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Automated quantitative
high‑throughput multiplex
immunofluorescence pipeline
to evaluate OXPHOS defects
in formalin‑fixed human prostate
tissue
Ashwin Sachdeva1,2,3,4*, Claire A. Hart1,2, Christopher D. Carey5,6, Amy E. Vincent4,
Laura C. Greaves4, Rakesh Heer5, Pedro Oliveira7, Michael D. Brown1,2, Noel W. Clarke1,2,3,8,9 &
Doug M. Turnbull4,9
Advances in multiplex immunofluorescence (mIF) and digital image analysis has enabled simultaneous
assessment of protein defects in electron transport chain components. However, current manual
methodology is time consuming and labour intensive. Therefore, we developed an automated highthroughput mIF workflow for quantitative single-cell level assessment of formalin fixed paraffin
embedded tissue (FFPE), leveraging tyramide signal amplification on a Ventana Ultra platform coupled
with automated multispectral imaging on a Vectra 3 platform. Utilising this protocol, we assessed
the mitochondrial oxidative phosphorylation (OXPHOS) protein alterations in a cohort of benign
and malignant prostate samples. Mitochondrial OXPHOS plays a critical role in cell metabolism, and
OXPHOS perturbation is implicated in carcinogenesis. Marked inter-patient, intra-patient and spatial
cellular heterogeneity in OXPHOS protein abundance was observed. We noted frequent Complex IV
loss in benign prostate tissue and Complex I loss in age matched prostate cancer tissues. Malignant
regions within prostate cancer samples more frequently contained cells with low Complex I & IV and
high mitochondrial mass in comparison to benign–adjacent regions. This methodology can now be
applied more widely to study the frequency and distribution of OXPHOS alterations in formalin-fixed
tissues, and their impact on long-term clinical outcomes.
Mitochondrial oxidative phosphorylation (OXPHOS) plays a critical role in cell metabolism. The mitochondrial inner membrane is the site of the electron transport chain, which comprises of five enzyme complexes
(I–V). Defects in the abundance and activity of these OXPHOS complexes have been observed in both normal
ageing1–3 and pathological conditions, including mitochondrial m
 yopathy4–6, Parkinson’s disease7 and cancer8,9.
Accumulation of OXPHOS defects leads to metabolic reprogramming, which may confer metabolic advantages
in a subset of tumours for subsequent clonal expansion, and eventual progression to metastasis. Assessment of
OXPHOS defects in archived human tissue with sufficient clinical annotation, may help in studying their impact
on long-term outcomes.
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Until recently, assessment of mitochondrial OXPHOS defects in intact tissue sections was limited to the use of
sequential cytochrome c-oxidase and succinate dehydrogenase (COX/SDH) enzyme histochemistry. This method
assesses the loss of activity of cytochrome c oxidase (complex IV of the electron transport chain). Rocha et al.
(2015) reported this method to be subjective and highlighted the lack of reliable in situ assays for detection of
Complex I defects, which forms the key entry point for the electron transport chain4. The authors described an
improved method based upon quadruple immunofluorescence to quantitatively evaluate frequency and degree
of both Complex I and Complex IV defects simultaneously in frozen muscle biopsies. This objective method was
validated in a cohort of patients with well characterised mitochondrial disorders and has since been successfully
employed to diagnose mitochondrial complex I disorders5. Since this assay was primarily designed for the study
of muscle fibres, its application in the study of cells with high nuclear-cytoplasmic ratio, such as that observed
in epithelial cells, is complicated by autofluorescence and reliance on confocal m
 icroscopy2. The absence of a
nuclear marker also precludes the ability to employ automated cell segmentation algorithms to reliably estimate
protein abundance in the cytoplasm. Taken together, these issues contribute to high cost and low throughput.
In order to overcome these challenges, we describe an automated high throughput method employing multispectral immunofluorescence imaging for the assessment of OXPHOS defects affecting complex I and IV in
formalin-fixed tissue samples. We demonstrate the use of this method to study the frequency and spatial distribution of OXPHOS defects in benign and malignant human prostate tissue. Additionally, we apply this method
to explore spatial and inter-patient heterogeneity in OXPHOS protein abundance at the single cell level.
Multispectral fluorescence allows concurrent detection of up to 8 targets, whilst minimising the risk of signal
crossover. We developed a pipeline (outlined in Supplementary Fig. 1) using secondary antibodies with tyramide
signal amplification (TSA) that employs catalysed reporter deposition where, in the presence of hydrogen peroxide, oxidation of the fluorophore-labelled or chromogen-labelled tyramide substrate by horse-radish peroxidase
leads to deposition of the label. The TSA-fluorophore complex is highly stable and insoluble in water, due to which
fluorescence binding and thereby signal intensity, is not influenced by heat-mediated d
 enaturation10. Furthermore, TSA is particularly well suited to sequential multiplexing since it (a) offers increased signal to noise ratio
as compared to Alexa Fluor fluorophores, significantly improving sensitivity for targets at low a bundance11,12,
(b) often requires lower primary antibody concentration13, thereby reducing cost, and (c) helps overcome the
requirement for use of combinations of antibodies raised in different species or unique i sotypes10.
The mitochondrial markers chosen for this study have been employed previously in evaluating mitochondrial dysfunction in various c ancers14–16 and mitochondrial m
 yopathy4,5. NADH:Ubiquinone Oxidoreductase
Subunit B8 (NDUFB8) is a nuclear-encoded accessory subunit of Complex I. Reduced abundance of NDUFB8
has been found to be strongly correlated with defects in mitochondrial complex assembly and subsequent loss
of function17. In line with these reports, NDUFB8 has been used as a marker of assembled Complex I18,19.
Mitochondrial cytochrome c oxidase subunit 1 (MTCO1) is a mtDNA-encoded core subunit of Complex IV.
MTCO1 abundance correlates with COX defects upon COX/SDH enzyme histochemistry, consistent with previous reports demonstrating reduced MTCO1 abundance in COX-deficient muscle fi
 bres20–22. Translocase of
outer mitochondrial membrane 20 (TOMM20), a well-established marker of mitochondrial mass23, was included
in the multiplex assay to normalise NDUFB8 and MTCO1 abundance for mitochondrial mass. In addition, we
used pan-cytokeratin antibody and DAPI as conventional markers for epithelial cells and nuclei respectively.

Results

Optimisation of individual markers using chromogenic IHC and IHC‑IF. Primary and secondary

antibody concentrations and incubation time were first individually optimised (Table 1) using chromogenic
DAB immunohistochemical labelling, then translated to the TSA-based OmniMap HRP system on the Ventana
Discovery Ultra platform (Roche Inc). First, adjacent sections were labelled with IgG control antibodies to assess
for non-specific binding. Once optimal antibody concentrations were determined using IHC-DAB, automated
IHC-IF labelling was performed for individual targets using the Opal 520 fluorophore with OmniMap HRP
(Supplementary Fig. 2). Due to low abundance of NDUFB8 antigens, OmniMap HRP amplification was found
to be inadequate. Therefore, a secondary antibody conjugated to hapten-based anti-mouse HQ polymer followed
by an HRP-conjugated anti-HQ tertiary antibody was employed as an enhanced signal amplification step. This
resulted in improved NDUFB8 fluorescence signal intensity (Supplementary Fig. 3). The TSA-based approach
enabled use of lower primary antibody concentrations in all markers except NDUFB8, while maintaining optimal fluorescence signal intensity.

Determining the optimal sequence of antibodies. Sequential multiplex IHC-IF is based on consecutive labelling cycles of primary antibody, HRP polymer and TSA fluorophore. Each cycle is followed by
a heat-denaturation step to remove residual antibody-HRP complexes and thereby avoid cross-reaction with
HRP-conjugated secondary antibodies in subsequent staining cycles. Inadequate denaturation of the antibodyHRP conjugate may introduce background a rtefacts24–26. The use of three antibodies (α-NDUFB8, α-MTCO1
and α-pan-cytokeratin) raised in the same species (mouse) further increases the likelihood of such artefacts.
Therefore, we tested effectiveness of heat-mediated denaturation by subjecting tissue sections to staining cycles
for each of the four primary antibodies individually using the Opal 520 fluorophore followed by heat mediated
denaturation. This was followed by a further staining cycle with the Opal 650 fluorophore, with the second
primary antibody omitted. It was hypothesised that the presence of unbound residual primary antibody or inadequately denatured antibody-HRP conjugate from the first staining cycle would be revealed by the deposition of
the second TSA fluorophore.
Profound Opal 650 fluorescence was noted in tissue sections stained with α-pan-cytokeratin antibody, with a
faint fluorescent Opal 650 signal also noted in sections stained with α-MTCO1 antibody, suggesting inadequate
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Type

Antibody

Target

Species

Cat No.

Manufacturer

Dilution

1°

α-NDUFB8

Complex I subunit

Mouse IgG1

ab10242

Abcam

1:100a,m

1°

α-MTCO1

Complex IV subunit

Mouse IgG2a

ab14705

Abcam

1:500a
1:100m

1°

α-TOMM20

Mitochondrial mass
marker

Rabbit IgG

ab186734

Abcam

1:500a
1:100m

1°

α-Pan-cytokeratin

Epithelial cell marker

Mouse IgG1

C-2931

Sigma Aldrich

1:10,000a
1:400m

2°

Biotin-conjugate

Mouse IgG1

Goat

115-065-205

Jackson IR lab

1:200m

2°

AlexaFluor 488

Mouse IgG2a

Goat

A21131

Life Technologies

1:200m

2°

AlexaFluor 546

Rabbit IgG

Goat

A175732

Life Technologies

1:200m

3°

AlexaFluor 647

Streptavidin

Goat

S1125

Life Technologies

1:200m

2°

AlexaFluor 750

Mouse IgG H + L

Goat

A175732

Life Technologies

1:200m

2°

Hoechst 33342

DNA

Synthetic

H3570

Life Technologies

1:1400m

2°

Spectral DAPI

HRP

Synthetic

FP1490A

1 drop in 500 u
 la

2°

Opal 520

HRP

Synthetic

FP1487A

1:100a

2°

Opal 570

HRP

Synthetic

FP1488A

2°

Opal 620

HRP

Synthetic

FP1495A

2°

Opal 650

HRP

Synthetic

FP1496A

1:150a

2°

Opal 690

HRP

Synthetic

FP1497A

1:150a

Akoya Biosystems, Marlborough, USA

1:500a
1:150a

Table 1.  Antibodies used in automated and manual multiplex immunofluorescence. Jackson IR lab Jackson
ImmunoResearch Laboratories. a Antibody dilution used in automated workflow. m Antibody dilution used in
manual workflow.

heat-mediated denaturation of these antibody-HRP complexes (Fig. 1A,D). No detectable Opal 650 signal was
observed in tissue sections stained with α-NDUFB8 and α-TOMM20 antibodies. Given the inadequate denaturation of α-pan-cytokeratin antibody-HRP complex, the pan-cytokeratin staining cycle was placed at the end
of the staining sequence at position 4. Since pan-cytokeratin is used as an epithelial cell marker and not for
quantification purposes, any artefactual signal from prior staining cycles probing less abundant mitochondrial
targets is unlikely to influence planned downstream image analysis for cell phenotyping.
In light of the inadequate denaturation of the α-MTCO1 antibody-HRP conjugates using standard heatmediated denaturation conditions and the need for accurate quantification of both α-MTCO1 and α-NDUFB8
targets, the sequence of NDUFB8 and MTCO1 staining cycles and various denaturation conditions was further
evaluated. This included a variety of temperatures and incubation periods in CC2 reagent. When the MTCO1
cycle was placed prior to NDUFB8 (Fig. 1B,E), inadequate denaturation was observed in all conditions, further supporting the need to place the MTCO1 cycle later in the staining sequence. Adequate denaturation of
α-NDUFB8 was noted when the NDUFB8 cycle was placed prior to the MTCO1 cycle (Fig. 1C,E), across all
denaturation conditions (Supplementary Fig. 4).
Given robust heat-mediated denaturation of the α-NDUFB8 antibody-HRP conjugate in Sequence A under
standard conditions (CC2 95 °C for 8 min), and the low abundance of the NDUFB8 target antigen, the NDUFB8
cycle was placed at position 1 of the staining sequence. This also helped minimise potential degradation of the
target antigen during subsequent heat-mediated denaturation steps. The α-TOMM20 antibody, raised in rabbit, was placed at position 2 between NDUFB8 and MTCO1 cycles to provide an additional subsequent heatmediated denaturation step, prior to probing with the anti-mouse OmniMap HRP conjugated polymer in the
MTCO1 cycle at position 3.
Once the final optimum mIF staining sequence was determined, primary antibodies were paired with fluorophores based upon relative target abundance of each primary antibody estimated by signal intensities at
single-plex IF staining with Opal 520, and relative quantum efficiency of spectrally separated fluorophores. An
optimised sequencing strategy was devised with antibody cycles in the following order: NDUFB8, TOMM20,
MTCO1, and finally pan-cytokeratin (Fig. 1F, Table 2). Notably, these optimisation experiments enabled the
correct sequencing of primary antibodies of the same isotype (Mouse IgG1 α-NDUFB8 and α-pan cytokeratin).

Quality testing and reproducibility.

Following optimisation of the antibody sequence the effectiveness
of heat-mediated denaturation was once again tested in a full multiplex setting by sequentially omitting individual primary antibodies and assessing any residual signal from the previous antibody cycle in comparison
with background signal (Fig. 2A,B). The absence of residual signal from the previous antibody cycle confirms
effective denaturation and validation of the final multiplex panel.
Both visual assessment of multiplex images (Fig. 2A) and quantitative evaluation of single cell data (Fig. 2B)
confirmed minimal signal upon omission of the associated antibody, which was comparable with the background signal where all mitochondrial antibodies had been omitted. For example, in Fig. 2B, upon omission
of the α-TOMM20 antibody (second staining cycle), any residual α-NDUFB8 antibody-HRP complex from
the first staining cycle would catalyse the deposition of Opal 570 TSA substrate. However, Opal 570 signal
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Figure 1.  Optimisation of staining sequence. (A) Effectiveness of heat-mediated denaturation of each antibodyHRP complex was first individually evaluated using the staining sequence highlighted in the top panel. Using
Sequence A, after antigen retrieval, tissue sections underwent expected heat steps for the following empirically
determined staining sequence: CK > TOMM20 > MTCO1 > NDUFB8. Tissue sections were then incubated in
primary antibody at optimised concentrations, then washed and incubated in species-specific HRP-conjugated
polymer, followed by Opal 520 TSA substrate. To test the adequate removal of antibody-HRP complex, the
sections were then incubated in antibody diluent, followed by HRP-conjugated polymer specific to the species
of the subsequent staining cycle. This was followed by incubation in Opal 650 TSA substrate and DAPI. The
presence of Opal 650 signal confirmed inadequate denaturation of the primary antibody-HRP complex. (B)
The optimum sequence of the two mitochondrial antibodies raised in mouse, NDUFB8 and MTCO1, was
determined by evaluating two staining sequences. In Sequence B, the MTCO1 staining cycle was followed by a
single heat denaturation step and the NDUFB8 cycle. To test the effectiveness of heat denaturation α-MTCO1HRP complex, the second antibody, α-NDUFB8, was replaced by incubation in the diluent. Comparable
Opal 620 signal intensity was noted both with and without the inclusion of α-NDUFB8 antibody in the
second staining cycle, highlighting inadequate heat denaturation of the α-MTCO1-HRP complex at all heat
denaturation conditions. (C) In Sequence C, the NDUFB8 staining cycle was followed by two heat denaturation
steps and the MTCO1 cycle. It was envisaged that the rabbit α-TOMM20 cycle would later be placed between
the two heat denaturation steps in the multiplex staining protocol. To test effectiveness of heat denaturation
of α-NDUFB8-HRP complex, the second antibody, α-MTCO1, was replaced by incubation in the diluent.
Adequate heat denaturation was confirmed by the absence of Opal 620 signal using all heat denaturation
conditions. Images were acquired using an Axioskop 2 epifluorescence microscope with a 40× objective and
DAPI, FITC and Cy3 filters. High magnification insets (25 × 25 μm) are included. Scale bar 20 μm. (D) Signal
intensity of Opal 520 and Opal 650 noted inadequate denaturation of CK and MTCO1 antibodies. (E) Signal
intensity of Opal 520 and Opal 620 noted inadequate denaturation of MTCO1 demonstrated by strong Opal
620 signal in sequence B2, and adequate denaturation of NDUFB8 demonstrated by the loss of Opal 620 signal
in sequence C2. Each point represents individual epithelial cells from four representative regions. (F) The
optimised staining sequence. AR: Antigen retrieval; HD: Heat-mediated denaturation.

Cycle

Primary antibody

Amplification system

Fluorophore

1

NDUFB8 (Anti-Ms IgG1, 60 mins)

Anti-mouse HQ (16 mins), followed by anti-HQ HRP (16 mins)

Opal 520 (8 mins)

2

TOMM20 (Anti-Rb IgG, 30 mins)

OmniMap anti-rabbit HRP (16 mins)

Opal 570 (8 mins)

3

MTCO1 (Anti-Ms IgG2a, 60 mins)

OmniMap anti-mouse HRP (16 mins)

Opal 620 (8 mins)

4

Pan-CK (Anti-Ms IgG1, 30 mins)

OmniMap anti-mouse HRP (16 mins)

Opal 690 (8 mins)

5

Spectral DAPI (8 mins)

–

–

Table 2.  Final optimised sequence of multispectral immunofluorescence staining.
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intensity in this experiment was comparable with the background signal intensity, where all mitochondrial
antibodies had been omitted. This represented a signal reduction by two orders of magnitude. Similarly, omission of the α-MTCO1 antibody (third staining cycle) abolished fluorophore signal in the Opal 620 channel to
background levels, suggesting absence of residual α-TOMM20 antibody-HRP complex from the second staining
cycle after denaturation. Thus, quantitative single cell analysis confirmed effective denaturation of α-NDUFB8
and α-TOMM20 antibody-HRP complexes, supporting reliable quantification of all three mitochondrial markers using this multiplex assay.
A key advantage of automation is the potential improvement in reproducibility of results. We therefore tested
assay reproducibility across staining batches by staining serial sections from two benign prostate tissue samples
on separate runs using the same batch of antibodies, HRP- conjugated polymers and fluorophores. Quantitative
single cell analysis noted comparable signal intensity across both batches, confirming high reproducibility of
the automated approach (Fig. 2C).

Mitochondrial alterations across benign and malignant prostate tissues. We posited that stochastic accumulation of mitochondrial DNA mutations and clonal selection forces would together lead to widespread cellular, spatial and inter-patient heterogeneity in OXPHOS protein expression in prostate tissue. Tissue
sections from five patients with prostate cancer and five age-matched patients with benign prostate histopathology were subjected to the automated workflow. Given that the accumulation of OXPHOS defects are associated
with advancing age in a number of benign human tissues3,27–31, we included tissue samples from five patients
aged 45 years or younger with benign prostate histopathology to provide a relative measure of “normal” mitochondrial protein abundance.
Since each cell contains many mitochondria, and OXPHOS defects lead to an increase in mitochondrial
biogenesis32, we normalised single-cell level OD-NDUFB8 (OD: Optical density) and OD-MTCO1 to a mitochondrial mass marker, OD-TOMM-20. This pre-processing approach helped overcome the potential bias due
to varying mitochondrial mass. Z-scores were calculated from single cell optical density data, using control data
from a cohort of patients aged 45 years or younger with benign prostate histopathology.
Cellular heterogeneity in mitochondrial protein abundance was visualised by constructing Z-score pseudoimages. Figure 3A,B focus on one tumour specimen from patient P13 and one region within this specimen
labelled with the mitochondrial multiplex panel. Figure 3C,D highlight significant spatial heterogeneity within
this region and pseudo-images highlight cells with high (red) or low (blue) abundance of NDUFB8, MTCO1
or TOMM20. Cellular heterogeneity appeared to emerge in a clonal manner across representative regions of
interest (ROI) highlighted in Fig. 3E. Though the vast majority of cells demonstrated ‘normal’ OXPHOS protein
abundance (e.g. ROI1), we also observed cells with either low NDUFB8 abundance (e.g. ROI2) or low MTCO1
abundance and, rarely, a reduction of both NDUFB8 and MTCO1 abundance occurring with an associated
increased TOMM20 abundance (ROI3). These OXPHOS phenotypes are highlighted further in Fig. 3E where
single cell analysis was performed and Z-scores of NDUFB8 and MTCO1 were plotted against each other showing the cellular variation in OXPHOS phenotypes found within this sample.
Mitochondrial respiratory chain graphs were generated by plotting Z-scores for NDUFB8 expression against
MTCO1 expression, and cells with Z-score < − 3 were deemed to be deficient in the relevant marker (Fig. 4A).
Widespread heterogeneity both within and between patient cohorts was also noted. Frequency of MTCO1deficient cells was greatest in older benign prostates (4.52%), compared with prostate tissue from young men
(0.277%, △4.25%, p < 0.001), and age-matched PCa tissue samples (1.38%, △3.14%, p < 0.001). In contrast,
NDUFB8-deficient cells were observed more frequently in PCa tissue samples (15.68%), compared with prostate
samples from young men (0.23%, △15.44%, p < 0.001) and age-matched prostate samples (0.61%, △15.07%,
p < 0.001). Further interrogation of these NDUFB8 deficient cells found them to originate from 2 out of the 5
PCa patients, P13 and P14, (Fig. 4B), where 72.86% and 11.27% cells were NDUFB8 deficient, respectively. A
heatmap of mean Z-scores from representative regions of interest noted widespread NDUFB8 deficiency across
all regions from P13, and only two regions from P14 (Fig. 4C).
Conversely, cells with high TOMM20 gradually increased from young controls (0.82%) to older benign
(4.26%) and aged matched malignant prostate cells (11.87%) (Fig. 4D). Widespread cellular heterogeneity was
also noted in OXPHOS protein abundance across spatially disparate regions of benign and malignant tissue
regions within the cancer patient specimens particularly with NDUFB8 being lower and TOMM20 being higher
in malignant cells compared to benign adjacent cells (Fig. 4E). In comparison to benign–adjacent regions,
malignant regions had significantly greater proportion of NDUFB8-deficient cells (15.68% vs. 0.059%, △15.62%,
p < 0.001), a greater proportion of MTCO1-deficient cells (1.38% vs. 0.16%, △1.22%, p < 0.001), and greater
proportion of cells with high TOMM20 (11.87% vs. 6.49%, △5.38%, p < 0.001). Alterations in the three mitochondrial markers predominantly occurred in isolation, with multiple alterations occurring in rare subsets
(Supplementary Figs. 5–6). Together, these findings suggest downregulation of mitochondrial complexes I & IV
and increased mitochondrial mass in malignant regions compared to benign–adjacent regions in PCa tissues.
Widespread intra‑patient spatial heterogeneity in mitochondrial protein abundance. Previ-

ously (Fig. 4C), we noted significant heterogeneity in mitochondrial protein abundance in two prostate cancer
specimens (patient P13 and P14). Herein we studied patient P14 in more depth by imaging mIF ROI across
the tumour area highlighted by boxes in Fig. 5A. These regions were then reviewed by a histopathologist using
the same tissue section but re-stained for H&E. These regions were categorised based upon histopathological
features: benign–adjacent glands, prostate intra-epithelial neoplasia (PIN), Gleason 3 pattern, and Gleason 4
pattern. Single cell analysis for all these regions was performed and OXPHOS protein abundance is shown in
Fig. 5B with representative regions of interest highlighted in Fig. 5C. As noted previously, there is consider-
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◂Figure 2.  Validation of heat-mediated denaturation and reproducibility of automated multiplex OXPHOS

assay. (A) Individual primary antibodies were sequentially omitted and replaced with incubations in diluent
to evaluate effectiveness of heat-mediated denaturation of the antibody-HRP from the previous staining
cycle. Residual signal from the previous staining cycle in the subsequent fluorophore channel would represent
inadequate denaturation. Representative images are shown, including multiplex (all antibodies included),
background (all mitochondrial antibodies omitted) and single drop-out controls. Asterisk denotes experiments
with expected low fluorescence intensity. Scale bar 50 μm. (B) Quantitative single cell analysis of epithelial cells
(n = 32,816) from 10 randomly selected regions confirmed adequate heat-mediated denaturation of NDUFB8,
TOMM20 and MTCO1 antibody-HRP complexes. Asterisk denotes experiments with expected low fluorescence
intensity. (C) Consistent signal intensity of mitochondrial markers noted across adjacent tissue sections from
two patient samples (P01, P04) stained in two separate batches, confirming good reproducibility of the assay.

able heterogeneity within the tumour itself and benign–adjacent regions within the same specimen. Areas of
low NDUFB8 and high TOMM20 were observed within areas with Gleason pattern 3 and 4 PCa, compared to
benign–adjacent and PIN regions. Validation of these findings in larger patient cohorts is warranted.

Discussion

In this study we describe the development of a multiplex immunofluorescence pipeline for the evaluation of
mitochondrial alterations in formalin-fixed prostate tissue specimens at the single cell level. Using drop-out
controls, we validated heat-mediated denaturation of antibody-fluorophore conjugates at each staining cycle,
thereby improving the accuracy of estimating the abundance of each epitope.

Benefit over manual multiplex IF methods. Standard multiplex immunofluorescent staining protocols

are often based on primary antibodies directly conjugated fluorophores or fluorophore conjugated secondary
antibodies such as AlexaFluor fluorophores which require the selection of a combination of antibodies, with
careful consideration of their host species and isotypes of the primary antibody. These issues limit both the sensitivity, due to the lack of signal amplification, and specificity, with the effect of limiting the number of targets
that can be probed in a multiplex assay. In contrast, TSA-based protocols employ sequential staining methods,
whereby each cycle of primary antibody, HRP-linker and TSA fluorophores are followed by a heat-mediated
deactivation of the antibody complex. This provides opportunity for greater multiplexing, though introduces
the risk of an inadequately inactivated residual complex of primary antibody and HRP from a previous staining cycle binding to the subsequent fluorophore, thereby contaminating the signal. To mitigate these risks, as
supported by previous similar studies24,26, we recommend a series of optimisation experiments to determine the
optimum sequence of antibody cycles. Here we used the following rationale: (1) NDUFB8 was placed in the first
sequence due to the low abundance of the target protein to minimise any potential degradation of target antigen
during subsequent heat-mediated denaturation steps, (2) the polyclonal anti-rabbit TOMM20 antibody staining sequence was placed between NDUFB8 and MTCO1 cycles to minimise risk of cross-reactivity between the
two anti-mouse antibodies, and (3) MTCO1 and pan-cytokeratin were placed at the end of the sequence due to
inadequate heat-denaturation of the MTCO1 and pan-cytokeratin antibodies, without any substantial impact
on tissue classification and cell segmentation accuracy (Supplementary Fig. 7). Our study therefore highlights a
need for careful and thorough assay optimisation.
A further potential hurdle in multiplexing fluorophores is the risk of signal crossover in multiple detection
channels due to spectral overlap between fluorophores. The following approaches may help minimise this problem: (1) use of narrow-range detection filters which may consequently also lower the signal to noise ratio, (2)
limit markers in each multiplex to the number of detection filters, with the caveat that larger panels will require
multiple tissue sections limiting the ability to assess co-expression of multiple target proteins, (3) use fluorophores with narrow emission range (eg quantum dots), which currently provide low long-term stability, (4) use
a laser light source with narrow excitation wavelengths, or (5) perform spectral imaging and linear unmixing
to estimate the contribution of overlapping fluorophores to the cumulative signal intensity at each pixel. In our
pipeline we used the latter approach using the Vectra 3 quantitative pathology multispectral imaging platform
coupled with spectral unmixing using the inForm tissue analysis software (Akoya Biosciences) for quantitative
single cell analysis.

Automated workflows for immunophenotyping. The automated staining approach resulted in comparable results as the conventional manual approach (Supplementary Fig. 8), however reduced hands-on time
for manual staining from two days down to a fully automated 14-h protocol, including a conservative 1-h set-up
period, which can feasibly be run overnight. Once stained, tissue sections were scanned using the robotic slide
loader coupled with the Vectra 3 system, which can be programmed to process up to 200 slides in an automated
manner with minimal human input. The automated staining and imaging platforms employed in our workflow
allow improved reproducibility compared to manual methods. We anticipate the reproducibility may be further
improved using pre-diluted antibodies and fluorophores, in addition to the use of strict quality control measures
such as standardised tissue section thickness and fixation protocols. Similarly, the use of an automated mIF
pipeline has recently been reported by Pulsawatdi et al.25, using the Leica Bond autostainer coupled with the
Vectra Polaris multispectral imaging platform. Here we demonstrate that mIF pipelines can be adapted to multiple different platforms, with the use of a Ventana Discovery Ultra autostainer and a Vectra 3 imaging platform,
highlighting the potential to use automated platforms that are already in-house to develop and benefit from
automated multiplex workflows.
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◂Figure 3.  Cellular heterogeneity in OXPHOS protein abundance in prostate cancer tissue. (A) A region

of interest was selected from an overview pan-cytokeratin map of a prostate cancer tissue section (patient
P13) labelled using the final optimised multispectral staining protocol. (B) Composite image generated from
multispectral imaging and spectral deconvolution noted spatial variations in raw NDUFB8 and MTCO1
abundance. Single cell level OD-NDUFB8 and OD-MTCO1 were obtained following automated tissue and cell
segmentation. Scale bar represents 100 μm. (C) Immunofluorescence and pseudo-colour Z-score images of each
mitochondrial marker demonstrates spatial heterogeneity in protein abundance. (D) Cropped regions of interest
from panel (B) represent three cell phenotypes: normal mitochondrial protein abundance (ROI1), isolated
NDUFB8 defects (ROI2), and combined NDUFB8 and MTCO1 defects (ROI3). (E) Mitochondrial respiratory
chain (MRC) graph. Single cell level OD-NDUFB8 and OD-MTCO1 data were log-transformed and normalised
for variable mitochondrial mass using OD-TOMM20. Z-scores were calculated for each of the mitochondrial
markers, using data from benign prostate tissue from patients aged ≤ 45 years as controls. Each spot represents
an individual epithelial cell (n = 1320 cells) from the region of interest in panel (B). The size of each spot
correlates with cell area (in pixels). MRC graphs stratified by individual patients are presented in Supplementary
Fig. 5.

Several alternative multiplex imaging modalities are available, including CyTOF and CODEX. Our group have
recently validated the use of CyTOF for studying mitochondrial alterations across complexes I-V in muscle6 and
brain tissues7. Imaging CyTOF offers the opportunity to study over 37 markers with high signal-to-noise ratio in
a small representative region of tissue at 1 μm spatial resolution using heavy metal conjugated antibodies. Image
acquisition by ultraviolet laser ablation of 1 m
 m2 area takes about 80 min, limiting the ability to adequately capture intra-patient heterogeneity across whole slide images without incurring high equipment running time costs.
In contrast, the CODEX (CO-Detection by indexing) platform is a spatially resolved, multiplex immunofluorescence solution enabling the capture of 40 + proteins at single cell resolution in a tissue sample using antibodies
tagged with a specific fluorophore conjugated oligonucleotide barcode reporters, in multiple sequential threeplex reveal-image-remove cycles. The benefit of this platform is the detection of a large number of proteins and
improved spatial resolution of 250 nm (reviewed in Tan et al. 2 02033). However, similar to CyTOF, CODEX has
a limited imageable area dependent on microscope-specific CODEX stage, with a maximum area of 15.2 × 15.2
mm2 in 3.5 h, again limiting the ability to detect intra-patient heterogeneity. Throughput of both CyTOF and
CODEX is limited by high cost of imaging and the unavailability of an automated slide loader comparable to the
200-slide loader available with the Vectra 3 platform. A key advantage over both CODEX and CyTOF is that mIF
enables the user to assay much wider tissue areas to better capture intra-patient heterogeneity, and also allows
the study of numerous samples at a more affordable cost and within an acceptable timescale. Nevertheless, mIF
is limited to 8 markers with increasing number of markers increasing the risk of signal spill over and reducing
accuracy of estimating protein abundance. Therefore, at present, the cost effectiveness and practicality of these
new highly multiplex approaches for detailed multi-marker spatial analysis is unclear. These highly multiplex
approaches may therefore be better suited for discovery research and allow deeper phenotyping at the single
cell level. In comparison, the mIF approach presented here makes use of platforms already in use within a clinical pathology workflow. The protocols outlined in this manuscript offers an alternative practical approach for
pathological multi-marker reporting at high throughput.

Evaluating OXPHOS alterations in human PCa.

Applying this methodology to evaluate human prostate tissue specimens, we noted increased frequency of complex I deficient cells and increased mitochondrial
mass in malignant tissues. This is consistent with previous p
 roteomic8, metabolic34 and genomic s tudies35, which
also noted comparable Complex I defects. A compensatory increase in mitochondrial mass was also noted, as
previously reported in PCa tissues36. Similarly, aged benign prostate tissue was found to have increased frequency of Complex IV alterations as compared to young control prostate tissue, consistent with age-related
accumulation of cells deficient in Cytochrome c oxidase noted in p
 rostate37 and other tissues1,31,38. However,
previous proteomic studies have largely lacked single cell level spatially-resolved data and been unable to adjust
for altered mitochondrial mass in the estimation of mitochondrial protein complex abundance. Therefore, the
true burden of OXPHOS defects in PCa may have been underestimated in prior studies. We address this potential bias by adjusting Complex I and IV protein abundance for mitochondrial mass using the TOMM20 marker.
We observed remarkable spatial heterogeneity in oxidative metabolism in PCa tissues, as previously observed
at a transcriptomic level39,40. Though some of this variation may be due to variation in Gleason grade, areas
with comparable histopathology also tended to have variable OXPHOS protein abundance raising the possibility that metabolic alterations may occur without obvious morphological change. This finding may help
sub-stratify patients with similar histopathological grade but diverse long-term outcomes, based on OXPHOS
protein abundance. However, the small patient cohort used in this pilot study was underpowered to test this
hypothesis. Since pan-cytokeratin was used as a marker for all epithelial cells, we were unable to deep phenotype
tumour cell subsets to study whether OXPHOS protein abundance varied between basal and luminal cell types.
Nevertheless, as the cell type marker is placed in the final staining cycle, the protocol can be easily amended for
use of other cell type specific markers.
In conclusion, we described the development and optimisation of a robust automated mIF protocol to assess
mitochondrial defects in archival formalin-fixed prostate tissue. Applying this approach to a small patient cohort,
we demonstrate both age-related and disease-related mitochondrial alterations, occurring in a spatially heterogenous manner in malignant tissues. The use of this approach in larger archival tissue cohorts will aid greater understanding of the association between mitochondrial alterations with disease features and long-term outcomes.
Scientific Reports |

(2022) 12:6660 |

https://doi.org/10.1038/s41598-022-10588-z

Content courtesy of Springer Nature, terms of use apply. Rights reserved

9
Vol.:(0123456789)

www.nature.com/scientificreports/

Scientific Reports |
Vol:.(1234567890)

(2022) 12:6660 |

https://doi.org/10.1038/s41598-022-10588-z

Content courtesy of Springer Nature, terms of use apply. Rights reserved

10

www.nature.com/scientificreports/
◂Figure 4.  OXPHOS defects in benign and malignant human prostate tissue. Cells from each patient were

classified based on mitochondrial protein abundance (median 14,670 cells per patient, 216,731 cells in total).
(A) Mitochondrial respiratory chain (MRC) graphs depicting 500 random samples per patient and density plot
including all epithelial cells across all patients within each patient group. Tissue samples from patients with
no histological evidence of prostate cancer, under 45 years of age, were used as controls. Patients with benign
disease were age-matched to patients with tumour tissue. (B) Proportion of cells in each abundance category
stratified by individual patients. (C) Mean Z-score across all epithelial cells within 9 representative ROIs from
each patient group. Mean single cell expression of NDUFB8, MTCO1 and TOMM20 across spatially disparate
ranges of benign, cancerous and control prostate tissue (n = 5 patients in each group). Widespread heterogeneity
both within and between patient cohorts was noted, with MTCO1-deficient cells were observed more frequently
in the benign cohort, whereas NDUFB8-deficient cells were observed most frequently in a subset of patients
from the cancer cohort. (D) Variation in mean Z-scores across each patient group (n = 309 ROIs from 15
patients). Note that only tumour regions from PCa patients were selected for this comparison. (E) Marker
expression across tumour and benign–adjacent (BA) regions from prostate cancer patients (n = 204 ROIs from
5 patients). In panels (D) and (E), each point represents mean Z-score for all epithelial cells contained within an
individual region of interest. Kruskal–Wallis test: NS, not significant; *p < 0.05; ****p < 0.0001.

Methods

Human prostate samples. The study was conducted according to the Good Clinical Practice guidelines
and the Declaration of Helsinki. Prostate tissue samples were acquired from the Manchester Cancer Research
Centre Biobank following ethical approval from the North West—Greater Manchester South Research Ethics
Committee (REC#07/H1003/161+5) with informed consent from patients undergoing either radical prostatectomy (prostate cancer samples) or radical cystoprostatectomy (patients with bladder cancer but no histopathological evidence of prostate cancer). Samples were formalin fixed and embedded into paraffin blocks. All samples
used in this study are described in Table S1.
Antibodies. Antibodies and dilutions used in this study are outlined in Table 1.

Previously, these antibodies against NADH:Ubiquinone Oxidoreductase Subunit B8 (NDUFB8) and mitochondrial cytochrome c oxidase subunit 1 (MTCO1) were used as markers of Complex I and Complex IV
respectively and have been validated in a cohort of patients with well characterised genetically-confirmed mitochondrial disorders4. They are currently routinely used in diagnostic clinical evaluation of muscle biopsy samples
from patients with suspected mitochondrial diseases. We used translocase of outer mitochondrial membrane 20
(TOMM20) as a well-established marker of mitochondrial m
 ass23, to normalise NDUFB8 and MTCO1 abundance for mitochondrial mass.
⍺-pan-cytokeratin antibody was used to target cytokeratins 4, 5, 6, 8, 10, 13, and 18 in prostate tissue for
identification of a broad spectrum of epithelial cells, including both luminal and basal cell types.

Manual multiplex immunofluorescence. We replicated the manual staining protocol employed by

Rocha et al. 2015 with a few modifications for use with formalin-fixed prostate tissue. Briefly, paraffin-embedded
tissue sections were dewaxed in Histo-Clear (National Diagnostics, USA) followed by graded ethanol solutions.
Slides were placed in an antigen retrieval unit with pH 8.0 EDTA, and tissue sections were subsequently incubated in 10% normal goat serum for one hour, following which endogenous biotin was blocked (Vectastain
ABC kit, 2BScientific Ltd, Oxfordshire, UK). Tissue sections were incubated in a cocktail of primary antibodies
(Table 1), which included ⍺-NDUFB8, ⍺-MTCO1, and ⍺-TOMM20 at 4 °C for 16 h and then incubated in
a cocktail of secondary antibodies conjugated to AlexaFluor fluorophores and biotinylated IgG1 antibody at
4 °C for 2 h. Slides were incubated in AlexaFluor 647 streptavidin-conjugated secondary antibody at 4 °C for
2 h. Subsequently, tissue sections were then incubated in ⍺-pan-cytokeratin antibody, conjugated to AlexaFluor
750, and incubated in DAPI for 15 min. Cover slips were mounted on to slides using Prolong Gold (Invitrogen,
Paisley, UK). Finally, slides were visualised at 20× magnification using a Zeiss Axioimager M1 epifluorescence
microscope and viewed with Zen 3 imaging software. Image processing was performed using Fiji software to
obtain optical density values for each marker41.

Chromogenic immunohistochemistry (IHC).

DAB (3,30-diaminobenzidine) single-plex IHC detection was carried out initially to determine the appropriate primary antibody conditions using the Ventana Discovery Ultra automated IHC/ISH research platform (Roche Diagnostics Limited, Burgess Hill, UK) before translating to the TSA immunofluorescence.
Freshly cut 4 μm tissue sections were mounted on glass slides. Sections were placed in the Ventana Discovery Ultra and dewaxed; heat induced epitope retrieval was performed using CC1 reagent for 64 min. Primary
antibodies were added by manual application and the final concentrations determined are provided in Table 1.
Secondary HRP complexes and DAB were completed in a fully automated manner. Slides were washed, dehydrated through a series of alcohols and coverslipped. Slides were imaged using an Aperio CS2 whole slide scanner.

Multiplex immunofluorescence. Following initial validation of primary antibodies using DAB, the panel
was further optimised with the benefits of tyramide signal amplification (TSA) with multispectral imaging using
Vectra 3 system as part of a 5-plex assay. Supplementary Figure 1 outlines the final determined automated workflow used in this study.
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Figure 5.  Intra-patient heterogeneity in mitochondrial marker expression. Characterisation of randomly
selected regions of interest (ROIs) from patient P14. (A) ROIs annotated on a pan-cytokeratin labelled
immunofluorescence image (4× objective, scale bar represents 2 mm). The purple region highlights tumour-rich
tissue. Each blue/yellow box represents a ROI with adjacent numbers labelled for ROIs selected in panel (C).
(B) Single-cell level quantification of mitochondrial marker abundance across all ROIs within P14 demonstrates
widespread spatial variation amongst tumour ROIs, sorted by NDUFB8 Z-score and histopathological subgroup
(n = 39,609 cells from 42 ROIs). (C) Representative ROIs from each histopathological subgroup. Each panel
includes a top row of fluorescence-labelled images. The lower row contains corresponding haematoxylin &
eosin stained images and pseudo-images representing single-cell level z-scores in epithelial cells, with ROI mean
Z-score denoted above. High magnification insets (50 μm × 50 μm) are included. Scale bar represents 100 μm.
Automated multiplex staining was performed on a Ventana Discovery Ultra platform (including all reagents
unless otherwise specified, Roche Diagnostics Limited. Burgess Hill, UK), which was programmed to perform
the following steps (1) dewaxing using EZPrep reagent, (2) heat-mediated antigen retrieval using CC1 reagent,
(3) incubation in casein-based Discovery Inhibitor, followed by 5 sequential staining cycles. Each staining cycle
included incubation of the primary antibody, followed by an HRP-linker and an Opal TSA fluorophore (Akoya
Biosystems, Buckinghamshire, UK). Heat-mediated antibody denaturation was performed using CC2 reagent
prior to each cycle of sequential staining to denature the primary antibody-HRP complex, and deposit secondary
TSA fluorophore. This avoided the binding of subsequent fluorophores to any residual unbound HRP-conjugated
primary antibody. Targets were probed using the following optimised sequence: NDUFB8, TOMM20, MTCO1,
pan-cytokeratin, and then DAPI. Details are provided in Table 2.
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Spectral library slides were prepared by processing tissue sections using the above multiplex protocol but
omitting all but one combination of primary antibody and fluorophore. Similarly, drop out controls were generated to test effectiveness of heat-mediated antibody denaturation, whereby a single primary antibody was omitted
in turn, to assess for non-specific binding of the next antibody to any residual HRP-conjugated antibody from
the previous staining cycle. An autofluorescence slide was generated by using the multiplex protocol above and
omitting all primary antibodies and fluorophores. Images included in the single-plex and double-plex optimisation experiments were acquired using the Axioskop 2 epifluorescence microscope (Carl Zeiss AG, Jena,
Germany) with a 40× objective and a CoolSNAP HQ CCD camera (Teledyne Photometrics, Tucson, Arizona)
using the Metamorph software.

Imaging. Whole-slide scanning of haematoxylin & eosin-stained tissues sections was performed using an

Olympus VS200 MTL (Olympus Tokyo, Japan), in conjunction with an Olympus UPLXAPO20X objective lens.
Whole slide brightfield images and epifluorescence images were analysed using QuPath s oftware42.
The Vectra 3, 200-slide system (Akoya Biosystems, Buckinghamshire, UK), comprising of a multi-spectral
imaging microscope (DAPI, FITC, Cy3, Texas Red and Cy5 filter cubes), coupled to an automated slide stage
and slide loader was used for image acquisition. Overview images were taken using a 4× objective, and regions
of interest were imaged using a 20× objective. Exposure times were optimised for all filter cubes using a range
of multiplex stained slides. Following whole-slide epifluorescence imaging, at least 10 regions of interest were
selected per sample to collect multispectral images across the 440–720 nm spectral range at 20 nm intervals.

mIF image processing. Multispectral images were linearly unmixed, and batch processed on InForm Tis-

sue Studio v2.3 software (Akoya Biosystems, Malborough, USA) following the manufacturers protocol. Representative images from single-stained slides and the autofluorescence slide were used to generate a spectral
library. Multispectral images were spectrally unmixed. Notably, contribution of autofluorescence was removed
at this stage. Each image was manually quality checked for technical and tissue artefacts.
A trainable tissue segmentation algorithm was employed to determine epithelial and stromal regions using
the DAPI and cytokeratin channels. Cell segmentation was performed using DAPI counterstain for nuclear
identification, and ⍺-pan-cytokeratin labelling to determine cytoplasmic area. The mean signal intensity of each
of the fluorophores were measured at an individual cell level. Z-scores for mitochondrial markers were calculated
with reference to a control cohort comprising of patients without histopathological evidence of prostate cancer,
aged 45 years or below. Therefore, Z-scores were used as a measure of relative OXPHOS protein abundance.

Statistical analysis. Measurement of protein abundance relative to a control cohort was performed by
calculating Z-scores. Single-cell level signal intensity data were used to generate Z-scores in R 3.4.3, as previously described by Rocha et at (2015)4. Briefly, log-10 transformation of signal intensity was first performed
to achieve normality, which was confirmed by visual inspection. Data from young patients (under 45 years
of age) were used as controls. Linear regression of log10-MTCO1 and log10-NDUFB8 (dependent variables)
against log10-TOMM20 (independent variable) were performed using data from control patient tissue. Parameters describing the distribution of log10-TOMM20 (mean and standard deviation, SD), as well as parameters
describing the linear relationship between log10-NDUFB8 versus log10-TOMM20 and log10-MTCO1 versus
log10-TOMM20 were calculated. The deviation of log10-MTCO1 and log10-NDUFB8 of each cell from the
expected values was used to calculate Z-scores. Z-scores for NDUFB8 and MTCO1 were categorised as follows: “very low” (Z-score <  − 6SD), “low” (Z-score <  − 3SD), “normal” (Z-score between − 3SD to + 3SD), and
“high” (Z-score >  + 3SD). Z-scores for TOMM20 were categorised as follows: “low” (Z-score <  − 2SD), “normal”
(Z-score − 2SD to + 2SD), and “high” (Z-score >  + 2SD). Proportions were compared between groups using the
Chi square test.

Received: 30 September 2021; Accepted: 1 April 2022

References

1. Greaves, L. C. et al. Defects in multiple complexes of the respiratory chain are present in ageing human colonic crypts. Exp. Gerontol.
45, 573–579. https://doi.org/10.1016/j.exger.2010.01.013 (2010).
2. Dobson, P. F. et al. Unique quadruple immunofluorescence assay demonstrates mitochondrial respiratory chain dysfunction in
osteoblasts of aged and PolgA(−/−) mice. Sci. Rep. 6, 31907. https://doi.org/10.1038/srep31907 (2016).
3. Gomez, L. A., Monette, J. S., Chavez, J. D., Maier, C. S. & Hagen, T. M. Supercomplexes of the mitochondrial electron transport
chain decline in the aging rat heart. Arch. Biochem. Biophys. 490, 30–35. https://doi.org/10.1016/j.abb.2009.08.002 (2009).
4. Rocha, M. C. et al. A novel immunofluorescent assay to investigate oxidative phosphorylation deficiency in mitochondrial myopathy: Understanding mechanisms and improving diagnosis. Sci. Rep. 5, 15037. https://doi.org/10.1038/srep15037 (2015).
5. Ahmed, S. T. et al. Using a quantitative quadruple immunofluorescent assay to diagnose isolated mitochondrial Complex I deficiency. Sci. Rep. 7, 15676. https://doi.org/10.1038/s41598-017-14623-2 (2017).
6. Warren, C. et al. Decoding mitochondrial heterogeneity in single muscle fibres by imaging mass cytometry. Sci. Rep. 10, 15336.
https://doi.org/10.1038/s41598-020-70885-3 (2020).
7. Chen, C. et al. Imaging mass cytometry reveals generalised deficiency in OXPHOS complexes in Parkinson’s disease. NPJ Parkinsons
Dis. 7, 39. https://doi.org/10.1038/s41531-021-00182-x (2021).
8. Feichtinger, R. G. et al. Reduced levels of ATP synthase subunit ATP5F1A correlate with earlier-onset prostate cancer. Oxid. Med.
Cell. Longev. 2018, 1347174. https://doi.org/10.1155/2018/1347174 (2018).

Scientific Reports |

(2022) 12:6660 |

https://doi.org/10.1038/s41598-022-10588-z

Content courtesy of Springer Nature, terms of use apply. Rights reserved

13
Vol.:(0123456789)

www.nature.com/scientificreports/
9. Smith, A. L. M. et al. Age-associated mitochondrial DNA mutations cause metabolic remodeling that contributes to accelerated
intestinal tumorigenesis. Nat. Cancer 1, 976–989. https://doi.org/10.1038/s43018-020-00112-5PMID-33073241 (2020).
10. Toth, Z. E. & Mezey, E. Simultaneous visualization of multiple antigens with tyramide signal amplification using antibodies from
the same species. J. Histochem. Cytochem. 55, 545–554. https://doi.org/10.1369/jhc.6A7134.2007 (2007).
11. Clutter, M. R., Heffner, G. C., Krutzik, P. O., Sachen, K. L. & Nolan, G. P. Tyramide signal amplification for analysis of kinase
activity by intracellular flow cytometry. Cytometry A 77, 1020–1031. https://doi.org/10.1002/cyto.a.20970 (2010).
12. Van Heusden, J. et al. Fluorescein-labeled tyramide strongly enhances the detection of low bromodeoxyuridine incorporation
levels. J. Histochem. Cytochem. 45, 315–319. https://doi.org/10.1177/002215549704500216 (1997).
13. Hunyady, B., Krempels, K., Harta, G. & Mezey, E. Immunohistochemical signal amplification by catalyzed reporter deposition and
its application in double immunostaining. J. Histochem. Cytochem. 44, 1353–1362 (1996).
14. Gopal, R. K. et al. Early loss of mitochondrial complex I and rewiring of glutathione metabolism in renal oncocytoma. Proc. Natl.
Acad. Sci. 115, E6283–E6290. https://doi.org/10.1073/pnas.1711888115 (2018).
15. Iglesias-Gato, D. et al. The proteome of primary prostate cancer. Eur. Urol. 69, 942–952. https://doi.org/10.1016/j.eururo.2015.10.
053 (2016).
16. Lang, M., Vocke, C. D., Merino, M. J., Schmidt, L. S. & Linehan, W. M. Mitochondrial DNA mutations distinguish bilateral multifocal renal oncocytomas from familial Birt–Hogg–Dube tumors. Mod. Pathol. 28, 1458–1469. https://doi.org/10.1038/modpa
thol.2015.101 (2015).
17. Stroud, D. A. et al. Accessory subunits are integral for assembly and function of human mitochondrial complex I. Nature 538,
123–126. https://doi.org/10.1038/nature19754 (2016).
18. Murphy, J. L. et al. Cytochrome c oxidase-intermediate fibres: Importance in understanding the pathogenesis and treatment of
mitochondrial myopathy. Neuromuscul. Disord. 22, 690–698. https://doi.org/10.1016/j.nmd.2012.04.003 (2012).
19. Perales-Clemente, E. et al. Five entry points of the mitochondrially encoded subunits in mammalian complex I assembly. Mol.
Cell. Biol. 30, 3038–3047. https://doi.org/10.1128/MCB.00025-10 (2010).
20. Mahad, D. J. et al. Detection of cytochrome c oxidase activity and mitochondrial proteins in single cells. J. Neurosci. Methods 184,
310–319. https://doi.org/10.1016/j.jneumeth.2009.08.020 (2009).
21. Oldfors, A. et al. Mitochondrial DNA deletions and cytochrome c oxidase deficiency in muscle fibres. J. Neurol. Sci. 110, 169–177.
https://doi.org/10.1016/0022-510x(92)90025-g (1992).
22. Rahman, S. et al. Cytochrome oxidase immunohistochemistry: Clues for genetic mechanisms. Brain 123(Pt 3), 591–600. https://
doi.org/10.1093/brain/123.3.591 (2000).
23. Johnson, J. M. et al. Mitochondrial metabolism as a treatment target in anaplastic thyroid cancer. Semin. Oncol. 42, 915–922.
https://doi.org/10.1053/j.seminoncol.2015.09.025 (2015).
24. Blom, S. et al. Systems pathology by multiplexed immunohistochemistry and whole-slide digital image analysis. Sci. Rep. 7, 15580.
https://doi.org/10.1038/s41598-017-15798-4 (2017).
25. Viratham Pulsawatdi, A. et al. A robust multiplex immunofluorescence and digital pathology workflow for the characterisation
of the tumour immune microenvironment. Mol. Oncol. 14, 2384–2402. https://doi.org/10.1002/1878-0261.12764 (2020).
26. Lopes, N. et al. Digital image analysis of multiplex fluorescence IHC in colorectal cancer recognizes the prognostic value of CDX2
and its negative correlation with SOX2. Lab. Investig. 100, 120–134. https://doi.org/10.1038/s41374-019-0336-4 (2020).
27. Frenzel, M., Rommelspacher, H., Sugawa, M. D. & Dencher, N. A. Ageing alters the supramolecular architecture of OxPhos complexes in rat brain cortex. Exp. Gerontol. 45, 563–572. https://doi.org/10.1016/j.exger.2010.02.003 (2010).
28. Jiang, M. et al. Increased total mtDNA copy number cures male infertility despite unaltered mtDNA mutation load. Cell Metab.
26, 429–436.e424. https://doi.org/10.1016/j.cmet.2017.07.003 (2017).
29. Lombardi, A. et al. Defining the transcriptomic and proteomic profiles of rat ageing skeletal muscle by the use of a cDNA array,
2D- and Blue native-PAGE approach. J. Proteomics 72, 708–721. https://doi.org/10.1016/j.jprot.2009.02.007 (2009).
30. Stocco, D. M., Cascarano, J. & Wilson, M. A. Quantitation of mitochondrial DNA, RNA, and protein in starved and starved-refed
rat liver. J. Cell Physiol. 90, 295–306. https://doi.org/10.1002/jcp.1040900215 (1977).
31. Taylor, R. W. et al. Mitochondrial DNA mutations in human colonic crypt stem cells. J. Clin. Investig. 112, 1351–1360. https://doi.
org/10.1172/JCI19435 (2003).
32. Heddi, A., Stepien, G., Benke, P. J. & Wallace, D. C. Coordinate induction of energy gene expression in tissues of mitochondrial
disease patients. J. Biol. Chem. 274, 22968–22976. https://doi.org/10.1074/jbc.274.33.22968 (1999).
33. Tan, W. C. C. et al. Overview of multiplex immunohistochemistry/immunofluorescence techniques in the era of cancer immunotherapy. Cancer Commun. (London) 40, 135–153. https://doi.org/10.1002/cac2.12023 (2020).
34. Schopf, B. et al. OXPHOS remodeling in high-grade prostate cancer involves mtDNA mutations and increased succinate oxidation.
Nat. Commun. 11, 1487. https://doi.org/10.1038/s41467-020-15237-5 (2020).
35. Kalsbeek, A. M. F., Chan, E. K. F., Corcoran, N. M., Hovens, C. M. & Hayes, V. M. Mitochondrial genome variation and prostate
cancer: A review of the mutational landscape and application to clinical management. Oncotarget 8, 71342–71357. https://doi.org/
10.18632/oncotarget.19926 (2017).
36. Grupp, K. et al. High mitochondria content is associated with prostate cancer disease progression. Mol. Cancer 12, 145. https://
doi.org/10.1186/1476-4598-12-145 (2013).
37. Blackwood, J. K. et al. In situ lineage tracking of human prostatic epithelial stem cell fate reveals a common clonal origin for basal
and luminal cells. J. Pathol. 225, 181–188. https://doi.org/10.1002/path.2965 (2011).
38. Cottrell, D. A. et al. Cytochrome c oxidase deficient cells accumulate in the hippocampus and choroid plexus with age. Neurobiol.
Aging 22, 265–272. https://doi.org/10.1016/s0197-4580(00)00234-7 (2001).
39. Berglund, E. et al. Spatial maps of prostate cancer transcriptomes reveal an unexplored landscape of heterogeneity. Nat. Commun.
9, 2419. https://doi.org/10.1038/s41467-018-04724-5 (2018).
40. Wang, Y., Ma, S. & Ruzzo, W. L. Spatial modeling of prostate cancer metabolic gene expression reveals extensive heterogeneity and
selective vulnerabilities. Sci. Rep. 10, 3490. https://doi.org/10.1038/s41598-020-60384-w (2020).
41. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676–682. https://doi.org/10.1038/
nmeth.2019 (2012).
42. Bankhead, P. et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 7, 16878. https://doi.org/10.1038/
s41598-017-17204-5 (2017).

Acknowledgements

This work was supported by The Urology Foundation, The Rosetrees Trust, Cancer Research UK, JGW Paterson
Foundation, The Christie Hospital Charity, and the Movember FASTMAN Prostate Cancer Centre of Excellence. AS is supported by an NIHR Academic Clinical Lectureship. AEV is in receipt of a Sir Henry Wellcome
Fellowship (215888/Z/19/Z). We thank Caron Behan and Garry Ashton at the CRUK Manchester Institute Core
Histology Facility, Claire Jones at NovoPath and Alex Laude at the Newcastle University Bioimaging Unit for
their support and technical expertise. We are grateful to the Molecular Pathology Node (now NovoPath) for
providing access to the Vectra 3 system.
Scientific Reports |
Vol:.(1234567890)

(2022) 12:6660 |

https://doi.org/10.1038/s41598-022-10588-z

Content courtesy of Springer Nature, terms of use apply. Rights reserved

14

www.nature.com/scientificreports/

Author contributions

A.S., N.W.C. and D.M.T. conceived this project. A.S., C.A.H., M.D.B., C.D.C. designed the experiments. Data
were acquired by A.S., C.A.H. and C.D.C. Data analysis was performed by A.S. and interpreted by A.S., C.A.H.,
C.D.C., P.O., M.D.B., N.W.C., D.M.T. The manuscript draft was prepared by A.S., C.A.H., and M.D.B. All authors
reviewed the manuscript.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-10588-z.
Correspondence and requests for materials should be addressed to A.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2022

Scientific Reports |

(2022) 12:6660 |

https://doi.org/10.1038/s41598-022-10588-z

Content courtesy of Springer Nature, terms of use apply. Rights reserved

15
Vol.:(0123456789)

Terms and Conditions
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”).
Springer Nature supports a reasonable amount of sharing of research papers by authors, subscribers and authorised users (“Users”), for smallscale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial.
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply.
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy.
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not:
1. use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access
control;
2. use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is
otherwise unlawful;
3. falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in
writing;
4. use bots or other automated methods to access the content or redirect messages
5. override any security feature or exclusionary protocol; or
6. share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal
content.
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository.
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved.
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose.
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties.
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at
onlineservice@springernature.com

