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Metabolic Reprogramming of Cancer-Associated Fibroblasts
Orchestrates the Immunosuppressive Microenvironment in
Breast Cancer
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Abstract. The involvement of cancer-associated fibroblasts in the breast cancer microenvironment is
pivotal in immunosuppression by metabolic reprogramming. This research will seek to do a systematic
dissection of how CAF metabolic reprogramming initiates two separate pathways mediated by metabolites
and exosomes responsible for tumor immune escape, and suggest that these mechanisms might be countered
by targeting of major metabolic enzymes or modulating exosome-derived non-coding RNAs as new ways
to reverse immunosuppression and improve immunotherapy workability in breast cancer. Specifically,
CAFs exhibit an inverse Warburg effect with high glycolysis, producing excess lactate exported via MCT4
into the TME, acidifying it to pH 6.0-6.5. This inhibits T cell cytotoxicity and polarizes macrophages toward
the M2 lineage. Simultaneously, CAFs activate glutamine synthetase for increased glutamine production,
supporting tumor-associated macrophages' pro-tumorigenic activities. Additionally, CAF-derived exosomes
transport metabolic enzymes, miRNAs, and mRNAs, transmitting inhibitory signals to enhance
immunosuppression. Overall, these facts indicate that CAF metabolic reprogramming is at the center of
immunosuppressive tumor microenvironment remodeling and can serve as actionable targets of
combinatorial immunotherapy.

Simultaneously, there is also re-programming of
1 Introduction glutamine metabolism in CAFs. Instead of glutamine
being produced and passively provided by the
glutamylase (GLS) used by normal cells, the tumor cells
are able to instruct CAFs to upregulate the glutamine
synthetase (GS) and thus the active production of
glutamine occurs and is supplied by cells [4]. Not only
do these changes of metabolism supply raw materials to
tumor cells, but they also restructure the immune
microenvironment. The acidification of the tumor
microenvironment (TME) occurs due to the
accumulating lactic acid and directly suppresses the
activity of cytotoxic T cells (CTLs) and at the same time
enhances the growth of regulatory T cells (Tregs). In the
meanwhile, there is an abnormal glutamine metabolism,
which influences the macrophage differentiation and
functioning [5, 6].
Although current literature has mainly concentrated
on the metabolic nature or the ability of cancer-

! . associated fibroblasts (CAFs) to immunomodulate,
reprogramming of cancer-associated 'ﬁbrobla‘sts (CAFs) there remains a serious gap in the scientific literature on
attract a significant amount of attention. Unlike normal systematic combination of both of these aspects to

fibroblasts, CAFs undergo considerable metabolic elucidate the molecular networks by which CAFs
dysfunctions, whereby its main reasons are inversed
Warburg effect. In this process, CAFs experience high-
intensity glycolysis resulting in large amounts of lactic
acid that is released into the extracellular space through
monocarboxylate  transporter 4 (MCT4) [3].

Breast cancer is ranked first with regards to incidence
among all female malignancies on a worldwide basis.
The great heterogeneity of it and the complexity of
tumor microenvironment (TME) are one of the main
reasons of treatment resistance and avoidance of
immunity. The point of the issue is that the
microenvironment of the tumor is immunosuppressive.
Tumor microenvironment is a complex ecosystem that
comprises of tumor cancer cells, immune cells, cancer-
associated fibroblasts (CAFs) and the extracellular
matrix. CAFs which are the most plentiful of this group
of stromal cell types comprise more than five or six out
of ten total cells in the TME. They are actively involved
in tumor development and immune maintenance into
cytokines and exosomes, in addition to being
metabolically reprogrammed [1, 2].

The past few years have seen the metabolic

specifically control the immune microenvironment of
breast cancer through distinct metabolic networks. This
study is based on the recent findings made in literature
and is a systematic effort to delve deeper into the
mechanism of how CAFs reprogram the immune
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microenvironment of breast cancer via lactate and
glutamine metabolism. The results provide theoretical
backgrounds and new directions in the elaboration of
combined immunotherapies against CAF metabolism.

2 The immunosuppressive mechanism
and lactate metabolic reprogramming
of cancer-associated fibroblasts

The characteristic features of Cancer-Associated
Fibroblasts (CAFs) compared to the normal fibroblasts
are that, these cells use the aerobic glycolysis as their
primary energy-generating pathway, which also remains
their main route of generation even under conditions of
high oxygen levels. Several upstream signals such as
TGF- 0, platelet-derived growth factor (PDGF), and
hypoxia-inducible factor-1a (HIF-1a) secreted by tumor
cells and other TME factors cause this metabolic
reprogramming [3, 7]. When stimulated, CAFs increase
the gene levels of many critical glycolytic enzymes,
including lactate dehydrogenase A (LDHA) and
hexokinase 2 (HK2), which increase glucose-lactate
conversion [2]. It is worth noting that LDHA is an
enzyme that catalyzes this last process of the glycolysis
pathway, which is the conversion of pyruvate into
lactate, whereas MCT4, an isoform of monocarboxylate
transporters specifically packed with CAFs, promotes
lactate efflux to the extracellular space [2]. High levels
of MCT4 in CAFs have been repeatedly linked to
adverse prognosis in patients with breast cancer as it is
associated with the enhancement of TME acidification,
T cell exhaustedness, and immune checkpoint inhibitor
(ICI) resistance including anti-PD-1/PD-L1 antibodies
[2].

The direct blockage of T cells through the action of
Lactate-Mediated TME Acidification takes place here.
The accumulation of lactate in the tumor
microenvironment (TME) leads to significant reduction
in extracellular pH, which decreases towards the normal
physiological range of about 7.4 to an approximate of
6.0-6.5. Direct effects of this acidification on T cells
include metabolic activity and functional capacity
impairment. To generate energy and activate their
effector functions (e.g. cytokine secretion, cytotoxicity),
T cells depend on glycolysis and can easily respond to
changes in pH [5]. Acidic environments also suppress
the activity of the rate limiting enzyme
phosphofructokinase-1 (PFK-1) in the glycolysis
pathways, which ultimately decreases ATP levels in T
cells and impairs their growth and effective elimination
of tumor cells [6]. Moreover, lactate might directly enter
into T cells through MCT]1 (the main lactate transporter
on T cells), which leads to the occurrence of oxidative
stress by elevating the production level of reactive
oxygen species (ROS) and impairs mitochondrial
activity [3]. This metabolic stress increases the
expression of immune checkpoint molecules in
particular PD-1 on the surface of T cells resulting in T
cell exhaustion a state that is characterized by decreased
IFN- gamma and TNF- alpha secretion, dysfunctional
cytotoxicity and hyperirritable to apoptosis [2, 5].

Lactate Signaling induces M2 Macrophage
Polarization in the tissue, which has been found. Lactate
is also a signaling factor that is used to control the
polarization of macrophages which causes alteration of
the anti-tumor M1 macrophages towards the pro-tumor
M2 macrophages. G protein-coupled receptor 132
(GPR132) is a cell surface receptor that is the expression
of lactate triggers intracellular signaling by activating
GPR132 [6]. GPR132 stimulated by CAF-derived
lactate activates the PI3K/AKT signaling pathway in
macrophages to upregulate the expression of M2-
specific markers, including arginase-1 (Arg-1),
interleukin-10 (IL-10), and transforming growth factor-
B (TGF-B) and downregulate M1 markers, including
inducible nitric oxide synthase (iNOS) and tumor
necrosis factor-A (TNF-A), M2-polarized macrophages
also strengthen the immunosuppressive TME by
releasing IL-10 and TGF-b which suppress the
activation of T cells and induce the differentiation of
regulatory T cells (Tregs). Further, M2 macrophages
facilitate tumor angiogenesis and ECM remodelling to
facilitate a permissive environment in tumor growth and
metastasis [3, 5].

3 Macrophage glutamine metabolic
reprogramming of CAFs

3.1 Tumor-instructed glutamine synthesis

Amino acid synthesis is directed by the activity of
glutamine dehydrogenase, and the intermediate
production of glutamine and fumarate during the
Glutamine has the highest concentration in the TME and
it is a key metabolic compound is utilized in energy
generation, nucleotide synthesis and epigenetic control
of tumor cells and immune cells [3]. Conventional
opinions believe that stromal cells (such as CAFs)
outcompete cancer cells in accessing extracellular
glutamine that restricts tumor growth access to such
nutrients. This paradigm has however been questioned
in recent reports which reveal that CAFs undergo
glutamine metabolic re-programming to actively
produce glutamine in response to tumor-derived signals
[3]. Such cytokines as TGF-b and IL-6 are released by
tumor cells and bind to the corresponding receptors of
CAFs and stimulate the STAT3 and Smad signaling
pathways with the resultant up-regulation of glutamine
synthetase (GS)- ATD catalyst of glutamate and
ammonia  condensations into  glutamine [3].
Interestingly, this reprogramming happens CAF-
specifically: normal fibroblasts fail to upregulate GS
expression and glutamine synthesis in response to
tumor-derived signals, and this phenomenon is CAF-
specific [3].

Unlike the tumor cells and immune cells, which
mainly use glutaminase (GLS) to break down glutamine
into glutamate, CAFs repress GLS expression and
instead focus on GS-mediated glutamine production [3].
This is a metabolic separation of labor that guarantees
the CAFs are more a "glutamine producer" or a co-
producer and not a competitor as it will provide the
tumor cells and TAMs with a constant supply of
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glutamine to their pro-tumorigenic processes. Isotope
tracing experiment studies have shown that glutamine
produced by CAFs is absorbed by TAMs and
incorporated into their tricarboxylic acid (TCA) cycle,
which supply energy and metabolic intermediates to
polarize and regulate macrophage activities [3].

3.2 Pro-tumor macrophage activities promoted
by glutamine

The glutamine produced by CAF is essential in
maintaining the pro-tumor phenotype of TAMs in a
variety of ways. A major energy source of the TAMs,
first, is glutamine that promotes high metabolic intensity
of the activation of polarizing cells and secretion of
cytokines [3]. Decrease of CAF-induced glutamine (e.g.,
by GS) lowers ATP in TAMs, which alters their capacity
to release pro-tumor cytokines, including IL-10 and
TGF- 10. Second, the metabolite glutamine in TAMs
generates a-ketoglutarate (o -KG), which is one of the
main metabolites that controls epigenetic changes (e.g.
histone removal) via a process that depends on the
Jumonji C domain-containing histone demethylases
(JMIDs) [3]. These epigenetic modifications enhance
the expression of the pro-tumor macrophage M2-
specific genes, stabilizing the pro-tumor macrophages
further.

There are also the metabolic waste products that
moderate immunosuppression in CAFs as a result of
glutamine synthesis. Ammonia (NH 3), a product of the
GS-catalyzed production of glutamine accrues in the
TME and suppresses T cells by interfering with amino
acid metabolism and causing oxidative stress [3]. The
use of Ammonia has been reported to suppress the
expression of CD28 (important co-stimulatory molecule
on T cells) and inhibition of IFN-g generation, hence,
disrupting T cell activation and cytotoxicity [6]. The
overall CAF-mediated glutamine production, in
addition to presenting TAM activity, indirectly inhibited
anti-tumor  immunity via ammonia  buildup,
demonstrating the involvement of the metabolic route in
the TME regulation of a complex nature.

4 Enhancing the CAF-exosome-
mediated metabolic reprogramming
and immunosuppression

In addition to direct metabolite secretion, CAFs enhance
the extent of their metabolic regulatory behavior by
exosomes, which are lipid bilayer vesicles between 30
and 150 nm (exosomes) that are essential intercellular
communication mediators within the TME [4, 5, 8, 9].
A wide range of cargo (e.g., metabolic enzymes, mRNA
transcripts, miRNAs, and even tumor cells) is enriched
in CAF-derived exosomes and can be transferred to
receiving cells (e.g. T cells, macrophages, and even
tumor cells) to reregulate their metabolic and functional
functions [4, 8]. This crosstalk by exosome has been
described as a "metabolic signal amplifier, enhancing
the immunosuppressive networks created by lactate and
glutamine metabolism.

In this study, a brief yet thorough examination of
literature on the transfer of metabolic enzymes and
mRNA via exosomes is provided.<human|[>4.1
Exosome-Mediated Metabolic Enzyme and mRNA
Transfer. A concise but comprehensive review of the
literature regarding exosomal-mediated transfer of
metabolic enzymes and mRNA is presented in this paper.

The exosomes produced by CAF transfer important
metabolic enzymes and mRNAs transcripts to target
cells, which remodels their metabolic characteristics
directly. As one example, CAFs mobilize GS mRNA in
their exosomes and deliver it to TAMs, boosting
glutamine production in macrophage cells and
strengthening their pro-tumor culture [3]. Equally,
exosomal delivery of LDHA mRNA by CAFs to T cells
boosts production of lactate in T-cells, resulting into
metabolic exhaustion and failure of cytotoxic activity
[8]. Remarkably, this metabolic reprogramming induced
by exosomes is mutual: in addition to the transfer of pro-
immunosuppressive molecules to immune cells by
CAFs, immune cells are capable of releasing exosomes
that regulate CAF metabolism, and a feedforward loop
of this interaction stabilizes the immunosuppressive
TME [5, 10].

miRNAs in CAF-exosomes are the main regulatory
factors that refine metabolic pathways in receiving cells,
as they act on mRNA transcripts of metabolic enzymes.
As an example, miR-425-5p that is highly concentrated
in CAF-derived exosomes directly interacts with the 3'-
untranslated region (UTR) of MCT4 mRNA,
suppressing the expression of MCT4 and decreasing
lactate release by CAFs [2, 4]. The data indicates that
exosomal miRNAs may be regarded as negative feeders
of CAF metabolic reprogramming, which implies that
upregulation of miR-425-5p (e.g., by miRNA mimics)
can block the lactate efflux, reverted the TME
acidification, and reinstated the anti-tumor immunity [2].

There are other exosomal miRNAs that have also
been identified as CAF mediators of metabolic
regulation. To illustrate, miR-146a, an exosome-derived
CAF mRNA that is highly expressed in exosomes of
CAFs, targets T cell activated by blocking T cell
activation and activating Treg differentiation [5].
Moreover, CAF-miR-21-5p suppresses PTEN in
macrophages to stimulate the PI3K/AKT pathway and
M2 polarization [8]. It suggests the intricacy of the
exosome-miRNA regulatory network during CAF-
mediated immunosuppression as various miRNAs are
combined to regulate prime metabolic and signalling
pathways in immune cells.

5 Discussion and futuristic
consideration

This paper logically explains the molecular processes by
which CAFs co-regulate the TME in breast cancer via
dual lactate and glutamine metabolic reprogramming.
According to the study, CAFs use monocarboxylate
transporter 4 (MCT4) to secrete lactate, which directly
interfering with the metabolic program of cytotoxic T
cells results in macrophage polarization toward a pro-
tumor program. At the same time, gAFs stimulated by
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tumor-derived signaling engage glutamine synthetase
(GS) which is an active glutamine-synthesizing and
supplying enzyme to preserve the pro-tumor activities of
macrophages. It is a process that indicates how complex
the metabolic crosstalk between immune and stromal
cells interact. The specific control of metabolic targets
by exosome-based miR-425-5p also increases the
passing of the metabolic inhibitory signals, which
should be paid attention to. Unlike the traditional
perception that stromal cells have the same ability to
compete with tumor cells in acquiring nutrients, the
current evidence has highlighted the active aspect of
cancer-associated fibroblasts (CAFs) as metabolic
producers. This is not only supplementing the theory of
lactate-driven immune evasion, but a cross-
supplementing to the existing network of metabolic
remodelling which does reveal the glutamine synthesis
pathway. The above mechanisms, combined with
anticholinergic effects on monocarboxylate transporter
4 (MCT4) or glutamine synthetase (GS), can prove
critical in the reversal of immunosuppression in breast
cancer. It is anticipated that the combination of
metabolic interventions and PD-1/PD-L1 inhibitors will
overcome therapeutic resistance and would provide new
opportunities to enhance the efficacy, corresponding
research results, and clinical recommendations of breast
cancer immunotherapy. Though the study under
consideration has some theoretical backing, there are
some limitations. Its findings have been largely founded
on a synthesis of the existing literature and they did not
undergo exhaustive validation in humanized mouse
models. The upstream signaling mechanisms of action
by which tumors tell CAFs to metabolically transform
should also be clarified in research hereafter, and
clinical trials of precision immunotherapy grounded on
metabolic subtypes must be undertaken.

6 Conclusion

This paper clarifies explanatorily with respect to the
core aspects whereby cancer-associated fibroblasts
(CAFs) influence the establishment of an anti-immune
microenvironment in breast cancer using metabolic
reprogramming. The results indicate that the efflux of
large volumes of lactate through MCT4 by CAFs
directly acidifies the tumor microenvironment, thus
infringing the actions of cytotoxic T cells and initiating
macrophage polarization towards pro-tumor M2
phenotype. At the same time, CAFs, in the presence of
tumor cells, elevate glutamine synthetase (GS) to
actively produce glutamine that subsequently promotes

the pro-tumor activity of tumor-associated macrophages.

This disputes the conventional perspective, according to
which stromal cells can utilize glutamine in a
competitive manner with tumor cells. Moreover, the
CAF-secreted exosomes play a key role by enhancing
and conveying metabolic inhibitory cues by the
expression of metabolic enzymes, metabolites, and
miRNAs (miR-425-5p), forming the complete defence
of an immune reaction barrier.

The theoretical and practical importance of the
research may be seen in its methodical explanations, in

the light of metabolic interaction, of the particular
mechanisms engineering the immune
microenvironment by CAFs which offer new possible
objectives of breast cancer immunotherapy, namely, the
restoration of immunosuppression by targeting MCT4
or GS. The conclusions however are mostly founded on
the combination of the available literature and still
require thorough verification in in vivomodels. Also, the
upstream signaling pathways that mediate CAF
metabolic change is not clearly explained. The future
studies are to address these upstream regulatory
mechanisms and conduct clinical trials that involve
metabolism  subtype-based targeted agents in
combination with the currently used immune checkpoint
inhibitors to create specific new interventions on how to
eradicate immunotherapy resistance and improve
therapeutic effects.
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