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Abstract
Asplenic individuals are compromised not only in their ability to destroy infectious agents, but are
at increased risk of death from autoimmune disease, certain tumors, and ischemic heart disease.
Enhanced mortality is attributed to lack of phagocytes sequestered in spleen that efficiently engulf
and destroy appropriate targets, though related cells are found elsewhere. To determine whether a
unique population regulates RBC-pathogen clearance and filtration of altered self, we reviewed
the anatomic literature and analyzed in situ by immunohistochemistry and immunofluorescence
the expression patterns of a little-characterized cell that dominates the splenic red pulp of man and
closely related primates-the venous sinus lining or littoral cell (LC). High expression of the formin
FHOD1 outlines the LC population. Though LCs are endothelial-like in distribution they express
several macrophage directed proteins, the RBC antigen DARC and T-cell co-receptor CD8α/α yet
they lack lineage-associated markers CD34 and CD45. Strikingly, SIRPα (CD172a) expression in
human spleen concentrates on LCs, consistent with recent demonstration of a key role in RBC
turnover and elimination versus release of infected or altered self. Our results indicate human LCs
(SIRPα+, FHOD1+, CD8α/α+, CD34−, CD45−) comprise a highly plastic barrier cell population
that emerged late in primate evolution coordinate with CD8 expression. Unique to Hominidae,
LCs may be the ultimate determinant of which cells re-circulate after passage through human
spleen.
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Introduction
Individuals who are asplenic or functionally asplenic (hyposplenic) are unable to eliminate
many bacterial and parasite pathogens [1]. They also display an increased risk of
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autoimmune disease [1], some cancers [2] and ischemic cardiac disease[2, 3]. Perhaps this is
not surprising as the spleen is the largest secondary immune system organ in mammals.
However, although the overall organization of splenic white pulp is similar to that of lymph
nodes, the spleen is not connected to the lymphatic system [4]. Rather, soluble and
particulate antigens, pathogens, RBCs, altered, apoptotic, necrotic and tumor cells are all
delivered to and leave the spleen via the circulation. In contrast to white pulp, the red pulp of
mammalian spleen serves as a filter that mediates the ultimate retention and destruction of
senescent and modified cells [5, 6].

Opsonization with antibody and/or complement enhances clearance of foreign antigens, cell
debris and altered self by phagocytes [1, 7]. In man, inflammatory particles that are
opsonized and immobilized by complement fragments are regularly transported through the
circulation tethered by complement receptor type 1 (CR1, CD35) on the RBC membrane for
efficient phagocytosis at distant locations [4, 8, 9]. This process, a sophisticated mechanism
known as immune adherence clearance (IAC) evolved with mammals to remove
inflammation-inducing particles from blood [10]. However, utilization of RBCs for IAC is a
recent development in the evolution of the immune system restricted to humans and closely
related primates, as non-primates including rodents primarily rely on platelet-based transport
mechanisms [11, 12]. Much evidence indicates liver and spleen are where CD35-bound
immune complexes (IC) are delivered [9], though precisely how ICs are removed at each
location is not well understood.

RBCs themselves (residual IC loaded, infected and aging) are sequestered, variably
internalized, and removed as they course through the red pulp of spleen [13]. Precisely
where and how RBCs as well as other altered cell types delivered by the circulation are
destroyed or filtered is unknown. The stroma of human red pulp is comprised of the cords of
Billroth and the sinusoids [14]. In contrast to man, the mouse has an asinusal spleen and thus
it is architecturally and functionally distinct [4, 15–21]. Human red pulp has a high content
of diverse phagocytes, however to return to the venous circulation most splenic constituents
must pass between or through the sinus lining cell or littoral cell (LC). Although the
morphologic appearance of the LC suggests it may be a key mediator of particle clearance
and cellular filtration [13], direct demonstration of function is lacking. In fact, little is known
about these cells.

Littoral, literally means shoreline or tidal, which accurately describes the polarized cells that
line the venous sinusoids of human spleen with cytoplasmic fronds protruding into the sinus.
LCs comprise ~30% of the red pulp and thus are a major constituent of human spleen [22].
Morphologically LCs are elongate and contain prominent cytoplasmic filaments (stress
fibers) [23]. Their abundant cytoplasm is filled with many pinocytic vesicles, lysosomes,
and dense deposits that surround the nucleus. Phagocytosed RBCs, leukocytes, hemosiderin,
and other debris can be visualized within these cells [24–26] – even more so in the setting of
certain diseases [27, 28]. RBCs can also be seen coursing between adjacent LCs [10, 13].

Based on their perisinusal distribution, it was long assumed LCs derive from endothelium.
However, in 1983–1985, in situ staining showed [22, 29] that LCs also express several
antigens found on histiocytes as well as CD8, which at that time was believed to be T-cell
restricted. Though CD8 expression was verified [14], the close proximity of LCs to other red
pulp components including diverse phagocytes, endothelial cells and lymphocytes often
resulted in discrepant characterization. Since then work has been limited. However, the LC
angioma (LCA), an unusual splenic tumor believed to derive from LCs, has been more often
described despite its rarity [24]. LCAs are low-grade tumors that contain few atypical
mitoses. Though related by morphology, angioma cells appear enlarged, disorganized and
interestingly they lack CD8 [24, 30], a consistent marker of normal LCs. A striking clinical
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observation is frequent association of LCAs with malignancy (often lymphoma or solid
tumors) at distant sites, mandating investigation for occult malignancy in any patient
diagnosed with LCA [31]. LCAs have also been associated with several forms of
autoimmune disease (lupus, inflammatory bowel disease), with certain hemoglobinopathies
(sickle cell disease, hemoglobin Punjab) and a storage diorders (Gaucher’s). This diversity
suggests recognition, contact, internalization and/or filtration of abnormal cell types or cell
products (possibly entosis) [28, 31, 32] drives aberrant LC activation and development of
the LCA.

We report that FHOD1, a member of the formin family of diaphanous-related formins
(DRFs), is highly expressed on human LCs distinguishing them from other splenocytes [33].
Using high FHOD1 and CD8 expression together with perisinusal localization as an initial
guide we examined and/or re-examined when discrepant, previously reported patterns of
antigen expression on LCs from normal human spleen. We contrasted this with the LCA,
other red pulp inhabitants, rodent and a spectrum of primate splenocytes. Endothelial cells
that line the venous sinuses of human liver although similar in distribution are distinct from
LCs which express a unique spectrum of antigens including FHOD1, SIRPα/CD172a, CD8
α/α, as well as DARC/CD234 [34], CD206 [35], stabilin-1[36], and other distinctive
proteins-despite lacking common lineage associated markers CD34 (endothelial) and CD45
(hematopoietic). Perhaps most revealing, the unexpectedly high polarized expression of
SIRPα on LCs when compared with surrounding red pulp phagocytes hints at mechanism.
SIRPα, a transmembrane protein primarily localized to myeloid cells [37], has been
increasingly implicated as a major regulator of RBC turnover and innate self-recognition
[38, 39]. This is achieved through interaction with CD47 a ubiquitous ligand expressed on
neighboring cells that upon engaging SIRPα transduces a negative intracellular signal that
blocks phagocytosis. The final decision to destroy or not to release pathogen-bearing and
senescent RBCs, circulating tumor and/or other altered cells marked by reduced or absent
CD47 into the venous circulation may ultimately be determined by the LC - a hypothesis
examined herein.

Materials and Methods
Tissue

Normal discarded and unidentified human spleen consented for research was obtained from
the Pathology Departments of Beth Israel Deaconess Medical Center (BIDMC). Brigham
and Women’s Hospital (BWH) and from the New England Organ Bank (NEOB) The tissues
were obtained in accordance with the policies of the Institutional Review Board at each of
the respective sites. Splenic tissues were processed immediately to optimize conservation of
cell morphology and composition. LCA slides were provided by the BWH Pathology
Department (to SR, generously provided by Dr. Christopher D. M. Fletcher). Archived
formalin-fixed paraffin embedded non-human primate spleens were obtained from a
repository at the New England and Southwest Primate Research Centers. Archived formalin-
fixed paraffin embedded normal mouse (BALB/c) and rat (Sprague Dawley) spleen was
obtained from the Dana-Farber Cancer Institute (DFCI).

Immunohistochemistry (IHC) of mammalian spleens
IHC staining and analysis were performed per routine protocol on human, non-human
primate, and rodent splenic tissues as previously described [40]. Antibody concentrations
and reaction conditions were varied as described in Table 1. All sections were 5-um-thick
formalin-fixed, paraffin embedded splenic tissue sections on individual slides. Two
independent pathologists assessed reactivity for enumerated antigens. Positive staining of
lymphocytes, endothelial cells and distributed neutrophils and macrophages served as
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positive internal controls. Positive staining for LCs was defined as evidence of peroxidase
reaction within the linear and circular LC network either as continuous cytoplasmic or
polarized linear membrane staining.

Detection of CD8 expression on primate spleen by IHC
An IHC protocol for detection of CD8 was performed on primate spleen as previously
described [41]. In brief, formalin fixed paraffin embedded tissues were sectioned at 5 μm,
deparaffinized in xylene, rehydrated in sequential ethanol/water washes and incubated with
3% hydrogen peroxide in phosphate buffered saline (PBS) for 5 minutes followed by antigen
retrieval consisting of microwave pre-treatment in Trilogy solution (Cell Marque, Rocklin,
CA). Dual endogenous enzyme block (5 minutes) and protein block (10 minutes) were used
to eliminate nonspecific staining (DakoCytomation, Carpinteria, CA). Sections were then
incubated with primary antibody (anti-CD8 clone 1A5 (Vector)) at 1:50 for 60 minutes at
room temperature followed by incubation with Envision Labeled Polymer
(DakoCytomation) for 30 minutes. Antigen-antibody complex formation was detected by
use of 3,3′ diaminobenzidine (DAB) chromogen (DakoCytomation). An isotype matched
(IgG1) control antibody (Mouse IgG1 negative control, catalog number MCA928, Serotec)
was used as irrelevant control antibody along with standard positive control rhesus tissue.

Co-localization of CD8 and CD163 by Immunofluorescence Microscopy
Sections of formalin fixed paraffin embedded tissue (6 uM) were prepared and then
deparaffinized in xylene twice for 10 minutes each, followed with two steps each in 100%
ethanol, 95% and 75% ethanol, three steps in dH2O, all for 2 minutes each. The sections
were placed in 1× target retrieval solution (DakoCytomation) and boiled in a Pascal pressure
chamber (DakoCytomation) at 125°C for 30 seconds, 90°C for 10 seconds, and then allowed
to cool down to room temperature. To evaluate co-expression of CD8 and CD163, primary
antibodies (Mouse anti-human CD163 monoclonal antibody, clone 10D6 (Leica, Buffalo
Grove, IL) and Rabbit anti-human CD8 monoclonal antibody, clone SP-16 (Abcam,
Cambridge, MA)) were incubated on the tissue sections overnight at 4°C. After washing out
unbound primary antibody with Tris buffered saline-0.05% Tween 20 (TBST), the sections
were incubated with the appropriate secondary antibodies (Alexa Fluor 594 donkey anti-
mouse IgG (Invitrogen, Carlsbad, CA) or Alexa Fluor 488 donkey anti-rabbit IgG
(Invitrogen)) at room temperature for 1 hour. After washing out unbound secondary
antibodies, slides were then placed under coverslips with ProLong Gold Anti-Fade
containing DAPI (Invitrogen). Sections were analyzed with a BX51/BX52 microscope
(Olympus America Inc, Melville, NY, USA). Images were captured using the CytoVision
3.6 software (Applied Imaging, San Jose, CA, USA).

RT-PCR
RT-PCR to detect FHOD1 message in murine spleen compared with human spleen was
performed as described [34] using specific (forward MG182, reverse MG196) and control
(GAPDH - forward MG121, reverse MG122) primers as detailed.

Microscopy
Visualization of all stained tissues was performed on an Olympus BX41 microscope.
Splenic tissue was photographed on an Olympus BX41 microscope using OlympusQColor3
and analyzed with acquisition software QCapture v2.60 (QImaging) and Adobe Photoshop
6.0 (Adobe).
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Results
Human LCs express a unique spectrum of hybrid antigens

In recent years discovery of many protein markers has greatly refined understanding of the
heterogeneity of cells resident in human splenic white pulp, however little is known about
red pulp populations. To begin to uncover the role(s) of the human splenic LC with the goal
of determining its relevance to different disease states (e.g. malaria infection), and to
optimize purification for mechanistic investigations we determined the spectrum of antigens
expressed (or absent) on human LCs based on study of twenty normal spleens. This was
combined with a literature review and a more limited comparison with the LCA. These
results are summarized in Table 2. New observations relevant to the unique phenotype and
evolution of the human splenic LC, its relationship to the LCA and the implications of these
findings for the regulation of splenic filtration were then further analyzed and are selectively
described.

LCs express the CD8αα isoform of CD8
CD8, a co-receptor of the T-cell receptor that binds HLA Class I, was originally believed to
be a unique marker of cytotoxic T-cells. Subsequent investigations revealed certain NK as
well as monocyte/macrophage and dendritic cells could sometimes express CD8 [42].
However, the pattern of peptide dimerization (α/β versus α/α chain) and post-translational
modifications often differed. The distribution and composition of CD8 on LCs remained
unknown. Upon staining of human splenocytes (Fig. 1) prominent CD8 expression on T-
cells in white pulp as well as on the sinus lining cells within red pulp was confirmed. There
was no significant staining of red pulp LCs with antibody to CD4 (alternate T /macrophage
subset), to CD3 (pan T cell) or to CD21 (B cell and FDC) despite clear staining of B (CD21)
and T-cell (CD3, CD4) zones within nearby germinal centers (Fig. 1). CD14 positive
monocytes as well as free CD14 appeared randomly distributed in red pulp and within some
sinusoids, but did not uniformly associate with LCs; likewise, CD56, a protein primarily
expressed by NK cells was not identified on the LC population (Fig. 1). Within red pulp,
cells lining the cords of Billroth and cells within the sinusoids were rarely CD8 positive. In
contrast to LCs these scattered cells showed prominent CD8 membrane expression, whereas
LCs appeared to accumulate CD8 protein both on the cell membrane and diffusely within
the cytoplasm (Fig. 1, bottom). Using a recently available monoclonal antibody, F-5 (Santa
Cruz), that specifically detects human CD8β upon IHC analysis together with a human
CD8α specific monoclonal antibody (Table 1), it was apparent that although CD8α is highly
expressed on LCs (Fig. 2, C), CD8β (Fig. 2, D) is not. Control staining of T-cells that
surround a small arteriole is displayed in panel A (CD8α) and panel B (CD8β).

High expression of formin homology domain protein 1 (FHOD1) distinguishes LCs from
the LCA

In the course of investigation of proteins that interact with the cytoplasmic domain of CD21
we identified FHOD1 [33], a member of the drosophila-related formin family of actin
regulatory proteins. Similar to other family members FHOD1 functions in cytoskeletal
regulation through actin cable formation [43]. FHOD1 has further been implicated in
dynamic remodeling of the cytoskeleton, establishment of cell polarity, cell elongation,
vesicle trafficking, plasma membrane blebbing, and downstream signaling to the nucleus
[33, 44–46]. Most recently a role in the differentiation of smooth muscle cells was
uncovered [47, 48]. Reports that FHOD1 could interact with cell surface and transport
proteins [33, 49], suggested it could also function in relation to antigen/pathogen or cell
invasion/internalization or in the prevention thereof. As CD21 was expressed on the LCA
[30], when FHOD1 was prominently detected on splenic LCs by in situ hybridization [33],
we speculated this might relate in part to CD21 interaction. However, direct analysis
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revealed CD21, a known activation antigen was absent on the normal LC equivalent (Fig. 1).
Using an anti-FHOD1 antiserum produced by our laboratory (Table 1) as well as a mouse
polyclonal antibody to human FHOD1 (Abcam), we did confirm that FHOD1 protein is
highly expressed by normal LCs, but is not expressed by the LCA (Fig. 3).

High expression of Duffy Antigen Receptor for Chemokines (DARC) distinguishes human
LCs from adjacent splenocytes, as well as from venous sinus lining cells of other organs

DARC (CD234, gp-Fy) was identified in 1950 as an antigen expressed on the surface of
human RBCs [50]. It was subsequently shown to be the receptor for Plasmodium vivax and
Plasmodium knowlesi, as well as a promiscuous receptor for C-C and C-X-C chemokines.
DARC is absent on erythrocytes of most West Africans and their descendents due to a RBC-
specific promoter polymorphism that confers protection from malaria. However, all persons
regardless of whether their RBCS are DARC positive or negative, express DARC on
immediate post-capillary endothelial cells and certain epithelial cells of kidney, lung, colon
and brain Purkinje cells [50]. In spleen, DARC was atypically noted to be highly expressed
on the sinus lining cell [34], an observation confirmed herein (Fig. 4), however, no DARC
expression could be detected on cells that lined the venous sinusoids of liver and bone
marrow [34]. Similarly, neither CD8 nor FHOD1 was detected on/in the sinus lining cells of
human liver and bone marrow (not shown), emphasizing that a distinct pattern of protein
expression characterizes the human LC.

LCs lack CD34, CD45, CD68 and CD163 but express CD31
CD34 is a marker of most mature cells committed to the endothelial lineage from which
normal LCs are reported to derive. The LCA is a low-grade malignancy believed to originate
from endothelium, despite expression of several macrophage-associated antigens. The
absence of CD34 on LCAs was attributed to changes associated with transformation,
however, somewhat unexpectedly CD34 was also absent on normal LCs (Fig. 4A, top, left).
CD45, in contrast, delineates cells that originate from hematopoietic stem cells and is
expressed on most mature hematopoietic lineage cells with the exception of RBCs. The
macrophage-like properties of LCs and expression of CD8 suggested LCs and perhaps the
related angioma might alternately derive from a hematopoietic precursor. However,
although the majority of cells in human spleen bound a pan anti-CD45 antibody, the splenic
LC population (Fig. 4A, bottom, left) along with some small calibre blood vessels and red
blood cells excluded stain. In fact, the pattern of DARC and CD45 expression was nearly
reciprocal (Fig. 4A, also see Fig. 6). Thus, the lineage derivation of human splenic LCs (and
the LCA) remains indeterminate. LCs did strongly express CD31 (Fig. 4A top right) a
marker primarily associated with endothelial cells. CD68 (Fig. 4A bottom, middle) did not
appear to be expressed on LCs though it was present on nearby cells (Table 2). CD163, a
common macrophage marker was detected on cells lining the cords of Billroth (Fig. 4A
bottom, right), but not on LCs based on evaluation by dual immunofluorescence analysis
with antibodies to both CD163 and CD8 (Fig. 4B).

LCs express high amounts of SIRPα (SHPS-1, BIT, p84, CD172a)
SIRPα, a type 1 transmembrane glycoprotein, is primarily expressed on the surface of
myeloid lineage (macrophages, dendritic cells, neutrophils) cells [50]. It is closely related by
structure to the major antigen recognition proteins [50, 51], and like these receptors, SIRP
genes first appear coordinate with development of an adaptive immune system [52, 53].
SIRPα binds its cognate receptor, CD47 (integrin-associated protein, IAP), a ubiquitous
surface membrane protein and marker of “self”, as well as certain other ligands [37, 54].
Interaction with CD47 results in transmission of a negative intracellular signal that restricts
the ability of CD172A+ macrophages to phagocytose and destroy adjacent cells. LPS
exposure reduces SIRPα expression, releasing macrophages from quiescence [48] and
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thereby enhancing their ability to phagocytose other nearby immune cells to resolve an
inflammatory response. Senescent RBCs downregulate CD47 resulting in phagocytosis by
environmental macrophages. Recently several human tumor types were found to upregulate
CD47, providing a relevant mechanism for escape from macrophage immune surveillance
[55–57].

Though it has long been recognized that mammalian spleen is the site where most RBC
elimination occurs and furthermore that turnover is mediated by splenic macrophages, the
precise subpopulation(s) responsible has remained largely unknown. Recent work in mice
identified a major requirement for SIRPα and red pulp macrophages for efficient RBC
phagocytosis [58] and regulation of iron homeostasis [59]. As man and mouse are separated
by 50 million years of evolution many differences in splenic structure and immune functions
exist; nevertheless, emerging evidence suggests major SIRPα functions are conserved [60].
To identify SIRPα expressing cells in normal human spleen, IHC analyses were performed
which revealed that not only were SIRPα expressing cells primarily located within the red
pulp, but expression was highly localized to the LC population (Fig. 5, top left).
Interestingly, SIRPα expression was also strongly detected on sinus lining cells in the
spleens of old world primates, new world primates, and even rat spleen contained a number
of slit like sinusoids that were lined by cells expressing SIRPα (Fig. 5).

Is the LCA a bona fide derivative of LCs?
The LCA is a tumor-like proliferation that occurs only in spleen. Frank atypia and metastasis
are extremely rare [24, 30, 61]. The LCA is believed to derive from normal LCs based on
morphologic appearance including disorganized sinuses, debris-filled sinus lining cells as
well as admixture with a population of taller cells between and within the sinuses. The
appearance of two potentially distinct cell types and an immunophenotype that only partially
overlaps (atypically CD8−, FHOD1−, CD21+, CD68hi) its putative normal counterpart
raised questions about whether the LC was the authentic cell of origin [62]. An IHC analysis
displayed in Fig. 6 top showed both SIRPα and DARC were strongly expressed on cells
lining the disorganized sinuses of the LCA and similar to normal LCs, CD45 was absent.
These results provide clear evidence of the relatedness of the LCA to its normal cell
counterpart and establish a firm basis for distinguishing the LCA from other splenic vascular
tumors.

Littoral cell evolution: rodents, non-human primates, man
Much current understanding of splenic function derives from murine studies. However, mice
(Mus domesticus) have asinusal spleens in which the red pulp vasculature consists of small
non-anastomosing primitive veins. Rats (Ratus norvegicus) do have sinusal spleens, as red
pulp is filled by large irregular venous sinuses, however bona fide endothelial cells with
typical lateral extensions line most of the rat splenic sinuses [15]. CD8 expression in rodent
spleen has been well documented; specific antibody binds T, as well as NK, monocyte and
macrophage populations in both rodent’s white and red pulp, but not the venous sinus-lining
cell (rat). Although the respective genes for murine and rat FHOD1 are predicted to be 85%
identical to human FHOD1, we did not detect FHOD1 in mouse or rat spleen by RT PCR
(personal observation). Furthermore, no FHOD1 protein was detected in cells forming the
sinsuoids of rat spleen by IHC (Fig. 7). Interestingly rare elongated cells that line a subset of
rat splenic sinusoids did express SIRPα (Fig. 5). These curious results suggested that during
mammalian evolution alteration in the composition and function of splenic red pulp,
specifically changes involving the sinus-lining cell occurred.

In light of the observation that a critical switch from primary utilization of platelets to
utilization of RBC for systemic transport of IC was documented coincident with evolution of
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Hominidae [9–11], we queried whether an unknown, though temporally related set of events
might have driven LC evolution as a cache and/or sieve for the now IC bearing RBCs.
Whereas SIRPα expression was readily detected on almost all primate sinus-lining cells with
the exception of Sanguinus oedipus (cotton top tamarin) (Fig. 5), FHOD1 was absent on the
New World Primates Sanguinus oedipus and Saimiri sciureus (squirrel monkey), though
moderately expressed on Callithrix jacchus (common marmoset). All Old World Primates
studied including Macaca mulatta (rhesus), Macaca fascicularis (cynomologus), and
Chlorocebus sebaeus (African green monkey) expressed FHOD1. A monoclonal antibody,
IA5 that detects CD8 on all primates, stained scattered cells in the red pulp but did not
outline the sinus lining cell population of any New or Old World primates with the
exception of Chimpanzees (Pan troglodytes), the non-human primate closest to man (Fig. 7,
top right).

Discussion
A primordial spleen-like tissue first appeared as a condensation of the lymphomyeloid
complex in the intestine of primitive vertebrates (cyclostomes) [63–65] together with the
earliest form of RBC - and ever since their development has remained tightly linked.
Although splenic evolution proceeded along a highly variable course relative to location,
shape and function(s), the vascular organization of red pulp [66] remained the major
determinant of structure and function. Typical venous sinsuoids, first arose in mammals [67,
68], but they were only variously adapted by different species, thus splenic circulation either
persisted as typical vascular channels or re-organized as venous lakes [66]. In the latter case,
cells percolate through the red pulp stroma before re-entering the circulation on traversing
the sinus-lining cell barrier. Both vessel wall and sinus-lining cells were long assumed to be
of endothelial origin. However, with the advent of advanced light microscopy Weidenreich
(1901) and Mollier (1911) noted that human and certain simian sinus lining cells were
distinct in shape, were surrounded by annular rings rather than reticulin fiber sheaths and
they lacked the abundant side processes typical of mammalian endothelial junctions
(reviewed in [23, 26, 66, 69–71]. Application of electron microscopy and development of
antigen-specific antibodies for phenotypic analysis confirmed that these lining cells were
different from those of most other mammals, as well as from the vascular lining cells
(endothelium) of other human organs [29, 72, 73].

In 1985 Buckley et al [22] discovered that the human splenic lining cell or LC atypically
expressed CD8, then believed to be entirely T-cell specific. They confirmed that LCs were
CD6 (T cell, scavenger receptor-B) and CD20 (B cell) negative, but noted expression of
several intracellular enzymes suggesting a possible macrophage lineage. These results were
extended in a subsequent study [74] comparing different macrophage and dendritic
subpopulations in human spleen; and though the phagocytic potential of LCs (nonspecific
esterase +, lysozyme+) and other monocyte/macrophage-like characteristics (HLA-DR+,
CD36+) were described (see Table 2), LCs remained classified as endothelial cells [23, 45].

Despite development of many new reagents for delineation of cellular phenotype few studies
in the intervening decades focused on the human LC. This was notwithstanding a dominant
presence in red pulp and greater than one hundred years of accumulated microscopy
suggesting LCs formed a uniquely selective barrier that filtered RBCs (senescent, pathogen
infected), other leukocytes and altered self. Consequently, mechanistic information is
lacking and in vitro culture systems do not exist. The LCA, a rare proliferative lesion found
only in human spleen is characterized by disorganized sinus-lining cells, few atypical
mitoses and is curiously associated with unrelated tumors at distant sites. Though the LCA
was believed to originate from LCs, many of the applied cell markers were discordant
posing diagnostic difficulty when compared with other splenic vascular tumors (manuscript
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in preparation). Therefore, we reviewed the published literature and analyzed as well as re-
analyzed, the expression pattern of the normal human LC and the LCA (Table 2) providing
salient new information for distinguishing and isolating LCs from other splenic populations.
Our findings verify the relatedness of the LCA and LC, as SIRPα and DARC are highly
expressed on both normal and angiomatous sinus lining cells, whereas the markers CD8
(negative), FHOD1 (negative) and CD21 (positive) discriminate neoplastic from normal
cells.

The high expression and the unique distribution of CD8α/α, FHOD1 and SIRPα, together
with DARC and specific subsets of adhesion and phagocytic/endocytic receptors (e.g.
stabilin-1 recently implicated in phosphatidylserine-dependent phagocytosis of RBCs and
cell corpses in mice [36, 75, 76] provide much in the way of new insights into the likely
mechanisms underlying the function(s) of the human LC, a cell that appears in current form
(CD8α/α+) only upon evolution of Hominidae (humans, chimps). Because splenic and RBC
evolution are historically tightly linked [63, 66], it is particularly noteworthy that coincident
with the rapid evolution of the LC, systemic transport of ICs switches from platelets to
RBCs accompanied by acquisition of RBC CR1/CD35 [11]. The LC appears well equipped
to process membrane altered RBCs or RBCs that bear residual ICs (particularly if ICs were
not eliminated during earlier stages of hepatic or splenic transport), as its most important
role may be sorting of the cleared RBC. Many of the described LC surface receptors (Table
2) have known adhesive and/or phagocytic functions; however, it is notable that the subset
of receptors currently identified on LCs predominantly predicts anti-inflammatory rather
than pro-inflammatory response patterns (e.g. DARC, CD206, CD163, CD31, enzymes,
chemokines) [37, 77, 78], reviewed in [79].

The strategic location of the LC compartment and electron microscopic evidence that RBCs
and other cells (lymphocytes, other mononuclear cells, possibly tumor cells) pass between
(paramigration) as well as through (transmigration) LCs or are destroyed within the LC is
consistent with a major role in regulating the cellular composition of the systemic
circulation. We speculate that similar to a customs checkpoint, the panel of antigens
expressed on LCs initially determine which cells (documents) are appropriate for passage,
then re-check their content (baggage) and finally engulf (reject) or contract (open the gate)
permitting entry into the circulation (country). Multiple cell-cell interactions are surely
involved that we have just begun to identify. The significance of CD8 expression is
uncertain although it is notable that RBCs do not express and many tumors downmodulate
HLA I, suggesting that the absence of a “self”-interaction signals a requirement for
additional review. Evidence already exists that similar to mice, the SIRPα-CD47 axis in man
is of major import in regulating the turnover of RBCs, as well as survival of stem cells and
tumor cells [55, 80, 81]. Upon arrival at the LC periphery failure to engage SIRPα on the
basis of reduced CD47 (e.g. typical of senescent RBCs) would stimulate an “eat me” signal
leading to cell destruction, whereas the absence of such a signal could facilitate passage to
the sinus. In recent work, the actin nucleator FHOD1 was discovered to be activated
downstream of RhoA-ROCK (in addition to Rac), thereby promoting development of a
smooth muscle cell phenotype with contractile function [23, 47]. Thus upon delivery of an
integrated checkpoint signal from ligation of multi-receptor surface complexes, contraction
of LCs might promote rapid local release of cells stored in spleen–such as RBCs, tumor
cells, or perhaps global release of monocytes for cardiac repair as recently described in
murine spleen [82]. The multi-lineage characteristics or plasticity of LCs as demonstrated by
expression of a spectrum of antigens associated with endothelial, mono/macrophage/
dendritic as well as smooth muscle cells reveals a newly arrived and highly specialized
barrier cell whose role as a major component of human spleen awaits precise definition.
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Figure 1. CD8+ LCs form a major component of human splenic red pulp
(1) Left panels top to bottom (at increasing magnification of 20×, 200×, 400×). CD8 in
human splenic red pulp is highly expressed by the LC population and distributes both at the
cell surface and throughout the cytoplasm (bottom). Middle and right panels. No other T-cell
specific (CD3, CD4), B cell specific (CD35, CD21), monocyte/macrophage associated
(CD14, also CD35) nor predominant NK cell (CD56) receptors are uniformly expressed by
LCs.
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Figure 2.
LCs express the CD8α but not the CD8β chain of CD8. Immunohistochemical analysis. T-
cells (control) express both CD8α (A) and CD8β (B) as shown by staining of sequential
sections of a periarteriolar sheath from normal spleen (300×). In contrast, the LC network in
red pulp stains for CD8α (C), but no CD8β staining (D) is visualized, although background
T-cells display dual staining. Also note the presence of individual CD8α positive cells
between LCs that likely represent CD8aa macrophages (200×).
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Figure 3. FHOD1 protein is highly expressed on normal LCs but not on the LCA
Immunohistochemical analysis. Expression of FHOD1 on normal LCs (left) compared with
an adjacent section of spleen containing a LCA (right, 200×).
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Figure 4.
Figure 4A. LCs do not express either CD34 or CD45, though cellular proteins
characteristic of both endothelial and hematopoietic (RBC, macrophage) lineages are
variably expressed (CD234, CD31, CD68, CD163). Immunohistochemical analysis. Left,
top and bottom, lineage markers CD34 and CD45 respectively. Middle top, RBC marker
CD234. Right top, endothelial marker CD31. Bottom, middle and right, macrophage
markers CD68 and CD163, respectively. All images are magnified 200×.
Figure 4B. LCs do not express CD163. Dual immunofluorescence analysis with anti-CD8
(green) and anti-CD163 (red) reveals that CD163 does not co-localize with the CD8 positive
LC though it is present on nearby cells that line the cords of Billroth (400X).
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Figure 5.
SIRPα is highly expressed on human splenic LCs and is variably detected on primate and
rodent sinus lining cells.
Top, left Human LCs as well as the sinus lining cells of MM (old world monkey) (right)
express high amounts of SIRPα, whereas expression among SGO (new world monkey)
(bottom, left) is more subtle. Most sinus lining cells in rat spleen do not express SIRPα,
however, a subpopulation that does express SIRPα can be detected (bottom, right). All
images are 200X original magnification
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Figure 6.
LCAs retain expression of SIRPα and DARC and also lack CD45.
Top. Staining of sequential section from a LCA demonstrates that the disorganized sinus
lining cells express both SIRPα (left) and DARC (right) (200×). Middle. A reciprocal
expression pattern SIRPα+ (left) and CD45− (right) is evident following staining of
sequential sections from a LCA (200×). Bottom, left. An enlarged image demonstrates
CD45+ cells between the CD45− sinus lining cells of a LCA (1000×). Bottom, right. Dual
immunofluorescent analysis of a segment of normal spleen confirms (as shown in Fig. 3)
that CD45+ cells (red) and LCs (brown) form mutually exclusive populations, a pattern
retained in the LCA (1000×).
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Figure 7.
The CD8+ splenic LC is an evolutionary newcomer.
Top, left panel. FHOD1 is expressed in sinus lining cells of humans and MM (old world
monkey) and man, but cannot be detected in SGO (new world monkey) or in rats. Top, right.
CD8 is highly expressed on the sinus lining cells of a Chimpanzee (Hominidae), whereas no
CD8 protein is detected on the sinus lining cells of a Baboon (old world monkey). Bottom,
summary and diagram of expression patterns that describe LC evolution. All images are
magnified 200×.
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