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ABSTRACT

The intrinsic characteristics of the tumor microeomnment (TME), including acidic pH and
overexpression of hydrolytic enzymes, offer an #xgiopportunity for the rational design of
TME- drug delivery systems (DDS). We developed ah@racterized a pH-responsive
biodegradable poly-L-glutamic acid (PGA)-based coration conjugate family with the aim
of optimizing anticancer effects. We obtained camabibn conjugates bearing Doxorubicin
(Dox) and aminoglutethimide (AGM) with two Dox loads and two different hydrazone
pH-sensitive linkers that promote the specific aske of Dox from the polymeric backbone
within the TME. Low Dox loading coupled with a shdwydrazone linker yielded optimal
effects on primary tumor growth, lung metastasB0@ reduction), and toxicological profile
in a preclinical metastatic triple-negative breeashcer (TNBC) murine model. The use of
transcriptomic analysis helped us to identify thelenular mechanisms responsible for such
results including a differential immunomodulatiomdacell death pathways among the
conjugates. This data highlights the advantageargéting the TME, the therapeutic value of
polymer-based combination approaches, and théyutili-omics-based analysis to accelerate
anticancer DDS.



1. Introduction

The hypoxic and acidic environment of the tumornménivironment (TME) promotes
the survival of cancer cells over normal cellsdhf represents a crucial target for the newest
generation of anticancer drug delivery systems (PO%®e higher glycolytic rate of tumor
cells generates and sustains the acidic charaictiee @ME [2] and provides a rational for the
specific design of targeted DDS. If properly engieel, nanoscale therapeutics passively
accumulate within the TME of adequately vasculartaenors [3-5] by the enhanced
permeability and retention (EPR) effect and thespnee of pH-labile linkers within the DDS
can trigger conjugated drug release. Other than -TAdgeting of pH-labile DDS, endocytic
internalization promotes lysosomal degradationdbjpolymers such as poly-L-glutamatic
acid (PGA), thanks to the presence of hydrolytizyemes such as Cathepsin B [7] as well as

an acidic pH.

Our laboratory recently reported the developmeht P@A-based combination
conjugates bearing a synergistic ratio of the aayuline drug doxorubicin (Dox) and the
aromatase inhibitor Aminoglutethimide (AGM) [8]. &pfic engineering of the three-
dimensional (3D) conformation permitted similar io@l release rates for Dox and AGM,
with release rate representing the parameter dbngrodrug-drug synergism [8, 9],
translating to enhanced antitumor efficacy in aiatopic 4T1 triple negative breast cancer
(TNBC) preclinical model [10]. The release of baotlugs via protease-cleavable drug linkers
relied on the heterogeneous expression of variguBolytic enzymes within the TME
activity (at both the patient [11] and tumor ley&R]). This fact highlights the need for
patient stratification in DDS treatment cohortsreguirement exemplified by clinical data
obtained for Opaxio®, which displayed optimal aityivin phase Il clinical trials in
premenopausal women with optimally high levelssif@gen to promote cathepsin B activity
[13].

We aimed to potentiate the therapeutic capacitpuwsf previously described PGA-
combination conjugates by further promoting metastahibition through the incorporation
of a pH-labile linker for Dox (simple hydrazone retyi or complex EMCH [Ne-
maleimidocaproic acid hydrazide] moiety), while aieing the optimized glycine-based
linking chemistry for AGM [8], using our metastafléNBC mice as preclinical model [10]

Of note, TME-targeting represents a promising afieve means to inhibit metastasis in



TNBC, a particularly aggressive breast cancer ébtythat features a unique
microenvironment distinct from that of other suldggpespecially when compared to Luminal
A [14, 15]. Furthermore, as a consequence of mtdeccomplexity and heterogeneity,
TNBC lacks the targeted treatments available fbeosubtypes.

During this study, we discovered that low Dox loggdand shorter hydrazone linkers yielded
optimal antitumor and antimetastatic effects in ®@WBC model. RNA sequencing (RNA-
seq) analysis employed to explore the mechanismactbn of TME-targeted conjugates
revealed the inhibition of metastatic pathways #me importance of immunomodulation.
This powerful genomics tool allowed us to eluciddtee functional aspects of gene
expression driving cell death at the genome-widelland the establishment of relationships
with the physico-chemical descriptors. As far as konowledge, this is one of the few
experimental analysis of this type within Polymehefapeutics and demonstrates the
enormous potential of polymer genomics [16] to elate molecular mechanism of action

and identify promising molecular targets.



2. Materials and Methods

Detailed materials and ethical statements can be found in Supplementary Information (SI).

2.1. Synthesis of Polymer-drug Conjugates

2.1.1. Synthesis of Single Conjugates

Detailed synthetic procedure for single conjugates can be found in Supplementary Information (SI)

2.1.2. Synthesis of combination conjugates

2.1.2.1. Synthesis of PGA-(G-AGM)-Hyd-Dox

We employed an optimized protocol derived from avpusly described strategy by Van
Heeswijk in order to generalRGA-Hyd-Dox conjugates [17]. Hydrazone-based coauiom
conjugates were synthesized by one-pot direct tatiaot of G-AGM and tert-butyl-
carbazate. Further Boc deprotection of the amimangrallowed final Dox coupling. PGA
(300 mg, 2.32 mmol, 1.0 eq., 100 units, Mw ~13 KBa) dissolved in 10 ml of anhydrous
DMF in an inert atmosphere. DMTMM.BK0.3 eq.) was added to the solution and 15 min
later G-AGM (0164 mmol, 58.2 mg) and tert-butyl-carbazate (18.38 mg, 0.139 mmdl60
eg. for 5% modification) were added. The reactioocpeded for 48 h and the workup was
performed as already described procedure for th&wpoof PGA-NH-NHBoc (se&l). Once
the stability of G-AGM in TFA was ensureHi(. SI5), Boc release was performed as for the
synthesis of PGA-NH-NE (see section 2.3.1.2) and Dox was coupled thr@ublydrazone
bond following the same procedure as for the sgishaf PGA-hyd-Dox (se8l).

2.1.2.2. Synthesis of PGA-(G-AGM)-EMCH-Dox

EMCH-Dox-based combination conjugates were syntleelsby one-pot direct attachment of
G-AGM and PD and further EMCH-Dox coupling througfre reduction of PD. PGA
(300mg, 2.32 mmol, 1.0 eq., 100 units, Mw~13 KDaswdissolved in 10 ml of anhydrous
DMF in an inert atmosphere. DMTMM.BHi.e. 15.34 mg, 0.116 mmol, 0.05 eq. for 5%
modification) was added to the solution and 15 laiar G-AGM (0164 mmol, 58.2 mg) and

PD (30.9 mg, 0.139 mmol, 0.06 eq. for 5% modificajiwere added. The reaction proceeded

for 48 h and the workup was performed as for thé&®NBI-NHBoc. An aliquot was isolated



for G-AGM and PD loading determination. For EMCH>Dattachment, PGA-(G-AGM)-PD
was dissolved in anhydrous DMF and EMCH-Dox (75@/f6ol, 1.5 eq. with respect to PD
modification) was dissolved and TCEP (0.15 eq. wéhbpect to the PD modification) was
finally added as reducing agent. Boc release wesnpeed as for the synthesis of PGA-NH-
NH, (seeSl) and Dox was coupled through a hydrazone bondvatig the same procedure
as for the synthesis of PGA-hyd-Dox (s3#¢.

To note, detailed Physico-chemical Characterizgtimtocols can be found Bl.

2.2. Cell Culture and In vitro Cytotoxicity Analysis of Conjugate

The 4T1 cell line was maintained in RPMI supplerednivith 10% heat inactivated FBS at
37°C in a controlled atmosphere of air / 4@5/5 vol./vol.). Media was replaced every 48 -
72 hours and underwent passaging when 80% cellumrde was reached. Cytotoxic assays
were performed according to a previously descrim@docol [8]. In brief, cells were seeded
in sterile 96-well microtiter plates at concenwatiof 6,250 cells/cf Further details can be
found inSl.

2.3. Drug Release kinetics

2.3.1. pH-dependent Drug Release

Specific Dox release under mild acidic conditioresvdemonstrateid vitro by liquid-liquid
extraction and further quantification by reversdé@dge high-performance liquid
chromatography (RP-HPLC). The conjugates were iamthin 50 mM PBS at pH 7.4 and
pH 5.0, mimicking the blood and tumor (and/or lysosl) environment respectively. S8e
for detailed information.

2.3.2. Cathepsin B-dependent Drug Release Kinetics

Cathepsin B (5 U) was added to a solution of 2 mhgazh conjugate, in 1 mL of a pH 6
buffer composed of 20 mM sodium acetate, 2 mM etgtliaminetetraacetic acid (EDTA),
and 5 mM dithiothreitol (DTT). The incubation waarged out at 37°C. Aliquots (10a)
were taken at times up to 48 h, immediately froreliquid nitrogen, and stored in the dark

until assayed by HPLC as described above for pHeggent drug release assay. The free



drug (0.75 mg/mL) was also incubated under samditons and later used as the reference

control.

2.4. Evaluation of in vivo Antitumor Activity and Safety of Conjugates

2.4.1. Establishment of Highly Metastatic 4T1 murine Breast Cancer Model and

in vivo Validation of Conjugates

The spontaneously metastatic TNBC model was deedl@s previously reported [8, 10].

SeeS| for further information

2.4.2 In vivo study at 10 mg/Kg Dox-equivalent dose

Eight days before induction, tumor sizes reachetl € and mice were split into
representative groups. Conjugate-based treatmeete wlissolved in sterile PBS and
immediately injected intravenously (i.v.) in foungks of 10 mg/Kg of Dox equivalents every
three days (Seleig. 4A andSl).

2.4.3. Hematological Study

Blood was extracted immediately after sacrificingcenby cardiac puncture with a 1.0 ml
heparinized syringe and transferred to a 2 ml Egpdriube. Blood was gently homogenized
and left to reach RT and then kept at 4 °C untdlyms (within the first 30 min after

extraction). Serum was isolated by centrifugatid@00 rpm, 10 min, 4 °C) and analyzed

using an automated hematologic analyzer (Sysme2000i).

2.4.4. Histopathological Study

All tissues were washed in fresh PBS, carefullyedyri weighed, and fixed in
paraformaldehyde (PFA) at room temperature for 2BRPA was eliminated by successive
washing with PBS (5 times x 20 min, rapid agitatid@nce washed, tissues were stored in a
solution of PBS with 0.05% of sodium azide as pnem#t at 4 °C protected from light.

Further conventional Hematoxylin-Eosin staining wagied out (se8l for further details).



2.4.5. Safety Evaluation of Treatments

Treatments safety was evaluated by tracking bodgiweind comparisons with control and
healthy animals, as well as further histopatholalggtudies of key organs. The mice under
study were examined daily in the search for anyn{elated behavior or conduct
modification. Postmortem, major organs were alsalyaed histopathologically for any

treatment-derived damage.

2.4.6. Tumor Density

Tumor density was obtained by simple arithmeticalaltion and allowed us to elucidate

differential stromal arrangement due to the diffiéteeatments.

2.5. Evaluation of the Antimetastatic Effect of Conjugates in the Lung

Lung metastasis was evaluated following a previodsiscribed protocol [20] with several

improvements. Se8l for a detailed protocol.

2.6. Transcriptomic study

2.6.1. Extraction of RNA from Frozen Tumors and Sequencing

Total RNA isolation was performed from 50 mg of \poaisly pulverized frozen tumor
employing the PureLink RNA Mini kit (Ambion-Life Thnologies) following
manufacturer's recommendations. The On-column RokeDNase Kit (Invitrogen) was
used to purify the DNA-free RNA. The qualificaticemd integrity of total RNA was
performed with an Agilent Technologies 2100 Biogmal (or 4200 Tape Station). TruSeq
Stranded mRNA libraries were constructed and sempeeat Macrogen (Seoul, Korea) using
an lllumina HiSeq4000 platform (paired-end witreadth of 100 bp).

2.6.2. Mapping and Quantification

Raw paired-end sequences were mapped against theemeference genome with STAR
aligner software [21]. There was no need to trimfiber due to the high quality of the
samples, checked with FastQC tool (URL:



https://www.bioinformatics.babraham.ac.uk/projdetsic/). The mapping step was
completed with a mean of an 88% of uniquely mappeatls. The quantification of the

transcripts was performed with RSEM software [22].

2.6.3. RNA-seq Data Analysis

Low count genes in RNA-seq count data were filterdith NOISeq package [23] and kept
for the statistical analysis the 14,323 genes ltpaim average of more than one read count
per million reads in any of the four experimentabups. The resulting count matrix was
normalized by the sequencing depth to make sanguegarable. Data were transformed
with the Voom approach [24] to get a normal disttibn. The limma R package [25], which
is based on linear models, was used to obtain iffierehtially expressed genes among
experimental groups. Further information on thededént comparison established can be

found inSl.

2.6.4. Functional Analysis

Gene Ontology functional enrichment analysis usimg Fisher's exact test was performed
for genes selected (nominal p-value <0.01) at eddhe above comparisons. Additionally,
the log2-fold change at each pair wise comparisas walculated and exported to
PaintOmics 3 [27] for KEGG pathway analysis. KEG&hways were manually edited to

improve interpretation of functional analysis resul

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Polymer-drug Conjugates

We previously demonstrated optimal therapeutic fiength PGA-AGM-Dox combination
conjugates presenting a differential (faster) Debeaise rate when compared to AGM in an
orthotopic TNBC model [10]. To further enhance tkf$ect, we incorporated hydrazone-
based pH-sensitive linkers for Dox conjugation whigtaining the original optimized linking
chemistry for AGM (Gly-AGM).



As shown inFig. 1A and Fig SI1, we employediwo different pH-sensitive hydrazone
linkers: we used the direct conjugation through @é&3 Dox ketone [17] or conjugation
employing a flexible, hydrophobic, and longer maileio linker (EMCH) that we
hypothesized would provide even faster Dox reled3gect conjugation required the
previous modification of the PGA backbone with deutylcarbazate. The EMCH spacer
required the previous modification of Dox to obtafMCH-Dox as well as previous
modification of the PGA backbone with a PD moiéitiie last stage involved the reduction of
the disulphide bond to yield the conjugate throtigh thioether derivativeF{g. 1A, SI1).
This Dox-linker strategy has its origin in the deyenent of Aldoxorubicin (formerly,
INNO-206, EMCH-Dox) as a bovine serum albumin (BS®#)ding-Dox prodrug [28] and
has been reported previously for a PGA-based caatibimconjugate [29].

Additionally, to explore the effect of different Rdoadings and encouraged by preliminary
results demonstrating enhanced cytotoxicity inltveer Dox loading range [8], we fixed G-
AGM content in all combination conjugates at 10%l,niait varied Dox loading from 1%
mol (Low Loading [LL]) to 3% mol (High Loading [HD](Fig. 1C). Unfortunately, we could
not generate the single conjugate incorporatingga foading of the bulky EMCH moiety
(PGA-EMCHy_), probably due to steric impediments. We perforrieddirect attachment of
G-AGM and the precursor moieties (tert-butylcartbazand PD) by carbodiimide coupling to
achieve our combinatioffrig. 1A) and single conjugatd&ig. Sl 1).

We then carried out physico-chemical characteoratif all synthesized conjugates (see Sl).
Fig. 2B depicts the spectra of representative conjugaiisclvemical shifts attributed to the
incorporation of one or both drugs. The signal esponding to the ethylene grouw d.75
ppm) and those at the aromatic regidn/(5 ppm) indicated the presence of G-AGM. Dox
aromatic rings signals appeared in the regiod ©0-8.0 ppm and the methylene group of the
amino-sugar moiety ad 1.25 ppm. The conjugates bearing EMCH-Dox, preskrd
characteristic ethylene signal of the EMCH spac®&r3(3 ppm) also present in the
combination conjugate; however, the aromatic sgmdlthe drug practically disappeared.
Additionally, the broadening of polymer signals calsepresented a sign of polymer

conjugation.

We also employedH-NMR to evaluate single conjugates precursors, FG&A PGA-NH-
NHBoc, PGA-NH-NH, and the combination conjugates precursors PGAQGEA)-PD,



PGA-(G-AGM)-NH-NHBoc, and PGA-(G-AGM)-NH-NHK (Fig. SI3 and SI4). Additional
'H-NMR assignments of final conjugatedtig. SI12) can be compared with the
corresponding spectra of the free parent drugspdstrating the presence of the drug within
the nanoconjugate structufég. SI11).

SEC elugrams demonstrated single homogeneous Mwibdison by refractive index (RI),
and no evidence of free drug presefles). 2D, E). We note that the conjugation of one or
both drugs did not significantly modify the,[h solution by DLS (number) and most of the
conjugates exhibited a monomodal averaggeD-3-6 nm, except in the case of the single
conjugate PGA-(Hyd-Dox) (Dn~290 nm) and the combination conjugate PGA-(G-AGM)-
(EMCH-Dox).. (Dn ~18 nm). Interestingly, DLS measurements in termnsity ig.
SI113), revealed a bimodal population distribution irading the coexistence of unimers and
aggregates. Although we expected the higher Dodddaconjugates and those bearing the
hydrophobic EMCH linker to markedly aggregate givlea overall increased hydrophobicity,
we actually observed greater aggregation behawaothose with the lowest Dox content.
This counterintuitive finding may indicate that tbeerall agueous solution conformation is
driven by a complex interplay of dynamic factonsc{uding the polyelectrolyte effect [30,
31]) and not only imposed by the hydrophobicitytleé loaded drugs as a single factor [8].
We aim to undertake additional studies involvinghptementary techniques, such as in-flow
fractionation techniques [30, 32] to reveal the tabation of both, hydrophobicity and
polyelectrolyte effect to the global spatial arramgent of conjugated macromolecules.

3.2. Dox Release Kinetics as a Crucial Feature Driving in vitro Output

To understand the biological implications of diffet drug linker use and drug
loading/ratio in our conjugates, we performed t®ticity assays in 4T1 murine breast cancer
cells. Fig. 3A depicts thein vitro effect of the PGA-(G-AGM)-(Hyd-Dox), PGA-(G-
AGM)-(Hyd-Dox),, PGA-(G-AGM)-(EMCH-Dox)y., and PGA-(G-AGM)-(EMCH-Dox).
combination conjugates. Cell viability assays destiated higher cytotoxicity for the PGA-
(G-AGM)-(Hyd-Dox)., PGA-(G-AGM)-(Hyd-Dox});. and PGA-(G-AGM)-(EMCH-Dox).
combination conjugates when compared with PGA-(GYAGEMCH-Dox)y., which
displayed very low cytotoxicity Hig. 3A). Although cytotoxicity assays provided non-
statistically-significant differences at the rangfeconcentrations tested, both combination



conjugates incorporating low Dox loadings presentét trends towards higher cytotoxicity
(ICs0 = 0.13 pg/mL and 0.45ug/mL for PGA-(G-AGM)-(EMCH-Dox). and PGA-(G-
AGM)-(Hyd-Dox).., respectively, vs. 16=0.79 pg/mL for PGA-(G-AGM)-(Hyd-Dox),.)
(Fig. 3B). In contrast with our previously reported PGA-(&/)-Dox family [8], we did
not observe any significant differences in cell ity between the single and the
combination conjugated=ig. SI15), indicating a lack of AGM:Dox synergism at theugr
ratios present upon hydrazone-mediated conjugation.

To explain this biological/therapeutic output, weleiated Dox release from the combination
conjugates at physiological and acidic pH as welinathe presence of CathepsinBg 3C
and Fig SI16) and, as expected, we found differential releasdiles depending on Dox
loading and linker length. For the EMCH-derivativéise PGA-(G-AGM)-(EMCH-Dox).
combination conjugate displayed rapid Dox reledggHa5.0 during the first 8 h, reaching a
maximum of 16%, and a slower Dox release (~2%)hgsiplogical pH (7.4). Remarkably,
the corresponding combination conjugate with highex loading, PGA-(G-AGM)-(EMCH-
Dox)y., displayed almost no Dox release at pH 5 or 7@4xduring the same time period
(Fig SI16A-B). These results, together with DLS measuremengsn{bmber) Fig. 2C),
suggest a distinct conjugate solution conformatdue to a different spatial arrangement of
Dox molecules as a function of loading. We hypotteeshat high loading of EMCH-Dox
promotes a more condensed structure (lowgr With the hydrazone bond hidden from the
acidic environment and thereby hindering Dox redeaShis may also explaining the
difficulty we faced when attempting to increase Doading. Therefore, we also hypothesize
that low loadings of EMCH-Dox correlate with a moseollen structure (higher R
promoting a higher level of hydrazone exposure@oxl release.

Conjugates obtained by direct conjugation displagedilar Dox loading-related release
behavior Fig. 3C and Fig SI16C). The PGA-(G-AGM)-(Hyd-Dox) combination
conjugate exhibited up to 10% Dox released at fiHaBthin 8 h and less than 1% at pH 7.4.
In contrast, the PGA-(G-AGM)-(Hyd-Doy) combination conjugate displayed only 2% Dox
release at pH 5.0 within the same time frame. laddpntly of the Dox linking chemistry
employed, lower loading correlated higher releadesr, thereby explaining the differential
cytotoxicity observed. For hydrazone-derivative jogates, we did not find any differences
by DLS in terms of number. However, measurementirignsity suggested a higher

aggregation tendency (larger,)Dfor the combination conjugate bearing the lowesxD



loading (PGA-(G-AGM)-(Hyd-Dox). when compared to the corresponding conjugate with
higher Dox loading (PGA-(G-AGM)-(Hyd-Dox) (Fig. 2C, Fig. Sl 13).

As we conjugated AGM through a pH-stable chemicaldy) we expect AGM release from
the PGA mainchain by cathepsin B-driven degradal@jn Therefore, we expected much
faster overall Dox release rates from Dox-hydrazioe&ing conjugates than AGM release
(only influenced by protease presence). Howevethegsin B degradation studies with
(PGA-(G-AGM)-(Hyd-Dox)y_ (Fig SI16C) clearly show that this assumption was wrong and
that the final conjugate solution conformation agavas critical. The greater AGM
bioavailability vs. Dox obtained for this conjugate, could be respaasior the lack of
activity as well as drug synergism discovered. Ha tase of the most active conjugate,
(PGA-(G-AGM)-(Hyd-Dox), (Fig 3C), same results were seen, however in this péaticu
case, and we believe is the reason for the enhaautaaty, Dox release profile was faster at
very early time-points (at pH 5 as well as in preseof cathepsin B, showing the preferential
hydrolytic mechanism triggering Dox release). Aldbe final relative release profile
comparing Doxvs AGM could explain the absence of drug synergisnaragverse relative
bioavailable AGM:Dox ratio from that previously nieied as synergistic [8] was obtained.

In summary, the release kinetics findings fullyretate within vitro results: the combination
conjugate displaying the highestsbGPGA-(G-AGM)-(EMCH-Dox);. ) demonstrated almost
no Dox release, while the conjugate showing thehdsy Dox release (PGA-(G-AGM)-
(EMCH-Dox)..) corresponded to the highest cytotoxicity. As dastated previously [8,
33], the selection of drug linkers, drug ratios,dadrug loadings in a polymer-drug
combination conjugate can drastically modify theirenmacromolecular configuration,
varying key parameters, including hydrodynamic sind drug release kinetics, that directly
influence biological readout.

3.3. Study of combination conjugates antitumor activity and safety in
a spontaneously metastatic TNBC murine model
The antitumor/antimetastatic effect of polymer-daggnbination conjugates requires

accumulation within the tumor site by passive (EEfRect) accumulation and/or active

targeting. We and others have previously descrihedspontaneously metastatic 4T1 TNBC



murine model developed in immunocompetent BALB/cer|iL0O, 34, 35], which included the
study of EPR effect [4]. This preclinical modeltFdully mimics the human clinical scenario,

offering an opportunity for reliable DD vivo testing [10].

To examine combination conjugate antitumor efficasye randomly distributed
tumor-bearing mice whose volumes had reached ~®°*1(maximal EPR effect [10]) into
representative groups and scheduled four treatnmrgsy three days with the conjugates
showing the best cytotoxic activity (at 10 mg/kgxDequivalents)Kig. 4A). In addition, we
administered Dox to a control group at 5 mg/kg andonjugated PGA as a vehicle control at
25 mg/kg (maximum concentration used for the coaljeg as carrier). Both PGA-(G-AGM)-
(Hyd-Dox),. and PGA-(G-AGM)-(EMCH-Dox) combination conjugates exhibited
substantial antitumor activity (50% tumor reductmympared with PBS-treated micé&)d.
4B). Furthermore, we noted a similar decrease in tunabume in the free Dox-treated
animals. However, treatment with unconjugated P@A BGA-(G-AGM)-(Hyd-Doxy,. did
not significantly diminish tumor growth when comedrwith PBS-treated mice. In good
agreement with oum vitro findings we did not find improvement on efficachen we
administered the physical mixture of single conjaga(PGA-(G-AGM) + PGA-(Hyd-
Dox)..) or the combination conjugate PGA-(G-AGM)-(Hyd-Daxin comparison to the
administration of the PGA-(Hyd-Doy) single conjugatesuggesting, in this case, that the
presence of AGM does play a relatively minor rdteg(Sl 14). As stated above, this result
could be explained by the differential bioavailakblieig ratio achieved when compared to
previous protease labile PGA-AGM-Dox conjugates [@ig. 3C and SI16). Dox
concentration in the tumor site is significantlygler at early time points and more
importantly it relies on a hydrolytic trigger, tledore, we would expect Dox released already
in the tumor stroma, but not AGNFig 3C).

To further understand the effect of our combinationjugates on tumor growth, we
studied tumor densityF{g. 4C) and the relationship between proliferation (vi&6K
immunostaining of axial sections) and tumor near@sig. 4D) at the experimental endpoint.
We did not see significant tumor necrosis withia ftree Dox treated animals, perhaps due to
lower levels of persistence within the tumor strofffeg. 4D). However, treatment with the
two combination conjugates displaying the most psorg therapeutic effects (PGA-(G-
AGM)-(Hyd-Dox),. and PGA-(G-AGM)-(EMCH-Dox) ) led to the appearance of large
necrotic tumor cores~g. 4D) and optimal tumor growth inhibitiorF(g. 4B). Furthermore,



these two combination conjugates inhibited theifa@tion of outer viable celld=(g. 4D),
indicating possible cell-cycle arrest induced bylpnged Dox exposure driven by both
passive conjugate accumulation and sustained skn@tease [36, 37]. Although necrosis is
typically related with hypodense tissue regions, analyses demonstrated higher necrosis in
the denser tumors (~1.9 g/as. placebo ~1.4 g/cih (Fig. 4D). PGA-(G-AGM)-(Hyd-
Dox)q. treated tumors presented the lowest density, ain the PBS control group (~1.3
g/cnt) (Fig. 4D). Of note, 4T1 tumors develop coagulative necrfg8s 39] characterized by
the preservation of the basic structural outlinghef affected cells in a compact network and
the accumulation of inflammatory cells [40]. Doxated hypoxia [41] may led to tumor
tissue ischemia and thus to more hypoxic tumorsltieg in increased coagulative necrosis
and therefore, denser tumors. Additionally, we fbewidence of calcification in the core of
the densest tumors (PGA-(G-AGM)-(EMCH-D@X), which corresponds to the rapid fast
development of necrosis, in response to a highkgcafe antitumor treatment. Such

calcification could drastically increase tumor weignd, therefore, tumor density.

To assess safety, we systematically evaluated, bhedyht, general aspect, behavior,
and post-mortem major organ weights of all aninesigloyed. We observed no significant
alterations in body weight of animals treated WAGA-(G-AGM)-(Hyd-Dox) . PGA-(G-
AGM)-(Hyd-Dox)y., or Dox, which displayed a 100% survival ratéigf 4E and F).
However, PGA-(G-AGM)-(EMCH-Dox) treated presented with lethargy, weakness, and
slight dyspnea immediately following the third aiedrth iv. administrations, with only 50%
of animals survivingKig. 4F). Post-mortem organ analysis revealed increadatdve liver
weight in all animals compared to healthy (non-turhearing animals) noting the largest
relative liver weight increase in animals treatethWwGA-(G-AGM)-(EMCH-Dox), (Fig.
4G). However, we note that animals treated with PGAAGM)-(Hyd-Dox), ., PGA-(G-
AGM)-(Hyd-Dox)y., and Dox exhibited smaller increases in relatiweerliweight when
compared to the PBS-treated (tumor-bearing) cominohals, suggesting better overall anti-

tumor activity (see below for further details).

Of the organs studied, histopathological analysegaled treatment-related adverse
effects in the liver, as noted, and the heart, @nthe key organs that present anthracycline-
related pathologies [42, 43]. The liver presentagniicant hydropic degeneration,
suggesting possible treatment-associated toxi€itg. (S117) and hearts of animals treated
with Dox presented with myocardial fiber tortuosiinterfibrillar edema, and abundant



fibrosis as major cardiomyopathidsd. 4H). Although we discovered some disperse regions
presenting minor levels of fibrosis, we observed mther major Dox-related
cardiomyopathies in animals treated with two mdfctive antitumor treatments (PGA-(G-
AGM)-(EMCH-Dox),,. or PGA-(G-AGM)-(Hyd-Dox), ).

All combination conjugates demonstrated safevivo therapeutic characteristics in terms of
body weight and cardiotoxicity compared to free [akeven half dosage). Nevertheless, the
PGA-(G-AGM)-(EMCH-Dox), combination conjugate-treated animals demonstréied
overall survival and some degree of hepatotoxiddy.note, the PGA-(G-AGM)-(EMCH-
Dox).. combination conjugate exhibited the lowest Doxdlog (Fig. 2A), and so, we
required highly concentrated doses of the conjutgateach desired Dox equivalents, which
increased the final solution viscosity; a parametgh the potential to affect proper blood
distribution. Second, the larger size and heigldeatality of this combination conjugate to
aggregate in solutioriF{g. 2C) might promote accumulation in other organs, al$ agein the
tumor. Livers from animals receiving PGA-(G-AGM)NEH-Dox),., developed even
higher hydropic degeneration (vacuolar degenergtiarinciding with organ swelling=g.
4H), when compared with free Dox treatment [4E]g( SI17). Chemotherapeutic drug-
induced hydropic degeneration occurs by directiadatect toxicity mechanisms. The direct
action causes increased cell membrane injury [4Hdihg to cellular injury (e.g.
antineoplastic drugs such as cisplatin and Doxg iAdirect action includes the release of
highly toxic and reactive free radicals [45] cagsiipid peroxidation and cell membrane
damage [46] with increased influx of sodium andexatausing cellular swelling. Therefore,
enhanced liver toxicity and reduced overall suriviméght be the result of a sum of factors,
such as the possible accumulation of this conjugeteé corresponding Dox-associated

toxicity in liver.

Overall, the PGA-(G-AGM)-(Hyd-Dox) combination conjugate displayed the best
antitumor activity and the greatest inhibition afor cell proliferation without impairing
safety, thereby demonstrating the benefits of #temally designed polymer conjugation-

based strategies.



3.4. Study of Antimetastatic Activity of Combination Conjugates and

Effects over Extramedullary Hematopoiesis and Leukemoid Reaction

Lung metastasis is the most common complicatiobré@ast cancer patients and is identified
in 60-70% of all cancer patients [47]. During pripndumor progression, cancer cells can
escape from the tumor stroma and travel throughblbedstream or lymphatic system,
generating metastatic foci within the lung paremshyor in the subpleural region. The 4T1
orthotopic TNBC BALB/c murine model is suitable fa@ntimetastatic nanomedicines
validation as it faithfully mimics the human cliaic scenario, including spontaneously
metastatic to the lung [10, 34]. This model devsltge first signs of lung metastasis around
day 3 after cells implantation although our schedutreatment began at day 8 (max EPR).
As depicted inFig. 5A, the PGA-(G-AGM)-(hyd-Dox) combination conjugate displayed
optimal antimetastatic activity: a 90% reductiorlung metastasis when compared with non-
treated mice. The EMCH-based conjugate incorpagate lowest Dox loading (PGA-(G-
AGM)-(EMCH-Dox),.) displayed the same antimetastatic potential as fDox. Further
histopathological analysis confirmed these res(fig). 5B); animal receiving PGA-(G-
AGM)-(hyd-Dox) . treatment (optimal antitumor combination conjugasgo displayed
reduced subpleural and intraparenchymatous meatastati when compared with other

treatments.

4T1 tumor development blocks medullar erythropsiesid, as a consequence, causes splenic
and hepatic erythropoiesis, which promotes acutensmegaly in mice [10, 48, 49]. We
evaluated the capacity of combination conjugatesstiuce this secondary effect of tumor
progression by examining spleen weights and hishapegical features. As depicted Fig.
5C, we observed significant decreases in spleen waighice treated with PGA-(G-AGM)-
(Hyd-Dox)... PGA-(G-AGM)-(EMCH-Dox) ., or free Dox (the most effective antitumor
treatments), with spleen weight in the PGA-(G-AGMyd-Dox),._ treated animals similar
to PBS (tumor-bearing) animals. Further histopatblal analyses confirmed previous
findings Fig. 5D). We discovered severe congestion of the red pudbhgperplasia due to
elevated reactive hematopoiesis in the spleensB& €ontrol mice and the combination
conjugate PGA-(G-AGM)-(EMCH-Dox) treated miceKig. 5D). Spleens from mice treated
with Dox, PGA-(G-AGM)-(Hyd-Dox),, or PGA-(G-AGM)-(EMCH-Dox), displayed a
partially restored splenic parenchyma. However siweere leukemoid (leukocytosis) reaction

observed in the PBS treated mice developed tosardesxtent in animals treated with Dox or



with PGA-(G-AGM)-(Hyd-Dox), (Fig. 5E-G), in line with the slower overall disease

progression.

The reduction in metastasis at the experimentalp@nt might imply two different
antimetastatic mechanisms induced by our combinationjugates. Greater anti-tumor
activity (primary tumor), a reduction of tumor gritwand tumor-cell proliferation, may also
inhibit metastatic-related processes, including i@nesis, migration, and/or epithelial-
mesenchymal transition of tumor cells. Additionaljyven the enhanced size in solution of
the conjugates, the higher ability to aggregatd,tae accelerated Dox release kinetics of the
low loading combination conjugates could promoteuatulation in the lungs [50], leading to
a direct effect on metastatic tumor cells. We htpe additional experiments focused on

lung accumulation will corroborate these hypotheses

In summary, the combination conjugates with lowexDoading exhibit higher antitumor
and antimetastatic activity, coinciding with highBox release influence by the conjugate

solution conformation and tumor stromal features.

3.5. Transcriptomic study of Combination Conjugates

3.5.1 GO Analysis

To understand the molecular basis of the respaiesttge different combination conjugates,
we performed RNA-seq analysis of tumors derivedhftoeated animals and compared genes
differentially regulated between each possible -pasie comparison Hig. SI18). In
agreement with the above-described physiologicatadterization assays, we found that the
highest number of differentially expressed genesnmared to the PBS control group,
corresponded to the PGA-(G-AGM)-(Hyd-Dex)and PGA-(G-AGM)-(EMCH-Dox)
combination conjugates, while the PGA-(G-AGM)-(HRdx)y. combination conjugate that
shows no differences in tumor growth inhibitionhwespect to PBS control had significantly
lower numbers of differentially expressed genes. Waefore concentrated our functional
enrichment analysis on PGA-(G-AGM)-(Hyd-Dgx) and PGA-(G-AGM)-(EMCH-Dox).

treatments to understand similarities and diffeesrnzetween molecular responses.

GO enrichment analysis revealed the enrichmen®adr@l 5 terms in genes that were up- or

down-regulated, respectively, when comparing (PGAAGM)-(Hyd-Dox).. and PGA-(G-



AGM)-(EMCH-Dox),, ) transcriptional responseki¢. 6A), while 11 and 10 GO terms were

enriched in up- or down-regulated genes betweetwbeonjugates.

Upregulated processes common for PGA-(G-AGM)-(Hyak]p. and PGA-(G-AGM)-
(EMCH-Dox).. include chemotaxis, positive regulation of intesfe gamma-mediated (IFN-
y) signaling pathway, response to interferon alplidN{o), granzyme-mediated apoptotic
signaling pathway, and autophagy of host ceallsongst othersFH{g. 6B), indicating that
treatment induced a shared activation signatuege@lto inflammation, apoptosis induction
and autophagy activation.

Interferon signaling pathways (IF&dand IFNy) are involved in immune response, inhibition
of cell proliferation, inflammation, immune surdaihice and tumor suppression by inducing
the transcription of a number of IFN-stimulated ggef51]. Binding of IFNy and IFNe to
their respective receptors promotes the activatibRI3K/AKT and JAK/STAT pathways
[51, 52], resulting in the synthesis of several-gpoptotic factors, but also inhibiting the
synthesis of anti-apoptotic genes [53]. Accordinglye detected the upregulation of the
granzyme-mediated pathway, a process that involve=ll mediated cytotoxicity and
perforin-granzyme-dependent killing of the cellabgh the induction of apoptosis [54],
found in our enrichment results. Moreover, we deidcipregulation of autophagy, which is a
different type of active programmed cell death [55]. Interegy, both treatments caused a
marked upregulation of T-cell chemotaxis; T-celfficking to and increasing the T-cell
frequency at the TME is one of the major challenigesadoptive immunotherapy as a new

strategy against tumor development and metastBjs |

Taken together these upregulated pathways indtbateontribution of different cell death
mechanisms, including processes leading to apaptosil others mediating autophagy, in
both PGA-(G-AGM)-(Hyd-Dox). and PGA-(G-AGM)-(EMCH-Dox)_treatments.

Both treatments also provoke the downregulatiomprotesses related to cell proliferation,
signaling and metastasis, blood vessel developif@giogenesis), epithelial-mesenchymal
transition (EMT), epithelial cell proliferation imlved in mammary gland duct elongation,

and positive regulation of protein kinasefig; 6C).

The link between angiogenesis and EMT is widelyepted, since the same factors that drive
endothelial cells toward a pro-angiogenic phenotyag also drive epithelial cells toward a

mesenchymal stem cell (MSC) phenotype. Thus, aegiesjs can be accomplished through



endothelial sprouting or non-sprouting microvascuygowth, in a similar manner that
endothelial cells gain invasive and migratory prtipe to become MSCs [57 ]. In this
context, EMT and angiogenesis have emerged asrabtpgocesses in the promotion of

carcinogenesis [58, 59].

Moreover, genes related to epithelial cell proitesn involved in mammary gland duct
elongation also displayed a downregulation. This &fn includes different genes, all of
them playing an important role in mammary glandaopenesis and development [60]. The
mammary gland epithelium passes through severdegyaf proliferation and cell death
during pregnancy, lactation, and involution. Howeweany of the signaling mechanisms that
control the initial invasion of the fat pad by tlepithelium and regulate its continuing
plasticity can be harnessed or corrupted by tunedls ¢n order to support their aberrant
growth and progression towards invasion [61]. Adawgly, we hypothesize that at least part
of the anti-cancer activity of our conjugates midget mediated by the inhibition in the

proliferation of mammary gland cells

Additionally, the PGA-(G-AGM)-(Hyd-Dox). and PGA-(G-AGM)-(EMCH-Dox).
combination conjugates downregulate the proteiragenC (PKC) pathway, which could
imply deactivation of NkB signaling [62]. Overexpression of the factor NB4s frequently
found in cancer and other inflammatory diseases aptential inhibition of NkeB here

could be an additional anticancer effect of our boratorial therapy.

As mentioned, we discovered a total of 67 GO tefmsdownregulated terms and 62
upregulated terms) enriched in a comparison betweer-(G-AGM)-(Hyd-Dox), and
PGA-(G-AGM)-(EMCH-Dox), treatedtumors. This indicates a stronger and more general
effect of PGA-(G-AGM)-(Hyd-Dox). when treating tumor cells compared to PGA-(G-
AGM)-(EMCH-Dox). .. PGA-(G-AGM)-(EMCH-Dox), involves fewer targeted processes,
such as stem cell proliferation and epidermal déferentiation indicating a role of this
combination conjugate in reducing cancer cell gloygig. 6D). PGA-(G-AGM)-(Hyd-
Dox).. specifically activates general processes such efense/immune responses,
inflammation, phagocytosis, cell signaling and retsis Fig. 6E), suggesting that the PGA-
(G-AGM)-(Hyd-Dox). . is more effective in provoking a general immuneguaese that might
contribute to fight tumor progression, improve flieatatus of the individual and increase
survival rates. In this sense, we observed highesigal rates of mice treated with PGA-(G-
AGM)-(Hyd-Dox),., which corroborates this assumption.



3.5.2 Pathway Analysis Highlights Mechanistic Differences between
PGA-(G-AGM)-(Hyd-Dox), and PGA-(G-AGM)-(EMCH-Dox).,

We used the PaintOmics 3 tool to create a mechamnispresentation of some of the
processes involved in the PGA-(G-AGM)-(Hyd-Dgx) and PGA-(G-AGM)-(EMCH-
Dox).. modes of action. PaintOmics 3 analysis confirmed arpanded GO enrichment
results in relation to cell survival/apoptosisd. 7A) and inflammation, angiogenesis, and
metastasis Kig. 7B), revealing additional similarities and differescbetween the two

conjugates.

We uncovered evidence of both conjugates inducpaptsis through the activation of the
granzyme (GZMB) signaling pathwa¥i. 6B). Indeed, we found strong upregulation of
GZMB and perforin (PRF1) for both treatment&g, 7A, see first two columns of gene
heatmaps); however, we also detected activatidheohpoptosis extrinsic pathwayig. 7A),
which involves the activation of cell surface deatheptors (FAS, TNFR) by extracellular
ligands such as FAS-L or TNF, resulting in the céage or activation of caspase-8 and a
signaling cascade that culminates in cell death. [8& note the strong upregulating of all

these markers for both conjugatésgy( 7A)

We demonstrate the differences between the twaugatgs in the third column of the gene
heatmapsKig. 7A). PGA-(G-AGM)-(Hyd-Dox), exhibits consistent activation of typical
pro-apoptotic markers such as tubulin alpha 1b (AUB), poly(ADP-Ribose) polymerase 1
(PARP1), beta-actin (ACTB), and myeloid cell leukarsequence 1 (MCL1) (red in gene
heatmaps). However, PGA-(G-AGM)-(EMCH-Dex) more frequently triggers the
overexpression of cell survival and anti-apopt@eénes, including as B-cell lymphoma 2
(BCL2), growth arrest and DNA damage inducible algicADD45A), baculoviral IAP
repeat containing 2 (BIRC2), mouse double minuteofiolog (MDM2), and TNF receptor
associated factor 1 (TRAF1l) (blue in gene heatmapsdm these observations, we
hypothesize that PGA-(G-AGM)-(Hyd-Daox) treatment is not only stronger in provoking
apoptosis through upregulation of proapoptotic psses, but also reduces the expression of
genes related to cell survival and anti-apoptgsisitly contributing to a strong apoptotic

response.



Pathway enrichment analysis also revealed stromggiogenesis and inflammation activities
for PGA-(G-AGM)-(Hyd-Dox), treatment than for PGA-(G-AGM)-(EMCH-Dax) (Fig.
6D). Prostaglandin-endoperoxide synthase 2 (PTGS2)naaker of pro-angiogenesis
processes [64] that, although overexpressed fdr bomjugates, exhibited higher levels for
PGA-(G-AGM)-(Hyd-Dox), treatment Fig. 7B). Similarly, although inflammation was a
hallmark of both treatment§&iQ. 6B), selected inflammatory biomarkers such as Inigite
(IL)1B, IL6, Interferony and TNFea were upregulated following PGA-(G-AGM)-(Hyd-
Dox). . treatment compared to PGA-(G-AGM)-(EMCH-Dgx)(Fig. 7B), which might
mediate the differential inflammatory response leetwvthe two conjugates.

Protein tyrosine kinase 2 (PTK2) and the matrix abepeptidases 1 and 9 (MMP1 and
MMP9) displayed higher levels in PGA-(G-AGM)-(EMCBlex). . treatment Fig. 7B),
suggesting that these genes might mediate theasedetrend for heightened metastatic
activity observed in PGA-(G-AGM)-(EMCH-Dog) treated tumors when compared to PGA-
(G-AGM)-(Hyd-Dox). ..

4. Conclusions

Both experimental results and transcriptional asialyndicate that the two most effective
conjugates, PGA-(G-AGM)-(Hyd-Doyx) and PGA-(G-AGM)-(EMCH-Dox) , target the
TME to trigger a cascade of molecular events thampte tumor cell death (apoptosis and

autophagy) and inhibit tumor-related activitiegluding metastasis and cell proliferation.

However, we also highlight significant differendestween the two combination conjugates:
PGA-(G-AGM)-(Hyd-Dox), triggers a more intense immune response that nagplain
why recipient mice display a higher survival raddso, PGA-(G-AGM)-(Hyd-Dox), leads
to higher pro-apoptotic activity, lower anti-apofptosignals, and inhibition of metastasis,

which support the overall response to this treatmen

We have also demonstrated the relative importahtageting the TME for drug release and
optimizing the bioavailable drug ratio in a comltioa therapy, highlighting the importance

of a chemical rational for polymer-drug(s) linkeestgn. Adequate drug release kinetics
represents a crucial parameter towards achievingdagquate safety: efficacy ratio and may

secure an adequate therapeutic window for futearments.



Finally, this study also demonstrates the utilifysmle-by-side transcriptional analysis that
serves to understand our results and promote tineefulesign of advanced polymer-based

DDS for the treatment of metastatic TNBC among i@the

FIGURE LEGENDS

Fig. 1. Synthetic scheme followed to achieve for Poly-L-glutamate (PGA)-based
combination conjugates. i. a) DMTMM.BF,4, DIEA, anh-DMF, 15min, R.Ti. b) t-butyl
carbazate, G-AGM, 24h, pH=8, R.Ti) TFA, 30min, R.T.;iii. @) DOX.HCL, CHCOOH
(cat.), 36h.ii. b) NaHCG; (dil) iv. a) DMTMM.BF,4, DIEA, anh-DMF, 15min, R.Tiv. b)
Pyridyldithiol, G-AGM, 24h, pH=8, R.T.y. a) EMCH-Dox, TCEP (cat.)v. b) NaHCG;
(dil).

Fig. 2. Physicochemical characterization of PGA-based combination conjugates. A)
Physico-chemical characteristics of PGA-drug coajeg. B) Representative'H-NMR
spectra (O, 300 MHz). C) Size distribution graphs in number obtained by Dh$BS at
5.0 mg mLCY D) and E) SEC chromatograms for parental PGA compared witlylsi
conjugates and combination conjugates, respect(Wlyletection, peak at 17.1 corresponds

to the counter-cation N

Fig. 3. Cell viability and kinetics of drug release studies for combination conjugates. A)
Cell viability measured by MTS assay after 72 hairseatment with PGA-(G-AGM)-(Hyd-
Dox).., PGA-(G-AGM)-(Hyd-Dox)y. PGA-(G-AGM)-(EMCH-Dox) PGA-(G-AGM)-
(Hyd-Dox)y. or free Dox. Data expressed as mean + SEM, at teasB experiments per
treatment.B) Determination of IC50 for the free Dox and theypoér-drug conjugates in
mouse 4T1 breast cancer cell li@).Kinetics of drug(s) release from PGA-(G-AGM)-(Hyd-
Dox).. under hydrolytic as well as proteolytic (cathepBinconditions; n = 3 experiments

per assay.

Fig. 4. In vivo antitumor and safety evaluation of combination conjugates in an
orthotopic TNBC mice model. A) Routine schedule of treatment administration. The
treatment started at the previously determined ERRR pointB) Tumor growth inhibition of
previously selected polymer-drug conjugates. Dapresents mean + SEM. Statistical
significance was determined using an ANOVA t-t€sp<0.05, ** p<0.01, *** p<0.001)C)

Mice weight loss along treatmeril§ Comparison of tumor density with different treatitse



at the experimental endpoirf) Comparison of H&E and Ki-67 axial sections of tusat
experimental endpoint after different treatmeri¥. Mice-treated heart sections showing
Dox-induced cardiotoxicity by means of H&E and Mass immunostaining compared with
the cardio-safety displayed by the combination egaiesG) Kaplan-Meyer survival curves
demonstrating safety of the combination conjugatgk the exception of PGA-(G-AGM)-
(EMCH-Dox), ., that shows only 50% of mice survival) Relative liver weight by
treatments demonstrating tumor-related hepatomegallje PBS group, that partially was
improved with Dox, PGA-(G-AGM)-(Hyd-Dox) , PGA-(G-AGM)-(Hyd-Dox), and greater
organ weight related to the treatment PGA-(G-AGHMCH-Dox),.. . Statistical
significance was determined using an ANOVA t-t&gi<0.05, ** p<0.01, *** p<0.001)

Fig. 5. Lung metastasis and extramedullary hematopoiesis with leuko-lymphocytosis. A)
Metastasis quantification in lung by treatmentsugroMetastasis was significant decreased
after the treatment with PGA-(G-AGM)-(Hyd-Dqx) PGA-(G-AGM)-(EMCH-Dox), and
free Dox B) H&E Histological analysis of representative lungpé receiving different
treatments. Red arrowheads indicate metastaticle®ddentified under the microscope)
Tumor-induced splenomegaly, demonstrating maximwight of spleen in control animals
(PBS) and those treated with PGA-(G-AGM)-(Hyd-Dax) Spleens of mice treated with
Dox, PGA-(G-AGM)-(Hyd-Doxy. or PGA-(G-AGM)-(Hyd-Dox),, demonstrated
significant spleen weight reductio®) Histopathological examination of spleens of mice
treated with different conjugates. Splenomegalyradates with congested red pulp as
demonstrated by H&E and CD-23 marker. 4T1 tumor etiyment produced acute
lymphocytosis and leukocytosis (with major propmmtiof segmented neutrophils) as seen in
the PBS-treated mic&( F, G). Animals treated with Dox and PGA-(G-AGM)-(Hyd-Bo,
demonstrated a recovery to the normal levels ofplyocytes and leukocytes. Statistical
significance was determined using an ANOVA t-tégp<€0.05, ** p<0.01, *** p<0.001 and
****n<0.0001)

Fig. 6. Network visualization of the statistically significant GO terms grouped by hyper-
categories. A) Venn diagram comparing the GO terms up or dowratgd between PGA-
(G-AGM)-(Hyd-Dox)..- PBS; PGA-(G-AGM)-(EMCH-Dox). — PBS and PGA-(G-AGM)-
(Hyd-Dox). .- PGA-(G-AGM)-(EMCH-Dox), paired comparisons. Red numbers:
upregulated GO terms; blue numbers: downreguladeesy Networks were constructed from
these results and the more relevant are demomgfrsitnilarities C, E) and differencesh,



D) between the two drug conjugates. Networks cootduthrough REVIGO web server
using EBI-GOA database. The darker the color tiveetothe p-value, as an indicative of
significance level. Nodes size indicates the fregyeof the GO term in the EBI-GOA
database. Edges indicates highly similar GO temaganding the number of genes shared.
(PGA-(G-AGM)-(Hyd-Dox), : P-(Hyd).. ,PGA-(G-AGM)-(EMCH-Dox): P-(EMCH)..)

Fig. 7. Graphical model of the transcriptional responge®®A-(G-AGM)-(Hyd-Dox), .
and PGA-(G-AGM)-(EMCH-Dox),. conjugates. The model demonstrates the gene
expression values measured by RNAseq of genesviedahA) Cell survival and apoptosis,
and B) Inflammation, angiogenesis and metastasis. Eatdrezbbox depicts the log2-fold
change value between — from left to right — congmars of PGA-(G-AGM)-(Hyd-Dox) and
PBS, PGA-(G-AGM)-(EMCH-Dox). and PBS, and PGA-(G-AGM)-(Hyd-Dax)and PGA-
(G-AGM)-(EMCH-Dox)_.. Blue indicates down-regulation and red up-regoaiof gene
expression, respectively, for each comparison. iGset@rs indicate statistically significant (p
< 0.01) changes for each comparison; arrows inglipathway relationships extracted from
the KEGG pathway database: blunt ends indicatetivegegulation and arrowheads indicate

positive relationships.
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FIG.2

PGA conjugates Dox Loading (mol%)* AGM Loading (mol%)® Size by DLS (Dy, nm)  Theoretical Mw (KDa)®
PGA-(G-AGM)1o - 9.9 3.2 14830
PGA-(hyd-Dox); 1.3 w/a 390.0 13090
PGA-(hyd-Dox)s 3.1 Wa 42 14100
PGA-(EMCH-Dox); 0.8 n/a 6.5 12900
PGA-(G-AGM);o-(hyd-Dox); 11 0.1 4.4 14620
PGA-(G-AGM)0-(hyd-Dox)s 29 10.4 3.6 14860
PGA-(G-AGM)10-(EMCH-Dox); 0.9 8.1 17.7 14900
PGA-(G-AGM)10-(EMCH-Dox)s 29 0.4 32 15250

A: Calculated espectrophotometrically by UV-VIS; B: Averaged form *H-NMR and UV measurements; C: Size by Number; D: Calculated according to the drug loading

PGA

PGA-(G-AGM),o
AGM

A

PGA

PGA

PGA-(hyd-Dox)

Dox
| —

PGA-(EMCH-Dox)

Dox

PGA-(G-AGM),,-(hyd-Dox)

AGM + Dox

PGA-(G-AGM),,-(EMCH-Dox)
AGM + Dox

80 75 70 65 60 55

45 40 35 30

Chemical shift (ppm)

Number (percent)

———— PGA-(hyd-Dox)LL
PGA-(G-AGM)

e PGA-(G-AGM)-(EMCH-DoX)LL
e PGA-(G-AGM)-(Hyd-Dox)LL

(Dh' nm)

PGA-(hyd-Dox)HL
PGA-(EMCH-Dox)LL
PGA-(G-AGM)-([EMCH-Dox)HL
PGA-(G-AGM)-(Hyd-Dox)HL

5 17 g 1 -

[ [

2 2

£ 0.8 -1 £ 08 -

S S

S 0.6 - G 0.6 -

2 2

3 3

< 0.4 1 5 04 -

S g

T 0.2 - T 0.2 -

2 .

2 0 T i z° 0
5 10 15 20 5

Elution time (min)

PGA-(Hyd-Dox)LL
e PGA-ONa
PGA-(G-AGM)

PGA-(Hyd-Dox)HL
PGA-(EMCH-Dox)LL

nl

20

Elution time (min)

PGA-(G-AGM)-(EMCH-Dox)HL
PGA-(G-AGM)-(Hyd-Dox)HL
PGA-ONa

PGA-(G-AGM)-(EMCH-Dox)LL
PGA-(G-AGM)-(Hyd-Dox)LL



>

Cell viability (%)

FIG.3

1204
100 ICy, (pglr_nl Dox
equiv)
80+ Dox 0,1265
60 - PGA-(G-AGM)-(Hyd-Dox), 0,4579
- PGA-(G-AGM)-(Hyd-Dox),, 0,7898
PGA-(G-AGM)-(EMCH-Dox), 0,1323
20+ PGA-(G-AGM)-(EMCH-Dox),, 191
0 il "~ T il
0.0001 0.001 0.01 0.1 1 10 100 1000
Concentration (ug/ml Dox equiv.)
—eo— Dox
-~ PGA-(G-AGM)-(Hyd-Dox), |
-u- PGA-(G-AGM)-(Hyd-Dox),.
—»- PGA-(G-AGM)-(EMCH-Dox), |
—o— PGA-(G-AGM)-(EMCH-Dox),;,
c 20
18
16 / ~&A—DoxpH=7
14 —4&—DoxpH=5
12 / —&— Dox under Cathepsi
psin B

—0—AGMpH=5

—0—AGMpH=7

// + T —@— AGM under Cathepsin B
I

20 30 40 50
Jncubation time (hours)

\ S

Cumulative Drug Release (%)
)
— K—q




H&E

Ki-67

A _ FIG.4

g0 ¥
g0t
_geso0 3
T W

-8 0 3 6 9 16
Time (Days) | - 1
B C —
109 -= PBS 2.0-
¥ PGA =
ao08d Dox £
g —+—  PGA-(G-AGM)-(Hyd-Dox)yy. HN ‘\;,
- —+— PGA-(G-AGM)-(Hyd-Dox), : : =
g 0.69 — PGA-(G-AGM)-(EMCH-Dox), * =
= € 1.54
o 51
> 0.4 °
1 1
(<} [<}
E :
2 0.2 2
0.0+

o
N -
E-
(=]
(=]
-
o
—
N

© > & 3 R
"o § & SFSFes
T 8 €9
Time (Day) Qso {-”'z? Qf
) * 0 A s
SEFLSE
Q TL
PGA-(G-AGM)- PGA-(G-AGM)- PGA-(G-AGM)- E ’
PBS Dox -(Hyd-Dox),,, -(Hyd-Dox),,  -(EMCH-Dox),, 1401 _a pgs
:\: -o- Dox
e ——  PGA-(G-AGM)-(Hyd-Dox)y
% —— PGA-(G-AGM)-(Hyd-Dox),
‘s 1204 -+ PGA-(G-AGM)-(EMCH-Dox),
2
3
o
[
o 100
2
®
°
[
80 T T T L] T T T 1
0 2 4 6 8 10 12 14 16
x Time (Day)
| —— |
G = H
| — PGA-(G-AGM)- PGA-(G-AGM)-
g Exx [ | Dox ~(Hyd-Dox),, ~(EMCH-Dox),,
100 l_ L ~ -
- <0.033 -
S P £
= s £ 6 w
S = T
2 ]
g £s
2 504 i .E‘ T
e 2a
g £ 2
S < ° g
x ©
2
0 T T T 0
0 5 10 15 PN
Time (Day) MY o‘poo‘p;o*»
- PBS Ry ~52,94‘6.0.
-k PGA-(G-AGM)-(Hyd-Dox)y, \;?\.8‘@‘
—— PGA-(G-AGM)-(Hyd-Dox),, v.o‘x‘v,o“;‘xs\
- PGA-(G-AGM)-(EMCH-Dox), G OLY
—— N

¥ X
Dox Y QOQOV



Fkkk

<

FIG.5

.2 s+
L) b
o2 g3 : %,
6T e3 x 0,
79 &2 %,
T *
& * L3
5% * %
= o <38 S <Y
i ¢3 : v 7
<8 s :
83 & 7
I < %
(U S .= \02
a [CRF) r T T 1 %
< Do (=3 (=3 o o
& S 2] o )
5 l_\-m. - -
sz gz (1/B) sjiydoaynau pajuswbag
o % a '
< [=]
&3 O
Lo>
g T x
g 8 * Nvo
*
* Q
* 27
e,
5 : °
(=] % u G
o 23
60 b
x 4
*
*
*-
2 z e
o = S,
i o o o o ° %
o & & e °
B) sajhooyna
o — -0 (T (1/6) se3ho03na
- = - s P
: % N %, %,
¥ ) 0, * Q.
va‘ * % va 2z
% 0@ b N?0 @@ + AQ;
Gy, %, i x 0 % > %
o, % x - x o, 1 % o,
Q. %, 3 o+ % 7 0, * (-3
= x %, O b I Ao 4, by ¥ %
HEE Gy Ay oy 1 5, P, Yo, %y & L)
X X %, b, ¥ 2 % & O &, 4
X oob 0} ) X (% \m“A\ O\o > « 4
- HI %, %, o, v LU o %, %
(% Y7 b ¥ & b Yo
M *0 9 | <~ O\A i/
(S - b, e
- 600‘ O\AV‘ \\W\\Q OQ T T T T T 1 Wm\
5 p s ! S & 3 & % R | = 2 ©w °
- - =] o (3uBram Apoq %) wl (1/6) sajhooydwAq
S|122 d1jejSejaWl JO Jaquinu aAlje|a Yy o Jubiam uas|ds aAne|ay



FIG.6

Defense response
D p

Inflammation

_ Regulation of

Immune response

Cell signaling

GA ng
in-

Regulation of
synaptic
transmission
GABAergic

nof Cel face
rine rece naling
ation P ay

tion of

Re
pe
phosj

production

Microglial cell
activation

Metastasis

Regulation of IFNG-
mediated signaling
pathway

Inflammation Autophagy

Apoptosis

GZMBamediated
apopt naling
pa

p.2x104 7.6x107

.

0.001%

“ 1.27x104 0.23x103
UP-REGULATED GO-terms 0.001% -_
P-(Hyd)LL vs.
P-(EMCH)wL
B UP-REGULATED GO-terms DOWN-REGULATED‘
GO-terms by

P-(Hyd)LL

vs. PBS VS.

P-(EMCH)u

centrosome

Stem cell

Epidermal cell
proliferation o

differentiation

Inorganic
anion transport

Cell differentiation

(T oo

0.003%

Bicarbonate
transport

3.4x1 047 4.8x107

| .

PBS

C

Blood vessel
maturation

0.001%

Cell proliferation Cell signaling
Metastasis .. i
trimerization streak BMP
formation signaling Cell fate
pathway commitment
1.15x104 9.5x10°

DOWN-REGULATED GO-terms

Epithelial cell

kEr‘ll;'lyonitc proliferation
skeletalsystem  “ipyolved in .
development  mammary gland s;%ualztlﬁinly

duct elongation

N

| P-(Hyd).L = PGA-(G-AGM)-(Hyd-Dox)..
| P-(EMCH). = PGA-(G-AGM)-(EMCH-Dox)..
ILPBS = Placebo group (untreated mice)



FIG.7

A IL23a IL17 CNTF PDGFa IFNG TNFa TNESF10 GZMB

* TNFSF10R

l[ceit membrane [ [BEZRY ] I o

CNTFR PDGFRa IFNGR1/2 TNFR

* %

HSP90aa1 ; i : 3 !
l FADD
v

AKT1 ‘ CASP8

i
m i & il [ |

CASP3 CASP7

Al

TUBA1B PARP1 ACTB MCL1

I] DNA |l
BCL2 4'—'7 =
» l \*‘

Apoptosis

IFNG TNFa IL17

IL6R IFNGR1 IFNGR2 TNFR

VEGFR IL17R
L 1 1 1 ] \ \ 4

l Arachldonlc acid m Tisaue remodeling
=8 N

i \ WP D

Metastasis

< Angiogenesis



Acknowledgements;

The authors would like to thank Dr. Stuart P. Atan for his collaboration in manuscript
preparation and English revision, and Irene Borfed&ssential immunohistological support.
This work has been supported by the European Rdésézouncil (grant ERC-CoG-2014-
648831 “MyNano”) and the Spanish Ministry of Scierand Innovation (CTQ2010-18195,
SAF2013-44848-R, BES-2008-006801, IPT-2012-07123000 Programa 13, and BIO2015-
71658-R). LBN is funded through a University of 8o#lorida-Helmsley Foundation award.
FHL is funded through NIH grant. Part of the equgmhemployed in this work has been
funded by Generalitat Valenciana and co-financeth VAEDER funds (PO FEDER of
Comunitat Valenciana 2014-2020).

Author Contributions:

- Conception and design: J.J.A-C., A.A.,, M.J.V.

- Synthesis and char acterization of the family of polymer-drug conjugates: J.J.A-C

- In vivo experiments optimization and development: J.J.A-C., A.A., D.C.

- Interpretation of histopathological data: J. F., J.J.A-C., A A.

- Development of experimental methodology: J.J.A-C., A.A., D.C., C.M.

- Analysisand inter pretation of data: J.J.A-C., A.A,, MJ.V.,L.B-N,, S.T., AC.

- Acquisition and inter pretation of transcriptomic data: L.B-N., S.T., A.A. J.J.A-C, M.J.V, A.C.
- Writing, review, and/or revision of the manuscript: J.J.A-C., A.A., M.J.V. L.B-N., A.C.

- Study supervison: A.A., M.J.V.

Data Availability Statement

The raw/processed data required to reproduce fhrelegs cannot be shared at this time due
to technical or time limitations. This data woulel imade available to the editor when ready.

References

[1] Wang M, Zhao J, Zhang L, Wei F, Lian Y, Wu Y, et al. Role of tumor microenvironment in
tumorigenesis. J Cancer. Sydney2017. p. 761-73.

[2] Feng L, Ziliang D, Danlei T, Yicheng Z, Zhuang L. The acidic tumor microenvironment: a target for
smart cancer nano-theranostics. National Science Review. 2018;5:269-86.

[3] Maeda H. Tumor-Selective Delivery of Macromolecular Drugs via the EPR Effect: Background and
Future Prospects. Bioconjugate Chemistry. 2010;21:797-802.

[4] Maeda H, Tsukigawa K, Fang J. A Retrospective 30 Years After Discovery of the Enhanced
Permeability and Retention Effect of Solid Tumors: Next-Generation Chemotherapeutics and
Photodynamic Therapy--Problems, Solutions, and Prospects. Microcirculation. 2016;23:173-82.



[5] Ojha T, Pathak V, Shi Y, Hennink WE, Moonen CTW, Storm G, et al. Pharmacological and physical
vessel modulation strategies to improve EPR-mediated drug targeting to tumors. Advanced drug
delivery reviews. 2017;119:44-60.

[6] Kou L, Sun J, Zhai Y, He Z. The endocytosis and intracellular fate of nanomedicines: Implication for
rational design. Asian Journal of Pharmaceutical Sciences. 2013;8:1-10.

[7] Johnson DE, Ostrowski P, Jaumouillé V, Grinstein S. The position of lysosomes within the cell
determines their luminal pH. The Journal of Cell Biology. 2016;212:677-92.

[8] Arroyo-Crespo JJ, Deladriere C, Nebot VJ, Charbonnier D, Masia E, Paul A, et al. Anticancer
Activity Driven by Drug Linker Modification in a Polyglutamic Acid-Based Combination-Drug
Conjugate. Advanced Functional Materials. 2018;28:1800931.

[9] Paul A, Vicent MJ, Duncan R. Using Small-Angle Neutron Scattering to Study the Solution
Conformation of N-(2-Hydroxypropyl)methacrylamide Copolymer-Doxorubicin  Conjugates.
Biomacromolecules. 2007;8:1573-9.

[10] Arroyo-Crespo JJ, Armifian A, Charbonnier D, Forteza J, Palomino-Schatzlein M, Pineda-Lucena A,
et al. Triple-negative Breast Cancer Preclinical Models Provide Functional Evidence of Metastatic
Progression and Suitability for Nanomedicine Evaluation Cancer Research. 2018;Under Review.

[11] Zhong Y, Zhao J, Gu Yj, Zhao Y-f, Zhou Y-w, Fu G-X. Differential levels of cathepsin B and L in
serum between young and aged healthy people and their association with matrix metalloproteinase
2. Archives of Gerontology and Geriatrics. 2015;61:285-8.

[12] Atkinson S, Andreu Z, Vicent M. Polymer Therapeutics: Biomarkers and New Approaches for
Personalized Cancer Treatment. Journal of Personalized Medicine. 2018;8:6.

[13] Chipman SD, Oldham FB, Pezzoni G, Singer JW. Biological and clinical characterization of
paclitaxel poliglumex (PPX, CT-2103), a macromolecular polymer-drug conjugate. International
journal of nanomedicine. 2006;1:375-83.

[14] Yu T, Di G. Role of tumor microenvironment in triple-negative breast cancer and its prognostic
significance. Chinese journal of cancer research = Chung-kuo yen cheng yen chiu. 2017;29:237-52.
[15] Xie HY, Shao ZM, Li DQ. Tumor microenvironment: driving forces and potential therapeutic
targets for breast cancer metastasis. Chinese journal of cancer. 2017;36:36.

[16] Kabanov AV. Polymer genomics: An insight into pharmacology and toxicology of nanomedicines.
Advanced Drug Delivery Reviews. 2006;58:1597-621.

[17] van Heeswijk WAR, Stoffer T, Eenink MJD, Potman W, van der Vijgh WIJF, v.d. Poort J, et al.
Synthesis, Characterization and Antitumor Activity of Macromolecular Prodrugs of Adriamycin. In:
Anderson JM, Kim SW, editors. Recent Advances in Drug Delivery Systems. Boston, MA: Springer US;
1984. p. 77-100.

[18] Willner D, Trail PA, Hofstead SJ, King HD, Lasch SJ, Braslawsky GR, et al. (6-
Maleimidocaproyl)hydrazone of doxorubicin. A new derivative for the preparation of
immunoconjugates of doxorubicin. Bioconjugate Chemistry. 1993;4:521-7.

[19] Cai T, Chen Y, Wang Y, Wang H, Liu X, Jin Q, et al. Functional 2-methylene-1,3-dioxepane
terpolymer: a versatile platform to construct biodegradable polymeric prodrugs for intracellular drug
delivery. Polymer Chemistry. 2014;5:4061-8.

[20] Pulaski BA, Ostrand-Rosenberg S. Mouse 4T1 breast tumor model. Current protocols in
immunology. 2001;Chapter 20:Unit 20 2.

[21] Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-
seq aligner. Bioinformatics. 2013;29:15-21.

[22] Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or without a
reference genome. BMC Bioinformatics. 2011;12:323.

[23] Tarazona S, Furio-Tari P, Turra D, Pietro AD, Nueda MJ, Ferrer A, et al. Data quality aware
analysis of differential expression in RNA-seq with NOISeq R/Bioc package. Nucleic Acids Research.
2015;43:e140-e.

[24] Law CW, Chen Y, Shi W, Smyth GK. voom: precision weights unlock linear model analysis tools
for RNA-seq read counts. Genome Biology. 2014;15:R29.



[25] Smyth GK. Linear models and empirical bayes methods for assessing differential expression in
microarray experiments. Statistical applications in genetics and molecular biology. 2004;3:Article3.
[26] Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful
Approach to Multiple Testing. Journal of the Royal Statistical Society Series B (Methodological).
1995;57:289-300.

[27] Hernandez-de-Diego R, Tarazona S, Martinez-Mira C, Balzano-Nogueira L, Furio-Tari P, Pappas
GJ, Jr., et al. PaintOmics 3: a web resource for the pathway analysis and visualization of multi-omics
data. Nucleic acids research. 2018.

[28] Walker L, Perkins E, Kratz F, Raucher D. Cell penetrating peptides fused to a thermally targeted
biopolymer drug carrier improve the delivery and antitumor efficacy of an acid-sensitive doxorubicin
derivative. International journal of pharmaceutics. 2012;436:825-32.

[29] Markovsky E, Baabur-Cohen H, Satchi-Fainaro R. Anticancer polymeric nanomedicine bearing
synergistic drug combination is superior to a mixture of individually-conjugated drugs. Journal of
controlled release : official journal of the Controlled Release Society. 2014;187:145-57.

[30] Patterson JP, Robin MP, Chassenieux C, Colombani O, O'Reilly RK. The analysis of solution self-
assembled polymeric nanomaterials. Chemical Society Reviews. 2014;43:2412-25.

[31] Duro-Castano A, Nebot VJ, Nino-Pariente A, Arminan A, Arroyo-Crespo JJ, Paul A, et al.
Capturing "Extraordinary" Soft-Assembled Charge-Like Polypeptides as a Strategy for Nanocarrier
Design. Advanced materials. 2017;29.

[32] Dionzou M, Morere A, Roux C, Lonetti B, Marty JD, Mingotaud C, et al. Comparison of methods
for the fabrication and the characterization of polymer self-assemblies: what are the important
parameters? Soft matter. 2016;12:2166-76.

[33] Vicent MJ, Greco F, Nicholson R, Paul A, Griffiths PC, Duncan R. Polymer therapeutics designed
for a combination therapy of hormone-dependent cancer. Angewandte Chemie. 2005;44:4061-6.
[34] DuPre SA, Redelman D, Hunter KW, Jr. The mouse mammary carcinoma 4T1: characterization of
the cellular landscape of primary tumours and metastatic tumour foci. International journal of
experimental pathology. 2007;88:351-60.

[35] Arminan A, Palomino-Schatzlein M, Deladriere C, Arroyo-Crespo JJ, Vicente-Ruiz S, Vicent MJ, et
al. Metabolomics facilitates the discrimination of the specific anti-cancer effects of free- and
polymer-conjugated doxorubicin in breast cancer models. Biomaterials. 2018;162:144-53.

[36] Lupertz R, Watjen W, Kahl R, Chovolou Y. Dose- and time-dependent effects of doxorubicin on
cytotoxicity, cell cycle and apoptotic cell death in human colon cancer cells. Toxicology.
2010;271:115-21.

[37] Bar-On O, Shapira M, Hershko DD. Differential effects of doxorubicin treatment on cell cycle
arrest and Skp2 expression in breast cancer cells. Anti-cancer drugs. 2007;18:1113-21.

[38] Peixoto RC, Miranda-Vilela AL, de Souza Filho J, Carneiro ML, Oliveira RG, da Silva MO, et al.
Antitumor effect of free rhodium (ll) citrate and rhodium (ll) citrate-loaded maghemite nanoparticles
on mice bearing breast cancer: a systemic toxicity assay. Tumour biology : the journal of the
International Society for Oncodevelopmental Biology and Medicine. 2015;36:3325-36.

[39] Zhou M, Ku G, Pageon L, Li C. Theranostic probe for simultaneous in vivo photoacoustic imaging
and confined photothermolysis by pulsed laser at 1064 nm in 4T1 breast cancer model. Nanoscale.
2014;6:15228-35.

[40] Caruso RA, Branca G, Fedele F, Irato E, Finocchiaro G, Parisi A, et al. Mechanisms of coagulative
necrosis in malignant epithelial tumors (Review). Oncology letters. 2014;8:1397-402.

[41] Chawla SP, Cranmer LD, Tine BAV, Reed DR, Okuno SH, Butrynski JE, et al. Phase Il Study of the
Safety and Antitumor Activity of the Hypoxia-Activated Prodrug TH-302 in Combination With
Doxorubicin in Patients With Advanced Soft Tissue Sarcoma. Journal of Clinical Oncology.
2014,;32:3299-306.

[42] Shivakumar P, Rani MU, Reddy AG, Anjaneyulu Y. A study on the toxic effects of Doxorubicin on
the histology of certain organs. Toxicology international. 2012;19:241-4.



[43] Tacar O, Sriamornsak P, Dass CR. Doxorubicin: an update on anticancer molecular action,
toxicity and novel drug delivery systems. The Journal of pharmacy and pharmacology. 2013;65:157-
70.

[44] Alves AC, Magarkar A, Horta M, Lima J, Bunker A, Nunes C, et al. Influence of doxorubicin on
model cell membrane properties: insights from in vitro and in silico studies. Scientific reports.
2017;7:6343.

[45] Thorn CF, Oshiro C, Marsh S, Hernandez-Boussard T, McLeod H, Klein TE, et al. Doxorubicin
pathways: pharmacodynamics and adverse effects. Pharmacogenetics and genomics. 2011;21:440-6.
[46] Hrelia S, Fiorentini D, Maraldi T, Angeloni C, Bordoni A, Biagi PL, et al. Doxorubicin induces early
lipid peroxidation associated with changes in glucose transport in cultured cardiomyocytes.
Biochimica et biophysica acta. 2002;1567:150-6.

[47] Gao D, Du J, Cong L, Liu Q. Risk Factors for Initial Lung Metastasis from Breast Invasive Ductal
Carcinoma in Stages I-lll of Operable Patients. Japanese Journal of Clinical Oncology. 2009;39:97-104.
[48] Liu M, Jin X, He X, Pan L, Zhang X, Zhao Y. Macrophages support splenic erythropoiesis in 4T1
tumor-bearing mice. PloS one. 2015;10:e0121921.

[49] DuPre SA, Hunter KW, Jr. Murine mammary carcinoma 4T1 induces a leukemoid reaction with
splenomegaly: association with tumor-derived growth factors. Experimental and molecular
pathology. 2007;82:12-24.

[50] Perry JL, Reuter KG, Luft JC, Pecot CV, Zamboni W, DeSimone JM. Mediating Passive Tumor
Accumulation through Particle Size, Tumor Type, and Location. Nano letters. 2017;17:2879-86.

[51] Platanias LC. Mechanisms of type-I- and type-ll-interferon-mediated signalling. Nature reviews
Immunology. 2005;5:375-86.

[52] de Weerd NA, Samarajiwa SA, Hertzog PJ. Type | interferon receptors: biochemistry and
biological functions. The Journal of biological chemistry. 2007;282:20053-7.

[53] Arellano G, Ottum PA, Reyes LI, Burgos PI, Naves R. Stage-Specific Role of Interferon-Gamma in
Experimental Autoimmune Encephalomyelitis and Multiple Sclerosis. Frontiers in immunology.
2015;6:492.

[54] EImore S. Apoptosis: a review of programmed cell death. Toxicologic pathology. 2007;35:495-
516.

[55] Yin Z, Pascual C, Klionsky DJ. Autophagy: machinery and regulation. Microbial cell. 2016;3:588-
96.

[56] Slaney CY, Kershaw MH, Darcy PK. Trafficking of T Cells into Tumors. Cancer Research.
2014;74:7168-74.

[57] Ribatti D. Epithelial-mesenchymal transition in morphogenesis, cancer progression and
angiogenesis. Experimental cell research. 2017;353:1-5.

[58] Sanchez-Garcia I. The crossroads of oncogenesis and metastasis. The New England journal of
medicine. 2009;360:297-9.

[59] Holderfield MT, Hughes CCW. Crosstalk Between Vascular Endothelial Growth Factor, Notch,
and Transforming Growth Factor-B in Vascular Morphogenesis. Circulation Research. 2008;102:637-
52.

[60] Montévil M, Speroni L, Sonnenschein C, Soto AM. Modeling mammary organogenesis from
biological first principles: Cells and their physical constraints. Progress in Biophysics and Molecular
Biology. 2016;122:58-69.

[61] Lanigan F, O’Connor D, Martin F, Gallagher WM. Common Molecular Mechanisms of Mammary
Gland Development and Breast Cancer. Cellular and Molecular Life Sciences. 2007;64:3159-84.

[62] Garg A, Aggarwal BB. Nuclear transcription factor-kappaB as a target for cancer drug
development. Leukemia. 2002;16:1053-68.

[63] Strasser A, O'Connor L, Dixit VM. Apoptosis signaling. Annual review of biochemistry.
2000;69:217-45.

[64] Balzano L, Diez N. Mecanismos asociados a la agresividad tumoral y su empleo para diagnosticar
este fendmeno. RET Revista de Estudios Transdisciplinarios. 2010;2:77-86.





