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Figure 1. An example of a 46-year-old patient with pluri-metastatic intestinal neuroendocrine
tumor (grade 2, ki67 at 4%). 68Ga DOTA-TOC (A), FDG-PET (18F-fluoro-deoxyglucose-
positron-emission-tomography) (B) and FDOPA (18F-fluorodihydroxyphenylalanine) (C) imaging
were realized. MIP (maximum intensity projections) images from the respective PET data sets are
shown. The subject has positive on both FDOPA and somatostatine-receptor imaging, dominant
disease which exhibits no FDG uptake (green arrows). One hepatic lesion was FDOPA-negative
and 68Ga-DOTA-TOC-positive (red arrow) and one gastric lesion was FDOPA-positive and
68Ga-DOTA-TOC negative (blue arrow). Images courtesy of Pr C. Bodet-Milin.

Figure 2. An example of 37-year-old patient with pluri-metastatic paraganglioma. MIP (maximum
intensity projections) images of the realized 123MIBG-scintigraphy (A), FDG-PET (B) and FDOPA-PET
(C) are shown. The subject has a mediastinal lesion, barely seen on 123MIBG-scintigraphy and clearly
positive with the others tracers (red arrows). Pulmonary and skull lesions (green arrows) were only
visible on FDOPA-PET. Images courtesy of Dr C. Ansquer© Catherine Ansquer
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Lymphomas represent another cancer group where multiple tracers’ exploration might allow a
better potential characterization of tumor heterogeneity. Indeed, today, FDG-PET occupies a central
position in accurate staging and therapeutic evaluation of lymphomas [33]. Nevertheless, a certain
number of crucial questions remain regarding its optimal application. While risk-based strategies
may appear to enhance patients’ outcomes for those with Hodgkin’s lymphoma, findings are not so
impressive in non-Hodgkin’s lymphoma [33]. Similarly, novel therapies that may generate an immune
response may lead to false-positive FDG-PET results, requiring the incorporation of these flare-ups
reactions in existing interpretation criteria [34]. Therefore, the development of other radiotracers
with different uptake mechanisms from FDG could be of interest [35]. 18F-fluorothymidine (FLT)
and 11C-methionine (MET), for instance, were both reported to correlate with cellular proliferation
activity and lymphoma histological grade of malignancy, respectively, through the exploration of DNA
and protein synthesis [36,37]. Moreover, FLT showed excellent results in treatment monitoring and
particularly in the setting of early interim evaluation, with more specific and accurate analyses than
FDG [38,39]. In the same way, 18F-fludarabine, an adenine nucleoside analog, owing to its specificity for
lymphoid cells and its absence of uptake in inflammatory tissues, holds great promise for therapeutic
evaluation [40]. Finally, the first in-human study of 68Ga-CXCR4, targeting chemokine receptor
CXCR4, which is frequently overexpressed in various tumor types, showed high lesions’ uptake [41,42].
Moreover, voxel-by-voxel analysis in one patient identified striking inter- and intralesional heterogeneity
in the uptake of 68Ga CXCR4 and FDG, implying that the biological information given by the two
probes may be complementary even in lesions that show avidity for both [42].

Systematic multiple tracers imaging could be used to reveal different profiles with highly different
prognoses. This multiple-tracers imaging associated with an appropriate scoring system might also
influence patients’ management and help selecting between different therapy options [28,43,44].
Indeed, these tumors may be treated with molecular radiotherapy using the same pathways:
131-metaiodobenzylguanidine (131-MIBG) and 177Lutetium-DOTA-TATE. Impressive reports were
reported with these targeted therapies in GEPs and neuroblastoma [45–49]. A theranostic approach,
integrating imaging and therapy in the same system, providing individualized tailored treatment,
despite intratumor and interlesional heterogeneities, is expected to play an increasingly pivotal role in
this large tumor group [50,51].

The theranostic approach indeed represents a formidable field of expansion for nuclear medicine
in an era where targeted therapies have become essential tools in oncology pharmacopoeia [52,53].
As described above in breast cancer and neuroendocrine tumors, it offers a non-invasive method
for quantitatively evaluating target expression in vivo, selecting patients for costly and potentially
toxic treatments, and monitoring responses [50,51,54–56]. In addition, this approach constitutes a
valuable asset in the development of new drugs by pharmaceutical companies. Drug development
being a fairly time-consuming and costly process, it represents an effective solution to rapidly monitor
drug candidates’ pharmacokinetics and biodistribution. This strategy can improve the strength and
effectiveness of early trials by enhancing patient selection, optimizing dose, and rationalizing treatment
reactions [54].

3. Intrapatient Tumor Heterogeneity Exploration through Quantitative Analysis of PET Imaging

FDG-PET has become an essential tool for cancer diagnosis, staging, and therapeutic evaluation.
It has undoubtedly changed the landscape of lymphoma, lung, head and neck or breast cancers
management [57–59]. This spread of the PET imaging technique was particularly enabled by its
quantification ability which allows the use of a reproducible metric for cancer monitoring. The SUV
and particularly SUVmax (defined as the SUV value of the maximum intensity voxel within a region of
interest) is widely used in everyday clinical practice. It is popularly adopted as a surrogate of tissue
accumulation of tracers and particularly as the overall net rate of FDG uptake. It is defined as the
ratio between the radiopharmaceutical concentration (expressed in Bq/mL) and the decay-corrected
injected activity normalized by a given factor (mass of the patient, body surface area or lean body
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mass) [60]. The precise description of underlying technical limitations of this metric is beyond the
scope of this short review and is already largely discussed in the literature [60–62]. Only its use under
clinical situation is highlighted here. Indeed, the computation of intrapatient tumor heterogeneity in
FDG-PET imaging using SUV has been already applied in a wide variety of indications even if not
intentionally or explicitly. FDG uptake heterogeneity may reflect different tumor profiles with different
aggressiveness and consequently prognosis. This contribution offered by the calculation of SUV has
been particularly investigated in lymphoma.

Some histological subtypes of lymphoma such as follicular and mantle cell lymphomas are
heterogeneous diseases with a variety of clinical, genetic, biological features and related different
outcomes. In these pathologies, the intensity of FDG uptake on PET imaging at baseline varies greatly
between patients [33]. Some present barely detectable uptakes while others exhibit very intense
fixations. Yet, this spectrum of SUV, from very low to very high uptakes, provides clinically relevant
information. Indeed, several reports demonstrated that the level of FDG uptake on PET imaging
is largely correlated to lymphoma histology [63,64]. More particularly, indolent disease with low
proliferation rate is generally associated with low uptake, while a more aggressive disease presented
higher FDG uptake. In the same way, very intense FDG uptake associated to a clear uptake gradient
may pertain transformation from indolent to aggressive lymphoma. These findings were confirmed in
a prospective study conducted to evaluate the value of FDG-PET as an accurate guide for biopsies
in suspected transformed tissues [65]. In patients with newly diagnosed indolent lymphoma, low
SUV numbers may reduce the suspicion of transformation in disease sites that were not biopsied.
Conversely, in patients with histologically proven indolent lymphoma, an uncharacteristically higher
than expected SUV may herald an aggressive subtype, warranting a targeted biopsy. Our team reported
similar findings in mantle cell lymphomas. A broad inter-individual tumor cell heterogeneity regarding
FDG avidity was observed in several works with a strong prognostic value on survival of quantitative
parameters such as SUVmax of the lesions with the highest uptake determined at diagnosis [66–69].
This close relationship between high SUVmax values and a more aggressive mantle cell lymphoma
behavior was also supported by the concordance between SUVmax, aggressive variants, and high
percentage (> 30%) of Ki67 positive cells.

This hypothesis that the prognosis of the disease is linked to the most aggressive contingent
corresponding to the lesion with the highest FDG uptake is also reinforced by some studies exploring
the predictive prognostic value of FDG-PET during treatment. Since the development of normalized
criteria for assessment of tumor burden changes, the required number of lesions to consider for response
determination remained a fundamental question [70–72]. The RECIST criteria used for radiological
evaluation recommended the measurement of five target-lesions, selected “randomly,” only on their
suitability for accurate repeated measures [70]. On the contrary, several works using PET imaging
showed that only the most metabolically active lesions, representing the most aggressive portions
of tumors, are critical to consider [73–77]. This approach implies taking the single hottest area as
the reference point on the pre-treatment and post-treatment studies, even if not necessarily the same
area, considering only the worst biologic behaviors of the malignancy. This controversial concept was
explored in many cancers and was applied both in solid tumors with the PERCIST criteria and in
lymphomas. For example, Lin et al. were the first to measure the reduction of SUVmax in the “hottest”
lesion before and during the treatment, in diffuse large B-cell lymphoma (Figure 3). In their study, they
also investigated the FDG uptake changes on interim FDG-PET within the initial hottest tumor site
on baseline FDG-PET (18% of 92 patients) which resulted in more false-negative exams in predicting
PFS [76].
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Figure 3. Selection of regions of interest in 57-y-old patient before chemotherapy. (A) Graded
color-scaled parametric analysis applied in reconstructed coronal PET image shows most active tumor
in upper abdomen. (B) Transverse PET image with a higher scale reveals celiac tumor (T) with activity
profile crossing the hottest point (red spot). (C) Corresponding activity profile in counts-per-pixel.
Isocontours are drawn with lower autocontour threshold of 4500 counts-per-pixel (red isocontour at
inset in B). (D) Normal background tissue (N): two large ROIs are manually selected on gluteal muscles,
avoiding iliac bone marrow activity. This research was originally published in JNM [76]. © SNMMI.

This approach was also recently reported in multiple myeloma patients [78]. In this pathology,
multi-clonal heterogeneity remains one of the main challenges in developing effective strategies.
Multiple myeloma is indeed characterized by spatial differences in the clonal architecture, with
potential non-homogeneous distribution of high-risk disease for which multi-region investigations
appear critical [79–81]. Yet, in a study by our team, the percentage difference of SUVmax between
baseline and interim FDG-PET was a powerful tool to predict long-term outcomes in patients with
FDG-avid multiple myeloma [78]. There again, similar to previous work in lymphomas or in solid
tumors, the hottest lesion in any region was used for comparison even if its location differed from the
initial hottest lesion on PET at diagnosis, to assess the most aggressive portion of the disease on each
PET examination, to free oneself from intrapatient heterogeneity.

4. Intratumor Heterogeneity Exploration through Quantitative Analysis of PET Imaging

In addition to conventional measurements of SUV, a new class of metrics has recently emerged in
PET imaging and is currently being clinically investigated [61]. A simple visual analysis of the FDG
uptake in PET images indeed suggests that the spatial distribution of voxels of different intensities in a
selected region and thus the spatial distribution of the radiotracer can be extremely heterogeneous. And
one can assume that this localized heterogeneity in medical images “partly” reflects heterogeneity on a
lower scale and underlying variations in metabolism, cellular proliferation or necrosis [82]. Advanced
image analysis of a tumor could then capture additional information and some researchers suggested
that genomic, proteomics, and other -omics patterns could be expressed in terms of macroscopic
image-based features [83]. This concept requiring the extraction of a large number of quantitative data
from medical multimodal images has become popular under the term “radiomics” [3,84,85]. In recent
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years, considerable efforts have been made by the medical imaging community to obtain correlations
between these image characteristics and tumor heterogeneity. Those metrics are often referred to
as “textural features” and belong to “high order parameters” (Table 2) along with shape-descriptors
or other descriptors based on fractal analysis or wavelet decomposition [61,86]. They measure the
relationships between groups of two or more voxels in the image (Figure 4). Numerous textural
features can be extracted from medical images, yet only a handful are sufficiently reliable, robust, and
reproducible. Texture analysis remains limited and biased by many methodological and technical
factors inherent to PET images’ acquisition, reconstruction algorithms, or segmentation technique
that can affect the quantification of image heterogeneity [86]. A number of recommendations are
available to help and guide researchers in making the right choices in the calculation and selection of
parameters [86–89].

 
Figure 4. Whole-body 18F-FDG PET scan (A) tumor segmentation (B) and voxel-intensity resampling
(C) allowing extraction of different features (D) by analysis of consecutive voxels in a direction (for
cooccurrence matrices) (a), alignment of voxels with same intensity (b), difference between voxels and
their neighbors (c), and zones of voxels with same intensity (d). This research was originally published
in JNM [90]. © SNMMI.

Table 2. Common imaging heterogeneity parameters. (Based on [61,91]).

Order Matrix Name of the Parameter Description of the Parameter

First Order
SUVmax SUV value of the maximum intensity voxel within a

region of interest (ROI)

SUVpeak Average SUV within a small ROI (usually, a 1-cm3

spherical volume)

Second Order

SUVmean Average measure of SUV within a defined ROI

Metabolic tumor volume
(MTV) Volume of a defined ROI

Total lesion glycolysis (TLG) Product of SUVmean×MTV

Grey-Level
Co-Occurrence Matrix

(GLCM)

Contrast Local variations in the GLCM

Correlation Joint probability occurrence of the specified pixel
pairs

Entropy Texture randomness or irregularity

Energy Sum of squared elements in the GLCM

Homogeneity Closeness of the distribution of elements to the
diagonal

High Order
Gray-Level Run-Length

Matrix (GLRLM)

Short run emphasis (SRE) Distribution of short runs

Long run emphasis (LRE) Distribution of long runs

High gray level run emphasis
(HGRE) Distribution of high grey level values runs

Grey-level non-uniformity
(GLNU) Similarity of grey level values throughout the image

Run percentage (RP) Homogeneity and distribution of runs of an image in
a specific direction
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Table 2. Cont.

Order Matrix Name of the Parameter Description of the Parameter

Gray-Level Zone Size
Encoding Method

(GLZSM)

High gray-level zone
emphasis (HGZE) Distribution of high grey level values zones

Zone length non uniformity
(ZLNU) Similarity of zone length throughout the image

Zone percentage (ZP) Homogeneity and distribution of zones of an image
in a specific direction

Short zone emphasis (SZE) Distribution of small zones

Neighborhood Grey
Tone Difference Matrix

(NGTDM)
Coarseness Granularity within an image.

To date, numerous studies explored the potential value of textural features in PET imaging
with encouraging results in a number of cancers [86,92]. However, only a limited number adopted
rigorous methodological choices with particularly large cohorts of patients and robust statistical
analysis [93,94]. Keeping in mind these limitations, the evidence supporting the additional value of
advanced image features from FDG-PET continues to expand year after year. Several of the most recent
studies have used techniques such as external cohort validation [95–97], or even machine-learning
technique [98,99] and concluded in the usefulness of textural analysis regarding patient management.
Several method were also proposed to minimize the effect of inter-center variability related to textural
features computation [95,100,101] with encouraging results both on a methodological and prognostic
level. One should keep in mind that several hundred, if not thousands of handcrafted features can be
extracted, when the number of patients used to construct the predictive model is often several order of
magnitude lower than the number of features analyzed. The use of machine learning approaches in
this context is thus very useful but opens other issues related to the choice of suitable algorithm for
selecting features and subsequent classifier which were shown to be not unique [102] The use of more
complex approaches relying on deep learning (especially convolutional neural networks) may alleviate
most of the difficulties raised by handcrafted features even if other challenges arise like the number
of data used for training and tuning hyper-parameters of the model. A very good overview of the
available technique that may be potentially clinically efficient in a near future can be found in [103].

Finally, a few studies have investigated the potential combination of image-derived features
from multimodal imaging or associated to clinical data [95,104–106]. One example of a nomogram
construction, published by Desseroit et al. [104], combining tumor and heterogeneity features extracted
from both PET and CT components of routinely acquired FDG-PET scans in non-small cell lung cancers
is shown in Figure 5. Reports in patients with mantle cell lymphoma also successfully applied this
approach [107–109]. In this pathology, as demonstrated in a prospective study [107,108] and confirmed
in a recent work by Mayerhoefer et al. [109], the combination of radiomic features with bio-clinical
scores may possibly improve risk stratification. All these approaches form the basis for future works
investigating the value of textural features in PET imaging and combining these methods will only
reinforce the validity of the studies. In this regard, a recent study focused on this topic and successfully
applied some of these approaches. In this work [95], Lucia et al. validated in two independent external
cohorts of patients previously developed textural features-based models [110] relying on FDG PET
and MRI for prediction of disease-free survival and locoregional control in locally advanced cervical
cancer. Moreover, to adjust for the multicenter effects, they used the ComBat method, derived from
genomic data analysis. They were able to identify two radiomics features indeed associated with worse
outcome, confirming that more heterogeneous tumors have a poorer prognosis [95].
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Figure 5. Workflow of a nomogram construction combining tumor and heterogeneity features extracted
from both PET and CT components of routinely acquired FDG-PET scans in non-small cell lung cancers,
allowing for better stratification among patients with stage II–III, compared to stage I. This research
was originally published in EJNMMI [104]. © Springer.

Radiomic is a promising field. Unlike histological biomarkers derived from invasive biopsy
which sample only a small limited tumor region, as described above, radiomics non-invasively
interrogate the whole tumor. Visualization of tumor heterogeneity is essential in the assessment of
tumor aggressiveness and prognosis. Radiomic has an exceptional potential and may prove critical
toward personalized medicine [83].

5. Conclusions

Nuclear medicine is one of the most dynamic medical fields. Advances in cancer biology
knowledge together with the rise of new imaging techniques (new detection system and progress
in imaging analysis) make this discipline a domain of tremendous and growing evolution. This
dynamism is a real asset as personalized medicine has never been so relevant today. Indeed, PET
imaging appears as an essential tool for non-invasive exploration of intratumoral and interlesional
heterogeneity through the exploration of the distribution and uptake of a tracer or by using multiple
radiopharmaceuticals, each providing different information. There is convincing evidence that the
integration of PET imaging “profiling,” combining these approaches, associated to clinical, biological,
or genomic data could improve tumor characterization and prognosis prediction to allow adequate
patients stratification to therapeutic regimens. By combining at least one metabolic tracer with a
phenotypic one, and by quoting Mankoff et Dehdashti [31], “it may then be possible to show that when
it comes to molecular imaging, 1 plus 1 is greater than 2.”
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Abstract: Tumor DNA mismatch repair (MMR) deficiency testing is important to the identification of
Lynch syndrome and decision making regarding adjuvant chemotherapy in stage II colorectal cancer
(CRC) and has become an indispensable test in metastatic tumors due to the high efficacy of immune
checkpoint inhibitor (ICI) in deficient MMR (dMMR) tumors. CRCs greatly benefit from this testing
as approximately 15% of them are dMMR but only 3% to 5% are at a metastatic stage. MMR status
can be determined by two different methods, microsatellite instability (MSI) testing on tumor DNA,
and immunohistochemistry of the MMR proteins on tumor tissue. Recent studies have reported
a rate of 3% to 10% of discordance between these two tests. Moreover, some reports suggest possible
intra- and inter-tumoral heterogeneity of MMR and MSI status. These issues are important to know
and to clarify in order to define therapeutic strategy in CRC. This review aims to detail the standard
techniques used for the determination of MMR and MSI status, along with their advantages and limits.
We review the discordances that may arise between these two tests, tumor heterogeneity of MMR
and MSI status, and possible explanations. We also discuss the strategies designed to distinguish
sporadic versus germline dMMR/MSI CRC. Finally, we present new and accurate methods aimed at
determining MMR/MSI status.

Keywords: microsatellite instability; colorectal cancer; immune checkpoints; deficient mismatch repair

1. Introduction

There are three major mechanisms in colorectal (CRC) carcinogenesis. The most common is
chromosomal instability (CIN) in 75% of CRCs, the second is an epigenetic modification of DNA
methylation, also called CpG island methylator phenotype (CIMP), in 20% of CRCs, and the third is
microsatellite instability (MSI) or deficiency of DNA mismatch repair system (MMR) which occurs in
approximately 15% of CRCs (Figure 1) [1]. It is worth noting that there is frequent overlap between
CIMP and dMMR/MSI phenotype. CRC carcinogenesis is somewhat more complex, and while rare
overlaps between CIN and CIMP or CIN and MSI phenotypes exist, they will not be developed here [2].
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Figure 1. Simplified molecular subgroups of colorectal cancers. There are three major mechanisms
of colorectal carcinogenesis, 75% of chromosomal instability, 20% of DNA methylation, and 15% of
microsatellite instability or deficient DNA mismatch repair [1]. MSS: microsatellite stability, MSI:
microsatellite instability, CIMP: CpG island methylator phenotype, CIN: chromosomal instability.

Microsatellites (also called “short tandem repeats”) correspond to DNA sequences distributed
throughout the genome (coding or non-coding sequences) with a repetitive structure, i.e., repetition,
a variable number of times, of a single nucleotide or di-, tri-, or tetra-nucleotides. These repetitive
structures are particularly prone to replication errors in the case of deficiency of the MMR system
(dMMR status). An accumulation of errors in the sequence of these microsatellites, called microsatellite
instability, highlights malfunction of the MMR system. Cancers with such phenotypes are said to be
MSI or by extension, MMR-deficient (dMMR), which is the opposite of microsatellite stability (MSS),
also known as MMR-proficient (pMMR).

The MMR system consists of four major proteins called MLH1, MSH2, MSH6, and PMS2.
These proteins identify and correct DNA mismatches caused by DNA polymerase during replication,
which occurs especially in microsatellites. These proteins work two by two, MLH1 with PMS2 and
MSH2 with MSH6, and form the MutLα and MutSa complex, respectively. MutSa recognizes single base
pair mismatch, creates a sliding clamp around DNA, and then binds the second complex, MutLα [3].
This combination interacts with many enzymes, including the DNA polymerase, to perform excision
of the single mismatch and resynthesize the DNA strand (Figure 2). MutSa can also recognize other
error patterns such as insertion and deletion loops and then preferably bind with MutL homologs,
such as MutLβ (MLH1-PMS1) and MutLγ (MLH1-MLH3), thereby achieving error excision [4,5].
Loss of function of one of the four proteins (MLH1, PMS2, MSH2, or MSH6) leads to inactivation of
the MMR system, resulting in a loss of fidelity of the replication and an accumulation of mutations.
This ultra-mutated profile causes dMMR/MSI cancers, including dMMR/MSI CRC.
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Figure 2. Mismatch repair mechanism. (A) Single mismatch, (B) DNA MMR protein sliding clamp,
(C) exonuclease complex, and (D) resynthesis. The complex MutSa recognizes single base pair mismatch
and surrounds the DNA like a clamp and then the MutL complex comes and links to MutSa. Different
enzymes (PCNA and DNA polymerase) then intervene to excise the errors and to resynthesize the DNA.
PCNA: proliferating cell nuclear antigen, ADP: adenosine diphosphate, ATP: adenosine triphosphate,
and MMR: mismatch repair. Proteins from the DNA repair system: MSH2, MSH6, PMS2, and MLH1.
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The dMMR/MSI phenotype can be acquired in sporadic CRC (75%) or constitutively in Lynch
syndrome, due to germline mutation of one of the MMR genes (25%) [6]. Sporadic cases are due in most
cases to a loss of expression of MLH1 caused by hypermethylation of the MLH1 gene promoter. Indeed,
dMMR/MSI detection is of major help to identify Lynch syndrome according to the revised Bethesda
criteria (Table 1). Other clinical impacts of dMMR/MSI determination enter into decision making
regarding adjuvant chemotherapy in stage II CRC and the use of immune checkpoint inhibitor (ICI) in
chemoresistant metastatic dMMR/MSI tumors. About 20% of stage II and III CRCs present a dMMR/MSI
phenotype and are associated with better prognosis than pMMR/MSS tumors [5]. Moreover, stage II
dMMR/MSI CRCs do not benefit from adjuvant fluoropyrimidine chemotherapy [7,8]. Consequently,
in view of a good prognosis for stage II dMMR/MSI CRCs and chemoresistance to fluoropyrimidine,
adjuvant chemotherapy is not recommended. Nevertheless, for high-risk stage II dMMR/MSI CRCs
with very poor prognosis criteria, such as T4 stage and vascular emboli, oxaliplatin-based adjuvant
chemotherapy should be discussed case by case. In metastatic CRCs (mCRC), dMMR/MSI represents
only around 3% to 5% of mCRCs and has been associated with poor prognosis and chemoresistance
to standard treatment [9,10]. Nevertheless, recent series have reported prolonged overall survival
in dMMR/MSI mCRC and a trend toward better outcomes of anti-vascular endothelial growth
factor (anti-VEGF) as compared with anti-epidermal growth factor receptor (anti-EGFR), but no
difference according to chemotherapy regimen, i.e., irinotecan-based chemotherapy as compared with
oxaliplatin-based chemotherapy has been reported [11]. Finally, recent nonrandomized trials suggest
high efficacy of immune checkpoint inhibitor (ICI) in chemoresistant dMMR/MSI metastatic tumors
due to the high tumor mutational burden in these tumors, while the other predictor of response to ICI
is the IHC labeling of the PD-L1 protein (programmed death-ligand 1) [12,13].

Table 1. Revised Bethesda criteria [14].

1. Colorectal cancer diagnosed in a patient less than 50 years of age
2. Presence of synchronous, metachronous colorectal, or other HNPCC-associated tumors *, regardless

of age
3. Colorectal cancer with the MSI histology † diagnosed in a patient less than 60 years of age §

4. Colorectal cancer diagnosed in one or more first-degree relatives with an HNPCC-related tumor,
with one of the cancers being diagnosed under age 50 years

5. Colorectal cancer diagnosed in two or more first- or second-degree relatives with HNPCC-related tumors,
regardless of age

*: Hereditary nonpolyposis colorectal cancer (HNPCC)-related tumors include colorectal, endometrial, stomach,
ovarian, pancreas, ureter and renal pelvis, biliary tract, and brain (usually glioblastoma as seen in Turcot syndrome)
tumors, sebaceous gland adenomas and keratoacanthomas in Muir–Torre syndrome, and carcinoma of the small
bowel. †: Presence of tumor-infiltrating lymphocytes, Crohn’s-like lymphocytic reaction, mucinous/signet-ring
differentiation, or medullary growth pattern. §: There was no consensus among the workshop participants on
whether to include the age criteria in guideline three above; participants voted to keep less than 60 years of age in
the guidelines.

To conclude, dMMR/MSI testing in CRC is indicated primarily in the following three circumstances:
in stage II CRCs to define indications and modalities of adjuvant chemotherapy, in stage IV to treat
with ICI, and for screening of Lynch syndrome based on the revised Bethesda criteria. However, in
some centers, dMMR/MSI testing is performed in all CRCs given its interest in multiple circumstances.

2. Mismatch Repair System and Microsatellite Instability Testing

The status of dMMR and MSI can be determined by two different methods, molecular MSI testing
based on DNA extracted from tumor tissue and immunohistochemistry (IHC) of the MMR proteins
based on sections of formalin-fixed paraffin-embedded (FFPE) tumor block. Commonly, a tumor is
called dMMR if it presents nuclear loss of expression of at least one of the MMR proteins (MLH1,
PMS2, MSH2, or MSH6), in contrast to pMMR tumor. A tumor is called MSI (or MSI-high, MSI-H) if it
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presents instability (variation in the microsatellite length) of at least 40% of a panel of microsatellites
tested on tumor DNA, in contrast to MSS tumor.

2.1. Microsatellite Instability Testing

Microsatellite instability testing is carried out on tumor DNA extracted from frozen or FFPE
tumor tissue. A specific area with high tumor cellularity (>20%) has to be selected by an experienced
pathologist to avoid false negative results [15]. Microsatellite instability is assessed by analyzing
microsatellite loci, either mononucleotide repeats or a combination of dinucleotide and mononucleotide
repeats as recommended [16].

The first reference panel, referred to as the Bethesda panel, consists of two mononucleotide loci
(big adenine tract BAT-25 and BAT-26) and three dinucleotide loci (D2S123, D5S346, and D17S250) [12].
BAT-25 is found in intron 16 of the c-KIT gene and BAT-26 in the intron 5 of the MSH2 gene. D2S123
(2p16) is telomeric to mismatch repair genes MSH-2 and MSH-6, D5S346 (5q21–22) is close to the locus
for the adenomatosis polyposis coli (APC) tumor suppressor gene, and D17S250 (17q11.2–12) is close to
the locus for the tumor suppressor gene BRCA-1 [17]. As dinucleotide repeats are less sensitive than
mononucleotide repeats for MSI detection, a comparison with non-tumor matching DNA is always
required (DNA extracted from non-tumor tissue from a surgical specimen). When using the Bethesda
panel, tumors with instability of two or more of these loci are considered as MSI (i.e., MSI-high),
and cancers with no instability at any of the five loci are considered MSS. Cancers with only one out
of five unstable loci are interpreted as MSI-low, although it is unclear whether MSI-low represents
a biologically distinct category or whether it simply reflects the inherent limitations of faithfully
replicating these repetitive sequences. For the time being, these tumors are considered as MSS.

The second panel is the pentaplex panel, which consists of the following five consensus
mononucleotide repeats: BAT-25, BAT-26, NR-21 located in the untranslated 5’ region of the SLC7AB
gene, NR-24 located in the untranslated 5’ region of the ZNF-2 gene, and NR-27 (MONO-27) located in
the untranslated 5’ region of the IAP-1 gene. The quasi-monomorphic nature of these microsatellites
facilitates their analysis; they have several repetitions and their size is highly homogeneous in the
Caucasian population [18]. Using the pentaplex panel, a tumor will be called MSI if at least three
markers out of five are unstable (Figure 3B). A tumor with no instability, or one unstable marker,
is classified MSS (Figure 3A). In very rare cases, where two markers are unstable, a healthy tissue
analysis is carried out to confirm or deny instability by comparing healthy and tumor tissue. This panel
has become the new standard, in most international recommendations for MSI testing; contrary to
the Bethesda panel, it does not require comparison with non-tumor tissue for MSI determination in
CRC [19].

Both MSI techniques are based on the simultaneous amplification of five markers in a multiplex PCR.
Amplification products then migrate on capillary electrophoresis, which enables marker distribution
depending on their sizes. Taq polymerase is not faithful enough to reproduce the exact number of
nucleotide repetitions, and therefore, at the expected size of a marker, the electrophoresis profile shows
a multiple peak pattern. The reference size of the marker per sample is given by the main, higher
peak and needs to be compared to its expected size in the general population [16]. If the size of the
marker significantly differs from its expected size, it signifies instability. For non-colorectal tumor
tissue, systematic double testing of tumor tissue and non-tumor tissue is performed for MSI testing.
When compared with non-tumor tissue, the threshold to define MSI is lowered to two unstable markers
out of five [20].
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Figure 3. MSS and MSI profiles using the pentaplex panel. (A) MSS profile of the five consensus
mononucleotide repeats and (B) MSI profile with 5 unstable mononucleotide repeats. Red arrows
indicate microsatellite instability.

2.2. MMR Protein Testing

IHC is a technique detecting protein expression directly from tissue samples. As MMR proteins
(MLH1, MSH2, MSH6, and PMS2) are in the nucleus, only nuclear staining is taken into account in
MMR protein detection. MMR protein loss is defined by the absence of IHC staining in the nucleus of
tumor cells, whereas normal cells remain stained, ensuring the technical validity of the experiment.
Indeed, nuclear staining of non-cancerous stromal cells is considered a good internal positive control,
even in Lynch syndrome, insofar as only one allele is mutated outside the tumor area (germline
mutation of one allele of one MMR gene). A cell develops a DNA repair defect only when its second
copy of the gene also becomes non-functional (Knudson’s two-hit hypothesis) as a result of a random
mutation (somatic mutation of the second allele of the same MMR gene). A loss of MMR protein
expression means genomic alteration (loss of heterozygosity, mutations or epigenetic modifications) of
the corresponding gene. A tumor is considered dMMR if one of the four MMR proteins is lost (absence
of nuclear staining) (Figure 4).
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Figure 4. Immunochemistry of MMR proteins. (A) MMR-proficient (pMMR) tumor, normal colonic
mucosa, no loss of expression of MMR proteins and (B) deficient MMR (dMMR) tumor with loss of
MLH1 and PMS2 expression.

In the MMR system, protein functions are achieved by heterodimers, MLH1 being the PMS2
partner and MSH2 being the MSH6 partner. In their monomeric form, MMR proteins are degraded.
Consequently, the loss of one MMR protein is usually accompanied by the loss of its partner. For instance,
loss of MLH1 or MSH2 proteins will leave PMS2 and MSH6, respectively, in their monomeric forms,
and they will be rapidly degraded. Consequently, loss of MLH1 expression is associated with PMS2
loss and loss of MSH2 expression is associated with MSH6 loss. However, the contrary is not true
insofar as MLH1 and MSH2 proteins, in their monomeric forms, can interact with other proteins of
the MMR system, i.e., MSH3, and thereby avoid degradation [21]. Indeed, isolated loss of PMS2
expression (≈5% to 10% of dMMR CRC [22]) or isolated loss of MSH6 expression (≈5% to 15% of
dMMR CRC [23]) is not rare. In view of both economy and time saving, some pathologists have
analyzed MMR expression of two proteins (MLH1 and MSH2) instead of four but have not been able
to detect isolated loss of PMS2 or MSH6 expression. Indeed, most guidelines recommend performing
IHC of all four MMR proteins to avoid misinterpretation [24].

2.3. Comparison of Molecular MSI Testing and MMR Proteins Immunohistochemistry

The molecular approach (MSI) presents the advantage of studying MMR system dysfunction and
is not limited to protein expression. Indeed, some point mutations allow MMR protein expression
(normal MMR proteins IHC), but without retaining the MMR function (MSI). However, MSI testing
takes somewhat longer and costs a little more than the IHC technique and does not provide information
as to which MMR gene is deficient.
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While both MSI panels, the Bethesda and the pentaplex, use the two microsatellite markers BAT-25
and BAT-26, polymorphisms have been reported for both, especially in African ethnicities [25]. To detect
these polymorphisms and to avoid counting them as unstable markers, it is commonly admitted that
an isolated unstable marker must be validated in comparison with the microsatellite profile of its
matched non-tumor tissue, even for CRC using the pentaplex panel. In this case, MSI exploration will
take longer. Finally, MSI interpretation requires trained molecular biologists, particularly to avoid
misinterpretation of BAT-25 or BAT-26 microsatellites [25,26].

MMR protein IHC is easier and less expensive. Moreover, an isolated loss of MSH6 is not always
responsible for MMR system deficiency, and hence not always detected by MSI technique [27,28].
Indeed, there exists functional redundancy of MMR proteins (PMS2 and PMS1, MSH6 and MSH3)
with MMR protein expression loss at IHC loss, while MSS status is retained due to partial activity of
the MMR system [22]. Moreover, MMR protein IHC can be difficult or misleading as it depends on
staining processes, which are not standardized from one laboratory to another (antigen demasking,
optimal antibody dilution, incubation time, etc.). Indeed, MMR protein IHC requires experienced
pathologists [29]. The technique can give false positive results as a non-functional MMR protein
can remain expressed in tumor tissue and detected by IHC even though the tumor is MSI. Indeed,
although one third of MLH1 mutations are missense mutations coding for non-functional proteins,
MLH1 expression remains detected by IHC [28]. Heterogeneous loss of MMR protein expression has
also been observed for MSH6 due to MSH6 somatic mutations [30].

With regard to sensitivity and specificity of IHC, they vary from 81% to 100% and from 80% to
92%, respectively [31]. MSI analysis sensitivity ranges from 67% to 100% and specificity from 61% to
92% using the Bethesda panel. When using the pentaplex panel, sensitivity is better (89% to 100%)
(no control with non-tumoral tissue) as is specificity (79% to 100%) [32,33].

3. Challenges for Determination of the dMMR/MSI Mechanism

3.1. How to Classify Sporadic versus Germline dMMR/MSI Colorectal Cancer?

MMR deficiency can be acquired in sporadic dMMR/MSI tumors or constitutively in Lynch
syndrome-related dMMR/MSI tumors. About 75% of dMMR/MSI CRCs are sporadic cases. In most
cases, observed loss of MLH1 expression is caused by hypermethylation of its promoter, acquired during
tumorigenesis. This epigenetic modification is developed in the context of senescence with global
hypermethylation of DNA, mainly at CpG islands [34]. CpG islands are regions of DNA that contain
numerous Guanine Cytosine dinucleotides bound together by a phosphodiester and frequently found
in gene promoters. Usually, when the cytosine is methylated in the promoter region, it causes inhibition
of transcription of the gene. CRC with global DNA hypermethylation is called “hypermethylator” or
CpG island methylator phenotype (CIMP). CIMP tumors are frequently associated with BRAF p.V600
mutation (from 77% to 95%) but their interconnections remain unclear [35,36]. Therefore, dMMR/MSI
CRCs with MLH1 loss and BRAF mutation are considered as sporadic dMMR/MSI CRCs. In the case
of dMMR/MSI CRC with MLH1 loss and BRAF wild type status, MLH1 promoter methylation is
determined and a MLH1 promoter hypermethylation signs the sporadic trait of the tumor.

The second group of dMMR/MSI CRCs is primarily related to Lynch syndrome (LS),
i.e., with detectable monoallelic germline mutation in one of the four MMR genes. The LS diagnosis
is a confirmed mutation of one of the MMR genes. The percentage of mutations identified in the
case of suspicion of LS is very variable according to the criteria selected, i.e., more than 90% in the
case of loss of MSH2 or MSH6, about 70% if the Amsterdam II criteria are met, about 40% in case of
loss of MLH1, and about 30% if the revised Bethesda criteria are met [37–39]. Most of the germline
mutations in LS occur in MLH1 or MSH2 genes (90%) (Table 2). MSH6 and PMS2 genes are less
frequently affected (about 10% of cases). In addition, the pathogenicity of PMS2 mutations is more
difficult to establish because of pseudogene interferences [40]. Pseudogenes are usually characterized
by a combination of homology to a known gene and loss of some functionality. Indeed, a PMS2
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non-expressed pseudogene exists and is highly homologous in both intronic and exonic sequences
to the PMS2 gene, hence polymorphisms in this pseudogene can be mistaken for mutations in the
PMS2 gene.

Table 2. The mutation frequencies of mismatch repair gene in Lynch syndrome [37–39].

Mismatch Repair Gene Mutation Frequency

MSH2 50%
MLH1 30–40%
MSH6 7–10%
PMS2 <5%

EPCAM 1–3%
Constitutional MLH1 epimutation 1–3%

According to the model described by Knudson et al. for tumor suppressor genes such as MMR
genes, one allele of the MMR gene has a germline mutation (first hit) and the second allele of the same
MMR gene is inactivated at the somatic level (second hit) by various alterations (somatic mutation,
genomic rearrangement, promoter hypermethylation, and loss of heterozygosity), which induce
deficiency of the MMR system [41]. International guidelines have defined algorithms to efficiently
identify LS patients among patients with sporadic dMMR/MSI tumors (Figure 5) [42].

Figure 5. dMMR/MSI screening of colorectal cancer (CRC) for suspicion of Lynch syndrome. * According
to the country and the guidelines, universal testing of CRC is recommended only if revised Bethesda
criteria are met. ** A result that is not in favor of diagnosis of Lynch syndrome must be interpreted
according to the patient’s family history and if Lynch syndrome or another genetic predisposition is
suspected, the patients must be referred to oncogenetic consultation. dMMR: deficient mismatch repair,
IHC: immunohistochemistry, LS: Lynch syndrome, MSS: microsatellite stability, MSI: microsatellite
instability, and pMMR: proficient mismatch repair.

3.2. MLH1 Promoter Hypermethylation

In dMMR/MSI CRC with loss of expression of MLH1, identification of the MLH1 promoter
hypermethylation and BRAF p.V600 mutation certifies the sporadic origin [24]. Conversely, if these
alterations are not found, the patient should be referred to oncogenetics for MMR germline testing.
Most teams initially limit their exploration to BRAF status due to cost and the time required for difficult
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MLH1 promoter hypermethylation testing. In the event of dMMR/MSI CRC with loss of expression of
MLH1 and BRAF wild-type status MLH1 promoter hypermethylation testing is performed secondarily.
Nevertheless, about 1% to 2% of LS cases (dMMR/MSI CRC with germline mutation) carry BRAF
mutation [43]. These cases are rare but, at the individual level, the mis-screening of LS can have
major consequences for the patient and his relatives. Indeed, dMMR/MSI BRAF-mutated CRC should
be tested for MLH1 promoter hypermethylation in the case of a high suspicion of LS to confirm,
before germline MMR testing, that it is not a sporadic case.

Determination of somatic versus germline mechanism of dMMR/MSI CRC using methylation
of the promoter of MLH1 gene can sometimes be incorrect. While hypermethylation is mostly
a somatic event, several cases of CRC with constitutional epimutations of the MLH1 gene have been
reported [44–46]. Constitutional MLH1 epimutations cause severe LS phenotype, including young age
of cancer onset and multiple primary tumors [45]. Usually, constitutional MLH1 epimutation arises de
novo with no or non-Mendelian inheritance and the second hit has a genetic, not an epigenetic basis
(somatic mutation or loss of heterozygosity) [46]. Patients with dMMR/MSI CRC with MLH1 promoter
hypermethylation should be screened for constitutional MLH1 epimutations in the case of early onset
CRC (before 50 years) or with multiple tumors before 60 years [47].

3.3. Challenge in Determination of Lynch Syndrome

In approximately 60% to 70% of dMMR/MSI CRCs with suspected LS according to the revised
Bethesda criteria, no mutation is identified (or variants of unknown significance) [48,49]. These tumors
are called Lynch-like syndrome (LLS) and are a challenge for predisposition management of the patient
and his family [48]. Indeed, the risk of colorectal cancer is higher in these families than in the general
population but lower than in LS families [50]. LLS can be due to biallelic somatic inactivation of one
MMR gene (or an allelic somatic mutation associated with loss of heterozygosity of the other allele),
which means that the progeny of the patient has a risk of CRC equal to the general population. Indeed,
upon excluding dMMR/MSI CRC patients with MLH1 promoter hypermethylation and germline
mutations, biallelic somatic inactivation is responsible for approximately 50% of the remaining
dMMR/MSI CRCs [51]. Despite the evident interest of somatic exploration to avoid expensive and
stressful screening protocol for a family with LLS, these tests are not routinely performed. Moreover,
some of them remain unexplained and may be due to genetic alterations that have yet to be identified.

Another issue is the 3′ deletion of the EPCAM gene (epithelial cell adhesion molecule), also called
TACSTD1 (tumor-associated calcium signal transducer 1), which leads to a hypermethylator profile of
its neighbor gene, MSH2 [37]. The latter will not be expressed and a loss of MSH2/MSH6 protein will
be detected by IHC. As no mutation in MMR genes will be detected by germline testing, the tumor
can wrongly be classified as LLS with low cancer risk, whereas it is known that carriers of an EPCAM
deletion have a cumulative risk of CRC similar to carriers of MSH2 mutation [37]. Nevertheless, in most
laboratories, germline EPCAM deletions are now analyzed primarily or secondarily in the absence of
MMR mutation. The incidence of EPCAM deletions has appeared to vary between populations and
may explain at least 1% to 3% of LS [52].

All in all, dMMR/MSI CRCs without evident sporadic mechanisms (i.e., MLH1 promoter
hypermethylation) and without germline mutation of MLH1, PMS2, MSH2, MSH6, deletion of
EPCAM or germline MLH1 promoter hypermethylation are considered unclassified as regards the
molecular mechanism underlying the MMR deficiency, LS versus sporadic cases. This situation
accounts for at least 30% of dMMR/MSI CRC patients with suspected LS [50,53]. These tumors are
mostly 1-loss of MSH6 protein expression without MSH6 germline mutation, 2-loss of MSH2 without
MSH2 germline mutation or EPCAM deletion, 3-loss of PMS2 with no loss of MLH1 and no PMS2
germline mutation, and 4-loss of MLH1 protein expression with no BRAF mutation and no MLH1
promoter hypermethylation and no MLH1 germline mutation. These patients and their first-degree
relatives must be considered as LS and monitored as such.
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4. Discordance Between MMR Immunohistochemistry and DNA Microsatellites Testing

On the basis of the literature, discordances between IHC of MMR proteins and MSI molecular
testing results range from 1% to 10% (Table 3).

Table 3. Rate of discordance between MMR immunohistochemistry and MSI testing in CRC.

Series *
Number of

Patients
Population MMR IHC

Molecular MSI
Testing

Discordance
Rates

Lindor NM
et al., 2002 [54] 1144

From multiple
centers from the

Cooperative Family
Registry for Colon

Cancer Studies: USA,
Australia, and Canada

2 proteins
(MLH1 and

MSH2)

10 markers: BAT25,
BAT26, BAT40,

BAT34C4, D5S346,
D17S250, ACTC,

D18S55, D10S197,
and MYCL.

or
6 markers: D5S346,

TP53, D18S34, D18S49,
D18S61, ACTC and

BAT 26

2.4%

Hatch et al.,
2005 [55] 262 CRC with complete

resection

4 proteins
(MLH1, MSH2,

MSH6 and
PMS2)

NCI panel (D5S346,
BAT25, BAT26, D2S123,

and D17S250)
5.4%

Pinol et al.,
2005 [56] 1222 CRC in Spain

2 proteins
(MSH2 and

MLH1)

BAT26 ± BAT-25,
D5S346, D2S123,

and D17S250
2.8%

Watson et al.,
2007 [57]

Cohort 1:
68

Cohort 2:
208

CRC patients younger
than 60 years (BRAF

mutated CRC are
excluded in cohort 1)

4 proteins
(MLH1, MSH2,

MSH6 and
PMS2)

Single microsatellite:
BAT26

Cohort 1: 1.4%
Cohort 2: 1%

Yuan L et al.,
2015 [58] 296 CRC patients fulfilled

revised Bethesda criteria

4 proteins
(MLH1, MSH2,

MSH6 and
PMS2)

Bethesda panel 1%

Chen et al.,
2018 [59] 569 Chinese monocentric

study with only CRC

4 proteins
(MLH1, MSH2,

MSH6 and
PMS2)

Bethesda panel 8.1%

Cohen et al.,
abstract ESMO

2018
[60]

92 CRC only

4 proteins
(MLH1, MSH2,

MSH6 and
PMS2)

Pentaplex panel 9.1%

Jaffrelot M
et al., abstract
JFHOD 2019

[61]

2528

Patients with dMMR
tumors (CRC,
endometrium,

non-colorectal digestive
cancers and others)

4 proteins
(MLH1, MSH2,

MSH6 and
PMS2)

Pentaplex panel 1.1%

CRC: colorectal cancer, IHC: immunohistochemistry, MMR: mismatch repair, MSI: microsatellite instability, and NCI:
national institute cancer. * Only studies with more than 50 patients were included in the Table.

Studies evaluating discordances between molecular MSI and IHC tests in CRC are limited.
Moreover, it is difficult to compare these studies with each other because the molecular panels used for
MSI testing and the antibodies used for IHC are not the same. It is worth noting that the most frequently
observed discordance was loss of MSH6 expression with MSS status [23]. Indeed, dMMR/MSS CRC
with an isolated loss of MSH6 could be due to the partial redundancy of MSH6 and MSH3 protein
function. When the MSH6 protein is impaired, the MSH2/MSH3 heterodimer continues to operate and
DNA mismatch errors are partially corrected [26].

Unpublished data from our retrospective series of 1085 CRC patients showed 2.3% of discordances
using IHC of the four MMR proteins and the pentaplex panel. Among the 25 discordant cases (2.3%),
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reviewing by expert biologists and pathologists enabled reclassification of seven cases, mostly because
of misinterpretation of IHC due to poor quality of the staining or few tumor cells in the biopsy.
The remaining 18 discordant cases (1.7%) were mainly dMMR/MSS tumors (n = 15/18) with isolated
loss of MSH6 (n = 6). Indeed, pathologist and biologist expertise is crucial for accurate determination of
dMMR and MSI status, as also described by Jaffrelot et al. [61]. They studied 2528 patients with different
types of cancers with a discordance rate of 1.1%, using pentaplex panel for molecular biology and four
proteins for IHC. Cohen et al. studied fewer patients (n = 92) but reported a higher discordance rate
(9.8%) with the same two methods (pentaplex and four proteins) [60].

To avoid these discordances due to technical issues, it is necessary to follow some rules when
performing the tests, mainly to use tumor samples with good quality, more than 20% of tumor cells
and before any treatment, if possible (Table 4). Moreover, in cases of discordance, both tests must be
repeated so as to detect errors or tumor heterogeneity.

Table 4. Main causes of discordances and quality criteria to prevent them.

Causes of Discordance
Quality Criteria to Prevent Discordance

MMR IHC Molecular DNA testing

Low tumor cells [62] Selection of a specific area with the
highest rate of tumor cells

Macrodissection or selection of
tumor sections enriched in tumor

cells (≥20%)

Pre-analytical difficulties [28]

Use formol 4% (not Bouin’s
fixative), protocol standardization

efforts, participation in national
and international quality

assessment

Protocol standardization efforts,
participation in national and

international quality assessment

Non-expert physician [29] Participation in training sessions and request for rereading by expert if
necessary

Neoadjuvant treatment [63] Testing on pretherapeutic samples

Polymorphisms in non-Caucasian
ethnic groups - Testing of paired tumor and

non-tumor tissues

Discordance of tumor biopsy Testing of the complete surgical resection

Heterogeneous IHC pattern
(Tumor heterogeneity suspected)

[64]
Multiple sampling -

MMR: mismatch repair and IHC: immunohistochemistry.

Finally, 1% to 2% of discordances between MMR protein IHC and MSI molecular testing by
pentaplex remain unexplained. In these cases, germline mutation testing of the MMR genes must be
performed if LS is suspected. A diagnostic of LS implies a lifelong cancer screening protocol for the
patient and their relatives. Moreover, a recent report suggests that half of the diagnoses of patients
with mCRC and primary resistance to ICI are due to misinterpretation of the MMR IHC or MSI tests.
Indeed, to avoid false positive of dMMR or MSI tests, both tests are recommended before ICI treatment,
especially in clinical trials (Figure 6). Indeed, most trials with ICI now consider these discordances
during patient inclusion. Whereas in previous studies, either dMMR or MSI status was required for
patient inclusion [65,66], at present, both tests have to be performed with no discordance (dMMR and
MSI) [67,68]. Patients with discordant tests are not eligible for these ongoing trials (pMMR/MSI or
dMMR/MSS).
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Figure 6. dMMR/MSI screening of metastatic CRC for eligibility to immune checkpoint inhibitors.
* If no suspicion of Lynch syndrome. CRC: colorectal cancer, dMMR: deficient mismatch repair, IHC:
immunohistochemistry, LS: Lynch syndrome, MSS: microsatellite stability, MSI: microsatellite instability,
and pMMR: proficient mismatch repair.

Research is ongoing to improve detection of dMMR/MSI cases and to avoid discordant cases,
with particular interest in the use of other microsatellite markers such as HSP110 [69] or an increased
number of microsatellites analyzed using next-generation sequencing (NGS) [70] (see paragraph
“perspective of MSI/MMR testing”).

5. Focus on Tumor Heterogeneity

Although microsatellite instability is considered as an early event in CRC carcinogenesis, several
recent studies have reported that microsatellite instability is not always a homogeneous event
throughout the tumor in sporadic CRC [64,71]. Intra-tumoral heterogeneity is defined as the emergence
of tumor subclones with different genotypes in the same tumor mass and inter-tumoral heterogeneity
consists of the presence of at least two different tumor subclones on different tumor sites. Most studies
in mCRC have reported good concordance in mutational profiles of major signaling pathways, such as
KRAS, TP53, APC, PIK3CA, BRAF, and NRAS, between the primary tumor and its metastases, superior
to 95% [72,73]. However, some recent studies using highly sensitive techniques or microdissection
have identified tumor heterogeneity in CRC. Intra-tumoral and inter-tumoral heterogeneity of KRAS
mutations is now well-known in mCRC and correlates with resistance or reduced efficacy of anti-EGFR
therapies [74]. For instance, the Jeantet et al. study identified a high rate of RAS mutation heterogeneity
in mCRCs with 33% of intra-tumoral heterogeneity and 36% of inter-tumoral heterogeneity [75].
Most articles about tumor heterogeneity have focused on common mutations such as KRAS, TP53,
and PIK3CA while few data are available regarding MSI or MMR IHC tests and intra- and inter-tumoral
heterogeneity, and its possible variations during the tumor growth process.

In Lynch syndrome, microsatellite instability is the primum movens of tumor carcinogenesis and
all tumor cells should be dMMR/MSI with no heterogeneity. By contrast, in sporadic dMMR/MSI CRC
and even if microsatellite instability is considered as an early event, MMR deficiency may emerge
late in tumor progression with intra-tumoral or inter-tumoral heterogeneity. Indeed, according to
Chapusot et al., among 100 sporadic proximal CRCs, eight present an uncommon MMR IHC pattern
with loss of MMR expression (MLH1 and MSH6) restricted to small tumor areas and are MSI. Further
analyses on other tumor areas finally established the presence of intra-tumoral heterogeneity [76].
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Joost et al. collected 14 CRCs with heterogeneous IHC staining patterns that affected at least one of the
MMR proteins, that is, MLH1/PMS2 in three tumors, PMS2 in two tumors, MSH2/MSH6 in 10 tumors
(of which two also expressed heterogeneity for MLH1/PMS2), and MSH6 in one tumor. Analysis
of these 14 sectioned tumor blocks by molecular biology using the pentaplex panel demonstrated
intra-tumoral heterogeneity in three out of 14 tumors [71]. On the one hand, Tachon et al. reported
a case of CRC with heterogeneous MLH1/PMS2 staining pattern in primary tumor confirmed by MSI
testing, MSS in pMMR areas, and MSI in dMMR areas (intra-tumoral heterogeneity) [64]. By contrast,
metastatic lymph nodes were pMMR/MSS. On the other hand, in a cohort of 271 CRC Asian patients,
all MSI samples (n = 39) were dissected into three regions by tumors and analyzed using Bethesda
panel and no intra-tumoral heterogeneity was detected [77].

Although they are rare, due to the prognostic and therapeutic impacts of dMMR and MSI status,
detection of these atypical cases should be undertaken cautiously. Since most of these cases present
atypical staining at MMR IHC, MSI will help to determine the major tumor subclones. In the case
of discordance (dMMR/MSS), it may be useful to test at least two tumor areas of primary tumor or
metastases with both techniques in order to identify tumor heterogeneity. Finally, large prospective
studies are necessary to determine the rate of intra-tumoral and inter-tumoral heterogeneity of
microsatellite instability and their impact on prognosis and treatment efficacy. As of now, there are no
data concerning the efficacy of ICI in mCRC with intra- and inter-tumoral heterogeneity of dMMR and
MSI status. Moreover, to our knowledge, there are no data concerning the dynamic evolution of MMR
and MSI status during tumor progression, especially under treatment selection pressure.

6. Other Markers of Microsatellite Instability and Response to Immune Checkpoint Inhibitors

Finally, while MSI/dMMR reflects tumor genomic instability, it is not the only marker of response
to ICI. Tumor mutational burden (TMB) has been described as predictive of response to ICI, in the
subpopulation of MSI/dMMR mCRC [78], but not exclusively [79]. In dMMR CRC, due to frameshift
mutations leading to abnormal truncated protein products, several immunogenic neoantigens are
generated and explain the high number of tumor-infiltrating lymphocytes in these tumors [80].
For example, cytotoxic T lymphocytes specific to a neoantigen derived from TGFbetaRII frameshift
mutation have been identified in dMMR CRC harboring this mutation [81]. Two triggering signals
are required to initiate adaptive immune response by T cells: MHC-antigen (major histocompatibility
complex) peptide recognition by the T-cell receptor and costimulation via a collection of receptors
interacting with related ligands on antigen-presenting cells (APCs), thereby avoiding T-cell anergy [82].
CD28 is an example of costimulatory (positive) molecules and is constitutively expressed on the T-cell
surface. It binds to B7.1 (CD80) or B7.2 (CD86), which are expressed on APCs and provides the positive
costimulatory signal required for T-cell activation and survival [83]. In contrast, B7 molecules also
interact with cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), which is expressed on T cells,
to which it transmits an inhibitory costimulatory signal. In many cancers, especially dMMR/MSI
mCRC, ligands of co-inhibitory immune checkpoint receptors are upregulated in a cancer cell or
tumor microenvironment, leading to T-cell functional exhaustion and unresponsiveness (a state of
anergy), and therefore to loss of tumor growth control (tumor escape). Other well-known immune
checkpoints include PD-L1/PD-1, MHC class II and lymphocyte activation gene 3 (LAG-3), and galectin-9
and mucin domain-containing protein-3 (TIM-3). These interactions allow negative feedbacks and,
using this rationale, several immune checkpoint inhibitors have been developed for cancer treatment
(mAbs blocking co-inhibitory immune checkpoint receptors or their ligands). Indeed, hypermutated
dMMR/MSI mCRCs, i.e., with high neoantigens load, have high sensitivity to immune checkpoint
inhibitors, which reactivate cytotoxic T cells to kill dMMR/MSI tumors cells.

Alteration in POLE gene (DNA polymerase epsilon), observed in ≈0.5% of CRCs [84] can
be detected somatically or constitutionally and is also responsible for tumor genomic instability,
with an ultramutator phenotype and high TMB [85]. POLE encodes the major catalytic and proofreading
subunits of the Polε DNA polymerase enzyme complex. The proofreading (exonuclease) function
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locates and replaces erroneous bases in the daughter strand through failed complementary pairing
with the parental strand. High-fidelity incorporation of bases by POLE, coupled with its exonuclease
proofreading function, ensures a low mutation rate. Clinically, patients in the POLE ultra-mutated
group have been reported to have high sensitivity to ICI [85]. Recent reports suggest an overlap
between dMMR and MSI status and POLE mutation.

A study has evaluated the relationship between MSI/dMMR, TMB, and PD-L1 expression in
approximately 2000 tumor samples (1395 CRCs) [86]. About one-third of the MSI cases, all types of
cancers combined, had TMB-low and only 26% of the MSI cases had positive PD-L1 status. All in
all, only 0.6% of cancers combined the three positive markers (MSI, TMB high, and PD-L1 positive),
although overlaps varied according to tumor type. Only 1.3% of CRCs combined the three positive
markers (MSI, TMB high, and PD-L1 positive) but 5.7% were MSI, 6.7% TMB high, and 7.2% PD-L1
positive. In this CRC population, 5.4% of overlap MSI and TMB high and 1.6% of overlap MSI and
PDL1 positive were observed [86]. For the moment, PD-L1 expression is not a proven biomarker to
select mCRC patients for treatment with ICI [87] and TMB determination is too time-consuming and
expensive for routine clinical practice. In spite of not being perfect, dMMR/MSI remains an established
marker of response to ICI in mCRC and its determination is crucial [12]. Nevertheless, in mCRCs with
discordances between IHC of MMR proteins and MSI, molecular testing determination of TMB could
help to select mCRC patients for treatment with ICI. New biomarkers to select mCRC patients eligible
for ICI are under investigation, especially immunoscore, which is being prospectively evaluated by
our group in the Pochi trial (xelox, bevacizumab plus pembrolizumab in pMMR/MSS mCRC with
high immunoscore).

Finally, molecular alterations associated with dMMR/MSI tumors, other than impairment of
the four core MMR proteins, have recently been described. These alterations mostly impact histone
methyltransferase or demethylase, with examples such as depletion of chromatin regulator SETD2
(set domain containing 2, methyltransferase) or deletion of FANCJ (Fanconi anemia, helicase) or
overexpression of KDM4 (H3K36me2/me3 demethylase), which reduces the abundance of MSH6 [88–90].
In the Awwad et al. study, KMD4 overexpression led to disruption of MSH6 foci formation during
S phase by demethylating its binding site, and resulted in a DNA mismatch repair system [90].
Genes involved in histone modification, such as SETD2, were significantly more mutated in older
patients (≥65 years) and this enzyme modifies histone proteins associated with DNA that control the
regulation of gene expression and DNA replication and prevent the association of MMR proteins with
damaged DNA, thereby preventing DNA mismatch repair [91].

7. Perspectives of MMR Immunohistochemistry and DNA Microsatellites Testing

Aside from multiple tumor area testing and systematic double screening by MMR IHC and MSI
tests, there are other ways to avoid false positives or false negatives, such as exploration of other
microsatellite markers.

7.1. The Role of HSP110 Protein in the Diagnosis of Microsatellite Status

HSP110, a chaperon protein with a T17 mononucleotide repeat located within intron 8, described
in CRC in 2011, shows a remarkably monomorphic profile in non-tumor tissue and is an interesting
candidate for microsatellite instability assessment with IHC and in molecular biology (Figures 7
and 8) [69,92]. Buhard et al. have suggested that HSP110 T17 deletion is present in all true dMMR/MSI
cases and should be used as a complementary test in discordant cases [69]. Indeed, from 70 patients
with CRC considered to be at high risk of LS, 46 displayed unambiguous MSS status with the pentaplex
panel and no aberrant HSP110 was detected in 45 of these 46 tumors (98%). For one patient with
aberrant HSP110, MSI status was confirmed by IHC showing loss of MSH2 expression in the tumor.
By contrast, in the Kim et al. study, 12% (n = 20/168) of MSI CRCs were not associated with instability of
HSP110 T17 [93], however, based on our experience, establishment of HSP110 status by IHC or molecular
technique (HSP110 T17 deletion) does not show 100% correlation and molecular determination of
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HSP110 T17 deletion can be difficult. Finally, while more data are needed before using HSP110 T17 in
routine clinical practice for MSI status determination, HSP110 T17 could be of help in difficult cases.

Figure 7. Immunohistochemistry of HSP110. (A) HSP110 expressed, ×20 and (B) loss of expression of
HSP110, ×20.

Figure 8. Cont.
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Figure 8. Microsatellite instability testing of HSP110 T17. (A) MSS tumor with T16/T16 phenotype
(major peak at 147 bp) and (B) MSI tumor with large deletion of HSP110 T17, patient with a T16/T17
phenotype (peaks at 147 and 148 bps in the polymorphic zone). The major peak selected to determine
size of the deletion is the peak at 147 bps and the black arrow corresponds to a deletion of 4 bps.

7.2. A Larger Panel of Microsatellites for Better Detection of Instability

To improve MSI detection, another way is to analyze a large panel of microsatellites instead of only
five (i.e., pentaplex or Bethesda panels). Next-generation DNA sequencing (NGS), now routinely used
for determination of molecular alterations in most cancers, can allow comprehensive investigation of
multiple microsatellite loci simultaneously, while using appropriate computational tools. Several tools
have been developed and compared to standard procedures [70,94,95]. The mSing method incorporating
from 15 to 2957 microsatellite markers, has demonstrated 96.4% to 100% sensitivity and 97.2% to
100% specificity as compared to the pentaplex panel [94]. MSIsensor and MANTIS (microsatellite
analysis for normal tumor instability), other computational tools for MSI detection with NGS, have also
demonstrated their feasibility, although requiring non-tumor DNA [95,96]. MSIsensors scan a reference
genome to locate homopolymers and microsatellites and then record homopolymers of at least 5 bp
length and microsatellites of maximum repeat unit length five from the reference genome and each site
is saved in a loci file for subsequent analysis. MANTIS uses a set of mono- to penta-nucleotide repeat
microsatellites to detect MSI, by individually computing and aggregating the differences between the
allele length distribution of each locus of matched tumor and normal samples to achieve an average
distance score (zero, fully stable and two, fully unstable); a score threshold of 0.4 is recommended to
diagnose MSI in tumors. MANTIS has displayed superior performance compared to the other tools
(MANTIS, MSISensor, and mSINGS), having the highest overall sensitivity and specificity, even with
loci panels of varying size. Nevertheless, interest in classifying cases with discordant MMR IHC and
MSI results has never been explored. Moreover, NGS experiments are time-consuming and more
expensive than standard MMR IHC/MSI techniques, notably due to the complex bioinformatic analysis
required. The benefit and the place of this technique in this indication, therefore, remain to be precisely
determined [97].

7.3. Tumor Circulating DNA to Overcome Tumor Heterogeneity

As previously highlighted, correct identification of dMMR and MSI status can be impaired by
tumor heterogeneity, samples with few tumor cells or discordance between the two tests. Analysis
of circulating tumor DNA (ctDNA) could be another method likely to easily determine MSI status.
Tumor DNA is released into the bloodstream by exosome, secretion or necrosis and apoptosis. ctDNA
allows direct analysis at a given time of all the molecular alterations present in the tumor and the
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metastases, in a minimally invasive way (blood test). To our knowledge, only two studies have
reported the detection of MSI status using ctDNA [98,99]. In the Deng et al. study, 13 MSI CRCs based
on standard MSI analysis (six mononucleotides: NR-27, NR-21, BAT-26, BAT-25, NR-24, and MONO-27),
were correctly classified “MSI” using the NGS technique on tumoral tissue (analyses of the same
microsatellite loci). On ctDNA of the same 13 patients, the standard MSI technique (by PCR) failed
to detect MSI status while the NGS technique on ctDNA (the same as the one used for the tissue)
correctly identified all MSI cases [98]. In the second study with pan-cancer, ctDNA testing using the
Guardant360 (Guardant Health Clinical Laboratory, Redwood City, CA, US) NGS kit incorporating
99 putative microsatellite loci, accurately detected 87% (71/82) of tissue MSI-H and 99.5% of tissue
microsatellite stability (863/867) with an overall accuracy of 98.4% (934/949) [99].

ctDNA testing allows non-invasive MSI testing at diagnosis and also provides an opportunity to
follow the kinetics of MSI status. Monitoring MSI status at several time-points of tumor progression,
especially at treatment start and at relapse or progression, may be of major interest for monitoring
response to ICI (i.e., selection of pMMR/MSS subclones?) [100]. ctDNA testing could also help with
regard to the tumor heterogeneity issue as it reflects all the tumor subclones at a specific time [101].
Multiple samplings would not be necessary as a single blood sample could detect all major clones
located in the primary tumor and metastases as well. Nevertheless, as of now, we do not know whether
dynamic change of MSI during carcinogenesis exists. Finally, as MMR IHC and MSI discordances
are sometimes caused by insufficient sample quality or tumor cell quantity, ctDNA testing could also
be an interesting substitute [102]. Nevertheless, more data are needed to validate MSI detection by
ctDNA before application in routine clinical practice, which is ongoing in trials using ICI in dMMR/MSI
tumors [98].

New techniques for MSI assessment will probably help to more accurately diagnose dMMR/MSI
CRC and classify discordant cases such as MSI or MMS. However, while increasing the number of
markers to define the MSI status, prognosis of the technique may not significantly improve. On the
contrary, false positives may arise. Detection of cases with a low level of instability may be useful but
can also be without a relevant impact on routine clinical practice. Indeed, one of the urgent questions to
be addressed would be whether discordant cases or those with a low level of microsatellite instability
could benefit from immune checkpoint inhibitor.

8. Conclusions

MMR/MSI screening is crucial not only for LS screening but also in therapeutic management,
especially since the ICI revolution [89]. Indeed, patients with dMMR/MSI tumor have drawn a major
benefit from immunotherapy, whatever the tumor type, with a rate of disease control reaching 80%
and overall survival superior to three years in chemoresistant mCRC cases [10,12,103]. Consequently,
all mCRCs should be tested for MMR and MSI status.

Since ICI is ineffective in pMMR/MSS CRC, as well as expensive and liable to induce severe side
effects, it is essential to avoid false positive dMMR/MSI and false negative pMMR/MSS, and also to
classify discordant cases (pMMR/MSI and dMMR/MSS) [104]. As recommended in recent trials with
ICI, screening for ICI treatment in mCRC can be done by means of one test, MSI or MMR IHC, but in
the case of a positive test or difficulties interpreting the results, the second test should be performed
before treatment with ICI to confirm concordant dMMR/MSI results [67,68].

All the pitfalls of the different techniques must be known and any discordances should be
investigated, in order to achieve the following: 1-control MMR IHC and MSI results, 2-check sample
quality, 3-perform new tests on multiple tumor areas or sites, 4-test other microsatellites or ctDNA if
techniques are available (or else, send sample to an expert team), and 5-perform MMR germline testing
in the case of suspicion of LS. Indeed, rates of “true” discordant cases remain low. New techniques for
MSI assessment (NGS, ctDNA, etc.) will probably help to more accurately diagnose dMMR/MSI CRC,
which is a major challenge for these patients to have access to immunotherapy.
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Abstract: Dysregulation of pH in solid tumors is a hallmark of cancer. In recent years, the role of
altered pH heterogeneity in space, between benign and aggressive tissues, between individual cancer
cells, and between subcellular compartments, has been steadily elucidated. Changes in temporal
pH-related processes on both fast and slow time scales, including altered kinetics of bicarbonate-CO2

exchange and its effects on pH buffering and gradual, progressive changes driven by changes in
metabolism, are further implicated in phenotypic changes observed in cancers. These discoveries
have been driven by advances in imaging technologies. This review provides an overview of intra-
and extracellular pH alterations in time and space reflected in cancer cells, as well as the available
technology to study pH spatiotemporal heterogeneity.

Keywords: tumor microenvironment; interstitial pH; acidosis; tumor heterogeneity; magnetic resonance
imaging; hyperpolarized 13C MRI; carbonic anhydrase; lactic acid; positron emission tomography

1. Introduction

In their seminal paper on the hallmarks of cancer [1], Hanahan and Weinberg proposed several
common features of neoplasia, largely caused by genomic changes, that promote tumor development.
Although genetic mutation is a necessary component of tumorigenesis, this must necessarily be
accompanied by disruptions in cellular homeostasis, reflected in changes in metabolism and transport,
which can be adapted according to cellular needs. These modifications both craft what has been
referred to as the 'tumor microenvironment”, an extracellular milieu that further promotes tumor
development and inhibits antitumor immune activity, as well as cell–cell heterogeneity within tumors,
which a growing body of research is supporting as a crucial factor in understanding overall tumor
function [2].

Alterations in pH in cancer represent one of the principal known disruptions in cellular and tissue
homeostasis. While initial interest was sparked by the observation that tumor tissues are significantly
more acidic than their normal counterparts, recent research has delved into how intracellular and
extracellular pH changes play a role in promoting tumor initiation, growth, survival, and metastasis.
The body of research on pH suggests that global measurements of pH do not capture the full story;
rather, the ability of cells to tune pH locally between organelles or between cells, as well as to respond
to kinetic changes affecting pH, plays a crucial role in the development and maintenance of the
cancer phenotype.

In this review article, we will summarize known findings on pH alterations in cancer and
suggest how spatiotemporal heterogeneity in pH works to promote tumor survival and progression.
We will also discuss the available methodologies for measuring pH on spatial and temporal scales,
as well as potential opportunities for further technical development in elucidating how pH influences
tumor behavior.

Cancers 2019, 11, 1026; doi:10.3390/cancers11071026 www.mdpi.com/journal/cancers285
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2. pH Heterogeneity in Space

Interstitial acidification in cancer has been known for several decades, based upon electrode
pH measurements [3]. More recently, it has been suggested that interstitial acidification may be
accompanied by cytosolic alkalinization. There is also growing interest in the altered pH of subcellular
compartments, including endosomes and lysosomes. Several excellent reviews have summarized
properties and associated phenotypic changes of both intra- and extracellular pH in the context
of cancer [4–6]. Some salient details will be mentioned here. Normal tissue may demonstrate an
intracellular pH (pHi) and an extracellular pH (pHe) of about 7.2 and 7.4, respectively. In cancer, pHe

decreases to 7.0 or lower, leading to a reversal in the pHi–pHe gradient across the cell membrane.
Somewhat more controversial is the claim that pHi significantly increases in the context of cancer,
although in silico models based upon enzymatic pH-dependent activity profiles suggest that an
alkaline pHi confers maximal cell proliferation, upregulated glycolysis, and survival under hypoxia [7].
Changes in pH are closely linked with alterations in membrane transporter expression and function,
which change transport kinetics of protons and small ions including sodium, chloride, bicarbonate,
and lactate [8]. As will be discussed, pHi,e changes can lead to altered protein behavior and are
associated with many phenotypic changes in cancer progression, including invasion, proliferation,
stemness, aggressiveness, immune suppression, vascularization, and metastasis. Figure 1 summarizes
pH-related changes in transporter expression, protein function, and cellular phenotype that are
associated with cancer.

 

Figure 1. Spatiotemporal pH heterogeneity in cancer. Upper right inset: Proton extrusion mechanisms
(red arrows and labels) employed by tumor cells include transport proteins such as monocarboxylate
transporter 4 (MCT4), sodium-proton exchanger 1 (NHE1), or vacuolar-type ATPase. Alternatively,
protons can be titrated with imported bicarbonate (HCO3-), which then diffuses out of the cell as CO2.
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Carbonic anhydrase 9 (CAIX) and potentially other extracellular isoforms catalyze bicarbonate-CO2

exchange in order to reduce CO2 back-diffusion into cells and induce interstitial proton release. High
proton extrusion flux leads to an acidic pHe. Cells may also experience systemic fluctuations in CO2

(green arrows and labels), which induces pHi fluctuations in cells expressing intracellular carbonic
anhydrase isoforms. Upper left inset: Variations in pH lead to alterations in protonation states
of proteins with pH-sensitive amino acid residues, thereby causing structural changes that affect
protein function. Middle inset: Cancer cells may alter pH on a subcellular basis. Intracellular and
extracellular pH spatial heterogeneity can promote focal adhesion formation and/or degradation for
cellular migration. Additionally, altered lysosomal pH can facilitate drug resistance. An acidic pHe is
associated with immune cell anergy, drug localization to the extracellular space, and extracellular matrix
remodeling. Lower section: pH heterogeneity may also exist on the level of tissues. Certain tumor cells
may lower their pHi in order to reduce proliferation and maintain capacity for differentiation. pHe

gradients can be sculpted in a tumor depending on metabolic differences between cells (e.g., glycolytic
vs. oxidative metabolism) in combination with the proton extrusion mechanisms employed. Finally,
systemic CO2 fluctuations can alter pH depending on CA expression and localization.

2.1. Protonation as a Post-Translational Modification

Modulation of protein function based on pH represents a regulatory mechanism that can be rapid
as well as locally constrained. Small changes in local pH can significantly affect the ratio of protonated
versus deprotonated amino acid residues on a protein, depending on the acid dissociation constant
(pKa) of the side chain. Thus, single amino acid mutations in which the side chain pKa moves in
or out of the physiological pH range (e.g., arginine to histidine, or vice versa) can result in either
a gain or loss of protein pH sensitivity. These pH-related changes in function are well-described
for particular proteins in a recent review [9]. A few examples are detailed below. Proteins that
contain pH-sensitive residues or domains affecting activity include calcineurin [10], sodium-proton
exchanger 1 (NHE1) [11], cofilin [12], talin [13], and cancer signaling proteins including endothelial
growth factor receptor (EGFR), and transcription factor p53 [14]. Proteins found in the extracellular
space, notably proteases such as matrix metalloproteinase 3; urokinase-type plasminogen activator; and
cathepsins B, D, and L, also exhibit pH-dependent activity and may in fact only be activated at low pHe

values [15]. Interestingly, arginine-to-histidine mutations feature prominently in a subset of cancers,
including acute myeloid leukemia, colorectal, esophageal, low grade glioma, kidney chromophobe,
medulloblastoma, pancreatic, prostate, stomach, and uterine malignancies, suggesting that these
cancers may have accompanying changes in pHi to regulate protein activity [16]. Thus, by tuning pH
locally and temporally tumors can alter intracellular and extracellular protein functionality.

2.2. Intracellular pH

Generally speaking, interest in pHi changes (including subcellular compartments other than the
cytosol) has surrounded alterations in protein expression and function as a result of protonation state.
We will discuss cellular changes that result from intracellular pH alterations.

2.2.1. Spatial Regulation of Protein Activity via Subcellular pH Heterogeneity

Localized control of pHi within subcellular compartments can be accomplished based upon
expression and localization of proton and other ion transporters. Spatial heterogeneity in pHi can
therefore contribute to phenotypic hallmarks of cancer. During cell migration, a high pHi at the
cell front induces formation of focal adhesion complexes, mitigated in particular by pH-dependent
talin-actin binding [13], whereas a low pHi at the cell rear promotes focal adhesion destabilization as
well as myosin contraction [15]. Localization of NHE1 or MCT4 at the leading edge of migration can
generate the higher pHi required for cellular adhesion. Endosomes and lysosomes have a markedly
reduced pH compared to the cytosol (6.2 and 4.5–5.0, respectively) [17], and the degree of acidity
plays a crucial role in regulating lysosomal protein function. Lysosomal pH within tumor cells may
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therefore provide information regarding chemotherapeutic resistance, as increased vacuolar-type
ATPase (V-ATPase) expression is linked with drug localization in lysosomes [18].

2.2.2. Intercellular pHi Heterogeneity within Tumors

An intriguing area of investigation involves the influence of pHi in cellular heterogeneity within a
tumor. This is because an individual cell’s fate and function can be strongly affected by pHi. Studies of
pHi in the context of eye development in Drosophila melanogaster has revealed that increased proton
efflux and a resultant rise in pHi are sufficient to induce dysplasia, and that proton efflux inhibition in
cancer cell lines induces lethality [19]. Additionally, extracellular ATP was shown to cause intracellular
acidification in prostate cancer cells, leading to growth arrest via disruption of Ca2+ homeostasis [20].
pHi is tightly regulated, and pharmacologic inhibition of proton export significantly reduces tumor
growth [21]. These studies suggest a link between a high pHi and oncogenic events and proliferation in
mammalian cells. However, pHi plays a role in both normal development and oncogenesis. Increases
in pHi were shown to be necessary for the efficient differentiation of both Drosophila follicle cells
and mouse embryonic stem cells. Presumably, cancer stem cells might tend to promote a lower pHi

than surrounding cancer cells in order to prevent differentiation until necessary. Thus, measuring pHi

heterogeneity between cells in a tumor mass could potentially distinguish functional regions of the
tumor for the purpose of designing therapeutic strategies to disrupt intercellular symbiosis.

2.3. Extracellular pH

Far from being merely a side-effect of increased metabolic fluxes, the lower pHe observed in tumors
can also vary spatially, forming gradients within the interstitial space as well as cooperating with the
alkaline pHi to generate a tumor environment favorable for therapeutic resistance and metastasis.
We will briefly discuss the current mechanisms underlying interstitial acidification, then summarize
the effects of pHe spatial heterogeneity on tumors.

2.3.1. Metabolic and Physiological Contributors to Spatial Gradients and Acidic pHe

Interstitial acidification, independent of its tumor-promoting properties, is generally viewed as
a byproduct of altered metabolism coupled with changes in perfusion within tumors. Free protons
diffuse with a diffusion constant of ~1 × 10−4 cm2/s, which is fast enough compared to proton export
rates to diminish the formation of spatial gradients outside the cell. However, proton diffusion through
gels simulating the extracellular matrix has been measured as ~6 × 10−6 cm2/s [22], almost two orders
of magnitude slower than free proton diffusion and on the same order as water diffusion through
biological tissue (~2 × 10−6 cm2/s) [23]. This suggests that protons largely diffuse as mobile buffer
species such as phosphate or carbon dioxide. As a cancer grows and outdistances its local blood supply,
tumor regions become hypoxic, although they remain with diffusive distance of glucose [24]. This has
traditionally been understood to lead to HIF-1α stabilization, which in turn induces overexpression of
glycolytic enzymatic subunits (e.g., LDHA), proton-exporting transporters such as monocarboxylate
transporter 4 (MCT4), and carbonic anhydrase 9 (CAIX). Increased lactate metabolic flux coupled
with proton-lactate co-export via MCT4 is generally accepted to be a major mechanism of interstitial
acidification, with a variety of other mechanisms also contributing (Figure 1). For example, V-ATPase
and MCT4 are both major acidification mechanisms in human breast cancer cell lines [25]. Acidification
has also been shown to occur in glycolysis-deficient Chinese hamster cells [26,27], suggesting that
proton export pathways independent of lactate play a major role in this particular model. Therefore,
depending upon the genetic and metabolic state of the tumor, a variety of mechanisms contribute to
interstitial acidification.

Recent studies have suggested that pHe gradients may be present throughout a tumor mass,
and that these gradients, as well as the pHi–pHe gradient across the cell membrane, promote tumor
growth and survival. Experimental evidence suggests that free proton diffusion through tumor
interstitium is very small and that the majority of proton diffusion takes place by way of mobile
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buffers [22]. It has been hypothesized that various interstitial acidification mechanisms may be
present throughout a tumor mass depending on oxygen/metabolite availability, transporter expression,
and carbonic anhydrase (CA) activity, contributing to a pH gradient throughout the tumor [6].
Additionally, stromal cells near a lesion may shape pHe gradients by forming a syncytium that can take
up acidic byproducts and transport them away from the site of metabolism, as has been demonstrated
in co-cultures of myofibroblasts and colorectal cancer cells [28]. An intriguing area of research is the
contribution of CAIX to gradient sculpting of both pHi and pHe within cell spheroids and in vivo
xenografts. HCT116 human colon carcinoma spheroids transfected to constitutively express CAIX
diminish pHi gradients between the spheroid core and periphery [29] while simultaneously increasing
pHe gradients [30]. When these cells were implanted in a mouse and imaged with a 1H MRSI pH agent,
the resulting tumors only demonstrated voxel pHe values below 6.93, suggesting that CAIX acts as a
“pH-stat” and keeps pHe below a certain level [31]. Another interesting finding is that acid-extruding
bicarbonate transporters such as solute carrier family 4, members 4 and 9 (SLC4A4 and SLC4A9) are
hypoxia-inducible and are therefore likely expressed along with CAIX in hypoxic tumor regions [32].
Mathematical modeling of bicarbonate-CO2 exchange, diffusion, and cellular metabolism predicts
that the effect of CAIX catalysis on pHi and pHe heterogeneity is strongly dependent upon metabolic
pathways and proton transport mechanisms. Whereas cells that mainly produce CO2 or import HCO3−

to titrate intracellular protons benefit greatly from higher CAIX activity, cells which export protons
directly are minimally or even negatively affected by expressing CAIX [33]. Thus, interactions between
cellular metabolism, proton export, CO2 diffusion, and bicarbonate-CO2 interconversion all give rise to
the pHe observed in tumors.

2.3.2. Acidic pHe Can Alter Tumor Metabolism

Interstitial acidification that may be caused by altered metabolism can in turn affect metabolic
pathways. Ippolito et al. discovered in a prostate neuroendocrine carcinoma (PNEC) cell line that
glutamate decarboxylase (GAD) activity in cell lysates increased when the cells were incubated in acidic
media (pH 6.5) and decreased in alkaline media (pH 8.5) [34]. Interestingly, glutamate-ammonia ligase
(GLUL) demonstrated higher activity in both acidic and alkaline media relative to physiologic pH
(pH 7.4). The measured activities correlated with changes in protein expression as well. In a following
study, the group discovered that altering the culture media pH significantly altered metabolic pathways
in the same cell line, with acidic pH favoring oxidative phosphorylation and alkaline pH stimulating
nutrient consumption [35]. In keeping with this finding, they demonstrated that PNEC and human
prostate cancer cell lines were more susceptible to niclosamide inhibition of mitochondrial function at
acid pH and more susceptible to nutrient deprivation at alkaline pH. These findings are intriguing
in that they suggest that pHe measurements can aid in identifying metabolic heterogeneity within a
tumor in order to devise therapeutic strategies against tumor subregions.

2.3.3. Spatial pHe Gradients Promote Healthy Cell Death, Tumor Aggressiveness, and Therapeutic
Resistance

Spatial regulation of tumor pHe has a profound impact upon tumor aggressiveness, survival,
and treatment resistance. The lower tumor pHe forms a gradient with the less acidic interstitium of
normal tissue, promoting a net proton flow that may in turn induce normal cell toxicity [36]. Normal
cells may be unable to cope with the acid load because they are less able to remove intracellular
protons as effectively as tumor cells. The resulting interstitial acidification could activate caspase
activity, leading to apoptosis [37]. Interestingly, loss of p53 in cancer cells seems to protect against
acidic pHe-dependent induction of apoptosis as well [38]. Spatial fluctuations in pHe can affect cellular
migration and invasion. Prior in vivo studies of breast and colon cancer cells implanted in mice have
established that tumors grow preferentially along gradients of decreasing pHe, and that overexpression
of glucose transporter 1 (GLUT1) and NHE1 transporters at the leading edge drives invasion [39].
The high transmembrane pHi–pHe gradient can also act as a defense mechanism against weakly basic
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chemotherapeutic agents, since these will preferentially protonate in the interstitium, pick up a net
positive charge, and be prevented from cell internalization. This likely explains why extracellular
alkalinization via bicarbonate buffer therapy was shown to enhance doxorubicin (pKa = 7.6) uptake
in MCF-7 xenografts in vivo [40]. Several effects of acidic pHe on antitumor immune cell activity
have been documented. Acid pHe-dependent lactate import can induce anergy in human cytotoxic
T-cells in vitro [41], and pH neutralization in vitro reverses anergy for human and murine infiltrating
T-lymphocytes [42]. Acidosis leads to greater antigen uptake and presentation in dendritic cells
(DCs) [43]; however, tumor-derived lactate could also play a role in inducing a tumor-favorable
phenotype in DCs [44]. Bicarbonate therapy leads to more effective tumor cell killing by natural killer
(NK) cells, suggesting a role for pHe in modulating NK cell activity [45]. Finally, low pHe also affects
cellular differentiation status. Acid pHe promotes the expression of glial stem cell markers [46] and
promotes epithelial-to-mesenchymal transition in Lewis lung carcinoma cells [47].

Because transmembrane proton exporters and CA isoforms play a prominent role in cancer, several
inhibitors have been designed against these targets. A good review on CA inhibitors has been written by
Singh et al. [48]. Other inhibitors include amiloride derivatives against NHE1, proton pump inhibitors
(PPIs) against V-ATPase, and MCT inhibitors such as 4,4′-di-isothiocyanostilbene-2,2′-disulfonate
(DIDS) [49]. Additionally, a large body of literature exists on designing pH-sensitive drug delivery
systems [50] or prodrugs [51] that release the drug or form the active therapeutic agent when they
encounter the acidic tumor microenvironment.

3. pH Heterogeneity in Time

Studying alterations in pH distributions around, between, and within cells does not fully capture
the underlying biological changes in cancer. Alterations in tumor pH happen on various timescales,
ranging from transient, rapid fluctuations to slow, progressive changes. The fast-switching ability of
pH-sensing protons potentially lends itself to respond to rapid changes in pH. Furthermore, tumor
cells are known to undergo hypoxic-normoxic cycles as they outdistance their blood supply [24]. These
cycles likely imply associated changes in pH, which can modulate cell behavior. Additionally, changes
in regulation of carbonic anhydrase isoforms can affect the timescale of transient pH changes and thus
increase or decrease tumor cell sensitivity to pH transients. The study of pH modulation kinetics
represents an intriguing area of tumor biology that is only beginning to be elucidated. Finally, pHi,e in
solid tumors can change over the course of disease progression in order to suit the changing needs
and objectives of tumor cells. The following section highlights salient findings regarding temporal
pH changes.

3.1. Carbonic Anhydrase Kinetics

The changes in protein expression for various isoforms of carbonic anhydrase, notably CAIX, are
well-known for many cancers [52]. As alluded to in Section 2.2.1, CAIX activity can enable higher
metabolic fluxes for rapidly-dividing cancer cells by accelerating HCO3-/CO2-mediated “acid venting”,
which clears away acidic byproducts that might otherwise back up actively-utilized metabolic pathways.
Biological studies and mathematical modeling of lactic acid-producing muscle tissue demonstrate
the role of extracellular carbonic anhydrase in sustaining high metabolic flux and clearance to
blood [53,54]. One of the important features of CAIX in particular is that because its expression is
regulated via HIF1α, it is expressed along with other metabolism-related proteins such as LDHA,
MCT4, and SLC4A4/9. Additionally, although CAIX and other hypoxia-induced proteins can be
expressed through non-canonical HIF pathways, the catalytic activity of CAIX may be enhanced under
hypoxic conditions [55]. As mentioned in Section 2.2.1, CAIX catalysis enhances metabolic fluxes
depending upon the metabolic pathways utilized by cancer cells. Therefore, measuring bicarbonate-CO2

exchange kinetics in vivo could serve as an indicator of metabolic capacity. Gallagher et al. measured
differences in CAIX activity of HCT116 cells with and without constitutive CAIX expression implanted
subcutaneously in mice. Although the CAIX-expressing cells demonstrated a faster rate of conversion
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in vitro, a slower interconversion was observed for these same cells in vivo, which they attributed
to the lower in vivo tumor pHe reducing overall CAIX enzymatic activity [56]. This highlights the
complex phenomena that may contribute to pH regulation in vivo.

3.2. Effects of pHi Transients on Tumor Cells

A very intriguing study was recently performed by Hulikova et al. regarding CA isoforms and
coupling with CO2 fluctuations [57]. The authors discovered that although expression of intracellular
CA isoforms in various cell lines did not enhance proton diffusion throughout the cytosol, they did
sensitize cytosolic pHi to CO2 fluctuations, enabling it to oscillate in response to oscillating pCO2.
Mathematical modeling of pCO2-pHi coupling revealed that the downregulation of intracellular CAi

acted as a sort of low-pass filter, reducing the amplitude of more rapid pHi fluctuations. Intriguingly,
the mammalian target of rapamycin complex 1 (mTORC1) pathway activation as measured by lower
ribosomal protein S6 kinase (S6K) phosphorylation was achievable by exposing HCT116 cells to sharp
pCO2 fluctuations, whereas phosphorylation state did not significantly correlate with the average
pHi. CA inhibition with acetazolamide or knockdown of intracellular carbonic anhydrase 2 (CAII)
significantly altered S6K phosphorylation state. The authors concluded that this coupling between
pCO2 and pHi represents a potent signaling mechanism that can alter cellular activity, particularly
for intracellular CA-expressing tumor cells experiencing rapid pCO2 fluctuations. The authors also
suggested that downregulation of CAi isoforms may confer a survival advantage of tumor cells over
healthy cells, allowing them greater control over pHi as pCO2 fluctuates. At the same time, they
proposed that cancers cells with high CAi activity near aberrant blood vessels experiencing sharp pCO2

fluctuations would experience mTOR-dependent changes in metabolism and perfusion, elicited by
changes in intracellular [Ca2+]. These results suggest that a technique that can measure temporal pHi

fluctuations could identify tumors or tumor regions that are activating particular oncogenic pathways,
thereby facilitating tumor characterization. It also proposes a mechanism by which pH-sensing proteins
could become activated or deactivated by temporal pH changes.

3.3. Tumor pHe Decreases Over Time During Tumorigenesis and Disease Progression

While rapid fluctuations in tumor pHi,e may regulate cancer cell function and metabolism, pHi,e

changes over a slower time scale (e.g., weeks to months) may play an important role in cancer
progression. For example, it has been demonstrated that changes in pancreatic pHe result from chronic
inflammatory pancreatitis and after secretin administration, and it has been hypothesized that this
could drive pancreatic cancer development [58]. This hypothesis is further supported by evidence
that low pHe is associated with local invasion [39] and metastatic disease [59]. Moreover, alterations
in metabolic phenotype, including increased production of lactic acid, are upregulated in disease
progression, thereby inducing a higher degree of acidosis (Figure 1). These indirect lines of evidence
suggest a temporal link between changes in tumor pH and an invasive, metastatic phenotype.

The hypothesis that tumor pHe decreases during disease progression could be directly tested in
spontaneous genetically engineered models (GEM), which allow monitoring of tumors from early
precursors to high-grade, metastatic, lethal tumors [60]. Recently, we have evaluated the pHe of the
Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP) model in both early- and late-stage
tumors. This is a spontaneous GEM which proceeds from hyperplasia to low-grade tumors, ultimately
progressing to high-grade disease, metastasis, and death [61]. We hypothesized that pHe would
decrease based on prior data indicating increased production of lactic acid in high-grade tumors [62],
as well as the observation that treatment with sodium bicarbonate blocked tumorigenesis in this
model [63]. Supporting the hypothesis, we found that there was a significant decrease in pHe in
mice bearing high-grade tumors compared against low-grade counterparts [64]. Therefore, there is an
accumulating body of both indirect and direct evidence supporting the hypothesis that a temporal
decrease in pHe could represent a biomarker of tumor disease progression.
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4. Techniques to Measure pH Spatiotemporal Heterogeneity

The interstitial acidification that accompanies cancer was first discovered using pH
microelectrodes [3]. Today, many methodologies exist for studying pH changes in time and space,
covering a wide range of modalities, including nuclear methods such as positron emission tomography
(PET) and single-photon emission computerized tomography (SPECT), fluorescence, and magnetic
resonance. The principles underlying chemical agents that detect pH changes are summarized in
Figure 2. These techniques rely on a variety of mechanisms to generate image contrast, and they
operate over a wide range of spatial resolution scales. To the best of our knowledge, the only techniques
that have reported tumor pHe in patients are microelectrodes (5.85–7.68 over many tumor types) [3],
11C-DMO PET (6.88–7.26 in brain tumors/metastases) [65], and acido-chemical exchange saturation
transfer (acidoCEST) MRI (6.58 in metastatic ovarian cancer) [66]. In this section, we will briefly
summarize the range of techniques available for studying pH heterogeneity; these have also been
discussed in a recent review [67].

Figure 2. Mechanisms of pH measurement in cells and tissues. As a general rule, a pH-sensing agent
must contain at least one functional group with a pKa within the physiological range of detection to
generate image contrast. (a) Agents may demonstrate pH-dependent cell binding or uptake. In this
case, a pH decrease can trigger a change in cell permeability, membrane binding, or release of a
prodrug agent which can bind to cells. Importantly, absolute pH quantification is not possible. This
approach is used primarily for pH imaging with positron emission tomography (PET) or single-photon
emission computerized tomography (SPECT). (b) MR-based agents may interact with water protons in a
pH-dependent manner, in which pH induces changes in relaxivity or in exchange (as in acido-chemical
exchange saturation transfer, acidoCEST). (c) The protonated and deprotonated states of an agent may
emit different electromagnetic frequency waves. In this case, the ratio of emission between the two
wavelengths can be used to determine the pH. This approach is relevant to fluorescent-based pH probes
as well as hyperpolarized (HP) [13C]bicarbonate. (d) If the kinetic rate of protonation–deprotonation
is much faster than the absolute frequency difference between emission wavelengths, the agent will
exhibit a frequency shift rather than two distinct emission wavelengths. The observed frequency
depends on the relative populations (ρ) of protonated and deprotonated states, thereby giving the pH.
This approach describes pH imaging with MR spectroscopic techniques (1H, 31P, HP 13C).

4.1. Fluorescence-Based Measurements

Various fluorescent dyes and proteins exhibit a wavelength shift upon protonation, enabling
ratiometric pHi,e calculation by measuring fluorescent output at each wavelength. In general,
fluorescence methods including microscopy have very high spatial resolution (<1 μm), allowing
subcellular measurements of pH gradients, although applications to whole animal and clinical
imaging are limited by low penetration of light through tissue. An exemplary review covering
pH-sensitive fluorescent dyes is Han et al. [68]. Generally, pH imaging studies with fluorescent dyes are
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constrained to 60 minutes in length. One notable approach to pH measurement in various intracellular
compartments involves transfecting cells with a genetic construct encoding a pH-sensitive fluorescent
protein (e.g., pHluorin) modified with a targeting domain that will localize the protein to the desired
organelle [69,70]. This approach also extends the imaging timescale beyond that achievable with
fluorescent dyes. The low depth of tissue penetration for fluorescence in the visible spectrum can be
overcome through the use of agents emitting in the near-infrared range, which have a deeper tissue
penetration compared with visible light [71,72], allowing imaging in murine models. A different way
to overcome the tissue penetration limitations of fluorescence dyes in preclinical in vivo studies is
by constructing a dorsal window chamber. Some studies have demonstrated the use of SNARF-1
fluorescent dye with a dorsal window chamber in order to study proton gradients and flow in tumor
tissue [36] and to observe tumor cell migration along pHe gradients [39]. In theory, a similar approach
could be utilized for intraoperative fluorescence imaging of pH in patients, which has been reported
using other fluorescence molecular imaging probes [73], although this has not been reported to date.

4.2. PET/SPECT-Based Imaging Methods

Several radiolabeled tracers have been developed in order to study pHe in vivo, including
11C-dimethyloxazolidinedione (DMO) [65], 11CO2 [74], and 123I-labeled derivatives of malonic acid [75].
One elegant example of probe design is 64Cu-conjugated pH-low insertion peptide (pHLIP), which
anchors the radioisotope into cell membranes in regions where pHe is below 7.0. We have reported the
synthesis of various caged derivatives of 18F-fluorodeoxyglucose (FDG) that demonstrate pHe-sensitive
localization in vivo by caging group release in acidic pHe followed by uptake via glucose transporters.
By using different amine-containing caging groups varying in pKa, we could tune the pH sensitivity
of FDG uptake [76]. PET/SPECT-based approaches can be readily implemented for in vivo imaging
with good spatial resolution (1–2 mm); however, their primary limitation is that they cannot measure
absolute pHe, but only indicate regions below a certain threshold pHe. Although arterial blood
sampling along with imaging can be fit to a model to estimate pH values [65,74], these pH values have
not been correlated with microelectrode measurements. Nevertheless, these techniques may prove to
be useful in a clinical setting if threshold pH values can be demonstrated to sensitively and selectively
identify or characterize lesions.

4.3. MR-Based Techniques

Magnetic resonance offers spectral sensitivity that enables absolute pH quantification with high
tissue penetration depth, making it a well-studied technique for pHi,e measurement. Major techniques
under investigation include spectroscopic methods and chemical exchange saturation transfer (CEST)
based methodologies.

4.3.1. Chemical Exchange Saturation Transfer (CEST)

CEST approaches represent a rapidly-developing field of study for pHe measurement which has
the advantage of high spatial resolution (0.1–2 mm) but potentially low sensitivity; a comprehensive
review has been written by Chen et al. [77]. Generally, CEST techniques are able to measure pHe by
determining relative rates of protonation and deprotonation, typically for amide functional groups
on either endogenous molecules or administered contrast agents. A recent study demonstrated
more robust and accurate measurement of pHe using the acidoCEST method, which relies upon
exogenous contrast agent administration [78]. In an elegant study, Longo et al. combined CEST
pHe measurements with FDG PET imaging, demonstrating an inverse correlation between tumor
pHe and glucose uptake [79]. It is noteworthy that acidoCEST with the FDA-approved CT contrast
agent iopamidol to measure pHe has been demonstrated in patients with high-grade invasive ductal
carcinoma and with metastatic ovarian cancer [66].
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4.3.2. MR Relaxometry

In this method, paramagnetic contrast agents with a predictable, pH-dependent change in
spin-lattice (T1) relaxation time are administered and used to measure tissue pH. A major strength
of this method is high signal-to-noise ratio and spatial resolution (0.2–2 mm); however, a second,
pH-insensitive contrast agent must also be administered to accurately measure pH. For example,
Gillies et al. used a pH-dependant chelate, GdDOTA-4AmP5−, paired with a pH-independent analog,
GdDOTP5−, to generate high spatial resolution maps of tissue pHe in a rat glioma model [80]. A variety
of other agents have been reported [81,82] for this purpose.

4.3.3. MR Spectroscopic Approaches

Magnetic resonance spectroscopy can be used to measure tumor pHi,e by measuring the chemical
shift of a nucleus in a molecule with a pKa close to the physiological range and determining the pH from a
previously-constructed MR titration curve. This has been described for a variety of chemical compounds
and nuclei, including 31P, 1H, and 19F. 31P MR spectroscopy can be used to measure pHi based on the
chemical shift of the inorganic phosphate peak. Administration of 3-aminopropylphosphonate (3-APP)
followed by 31P MR spectroscopy can be used to measure pHe [83–85]. Similarly, 1H MR spectroscopic
imaging of imidazole-containing compounds, notably (±)2-(imidazol-1-yl)3-ethoxycarbonylpropionic
acid (IEPA) [86] and (±)2-(imidazol-1-yl)succinic acid (ISUCA) [31,87,88], can generate in vivo pHe

maps and therefore be used to study pHe heterogeneity. Similar approaches have been reported
with 19F-containing agents [89]. With the exception of 31P, MR imaging approaches can capture pHe

heterogeneity with acceptable spatial resolution (1–2 mm) and in a reasonable timeframe (10–30 min),
however it cannot measure pHi or capture kinetic pH changes. Both these limitations are linked with
low signal-to-noise or contrast-to-noise ratios.

4.3.4. Hyperpolarized (HP) 13C MR Imaging

The dramatic gain in MR signal attainable through dissolution dynamic nuclear polarization
(d-DNP) [90] provides unique opportunities to capture spatial as well as temporal changes in
pHe. Importantly, the ability to polarize, inject, and image multiple agents simultaneously [91] or
in the same imaging session holds great promise for simultaneously measuring pH and related
metabolic or physiological processes, such as glycolysis and perfusion. pHe mapping with
HP [13C]bicarbonate represents the majority of HP pH imaging and has been demonstrated in
tumors [91–93], perfused lungs [94,95], and other tissues [96,97]. pHi can also be quantified from HP
13CO2 produced from [1-13C]pyruvate in organs with high pyruvate dehydrogenase flux, most notably
the heart [98,99]. Although the short T1 of [13C]bicarbonate/13CO2 (~10 s in vivo [91–93,97,100]) poses
a significant challenge for obtaining sufficient spatial resolution, recent advances in hyperpolarization
approaches, including HP precursor decarboxylation [93,94,101], as well as advanced HP imaging
sequences [96,102,103], can provide significant gains in available HP signal and its effective utilization.
Nevertheless, HP image resolution (2–10 mm) is currently coarser than other modalities and MR
approaches. Figure 3 demonstrates hyperpolarized pHe imaging using an optimized [13C]bicarbonate
method along with HP measures of glycolysis and perfusion in the TRAMP mouse model of prostate
cancer. Other 13C-labeled compounds have also demonstrated pH sensitivity that are potentially
amenable to in vivo pHe imaging, including N-(2-acetamido)-2-aminoethanesulfonic acid (ACES) [104],
diethylmalonic acid (DEMA) [105], zymonic acid [106,107], and amino acid derivatives [108]. Notably,
zymonic acid was applied to pH imaging in kidneys and in a mammary tumor model [106].
Taken together, these data demonstrate robust tumor pHe measurements using a variety of HP
13C MRI methods.
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Figure 3. Hyperpolarized imaging of pHe, lactate conversion, and perfusion can be performed in a
single imaging study. Data are shown for a transgenic adenocarcinoma of the mouse prostate (TRAMP)
animal model displaying a consolidated, high-grade tumor confirmed with histology. HP images of
(a) extracellular pH, (b) lactate-to-pyruvate (Lac/Pyr) ratio, and (c) urea signal intensity are shown
overlaid on 1H anatomical images, enabling voxel-to-voxel correlations in order to study the interplay
between metabolism and acidification.

Importantly, high HP signal gains can also be used to measure kinetic phenomena, such as
CA-catalyzed [13C]bicarbonate-13CO2 exchange, on a sufficiently short timescale (0.1–1 s resolution).
Gallagher et al. studied differences in both pHe and bicarbonate-CO2 exchange within HCT116
xenografts that either overexpressed CAIX or did not [56]. The bicarbonate-to-CO2 forward reaction rate
was quantified by selective saturation of the HP 13CO2 resonance. They found that CAIX-overexpressing
tumors demonstrated a pHe that was 0.15 units lower, similar to results in cell spheroids [30], but
a paradoxically slower exchange rate, which they attributed to a pH-dependent reduction in CAIX
activity. It may be possible to measure both pHe and exchange rate in vivo through MR spectroscopic
techniques similar to the ones employed in this study, although the injected HP [13C]bicarbonate must
be given sufficient time to equilibrate if pHe is to be accurately measured.

HP approaches may also enable in vivo kinetic measurements of pHi, which represents a
tantalizing subject of investigation. One elegant example of this was demonstrated in perfused rat
hearts, where hyperpolarized [1-13C]pyruvate was decarboxylated to form 13CO2, enabling intracellular
measurement of pH by comparison with the bicarbonate resonance. The HP bicarbonate/CO2 data
clearly show differences in measured pHi dynamics with and without CA inhibition, suggesting the
ability to quantify CA-catalyzed intracellular bicarbonate-CO2 interconversion [98]. Similarly, HP
13C-labeled organic phosphates formed from [U-13C,U-2H]glucose, including glyceronephosphate
and 3-phosphoglycerate, have been shown to enable pHi quantification in yeast cells [109]. A similar
approach in which a HP 13C-labeled compound is taken up in mammalian cells and subsequently
phosphorylated to generate a pH-sensing moiety that may be feasible. Additionally, an existing HP pH
agent such as a dicarboxylic acid could be derivatized to form an ethyl ester, as has been demonstrated
with [1-13C]pyruvate to enhance blood–brain barrier crossing [110]. The ester groups could then be
cleaved inside the cell to generate the carboxylic acid moieties and regain pH-sensing ability. Both these
approaches may introduce significant toxicity concerns; nevertheless, these or other HP approaches
could open the way to measuring pHi spatiotemporal fluctuations in vivo.

5. Conclusions

Measuring average pH in tumors provides useful information but fails to describe the complex
dynamics of the tumor microenvironment. The spatial heterogeneity surrounding, among and
within cells plays a major role in driving the aggressive tumor phenotype. Rather than serving as
merely a byproduct of altered metabolism, pH variation throughout a tumor generates the necessary
conditions to alter protein functionality throughout cells, preserve cellular differentiation capacity,
reduce therapeutic uptake, shut down antitumor immune activity, and promote cellular migration and
metastasis. In addition, the kinetic processes that influence pH may hold a great deal of information
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regarding tumor initiation, metabolism, and cellular maintenance. Many imaging and measurement
techniques have been developed in order to study both pHi and pHe. Hyperpolarized 13C in particular
holds great promise for capturing both spatial and temporal heterogeneity within tumors based on its
ability to estimate kinetic rate constants in an imaging setting. Further development of these and other
in vivo pH measurement techniques will help to reveal the complex role that proton transport plays in
tumor development and therapy.
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