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Abstract

Purpose We used multiplex immunofluorescence (mlF) to determine whether mitotic rate represents an independent prognos-
tic marker in triple-negative breast cancer (TNBC). Secondary aims were to confirm the prognostic significance of immune
cells in TNBC, and to investigate the relationship between immune cells and proliferating tumour cells.

Methods A retrospective Asian cohort of 298 patients with TNBC diagnosed from 2003 to 2015 at the Singapore General
Hospital was used in the present study. Formalin-fixed, paraffin-embedded breast cancer samples were analysed on tissue
microarrays using mIF, which combined phospho-histone H3 (pHH3) expression with cytokeratin (CK) and leukocyte com-
mon antigen (CD45) expression to identify tumour and immune cells, respectively.

Results Multivariate analysis showed that a high pHH3 index was associated with significantly improved overall survival
(OS; p=0.004), but this was not significantly associated with disease-free survival (DFS; p=0.22). Similarly, multivariate
analysis also revealed that a pHH3 positive count of > 1 cell per high-power field in the malignant epithelial compartment
was an independent favourable prognostic marker for OS (p =0.033) but not for DFS (p =0.250). Furthermore, a high CD45
index was an independent favourable prognostic marker for DFS (p =0.018), and there was a significant positive correlation
between CD45 and pHH3 index (Spearman rank correlation coefficient, 0.250; p <0.001).

Conclusions Mitotic rates as determined by pHH3 expression in epithelial cells are significantly associated with improved
survival in TNBC. mIF analysis of pHH3 in combination with CK and CD45 could help clinicians in prognosticating patients
with TNBC.
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mlF Multiplex immunofluorescence
oS Overall survival

pHH3  Phospho-histone H3

PR Progesterone receptor

TILs Tumour-infiltrating lymphocytes
TMA  Tissue microarray

TNBC Triple-negative breast cancer
Introduction

Triple-negative breast cancer (TNBC), which is character-
ized by the lack of oestrogen receptor (ER), progesterone
receptor (PR) and human epidermal growth factor receptor
2 (HER2) expression [1], is a heterogeneous disease. While
TNBC represents 10-24% of all breast cancer diagnoses
globally, this varies with both geographic location and racial
distribution [2]. In Singapore, TNBC accounts for 11% of
breast cancers [3]. TNBC is typically associated with dis-
proportionately high mortality rates, which result from its
aggressive nature and a general lack of targeted therapies
[4-6]. However, certain genomic sub-groups have a rela-
tively favourable prognosis, further highlighting the hetero-
geneous nature of this disease [7]. To advance the devel-
opment of appropriate systemic measures for patients with
more favourable prognoses, novel prognostic agents that
reliably stratify patients with TNBC are urgently required.
Recently, the relationship between immune infiltrates in
tumour tissues and cancer has attracted substantial inter-
est. TNBC has a robust immune microenvironment, with
a greater abundance of tumour-infiltrating lymphocytes
(TILs) compared with other breast cancers [4]. Furthermore,
TILs serve as an independent prognostic marker in TNBC,
with higher concentrations of TILs being linked with bet-
ter prognosis [5]. However, the relationship between TILs
and breast cancer prognosis is not straightforward and may
be confounded by tumour proliferation rate. In a seminal
study, Aaltomaa et al. [6] noted that the effectiveness of TIL
density as a prognostic marker in breast cancer is limited
to highly proliferative tumours only. This finding was fur-
ther corroborated by a recent study by Nagalla et al. [7],
which found that even under genetic analysis, the prog-
nostic strength of immune metagenes in breast cancer was
restricted to tumours within the highest proliferation tertile.
However, despite the apparent association between tumour
proliferation and the immune microenvironment, this rela-
tionship in breast cancers has not been widely studied.
Phospho-histone H3 (pHH3) is the phosphorylated state
of histone H3, which is a core histone protein and a major
component of chromatin [8]. Immunohistochemical detec-
tion of pHH3 can determine mitotic rate: phosphorylation
of histone H3 begins in late G2 phase and is completed in
late prophase [9], with dephosphorylation starting at the
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beginning of telophase [10]. Therefore, pHH3 can be seen
as a surrogate marker for mitotic rate [11-13]. pHH3 has
also shown promise as a prognostic marker in multiple types
of cancer, including meningeal tumours [14], melanomas
[11], and prostate cancers [15]. Furthermore, pHH3 is of
prognostic significance in breast cancer, with a high-pHH3
count being associated with a relatively poor outcome [16,
17]. Although the role of pHH3 in breast cancers in general
is well-studied, no previous studies have examined the prog-
nostic significance of pHH3 in TNBCs.

Considering the dearth of information regarding pHH3 in
TNBCs, as well as the uncertainty surrounding the relation-
ship between tumour proliferation and the immune micro-
environment, we aimed to investigate the significance of
pHH3 as a prognostic marker in Asian TNBCs, as well as to
ascertain the relationship between tumour proliferation and
the immune microenvironment in TNBC. Using multimodal
techniques including conventional pathology, multiplex
immunofluorescence (mIF), and computer-assisted Vectra
analysis, we retrospectively correlated clinicopathologi-
cal parameters with pHH3, cytokeratin (CK; an epithelial
cell marker) and leukocyte common antigen (CD45; a TIL
marker) protein expression in an Asian cohort. Computer-
assisted Vectra analysis was used to minimize inter-observer
variability, and mIF was used to simultaneously evaluate
pHH3 and CK expression for the quantification of tumour
cell proliferation.

Methods and materials
Patients and tumours

A total of 406 patients with TNBC, diagnosed from 2003
to 2015 at the Department of Anatomical Pathology, Divi-
sion of Pathology, Singapore General Hospital (SGH),
were originally included in the present study. There was no
follow-up data for 108 (26.6%) patients, and these patients
were subsequently excluded from the study, leaving a final
cohort of 298 patients. The median patient age at diagnosis
was 55 years (range 28—89 years). Patients received adju-
vant chemotherapy as per standard oncologic protocols for
TNBC. Clinicopathological parameters, including age at
diagnosis, tumour size, histological grade, histological sub-
type and axillary lymph node status were reviewed. Tumour
subtypes and further details are summarised in Supplemen-
tary Table 1. Tumours and receptor status were characterised
according to the World Health Organization and American
Society of Clinical Oncology-College of American Patholo-
gists (ASCO-CAP) guidelines [18].

Median follow-up was 43.8 months, ranging from 0.2
to 154.0 months, with a mean of 60.3 months. Disease
recurrence occurred in 87 (21.4%) patients, and breast
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cancer-associated mortality was documented in 51 (12.6%)
patients across the cohort. In total, 65 (16.0%) patients suc-
cumbed to disease.

Tissue microarray (TMA) construction

Histological slides were retrieved and reviewed. Two repre-
sentative tumour areas from each formalin-fixed, paraffin-
embedded (FFPE) tissue block were identified, and a 1-mm
diameter core obtained from each area. These tissue cores were
subsequently assembled into TMAs using a Beecher microar-
rayer (Beecher Instruments, Inc., Sun Prairie, WI, USA).

Multiplex immunofluorescence (miF)

mlF was performed using an Opal Multiplex fIHC kit (Perki-
nElmer, Inc., Waltham, MA, USA), as previously described
by our group and in other studies [19-29]. FFPE tissue sec-
tions were processed according to a standard immunohisto-
chemistry protocol, as previously described [30, 31]. Slides
were labelled with primary antibodies against pHH3, CK
and CD45, followed by appropriate secondary antibodies.
Antibody details are presented in Supplementary Table 2. A
fluorophore-conjugated tyramide signal amplification buffer
(PerkinElmer, Inc.) was subsequently applied, and DAPI was
used as a nuclear counterstain. Images were acquired using
a Vectra 3 pathology imaging system microscope (Perki-
nElmer, Inc.) and analysed using inForm software (version
2.4.1; PerkinElmer, Inc.) [20, 32, 33] (Fig. 1 Image acquired
using Vectra 3 pathology imaging system microscope).

Validation, follow-up and statistical analysis

Follow-up data were obtained from medical records. Dis-
ease-free survival (DFS) and overall survival (OS) were

defined as the time from diagnosis to recurrence or death/
date of last follow-up, respectively. Statistical analysis
was performed using RStudio 1.1.456 running R 3.5.0
(R-core Team, R Foundation for Statistical Computing,
Vienna, Austria) [34, 35]. Data import and processing
were supported by the packages openxlsx, ggplot2, dplyr,
tidyr, stringr, and survminer [35-42]. Survival outcomes
were estimated using Kaplan—Meier analysis, and groups
were compared using log-rank statistics. Multivariate Cox
regression was performed to evaluate the effect of pHH3
expression on survival, after adjusting for clinicopatho-
logical parameters that included patient age at the point of
diagnosis, tumour grade and axillary lymph node (ALN)
status.

Maximally selected rank statistics [43] were applied
using the maxstat R package to find optimal cut-off points
to predict survival outcomes. The pHH3 index was defined
as the percentage of pHH3" tumour cell nuclei out of
the total number of tumour cells per high-power field of
1000 pm X 750 pm. Similarly, the CD45 index was defined
as the percentage of CD45% cells out of the total number
of cells, regardless of localization per high-power field of
1000 pm x 750 pm. Each variable was analysed indepen-
dently by applying a cut-off point that identified TMAs
with either high or low expression. Kaplan—Meier survival
analysis and multivariate cox regression were performed
on this processed data, as outlined above. A summary of
the ranges, means, medians, and cut-offs used for all the
variables analysed in this study is presented in Supplemen-
tary Table 3. Spearman’s rank correlation coefficient was
calculated to determine the degree of correlation between
the pHH3 index and the CD45 index. p < 0.05 was consid-
ered to indicate a statistically significant difference.

Fig. 1 Multiplex IF labelling sections from representative TNBC tis-
sue samples. Multiplex IF labelling for PHH3 (white), CD45 (cyan),
Pan-cytokeratin (magenta) and DAPI (dark blue). Representative

multiplex IF staining showing a high and b low PHH3 expression in
the epithelial compartment (magnification, 200x)
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Fig.2 High pHH3 expression is associated with improved survival
in triple negative breast cancer. Kaplan-Meier analysis of a over-
all survival and b disease-free survival outcomes in women with
high vs. low pHH3 index, Kaplan-Meier analysis of ¢ overall sur-
vival and d disease-free survival outcomes in women with high vs.
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low pHH3 cell count per high-power field in the epithelial compart-
ment, Kaplan-Meier analysis of e overall survival and f disease-free
survival outcomes in women with high vs. low CD45 index. pHH3,
phospho-Histone H3; CD45, leukocyte common antigen
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Results
pHH3 index is associated with improved OS

Kaplan—Meier survival analysis revealed that a pHH3
index >0.059% was not significantly associated with DFS
(Log-rank p=0.22; Fig. 2a Kaplan—Meier survival analysis
for DFS using pHH3 index), but the pHH3 index was associ-
ated with significantly improved OS (Log-rank, p=0.004;
Fig. 2b Kaplan—Meier survival analysis for OS using pHH3
index). Multivariate analysis adjusted for tumour grade, age
at diagnosis, and ALN status revealed that the pHH3 index
was associated with favourable outcomes for OS (HR 0.477,
95% CI 0.252-0.902, p=0.023). Positive ALN status was
associated with reduced OS, while a higher tumour grade
was associated with increased OS. Patient age at the point
of diagnosis did not influence outcome (Table 1). However,
while the pHH3 index was not significantly associated with
DFS (HR 0.818; 95% CI 0.477-1.404, p=0.466), increased
ALN status was associated with reduced DFS (Table 1).

pHH3" cell count per high-power field is associated
with improved OS in TNBC

Since a pHH3 index cut-off of 0.059% may not be practical
in routine clinical practice, we also investigated pHH3™ cell
count per high-power field, which may be more amenable for
routine application. While Kaplan—Meier survival analysis

revealed that a pHH3™ cell count of > 1 cell per high-power
field (1000 pm x 750 pm) within the malignant epithelial
compartment was not significantly associated with DFS
(Log-rank, p=0.19; Fig. 2c Kaplan—Meier survival analysis
for DFS using pHH3 cell count in the epithelial compart-
ment), it revealed that it was associated with significantly
increased OS (Log-rank, p =0.04; Fig. 2d Kaplan—Meier
survival analysis for OS using pHH3 cell count in the epi-
thelial compartment).

Confirming these results, multivariate analysis adjusted
for tumour grade, age at diagnosis and axillary lymph node
status revealed that a pHH3" cell count of > 1 cell per high-
power field in the malignant epithelial compartment was an
independent marker for favourable OS (HR 0.496; 95% CI
0.260-0.947, p =0.033; Table 2) but not DFS (HR 0.722;
95% CI1 0.415-1.257, p=0.250; Table 2).

CD45 index is associated with improved DFS

CD45 was used as a surrogate for TILs. Kaplan—Meier
survival analysis showed that a CD45 index > 11.270%
was associated with significantly increased DFS (Log-
rank, p=0.0039; Fig. 2e Kaplan—Meier survival analy-
sis for DFS using CD45 index) but not OS (Log-rank
p=0.43; Fig. 2f Kaplan—Meier survival analysis for OS
using CD45 index). Multivariate analysis adjusted for
tumour grade, age at diagnosis, and ALN status revealed
that a high CD45 index was independently associated
with favourable outcomes for DFS (HR 0.460; 95% CI
0.242-0.874, p=0.018; Table 3) but not OS (HR 0.821;

Table 1 Multivariate Cox

. . Clinicopathologi-
regression for overall survival

Overall survival

Disease-free survival

cal parameters

and disease-free survival using HR (95% CI) p value HR (95% CI) p value
pHH3 protein expression and
clinicopathological parameters ALN status
NO Reference Reference
N1 3.121 (1.329-7.329) 0.009% 2.414 (1.243-4.689) 0.009%
N2 5.608 (2.478-12.693) <0.001% 3.160 (1.535-6.503) 0.002*
N3 34.495 (11.595-102.625) <0.001% 13.471 (5.276-34.399) <0.001%
Grade
1 Reference Reference
I 0.094 (0.011-0.788) 0.029* 0.782 (0.085-7.193) 0.828
1 0.277 (0.057-1.354) 0.113 1.018 (0.131-7.936) 0.986
Age at diagnosis
Age, years 0.981 (0.951-1.011) 0.216 0.986 (0.961-1.013) 0.301
pHH3 index (with cut-off =0.059%)
Low Reference Reference
High 0.477 (0.252-0.902) 0.023* 0.818 (0.477-1.404) 0.466
Adjusted for CD45 index: Adjusted for CD45 index:
0.427 (0.206-0.882) 0.022% 0.787 (0.436-1.423) 0.429

ALN axillary lymph node status, pHH3 phospho-histone H3

4p <0.05 was considered to indicate a statistically significant difference
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Table 2 Multivariate analysis of
survival outcomes using pHH3

Clinicopathological Overall survival

Disease-free survival

. oo parameters
cell count in the epithelial HR (95% CI) p value HR (95% CI) p value
compartment
ALN status
NO Reference Reference
N1 3.115 (1.327-7.314) 0.009* 2.456 (1.262-4.776) 0.008*
N2 6.375 (2.759-14.731) <0.001* 3.378 (1.621-7.041) 0.001*
N3 37.451 (12.489-112.311) <0.001* 14.060 (5.470-36.140) <0.001*
Grade
1 Reference Reference
1I 0.097 (0.012-0.818) 0.032% 0.784 (0.085-7.217) 0.830
1 0.307 (0.064-1.473) 0.140 0.998 (0.128-7.765) 0.999
Age at diagnosis
Age, years 0.980 (0.951-1.010) 0.198 0.985 (0.959-1.011) 0.257
pHH3 cell count per high-power field
<1 Reference Reference
>1 0.496 (0.260-0.947) 0.033* 0.722 (0.415-1.257) 0.250
Adjusted for CD45 index: 0.036* Adjusted for CD45 index: 0.197
0.476 (0.238-0.952) 0.682 (0.382-1.219)
pHH3 phospho-histone H3
4p <0.05 was considered to indicate a statistically significant difference
Tablg 3 Multivariate‘analysis of Clinicopathological ~Overall survival Disease-free survival
§urV1val outcomes using CD45 parameters
index HR (95% CI) p value HR (95% CI) p value
ALN status
NO Reference Reference
N1 2.581 (1.131-5.889) 0.024* 2.959 (1.525-5.744) 0.001*
N2 5.461 (2.455-12.150) <0.001% 3.378 (1.567-7.278) 0.002*
N3 23.523 (8.739-63.315) <0.001% 12.415 (5.141-29.985) <0.001%
Grade
I Reference Reference
1I 0.231 (0.037-1.448) 0.118 1.040 (0.119-9.111) 0.972
1 0.528 (0.116-2.400) 0.409 1.168 (0.152-8.966) 0.882
Age at diagnosis
Age, years 0.991 (0.963-1.012) 0.521 0.985 (0.959-1.011) 0.245
CD45 index (with cut-off=11.270%)
Low Reference Reference
High 0.821 (0.352-1.917) 0.649 0.460 (0.242-0.874) 0.018*
Adjusted for pHH3 index: 0.625 Adjusted for pHH3 index: 0.034

0.794 (0.315-2.001)

0.476 (0.240-0.945)

CD45 leukocyte common antigen

4p <0.05 was considered to indicate a statistically significant difference

95% CI 0.352-1.917, p=0.649; Table 3). Correlation
analysis of the pHH3 index and the CD45 index is pre-
sented in Table 4, revealing a significant weak but positive
correlation between the two, with Spearman rank correla-
tion coefficient values of 0.250 (95% CI 0.1154-0.3832,
p<0.001; Table 4).

Prognostic value of pHH3 is independent of CD45
index

Although there was a weak correlation between pHH3 index

and the CD45 index, the prognostic value of pHH3 was
found to be independent of the number of TILs, measured
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Table 4 Spearman rank correlation analysis between the pHH3 index
and CD45 index

Parameter PHH3 index
versus CD45
index

Spearman correlation coefficient 0.250

95% CI 0.114-0.394

p value (two-tailed) for significance of correlation ~ <0.001*

pHH3 phospho-histone H3, CD45 leukocyte common antigen

4p<0.05 was considered to indicate a statistically significant differ-
ence

by the CD45 index. Further multivariate analysis was per-
formed adjusting for tumour grade, age at diagnosis, ALN
status, and the CD45 index. The pHH3 index was signifi-
cantly associated with OS even after adjusting for the CD45
index (HR 0.427; 95% CI 0.206-0.882; p =0.022; Table 1).
Similarly, the pHH3 cell count in the epithelial compart-
ment per high-power field was associated with significantly
increased OS (HR 0.476; 95% CI 0.238-0.952; p=0.036;
Table 2). No significant association was found between
either variable and DFS, as with the initial multivariate
analyses.

Prognostic value of CD45 is independent of pHH3
index

Although there was a weak correlation between pHH3 index
and the CD45 index, the prognostic value of CD45 was found
to be independent of tumour proliferation, measured by the
pHH3 index. Further multivariate analysis was performed
adjusting for tumour grade, age at diagnosis, ALN status,
and the pHH3 index. The CD45 index was significantly asso-
ciated with DFS even after adjusting for the pHH3 index
(HR 0.476; 95% CI 0.240-0.945; p=0.034; Table 3). No
significant association was found between either variable
and OS, as with the initial multivariate analyses.

Discussion

The major conclusion of the present study is that elevated
pHH3 expression is associated with favourable outcomes in
TNBC, characterized by increased OS. Through our large
patient cohort, we demonstrated that the prognostic sig-
nificance of pHH3 in TNBC is independent of age, tumour
grade, ALN status, and CD45 index. To the best of our
knowledge, this study is the first to show that pHH3 expres-
sion has prognostic significance in TNBC.

Highly proliferative breast cancers are known to be
associated with an improved response to chemother-
apy [44, 45]. Sillem et al. [46] previously found that an

increased pHH3 count in breast cancer was linked to
improved pathological response. However, even though
breast cancers with high-pHH3 expression have an
improved response to chemotherapy, the overall outcome
has previously been found to be worse compared with less-
proliferative tumours with low pHH3 expression [16, 17,
47-50]. This may be because a high degree of proliferation
is typically indicative of tumour aggression, and on bal-
ance this aggression may outweigh the effect of increased
chemosensitivity.

The results of the present study appear to contradict those
of previous studies, as the data indicated that pHH3 count in
tumour cells was associated with improved outcome, in the
form of increased OS. This contradiction can be attributed to
the unique characteristics of TNBC. While TNBC is known
to be aggressive [51-53] and to have a high-proliferation rate
[51, 54], this subtype is also more sensitive to chemotherapy
than other types of breast cancer [55-57]. We postulate that
the inherent high-proliferation rate of TNBC confounds
the effect of proliferation on outcome, such that the effect
of increased chemosensitivity supersedes the associated
aggressiveness, resulting in an improved outcome compared
to patients with a low pHH3 count. We also note that the
association between high pHH3 count and outcome was only
significant for OS, not DFS. This is possibly because TNBCs
with high pHH3 expression may recur quickly. TNBC is
known to have an earlier peak of recurrence than other types
of cancer [52, 58], and highly proliferative tumours also have
increased rates of recurrence [59, 60]. In a previous study
on patterns of breast cancer recurrence, Ribelles et al. [61]
found that TNBC with a low-proliferation rate had a smooth
risk curve, while TNBC with a high-proliferation rate had
a sharp peak of recurrence at 18 months. Therefore, while
the prognostic value of pHH3 in DFS may be confounded
by the early pattern of recurrence shown by these highly
proliferative TNBCs, the prognostic value of pHH3 is not
compromised in OS as the recurring tumours are similarly
highly proliferative and chemosensitive. The amenability to
chemotherapy could contribute to the improved OS.

Immune infiltrates are known to serve a prognostic func-
tion in TNBC [5]. In line with previous studies, we found
that the presence of a higher proportion of immune cells led
to significantly improved DFS, although OS was not signifi-
cantly improved. We postulate that the prognostic impact
of immune infiltrates, as denoted by CD45" cells, on OS
was not significant because the marker CD45 is expressed
by a wide variety of immune cells [62—64]. There are many
different types of immune cells in the tumour microenviron-
ment, and these may have contrasting functions: while some
immune cells eradicate malignant cells, others may enhance
tumour growth [65]. Therefore, simply quantifying immune
cells as a whole without specifying subtype or function is
insufficient to predict OS, despite the apparent role in DFS.
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Notably, to our best knowledge, the present study is the
first to demonstrate a direct relationship between tumour
proliferation and TIL density in Asian TNBC. Aaltomaa
et al. [6] have previously shown that TIL density as a prog-
nostic marker is limited to highly proliferative tumours
only, but this was done in a Western cohort of breast cancer
patients. There was a weak but significant positive relation-
ship between tumour proliferation and TIL density in our
cohort, suggesting that highly proliferative tumours are more
immunogenic. We theorise that highly proliferative tumours,
being associated with increased cell death [66—69], result in
a greater release of tumour antigens. As a minimum antigen
load is needed to trigger and potentiate a strong immune
response [70-73], immune cells in the tumour microenvi-
ronment are only sufficiently activated to significantly affect
prognosis when this threshold is reached. This could explain
the observations by Aaltomaa et al. [6] and Nagalla et al. [7],
who found that the prognostic power of immune cells was
limited to highly proliferative tumours. However, given that
the correlation found in our study was weak, further studies
in other types of breast cancer are needed to establish the
legitimacy of this relationship. One limitation of the present
study is that only TNBCs were studied, which might not
be the best candidates to analyse the relationship between
tumour proliferation and immune infiltrates, given that the
inherent high-proliferation rate [4, 5] and immunogenicity
[4] of TNBCs may confound this relationship.

In our study, the prognostic value of CD45 was independ-
ent of tumour proliferation. This is in contrast to findings
of Aaltomaa et al. [6] and Nagalla et al. [7], who deter-
mined that the prognostic value of CD45 was confounded
by tumour proliferation.

The results of the present study may help in further defin-
ing the benefit of adjuvant chemotherapy in TNBC patients.
Currently, adjuvant chemotherapy is recommended for
tumours larger than 0.5 cm [74, 75]. Therapy in TNBC
patients with high pHH3 expression could be modulated
based on considerations of greater chemosensitivity.

While our study investigates TNBC patients who received
adjuvant chemotherapy, the results may also apply to
patients treated with neo-adjuvant therapy. Neo-adjuvant
therapy is typically used for certain high-risk breast can-
cers, such as larger tumours and locally advanced disease
that are initially ineligible for resection [76, 77]. pHH3
has been demonstrated to have predictive value in breast
cancer patients treated with neo-adjuvant protocols, with
high-pHH3 expression being associated with improved
pathological complete response [46]. However, whether this
improvement in pathological complete response translates
into better OS remains to be seen. Further studies on cohorts
of TNBC patients treated with neo-adjuvant therapies are
needed to fully ascertain the role of pHH3 in TNBC, par-
ticularly in Asian populations.
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One further potential application of the present study
is the use of pHH3 in immunotherapy. Our findings sug-
gest that highly proliferative tumours, as denoted by high
pHH3 expression, are possibly more immunogenic and
lend themselves to robust immune responses. Further
studies should be performed to confirm this relationship,
and to further elucidate the mechanisms through which
tumour proliferation affects immune response. Results
of such studies may be of significance for guiding future
immunotherapeutic approaches in cancer, and may help
identify patients best suited for immunotherapy. Patients
with highly proliferative tumours could be considered
for immunotherapy, as their tumours are more likely to
respond.

Limitations

One limitation of our study is that this study is under-
taken on TMA cores. One criticism of using TMA cores
is that for each specimen only a small amount of tissue is
sampled and arrayed, such that sampling error may lead
to a reduced representation of the full tissue section. This
limitation is especially pertinent in breast cancers, given
that they display intra-tumour heterogeneity [78, 79].
Whilst we acknowledge that TMA cores are less ideal
than whole sections, it is our view that there is enough
concordance between TMA cores and whole sections for
our results on TMA cores to be of significance. In a study
on lymphocytic infiltrates in breast cancer, Khan et al.
[80] observed a fair degree of concordance between core-
based and tumour-based scores with only 1 TMA core
(AUC =0.90). As for the efficacy of TMA cores in evalu-
ating proliferation, Tay et al. [81] used TMA cores to
determine the optimal threshold for Ki67 (another prolif-
erative marker similar to pHH3) predicting outcomes of
invasive breast cancer—they found that the results trans-
lated into survival correlations and thresholds which mir-
rored those in other reported cohorts which used whole
slides. Therefore, we conclude that TMA can be used as
a surrogate tool for discovery research as reported here.
However, we are aware that further validation with larger
cohorts and whole slides is warranted.

Another limitation of our study is that we only charac-
terised TILs by CD45 positivity, with no further immu-
nophenotyping to define the immune subtype, as we have
already highlighted the roles and prognostic significance
of the different subtypes of immune cells in previous pub-
lications [23, 30, 82, 83]. In this study, we used CD45 to
quantify the total effect of immune infiltrates on prognosis
in Asian TNBCs.
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Conclusion

In conclusion, the present study established that high pHH3
expression is associated with a positive outcome in TNBC.
Our study also suggested the existence of a significant posi-
tive relationship between tumour proliferation and immune
response in TNBC. As pHH3 can be accurately scored through
computer-assisted image analysis [84, 85], a prognostic system
involving this marker may be an effective way to select treat-
ment options for patients with TNBC.
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