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Simple Summary: Most women are diagnosed with high-grade serous ovarian cancer (HGSOC) at
stage III, when the cancer has already spread, contributing to poor survival outcomes. However, while
earlier diagnosis increases survival rates, there is a lack of early diagnosis biomarkers. Previously,
autoantibodies specific for phosphorylated heat shock factor 1 (HSF1-PO4) were suggested as a
potential diagnostic biomarker for early-stage HGSOC. In the present study, specific regions within
HSF1 were identified, tested and confirmed as useful biomarkers, with comparable diagnostic
potential to the full protein, across two separate clinical cohorts. Additionally, antibody responses to
HSF1-PO4 and the corresponding peptides were found to increase following a round of standard
first-line chemotherapy. Together, our data suggest that the identified short peptide sequences could
be used as practical alternatives to support early diagnosis or monitor responses to chemotherapy.

Abstract: Autoantibodies recognising phosphorylated heat shock factor 1 (HSF1-PO4) protein are
suggested as potential new diagnostic biomarkers for early-stage high-grade serous ovarian cancer
(HGSOC). We predicted in silico B-cell epitopes in human and murine HSF1. Three epitope regions
were synthesised as peptides. Circulating immunoglobulin A (cIgA) against the predicted peptide
epitopes or HSF1-PO4 was measured using ELISA, across two small human clinical trials of HGSOC
patients at diagnosis. To determine whether chemotherapy would promote changes in reactivity to
either HSF1-PO4 or the HSF-1 peptide epitopes, IgA responses were further assessed in a sample
of patients after a full cycle of chemotherapy. Anti-HSF1-PO4 responses correlated with antibody
responses to the three selected epitope regions, regardless of phosphorylation, with substantial
cross-recognition of the corresponding human and murine peptide epitope variants. Assessing
reactivity to individual peptide epitopes, compared to HSF1-PO4, improved assay sensitivity. IgA
responses to HSF1-PO4 further increased significantly post treatment, indicating that HSF1-PO4 is
a target for immunity in response to chemotherapy. Although performed in a small cohort, these
results offer potential insights into the interplay between autoimmunity and ovarian cancer and offer
new peptide biomarkers for early-stage HGSOC diagnosis, to monitor responses to chemotherapy,
and widely for pre-clinical HGSOC research.
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1. Introduction

Heat shock factor 1 (HSF1) is the key regulator of the heat shock response, where it
drives transcription of many target genes. Highly conserved across eukaryotic species,
sharing approximately 84% sequence identity between human, mouse and bovine [1],
HSF1 has been implicated in cell differentiation [2], development [3], and aging [4]. More-
over, HSF1 is associated with neurodegenerative diseases and cancers [5–10]. Defects
in HSF1 exacerbate protein misfolding and aggregation in neurodegeneration diseases
such as Parkinson’s disease or Alzheimer’s dementia [5,6]. In contrast, it is suggested
that HSF1 supports and contributes to tumour growth, proliferation and metastasis [7–10].
In clinical studies, increased HSF1 expression levels are correlated with poor prognosis
and advanced metastasis in breast cancer [11,12], non-small cell lung cancer [13], gastric
cancer [14], oesophageal squamous cell cancer [15], ovarian cancer [16] and others. High
expression of HSF1 has additionally been associated with cancer stem cells [16], as well as
drug resistance [12]. For these reasons, HSF1 has been proposed as a potential target
for therapies.

High-grade serous ovarian cancer (HGSOC) has the highest mortality rate of any
of the gynaecological cancers. Not only are women diagnosed late (with most women
diagnosed at stage III) [17], prognosis remains poor, with the five-year survival rate less
than 50% [18]. Currently, blood serum levels of cancer antigen-125 (CA-125) are used to
assist in diagnosis of HGSOC as well as to monitor recurrence following treatment [19].
However, CA-125 is not specific to ovarian cancer and may be found at normal levels in
~50% of women in early stage of disease [20–22]. For this reason, new tools are required for
both diagnostic and prognostic monitoring.

Circulating autoantibodies (AAb) targeting tumour-associated antigens (TAAs) have
been explored as potential biomarkers for cancer diagnosis [23–26]. The presence of AAb
has been well documented in multiple cancer types [23–26]. However, these are typically
of the IgG isotype [23–26]. In a prior pilot study [27], we performed large-scale screening of
IgM, IgG and IgA AAbs in early- and late-stage HGSOC patients and identified an increase
in IgA-specific AAbs to phosphorylated HSF1 (HSF1-PO4) in HGSOC patients, with a
significant increase in the early stages, in comparison to control cohorts [27].

While immune responses to heat shock proteins (the downstream targets of HSF1)
have been reported [28–31], much less is known about immune responses to HSF1. In this
study, we evaluated new, potentially useful B-cell epitopes present in HSF1. IgA-specific
AAb responses to HSF1-PO4 were tested in HGSOC patients (stages I, III and IV), be-
nign serous cystadenoma patients, and healthy controls. Due to the conserved nature of
HSF1 [1], these responses were compared to responses towards predicted B-cell epitopes
corresponding to both human and murine sequences. Herein, we identify multiple novel
B-cell epitopes to help assess antibody responses against HSF1-PO4, with the potential to
be used across both human studies and in animal models.

2. Materials and Methods
2.1. Patient Samples

Two independent clinical cohorts were utilised for these studies. Cohort 1 (Table 1)
comprised the same patient samples analysed in our previous study identifying AAb
against HSF1-PO4 as a potential biomarker, and all details are as previously described [27].
Briefly, EDTA-chelated plasma samples were accessed from biobanked samples. Samples
were collected from women undergoing surgery for suspected gynaecological malignancy
between 2007 and 2012. This study was approved by the Monash Health Human Research
Ethics Committee (HREC certificates #06032C, #02031B) and all participants provided prior
informed written consent.
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Table 1. Summary of Cohort #1.

Group/Disease Status Stage of Disease #Patient Median Age (Range)

Healthy Controls n/a n = 10 59.5 (56–65.5)

Early Stage I (a–c) n = 8 63.0 (53–86)

Testing was then expanded to a larger cohort (Cohort 2, Table 2), comprising clinical
samples collected between 2014 and 2017 as a part of Project 13/32, HREC of Royal
Women’s Hospital, Melbourne, Australia [32]. Sera and plasma were obtained from venous
blood samples collected at diagnosis, prior to surgery and prior to cycles of chemotherapy
(pre-cycle). Patients also treated with Bevacizumab during first-line treatment continued a
Bevacizumab-only treatment for an additional 6 months following the sixth cycle of primary
treatment (pre-cycle 7–12). All relevant clinical information including demographic status,
medical and drug history, clinical diagnosis, stage and disease extent, status and follow-up
data were collected. Venous blood samples were also collected from women diagnosed
with benign serous cystadenoma, as well as women with no pathology but who were
undergoing risk reduction surgery for a known genetic mutation or a strong family history
of ovarian and/or breast cancers.

Table 2. Summary of Cohort #2.

Group/Disease Status Stage of Disease #Patient Median Age (Range)

Malignant III (n = 23), IV (n = 2) n = 25 60 (49–83)

Benign serous cystadenoma n/a n = 9 52 (35–70)

No pathology n/a n = 11 45 (42–59)

2.2. Peptide Design and Synthesis

Whole protein sequence of HSF1 for both Homo sapiens (Q00613) and Mus musculus
(P38532) was obtained from UniProt Knowledgebase database (https://www.uniprot.org,
accessed on 3 April 2019). B-cell epitope prediction was performed in silico using the
Immune Epitope Database and Analysis Resource antibody epitope prediction tool (IEDB,
http://tools.iedb.org/bcell/, accessed on 3 April 2019). Orthologous regions between
Homo sapiens and Mus musculus were identified using the National Center for Biotechnology
Information (NCBI) standard protein blast (https://blast.ncbi.nlm.nih.gov/, accessed on
8 April 2019). Epitope sequences of interest (Figure 1) were synthesised at a 95% purity by
Mimotopes Pty Ltd. (Clayton, Australia).

2.3. Enzyme-Linked Immunosorbent (ELISA) Assay

Phosphorylated and non-phosphorylated synthetic peptides or recombinant HSF1-PO4
protein (Abcam #115508) were diluted in carbonate/bicarbonate coating buffer (4 µg/mL)
and incubated overnight in 96-well NUNC maxisorp plates at 4 ◦C. Plates were washed
with wash buffer (PBS/0.05% v/v Tween-20) and blocked with PBS/1% BSA for a minimum
of 1 h at 37 ◦C. After washing, plasma/sera were added (duplicate wells) and incubated
at 4 ◦C overnight (1:10 or 1:20 dilution in wash buffer). After washing, HRP-conjugated
goat anti-human IgA alpha chain (1:10,000, Abcam #98558) was added and incubated
at 37 ◦C for 1.5 h. Following washing, the reaction was developed using TMB substrate
(Invitrogen, Waltham, MA, USA) and stopped with 1 M HCl. Absorbance was immedi-
ately read at 450 nm (Optical Density (OD)450nm) using a Multiskan Go plate reader
(Thermo Scientific, Waltham, MA, USA). Where specified, OD450nm values were nor-
malised against values from a single patient sample consistently run across multiple
experiments to account for inter-assay variability. The selected sample (OV0023, refer
to Supplementary Table S2) had a mid-range anti-HSF1-PO4 or anti-peptide response
(ranging OD450nm 0.41–1.0, depending on the target) and was thus chosen to avoid extreme
measurements that could introduce bias.

https://www.uniprot.org
http://tools.iedb.org/bcell/
http://tools.iedb.org/bcell/
https://blast.ncbi.nlm.nih.gov/
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Figure 1. Human HSF1 (HuHSF1) structure contains four main domains: the DNA-binding domain, heptad repeats, the
regulatory domain and the transactivation domain [33]. HuHSF1 contains 529 amino acids (aa) in the sequence and mouse
HSF1 (MuHSF1) contains 525aa. Three locations in the human sequence were selected for further testing: aa1–17, aa89–99
and aa443–464. The orthologous sequences in MuHSF1 were also selected (aa1–17 and aa439–460). Highlighted residues
represent the change of residue between human and mouse sequences. Human and mouse sequence variants have a 94.1,
100, and 90.1% similarity for aa1–17, aa89–99 and aa443–464, respectively.

2.4. Statistical Analysis

Statistical significance was assessed using GraphPad Prism v8.0.0. Normality was tested
by the Anderson–Darling test prior to assessing significance using the Mann–Whitney U test
or a paired t-test as appropriate, for non-normal distributed and normal distributed data,
respectively. For correlation analysis, data were log transformed to establish normality,
and Pearson’s correlation analysis was performed. Significance is shown as p < 0.05 (*)
or p < 0.01 (**) and data are shown as either the median and IQR or the mean ± SEM, as
indicated in figure legends. All group sizes and specific statistical analyses are additionally
indicated in the figure legends.

3. Results
3.1. Definition of Selected B-Cell Epitopes in Heat Shock Factor 1

To study the immune response towards HSF1, we first used IEDB to predict potential
B-cell epitopes within the HSF1 sequence. Peptide sequences with a minimum prediction
score of 1.5 and a maximum of 3.5 were selected for further analysis. Sequence 1–17 (score 2)
was selected for further study as the majority of this sequence lies outside of the four key
domains outlined (the DNA-binding domain, heptad repeats, the regulatory domain and the
transactivation domain, Figure 1) in the human sequence [33–35]. Sequence 89–99 (score 1.5)
is identical in human and mouse sequences and sits within the DNA-binding domain,
a region less explored as having target immunogens. The final sequence 443–464 (score 3)
is in a region of the protein targeted by some commercial antibodies specific for HSF1.
As HSF1 is highly conserved [1], to explore whether cross-reactivity occurs for potential
utility in ovarian cancer animal models, the orthologous murine sequences were identified
using the NCBI protein blast, and the corresponding peptides also synthesised (Figure 1).

3.2. Designed Synthetic Peptides Have a Positive Correlation to HSF1-PO4 Antibody Responses

Previously, IgA-specific AAbs targeting HSF1-PO4 were found to be significantly
elevated in a small cohort of early-stage HGSOC patients, in comparison to controls [27]. Us-
ing samples from this study (cohort 1), which have a range of IgA-specific anti-HSF1-PO4
responses, we compared the IgA-specific antibody responses of the synthesised non-
phosphorylated peptides to those of full-length HSF1-PO4 protein, using indirect
ELISA. While no differences were detected between controls and early-stage HGSOC
(Supplementary Figure S1), a significant positive correlation was observed between re-
sponses to all peptides examined and to HSF1-PO4 (Figure 2) suggesting that the selected
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epitopes are an appropriate surrogate for full-length HSF1-PO4 to assess the IgA-specific
AAb response against HSF1-PO4.
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Figure 2. IgA-specific antibodies to HSF1-PO4 and the individual selected epitopes, were measured by indirect ELISA.
Plasma samples (diluted 1:20) from control samples (n = 10) and early-stage HGSOC patients (n = 7), were analysed in
duplicate. Associations between responses were analysed using Pearson’s R correlation (R2), following log transformation
to establish normality (data found in Supplementary Table S1). Individual OD values plotted on a log scale.

3.3. Phosphorylation of Peptides Does Not Affect the Antibody Responses to the Predicted Epitopes

In our pilot study that identified increased anti-HSF1 AAbs in early-stage HGSOC
patients [27], the increased response was specifically to the phosphorylated full-length pro-
tein and not to the non-phosphorylated protein. However, the same patient samples used in
this study showed significant positively correlated responses between non-phosphorylated
peptides and the full-length phosphorylated protein (Figure 2). Therefore, to identify
whether phosphorylation of the epitopes may impact the antibody responses, the human-
specific epitopes were synthesised with phosphorylated serine and threonine residues.
Sequence Hu 1–17 and Hu/Mu 89–99 contain one phosphorylation site, whereas sequence
Hu 443–464, containing three serines, was phosphorylated at each site.

With the majority of women diagnosed at stage III [17], we further wanted to explore
the anti-HSF1 AAb responses in a larger cohort of advanced-stage HGSOC patients, and cor-
responding benign serous cystadenoma and healthy controls (cohort 2). A subset of these
HGSOC patients (n = 8) were used to identify any effect of phosphorylated residues within
the predicted epitopes. Plasma samples collected at varied timepoints during chemother-
apy treatment (pre-surgery, pre-cycle 2, 5, 8, 10, 11, 12) were used to measure and compare
IgA-specific antibody responses between phosphorylated and non-phosphorylated human
epitopes (Figure 3). For each of the epitopes (Hu 1–17, Hu/Mu 89–99 and Hu 443–464),
there were no significant differences between the antibody responses to between the
phosphorylated and non-phosphorylated epitopes. Due to this, the non-phosphorylated
peptides were used in all consecutive experiments.



Cancers 2021, 13, 4201 6 of 15

Cancers 2021, 13, 4201 6 of 15 
 

 

between the phosphorylated and non-phosphorylated epitopes. Due to this, the non-
phosphorylated peptides were used in all consecutive experiments.  

 
Figure 3. IgA-specific antibodies to individual phosphorylated (PO4) or non-phosphorylated (Non-PO4) epitopes, via indi-
rect ELISA. Using a subset of cohort 2 (n = 8), plasma samples (diluted 1:20), collected at varied timepoints (n = 9) were 
analysed in duplicate. Timepoints include pre-surgery, pre-cycle 2, 5, 8, 10, 11, 12 and following surgery that occurred during 
chemotherapy treatment. Data are represented as the mean ± SEM and significance was tested using a paired t-test. 

3.4. Correlation Validation between Responses to HSF1-PO4 and Predicted Peptide Epitope and 
the Assessment of Species Cross-Reactivity 

To further explore the utility of the peptides in comparison to the protein, we next 
evaluated anti-HSF1-PO4 AAb responses in cohort 2. Sera collected from the control 
groups (benign and healthy) and from mixed timepoints (Diagnosis/Pre-Surgery, Pre-Cy-
cle 1 and Pre-Cycle 2) of malignant patients were used. Normalised IgA-specific AAb re-
sponses to HSF1-PO4 were compared to normalised peptide responses (Figure 4A). As 
observed in cohort 1, significant positive correlations were found between Ab responses 
to all the synthetic peptides examined and HSF1-PO4.  

In both cohorts of patients, we observed strong correlations between the responses 
to mouse-specific epitopes and responses against human HSF1-PO4. As HSF1 is highly 
conserved between species [1], and the orthologous sequences have one or two amino acid 
differences, we compared the AAb responses in the mouse and human orthologous se-
quences (Figure 4B). In both sequence locations strong, positive correlations were ob-
served: Hu443 vs. Mu439 (r = 0.9181, R2 = 0.8430, p < 0.0001) and aa1–17 (r = 0.8935, R2 = 
0.7984, p < 0.0001) (Figure 4B). These findings indicate the occurrence of cross-reactive 
antibody responses.  

Figure 3. IgA-specific antibodies to individual phosphorylated (PO4) or non-phosphorylated (Non-PO4) epitopes, via
indirect ELISA. Using a subset of cohort 2 (n = 8), plasma samples (diluted 1:20), collected at varied timepoints (n = 9) were
analysed in duplicate. Timepoints include pre-surgery, pre-cycle 2, 5, 8, 10, 11, 12 and following surgery that occurred
during chemotherapy treatment. Data are represented as the mean ± SEM and significance was tested using a paired t-test.

3.4. Correlation Validation between Responses to HSF1-PO4 and Predicted Peptide Epitope and the
Assessment of Species Cross-Reactivity

To further explore the utility of the peptides in comparison to the protein, we next
evaluated anti-HSF1-PO4 AAb responses in cohort 2. Sera collected from the control groups
(benign and healthy) and from mixed timepoints (Diagnosis/Pre-Surgery, Pre-Cycle 1 and
Pre-Cycle 2) of malignant patients were used. Normalised IgA-specific AAb responses
to HSF1-PO4 were compared to normalised peptide responses (Figure 4A). As observed
in cohort 1, significant positive correlations were found between Ab responses to all the
synthetic peptides examined and HSF1-PO4.

In both cohorts of patients, we observed strong correlations between the responses
to mouse-specific epitopes and responses against human HSF1-PO4. As HSF1 is highly
conserved between species [1], and the orthologous sequences have one or two amino
acid differences, we compared the AAb responses in the mouse and human orthologous
sequences (Figure 4B). In both sequence locations strong, positive correlations were
observed: Hu443 vs. Mu439 (r = 0.9181, R2 = 0.8430, p < 0.0001) and aa1–17 (r = 0.8935,
R2 = 0.7984, p < 0.0001) (Figure 4B). These findings indicate the occurrence of cross-reactive
antibody responses.

3.5. Sensitivity Assays Show Predicted Epitopes with Equal or Higher Measurements in
Comparison to HSF1-PO4

To further compare the IgA-specific antibody responses of the peptides to that of
HSF1-PO4, we explored sensitivity of the responses by titrating samples from individuals
with a high, medium or low/no response towards full HSF1-PO4 (total 8 individuals from
cohort 2), and measured IgA-specific responses (Figure 5).
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Figure 4. IgA antibody responses to anti-HSF1-PO4 and predicted epitopes in cohort 2 patients (n = 45). Responses in sera
(diluted 1:10) from patients with no pathology (n = 11), benign serous cystadenoma (n = 9) and late stage HGSOC (total
n = 25, diagnosis/pre-surgery = 16, pre-cycle 1 = 6, pre-cycle 2 = 3) were measured via indirect ELISA and normalised
to a mid-responder (OV0023). OD450nm for mid-range responder as follows: HSF1-PO4 (0.41 or 0.69); Hu 1–17 (0.95);
Hu 443–464 (1.0); Hu/Mu 89–99 (0.54 or 0.58); Mu 1–17 (0.52 or 0.62); Mu 439–460 (0.51 or 0.68). (A) Pearson’s R correlation
(R2) and p-value of normalised peptide responses to HSF1-PO4 responses plotted on a log scale. (B) R2 and p-value of
normalised responses of corresponding human and mouse sequences, plotted on a log scale. R2 shown for Mu 1–17,
although dataset did not pass normality test (Supplementary Table S2).
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In the two high responding individuals to HSF1-PO4, responses to all five peptide
sequences, whether derived from the human or mouse HSF1 sequence, were higher than
the responses to human HSF1-PO4 (Figure 5A,B). In High Responder 1 (Figure 5A), the
OD450nm reading remained clearly higher at dilutions 1:10–1:270. Whereas High Responder 2
had higher responses to the peptides at the lower dilutions (1:10, 1:30 and 1:90) but were
not as sensitive at the highest dilutions (1:270 and 1:800).

Two of the three mid-level responders had similar responses at all sera dilutions, for
HSF1-PO4 and all peptides (Figure 5D–F). The remaining mid-responder (Mid responder 2,
Figure 5D) had visually higher responses in the peptides in comparison to HSF1-PO4 at the
lower dilutions (1:10 and 1:30). As the dilutions increased, the difference of OD readings
between the protein and peptides decreased and became similar. All low/non-responders,
whether measuring full length HSF1 or peptides, remained low (Figure 5G–I). These results
(as well as area under the curve analysis (Supplementary Table S3)) further suggest that any
of the described peptides may be used in the place of full length HSF1 protein to measure
antibody responses.



Cancers 2021, 13, 4201 9 of 15

3.6. Patients with Advanced HGSOC Have Decreased Anti HSF1-PO4-Specific AAb Responses

As most women with HGSOC are diagnosed at the late stage of disease [17], IgA-specific
AAb responses against HSF1-PO4 and synthetic peptides were assessed in cohort 2 as
potential diagnostic biomarkers. Unexpectedly, we observed a significant (p < 0.01) re-
duction in anti-HSF1-PO4 reactivity in patients with advanced HGSOC relative to both
benign serous cystadenoma and healthy controls (Figure 6A). The pattern of responses
against HSF1-PO4 observed, in which AAb readings were highest in no pathology sam-
ples, followed by the benign cystadenoma group and finally late stage malignant patients,
were consistent in the human only peptides (Figure 6B,C). Although this same trend was
followed, the two peptides Hu 1–17 and Hu 443–453 only showed a significant difference
(p = 0.0366 and 0.0305, respectively) to either the no pathology or the benign cystadenoma
group, respectively. Responses to peptides Hu/Mu 89–99, Mu 1–17 and Mu 439–460
(Figure 6D–F) showed a different pattern of response where AAb readings were highest in
benign cystadenoma samples, followed by the no pathology group and then malignant
samples. Of these, only Hu/Mu 89–99 showed a significant difference (p = 0.0410) between
the malignant group and the benign serous cystadenoma group (Figure 6D).
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samples were collected prior to chemotherapy treatment, were ran in duplicate. All readings were normalised to a mid-
range responder consistently run across multiple experiments. OD450nm for mid-range responder: HSF1-PO4 (0.41 or 0.69);
Hu 1–17 (0.95); Hu 443–464 (1.0); Hu/Mu 89–99 (0.54 or 0.58); Mu 1–17 (0.52 or 0.62); Mu 439–460 (0.51 or 0.68). As normality
tests showed non-normal distributions, data are presented as the median and IQR and Mann–Whitney U statistical analysis
was performed, * p < 0.05 and ** p < 0.01.

3.7. Increased IgA-Specific AAb Responses to HSF1 following a Cycle of Chemotherapy

Upon diagnosis, women typically undergo a cytoreductive surgery followed by
six cycles of combination chemotherapy consisting of carboplatin and paclitaxel [36].
Due to cytotoxic effects and thus stress-induced environments resulting from chemother-
apies, which have been shown in other cancers to increase HSF1 [12] and heat shock
proteins [37], we further explored the effect of chemotherapy on antibodies targeting
HSF1. We therefore assessed the influence of chemotherapy on AAb in a group of patients
(n = 10), prior to and then following a single cycle of chemotherapy (Pre-Cycle 2). Follow-
ing one cycle of chemotherapy, a significant increase in antibodies targeting HSF1-PO4 was
observed (p = 0.047) (Figure 7A), identifying HSF1-PO4 as a tumour-associated antigen
following chemotherapy.
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To further evaluate the ability of the peptides to measure the influence chemotherapy
has on the IgA-specific antibody response to HSF1, AAb levels towards the peptides were
assessed (Figure 7B). There was an increase in antibody responses to all sequences following
one cycle of chemotherapy. Of these, Mu1–17 and Hu/Mu89–99 showed significant
increases (p = 0.029 and p = 0.048, respectively). This reinforces previous findings of cross-
reactive immune responses occurring as well as the potential to use these peptides in
place of full-length HSF1-PO4 to measure AAb responses to track changes due to cycles
of chemotherapy.

4. Discussion

AAbs are an appealing biomarker for both cancer diagnosis and prognosis as they can
be easily measured from minimally invasive blood collection, and have shown increased
levels in the early stages of cancer (reviewed in [38]). As AAbs to HSF1-PO4 were previously
identified as a potential early-stage diagnostic biomarker in HGSOC [27], the present study
sought to identify and investigate novel B-cell epitopes in HSF1. Five non-phosphorylated
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peptides of human and mouse origin were tested, and IgA responses to these epitopes were
found to be significantly positively correlated with reactivity to HSF1-PO4, in two separate
clinical cohorts. Further testing found no differences of responses between phosphorylated
and non-phosphorylated peptides. Additionally, in mid-high responders, the IgA AAb
responses were higher towards the peptides than the full-length protein sequence. These
findings show that the peptides representing predicted B-cell epitopes may be used as
surrogates to measure the anti-HSF1-PO4 antibody responses. Finally, for the first time,
we show increased anti-HSF1-PO4 IgA antibody responses in a small cohort of advanced
HGSOC patients following a single round of standard first-line chemotherapy.

Here, we explored three locations of the human HSF1 sequence for the chosen peptides.
Selected due to its high prediction score, sequence 443–464 targets the transactivation
domain of the protein, where several commercially available anti-HSF1 antibodies are
available that target as the immunogen. However, the exact epitope recognised by these
antibodies is not provided by the manufacturers. Other commercial antibodies only target
sequences in the regulatory domain and heptad repeats-C region. Therefore, we chose to
explore the existence of epitopes that may exist outside these regions. Sequence 89–99 was
found to be the only predicted epitope within the DNA-binding domain. Furthermore, its
100% homology to the corresponding mouse sequence allows for translation into animal
models for future studies. Finally, sequence 1–17 was within a highly conserved region,
outside any of the previously defined functional domains [33–35]. Despite these different
locations, antibody responses to all tested peptides significantly correlated to the HSF1-PO4
responses. No single peptide epitope was substantially more correlated to HSF1 than any
other, suggesting that any of the sequences could be used as a surrogate to measure
the anti-HSF1-PO4 responses. This was further shown in the sensitivity assays, where
all curves followed a similar pattern irrespective of the antigen. Within a sample of
cohort 2, our data show that the antibodies to HSF1-PO4 and all peptides bound with
similar affinity, no matter whether initial responses were low, middle or high range. We
additionally observed no differences between antibody responses to our phosphorylated
and non-phosphorylated peptides at timepoints throughout chemotherapy, suggesting that
phosphorylation does not affect antibody recognition. This, however, contradicts previous
findings which found that the increased responses were to the recombinant HSF1-PO4
protein and not to non-phosphorylated HSF1. Given the limitations imposed by sample
availability in this study, it would be beneficial in the future to perform a comparison study
between non-phosphorylated and phosphorylated protein and peptides at all timepoints,
and explore the antibody affinities, for all patients.

CA-125, the current biomarker used for HGSOC diagnosis, is not specific for ovarian
cancer [20–22]. For this reason, several studies identifying AAbs in ovarian cancer screen
patients at diagnosis to compare or combine levels of AAb with CA-125 to increase di-
agnostic capabilities [24,27,39,40]. Given antibody responses to HSF1-PO4 and peptides
correlated in the same cohort which previously identified the potential diagnostic value of
anti-HSF1-PO4 in early-stage HGSOC patients [27], these peptides have the potential to be
used for future studies further investigating the diagnostic value of anti-HSF1-PO4 within
a larger cohort. In advanced-stage HGSOC, where most women are diagnosed [17], we
identified levels of IgA-specific AAb targeting HSF1-PO4 were decreased, in comparison to
the control groups. Indicating that IgA-specific AAb to neither HSF1-PO4 nor the synthetic
peptides are effective as diagnostic markers at late-stage disease. However, IgA levels to
HSF1-PO4 increased after a cycle of combined platinum- and taxol-based chemotherapy
(carboplatin and paclitaxel), identifying HSF1-PO4 as a potential tumour-associated anti-
gen. Alternative explanations for the increase in anti-HSF1-PO4 antibodies may be due to
a reaction to chemotherapy and an increase in antigen. HSF1 expression has been shown
to increase following treatment with carboplatin [12]. This high expression was found to
contribute to the protection of tumour cells from death following chemotherapy by its role
in autophagy, a cellular process allowing cells to survive stressful conditions [12]. While a
statistically significant increase was observed post a cycle of chemotherapy, the findings
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are limited by the small sample size, and it would be valuable to confirm these trends in
additional separate studies and to further explore the utility of antibody responses to both
full HSF1-PO4 and peptides. While more than 80% of HGSOC patients respond to initial
treatment, recurrence is just as common (>80%) [41] and the duration generally varies with
time [42,43]. Patients who recur within 6 months of first-line treatment are considered
resistant and have a poor survival prognosis, while tumours that recur after 6 months are
platinum sensitive and these patients are considered to have a good prognosis [44]. Follow-
ing further studies in a larger cohort of patients, each of the identified peptide sequences
may be able to provide a practical method to monitor the chemotherapy response. Future
larger studies looking at the role of these peptides in discriminating patients that respond or
do not respond to first-line treatment (in Australia being surgery followed by combination
carboplatin/paclitaxel chemotherapy) may help to individualise therapy for patients with
this lethal disease. In the present pilot study, we did not have the statistical power to com-
pare the antibody responses to HSF1-PO4 and peptides in the low-, middle- and high-range
responders with chemotherapy response. Future studies utilising these peptides may look
at correlating responses to patient outcome and tumour burden. This could be performed
through monitoring the antibody responses at later cycles of chemotherapy and comparing
these to patient disease and survival outcome. These may allow for prognostic markers
that indicate whether a patient may require increased monitoring, or a modification of their
treatment regimen.

Due to the highly conserved nature of HSF1 [1], the orthologous peptide sequences
from the mouse HSF1 sequence were additionally synthesised and tested for IgA-specific an-
tibody responses in the human cohorts. As with the human peptide sequences, we observed
significant positive correlations to the HSF1-PO4 responses. These strong correlations were
also observed when comparing the responses of the murine to the human-specific epitopes.
These findings indicate that cross-reactive antibody responses occur, which was further
validated by the significantly increased antibody responses to Mu 1–17 and Hu/Mu 89–99
following a single cycle of chemotherapy. With this presence of cross-reactivity, epitopes
Mu 1–17 and Hu/Mu 89–99, given the responses in a small cohort, could be used with
an ovarian cancer mouse model to further explore the role of the anti-HSF1-PO4 immune
response. Future studies in an ovarian cancer mouse model may be used to monitor the
anti-HSF1-PO4 responses to different therapies for prognostic outcomes, particularly in
cases where access to clinical samples may be limited.

Our focus looking at IgA-specific responses to HSF1 was due to the increase in IgA
to HSF1 in HGSOC following the screening of IgA, IgM and IgG [27]. A limitation of this
pilot study was its limited size, and additionally, when using a larger cohort, it may also be
informative in future studies to expand the study to other Ig isotypes, for example IgG, as a
measure of secondary peripheral responses. Interestingly, a recent study has highlighted the
protective role of IgA antibodies in HGSOC [45]. In it, the authors suggest that augmenting
B-cell responses may be more effective in the anti-tumour response. As HSF1 has been
implicated in several cancer types [11–16], it has been proposed as a potential anti-cancer
therapy target [46,47]. Targeting HSF1 as a therapy in cancers is indeed a growing field.
Silencing HSF1 in melanoma cancer cells showed a reduction in cell proliferation through
cell cycle arrest and an increase in apoptosis [10]. Similarly, a nucleotide analog which
exhibited anti-cancer effects has been shown to downregulate HSF1 in both pancreatic and
ovarian cancer studies [48,49]. The increased antibody responses to the predicted peptides
in the present study identify these sequences as targets of the immune system. Using
animal models, the peptides may be further explored as potential vaccine or antibody
therapeutic targets, alone or in combination with chemotherapy, to boost the anti-tumour
immune response and potentially provide a beneficial outcome.

5. Conclusions

In the present study, two separate HGSOC cohorts consistently showed that IgA
responses to five peptide sequences, mapped within HSF1, correlate with responses against
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HSF1-PO4 full protein. To enable clinical translation and further explore the role for
diagnostic purposes in early stages of disease, or monitor changes due to chemotherapy, a
large-scale study would be required. Overall, these findings show that each of the potential
peptides may be used in place of the full-length HSF1-PO4 protein to measure antibody
responses. Proteins can often be less accessible as a diagnostic/prognostic reagent due
to the relatively high costs required to produce them with sufficient purity. Therefore,
these identified peptide sequences, particularly the non-phosphorylated versions, may
provide increased practicality and cost effectiveness to further explore anti-HSF1-PO4
immune responses. These may be used as therapeutics and as biomarker targets to monitor
prognostic changes due to treatment, in both human and animal models of HGSOC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13164201/s1, Figure S1: Cohort 1 IgA specific antibodies to HSF1-PO4 and the
individual selected epitopes; Table S1: Raw OD and log-transformed data and results of normality
tests in cohort 1; Table S2: Raw OD and log-transformed data and results of normality tests in cohort
2; Table S3: Area under the curve (AUC) analysis of sensitivity between HSF1-PO4 and peptides.

Author Contributions: Conceptualization, R.M. and M.P.; methodology, R.M., K.W. and M.P.;
investigation, R.M.; resources, N.C.K., A.N.S. and M.P.; writing—original draft, review and editing.
R.M., K.W., N.C.K., O.M.M., T.W.J., A.J., A.N.S. and M.P.; supervision, M.P. All authors have read
and agreed to the published version of the manuscript.

Funding: M.P. is a NHMRC senior fellow (#1154850). R.M. is in receipt of an Australia Government
Research Training Program Scholarship. This work was partly supported by visionary donations
from John Brunner and the Women’s Cancer Fund. Additional support was provided by the National
Health and Medical Research Council of Australia (Project #1099375) and the Victorian Government’s
Operational Infrastructure Support Program. A.N.S. is supported by a fellowship from the Ovarian
Cancer Research Foundation of Australia (OCRF).

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Monash Health Human Research Ethics Committee
(HREC) (certificates: #06032C, #02031B) and the HREC of Royal Women’s Hospital, Melbourne
(project 13/32).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The data presented in this study are available within the article/
supplementary material.

Acknowledgments: The authors thank Michael Quinn, Julene Hallo, Rhiannon Dudley and Nicole
Fairweather for support and assistance with collecting clinical samples and the associated data
management. We also thank the women who consented to be part of the clinical trial/have samples
stored in a biobank for further research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dayalan Naidu, S.; Dinkova-Kostova, A.T. Regulation of the mammalian heat shock factor. FEBS J. 2017, 284, 1606–1627.

[CrossRef] [PubMed]
2. Jego, G.; Lanneau, D.; De Thonel, A.; Berthenet, K.; Hazoumé, A.; Droin, N.; Hamman, A.; Girodon, F.; Bellaye, P.-S.;

Wettstein, G.; et al. Dual regulation of SPI1/PU.1 transcription factor by heat shock factor 1 (HSF1) during macrophage differenti-
ation of monocytes. Leukemia 2014, 28, 1676–1686. [CrossRef] [PubMed]

3. Xiao, X.; Zuo, X.; Davis, A.A.; McMillan, D.; Curry, B.B.; Richardson, J.A.; Benjamin, I.J. HSF1 is required for extra-embryonic
development, postnatal growth and protection during inflammatory responses in mice. EMBO J. 1999, 18, 5943–5952. [CrossRef]

4. Hsu, A.-L.; Murphy, C.T.; Kenyon, C. Regulation of Aging and Age-Related Disease by DAF-16 and Heat-Shock Factor. Science
2003, 300, 1142–1145. [CrossRef]

5. Gomez-Pastor, R.; Burchfiel, E.T.; Thiele, D.J. Regulation of heat shock transcription factors and their roles in physiology and
disease. Nat. Rev. Mol. Cell Biol. 2018, 19, 4–19. [CrossRef]

6. Liangliang, X.; Yonghui, H.; Shunmei, E.; Shoufang, G.; Wei, Z.; Jiangying, Z. Dominant-positive HSF1 decreases alpha-synuclein
level and alpha-synuclein-induced toxicity. Mol. Biol. Rep. 2010, 37, 1875–1881. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers13164201/s1
https://www.mdpi.com/article/10.3390/cancers13164201/s1
http://doi.org/10.1111/febs.13999
http://www.ncbi.nlm.nih.gov/pubmed/28052564
http://doi.org/10.1038/leu.2014.63
http://www.ncbi.nlm.nih.gov/pubmed/24504023
http://doi.org/10.1093/emboj/18.21.5943
http://doi.org/10.1126/science.1083701
http://doi.org/10.1038/nrm.2017.73
http://doi.org/10.1007/s11033-009-9623-2
http://www.ncbi.nlm.nih.gov/pubmed/19609719


Cancers 2021, 13, 4201 14 of 15

7. Min, J.-N.; Huang, L.; Zimonjic, D.B.; Moskophidis, D.; Mivechi, N.F. Selective suppression of lymphomas by functional loss of
Hsf1 in a p53-deficient mouse model for spontaneous tumors. Oncogene 2007, 26, 5086–5097. [CrossRef] [PubMed]

8. Xi, C.; Hu, Y.; Buckhaults, P.; Moskophidis, D.; Mivechi, N.F. Heat Shock Factor Hsf1 Cooperates with ErbB2 (Her2/Neu) Protein
to Promote Mammary Tumorigenesis and Metastasis. J. Biol. Chem. 2012, 287, 35646–35657. [CrossRef]

9. O’Callaghan-Sunol, C.; Sherman, M.Y. Heat Shock Transcription Factor HSF1 Plays a Critical Role in Cell Migration via
Maintaining MAP Kinase Signaling. Cell Cycle 2006, 5, 1431–1437. [CrossRef]

10. Nakamura, Y.; Fujimoto, M.; Hayashida, N.; Takii, R.; Nakai, A.; Muto, M. Silencing HSF1 by short hairpin RNA decreases
cell proliferation and enhances sensitivity to hyperthermia in human melanoma cell lines. J. Dermatol. Sci. 2010, 60, 187–192.
[CrossRef]

11. Santagata, S.; Hu, R.; Lin, N.U.; Mendillo, M.; Collins, L.C.; Hankinson, S.E.; Schnitt, S.J.; Whitesell, L.; Tamimi, R.M.;
Lindquist, S.; et al. High levels of nuclear heat-shock factor 1 (HSF1) are associated with poor prognosis in breast cancer.
Proc. Natl. Acad. Sci. USA 2011, 108, 18378–18383. [CrossRef]

12. Desai, S.; Liu, Z.; Yao, J.; Patel, N.; Chen, J.; Wu, Y.; Ahn, E.E.-Y.; Fodstad, O.; Tan, M. Heat Shock Factor 1 (HSF1) Controls
Chemoresistance and Autophagy through Transcriptional Regulation of Autophagy-related Protein 7 (ATG7). J. Biol. Chem. 2013,
288, 9165–9176. [CrossRef] [PubMed]

13. Cui, J.; Tian, H.; Chen, G. Upregulation of Nuclear Heat Shock Factor 1 Contributes to Tumor Angiogenesis and Poor Survival in
Patients with Non–Small Cell Lung Cancer. Ann. Thorac. Surg. 2015, 100, 465–472. [CrossRef]

14. Kim, S.-J.; Lee, S.-C.; Kang, H.-G.; Gim, J.; Lee, K.-H.; Lee, S.-H.; Chun, K.-H. Heat Shock Factor 1 Predicts Poor Prognosis of
Gastric Cancer. Yonsei Med. J. 2018, 59, 1041–1048. [CrossRef]

15. Tsukao, Y.; Yamasaki, M.; Miyazaki, Y.; Makino, T.; Takahashi, T.; Kurokawa, Y.; Miyata, H.; Nakajima, K.; Takiguchi, S.;
Mimori, K.; et al. Overexpression of heat-shock factor 1 is associated with a poor prognosis in esophageal squamous cell
carcinoma. Oncol. Lett. 2017, 13, 1819–1825. [CrossRef] [PubMed]

16. Yasuda, K.; Hirohashi, Y.; Mariya, T.; Murai, A.; Tabuchi, Y.; Kuroda, T.; Kusumoto, H.; Takaya, A.; Yamamoto, E.; Kubo, T.; et al.
Phosphorylation of HSF1 at serine 326 residue is related to the maintenance of gynecologic cancer stem cells through expression
of HSP. Oncotarget 2017, 8, 31540–31553. [CrossRef] [PubMed]

17. Prat, J.; FIGO Committee on Gynecologic Oncology. Figo’s staging classification for cancer of the ovary, fallopian tube, and
peritoneum: Abridged republication. J. Gynecol. Oncol. 2015, 26, 87–89. [CrossRef]

18. Lisio, M.A.; Fu, L.; Goyeneche, A.; Gao, Z.H.; Telleria, C. High-grade serous ovarian cancer: Basic sciences, clinical and therapeutic
standpoints. Int. J. Mol. Sci. 2019, 20, 952. [CrossRef] [PubMed]

19. Van Gorp, T.; Cadron, I.; Despierre, E.; Daemen, M.; Leunen, K.; Amant, F.; Timmerman, D.; De Moor, B.; Vergote, I. HE4 and
CA125 as a diagnostic test in ovarian cancer: Prospective validation of the Risk of Ovarian Malignancy Algorithm. Br. J. Cancer
2011, 104, 863–870. [CrossRef] [PubMed]

20. Fang, C.; Cao, Y.; Liu, X.; Zeng, X.-T.; Li, Y. Serum CA125 is a predictive marker for breast cancer outcomes and correlates with
molecular subtypes. Oncotarget 2017, 8, 63963–63970. [CrossRef]

21. Santulli, P.; Streuli, I.; Melonio, I.; Marcellin, L.; M’Baye, M.; Bititi, A.; Borghese, B.; Pillet, M.-C.L.; Chapron, C. Increased Serum
Cancer Antigen-125 Is a Marker for Severity of Deep Endometriosis. J. Minim. Invasive Gynecol. 2015, 22, 275–284. [CrossRef]
[PubMed]

22. Moley, K.H.; Massad, L.S.; Mutch, D.G. Pelvic inflammatory disease. Correlation of severity with CA-125 levels. J. Reprod. Med.
1996, 41, 341–346. [PubMed]

23. Chapman, C.J.; Thorpe, A.J.; Murray, A.; Parsy-Kowalska, C.B.; Allen, J.; Stafford, K.M.; Chauhan, A.S.; Kite, T.A.; Maddison, P.;
Robertson, J.F. Immunobiomarkers in small cell lung cancer: Potential early cancer signals. Clin. Cancer Res. 2011, 17, 1474–1480.
[CrossRef]

24. Anderson, K.S.; Sibani, S.; Wallstrom, G.; Qiu, J.; Mendoza, E.A.; Raphael, J.; Hainsworth, E.; Montor, W.R.; Wong, J.;
Park, J.G.; et al. Protein Microarray Signature of Autoantibody Biomarkers for the Early Detection of Breast Cancer. J. Pro-
teome Res. 2011, 10, 85–96. [CrossRef]
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