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Abstract: This study analyzes oral supplement of molecular iodine (I2) alone and in combination
with the neoadjuvant therapy 5-fluorouracil/epirubicin/cyclophosphamide or taxotere/epirubicin
(FEC/TE) in women with Early (stage II) and Advanced (stage III) breast cancer. In the Early group,
30 women were treated with I (5 mg/day) or placebo (colored water) for 7-35 days before surgery.
For the Advanced group, 30 patients received I» or placebo along with FEC/TE treatment. After
surgery, all patients received FEC/TE + L. for 170 days. > supplementation showed a significant
attenuation of the side effects and absence of tumor chemoresistance. Control, I, FEC/TE, and
FEC/TE+L groups exhibit response rate of 0, 33%, 73%, and 100%, respectively, and a pathologic
complete response of 18%, and 36% in the last two groups. Five-year disease-free survival rate was
significantly higher in patients with I supplement before and after surgery compared to those
receiving the supplement only after surgery (82% vs. 46%). I-treated tumors exhibit less invasive
potential, and significant increases in apoptosis, estrogen receptor expression, and immune cell
infiltration. Transcriptomic analysis indicated activation of the antitumoral immune response. The
results led us to register a phase III clinical trial analyzing chemotherapy + I treatment for advanced
breast cancer.

Keywords: molecular iodine; breast cancer; chemoresistance; immune response; transcriptomic
analysis

1. Introduction

The main causes of failure of breast cancer treatment are the rapid development of metastases
and tumor resistance to antineoplastic drugs [1, 2]. Anthracyclines [doxorubicin (DOX), epirubicin,
etc.] are the golden standard in neoadjuvant therapy and are commonly used in the 5-
fluorouracil/epirubicin/cyclophosphamide or taxotere/epirubicin (FEC/TE) combination therapy for
advanced breast cancer. However, even when treated with this potent chemotherapeutic
combination, 30% of patients develop chemoresistance and cardiomyopathic side effects [3, 4].
Therefore, continued research is necessary to develop novel breast cancer drugs that prevent these
detrimental side effects.

In 1993 and later in 2004, two independent groups showed that molecular iodine (I2)
supplementation at millimolar concentrations has beneficial effects in women with mammary
fibrocystic disease or mastalgia, without any adverse effect on their thyroid function or general health
[5, 6]. Subsequently, several groups, including ours have shown that these anti-proliferative and anti-
inflammatory actions can also be observed in preclinical and clinical models of benign prostatic
hyperplasia and cancer of various organs that uptake iodine [7-9]. We also reported that I> exerts
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synergistic effects when used in combination with DOX antineoplastic treatments in both rodent [10]
and canine [11] models. In our rodent model of methyl nitrosourea-induced mammary tumors, I
treatment increased tumor sensitivity to DOX, allowing a four-fold reduction in the therapeutic dose
of this drug. Moreover, > supplementation leads to significant cardioprotection, as indicated by a
reduction in cardio lipoperoxidation and circulating cardiac creatine kinase (CK-MB) levels [10]. The
molecular effects of I» treatment also include decreased proliferation in DOX-resistant cells, decreased
acquisition of epithelial-mesenchymal transition (EMT) markers, induction of tumor cell re-
differentiation, and increased antitumor immune response [11, 12]. In the canine study, iodine
supplementation generates a significant attenuation of side effects, and disease-free survival
increased by 33% compared with DOX- monotherapy studies after 10 months [11].

In the present study, we analyzed the clinical benefits as well as the molecular mechanisms of I»
using the following two protocols: (1) Protocol one utilized a daily supplement of I. alone before
surgery and, together with conventional FEC/TE therapy after tumor resection, in women diagnosed
with stage II (Early) breast cancer, and in (2) Protocol 2 the I2was co-administrated with neoadjuvant
FEC/TE therapy in women diagnosed with stage III (Advanced) breast cancer. Both treatments were
followed up to determine the disease-free survival and over survival for 60 months. In the tumor
samples, a transcriptomic analysis was carried out to describe the main molecular pathways
involving the I response.

2. Materials and Methods

Study design.

Patients diagnosed with breast cancer were eligible for the study. Other eligibility criteria
included patients with normal hepatic, renal, and cardiovascular functions. Patients were excluded
from the study if they were: 1) pregnant or breast-feeding or 2) diagnosed with any current or
previous malignancy, with impaired bone, liver or kidney function or myocardial infarction during
the last six months before the study, unstable or uncontrolled hypertension, or thyroid dysfunction.
All subjects gave their informed consent for inclusion before they participated in the study.

Since this a pilot study, the inclusion of a total of 40 patients was considered (10 patients per
group). However, as it was predicted that 10-15% of the participants in each group could be lost or
withdrawn from the study, each group was initially conformed with 15 participants. In the
designation of each patient to the control or placebo groups, the dropper bottles of iodine and placebo
were classified (numbered) and registered by a laboratory technician. In the patients' recruitment, the
dropper bottle assignment was sequential in number and not known by physicians or patients. The
identification of the treatment that the patient received was known the day of the surgery by all the
participants (doctors, researchers and patients).

As described on the CONSORT flow diagram (Figure 1), two clinical study groups were
established based on the stage of cancer diagnosed: Early (stage II) and Advanced (stage III) breast
cancer group. In the Early group, 30 patients were randomly (double-blind) divided and received
only molecular iodine (I;; 5 mg/day) or placebo (vegetable colored water) for 7 - 35 days (time
designed by the oncologist’s protocol before surgery). After surgery, all patients received L
supplement together with 4-6 cycles of a common chemotherapeutic cocktail containing FEC [5-
fluoruracil (500 mg/m?), epirubicin (80 mg/m?), and cyclophosphamide (500 mg/m?)] or TE [Taxotere
(docetaxel; 75 mg/m?) and epirubicin (80 mg/m?)]. In the Advanced group, 30 patients were randomly
(double-blind) divided into the I» or placebo groups, and both groups received neoadjuvant
chemotherapy for 4-6 cycles of FEC of TE before surgery. I» (5 mg/day) or a placebo were
administered diluted in drinking water after breakfast, daily. After surgery the two groups received
iodine supplement to complete 170 days, that correspond to the maximum period that some patients
required to complete their chemotherapy treatment. In the Early group, the treatment was initiated
on the day of enrollment of patients in the protocol, whereas in the Advanced group, the treatment
began one week before the first chemotherapy cycle. At the end of adjuvant chemotherapy, all
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96  patients received radiation therapy and were treated simultaneously with tamoxifen or letrozole

97  when hormone receptors were positive.

Early cancer group
Stage Il

Advanced cancer group
Stage Il

Screening eligibility Screening eligibility
assessed assessed
Consent for study Consent for study

¥ J

30 patients 30 patients
Blind Randomized Blind Randomized

A '

Day 1. Day 1.

Record of blood and urine samples. Record of blood and urine samples.

Clinical and chemical analyses. Clinical and chemical analyses.

Placebo or |, bottle dropper is distributed Placebo or |, bottle dropper is distributed randomly

randomly. one week before chemotherapy schedule began.
Placebo I, FECT/TE+Placebo FEC/TE+l,
15 patients 15 patients 15 patients 15 patients

. 8 patients were
7 patients were relocated
- P relocated to another
to another clinic

Y v clinic

1 to 6 weeks of treatment 4 to 6 cycles of chemotherapy

One week before surgery :blood sample
records, clinical and chemical analysis

Day of surgery blood, urine and tumors samples
recorder blind protocols were opened.

Both groups received:
4 to 6 cycles of chemotherapy + |, supplement

One week before each cycle: blood sample
records, clinical and chemical analysis
Day of surgery: blood, urine and tumors samples
recorder blind protocols were opened.

Both groups received:
4 to 6 cycles of chemotherapy + |, supplement
for 170 days

for 170 days
DFS and OS were followed for 5 years
DFS and OS were followed for 5 years

\ \

23 patients completed the study 22 patients completed the study

98

99 Figure 1. Flow diagram of study design.
100  Adverse reactions.
101 Medical examinations as well as urinary, hematology and blood biochemistry analyses were
102 performed twice (at the beginning of the protocol and on the day of surgery) in the Early group, and
103 before surgery and before each chemotherapy cycle when the groups received FEC/TE. The
104 treatment-related clinical adverse events were classified according The National Cancer Institute
105 Common Toxicity Criteria V4.0 [CTCAE; 13].
106 Evaluation of treatment efficacy.
107 The tumor mass was measured at the beginning and at the day of surgery. The tumor response
108  rate was graded according to the Response Evaluation Criteria in Solid Tumors (RECIST), which uses
109  only the longest diameter of the tumors in the axial plane [14]. The response to each treatment was
110 graded as progressive disease (PD) in tumors whose size increased by more than 25% compared with
111 initial size. Stable disease (SD) was considered as no change in tumor growth and partial response
112 (PR) was defined as a decline in growth of more than or equal to 50%; whereas pathologic complete
113 response (pCR) was defined as the disappearance of all lesions after four/six treatment cycles.
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114 Follow-up.

115 All patients were followed up for 20-60 months. Disease-free survival (DFS) was defined as the
116  period that comprises from the first day after surgery to the date of recurrence or metastasis. Overall
117 survival (OS) was defined as the period between the first day after surgery to the date of death or the
118  last visit to the hospital reported.

119 Ilodine and thyroid hormones.

120 The total urine iodide level was measured with an ion chromatography system previously
121  standardized in our laboratory [15], and the serum Ts and TSH levels were analyzed by an enzyme-
122 linked immunosorbent assay (ELISA) (BioSource, Camarillo, CA).

123 Molecular markers expression.

124 The expression of CDKN1A (P21), BAX, BCL2, BIRC5 (Survivin), and HIF1A was analyzed by
125 quantitative real-time PCR (RT-qPCR) as described previously [16]. Total RNA was obtained using
126  TRIZOL reagent (Life Technologies, Inc., Carlsbad, CA), and the extracted RNA (2 pg) was reverse
127 transcribed using oligo-deoxythymidine primers (RT). qPCR was performed with SYBRgreen dye in
128  a Rotor-Gene 3000 detection system (Corbett Research, Mortlake, Australia) with the gene-specific
129 primers listed in supplementary Table 1 (Table S1). Gene expression was calculated by the 2-44¢t
130 method and was normalized to the housekeeping gene CTB (B-actin).

131 Immunohistochemistry.

132 Immunochemistry analyses were carried out for ESR1 (ERa) and CD8 by peroxidase-labeled
133 horseradish, and for CDH1 (E-cadherin) and Vimentin (VIM) by confocal microscopy. Cell death was
134 analyzed by TUNEL (detailed in https://dx.doi.org/10.17504/protocols.io.t7gerjw).

135 Western blotting.

136 VEGF, PPARG, and actin protein expression levels were analyzed using a commercial kit (Roche
137  Diagnostics GmbH, Mannheim, Germany) as described previously (16). The membranes were treated
138 with a polyclonal anti-VEGF antibody (SC-7269, diluted 1:1000; secondary antibody -SC-2060; diluted
139 1:500), a polyclonal anti-PPARG (SC7196, diluted 1:1000; secondary antibody SC-2004, diluted 1:500)
140 and a polyclonal anti-actin antibody (SC-1616, diluted 1:10,000; secondary antibody SC-2020, diluted
141 1:1000) (all antibodies were from Santa Cruz Biotechnology Inc, Texas, USA.). Protein bands were
142 visualized by chemiluminescent detection (ECL, Amersham Biosciences, Buckinghamshire, UK) and
143 densitometry was performed with Image Lab™ software (Bio-Rad Laboratories, Los Angeles, CA,
144 UsA).

145 RNA-seq and transcriptomic analysis.

146 Detailed constructions and all specific data analyses including pathway and upstream regulator
147  prediction, as well as all other analyses using the transcriptomic data can be found in protocols.io
148  (https://dx.doi.org/10.17504/protocols.io.t7gerjw). The full annotated sequences from the RNQ-
149  sequencing are available at the European Nucleotides Archives web  site
150 (https://www .ebi.ac.uk/ena/submit/accession-number-formats) as erp110028

151 Statistics analysis.

152 The effects of treatment on tumor response, clinical response and toxicity were analyzed using
153 2X2 contingency tables and chi-square tests. The impact of treatment on clinical response, and the
154  other variables was analyzed with one-way ANOVA and Tukey’s honest significant difference tests
155  and the non-parametric data was analyzed by the Mann-Whitney U test. The survival data were
156  described and compared with the Kaplan-Meier estimator. P-values less than 0.05 were considered
157  statistically significant.
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Study approval.

The local medical and scientific bioethics committee at all three participating centers approved
the study protocol (INB-UNAM-004.H; IMSS-HGRI: 185-09-03-05/MPSS, ISSSTE: 22-205/CEI
248/2009) and it is registered at Clinicaltrial.gov (NCT03688958). The protocols used in this study also
conform to the principles of the Declaration of Helsinki. All patients provided written informed
consent before study enrollment.

3. Results

3.1. Patients.

Between January 2006 and September 2008, a total of 30 patients diagnosed with Early stage
breast cancer were enrolled in the study and 23 completed the treatment (Table S2). The average age
of the study group was 55.2 + 12.7 years with an interval of 38-81 years. Tumor classification showed
that 83.3% of the patients had ductal-, 10% had lobular-, and 6.7% had medullar-type tumors.
Furthermore, between January 2009 and May 2010, a total of 30 patients diagnosed with Advanced
stage breast cancer were enrolled in this study and 22 completed the treatment (Table S3). The
average age of this group was 45.0 + 9.7 years with an interval of 29-67 years. Tumor classification
showed that 80% had ductal- and 20% had lobular-type tumors.

3.2. Toxicity and safety.

Patients in the Early group (Placebo/Control or Iz treatment) did not report any discomfort or
iodine toxicity during treatment before surgery. In the chemotherapy groups (FEC/TE and
FEC/TE+I2), we used The National Cancer Institute Common Toxicity Criteria V4.0 (CTCAE; [13]) to
evaluate toxicity. As shown on Table 1, the most common hematologic toxicity was neutropenia in
grades 1-3 and was presented 8 days after the second or third treatment cycle, the presence of I
supplementation prevented the severity (41.6 to 63.6% of the patients in grade 1), since grades 2-3
were present only in 4 patients (36.4%) who received the FEC/TE treatment alone. In most patients,
the hematological restoration occurred 15 days after chemotherapy. Neither febrile aplasia nor
thrombocytopenia were observed in any of the patients. Gastrointestinal discomfort (nausea,
vomiting and diarrhea) from grade 1 or 2-3 was observed in all patients in the FEC/TE group (9 and
2 patients respectively), while only 1 to 3 patients in the FEC/TE + I groups presented discomfort in
grade 1. Moreover, 70-80% of patients reported moderate muscle pain (myalgia) but only 3 patients
(27.3%) in the FEC/TE group developed dermatological toxicity (hand-foot syndrome). No metabolic
or biological toxicity was reported in any patient.

3.3. Tumoral response.

The residual tumor size of each tumor as well the tumoral response classification (RECIST;[14])
are summarized in Figure 2. In patients with early breast cancer that received only placebo before
surgery (control group), five patients (45.5%) exhibited progressive disease and six patients (54.5%)
maintained a stable tumor size (stable disease). Regarding the group with L. supplement alone, in
eight patients (66.7%) tumor growth was ceased (SD), and the size of 4 tumors (33.3%) diminished,
resulting in a partial response. Several tumors from advanced breast cancer patients treated with
neoadjuvant FEC/TE showed a significant response, leading to PR in 6 patients (54.6%), and
pathologic complete response (pCR) in 2 patients (18.1%). However, in 3 patients (27.3%) their tumors
became chemoresistant, exhibiting progressive disease (one maintained its size, and the other two
continued their growth). The FEC/TE+L: group obtained the best responses: with 7 patients (63.7%)
having shown PD, 4 patients (36.3%) obtained pathologic complete response (pCR) and
chemoresistance was absent (0%). This was the only group with an objective response rate (ORR) of
100%.
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204 Table 1. Treatment-related clinical adverse events.
I FECTE | CCTEY
Control/placebo I
. + +placebo N
FEC/TE+ + P-
Adverse events FEC/TE+ I L FEC/TE + I FECI/T E + value
2
N=11
N=12 N=11 N=11
1 grade neutropenia 7 (63.6%) 5 (41.6%) 5 (45.5%) 5 (45.5%) 0.72
. <0.003
2-3 grade neutropenia 0 0 4 (36.4%) 0 .
1 grade nausea, vomiting <0.002
2 (18.1% 1(8.3% 1.2% 27.3%
and diarrhea (18.1%) (8.3%) 9 (81.2%) 3(27.3%) *
2
3 grade nausea, 0 0 2 (18.1%) 0 0.090
vomiting and diarrhea
72.7% 75% 1.8% 75% .
Myalgia 8 ( %o) 9 (75%) 9 (81.8%) 9 (75%) 0.99
Hand-foot syndrome 0 0 3 (27.3%) 0 <0.01*
205
206 The National Cancer Institute Common Toxicity Criteria V4.0 (CTCAE; 19). Values were

207  obtained after the last chemotherapy FEC/TE for each group. P-value by chi-square test
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Efficacy p-walue
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pCR o o 2{18.1%) <4 (36.3%) 0.8
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209 Figure 2. Tumoral response. (A) Changes in tumor size (%) between the first diagnostic
210 (mammography) and final tumor size (surgery day). Dots represent individual patients. *P < 0.05,
211 between the FEC/TE+L> group and all other groups. (B) Response evaluation criteria in solid tumors
212 (RECIST); PD, progressive disease; SD, stable disease; PR, partial response; pCR, pathologic complete
213 response. ORR, objective response rate. P-value by chi-square test.
214 3.4. Follow up.
215 The recurrence and survival results of the five-year follow up are summarized in Figure 3. Three
216  patients (27%) in the control group, two patients (17%) in the . group, 6 patients (54%) in the FEC/TE
217  group and 2 patients (18%) in the FEC/TE+L group relapsed or experienced metastasis with a mean
218  disease-free survival rate of 35+13, 45+7, 2946 and 49+1.4 months (Figure 3A). Regarding OS, the
219 number of deceased patients was two patients in the control (18%) and one patient (0.8%) in the I
220  supplemented early groups, and four patients (36%) and one patient (9%) in FEC/TE and FECT/TE+L
221 advanced groups respectively. The Kaplan-Meier analysis (Figure 3B-C) indicated that there is only
222 one statistically significant decrease in DFS for the FEC/TE treated group when compared to the rest
223 of the other treatment groups (p=0.04). For this same treatment group (FEC/TE), we could only
224 observe a tendency of decrease of OS when compared to the other treatment groups (p=0.08, ns).
A
Treatment
(Total patients) Relapsed Death
Patients months Pabenis months
Control [n= 11} 3 (27%) 37, 40,45 2(18%) 45,50
s =12} 2{17%) 48 50 1 (B%) 50
s 2231,
FECITE fn= 11} 6 (54%) 34370 30 | HR6%) | 32384050
FECITE+l, (n=11) 2 (18%) 43_ 50 19%) 50
B
s e
=1 BB
E ".
-g Ly N .
@ P=0.04
o
o 20 40 0
Diisease-free survival {months)
C
& T e
g =" -‘l - m i
W
‘E —— Conirol
B P=0.08 N :—EEc:rTE
- -t FEGTE +
0 20 40 80
Crverall survival (months)
225
226  Figure 3. Recurrence and survival rate. (A) Patients who relapsed or died; number of patients and
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the months of relapse or death. (B) Analysis of disease-free curve; and (C) analysis of the overall
survival curve. Kaplan-Meier analysis.

3.5. Molecular tumoral analysis

At the molecular level, I. treatment arrested cell cycle, induced apoptosis (increased expression
of CDKN1A4, increased DNA fragmentation-TUNEL, and increased BAX/BCL2 index as well as
decreased BIRC5 expression) and impaired the expression of vascularization factors (decreased
hypoxia-inducible factor (HIF1A) and vascular endothelial growth factor (VEGF) (Figure 4A-B). All
these changes might be associated with the observed increase in PPARG protein expression (Figure
4C) as we have observed in our previous studies [10,11]. Notably, the biopsy (pre-treatment) and
tumor samples (after treatment) obtained from all patients diagnosed with stage II were estrogen
receptor ESR1-positive regardless of I supplementation (Figure 4D). In patients diagnosed with stage
III breast cancer, 45% of biopsies (5 patients per group) were negative for ESR1 expression. After
treatment, the tumor from one patient in the FEC/TE group became ESR1 positive, whereas, in the
FEC/TE+L group, 90% of the tumors (10 samples) were ESR1 positive. This suggests that I
supplementation favors the re-induction of ESR1 expression in breast cancer.

=
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Figure 4. Molecular response to iodine, FEC/TE, or both (FEC/TE+L) in tumor samples. (A)
Quantitative results of the TUNEL assay. (B) RT-qPCR analysis of cell cycle arrest (CDKN1A),
apoptosis index (BAX/BCL2), anti-apoptosis (BIRC5-Survivin), and hypoxia (HIF1A). Each dot
represents an individual sample. (C) Western blotting analysis of vascular endothelial growth factor
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247  (VEGF) and peroxisome proliferator-activated receptor type gamma (PPARG) protein expression.
248 (D) Percentage of positive patients with estrogen receptor alpha (ESR1) expression in biopsy and
249 tumor samples. Gene expression was calculated by the 2-*4¢t method using B-actin as a housekeeping
250  gene. Data are expressed as mean * SD. Each dot represents an individual sample, and the different
251  letters or asterisk indicate significant differences between groups (P < 0.05).

252 The urine iodine level reflected I ingestion, and the steady circulating levels of triiodothyronine
253 (Ts) and thyroid-stimulating hormone (TSH) indicated that I> treatment did not alter thyroid status
254 (Figure S1A-B). A moderate but significant increase in creatine kinase-MB (CK-MB) level was
255  observed in the FEC/TE patients, implying cardiotoxicity (Figure S1). In contrast, in the L-treated
256  FEC/TE patients, the serum level of this enzyme remained equivalent to those of the control groups,
257  indicating a preventive effect of treatment.

258  3.6. Effect of I and/or FEC/TE+I> treatment on general tumor gene expression.

259 Common genes showing statistically significant changes in expression levels (Differentially
260  Expressed Genes; FDR < 0.05; |log fold change (FC)| > 1) in all treatments (compared with those of
261  the control) were identified. Figure 5A shows the unsupervised clustering of each treatment based
262  on the expression of these common differentially expressed genes (DEGs). Through functional
263  enrichment analysis [17] we identified the top ten significantly enriched pathways related to L or
264  FEC/TE+L treatment (Figure 5B; Intersection of Venn Diagrams, genes with FDR < 0.05; [1ogFC| >1).
265  In the L treated group, the most significantly enriched pathways associated with its upregulated
266  genes were related to cell differentiation, cell adhesion molecules (CAM), and inflammatory/immune
267  responses, whereas the pathways associated with the downregulated genes (compared with control
268  group) were related to invasive potential (extracellular matrix-receptor interaction),
269  survival/antiapoptotic pathways (PI3K-AKT), and chemoresistance (drug metabolism). Interestingly,
270  the enriched pathways in patients with early breast cancer treated with 2 alone and those in patients
271  with advanced breast cancer treated with FEC/TE+L> were practically the same, suggesting common
272 L effects (Figure 5B).
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274 Figure 5. Effects of I treatment on gene expression. (A) Hierarchical clustering of different

275  treatment groups based on gene expression. Analyses were performed with 855 (4%) common genes
276  that exhibited a significant change in expression in any of the treatment groups (FDR < 0.05, |log fold
277  change (FC)| > 1). (B) Pathway enrichment analysis of I supplementation. The Venn diagrams
278  between the experimental groups represent the intersections of interest to analyze for pathway
279  enrichment: (i) and (ii) genes “normalized” by I supplementation and (iii) and (iv) common genes
280  influenced by L supplementation in both early and late stage breast cancer. Arrows indicate
281  upregulation or downregulation. The bottom panels show the top enriched KEGG pathways in each
282 group. All pathways shown have an FDR (B&H) < 0.05.

283 3.7. Analysis of EMT-related gene and protein expression after I> treatment.

284 The analysis of our transcriptomic data focusing on an EMT gene signature derived from
285  MSigDB (18) showed that I supplementation alone or in coadjuvancy with FEC/TE downregulates
286  theexpression of EMT-related genes such as VCAM1, PTHLH, LAMA1, MMP3, BDNF, and TNC when
287  compared with that of the untreated controls (Figure S2A). Furthermore, the immunohistochemical
288  analysis of individual tumor samples showed that I» treatment in patients with early breast cancer
289  and in co-adjuvant (FEC/TE+L) treatment in patients with advanced tumors tended to increase the
290  expression of membrane localized E-cadherin (CDH1) (Figure S2B). In contrast, vimentin (VIM)
291  expression in all treatment groups was lower and the same trends were observed in cells double
292 stained with both CDH1 and VIM (Figure S2C), indicating an ongoing EMT process.

293 3.8. Immune response activation after I> treatment.
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294 The results of the analysis of the predicted immune response following treatment are
295  summarized in Figure 6A. We first predicted the abundance of infiltrating immune and stromal cell
296  populations using our transcriptomic data and the MCP counter R package [19]. We observed that
297  after L. treatment, the number of CD8* T cells, dendritic cells, cytotoxic lymphocytes, and B-lineage
298  cells appears to be enriched when compared with the control group (and for some cell types
299  compared also with the FEC/TE group). These results suggested that I supplementation increases
300  tumor immune infiltration and that the presence of FEC/TE may synergize such an immune response.
301  To confirm these observations, immunohistochemical analysis was carried out on individual tumor

302  samples.
A

Ec;:iu o FECTE
FEOTE =k

303 *

304 Figure 6. Immune signature and differential response of epithelial and lymphocytic

305 infiltration after I» treatment. (A) Abundance of different cell populations was calculated by the
306  MCP-counter quantification method, based on a gene expression matrix of the distinct experimental
307  groups. Hierarchical clustering of experimental groups. (n = pool of four individual tumors per
308  experimental group. Duplicated pools per group were used for gene expression calculation). (B)
309  Representative micrograph images of H&E and CD8 immunohistochemistry as well as Masson’s
310  trichromic staining. The graphs on the right show the number of lymphocytes, CD8* lymphocytes,
311  and Masson’s trichromic positive cells per field. These analyses were performed as the average of
312 three random fields (40x), and quantification was performed using ImageJ 1.47. Data are expressed
313 as mean + SD. Each dot represents an individual sample, and different letters indicate significant
314  differences between groups (P < 0.05).

315 As shown in Figure 6B (H&E), the tumors from patients who received I» or FEC/TE+L> treatment
316  presented a statistically significant increased number of infiltrating lymphocytes compared with the
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control groups. The increase in the number of CD8+ lymphocytes supports the activation of an
antitumoral immune response. Moreover, tumors from FEC/TE+l-treated patients had multiple
necrotic areas (data not shown). We also observed a significant reduction in the epithelium compared
with the stromal content in the FEC/TE+] group (Figure 6B, Masson’s trichrome).

Based on our MCP counter enrichment analysis, we further evaluated CD4+ T cell differentiation
in order to determine if an immune infiltration is exerting an antitumor response. We determined
this by focusing on the differences in the expression of genes associated with naive CD4* T cell Thl
or Th2 differentiation (Table 54).

These data show that the logFC (FDR < 0.05) values of various genes are significantly different
between the treatment groups. Furthermore, it appears that I» and FEC/TE+L treatments favored the
overexpression of genes related to Th1 differentiation compared with that of the untreated control.
Furthermore, we analyzed if the T CD8* infiltrated cells could have effector or exhausted properties.
We selected five T CD8* effector markers (perforin, granzymes A and B, Tbx21 and EOMES) and two
markers for exhausted T CD8* cells (PD-1 and CTLA-4) and examined their expression in our
transcriptomic data. All genes were upregulated in groups with I» treatment compared to the control
groups (data not shown). Altogether, Thl polarization and the presence of T CD8* effector markers
seem to support an antitumor immune response.

3.9. Transcriptional regulation of common genes in the I>- and FEC/TE+Iz>-treated tumors.

Further exploration of the networks involving the common DEGs in I>- and FEC/TE+Iz>-treated
tumors enabled us to predict their main upstream transcriptional regulators (20). For genes that were
significantly upregulated following the I> treatment, we found five transcription factors (TFs), IRF4,
STAT1, SPI1, HIVEP], and E2F]1, that could regulate 76% of these genes (Figure 7). In addition, we
identified IRF1 as a key upstream regulator of all these TFs. We could not identify regulatory factors
for 24% of the common upregulated genes in the I-treated tumors; however, a closer look at these
genes revealed that many of them are pseudogenes, long non-coding RNAs, or immunoglobulins.
These findings indicate that most of the coding genes are regulated by the TF network outlined in
Figure 7A. With respect to the common downregulated genes in the I>-treated tumors, their
expression could be largely controlled by PARP1, DAZAP1, BARX1, SUZ12, and MTF1, with PARP1
being the key regulator in this network (Figure 7B). Notably, another group of the downregulated
genes, which included cytochromes, appeared to be involved in drug metabolism.

3.10. Role of PPARG in the observed L.-mediated changes.

Having previously demonstrated that the activation of PPARG is via the formation of 6-IL [16]
and observing that PPARG protein expression appears to be increased in the I>-treated patients in our
study, we explored the possible role of these receptors in the observed I>-mediated changes in gene
expression and regulation. Following experimentally supported datamining [21, 22], we found an
established feedback loop between PPARG and IRF1 (Figure 8A) as well as possible interactions
between this receptor and other main TFs identified. Interestingly, we found similar TF expression
changes in IRF1, STATI, and IRF4 in the I- and FEC/TE+L-treated groups. To further explore the
possible role of PPARG in this network, we analyzed the expression of genes positively correlated
with PPARG in each of our experimental groups [METABRIC data [23], Pearson correlation > 3;
Figure 8B). Table S4 summarizes the ontology enrichment of the most significant biological processes
(FDR < 0.05) associated with the different upregulated or downregulated genes in each experimental
dataset. It appears that the PPARG correlated genes that were upregulated in patients with early
breast cancer treated with I> and in those with advanced breast cancer treated with FEC/TE+L, are
associated with an immune response, whereas those that were downregulated appeared to be related
to cell motility, when compared with those in the control groups.

d0i:10.20944/preprints201907.0152.v1
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364 Figure 7. Master regulators involved in Iz treatment-related gene regulatory networks. (A) The

365  main candidate transcription factors predicted to regulate genes found upregulated following I> or
366  FEC/TE+L treatment. (B) The main candidate transcription factors predicted to regulate genes found
367  downregulated following I or FEC/TE+L treatment. For both panels: Left, iRegulon predicted gene
368  regulatory network. The predicted target genes are shown in pink, whereas genes for which no
369  transcription factor regulator was identified are shown in blue. Right, Venn diagram and diagram of
370  shared target genes between the main transcription factors identified. The identified transcription
371  factors have a maximum FDR on motif similarity of 0.001. Differentially expressed genes (DEGs) are
372  defined as having an FDR < 0.05 and |log fold change (FC)| > 1).
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374 Figure 8. Possible role of PPARG in the identified I treatment-related regulatory networks in

375  breast cancer. (A) Possible interaction networks involving PPARG, and the main transcription factor
376  networks regulating the l.-modulated genes in our breast cancer model. The network was constructed
377  using Reactome and text-mining databases. The table on the right shows the gene expression
378  changes(log:FoldChange) in network components in different treatment groups. (B) Non-supervised
379  hierarchical clustering of treatment groups based on genes that positively correlated with PPARG
380  (Pearson 2 0.3) from the Breast Cancer METABRIC study. All genes had an FDR < 0.05. 1 = pool of
381  four individual tumors per experimental group. Duplicated pools per group were used for gene
382  expression calculation.

383 4. Discussion

384 Breast cancer in women is a serious health concern globally. However, several treatments result
385  in chemoresistance or are not effective enough to stop tumor growth. This is a pilot study aimed to
386  evaluate the adjuvant effect of I» supplementation in two patient cohorts treated with conventional
387  chemotherapy for stage II and stage III mammary cancer. The FEC/TE cocktail is the standardized
388  treatment used by the national public health services in Mexico, and the assignment of patients to
389  each therapy group in this study was done by the oncology team. Our data corroborated those of
390  previous reports showing the powerful antineoplastic effects of FEC/TE as well as the induction of
391  significant side effects [3, 4]. One of the most interesting results obtained in the present study is the
392 clear attenuation of severe side effects, such as diarrhea, neutropenia, and neuropathy, as well as the
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393  complete prevention of hand-foot syndrome and cardiotoxicity when L is supplemented during
394  FEC/TE treatment. These results agree with those of our previous studies in rat and canine models,
395  in which L supplementation mediated similar health benefits and cardioprotection [10, 11]. Several
396  studies have shown that FEC/TE-induced cardiotoxicity, specifically that mediated by anthracyclines,
397 is caused by the generation of reactive oxygen species (ROS) [4]. Therefore, the specific
398  cardioprotective function (and potentially the other noted benefits) of I> treatment may be explained
399 by the well-established antioxidant effects of this form of iodine, which is ten times more efficient
400  than ascorbic acid and 100 times more potent than KI in vitro [10]. Indeed, it has also been reported
401  that cardiomyocytes under ischemia-like conditions take up iodine and produce protective thyroid
402  hormones [24]. Moreover, these antioxidant effects have also been associated with the attenuation of
403  inflammation and pain symptoms in patients with fibrocystic breasts [5, 6] as well as in a testosterone-
404  induced oxidative stress model of prostatic hyperplasia in rats when treated with the same
405  concentrations of I2 [25].

406 Another notable result observed in the present study is the clear antineoplastic effect exerted by
407  the L supplement independently of cancer stage. In both conditions, the presence of iodine arrests
408  tumor growth and decreases the expression of genes involved in invasion and chemoresistance.
409  Moreover, the supplementation with I seemed to potentiate the cytotoxic effects of FEC/TE, as seen
410 by the doubling of the number of patients with complete response and by the total inhibition of
411  chemoresistance compared to that observed in patients treated with FEC/TE alone. In a previous
412 study [26] that used neoadjuvant treatments with FEC/TE in advanced mammary cancer, the DFS
413 and OS were 46.9% and 59.4% and the mean survival time of 52.4 +18 months. In the present pilot
414  study, the L supplement before and after surgery (FECT/TE+L group) significantly increased the
415  number of patients without relapse or metastasis in comparison with the group that received L
416  supplement only after surgery (FEC/TE group) (83% versus 46%) with a mean of 49+1.0 versus 34+14
417  months (P=0.04). This trend was also observed in the 5-year OS, showing only one death (9%) in the
418  FECT/TE+L group whereas 4 patients deceased (36%) in the FEC/TE group. Our study did not show
419  statistically significant differences in the analysis of overall survival (P = 0.08), nonetheless the
420  survival time was longer in patients who received L throughout the treatment (before and after
421  surgery) regardless of the stage of cancer (50 versus 35+4.0 months).

422 To understand the mechanisms underlying the potent action of I, we used a variety of molecular
423  techniques. Our results strongly suggest that I» alone induces apoptosis and tumoral re-
424  differentiation, as indicated by increased TUNEL staining, and membrane re-localization of E-cad
425  (CDH1) as well as expression of ESRI1, respectively. In combination with FEC/TE, L treatment
426  exhibited a synergic effect on cancer cell apoptosis and impaired expression of chemoresistance
427  markers (BIRC5 and HIF1A) as well as changes in the expression of specific EMT markers (increased
428  E-cad expression and decreased Vimentin expression). This I-mediated response, which was
429  observed in individual tumor samples, also agreed with our transcriptomic analysis results in which
430  the primarily upregulated pathways corresponded to cell differentiation and cell adhesion molecules
431  (CAM), whereas the downregulated pathways corresponded to invasive potential (ECM-receptor
432 interaction), survival/antiapoptotic pathways (P13K-AKT), and chemoresistance (drug metabolism).
433 Several groups have proposed various mechanisms and pathways that mediate the cellular actions
434 of L. For example, oxidized iodine may directly induce apoptosis by dissipating the mitochondrial
435  membrane potential [9, 27] or can function indirectly through the formation of iodolipid and
436  induction of re-differentiation via PPARG activation [16]. In the present study, PPARG mRNA
437  expression was unchanged, whereas its protein expression increased following L treatment,
438  suggesting a post-translational regulation of this receptor. PPARG was initially described as a TF
439  involved in adipose tissue differentiation, and its synthetic agonists, including thiazolidinedione
440  drugs, are used for the treatment of type II diabetes [28]. In cancer therapy, several studies have
441  shown that PPARG activation exerts antiproliferative, apoptotic, differentiation, and antiangiogenic
442 effects [29]. In fact, agonists of these receptors are currently being tested in clinical trials as
443  antineoplastic alternatives. However, the results reported to date are inconclusive, ranging from lack
444 of effect to moderately helpful response when used as a monotherapy [30]. Interestingly, when some
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445  of these agonists were used in combination with conventional antineoplastic drugs, such as
446  carboplatin or tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), synergistic effects
447  were observed, indicating that differentiation induced by PPARG activation restores sensitivity to
448  the cytotoxic drugs [31-33]. Such re-differentiation effects were also apparent in our previous
449  preclinical studies using I> in combination with DOX (10, 11) as well as in a DOX-resistant cell model
450  [12], supporting the notion that PPARG activation mediates some of the effects of I treatment.

451 We also noted a significant anti-tumoral immune response following I treatment. The pathway
452  enrichment analysis of our transcriptomic data show that I treatments are accompanied by an
453  increase in the number of CD8* T, dendritic, and B-lineage cells. Moreover, 76% of the upregulated
454  genes can be modulated by IRF1. Originally identified as a transcriptional regulator of interferon
455  genes, IRF1 also regulates several target genes that play essential roles in the physiological and
456  pathological processes, including several aspects of the innate and adaptive immune responses [34].
457 In the context of cancer, IRF1 is required for Thl polarization in NK cells, mature CD8* T cells, and
458 M1 macrophages. In addition, IRF1 is involved in the negative regulation of Treg cells leading to the
459  reactivation of an anti-tumor immune response [35]. Our analysis also shows that although IRF1 can
460  stimulate genes related to both Th1 (STAT4, T-bet/TBX21, IL12RB1, and IL12RB2) and Th2 (IRF4, E2F1,
461 and FOXP3) responses, the predominant activation type in both I>-treated groups seemed to be Th1.
462  Further, in both the early I- and advanced FEC/TE+D-treated groups, we found a significant
463  upregulation of Thl differentiation-associated genes (T-bet /TBX21, IL12RB1, IL12RB2, STATI,
464 STAT4, TNF, and LTA) and a significant downregulation of some Th2 differentiation-associated
465 genes (GATA3, TSLP, and BHLHE41). In agreement with our transcriptomic results, our
466  immunohistochemical analysis results showed significant infiltration of CD8* lymphocytes in the I>-
467  treated patients. Moreover, in the FEC/TE+D-treated tumors, lymphocyte infiltration was also
468  accompanied by an increase in necrotic areas (data not shown), indicating an important anti-tumoral
469  effect. Similar results were also observed previously in our in vivo canine and mice xenograft cancer
470  models [11, 36].

471 Notably, molecular iodine has been proposed as an immune modulator [37,38]. It has been
472  demonstrated that several immune cell types can internalize I, and depending on the cellular context,
473 this element can act as an anti- or pro-inflammatory agent [39]. The anti-inflammatory effects of I are
474  modulated by the suppression of production of reactive oxygen intermediates in polymorphonuclear
475  cells [40] or by the inhibition of neutrophil chemotaxis [41]. In contrast, I could also potentially act
476  directly on immune cells and induce their reactivation. For example, in chronic wounds, I activates
477  the influx of macrophages and T cells [42]. [n vitro, I2 has also been shown to enhance TNFa secretion
478  from macrophages stimulated with bacterial lipopolysaccharides [42-43] and induce the release of
479 anti-tumoral cytokines, such as IL-6, IL-10, and IL-8-CXCLS, in leucocytes [38]. Furthermore,
480  although the complete effects of this halogen on the immune response have not been evaluated, an
481 analysis of the expression of PPARG-positively-correlated genes [23] in our dataset suggests that in
482  the DL-treated groups, PPARG is only weakly activated. However, the PPARG coactivator 1 Beta
483  (PPARGCI1B) was positively induced after > treatment (data not shown) and this increase could be
484  correlated with the observed increase in PPARG protein concentration, suggesting that the effects of
485 I are mediated by a complex regulatory pathway.

486 As a pilot study, our findings should be interpreted within the context of certain limitations. The
487  number of patients was not enough to identify a statistically significant effect of iodine
488  supplementation on disease-free survival in women with early cancer, and for both groups in the
489 overall survival rate. Also, although most tumors, regardless of stage, can be considered luminal, the
490  lack of Her2 marker identification limits the analysis of this factor in the response of the iodine
491  supplement. However, the consistent attenuation of side effects and the antineoplastic response (less
492  invasion, inhibition of chemoresistance, and activation of the immune system) associated with the
493 presence of this halogen, highlight the relevance of a phase III study to analyze the supplement of I
494 in conventional treatments against advanced breast cancer.

495 5. Conclusions
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496 This is a pilot study that analyzed the adjuvant effect of molecular iodine together with the
497  chemotherapeutic treatment most used in Mexico against breast cancer. We evaluated the effects of
498 I during the initial and advanced stages of breast cancer with respect to toxicity, tumor response,
499  survival at 5 years and transcriptomic response. Our data indicate that supplementation with L
500 improves the effectiveness of the treatment, decreasing side effects and increasing disease-free
501  survival specially in advanced conditions (stage III). We also show that iodine supplementation
502  induces tumor re-differentiation and the reactivation of antitumor immune responses. This study
503  establishes a framework for the proposal of a phase III study for the analysis of iodine
504  supplementation in the treatment of advanced breast cancer.

505 6. Patents

506 Aceves C, et al. IMPI. Mx/E/2012/084405. México DF. 14/Nov/2012, PCT/Mx2013/000139.
507  MX/E/2017/009914. April, 1919 2017. Validity: 14/11/2012-14/11/20132
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Table S1. Oligonucleotides used for RT-qPCR

Gene Reference Sense Antisense bp

CDKN1A | NM_001291549.1 GACCATGTGACCTGTCACT GCGGATTAGGGCTTCCTCTT 176

BAX NM. 138764.4 AAGCTGAGCGAGTGTCTCAAG TCCCGCCACAAAGATGGTCACG 327

BIRC5 NM_001012271.1 TTCTCAAGGACCACCGCATC CCAAGTCTGGCTCGTTCTCA 126

BCL2 NM_000633.2 GTGGAGGAGCTCTTCAGGGA AGGCACCCAGGGTGATGCAA 306

HIF1A NM_001243084.1 TTGATGGGATATGAGCCAGA TGTCCTGTGGTGACTTGTCC 128

530 CTB NM_001101.3 CCATCATGAAGTGTGACGTTG ACAGAGTACTTGCGCTCAGGA 175
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Table S2. Early breast cancer patients- Clinical information

Estrogen receptor Days Treatment

Patient age Classification | grade biopsy/tumor Treatment treatment completed
1 42 Ductal 1I +/+ P 19 yes
2 40 Ductal 1I +/+ P 21 yes
3 43 Ductal 1I +/+ P 16 yes
4 44 Ductal 1I +/ I 15 no
5 49 Ductal 1I +/+ I 16 yes
6 49 Ductal 1I +/+ P 14 yes
7 49 Ductal I +/+ L 16 yes
8 61 Ductal I +/+ Iz 7 yes
9 38 Ductal 1I +/+ L 23 yes
10 81 Ductal II +/+ I 35 yes
11 45 Ductal 1I +/+ L 21 yes
12 51 Ductal 1I +/+ P 12 yes
13 51 Ductal 1I +/+ P 21 yes
14 41 Ductal 1I +/+ P 21 yes
15 71 Ductal 1I +/+ P 41 yes
16 90 Ductal 1I +/+ P 12 yes
17 47 Medullar 1I +/+ P 17 yes
18 53 Ductal 1I +/+ I 17 yes
19 44 Ductal 1I +/+ L 27 yes
20 46 Medullar 1I +/+ I 29 yes
21 47 Ductal 11 +/+ I 10 yes
22 78 Ductal 1I +/+ L 11 yes
23 78 Ductal 11 +/+ I 15 yes
24 59 Lobular 1I +/+ P 13 yes
25 65 Lobular 1I +/ P 18 no
26 64 Lobular 1I +/ I 9 no
27 59 Ductal 1I +/ P 10 no
28 61 Ductal 11 +/ P 15 no
29 62 Ductal 1I +/ I 8 no
30 58 Ductal 1I +/ I 7 no

531
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Table S3. Late breast cancer patients-Clinical information
Estrogen receptor Therapy Treatment Treatment
Patient age Classification | grade biopsy/tumor cycles completed
51 36 Ductal IITA +/+ FEC 4 I yes
52 45 Ductal IIIA -/+ FEC 6 I yes
53 57 Ductal 111B -/+ FEC 4 I yes
54 43 Ductal IITA -/+ FEC 4 I yes
55 60 Ductal IIIA -/- FEC 4 P yes
56 38 Ductal IITA -/- FEC 4 P yes
57 67 Ductal 111B -/+ FEC 4 P yes
58 49 Ductal IIA +/+ TE 6 I yes
59 36 Ductal 111B -/- FEC 4 P yes
60 41 Ductal 111B +/+ TE 6 I yes
61 34 Ductal IIIA +/+ TE 6 P yes
62 55 Lobular 11IB +/+ FEC 4 I yes
63 46 Lobular IITA -/+ FEC4 I yes
64 43 Lobular ITA +/+ FEC 4 P yes
65 54 Ductal IIA +/+ FEC4 I yes
66 52 Ductal 11IB ++ FEC 4 P yes
67 40 Ductal IITA +/+ FEC 4 I yes
68 42 Ductal IIA -/- FEC 4 P yes
69 27 Lobular 11IB -/- TE 6 I yes
70 61 Lobular 111B + FEC4 P no
71 44 Ductal 111B +/+ FEC 4 P yes
72 43 Ductal 1B +/+ FEC 4 P yes
73 41 Ductal 111B +/ FEC4 P no
74 36 Ductal I111B +/ FEC4 P no
75 33 Ductal 111B + FEC4 P no
76 29 Ductal 111B +/ FEC6 P no
77 44 Ductal IIA +/ FEC4 P no
78 49 Lobular IITA +/+ FEC 4 P yes
79 50 Ductal 11IB +/ FEC4 P no
80 56 Ductal 11IB +/ FEC 4 p no
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534  Table S4. Expression change of genes involved in Thl and Th2 differentiation pathways in the
535  different treatment groups.

536
Control L FEC/TE FEC/TE +I»
T-Cell | Gene Symbol | LogfC ~ FDR | LogFC FDR LogfiC  FDR | LogFC FDR

Thil TBX21 124 201E-06 | 2.31 701E-33 | 147  3.86E-08 | 2.70 3.19E-42
Thl IL12RB1 138 6.84E-11 | 218  4.61E-38 3.11 7.37E-89
Thil IL12RB2 073 2.18E-02 | 3.67  2.05E-86 1.91 2.17E-16
Thl IL27RA 148  5.42E-42 1.20 4.22E-26
Thl GP130 072 1.02E-03| 056  156E-05 1.33 1.51E-27
Thl STATI1 093 572E-11 | 173  647E-75 1.36 2.47E-46
Thl STAT4 <119 1.69E-07 | 219  1.79E-36 | 1.56  129E-10 | 3.52  3.59E-104
Thl JAK2 062  9.50E-03 | 1.40  2.94E-28 2.16 1.17E-67
Thl IRF1 096 126E-10 | 1.64  1.75E-60 | 051  4.10E-04 | 1.78 6.08E-69
Thl IL18 <123 523E-11 | 174  224E-33 | 138 173E-15| 204  5.89E-51
Thl IL18RAP 145 376E-06 | 296  6.04E-41 | 1.61  6.13E-05 | 3.26 1.44E-46
Thl IFNGR1 042  7.06E-03 | 054  3.63E-07 0.45 1.52E-05
Thl IFNGR2 028  137E-02 | 062  2.16E-05

Thl TNFA -1.69  333E-13 | 1.97  1.60E24 | 1.01  222E-04 | 3.05 3.37E-62
Thl TNFB 228 248E-11 | 228  252E-13 | 1.86  1.78E-05 | 4.49 7.11E-77
Th2 GATA3 323 3.08E-97 | -245 510E-133 | -1.08 1.16E-12 | -1.20  9.88E-34
Th2 TSLP 174  491E-06 | 246  341E-10 | -1.69 136E-04 | -1.12  2.27E-04
Th2 DEC2 126  2.35E-14 | -1.03  1.35E-19 023 4.92E-02
Th2 IL13RA1 077 507E-06 | 0.05  6.83E-01 028 6.97E-03
Th2 AREG 274 2.79E-08 4125  9.40E-04
Th2 IL4R 044  7.86E-03 | -008  5.26E-01 094  240E-18
Th2 IL33 024  125B-01 | 042  151E-02 | 1.94 1.45E-68
Th2 STAT5A 038  3.11E-04 | 091 1.71E-10 | 0.33 1.94E-03
Th2 CCL22 060  948E-03 | 342  4.16E-49 | 2.40 3.18E-39
Th2 STAT6 051 7.62E-04 | 021  4.76E-02 0.71 1.76E-12
Th2 CCL11 0.81 1.80E-02 | 0.83  3.82E-02 | 2.10 9.32E-13
Th2 FOXP3 145 476E-11 | 1.80  9.02E-25 2.61 5.05E-54
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538  Table S5. PPARy positively correlated genes in breast cancer- GO BP enrichment of differentially

539  expressed genes in treatment groups

540
Total
Genes from up/down
Treatment GOID GO Biological Process FDR B&H input regulated
genes per
treatment
GO0:1901700 response to oxygen-containing compound [ 2.661E-3 15
Control G0:0010243 response to organonitrogen compound 2.661E-3 11 9
- GO:0042127 regulation of cell proliferation 7.174E-3 14
é % GO:0006955 immune response 3261F-4 14
= é L GO0:0001819 positive regulation of cytokine production [ 4.397E-4 8 36
§ ;‘ GO:0045087 innate immune response 5.771E-4 10
gog GO0:1901700 response to oxygen-containing compound [ 5.149E-6 26
S- ”go FEC/TE+L: | GO:0009725 response to hormone 1.708E-5 20 87
- GO:0006955 immune response 7.810E-5 23
GO0:1901700 response to oxygen-containing compound | 8.777E-6 30
FEC/TE 108
GO:0009725 response to hormone 1.213E-5 23
G0:0007155 cell adhesion 2.271E-5 9
G0:0006955 immune response 1.003E-3 22
Control 96
G0:0002684 positive regulation of immune system 9.635E-4 17
g8 process
ED 2 GO:0010243 response to organonitrogen compound 1.099E-5 22
£ a GO:1901700 response to oxygen-containing compound [ 7.586E-5 28
§o§ L 109
=RV G0:0040011 locomotion 7.586E-5 29
E E‘” G0:0007155 cell adhesion 1.750E-4 26
G0:0040011 locomotion 4.309E-2 15
FECITE +L G0:0030198 extracellular matrix organization 4.309E-2 7 %
541 FEC/TE  |ns ns ns ns 37
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Figure S1. Thyroid status and cardiac damage in I>-treated patients. (A) Urine iodine levels at
the end of placebo or I» treatment. (B) Thyroid stimulating hormone (TSH) and triiodothyronine (T3)
urine levels before and at the end of placebo or I» treatment. (C) Circulating levels of creatinine kinase
MB (CK-MB; cardiac creatinine) before and after chemotherapy (FEC/TE) alone or with I supplement
(FEC/TE+L2). Data are expressed as mean £ SD. Each dot represents an individual sample. The asterisk
indicates significant differences between groups (P < 0.05).
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550
551 Figure S2. Epithelial-mesenchymal transition signature and confocal analysis of related

552 proteins after I» treatment. (A) Hierarchical clustering of experimental groups using an epithelial-
553  mesenchymal transition (EMT) MSigDB signature. (1 = pool of 4 individual tumors per experimental
554  group. Duplicated pools per group were used for gene expression calculation). (B) Quantification of
555  positively stained cells for Z-stack projections (3D) compared with the total or membrane localized
556  CDHI(E-cadherin) and total VIM (vimentin) in epithelial cells. Nuclei are shown in blue (DAPI).
557  CDHI and VIM expression is reported as the percent of positively stained epithelial cells in the field
558 (4 fields). Data are expressed as mean + SD. Each dot represents an individual sample.

559  References
560 1. National Cancer Institute at the National Institutes of Health. Breast Cancer.

561 http://www.cancer.gov/cancertopics/types/breast. Accessed June 2019.

562 2. Lu W, Kang Y. Cell lineage determinants as regulators of breast cancer metastasis. Cancer Metastasis Rev
563 2016, 35, 631-44. doi: 10.1007/s10555-016-9644-y

564 3. Janni W.; Harbeck N.; Rack B.; Augustin D.; Jueckstock J.; Wischnik A.; Annecke K.; Scholz C.; Huober J.;
565 Zwingers T.; Friedl T.W.; Kiechle M. Randomised phase III trial of FEC120 vs EC-docetaxel in patients with
566 high-risk node-positive primary breast cancer: final survival analysis of the ADEBAR study. Br | Cancer

567 2016, 114, 863-71. doi: 10.1038/bjc.2016.82.


https://doi.org/10.20944/preprints201907.0152.v1
https://doi.org/10.3390/nu11071623

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2019 d0i:10.20944/preprints201907.0152.v1

24 of 26

568 4. Sawyer D.B,; Peng X.; Chen B.; Pentassuglia L.; Lim C.C. Mechanisms of anthracycline cardiac injury: can

569 we identify strategies for cardioprotection? Prog Cardiovasc Dis 2010, 53,105-13. doi:
570 10.1016/j.pcad.2010.06.007

571 5. Ghent W.R; Eskin B.A.; Low D.A.; Hill L.P. Iodine replacement in fibrocystic disease of the breast. Can |
572 Surg 1993, 36, 453-460. doi: 10.2174/2212796811105030155

573 6.  Kessler J.H. The effect of supraphysiologic levels of iodine on patients with cyclic mastalgia. Breast | 2004,
574 10, 328-36. doi : 10.1111/j.1075-122X.2004.21341.x

575 7.  Garcia-Solis P.; Alfaro Y.; Anguiano B.; Delgado G.; Guzman R.C.; Nandi S.; Diaz-Munoz M.; Vazquez-
576 Martinez O.; Aceves C. Inhibition of N-methyl-N-nitrosourea-induced mammary carcinogenesis by
577 molecular iodine (I2) but not by iodide (I') treatment: evidence that I prevents cancer promotion. Mol Cell
578 Endocrinol 2005, 236,49-57. doi: 10.1016/j.mce.2005.03.001

579 8.  Aceves C.; Anguiano B.; Delgado G. The extrathyronine actions of iodine as antioxidant, apoptotic, and
580 differentiation factor in various tissues. Thyroid 2013, 23, 938-46. doi: 10.1089/thy.2012.0579

581 9.  Rosner H.; Torremante P.; Moller W.; Gartner R. Antiproliferative/cytotoxic activity of molecular iodine
582 and iodolactones in various human carcinoma cell lines. No interfering with EGF-signaling, but evidence
583 for apoptosis. Exp Clin Endocrinol Diabetes 2010, 118, 410-19. doi: 10.1055/s-0029-1225615

584 10. Alfaro Y.; Delgado G.; Carabez A.; Anguiano B.; Aceves C. Iodine and doxorubicin, a good combination
585 for mammary cancer treatment: antineoplastic adjuvancy, chemoresistance inhibition, and
586 cardioprotection. Mol Cancer 2013, 12, 45-55. doi: 10.1186/1476-4598-12-45

587 11. Zambrano-Estrada X.; Landaverde-Quiroz B.; Duefias-Bocanegra A.A.; De Paz-Campos M.A.; Hernandez-
588 Alberto G.; Solorio-Perusquia B.; Trejo-Mandujano M.; Pérez-Guerrero L.; Delgado-Gonzalez E.; Anguiano
589 B.; Aceves C. Molecular iodine/doxorubicin neoadjuvant treatment impair invasive capacity and attenuate
590 side effect in canine mammary cancer. BMC Vet Res 2018, 14, 87-100 doi: 10.1186/512917-018-1411-6

591 12. Bontempo A.; Ugalde-Villanueva B.; Delgado-Gonzalez E.; Rodriguez A.L.; Aceves C. Molecular iodine
592 impairs chemoresistance mechanisms, enhances doxorubicin retention and induces downregulation of
593 CD44+/CD24* and E-Cadherin*/vimentin* subpopulations in MCF-7 cells resistant to low doses of
594 doxorubicin. Oncol Rep 2017, 38,867-76. doi: 10.3892/0r.2017.5934

595 13. Common Terminology Criteria for Adverse Events (CTCAE)
596 https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htmQuickReference  _5x7.pdf.
597 Updated June 14, 2010 (v4.03). Accessed June 2019.

598 14. Therasse P.; Arbuck S.G.; Eisenhauer E.A.; Wanders J.; Kaplan R.S.; Rubinstein L.; Verweij J.; Van Glabbeke
599 M.; van Oosterom A.T.; Christian M.C.; Gwyther S.G. New guidelines to evaluate the response to treatment
600 in solid tumors. European Organization for Research and Treatment of Cancer, National Cancer Institute
601 of the United States, National Cancer Institute of Canada. | Natl Cancer Inst 2000, 92, 205-16. doi:
602 10.1093/nci/92.3.205

603 15. Delgado G.; Mufioz-Torres C.; Orozco-Esquivel T.; Anguiano B.; Aceves C. Total iodine quantification in
604 fluids and tissues from iodine- or iodide-supplemented rats by ion chromatography following microwave-
605 assisted digestion. Thyroid 2015, 25, 352-60. doi: 10.1089/thy.2014.0290

606 16. Nava-Villalba M.; Nunez-Anita R.E.; Bontempo A.; Aceves C. Activation of peroxisome proliferator-
607 activated receptor gamma is crucial for antitumoral effects of 6-iodolactone. Mol Cancer 2015, 14, 168-73.
608 doi: 10.1186/s12943-015-0436-8

609 17. Chen J.; Bardes E.E; Aronow B.J.; Jegga A.G. ToppGene Suite for gene list enrichment analysis and
610 candidate gene prioritization. Nucleic Acids Res. 2009, 37, W305-W311. doi: 10.1093/nar/gkp427

611 18. Ksiazkiewicz M.; Markiewicz A.; Zaczek A.]. Epithelial-mesenchymal transition: a hallmark in metastasis
612 formation linking circulating tumor cells and cancer stem cells. Pathobiology 2012, 79, 195-208. doi:
613 10.1159/000337106

614 19. Becht E.; Giraldo N.A.; Lacroix L.; Buttard B.; Elarouci N.; Petitprez F.; Selves J.; Laurent-Puig P.; Sautes-
615 Fridman C.; Fridman W.H.; de Reynies A. Estimating the population abundance of tissue-infiltrating
616 immune and stromal cell populations using gene expression. Genome Biol. 2016, 17, 218-238. doi:
617 10.1186/s13059-016-1070-5

618 20. Janky R.; Verfaillie A.; Imrichova H.; Van de Sande B.; Standaert L.; Christiaens V.; Hulselmans G.; Herten
619 K.; Naval Sanchez M.; Potier D.; Svetlichnyy D.; Kalender Atak Z.; Fiers M.; Marine J.C.; Aerts S. iRegulon:
620 from a gene list to a gene regulatory network using large motif and track collections. PLoS Comput Biol.

621 2014, 10, 1003731 doi: 10.1371/journal.pcbi.1003731


https://doi.org/10.20944/preprints201907.0152.v1
https://doi.org/10.3390/nu11071623

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2019 d0i:10.20944/preprints201907.0152.v1

25 of 26
622 21. Wu G, Feng X,; Stein L. A human functional protein interaction network and its application to cancer data
623 analysis. Genome Biol. 2010, 11, R53. doi: 10.1186/gb-2010-11-5-r53
624 22. Chen H.; Sharp B.M. Content-rich biological network constructed by mining PubMed abstracts. BMC
625 Bioinformatics. 2004, 5, 147. doi: 10.1186/1471-2105-5-147
626 23. Pereira B.; Chin S.F.; Rueda O.M.; Vollan H.K.; Provenzano E.; Bardwell H.A.; Pugh M.; Jones L.; Russell
627 R.; Sammut S.J.; Tsui D.W.; Liu B.; Dawson S.J.; Abraham J.; Northen H.; Peden J.F.; Mukherjee A.;
628 Turashvili G.; Green A.R.; McKinney S.; Oloumi A.; Shah S.; Rosenfeld N.; Murphy L.; Bentley D.R.; Ellis
629 1.O.; Purushotham A.; Pinder S.E.; Borresen-Dale A.L.; Earl H.M.; Pharoah P.D.; Ross M.T.; Aparicio S.;
630 Caldas C. The somatic mutation profiles of 2,433 breast cancers refines their genomic and transcriptomic
631 landscapes. Nat Commun. 2016, 7, 11479. doi: 10.1038/ncomms11479
632 24. Meischl C.; Buermans H.P.; Hazes T.; Zuidwijk M.].; Musters R.].; Boer C.; van Lingen A.; Simonides W.S.;
633 Blankenstein M.A; Dupuy C.; Paulus W.J.,; Hack C.E.; Ris-Stalpers C.; Roos D.; Niessen H.W. H9c2
634 cardiomyoblasts produce thyroid hormone. Am ] Physiol Cell Physiol 2008, 294, 1227-33. doi:
635 10.1152/ajpcell.00328.2007
636 25.  Quintero-Garcia M.; Delgado-Gonzalez E.; Sanchez-Tusie A.; Vazquez M.; Aceves C.; Anguiano B. Iodine
637 prevents the increase of testosterone-induced oxidative stress in a model of rat prostatic hyperplasia. Free
638 Radic Biol Med. 2018, 115, 298-308. doi: 10.1016/j.freeradbiomed.2017.12.014
639 26. LiS;Wei W, Jiang Y.; Li Q.; Huang Q.; Yang H.; Liu ]J. Comparison of the efficacy and survival analysis of
640 neoadjuvant chemotherapy for Her-2-positive breast cancer. Drug Des Devel Ther. 2018, 12, 3085-3093. doi:
641 10.2147/DDDT.S171534
642 27. Gartner R,; Rank P.; Ander B. The role of iodine and delta-iodolactone in growth and apoptosis of
643 malignant thyroid epithelial cells and breast cancer cells. Hormones (Athens) 2010, 9, 60-66. doi:
644 10.14310/horm.2002.1254
645 28. Namvaran F.; Azarpira N.; Rahimi-Moghaddam P.; Dabbaghmanesh M.H. Polymorphism of peroxisome
646 proliferator-activated receptor y (PPARy) Prol2Ala in the Iranian population: relation with insulin
647 resistance and response to treatment with pioglitazone in type 2 diabetes. Eur | Pharmacol. 2011, 671, 1-6.
648 doi: 10.1016/j.ejphar.2011.09.158
649 29. Reka A.K,; Goswami M.T.; Krishnapuram R.; Standiford T.J.; Keshamouni V.G. Molecular cross-regulation
650 between PPAR-y and other signaling pathways: implications for lung cancer therapy. Lung Cancer 2011,
651 72,154-159. doi: 10.1016/j.lungcan.2011.01.019
652 30. Burstein H.J.; Demetri G.D.; Mueller E.; Sarraf P.; Spiegelman B.M.; Winer E.P. Use of the peroxisome
653 proliferator-activated receptor (PPAR) gamma ligand troglitazone as treatment for refractory breast cancer:
654 a phase I study. Breast Cancer Res Treat 2003, 79, 391-397. doi.org/10.1023/A:1024038127156
655 31. Girnun G.D.; Chen L. Silvaggi J.; Drapkin R.; Chirieac L.R.; Padera R.F.; Upadhyay R.; Vafai S.B.;
656 Weissleder R.; Mahmood U.; Naseri E.; Buckley S.; Li D.; Force J.; McNamara K.; Demetri G.; Spiegelman
657 B.M.; Wong KXK. Regression of drug-resistant lung cancer by the combination of rosiglitazone and
658 carboplatin. Clin Cancer Res 2008, 14, 6478-6486. doi: 10.1158/1078-0432.CCR-08-1128
659 32. Brautigam K; Biernath-Wiipping J,M.; Bauerschlag D.O.; von Kaisenberg C.S.; Jonat W.; Maass N.; Arnold
660 N.; Meinhold-Heerlein I. Combined treatment with TRAIL and PPARYy ligands overcomes chemoresistance
661 of ovarian cancer cell lines. ] Cancer Res Clin Oncol 2011, 137, 875-86. doi: 10.1007/500432-010-0952-2
662 33. Tripathi R.; Singh P.; Singh A.; Chagtoo M.; Khan S.; Tiwari S.; Agarwal G.; Meeran S.M.; Godbole M.M.
663 Zoledronate and molecular iodine cause synergistic cell death in triple negative breast cancer through
664 endoplasmic reticulum stress. Nutr Cancer 2016, 68, 679-688. doi: 10.1080/01635581.2016.1158293
665 34. Kim P.K; Armstrong M.; Liu Y.; Yan P.; Bucher B.; Zuckerbraun B.S.; Gambotto A.; Billiar T.R.; Yim J.H.
666 IRE-1 expression induces apoptosis and inhibits tumor growth in mouse mammary cancer cells in vitro
667 and in vivo. Oncogene 2004, 23, 1125-1135. doi: 10.1038/sj.onc.1207023
668 35. Buccione C.; Fragale A.; Polverino F.; Ziccheddu G.; Arico E.; Belardelli F.; Proietti E.; Battistini A.;
669 Moschella F.  Role of interferon regulatory factor 1 in governing Treg depletion, Thl polarization,
670 inflammasome activation and antitumor efficacy of cyclophosphamide. Int | Cancer. 2018, 142, 976-87. doi:
671 10.1002/ijc.31083
672 36. Mendieta I.; Nufiez-Anita R.E.; Nava-Villalba M.; Zambrano-Estrada X.; Delgado-Gonzélez E.; Anguiano
673 B.; Aceves C. Molecular iodine exerts antineoplastic effects by diminishing proliferation and invasive
674 potential and activating the immune response in mammary cancer xenografts. BMIC Cancer 2019, 19, 261-

675 268. doi: 10.1186/s12885-019-5437-3


https://doi.org/10.20944/preprints201907.0152.v1
https://doi.org/10.3390/nu11071623

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2019 d0i:10.20944/preprints201907.0152.v1

26 of 26

676 37. Venturi S. Evolutionary significance of iodine. Curr Chem Biol 2011 5, 155-162.
677 38. BilalM.Y.; DambaevaS.; Kwak-Kim J.; Gilman-Sachs A.; Beaman K.D. A role for iodide and thyroglobulin

678 in modulating the function of human immune cells. Front Immunol 2017, 8, 1573-1587. doi:
679 10.3389/fimmu.2017.01573.

680 39. Costa R.O.; Macedo P.M.; Carvalhal A.; Bernardes-Engemann A.R. Use of potassium iodide in
681 dermatology: updates on an old drug. An Bras Dermatol 2013, 88, 396-402. doi: 10.1590/abd1806-
682 4841.20132377

683 40. Miyachi Y, Niwa Y. Effects of potassium iodide, colchicine and dapsone on the generation of
684 polymorphonuclear leukocyte-derived oxygen intermediates. Br | Dermatol 1982, 107, 209-214. doi:
685 doi.org/10.1111/j.1365-2133.1982.tb00340.x

686 41. Honma K,; Saga K.; Onodera H.; Takahashi M. Potassium iodide inhibits neutrophil chemotaxis. Acta Derm
687 Venereol 1990, 70, 247-249. PMID: 1972841

688 42. Moore K.; Thomas A.; Harding K.G. Iodine released from the wound dressing iodosorb modulates the
689 secretion of cytokines by human macrophages responding to bacterial lipopolysaccharide. Int | Biochem Cell
690 Biol 1997, 29, 163-171. https://doi.org/10.1016/S1357-2725(96)00128-8

691  43. Zhao D, Lim C.P.; Miyanaga K; Tanji Y. Iodine from bacterial iodide oxidization by Roseovarius spp.
692 inhibits the growth of other bacteria. Appl Microbiol Biotechnol 2013, 97, 2173-2182. doi: 10.1007/s00253-012-

693 4043-y


https://doi.org/10.20944/preprints201907.0152.v1
https://doi.org/10.3390/nu11071623

