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ABSTRACT 

 

The initiation of adaptive immune responses depends upon the careful maneuvering of 

lymphocytes and antigen into and within strategically placed lymphoid tissues.  Non-

hematopoietic stromal cells form the cellular infrastructure that directs this process.  Once 

regarded as merely structural features of lymphoid tissues, these cells are now appreciated as 

essential regulators of immune cell trafficking, fluid flow, and lymph node homeostasis. 

Recent advances in the identification and in vivo targeting of specific stromal populations have 

revealed important insights into the population heterogeneity and functional complexity of 

lymphoid tissue stromal cells.  Here, we attempt to expand on these findings by describing a 

novel model of CXCL13-cre-directed cellular ablation.  These studies have allowed us to 

characterize the specific contributions of the CXCL13-expressing stromal cell compartment to 

lymphoid tissue homeostasis. 

We have additionally sought to provide new insights to the functions of stromal cells in 

intestinal Peyer's patches – an area which, until recently, has been largely overlooked.  Peyer's 

patches (PPs) are B cell-rich lymphoid tissues situated throughout the small intestine which play 
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an important role in mucosal antibody responses.  PP architecture and stromal cell composition 

closely resemble that of peripheral lymph nodes despite geographical and functional 

differences. Notably, fibroblastic stromal cells located in small intestinal PPs form a network of 

collagen-rich reticular fibers similar to the network of conduits found in lymph nodes.  Unlike 

lymph nodes, PPs lack a conventional source of afferent lymph that would normally contribute 

fluid flow through the conduit network. Instead fluid flow through PP conduits depends largely 

on water absorbed across the intestinal epithelium.   We find that by disrupting water 

absorption, we can limit or prevent the contribution of absorbed lumenal fluids to the flow of 

PP conduits.  Disruption of fluid absorption subsequently has profound effects on the structural 

integrity of the high endothelial venules and surrounding perivascular FRCs and correlates with 

a striking defect in the recruitment of naïve recirculating lymphocytes to the PP.  Prolonged 

disruption additionally impacts mucosal antibody responses.  We believe these findings reveal a 

critical role for conduit-mediated fluid flow in the maintenance of Peyer's patch homeostasis 

and mucosal immune function.  
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Chapter 1:  Introduction 

 

Adapted from: 

Jonathan E. Chang1,2, Shannon J. Turley3. Stromal infrastructure of the lymph node and 

coordination of immunity.  Trends in Immunology 36, 30-39.  2015 
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1.1 Introduction 

 

Stromal contributions to the initiation of adaptive immunity 

The immune system's enormous repertoire of antigen receptors provides a level of versatility to 

match the vast array of potential antigens one may encounter in a lifetime.  Yet this versatility 

comes at the cost of pure numbers for any one antigen-specific cell.  Each distinct population of 

naive lymphocytes is exceedingly rare.  Naive T cell precursor frequencies for a given peptide-

MHC range between just 1 cell per 100,000-1,000,000 and thus in some instances may number 

fewer than 100 cells per mouse 1-6.  Antigen-reactive naive B cell precursors are similarly quite 

rare 7-9.  The initiation of immunity depends upon the timely encounter of these rare 

lymphocytes with cognate antigen or antigen-bearing dendritic cell.  If left to chance, such an 

encounter would likely never occur, yet adaptive immune responses are initiated with 

remarkable speed and reliability.  This is made possible by an efficiently regulated system of 

lymphocyte recirculation, and by the consolidation of tissue-derived signals and antigen into 

strategically placed lymphoid tissues throughout the body.   

Non-hematopoietic stromal cells direct every aspect of lymphocyte ingress, positioning, and 

egress, thereby allowing efficient surveillance of lymphoid tissues.  Likewise, tissue stroma form 

the lymphatic ducts and vessels through which antigen and signaling molecules travel, as well 

as actively and dynamically regulate the passage of antigen-bearing dendritic cells (DCs).  The 

combination of these functions efficiently facilitate the cellular and molecular interactions 

necessary for priming an adaptive immune response. 
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More recent studies have sought to understand the finer intricacies of how the lymphoid tissue 

microenvironment directs cellular movement and homeostasis.  These studies have revealed a 

striking level of complexity and heterogeneity in stromal cell populations not previously 

appreciated.  Yet in comparison to their hematopoietic counterparts, the role of these cells in 

supporting immune responses has, until recently, been largely overlooked.   

In this section, I will introduce our current understanding of how lymphoid tissue stroma 

coordinate the homeostatic movement and positioning of immune cells.  I will highlight recent 

findings that redefine the functional identity of previously described stromal cell subsets and 

discuss the emergence of newly defined populations.  I will also discuss the evolving role of 

lymphoid tissue stroma in directing active immune responses and mechanisms that drive these 

functions.  Finally, I will outline a few of the open questions regarding stromal cell function in 

immunity which we have attempted to experimentally address in the following chapters. 

 

1.2 Lymphoid tissue organogenesis 

Non-hematopoietic stromal cells direct the formation of lymphoid tissues, and the mature LN is 

populated by a variety of endothelial and non-endothelial stromal cell subsets which provide 

the critical infrastructure necessary for controlled movement of leukocytes into and within the 

LN (Table 1).   
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Table 1:  Previously described stromal cell subsets of the lymph node  

Stromal Cell type Molecular 
Identifiers 

Description 

Lymphoid Tissue organizer 
(LTo) 

PDPN+, 
CD31-, 
MAdCAM+, 
RANKL+, 
ER-TR7+ 

LTo cells differentiate from mesenchymal cells upon interaction with 
LTαβ-expressing lymphoid tissue inducer cells during lymphoid tissue 
organogenesis.  These cells recruit and retain hematopoietic cells to 
the lymph nod anlagen and are thought to give rise to several major 
stromal cell types including FRCs and MRCs. 

Follicular Dendritic Cell 
(FDC) 

PDPN+, 
CD31-, 
ER-TR7-, 
CD35+ 

FDCs are found within the B cell areas of the lymph node cortex and 
play a critical role in organizing the B cell follicle through expression 
of CXCL13.  FDCs are a major source of B cell survival factors, 
including BAFF and APRIL.  FDCs are efficiently acquire and retain 
antigen and are critical for the formation of germinal centers. 

Fibroblastic Reticular Cell 
(FRC) 

PDPN+, 
CD31-, 
ER-TR7+ 

FRCs densely populate the T cell areas of the lymph node.  These 
cells produce and then ensheath extracellular matrix, forming a 
fiberoptic-like reticular structure.  A large, interconnected network of 
these reticular structures permeate the lymph node parenchyma and 
facilitate the flow of lymph and transport of small molecules.  FRCs 
are a heterogeneous group of cells that contribute distinct functions 
based on their anatomical location within the LN, including support 
of HEV integrity, recruitment and survival of T cells within the 
paracortex, and survival of B cells. 

Marginal Reticular Cell 
(MRC) 

PDPN+, 
CD31-, 
MAdCAM+, 
RANKL+, 
ER-TR7+ 

MRCs are a newly identified subset of stromal cells localized to the 
outer edge of LN follicles beneath the subcapsular sinus.  MRCs 
constitutively produce CXCL13 and maintain many of the 
characteristics of LTo cells, though the precise immunological 
function of these cells remains unclear. 

Integrin α7 Pericytes 
(IAP) 

PDPN-, 
CD31-, 
ITGA7+ 

IAPs are a newly identified subset of stromal cells that encircle blood 
vessels in the LN cortex and medulla.  Little is known about the 
function of these cells, though transcriptional analysis suggests they 
are highly contractile and exhibit many characteristics similar to 
FRCs. 

Blood Endothelial Cell 
(BEC) 

PDPN-, 
CD31+, 

BECs line the blood vessels within the LN.  While a specialized subset 
of BECs that line the HEV have been extensively studied due to their 
role in lymphocyte ingress, little is known about the immunological 
functions of non-HEV BECs.  Both HEV and non-HEV ECs proliferate 
extensively during immune responses, likely reflecting the need to 
increase blood flow to the growing LN. 

High Endothelial Venule EC 
(HEV EC) 

PDPN-, 
CD31+, 
PNAd+ 
 
MAdCAM+ 
(mucosal) 

A specialized subset of blood endothelial cell lining the post-capillary 
venules within the paracortex of the LN.  HEV ECs actively regulate 
the ingress of circulating lymphocytes to the LN parenchyma. 

Lymphatic Endothelial Cell 
(LEC) 

PDPN+, 
CD31+, 
LYVE-1+ 

LECs line the afferent and efferent lymphatic vessels, the medullary 
sinuses, and both the ceiling and floor of the LN subcapsular sinus. 
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The development of lymph nodes begins during embryonic development and is driven by the 

interactions of hematopoietic lymphoid tissue inducer (LTi) cells with non-hematopoietic 

mesenchymal cells.  This process is initiated upon expression of the chemokine CXCL13 by 

mesenchymal cells 10.  Interestingly, these poorly defined mesenchymal cells have recently 

identified as adipocyte precursors that are reprogrammed to give rise to LN stromal cells 11. The 

stimulus leading to their initial expression of CXCL13 is not yet entirely clear, though thought to 

depend on the production of retinoic acid by nearby nerve fibers10.  Upregulation of CXCL13 in 

turn attracts CXCR5-expressing LTi cells.   

LTi cells express both RANK and RANK-L, and clustering of these cells allows homotypic 

interaction through this signaling axis12.  Signaling via RANK:RANK-L on LTi cells leads to their 

upregulation of LTα1β2, which then triggers differentiation of mesenchymal cells to lymphoid 

tissue organizer (LTo) cells (also known as stromal organizer cells)13-15.  LTo cells then contribute 

to further recruitment of LTi cells, thus initiating a positive feedback loop that fuels the 

continued recruitment and development of lymph node tissue progenitors.   

LTo cells additionally begin to attract and retain lymphocytes through production of CCL19 and 

CCL21 and expression of adhesion molecules ICAM-1, VCAM-1, and MAdCAM116.  LTo cells 

eventually give rise to the various major LN stromal cell subsets that populate the mature LN, 

including FDCs, FRCs, and MRCs.  A more thorough examination of the mechanisms driving 

early LN development and the differentiation of various LN stromal cell subsets can be found in 

several topical reviews 16-18.  

. 
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Similar to LNs, the formation of intestinal Peyer's patches begins during roughly the same 

prenatal developmental window and involves LTα1β2-mediated interactions between LTi cells 

and tissue mesenchymal cells, though subtle differences in the molecular and cellular 

mediators of this process exist.  Initiation of PP development, for instance, is thought to involve 

the triggering of the receptor tyrosine kinase RET on CD11c+ cells, which in combination with 

LTi cells trigger the expression of chemotactic factors by LTo and the recruitment and retention 

of hematopoietic cell clusters  16,19.   

1.3 Lymphocyte recirculation and lymph node surveillance  

Rare antigen specific lymphocytes continuously survey lymphatic tissues, entering through 

specialized blood vessels termed high endothelial venules (HEVs, Table 1), exiting through the 

cortical and medullary sinus to the efferent lymph, and returning to circulation via the thoracic 

duct 20,21.  This entire process occurs within a matter of several hours, and thus millions of 

lymphocytes enter and exit each peripheral lymph node on a daily basis.  

1.3.1 Lymphocyte recruitment to the lymph node  

The timely initiation of adaptive responses is predicated on the efficiency of lymphocyte 

surveillance of lymphatic tissues and recirculation; hence significant efforts have been made to 

understand the mechanisms that drive this process.  The consensus model of lymphocyte 

extravasation into lymphoid tissues involves a multi-step process which is initiated by 

lymphocyte capture and rolling, followed by firm adhesion and finally transmigration across the 

vessel wall.  The step-wise interactions between lymphocytes and HEV ECs necessary for 
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lymphocyte ingress are largely mediated by the coordinated action of a distinct set of selectins, 

integrins, and chemokines 22,23 (Figure 1.1).   

 

 

Figure 1.1.  Lymphocyte recruitment to lymphoid tissues through step-wise interactions with 
HEV ECs.  Initial capture and rolling of circulating lymphocytes is mediated by selectins.  
Chemokines displayed on the surface endothelium induce conformation changes to increase 
ligand affinity on rolling lymphocytes, allowing firm adhesion and eventually transmigration. 

 

It is now understood that this is not a static process, but one involving numerous regulatory 

checkpoints.  Identifying the cellular and molecular regulators of lymphocyte-endothelial 

interactions is thus an area of great interest.  

Despite continuous population turnover, resting lymph node and splenic cellularity remains 

strikingly constant under resting conditions, and thus the drivers of lymphocyte ingress and 

egress must somehow equalize.  Exactly how this occurs has largely been unclear.  Evidence 

from Mionnet et al suggests that HEV endothelial cells (ECs) help maintain normal population 

homeostasis through the formation of temporary holding areas for incoming lymphocytes24.  

Close inspection of HEV EC morphology revealed that the distinctive cuboidal, or "high" 

Transmigration
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Capture
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morphology of HEV ECs, may actually a result of numerous lymphocytes nested within pockets 

formed on the abluminal side of the cell (Figure 1.2).   

 

Figure 1.2.  High endothelial venule.  Circulating lymphocytes enter the LN through the high 
endothelial venule (HEV).  Upon crossing the endothelium, lymphocytes are temporarily 
retained within pockets formed by specialized blood endothelial cells (BECs) lining the HEV until 
there is space to migrate into the LN.  HEVs are encircled by FRCs, which direct lymph-borne 
signals to the HEV as well as help maintain HEV integrity. 

 

These pockets allow migrating lymphocytes to exit the flow of circulation before being granted 

access to the lymph node.  The subsequent transition from HEV pockets to lymph node 

parenchyma presumably depends upon physical constraints - when space is made available 

through cell egress in the lymph node sinus, new lymphocytes are permitted entrance across 

the HEV basal lamina.  Hence, the rate of ingress is matched to the rate of egress, and the 

proper resting cellularity of lymphoid organs is maintained.   

e�erent lymphatic

B cell follicle

T cell zone

Medulla

HIGH ENDOTHELIAL VENULE
Lymph Node
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Whether this transition occurs passively, with lymphocytes stochastically moving to fill empty 

space, or is actively controlled by HEV ECs in response to environmental cues remains unclear.  

However there are other notable requirements for the extravasation of circulating lymphocytes 

across the HEV basal lamina into the lymphoid organ parenchyma.  Movement of lymphocytes 

across the HEV basal lamina additionally depends on the activity of autotaxin (ATX), an 

endothelial cell-produced enzyme that catalyzes production of the lipid mediator 

lysophosphatidic acid (LPA) 25,26. LPA in turn induces morphological changes to HEV ECs that 

appear necessary for movement of lymphocytes across the HEV.   Local inhibition of the 

ATX/LPA axis results in an excess accumulation of lymphocytes within HEV EC pockets or in the 

sub HEV EC space.   

Additional immune-stromal interactions may participate in the regulation of HEV function.  

Multiple studies have demonstrated that surgical deprivation of efferent lymph flow to a 

draining LN results in a "flattening" of the HEV, reduction in expression of glycam1, and 

perturbations in the recruitment of circulating lymphocytes 27-29.  The exact signals responsible 

for this phenomenon remain unclear, though it has been speculated that the loss of migratory 

DCs from efferent lymph vessels is a contributing factor 30.  Indeed, recent studies have 

demonstrated that DCs are required for the homeostatic maintenance of HEV EC function and 

lymphocyte homing to lymph nodes in a lymphotoxin-dependent manner 31. Furthermore, in 

the absence of continuous lymphotoxin beta receptor (LTβr) signaling, blood endothelial cells 

(BECs, table 1) in the lymph node fail to develop properties typical of HEV ECs, including 

expression of peripheral node addressins (PNAd) and MAdCAM, polarized ICAM expression and 
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production of CCL19 and CCL21 32,33.  Notably, lymphocytes are no longer found sequestered 

within HEV pockets and ingress of circulating lymphocytes largely is impaired.   

Alternatively, evidence also exists which suggests stromal cells may also respond directly to 

shear force imposed by fluid flow via mechanosensation.  Fibroblastic reticular cells (FRCs) 

grown in culture respond to interstitial fluid flow by upregulation of the lymphocyte 

chemoattractant CCL21.  In vivo deprivation of fluid flow to the LN likewise impacts CCL21 

expression by FRCs 34.  Whether and how mechanosensation of lymph flow in an intact lymph 

node may impact HEV function and recruitment of circulating lymphocytes remains to be 

determined. 

It should also be emphasized that the HEV functions as a barrier as much as a port of entry.  The 

continuous influx of lymphocytes across the HEV, particularly during initiation of immune 

responses, likely requires constant rearrangement of the junctions between ECs.  Fibroblastic 

reticular cells (FRCs, Table 1) that encircle the HEV are believed to provide support of HEV 

integrity in a manner dependent on interaction with CLEC-2-expressing platelets 35.  Ligation of 

CLEC-2 with PDPN, a mucin-type glycoprotein expressed on the surface of FRCs and various 

other stromal subsets, mediates a number of immunologically important functions.  In this 

particular instance, interaction of platelet-bound CLEC2 with PDPN on FRCs specifically induces 

the release of S1P by platelets, which in turn elicits an up-regulation of VE-cadherin on HEV ECs.  

In the absence of CLEC-2-PDPN signaling, HEV integrity is compromised and bleeding occurs 

within the node.   
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1.3.2 Lymphocyte egress from the lymph node 

Egress of lymphocytes primarily begins at the blunt ended cortical sinuses populating the T 

zone of the LN, which then flow into the medullary sinus and the efferent lymphatics 36,37.  

Transmigration across the sinus endothelium is thought to occur through specific portals, 

though this remains to be more thoroughly explored.  However, the molecular requirements for 

egress have been thoroughly studied and found to be principally dependent on lymphocyte 

expression of sphingosine-1-phosphate receptor (S1PR1) and a differential concentration of S1P 

within lymph and LN tissue38-40.  S1P is largely absent within the LN parenchyma, while high 

concentrations within the blood and lymph are established by hematopoietic cells and 

lymphatic endothelial cells (LECs, Table 1) respectively 41,42.  The S1PR1 receptor is rapidly 

internalized upon contact with S1P, and thus naive lymphocytes that enter the LN from the 

blood initially lack the capacity to respond to S1P, preventing immediate egress into the lymph 

43.  Thus, while many of the cortical sinuses through which lymphocytes egress are found in 

close proximity to HEVs, direct migration from HEV into the sinus is not typically observed36.  

Instead, incoming lymphocytes must remain within the lymph node parenchyma until 

reacquiring expression of S1PR1 and gaining access to the sinus, a process which has been 

found to occur within 20 minutes to an hour 36,44.  Interestingly, the average dwell time of most 

T and B cells has been observed to be much longer, lasting roughly 6-10 hours for T cells and 

12-24 hours for B cells 36,45.  This would suggest that the rate of egress is not limited by 

acquisition of S1PR1 expression but may instead reflect the competing effects from 

chemotactic retention signals such as the CCR7 ligands CCL19 and CCL21.  In the absence of 

CCR7, for instance, egress from the LN occurs more rapidly42.  It is thus hypothesized that CCR7 
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desensitization may play a role in the kinetics of lymphocyte retention and egress 46.  

Ultimately, however, future studies will need to more thoroughly dissect the mechanisms 

governing lymphocyte dwell time and recirculation dynamics of naive lymphocytes. 

1.3.3 Recruitment and retention of lymphocytes during immunity 

While the lymphocyte population in resting lymph nodes is maintained at a fairly constant level, 

T and B cell numbers can increase substantially during an active immune response. Within 

hours of immunogenic challenge, lymphocyte recruitment is enhanced while egress is 

transiently shut down 47.  This process is largely initiated by innate signals originating from the 

effected peripheral tissues.  Lymph-borne cytokines and chemokines are thought to be  

transported into the lymph node cortex through a reticular conduit network formed by FRCs 

that extends from the lymph node capsule to the HEVs 48-52 (Figure 1.3).   

Figure 1.3.  Fibroblastic reticular cell network.  FRCs produce and ensheathe organized bundles 
of fibers, forming a conduit network that facilitates the transport of fluid and fluid-borne signals 
and antigen through the LN.  FRCs additionally provide the infrastructure for leukocyte 
migration within lymphoid tissue. 

 

collagen-rich core

migrating leukocyte

FRC cell body

e�erent lymphatic
directional lymph �ow

B cell follicle

T cell zone

Medulla
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These factors can be transcytosed across the HEV EC and displayed on the lumenal surface of 

the vessel, enhancing recruitment of naive circulating lymphocytes 48.  Concurrent up-

regulation of CD69 on lymphocytes in response to inflammatory cues results in decreased 

responsiveness to S1P and a transient halt to cellular egress from the node 53.  This process 

effectively primes the lymph node for the ensuing immune response by increasing the pool of 

potential antigen-specific naive lymphocytes.   

Massive alterations to the stromal network must take place within the first few days of immune 

activation to facilitate this net cellular influx and support the resulting enlarged population.  

Early stages of an immune response are associated with a proliferative expansion of the 

primary feed arteriole, bringing a greater supply of blood circulation to the lymph node 54.   

HEVs also grow in both size and number 55.  Interestingly, though HEVs become more 

numerous, this occurs in proportion to the overall growth of the lymph node and thus the 

density of these vessels remains constant 56.   

This initial expansion of the lymph node vasculature is driven by innate immune factors and 

may occur in the absence of antigen 54.  Lymph node resident CD11c+ dendritic cells (DCs) 

appear to be critical for this stage of vascular expansion, but drive the process through 

mechanisms distinct from the direct triggering of LTβr, which was found necessary for 

homeostatic maintenance of HEV ECs 56.  Instead, DCs are thought to indirectly influence 

vascular expansion by enhancing production of VEGF by FRCs 57.  In contrast, subsequent 

expansion and remodeling of the lymph node vasculature depends on B and T cells 58.  In the 

case of LCMV infection, continued lymph node expansion has been shown to occur 
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independently of VEGF, but instead requires B cell derived LTβ 59.  This proposed biphasic 

expansion of lymph node ECs presumably mirrors the transition from innate activation to 

initiation of adaptive immune responses. 

The FRC network likewise undergoes morphological changes and proliferative expansion to 

accommodate increases in lymphocyte numbers 58,60.   As with expansion of the blood 

vasculature, FRC growth appears to occur in two phases as well.  Early expansion of FRCs is 

dependent on the presence of DCs and trapping of naive lymphocytes 60.  The exact 

mechanisms by which naive lymphocytes may drive this process are yet unclear.  However, 

direct triggering of PDPN signaling in FRCs through interaction with DC-expressed CLEC-2 has 

recently been shown to reduce FRC contractility, allowing these cells to stretch and 

accommodate increases in LN volume61,62.  Reduced contractility may additionally trigger 

proliferative expansion of the FRCs62.  In contrast, late phase expansion of the FRC network 

depends upon interaction of the stromal network with activated lymphocytes through LTαβ and 

LIGHT 60. 

These studies collectively illuminate a generalized expansion of multiple components of the LN 

stromal cell support network in response to inflammation and infection, and highlight the 

influential role these cells play in driving the ensuing immune response.  In contrast to the 

events leading up to an immune response, significantly less is known about the resolution of LN 

swelling and return to homeostasis.  FRCs are believed to internalize PDPN upon signaling, and 

this may be one means through which LN swelling is limited or reversed 61,62.  Additionally, 

activated migratory DCs are relatively short-lived, and thus reduced FRC contractility may be 
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tied to the turnover rate of CLEC-2 expressing DCs in the inflamed node 63,64.  Similarly, B and T 

cell derived signals, which promote stromal cell expansion, may be similarly lost as these cells 

egress from the LN.  However, there may also be alternative signaling pathways that attenuate 

stromal cell growth or proliferation that arise during the resolution of an immune response.   

A recently reported study examining stromal cell responses in LNs following viral infection has 

provided new insight to the process of stromal cell activation, expansion, and recovery65.  

Having documented the kinetics of both transcriptional alterations and population expansion 

during and after immune responses, this study found that while transcriptional alterations in 

stromal populations resolved within 30 days of infection, the expanded network of FRCs and 

LECs remained.  Moreover, the expanded stromal cell network did not appear to undergo 

additional expansion or remodeling upon subsequent infections. This may suggest that an 

immune "experienced" LN remains structurally primed to accommodate future immune 

reactions, as opposed to undergoing repeated expansions and contractions with each new 

immune response. 

1.4  Antigen transport to lymph nodes 

In addition to coordinating lymphocyte recruitment, stromal cells contribute to the initiation of 

adaptive responses by facilitating the transport of antigen to the lymph node.  Antigen is 

brought from peripheral tissues to regional lymph nodes through an expansive system of lymph 

vessels.  Collection of lymph begins with blind-ended lymphatic capillaries, which are formed of 

loosely-connected ECs with discontinuous "button"-like junctions 66 (Figure 1.4).   
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Figure 1.4.  Draining lymphatic vessels.  A) Antigen-bearing dendritic cells (DCs) and free 
soluble antigen enter the lymphatics through the initial lymphatic capillaries.  These capillaries 
are formed from specialized lymphatic endothelial cells (LECs) joined with discontinuous, 
button-like junctions that allow the passage of fluid and cells without disrupting junction 
integrity.   

 

 

These specialized junctions allow ECs to form overlapping flaps that ensure unidirectional 

uptake of fluid from surrounding interstitial space into the vessel lumen.  Lymphatic capillaries 

eventually converge into collecting vessels which, unlike the initial capillaries, contain 

continuous junctions and are surrounded by smooth muscle cells 67.  Smooth muscle cells, along 

with movement of the surrounding tissue, provide the necessary pumping action to regulate 
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the movement of lymph, and a system of valves separating segments of lymph vessels ensures 

directional flow to the draining node 68.   

1.4.2 Dendritic cell-mediated antigen transport  

Stromal cells function as a critical highway for tissue-derived migratory DCs.  En route to the T 

cell zone of draining lymph nodes, antigen-bearing DCs must crawl along into and then along 

ECs lining afferent lymphatic vessels and FRCs lining the reticular network of the lymph node.  

The PDPN:CLEC-2 signaling axis has been identified as a key facilitator of these interactions 69.  

Expression of PDPN extends throughout the stromal reticular network of the lymph node cortex 

as well as the lymphatic endothelium, and through its interactions with CLEC-2, functions as a 

critical factor driving the migration of DCs from peripheral tissues to the lymph node.  While 

expression of CLEC-2 on DCs is normally low at a resting state, activation and maturation results 

in its up-regulation. Upon binding PDPN, CLEC-2 signaling induces formation of actin-rich 

protrusions and facilitates movement of DCs along the stromal cell network.  This, in 

conjunction with chemotactic cues, guides the directional migration of DCs into the lymphatic 

vasculature as well as their positioning within the lymph node cortex.     

The primary chemotactic cues directing peripheral migratory cells into lymphatics have been 

well established 70,71.  Both CCR7 ligands CCL19 and CCL21 have been implicated in DC 

migration to the lymph node, but contribute to chemotaxis by distinct mechanisms 72.  LECs 

constitutively produce CCL21, which is then immobilized on extracellular matrix or cell surfaces 

through interactions with heparin sulfate glycosaminoglycans (GAGs) 73.  Gradients of 
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immobilized CCL21 are formed around initial lymphatic vessels and these gradients direct DCs 

migration by haptotaxis 74.   

Interestingly, numerous inflammatory chemokines such as IL-8, RANTES, and MCP-1 have also 

been shown to bind GAGs and can presumably be displayed on LECs 75.  Yet inflammatory 

leukocytes do not accumulate around lymphatic vessels or migrate to the draining node.  

Rather, migration into lymphatic vessels is largely restricted to CCR7-expressing DCs.  Recent 

studies have suggested that the accumulation of inflammatory cytokines on LECs is prevented 

by the scavenging activity of the atypical chemokine receptor D6, which is specifically expressed 

on the cell surface of LECs. D6 binds and internalizes numerous inflammatory chemokines, but 

does not interact with CCL19 or CCL21 76,77.  In the absence of D6, inflammatory leukocytes are 

found to accumulate around lymphatic vessels and within the draining lymph node.  This excess 

accumulation of inflammatory cells actually results in congestion of lymphatic vessels and 

impedes DC migration. 

By contrast, CCL19 is not immobilized on cell surfaces, but freely diffuses 78.  In peripheral 

tissue, it has thus been suggested that DCs direct chemotaxis in an autologous manner by 

secreting CCL19, which then diffuses in the direction of interstitial fluid flow 70.  Migration of 

DCs within the initial lymphatic capillaries depends on active crawling along the surface 

endothelium, and directionality of movement within these vessels has been linked to the rate 

of fluid flow 73.   

Once in the larger collecting vessels, DCs are passively swept along by the flow of lymph until 

reaching the lymph node subcapsular sinus (SCS) 73.  Upon arriving at the draining lymph node, 
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migrating DCs must next traverse the SCS - a process which involves a recently described 

transition from migration along the endothelium lining ceiling of the lymph node sinus (termed 

cLECs) to the floor-lining endothelium (fLECs) 79.  This process is also driven by CCR7-directed 

migration along a CCL21 gradient.  Interestingly, this gradient is established by the expression of 

the atypical chemokine receptor CCRL1, which functions as a scavenger receptor for CCL19 and 

CCL21 79-81.  Expression of CCRL1 is restricted to cLECs, thus preventing surface display of CCR7 

ligands on the SCS ceiling and effectively directing migration of DCs through the fLECs and into 

the lymph node parenchyma (Figure 1b). 

 

Figure 1.5.  Lymph node sinus.  Afferent lymph and migrating DCs enter through the LN sinus.  
As DCs migrate into the lymph node (LN), they must traverse the subcapsular sinus.  The 
atypical chemokine receptor CCRL1, which is expressed exclusively by LECs lining the ceiling of 
the subcapsular sinus (cLECs), scavenges CCL21 and establishes a gradient that is most 
concentrated on LECs lining the floor of the subcapsular sinus (fLECs) and the LN cortex.  This 
gradient directs DCs to transition from migrating along cLECS to fLECS, and finally passing into 
the LN cortex.  Lymph and lymph-borne soluble material pass through transendothelial 
channels in the LN sinus and enter the FRC conduit network. 
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1.4.3 Cell-independent antigen transport 

While uptake and transport via migratory DCs is typically recognized as the major avenue of 

antigen delivery from non-lymphoid tissues into lymph nodes, soluble antigen can also freely 

drain via the afferent lymph.  This occurs rapidly, with antigen arriving at the lymph node within 

a matter of minutes. Upon arriving at the lymph node, smaller antigens with a hydrodynamic 

radius of less than ~4nm (or MW of less than 70kDa) rapidly permeate the lymph node cortex 

through FRC conduits, making these antigens readily accessible to resident DCs, cognate B cells, 

and follicular dendritic cells (FDCs, table 1) that are in close contact to the FRC network 82-84.  By 

contrast, larger particles, such as viruses and bacterium, are excluded from the conduit 

network.  This size cut-off may serve as a form of protection against allowing unprocessed 

pathogens access to the FDC network.  Larger material is instead primarily captured by 

medullary and subcapsular sinus macrophages 85, and can then be transferred to B cells in the 

lymph node cortex 86-88.  The vast majority of material present in the afferent lymph is captured 

and filtered out as it passes through the lymph node 89.  This process that has been found to not 

only influence adaptive immune responses, but prevent systemic dissemination of lymph borne 

pathogens 87,90,91.  Recent evidence suggests that LECs residing along the subcapsular sinus may 

also capture and store antigen.  Interestingly, this archiving function appears to be restricted to 

proliferating LECs which emerge under inflammatory conditions 92.  This would suggest that 

archiving of free antigen by LECs occurs only in conditions of immunogenic challenge. 

The immunological consequence of DC-borne antigen transport versus soluble antigen 

transport to the LN will need to be more thoroughly examined.  DCs carrying antigen to the LN 
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may be conditioned by signals derived from the site of infection or the stromal cells upon which 

they migrate.  Cell-free antigen lacks this additional information and thus may elicit a distinct 

immunological outcome upon arrival within the LN.  Indeed, it has been reported that following 

subcutaneous immunization, soluble antigen reaches the LN first and is presented by resident 

DC populations, while tissue derive DCs bearing antigen subsequently initiate a second wave of 

antigen presentation.  These two distinct waves of antigen transport to the LN appear to have 

differing consequences on T cell activation93.  However, it should be noted that, while cell 

independent trafficking of antigen to the lymph node has been convincingly shown to occur 

during model immunization, the extent to which this occurs during a natural infection, in which 

antigen is introduced in more limiting quantities, is less clear.   

1.5 Immune cell positioning and homeostasis in lymph nodes 

The basic concept of stromal cell-mediated recruitment, compartmentalization and 

homeostatic maintenance of immune cells has long been appreciated.  Pioneering research in 

the late 1990s established critical roles for stromal-cell produced chemokines CCL19, CCL21, 

CXCL12, and CXCL13 in the attraction, retention, and organization of circulating lymphocytes 

within lymphoid tissues94-97.   

The expression of CCL19 and CCL21 in lymphatic vessels has likewise been linked to the 

migration of antigen-bearing dendritic cells98.  However, these findings alone do not sufficiently 

address the exquisite spatial and temporal control of leukocyte movement and antigen 

transport observed in the lymph node. Rather there is a complexity to the ordering of stromal 

cell architecture and the shaping of the directional cues they produce that has remained largely 
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unaddressed.  Moreover, active immune responses are accompanied by large scale changes to 

LN architecture and alterations to leukocyte migration patterns, suggesting that stromal cells 

are not static structures, but must be dynamically regulated.   

Lymphoid organs are carefully organized into discrete functional compartments.  This 

compartmentalization is critical for optimal resource management and efficient generation of 

adaptive immune responses.  Significant progress has been made in the last several years 

toward deciphering the physical and chemical cues that direct immune cells to their proper 

destination within the lymphoid tissue parenchyma.  Entry and movement of lymphocytes 

within the densely packed lymph node depends on close physical interactions with the stromal 

network 99.  Lymphocytes appear to crawl along the lymph node stroma, but largely remain 

within strictly defined geographical regions that are delineated by specific chemokine 

expression patterns 99.  Entry and retention of lymphocytes in the paracortical T cell zone is 

dependent on the expression of CCR7 and interaction with its ligands CCL19 and CCL21, while 

incoming naive B cells additionally depend upon CXCR5-mediated homing toward CXCL13-rich 

follicles 95,98,100.  The role of stromal cells in orchestrating this process has long been 

appreciated, however the specific contributions of FRCs, FDCs, and other stromal subsets, as 

well as the precise means by which they shape the lymphoid tissue landscape are only recently 

coming to light.   

Studies in which FRCs were specifically ablated in vivo (via administration of diptheria toxin to 

mice conditionally expressing the diptheria toxin receptor in CCL19-expressing cells) have 

confirmed the pivotal role these cells serve in both organizing lymphocyte positioning within 
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lymphatic tissues as well as maintaining cell homeostasis and viability 101,102.  FRC-depleted 

lymph nodes lose segregation of B and T cell compartments, fail to maintain normal T cell 

numbers, and are rendered incapable of mounting virus-specific CD4 and CD8 T cell responses.  

Interestingly, only naive lymphocytes require FRC-derived signals for retention within the lymph 

node, as depletion of FRCs during an ongoing immune response did not result in a loss of 

activated lymphocyte numbers or failure to mount antiviral immunity 102.  Failure to support T 

cell survival is likely due to the loss of FRC-produced IL-7 103.  This phenomenon is similarly 

observed following long term fibrosis of LNs in HIV/SIV infected subjects in which the FRC 

network is damaged or inaccessible 104,105.  Unexpectedly, Cremasco et al also found that the 

loss of FRCs was equally devastating to resident B cell populations, and likewise resulted in 

impaired germinal center formation and humoral immunity 101.  FRCs localized to the B cell 

follicle were found to be major producers of the B cell survival factor BAFF, thus indicating that 

FRCs may not only organize and maintain the paracortical T cell zone, but help establish and 

maintain B cell homeostasis in the follicle as well.  Whether BAFF-expressing FRCs in the B cell 

follicle represent a distinct population of stromal cells remains to be addressed.  Recent work 

by Mionnet et al has suggested that a previously unidentified population of stromal cells, 

distinct from conventional FRCs (based on transcriptional profile), populate the T cell area of 

the LN 106.  Moreover, these cells, termed "versatile stromal cells" (VSCs) could be instructed via 

interactions with B cells to produce CXCL13.  A phenotypically distinct, CXCL12-expressing 

population of reticular stroma (CRCs) has also been found to populate the T-zone proximal 

region of the primary B cell follicle as well the germinal center dark zone 107.  The contribution 

of these newly identified stromal populations to immune cell compartmentalization and 
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homeostasis will ultimately need to be more thoroughly parsed out in future studies.  However, 

these findings nevertheless indicate a greater level of heterogeneity to the LN reticular stroma 

than previously thought.  

Maintenance of B cell homeostasis and the organization of discrete follicles had previously 

been attributed to the function of FDCs.  Indeed FDCs are producers of both B cell chemotactic 

cues (CXCL13) as well as BAFF, APRIL, and other survival factors, and the loss of these cells 

results in failure to maintain strict primary follicle organization 108,109.  However, the specific 

ablation of FDCs alone results in no appreciable decreases in BAFF production in the spleen and 

lymph node, and only modest decreases in CXCL13 in the spleen 109.  FDCs were also found to 

be dispensable for resting B cell homeostasis.  Nevertheless, were unable to support germinal 

center formation upon immune activation.  Interestingly, loss of FDCs was found to result in 

encroachment of CCL21-expressing FRCs into the B-cell rich areas, which might suggest that 

FDCs may additionally contribute to maintenance of strict follicle borders through repression of 

T cell chemotactic cues or by repelling T zone FRCs 109. 

Marginal reticular cells (MRCs), a recently described stromal cell subset localized to the 

subcapsular sinus overlying B cell follicles, have also been implicated in the production of BAFF 

and CXCL13 110,111 (Table 1). However their definitive contributions to lymph node organization 

and homeostasis remain to be determined.  Failure to maintain B cell homeostasis in the 

absence of FRCs suggests that MRC-derived BAFF and CXCL13 alone are not sufficient for 

maintaining B cell follicles.  Interestingly, while little is known about the direct functional 
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contributions of MRCs, fate mapping studies have suggested that this population gives rise to 

FDCs, and thus may serve as important stromal cell progenitors 112. 

1.5.2 Immune cell redistribution upon initiation of adaptive immune responses 

The significance of stromal cells in coordinating immune cell positioning and migration within 

resting lymphoid tissues is fairly well established.  However the contributions of stroma to 

immune responses are only more recently coming into focus.  The failure to mount antiviral T 

and B cell responses upon acute FRC ablation presents new evidence that the lymph node 

stroma is indispensible during immunity 101.  However, it is unclear whether failure to mount 

effective immune responses following FRC ablation results from impaired cellular positioning or 

because the collapsed lymph node architecture can no longer regulate normal cellular ingress 

or maintain the survival of B and T cell populations. 

Using a model of conditional LTBR ablation in CCL19-expressing FRCs, Chai et al describe the 

formation of an intact, but functionally immature T zone reticular network 113.  Though slightly 

reduced in size and cellularity, the basic architectural features of the lymph node remain largely 

normal, including formation of distinct B and T cell zones as well as a functional conduit 

network. However, the loss of LTBR on lymph node FRCs nevertheless resulted in a loss of 

immunocompetence and increased susceptibility to viral infection.  Failure to establish antiviral 

immunity in this model was associated with impaired expression of interleukin 7 and 

homeostatic chemokines CCL19 and CCL21 by FRCs.  Whether the loss of FRC-produced 

chemotactic cues is causal remains unclear, though plt mice, which lack both CCL19 and CCL21, 

exhibit a similar delay in antiviral response.   
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The importance of stromal produced homeostatic chemokines during immune activation is an 

intriguing question, as numerous reports suggest that immune cell compartmentalization is 

transiently disrupted during the initial stages of immune response to infection 114-120.  This is a 

general phenomenon found to occur following exposure to a number of viral, bacterial, and 

parasitic protozoan infections.  Though in some instances this appears to be due to direct 

targeting and destruction of the FRC network 121, many of these pathogens have been found to 

elicit a specific transcriptional down-regulation of CCL21 and CXCL13 118.  Disruption of immune 

cell compartmentalization has also been found to occur in response to administration of LPS or 

in the presence of certain immune adjuvants such as CFA 118,122.   

Whether this transient down-regulation occurs by design, or represents a commonly exploited 

means of subverting host adaptive immunity remains unclear.  In most instances, adaptive 

immunity does not appear to be impaired following this transient alteration in lymph node or 

splenic architecture.  However, in the case of Salmonella, LPS-induced disruption of CCL21 and 

CXCL13 in draining lymph nodes enhances the virulence of this pathogen 120.  Moreover, the 

loss of these organizational cues during a variety of infections appears to render the host more 

susceptible to secondary infection 118.   

It has been suggested that a temporary down-regulation of CCL21 and CXCL13 may benefit the 

host adaptive immune response by limiting the recruitment of additional naive lymphocytes 

after initial immune activation, thereby reducing the competition for limited space and 

resources 118.  An alternative possibility is that CCL21 or CXCL13-mediated retention of 

lymphocytes within their respective compartments must be relieved to allow favorable intra-
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nodal repositioning for antigenic priming.  For instance, recent reports suggest that the 

chemokine receptor CXCR3 mediates T cell localization within the inter-follicular and medullary 

zones and enhances interactions with antigen-bearing DCs 123,124.  This occurs through 

interaction with stromal cell-derived CXCL9 and DC-derived CXCL10 123.  Both CXCL9 and CXCL10 

are transiently expressed upon exposure to LPS/PolyI:C and follow a close reciprocal expression 

pattern to that of CCL21 and CXCL13.  Whether this represents a coordinated response to 

redirect immune cells to regions rich in antigen-bearing APCs will need to be specifically 

examined. 

 

1.6  Concluding remarks 

Stromal cells orchestrate adaptive immune responses by directing the recruitment and 

positioning of lymphocytes, delivery of antigen, and maintenance of cell populations within 

secondary lymphatic tissues.  These are not static functions, but are dynamically regulated in 

response to complex cellular or molecular cues.   

Recent advances in high powered imaging techniques and the development of new genetic 

tools for specific targeting of stromal cell subsets have reshaped the field of stromal cell biology 

and enabled the study of these cells at far greater depth than ever before.   New studies 

demonstrate clearly that stromal cells are more heterogeneous and functionally versatile than 

previously credited.  The contributions of newly described endothelial (cLECs and fLECs) and 

non endothelial (MRCs, IAPs, VSCs, and CRCs) stromal cell populations to immune cell 

trafficking and homeostasis are intriguing and warrant future investigation (Table 1).  
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Moreover, our understanding of many previously established stromal populations, including 

HEV ECs, FDCs, and FRCs is continuously evolving.   

Upon immunogenic challenge, lymph node stroma undergoes marked expansion and 

reorganization.  The mechanisms driving this process and the consequences of these alterations 

are not fully understood, though we have discussed here the involvement of a variety of key 

signaling pathways known to drive phenotypic and proliferative expansion of LN stroma.  A 

thorough understanding of these processes may have relevant implications for vaccine design.  

Additionally, significantly less is known about what regulates these pathways during immune 

responses or how LN homeostasis is restored.  Addressing these questions may yield findings 

relevant to the control of long term disruption of LN homeostasis and fibrosis resulting from 

conditions of chronic infection or inflammation. 

The topics covered in this section have largely focused on the contribution of LN stroma to 

immunity.  This is largely reflective of the lymph node-centric focus of the stromal cell research 

to date.  However, it is important to note that stromal cells are likely just as critical to 

immunological functions of other lymphoid organs and peripheral tissues.  Many of the same 

populations of stromal cells may be found in other secondary lymphoid organs, including the 

spleen and Peyer's patch.  Whether these stromal cells are functionally similar to those that 

populate the LN will need to be directly examined. However, given the environmental and 

architectural differences of these other lymphoid tissues, there will almost certainly be 

functional differences.  
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Ultimately, it has become clear that stromal cells constitute a fundamental, though oft-

overlooked component of the immune system.  Recent studies discussed herein have brought 

better resolution to the complex picture of the LN microenvironment, and have opened the 

door to a bevy of exciting new avenues to be explored. Ultimately, discovering the precise 

means by which these cells coordinate the cellular interactions necessary for the initiation of 

adaptive responses will have important biological and clinical implications. 
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Chapter 2 

 

CXCL13cre as a novel model of stromal cell manipulation 

Advances in the identification and in vivo targeting of specific stromal populations have 

resulted in striking new insights to the function of stromal cells and revealed a level of 

complexity previously unrealized.  Recent studies involving the specific genetic targeting and 

ablation of CD21- and CCL19-expressing stromal cell populations have help to redefine the 

specific roles of LN follicular dendritic cells (FDCs) and fibroblastic reticular cells (FRCs) 

respectively 101,109.  These studies have highlighted the utility of this experimental approach 

toward understanding the population heterogeneity and functional complexity of lymphoid 

tissue stromal cells.  We have expanded on these findings by describing a recently generated 

mouse model of CXCL13cre-directed cellular ablation.  These studies have allowed us to 

characterize the specific contributions of the CXCL13-expressing stromal cell compartment, 

which we show to include B-zone FRCs, FDCs, and marginal reticular cells (MRCs).  Despite some 

population overlap with both CD21 and CCL19-expressing cells, depletion of the CXCL13-

expressing stromal subset resulted in a alterations to lymphoid tissue architecture and immune 

cell composition that was clearly distinct from previously described models of stromal cell 

manipulation. 
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2.1 Introduction 

The conventional understanding of lymph node organization is that fibroblastic reticular cells 

(FRCs) and follicular dendritic cells (FDCs) establish the T and B cell zones respectively.  FRCs 

facilitate CCR7-mediated homing of T cells to the LN paracortex through production of CCL19 

and CCL21, while FDCs establish B cell follicles through production of CXCL13 and recruitment 

of CCR5-expressing B cells and T-follicular helper cells 95,96,99,108,125.  Likewise, FRCs are 

understood to support T cell survival through production of IL-7, while FDCs provide key B cell 

survival factor BAFF 103,126.  However, two recently published studies in which either FDCs or 

FRCs are specifically targeted for ablation have revealed this previously accepted model to be 

overly simplistic 101,109.   

Following specific ablation of FDCs, germinal center reactions disappear and B cells no longer 

cluster into distinct, rounded follicles 109.  However, the majority of B cells nevertheless remain 

specifically localized to the LN cortex, where other CXCL13-expressing stromal cell populations 

were found to remain.  Moreover, total B cell numbers remain consistent after FDC ablation, 

and whole tissue BAFF levels are largely unaffected.  These studies reveal that FDCs, though 

necessary for GC reactions, are only partially responsible for B cell chemotaxis and are largely 

dispensable for  homeostatic B cell survival.   

By contrast, specific ablation of FRCs (through CCL19cre-driven expression of diptheria toxin 

recepter) results in dramatic loss of both B and T lymphocyte cell numbers as well as a loss of 

B/T zone separation in the lymph nodes 101.  FRCs along the periphery of the B cell zone 
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(hereafter referred to as B-zone FRCs) were found to be an unexpected source of BAFF, 

suggesting the existence of regionally and functionally distinct FRC subsets. 

The full extent of LN stroma heterogeneity remains to be more thoroughly addressed, but at 

minimum now include T-zone FRCs, B-zone FRCs, FDCs, pericytes, marginal reticular cells 

(MRCs), blood endothelial cells (BECs), and lymphatic endothelial cells (LECs).  How each 

specific subset contributes to LN function is not fully understood due to the limited number of 

genetic tools for studying these cells in vivo.   

Here we attempt to expand on the above mentioned studies through the use of a newly 

developed mouse model in which cre-recombinase is driven by the CXCL13 promoter.  The 

CXCL13-expressing lineage is then specifically ablated by cre-driven expression of diptheria 

toxin receptor and administration of DTx.  We find that depletion of this stromal lineage has 

dramatic effects on lymphoid tissue structure, organization and immune cell composition, and 

that these effects are unique from previously established models of stromal cell manipulation.   

2.2 Results 

CXCL13cre targets multiple stromal populations of the LN cortex 

To determine the role of the CXCL13-expressing lineage of stromal cells in supporting lymphoid 

tissue homeostasis and function, we made use of a newly generated mouse line expressing the 

transgene CXCL13-cre/TdTomato (generously provided by the laboratory of Burkhard Ludewig, 

unpublished).  These mice were crossed to the ROSA26-iDTR line in which the simian diptheria 

toxin receptor transgene is expressed downstream of a loxP-flanked transcriptional stop 
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element.  Cre-mediated excision of the “stop” sequence irreversibly triggers expression of DTR 

and thus allows the specific ablation of the CXCL13-expressing stromal cell lineage upon 

administration of diptheria toxin (DTx) (Figure 2.1a).   



iDTRStopfl flROSA26CXCL13 promoter
Cre Tdtomato

Lymph Node

Tdtomato DTR (HB-EGF)
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Figure 2.1 CXCL13cre-directed expression of DTR.  (a) Schematic design of CXCL13cre/Tdtomato 
transgene.  These mice were bred to ROSA26iDTR strain (b-d) Confocal microscopy of tissue sections 
from CXCL13cre-iDTR mice, counterstained with anti-DTR (HB-EGF).  Tissues imaged include (b) 
inguinal LN (c) Peyer’s patch (d) Spleen.  
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Expression of CXCL13 is thought to be largely restricted to follicular dendritic cells and B zone 

FRCs.  Unsurprisingly, confocal imaging of these mice reveals that active expression of CXCL13, 

as indicated by a tdTomato reporter gene, is largely restricted to a subset of stromal 

populations in the B cell follicle and lining the LN sinus (Figure 2.1 b).  The total lineage of cells 

having undergone cre-mediated recombination and expression of DTR, however, is significantly 

more widespread.  Some expression of DTR is found among the reticular network of both the 

cortex and paracortex, though expression appears most strongly present in stroma surrounding 

the B zone follicles.   

In contrast to the lymph node, presence of both tdTomato and DTR appears more ubiquitous in 

the PP and spleen (Figure 2.1 c,d).  The hematopoeitic compartment of the PP is more than 80% 

comprised of naive B cells, and CXCL13 is the principle chemokine directing their homeostatic 

homing and retention 127.  As such, it is unsurprising that both active expression of CXCL13 and 

CXCL13cre-triggered DTR expression is more wide-spread than that of the LN.  More surprising 

is the pattern of active CXCL13 expression in the spleen.  tdTomato signal is apparent not just in 

the B cell follicle of the splenic white-pulp, but along stromal cells lining the marginal zone and 

to some extent within the red pulp as well.    

In vivo ablation of the CXCL13-expressing structural support network of lymphoid organs. 

Ablation in CXCL13cre-iDTR mice is effectively achieved within 3 days of administration of DTx.  

We first sought to identify the specificity of CXCL13cre-directed ablation and the overall impact 

on lymphoid tissue structure.  Stromal cell populations of the lymph node can be distinguished 

by their expression of gp38 and CD31 (table 1) 128. Upon administration of diptheria toxin, we 



 
 

36 
 

find substantial alterations to the composition of lymph node stroma, with a roughly 2-fold 

decrease in the frequency of gp38+CD31- cells (which may include FRCs, FDCs, and MRCs) and a 

corresponding increase in proportion of gp38+CD31+ lymphatic endothelial cells (LECs) and 

gp38-CD31+ blood endothelial cells (BECs) (Figure 2.2 a).   Quantification of absolute cell 

numbers reveals that this primarily reflects a decrease in the total cellularity of gp38+CD31- 

stroma, while the absolute cell numbers of LECs and BECs are unchanged (Figure 2.2b).  These 

results confirm the specificity of this model in targeting non-endothelial LN stroma. 

Confocal imaging of the lymph node following diptheria toxin-mediated ablation reveals several 

striking alterations to the structure and distribution of gp38+ stroma (Figure 2.2 c).  Notably, 

LNs from CXCL13cre+ mice exhibit an apparent loss of gp38+ reticular cells specifically in the LN 

cortex.  Additionally, ablation in CXCL13cre x iDTR mice appears to result in disruptions to 

gp38+ stroma underlying the lymph node sinus.  By contrast, the reticular network of the 

paracortex appears to be largely intact and structurally normal.  Together, these data suggest 

that CXCL13cre-directed ablation primarily targets stromal populations supporting the B cell 

follicle, including B-zone FRCs, but not T-zone FRCs.  These data largely reflect the expected 

distribution pattern of CXCL13-expressing stroma.  It is notable that while we observed some 

level of DTR expression (visualized by anti-HB-EGF, Figure 2.1b) on FRCs of the T-cell zone, the 

FRC network supporting this region remains largely intact following DTx treatment.  

In comparison to lymph nodes, stromal ablation in intestinal PPs was far more extensive.  

However, the full extent of stromal ablation in PPs could not be quantified, as 3 days after 

administration of DTx, no remaining PPs could be macroscopically identified (data not shown).   
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Figure 2.2 CXCL13cre-iDTR targets gp38+CD31- stromal cells for ablation.  (a-c) Analysis of inguinal 
lymph nodes of CXCL13cre+DTR+ or CXCL13cre-DTR+ mice 3 days post DTx injection.  (a) Flow 
cytometric analysis of key stromal cell populations.  (b) Relative cell counts of LN stromal cell popu-
lations (n ≥ 4).  (c)  Confocal microscopy of inguinal lymph nodes stained with anti-gp38. insets = i) 
cortex ii) paracortex iii) LN sinus (representative of at least 3 mice per group).
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Ablation in CXCL13cre-iDTR mice specifically targets FDCs, MRCs, and B-zone FRCs.  

Stromal cells populating the LN cortex include FDCs, MRCs, and B zone FRCs, with each 

population occupying a distinct region: FDCs roughly localize to the center of each individual B 

cell follicle, MRCs line the LN sinus covering the follicles, and B zone FRCs form largely along the 

perimeter of the FDC network (Figure 2.3a).  Confocal imaging of LNs from CXCL13cre-iDTR 

mice following administration of DTx reveals a loss of MRCs at the LN sinus, as indicated by an 

absence of both RANKL+ and MAdCAM+ staining (Figure 2.3b).  Some gp38+ staining remains, 

likely reflecting the persistence of lymphatic endothelium organizing the LN sinus itself.  

Likewise, subcapsular sinus macrophages, which occupy roughly the same physical space as 

MRCs, also remain after DTx treatment (Figure 2.3c).  However, it is notable that these 

macrophages, which normally form a single layer of cells underneath the sinus, appear to 

project into the LN cortex following ablation of the MRCs.  These data may reflect an important 

role for MRCs in directing the physical retention and organization of SCS macrophages. 

Ablation in CXCL13cre-iDTR mice also results in a complete loss of FDCs, as indicated by a loss of 

CR1/CR2 staining (Figure 2.3d).  In total, these alterations to the LN stromal cell network have 

dramatic effects on lymphocyte organization.   B cells fail to form distinct follicles, but rather 

form a continuous, disorganized band around the periphery of the T zone.  Additionally, these B 

cells appear to collapse inward from the cortex to the outer edge of the paracortex. 

Surprisingly, segregation of B and T cell zones in the LN is maintained, with T cells localizing to 

the remaining FRC network in the paracortex, and B cells localizing along the outer fringe of this 

network.   
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Ablation of CXCL13cre-expressing stroma triggers redistribution of blood and lymphatic 

vessels. 

While we have established that CXCL13cre-directed ablation in these mice specifically targets 

the gp38+CD31- non-endothelial compartment of stromal cells, we nevertheless observe 

significant alterations to the regional distribution of both blood and lymphatic vessels following 

the ablation of CXCL13cre-expressing stroma. High endothelial venules (identified in LNs by 

expression of peripheral node addressins, PNAd) function as the site of lymphocyte entry into 

the LN and are normally distributed throughout the paracortical T cell zone and along the 

border of the T cell zone and B cell follicle (Figure 2.4a,c) 129,130.  Few, if any HEVs pass directly 

into the B cell follicles.  However, upon ablation of CXCL13cre-expressing stroma, the vast 

majority of HEVs redistribute to the outer LN cortex and B cell zone, while few HEVs remain in 

the T cell zone.  A similar redistribution of lymphatic vessels (identified by expression of LYVE-1) 

is also observed following ablation of CXCL13cre-expressing stroma.  Localization of lymphatic 

endothelium in the LN is typically restricted to a thin layer of afferent lymphatics lining the LN 

sinus and a network of lymphatic vessels comprising efferent lymphatics of the inner LN 

medulla (Figure 2.4b,c).  Upon ablation in CXCL13cre-iDTR mice, LYVE-1 staining appears to 

expand throughout the LN cortex.  However, it is unclear whether these lymphatic vessels 

permeating the cortex arise from an inward migration of LN sinus-lining afferent lymphatics or 

a spreading of the medulla. 
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Ablation of CXCL13-expressing stromal lineage specifically disrupts B cell homeostasis. 

Despite structural alterations, we find little difference in LN or splenic size following 

administration of DTx.   However, flow cytometric analysis of lymphocyte populations in lymph 

nodes 3 days post DTx treatments shows a substantial and specific loss of B cells (Figure 2.5a).  

By contrast, absolute T cell numbers remain constant, likely reflecting the persistence of a 

supporting T-zone FRC network.     In mesenteric lymph nodes, which normally harbor ongoing 

germinal center reactions, ablation in CXCL13cre-iDTR mice appears to additionally result in a 

nearly complete loss of germinal center B cells, identified as B220+GL7+CD38- (Figure 2.5b).  

Whereas ablation results in a selective loss of B cell homeostasis in LNs, the effect on 

lymphocyte homeostasis in the spleen extends to both B and T cell populations (Figure 2.5c).  

Furthermore, the extent of B cell loss appears more dramatic in the spleen.  We find a nearly 

10-fold decrease in total B220+ B cells and CD3+ T cells within three days of DTx treatment.  

Imaging of spleen sections reveals a partial collapse of the splenic white pulp (Figure 2.5d,e), as 

follicle size is dramatically decreased.  However, separation of white pulp and red pulp 

(identified by TER119 staining) remains, as do the marginal zone macrophages.  This suggests at 

least some of the structural support network remains intact. 

The effect of ablation in CXCL13cre-iDTR mice on lymphocyte homeostasis is strikingly different 

from that of CCL19cre-iDTR mice.  As with CXCL13cre, CCL19cre-directed ablation specifically 

targets the gp38+CD31- population of stromal cells (Figure 2.5f).  However, whereas CXCL13cre 

is limited to B zone FRCs, CCL19cre has been reported to target all FRC populations of the LN 

101.  This is reflected by the greater decrease in gp38+CD31- cell frequency than seen following 
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depletion in CXCL13cre-iDTR mice.  In line with previous reports, we also find that both B and T 

cell numbers are dramatically decreased in the LN of CCL19cre-iDTR mice within 3 days of DTx 

treatment, while splenic lymphocyte populations are not significantly impacted (Figure 2.5g,h). 

Furthermore, CCL19cre-iDTR mice were reported to exhibit only moderate decreases in 

lymphocyte populations of the intestinal PPs, whereas CXCL13cre-iDTR mice exhibit complete 

ablation of the PP (data not shown).  Cumulatively, these data suggest very different roles for 

CXCL13cre and CCL19cre-expressing stroma in support of lymphocyte homeostasis in different 

immune organs. 

 

  



 
 

44 
 

 

 

 

 

 

 

 

 

 

 

  



CD169  TER119 CD169  TER119

DTR+CXCL13cre- DTR+CXCL13cre+

B cells T cells
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

R
el

at
iv

e
C

el
lN

um
be

rs ** **
DTR+Cre- DTR+Cre+

Spleen

DTR+Cre-
DTR+Cre+

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

R
el
at
iv
e
C
el
lN

um
be

rs ****

GC cells

Follicle Size

B cells T cells
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

R
el

at
iv

e
C

el
lN

um
be

rs **** ****

Inguinal LN
CCL19Cre- CCL19Cre+

B cells T cells
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

R
el

at
iv

e
C

el
lN

um
be

rs ns ns

Spleen
CCL19Cre- CCL19Cre+

gp
38

CD31

DTR+CCL19cre- DTR+CCL19cre+

FRC:MRC:FDC
61.4

LEC
13.4

FRC:MRC:FDC
5.8

LEC
46.5

BEC
10.9

DN
14.1

BEC
34.1

DN
13.5

B cells T cells
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
R

el
at

iv
e

C
el

lN
um

be
rs **** ns

DTR+Cre- DTR+Cre+

Inguinal LNA
GC cells

1.96

CD38

G
L7

GC cells
0.28

CD38

G
L7

DTR+CXCL13cre- DTR+CXCL13cre+
Mesenteric LNB

C D

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
re
a
(1

0^
5
um

2 )

**

DTR+Cre-
DTR+Cre+E

F G H

Figure 2.5 (Continued)

45



 
 

46 
 

Ablation of CXCL13cre-expressing stroma disrupts B cell retention 

Stromal populations of the lymph node produce several key chemotactic and survival factors 

supporting naive lymphocyte homeostasis.  Previously reported findings from CCL19cre-iDTR 

mice which exhibit significant loss of LN B and T cell populations largely attributed these 

changes to a loss of FRC-produced BAFF and IL-7, respectively 101.  We similarly find a significant 

decrease in BAFF transcript from LNs of CXCL13cre-iDTR mice, however decreases in IL-7 did 

not reach statistical significance (Figure 2.6a).  These data largely reflect the specific loss of B 

cells and retention of T cells observed following ablation. 

As expected, CXCL13cre-targeted ablation also results in a complete loss of detectable CXCL13 

transcript, thus likely accounting for a loss of B cell chemotaxis and localization to the LN cortex 

(Figure 2.6b).  Interestingly, ablation was also associated with statistically significant decreases 

in transcript levels of CCL19, but not CCL21.  These data may suggest that, while CXCL13 and 

CCL21 expression is more restricted to B and T zone FRCs, respectively, CCL19 is widely 

expressed by all FRC populations. 

The observed alterations to B cell localization likely results directly from the loss of CXCL13 

production.  However, it remained unclear whether decreases in the total number of B cells is 

likewise a consequence of perturbed B cell chemotaxis, or if B cells are recruited and retained in 

the LN normally, but fail to survive in the absence of sufficient levels of BAFF.  To address this 

question, we examined the efficiency of short-term lymphocyte recruitment to the LN.  

Fluorescently labeled splenocytes were adoptively transferred to CXCL13cre-iDTR mice 3 days 

post DTx injection.  One hour after transfer, we find significantly fewer lymphocytes 
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accumulating in the LN of CXCL13cre+iDTR mice relative to controls (Figure 2.6c).  This was 

largely due to a specific loss of B cell recruitment, as T cell recruitment was largely normal.   

We previously noted that HEVs and lymphatic vessels in the LNs of CXCL13cre-iDTR mice 

localize in close proximity to each other in the LN cortex (fig 2.4).  Given this unusual 

distribution, we additionally explored the possibility that decreases in accumulation of 

adoptively transferred B cells may be a factor of impaired retention rather than a defect in the 

initial entry across the HEV.  To address this question, we additionally treated CXCL13cre-iDTR 

mice with the S1PR1 agonist FTY720 prior to adoptive transfer, thereby restricting lymphocyte 

access to efferent lymphatics 46.  We find that addition of FTY720 completely restores the 

accumulation of adoptively transferred B cells to the LN in ablated mice (Figure 2.6d).  

Cumulatively, these data suggest that B cell recruitment to the LNs of ablated CXCL13cre-iDTR 

mice is normal, but that in the absence of B cell chemoattractants, these cells cannot be 

retained and immediately egress through nearby efferent lymphatic vessels.  Interestingly, 

while FTY720 restored short-term retention of transferred B cells, it did not significantly restore 

total B cell numbers (Figure 2.6e).  This may suggest that even if B cells can be retained in the 

ablated LN, the vast majority of these cells will not survive due to the absence of BAFF. 
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Figure 2.6 Lymphocyte recruitment and retention in CXCL13cre-iDTR ablated mice.  (a) qPCR 
analysis of transcript levels for survival factors BAFF and IL-7 from whole LN mRNA. (n ≥ 5 mice)  
(b) qPCR analysis of transcript levels for chemokines CXCL13, CCL19, and CCL21 from whole LN 
mRNA. (n ≥ 5 mice)  (c) CMFDA labeled lymphocytes were adoptively transferred into Cre+ or Cre- 
recipients 3 days post DTx injection.  LNs were harvested 1 hour after adoptive transfer and 
quantified by flow cytometry.  Data represented are relative transferred cell numbers (left) and 
percentage of B and T cells (of transferred lymphocytes).  (n ≥ 6 mice per gropu)  (d) CMFDA 
labeled lymphocytes were adoptively transferred into Cre+ or Cre- recipients 3 days post DTx 
injection.  A subset of mice were additionally treated with FTY720 12 hours before adoptive 
transfer.  LNs were harvested 1 hour after adoptive transfer and quantified by flow cytometry.  (n 
≥ 3 mice per group)
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2.3 Discussion 

Recent studies involving the specific genetic targeting and ablation of CD21- and CCL19-

expressing stromal cell populations have established specific roles for FDCs and FRCs 

respectively 101,109.  These studies have highlighted the utility of this experimental approach 

toward understanding the population heterogeneity and functional complexity of lymphoid 

tissue stromal cells.  We have expanded on these findings by describing a model of CXCL13-cre-

directed cellular ablation in which FDCs, MRCs, and B-zone FRCs are specifically targeted.   

Despite some population overlap with both CD21 and CCL19-expressing cells, depletion of the 

CXCL13-expressing stromal subset resulted in alterations to lymphoid tissue architecture and 

immune cell composition that was clearly distinct from previously described models of stromal 

cell manipulation.  Comparison of these results to previously reported models of stromal cell 

ablation may offer clearer insight into the specific role each stromal population may fill in 

supporting lymphoid tissue homeostasis and immune function. 

The short-term effects of ablating LN and splenic FDCs have been previously reported through 

use of a CD21cre-iDTR mouse model.  Similar to these reports, we find that ablation of the 

CXCL13cre-expressing stromal lineage results in impaired B cell follicle formation and a loss of 

germinal center cells.  Despite the loss of distinct follicles, B and T cells remain distinctly 

compartmentalized, with T cells remaining in the LN paracortex and B cells forming a 

disorganized band surrounding the T cell zone.  However, unlike CD21cre-directed ablation of 

FDCs, our results additionally demonstrate substantial and specific decreases in B cell numbers. 
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Similar deficiencies in supporting B cell homeostasis have been reported following CCL19cre-

directed ablation of FRCs.  Thus the combination of these findings is in line with the proposed 

model that FDCs organize B cell follicles and support GC reactions, while FRCs provide the 

necessary support for B cell chemotaxis and homeostasis.  However, whereas ablation in 

CCL19cre-iDTR mice (which broadly targets all FRC populations) results in a decrease in both B 

and T cell numbers, the ablation of CXCL13cre-expressing FRCs only impacts B cell homeostasis.  

Additionally, CCL19cre-directed ablation reportedly results in a disruption to B and T cell 

compartmentalization, whereas separation of B and T cell zones is maintained following 

CXCL13cre-directed ablation.  This discrepancy thus provides new experimental evidence of 

heterogeneity within the FRC population and supports the notion of functionally distinct B-zone 

and T-zone FRC populations. 

The maintenance of distinct B and T cell zones following depletion of CXCL13-expressing stroma 

raises an interesting question of what role CXCL13 plays in the organization of immune cell 

populations.  The conventional understanding of B cell chemotaxis within lymphoid tissues is 

that CCL19 and CCL21 initially aid in the recruitment of both B and T cells across the HEV, while 

CXCL13 then specifically diverts CXCR5-expressing B cells out of the T-cell zone and into the 

follicles.  Our data suggests that CXCL13 is dispensable with regard to B cell exclusion from the T 

cell zone, though whether there exist other active chemotactic cues directing B cells to leave 

the T cell zone is unclear.  An alternative explanation may be that T cells more readily respond 

to homeostatic or chemotactic signals provided by T-zone FRCs, and thus simply out-compete B 

cells for physical space in the paracortex. B cells may then be subsequently "pushed" outward 

toward the cortex.   
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It should be noted, however, that although B cells remain distinctly excluded from the T cell 

zone, their distribution to the LN cortex nevertheless appears abnormal.  B cell follicles are 

normally positioned immediately beneath the MRCs lining the LN sinus.  Even when FDCs are 

specifically ablated and follicles fail to form (as in CD21cre-iDTR mice), the B cell zone appears 

to remain similarly situated near the MRCs.  However, ablation of all CXCL13-expressing stroma 

results in a clear area of separation between B cell zone and the LN sinus.  This phenomenon 

has not previously been observed in either CD21- or CCL19-directed models of ablation, and 

unlike CXCL13cre-directed ablation, neither of these models have been shown to target MRCs.  

It is thus possible that MRCs play some critical role in orienting the B cell zone along the LN 

sinus. 

Finally, while CXCL13 may be dispensable for separation of B and T cell zones, we suggest that it 

may be essential for the retention of B cells within lymphoid tissues.  B cell numbers in both LN 

and spleen decrease substantially following CXCL13cre-directed ablation, and this may partly be 

a consequence of cell death following the loss of stromal cell-derived BAFF, as was reported in 

the CCL19cre-DTR model of FRC depletion.  However, our results suggest that loss of B cells is at 

least partly a consequence of failed B cell immigration as well.  We show that adoptively 

transferred B cells, but not T cells, fail to accumulated in the LNs of ablated mice.  However, 

simultaneous blockade of lymphocyte egress (by administration of FTY720) during adoptive 

transfer rescues short-term B cell accumulation.  We suggest that CCL19 and CCL21 may be 

sufficient to direct initial immigration of B cells into the LN, but that CXCL13 is critical for their 

retention.  In the absence of CXCL13, immigrating B cells immediately egress through nearby 

efferent lymphatics. 
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Beyond these observed alterations to lymphocyte recruitment and localization, we also report 

that ablation of the CXCL13-expressing stromal lineage causes substantial reorganization of 

blood and lymph vessels.  In the absence of MRCs, FDCs, and B-zone FRCs, the LN cortex is 

largely devoid of structural elements, likely permitting the redistribution of blood and lymphatic 

vessels to fill this space.  The immunological consequence of this stromal reorganization on LN 

function is currently unclear, though one might speculate dramatic alterations to lymph flow 

dynamics in the LN and thus alterations to antigen trafficking.  Lymph nodes function as an 

intersection between blood and lymph, and one important architectural feature of the LN is 

that afferent lymphatics of the LN sinus connect to the HEV in the paracortex via a network of 

FRC conduits 49,131.  This is thought to permit the directional flow of lymph and lymph-borne 

material into the LN parenchyma.  As such, one potentially important consequence of HEV 

redistribution away from the LN paracortex (and the remaining FRC network populating the 

paracortex) is a disruption of normal lymph transport and loss of FRC-HEV interactions.  The full 

extent to which this occurs, and the immunological consequence, will require further 

investigation.  Moreover, it will be important to determine whether remaining FRCs maintain 

functional conduits in the LN at all following ablation. 

Ultimately, we believe that CXCL13cre-directed cellular ablation will prove to be a useful tool in 

furthering our understanding of various lymphoid tissue stromal subsets.  There are specific 

advantages to this model which may provide information not attainable in previously described 

models.  Firstly, this is the first reported model in which MRCs can be genetically targeted.  

While it cannot be described as MRC-specific, as FDCs and B-zone FRCs are also targeted, we 

suggest that important insights to MRC function may nevertheless be attained by direct 
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comparison to CD21cre and CCL19cre mouse lines, which target FDCs and FRCs, but not MRCs.  

One important question which may be directly addressed through ablation of MRCs is 

understanding the lineage relationship between MRC, FRC, and FDC.  No clear lineage 

relationship between MRC and FRC has been experimentally established, though it has recently 

been reported that most of the FDC network derives from MRCs 112.  Additional insight to the 

lineage relationship between these stromal subsets may be found by characterizing the 

recovery kinetics of each stromal subset after ablation. 

Secondly, no other mouse model has yet been described which allows the study of long-term 

effects of FDC ablation.  CD21-driven cre is expressed not only by FDCs in lymphoid tissues, but 

in the brain and kidney as well 109.  Consequently, DTx-mediated ablation in this model results 

in severe illness and paralysis shortly after treatment.   DTx can access lymphoid tissues more 

rapidly than the brain, and thus these adverse effects can be temporarily delayed by 

administering DTx-neutralizing antibody shortly following DTx treatment, while still allowing 

efficient ablation of FDCs.  However, these experiments are nevertheless limited to a maximum 

duration of 2 days.  By contrast, in the CXCL13cre-iDTR model of stromal ablation, we have 

observed no apparent adverse effects to the animal's health up to one month following 

administration of DTx (data not shown).  This offers a unique opportunity to follow the long 

term effects of FDC ablation not possible through the use of CD21cre mice.  

Finally, while CXCL13cre-iDTR and CCL19cre-iDTR mice both target subsets of FRCs, the extent 

of FRC ablation and the effects on homeostatic maintenance of lymphocyte populations 

appears to vary by organ.  In the lymph node, CCL19cre-directed ablation targets all FRC 
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populations and has dramatic effects on both B and T cell populations, while CXCL13cre-

directed ablation results specifically in a loss of B-zone FRCs and B cell homeostasis.  By 

contrast, CXCL13cre-directed ablation results in a complete loss of intestinal PPs and dramatic 

decreases to both B and T cell populations of the spleen, while CCL19cre-directed ablation has 

only moderate effects on stromal and lymphocyte populations of the PP and spleen.  CXCL13cre 

and CCL19cre mouse models can therefore be alternatively used to variably target FRC 

populations in different lymphoid organs. 
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2.4  Materials and methods 

Mice.  CXCL13cre-tdTomato mice (unpublished) and CCL19cre mice were generously provided 

by Dr. Burkhard Ludewig. CCL19-Cre mice were previously described113. These mice were 

crossed with Rosa26-DTR mice (iDTR, stock number 007900, purchased from Jackson 

Laboratory) to generate CXCL13cre-iDTR and CCL19cre-iDTR mice respectively. Mice were 

maintained under specific pathogen-free conditions in accordance with institutional and 

National Institute of Health guidelines and used at 6-8 weeks of age.  For each of the 

experiments performed, age-matched mice of both sexes were analyzed.  Experiments were 

approved by the Boston Children’s Hospital and Harvard Medical School institutional animal use 

and care committee in accordance with NIH guidelines for the humane treatment of animals 

Antibodies. The following antibodies were used: αCD45 (30-F11), αCD31 (390), αPDPN (8.1.1), 

αMadCAM-1 (MECA-367), αB220 (RA3-6B2), αCD3e (145-2C11), αPNAd (MECA-79), αTER119 

(TER119), αRANKL (IK22/5), αCD169 (3D6.112), αCR1/CR2 (7E9), αGL7 (GL7), and αCD38 (90) 

from Biolegend, αLYVE-1 (ALY7) from ebioscience, αCol1 (millipore sigma), αHB-EGF (R&D 

systems) 

Stromal ablation in vivo. CXCL13creTdtomato or CCL19cre mice were bred to Rosa26-iDTR mice 

to generate CXCL13creDTR and CCL19creDTR mice repectively.  DTR+Cre+ and DTR+Cre– control 

mice were injected i.p. with 8 ng/g DTx and sacrificed 72 hours post injection.   

Adoptive transfer of lymphocytes.  A single-cell suspension of naive lymphocytes was prepared 

from spleens from C57Bl/6 donor mice and immediately labeled with CellTracker Green CMFDA 

dye (ThermoFisher Scientific C2925).  Lymphocytes were adoptively transferred to recipient 
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mice by retro-orbital injection in 50ul of sterile saline.  Tissues were harvested for analysis by 

flow cytometry 1 hour after transfer.   

FTY720 treatments. To prevent cell egress, mice were injected with 1 mg/kg FTY720 

(Fingolimod, R&D) i.p. 12 hours before adoptive transfer of labeled lymphocytes.  

Enzymatic digestion of lymphoid organs.  Single cell suspensions of LN, PP, and spleen were 

prepared for analysis by flow cytometry.  Lymph nodes:  LNs were dissected and incubated at 

37 °C in RPMI containing 0.1 mg/ml Dnase I (Invitrogen), 0.2 mg/ml Collagenase P (Roche) and 

0.8 mg/ml Dispase (Roche) for 50–60 minutes, as previously described132. Cells were collected 

in medium containing 2% FBS and 5 mM EDTA every 15–20 min, and replaced with fresh 

digestion medium.  Peyer’s patches:  Intestines were dissected and washed by lavage with ice 

cold PBS.  PPs were removed from the intestine and washed in a solution 2 mM EDTA and 5% 

DTT in PBS for 20 minutes at 37°C to remove the epithelium.  PPs were then enzymatically 

digested (as with the LN).  Spleen: Lymphocyte were extracted from the spleen by mechanical 

disruption and passage through a 70um cell strainer.  Red blood cells were lysed with ACK 

buffer before analysis by flow cytometry.    

Immunohistochemistry and confocal microscopy. Isolated tissues were fixed in 4% 

paraformaldhehyde (PFA) for 4 hours and placed in 30% sucrose until saturation. Tissue was 

embedded in OCT medium (Optimal Cutting Temperature), frozen, and cut into 20 μm sections. 

Sections were stained and imaged using Inverted Olympus IX 81 confocal microscope.   
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Statistical analysis.   Statistical tests were performed using GraphPad Prism software.  

Differences were considered to be statistically significant when P < 0.05. For graphs, data are 

shown as mean +/- SEM.  Statistical significance is indicated with the following:  * (p≤0.05), 

** (p≤0.01), *** (p≤0.005), **** (p≤0.001).  Sample size was not specifically predetermined, 

but the number of mice used was consistent with prior experience with similar experiments. 
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Chapter 3 

Intestinal fluid absorption modulates Peyers' patch homeostasis and mucosal antibody 
responses. 

Peyer's patches (PPs) are B cell-rich lymphoid tissues situated throughout the small intestine 

which play an important role in mucosal antibody responses.  PP architecture and stromal cell 

composition closely resemble that of peripheral lymph nodes despite geographical and 

functional differences. Notably, fibroblastic stromal cells located in small intestinal PPs form a 

network of collagen-rich reticular fibers similar to the network of conduits found in lymph 

nodes. In the PP, these conduits extend from the basement membrane of the intestinal 

epithelial cell lining into the PP follicle, and terminate along blood and efferent lymphatic 

vessels.  

Unlike lymph nodes, PPs lack a conventional source of afferent lymph that would normally 

contribute fluid flow through the conduit network. Instead fluid flow through PP conduits 

depends largely on water absorbed across the intestinal epithelium.   We find that by disrupting 

water absorption, we can limit or prevent the contribution of absorbed lumenal fluids to the 

flow of PP conduits.  Disruption of fluid absorption subsequently has profound effects on the 

structural integrity of the HEV and surrounding perivascular FRCs, and display of the mucosal 

addressin MAdCAM1 within the HEV lumen is reduced.  These alterations correlate with a 

striking defect in the recruitment of naïve recirculating lymphocytes to the PP. 

Prolonged blockade of water absorption additionally impacts mucosal antibody responses. 

Antigen-specific fecal IgA titers are reduced, and germinal center responses are decreased in 
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scale.  We believe these findings reveal a critical role for conduit-mediated fluid flow in the 

maintenance of PP homeostasis and mucosal immune function.  

 

3.1 Introduction 

Fibroblastic reticular cells (FRCs) provide the architectural framework supporting lymphoid 

tissues.  In lymph nodes, FRCs deposit and ensheathe organized bundles of collagen fibers to 

form an intricate network extending from the subcapsular sinus to the high endothelial venule 

(HEV) and efferent lymphatics 51,131.  The anatomy of these structures allows for two 

functionally distinct compartments.  The surface of the reticular network, comprised of 

interconnected FRC cell bodies, facilitates leukocyte attachment, cellular interactions and 

directional migration of leukocytes within the LN parenchyma.  This aspect of the reticular 

network is functionally essential for the proper compartmentalization and survival of 

lymphocytes, as well as the initiation of adaptive immune responses 95,99,101,103,125,126.  In 

contrast, the inner collagen core of the reticular network has been described as a conduit 

network, directing the flow of lymph from the LN sinus into the LN parenchyma 131.  The 

functional and biological relevance of this latter aspect of the reticular network is less 

established. 

Soluble, lymph-borne mediators have long been known to penetrate the LN cortex and reach 

the high endothelial venule (HEV) just minutes after upstream subcutaneous inoculation.   The 

speed at which these molecules have been found to traverse the densely packed LN 

parenchyma from capsule to HEV suggests a mode of transport beyond passive interstitial 

diffusion of fluid.  LN conduits have thus been proposed to function as an efficient and rapid 
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pathway for the transport of immunologically important soluble mediators from upstream 

tissues.   

Multiple reports have now demonstrated that antigen injected into the footpad of mice rapidly 

enters the LN conduit network where it can be directly sampled by resident DCs and follicular B 

cells through gaps in the FRC sheath 83,84,133.  Likewise, soluble chemokines injected 

subcutaneously are rapidly delivered via the conduit network to the ablumenal surface of the 

HEV, whereupon these molecules are transcytosed and decorate the vascular lumen 48-50.  This 

process leads to an increase in leukocyte homing within minutes of injection.  This latter 

example has led to a predicted model in which conduits facilitate a form of “remote control” 

wherein soluble mediators from upstream tissues can prime the lymph node for the initiation 

of adaptive immune responses. 

The concept of FRC conduits mediating rapid and selective transport of soluble, small MW 

material is now widely excepted.  However, the necessity for conduit-mediated molecular and 

fluid transport for either LN homeostasis or initiation of adaptive immune responses has not 

been experimentally addressed.  To date, no models exist in which to interrogate lymph node 

function in the absence of conduits.  Even acute ablation of FRCs fails to eliminate the conduit 

network once formed 101.  Nor have any physiological means of altering afferent lymph flow 

been developed, though surgical manipulation of upstream lymphatics has been reported 27-29.  

Interestingly, lymph nodes that have been surgically deprived of afferent lymph have been 

reported to exhibit a gradual “flattening” of the high endothelial venule, loss of glycam1 

expression on the vascular endothelium, and a corresponding decrease in lymphocyte 

immigration.  However, the specific contribution of conduit-mediated lymph flow to this 
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phenomenon cannot be ascertained, as surgical deprivation of afferent lymph additionally 

impacts cellular migration of antigen-experience DCs and macrophages from upstream tissues. 

Few advances have been made in recent years towards establishing a better understanding of 

the biological importance of conduit-mediated fluid flow and molecular transport due to these 

experimental limitations.  Additionally, the existence of conduit networks in lymphoid tissues 

not exposed to continuous lymph flow has not yet been addressed.    

Here we identify FRC conduit networks in the intestinal Peyer's patches.  Peyer's patches (PPs) 

are B cell-rich lymphoid tissues situated throughout the small intestine which play an important 

role in the initiation of mucosal antibody responses.  Unlike lymph nodes, PPs lack a 

conventional source of afferent lymph that would normally contribute fluid flow through the 

conduit network.  Instead we demonstrate that fluid flow through PP conduits depends largely 

on water absorbed across the intestinal epithelium and that this process can be disrupted in a 

physiological, non-inflammatory way.   Prolonged disruption of conduit flow led to profound 

alterations to homeostatic lymphocyte recruitment to the PP and a reduced capacity to mount 

mucosal antibody immune responses.   

 

3.2 Results 

 

PP conduit network conducts fluid absorbed from the intestinal lumen. 

Despite lacking a conventional source of afferent lymph flow, characterization of stromal 

components in the small intestinal PP reveals that these lymphoid organs are supported by an 

intricate network of collagen-rich reticular fibers, structurally similar to the conduit network 
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found in lymph nodes (Figure 3.1).  These fibers extend from the subepithelial dome and 

project into both follicle and interfollicular region.  Scanning electron micrographs of alkali-

water macerated PPs reveal that these reticular fibers emerge directly from the disorganized 

meshwork of collagen overlying the PP dome and eventually terminate directly along the blood 

vasculature (Figure 3.1a).  As with LN conduits, PP reticular fibers are ensheathed by a 

basement membrane and an interconnected network of fibroblastic reticular cells (FRCs), 

identified by expression of perlecan and gp38, respectively  (Figure 3.1b).  In total, this three-

dimensional structure exhibits many of the same microanatomical features as previously 

described in LN FRC conduits. 

A functional hallmark of LN FRC conduits is the ability to direct lymph flow from the lymph node 

sinus into the dense parenchyma of the cortex and paracortex, additionally facilitating the 

delivery of soluble signaling molecules and antigen.  The PP conduit network appears to 

perform a similar function, though drawing in fluid absorbed from the intestinal lumen in place 

of afferent lymph.  Fluid uptake through PP conduits is identifiable through oral administration 

of soluble FITC.  Within two hours of gavage, FITC was detectable throughout the PP and 

selectively localized within the collagen-rich core of the conduit network  (Figure 3.1c). 

High magnification confocal imaging additionally confirmed that FITC-bearing conduits interface 

with blood vessels in the interfolliclular region of the PP  (Figure 3.1d).  Moreover, FITC signal is 

detectable along the blood vessel wall, suggesting a path of directional fluid flow from the 

intestinal lumen to PP vasculature mediated by the PP conduit network.  
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Perturbation of intestinal fluid absorption disrupts PP conduit flow 

 

In lieu of afferent lymph, fluid taken in from the intestinal lumen appears to be a major 

contributor to directional flow through the PP conduit network.  This process is thus uniquely 

dependent on fluid absorption across the absorptive intestinal epithelium, a process which is  

tightly regulated by the maintenance of local osmotic gradients though ion transport 

(Figure 3.2a).  The functional consequences of perturbed conduit fluid flow in the PP can thus 

theoretically be addressed by means of blocking fluid absorption.  Here, altered fluid absorption 

was achieved by two mechanistically distinct treatments – first by administration of a 10% 

solution of a high M.W. polyethylene glycol (PEG), and secondly by oral treatment with 

amiloride hydrochloride.  PEG is a non-absorbable, non-metabolized osmotically active 

substance which increases the osmolarity of ingested fluid and promotes its retention in the 

intestinal lumen (Figure 3.2b).  By contrast, amiloride acts by selectively disrupting the function 

of epithelial Na-/H+ exchangers, thereby disrupting the establishment of sufficient osmotic 

gradients for directional water transport (Figure 3.2c).  Both models of disrupted fluid 

absorption were found to restrict fluid uptake into PP conduits, as visualized by uptake of 

soluble FITC after gavage  (Figure 3.2c-e). 

Prolonged blockade of fluid absorption disrupts HEV structure 

Extended periods of treatment with PEG in drinking water does not result in gross changes to 

the overall architecture or organization of the PP (data not shown), nor are there any apparent 

changes to the morphology or total numbers of FRCs, suggesting that fluid flow is not necessary 
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Figure 3.2 Impaired fluid absorption limits fluid flow into Peyer's patch conduits.  (a)  Schematic 
representation of the establishment of osmotic gradients by Na+/H+ transporters in absorptive 
epithelium.  Establishment of this gradient is the primary means of directing fluid uptake.  (b) Oral 
delivery of high molecular weight polytheylene glycol (3350 kDa) disrupts the establishment of 
effective osmotic gradients.  PEG is a non-absorbable, non-metabolized, osmotically active agent.  
(c) Amiloride hydrochloride is an inhibitor of the Na+/H+ transporters NHE1, NHE2, and NHE3.  
(d-f)  Multiphoton microscopy of Peyer's patches from a villin-cre-SSB(BFP) mouse after oral gavage 
with soluble FITC in saline (d),  FITC in PEG (e), or FITC in saline+amiloride.  
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Figure 3.3  Peyer's patch stroma numbers following treatments with PEG or amiloride.  (a,b)  Flow 
cytometric analysis PP stromal cell populations (CD45-TER119-) following treatment with PEG or 
amiloride.   Mice were treated for a period of 3 days (a) or one week (b).  Data are graphed as 
relative cell counts.  The following populations are represented: gp38+CD31- (FRC, MRC, FDC), 
gp38+CD31+ (LEC), and gp38-CD31+ (BEC).  Frequency of MAdCAM1+ HEV ECs among BECs.  Data 
represents at least 2 independent experiments with at least 4 mice per treatment group each.
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for the maintenance or organization of the FRC network itself (Figure 3.3a).  However, 

treatment with PEG for periods beyond one week resulted in a specific decrease in blood 

endothelial cell (BEC) numbers, including MAdCAM-expressing endothelial cells of the PP high 

endothelial venule (Figure 3.3b).  

Changes to HEV EC cell numbers is preceded by a striking alteration in HEV structure.  An intact 

PP HEV is structurally comprised of MAdCAM-expressing endothelium closely encircled by a 

ring of perivascular FRCs  (Figure 3.4 a,f).  Confocal imaging of the PP HEV following a 3-day 

treatment period with PEG revealed an apparent disruption in the normally continuous 

perivascular FRC ring and a quantifiable decrease in contact points between perivascular FRCs 

and HEV ECs  (Figure 3.4b,c).  These structural alterations are also apparent by high 

magnification transmission electron microscopy (TEM) of the PP HEV, which show distinct 

points of separation between the HEV ECs and surrounding basement membrane  (Figure 3.4d).    

Interestingly, TEM imaging of the PP HEV after three days of PEG treatment additionally 

revealed an apparent dearth of leukocyte interactions with the vascular endothelium, as few 

cells were found either attached to the HEV lumen or within HEV pockets.  This latter 

observation suggests a potential functional deficiency in HEV-mediated leukocyte immigration 

corresponding to perturbations in HEV structural integrity.  

In total, these data suggest that the absence of directional conduit flow to the HEV results in 

disrupted alignment of perivascular FRCs and/or a loss of physical interaction between 

perivascular FRCs and HEV ECs  (Figure 3.4 e,f).  Aberrant HEV structure appears to additionally 

correspond to a loss of lymphocyte arrest in the vascular lumen.  Loss of these interactions may 

contribute to decreasing BEC cell numbers following long-term blockade of fluid absorption.   
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Prolonged blockade of fluid absorption disrupts PP lymphocyte recruitment and immune 

homeostasis 

 

The HEV is the main port of entry for naive recirculating lymphocytes to lymphoid organs, 

including both lymph nodes and PP.  Concurrent with the observed PEG-induced changes to 

HEV structure was a significant decrease in naïve lymphocyte recruitment to the PP.  Adoptive 

transfer of fluorescently labeled splenocytes to either PEG or amiloride-treated recipient mice 

showed significantly fewer T and B lymphocytes accumulating in the PP one hour after transfer 

relative to untreated control recipients  (Figure 3.5a).  Confocal imaging of these PPs reveals 

significantly fewer total lymphocytes directly associated with the HEV in PEG-treated recipients 

(Figure 3.5b,c).  However, while the total numbers of these cells is decreased, the frequency of 

immigrating cells that remain associated with the HEV is unchanged (Figure 3.5d).  This suggests 

that while fewer circulating lymphocytes successfully adhere to the HEV endothelium, there is 

likely no defect in migration from the HEV into the PP parenchyma. 

In contrast to the PP, short term recruitment of transferred lymphocytes to skin draining lymph 

nodes and spleen remained normal, suggesting a specific deficiency in lymphocyte trafficking to 

the PP (Figure 3.5e).  Additionally, equal ratio co-transfer of lymphocytes from untreated and 

PEG-treated donors to untreated recipients demonstrates no lymphocyte-intrinsic deficiency in 

homing to the PP (Figure 3.5f).  Rather, the defect in short-term lymphocyte homing originates 

from the PP tissue environment itself. 
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Inefficient lymphocyte homing to the PP eventually culminates in a roughly 2-3 fold decrease in 

total lymphocyte cellularity within 2 days of disrupted intestinal fluid absorption  (Figure 3.6a).  

Interestingly, while we have observed no changes to recruitment of adoptively transferred 

lymphocytes to lymph nodes, total B and T cell numbers of the mesenteric LNs increases within 

2 days of PEG treatment, and skin-draining LNs exhibit increased cellularity by day 3 

(Figure 3.6b,c).  These changes to PP and LN cellularity are observed in response to both PEG 

and amiloride-induced disruption to fluid absorption (Figure 3.6d,e).  Both B and T lymphocytes 

are affected equally, and spatial compartmentalization of lymphocytes within the PP appears 

normal following treatment (data not shown). In contrast to the PP and LN, splenic B and T cell 

numbers appear largely unchanged following either treatment (Figure 3.6f).  Additionally,  

alteration to PP cellularity appears to be limited to lymphocyte populations, as the numbers of 

resident myeloid cell subsets appear normal (Figure 3.6g).    

Pre-treatment of mice with the S1PR1 agonist FTY720, which limits lymphocyte recirculation 

and promotes retention in lymphoid tissues, effectively reversed PEG or amiloride-induced 

alterations to both PP and LN cellularity (Figure 3.6h,i).  These data further suggest that regular 

trafficking of recirculating lymphocyte populations through intestinal PPs are affected by 

prolonged disruption of fluid absorption. 
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Figure 3.6 (Continued)
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Altered lymphocyte cellularity is directly related to the process of fluid absorption. 

We have demonstrated that blockade of fluid absorption by PEG and amiloride impacts 

conduit-mediated directional fluid flow to the HEV and that HEV structure is perturbed.  

However, we acknowledge that these treatments may adversely impact lymphoid tissue 

homeostasis though other means, including intestinal epithelial dysbiosis or inflammation,  

alterations to the intestinal microbiota, or general dehydration. 

Importantly, neither treatment with PEG or amiloride was associated with any observable 

intestinal inflammation or epithelial disruption (data not shown).  Additionally, similar  effects 

of PEG treatment on PP and LN cellularity were found to occur in germ free mice, suggesting 

that altered lymphocyte migration is not secondary to any PEG-induced alterations to the 

microbiota (Figure 3.7a). 

We find that altered migration of lymphocytes to the PP and LN following a 3-day period of 

treatment with PEG is rapidly reversible upon restoring normal intestinal fluid absorption.  

Within 12 hours of returning PEG-treated mice to normal drinking water, we find that PP and 

LN cellularity recovers to normal levels (Figure 3.7b).  By contrast, supplementing PEG or 

amiloride-treated mice with fluids by subcutaneous injection had no apparent affect on either 

decreases in PP cellularity or increases in LN cellularity (Figure 3.7c).  Together, these data 

suggest that altered PP and LN cellularity following blockade of fluid absorption is not a 

secondary effect of dehydration.  Rather, the process of fluid uptake via the oral route appears 

to be necessary for the maintenance of normal lymphocyte migration and homeostasis. 
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Impaired recruitment to the PP results from a loss of lymphocyte rolling on the HEV. 

 

Lymphocyte ingress across the HEV to lymphoid tissues is a multistep process which involves 

first selectin-mediated capture and rolling along the vascular endothelium, followed by 

integrin- and chemokine-mediated firm arrest and transmigration through endothelial cell 

junctions.  The specific molecular mediators of each step are well established.  Intravital 

multiphoton imaging of the PP following adoptive transfer of labeled lymphocytes reveals a 

near complete absence of lymphocyte rolling events on the HEV lumen of mice treated with 

PEG or amiloride  (Figure 3.8a,b).  By contrast, several lymphocyte rolling and adhesion events 

are identifiable within the HEVs of control mice (Figure 3.8c).   

Lymphocyte rolling in intestinal PPs is largely mediated through interaction between the 

mucosal addressin cell adhesion molecule 1 (MAdCAM1) expressed by HEV ECs, and either L-

selectin or the integrin α4β7 on recirculating lymphocytes 134.  Similar to treatments with PEG 

or amiloride, intravenous administration of anti-MAdCAM1 antibody eliminates lymphocyte 

rolling events on the HEV, as confirmed by intravital imaging (Figure 3.8d).   Moreover, anti-

MAdCAM1 treatment limits short-term B and T lymphocyte accumulation in the PPs but not LNs 

(Figure 3.8e), and anti-MAdCAM1 blockadge over the course of 3 days results in an overall 

decrease in PP lymphocyte cellularity that is comparable to that seen following PEG and 

amiloride treatment (Figure 3.8f). 
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Blockade of fluid absorption influences MAdCAM localization, but not expression 

 

Despite noticeable changes to HEV structure following a three-day treatment with PEG, RNAseq 

analysis of FACS sorted HEV ECs and FRCs at this time point revealed few significant alterations 

in transcriptional profile.  Notably, HEV EC expression of key adhesion molecules involved in 

lymphocyte capture and recruitment, including MAdCAM1, was not significantly impacted by 

PEG treatment (Figure 3.9a).  Likewise,  PP FRCs, which direct lymphocyte migration across the 

HEV, showed no significant alteration in transcript levels for any known chemotactic signal 

involved in lymphocyte homing to the PP, including CCL19, CCL21, CXCL12, and CXCL13.  

While production of MAdCAM1 appears unaffected by altered PP conduit flow, there was a 

striking difference in the amount of MAdCAM1 protein exposed on the luminal surface of the 

HEV.  Lumenally exposed MAdCAM was specifically visualized by a short pulse of anti-

MAdCAM1 delivered intravenously to control and PEG-treated animals.  Confocal imaging of PP 

tissue sections from these mice reveal significantly less in vivo labeling with anti-MAdCAM1 in 

PEG-treated animals relative to control (Figure 3.9b).  Quantification of the percentage of 

lumenally-exposed MAdCAM1 was performed by comparing in vivo labeled anti-MAdCAM1 

signal to total anti-MAdCAM1 (visualized by post-fix staining).  We find that under normal 

conditions, nearly all MAdCAM1 is exposed on the lumenal surface of the HEV.  By contrast, this 

frequency drops to roughly 60% following PEG treatment (Figure 3.9c). 
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Blockade of fluid absorption impairs mucosal antibody responses 

 

Conduit-mediated transport in lymph nodes is limited to fluid and soluble molecules below a 

molecular weight cutoff of roughly 70 kDa 49.  We find that PP conduits are similarly restrictive.  

Hen egg lysozyme (HEL) labeled with alexafluor 488 (HEL-488, M.W. 14 kDa) and HEL labeled 

with phycoerythrin (HEL-PE, M.W. 250 kDa) were co-administered to the lumen of explanted 

intestinal loops.  Confocal imaging of the PPs reveals that HEL-488 rapidly penetrates the PP 

dome and tracks along the FRC conduit network, while HEL-PE  primarily remained near the 

epithelial surface and was carried into to PP follicle by myeloid cells (Figure 3.10a).  The specific 

size exclusion cutoff of PP conduits was assessed by tracking the uptake and localization of 

several fluorescently labeled proteins and dextrans of different sizes and was determined to be 

roughly similar to that of LN conduits at roughly 50-70 kDa (Figure 3.10b).  Thus, as with LNs, 

conduit-mediated antigen transport within intestinal PPs appears to be limited to small 

molecular weight molecules. 

The importance of this conduit-mediated route of antigen transport has long been speculated, 

however the immunological impact of altered conduit flow on adaptive immune responses has 

not been previously addressed.  Here we examine the effect of PEG-mediated blockade of fluid 

absorption into the PP conduits on mucosal antibody responses to orally delivered antigen.  

Mice were orally immunized with two NP-haptenated protein antigens of differing molecular 

weights: 14kDa NP-haptenated HEL (NP-HEL) and 150kDa NP-haptenated chicken gamma 

globulin (NP-CGG).    
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Figure 3.10 Size exclusion of PP conduit network.  (a) Confocal microscopy of a PP following 
intralumenal injection HEL-647 and HEL-PEG in explanted intestinal loops.  Follicle associat-
ed epithelium (FAE) marked by dashed line (b) List of fluorescent tracers of various sizes 
and whether they are found to enter the PP conduit network following intralumenal injec-
tion (”Included”) or not (”excluded”).
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Oral immunization during PEG treatment resulted in less potent NP-specific antibody responses 

relative to control animals.  Anti-NP fecal IgA titers were lower in PEG-treated mice after 

immunization (Figure 3.11a).   Interestingly, antibody responses to NP-HEL and NP-CGG were 

equally affected by treatment with PEG, despite the molecular weight of NP-CGG theoretically 

limiting its access to conduit-mediated transport even under control conditions.  These data 

suggest that while limitations in conduit flow can impact antigen-specific humoral responses in 

the PP, this is not necessarily related to alterations in the mode of antigen transport. In addition 

to decreased anti-NP IgA titers, we find a moderate decrease in NP-specific B cell numbers in 

the intestinal lamina propria (Figure 3.11b,c).  Together, these data suggest a decrease in the 

initiation and activation B cells following oral immunization. 

Under normal conditions, PPs are continuously exposed to a wide range of food and microbial 

antigen and are characterized by a continuous ongoing germinal center (GC) reactions.  We find 

that perturbation of fluid absorption over the course of 2 weeks results in a decrease in 

baseline GC cell numbers (Figure 3.11d,e).  While GC activity was significantly decreased, the PP 

FDC network remained intact (Figure 3.11e).  This general decrease in GC activity corresponds 

with an overall decrease in total fecal IgA titers (Figure 3.11f).  PEG-treated mice also exhibit a 

decrease in intestinal lamina propria plasma cells (Figure 3.11g), but not total B220+ B cells 

(Figure 3.11h).   

As previously established, anti-MAdCAM treatment directly impacts lymphocyte recruitment to 

the PP in a manner similar to PEG or amiloride treatment, but does so without any additional 

effects that might be associated with perturbed fluid absorption.  To test whether PEG-induced 
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decreases in antibody responses may be a direct consequence of altered naïve lymphocyte 

trafficking through PP tissues, we tested antigen-specific antibody responses in mice treated 

with anti-MAdCAM1 blockade during oral immunization.  Under these conditions, anti-NP IgA 

titers were also reduced relative to control animals (Figure 3.11i).  Moreover, this reduction in 

antibody response was similar to that seen in mice immunized during PEG treatment. 
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3.3 Discussion 

The fibroblastic reticular network simultaneously provides a platform for cellular migration and 

an isolated inner compartment for the rapid movement of lymph and lymph-borne mediators.  

The specific importance of FRCs in mediating homeostatic lymphocyte movement and immune 

interactions is broadly accepted, though perhaps incompletely understood.  By contrast, the 

impact of conduit-mediated lymph flow is largely speculative.  Attempts to establish direct 

experimental evidence that conduits support either homeostatic maintenance of lymphoid 

tissues or the initiation of adaptive immune responses have been stymied by an inability to 

specifically and physiologically modulate lymph flow. 

To date, the only means of depriving a draining lymph node of conduit flow relies on the 

surgical ligation of afferent lymph vessels – a process which not only deprives LNs of lymph flow 

and lymph-borne soluble mediators, but of migrating dendritic cells as well.  Thus the specific 

contributions of disrupted conduit flow cannot be definitively established by this experimental 

approach.  However surgical ablation of afferent lymph vessels have nevertheless yielded some 

preliminary insights to the homeostatic state of a lymph-deprived LN; the endothelium of LN 

HEVs lose their characteristic cuboidal appearance and down-regulate adhesion molecules 

involved in the capture and recruitment of circulating lymphocytes, and total LN cellularity is 

reduced.  Similar effects on HEV morphology and LN cellularity have been shown to result from 

systemic blockade of LTβr signaling, as well as through specific ablation of lymphotoxin-

expressing dendritic cells 31-33.  These latter findings might suggest that one possible 

explanation for the loss of normal HEV morphology following lymphatic vessel ligation may be 
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the loss of lymphotoxin signaling derived from migrating dendritic cells, rather than impaired 

conduit flow. 

In contrast to draining lymph nodes, we have found that the flow of fluid into PP conduits can, 

at least in part, be disrupted by means of blocking fluid uptake across the epithelial border.  

Under these conditions, we find that HEV structure is disrupted and lymphocyte recruitment 

and cellularity decrease substantially, despite no apparent change to the resident myeloid 

population.   PP conduits physically connect the site of fluid uptake at the intestinal epithelium 

to the ablumenal wall of the HEV, and thus we postulate that these observed phenomenon 

result specifically from a loss of conduit-mediated directional fluid flow.  However, the precise 

molecular mechanism directing these alterations to HEV structure and function remain unclear.   

Previous reports have demonstrated that conduits can facilitate the rapid transport of tissue-

derived chemoattractive factors to the HEV, thereby modulating lymphocyte recruitment 48-50.  

In this way, an inflamed tissue may exert "remote control" over the draining lymph node, 

priming it for an impending immune response.  For a PP which does not drain tissue, the 

intestinal lumen is one potential source of "upstream" signaling mediators, and thus we 

considered the possibility that alterations to the microbiome or the uptake and transport of 

microbial-derived signals (perhaps through conduits) might account for the observed 

alterations to HEV function in the PP.  However, we find that PPs from germ free mice exhibited 

the same response to blockade of fluid absorption, suggesting a mechanism independent of 

microbial signals. 
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An alternative potential explanation for these observed effects is the loss of mechanical cues 

derived from directional fluid flow through the PP FRC conduits.  Applying interstitial fluid flow 

to cultured FRCs in vitro has been shown to influence FRC morphology, organization, and 

expression of CCL21, thus showing FRCs to be responsive to mechanical force 34.  It is possible 

that directional fluid flow is necessary for the proper alignment or organization of the FRC 

network, particularly at the terminus of PP conduits along the HEV.  By disrupting the flow of 

absorbed lumenal fluids into the PP conduit network, this organizational cue may be lost, 

consequently impacting structural integrity or interactions at the FRC-HEV junction.   While we 

have not specifically observed any transcriptional changes to CCL21 in PP FRCs following 

blockade of fluid absorption, it should be noted that unlike LN FRCs, baseline expression of T 

cell chemoattractants CCL19 and CCL21 in the PP are already very low.   

In endothelial cells, signaling through a mechanosensitive ion channel Piezo1 is triggered in 

response to sheer force imposed by vascular flow – a process that has been found to be critical 

for proper alignment of endothelial cells and vascular integrity 135,136.  Preliminary findings from 

our lab suggest that Piezo1 transcript is specifically decreased in PP FRCs (but not HEV ECs) of 

mice treated with PEG (data not shown).  The possibility that Piezo1 may function on FRCs or 

HEV ECs as a mechanosensor of lymph flow through conduits is an attractive possibility that 

warrants further investigation.   

Cumulatively, these findings suggest that conduits may be functionally important for the 

homeostatic maintenance of lymphoid tissues.  However, we have additionally demonstrated 

that blockade of fluid absorption and directional conduit flow negatively impacts the amplitude 
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of active antigen-specific mucosal IgA responses.  When fluid absorption is disrupted by 

treatment with PEG, we observed a general decrease in PP GC activity following prolonged PEG-

induced blockade of fluid absorption, as well as decreases in antigen specific IgA responses in 

mice orally immunized against NP-haptinated protein.   

It has also been proposed that conduits may contribute to immune responses by providing an 

alternative route for the transport of antigen.  Whether conduit-mediated antigen delivery has 

any meaningful impact on the immune response kinetics or immunological outcome has yet to 

be addressed.  The exclusivity of conduit transport to molecules below a specific MW cutoff 

makes this an intriguing question.  However, we have found no evidence that the size of 

antigen or its transport through PP conduits impacts the resulting immunological response, as 

blockade of fluid absorption similarly impacts IgA responses to both small and large antigen.   

An alternative explanation for decreases in IgA responses following blockade of fluid absorption 

is that impaired lymphocyte recruitment to the PP restricts the pool of naive lymphocytes 

locally available to respond to antigen.  Recent studies quantifying the primary immune B cell 

and T cell precursor populations have demonstrated a striking correlation between the size of 

an antigen-reactive precursor population and the amplitude of primary immune responses to 

cognate antigen upon immunization - the larger the naive precursor population, the more 

robust the primary adaptive immune response 1,3,5,9.  By extension, one might infer that the 

total number of antigen-reactive naive B cells available in the PP at the time of immunization 

may directly influence the amplitude of resultant immune responses.  In line with this concept, 

we find that the effects of impaired fluid absorption on mucosal antibody responses can be 
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largely recapitulated in mice in treated systemically with anti-MAdCAM, wherein lymphocyte 

cellularity of the PP is reduced, but fluid absorption and conduit flow are normal.  These data 

thus suggest a direct relationship between naive lymphocyte recruitment to the PP and 

mucosal humoral responses.   

While disruption of fluid absorption negatively impacts lymphocyte recruitment to the PP, we 

also note a surprising increase in cellularity of LNs.  The nature of this increase remains unclear, 

though we hypothesize that excess accumulation of lymphocytes in lymph nodes may be 

secondary to impaired homing of lymphocytes to PPs.  Thus far we have not identified any 

indication that increases in LN cellularity relate to lymphocyte activation or proliferation (data 

not shown).  Rather, we believe these increases result from altered lymphocyte migration from 

other sites (potentially the PP), as this phenomenon is rapidly reversible and can be prevented 

by FTY720.  Further experimentation is necessary to identify the source of these excess 

lymphocytes.   

Ultimately, however, there is a clear shift in lymphocyte population distribution away from the 

PPs and towards LNs.  We speculate that this effect might broadly impact the nature of immune 

responses an individual may be prepared to elicit.  This raises an intriguing question of whether 

such shifts in lymphocyte distribution may be biologically beneficial.  While reduced lymphocyte 

cellularity in the PP may limit the initiation of mucosal IgA responses, increased lymphocyte 

cellularity in peripheral LNs may alternatively enhance systemic responses by preferential 

induction of IgG responses or cellular immunity.  This latter response may in fact be favorable 
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under conditions of infectious diarrheal diseases where intestinal barrier function may already 

be compromised and there is risk of systemic dissemination of pathogenic microbes. 

Cumulatively, we have shown that, at least in PPs, the conduit network plays an integral role in 

supporting PP immune homeostasis.  The loss of conduit flow not only impacted lymphocyte 

recruitment and PP cellularity, but culminated in a decreased capacity to mount mucosal 

immune responses.  Due to the unique link between PP conduit flow and intestinal fluid 

absorption, we anticipate that these processes may be particularly relevant when considering 

conditions characterized by fluid malabsorption such as inflammatory or infectious diarrheal 

diseases and chronic laxative use.  Ultimately, the contribution of fluid absorption and PP 

conduit fluid flow within the greater context of mucosal health and disease will ultimately be a 

topic a great interest for future experimentation.   
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3.4  Materials and methods 

Mice.  Experiments were performed in C57BL/6 mice unless otherwise indicated.  C57Bl/6J mice 

and VillinCre mice (021504) were purchased from Jackson Laboratories (Cambridge, Bar Harbor, 

MA, USA).  Rosa26-SSB-BFP mice were generated in the laboratory and previously described137.  

VillinCre mice were crossed to the Rosa26-SSB-BFP line to generate VillinCre-SSB-BFP mice.  

Mice were maintained under specific pathogen-free conditions in accordance with institutional 

and National Institute of Health guidelines and used at 6-8 weeks of age.  For each of the 

experiments performed, age-matched mice of both sexes were analyzed.  Experiments 

comparing GF and SPF mice were performed in outbred Swiss Webster mice at 8 weeks of age.  

GF mice were generously provided by the laboratory of Dr. Eugene Chang at the University of 

Chicago and housed in their gnotobiotic facility for the duration of treatment.  Experiments 

were approved by the Boston Children’s Hospital and Harvard Medical School institutional 

animal use and care committee in accordance with NIH guidelines for the humane treatment of 

animals 

Antibodies. The following antibodies were used: αCD45 (30-F11), αCD31 (390), αPDPN (8.1.1), 

αMadCAM-1 (MECA-367), αB220 (RA3-6B2), αCD11b (M1/70), αCD11c (N418), αCD8a (53-6.7), 

αEpCAM (G8.8), αCD3e (145-2C11), αTER119 (TER119), αCR1/CR2 (7E9), αGL7 (GL7), and 

αCD38 (90) from Biolegend, αPerlecan (A7L6) from ThermoFischer Scientific, αIgA (C10-3) from 

bdbioscience, αCol1 (millipore sigma). 

Disruption of fluid absorption.  Fluid absorption was disrupted by one of two treatments.  

Polyethylene glycol (PEG):  PEG was administered to mice through ad libitum through drinking 
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at a concentration of 10% (w/v) for a duration of up to 2 weeks, depending on experiment.  

Amiloride Hydrochloride:  Mice were orally gavaged with amiloride (0.1mg/kg) once daily for up 

to 3 days, depending on experiment. 

Immunohistochemistry and confocal microscopy. Isolated tissues were fixed in 4% 

paraformaldhehyde (PFA) for 4 h and placed in 30% sucrose until saturation. Tissue was 

embedded in OCT medium (Optimal Cutting Temperature), frozen, and cut into 20 μm sections. 

Sections were stained and imaged using Inverted Olympus IX 81 confocal microscope.   

Intravital imaging by multiphoton microscopy.  Mice are anesthetized by inhalation of 

isoflurane and maintained at physiological temperature with a closed-circuit heated water 

circulation system.  A small loop of intestine is exposed from the anesthetized mouse and 

immobilized on a heated stage.  CMFDA-labeled naive lymphocytes are adoptively transferred, 

and the blood vasculature is illuminated by intravenous injection with fluorescently labeled 

vascular-impermeable Qdots (Thermo Fisher Scientific, Q21031MP).  Under these conditions, 

the exposed Peyer's patch can be imaged for a period of at least one hour. Imaging was 

performed on an Olympus BX 61 WI multiphoton microscope with a Spectra Physics MaiTai 

DSHP laser. 

GC and FDC quantification.  PP tissue sections were stained for confocal microscopic analysis. 

Resulting images were analyzed using ImageJ software to identify the perimeter of the FDC 

network.  MFI of GL7+ staining within the FDC network was then quantified. 
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Enzymatic digestion of lymphoid organs.  Single cell suspensions of LN, PP, and spleen were 

prepared for analysis by flow cytometry.  Lymph nodes:  LNs were dissected and incubated at 

37 °C in RPMI containing 0.1 mg/ml Dnase I (Invitrogen), 0.2 mg/ml Collagenase P (Roche) and 

0.8 mg/ml Dispase (Roche) for 50–60 minutes, as previously described132. Cells were collected 

in medium containing 2% FBS and 5 mM EDTA every 15–20 min  and replaced with fresh 

digestion medium.  Peyer’s patches:  Intestines were dissected and washed by lavage with ice 

cold PBS.  PPs were removed from the intestine and washed in a solution 2 mM EDTA and 5% 

DTT in PBS for 20 minutes at 37°C to remove the epithelium.  PPs were then enzymatically 

digested (as with the LN).  Spleen: Lymphocyte were extracted from the spleen by mechanical 

disruption and passage through a 70um cell strainer.  Red blood cells were lysed with ACK 

buffer before analysis by flow cytometry.    

Tissue preparation for TEM.  Segments of intestine roughly 2cm long and containing at least 

one PP were excised and tied at either end.  The lumen of these intestinal "loops" were then 

filled with FGP fixative (2.5% paraformaldehyde, 5% glutaraldehyde, 0.06% picric acid in 0.2M 

cacodylate buffer), and the filled loops were then drop-fixed overnight in the same solution.  

Fixed sections were washed in 0.1M cacodylate buffer and post-fixed with 1% osmium tetroxide 

(OsO4)/1.5% potassium ferrocyanide (KFeCN6) for 1h, washed in water three times and 

incubated in 1% aqueous uranyl acetate for 1h followed by two washes in water and 

subsequent dehydration in grades of alcohol (10min each; 50%, 70%, 90%, 2× 10min 100%). The 

samples were then placed in propyleneoxide for 1h subsequently infiltrated overnight in a 1:1 

mixture of propyleneoxide and TAAB Epon (Marivac Canada Inc.). The following day the 

samples were embedded in TAAB Epon and polymerized at 60°C for 48h. Ultrathin sections 
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(about 60nm) were cut on a Reichert Ultracut-S microtome, placed onto copper grids, stained 

with uranyl acetate and lead citrate and examined on a JEOL 1200EX microscope. Images were 

recorded with an AMT 2k CCD camera 

Tissue preparation for SEM. Samples were fixed for 1-2 days in FGP Fixative as was described 

for TEM. Fixed PPs were then subjected to alkali-water maceration by immersion in a 10% 

aqueous solution of NaOH for 5 days at room temperature.  Samples were then rinsed twice in 

distilled water for 1 day each, until they became transparent.  The alkali-water macerated 

specimens were then treated with 0.5-1% tannic acid solution for 2-5 h, washed in distilled 

water for 1 h, and immersed in 1% OsO2 solution for several hours.  The specimens were 

dehydrated in a series of graded concentrations of ethanol and transferred to isoamyl acetate.  

Samples were then briefly frozen in liquid nitrogen and cracked with a razor blade to expose 

the inside of the PP for imaging before immediately re-immersing in 100% ethanol.  Specimens 

are then dried using a Tousimis 931 GL critical-point dryer.  The dried specimens were then 

affixed on aluminum stubs with adhesives, coated with platinum-palladium using an EMS 300T 

D dual head sputter coater, and examined by SEM on a Zeiss Ultra55 FESEM. 

Conduit analysis. Mice were gavage fed with 400ul of FITC-saturated PBS solution 2-4 hours 

before harvesting the intestine.  To examine the effects of blockade of fluid absorption, mice 

were 1) gavage fed with 400ul of FITC saturated PBS solution with 10% PEG, or 2) gavage fed 

with FITC in PBS 2 hours following gavage treatment with amiloride (0.1mg/kg). The intestinal 

lumen was washed by lavage with 10mL of ice cold PBS.  Peyer's patches were then excised and 

fixed in 4% PFA.  Fixed tissues were immersed in 30% sucrose for cryoprotection and then 
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frozen in O.C.T.  Thick 100 micron sections were cut using a cryostat.  Sections were imaged by 

multiphoton microscopy. 

 

Adoptive transfer of lymphocytes.  A single-cell suspension of naive lymphocytes was prepared 

from spleens from C57Bl/6 donor mice and immediately labeled with CellTracker Green CMFDA 

dye (ThermoFisher Scientific C2925).  Lymphocytes were adoptively transferred to either 

untreated control, PEG-treated, amiloride-treated recipient mice by retro-orbital injection in 

50ul of sterile saline.  Alternatively, lymphocytes were adoptively transferred in sterile saline 

containing 20ug of anti-MAdCAM1 antibody.  For comparison of lymphocytes from untreated 

control and PEG-treated donor mice, donor splenocytes were similarly harvested and labeled, 

then mixed in a 1 to 1 ratio before adoptive transfer to recipient mice.  For all experiments, 

mice were euthanized 1 hour after adoptive transfer, and PPs and iLNs were harvested for 

analysis. 

FTY720 treatments. To prevent cell egress, mice were injected with 1 mg/kg FTY720 

(Fingolimod, R&D) i.p. immediately prior to the start of treatment with PEG or amiloride.  Mice 

received an additional dose of FTY720 at 48 h and were sacrificed for analysis at 72 h. 

Antibody blockade of MAdCAM-1.  To block lymphocyte interactions with the PP HEV, mice 

were injected I.V. with 20ug of anti-MAdCAM (MECA-367).  For experiments examining short-

term recruitment of adoptively transferred lymphocytes, mice were given a single injection 
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simultaneous with cell adoptive transfer.  For experiments examining long-term effects on PP 

cellularity and antibody response, mice were injected once daily with 20ug. 

In vivo labeling of MAdCAM1.  Control or untreated mice received 20ug of anti-MAdCAM1-488 

by retro-orbital injection.  Mice were euthanized 10 minutes after injection and perfused with 

ice cold 4% PFA.  PPs were harvested and drop-fixed in PFA for an additional 4 hours, immersed 

in 30% sucrose overnight, and frozen in OCT.  Tissue sections were then stained with anti-

MAdCAM1-PE and analyzed by confocal microscopy.  Images were imported to FlowJo 

software, and pixel intensity for either 488 or PE channels was assessed for each pixel.  Data 

was quantified as % pixels positive in the 488 channel out of all stained pixels (488+PE). 

Image quantification of HEV-associated lymphocytes.  Confocal imaging was performed on PPs 

harvested from mice following adoptive transfer of CMFDA labeled lymphocytes.  Sections were 

counterstained with anti-MAdCAM to label HEVs.  Masks of HEV staining were created from in 

ImageJ software and the total number of lymphocytes within the mask were quantified as 

lymphocytes associated with the HEV.   

Oral immunization and mucosal antibody responses.  For analysis of antigen-specific mucosal 

antibody responses, control (untreated) or PEG-treated animals received either NP-HEL (100ug) 

or NP-CGG (20ug) once daily by oral gavage for 2 weeks.  Unimmunized controls received PBS 

once daily by oral gavage for the same duration.  All mice were allowed to recover on normal 

drinking water for 3 days following the final immunization.  Stool was collected for fecal IgA 

titers analysis.  Intestinal tissue was harvested for enzymatic digestion and analysis by flow 

cytometry.  Fecal IgA was extracted from stool by votex in a solution of protease inhibitor 
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cocktail in PBS for 1 hour at 4°C.  Non-soluble fecal material was removed by centrifugation.   

Supernatant containing soluble fecal-IgA was reserved for analysis by ELISA, while the pellet 

was allowed to dry and subsequently weighed.  Sample volume was normalized to fecal dry 

weight.  ELISA analysis was performed through immobilization of NP-BSA on a high binding 

plate (Greiner Bio-One, 655081), addition of fecal-IgA preparation at 2-fold serial dilutions, and 

probing for specific binding of Goat polyclonal anti-IgA-AP (southern biotech) using standard 

alkaline phosphatase development. For analysis of total fecal IgA, high binding plates were 

coated with goat polyclonal anti-IgA capture antibody(southern biotech), followed by addition 

of fecal-IgA preparation, and probing for specific binding of rat anti-IgA-AP (11-44-2) by alkaline 

phosphatase development. 

Analysis of NP-specific B cells.  Small intestines were harvested from mice following oral 

immunization against NP-CGG.  PPs were removed and fat was carefully dissected away.  The 

intestine was cut into 2-3cm long segments and inverted using forceps.  Intestinal segments 

were then washed twice in 2 mM EDTA and 5% DTT in PBS at 37°C for 20 minutes each to 

remove epithelium.  The remaining lamina propria was enzymatically digested at 37 °C in RPMI 

containing 0.1 mg/ml Dnase I (Invitrogen), 0.2 mg/ml Collagenase P (Roche) and 0.8 mg/ml 

Dispase (Roche) for 50–60 minutes.  NP-specific B cells were then identified by incubation with 

NP-PE for 20 minutes on ice, then analyzed by flow cytometry. 

Statistical analysis.   Statistical tests were performed using GraphPad Prism software.  

Differences were considered to be statistically significant when P < 0.05. For graphs, data are 

shown as mean +/- SEM.  Statistical significance is indicated with the following:  * (p≤0.05), 



 
 

105 
 

** (p≤0.01), *** (p≤0.005), **** (p≤0.001).  Sample size was not specifically predetermined, 

but the number of mice used was consistent with prior experience with similar experiments. 
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Chapter 4 

Discussion and future directions 

 

 

4.1 Technological breakthroughs enable an acceleration of stromal cell immunology 

Timely initiation of adaptive immune responses is critically dependent on the efficient 

surveillance of lymphoid tissues by rare lymphocyte precursors, the exact and strategic 

positioning of cells within lymphoid organs, the transport of antigen, and the dynamic 

regulation of microenvironment.  These functions are within the purview of lymphoid tissue 

stromal cells.  A general understanding that LN stromal cells contribute to both leukocyte 

homeostasis and initiation of adaptive immune responses has long been established, yet in 

many ways the study of stromal cells in immunity may still be considered an emerging field.  In 

comparison to the study of their hematopoietic counterparts, the development of robust tools 

for both in vivo and in vitro exploration of stromal cell biology has largely lagged behind.   

There are several contributing factors for this slow evolution of the field of stromal cells in 

immunity.  Firstly, stromal cells are simply more difficult to isolate than hematopoietic cells.  

Secondly, stromal cells comprise a fairly rare population, collectively comprising less than 1% of 

all lymphoid tissue cellularity.  And finally, relatively little has been definitively confirmed 

regarding the ontogeny of lymphoid tissue stromal cells.  Until recently, studies have largely 

relied on in situ imaging to interpret stromal cell function, offering little insight beyond their 

structural morphology.   
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However, more sophisticated methods of interrogating stromal biology have been developed in 

recent years, leading to an exciting acceleration in new findings.  One of the most essential 

advancements to have been made is the establishment of methods for reproducible isolation of 

primary lymphoid tissue stromal cells 103,132.  Whereas most hematopoietic cells can be 

obtained from blood or through simple mechanical disruption of tissue, stromal components 

are firmly embedded in the ECM, requiring a combination of enzymatic and mechanical 

digestion.  Development of these techniques has opened possibilities for several downstream 

applications.  For instance, the ability to isolate stromal populations has enabled informative in 

vitro studies leading to the identification of novel stromal-immune cell interactions 61,69,138-142.  

Additionally, transcriptomic analyses of purified primary stromal cell populations has allowed 

deeper insight into potential functions of known stromal populations 128.   Future studies will 

likely include the use of single cell RNAseq analyses which we anticipate to be hugely beneficial 

toward providing a more rapid and specific identification of stromal subpopulations as well as 

biomarkers to target these populations in vivo. 

In chapter 2, we discussed what might be considered the first iteration of mouse models for 

genetic targeting of stromal cells.  The recent development of these mouse lines is proving to 

be a major step forward in the field of stromal cells in immunity.  The use of CCL19cre-

expressing mice has allowed, for the first time, the in vivo targeting of lymph node FRCs 101,113.  

Likewise, we believe that the use of CXCL13cre-expressing mice will prove useful for future 

exploration of B zone FRCs, FDCs, and MRCs.  Our own use of these mice as a tool for stromal 

cell ablation has already provided a wealth of information regarding the contributions of these 

populations toward maintenance of the LNs, spleen and PPs (Figure 4.1). 



Lymph Node Organization

CXCL13cre - iDTR CD21cre - iDTR (chimera) CCL19cre - iDTRDepletion Model

Original Publication Unpublished Cremasco et al, 2014 (ref 101)Wang et al, 2011 (ref 109)

Stromal subsets targeted FDC, MRC, B-zone FRC FDC B-zone FRC, T-zone FRC

Effects on Lymph Node
Loss of B cell homeostasis
Loss of follicle identity
Loss of GC reactions
Redistribution of lymphatics
Redistribution of vasculature

Loss of follicle identity
Loss of GC reactions
Partial loss of B/T separation

Loss of B cell homeostasis
Loss of T cell homeostasis
Complete loss of B/T separation

Effects on Spleen

Effects on Peyer’s patch

Unablated

Loss of B cell homeostasis
Loss of T cell homeostasis
Decreased follicle size

Disrupted follicle organization
Loss of GC reactions (after imm)

Complete loss of Peyer’s patches Not reported

Impaired marginal zone humoral 
immune responses.

Moderate loss of B cell 
homeostasis

B cell zone
T cell zone

B cell zone
T cell zone

B cell zone
T cell zone

B cell zone
T cell zone

Figure 4.1
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Expanding our knowledge of stromal cell lineage relationships, heterogeneity, and 

transcriptional identity will allow the generation of new, and potentially more specific genetic 

models for targeting stromal populations in vivo.  Of particular use will be the implementation 

of ligand-dependant inducible Cre recombinases.  The ability to temporally control genetic 

modulation of stromal cells will be an essential advancement, as functional assessment of many 

signaling pathways of interest requires specific targeting only after the initial stages of lymphoid 

tissue organogenesis. 

Finally, we anticipate that expanding our knowledge of how stromal cells influence the 

activation, function, and movement of immune cells will ultimately enable both the 

development of novel therapeutic strategies as well as potentially greater optimization of 

existing treatments. 

 

4.2 Exploration of conduit networks and moving beyond descriptive research with new 

experimental approaches. 

Many of the functionally important features of stromal cells are structural in nature and cannot 

be studied in isolation.  As such, many studies centered on lymphoid tissue stromal cells are 

largely descriptive in nature.   

In chapter 3 we attempt to experimentally address the biological function of lymphoid tissue 

conduit networks.  Early descriptions of the FRC reticular networks as support structures of the 

lymph node date back to early 1960s following the first reported use of electron microscopy to 

describe the microanatomy of lymphoid tissues 143.  Various descriptions of the reticular 
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network functioning as a conduit for the transport or distribution of soluble material have been 

reported over the last several decades 52,131,144, and many of these studies have gone on to 

speculate immunologically important roles for conduit-mediated transport of chemokines and 

antigen 48,50,83,84,133.  However, exploration of LN conduit networks thus far has been largely 

restricted to interpretation of in situ imaging, and thus our understanding of conduit function 

remains purely descriptive.  It has proven far more challenging to move beyond descriptive 

studies and examine 'how' or 'why' stromal cells form these specific structures.  Further 

scientific advancement in this area is thus dependent on the development of creative new tools 

for either the manipulation of conduit flow, manipulation of material access to the conduits, or 

alteration of the conduit-surrounding FRCs.  Thus far, manipulation of lymph flow through LN 

conduits has proven technically challenging.   

Here we alternatively sought to gather insight into the biological importance of PP conduit flow, 

which is uniquely linked with the process of epithelial fluid absorption.  As there are a number 

of ways to disrupt intestinal fluid absorption, conduit flow in the PP is more experimentally 

pliable than that of LN conduits.  We identified a novel role for intestinal fluid absorption and 

PP conduit flow in the maintenance of HEV structure, PP immune homeostasis, and mucosal 

antibody responses (Figure 4.2).  We hope that our exploration of PP conduit function may 

additionally provide more general insight into the basic biological functions of reticular conduit 

networks of other tissues.  However, despite many similarities in terms of FRC phenotype and 

microanatomical structure of PP and LN conduits, we must be cautious about assuming conduit 

flow to play a similar role in support of LN homeostasis.  Alternative approaches must be 

devised to specifically address the biological role of conduits in lymph nodes. 



       Impaired Fluid AbsorptionNormal Fluid Absorption

reduced capacity to elicit 
mucosal IgA response

mucosal IgA response 
to antigen

perivascular FRC

HEV EC

perivascular FRC

HEV EC

(PEG / Amiloride)

Figure 4.2:  Intestinal fluid absorption modulates Peyers' patch homeostasis and mucosal antibody responses.   Left: Directional fluid 
flow through PP conduits helps maintain normal HEV structure and expression of MAdCAM along the lumenal surface of the HEV 
endothelium.  Constitutive recruitment of circulating lymphocytes contributes to the pool of naive lymphocytes within the PP 
follicle.  Right:  Without fluid absorption and directional fluid flow through the conduits, HEV structure is perturbed, leading to 
mislocalization of MAdCAM and impaired lymphocyte recruitment to the PP.  Resulting decreases in lymphocyte cellularity restricts 
the PP capacity to generate mucosal IgA antibody responses.
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Manipulation of material access to LN conduits may offer one such alternative approach to 

addressing questions of the conduit networks biological function.  A recent study has reported 

that the protein PLVAP (plasmalemma vesicle–associated protein) plays a critical role in 

regulating the size-exclusion cut-off of LN conduits145.  Fibrils of PLVAP appear to form a 

diaphragm in the transendothelial channels of sinus-lining endothelial cells that overly LN 

conduits.  Knockout of this protein effectively removes the 70-kDa M.W. cutoff restriction, 

allowing larger molecules entry into the conduit network.  This finding offers new opportunities 

to examine the significance of conduit-mediated transport of antigen in adaptive immune 

responses.  In chapter 3, we describe experiments in which we immunize mice with differently 

sized NP-conjugated protein antigens: one which is small enough to transport through conduits 

(NP-HEL) and one that is excluded (NP-CGG).  However, a direct comparison between these 

antigens cannot be made, as immunogenicity may additionally be impacted by differences in 

carrier protein or NP conjugation ratios.  An alternative approach might therefore be to 

compare adaptive immune responses in WT and PLVAP-/- mice when immunized against the 

same antigen of M.W. greater than the conduit network cutoff.  Such an approach may offer 

new insight into the immunological role of conduit-mediated antigen transport. 

Ultimately, the conduit network is a unique and defining feature of the lymphoid tissue 

reticulum, and yet much of its biological importance to immune function remains largely 

speculative.  The studies reported herein far offer an intriguing first step towards 

experimentally demonstrating a physiological role for conduit flow.  However, additional 

experimentation and new creative approaches will be necessary to move beyond a descriptive 
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understanding of conduit structures and fully identify their functional contributions to immune 

function. 
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