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Bone marrow is known as the site of hematopoiesis. What is not being described in textbooks of immunology is the

fact that bone marrow is not only a generative, but also an antigen-responsive, immune organ. It is also a major

storage site for antigen-specific memory B and T cells.

immunological synapse  antigen-presenting cell  mesenchymal stem cell  memory T cell

regenerative medicine  T regulatory cell  bone marrow stromal niche

1. Introduction

It is exclusively in vertebrates that the adaptive immunity system was developed about 500 million years ago .

The phylogenetic roots of adaptive immunity go back to the lamprey, a cartilaginous fish, in which nature

apparently invented somatic diversification of antigen-specific lymphocyte receptors . New findings have revealed

that Permian tetrapods, 60 million years ago, developed a limb-bone growth plate and a centralized marrow cavity

organization containing hematopoietic stem cells (HSCs), which program hematopoiesis, the production of blood

cells . The growth plate (epiphyseal plate) is a hyaline cartilage plate in the metaphysis at each end of a long

bone. It contains mesenchymal stem cells (MSCs), chondrocytes, and matrix, and has a zonal arrangement from

the epiphysis to the diaphysis, the zones of ossification. Bone tissue is maintained by a balance between activities

of HSC-derived and MSC-derived cells. Osteoclasts (macrophage-like phagocytic cells) derived from HSCs break

down and resorb bone, while osteogenic cells from MSCs (osteoblasts and osteocytes) form the bone matrix and

maintain mineralized bone tissue.

In developing embryos, blood formation occurs in aggregates of blood cells in the yolk sac. As development

progresses, blood formation occurs in the spleen, liver, and lymph nodes. When bone marrow (BM) develops after

month four of embryogenesis, it eventually assumes the task of forming most of the blood cells for the entire

organism . In the process of osteogenesis, MSCs develop into osteoblasts and begin to synthesize osteoid, an

organic component of mainly collagen which, together with inorganic minerals, makes up the extracellular matrix

(ECM). In this matrix, the osteoblasts transform into osteocytes and build osteoid braces, which further develop into

bone braces. Immediately after birth, hematopoiesis occurs in the BM. HSCs are located in niches mainly formed

by MSCs and their descendants, and their function is associated with ECM molecules, hematopoietic cytokines,

and chemokines .
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Bones represent the inner skeleton of vertebrates. They protect various other organs of the body, produce red and

white blood cells, store minerals, provide structure and support for the body, and enable mobility. The central cavity

of bone, the medulla, is surrounded by a compact outer matrix which is covered by thin tissues, the periosteum at

the outer side, and the endosteum at the inner side. These contain MSCs which can always build new osteoblasts

if required, thus allowing flexibility in bone reconstruction and repair. The medulla is filled with a spongy structure,

the substantia spongiosa. This is made up of supportive strands of connective tissue, called trabeculae, and of soft

tissue, the BM. The trabeculae are aligned towards the mechanical load distribution that a bone like the femur

experiences. Spongy bone is like a biofoam. It accounts for 20% of total bone mass, but has nearly ten times the

surface area of compact bone. BM is vascularized by blood, not by lymphatic vessels , and is part of the

lymphocyte recirculation network . 

In mammals, B cells develop in the BM at the core of most bones into B cell receptor (BCR)-expressing cells. They

further differentiate in the spleen into mature naïve B cells, then become activated and enter a germinal center in

the lymph nodes. T cells develop in the BM up to the pre-T cell stage, and then further differentiate in the thymus to

T cell receptor (TCR)-expressing mature naïve T cells. Mature B and T lymphocytes express highly diverse

antigen-specific receptors. The BCR complex of mature B cells is composed of membrane immunoglobulin (Ig)

molecules that bind antigen and associated Igα and Igβ proteins that deliver signals for B cell activation. The T cell

TCR complex is a heterodimer consisting of two transmembrane polypeptide chains, TCRα and TCRβ, covalently

linked to each other. The TCR-associated signaling molecules are CD3 and ζ . Germline Ig and TCR genes are

composed of multiple DNA segments that are spatially separate in all cells and are combined in developing

lymphocytes. The total potential repertoire with junctional diversity is for Ig about 10 , and for TCRα,β, about 10

.

The organs of the immune system are traditionally divided into generative or primary lymphoid organs (BM and

thymus), where lymphocytes mature, and peripheral or secondary organs (lymph nodes, spleen, and parts of the

mucosal immune system), where naïve lymphocytes are activated by antigens . Extracellular fluid (lymph) is

constantly drained from the peripheral tissues through lymphatic vessels into lymph nodes, and thereafter reaches

the blood via the thoracic duct.

The bone includes a series of blood vessels organized in a specific order to provide nutrients, regulatory factors,

and oxygen to the cortex and medulla . Blood flow also removes metabolic waste products such as carbon

dioxide and acid. Nutrient arteries penetrate to the medulla and connect to the smaller periostal arterial supply to

enable perfusion of the cortical bone. The arteries are longitudinally aligned along the diaphysis of long bones and

infiltrate into BM via branching to small arterioles. The arterioles progress into endosteal regions in the BM and, at

the same time, undergo thinning. The sinusoids lie close to the endosteal regions following arterioles and have a

diameter higher than the arteries and arterioles. Sinusoids are surrounded by stromal cells bearing leptin receptors

(LepR) and producing high levels of the receptor tyrosine kinase c-kit, the stromal cell derived factor 1 (SDF-1),

and the chemokine CXCL-12. BM sinusoids form a capillary network with venous sinusoids, and the latter

converge to a large sinus in the BM center . Blood exits the medulla via multiple small veins that penetrate the

cortex . Billions of cells per day circulate between the BM and blood .
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The oxygen concentration in BM is 1–6%. This is too low, but higher than the concentration required to initiate

hypoxic responses. Oxygen concentration is at its maximum (6%) around sinusoids, where most of the immune

reactions occur, while the lowest concentration (1%) is observed in endosteal regions .

BM tissue distributed inside the different long, short, and flat bones constitutes one of the largest organs in

humans, accounting for 4–5% of the total body weight (TBW) . In comparison, the entire network of secondary

lymphoid organs makes up only 1–1.5% of TBW . BM is the most prominent source of de novo cellular

generation, reaching rates of 4–5 × 10  cells per day in an adult human .

Like the brain, with its network of neurons, the immune system has the capacity to learn and to develop memory.

Unlike the brain, with its mostly immobile network of neurons, the immune system is based on a network of mostly

mobile cells. These two learning systems are interconnected: autonomic and somatosensory nervous systems

regulate the development of immune cells. They have an impact on hematopoiesis as well as on priming,

migration, and cytokine production. In reverse, specific immune subsets contribute to homeostatic neural circuits

such as those controlling metabolism, hypertension, and the inflammatory reflex . While neuronal synapses

transmit electrical impulses directly via gap junctions (about 3.5 nm distance) or indirectly via neurotransmitters

(20–40 nm distance), immunological synapses (ISs) (about 13 nm distance) transmit biochemical signals. Three-

dimensional micro-anatomical investigations of BM have revealed that Nestin-GFP  neuron-glial antigen-2 (NG2 )

elongated cells run adjacent to arteries and arterioles. Bundles of nonmyelinating Schwann cells ensheathed these

adrenergic nerves .

2. Bone Marrow: A Hematopoietic and Antigen-Responsive
Lymphatic Organ

2.1. BM: A Central Organ Protected by Bone

BM is unique in comparison to secondary lymphatic organs in many aspects. One is its central location, another its

protection by solid bone. During millions of years of adaptation, this combination provided protection against

environmental changes, mechanical insults, and UV light irradiation.

In adult humans, BM is located in the skull; the vertebrae; the ribs, sternum, and pelvis; and in bones of the

extremities, such as the humerus, femur, and tibia. The vertebral body consists of a trabecular bone, which

contains red marrow surrounded by a thin external layer of compact bone. The vertebral arch forms the vertical

(spinal) canal, which contains the spinal cord . Intercostal nerves and plexuses accompany the thorax, and

peripheral neurons communicate with and regulate immunological processes .

2.2. BM: A Central Hematopoietic Organ

BM is composed of red (hematopoietic) and yellow (adipose) tissue and contains two types of stem cells: HSCs

and MSCs. All the different types of blood cells are derived from HSCs, which reside in niches of the BM
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parenchyma and develop via committed precursors and late precursors into their mature forms. HSCs are

maintained in a perivascular niche, in which LepR+ stromal cells and endothelial cells synthesize factors required

for HSC maintenance, including stem cell factor (SCF), the ligand of c-kit. Restricted hematopoietic progenitors and

erythropoiesis require SCF from LepR+ niche cells in the BM . Other factors of importance for hematopoiesis

are CXCL12, vascular endothelial growth factor receptor 2, E-selectin, jagged-1, and pleiotrophin .

Novel techniques of optical imaging and bioimage-based analysis software tools allow for organ-wide three-

dimensional (3D) reconstructions of a variety of tissues, including BM . High-resolution 3D imaging of a reduced

field of view showed the stromal scaffolds in BM: sinusoidal vessels and a network of perivascular bodies of

CXCL12+ reticular cells forming a dense matrix through the emissions of abundant cytoplasmic projections .

Megakaryocytes are found in close proximity to the endothelial surfaces of sinusoidal vessel walls. They traverse

these in the form of protrusions, from which proplatelets are continuously shed into the venous circulatory system

. Red blood cell development takes place in so-called erythroblastic islands where erythroid precursors

proliferate, enucleate, and terminally differentiate . Early lymphoid progenitors (Lin-, IL-7Rα+) are found in

contact with IL-7 expressing CXCL12+ stromal reticular cells, sometimes proximal to mature, bone-lining

osteoblasts .

2.3. BM: A Central Antigen Responsive Lymphatic Organ

That BM is a priming site for T-cell responses to blood-borne antigens was first described in 2003 .

The reasons for this late discovery are anatomical restrictions. The thick bone cortex that surrounds the BM

impedes direct observation and experimental manipulation. This is a main reason for the relative paucity of data on

BM physiology. One notable exception is the calvaria of the murine skull, where hematopoietically active BM is only

covered by a thin lamella of bone that is sufficiently translucent to allow a detailed in situ analysis of the BM

microcirculation by epifluorescence microscopy. This technique allowed for studies to be conducted on adhesion

and homing of blood-borne cells in BM microvessels . A second method consisted of visualization of T cells and

DCs by immunohistology of frozen tissue sections, a procedure that required careful isolation of intact BM tissue

from murine femurs .

2.4. Active Control of Proliferating Tumor Cells by CD8+ Memory T Cells Leading to
Tumor Dormancy in BM

A first hint to the potential importance of the BM in immunosurveillance came from experimental studies in mice .

The highly aggressive murine lymphoma ESb, when inoculated into the ear pinna of syngeneic mice, was found to

be incapable of growing due to an induced strong immune response. When ESb cells were transfected with the

bacterial lacZ gene coding for the enzyme β-galactosidase (Gal), it was possible to follow single tumor cells in

tissues such as the lymph nodes, spleen, and BM of ESb-lacZ ear pinna-inoculated mice. These studies revealed

that in these immunized mice, cancer-reactive CD8+ memory T cells (MTCs) actively controlled tumor dormancy in

the BM and established long-term systemic immune resistance upon subcutaneous tumor cell challenge. Low

numbers of tumor cells that homed to the BM expressed the proliferation-associated Ki67 antigen, but their
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proliferation was kept under control by the cancer-reactive CD8+ MTCs . Upon CD8+ T cell depletion, the BM

tumor cells expanded, and the mice died from metastases . These early experiments demonstrated that BM is a

privileged site where potentially lethal tumor cells can be controlled in a dormant state by CD8+ MTCs .

3. Comparison between BM and Blood

3.1. Comparison of DC Generation from Mononuclear Cells and Their Function

DCs from bone marrow (BM-DCs) and peripheral blood (BL-DCs) were generated in parallel from the same healthy

normal donors by culturing the cells in serum-free medium containing granulocyte-macrophage colony-stimulating

factor (GM-CSF) and IL-4. Then, their phenotypes and functions were compared. BM-DC generation occurred in

14 days, and involved proliferative expansion from CD34+ stem cells and differentiation, while BL-DC generation

occurred in 7 days from CD14+ monocytes and involved only differentiation . A 7- to 25-fold higher number of

DCs was obtained from BM than from blood. The DCs had similar phenotypes, but differed in function.

3.2. Enrichment of Memory T Cells in BM of Breast Cancer Patients

BM-derived cells from primary operated untreated breast cancer patients (n = 90) were compared with those from

healthy donors (n = 10), and also with cells from respective blood samples . The proportion of MTCs among the

CD4 and CD8 T cells was much higher in the BM of cancer patients than in healthy donors, and the extent of MTC

increase was related to the size of the primary tumor. The results suggest that BM is a valuable additional

compartment to blood for immune diagnosis in pathological conditions, and possibly for follow-up treatment

strategies .

3.3. Generation of Tumor-Specific CTL from BM, but Not PBL, of Breast Cancer
Patients

Mononuclear cells from the peripheral blood (PBL) or BM of individual primary operated, but untreated, breast

cancer patients were co-incubated for seven days with autologous DCs pulsed with lysate from MCF-7 breast

cancer cells or from unrelated U937 cancer cells. PBL failed to induce cytotoxic T lymphocyte (CTL) activity against

MCF-7, whereas BM T cells derived from the same patients developed HLA-dependent CTL activity against MCF-7

cells .

3.4. Superior Therapeutic Efficiency In Vivo of Reactivated MTCs from BM in
Comparison to Blood of Breast Cancer Patients

Immunotherapeutic effects were studied in a newly established NOD/SCID mouse model that allowed for

outgrowth of subcutaneously implanted human tumor xenografts. A single intraperitoneal transfer of restimulated

BM T cells caused regression of autologous tumor xenotransplants associated with infiltration by human T cells, as

well as tumor-cell apoptosis and necrosis. PBL T cells showed much lower anti-tumor activity in vivo .
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4. BM Storage Capacity for Memory B and Memory T Cells

4.1. Survival Niches for Memory B and Memory Plasma Cells in BM Parenchyma

B lymphocytes and plasma cells provide the humoral side of adaptive immune responses. They contribute to the

effectiveness of prophylactic vaccination to prevent infections. Memory B cells and memory plasma cells survive in

dedicated stromal niches of the BM . The BM has been described as a sanctuary for memory cells such as

plasma cells . This has implications for adaptive immunity and vaccinology . In autoimmunity and chronic

inflammation, memory B cells and memory plasma cells can be important players and require special attention .

4.2. Memory T Cells

Priming of naïve T cells leads to association of the tyrosine kinase Lck with the CD8 coreceptor, thereby enhancing

TCR signaling. The association beween Lck, which phosphorylates CD3 immunoreceptor tyrosine-based activation

motifs (ITAMs), and CD8 is maintained in MTCs, which explains their enhanced sensitivity to antigen re-exposure.

During a primary immune response, IL-7Rα (CD127) is downregulated on most CD8 T cells. Only a small subset of

cells that are CD127  contribute to the pool of MTCs .

4.3. Survival Niches for Memory T Cells in BM Parenchyma

BM was reported to be (i) a nest for migratory MTCs , (ii) a major reservoir and site of recruitment for central

memory CD8+ T cells , (iii) a preferred site for homeostatic proliferation of memory CD8+ T cells , and (iv) a

reservoir for “enhanced effector memory” CD8+ T cells with potent recall function .

High frequencies of less differentiated and more proliferative CD8+ MTCs specific for mutated and overexpressed

Wilms’ tumor suppressor gene 1 (WT1) were detected in the BM of tumor-bearing patients . Similarly, high

frequencies of functional tumor-reactive T cells were found in the BM of pancreatic cancer patients , and the BM

of patients with multiple myeloma was enriched with functional CD8 MTCs specific for the TA mucin glycoprotein 1

(MUC1) .

Blood T cells enter vascular sinuses in BM and transmigrate via diapedesis through the endothelium into BM

parenchyma. This involves traffic/adhesion molecular interactions, chemokines, and cytokines, and is true for

circulating T cells and tumor cells. The chemokine axis CXCL12/CXCR4 plays an intriguing guiding role in the

homing of central MTCs to secondary lymphatic organs . The collagen II receptor CD49b on stromal cells was

described to be required for migration of memory CD4 T-cell precursors into their survival niches in BM .

4.4. Tissue-Resident Memory T Cells in BM Parenchyma

Peripheral and systemic antigens were described to elicit an expandable pool of tissue resident memory CD8+ T

cells in the BM . These cells develop against various pathogens, independently of BM infection or local antigen

recognition. They are polyfunctional cytokine producers, and are dependent on IL-15 and on transcription factors
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such as Blimp-1 and Hobit. This work extends the role of the BM in the maintenance of CD8+ T cell memory to

include an expandable pool of functional, non-recirculating MTCs, which develop in response to a large variety of

peripheral antigens .

4.5. Stem-like Memory T Cells in BM Parenchyma

A unique population of BM MTCs is stem-like MTCs (TSCM). TSCM are characterized by C-type lectin CD69 and

high IL-7Rα (CD127) expression . Preferential homing to BM has been described for tumor-specific and

functional CD8+ TSCM . They express stem cell antigen-1 (Sca-1, CD122) and B-cell lymphoma protein-2 (Bcl-

2), and they relocate, after their vigorous response to blood-borne antigens, to the BM by adhesion molecules

VCAM-1, P-selectin glycoprotein 1, and P-selectin or E-selectin . The natural CD4+ TSCMs in the BM colocalize

with VCAM-1+, IL-15+, IL-7+, and CXCL-12+ stromal cells .

TSCMs combine phenotypes of naïve and memory T cells. An analysis of 16 human subjects revealed that TSCMs

show unique features in terms of their T-cell receptor repertoire . They have increased diversity across all

stretches of the TCRβ repertoire structure compared to those of naïve and other CD4+ MTCs. The top 1000

clonotypes in TSCMs were more public and grouped in more clusters, implying more epitope types .

TSCM phenotypes can be induced by suppressing genes related to T cell differentiation, such as T-bet, basic

leucin zipper transcription factor (BATF), and eomesodermin, and by upregulating genes related to stemness, such

as T cell factor 1 (TCF1) and lymphoid enhancer binding factor 1 (LEF1) .

4.6. Enrichment of Virus-Specific MTCs in Human BM Parenchyma

Selective accumulation of virus-specific CD8+ T cells with unique homing phenotypes has been described within

human BM . CD8+ T cells specific for Epstein–Barr virus (EBV) lytic antigens were enriched threefold in BM

compared to blood. BM T cells were found to exhibit a unique CCR5+CXCR6+CXCR3- homing phenotype which

was not observed on T cells from secondary lymphoid organs or peripheral organs . EBV is a human pathogenic

herpesvirus (HHV4) that can lead to infectious mononucleosis.

BM samples of individuals persistently infected by hepatitis C virus (HCV) have been reported to be enriched with

memory CD8+ T cells specific for current and historical HCV antigens . Infections with HCV have a high rate of

becoming chronic, with negative effects on the liver, such as liver cirrhosis.

4.7. Cognate Re-Activation of TA-Specific BM MTCs Ex Vivo and In Situ

Primary operated breast cancer patients contain, in their BM, cancer-reactive MTCs for multiple TAs that can be re-

activated ex vivo by DC-based APCs and exert therapeutic potential in human tumor xenotransplant models, as

reported in 2001 .
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Re-activation of MTCs from BM and recruitment to the site of vaccination has been described for the use of the

Newcastle disease virus (NDV)-modified autologous tumor cell vaccine (ATV-NDV). This can explain the long-term

survival benefit of colon cancer patients observed in a randomized controlled clinical study . It appears to be the

presence of a cognate antigen within the autologous vaccine and the danger signals provided by NDV infection

that cause the re-activation of quiescent cancer-reactive MTCs from the BM of the vaccinated colon cancer

patients.

4.8. Hypotheses for the Maintenance of Long-Term Memory in the BM

The organization of long-term immunological memory in the BM provides a number of challenges. The cells need

to be able to self-renew, to persist for the long term, and to give rise to highly proliferative progeny while staying

capable of quickly mounting a recall response upon reinfection .

A hypothesis on life-long T cell memory proposed the existence of two niches in the BM . The maintenance of

quiescent immune B and T cell memory in the BM has been described as follows .

Quiescence: Following the successful resolution of an immune reaction, antibody-secreting memory plasma

cells and memory B and T cells persist as quiescent cells (non-proliferative, non-migratory) in dedicated survival

niches organized by BM stromal cells. The immune memory cells dock individually onto dedicated stromal cells,

which control their maintenance. The number of available dedicated stromal cells defines the size of the

memory compartment .

Cognate re-activation of BM memory cells. Upon re-encounter with the antigen, which enters directly via the

blood into the vascularized BM or is transported there by APCs, antigen-specific memory B and MTCs are re-

activated. MTCs proliferate locally, form immune clusters, and provide local protection. Others exit the BM and

contribute to secondary immune reactions in the periphery. BM clusters in the parenchyma can develop into

large follicles. These include memory B and memory plasma cells in addition to CD4+ MTCs, suggesting T–B

cell interaction . Once a BCR binds its T cell-dependent antigen, the antigen is taken up into the B cell

through receptor-mediated endocytosis. This is then degraded and presented to T cells as a p-MHC II complex

at the cell membrane. Memory B cells in immune follicles might receive stimulatory signals from antigen-specific

helper T cells upon T–B synapse formation. More than one antigenic determinant of a protein is required for

such antigen-specific T-B cell interactions , one interacting with the BCR, the other with the TCR. Thus,

activated memory B cells may directly differentiate into antibody-secreting cells in the BM, providing rapid

enhancement of humoral immunity .

5. Bone Marrow Vaccination or Allogeneic BM Cell Injection:
Novel Approaches to Enhance or Reduce Antigen-Specific
Immunity
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Since MTCs within the BM have distinct phenotypic and functional properties when compared to MTCs from other

sites, a novel approach has been proposed to enhance antigen-specific immunity . In a murine model, the bent

knee joints of anesthetized mice were used for needle injection of the vaccine directly into the BM cavity of the tibia

.

Intra-BM (IBM) vaccination was successfully exploited for the purpose of inducing enhanced protective antitumor

immunity against human papillomavirus (HPV)-associated cancer . IBM vaccination with the MHC class I HPV-

16E7 epitope induced large numbers of activated, IFN-γ-producing, E7-specific T lymphocytes in the BM. In a

prophylactic tumor challenge setting, direct IBM vaccination protected against tumor formation in 80% of the mice.

In a therapeutic setting, IBM vaccination induced tumor regression in three of ten vaccinated mice and delayed

tumor growth in the remaining animals. Adoptive transfer of BM cells from IBM-vaccinated mice to naïve animals

conferred complete protection against tumor growth .

6. Interactions in BM between Three Types of Stem Cells and
Immune Cells

6.1. Hematopoietic Stem Cells (HSCs) in Cross-Talk with T Cells and DCs

Considering the fact that BM harbors niches for both stem cells and MTCs, perhaps even in close proximity, it is

conceivable that cross-talk may exist between them. In fact, cross-talk between T cells and HSPs has been

reported during ACT for malignant glioma . GBM tumors are largely devoid of resident migratory DCs to function

as APCs during immunotherapy. Transfer of HSCs with concomitant ACT led to the production of activated

CD86+CD11c+MHC-II+ cells consistent with a DC phenotype which functioned within the brain tumor

microenvironment (TME). During ACT, the HSC-derived cells in gliomas relied on T-cell-released IFN-γ to

differentiate into DCs. These DCs activated T cells and promoted intracranial tumor rejection .

6.2. Extramedullary HSCs in Meninges of Adult Mice Providing Immune
Surveillance of the CNS

Brain meninges contain both innate and adaptive immune cells, which provide immunosurveillance of the central

nervous system (CNS) . HSCs lodge in the meninges after birth with local expression of pro-hematopoietic niche

factors. With a tissue-specific expression profile, meningeal HSCs can provide the CNS with a constant supply of

leukocytes more adapted to the local microenvironment . In sublethally irradiated recipients, the meningeal

HSCs showed long-term, efficient, multi-lineage reconstitution and self-renewal capacity in the meninges, blood,

spleen, and BM . To achieve a steady state, the meningeal HSCs were likely to cross-talk with T cells and DCs.

6.3. BM Neural Crest-Derived Stem Cells Affecting B Cell Lymphopoiesis

The depletion of neural-crest (NC)-derived cells in double-transgenic mice led to a reduction in plasma

noradrenaline and to alterations in B cell lymphopoiesis . NC-derived cells contribute to the development of BM

stromal cells, Schwann cells, and sympathetic nerve fibers .
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BM receives sensory and sympathetic innervation from the peripheral nervous system . NC-derived Schwann

cells reside in a neurovascular niche in the BM in association with nerve fibers . The phenotype of human BM

NC cells is NESTIN+/SOX9+/TWIST+/SLUG+/P75NTR+/BRN3A+/MSI1+/SNAIL1+ . Such cells are able to

differentiate into melanocytes, Schwann cells, and neurons .

6.4. Mesenchymal Stem Cells in Cross-Talk with T Cells

BM MSCs are multipotent cells with strong tissue repair and immunomodulatory properties . Due to their ability

to repress pathogenic immune responses, in particular T cell responses, they show therapeutic potential for the

treatment of autoimmune diseases. The transfer of MSCs to CD4+ T cells from influenza hemagglutinin-specific

TCR transgenic mice reduced their diabetogenic potential .

7. Effect of Dietary Restriction (DR) on the BM

7.1. Effect of DR on Monocytes from the BM

Major chronic diseases (metabolic syndrome, cardiovascular diseases, neurodegenerative diseases, immune

system disorders, and cancer) are characterized by mitochondrial dysregulation of the cellular energy supply and

metabolism .

7.2. Effect of DR on Mucosal Immune Responses: Migration of Naïve B Cells from
PPs to BM

Another recent study revealed that DR drastically reduces the numbers of lymphocytes in Peyer’s patches (PPs),

the inductive site of the gut immune response . A large proportion of germinal center and IgA+ B cells was lost

via apoptosis during fasting. Naïve B cells migrated from PPs to the BM. During refeeding, stromal cells sensed

nutritional signals and upregulated C-X-C motif chemokine 13 (CXCL13) expression to recruit naïve B cells into

PPs.

7.3. Effects of DR on Memory T Cells: BM as a Refuge for Immune Memory

MTCs collapsed in secondary lymphoid organs in the context of DR, but dramatically accumulated within the BM

. This response was coordinated by glucocorticoids (GCs) and was associated with energy conservation. T cell

activities such as cytoskeletal rearrangements, transendothelial migration, differentiation, proliferation, effector

function, and memory require extra energy provided by the mitochondria . The response to DR included an

increase in T cell homing factors, erythropoiesis, and adipogenesis. Adipocytes, as well as CXCR4-CXCL12 and

sphingosine-1-phosphate (S1P) interacting with its receptor S1P1R, contributed to the enhanced T cell

accumulation in BM during DR.

8. Blood-Borne Antigens, Circulating Cells, and Subcellular
Particles
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8.1. Self and Non-Self Antigens

Blood-borne antigens can be self (auto)-antigens (SAs) or non-self-antigens (NSAs). They can be systemic

antigens from blood, or can be derived from peripheral tissues via lymphatics entering the blood. Naïve mature

lymphocytes continuously migrate from the blood into secondary lymphoid organs through high endothelial venules

or into the BM, and return to the blood directly or through lymphatics. This process maximizes the rare chance of

cognate encounters with their respective antigens to initiate immune responses .

Blood-borne SAs are recognized by immature BCR-expressing B cells in the BM, and by immature TCR-

expressing T cells in the thymus . Blood-borne SAs include self-macromolecules . Specialized transendothelial

DCs in the thymus provide developing T cells with SAs to induce negative selection and to maintain central

tolerance. The DCs are positioned in immediate proximity to thymic microvessels, where they extend cellular

processes across the endothelial barrier into the bloodstream . Negative selection also occurs in the BM through

the binding of SAs with the BCR of developing B cells.

While contact with SAs affects T and B cells pre-maturely, contact with NSAs affects T and B cells only after their

full maturation. Thus, antigen–immune cell interactions occur at two different stages of maturation. Mature T cells

not reacting to SAs and ready to react to NSAs egress from the thymus in dependency on S1P receptor 1 (S1PR1)

.

Blood-borne NSAs can be derived (i) from viruses, which represent a residual risk in potential organ donors (e.g.,

hepatitis virus B and C, human immunodeficiency virus (HIV)) , (ii) from bacteria or other microbes , or (iii)

from tumor cells (TAs, neoantigens). A large proportion of mature B cells occupy an anatomically and functionally

distinct perisinusoidal niche in the BM.

8.2. Circulating Tumor Cells, Tumor-Associated Antigens, and Immunogenic Cell
Death

Blood from cancer patients can contain circulatory tumor cells , extracellular vesicles (EVs) derived thereof,

apoptotic bodies , and tumor-associated proteins . Minimally invasive methods such as liquid biopsy of the

blood, urine, and cerebrospinal fluid can be used to sample circulatory tumor DNA (ctDNA), RNA, EVs, and tumor-

associated proteins .

The information obtained from liquid biopsy can be useful: (i) comprehensive liquid biopsy analysis is a new tool for

the early detection of minimal residual disease ; (ii) exosomal microRNA signature has predictive value for tumor

immunity in cervical cancer patients treated with chemoradiotherapy ; and (iii) advances in proteogenomic

analysis of HLA ligandomes demonstrating a subset of cryptic peptides derived from oncogenic noncoding RNA in

human colorectal cancer cells .

8.3. Circulatory Antigen-Presenting DCs and Their Homing to BM
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Blood-circulating cells of the immune system, such as lymphocytes and DCs, can transport information from the

periphery into the BM. Such cells home to BM depending on constitutively expressed VCAM-1 and endothelial

selectins in BM microvessels. A subset of DCs can travel as antigen-presenting cells (APCs) from the periphery

into the blood, from which they migrate to the spleen and BM, but not to the lymph nodes . Two-photon intravital

microscopy in BM cavities revealed that such antigen-bearing DCs formed stable antigen-dependent contacts with

BM-resident central MTCs, thereby triggering them to recall responses .

All DCs derive from HSCs in the BM. They are critical for adaptive immune responses and immune tolerance. DCs

are strategically positioned as immune sentinels in tissues throughout the body, poised to respond to invading

pathogens. The molecular traffic signals that govern DC migration throughout their life cycles have been reviewed

in . The major trafficking molecular interactions concerning DC interactions with BM are PSGL1-CD62E, PSGL1-

CD62P, VLA-4-VCAM-1, CCR2-CCL2, and CXCR4-CXCL12 .

8.4. Circulatory Naïve T and Memory T Lymphocyte Subsets

The percentages and absolute numbers of circulatory T cells, examined from 309 healthy volunteers, were tested

by means of ten-color flow cytometry based on a single-platform technology . CD3+ T cells represented 67.9%

of all lymphocytes and 1140 cells/mL. The CD4:CD8 ratio was 1.37. Memory T cells represented the major fraction

of CD4+ T cells (64.9%) and of CD8+ T cells (45.4%). Naïve T cells represented a minority fraction of CD4+ T cells

(4.3%) and of CD8+ T cells (3.2%). Stem-like TSMCs, defined as CD45RO-, CCR7+, CD45RA+, CD62L+, C\D27+,

and CD28+, represented 17.6% of CD4+ and 13.7% of CD8+ T cells. The remaining subsets were central memory,

effector memory, and terminal effector T cells .

8.5. CNS-Derived Antigens, CNS Immunosurveillance, and Cells Traveling through
Cerebrospinal Fluid into Venous Blood

The CNS is lined by meninges, known as the dura, arachnoid, and pia mater. Recently, a fourth meningeal layer

has been described, the subarachnoid lymphatic-like membrane (SLYM) . It encases blood vessels and immune

cells. The close apposition of SLYM with the endothelial lining of the meningeal venous sinus permits direct

exchange of small solutes between cerebrospinal fluid and venous blood .

9. Neuro-Immune and Neuro-Osteogenic Links, Pathologies,
and Interventions

9.1. Neuro-Immune Links

Immune cells and immune-derived molecules, endocrine glands and hormones, the nervous system, and neuro-

derived molecules form the combined tridirectional neuroimmune network, which plays a significant role in

communication pathways and regulation at the level of the whole organism and at local levels . The details of

such neuronal–immune cell units have been studied in allergic inflammation of the nose .
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(i)

(ii)

(iii)

(iv)

The nervous system regulates the function of immune cells through neurotransmitters or neuropeptides, while

immune cells play a key role in neuronal injury, repair, and differentiation .

9.2. Pathologies and Interventions

CNS lymphoma. In primary CNS lymphoma, attention has turned to the long-term outcomes of consolidation

therapies, and recent studies have highlighted the excellent disease control afforded by high-dose

chemotherapy and stem cell transplantation .

Malignant glioma (GBM). The glioma immune landscape has been described as a double-edged sword for

treatment . There are the effects of tumor cells on the tumor microenvironment, the immunosuppressive

effects of myeloid immune cells, and the lymphocyte responses against the glioma cells . Clinical and

translational advances in malignant glioma immunotherapy have been summarized recently .

Neuro-degenerative and neuro-autoimmune diseases. The role of T cells in brain inflammation has been

reviewed in . The immune system is deeply involved in autoimmune diseases of the CNS, such as multiple

sclerosis (MS), n-methyl-d-aspartate (NMDA) receptor encephalitis, and narcolepsy .

Chimeric antigen-receptor (CAR) T cells. Chimeric antigen receptor (CAR) T-cell therapy is a new and emerging

cell therapy which has achieved remarkable success in the treatment of hematological malignancies . The

side effects include prolonged cytopenia (PC). Cytokine analysis after CAR T-cell infusion showed that CXCL12

and stem cell factor were significantly decreased in the BM of patients with PC, suggesting reduced niche cell

function .

9.3. Neuro-Osteogenic Network

Skeletal tissue is highly innervated. The hallmarks of peripheral nerve function in bone regeneration were reviewed

in . The review summarizes the ways in which the peripheral nervous system (PNS) communicates with bone-

lineage cells, the vasculature, and immune cells in the bone microenvironment . It was concluded that the PNS

regulates bone regeneration through neuropeptides or neurotransmitters and cells in the peripheral nerves . 

10. Bone Marrow–Blood Interaction

10.1. BM Capacity for Cognate T Cell–APC Interactions

Cognate T-APC interactions represent the core of adaptive T-cell-mediated immune responses. Upon APC contact,

the mobile T cells with their antigen-specific TCR scan the APC cell surface for the presence of non-self pMHC

complexes with maximal fit. Maximal fit includes the TCR contact residue of the peptide and the polymorphic

MHC/TCR contact residues. Random migration precedes stable T-APC interactions. The in vivo scanning process

allows for four non-self pMHCs (NSAs) to be distinguished per TCR cluster from the vast majority of the
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approximately 10,000 normal self-pMHCs (SAs) of an APC . Antigen availability and dose were shown to

determine the T-APC interaction kinetics, T cell triggering, and memory fate decision .

The spatial organization of the TCR, its coreceptor (CD8 or CD4), LFA-1, and CD28 plays unique and

complementary roles in T cell signaling and T cell cytoskeletal reorganization . The proximity of TCR and its

coreceptor causes a switch of T cells from a low- to a high-antigen sensitivity mode .

Of utmost importance is the recent finding of mitochondrial priming by CD28 . Costimulatory signals during the

initial phase of T cell activation prime mitochondria with latent metabolic capacity, which is essential for future T cell

responses . TCR signaling without CD28 can elicit primary effector T cells, but MTCs generated during this

process are anergic, thus failing to respond to secondary antigen exposure. 

Activation of T cells by APCs occurs through several molecular interactions: TCR-pMHC, CD4/8-MHC, LFA-1-

ICAM-1, and CD28-CD80 . These lead to the folding of an immunological synapse (IS)  with supramolecular

activation complexes (SMAC) in the periphery (p-SMAC) and within the center (c-SMAC). The synapses allow for

actin polymerization, cytoskeletal reorganization and sustained T cell stimulation, a prerequisite for immunological

memory . TCR-pMHC binding leads to the exclusion of CD45, phosphorylation of CD3 ITAMs in

cytoplasmic tails, and docking of Zap70 and Lck. This further enhances the recruitment of CD8 and Lat . The

segregated TCR and the local assembly of multimolecular signaling complexes merge into microclusters and move

towards the center of the IS . 

During IS assembly, lymphocyte polarization occurs due to synaptic F-actin. It controls cytoskeletal changes via

polymerization, leading to centrosome polarization . Cytoskeleton changes are highly coordinated to allow for

molecular traffic in T cell migration, activation, and effector function .

T cell migration occurs during APC scanning or during endothelial passage. TCR-driven transendothelial migration

(TEM) of human effector memory CD4 T cells requires ZAP-70-dependent activation of a pathway involving Rho

GTPases (Vav, Rac) and myosin IIA .

Mechanical forces and waves of actin polymerization initiate the centripetal movement of signaling microcluster

complexes toward the p-SMAC . The F-actin-rich ring acts as a scaffold for microcluster assembly and

stabilization .

The importance of T-cell costimulation became evident due to the results of a phase I clinical study. Strong T-cell

costimulation via vaccination of 14 colorectal carcinoma patients with late-stage disease was capable to re-activate

anergized TA-specific MTCs . The vaccine contained a bispecific anti-CD28 fusion protein attached to an

autologous NDV virus-modified tumor cell vaccine .

Adhesion cascades, cytoskeletal rearrangement, and IS shape depend on the encountered cellular target . T

cell microvilli are actin-rich membrane protrusions that puncture cell barriers, such as the glycocalix. They thereby

actively place the considerably smaller TCRs in close proximity to APC-presented pMHCs.
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(i)

T cell microvilli are highly fragile and easily separated as membrane particles, forming a new class of EVs.

Released T cell microvilli-derived particles can act as vectors, transmitting T cell messages to cognate APCs .

During T-APC interaction, T cell microvilli might function in two directions, as information sensors and information

senders . 

Figure 1 illustrates bone marrow as a central immune system.

Figure 1. Cartoon demonstrating bone marrow as a central site for cognate interaction between antigen-specific T

cells (T) and antigen-presenting cells (APCs). (A) shows a femoral bone. (B) shows the spongy architecture of

bone marrow with MSC-derived stromal cells providing survival niches for HSC-derived cells, including memory B

and T cells (Image: https://ashpublications.org/ (accessed on 8 July 2023)). (C) shows cognate T-APC interaction

upon immunological synapse formation, with centrosome polarization and signaling events via signaling complexes

(Image: https://www.frontiersin.org/ (accessed on 8 July 2023)).

10.2. Effects of MSC-Derived Stromal Cells in the BM

BM MSC-derived stromal cells provide survival niches for memory cells of the adaptive immunity system. Some of

the mechanisms behind this property have been elucidated:

Stromal cell–immune cell contact-dependent PI3K and APRIL induces NF-kB signaling and prevents

mitochondrial and ER stress of memory plasma cells ;
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(ii)

(iii)

(iv)

(v)

Stromal cell CD80/CD86 expression provides CD28 stimulation in BM-resident plasma cells, leading to

sustained antibody responses ;

Stromal cells providing superior bio-availability of IL-15 cause upregulation of glucocortioid-induced TNF

receptor (GITR) on CD8 MTCs ;

Stromal-cell-derived Il-7 mediates homeostasis of naïve and memory CD8 T cells in vivo ;

Stromal-cell-expressed VCAM-1 holds immune cells in the niche and maintains plasma cell longevity .

10.3. Autonomous BM-Derived Adaptive Immune Response

To exclude a contribution by secondary lymphoid organs to the T-cell response observed in BM, T cell transfer and

activation experiments were repeated in splenectomized mutant Map3k14  mice, which lack lymph nodes and

PPs .

In these mutant mice, 58% of the CD8+ T cells from transferred OT-1/Rag1  animals were CD69+ 6 h after the

OVA antigen challenge, a value similar to that obtained with OT-I T cells in normal mice. Furthermore, 40% of the

transferred CSFE-labeled CD4+ transgenic OT-II T cells upregulated CD69 expression 5 h after OVA antigen

challenge, a value similar to that of the BM in normal mice .

11. Bone Marrow: T Regulatory Cells and Dendritic Cells
Reacting to Cancer and Microbial Infection

11.1. Epigenetic Regulation

The genome-wide DNA-methylation landscape has been described to define specialization of Tregs in tissues .

Tregs maintain self-tolerance and support organ homeostasis by differentiating into specialized-tissue Tregs .

Epigenetic modifications define the molecular characteristics of tissue Tregs. Many gene sites are associated with

the Th2 subset of helper T cells, for instance the gene encoding cytokine IL-33 receptor ST2. Tissue Tregs

integrate multiple waves of epigenetic reprogramming that define their tissue-restricted specialization .

11.2. BM and Treg Cells

Emerging evidence has revealed that Tregs also play a crucial role in maintaining the self-renewal and multi-

lineage differentiation capacity of stem cells in different tissues . Following allogeneic BM transplantation, Tregs

co-localize with infused allogeneic HSCs in unique niches to maintain their quiescence and development . The

BM Tregs are enriched in BM and serve a dual function of immunosuppression and maintenance of HSCs . BM

Tregs orchestrate stem cell niches crucial for hematopoiesis . The transcription factor BATF sustains

homeostasis and functionality of BM Tregs to preserve the homeostatic regulation of hematopoiesis and the

development of B cells . In comparison to the spleen, BM contains a higher frequency of Tregs.
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11.3. GvL without GvH

A murine GvL/GvH tumor model was used to study the effect of adoptive MTC therapy by BM-derived cells in

comparison to spleen- or peritoneal-cavity-derived immune cells. Tumor-resistant donor mice (strain B10.D2) were

immunized against ESb-MP lymphoma cells from host mice (strain DBA/2), and immune cells were removed from

the previously mentioned tissues. Fifteen million immune cells were transferred i.v. into DBA/2 recipient mice

bearing 4-week-established large ESb-MP tumors and liver and kidney metastases derived thereof. 1 day before

cell transfer, separate groups of the recipient mice (n = 10) were whole-body irradiated by either 5 Gy or 7.5 Gy to

suppress host-versus-graft (HvG) reactivity . The results demonstrated that BM-derived immune cells were

superior to spleen-derived immune cells in terms of conferring a GvL response, and conferred significant

protection, while immune cells from the peritoneal cavity exhibited a significant detrimental GvH effect .

11.4. Treg Cells in BM of Ewing Sarcoma Patients

Ewing sarcoma (ES) is thought to arise from MSCs, and is the second-most common bone sarcoma in pediatric

patients and young adults. BM cells of 45 primary or relapsed ES patients treated with standardized protocols were

analyzed for immune cell subsets by 6-color-flow cytometry . A high proportion of BM T cells with regulatory

phenotype (CD4+CD25 FoxP3+) was found to be associated with immune escape and metastatic disease .

Immune escape factors in ES are the absence of MHC class I molecules from the tumor tissue and an

immunosuppressive TME including myeloid-derived suppressor cells, F2 fibrocytes, and M2-like macrophages. A

promising therapeutic strategy was reported. It consisted of reducing suppressive retinoblastoma protein complex

expression by CDK 4/6 inhibitors and oncolytic adenovirus .

11.5. Tumor-Specific BM Treg Cells in Breast Cancer Patients

Spontaneous antitumor effector T-cell responses and immune suppressive Tregs critically influence the prognoses

of patients with cancer. On the basis of an analysis of the function, antigen specificity, and distribution of TA-

reactive T cells and Tregs in patients with breast cancer and transgenic tumor models, it was shown that tumor-

specific Tregs were selectively activated in the BM and egressed into the peripheral blood . The BM was

constantly depleted of TA-specific Tregs and was instead a site of increased induction and activity of tumor-reactive

effector/memory T cells . The egress of Tregs from the BM resulted in the accumulation of Tregs in breast

tumor tissue. This could be demonstrated to be due to activation-induced expression of peripheral homing

receptors, such as CCR2, and expression of the CCR2 ligand CCL2 in breast cancer tissue .

11.6. Effect of Microbial Infection and Inflammation on BM

11.6.1. Sepsis

Sepsis is a highly prevalent cause of death in intensive care units. A high-survival fecal-induced mouse peritonitis

sepsis model was used to study acute and sustained alterations to the BM . Single-cell RNA sequencing

classified 3402 single cells from control mice into 14 clusters. One day following polymicrobial infection, cell

[109]

[110]

[111]

hi [111]

[112]

[113]

[113]

[113]

[114]



Bone Marrow as Central Immune System | Encyclopedia.pub

https://encyclopedia.pub/entry/47746 18/29

composition changes and sepsis-induced transcriptional alterations were observed in most BM immune cell types.

The changes failed to completely resolve 1 month after sepsis .

11.6.2. Severe Malaria

Malaria is an acute febrile illness caused by Plasmodium parasites, which are spread to people through the bites of

infected female Anopheles mosquitos. In 2021, an estimated 247 million cases of malaria worldwide were reported

by the World Health Organization, with a high proportion in regions of Africa. The estimated number of malaria

deaths in 2021 stood at 619,000.

11.6.3. Colitis

Inflammatory bowel diseases (IBD) can be chronic or acute. Colitis ulcerosa and Morbus Crohn are two types of

colitis based on autoimmunity.

Melatonin (MLT) has been reported to have therapeutic effects on IBD. In a mouse model of dextran sulfate

sodium-induced colitis, RNA sequencing was employed to investigate the effects of MLT on BM-derived DCs .

MLT promoted the transformation of BM-DCs into tolerant phenotypes. Non-coding RNAs affected the PI3K-Akt

pathway .

12. Tumor Dormancy in BM and Maintenance of Tumor-
Specific MTCs

Immune compartmentalization and redistribution of T-cell subpopulations between the BM and peripheral tissues

were achieved by vaccination with adenoviral vector-encoded TRP-2 as TA in a TET transgenic mouse model of

spontaneous malignant melanoma . Disseminated BM-dormant TRP-2+ tumor cells co-localized with memory

CD8+ T cells.

Evidence had been provided before for spontaneous immune T cell reactivity in the BM from the well-defined ESb-

Gal tumor model . A novel model was established for the study of long-term protective anti-tumor immunity

and immune T cell memory . Long-term immune memory and tumor protection could be maintained over four

successive transfers of Gal-primed T cells between tumor-inoculated recipient nude (nu/nu) mice. The Gal-specific

CD8+ MTCs from the first transfer were able to be activated and recruited into the peritoneal cavity by ip tumor cell

challenge. From there, they were harvested for a second adoptive transfer together with tumor cell challenge.

About four weeks later, the Gal-specific MTCs had returned into a resting state and were detectable in the BM. This

long-term experiment (>6 months) demonstrated the longevity and functionality of the MTCs .

13. Bone Marrow Mesenchymal Stem Cells and Stromal Cells

The mesenchymal compartment of the BM is as diversified as its hematopoietic counterpart . The International

Society for Cell Therapy (ISCT) defined the MSCs as CD105+, CD73+, CD90+, and expressing the transcription
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factor Oct-4. They reside in a BM niche together with embryonal stem cells (ESC), multipotent adult stem cells

(MASC), and mesodermal adult progenitor cells (MAPC) . MSCs are adherent, proliferating, and colony-

forming cells. The largest fraction of the BM mesenchymal component presents in the form of a dense weblike

network of perivascular cells interconnected through large cytoplasmic projections that pervade entire BM tissues

. These fibroblast-like reticular cells are leptin-receptor- and CD140a-positive and secrete large amounts of

regulatory factors, such as IL-7, stem cell factor, and CXCL12 .

MSCs and stromal cells play important roles in the BM. They can differentiate into vascular endothelial cells,

adipocytes, chondrocytes, osteocytes, and niche-forming stromal cells. Lineage commitment, signaling pathways,

and the cytoskeleton systems in MSCs have been described . The differentiation of MSCs is regulated via a

complex network of interrelated signaling pathways, including the small Rho GTPases RhoA/ROCK, Akt/Erk, the

large tumor-suppressor kinase LATS1/2, and the transcriptional co-activator yes-associated protein (YAP)/TAZ of

the Hippo pathway . MSCs communicate via cytoplasmic protrusions among themselves as well as with

immune cells. They can secrete anti-microbial peptides and can initiate neoangiogenesis .

Mesenchymal connective tissue is a non-fibrillar reticular tissue derived from the embryonic mesoderm that also

contains parts from the embryonic ectoderm and entoderm. It is involved in the formation of bones and cartilage,

blood vessels, lymphatic vessels, the kidneys and adrenal cortex, smooth musculature, and cardiac muscle. BM

also contains ectoderm neuronal stem cells .
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