°CD31")
cells (Supplementary Fig. 13). To determine whether this cellular
uptake profile was influenced by STING activation, we concurrently

administered nAlb-Cy5 with nAlb-diABZl and found that the addition
of nAlb-diABZI primarily impacted the myeloid cell composition of
the tumour at 24 h, resulting in an increased frequency of neutro-
phils and myeloid-derived suppressor cells (MDSCs) and a reduc-
tion in macrophages (Fig. 2k, inset) while slightly biasing nAlb-Cy5
uptake towards macrophages, dendritic cells and neutrophils. We also
evaluated cellular uptake of nAlb-CyS5 in the spleen (Supplementary
Fig.13), which, while not a major organ of distribution for nAlb-Cys5,
is a potentially important secondary lymphoid organ for generating
systemic antitumour immunity, finding that ~-5-10% of macrophages
and dendritic cells were Cy5*. Taken together, these data show that
nanobody albumin hitchhiking can increase tumour accumulation
to allow for endocytosis of cargo by multiple tumour-associated cell

Nature Biomedical Engineering | Volume 9 | October 2025 | 1719-1739

1725


http://www.nature.com/natbiomedeng
https://biorender.com/

Article

https://doi.org/10.1038/s41551-025-01400-0

types. While in vivo mechanisms of albumin transport and cellular
uptake are complex and still not fully understood, taken together our
datasuggest that nAlb preferentially accumulates at tumour sites and
ismacropinocytosed, primarily by cancer cellsand tumour-associated
myeloid cells, resulting in lysosomal degradation and release of a diA-
BZlIvariant thatactivates STING.

nAlb-diABZI potently stimulates STING activation in the TME
to inhibit tumour growth

Based on the ability of nAlb to enhance cargo distribution to tumour
sites, we next performed a dose-response study to evaluate the thera-
peutic efficacy of nAlb-diABZI conjugates in an established poorly
immunogenic (thatis,immunologically ‘cold’) B16.F10 tumour model
thatis resistant toimmune checkpoint blockade (ICB) (Supplementary
Fig.15)*. Using a treatment regimen that we and others have used for
evaluation of STING agonists®***, we intravenously administered nAlb-
diABZIto mice bearing ~75 mm®B16.F10 tumours at doses ranging from
5t00.05 pg diABZI content, finding that all doses significantly inhibited
tumour growthand extended survival time. Itisworth noting that the
5 pgdosessignificantly enhanced efficacy relative to a 3x higher dose of
diABZI, showing the enhancement in potency enabled through albumin
hitchhiking. While the 5 pg dose resulted in ~10-12% weight loss, this
was transient and occurred only after the first injection (Supplemen-
tary Fig. 15a). Nonetheless, towards maximizing the safety profile of
the treatment, we selected a dose of 1.25 pg, confirmed antitumour
efficacy of both asingle and three-dose regimen in the B16.F10 model
(Supplementary Fig.15d-g and Supplementary Fig.16) and performed
a preclinical analysis of nAlb-diABZI toxicity (Extended Data Fig. 2).
Healthy mice were administered vehicle (PBS) or nAlb-diABZI (1.25 pg
diABZI) intravenously three times spaced 3 days apart; weight loss
was monitored daily, and blood was collected 4 and 24 h after the first
injection for analysis of serum cytokines. Inresponse to nAlb-diABZI,
mice experienced only amild (-5%) and transient weight loss similar to
thatdescribed for nanoparticle-based delivery of STING agonists'®'**
with elevated plasmalevels of STING-driven cytokines with antitumour
functions (for example, typelinterferon, IL-12) 4 hfollowing injection,
which returned to near baseline by 24 h (Extended Data Fig. 2c). Mice
were euthanized aweek following the last injection, blood was collected
for biochemistry analysis (Extended Data Fig. 2d), and major organs
were isolated for histological evaluation (Extended Data Fig. 2e) by
aboard-certified veterinary pathologist, who observed no clinically
notable changes between the untreated control mice and nAlb-diABZI
treated mice, consistent with minor changes in blood biochemistry
and cellular composition. Based on this favourable safety profile at a
therapeutically effective doseinachallenging B16.F10 tumour model,
we selected a dose of 1.25 pg for all subsequent studies.

Given the substantial tumour accumulation of nAlb observed in
orthotopic EMT6 breast tumours—and considering that only approxi-
mately 20% of breast cancer patients benefit from PD-1/PD-L11CB*—
we next evaluated the capacity of nAlb-diABZI to create a TME that
inhibited tumour growth. Female Balb/c mice were inoculated with
EMT6 cells in a MFP and treated with nAlb-diABZI, free diABZI or
vehicle (PBS) at atumour volume of -75 mm? (Fig. 3a). Treatment with
nAlb-diABZI strongly suppressed tumour growth, whereas the free
diABZISTING agonist did not confer a therapeutic benefit (Fig. 3b,c).
Consistent with accumulation of nAlb at tumour sites, we found a
notable increase in the expression of genes associated with STING
pathway activation, including Ifnb1, Cxcl10, Cxcl9 and Tnf (Supple-
mentary Fig.17).

To gain insight into the immunological mechanisms by which
nAlb-diABZI inhibited tumour growth, we used multispectral flow
cytometricimmunophenotyping to quantify changes in key myeloid
and lymphocyte populations and their phenotypes (Fig. 3d-j and
Extended DataFig.3)inEMT6 tumours and in the spleen 24 hfollowing
the third nAlb-diABZI administration. We found that administration

of nAlb-diABZlincreased theinfiltration of CD8" T cells with consider-
ably elevated markers of activation (CD69) and proliferation (Ki67),
as well as the frequency of Ki67'PD-1" CD8" T cells, which have been
correlated with favourable responses toimmunotherapy in patients*.
While there was a reduction in the overall frequency of CD4"* T cells,
this was associated with an increased frequency of CD69°Ki67" and
Ki67'PD-1* CD4" T cells. There was also a significant increase in the
frequency of naturalkiller (NK) cellsand Ki67"NK cellsin the TME; itis
worth noting that the levels of splenic CD69" and Ki67* NK cells were
also elevated, potentially suggesting mobilization of NK cells from
the spleen to the tumour (Supplementary Fig. 18)". Trends towards
increased frequency of MDSCs (Fig.3d,e), asignificantincrease inthe
frequency of FoxP3*CD4" regulatory T cells (Fig. 3e,f) and elevated
MHC-II and PD-L1 on macrophages (Fig. 3g,h) were also observed.
Similar effects have been described for other STING agonists, which
may act as counterregulatory mechanisms that contribute to resist-
ancetonAlb-diABZIasamonotherapy. In particular, MDSCs have been
reported to reduce the efficacy of some STING-activating therapies** ™,
and we therefore evaluated nAlb-diABZI in combination with orally
administered SX-682, which inhibits CXCR1/2 chemokine receptors
involved in MDSC recruitment® but, surprisingly, found that SX-682
tendedtoreducenAlb-diABZl efficacy (Supplementary Fig.19). We also
used anti-Grl antibodies to deplete MDSCs (primarily gMDSCs)** and
againfound amodestreductioninnAlb-diABZI efficacy (Supplemen-
tary Fig. 20). Similar findings have been reported by others™, reflecting
the potentially complex roles of MDSCs in response toimmunotherapy
giventheir capacity to differentiate into mature antitumour effectors.
Nonetheless, our datasuggest that MDSCs do not strongly restrict the
efficacy of nAlb-diABZI, at least in the EMT6 breast tumour model.

Inaddition toimmunological resistance mechanisms, the efficacy
of nAlb-diABZI may also beinhibited through generation of anti-nAlb
or anti-diABZI antibodies that may lead to accelerated blood clear-
ance®. Although albumin has been described to generate immune
tolerance to antigenic cargo® and nanobodies typically have low
immunogenicity*®, we nonetheless addressed this possibility by intrave-
nously administering healthy wild-type C57BL/6 mice withnAlb-diABZI
ondays 0, 3 and 6 and evaluated anti-variable heavy domain of heavy
chain (VHH) antibody titre in serum on day 14 and also compared the
plasma half-life of nAlb-Cy5 to untreated mice. We did not detect an
anti-VHH antibody response in serum (Supplementary Fig. 21) and
observed a similar nAlb-CysS half-life between untreated mice (-59 h)
and nAlb-diABZI-treated mice (-64 h) (Supplementary Fig. 22), sug-
gesting that antibody-mediated nanobody clearance was unlikely to
reduce nAlb-diABZI efficacy in our studies; however, this possibility
cannot be discounted in humans where dose and treatment regimen,
among other variables, will be different and therefore will need to be
furtherinvestigated.

Engineering an albumin-binding, bivalent nanobody fusion

for combined STING agonist delivery and immune checkpoint
inhibition

Having demonstrated the potent antitumour effects of our
albumin-hitchhiking STING agonist, we next sought to leverage the
modularity of nanobody engineering to confer additional immuno-
therapeutic functionality and demonstrate the programmability of
the system. As a translationally relevant example, we introduced a
second previously described nanobody domain that binds to PD-L1.
Our rationale for selecting PD-L1 was twofold. First, we, and others,
have demonstrated synergy between STING agonists and PD1/PD-L1
ICB in suppressing tumour growth, including evidence that STING
activation candirectly upregulate PD-L1expression***®. Second, PD-L1
canbe expressed by both cancer cells and immunosuppressive myeloid
cells in solid tumours®, providing a molecular target for increasing
tumour accumulation; indeed, anti-PD-L1 nanobodies have been used
previously in imaging applications with high selectivity for tumour
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of NK cells, CD8" T cellsand CD4"* T cells (n=7).Inb-e, Pvalues determined

Time after inoculation (days)

Time after inoculation (days)

by two-tailed Student’s ¢-test. f, Schematic of EMT6 tumour inoculation and
treatment schedule with depletion antibodies anti-Asialo GM1 (aNK) IgG, anti-
CD81gG and anti-CD4 IgG (n =13 for PBS and AP-diABZI and n =7 for AP-diABZI
combined with anti-Asialo GM1, anti-CD8 or anti-CD4 IgG). g,h, Tumour growth
curves (g) and Kaplan-Meier survival plots (h) for mice with EMT6 tumours
treated asindicated. Ing, Pvalues determined by two-way ANOVA with post hoc
Tukey’s correction for multiple comparisons for all groups compared to PBS
onday 22.Inh, end-point criteria of 1,500 mm? tumour volume with Pvalues
determined by log-rank test compared to PBS. Replicates are biological, and data
areshownas mean t s.e.m. Panel fcreated with BioRender.com.

tissue”. We therefore hypothesized that an anti-albumin/anti-PD-L1
nanobody fusion would increase tumour targeting, while inhibiting
immunoregulatory PD1/PD-L1interactions that restrain responses
to STING agonists. Thus, we generated a fusion protein that uses a

geneticlinker to connect both nanobody domains and maintained the
C-terminal sortase ligation tag to generate an anti-albumin/anti-PD-L1
(AP)-STING agonist conjugate, termed AP-diABZI (Fig. 4a). We char-
acterized the synthesis and generation of both anti-PD-L1 nanobody
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AP-diABZI or PBS. g, Frequency of CD4" and CD8' T cellsin the spleen at study
end point. h-k, Flow cytometric analysis of the frequency of CD69* CD8" and
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(nPD-L1) and AP conjugates to Cy5 and diABZI, showing that a single,
homogeneous product that contained all three functional elements
was formed (Fig. 4b,c and Supplementary Figs.1and 10). The in vitro
activity of nPD-L1-diABZI and AP-diABZI was tested in A549-Dual and
THP1-Dual type linterferon reporter cells (Fig. 4d,e) and by quantita-
tive PCR (qPCR) for analysis of STING-associated cytokines/chemokine
gene expression in primary BMDMs and bone-marrow-derived den-
dritic cells (BMDCs) (Fig. 4f and Supplementary Fig. 23). We found
that all nanobody-diABZI conjugates were potently active in both
reporter cell lines without evidence of cytotoxicity (Supplementary
Fig.24) and that nanobody-diABZI conjugates were more active than
the parent DBCO-diABZI in BMDMs and triggered STING-associated
gene expression with similar kinetics (Fig. 4f); both nAlb-diABZI and
AP-diABZIwere also active inmouse BMDCs (Supplementary Fig. 23).
Inaddition, we showed using flow cytometry that theincorporation of
the PD-L1targeting domain enhanced binding and internalization in
B16.F10 (PD-L1*) and EMT6 (PD-L1"e") cells (Fig. 4g,h) relative to the
albumin binding nanobody domain alone, which we further confirmed
by comparinginternalization by wild-type and PD-L1 knock-out EMT-6
cells (Fig. 4i).

We next tested the hypothesis that integrating a PD-L1 binding
domain would increase tumour accumulation. We administered
2 mg kg™ of Cy5-conjugated nEGFR, nPD-L1, nAlb and AP nanobodies
to healthy Balb/c mice intravenously and collected blood at discrete

time points to evaluate pharmacokinetics (Fig. 4j). We also admin-
istered Cy5-conjugated nanobodies to mice with orthotopic EMT6
breast tumours and euthanized mice at 48 h to quantify nanobody-
CyS5 conjugate biodistribution to major organs and tumours using
IVIS (Fig. 4k,1). While the AP-Cy5 conjugate had a shorter elimina-
tion half-life than nAlb-Cy5 (17 h to 55 h, respectively), likely due to
binding of target PD-L1in tissue and removal from circulation, both
carriers maintained anincreased elimination half-life and area under
the curve (AUC) relative to either targeted nanobody (nEGFR and
nPD-L1) alone, which were cleared rapidly from circulation (Fig. 4j).
While AP is approximately twice the size (-28 kDa) of the anti-PD-L1
nanobody, both are below the threshold for renal clearance®, and
therefore, theincreased circulation time of AP can be primarily attrib-
uted to the albumin-hitchhiking functionality. Furthermore, while
the nPD-L1-Cy5 conjugate was observed at similarly low levels in
major organs (liver and kidneys) and the tumour at 48 h (Fig. 4k), the
AP-Cy5 conjugate showed significant tumour accumulation (cor-
responding to 2.19 + 0.43% injected dose (ID) per g tumour) relative
to major organs (Fig. 4k) and significant increase over nAlb alone
(Fig.41). Tofurther demonstrate increased tumour targeting, we com-
pared therelative tumour accumulation of AP-Cy5in breast tumours
established using parental or PD-L1 knockout EMT-6 cells and found
asignificantdecreasein tumour accumulationinthe PD-L1knockout
model (Fig. 4m). It should be noted that PD-L1 was only knocked out
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of cancer cells in this model and that infiltrating myeloid cells can
also express PD-L1 which may explain the modest <2-fold decrease
in AP-Cy5 accumulation. Nonetheless, these studies support our
hypothesis that integrating a PD-L1binding domain furtherimproves
delivery to tumour tissue.

AP-diABZI reprograms the TME to eliminate breast tumours
and generate immunological memory that prevents recurrent
disease

We next investigated the antitumour effects of systemically admin-
istered AP-diABZI fusion in the orthotopic EMT6 tumour model,
comparing effects to those elicited by the constitutive components
nAlb-diABZI and nPD-L1-diABZI (Fig. 5a-d). All nanobody carri-
ers were administered intravenously at 1.25 pg of agonist. In addi-
tion, mice were treated with commercially available anti-PD-L11CB
immunoglobulin G (IgG) antibody to model a US Food and Drug
Administration-approved anti-PD-L1ICI (for example, atezolizumab). A
standard preclinical dose of 100 pg IClwas delivered intraperitoneally,
whichisanear-equivalent molar dose of administered nanobody based
onantigenbinding domains (thatis, single domain for nanobody and
two domains for antibody). Treatment with AP-diABZI completely
eliminated observable EMT6 tumours, resulting in a100% complete
response rate (10/10 mice), whereas treatment with nAlb-diABZI, while
still very effective, yielded a30% complete response rate (3/10 mice);
nPD-L1-diABZI only modestly inhibited tumour growth, although to
slightly greater extent than the conventional anti-PD-L11gG ICI, which
conferred only minimal activity in this model. It is worth noting that
no additional toxicity was observed for AP-diABZI relative to nAlb-
diABZI (Extended Data Fig. 2), although minor hepatic extramedul-
lary haematopoiesis was noted. To further assess this, we compared
AP-diABZI to a combination regimen of nAlb-diABZI and ICB (that
is, anti-PD-L11gG) and observed comparably effective antitumour

responses, suggesting that the improved efficacy of AP-diABZI over
nAlb-diABZI can largely be attributed to immune checkpoint inhibi-
tion. Mice treated with AP-diABZI and nAlb-diABZI + ICB that exhib-
ited complete responses were rechallenged 80 days after the initial
tumour inoculation with the injection of EMT®6 cells in a distal MFP
and tumour growth monitored without additional treatment. Inboth
groups, mice were largely resistant to tumour re-challenge with only
1/9 (AP-diABZI) or1/8 (nAlb-diABZI + ICB) mice developing atumour
with the others remaining cancer free until at least day 100, demon-
strating induction of memory lymphocytes that recognize EMT6
tumour antigens (Fig. 5e,f). We next evaluated the antitumour efficacy
of AP-diABZIin mice inoculated with parental or PD-L1knockout EMT6
cells and found that it was less effective (100% versus 60% complete
response rate) when PD-L1 was not expressed by breast cancer cells
(Fig. 5g,h and Supplementary Fig. 25), potentially due to decreased
tumour accumulation and/or reduced checkpointinhibition. We also
evaluated AP-diABZI in a mouse mammary tumour virus-polyoma
middle T antigen (MMTV-PyMT) transgenic mouse model of spontane-
ous breast cancer, finding that systemic administration of AP-diABZI
significantly reduced tumour burden without evidence of increased
lung metastasis (Extended Data Fig. 4), which has beenimplicated as
apotentially deleterious consequence of STING signalling in some
preclinical models®®®',

To gaininsightinto the mechanism underlying the increased effi-
cacy of AP-diABZI, we treated mice bearing orthotopic EMT6 tumours
with AP-diABZI, nAlb-diABZI or PBS, collected serum at 4 h following
the first dose for analysis of serum cytokines (Supplementary Fig. 26)
and euthanized mice 24 h after the third dose for gene expression
analysis of tumour tissue using the NanoString PanCancer 10 360
panel (Fig. 5i-mand Extended Data Fig. 5). Administration of nAlb-diA-
BZI and AP-diABZl increased serum levels of antitumour type linter-
ferons (interferon-a, (IFN«), interferon-f (IFNf)) and Thi cytokines
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(for example, IL-12, TNF), whereas nPD-L1-diABZI did not stimulate
response, consistent withits low therapeutic efficacy; itis worth noting
that only AP-diABZI notably increased levels of interferon-y (IFNy), a
cytokine with an established role in antitumour immunity. Likewise,
both nAlb-diABZI and AP-diABZI mediated considerable shiftsin the
gene expression profile, with transcript signatures associated with
increased immune cellinfiltrate (immune cell trafficking, CD8* T cells,
NK cells, Thi cells), tumour immunogenicity (antigen presentation,
T-cell priming, T-cell recognition, costimulation, cytokine/interferon
signalling) and cancer cell death/apoptosis, with AP-diABZI tending
to exert a stronger effect relative to nAlb-diABZI (Fig. Sk-m and Sup-
plementary Fig.27).

To further understand how AP-diABZI exerts potent antitu-
mour effects, we performed flow cytometric immunophenotyping
of EMT6 tumours 48 h following the first dose of nAlb-diABZI and
AP-diABZI (Extended Data Fig. 6). We observed a decreasing fre-
quency of live cancer cells (CD45") within the tumour and found a
significant decrease in proliferating (Ki67") cancer cells, consistent
with the potent antitumour effects induced by AP-diABZI and gene
expression analysis supportingincreased cancer cell death. Itisworth
noting that there was also an observed trend towards a decrease in
PD-L1 expression within cancer cells. We found that a single dose of
either nAlb-diABZI or AP-diABZI increased the infiltration of neu-
trophils and NK cells; more granulocytic MDSCs were also present,
potentially contributing as an immunoregulatory mechanism to
acute STING activation. However, as observed with nAlb-diABZI
treatment, inhibition of MDSCs using SX-682 or anti-GR1 antibody
depletion reduced AP-diABZI treatment efficacy (Supplementary
Figs.19,20 and 28). While no change in the overall frequency of CD8*
T cells was observed at this early time point, tumour-infiltrating CD8"
T cells tended to display a more activated CD69" phenotype, which
was also reflected in the splenic T-cell population (Supplementary
Fig.29). Motivated by these data, we studied the tumour and spleen
immune cell dynamics after treatment with one, two or three doses
of AP-diABZI (Fig. 6 and Supplementary Figs. 30 and 31). We found
that AP-diABZlincreased the frequency of CD4" T cells, CD8" T cells
and NK cells expressing markers of activation and proliferation,
with atrend towards a stronger response after two and three doses,
where arobust antitumour effect was observed (Fig. 6a—e). Consist-
ent with observations following a single dose and the potent anti-
tumour efficacy of AP-diABZI, the frequency of CD45Ki67" cancer
cellswasalsoreduced (Fig. 6a-d and Supplementary Fig. 32). This is
also consistent with gene expression profiling (Fig. 5j-1) indicating
increased NK and T-cellinfiltration and tumouricidal activity. Within
the tumour-infiltrating T-cell compartment, the percentage of CD8*
T cells increased with similar trends towards a more activated phe-
notype, and importantly, the ratio of CD8" cells to FoxP3* regulatory
T cells was increased (Fig. 6b,c), indicative of a more immunogenic
‘hot’ immune profile within the TME. Furthermore, within CD8" and
CD4" T-cell populations—both within the tumour and spleen—we
observed a shift towards Ki67°'CD69" and Ki67'PD-1" cells, indicating
the prevalence of both proliferating and activated lymphocytes in
response to AP-diABZI (Fig. 6d,e and Extended DataFig. 7). Together,
these data show that AP-diABZI increases the infiltration of CD8"
T cellsand NK cells withan activated phenotype and that this effect is
enhanced over the use of nAlb-diABZI alone, potentially implicating
CD8' T cellsand NK cells as the primary antitumour effectors. To test
this, we antibody-depleted NK cells, CD8" T cellsand CD4" T cells and
evaluated antitumour responses elicited by AP-diABZI treatment.
Again, we observed a 100% complete response to AP-diABZI, but
treatment efficacy was almost completely inhibited with CD8" T cell
or NK cell depletion, with CD8" T-cell depletion having a slightly
stronger effect (Fig. 6f-h); no effect of CD4" T-cell depletion was
observed. Therefore, both NK cells and CD8" T cells are essential to
the potent efficacy of AP-diABZI in an EMT-6 breast tumour model.

AP-diABZI inhibits B16.F10 tumour growth and primes an
antigen-specific memory CD8" T-cell response in situ

We next assessed the efficacy of AP-diABZI in a more challenging
and immunosuppressive B16.F10 melanoma model, initiating the
three-dose treatment regimen when subcutaneous tumours reached
an average size of 75 mm?®. As expected in this model, anti-PD-L1ICB
exerted no therapeutic benefit, whereas both nAlb-diABZI and AP-diA-
BZI suppressed tumour growth and elongated median survival time,
with AP-diABZI conferring the most survival benefit, consistent with
findings in the EMT6 model (Fig. 7a-d). We also found that AP-diA-
BZI was more effective than free diABZl administered at 24 times the
dose (30 pg) in the B16.F10 model (Supplementary Fig. 33). We again
evaluated cytokine levels in plasma 4 h following the first injection
and found that anti-PD-L1ICB increased only IL-1a levels, while nAlb-
diABZI and AP-diABZI stimulated the production of cytokines and
chemokines associated with antitumour immunity, including IFNa,
IFNB, IFNy, IL12p70 and CXCL10 (Extended Data Fig. 8). To determine
the primary cellular effectors to AP-diABZI in the B16.F10 model, we
antibody-depleted CD4" and CDS8" T cells and NK cells again finding
that the antitumour response was mediated predominantly by CD8*
T and NK cells (Extended Data Fig. 9).

STING activation can prime the immune system to stimulate a
systemic, antigen-specific, antitumour T-cell response with potential
tolead to generation of T-cell memory***%, Given evidence of increased
antigen presentation, cancer cell killing and T-cell priming, as well as
protection from tumour re-challenge in mice with EMT6 tumours
treated with AP-diABZI (Fig. 5), we next assessed the capacity of AP-
diABZI to stimulate a de novo tumour antigen-specific CD8" T-cell
response. To test this, weinoculated C57BL/6 mice with B16.F10 mela-
noma cells expressing ovalbumin (B16.F10-OVA) as a model antigen
and treated mice with either PBS or AP-diABZI on athree-dose regimen
once tumours reached a size of 75-100 mm? (Fig. 7e-m). At 24 h after
thefinal dose, mice were euthanized for flow cytometric evaluation of
splenic T-cell response. Consistent with results in mice with parental
B16.F10 tumours, AP-diABZI treatment significantly reduced tumour
burden (Fig. 7f). Treatment with AP-diABZI resulted in a significant
increase in activated CD69* CD4" and CD8" T cells (Fig. 7h) and effec-
tormemory (CD44'CD62L") CD4"and CDS8' T cells, withareductionin
CD4" central memory (CD44'CD62L") T cells. Using SIINFEKL/H-2Kb
tetramer staining, we also found that AP-diABZI treatment stimulated
a strong peripheral ovalbumin (OVA)-specific CD8" T-cell response
(Fig.71), characterized by a predominantly (-60%) CD44"CD62L" effec-
tor memory phenotype (Fig. 7m and Extended Data Fig.10). Hence, in
addition toremodelling the TME, systemic administration of AP-diA-
BZI primes antigen-specific CD8" T-cell effector and memory responses
capable of targeting tumour-associated antigens.

Albumin-hitchhiking STING agonists inhibit lung metastatic
disease

Based on the evidence that AP-diABZI can stimulate an effective antitu-
mourimmune response in theimmunologically ‘cold’ B16.F10 model,
we extended our investigations to evaluate therapeutic efficacy inan
aggressive model of lung metastatic melanomainduced throughintra-
venousinoculation of luciferase-expressing B16.F10 (B16.F10-Luc) cells
(Fig.8a). Aweek followinginoculation, we used the three-dose combina-
tiontherapy regimen described previously. On day 17 after inoculation,
mice were euthanized, and lungs were collected for quantification of
tumour burden via measurement of lung mass, immunohistochem-
istry and bioluminescence imaging (Fig. 8b-e and Supplementary
Fig.34). High metastatic tumour burden was evidentin mice receiving
anti-PD-L11CB alone but significantly reduced in mice receiving nAlb-
diABZI and nearly eliminated in mice receiving AP-diABZI. It is worth
noting that these data show that albumin-hitchhiking STING agonists
are effective against metastases in the lung, one of the most common
metastatic sites for many cancers. This also suggests a potential to treat
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micrometastases, which typically lack the leaky vasculature required
for tumour accumulationviathe enhanced permeation and retention
effect®; by contrast, albumin-binding molecules have been shown to
accumulate in micrometastases®*.

AP-diABZI opens a therapeutic window for adoptive T-cell
transfer therapy

Finally, we sought to demonstrate the versatility of our strategy
by extending the application of AP-diABZI to the setting of adop-
tive cellular immunotherapy®, which includes tumour-infiltrating
lymphocyte therapy, chimeric antigen receptor T cells, and
T-cell-receptor-engineered T cells. Adoptively transferred T cells face
major barriers to tumour infiltration and function, which continues to
limit their clinical impact in the treatment of solid tumours®*“’, Based
on data showing that nAlb-diABZI and AP-diABZI enhance the infil-
tration of endogenous antitumour T cells, we hypothesized that the
approach could be used to pre-condition the TME to generate a thera-
peutic window for adoptive T-cell therapy. To test this, we inoculated
female C57BL/6 mice with subcutaneous B16.F10-OVA cells and allowed
the tumours to reach approximately 75 mm? (Fig. 8f). We then treated
mice with either one or three doses of AP-diABZI, followed by asingle
intravenous dose of activated OVA-specific activated CD8" T cells (OT-I
T cells). Treatment with OT-I1 T cells only (no STING agonist) on day 9
resulted in marginal therapeutic benefit (Fig. 8g,h), consistent with the
highlyimmunosuppressive B16.F10 TME that restricts T-cellinfiltration
and effector function. However, treatment with OT-I T cells 48 h after
either one or three AP-diABZI doses conferred significant reduction
in tumour growth and prolonged mouse survival (Fig. 8i). It is worth
noting that the treatment regimen of three doses of AP-diABZI before
one dose of OT-IT cells resulted in a25% complete response rate (3/12
mice). This provides additional evidence that albumin-hitchhiking
STING agonists can establish an inflammatory milieu that supports
T-cellinfiltration and function. While here we used a simplified model
of an adoptive T-cell therapy, these studies highlight the potential to
leverage nanobody-STING agonist conjugates to enhance responses
to multiple T-cell-based immunotherapies, including autologous
tumour-infiltrating lymphocyte therapy, chimeric antigen receptor
T cells and cancer vaccines.

Discussion
Innate immunity fuels the cancer immunity cycle, playing critical roles
in antitumour T-cell priming, recruitment of cytotoxic immune cells,
and recognition of tumour antigens®*’°. However, the development
ofinnateimmune agonists targeting specific PRRs has been limited by
pharmacological barriers that have largely restricted their application
tointralesionaladministration*, which has yet to deliver onits clinical
promise™. This challenge has been recently exemplified by the clinical
exploration of STING agonists, which have demonstrated impressive
resultswhen administered intratumourally in mouse models but have
not yet proven effective in patients. To address this, we developed
adrug carrier for systemic delivery of STING agonists based on an
albumin-hitchhiking nanobody (nAlb) engineered for precisely defined
andsite-selective ligation of a DBCO-functionalized ‘clickable’ diABZI
cargo that we synthesized. Our data show that intravenously adminis-
tered nAlb conjugates bind to circulating albumin in situ, increasing
nanobody half-life from minutes to days and harnessing the capacity of
albuminto accumulate in tumours for delivery of cargo to cancer cells
and tumour-associated myeloid cellsin the TME. This triggered potent
STING activationat tumour sites, initiating aninflammatory program
that increased the infiltration of activated NK cells and CD8" T cells
with antitumour function. Accordingly, nAlb-diABZI conjugates show
improved efficacy in mouse models of breast cancer and melanoma
relative to aleading free diABZI agonist.

An appealing feature of anti-albumin nanobodies and other
protein-based albumin-hitchhiking agents (for example, affibodies,

humabodies, albumin binding domains derived from Streptococcus
protein G) over other albumin binders (for example, lipids, Evans blue)
is the high degree of molecular programmability that can be achieved
through protein engineering. Here we illustrate this modularity by
recombinantly integrating a PD-L1 binding domain to create a bivalent
fusion protein for covalent conjugation of diABZI. This yielded asingle,
well-defined, multifunctional STING agonist that increased tumour
accumulation in a PD-L1-dependent manner, while also blocking an
important immune checkpoint, resulting in spontaneous induction
of tumour antigen-specific T cells that inhibited tumour growth and
providedimmunological memory that protected against tumour rechal-
lenge. While we selected PD-L1 on translational considerations, the
bivalent nanobody system is readily amenable to integration of other
immunoregulatory features and/or molecular targeting ligands. To date,
therearesparingly few reports describing the targeted delivery of STING
agonists’’?, with most using surface-decorated nanoparticles for CDN
delivery””. Our albumin-hitchhiking nanobody approach offers several
potentialadvantagesincluding plug-and-play programmability, precise
and site-selective ligation of STING agonists and a smaller size that has
been reported to improve tumour penetration, a limitation of nano-
particles and full-length antibodies in tumours with dense stroma’ %,

Although there are vast future opportunities for bivalent nan-
obody-agonist conjugates, it is also notable that nAlb-diABZI was
highly effective as a single agent, which may be advantageous for
cancersthatlackadefined cell surface target. While stillincompletely
understood, albumin canaccumulate in tumour tissue through several
interrelated mechanismsthatare largely enabled by its long circulation
time, including the enhanced permeability and retention effect, active
transportviaendothelial cell transcytosis, binding to SPARC produced
by cancer cells, and cellular uptake and catabolism by cancer and
tumour-associated immune cells such as macrophages””. Indeed, our
datashow thatalbumin hitchhiking dramatically increases nanobody
and drug half-life, allowing nAlb-diABZI to accumulate in tumour tis-
suewhereitisinternalized by cancer and tumour-associated immune
cellstoactivate STING. To date, most research on albumin-based drug
carriersfor cancer (forexample, Abraxane, aldoxorubicin) has focused
ondelivery of chemotherapy drugs that target cancer cells. By contrast,
immunostimulatory agents such as STING agonists can stimulate
complex antitumour immunological programmes that may be more
dependent onimmunological variables (for example, neoantigen load,
immune status of the TME) than on the efficiency of drug accumulation
intumour tissue or delivery to cancer cells. For example, in our analy-
sis of nAlb-CyS5 biodistribution, we found ~11%ID per g tumour in the
EMT6 model and acomparable ~8.4%ID per g tumour in B16.10 model
(Fig. 2), yet a substantial difference in response to both nAlb-diABZI
alone and in combination with anti-PD-L1 that may be attributed to
the relatively low immunogenicity of B16.F10 tumours. It is worth
notingthat the efficacy of nAlb-diABZIwas enhanced when delivered
in combination with anti-PD-L1ICB and therefore may hold promise
when combined with other ICIs and as an adjuvant therapy for patients
with acquired resistance to IClIs. In addition, nAlb-diABZI was much
more effective than nPD-L1-diABZI, which was cleared rapidly with
minimal tumour accumulation despite a capacity to activate STING,
bind PD-L1 and inhibit immunoregulatory PD-L1/PD-1 signalling’.
This finding contributes to an evolving understanding of how the
spatiotemporal dynamics of immunomodulatory signals impact the
efficacy and safety of systemically delivered innate immune agonists
and other immunotherapies®*°*, Indeed, anti-albumin nanobodies
have been engineered with variable affinity®, and this may afford a
future opportunity for precisely modulating plasma half-life to estab-
lishimmunopharmacological principles for optimizing systemicinnate
immune agonist delivery. However, clinicalimaging has demonstrated
thatalbuminaccumulation varies among cancer types and patients®,
and theimplications of this for the activity and efficacy of nAlb-diABZI
must be considered and further investigated.
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Also critical to the efficacy of our technology was the design and
synthesis of adiABZISTING agonist functionalized with a DBCO group
for biorthogonal conjugation to azide-presenting nanobodies. Despite
being stably linked to the nanobody via an amide bond, the STING
agonist showed high potency invitroandin vivo, which we attribute to
lysosomal degradation of endocytosed diABZI-nanobody conjugates
and release of an active species (Supplementary Fig. 6 and Extended
Data Fig. 1). While there may be an advantage to using such stable
linkers to minimize premature drug release into the circulation®, our
strategy also opens the possibility of installing cleavable linkers (for
example, enzyme cleavable, reactive oxygen species cleavable) that
enable environmentally responsive, ‘logic-gated’ drug release with
potential to further improve tumour specificity and reduce systemic
exposure®®, In addition, while our selection of a diABZI agonist was
largely motivated by their recent advancementinto clinical trials, the
strategy is also amenable to conjugation to other STING agonists (for
example, recently described conjugatable CDNs)'®**as well as agonists
targeting other PRRs*"%,

In summary, we have integrated synthetic biology tools to engi-
neer precisely defined nanobody-STING agonist conjugates for can-
cer immunotherapy. We leveraged albumin-binding nanobodies as a
scaffold from which diverseimmunomodulatory components can be
readily integrated via recombinant and chemical design. We demon-
strated that albumin-hitchhiking nanobodies enhanced the potency
and efficacy of a diABZISTING agonist, and we showcased the versatility
of the system by introducing a PD-L1 binding nanobody that affords
increased tumour targeting and immune checkpoint inhibition to
further potentiate antitumour immunity and efficacy. We found nano-
body-diABZI conjugates to be highly effective in an orthotopicbreast
cancer model and an aggressive model of lung metastatic melanoma,
and we further demonstrated their utility as aneoadjuvant therapy to
improve responses to adoptive T-cell transfer. It is worth noting that
nanobody-diABZI conjugates were well tolerated with a favourable
preclinical toxicity profile and are amenable to established scalable
manufacturing workflows and translational pipelines. Collectively, our
study establishes a preclinical foundation for future development of
nanobody-STING agonist and other protein-STING agonist conjugates
as enabling technologies for cancerimmunotherapy.

Methods

Materials and cell lines

Allchemicalsinvolvedin synthesis of target compounds were reagent
grade unless stated otherwise. DNase, isopropyl thiogalactoside and
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich.
Azido-PEG;-amine and DBCO-PEG,,-N-hydroxysuccinimide (NHS)
ester were purchased from BroadPharm. Magnesium sulfate, sodium
hydroxide, sodium azide, sodium acetate, sodium chloride, sodium
bicarbonate, sodium hydroxide, 2xYT media, kanamycin, protease
inhibitor cocktail tablets (EDTA free), nickel-nitrilotriacetic acid (NTA)
resin and all other organic solvents were purchased from Thermo
Fisher Scientific. AllDNA block segments involved in cloning protein
inserts were purchased from Integrated DNA Technologies with stand-
ard desalting as the means of purification. For protein expression,
pET28-b(+) expression vector, Q5 Hot Start Master Mix 2x, T4 DNA
ligase, Golden Gate Master Mix (Bsal-HF v2), DH5a Escherichia coli,
and T7 SHuffle Express E. coli chemically competent cells were pur-
chased from New England Biolabs. QIAprep Spin Miniprep kits were
purchased from Qiagen. THP1-Dual and A549-Dual cell lines were pur-
chased from InvivoGen. A549-Dual cells were cultured in Dulbecco’s
modified Eagle medium (DMEM; Gibco) supplemented with 2 mM
L-glutamine, 4.5 g I glucose, 10% heat-inactivated fetal bovine serum
(HI-FBS; Gibco), 100 U mI™ penicillin/100 pg ml™ streptomycin (Gibco)
and 100 pg mI Normocin. THP1-Dual cells were cultured in Roswell
Park Memorial Institute (RPMI) 1640 Medium (Gibco) and was supple-
mented with2 mM L-glutamine, 4.5 g I glucose, 10% HI-FBS (Gibco),

100 U mI™ penicillin, 100 pg ml™ streptomycin (Gibco) and 100 pg ml™*
Normocin. Every other passage, both blasticidin (InvivoGen) and
Zeocin (InvivoGen) were added at a concentration of 200 pg ml™
to the cell culture flask. The mouse breast cancer cell line EMT6 and
melanoma cell lines B16.F10 and B16.F10-Luc2 were purchased from
American Type Culture Collection, where EMT6 cells were grown in
RPMI supplemented with 2 mM L-glutamine, 4.5 g 1" glucose, 10%
HI-FBS, 100 U mI™ penicillinand 100 pg ml™ streptomycin. B16.F10 and
B16.F10-Luc2 cells were cultured in DMEM supplemented with2 mM
L-glutamine, 4.5 g 1™ glucose, 10% HI-FBS, 100 U ml™ penicillin and
100 pg ml™* streptomycin. B16.F10-OVA cells were a gift from A. Lund
and were cultured in DMEM supplemented with 2 mM L-glutamine,
4.5g 1" glucose, 10% HI-FBS, 100 U mI™ penicillin and 100 pg ml™
streptomycin with continuous selection using geneticin (G418; Gibco)
after every cell passage at a concentration of 500 pug ml™. NCI-H358
cells stably expressing Gal9-mCherry were a gift from M. J. Munson
and cultured and used to evaluate endosomal disruption as previously
described™. All cell types used in the study were grown ina humidified
atmosphere at37 °Cin 5% CO,.

Cloning of proteins

Gene cassette was purchased from Integrated DNA Technologies in
the form of agene block, with cloning restriction sites placed on both
flanking regions (Bsal-GGTCTC). In the case of a fusion protein, a
geneticsequence was placed between the two domains (XTEN-SGSET-
PGTSESA). For sortase-mediated bioconjugation of nanobodies, a
C-terminal sequence wasincorporated (LPETGGHHHHHHEPEA). The
gene fragment was digested with Bsal-HF v2 in a Golden Gate master
mix (New England Biolabs) and ligated into a pET28-b(+) plasmid.
The construct was transformed into chemically competent DH5«a
E. coli (New England Biolabs) and plated on Luria-Bertani agar with
kanamycin. The sequence-verified pET28b plasmid was transformed
into T7 Shuffle Express E. coli (New England Biolabs) as the expression
strain. Glycerol stocks of every successfully transformed bacterial
strain were maintained at —-80 °C. Protein sequences are summarized
inSupplementary Table 1.

Expression and purification of proteins

About 5 pl of kanamycin (stocked at 50 mg ml™) wasadded toa culture
tube containing 5 mL 2xYT mediaand inoculated with astab of culture
stock (cloned into aNew England Biolabs T7 Shuffle Express cell line).
The culture was incubated at 30 °C, with shaking at 250 rpm for 16 h.
Each culture was transferred to a2 | baffled flask containing 500 ml of
autoclaved 2xYT media and 500 pl of kanamycin (25 mg) and shaken
at 30 °CinanInnova 42R (New Brunswick Scientific) incubator for
4.5-5 h (untilthe optical density at 600 nmreached -0.8). The cultures
were then cooledto-~16 °Cand induced withisopropyl thiogalactoside
(2.5 mMfinal concentration). The induced cultures were shaken over-
night (20-24 h) at 16 °C. The bacteria were collected the next day by
centrifugation (3,900 rpm for 10 min), and the pellet was reconstituted
in1x PBS with DNase land atablet of protease inhibitor cocktail (EDTA
free). The cellswere lysed by sonicationonanicebathin5 sincrements
over 10 min. Theresulting bacterial lysate was centrifuged (11,000 rpm
for 20 min) toremove cellular debris. The supernatantwas addedtoa
50 ml Kontes Flex column (Kimbal Kontes Glassware) containing 3 ml
of nickel-NTA histidine binding resin that was pre-equilibrated with
1x PBS buffer. This column was placed on a rotating shaker at room
temperature for 1-2 h. After this period, the supernatant was drained
from the column using gravity, and the column washed with 1x PBS
buffer twice. Weakly bound proteins were first washed off the resin
using alow-concentration elution buffer (2 x 10 ml, 10 mMimidazole,
1x PBS pH 7.4 at 25 °C). The bound protein was then eluted from the
resin using elution buffer (15 ml, 150 mM imidazole, 1x PBS pH 7.4 at
25°C). The eluate was then concentrated to 0.5 mlina15 mlMicrocon
10 kDa Centrifugal Filter Unit (Millipore) and subsequently purified by
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size exclusion chromatography using AKTA pure (Cytiva) fast protein
liquid chromatography on a Hi-Load 16/60 Superdex 200 column
using 1x PBS at pH 7.4 as the running buffer at 4 °C. Pure fractions were
determined by SDS-PAGE, pooled together with buffer exchange to 1x
PBS and stocked at either —20 °C or 4 °C.

Enzymatic bioconjugation and click chemistry reactions
Bioconjugationreactions occurred in mild conditions (20 mM HEPES
atpH?7.4,150 mM NaCland 10 mM CaCl,) between eSrtA (100 uM) and a
nanobody containing a C-terminal ligation tag (75 pM) using aprimary
amine containing functional group (20 mM), here azido-PEG;-amine
(BroadPharm). Reactions occurred with mixing by a rotary shaker
overnight (16 h) and were quenched by the addition of a1:1 volume of
a chelating agent EDTA containing solution (20 mM HEPES at pH 7.4,
300 mM NaCland 10 mM EDTA) under rotation for 1 h. After the reac-
tionwas stopped, the solution was concentrated and buffer changed to
1x PBS (without NaCl or MgCl,) three times by centrifugal dialysis. The
protein solution was thenimmobilized to nickel-NTA histidine binding
resinforatleast2 h,and unbound proteinwas collected by washing the
resin with1x PBS. For nanobodies that contain a histidine in the native
sequence, proteins were eluted in mild conditions (10 mM imidazole
in1x PBS). Collected protein was concentrated and buffer changed to
1x PBS by centrifugal dialysis and verified by ESI-MS and SDS-PAGE.
Click chemistry reactions were made to proceed by the addition of 5
equiv. (molar) of the complementary handle (for example, if an azide
was placed on the nanobody, the click chemistry reaction would pro-
ceed with the addition of 5 equiv. of DBCO-containing moiety). For Cy5
conjugations, sulfo-Cy5-DBCO was purchased from Sigma Aldrich,
and Cy5-DBCO was purchased from BroadPharm. After 48 h of reac-
tion between the protein-azide and the DBCO-moiety under rotation
atroom temperature, the mixture was purified by centrifugal dialysis
four times with 1x PBS and verified for purity by ultraviolet-visible
spectroscopy, ESI-MS and SDS-PAGE.

SDS-PAGE

Proteinsamples were diluted in1x PBS to 10 pM before analysis. About
10 pl of the protein sample was mixed with 10 pl of reducing Laemmli
buffer. Samples were boiled at 95 °C for 5 min, and 15 pl of each sample
wasloadedintoal5-well, 4-15% Tris-glycine precast polyacrylamide gel
(Biorad) and ran ata constant 150 Vwith 343 mA for 30 min. The gel was
then either firstimaged for Cy5 fluorescence ona UV-transilluminator
or directly stained using Coomassie-B-250.

ESI-MS

Proteins were buffer exchanged into ammonium acetate (pH 5.5) and
concentrated to approximately 100 pM. ESI-MS data were collected
using an Agilent 6210A time-of-flight (TOF) mass spectrometer at a
range of 50-20,000 m/z over a period of 2 min. Data were analysed with
Agilent MassHunter IM-MS Acquisition Data software (version 5.3) to
reveal m/zdata, where files were condensed across the 2 minrun. These
m/zdatawere deconvoluted using amaximum entropy deconvolution
calculationusing UniDec (version 8.0.1) to give the deconvoluted mass
spectra using background subtraction in a range of1,000-5,000 m/z
and with an export range of 5,000-50,000 Da.

Computational modelling and analysis of nAlb nanobody
nAlbwas modelledinsilico using RoseTTAFold (GitHub; RosettaCom-
mons), and binding between HSA (PDB, 1A06) and nAlb was predicted
using RosettaDock through ROSIE (Rosetta Online Server that Includes
Everyone; Pittsburgh). After an initial screening for best fits of the
docking between HSA (receptor) and nAlb (ligand), the best fit model
was thenreturned for rescreening to confirm an optimal energy con-
formationbetween the structures. The final structures of nAlb and the
bound nAlb-HSA complex were exported to PyMOL (version 3.1) for
generating a figure of the structure.

Isothermal titration calorimetry

All proteins used were equilibrated in buffer at indicated pH values
by titration using HCI (aqueous) or NaOH (aqueous) in PBST, 150 mM
NaCl,3 mMEDTA and 0.05% Tween 20. Albumin (HSA and recombinant
mouse serum albumin; Sigma) and PD-L1titrations were runonthe TA
Instruments Affinity ITCinstrument (TA Instruments). About 350 pl of
albumin or PD-L1(Sigma) was added to the sample cell (10-20 pM), and
either the nAlb nanobody (125-250 M) or nPD-L1 nanobody (250 pM)
was loaded into the injection syringe, respectively. The reference cell
contained ultrapure water which was changed after each titration
experiment. All runs used the following instrument settings: cell tem-
perature 298 K, reference power 10 pCal s™, initial delay 240 s, stirring
speed 75 rpm, feedback mode/gain high and injection volume 2 pl for
10 s, titration spacings at120 sintervals and afilter period of 10 s. Data
were analysed using the provided NanoAnalyze software (version 2.1)
for the instrument to determine thermodynamics of binding from an
independent model.

Tritosome degradation assay and MALDI-TOF MS

Tritosomes (XenoTech/BiolVT) were prepared and activated by com-
bining 70 pl of nuclease-free water, 10x of catabolic buffer (K5200,
BiolVT) and 100 pl of pure lysosomes (H0610.L, BiolVT) and incubating
the mixture at 37 °C for 15 min. Samples for lysosomal degradation
were added at 0.5 pM (10 pl) with the tritosome mixture and incu-
bated at 37 °C over a period of 48 h. Aliquots were taken from the reac-
tion mixture at distinct time points, flash frozen with liquid nitrogen
and stored at —80 °C to stop the reaction. Activity was determined
by observing molecular weight shifts in the substrate using MALDI-
time-of-flight MS (MALDI-TOF MS). About 3 pl of matrix (15 mg ml™
2,4,6-trihydroxyacetophenonein dry acetone) was combined with 1 pl
of aliquoted sample and spotted on a stainless steel MALDI-MS plate
(Bruker). Matrix was evaporated using compressed air, read onaBruker
AutoFlex MALDI-TOF and processed with the FlexControl software
(version 3.4, Bruker Daltonics). The laser pulse rate was 500 Hz, and
spectra were obtained with a mass window of 400-4,000 m/z at the
highest resolution for the instrument (4.00 GS/s dataacquisition rate).
FlexAnalysis software (version 3.4, Bruker Daltonics) was used to obtain
baseline spectraforall samples. Datawere exported and plotted using
MATLAB (version 2023b) to generate figures showing m/z spectra at
distinct time points.

Synthesis and nuclear magnetic resonance verification of
DBCO-PEG,,-diABZI

Synthesis of the DBCO-conjugated STING agonist (diABZI) is described
inSupplementary Fig. 2, with nuclear magnetic resonance (NMR) veri-
fication presented in Supplementary Figs. 3 and 4. We first generated a
STING agonist that features areactive amine handle, which was synthe-
sized in four steps. Briefly, aryl amination of an aryl chloride 1 with an
amine2gave adi-nitro analogue, compound 3. The di-nitro compound
3 was subjected to reduction using sodium dithionite in methanol,
generating a di-amine moiety 4. Compound 4 was then treated with
isothiocyanate, followed by 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide coupling, toreveal aboc-protected analogue, compound 5.
Next, the boc group from compound 5 was deprotected by treating with
1:1trifluoroaceticacid:dichloromethane. Toastirred solution of amine
6 (100 mg, 0.089 mmol,1equiv.) in5 mldimethylformamide, Hunig’s
basewasadded (77 pl, 0.44 mmol, 5equiv.) under argon atmosphere at
roomtemperature. After stirring for 5 min, asolution of activated NHS
ester (98 mg, 0.098 mmol, 1.1equiv.) indimethylformamide (5 ml) was
added dropwise and stirred overnight (16 h). The solvent was evapo-
rated to get crude product 7, which was purified by silica gel column
chromatography using a mixture of methanol/dichloromethane asan
eluent (5% to 25% MeOH) to get the desired product as asolid (70 mg,
0.042 mmol, yield 43%). (R;= 0.5in 20% MeOH in dichloromethane).
'HNMR (400 MHz, DMSO) & 8.01-7.93 (m, 2H), 7.88 (t,/= 5.7 Hz, 1H),
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7.75(t,/=5.7 Hz,1H), 7.67-7.60 (m, 4H), 7.49-7.42 (m, 3H), 7.38-7.27 (m,
7H),6.49 (d,/=7.1Hz,2H),5.88-5.79 (m,2H),5.01(d,/=13.9 Hz,1H), 4.91
(dd,/=29.6,4.2Hz,4H),4.53-4.49 (m,4H),3.98 (t,/= 6.0 Hz,2H), 3.72
(s, 3H), 3.60-3.57 (m, 2H), 3.54 (t,/= 6.5 Hz, 2H), 3.47 (broads, 46H),
3.30-3.26 (m,2H),3.14-3.05(m, 4H), 2.26 (t,/ = 6.5 Hz,2H), 2.09 (s, 3H),
2.08(s,3H),2.01-1.96 (m, 1H),1.78-1.72 (m, 1H),1.68 (p,/ = 6.5 Hz, 2H),
1.28-1.27 (m, 6H). *C NMR (151 MHz, DMSO) & 171.57,171.50, 170.52,
168.06,167.33,152.50, 152.45,152.06, 148.88, 145.50, 145.28, 144.65,
140.37,140.33, 132.87,130.54,130.49,130.07,129.37,128.62, 128.58,
128.44,128.25,128.13,127.24,125.60, 122.99, 121.86, 120.11, 120.04,
114.67,109.72,108.61,106.00,105.83,105.58,70.21,70.14,70.10,70.00,
69.94, 69.45, 67.26,56.45,55.34, 53.85,46.05, 45.05,42.12,38.95,36.57,
35.61,30.80, 30.17,29.13,18.46,17.17,16.58,13.57,12.74. HRMS (ESMS)
calculated for Cg,H;;;N;5s0,, [M + Nal*:1,688.7977, found 1,688.7982.

Synthesis and NMR verification of amine-PEG;-Triazole-PEG ;-
diABZI

Toastirred solution of amine-PEG;-azide (3.14 mg, 14.4 pumol, 3 equiv.)
in a1:1 MeCN:H,O mixture (4 ml), Hunig’s base (3.10 mg, 24.0 pmol, 5
equiv.) and 450 pl of a stock solution of 10.8 mM DBCO-PEG,,~diABZI
inDMSO (8.0 mg, 4.8 umol,1equiv.) were added and stirred overnight.
Acetonitrile was removed by slowly passing an air stream through the
reaction flask. When the reaction mixture reduced to half, the aqueous
mixture was frozen at —80 °C for 8 hand thenlyophilized. Diethyl ether
was added (x3) and vigorously shaken with diethyl ether. The mixture
was decanted to remove excess amine-PEG;-azide. After three washes
withdiethyl ether, it was dried overnight inavacuum chamber to obtain
the desired compound (7 mg, 3.7 umol, 77% yield). IHNMR (400 MHz,
DMSO0) 68.03-7.95(m, 2H),7.90(t,/=5.7 Hz,1H), 7.85-7.74 (m, 2H), 7.67
(d,/=3.8Hz,1H),7.65-7.62 (m,2H), 7.59-7.52 (m, 2H), 7.51-7.45(m, 1H),
7.40-7.26 (m, 7H), 6.50 (d,/=7.1Hz, 2H), 5.88-5.78 (m, 2H), 5.01-4.86
(m, 4H), 4.63-4.45 (m, 6H), 4.10-4.02 (m, 2H), 3.99 (t,/= 6.0 Hz, 2H),
3.76 (t,/=5.5Hz, 2H), 3.73 (s, 3H), 3.47 (broads, 60H), 2.96-2.88 (m,
5H),2.27 (t,/= 6.0 Hz, 2H), 2.20-2.13 (m, 2H), 2.10 (s, 3H), 2.09 (s, 3H),
2.03-1.91(m,3H),1.79-1.66 (m, 2H),1.57-1.44 (m,1H),1.37-1.31(m, 1H),
1.28-1.22 (m, 6H). MALDI-TOF MS calculated for Co,H;,oN;00,, [M + H]*:
1,884.9458, found 1,884.150.

Invitro reporter cell assays

Cellreporter assays to evaluate STING agonist activity were performed
inTHP1-Dualand A549-Dual cell lines, as adapted from the manufactur-
er’s protocols. Briefly, cells were plated at adensity of 50,000 cells per
wellin atotal volume of 180 pl of supplemented mediain cell-culture
treated 96-well plates overnight. After 24 h, cells were dosed with 20 pl
oftreatment groups (for atotal volume of200 pl per wellina10:1dilu-
tion, with either a1:1 or 2:1 dilution down the plate) overnight. After
24 h of treatment, cells were pelleted at 1,500 rpm for 5minin a cen-
trifuge, and 20 pl of supernatant was plated in a white-walled 96-well
plate for analysis by QUANTI-Luc (InvivoGen) assay. After loadingina
plate reader with aluminescence detector (BioTek SynergyHT), 50 pl
of QUANTI-Lucreagent was added to each well, and luminescence was
measured for determination of cell-based activity. To the cells remain-
ing in the 96-well plate, 30 pl of Cell-Titer Glo reagent (Promega) was
added, and the plate was incubated at 37 °C for 1 h. After incubation, the
plate wasloaded into a plate reader, and luminescence was measured
to determine cell viability.

Invitro BMDC/BMDM maturation and activation

Bone marrow primary cells were collected from both the femur and
tibia of female C57BL/6 mice, aged between 6 and 8 weeks. After collect-
ingbones, cells were flushed with cold 1x PBS, centrifuged at 1,500 rpm
for 5 min and resuspended in complete media (RPMI 1640 supple-
mented with 10% HI-FBS (Gibco), 100 U miI™ penicillin, 100 pg ml™
streptomycin (Gibco),2 mML-glutamine, 10 mMHEPES, 1 mMsodium
pyruvate, 1x non-essential amino acids and 50 pM 3-mercaptoethanol.

About 20 ng mI™ GM-CSF was added to culture BMDCs, and 20 ng ml™*
of M-CSF was added to culture BMDMs. A single-cell suspension was
generated by passing the collected cells through a 70 um sterile cell
strainer (Fisherbrand; Thermo Fisher Scientific), and cells were then
plated in non-tissue-culture-treated petri dishes (Corning) and incu-
bated at 37 °C with 5% CO,. Cells were provided with fresh culture
media supplemented with GM-CSF or M-CSF ondays 3,5and 7. On day
8, the cells were collected and confirmed for either CD11c" expression
(BMDCs) or CD11b*F4/80" expression (BMDM) using flow cytometry
(CellStream, Cytek Biosciences) with fluorescent anti-CD11c (Clone
N418; BioLegend), anti-CD11b (Clone M1/70, BioLegend) and anti-F4/80
(Clone BMS8, BioLegend) antibodies. Primary cells were seeded into
12-well plates for analysis by qPCR or 96-well plates for in vitro flow
cytometry.

Quantitative reverse transcriptase PCR

RNA was extracted either from animal tissue using a TissueLyser Il
(Qiagen) or from in vitro cell cultures using the RNeasy Plus Mini Kit
(Qiagen) according to the manufacturer’s protocol. Complementary
DNAwas generated through areverse transcriptase reaction using the
iScript cDNA synthesis kit (Bio-Rad) by following the manufacturer’s
instructions. To run the qPCR, cDNA was mixed with TagMan gene
expressionkits (primer and master mix) to a final volume of 20 pland
run on the Bio-Rad CFX Connect Real-time System, with a threshold
cycle number determination made by the Bio-Rad CFX manager soft-
ware V.3.0. Primers used included mouse /fnbl (Mm00439552_s1),
mouse Tnf (MmO00443258_m1), mouse Cxcli0 (Mm00445235 m1),
mouse Cxcl1 (Mm04207460 _m1) and mouse Hmbs (MmO01143545_m1).
Gene expression was first normalized to the housekeeping gene, Hmbs,
and then normalized to the PBS treatment within groups using the 2%t
analysis method.

Colocalization analysis

EMT6 or RAW 264.7 cells were plated at a density of 10,000 cells per
well in a glass-bottom 96-well plate. nAlb-Cy5 (2 pM) and nGFP-Cy5
(2 uM) were added to each well, and these were further incubated
for 4 h. Cells were treated with 50 nM of Lysotracker Green (Invitro-
gen) and 2 pM Hoechst (Invitrogen) for 10 min after the end of the
treatment period. Wells were washed three times with phenol red free
medium and visualized using a confocal microscope (Zeiss LSM880).
High-magnification images were obtained using x40 objective lens.
Manders’ coefficient was calculated by using ImageJ software (version
1.5.1) for colocalization analysis.

Flow cytometry for in vitro uptake studies

EMT-6 and RAW 264.7 cells were seeded in 6-well plates at 5 x 10° cells
per well. After 24 h, cells were treated with and without EIPA (50 pM) for
1.5 h.nAlb-Cy5 (2 pM) and nGFP-Cy5 (2 pM) were added to each well,
and these were further incubated for 4 h. To collect cells from plates,
EMT6 cells were treated with 0.25% trypsin, and RAW 264.7 cells were
collected by scraping. Both cells were washed three times with cold
1x PBS (1 ml) and stained with DAPI for live/dead staining. Cells were
washed and suspended in a staining buffer (1x PBS, 2.5% FBS, 2.5 mM
EDTA), and flow cytometry was performed to evaluate the frequency
and MFI of Cy5-positive cells. BMDMs were generated from the bone
marrow of 6- to 8-week-old female C57BL/6 mice as described above
and confirmed to be CD11b*/F4/80" by flow cytometry. Fluorescence
acquisition was carried out on Cytek Aurora spectral flow cytometer
and analysed on FlowJo V.10.8.1.

Evaluation of nanobodies in tumour models

ForB16.F10, B16.F10-Luc or B16.F10-OVA tumour models, female 6-to
8-week-old C57BL/6 mice (The Jackson Laboratory) were used. For
EMT6 tumour models, 6- to 8-week-old old Balb/C female mice (The
Jackson Laboratory) were used. Tumours were generated in B16.F10
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and B16.F10-OVA models by subcutaneous injection of 5 x 10° cancer
cells, suspended in 100 pl of PBS, at the right flank of the mouse. B16.
F10-Lucinoculations were performed by intravenousinjection of1 x 10°
cancer cellsin100 pl of PBS. EMT6 inoculations were orthotopic, and
5x10° cancer cellswere injected into the left-side fourth MFP in 100 pl
PBS. When the volume of subcutaneous B16.F10 or orthotopic EMT6
tumours reached ~75-100 mm?, mice were treated by intravenous
injection of nanobodies or free diABZI compound 3 (SelleckChem)
using 40% PEG400 (Sigma) as an excipient, or intraperitoneal injection
of commercial anti-PD-L1 IgG (Clone BEO101, Bio X Cell) (100 pl per
injection). For mice inoculated with B16.F10-Luc cells intravenously,
mice were treated 7 days following tumour inoculation and eutha-
nized on day 17 for evaluation of lung metastatic burden. Mice were
treated with diABZI or nanobodies intravenously, and anti-PD-L11gG
was administered intraperitoneally. For MDSC inhibition studies with
CXCL1/2 inhibitor SX-682 inhibitor, mice were fed SX-682 formulated
chow (provided by A. Richmond) or control chow at day 4 after tumour
inoculation and through the course of the study. For studies evaluating
the effects of MDSC, NK cell, CD4" T celland CD8* T-cell depletion, mice
with either EMT6 or B16.F10 tumours were intraperitoneally adminis-
tered anti-Ly6G/Gr-1(RB6-8C5; 200 pg), anti-asialo-GM1 (Poly21460;
100 pg for EMT6), anti-NK1.1 (PK136; 200 pg for B16.F10), anti-CD4"
(YTS-191; 200 pg) or anti-CD8* (2.43; 200 pg) antibodies 1 day before
each treatment with nanobody conjugates. Tumour volume calcu-
lations were calculated using Vimour =L X W?x 0.5, in which Viymou iS
tumour volume, L is tumour length and Wis tumour width. Tumour
volume, total mouse mass and mouse well-being were recorded for
the duration of the study. The end point for maximum tumour volume
was 1,500 mm>,

Evaluation of nanobodies in spontaneous breast cancer model
A cohort of female FVB/N-Tg (MMTV-PyVT)®** mice, bred inhouse,
was used for these studies. Study animals were weighed and mammary
glands palpated twice weekly starting at 6 weeks of age. Tumour diam-
eters in two dimensions were obtained using callipers. Treatment for
the full cohort was initiated when first palpable tumours appeared at
approximately 8-10 weeks of age. The mice received the nanobody-
STING agonist conjugate or vehicle control for a total of 3 treatments
at 7 day intervals. The study was terminated 22 days after the first
treatment. At necropsy, tumours were removed, and awet weight of all
excised tumours was obtained for eachmouse. One tumour was fixed in
10% buffered formalin for histological analysis. Lung metastases were
assessed histologically as described previously®’.

Adoptive OT-1T-cell transfer in B16.F10-OVA tumour model
Six-to eight-week-old OT-Imice (C57BL/6-Tg(TcraTcrb)1100Mjb/J) were
purchased from Jackson Laboratory. Mice were euthanized, spleens
were collected, and CD8' T cellsisolated using an EasySep Mouse CD8*
T Cell Isolation Kit (STEMCELL Technologies). T cells were activated
in vitro in RPMI1640 (Gibco) media supplemented with 10% HI-FBS
(Gibco), 1% penicillin/streptomycin (Gibco), 50 uM B-mercaptoethanol
(MilliporeSigma), 1 mM sodium pyruvate, minimum essential medium
NEAA (non-essential amino acids) (Gibco), 10 mM HEPES (Gibco),
recombinant mouse interleukin-2 (10 U mI™; MilliporeSigma) and
Dynabeads Mouse T-Activator CD3/CD28 (at a bead-to-cell ratio of
1:1; Gibco) at 37 °C in a CO, (5%) incubator. After 5 days, T cells were
magnetically separated from Dynabeads and allowed torestin culture
for 24 h before use. The following day, 5 x 10° OT-1 CD8" T cells were
adoptively transferred by retro-orbital injection to mice with B16.
F10-OVA tumours.

Western blot analysis

Mice were euthanized, tumours (EMT6 and B16.F10) were collected
and 500 pl RIPA buffer (Sigma) supplemented with protease inhibi-
tors (Sigma) was added in approximately 10 mg of tissue. Tissue was

homogenized using a bead mill tissue homogenizer (TissueLyser II;
Qiagen) and kept on ice for 30 min. Protein concentration was meas-
ured using a BCA protein assay kit (Thermo Scientific). Equal amount
of protein (30 pg) was subjected to SDS-PAGE and transferred onto
nitrocellulose membranes using the semi-dry transfer protocol
(Bio-Rad). After transfer, membranes were probed with anti-SPARC
and anti-B-actin antibodies overnight at 4 °C. Following incubation,
the membranes were probed with HRP-conjugated secondary antibod-
ies. All antibodies were purchased from Cell Signaling. Protein bands
were visualized using ECL western blotting substrate (Thermo Scien-
tific). Images of immunoblots were obtained using a LI-COR Odyssey
Imaging System. Antibodies used for westernblots are summarizedin
Supplementary Table 2.

Immunofluorescence analysis of EMT6 tumours
Paraffin-embedded tissue sections (5 um) were prepared forimmuno-
fluorescence and stained with anti-CD31 (Cell Signaling 77699;1:500),
anti-SPARC (Cell Signaling 5420, 1:500) and anti-CD45 (Cell Signaling
70257;1:500). Tissue slides were deparaffined in xylene and rehydrated
in serial ethanol dilutions. Antigen retrieval was performed by heat-
ing slides for 17 min in Tris EDTA buffer, pH 9 in a pressure cooker at
110 °C. Slides were cooled to room temperature and then blocked with
2.5% horse serum (vector labs). After blocking, slides were incubated
overnight at 4 °C with primary antibody in horse serum. Slides were
then incubated in anti-rabbit HRP secondary (Vector Labs) for 1 h at
room temperature the following day and subsequently incubated
in 1:500 Opal 520 (green) or Opal 570 (red) (Akoya) for 10 min. For
serial staining, slides were stripped using citric acid buffer, pH 6.1in
a pressure cooker at 110 °C for 2 min, and then staining was repeated
using different antibody and opal fluorophore. After the last Opal
staining, slides were mounted using antifade gold mount with DAPI
(Invitrogen). Stained images were acquired using a Keyence digital
microscope system. Images were analysed with Fiji software (version
2.9.0). Quantification of markers was done by measuring total amount
of fluorescence divided by total number of cells (DAPI).

Flow cytometric experiments and analysis

EMT6 tumour-bearing Balb/c and B16.F10-OVA-bearing C57BL/6
mice were euthanized either 24 h or 48 h after treatment asindicated.
Spleens and tumours were collected, weighed and placed on ice.
Tumours were digested in RPMI 1640 media using a tumour dissocia-
tionkit (Miltenyi Biotech) or 500 pg ml™ collagenase lll (Worthington)
and 125 pg ml™ deoxyribonucleasel. Tumours were further dissociated
using an OctoMACS separator (Miltenyi Biotech) and incubated for
30 min at 37 °C for complete digestion. Then subsequently tumours
and spleens were mashed and separated into single-cell suspensions
usinga70 pm cell strainer (Fisherbrand; Thermo Fisher Scientific), and
red blood cells were lysed twice using ACK lysis buffer (Gibco). Cells
were resuspended in flow buffer (1x PBS supplemented with 2% FBS and
50 uM dasatinib), counted and stained with Fc-block (anti-CD16/32,
2.4G2, Tonbo) for15 minat4 °C, and then stained with the appropriate
antibodies for 1 hat4 °C; antibodies used for flow cytometry staining
aresummarizedin Supplementary Tables 3-5. After staining, cells were
then washed again with FACS buffer, fixed with 2% paraformaldehyde
for 10 min, washed again with FACS buffer containing AccuCheck
counting beads, and analysed on a Cytek Aurora multispectral flow
cytometer. All flow cytometry data were analysed using FlowJo soft-
ware (version10; Tree Star; https://www.flowjo.com/solutions/flowjo).
Representative flow cytometry plots and gating schemes are shownin
Supplementary Figs. 35-42.

Pharmacokinetics and ex vivo imaging experiments

Healthy (Balb/c or C57BL/6) and EMT6 tumour-bearing (Balb/c) mice
were injected intravenously with 100 pl of Cy5 (either as free dye
or as a nanobody-CysS conjugate) at a dose of 2mg kg™ in PBS. For

Nature Biomedical Engineering | Volume 9 | October 2025 | 1719-1739

1735


http://www.nature.com/natbiomedeng
https://www.flowjo.com/solutions/flowjo

Article

https://doi.org/10.1038/s41551-025-01400-0

pre-treatment with the diABZI conjugated nanobody, a dose was pre-
pared at 1.25 pg diABZI in 100 pl total and injected 3 days before CyS5
dosing. Blood draws were taken using heparinized capillary tubes
(DWK Life Sciences) at discrete time points up to 5 days after injection.
About 1 pl of blood was mixed with 50 pl of PBS and centrifuged, and
the diluted plasmawas collected for analysis. The concentration of Cy5
was determined using fluorescence spectroscopy (BioTek Synergy H1)
using an excitation wavelength of 645 nm and an emission wavelength
of 675 nm. Pharmacokinetic analysis was performed in GraphPad Prism
(V10) using either a one-phase decay or two-phase decay, in which the
reported half-life is the second phase (elimination). Biodistribution
studies were performed by excising and weighing hearts, lungs, liv-
ers, spleens, kidneys and tumours. Tissues were washed in 1x PBS and
transferred to the stage of the IVIS Luminalll (PerkinElmer). After IVIS,
tissues were mechanically homogenized (TissueLyser II; Qiagen) in a
volume of 200 pl 1x PBS. Homogenized tissues were centrifuged, and
the supernatant containing the Cy5 dye was analysed by fluorescence
spectroscopy (BioTek Synergy H1) to determine Cy5 concentration.
Astandard curve was generated of free DBOC-Cy5 dye in 1x PBS, and
concentrations of Cy5 in tissue were calculated by fitting the stand-
ard curve to a linear regression. Fluorescence (radiant efficiency)
was measured with a maximum value of 1.56 x 10" and a minimum of
8.21 x10%, and areas were drawn manually for organs to generate aver-
ageradiant efficiency values (per cm?) using the Living Image software
(version 4.5). For luminescence imaging of lungs excised from mice
intravenously inoculated with B16.F10-Luc cells, lungs were placed
in black 12-well plates (Cellvis) and incubated for 5 min in a solution
of 1 mg ml™ Pierce p-luciferin, monopotassium salt (Thermo Fisher
Scientific) in 1x PBS. Images were taken on the IVIS Lumina Ill, and
luminescence was quantified as total radiant flux (photons per second
(ps™) for each set of lungs.

Serum analysis for anti-VHH antibodies

Mice were pre-treated with PBS or nAlb-diABZI (1.25 pg dose of
diABZI) three times every 3 days or treated once with nAlb-diABZI.
Fourteen days after the first dose, blood was collected by cardiac
puncture in microfuge tubes and allowed to clot to extract serum.
Tubes were centrifuged at2,000 x gfor15 minat4 °C, and the serum
was then collected and diluted directly in PBS (1:4 t0 1:8,192) for analy-
sis. MonoRab rabbit anti-camelid VHH antibody plates (GenScript)
were used to determine anti-VHH antibodies in mouse serum. About
3 pugin100 plof anti-albumin nanobody was loaded into each well of
the 96-well plate and allowed to incubate in the pre-coated antibody
plate, sealed and incubated at 37 °C for 30 min. The plate was washed
with 200 pl of PBST four times. Either the diluted mouse serum or a
commercial Rabbit anti-Camelid VHH antibody (GenScript; AO1860)
was added in serial dilutions to the wells of the plate at a volume
of 100 pl. The plate was sealed and incubated at 37 °C for 30 min,
followed by washing four times with 200 pl of PBST. A commercial
secondary Goat anti-Mouse IgG-FITC conjugate (Invitrogen; 31547) or
secondary anti-Rabbit IgG-FITC conjugate (Sigma; F9887) was added
to the mouse serum or commercial anti-VHH, respectively, at 100 pl
and incubated for 30 min at 37 °C before washing with 200 pl PBST
four times. The fluorescence intensity per well was determined using
afluorescent plate reader (extinction, 495 nm; emission, 515 nm) and
the concentration of anti-VHH antibody in serum determined based
onthestandard curve.

Ex vivo plasma analyte analysis

Blood was collected by either cheek bleed or cardiac puncture in
K,EDTA-coated tubes (BD Biosciences). Tubes were centrifuged at
2,000 x gfor15 minat4 °C, and the plasma was collected for analysis.
Cytokine levels were evaluated using either the LEGENDplex Mouse
Anti-Virus Response Panel (BioLegend) or the LEGENDplex Mouse
Cytokine Panel 2 (BioLegend), both with V-bottom plates, according

to manufacturer’s instructions, and data were collected using flow
cytometry (CellStream, Cytek Biosciences). Cytokine concentrations
were interpolated from standard curves using asymmetric sigmoidal
five-parameter logistic curve fits (GraphPad Prism V10). Bar plots
comparing groups and heat maps of averaged values for groups were
generated to analyse results.

NanoString nCounter analysis of EMT6 tumours

After administration of three treatments of nAlb-diABZI, AP-diABZI
or PBSto EMT6 tumour-bearing female Balb/c mice, tumours wereiso-
lated and digested, and 100 ng of RNA was isolated, as described above
for qPCR analysis. RNA was hybridized to the I0360 PanCancer panel,
aswellasthrough aselected gene panel, of target-specific fluorescent
barcodes and analysed using NanoString nCounter MAX Analysis
system. The fold change for genes within groups was calculated by
comparing against the average normalized gene expression values
within PBS-treated mice. All statistical significance and clustering
analysis was performed in R (http://cran.r-project.org) based on the
genes provided in the 0360 PanCancer panel.

Safety statement

Allresearch performed in this study was done so with careful consid-
eration of any risks that are inherent to the materials, instruments and
experiments performed. All research safety guidelines and considera-
tions as provided by the safety data sheets and university guides were
adhered to for the duration of this study.

Statistics

All data were plotted, and statistical analysis was performed using
Prism 10 (GraphPad) software. Unless indicated in the figure captions,
all data are presented as mean + s.e.m. For comparisons between two
groups, unpaired two-tailed Student’s t-tests were performed unless
otherwise indicated. For multiple comparisons, analysis of variance
(ANOVA) was performed with post hoc as indicated in the figure
captions. For tumour volume, statistical significance was examined
throughatwo-way ANOVA followed by Tukey’s adjustment for multiple
comparisons unless otherwise indicated. A log-rank (Mantel-Cox) test
was used to compare Kaplan-Meier survival data. The robust regres-
sion and outlier removal method was used to identify outliers which
were removed.

Ethics statement

Studies involving the use of animals were completed under Animal
Care Protocols approved by the Vanderbilt University Animal Care
and Use Committee. The health assessment of animals was completed
using astandard operating procedure also approved by the Vanderbilt
University Animal Care and Use Commiittee.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available within
the Article and its Supplementary Information. All data generated in
this study, including source datafor all figures, are available via figshare
athttps://doi.org/10.6084/m9.figshare.c.7825349.v1 (ref. 90).
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Extended Data Fig. 1| In vitro analysis of nanobody internalization.
(a) Median fluorescence intensity (MFI) of BMDM s treated with AlexaFluor647-
labeled mouse serum albumin (MSA-AF647) at1 uM or PBS in serum-containing
(+serum) or serum -deficient (-serum) media as measured by flow cytometry
(n=2).Pvalues determined by ANOVA with post-hoc Tukey’s correction for
multiple comparisons. (b) MFl of BMDM cells treated with 2 uM MSA-AF647 in
serum containing (+ serum) or serum deficient (-serum) media as measured
by flow cytometry (n = 2). Pvalues determined by ANOVA with Sidak’s multiple
comparison test. MFl of (c) BMDM cells, (d) BMDC cells, and (e) EMT6 cells
treated with1 uM nAlb-Cy5 or nGFP-Cy5 at 37 °C and 4 °C as measured by flow
cytometry (n=3). Pvalues determined by two-tailed Student’s t-test. (f) MFI

of EMT6 cells treated with 2 pM nAlb-CyS5 or nGFP-Cy5 in serum containing
(+serum) or serum deficient (-serum) media as measured by flow cytometry

(n=4).Pvalues determined by ANOVA with Sidak’s multiple comparison test.
(g-h) MFl of (g) EMT6, and (h) RAW 264.7 cells treated with nAlb-Cy5 (2 uM) with
(+EIPA) or without (-EIPA) the macropinocytosis inhibitor EIPA as measured

by flow cytometry (n = 3). Pvalues determined by two-tailed Student’s t-test.

(i) Integrated pixel intensity of Gal9-mCherry puncta per cell for cells treated
DBCO-PEG,;-diABZI (DBCO-diABZI), nAlb-diABZI, and AP-diABZl at 0.25uM (n =9
for PBS; n =3 for all other groups). Pvalues determined via ANOVA with Dunnett’s
multiple comparisons test for all groups vs. PBS; ns: not-significant (P> 0.05).
(j-k) Colocalization analysis (j) of Cy5 and LysoTracker in RAW264.7 and EMT6
cells, and (k) fluorescent micrographs of RAW 264.7 cells treated with 2 pM
nAlb-CyS5 or nGFP-Cys5 for analysis of colocalization of Cy5 (red) with lysosomes
(LysoTracker Green; green); nuclei are stained with Hoechst (blue) (scale bar:
100 pm). Replicates are biological, and data are shown as mean + SEM.
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Extended Data Fig. 2| Evaluation of nAlb-diABZI and AP-diABZI toxicity. (a)
Scheme for treating healthy C57BL/6 female mice with nAlb-diABZI or AP-diABZI
(1.25 ng diABZI) or PBS (vehicle). (b) Body weight change of mice in response to
indicated treatment (n =3 for PBS; n = 5 for other groups). (c) Quantification of
serum cytokines 4 and 24 h after the first treatment (n = 6). P values determined
by one-way ANOVA with Dunnett’s multiple comparisons test for each group
compared to PBS. (d) After 3 treatments, mice were euthanized and blood
samples were collected to determine changes in red blood cells (RBCs), white
blood cells (WBCs), neutrophils, platelets, and lymphocytes. Serum samples
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were also used to analyze liver and kidney function by measuring changes in
alanine aminotransferase (ALT), aspartate transferase (AST), blood urea nitrogen
(BUN), and creatinine (n = 4 for AP-diABZI; n = 5 for other groups). Pvalues
determined by ANOVA with Dunnett’s multiple comparison test each group
compared to PBS. (e) Representative microscopy images of H&E stained tissue
sections from healthy C57BL/6 mice treated as indicated (scale bar:100 pm for
heart, lung, liver, kidney, and spleen; 50 pm for pancreas and bone marrow).
Replicates are biological, and data are shown as mean + SEM. Panel a created with
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Extended Data Fig. 3| Flow cytometricimmunophenotyping of EMT6 tumors following nAlb-diABZI treatment. tSNE plots of live cells in EMT6 tumors after
three doses of (a) PBS or (b) nAlb-diABZI, colored by cell population with relative expression levels. DC: dendritic cell; M@: macrophage; NK: natural killer cell; MDSC:
myeloid-derived suppressor cells.
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Extended Data Fig. 4 | Evaluation of AP-diABZI in aspontaneous breast cancer
model. Female FVB/N-Tg (MMTV-PyVT)*** mice with breast tumors were treated
with AP-diABZI or PBS (vehicle) once a week for 3 weeks starting at approximately

8-10 weeks of age. (a) Growth rate of first palpable mammary tumor during

treatment until the study was terminated on day 22 (n = 8 for PBS; n =7 for
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AP-diABZI). At necropsy, all breast tumors were removed and weighed (b) (n =8 for
PBS; n =7 for AP-diABZI; Pvalue determined by two-tailed Mann-Whitney test)
and histological analysis of lungs was performed to quantify lung metastasis (c)
(n=8forPBS; n=6for AP-diABZI; Pvalue determined by two-tailed Student’s
t-test). Replicates are biological, and data are shown as mean + SEM.
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Extended Data Fig. 5| NanoString gene expression analysis of EMT6 tumors
following treatment with nAlb-diABZI and AP-diABZI. Annotated matrices
for (a) functional gene annotations, (b) biological signatures, and (c) cell types
from 10360 Pan Cancer NanoString gene expression panel comparing PBS,

nAlb-diABZI, and AP-diABZI 24 h after three doses (n =3 for nAlb-diABZI; n=4
for all other groups). Pvalues determined by one-way ANOVA with post-hoc
Tukey’s correction for multiple comparisons with comparison to PBS indicated.
Replicates are biological.
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Extended Data Fig. 6 | Flow cytometric analysis of EMT6 tumors following
single dose of nAlb-diABZI or AP-diABZI1. EMT6 tumor bearing female Balb/c
mice were treated with a single dose of nAlb-diABZI (n = 8), AP-diABZI (n = 8),
or PBS (n=7) and tumors isolated 48 h later for flow cytometric analysis. (a)
tSNE plots of live cells in EMT6 tumors, colored by cell population with relative
expression level of Ki67,CD69, PD-1,and PD-L1as indicated on heat map. DC:
dendritic cell; M@: macrophage; NK: natural killer cell; MDSC: myeloid-derived
suppressor cell. (b) Analysis of the frequency of live CD45 cells and frequency
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of PD-L1%,Ki67*, and PD-L1'Ki67" expressing CD45 cells in the tumor. (c-d)

Heat maps summarizing the fold change in the percentage of (c) indicated

cell populationand (d) frequency of NK cells, CD8" T cells,and CD4" T cells
expressing the indicated marker in EMT6 tumors. (b-d) Pvalues determined by
one-way ANOVA with Dunnett’s multiple comparisons test for all groups vs. PBS.
(e-f) Representative flow cytometry dot plots characterizing the expression of
CD69 and PD-10nKi67°CD4"and Ki67*CD8" T cells in EMT6 tumors. Replicates
are biological, and data are shown as mean + SEM.
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Extended Data Fig. 7 | Flow cytometric analysis of EMT6 tumors following two
doses of AP-diABZI. EMT6 tumor bearing female Balb/c mice were treated with
two intravenous doses of AP-diABZI (n =8) or PBS (n = 7) and tumorsisolated 24 h of Ki67'CD69* and Ki67'PD-1' CD8' T cellsand CD4" T cells in the spleens of

later for flow cytometric analysis of (a) frequency of live and Ki67" breast cancer
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Replicates are biological, and data are shown as mean + SEM.
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Extended Data Fig. 8 | Evaluation of serum cytokines induced by nanobody-
diABZI conjugates. Serum cytokine concentration in B16.F10 tumor bearing
C57BL/6 female mice 4 h after the first treatment represented as (a) heat maps

and (b) bar plots (n =10).1CB: Anti-PD-L11gG. P values determined by one-way

ANOVA with (a) Dunnett’s multiple comparison test for all groups vs. PBS and (b)
post-hoc Tukey’s correction for multiple comparisons. Replicates are biological,
and data are shown as mean + SEM.
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Extended DataFig. 9| Effect of NK and T cell depletion on AP-diABZI efficacy
in B16.F10 model. (a) Schematic of B16.F10 tumor inoculation and treatment
schedule with depletion antibodies (n = 9 for PBS, anti-CD4, and AP-diABZI;

n =8 for all other groups). Anti-NK1.11gG, anti-CD8 IgG, and anti-CD4 IgG were
injected I.P. at 200 pg and AP-diABZI was injected I.V. at 1.25 pg of diABZI per
injection. (b) Tumor growth curves and (c) Kaplan-Meier survival plots for mice
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ANOVA with post-hoc Tukey’s correction for multiple comparisons; comparisons
to PBS onday 19 are shown. (c) Endpoint criteria of 1500 mm? tumor volume

with Pvalue determined by log-rank test for comparison to PBS group and for
the comparisonsindicated. Replicates are biological, and data are shown as
mean + SEM. Panel a created with BioRender.com.
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Extended Data Fig. 10 | Characterization of T cell memory response to activated CD69" effector memory Ty, (CD44"'CD69*CD62L), naive (CD44
AP-diABZIin B16.F10-OVA model. Quantification of flow cytometric analysis CD62L"), and central memory T¢y, (CD44 + CD62L"). Pvalues determined by
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(n=12). Represented bar plots include effector memory T, (CD44°CD62L),
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

: ROSIE (Version 3), Agilent MassHunter IM-MS Acquisition Data software, NanoAnalyze TA Instruments Affinity ITC instrument, FlexControl (Version 4.0, BioTek SynergyHT Version 3.4, Bio-Rad CEX manager Software
Data collection Verdon 3.0.

Data ana|y5|s FlowJo Version 10, GraphPad PRISM Version 10, R (Version 4.4.1), PyMOL (Version 2.5.1), FlexAnalysis (Version 4.0), Mnova 14.1.1, FIJI Version 2.9.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All materials used or generated in this study are available to researchers following appropriate standard material transfer agreements. Source Data are available within FigShare at the
following DOI; 10.6084/m?9.figshare.27098866. Modeled PDB structures used are 4NOF and 1A06.




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender No human participants or biological material was used.

Reporting on race, ethnicity, or N human participants or biological material was used.
other socially relevant

groupings

Population characteristics No human participants or biological material was used.
Recruitment No human participants or biological material was used.
Ethics oversight No human participants or biological material was used.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined by pilot experiments and through previous experiments in order to obtain statistically significant representative data.
Data exclusions Data were only excluded by outlier analysis using GraphPad PRISM Version 10, as deemed appropriate. Mice were not excluded from studies.

All studies in the paper were repeated at least two times. No reported study failed upon repeat.

Replication
Randomization All samples and organisms were randomly allocated into experimental groups.
Blinding Blinding was not implemented formally in the study due to constraints in resources and personnel. The investigator responsible for organizing the experimental groups and

handling sample collection was aware of the group allocations; however, colleagues who assisted with data collection were blinded to these details.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description
Research sample
Sampling strategy
Data collection
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Non-participation
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description
Research sample
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Timing and spatial scale
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Data exclusions
Reproducibility
Randomization

Blinding

Did the study involve field work? D Yes D No

Field work, collection and transport

Field conditions

Location
Access & import/export

Disturbance

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines D Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants
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Antibodies

Antibodies used All antibodies used include anti-CD206 (catalog 141721, Biolegend), anti-CD3 (catalog 100353, Biolegend), anti-CD4 (catalog 100480, Biolegend), anti-CD8
(catalog 100725, Biolegend), anti-B220 (catalog 103210, Biolegend), anti-NKp46 (catalog 137618, Biolegend), anti-FOXP3 (catalog , Invitrogen), anti-CD69
(catalog 104506, Biolegend), anti-PD-1 (catalog 135228, Biolegend), anti-Ki67 (catalog 58-5698-82, Invitrogen), anti-CD11b (catalog 101267, Biolegend), anti-

. ) CD11c (catalog 117320, Biolegend), anti-LY6G (catalog 127654, Biolegend), anti-LY6C (catalog 117320, Biolegend), anti-MHC-II (catalog 107643, Biolegend),

Validation anti-F4/80 (catalog 123120, Biolegend), anti-CD31 (catalog 102507, Biolegend), anti-CD45.2 (catalog 109839, Biolegend), anti-PD-L1 (catalog 748275, BD), anti-
CD86 (catalog 105036, Biolegend), anti-CD183 (catalog 126506, Biolegend), anti-CD44 (catalog 103029, Biolegend), anti-CD62L (catalog 104445, Biolegend),
viability due (catalog 740614, Invitrogen), anti-SPARC (catalog 8725T, cell signaling), anti-HSP90 (catalog 4877T, cell signaling), anti-IgG secondary (catalog
31460, ThermoFisher Scientific).

For generated nanobodies, in house validation was performed using flow cytometry or isothermal calorimetry. All antibodies utilized in this study are
commercially sourced and have been previously employed for the same applications reported here. Each supplier performs quality control to guarantee the
reliability and reproducibility of their products. Detailed validation information and relevant literature citations for each antibody are available on the datasheets
provided by the manufacturers




Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

A549-Duals, THP-1 Duals, and RAW 264.7 cells were purchased from InvivoGen. EMT6, B16.F10, and B16.F10-LUC2 were purchased from ATCC.

Cellline source(s) B16.F10-OVA were a gift from Dr. Amanda Lund, and originally purchased from Vitro Biotech. Primary cells were harvested in house.

Authentication Cell lines were authenticated by testing binding of known receptors using flow cytometry with commercial antibodies.
Mycoplasma contamination Cell lines were tested routinely for mycoplasma, all cells were negative for mycoplasma.
Commonly misidentified lines The cell lines used in this study are not found on ICLAC register Version 11.

(See ICLAC register)

Palaeontology and Archaeology
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Specimen provenance
Specimen deposition
Dating methods

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Female C57BL/6] and Balb/c, and female FVB/N-Tg (MMTV-PyVT)634Mul, mice were acquired from Jackson labs (6-8 weeks old; 6-20-week-old mice were
used for challenge experiments). CD45.1+/— OT-I female mice were purchased from Jackson labs (4-8 weeks old; C57BL/6-Tg(TcraTcrb)1100M;jb/] strain).
Mice were kept on a 12 light/12 dark cycle and temperatures of 65-75 °F with 40-60% humidity.

Wild animals No wild animals were used in the study.

Laboratory animals

Reporting on sex Studies indicated the sex of mice used.
Field-collected samples No field-collected samples were used in the study.

hi ioh All experiments were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee within Vanderbilt University.
Ethics oversight IACUC protocols M1800155 and M2300004.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol \
Data collection

Outcomes

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:
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[] public health

[] National security

|:| Crops and/or livestock
|:| Ecosystems
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Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents

Plants

Seed stocks
Novel plant genotypes

Authentication

ChlP-seq

Data deposition
D Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links
May remain private before publication.

Files in database submission

Genome browser session
(e.g. UCSC)

Methodology
Replicates
Sequencing depth
Antibodies
Peak calling parameters

Data quality

Software




Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

As described in methods, at brief: EMT6 tumor bearing Balb/c and B16.F10-OV A bearing C57BL/6 mice were euthanized either 24 h or 48 h after final treatment.
Spleens and tumors were harvested, weighed, and placed onto ice. Tumors were digested in RPMI 1640 media containing a tumor dissociation kit. Tumors were

M ethOdOlO dissociated and incubated for 30 min at 37 °C for complete digestion. Tumors and spleens were mashed and separated into single cell suspensions and red blood cells
p! 3 P P 8 P

were used twice using ACK lysis buffer. Cells were resuspended in flow buffer (2% FBS and 50uM dasatinib), counted, and stained with Fc-block (aCD16/32, 2.4G2,

Sam p|e prepa ration Tonbo) for 15min at 4 °C, and then stained with the appropriate antibodies for 1hr at 4 °C. Cells were then washed again with FACS bulffer, fixed with 2%
paraformaldehyde for 10 min, washed again with FACS buffer containing AccuCheck counting beads.

Instrument Flow cytomrtry data were analyzed on a Cytek Aurora flow cytometer and on an Amnex Luminex CellStream flow cytometer.

Software All flow cytometry data were analyzed using FlowJo software (version 10; Tree Star; https://www.flowjo.com/solutions/flowjo).

Cell popu lation abundance Cell population abundance is shown in gating strategies.

Gati ng strategy Gating strategies are shown in supplemental figures.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type
Design specifications

Behavioral performance measures

Imaging type(s)
Field strength
Sequence & imaging parameters

Area of acquisition

Diffusion MRI |:| Used D Not used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal
Volume censoring
Statistical modeling & inference
Model type and settings
Effect(s) tested

Specify type of analysis: [ | whole brain || ROI-based || Both
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Statistic type for inference

(See Eklund et al. 2016)
Correction

Models & analysis

n/a | Involved in the study
D |:| Functional and/or effective connectivity

D D Graph analysis

D D Multivariate modeling or predictive analysis

Functional and/or effective connectivity
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Graph analysis

Multivariate modeling and predictive analysis

This checklist template is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this article are included in
the article's Creative Commons license, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0;




	Potentiating cancer immunotherapies with modular albumin-hitchhiking nanobody–STING agonist conjugates

	Results

	Synthesis of albumin-hitchhiking nanobody–STING agonist conjugates

	Albumin-hitchhiking nanobodies show tumour tropism and enrich cargo delivery

	nAlb–diABZI potently stimulates STING activation in the TME to inhibit tumour growth

	Engineering an albumin-binding, bivalent nanobody fusion for combined STING agonist delivery and immune checkpoint inhibiti ...
	AP–diABZI reprograms the TME to eliminate breast tumours and generate immunological memory that prevents recurrent disease

	AP–diABZI inhibits B16.F10 tumour growth and primes an antigen-specific memory CD8+ T-cell response in situ

	Albumin-hitchhiking STING agonists inhibit lung metastatic disease

	AP–diABZI opens a therapeutic window for adoptive T-cell transfer therapy


	Discussion

	Methods

	Materials and cell lines

	Cloning of proteins

	Expression and purification of proteins

	Enzymatic bioconjugation and click chemistry reactions

	SDS–PAGE

	ESI–MS

	Computational modelling and analysis of nAlb nanobody

	Isothermal titration calorimetry

	Tritosome degradation assay and MALDI-TOF MS

	Synthesis and nuclear magnetic resonance verification of DBCO-PEG11–diABZI

	Synthesis and NMR verification of amine-PEG3-Triazole-PEG11–diABZI

	In vitro reporter cell assays

	In vitro BMDC/BMDM maturation and activation

	Quantitative reverse transcriptase PCR

	Colocalization analysis

	Flow cytometry for in vitro uptake studies

	Evaluation of nanobodies in tumour models

	Evaluation of nanobodies in spontaneous breast cancer model

	Adoptive OT-I T-cell transfer in B16.F10-OVA tumour model

	Western blot analysis

	Immunofluorescence analysis of EMT6 tumours

	Flow cytometric experiments and analysis

	Pharmacokinetics and ex vivo imaging experiments

	Serum analysis for anti-VHH antibodies

	Ex vivo plasma analyte analysis

	NanoString nCounter analysis of EMT6 tumours

	Safety statement

	Statistics

	Ethics statement

	Reporting summary


	Acknowledgements

	Fig. 1 Design, synthesis and in vitro characterization of an anti-albumin nanobody for site-selective conjugation of STING agonists.
	Fig. 2 Anti-albumin nanobodies increase cargo delivery to tumour sites to promote uptake by cancer cells and tumour-associated myeloid cells.
	Fig. 3 Albumin-hitchhiking STING agonist inhibits breast tumour growth by shifting the immune cell profile of the TME.
	Fig. 4 Design, synthesis and testing of bivalent nanobody–STING agonist conjugate for albumin hitchhiking and targeting of PD-L1.
	Fig. 5 Systemic administration of AP–diABZI conjugates enhance antitumour immune and therapeutic responses in EMT6 breast cancer model.
	Fig. 6 AP–diABZI activates a tumoricidal NK and T-cell response.
	Fig. 7 Nanobody–STING agonist conjugates stimulate antitumour immunity in B16.
	Fig. 8 Albumin-hitchhiking STING agonists improve immunotherapy responses in a model of lung metastatic melanoma and adoptive T-cell transfer therapy.
	Extended Data Fig. 1 In vitro analysis of nanobody internalization.
	Extended Data Fig. 2 Evaluation of nAlb-diABZI and AP-diABZI toxicity.
	Extended Data Fig. 3 Flow cytometric immunophenotyping of EMT6 tumors following nAlb-diABZI treatment.
	Extended Data Fig. 4 Evaluation of AP-diABZI in a spontaneous breast cancer model.
	Extended Data Fig. 5 NanoString gene expression analysis of EMT6 tumors following treatment with nAlb-diABZI and AP-diABZI.
	Extended Data Fig. 6 Flow cytometric analysis of EMT6 tumors following single dose of nAlb-diABZI or AP-diABZI.
	Extended Data Fig. 7 Flow cytometric analysis of EMT6 tumors following two doses of AP-diABZI.
	Extended Data Fig. 8 Evaluation of serum cytokines induced by nanobody-diABZI conjugates.
	Extended Data Fig. 9 Effect of NK and T cell depletion on AP-diABZI efficacy in B16.
	Extended Data Fig. 10 Characterization of T cell memory response to AP-diABZI in B16.




