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Structural and Functional Characteristics 
of the Human Blood-Nerve Barrier 
with Translational Implications 
to Peripheral Nerve Autoimmune 
Disorders
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Abstract  Peripheral nerves and nerve roots comprise of three structural 
compartments: the outer epineurium consisting of longitudinal arrays of collagen 
fibers responsible for structural integrity and the inner perineurium consisting of 
multiple concentric layers of specialized epithelioid myofibroblasts that surround 
the innermost endoneurium which consists of myelinated and unmyelinated axons 
embedded in a looser mesh of collagen fibers. Axons are responsible for signal 
transduction to and from the central nervous system required for normal physiologi-
cal processes and are targeted by the immune system in autoimmune disorders. A 
highly regulated endoneurial microenvironment is required for normal axonal func-
tion. This is achieved by tight junction-forming endoneurial microvessels that con-
trol ion, solute, water, nutrient, macromolecule and leukocyte influx and efflux 
between the bloodstream and endoneurium, and the innermost layers of the perineu-
rium that control interstitial fluid component flux between the epineurium and endo-
neurium. Endoneurial microvascular endothelium is considered the blood-nerve 
barrier (BNB) due to direct communication with circulating blood. The mammalian 
BNB is considered the second most restrictive vascular system after the blood-brain 
barrier (BBB). Guided by human in vitro studies using primary and immortalized 
endoneurial endothelial cells that form the BNB, in situ studies in normal and 
pathologic human peripheral nerves, and representative animal models of peripheral 
nerve autoimmune disorders, knowledge is emerging on human BNB molecular and 
functional characteristics, including its array of cytokines/cytokine receptors, selec-
tins, and cellular adhesion and junctional complex molecules that may be employed 
during normal immune surveillance and altered in autoimmune diseases, providing 
potential targets of efficacious immunotherapy.
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Abbreviations

BBB	 Blood-brain barrier
BNB	 Blood-nerve barrier
CIDP	 Chronic inflammatory demyelinating polyradiculoneuropathy
DSP	 Distal sensory polyneuropathy
EAN	 Experimental autoimmune neuritis
FITC	 Fluorescein isothiocyanate
GBS	 Guillain-Barré syndrome
GDNF	 Glial-derived neurotrophic factor
HIFs	 Hypoxia-inducing factors
HIV	 Human immunodeficiency virus
HLA	 Human leukocyte antigen
ICAM-1	 Intercellular adhesion molecule-1
IFN-γ	 Interferon-γ
IL-1β	 Interleukin-1β
IL-2	 Interleukin-2
MAPK	 Mitogen-activated protein kinase
RET	 “rearranged upon transformation”
RNA	 Ribonucleic acid
SAPP	 Spontaneous autoimmune peripheral polyneuropathy
TEER	 Transendothelial electrical resistance
TGF-β	 Transforming growth factor-β
VCAM-1	 Vascular cell adhesion molecule-1
VEGF	 Vascular endothelial cell growth factor
ZO	 Zonula occludens

�Anatomy of Human Peripheral Nerves

Human peripheral nerves serve to facilitate afferent and efferent communication 
between the central nervous system (brain and spinal cord) and the periphery (inter-
nal and external organs, such as the gastrointestinal tract and skin, respectively, 
secretory organs, and muscle) required for normal physiological processes needed 
to healthy bodily function. Human peripheral nerves comprise of three compart-
ments: the outer epineurium which consists of longitudinal arrays of collagen fibers 
that are important for maintaining the structural integrity of the peripheral nerve, the 
inner perineurium which consists of concentric layers of specialized cells, and the 
innermost endoneurium which consists of a looser mesh of collagen fibers. A nerve 

E. E. Ubogu



237

fascicle consists of the endoneurium and its surrounding perineurium, initially 
described in 1876 (Fig. 1a) [1–4].

The epineurium consists of arteries, arterioles, venules, and veins that are con-
sidered collectively as epineurial macrovessels. The macrovessels are derived from 
and communicate with the extrinsic vascular supply to individual peripheral nerves 
known as the vasa nervorum. Lymphatic vessels are also present within the epineu-
rium. The perineurium consists of specialized epithelioid myofibroblasts that form 
concentric layers, consisting of single cells, around the endoneurium (1–15 layers 
dependent on nerve diameter), forming fascicles, as well as smaller diameter mac-
rovessels that communicate with the epineurium and endoneurium. The endoneu-
rium consists of axons that are responsible for electrical impulse signal transduction 
to and from the central nervous system. These axons are myelinated or unmyelin-
ated, are dependent on axonal size and function, and are aligned in the longitudinal 
axis of the peripheral nerve [1–5].

Schwann cells are the glial cells in peripheral nerves responsible for myelinating 
segments of large and small diameter axons needed to facilitate rapid salutatory 
action potential conduction, or surround bundles of small diameter unmyelinated 
axons (known as a Remak bundle), providing physiological support to these axons 
[6]. Motor neurons (axonal cell bodies) are located in the brain (for cranial nerves) 
and spinal cord (for somatic nerves), while sensory neurons are located in collections 
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Fig. 1  Digital light photomicrograph of a normal adult sural nerve (plastic embedded semi-thin 
axial section stained with Toluidine Blue and counterstained with basic fuchsin) showing the three 
compartments in peripheral nerves and endoneurial microvessels (EMV) that form the BNB (a) 
and an indirect fluorescent digital photomicrograph of a normal adult sural nerve (cryostat thick 
section stained with fluoresceinated Ulex europaeus agglutinin-1) showing epineurial macroves-
sels (solid arrow) and endoneurial microvessels (broken arrow) (b)
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of cell bodies called ganglia (e.g., dorsal root ganglia for somatic nerves). The 
endoneurium also consists of capillary-like microvessels that lack smooth muscle 
walls (Fig. 1b), as well as rare resident leukocytes (macrophages and mast cells) and 
fibroblasts [1–5].

The sciatic nerve is the largest nerve in mammals, compromising of 50–80 fas-
cicles in adult humans in the mid-thigh region (and as many as 140 fascicles in the 
gluteal region) [2, 7, 8] and 1–4 fascicles in adult mice and rats [9–11]. The com-
monly studied human sural nerve typically consists of 8–10 fascicles in adults [12]. 
It is important to recognize the rodent sciatic nerve consists of a thin epineurial 
layer with loose connective tissue in contrast with the more extensive and fibrous 
human epineurium. This significant structural difference between human and rodent 
peripheral nerves is important when extrapolating in vivo or in situ experimental 
observations made in rodents to human peripheral nerves, particularly with refer-
ence to nerve injury and local drug delivery (e.g., anesthetics and analgesics).

�Identification and Definition of Blood-Nerve Barrier

The importance of maintaining a highly regulated ionic microenvironment to facili-
tate axonal impulse conduction in peripheral nerves is intuitive and led to the pro-
posal of a blood-nerve barrier (BNB) akin to the blood-brain barrier (BBB). In vivo 
permeability studies performed in different animal species following intravenous 
Evans blue albumin and fluoresceinated albumin or dextran administration demon-
strated restricted macromolecules within endoneurial microvessel lumens without 
extravasation into the endoneurium despite diffuse entry into the epineurium (which 
was in contrast with the diffuse lack of brain parenchymal entry), implying that 
restrictive interfaces exist in peripheral nerves and nerve roots [13–17].

Subsequent ultrastructural assessment of human peripheral nerves demonstrated 
that the impermeable endoneurial microvessels consist of endothelial cells that form 
tight intercellular junctions and share their basement membrane with surrounding 
pericytes, lack fenestrations, and possess very few 50–100 nm pinocytic vesicles. 
This was in contrast with permeable epineurial macrovessels that contain a layer of 
endothelial cells that possess fenestrations and are surrounded by a smooth muscle 
wall. Furthermore, the innermost concentric perineurial cell layers (i.e., closest to 
the endoneurium) are connect by intercellular tight junctions, lack fenestrations, 
and possess pinocytic vesicles (with higher density in the outermost layers). Thus, 
the internal microenvironment of the endoneurium is deemed to be regulated by 
tight junction-forming endoneurial endothelial cells and the cell layers of the inner-
most perineurium [2, 3, 5].

Endoneurial endothelial cells are in direct contact with circulating blood, includ-
ing hematogenous leukocytes, while perineurial cells are in contact with interstitial 
fluid from the epineurium and endoneurium. As a consequence, endoneurial endothe-
lial cells form the BNB, while perineurial cells form critical interfaces between the 
endoneurial and epineurial interstitial fluid compartments which are also important 
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for maintaining peripheral nerve homeostasis. Since cross-talk between the systemic 
immune system and peripheral nerves largely depends on hematogenously derived 
circulating leukocytes, it is important to understand the structural, molecular, and 
functional characteristics of the human BNB in health in order to elucidate biologi-
cally relevant alterations that may occur in disease states such as peripheral nerve 
autoimmune disorders.

�Characteristics of the Human BNB in Health

Basic knowledge of the structural, molecular, and functional characteristics of the 
human BNB in health and disease is emerging, guided by data from the human BBB 
and studies performed on peripheral nerve biopsies in situ and primary and immor-
talized human endoneurial endothelial cells in vitro; however, our knowledge is far 
from complete. Structurally, human endoneurial endothelial cells that form the 
BNB possess electron-dense intercellular tight junctions in situ and in vitro (Fig. 2) 
[3, 7]. In vitro, these tight junctions consist of occludin, members of the claudin 
family such as claudin-5, as well as cytoplasmic adaptors such as members of the 
zonula occludens (ZO) family, e.g., ZO-1 and ZO-2 (also known as tight junction 
proteins 1 and 2, respectively), based on immunocytochemistry of confluent cul-
tures [7, 18–20], while claudin-5 and ZO-1 had been previously demonstrated in 
situ [21–23]. Data has emerged over the past 15 years on the importance of the 

Fig. 2  Digital electron ultramicrographs from an adult sural nerve (a) and cultured semipermeable 
transwell inserts (b) showing human endoneurial endothelial cells with electron-dense intercellu-
lar tight junctions (black arrows). A red blood cell (RBC) is present in the lumen of the endoneurial 
microvessel
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intercellular junctional complex, consisting of tight, adherens, and gap junctions 
and their associated adaptor proteins and interacting cytoskeletal components in 
normal specialized endothelial and epithelial cell function [22, 24–29].

Recent work elucidating the normal adult human BNB transcriptome based on 
conserved transcripts expressed by early- and late-passage primary human endo-
neurial endothelial cells and laser-capture microdissected endoneurial microvessels 
from four histologically normal adult sural nerve biopsies demonstrated expression 
of 133 intercellular junctional complex molecules (22 tight junction or junction-
associated, 45 adherens junction or junction-associated, and 52 cell junction-
associated or adaptor molecules), with in situ protein expression of α1 catenin, 
cadherin-5, cadherin-6, claudin-4, claudin-5, crumbs cell polarity complex compo-
nent lin-7 homolog A, gap junction protein A1, multiple PDZ domain crumbs cell 
polarity complex component, protocadherin-1, vezatin, ZO-1, and zyxin demon-
strated on endoneurial microvessels by indirect fluorescent immunohistochemistry 
[22]. This complexity may exist to provide significant molecular redundancy needed 
to maintain a structurally normal BNB due to its essential homeostatic role in 
normal peripheral nerve function.

Restrictive intercellular tight junction formation is a critical observation that 
differentiates endoneurial microvascular endothelial cells from epineurial macro-
vascular endothelial cells in human peripheral nerves. Endoneurial endothelial 
cells express receptors for specific mitogens such as glial-derived neurotrophic 
factor (GDNF, GFRα1), vascular endothelial growth factor (VEGF, VEGFR2), 
basic fibroblast growth factor (bFGF, FGFR1), transforming growth factor-β (TGF-
β, TGFRI/II), and glucocorticoids (GR) [18, 19, 30–32], implying that autocrine or 
paracrine mitogen secretion by endothelial cells, Schwann cells, pericytes, mast 
cells, or endoneurial fibroblasts could regulate BNB composition and function in 
health. Schwann cells, the glial cells of the peripheral nervous system present in the 
endoneurium, have been shown to secrete GDNF in vitro and in vivo [33, 34], and 
GDNF has been demonstrated to influence restrictive human BNB characteristics 
in  vitro at low nanomolar concentrations in a dose-dependent manner via RET-
tyrosine kinase-mitogen-activated protein kinase (MAPK) signaling and enhance 
murine BNB restrictive characteristics in  vivo following non-transecting nerve 
injury using a tamoxifen-inducible conditional knockout model [30, 35]. This sug-
gests that GDNF is an essential paracrine regulator of BNB formation that may also 
have an important role during BNB formation during development and maintenance 
in health, with some redundancy demonstrated in  vitro by other less efficacious 
mitogens, such as basic fibroblast growth factor.

In addition to the junctional complex, specialized influx and efflux transporters 
that regulate ionic, water, molecular, nutrient, drug, and xenobiotic entry into or 
removal from the peripheral nerve endoneurium exist at the human BNB, control-
ling the endoneurial microenvironment. In vitro, these include alkaline phospha-
tase, glucose transporter-1 (also known as SLC2A1), monocarboxylate transporter-1 
(also known as SLC16A1), creatine transporter (also known as SLC6A8), large 
amino acid transporter-1 (also known as SLC7A5), γ-glutamyl transpeptidase, and 
p-glycoprotein (also known as ABCB1) expressed by primary and immortalized 

E. E. Ubogu



241

human endoneurial endothelial cells (messenger RNA or protein) [7, 32], with 
glucose transporter-1 previously demonstrated on human endoneurial microvessels 
in situ [36].

The human BNB transcriptome demonstrated 509 transporter transcripts, includ-
ing 196 members of the solute carrier transport family, 76 cation channel, 33 mem-
bers of the ATP-binding cassette family, 14 zinc transporter, 13 anion channel, 4 
solute carrier organic transporter, and 3 aquaporin molecules. ABCA8, ABCB1, 
AQP1, SLC1A1, SLC2A1, SLC3A2, SLC5A6, SLC16A1, and SLC19A2 were 
demonstrated on BNB-forming endoneurial endothelial cells in normal human sural 
nerve biopsies by indirect immunohistochemistry in situ [22]. The extensive reper-
toire of transcripts that comprise the healthy human BNB cellular components (i.e., 
cell junction, cell part, extracellular matrix, extracellular region, macromolecular 
complex, membrane, organelle, and synapse) and their protein classes has been 
recently published, recognizing that not all transcripts undergo translation to func-
tional protein. Although there are major similarities, structural differences and 
molecular heterogeneity in the composition of the BNB probably exist between 
different species [5, 37], limiting the degree of extrapolation feasible between data 
derived from animal models in vitro and in vivo and the human BNB. Figure 3 
depicts a schematic figure summarizing essential structural and molecular compo-
nents of the human BNB.
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Endoneurial Endothelial Cell

PERICYTE

Fig. 3  Schematic figure showing the structural and essential molecular components of the human 
BNB

Structural and Functional Characteristics of the Human Blood-Nerve Barrier…



242

�Human BNB Physiology

The human BNB, similar to other specialized tight junction-forming microvascular 
systems such as the BBB, blood-retina barrier, and blood-testis barrier, is expected 
to possess high transendothelial electrical resistance (TEER), low permeability to 
solutes and macromolecules, and low transendothelial water flux (hydraulic con-
ductivity). In support of this, comparative animal studies have determined that the 
BNB is the second most restrictive microvascular tissue barrier in mammals, after 
the BBB. Unlike the human BBB, supported by the glia limitans (which consists of 
astrocyte and microglial foot processes), there is no physical support of the BNB by 
Schwann cells. It has not been conclusively established whether endoneurial micro-
vascular pericytes (that lack intercellular junctions and share a basement membrane 
with endoneurial endothelial cells) provide trophic support to the human BNB.

The human BNB TEER in  vivo is unknown; however, it is expected to be 
>1500 Ω.cm2, based on BBB data [38–41]. Similarly, its permeability coefficients 
and hydraulic conductivity in vivo are also unknown, although some work has been 
published in other mammalian and nonmammalian species evaluating solute per-
meability and interstitial fluid flux in peripheral nerves following intravenous elec-
trolyte and tracer injections, followed by timed nerve procurement [17, 42–44]. 
Human BNB TEER has been measured to be as high as ~180 Ω.cm2 in confluent 
cultures by a voltohmmeter applying a direct current across transwell inserts and as 
high as ~900 Ω when recorded in specialized culture wells with gold electrodes 
using a fixed alternating current at 4000 Hz via electrical cell impedance sensing 
[7, 20, 32, 35].

Solute permeability to sodium fluorescein (molecular mass 376 Da) and 70 KDa 
fluoresceinated dextran (dextran-70-FITC) across primary and immortalized 
human endoneurial endothelial cells is typically <5% of input at 15 minutes using 
static transwell systems in vitro, with higher values (~3–15-fold) seen with sodium 
fluorescein when directly compared to dextran-70-FITC using the same batch of 
endothelial cells in concurrent experiments [7, 20, 32]. Human BNB transendothe-
lial water flux under the influence of hydrostatic pressure, otherwise known as 
hydraulic conductivity, has been measured in  vitro (~2.0  ×  10−7  cm/s/cm H2O) 
using a customized transwell diffusion chamber-bubble track system [45]. 
Consistent with prior observations, the human BNB was the second most restric-
tive human or mammalian microvascular endothelial cell type after the BBB in 
terms of water flux [17, 43–45].

Hematogenous leukocyte trafficking across microvascular endothelium in vivo 
(based on intravital microscopy) or in vitro under flow is a sequential coordinated 
process that involves leukocyte attraction from circulating blood to the endothelial 
cell luminal surface (mediated by specific chemokines bound to glycosaminogly-
cans on the endothelium and chemokine receptors expressed by leukocytes), rolling 
(mediated by selectins expressed on the endothelium and their glycoproteins or 
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carbohydrate moiety counterligands expressed on leukocytes), leukocyte arrest and 
haptotaxis on the endothelial cell surface (mediated by chemokines and chemokine 
receptors), integrin activation and firm adhesion (via leukocyte integrin binding to 
endothelial cell adhesion molecules) that induces a conformation change in leuko-
cyte shape from round to flat with formation of pseudopodia, and leukocyte trans-
migration via the paracellular (i.e., through intercellular junctions) or transcellular 
(i.e., through endothelial cells) routes followed by basement membrane disruption 
at the abluminal surface (via secretion of specific matrix metalloproteases) required 
for complete passage into tissues [46–52]. There is in  vitro data using a flow-
dependent leukocyte-BNB trafficking model providing evidence that this sequential 
process (also known as the multistep paradigm of leukocyte trafficking) occurs in 
peripheral nerves [53–55].

The presence of rare endoneurial macrophages, mast cells, and T lymphocytes in 
normal human peripheral nerve endoneurium implies some physiological cross talk 
between the systemic immune compartment and peripheral nerves at the BNB. The 
human BNB transcriptome supports the expression of human leukocyte antigen (or 
major histocompatibility complex) class I and II molecules in normal healthy endo-
neurial microvessels in situ [22], suggesting that the human BNB may directly par-
ticipate in innate and adaptive immune responses in peripheral nerves (Tables 1 and 
2). Furthermore, specific chemokine transcripts were also expressed by the normal 
healthy adult BNB based on this transcriptome.  These include CCL2, CCL14, 
CCL28, CXCL3, CXCL12, CXCL16, and CX3CL1 [22].

These chemokines could facilitate the interaction of hematogenous monocytes 
(CCL2, CCL14, CX3CL1), T lymphocytes (CCL2, CX3CL1), natural killer T cells 
(CXCL16), and neutrophils (CXCL3) with endoneurial microvascular cells during 
normal immunosurveillance or part of an early immune response to injury, while 
CXCL12 and CCL28 may be important in endothelial cell migration and vascular 
repair. A more complex array of chemokines including CXCL9, CXCL10, and 
CXCL11 that facilitate CXCR3+ CD4+ T-helper 1 lymphocyte migration were 
expressed by the basal human BNB in vitro [22, 55], implying some degree of endo-
thelial cell activation in vitro or dysregulated chemokine expression in situ.

Endoneurial microvascular endothelial cells also express selectins (e.g., 
P-selectin, E-selectin) and cell adhesion molecules (e.g., intercellular adhesion mol-
ecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), fibronectin Type 
III connecting segment) under basal conditions that were upregulated or underwent 
alternative splicing following stimulus with physiological concentrations of pro-
inflammatory cytokines tissue necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) 
in vitro (Fig. 4) [55]. The constitutive expression of these cell adhesion molecules 
known to facilitate leukocyte adhesion and transmigration supports the notion the 
endoneurial microvessels participate in cross talk between subsets of circulating 
leukocytes that are components of systemic immune compartment and peripheral 
nerves.
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�Structural and Functional Changes at the BNB Associated 
with Autoimmune Disorders

Increased permeability of or leukocyte trafficking at the human BNB, commonly 
cited as “BNB breakdown,” has been pathologically associated with peripheral 
nerve autoimmune disorders, with a paper reporting downregulation of BNB tight 
junction protein claudin-5 and translocation of ZO-1 by immunohistochemistry in 
sural nerve biopsies of patients with chronic inflammatory demyelinating polyra-
diculoneuropathy (CIDP), without change in occludin expression [21]. It is impor-
tant to recognize that claudin-5 was also expressed on epineurial macrovessels that 
do not form the restrictive tight junctions [21], as well as immature endoneurial 
microvessels during development [23], calling to question its role in mediating 
restrictive junction barrier function in human peripheral nerves. Importantly, this 
commonly held viewpoint implies that the human BNB is relatively passive during 
autoimmune disorders affecting peripheral nerves.

E-Selectin-B E-Selectin-CA P-Selectin-B P-Selectin-CA 

ICAM-1-B VCAM-1-B 

ICAM-1-CA 

 VCAM-1-CA 

FNCS1-B  FNCS1-CA 

A B  C D 

E 

F 

 

G H 

I J 

Fig. 4  Composite indirect fluorescent digital photomicrographs showing cellular adhesion mole-
cule expression by confluent primary human endoneurial endothelial cells under basal and physi-
ological cytokine-activated states in vitro (B indicates expression under basal culture conditions; 
CA indicates expression following cytokine activation with 10 U/mL TNF-α and 20 U/mL IFN-γ 
for 24 hours) A, C, E, G and I indicate cellular adhesion molecule expression under basal cultures 
conditions, while B, D, F, H and J indicate upregulated expression following physiological 
cytokine stimulus in vitro

E. E. Ubogu
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Recent data demonstrating the complexity of the restrictive junction components 
and possible redundancy of tight junction-forming molecules involved in the human 
BNB [22] suggest that downregulation of a single tight junction-forming molecule 
or reduction in TEER or increase in solute permeability demonstrated in vitro fol-
lowing administration of sera from GBS or CIDP patients [56–58] may be an insuf-
ficient structural or functional change at the human BNB in vivo during autoimmune 
disorders. In support of this, physiological cytokine stimulus of confluent primary 
human endoneurial endothelial cells grown on transwell inserts with TNF-α and 
IFN-γ over a 100-fold range did not alter TEER in vitro [55]. Ultrastructural exami-
nation of endoneurial microvessels within the inflammatory milieu from patients 
with GBS and CIDP demonstrates intact electron-dense intercellular tight junctions, 
with similar electron-dense contacts between infiltrating leukocytes and endothelial 
cells (Fig. 5) [59, 60]. These observations should provide the impetus for further 
studies to better understand biologically relevant structural and functional altera-
tions at the human BNB during peripheral nerve autoimmune disorders relative to 
healthy nerves.

Fig. 5  Composite digital electron ultramicrographs demonstrating intact electron-dense intercel-
lular tight junctions (solid black arrows) between endoneurial endothelial cells within the inflam-
matory milieu in a GBS (a) and CIDP (b) patient sural nerve biopsy, with electron-dense 
intercellular contacts observed between infiltrating leukocytes and endothelial cells (c, white 
arrows) and endoneurial microvessel basement membrane duplication (d, black asterisk)

Structural and Functional Characteristics of the Human Blood-Nerve Barrier…
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Endoneurial microvessel basement membrane thickening/duplication (Fig. 5d) 
has been described in association with CIDP and peripheral nerve vasculitis (which 
typically affects epineurial arteries or arterioles and rarely involves endoneurial 
capillary-like vessels with resultant endoneurial ischemia) [60–62]. The functional 
implications of the basement membrane alterations are undetermined; however, this 
may reflect an adaptive or maladaptive response to chronic and persistent endothe-
lial cell/pericyte pro-inflammatory cytokine exposure or hypoxia/ischemia as a 
compensatory or reactive means of maintaining BNB functional integrity.

�BNB Endothelial-Leukocyte Interactions in Immune-
Mediated Neuropathies

While it is unresolved whether systemic immune system activation (e.g., by infec-
tions, minor surgery or trauma) with primary attack of peripheral nerves and nerve 
roots (through the process of “molecular mimicry”) [63, 64] or endogenous activa-
tion of the innate immune system in peripheral nerves (e.g., by viruses) [65] with 
secondary selective adaptive immune system activation in genetically susceptible 
individuals is responsible for tissue-specific autoimmunity, or whether suspected 
circulating polyclonal anti-myelin protein, anti-axonal nodal protein, and anti-
ganglioside or anti-glycolipid autoantibodies can cross the human BNB in vivo, a 
pathologic hallmark of autoimmune neuropathies is the infiltration of subpopula-
tions of hematogenous leukocytes in peripheral nerves and nerve roots, commonly 
demonstrated in situ on patient nerve biopsies [61].

In GBS and CIDP, leukocyte infiltration is associated with demyelination, axonal 
degeneration, or both. In peripheral nerve vasculitis, leukocyte infiltration is associ-
ated with vascular wall infiltration, transmural vasonecrosis, and endoneurial 
ischemia. In HIV-associated distal sensory polyneuropathy (DSP), although not 
considered an autoimmune neuropathy, clusters of leukocytes are also seen within 
the endoneurium, associated with axonal loss. Since endoneurial microvessels that 
form the BNB provide the main route of entry for hematogenous leukocytes from 
circulation into the endoneurium, leukocyte-endothelial cell interactions are impor-
tant in the pathogenesis of peripheral nerve autoimmune disorders. In support of 
this, hematogenous leukocytes interacting with the endoneurial microvessels that 
form the BNB have been observed in untreated patients with GBS, CIDP, and HIV
DSP in situ (Fig. 6).

Using a flow-dependent leukocyte-BNB trafficking model in  vitro, untreated 
GBS, CIDP, and HIV-DSP patient peripheral blood mononuclear leukocytes 
(PBMLs) firmly adhere to the surface of confluent primary endoneurial endothelial 
cells and undergo paracellular transmigration at higher rates that normal healthy 
donor PBMLs in vitro [53, 55], supporting the notion that leukocyte trafficking at 
the BNB is pathogenically relevant to autoimmune peripheral neuropathies and 
potentially HIV-DSP.
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�Subpopulation Leukocyte Infiltration in Immune-Mediated 
Neuropathies

The major challenges in definitively ascertaining the phenotypic characteristics of 
infiltrating leukocytes in autoimmune neuropathies include disease heterogeneity, 
the scarcity of pathologic patient biopsies for large-scale comparative analyses, the 
frequent analysis of sural nerves that may be partially involved in the disease pro-
cess but practically safer to biopsy in patients rather than clinically and electro-
physiologically affected motor nerves, the paucity or multifocal nature of 
inflammatory infiltrates reducing the likelihood of detecting pathogenic leukocytes 
in small specimens, and the selection and ascertainment biases intrinsic to immuno-
histochemistry studies.

The expression of HLA class II molecules, interleukin 1-beta (IL-1β), IFN-γ, 
TNF-α, CCL2, CXCL10, and ICAM-1 on endoneurial endothelial cells has been 
described in peripheral nerve biopsies of GBS patients. Similarly, HLA-DR, inter-
leukin-2 (IL-2), IFN-γ, TNF-α, CXCL10, and ICAM-1 have also been expressed at 
the human BNB in situ in CIDP patient nerve biopsies at higher levels compared to 

Fig. 6  Composite digital indirect fluorescent photomicrographs showing interaction between 
hematogenous leukocytes and endoneurial microvessels in GBS (a; CD11b+), CIDP (b; 
CD49d+), and HIV-DSP (c; CD68+ CCR5+) patient sural nerve biopsies (yellow cells shown 
with white arrows). S100β+ myelinating Schwann cells associated with axons (green) are also 
depicted in a. The outline of an endoneurial microvessel in longitudinal section is shown with the 
white lines in c
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control nerves, supporting the notion that local activation of the adaptive immune 
response at the BNB may be pathogenically significant in GBS and CIDP [66–76]. 
In a single study, chemokine receptors CCR1 and CCR5 were demonstrated on 
endoneurial macrophages with CCR2, CCR4, and CXCR3 expressed on infiltrating 
T lymphocytes in GBS and CIDP patient sural nerve biopsies [76]. Another study 
demonstrated increased numbers of CCR2+ mononuclear cells in GBS patient 
nerve biopsies [69].

Guided by in vitro observations implying a role for leukocyte integrin CD11b 
(also known as αM-integrin or Mac-1)-ICAM-1 interactions in mediating pathogenic 
leukocyte trafficking at the human BNB under hydrodynamic forces mimicking 
in vivo capillary flow rates [55], expression of clusters of infiltrated CD11b+ leuko-
cytes interacting with endoneurial endothelial cells that accumulate within untreated 
GBS patient sural nerve biopsy endoneurium has been shown (Fig. 7) [59]. Similarly, 
CD49d+ (also known as α4-integrin or very late antigen-4) mononuclear leukocytes 
in CIDP patient sural nerve biopsy endoneurium [53] and CCR5+ and CD11d+ 
(also known as αD-integrin) mononuclear leukocytes in untreated HIV-DSP patient 
sural nerve biopsies have been demonstrated (Fig. 6), consistent with a prior report 
indicating a predominance of CCR5-dependent and macrophage tropic HIV-1 virus 
based on sequence analysis and evaluation of infectious recombinant viruses con-
taining peripheral nerve-derived C2V3 sequences in autopsied sural and peroneal 
nerves in decedent HIV+ individuals [77].

Peripheral nerve vasculitis is typically associated with leukocyte infiltration of 
epineurial macrovascular endothelium walls, rather than direct involvement with 
endoneurial microvessels that form the BNB. However, strong expression of HLA 
class I and class II molecules on affected vascular endothelial cells has been 
described, typically associated with prominent CD4+ and fewer CD8+ T lympho-
cytes and CD68+ macrophages. CD22+ B lymphocytes and CD16+ natural killer 
cells are less commonly observed in vasculitic neuropathy than T lymphocytes and 
macrophages. T lymphocyte infiltrates in vasculitic neuropathy are heterogeneous 
based on T-cell receptor Vβ utilization, similar to descriptions in CIDP, supporting 
the polyclonal nature of these conditions [74, 75, 78–81].

Expression of CD58 (also known as lymphocyte function-associated antigen-3; 
a cell adhesion molecule typically expressed on antigen-presenting cells such as 
macrophages and binds to CD2 on T lymphocytes) and CD86 (a protein expressed 
on antigen-presenting cells that provides costimulatory signals necessary for T-cell 
activation and survival) on affected vascular endothelial cells have also been 
described, with the former also expressed by Schwann cells [75]. Variable focal 
expression of hypoxia-inducing factors (HIFs), HIF-1α, HIF-1β, and HIF-2α, as 
well as VEGF, VEGFR, and erythropoietin receptor was seen on endoneurial 
microvessels in a small percentage of nerve biopsies from patients with vasculitic 
neuropathy at higher rates than control sural nerve biopsies [82, 83].

Recent work elucidating the normal adult BNB transcriptome provides molecu-
lar targets putatively involved in cross-talk between the innate (Table 1) and adap-
tive (Table 2) immune responses in peripheral nerves. Validation of these proposed 
molecules and their associated signaling networks, as well as future single cell tran-
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scriptomics and proteomics studies, could provide avenues to more comprehen-
sively elucidate molecular changes at the human BNB in situ and characterize the 
different infiltrated leukocyte subpopulations associated with specific peripheral 
nerve autoimmune disorders required to better understand the pathogenesis of these 
conditions and also understand how HIV-infected leukocytes could gain access into 
peripheral nerves. The ultimate goal is to devise targeted efficacious molecular ther-
apies for autoimmune neuropathies and prevent the development of consequential 
chronic neuropathic pain.
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Fig. 7  Composite digital indirect fluorescent photomicrographs depicting subpopulations of 
hematogenous leukocytes that have infiltrated into sural nerve endoneurium in untreated GBS 
(a–d)-, CIDP (e, f)-, and HIV-DSP (g–j)-affected patients, the sciatic nerves of representative 
murine GBS (k, l) and CIDP (m, n) animal models, and the effect of targeted molecular inhibition 
in the mouse models. Clusters of infiltrated monocytes/macrophages (a), T lymphocytes (b), B 
lymphocytes (c), and CD11b+ leukocytes in a region of demyelination (d; green depicts S100β+ 
myelinating Schwann cells associated with axons) are shown in GBS patients, and clusters of 
infiltrated monocytes/macrophages (e) and CD49d+ leukocytes (f) are shown in CIDP patients, 
with CCR5+ monocytes/macrophages (g), CD4+ T lymphocytes (h), CD8+ T lymphocytes (i), and 
CD11d+ leukocytes (j) shown in HIV-DSP patients. The sciatic nerve of an untreated severe EAN-
affected mouse shows intense endoneurial infiltrates of CD11b+ leukocytes (k) with a significant 
reduction in infiltrates seen in another mouse treated with a function-neutralizing rat anti-mouse 
CD11b monoclonal antibody (l). The sciatic nerve of an untreated SAPP-affected mouse shows 
intense CD45+ leukocyte infiltrates (m) that are significantly reduced in another mouse treated 
with a fibronectin-connecting segment 1 peptide (n) early in the disease course. Examples of infil-
trated leukocytes are depicted with either black or white arrows in the photomicrographs
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�Animal Models and Targeted Inhibition of Pathogenic 
Leukocyte Trafficking

Despite the limitations of autoimmune neuropathy animal models and species dif-
ferences in BNB function and the inflammatory cascade [84, 85], experimental 
observations made in representative animal models guided by data derived from 
human in situ leukocyte-BNB interactions in autoimmune neuropathies could pro-
vide further insights into the pathogenesis of these disorders and the adaptive or 
pathological changes that occur at the BNB during autoimmunity. Animal models 
could also aid dissect the mechanisms by which the systemic immune system 
engages with peripheral nerves and nerve roots during normal physiologic states 
and the earliest signaling pathways associated with tissue-specific autoimmune 
disorders.

Experimental autoimmune neuritis (EAN, an established model of GBS) in the 
Lewis rat implicated important roles of CD11a (also known as αL-integrin or lym-
phocyte function-associated antigen-1) in disease induction [86] and CCL3 and par-
tially CCL2 in pathogenic leukocyte trafficking [87]. Pharmacologic blockade and 
germline gene knockout of CCR2 (expressed by monocytes/macrophages and a 
subset of T lymphocytes which most commonly binds to CCL2) ameliorated dis-
ease in a severe murine EAN model associated with markedly attenuated leukocyte 
trafficking into the sciatic nerves [9], while germline CCR5 knockout did not modu-
late disease in a less severe murine EAN model associated with compensatory 
increase in sciatic nerve CCL4 and CXCL10 expression [88]. Integrin blockade 
with a depleting function-neutralizing rat anti-mouse CD11b monoclonal antibody 
administered after clinically discernible disease onset was efficacious in the severe 
murine EAN model (Fig. 7) [59], providing further insight into the molecular deter-
minants of pathogenic leukocyte trafficking in acute autoimmune neuropathies 
in vivo.

Chronic relapsing EAN animal models have been employed to understand 
CIDP pathogenesis; however, these models are generally limited by variable dis-
ease onset and severity. A severe murine chronic demyelinating neuritis model has 
been established in the autoimmune disease-susceptible CD86 (also known as 
B7-2)-deficient non-obese diabetic mouse strain, known as spontaneous autoim-
mune peripheral polyneuropathy (SAPP) that recapitulates features of severe CIDP 
[89, 90]. In this model associated with a cell and humoral autoimmune response to 
myelin protein zero [91], peptide blockade of fibronectin connecting segment 1 
(which serves as an endothelial counterligand for CD49d or α4-integrin) amelio-
rated disease to a similar magnitude as functional neutralizing rat anti-mouse 
monoclonal CD49d and VCAM-1 antibodies, associated with reduced leukocyte 
infiltration into the sciatic nerves (Fig. 7) [53], providing further insight into the 
molecular determinants of pathogenic leukocyte trafficking in chronic autoim-
mune neuropathies in vivo.
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�Future Directions

The human BNB, formed by endoneurial microvascular endothelial cells, is a criti-
cal interface hypothetically essential to the cross-talk between components of the 
systemic immune system and peripheral nerves and nerve roots in health during 
normal immune surveillance and in disease states that manifest as autoimmune neu-
ropathies. The molecular determinants and signaling pathways responsible for 
hematogenous leukocyte interaction with and trafficking across the human BNB in 
health and disease are incompletely understood, with advances being made using a 
near-physiological flow-dependent leukocyte-endothelial cell trafficking model and 
animal models of peripheral nerve autoimmune disorders, critically supported by 
observational in situ data obtained from human peripheral nerve biopsies. Applying 
bioinformatics analyses to transcriptomic and proteomic data derived from normal 
and pathologic peripheral nerves at the batch or single cell level to establish biologi-
cally relevant networks/signaling pathways could accelerate our knowledge of the 
essential structural and functional characteristics of the human BNB in health, alter-
ations, or adaptations in autoimmune disorders and aid discover molecular targets 
for disease-specific therapeutic modulation in this group of disorders that takes into 
account the unique biology of the BNB and the peripheral nervous system.
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