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Abstract

Background: The features of metabolic processes associated with low human epidermal growth factor receptor 2 (HER2) expression
(HER2-low) in breast cancer have not been described to date, including characteristic features of immune system reactivity, the presence
and content of tumor markers, and the amino acid profile. Methods: The case-control study involved 660 volunteers with breast cancer.
Saliva was used as a biological fluid; at the time of collection, the patients were not receiving any treatment. Concentrations of 7
cytokines, 4 tumor markers, 12 amino acids, and 11 biochemical parameters were determined in the saliva. Results: It was found that the
HER2-low group was characterized by the highest pro-inflammatory activity, but the lowest metabolic activity. Three functional groups
of amino acids were identified, which showed reliable differences in the HER2-low subgroup. The cancer antigen 19-9 (CA 19-9) tumor
marker in the HER2-low group showed the greatest deviations from normal values compared to patients in the HER2 (-) and HER2
(+) groups. Conclusions: Thus, patients with HER2-low breast cancer status had their own characteristic features in the course of the
disease, immune response and metabolic activity. Understanding the features of metabolic processes in the HER2-low subgroup can help

identify new therapeutic targets for this group of patients.
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1. Introduction

Breast cancer continues to be one of the pressing
health problems worldwide today [1]. Breast cancer is
highly heterogeneous [2]. The classical allocation of
molecular biological subtypes of breast cancer involves tak-
ing into account only the positive and negative status of ex-
pression of the human epidermal growth factor receptor 2
(HER2). Moreover, the negative status unites cases with
both true negative and low HER2 expression [3]. In 2023,
the College of American Pathologists released updates to
the templates for reporting biomarker testing results in pri-
mary invasive breast carcinoma, as well as in recurrent and
metastatic tumors, which now include notes on low expres-
sion of the HER2 biomarker (HER2-low) [4]. Numerous
studies have shown that changing the therapy regimen in
HER2-low subgroups significantly improves treatment out-
comes and prognosis for this group of patients [4—6]. How-
ever, the features of metabolic processes associated with
low HER2 expression have not been described, including
the characteristic features of immune system reactivity, the
presence and content of tumor markers, and the amino acid
profile. We have previously shown that a number of sali-
vary indicators (pro-inflammatory and anti-inflammatory
cytokines, amino acids, enzymes, tumor markers) signifi-
cantly changed in breast cancer, but their connection with
the HER2-low status has not been established to date [7].

Saliva is a unique biological fluid that combines the
advantages of non-invasive collection and high information

content regarding breast cancer metabolites [8—10]. If the
differences in the metabolic profile of saliva with HER2 (+)
status have been previously shown, then there is no infor-
mation on HER2-low status in the literature [11]. At the
same time, existing diagnostic methods also do not allow
identifying patients with a certain HER2 status. In this re-
gard, the purpose of this study was to analyze the metabolic
features of saliva with HER2-low status of breast cancer.

2. Materials and Methods

The case-control study included 660 volunteers with
breast cancer. Inclusion criteria were female gender,
age 30-70 years, Caucasian race, histologically confirmed
breast cancer, and no signs of active infection, including in
the oral cavity. Patients were hospitalized for surgery or the
first course of chemotherapy.

Saliva samples were collected once during hospital-
ization strictly before the start of treatment as described pre-
viously [12]. Samples were analyzed for cytokine content
by enzyme-linked immunosorbent assay using Vector Best
kits (IL-18 (A-8766), IL-2 (A-8772), IL-4 (A-8754), IL-
6 (A-8768), IL-8 (A-8762), IL-10 (A-8774), Vector Best,
Novosibirsk, Russia) including vascular endothelial growth
factor (VEGF, mU/mL), interleukin 15 (IL-175), IL-2, IL-
4, IL-6, IL-8, IL-10 (pg/mL). The content of tumor mark-
ers CA 15-3 (U/mL), CA 27.29 (U/mL), mucin-like carci-
noma antigen (MCA) (U/mL), cancer antigen 19-9 (CA 19-
9) (U/mL) was determined by the solid-phase enzyme im-
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munoassay method using the Hema kits (CA15-3 (K222),
CA27.29 (K228), MCA (K227), CA19-9 (K223), HEMA,
Moscow, Russia) on the Thermo Scientific Multiskan FC
(Thermo Fisher Scientific, Waltham, MA, USA). Determi-
nation of amino acid composition (nmol/L) was carried out
using high-performance liquid chromatography on a 1260
Infinity II chromatograph (Agilent, Santa Clara, CA, USA)
with detection on a 6460 Triple Quad mass spectrometer
(Agilent, Santa Clara, CA, USA). The semi-automated bio-
chemical analyzer StatFax 3300 (Awareness Technology,
Palm City, FL, USA) was used to determine eleven bio-
chemical parameters of saliva: total protein (g/L), urea
(mmol/L), total a-amino acids (mmol/L), imidazole com-
pounds (mmol/L), nitric oxide (NO, pumol/L), catalase
(ncat/mL), lactate dehydrogenase (LDH, U/L), gamma glu-
tamyl transferase (GGT, U/L), a-amylase (U/L), arginase
(ncat/mL), ornithine decarboxylase (ODC, ncat/mL).

When interpreting the immunohistochemistry (IHC)
results, a staining intensity scale was used to determine
the expression of HER2 receptors, which ranges from
“0” to “3+” in accordance with the American Society of
Clinical Oncology/the College of American Pathologists
(ASCO/CAP) recommendations [13]. HER2 ITHC results
(14) or 0 were interpreted as HER2-negative (HER2 (-)).
If the HER?2 status by IHC was indeterminate (2+), it was
necessary to evaluate the presence of HER2 gene amplifi-
cation by in situ hybridization (ISH). Patients with HER2
expression level in the tumor (3+) were considered HER2-
positive. Patients with breast cancer by HER2 status were
distributed as follows: HER2 (—)—401 (60.8%), HER2-
low—137 (20.8%), HER2 (+)—99 (15.0%), no data—23
(3.4%).

Statistical analysis was performed using Statistica
10.0 software (StatSoft, Tulsa, OK, USA) by a nonpara-
metric method. The distribution pattern and homogeneity
of variances in the groups were preliminarily checked. The
Mann-Whitney test was used to compare two subgroups,
and the Kruskal-Wallis test was used to compare three sub-
groups. The statistical significance of differences between
subgroups was estimated at p < 0.05.

3. Results

In HER2 (+) status, an increase in amino acid con-
tent was observed, whereas in HER2-low status, the amino
acid content decreased compared to the HER2 (—) subgroup.
The exception was glutaminic acid (Glu) for the HER2
(+) subgroup and glutamine (Gln) for the HER2-low sub-
group (Fig. 1A). In the subgroup with low HER2 levels,
the concentrations of citrulline (Cit) (p = 0.0251), ornithine
(Orn) (p = 0.0375), Glu (p = 0.0430), Gln (p = 0.0137),
and glycine (Gly) (p = 0.0402) statistically differed signif-
icantly from the group with HER2 (-) (Fig. 1A). No sig-
nificant differences were found for the HER2 (+) subgroup
compared to HER2 (—). The HER2 (+) and HER2-low sub-
groups differed the most in the concentrations of alanine

(Ala) (p = 0.0157), asparaginic acid (Asp) (p = 0.0283),
Cit (p = 0.0415), Glu (p = 0.0190), Gln (p = 0.0203), Gly
(» = 0.0059), Orn (p = 0.0022), phenylalanine (Phe) (p =
0.0130), tyrosine (Tyr) (p = 0.0156) and valine (Val) (p =
0.0410).

According to the content of tumor markers with dif-
ferent HER2 expression, differences were shown for anti-
gens of the MUCI family (CA 15-3, CA 27.29, MCA, CA
19-9) (Fig. 1B). In the HER2 (+) group, the concentrations
of tumor markers CA 15-3 (p = 0.0185), CA 27.29 (p =
0.0006) and MCA (p = 0.0034) decreased consistently, only
for CA 19-9 a more pronounced decrease in concentration
was shown in the HER2-low subgroup (p = 0.0013).

For six cytokines, differences in content were found at
different HER2 expression levels (Fig. 1C). The HER2-low
subgroup differed from the HER2 (—) subgroup by higher
content of IL-18 (p = 0.0010), IL-8 (p = 0.0480), and de-
creased content of IL-2 (p = 0.0188). The HER2 (+) sub-
group was characterized by increased concentrations of IL-
4 (p = 0.0039), IL-6 (p = 0.0467), and IL-10 (p = 0.0221).
HER2-low and HER2 (+) subgroups statistically signifi-
cantly differed in the content of IL-2 (p = 0.0003), IL-4 (p
=0.0154), and IL-10 (p = 0.0241).

When assessing the biochemical composition of
saliva, it was found that changes in the content of indicators
for the HER2 (+) and HER2-low subgroups were not uni-
directional (Fig. 1D). The HER2-low subgroup was char-
acterized by a higher level of NO (p = 0.0318), increased
activity of LDH (p = 0.0444), GGT (p < 0.0001), arginase
(n.s.), ODC (p = 0.0284), but decreased activity of a-
amylase (n.s.) and catalase (p = 0.0212) (Fig. 1D). HER2-
low and HER2 (+) subgroups statistically significantly dif-
fered in the content of total protein (p = 0.0136), urea (p
=0.0048), total content of a-amino acids (p =0.0131) and
imidazole compounds (p = 0.0256).

4. Discussion

The HER2-low group showed the highest pro-
inflammatory activity, as evidenced by the high level of
IL-15 and enhanced angiogenesis due to increased con-
centrations of VEGF and the earliest pro-inflammatory cy-
tokine IL-8 [14]. The anti-inflammatory response was ex-
pressed to a lesser extent than for the HER2 (+) subgroup.
A sharp decrease in the concentration of IL-2 in the HER2-
low subgroup may affect the recognition of tumor anti-
gens by the immune system. The subgroup with HER2-
low breast cancer status was characterized by the lowest
metabolic activity, as evidenced by an altered amino acid
profile, as close as possible to the healthy control (data
not shown) [12]. Three functional groups of amino acids
were identified, which showed reliable differences from the
HER2 (-) and HER2 (+) subgroups. Gln, leucine (Leu),
isoleucine (Ile), Phe, Tyr are responsible for providing cells
with carbon mass and triggering the mTOR pathway [15].
Orn and Cit are responsible through a series of reactions
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Fig. 1. Salivary metabolic composition in subgroups with HER2-positive and HER2-low status compared to HER2-negative

status (%). (A) Amino acid composition. (B) Tumor markers. (C) Cytokines. (D) Biochemical composition. Relative content is
calculated as the content in the HER2 (+) or HER2-low subgroup minus the content in the HER2 (—) subgroup, divided by the content

in the HER2 (—) subgroup, %. The color scale shows the relative change in the content of the indicators from the minimum (red) to

the maximum (blue). The color intensity is directly proportional to the change in concentration compared to HER2 () breast cancer.

HER2, human epidermal growth factor receptor 2; AAs, total concentration of alpha-amino acids; Ala, alanine; Asp, asparaginic acid;

Cit, citrulline; Glu, glutaminic acid; Gln, glutamine; Gly, glycine; Leu, leucine; Orn, ornithine; Phe, phenylalanine; Pro, proline; Tyr,

tyrosine; Val, valine; ILs, interleukines; VEGF, vascular endothelial growth factor A; OMs, oncomarkers; CA 15-3, cancer antigen 15-3;

CA 27.29, cancer antigen 27.29; MCA, mucin-like carcinoma antigen; CA 19-9, cancer antigen 19-9; a-AAs, a-amino acids; LDH,

lactate dehydrogenase; GGT, gamma-glutamyl transferase; ICs, imidazole compounds; NO, nitric oxide; ODC, ornithine decarboxylase.

for the synthesis of arginine, NO and further activation of
VEGF [16]. Gly together with Ser maintain the oxidation-
reduction balance inside the cell, participate in gluconeo-
genesis and stimulate cell proliferation [17]. In the HER2-
low subgroup, a regular increase in NO concentration was
noted with unchanged arginase activity, which character-
izes a shift in the balance towards NO formation using ni-
tric oxide synthase (NOS) [18]. A decrease in Orn content
could also be due to an increase in ODC activity. The ac-
tivity of salivary catalase decreased, which characterized
the weakening of antioxidant protection. HER2-low breast
cancer patients also had distinctive features in salivary tu-
mor marker levels. Thus, the concentration of CA 19-9
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in the HER2 low subgroup showed the greatest deviations
from normal values compared to the HER2 (+)/(—) sub-
groups, which is an unambiguous characteristic feature of
the HER2 low subgroup.

5. Conclusion

Thus, the group with HER2-low status of breast cancer
has its own characteristic features in the course of the dis-
ease, immune response and metabolic activity. Understand-
ing the features of metabolic processes in the HER2-low
subgroup can help identify new therapeutic targets. In par-
ticular, the effectiveness of anti-HER2 targeted drugs has
already been recognized [5,6]. However, the pronounced
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metabolic differences between HER2-low and HER2 (+)
breast cancer subtypes suggest that some new type of ther-
apy will be effective in the case of HER2-low status, which
may be a promising direction for future research. This once
again emphasizes the importance of identifying the HER2-
low group in patients with breast cancer.
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