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Follicular dendritic cells

Immunohistochemistry-Paraffin: Dendritic Cell 

Marker Antibody (AP-MAB0801) [NB110-85474] -

Formalin fixed and paraffin embedded mouse spleen 

tissue section was subjected to IHC staining of 

mouse DCs using NB110-85474 (x 40).

Spleen dendritic cells



H&E and Immunohistochemistry for the study of tissue morphology

(a) Plasmacytoid dendritic cells nodule in a reactive lymph node, closely associated with 
high endothelial venules and containing macrophages with tingible bodies (hematoxylin
and eosin stain). (b) Anti-CD303, the most specific marker for plasmacytoid dendritic
cells, stains a cluster and surrounding scattered plasmacytoid dendritic cells.



Fibroblastic reticular cell networks and 
their topological properties
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Abstract
Fibroblastic reticular cells (FRCs) form the cellular scaffold of lymph nodes (LNs) and estab-
lish distinct microenvironmental niches to provide key molecules that drive innate and adap-
tive immune responses and control immune regulatory processes. Here, we have used a
graph theory-based systems biology approach to determine topological properties and
robustness of the LN FRC network in mice. We found that the FRC network exhibits an
imprinted small-world topology that is fully regenerated within 4 wk after complete FRC
ablation. Moreover, in silico perturbation analysis and in vivo validation revealed that LNs
can tolerate a loss of approximately 50% of their FRCs without substantial impairment of
immune cell recruitment, intranodal T cell migration, and dendritic cell-mediated activation
of antiviral CD8+ T cells. Overall, our study reveals the high topological robustness of the
FRC network and the critical role of the network integrity for the activation of adaptive
immune responses.

Author Summary
Fibroblastic reticular cells (FRCs) in lymph nodes are organized in a highly connected cel-
lular network that not only acts as a scaffold for lymphocyte migration but also provides
key factors for induction and maintenance of immune responses. By utilizing high-resolu-
tion microscopy coupled with computational approaches to complex network analysis, we
determined the topological properties and robustness of the FRC network. The underlying
structure of the FRC network has been identified as a small-world network analogous to
many other biological networks. Moreover, we demonstrate that this distinct structural
organization is an imprinted trait of the FRC network, which is capable of fully regenerat-
ing after complete FRC ablation. In silico perturbation analysis of the FRC network
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Lymph nodes

● Placed at convergence points of
larger lymphoid vessels

● Detection of invading pathogens
is favored

● Place for the establishment of
efficient interactions between the
immune system and microbial
antigens

● Are fundamental for the initiation
of immune responses



The structure of lymph nodes

High endothelial venules



Fibroblastic Reticular Cells (FRCs)

● Present in:
○ Lymph nodes
○ Spleen
○ Thymus
○ Other lymphoid tissues

● Immunological specialized myofibroblasts

● Form stellate cell-cell contacts creating a
three dimensional open network in which
leukocytes migrate

Gp38+ stromal cells (red) form a dense sponge-like
network of fibroblastic cells throughout the T zone of lymph
nodes and thereby physically guide migrating T cells (green) 
(3D reconstruction of a labeled vibratome section).



by expanding B cell follicles during infection. These 
FRCs rapidly upregulate CXCL13 protein expression 
during infection through crosstalk with B cells to con-
trol follicular boundaries30, in effect differentiating into 
a type of B cell zone reticular cell. Most recently, in vivo 
FRC depletion experiments33,36, which have been mecha-
nistically dissected using in vitro co-cultures36, showed 
that B cell zone reticular cells resident within the B cell 
follicle promote B cell survival through the provision of 

BAFF and control the boundaries of primary B cell fol-
licles36. Importantly, deletion of FRCs in these models 
did not destroy the lymph node or deplete FDCs33,36 or 
activated T cells33.

FRCs maintain DCs and promote their migration. The 
effect of FRC depletion on DCs has also been stud-
ied33. Both conventional DCs (CD8α+ and CD8α−) and 
migratory DCs were markedly depleted when FRCs 
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Figure 2 | FRCs organize the lymph node microarchitecture. Fibroblastic reticular cells (FRCs) exist in various lymph 
node microdomains, where they regulate different leukocyte types and aspects of their function. a | T cell zone reticular 
cells from the lymph node paracortex attract naive T cells and dendritic cells (DCs) by their expression of the CC-chemokine 
receptor 7 (CCR7) ligands CC-chemokine ligand 19 (CCL19) and CCL21 (REFS 1,4,10). T cell zone FRCs express podoplanin 
(PDPN), which activates C-type lectin domain family 1 member B (commonly known as CLEC2) on mature antigen-loaded 
DCs; CLEC2 signalling drives DC migration38 on scaffolding created by FRCs3,4. Paracortical FRCs also create the conduit 
network — which conveys small molecules from afferent lymphatics towards the paracortex and high endothelial venules 
(HEVs)5,9 — and secrete the T cell pro-survival factor interleukin-7 (IL-7)1. b | Marginal reticular cells and a small subset of 
T cell zone reticular cells express (or inducibly express during inflammation) CXC-chemokine ligand 13 (CXCL13) to attract 
CXC-chemokine receptor 5 (CXCR5)+ B cells and group 3 innate lymphoid cells (ILCs)8,30,31. c | FRCs that reside in the B cell 
follicle produce B cell-activating factor (BAFF) to promote naive B cell survival36. d | FRCs maintain tight cell–cell junctions 
of HEVs40. When leukocytes move into lymph nodes via HEVs, PDPN expressed by FRCs ligates CLEC2 expressed by the 
small number of accompanying platelets. This signal mediates sphingosine-1-phosphate (S1P) release from the platelet 
surface, which signals to HEVs to upregulate the junctions between cells formed by VE-cadherin40. BAFFR, BAFF receptor 
(also known as TNFRSF13C); IL-7R, IL-7 receptor; S1PR1, S1P receptor 1; TCR, T cell receptor.
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FRCs organize the lymph node microarchitecture

Fletcher et al., Nat Revs Immunol. 2015



Lymphoid tissue organizer 
cells
(LTo cells). CXC-chemokine 
ligand 13 (CXCL13)+ 
lymphotoxin-β receptor (LTβR)+ 
podoplanin (PDPN)+CD45− 
mesenchymal stromal cells 
that engage in molecular 
crosstalk with lymphoid  
tissue inducer cells to induce 
lymph node formation.

Lymphoid tissue inducer cells
(LTi cells; a subset of group 3 
innate lymphoid cells).  
CD3−CD4+CD45+ innate 
lymphocytes that engage in 
crucial, carefully regulated 
molecular crosstalk with 
non-haematopoietic lymphoid 
tissue organizer cells to induce 
lymph node formation. Their 
development is dependent on 
the transcription factor retinoic 
acid receptor-related orphan 
receptor-γt (RORγt).

newly reported models in which FRCs are deleted,  
and we explore the concept of FRC dysfunction as a 
driving force for immunodeficiency. Finally, we present 
novel technological advances that seek to harness the 
functions of FRCs for therapeutic applications.

A dual progenitor model of FRC development
Within lymph nodes, FRCs are thought to develop 
from specialized stromal progenitor cells, known as 
lymphoid tissue organizer cells (LTo cells). This develop-
mental relationship is supported by a body of circum-
stantial evidence11 but is yet to be formally proven. In 
this section, we review evidence for a model in which 
dual progenitor cells contribute to the development 
of LTo cells. Newly reported developmental steps that 
induce the differentiation of FRC progenitor cells and 
FRCs are also discussed.

Subsets of FRCs. At least five subsets of FRCs have been 
described in the lymph nodes, which are defined by 
their location and their expression of functional markers 
(TABLE 1). With the exception of FDCs, many studies have 
referred to these subsets collectively as FRCs and, unless 
the subset is identified in the primary source, we do the 
same in this Review. T cell zone reticular cells are very well 
described1,12, followed by the marginal reticular cell subset, 
which can differentiate into lymph node FDCs13. Other 
subsets include resident and inducible B cell zone reticu-
lar cells that support B cell survival and follicle integrity,  
pericyte FRCs that strengthen the barrier function of 
HEVs, and FDCs that support germinal centres.

Molecular cues that drive lymph node stromal develop-
ment. The molecular cues and the precise cell types that 
drive the development of lymph node mesenchymal 
stroma are still incompletely defined (FIG. 1). A current 

model suggests that lymph node imprinting of the 
mesenchymal precursor cells from which FRCs derive 
occurs when neurons release retinoic acid14. In response 
to retinoic acid, local undifferentiated mesenchymal pre-
cursor cells release CXC-chemokine ligand 13 (CXCL13) 
to initiate the lymph node anlage14.

More recent evidence reveals a second stream of 
mesenchymal precursor cells that migrate into the 
lymph nodes from adjacent adipose tissue. During 
embryo genesis and postnatally, pre-adipocytes can be 
recruited from these fat pads into the lymph nodes in 
a lymphotoxin-β receptor (LTβR)-dependent man-
ner15, with a partial requirement for CXC-chemokine  
receptor 4 (CXCR4)16. Upon arrival in the lymph node, 
the pre-adipocytes differentiate into CXCL13+ early 
LTo cells. In adult mice, fat pad-derived stromal pro-
genitor cells give rise to approximately 60% of FRCs15. 
The evidence suggests that both locally derived and distal  
adipose tissue-derived precursor cells are likely to  
contribute to lymph node mesenchyme formation14–17.

CXCL13 attracts haematopoietic drivers of lymph 
node development known as lymphoid tissue inducer cells 
(LTi cells; a subset of group 3 innate lymphoid cells 
(ILCs)), which express CXCR5 (REF. 18). The attraction 
of group 3 ILCs is a crucial checkpoint in lymph node 
development19 . However, Cxcl13−/− mice do not have a 
complete block in lymph node development; mesen-
teric and cervical lymph nodes develop but cutaneous 
lymph nodes are lacking in these mice20. Mice deficient 
for both CXCL13 and interleukin-7 receptor subunit-α 
(IL-7Rα) lack all lymph nodes, which reveals a con-
tributive role for IL-7-mediated signalling in lymph 
node development18 . Similarly, mice deficient for 
CC-chemokine receptor 7 (CCR7) and CXCL13 have 
a greater loss of lymph nodes than mice deficient for 
CXCL13 alone18 .

Table 1 | Subsets of FRCs reported in lymph nodes

Name Defining features Defining functions Refs

T cell zone reticular cells • PDPN+desmin+ MADCAM1–

• CCL19, CCL21 and IL-7 secretion
• Maintaining the T cell zone
• Constructing the conduit network

1–5,9

Marginal reticular cells • Subcapsular location
• PDPN+desmin+MADCAM1+IL-7hi 

CXCL13+RANKLhi

• Not found in tertiary lymphoid organs

• Rich source of IL-7
• Differentiation into FDCs

8,13,31

B cell zone reticular cells • Resident cells: PDPN+CCL19+BAFF+ and 
negative for FDC markers

• Inducible cells: PDPN+ subset of CD21– 
FRCs with a history of CD21 expression; 
convert into CXCL13+ cells during the 
B cell response

• Maintaining B cell survival and 
follicle boundaries

30,36,78

FDCs CD21+CD35+MFGE8+CXCL13+ICAM1+ 

VCAM1+BAFF+
• Maintaining germinal centres
• Facilitating the production of 

high-affinity antibodies

6,13,32

Pericytic FRCs • PDPN+

• Located around HEVs
• PDPN signals to CLEC2 on platelets

Preventing bleeding from HEVs 
into lymph nodes

40

BAFF, B cell-activating factor; CCL, CC-chemokine ligand; CLEC2, C-type lectin domain family 1 member B; CXCL13, CXC-chemokine 
ligand 13; FDCs, follicular dendritic cells; FRCs, fibroblastic reticular cells; HEVs, high endothelial venules; ICAM1, intercellular 
adhesion molecule 1; IL-7, interleukin-7; MADCAM1, mucosal vascular addressin cell adhesion molecule 1; MFGE8, lactadherin; 
PDPN, podoplanin; RANKL, receptor activator of NF-κB ligand; VCAM1, vascular cell adhesion molecule 1.
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Fibroblastic Reticular Cells (FRCs): Network damage during viral infection



Main aims of the application

Study the properties of biological and simulated FRC 
networks 

Find a connection between FRC networks and lymph
node functionality



Steps of the application

1. Reconstruction of FRC biological networks

2. Study of the FRC Network Structural Integrity

3. In Silico Prediction of the FRC Network Topological
Robustness

4. Evaluation of LN functionality after FRC ablation

5. Conclusions



• Biological FRC networks were reconstructed using Imaris and
data from 6 mice, and their properties analysed with R.

• Topological analysis of the network was performed using the
igraph package in R and RStudio.

• In-silico network simulation, using an in-house R algorithm and
the IGraph library.

Step 1: Reconstruction of FRC biological networks



R is a statistical programming language used for analysis of data and mathematical model 
reconstruction

IGraph is a library for R (available for python, too). A library is a sort of plugin that is used to 
carry out very specific tasks

Python is a multipurpose programming language that can be used to develop softwares for 
companies, videogames, and data analysis

Information regarding the previous slide



Three-dimensional reconstructions of the T cell zone FRC network
were performed using Imaris (Bitplane).

The model of the FRC network was created as an undirected,
unweighted graph with no isolate components by defining nodes as
the FRC centers of mass and edges as physical connections between
neighboring FRCs.

Step 1: Reconstruction of FRC biological networks



all nodes. To this end, we used specific FRC ablation in mice that express both the diphtheria
toxin receptor (DTR) and EYFP under the control of the Ccl19 promoter (Ccl19eyfp/idtr) [7]. To
achieve complete ablation of FRCs at the start of the experiment (i.e., day 0), 8 ng DT per g
body weight were injected intraperitoneally on days −5 and −3 (S1A Fig). PDPN+EYFP+ FRCs
in T cell zones were removed, while PDPN expression in and around high endothelial venules

Fig 1. Assessing the topology of the T cell zone FRC network. (A) Overview 2-D image of an inguinal LN
section from a naive adult Ccl19eyfpmouse stained with antibodies against the indicated markers. Rectangles
indicate representative T cell zones acquired with high-resolution confocal microscopy. (B) Representative
3-D Z-stack indicating the T cell zone FRCs (left panel), merged with FRC network (middle panel) and the
network representation (right panel) with nodes (FRCs) and edges (physical connections). Size of T cell zone
image: 304 x 304 x 32 μm. (C) Zoom-in area of single FRCs from (B, left panel) with signals for EYFP, PDPN,
merged, and network representation, respectively. (D) Representative FRC network from (B, right panel). The
equivalent random network was constructed using the Erdos-Renyi model, and the regular ring lattice
network was constructed with eight edges for every node (FRC network median). Lattice and random
networks are shown in Kamada-Kawai representation, while the FRC network is arranged in the real
coordinate system of the LN T cell zone. N denotes the number of nodes, and E denotes the number of edges
for each network. Small-world parameters σ andω are shown below. The color legend represents number of
edges per node. Data are representative of six mice from two independent experiments. Scale bars represent
300 μm (A), 30 μm (B, D), and 10 μm (C).

doi:10.1371/journal.pbio.1002515.g001

Robust Small-World Organization of the FRC Network

PLOS Biology | DOI:10.1371/journal.pbio.1002515 July 14, 2016 4 / 20

Step 1: Reconstruction of FRC biological networks

Confocal microscopy
Z stacks covering a 
volume of 304 x 304 x 32 μm 

classical podoplanin
(PDPN)-expressing T 
cell zone FRCs
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Robust Small-World Organization of the FRC Network
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Topology of the T cell zone FRC network 

regular ring lattice 
network was
constructed with 
eight edges for 
every node

N, the number of nodes; E, the number of edges

Step 1: Reconstruction of FRC biological networks



Small world networks

- most nodes can be reached from every other node by a small 
number of steps, even though most nodes are not direct neighbors. 

- fast and efficient information transfer.

- characterized by small shortest path lengths (node-to-node
distances). 

- high capacity for clustering (i.e., connectivity between neighboring
nodes), which is strikingly different from random networks in which
all nodes have the same probability of containing an edge. 

- can be classified as a small-world network by comparing network-
level statistics to equivalent random and lattice networks.

- Robustness to perturbation



Small world networks

- can be described by the σ and ω parameters, which
classify a network as small world if σ > 1 and ω % 0 
(range −0.5 to +0.5)

- Random networks will show σ approx. 1 and positive 0 < ω 
< 1, while lattice networks will have σ > 1 like small-world 
networks but negative −1 < ω < 0. 



Lattice networks

Lattice-like network is a network
in which nodes are connected to
their immediate neighbours and
forms a regular grid. Usually
man-made. Lowest heterogeneity
and lowest randomness.

Regular graphs tend to have long average paths and high clustering (as the 
nodes tend to be densely connected in groups).



P(k)~ k−γ

y= degree exponentRandom networks are described by 
the Erdos-Renyi model in which
objects (nodes) form random 
connections (edges) between each
other with the same probability. Most
nodes will have approximately the 
same number of connections, 
centered on the network average with 
a Poisson degree distribution.  Low
heterogeneity

Scale-free networks are 
characterized by a power-law 
degree distribution with most
nodes possessing few
connections and very few
nodes showing large numbers
of connections. Highly 
connected nodes are called
hubs, and they maintain the 
whole network structure
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Topology of the T cell zone FRC network 

regular ring lattice 
network was
constructed with 
eight edges for 
every node
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Step 1: Reconstruction of FRC biological networks



The initial network analysis with σ = 6.128 ±
0.659 and ω = −0.308 ± 0.069 (n = 6 mice)
indicates that FRCs of the T cell zone form a
small-world network with lattice-like
properties.

Step 1: Reconstruction of FRC biological networks



• Usage of mice that express both the diphtheria toxin

receptor (DTR) and EYFP under the control of the Ccl19

promoter (Ccl19eyfp/idtr).

• Partial removal of nodes/FRCs

• Graded doses of DT were applied

Step 2: Study of the FRC Network Structural Integrity



Step 2: Study of the FRC Network Structural Integrity

morphology and topology were assessed. As shown in Fig 4A and S2 Fig, application of 0.5 ng/
g DT resulted in moderate FRC ablation, while doses above 2 ng/g resulted in substantial dam-
age to the FRC network. Global morphological analysis confirmed the drastic effect of DT
doses>2 ng/g on the EYFP+ cell population (Fig 4B). FRC numbers decreased by 37%, 67%,
70%, 91%, and 100% in mice treated with 0.5, 1, 2, 4, and 8 ng/g DT, respectively (Fig 4C).
Single-cell analysis revealed a steady increase in FRC volume with higher DT doses (Fig 4D).
Moreover, other cellular parameters such as compactness and surface area also increased with
decreasing FRC density (Fig 4E), while FRC sphericity was decreasing (Fig 4F). It is most likely
that these morphological changes are a consequence of FRC relaxation by which the cells com-
pensate for the loss of neighboring cells or the need to cover more space [7,10,37]. Interestingly,
minimal distances between neighboring FRCs substantially increased when cell loss was higher
than 70% (Fig 4G). Moreover, connectivity between FRCs was almost completely lost at DT
doses>2 ng/g (Fig 4H), suggesting that the FRC network had been substantially disintegrated.
Topological network analysis confirmed that a distinct threshold for FRC network integrity

Fig 4. Alterations in FRCmorphology following partial FRC ablation. (A) Representative 3-D single-cell reconstructions of the T
cell zone FRC network inCcl19eyfp/idtrmice injected twice IP with indicated doses of DT. (B) Total volume of the EYFP+ T cell zone
FRC network for indicated doses of DT. (C) Number of single FRCs per acquired T cell zone for indicated doses of DT. (D–H) Single-
cell analysis of FRC volume (D); correlation of surface area, volume, and compactness (E); sphericity (F); minimal distance between
FRCs (G); and connected protrusions per FRC (H). Values in (B–C) represent mean ± SD for each T cell zone FRC dataset and in (D,
F–H) represent mean ± SD for each single FRC for 3–6 mice per group from two independent experiments. Vertical lines in the 3-D plot
(E) represent projections on the bottom 2-D plane. The line on the 2-D plane represents a linear regression model for surface area and
volume with indicated Pearson correlation coefficient r2 = 0.973, p = 2.71 x 10−16 (Fisher’s F test). Images below are representative 3-D
reconstructions of FRCs for indicated doses of DT. Scale bars represent 30 μm (A) and 10 μm (E). * p < 0.05, ** p < 0.01, ***
p < 0.001 (one-way ANOVA with Tukey’s post-test [B–D and F–G] or Kruskal-Wallis test with Dunn’s post-test [H]). ns, not significant;
na, not applicable.

doi:10.1371/journal.pbio.1002515.g004
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Alterations in FRC morphology following partial FRC ablation



Explanation of the previous slide

Injection of increasing doses of DT toxin, in mice, to study the FRC
network response.

The injection, in mice, of 0.5 ng/g of DT resulted in moderate FCR
ablation, while dose above 2 ng/g resulted in substantial damage to
the FCR network.

FRC numbers decreased by 37%, 67%, 70%, 91% and 100% in mice
treated with 0.5, 1, 2, 4 and 8 ng/g DT, respectively. Interestingly,
high doses of DT induce and enlargement in FCR cell body, probably
because these morphological changes are a consequence of FRC
relaxation by which the cells compensate for the loss of neighboring
cells or the need to cover more space.



Step 2: Study of the FRC Network Structural Integrity

Gradual FRC ablation reveals thresholds for FRC network integrity
exists, as the network structure was destroyed when more than 70% of the cells were ablated
(Fig 5A). Interestingly, the number of nodes (Fig 5B) and edges (Fig 5C) dropped substantially
when only 37% of the FRCs were ablated. However, other network parameters such as the

Fig 5. Gradual FRC ablation reveals thresholds for FRC network integrity. (A) Topological analysis of
the FRC network in Ccl19eyfp/idtrmice injected twice IP with indicated doses of DT. Scale bars represent
30 μm. (B–G) Network analysis of the FRC network at indicated doses of DT. Network-level statistics shown
are total number of nodes (B) and edges (C) in the network, average number of edges per FRC (D), average
local clustering coefficient (E), and small-world parameters σ (F) andω (G). Data represent mean ± SD for
3–6 mice per group from two independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 (one-way
ANOVA with Tukey’s post-test). ns, not significant; na, not applicable.

doi:10.1371/journal.pbio.1002515.g005
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Step 2: Study of the FRC Network Structural Integrity
Conclusions:

- the number of nodes and edges dropped substantially when only 37% of 
the FRCs were ablated (0.5ng DT)

- the network structure was destroyed when more than 70% of the cells
were ablated

- The number of edges per FRC and the local clustering coefficient were
not profoundly altered at the DT dose of 0.5 ng/g. 

- small-worldness as determined by the σ factor was not significantly
affected when the FRC network was mildly perturbed by the low- dose 
DT injection

- the ω factor is not sensitive to strong alterations in the FRC network 
introduced by partial node removal (Fig G), suggesting that the FRC 
network remains preferentially latticed



Step 2: Study of the FRC Network Structural Integrity

Main Conclusion

essential FRC network features remain
stable when <40% of the cells are 
removed, while an ablation of >70% of 
FRCs results in complete network failure



Step 3: In Silico Prediction of the FRC Network Topological Robustness

Assumption: the rapid loss of LN-FRCs during viral infection occurs
randomly.

Hence, though a computer simulation, the authors performed a series
of simulations removing randomly chosen nodes from the
representative FRC network, for statistical significance, with the
mentioned characteristics (lattice-like and small-worldness).

Using computational methods allows for evaluating the model using
very large numbers of simulations, 1000 rounds starting from the
representative FRC network.



FRC Network Model

The network model used in this
work refers to a small world
lattice-like networks

This means that the nodes are
highly connected (lattice-like)
with each other and the average
short path of this network is
small (small world)

Step 3: In Silico Prediction of the FRC Network Topological Robustness



Using the in-house R algorithm “generate network & remove node”, it
was possible to study the network fragmentation kinetic.
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Disrupting the network
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Using the in-house R algorithm “generate network & remove node”, it
was possible to study the network fragmentation kinetic.

At each step the robustness of the residual network was evaluated
and a fragmentation curve was generated.

Robustness is the “ability of the network to withstand failures and
perturbations” (from https://en.wikipedia.org/wiki/Robustness_of_complex_networks)

A numerical value ranging in between [1/N - 0.5] defines the
robustness of a network with N nodes.

Step 3: In Silico Prediction of the FRC Network Topological Robustness

Disrupting the network

https://en.wikipedia.org/wiki/Robustness_of_complex_networks


Step 3: In Silico Prediction of the FRC Network Topological Robustness

(Fig 7B), and CD11c+ DCs (Fig 7C) following graded FRC ablation. Interestingly, ablation effi-
cacy<40% (i.e., at 0.5 ng/g DT) did not lead to significantly reduced cell numbers, while FRC
ablation above 70% precipitated profound changes in LN cellularity (Fig 7A–7C, S3A and S3B
Fig). Plotting FRC density against hematopoietic cell numbers under conditions of graded FRC
depletion revealed a clear dependence of immune cell aggregation in LNs on FRC network
integrity (Fig 7D). Next, we determined whether and to what extent intranodal T cell migration
depends on the presence of FRCs. To this end, TCR transgenic CD8+ T cells [39] were adop-
tively transferred into DT-treated Ccl19idtr mice, and T cell behavior was assessed by two-pho-
ton microscopy (S3 and S4 Videos). Cell tracking analysis revealed comparable T cell speeds
and arrest coefficients with DT doses of!1 ng/g. In contrast, a significant decrease in T cell
speeds was observed at DT doses of"2 ng/g, with a concomitant increase in cell arrest (Fig 7E
and 7F). Accordingly, T cell tracks exhibited decreased motility coefficients (Fig 7G), a measure
of scanning efficacy, and decreased meandering index (S3C Fig), a measure of movement
straightness, when>70% of FRCs were ablated. Overall, analysis of these data indicated that

Fig 6. Graph theory-based analysis of the FRC network topological robustness. (A) In silico perturbation analysis of a
representative FRC network from PBS-treated control mice by random node removal for one simulation. Each image denotes
the FRC network in a real coordinate system of the LN T cell zone at indicated fractions of nodes randomly removed. The
number of nodes remaining and the starting number of nodes are indicated in the top right of each image. Green nodes
represent the largest connected cluster, and blue nodes represent fragmented clusters. See S2 Video for the full simulation.
(B) Average shortest path length versus fraction of nodes removed. The dashed line represents fraction of nodes removed for
the maximal value of average shortest path length, i.e., the network threshold point. (C) Relative size of the largest cluster
compared to the size of the starting network at 0% versus fraction of nodes removed. The indicated value in the top right
denotes estimated network robustness R. The dashed line represents the minimal damage line. Data represent mean ± SD
over 1,000 simulations of random node removals for a representative FRC network (n = 6 mice from two independent
experiments). (D) Network robustness R values for FRC networks at indicated doses of DT. Data represent mean ± SD for
3–6 mice per group from two independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 (one-way ANOVA with Tukey’s
post-test). ns, not significant; na, not applicable.

doi:10.1371/journal.pbio.1002515.g006
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The curve shows how the average shortest path length does not
significantly change until 50% of the nodes are removed from the
network.

Step 3: In Silico Prediction of the FRC Network Topological Robustness
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straightness, when>70% of FRCs were ablated. Overall, analysis of these data indicated that

Fig 6. Graph theory-based analysis of the FRC network topological robustness. (A) In silico perturbation analysis of a
representative FRC network from PBS-treated control mice by random node removal for one simulation. Each image denotes
the FRC network in a real coordinate system of the LN T cell zone at indicated fractions of nodes randomly removed. The
number of nodes remaining and the starting number of nodes are indicated in the top right of each image. Green nodes
represent the largest connected cluster, and blue nodes represent fragmented clusters. See S2 Video for the full simulation.
(B) Average shortest path length versus fraction of nodes removed. The dashed line represents fraction of nodes removed for
the maximal value of average shortest path length, i.e., the network threshold point. (C) Relative size of the largest cluster
compared to the size of the starting network at 0% versus fraction of nodes removed. The indicated value in the top right
denotes estimated network robustness R. The dashed line represents the minimal damage line. Data represent mean ± SD
over 1,000 simulations of random node removals for a representative FRC network (n = 6 mice from two independent
experiments). (D) Network robustness R values for FRC networks at indicated doses of DT. Data represent mean ± SD for
3–6 mice per group from two independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 (one-way ANOVA with Tukey’s
post-test). ns, not significant; na, not applicable.

doi:10.1371/journal.pbio.1002515.g006
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Biological meaning of in silico predictions 

Network robustness R
values for FRC networks at
indicated doses of DT.
Data represent mean ± SD 
for 3–6 mice per group from 
two independent
experiments. 

The in silico model predicts
that the FRC network 
displays significant
topological robustness
against random node
removal and is able to 
tolerate up to half of the 
network being destroyed. 

0.5ng/g DT: 37% FRC removal
1ng/g DT: 67% FRC removal



Step 4: Evaluation of LN functionality after FRC ablation

substantial changes in intranodal T cell migration occurred when>70% of FRCs were lost, i.e.,
at DT doses of!2 ng/g. To assess how FRCs affect DC-mediated activation of antiviral CD8+

T cells, we resorted to a viral vector system that facilitates exclusive in vivo targeting of DCs
[40,41]. Propagation-deficient coronavirus particles were injected subcutaneously into FRC-
depleted mice, and the activation of antiviral CD8+ T cells was assessed in draining LNs. As
shown in S3D and S3E Fig, T cell receptor transgenic Spiky cells were closely associated with
the FRC network. Strikingly, T cell expansion was highly dependent on the presence of an
intact FRC network because an ablation of>50% of FRCs resulted in an almost complete fail-
ure to expand the antiviral T cell population (Fig 7H). Labeling of the CD8+ T cells with an

Fig 7. Impairment of LN functionality following FRC ablation. LN cellularity as determined by flow cytometry with total numbers of
CD45+ hematopoietic cells (A), CD8+ T cells (B), and CD11c+ DCs (C) inCcl19idtr mice injected twice IP with the indicated doses of DT.
(D) Correlation between CD45+ cells and FRCs remaining in the LN for indicated doses of DT with Pearson correlation coefficient r2 =
0.9448, p = 0.00117 (Fisher’s F test). (E–G) Two-photon microscopy analysis of adoptively transferred CD8+ T cells into Ccl19idtr mice
injected IP with indicated doses of DT. The migration parameters analyzed include average cell speed (E), cell arrest coefficient (F), and
motility coefficient (G). (H) Total numbers of transferred TCR-transgenic Thy1.1+CD8+ T cells inCcl19idtr LNs at indicated doses of DT.
(I) Flow cytometric analysis of CD8+ T cell activation inCcl19idtr LNs on day 3 post immunization with DC-targeting viral particles.
Numbers indicate mean percentage ± standard error of the mean (SEM) of proliferating Thy1.1+ cells of the whole Thy1.1+ population.
Indicated p-values represent comparison to the 0 ng/g group. Controls indicate PBS-treated mice without viral particles. Representative
experiment for 3–6 mice per group from three independent experiments. Data represent mean ± SEM for 3–20 mice per group from
three independent experiments (A–D, H). Data represent mean ± SD (E–F) or median ± range (G) for 5–10 datasets from 2–3 mice per
group from two independent experiments. Plus “+” indicates mean. * p < 0.05, ** p < 0.01, *** p < 0.001 (one-way ANOVA with
Tukey’s post-test [A–C, H–I] and Benferroni’s post-test [G] or Kruskal-Wallis test with Dunn’s post-test [E–F]). ns, not significant.

doi:10.1371/journal.pbio.1002515.g007
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Step 4: Evaluation of LN functionality after FRC ablation

- Substantial changes in LN cellularity and T cell migration occur when 
>70% of FRCs are removed

- Failure of T cell expansion at 50% removal of FRCs

- High correlation between topology and biological function as shown
in Fig D 

- The analysis demonstrates the connection between LN functionality and 
FRC topology



Step 5: Conclusions

The methodology is suitable to assess FRC network topology



The methodology is suitable to assess FRC network topology

LN FRCs form a small-world network with lattice-like
properties.

The analysis demonstrates the connection between LN
functionality and FRC topology

Graph theory-based analysis is useful for the understanding of
immune processes.

R index of the FRC network can be considered as a biologically
relevant and consistent measure of robustness with global
functional implications in the immune system.

Step 5: Conclusions


