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Abstract 
Bekkhus, T. 2022. The role of the lymph node stroma in cancer and aging. Digital 
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 1821. 
65 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1445-7. 

The function of the lymph node (LN) stroma is crucial for the induction of an adaptive 
immune response. The stroma includes lymphatic vessels, high endothelial venules (HEVs) 
and mesenchymal cells (MCs). In this thesis, I have been investigating the role of the LN 
stroma in cancer and aging. In Paper I, we demonstrate that LNs draining invasive breast 
cancer present remodeling of the HEVs and dysregulation of the perivascular MCs. Dilation of 
HEVs is correlating with inhibition of normal lymphocyte recruitment due to perivascular 
changes in the expression of molecular cues necessary for chemotaxis. As a follow up of Paper 
I, we created an automatic method for image analysis of HEVs by using artificial intelligence 
and deep learning. In paper II, we validate the HEV-finder that we suggest is a good 
automatic image analysis tool to study HEV remodeling in different subtypes of cancer and to 
perform survival studies in larger patient cohorts. In paper III, we present a mapping of the 
lymphatic endothelial cells (LECs) of the mouse and human LNs by using single-cell RNA 
sequencing and present a new LEC subset called PTX3-LECs. We demonstrate that both in 
mouse and human LNs there are four LEC subsets, forming the subcapsular and medullary 
sinuses where immune cells enter and exit the LN, respectively. Our mapping is a great tool 
for further investigation of different subsets and their specific genes in translational studies of 
homeostasis or disease. In paper IV, we are focusing on LN lipomatosis, which is an age-
related phenomenon where the normal LN parenchyma is replaced by adipose tissue. Our data 
support that LN lipomatosis is developing in the medulla of the LN due to transdifferentiation 
of medullary MCs into adipocytes. We found that it is causing remodeling of the HEVs and 
loss of medullary lymphatic vessels, affecting both the entry and exit of lymphocytes. Based 
on our findings, we suggest that LN lipomatosis is a contributing factor in immunodeficiency 
in elderly. In paper V, we created a new transplantable breast cancer model in mouse to study 
the effect of LN metastasis by inducing the expression of the chemokine receptor CCR7 in the 
mammary carcinoma cell line EO771. The new model will allow us to study the effect of LN 
metastasis on the anti-tumor immunity and response to therapy. In summary, my thesis shed 
light on the importance of a functioning LN stroma in both cancer and aging and provides 
new tools for image analysis, translational studies of the LN stroma and models for LN 
metastasis. 
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ACKR4 atypical chemokine receptor 4 
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APC antigen presenting cell 
AR androgen receptor 
BAFF B-cell activating factor 
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DC dendritic cell 
DNC double negative cell 
ECM extracellular matrix 
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FDC follicular dendritic cell 
FFPE formalin fixed paraffin embedded 
fLEC floor lymphatic endothelial cell 
FRC fibroblastic reticular cell 
GC germinal center 
GlyCAM-1 glycosylation-dependent cell adhesion molecule 1 
HEC high endothelial cell 
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IDC invasive ductal carcinoma 
IL-6 interleukin 6 
ITIH5 inter-alpha-trypsin inhibitor heavy chain 5 
kDa kilodalton 
KO knock out 
LEC lymphatic endothelial cell 
LFA-1 lymphocyte function-associated antigen 1 
LN lymph node 
LTB lymphotoxin beta 
LTBR lymphotoxin beta receptor  
LTi lymphoid tissue inducer 
LTo lymphoid tissue organizer 
LTα lymphotoxin alpha 
LTα1Β2 lymphotoxin 

MALT mucosa associated lymphoid tissue 
MARCO macrophage receptor with collagenous structure 
MC mesenchymal cell 
MedRC medullary reticular cell 
MHC major histocompatibility complex 
MMRN1 multimerin 1  
MMRN2 multimerin 2 
MRC marginal reticular cell 
MS medullary sinus 
NF-κΒ nuclear factor kappa beta 
NK natural killer  
NRP2 neuropilin 2 
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PD-1 programmed death receptor 1 



 

 

 

  

 

  
 

  
 

 

 

 
 

 

 
 

 

  
  

 

 

 

PD-L1 programmed death ligand 1 
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PNAd peripheral node addressin 
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PPARG peroxisome proliferator activated receptor gamma 
PR progesterone receptor 
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PvC perivascular cell 
RBC red blood cell 
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SCC squamous cell carcinoma 
scRNAseq single-cell RNA sequencing 
SC stromal cell 
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TAM tumor-associated macrophage 
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TDLN tumor draining lymph node 
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TLR toll-like receptor 
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Populärvetenskaplig sammanfattning 

Immunförsvaret består av olika typer av immunceller som skyddar oss från 
sjukdom och död genom att initiera ett immunsvar. Liksom ett militärt försvar 
fungerar immuncellerna som immunförsvarets soldater. De så kallade antigen-
presenterande cellerna patrullerar i kroppens vävnader för att upptäcka even-
tuella hot. Vid ett hot lämnar de vävnaden och tar sig till immunförsvarets 
kontrollcentral, lymfkörteln. Bärandes på rapporter om hotet tar de sig in  i  
körteln via lymfkärlen och går in i den så kallade T-cellzonen. Här finns lymf-
körtelns specialiserade stödjevävnadsceller som utsöndrar signalmolekyler för 
att guida immuncellerna hit. Rapporterna levereras till de mer direkt agerande 
T-cellerna som tar sig till körteln genom dess specialiserade blodkärl, högen-
dotelsvenolerna (HEVs). Tack vare HEVs samt stödjevävnadens signalmole-
kyler går även T-cellerna in i T-cellzonen där de träffar de antigenpresente-
rande cellerna och mottar rapporterna. Vid rapportöverlämningen aktiveras T-
cellerna som lämnar körteln via lymfkärlen, tar sig tillbaka till blodomloppet, 
hittar och eliminerar hotet. 

I min avhandling har jag studerat lymfkörtelns specialiserade lymfkärl, 
blodkärl och stödjevävnad, det så kallade stromat. Jag har fokuserat på att för-
söka förstå vad stromat har för roll i hämmandet av immunförsvarets funktion 
i den tumörassocierade och åldrande lymfkörteln. I bröstcancer är lymfkörtel-
metastas en viktig prognostisk faktor där metastas är starkt kopplat till sämre 
prognos och ökad risk för vidare spridning av cancern. Man vet dock inte var-
för lymfkörtelmetastas är så starkt kopplat till prognos och spridning men en 
anledning kan vara nedstängning av lymfkörtelstromats immunreglerande 
funktioner. I min forskning har jag bland annat undersökt vad som händer med 
lymfkörtelns stroma i olika typer av bröstcancer. Jag har hittat att den mer 
invasiva formen av bröstcancer inducerar dramatiska förändringar av de spe-
cialiserade blodkärlen, HEVs. Kärlen vidgas vilket är ett tecken på att de har 
blivit dysfunktionella. Stödjevävnadscellernas funktion i att guida T-cellerna 
in i T-cellzonen är också påverkad av den invasiva tumören vilket leder till att 
de inkommande T-cellerna inte vet vart de ska gå utan stannar vid kärlen. För 
att hjälpa oss att förstå vad dessa förändringar har för konsekvenser samt att 
undersöka om förändringarna även uppstår i andra typer av cancer krävs ana-
lys av fler patienter på ett snabbare sätt. Jag har därför tillsammans med sam-
arbetspartners skapat ett automatiskt bildanalysprogram med hjälp av artifici-
ell intelligens och maskininlärning. Med detta program hoppas vi kunna gå 
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vidare och koppla samman förändringar av HEVs och den omgivande stödje-
vävnaden med prognos och risk för patienten. I framtiden är det möjligt att de 
förändringar vi identifierar kommer kunna användas tillsammans med andra 
faktorer som biomarkörer i kliniken; markörer som kan förutspå prognos för 
patienten.  

Under analysen av de tumörassocierade lymfkörtlarna hittade jag även att 
många körtlar uppvisade det åldersrelaterade fenomenet lymfkörtellipomatos, 
där den normala vävnaden ersätts av fett. Fettet tar över delen av körteln där 
de aktiverade T-cellerna ska lämna och leder till avsaknad av de viktiga lymf-
kärlen. HEVs i närheten av fettet får liknande förändringar som vid cancer och 
färre T-celler går in i körteln. Jag upptäckte även att lipomatos med högst san-
nolikhet induceras genom att stödjevävnadscellerna med ålder saknar stimu-
lans om att förbli just stödjevävnadsceller och istället omvandlas till fett. Pre-
cis som vid cancer kan dessa förändringar av lymfkörtelns stroma påverka 
immunförsvarets funktion och bidra till så kallad immunsuppression. Vi vet 
att äldre är mer känsliga för nya infektioner så som Covid-19 och influensa 
samt att de svarar sämre på vaccination, två faktorer som med högst sannolik-
het kan påverkas av lymfkörtellipomatos. Vi vet även att cancer är vanligare i 
äldre och etableringen av lymfkörtelmetastas skulle kunna gynnas av det ener-
girika fettet i körtlar med lipomatos samt av dess hämmande effekter på im-
munförsvaret. 

För att kunna svara ytterligare på frågan varför lymfkörtelmetastas är så 
starkt kopplat till prognos har jag även deltagit i grundläggande forskning för 
att förstå funktionen av lymfkörtelns specialiserade lymfkärl. Vi har gjort en 
kartläggning av lymfkärlen och upptäckte att det finns fyra huvudsakliga typer 
av lymfkärlsceller som bygger upp kärl i olika delar av körteln. Vi hittade att 
dessa är jämförbara i människa och mus, vilket innebär att man kan använda 
kunskapen i vår kartläggning för att skapa olika experimentella modeller. Man 
kan därmed undersöka om någon av dessa celltyper har en viktig roll i till 
exempel lymfkörtelmetastasering. Det saknas dock bra modeller för att under-
söka lymfkörtelmetastasering när det gäller bröstcancer i mus. På grund av 
detta har vi även skapat en ny modell där vi har manipulerat bröstcancerceller 
till att sprida sig till lymfkörteln. Kombinationen av dessa två forskningspro-
jekt gör att vi kan modellera och försöka förstå hur lymfkörtelmetastas sänker 
vårt immunförsvar, påverkar prognos för patienten samt tumörens respons till 
cancerbehandling. 

I min avhandling försöker jag klargöra hur viktigt det specialiserade stro-
mat i lymfkörteln är för ett fungerande immunförsvar. Den nya kunskapen om 
hur stromat förändras i cancer och med ålder tar oss ett steg närmare att förstå 
hur tumörer påverkar kroppens förmåga att försvara sig men även varför för-
mågan blir försvagad hos äldre. I längden hoppas vi att våra forskningsresultat 
kan bidra till det stora målet i att hitta nya bättre sätt att skydda de cancersjuka 
och äldre. 
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The lymph node stroma 

The lymph node (LN) is the home of the adaptive immune system where the 
innate immune cells of the peripheral tissue and the adaptive immune cells of 
the blood meet to induce an adaptive immune response [1-3]. The LN also  
function as a filter of the lymph that is drained from the peripheral tissue 
through lymphatic capillaries, pre-collecting and collecting vessels into one 
of the approximately 1000 LNs in the human body [4-6]. The lymph contains 
foreign and self-antigens, signaling molecules, pathogens and toxins which 
are neutralized or cleared from the lymph before it recirculates into the blood 
stream at the subclavian vein, preventing sepsis [5]. The LN consists to 99% 
of immune cells and only 1% of stromal cells (SCs) [7]. The LN SCs are, even 
though their low number, very important for the structure and function of the 
LN. They are highly specialized and responsible for guiding and organizing 
the immune cells into different compartments, making the initiation of an 
adaptive immune response much more efficient [8-11]. 

There are three main architectural parts of the LN [8]. The cortex, which is 
the area just below the capsule, consists of B-cell follicles with antibody pro-
ducing germinal centers (GCs) of plasma cells that are formed during an im-
mune reaction. This part also contains interfollicular T-cell zones [12]. The 
second part is called the paracortex and is located below the cortex and con-
tains the T-cell zones where dendritic cells (DCs) and T-cells encounter each 
other to present antigens and become activated, respectively [8]. The last part 
is called the medulla and it represents the deeper parts of the LN parenchyma 
where the medullary lymphatic sinuses and medullary cords of plasma cells 
are located [8, 13]. There are three main types of LN SCs responsible for or-
ganizing the immune cells into this architecture; the lymphatic endothelial 
cells (LECs), the blood endothelial cells (BECs) and the mesenchymal cells 
(MCs) [8]. 

The lymph node lymphatic vasculature 
The LN lymphatic vasculature is unique to the LN, very different from the 
peripheral and collecting lymphatic vasculature [5]. It can be divided into two 
major sinus networks; the subcapsular sinus (SCS), lining the capsule, and the 
medullary sinus (MS), that extends into paracortical and cortical sinuses 
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reaching the peripheral parts of the LN parenchyma [5, 14, 15]. In human LNs,  
the capsule forms trabeculae, invaginations of the capsule into the LN paren-
chyma, which further increase the flow area and thereby the filtering of the 
lymph through the LN [8]. The SCS is also lining the trabeculae, forming the 
trabecular sinuses (TSs). 

In a recent study by Takeda et al., a mapping of the human LN LEC subsets 
was performed by single-cell RNA sequencing (scRNAseq) using LNs from 
breast cancer patients without metastasis [15]. We re-analyzed these data and 
compared them to our analysis and mapping of the mouse LN LEC subsets, 
discovering that the main subsets are conserved between the two species (Fig-
ure 1) [16]. However, some of the human subsets are more heterogeneous and 
specialized compared to the mouse subsets. The conserved expression patterns 
and roles of the subsets are described below. 

The subcapsular sinus 
The SCS is the first site of entry for the lymph from the afferent collecting 
vessels (Figure 1) [5]. The LECs of the SCS can be divided into two LEC  
subsets based on both their localization and their unique gene expression pat-
terns [15, 16]. The first subset is called the ceiling of the SCS or ceiling LECs 
(cLECs). These cells are lining the inner surface of the capsule with the unique 
expression of the atypical chemokine receptor 4 (ACKR4), also known as 
CCRL1 [17, 18]. ACKR4 is a scavenger receptor that binds, internalize and 
degrade the chemokines C-C motif ligand 21 (CCL21), C-C motif ligand 19 
(CCL19) and C-C motif ligand 25 (CCL25). In the SCS, the scavenging of 
CCL21 by ACKR4 results in a chemokine gradient that encourage the immune 
cells of the lymph to enter the LN parenchyma at the floor of the SCS [17]. 
ACKR4 is a common marker for both mouse and human cLECs [15, 16]. 
cLECs also express extracellular matrix (ECM) proteins such as multimerin 1 
(MMRN1) and multimerin 2 (MMRN2), likely interacting with and adhering 
to the connective tissue of the capsule [12, 16].  

The second subset is called the floor of the SCS or floor LECs (fLECs). 
These cells have a unique expression pattern of markers involved in immune 
cell entry, antigen presentation and tolerance [16]. fLECs express adhesion 
molecules such as intercellular adhesion molecule 1 (ICAM-1) and vascular 
adhesion molecule 1 (VCAM-1), together with chemokines such as C-C motif 
ligand 20 (CCL20), to guide immune cells to bind and enter through the floor 
of the SCS [15, 16, 19]. They also express major histocompatibility complex 
(MHC) class II and proteins involved in antigen processing and presentation, 
suggesting that fLECs can pick up and present antigens from the incoming 
afferent lymph [16]. Together with the high expression of the checkpoint mol-
ecule programmed death ligand 1 (PD-L1), the expression pattern of fLECs 
indicates that this subset can mediate LN LEC tolerance which is also sup-
ported by experimental data in mouse [20, 21]. The floor of the SCS is also 
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lined by a dense network of SCS macrophages that penetrates the floor to scan 
and filter the lymph for pathogens [22]. 

Figure 1. Mouse and human lymphatic endothelial cell subsets. Cartoons of a pop-
liteal mouse lymph node (LN) and an axillary human LN. Color-coding of the differ-
ent lymphatic endothelial cell (LEC) subsets, LN regions and structures. The four 
main LEC subsets are the cLECs (yellow), fLECs (light blue), MARCO-LECs (green) 
and PTX3-LECs (pink). These subsets are conserved between mouse and man and are 
found in both cartoons. In mouse LNs, there is a cluster of LECs in the transition zone 
between the subcapsular sinus (SCS) and the medullary sinus (MS) referred to as 
tzLECs. In human LNs, the cLECs include a larger variation of cells and there is a 
separate cluster of cLEC forming the ceiling of the medulla (dark blue). Figures par-
tially adapted from Xiang et al. Frontiers in Cardiovascular Medicine, 2020 Apr 
30;7:52. A cartoon of the mapping in the inguinal mouse LN can be found in the paper. 
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The medullary sinuses 
When the lymph has passed through the SCS and TSs, it enters the medulla 
and the MSs (Figure 1). Our lab has recently shown that the MS LECs can be 
divided into two different subsets named after their high expression of the 
macrophage receptor with collagenous structure (MARCO) and pentraxin-3 
(PTX3) [16]. 

In human LNs, the MARCO subset is the most abundant and is localized 
to the medulla of the LN (Figure 1, lower panel) [16]. In macrophages, 
MARCO is a scavenger receptor that binds to gram-positive and -negative 
bacteria and promote phagocytosis [23]. In the mouse LN, MARCO+ LECs 
have been shown to control viremia and dissemination of viral particles into 
the blood stream through the lymph by capturing them in the medulla [24]. 
Just like the fLECs, the MARCO-LECs have a high expression of the check-
point molecule PD-L1, suggesting that this subset also has a role in tolerance 
[16]. However, PD-L1 expression in LN LECs has also been shown to be im-
portant in the expansion and contraction of the LN after an immune reaction 
where PD-L1 was shown to be associated with inhibition of cell division and 
promoting LEC survival [25].  

The PTX3 subset is defining the paracortical and cortical parts of the MS 
in mouse and man (Figure 1) [16]. In mouse, it also outlines parts of the central 
medulla (Figure 1, upper panel). PTX3 is a humoral pattern recognition mol-
ecule involved in the classical pathway of the complement system [26]. The 
binding of pathogens and danger-associated molecular patterns (DAMPs) by 
PTX3 will mediate complement activation with opsonization and phagocyto-
sis. It is also important in fertility where it together with hyaluronan creates 
an ECM called the cumulus matrix that is covering the oocyte and is required 
for a successful fertilization [27]. 

In the LN, we hypothesize that the PTX3-LECs have a role in ECM organ-
ization, based on expression of not only PTX3 but also other ECM markers 
like Reelin, inter-alpha-trypsin inhibitor heavy chain 5 (ITIH5), transforming 
growth factor beta induced protein (TFGBI) and MMRN-1 [16]. PTX3-LECs 
also express high levels of vascular endothelial growth factor receptor 3 
(VEGFR3) and its co-receptor neuropilin 2 (NRP2). Due to a higher expres-
sion of these growth factor receptors than other subsets, PTX3-LECs are hy-
pothesized to be more sensitive to respond to vascular endothelial growth fac-
tor C (VEGFC) [16]. Interestingly, the area built up by PTX3-LECs is known 
to go through lymphangiogenesis and lymphatic remodeling in tumor draining 
LNs (TDLNs) [16, 28].  
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Figure 2. The structure of a post capillary venule and a high endothelial venule.
The post capillary venule has a thin endothelial cell layer (red), single pericytes (yel-
low) and extra-cellular matrix (blue). The high endothelial venule (HEV) has a thick, 
cuboidal shaped endothelium (red), surrounded by extracellular matrix (blue) forming 
the basal lamina, and T-cell zone reticular cells (TRCs, green). In some studies, peri-
cytes lining the endothelium of HEVs have been described but most commonly the 
TRCs are described as pericyte-like cells directly lining the HEV, forming a peri-
vascular sheath. Figure partially adapted from Bekkhus et al. Cancers (Basel) 2021 
Jan 8;13(2):211. 

High endothelial venules 
It is not only the lymphatic vasculature of the LN that has immunoregulatory 
functions; the LN also contains highly specialized blood vessels called the 
high endothelial venules (HEVs) [3, 29]. HEVs are post capillary venules only 
found in some of the secondary lymphoid organs (SLOs); LNs, mucosa asso-
ciated lymphoid tissues (MALTs) such as Peyer’s patches (PP) and the tonsil, 
but not in the spleen [3, 30]. HEVs have the important function to guide naïve 
and memory lymphocytes from the blood into the LN [29].  

A specialized post-capillary venule 
Compared to other post capillary venules, HEVs have a characteristic thick, 
cuboidal shaped endothelium with discontinuous junctions (Figure 2) [3]. The 
junctions are facilitating the transmigration of cells from the lumen into the 
LN parenchyma, a first route of entry. They also allow transfer of immuno-
logical signals from the parenchyma of the LN to the lumen of the HEV. Sur-
prisingly, this is occurring without major leakage due to an overlap of high 
endothelial cells (HECs) making a foot process-like flap, kept closed by the 
pressure in the lumen [31, 32]. The unique shape of the endothelium also al-
lows lymphocyte migration through the HECs in so-called HEV pockets, al-
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lowing a second route of entry into the LN [33]. The HEVs are mainly local-
ized in the outer part of the T-cell zone and are surrounded by a layer of MCs 
called T-cell zone reticular cells (TRCs), described more later in the section 
of Mesenchymal cells [3]. The TRCs of the HEVs have sometimes been re-
ferred to as pericyte-like cells, lining the endothelium as a perivascular sheath 
[34], but it has also been described that the HEVs sometimes are covered by 
pericytes, although very few [35]. The TRCs produce ECM that forms a thick 
basal lamina surrounding the vessel and participate in the lymphocyte migra-
tion process by their expression of lymphocyte attracting chemokines [11, 34]. 

To explore their function further and to investigate the gene expression pro-
file of the HEVs, transcriptional analyses have been performed in mouse LNs 
[36-38]. In an array analysis of LNs from Balb/c mice by Lee et al., HECs 
showed expression patterns of markers involved in the process of extravasa-
tion, lymphocyte recruitment and immunity, as expected [36]. In a scRNAseq 
analysis by Veeman et al., the HECs of C57BL6J mice were shown to have a 
high cellular and spatial heterogeneity [38]. The heterogeneity was suggested 
to be a sign of differences in their vessel specialization at different sites within 
the LN but also cellular specialization within the vessel, pointing out the role 
of the local microenvironment in HEV regulation. A scRNAseq of LN BECs 
from Balb/c mice by Brulois et al., showed similar expression patterns for 
HECs but also pointed out differences between the LN HEVs, veins, arteries 
and capillaries [37]. They found eight different clusters of BECs including 
arterial and venous BECs, HECs, and five different capillary BECs. Compared 
to HEVs, they found that veins express genes involved in myeloid cell recruit-
ment and that venules of the medulla recruit myeloid cells in response to acute 
inflammation. Recruitment of lymphocytes is however, restricted to HEVs. 

Lymphocyte homing to the lymph node 
As part of the immunosurveillance, described more later in the section of Tu-
mor immunology, naïve T-cells are patrolling the body in the search for a for-
eign antigen and migrate from the blood, into the LN, and back to the blood 
through the lymphatics at the subclavian vein, [5, 30]. This event is called 
recirculation and the HEVs of the LNs are crucial for it to occur [30]. The 
process of lymphocyte homing in HEVs has been well described through ex-
perimental data from mouse but due to methodological limitations in human 
LNs we can only speculate how similar it might be to mouse [1, 39]. 

As part of the HEV controlled lymphocyte migration, HEVs have unique 
expression of sulfated and glycosylated molecules, referred to as peripheral 
node addressins (PNAd) [34, 40]. PNAd is produced by post-transcriptional 
glycosylation of proteins like glycosylation-dependent cell adhesion molecule 
1 (GlyCAM-1), CD34, podocalyxin, endomucin and neptomycin, a process 
involving several different glycosyltransferases [29, 34, 36]. PNAd is a ligand 
for L-selectin, also known as CD62L, which is expressed by lymphocytes and 
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specifically binds the 6-sulpho sialyl LewisX glycosylation [29]. PNAd was 
proven to be crucial for the lymphocyte migration into the LN already in the 
late 80’s when Streeter et al. blocked the epitope with a monoclonal antibody, 
MECA-79, inhibiting the binding of the lymphocytes to the endothelium [40]. 
This binding can also be blocked using an anti-L-selectin antibody which has 
been shown to reduce the number of HEV pockets in the LN and result in 
thinning of the otherwise cuboidal shaped endothelium [33]. PNAd is not only 
expressed apically in the lumen, but also basolaterally and abluminally [29]. 
The regulation of the expression site seems to be different and the luminal  
expression of PNAd on the HECs has been shown to be dependent on the 
incoming afferent lymph through the conduit system, described more later in 
the section of Mesenchymal cells [3, 41]. Just as the effect of blocking L-
selectin, blockage of the incoming lymph has been shown to induce thinning 
of the HEV endothelium and loss of luminal PNAd expression [41, 42].  

Based on studies in mouse, the lymphocyte recruitment is initiated by the 
binding of L-selectin on naïve lymphocytes to PNAd in the lumen of the HEV 
which results in rolling [1]. While rolling, the lymphocytes binds the immo-
bilized CCL21, expressed by the mouse HECs, through the expression of the 
chemokine receptor C-C chemokine receptor type 7 (CCR7) [1, 43]. In human, 
CCL21 is not expressed by the HECs but is suggested to be transcytosed from 
the parenchyma to the lumen of the HEV [43]. The binding of CCL21 to its 
receptor CCR7 will induce the expression of the integrin lymphocyte function-
associated antigen 1 (LFA-1) on the lymphocyte cell surface [1]. LFA-1 will 
bind ICAM-1 and -2 on the HECs, which will cause the lymphocytes to arrest. 
Through their binding of ICAM-1 and -2, together with the shear stress in the 
vessel lumen, the binding of CCR7 and CCL21 will be released. The lympho-
cytes will then migrate either through the loose junctions between the HECs 
or through the HECs in HEV pockets, towards the HEV lining TRCs that also 
express CCL21 [1, 33, 44]. While naïve T-cells will stay in the T-cell zone 
due to the high expression of T-cell attracting chemokines, naïve B-cells, 
which also enter through HEVs, will continue their migration to the B-cell  
zone [1, 45].  

Remodeling in cancer 
In cancer, a lot of research has been focused on the formation of HEVs in 
tertiary lymphoid structures (TLSs) in or close to primary tumors [29]. How-
ever, the research of HEV remodeling in TDLNs is limited. As mentioned 
earlier, different to human LNs CCL21 is expressed by both the TRCs and the 
HEVs in the mouse LN [43]. In a model of melanoma, the expression of 
CCL21 was downregulated in both HEVs and TRCs as a response of draining 
melanoma tumors [46, 47]. Draining of melanoma decreased homing of lym-
phocytes to TDLNs [47]. The cells were able to roll along the HEV endothe-
lium but could not arrest. 
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There are a limited number of studies investigating HEV remodeling in 
human TDLNs. In squamous cell carcinoma (SCC), Chung et al. detected 
higher HEV density in TDLNs compared to analyzed controls [48]. While an-
alyzing TDLNs with and without metastasis in SCC, Lee et al. found a corre-
lation between HEV numbers and disease-free survival, only when patients 
with metastatic and non-metastatic LNs were analyzed as one group [49]. 
They also found an increased ratio of dilated HEVs with luminal red blood 
cells (RBCs) out of all dilated HEVs in metastatic LNs. However, the ratio of 
total dilated HEVs out of the total number of HEVs did not show any differ-
ence between the two groups. 

In a study of nasopharyngeal and breast carcinoma by Qian et al. the human 
nasopharyngeal carcinoma cell line CNE-2 was injected into nude mice and 
the mouse mammary carcinoma cell line DA3 was injected into immune com-
petent mice [50]. In both models tumor drainage induced dilation and thinning 
of the HEV endothelium. There was a correlation between vessel thickness 
and dilation, the larger the lumen the thinner the endothelium. To translate 
these results in a human setting they imaged human ALNs from breast cancer 
patients. Metastatic LNs had more HEV remodeling compared to non-meta-
static LNs. However, the type and grade of the cancer was not described and 
the data was only based on seven analyzed patients. A problematic aspect of 
the xenograft mouse studies is that they are based on immunodeficient mice 
that already have dysregulated vessels and structure of the LNs due to absence 
of immune cells (unpublished data by Ulvmar M.H. and [51]). 

The current research in the field of HEV remodeling in TDLNs of breast 
cancer is limited with small, undefined or highly heterogeneous patient groups 
and poor experimental studies. As breast cancer can be divided into many dif-
ferent subtypes with different phenotypes and patient outcome [52], it is of 
great importance to rule out confounding factors in these studies. In my re-
search projects, I therefore asked whether different patterns of HEV remodel-
ing could be detected in controlled homogenous patient groups of different 
kind of breast cancers, compared to healthy controls [53]. It has also not been 
described if HEV remodeling can be linked to other stromal changes or 
changes in the immune microenvironment of the LN. Questions that I also 
have addressed in my research projects. 

Mesenchymal cells 
The MCs of the LN have a major function in common; to guide immune cells 
into the different compartments of the LN [9]. In 2012, the Immunological 
Genome Project sorted two subsets of MCs in the LN based on the expression 
of podoplanin (PDPN) and CD31 [54]. The PDPN+CD31- subset referred to 
as fibroblastic reticular cells (FRCs) and the double negative cells (DNCs). 
However, it is well established that there are more subsets than just these two 
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[9]. Overall, there are six main subsets of LN MCs; TRCs, follicular dendritic 
cells (FDCs), marginal reticular cells (MRCs), medullary reticular cells 
(MedRCs), CD34 positive reticular cells (CD34+ RCs) of the capsule and ad-
ventitia and the perivascular cells (PvCs) (Figure 3). These different subsets 
will be described below.  

There are two different studies of scRNAseq of the MC population in the 
LN [55, 56]. One in mouse only, by Rodda et al., where nine different clusters 
were detected in the mouse LN [56]. The other, by Kapoor et al., including 
both mouse and human LNs, detected twelve different clusters in the mouse 
LN [55]. Some clusters were however suggested to be formed due to activa-
tion and the final number of cell subsets in homeostasis is yet to be determined. 
In human, only five clusters of MC cells were detected in cell sorting based 
on PDPN, including two clusters of CD34+ RCs, one cluster of TRCs, one 
cluster enriched for TIMP1 and collagen 1, and one small cluster expressing 
high levels of integrins [55]. We cannot exclude that the low number of clus-
ters in human, lacking FDCs, indicate problems with cell preparation from 
human LNs and the MC specific specialization in human will need additional 
research. 

T-cell zone reticular cells and the conduit system 
TRCs, is the most studied MC subset [11, 56]. As the name suggests they are 
found in the paracortex and express chemokines to guide naïve T-cells into 
the T-cell zone (Figure 3). These chemokines include the ligands for the CCR7 
receptor; CCL21, which is immobilized on the cell surface on glycoaminogly-
cans, such as heparan sulfate, and CCL19, which is secreted into the paren-
chyma [44, 57]. TRCs are also lining the HEVs, and together with pericytes 
or pericyte-like cells and ECM, the TRCs form a HEV supporting perivascular 
sheath [3, 35, 56, 58]. As mentioned earlier, mouse HEVs are also expressing 
CCL21 to locally attract the CCR7 expressing migratory lymphocytes to enter 
the LN parenchyma from the peripheral blood [29, 44]. Binding of CCL19 to 
CCR7 on lymphocytes will result in internalization of the receptor, different 
to CCL21 where the chemokine and receptor stays on the cell surface [59]. 
Prevention of receptor internalization by binding CCL21 in the lumen of the 
HEV is suggested to allow the use of CCR7 both for the arrest in the lumen 
and for the continued migration into the LN parenchyma. 

TRCs are also producing a conduit system made up by 1-4µm thin collagen 
fibers where molecules smaller than 70 kilodalton (kDa) in size can flow from 
the SCS all the way to the HEVs in the paracortex [9, 60]. Signaling molecules 
of the lymph, such as cytokines and chemokines, can thereby reach the HEVs 
without having to first enter into the circulatory system via the lymph at the 
subclavian vein [3, 9]. By using this system, monocytes can be recruited to the 
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Figure 3. Different subsets of lymph node mesenchymal cells. A cartoon of the 
localization of the main subsets of the lymph node mesenchymal cells; Marginal re-
ticular cells (MRCs) follicular dendritic cells (FDCs), T-cell zone reticular cells 
(TRCs), medullary reticular cells (MedRCs) and the CD34+ reticular cells (CD34+ 

RCs) of the capsule. B-cells in blue, T-cells in turquoise and plasma cells in purple. 
The sixth subset of perivascular cells (PvCs) is not shown. Figure partially adapted 
from Bekkhus et al. Cancers (Basel) 2021 Jan 8;13(2):211 and Xiang et al. Frontiers 
in Cardiovascular Medicine, 2020 Apr 30;7:52. 

LN remotely by the inflamed peripheral tissue [61]. The conduits allows a 
much more efficient path for the molecules to arrive at the HEVs than what 
would be possible through diffusion through the relatively impermeable layer 
of fLECs [3, 9]. At the site of the HEV, the signals can pass through the loose 
junctions or be transcytosed by the HECs and be presented on luminal surface, 
enhancing the recruitment of both lymphocytes and leucocytes [9, 29, 61]. 
Larger molecules and pathogens are picked up by the SCS macrophages, and 
pathogens are thereby prevented from hijacking the conduits to reach the 
blood stream through the HEVs, to induce sepsis [11]. The conduits are not 
only transporting molecules, but are forming a structure similar to a spider’s 
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web where immune cells are in constant movement along the threads, binding 
the migration ligands and chemokines expressed by the TRCs [8, 45]. T-cell 
movement is highly dependent on the expression of the CCR7 receptor by the 
T-cells, and the chemokines CCL21 and CCL19 by the TRCs and conduits 
[62-64]. Antigen presenting cells (APCs) bind the conduits of the T-cell zone 
as well, waiting for a naïve T-cell to enter through the HEVs to present their 
antigen [3]. 

Follicular dendritic cells 
FDCs are MCs of the cortex [11]. They are localized in the center of the B-
cell follicles and express the B-cell attracting chemokine C-X-C motif ligand 
13 (CXCL13), to guide the naïve B-cells from the HEVs into the cortex (Fig-
ure 3) [65]. They also express the cytokines interleukin 6 (IL-6) and B-cell 
activating factor (BAFF) to promote B-cell survival in the follicles. The FDCs 
are also involved in immune activation and antigen presentation through their 
expression of complement proteins and complement and Fc receptors [11]. 
The expression of these markers aid the FDCs in capturing and presenting 
unprocessed antigens in the form of immune complexes including comple-
ment proteins and antibodies [66]. FDCs protects immune complexes from 
degradation for long periods, increasing the chance of antigen presentation 
before degradation. Smaller antigens reach the FDCs through the conduits, 
stretching from the SCS to the follicles [67]. Larger antigens, including im-
mune complexes with complement proteins and antibodies, are transported to 
the FDCs through transcytosis by the SCS macrophages [65, 68, 69]. Immune 
complexes can also be passed on to naïve B-cells by the SCS macrophages, 
which in turn transfer them to the FDCs [70]. The immune complexes are 
bound to complement receptors on naïve B-cells and are released to the FDCs 
due to their much higher expression of the receptors. FDCs also express toll-
like receptors (TLRs) [65]. The reason why is not known but the hypothesis 
is that the FDCs can respond to viral antigens that arrive through the lymph 
and the conduits. Presentation of immune complexes by the FDCs to naive B-
cells is inducing expression of activation-induced deaminase (AID) enzymes 
in the B-cells, resulting in somatic hypermutation and antibody class switch 
and production of high affinity antibodies [71]. B-cells are also receiving an-
tigens from the FDCs, process them and present them to T-helper cells at the 
B- and T-cell zone boarder [66]. 

Marginal reticular cells 
MRCs is a mesenchymal subset that, together with the macrophages, are lining 
the floor of the SCS, separating the SCS from the cortex (Figure 3) [72]. They 
may have a similar function as the SCS macrophages in the capture of antigens 
and in the delivery of these to the FDCs [11]. The hypothesis of their function 
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in antigen processing was further enhanced by the gene expression profile 
from the scRNAseq by Rodda et al. [56]. Some MRCs express CXCL13 and 
form conduits, connecting to the FDCs of the B-cell follicles [67, 72]. 

Medullary reticular cells 
The MedRCs, as the name suggest, build up the medullary cords and the inter-
MS area of the medulla (Figure 3) [11, 73]. The medullary cords contains 
plasma cells and macrophages [22, 73]. The plasma cells consists of both 
short-lived and long-lived cells with the function to secrete antibodies into the 
lymph [73, 74]. The macrophages are suggested to provide the plasma cells 
with survival signals and to clear the cords from apoptotic and dying plasma 
cells [22]. The role of the MedRCs is to build the structure of the medullary 
cord and to aid pre-plasma cells in their migration to the medulla; the MedRCs 
are expressing the plasma cell attracting chemokine C-X-C motif ligand 12 
(CXCL12), and the pre-plasma cell of the GC are expressing its receptor C-
X-C chemokine receptor type 4 (CXCR4) [13, 73, 74]. Just like the macro-
phages, the MedRCs also provide the plasma cells with survival signals [13]. 

CD34+ reticular cells and perivascular cells 
The MCs that build up the capsule and adventitia of large blood vessels in 
mouse and human LNs (Figure 3) [35, 56], also referred to as CD34+ RCs, 
were defined as one subset in the scRNAseq of mouse MCs by Rodda et al. 
[56]. However, in the scRNAseq by Kapoor et al. this subset included three 
different clusters in mouse and two in human, suggesting a possible difference 
between or within the cells forming the capsule and adventitia [55]. CD34+ 

RCs have been described as a mesenchymal progenitor cell subset, able to 
differentiate into pericytes, FDCs, MRCs and FRCs, in response to the local 
LN environment [75]. The scRNAseq by Rodda et al. also identified a non-
adventitial population of PvCs [56]. This subset includes pericytes lining ca-
pillaries and vascular smooth muscle cells lining large vessels. In human LNs, 
two subsets of pericytes have been identified, pericytes lining HEVs and other 
smaller vessels, and pericytes lining larger blood vessels [35]. 

Lymphotoxin beta receptor signaling 
The lymphotoxin beta receptor (LTBR) is a receptor expressed by the LN SCs 
and is involved in the regulation of many of their functions [76]. It for example 
plays a major role in the development of the LN [77]. Two different cell types 
induce the development: the hematopoietic lymphoid tissue inducer (LTi) cell 
and the mesenchymal lymphoid tissue organizer (LTo) cell. The LTo is lo-
cated at the site of the LN formation and in response to retinoic acid, suggested 
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to be produced by adjacent neurons [78], they start to express CXCL13 [77]. 
The LTi is expressing C-X-C chemokine receptor type 5 (CXCR5) and is mi-
grating towards the signal of CXCL13, produced by the LTo. The LTi pro-
duces lymphotoxin alpha (LTα) and beta (LTB) that binds LTBR as a trimer; 
LTα1Β2 (referred to as lymphotoxin), on the surface of the LTo [77]. The bind-
ing triggers LTBR signaling that activates the nuclear factor kappa beta (NF-
κΒ) pathways, inducing production of the chemokines CXCL12, CXCL13, 
CCL21 and CCL19 [79]. These chemokines will attract more LTi cells, result-
ing in higher levels of lymphotoxin that will bind LTBR on LTo cells, result-
ing in higher levels of the chemokines, a feedback loop that eventually leads 
to the formation of the LN anlagen with lymphocytes, HEV precursor cells, 
LECs and BECs [77]. 

LTα and LTB are members of the tumor necrosis factor (TNF) family that 
together with tumor necrosis factor superfamily member 14 (TNFSF14), also 
known as LIGHT, are the ligands for the LTBR receptor [77]. In contrast to 
LIGHT [80], lymphotoxin is required for the formation of the LN [81]. Knock-
ing out LTBR [82], LTα [83] or LTΒ [84, 85] inhibits the formation of all LNs 
in mice except the mesenteric LN, which is suggested to be regulated differ-
ently. Mature LN MCs are dependent on lymphotoxin for the production of 
CXCL12, CXCL13, CCL21 and CCL19 [76], and both MCs and HEVs re-
quire lymphotoxin for their maturation and for maintaining a functional and 
mature cell state [36, 65, 66, 86-89]. Mouse HECs are highly responsive to 
lymphotoxin, together with TNF and TLR stimulation, for their upregulation 
of adhesion molecules and chemokines through activation of NF-κΒ signaling 
[36]. Knocking out LTBR in endothelial cells specifically has been shown to 
have a partial effect on the LN formation [89]. In the LNs that do develop, the 
endothelial cells of the HEVs; HECs, are thin instead of cuboidal, have a re-
duced expression of adhesion molecules and chemokines, suggesting LTBR 
signaling as a major regulator of the formation of functioning HEVs. The 
scRNAseq of HECs performed by Veeman et al., also included material from 
mice where LTBR signaling was inhibited [38]. The analysis showed that 
LTBR signaling indeed was important for the expression of many genes in-
volved in maintaining the normal HEC cell state. The inhibition affected the 
expression of genes involved in the NF-κΒ pathways, in vascular function, 
lymphocyte trafficking, among others. Lymphotoxin stimulation, but not 
LIGHT stimulation, of LTBR has also been shown to regulate the production 
of PNAd in HECs and blocking of LTBR results in reduction of lymphocyte 
recruitment to the LN [90]. Depletion of DCs result in an immature HEV phe-
notype and reduced lymphocyte recruitment, and are suggested to be an im-
portant source of lymphotoxin to the HECs [91]. 
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The adaptive immunity cycle 

There is a well-established model for how the adaptive T-cell response is in-
duced in cancer [2]. It is commonly known as the cancer immunity cycle, but 
can be applied on any adaptive T-cell response including bacteria and viruses 
and I will hereby refer to it as the adaptive immunity cycle (Figure 4). In the 
cycle described by Chen and Mellman, the main focus is on the immune cells 
[2]. However, in this section the role of the lymphatic vasculature, the blood 
vasculature, the MCs, and most importantly the LN, is enhanced to point out 
its importance for a proper induction of an adaptive immune response. 

From the periphery to the lymph node 
The cycle starts with the release of antigens and immunogenic signals in the 
peripheral tissue [2]. The antigens will be picked up and processed by the tis-
sue patrolling APCs. The APCs will become activated and present the antigens 
on MHC molecules on the cell surface and in response to the immunogenic 
signals they will upregulate CCR7 and begin their migration to the LN through 
the lymphatic vasculature [2, 5, 92]. By their expression of CCR7, the APCs 
will be attracted by the high expression of CCL21 in the capillary lymphatic 
vessels [93]. CCL21 is immobilized on heparan sulfate to create a haptotactic 
gradient into the capillaries [94]. Inside the capillaries, the APCs crawl along 
the endothelial cells, guided by the CCL21 gradient, into the pre-collecting 
and finally the collecting vessels [95]. Inside the collecting vessel, the APCs 
are migrating passively via the lymph flow. Antigens will also be drained by 
the sentinel LN (SLN) and arrive in the SCS via the lymph where they can be 
picked up by the fLECs, MRCs, SCS macrophages or by the macrophages of 
the medulla [11, 16, 96]. They can also flow through the conduits and be 
picked up by either the FDCs in the B-cell zone or by one of the many DCs 
present in the T-cell zone [67, 97, 98]. 
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Figure 4. The adaptive immunity cycle. A model for the optimal induction of an 
adaptive T-cell response. Step 1: Antigens are released from the tumor, virus, or bac-
teria. Step 2: The antigens are picked up by the antigen presenting cells (APCs) of the 
tissue that become activated and travel to the sentinel lymph node (SLN) through the 
capillary lymphatics of the tissue. Step 3: In the LN they enter at the subcapsular sinus 
and migrate into the parenchyma and the T-cell zone. Naïve T-cells will enter through 
the high endothelial venules and migrate into the T-cell zone where they encounter 
the APCs. The APCs present their antigens and activate the T-cells. Step 4: The acti-
vated T-cells leave the LN through the medullary sinuses, travel through the efferent 
collecting vessel and enter the blood stream at the subclavian vein. Step 5: In the  
blood, they travel to the site of the tumor or infection. Step 6: When they arrive at the 
correct site, they will be encouraged to exit the blood stream through extravasation. 
Step 7: In the tissue, the activated T-cells will find and kill the tumor cells, virus 
infected cells or bacteria. Figure adapted from Chen and Mellman. Immunity, 2013 
Jul 25;39(1):1-10. 
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Activation of the adaptive immunity 
When the APCs arrive in the LN they enter through the afferent collecting 
vessel into the SCS (Figure 5) [5]. In the SCS, they will be exposed to the 
previously described CCL21 gradient created by the ACKR4 receptor in the 
cLECs [17, 18]. The gradient, together with the expression of chemokines and 
adhesion molecules by the fLECs, will encourage the APCs to enter the LN 
parenchyma through the floor of the SCS [16-18]. The migration of the APCs 
inside the LN parenchyma is highly dependent on its expression of CCR7 and 
the expression of CCL21/CCL19 by the TRCs, guiding them into the T-cell 
zone [99]. The APCs adhere to the conduit network in the T-cell zone, waiting 
for the circulating lymphocytes to enter [45]. In the T-cell zone they preferen-
tially localize close to the HEVs to increase the chance to present the antigen 
to its specific T-cell [100].  

As described earlier, lymphocytes are circulating the body with the quest 
to find its cognate antigen through a process called recirculation. Naïve B- and 
T-cells will enter the LN parenchyma through the HEVs by binding PNAd 
and will migrate towards the chemotactic signal of CCL21/CCL19 in the T-
cell zone, and CXCL13 in the B-cell zone (Figure 5). When the T-cells have 
entered the T-cell zone they will encounter the APCs, which will present their 
antigens on MHC molecules and together with costimulatory factors, the naïve 
T-cells will become activated [101]. 

From the lymph node to the periphery 
Activated T-cells will leave the LN parenchyma through paracortical and cor-
tical sinuses (Figure 5) [102, 103], which based on our molecular characteri-
zation of the LN LECs are built up by PTX3-LECs [16]. The entering of the 
T-cells into the sinuses is however not occurring freely. It is regulated by 
sphingosine 1 phosphate (S1P) and S1P receptor type 1 (S1PR1) signaling 
[103-106]. S1P is present at high levels in lymph and S1PR1 is expressed by 
the T-cells [76, 107, 108]. Through the paracortical and cortical PTX3+ si-
nuses, they will migrate into the medullary MARCO+ sinuses and exit the LN 
at the hilum [16]. They will flow with the lymph through the efferent collect-
ing vessel until they reach the thoracic duct and enter the blood stream at the 
subclavian vein [5, 109]. 

In the blood stream they will travel to the site of the tumor or infection 
where pro-inflammatory and danger signals will stimulate the T-cells to ex-
travasate [110]. In response to binding of endothelial adhesion molecules by 
integrins and selectins, and to chemotaxis, the cells will start rolling, arrest 
and eventually transmigrate. In the tissue the effector T-cells will find the an-
tigen upon which they became activated and initiate an adaptive T-cell re-
sponse [2]. 
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Figure 5. Activation of T-cells in the lymph node. Naïve B- and T-cells arrive in 
the lymph node (LN) through the high endothelial venules (HEVs). They express L-
selectin and CCR7, and will enter through binding of PNAd in the HEV and CCL21 
and CCL19 expressed by the HEV lining T-cell zone reticular cells (TRCs). The T-
cells will stay in the paracortex (T-cell zone) depending on the expression of CCL21 
and CCL19 by the TRCs. The B-cells will migrate into the cortex (B-cell zone) where 
the follicular dendritic cells (FDCs) are expressing CXCL13, the ligand for CXCR5, 
which is expressed by naïve B-cells. The antigen presenting cells (APCs) enter the 
LN in the afferent collecting vessel and enters the subcapsular sinus (SCS). In the  
SCS, they are encouraged to enter the parenchyma at the floor due to the CCL21 gra-
dient created by the ceiling lymphatic endothelial cells (cLECs), and adhesion mole-
cules and chemokines expressed by the floor LECs (fLECs). APCs express CCR7 and 
will migrate into the T-cell zone. In the T-cell zone, they will encounter the naïve T-
cells, which will become activated by the APCs. The activated T-cells will leave the 
LN through the PTX3+ cortical and paracortical sinuses due to the S1P/S1PR1 bind-
ing, migrate into the MARCO+ medullary sinuses and exit through the efferent col-
lecting vessel. Figure partially adapted from Bekkhus et al. Cancers (Basel) 2021 Jan 
8;13(2):211 and Xiang et al. Frontiers in Cardiovascular Medicine, 2020 Apr 30;7:52. 
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The aging immune system 

It is well known that the function of our immune system decline with age. It 
is both seen as a reduced number of immune cells and as a decline in their 
specific functions. [111]. Immunosenescence is a term commonly used to de-
scribe the age-induced immune deficiency, including effects on both the in-
nate and adaptive immunity [112]. Over a lifetime, the human body is exposed 
to numerous infections and our naïve T-cells are used to produce effective 
adaptive immune responses and memory T-cells [113]. As we age the produc-
tion of naïve T-cells is decreased in the thymus, and it is therefore not surpris-
ing that the T-cell pool of elderly consists to a high degree of terminally dif-
ferentiated memory T-cells. The naïve T-cells that do exist have an altered T-
cell receptor (TCR) signaling where a dampened activation is the consequence 
in both CD4+ and CD8+ T-cells. The combination of lower quantity and qual-
ity of naïve T-cells results in a reduced capacity of the elderly human to induce 
a proper adaptive immune response to de novo infections like Influenza or 
SARS-CoV-2 [112, 114, 115]. A younger person has a much larger pool of 
naïve T-cells and a proper immune response can be induced to fight the infec-
tion with only mild disease or no symptoms as a result, compared to the elderly 
who dies from both Influenza and SARS-CoV-2 at a much higher rate [112, 
116]. Just like the T-cells, B-cells also have some functional and numeral 
changes with aging [113]. Comparable to the memory T-cells being increased 
with age, the late or exhausted, terminally differentiated, memory B-cells are 
increased with age. B-cells get a lower expression of the enzyme AID, which 
is important in the shift into the production of neutralizing IgG antibodies that 
are more specific and have higher affinity for their target [112, 113]. 

As part of the aging effects on the innate immunity, a phenomenon called 
inflammaging has been described [112]. Inflammaging is a chronic low-grade 
inflammation that is caused by an age-related increase in the levels of reactive 
oxygen species (ROS), acute phase proteins and pro-inflammatory cytokines 
produced by senescent immune cells [112, 113]. These factors will lead to a 
chronic stimulation of the innate immune cells and further increase in the re-
lease of pro-inflammatory cytokines. However, this inflammation will also 
activate the regulatory immune cells that will lower the activity of both the 
innate and adaptive immunity and thereby induce immunosuppression [112]. 
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During aging, DCs and neutrophils get a reduced response to chemotaxis re-
sulting in the consequence that DCs are less recruited to the LN while neutro-
phils stay longer in inflamed tissues leading to a higher local inflammation. 

Aging of the thymus and the bone marrow 
The thymus is a primary lymphoid organ where the production of naïve T-
cells occur [113]. With age, the cortex and medulla of the thymus are replaced 
by adipose tissue that at the age of approximately 70 years is almost fully 
replaced by adipocytes. Why this so called, thymic involution occurs is not 
fully understood [117]. Hypotheses of the mechanism are adipocyte infiltra-
tion and differentiation of perivascular precursor cells. However, it is well es-
tablished that the release of naïve T-cells from this organ is decreasing with 
age, leading to a lower pool of naïve T-cells in the elderly body. Thymic in-
volution is highly associated with reduced response to vaccinations, increased 
risk for severe infections, cancer and reduced immune surveillance [118]. 

Interestingly, adipose tissue is not only affecting the thymus with aging, 
but also the bone marrow. The bone marrow is the site in the body where 
hematopoiesis occurs and B-cells mature [112]. When we are born, the bone 
marrow consist of the red marrow, which contains immune cells at different 
stages of maturity [119]. With age, the red marrow is accompanied by the bone 
marrow adipose tissue (BMAT), which already at the age of 25 constitutes 
approximately 70% of the bone marrow [119]. The hematopoiesis activity is 
strongly correlating with the content of BMAT, where the activity goes down 
as the percentage of BMAT goes up [112] and is suggested to have a role in 
the immune deficiency seen in elderly [119].  

Lymph node lipomatosis 
The replacement of normal tissue with adipocytes is, as described, a well-
known aging process of the thymus and bone marrow [111, 118]. However, it 
is fairly unknown that this process also can affect the LN, referred to as LN 
lipomatosis [114]. There are very few papers discussing LN lipomatosis. The 
mechanism behind it has not been described and it is not known if it is caused 
by infiltration or formation of adipocytes within the LN. It is however, a well-
known fact that adipocytes are present within the aged LN, if you consult a 
pathologist. 

The occurrence of LN lipomatosis was reported already in 1953 by More-
head and McClure [120]. They referred to it as “lipoplastic lymphadenopa-
thy”. Lymphadenopathy is a term often used for LNs with abnormal size or 
consistency, which fits well with lipomatosis affected LNs [121]. In 1979, it 
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Figure 6. Lymph node lipomatosis in the aging body. The lymph nodes (LNs) of 
the axilla, draining the arm and breast (left panel), are highly affected by the age-
related phenomenon LN lipomatosis. LN lipomatosis is a phenomenon when the nor-
mal LN parenchyma (dark beige, right panel) is replaced by adipose tissue (light yel-
low, right panel). 

was reported again now using the term LN lipomatosis [122]. Lipoplastic lym-
phadenopathy has been described as different to lipomatosis in the way that 
lipomatosis is fat deposited in body cavities, while lipoplastic lymphadenopa-
thy is benign, mature adipocytes located within the LN [123]. However, it is 
clear that LN lipomatosis is used to describe the same phenomenon as lipo-
plastic lymphadenopathy and is the more commonly used term. 

In 1980, Luscieti et al. published a paper on age-related morphological 
changes to the LN [114]. One of the factors they discovered was the replace-
ment of normal LN parenchyma by adipose tissue. They investigated the per-
centage of lipomatosis in LN cross-sections, comparing LNs from different 
sites in the body and at different ages. The study included cervical, axillary, 
cubital, inguinal, popliteal and mesenteric LNs from ages spanning from pre-
mature fetuses to elderly of 90 years of age. Comparing LNs from different 
sites, it was clear that some were more affected by lipomatosis than others. 
Axillary, cubital and popliteal LNs had signs of lipomatosis early in life, in-
cluding infancy and childhood, and the level of lipomatosis clearly increased 
with age. In mesenteric, inguinal and cervical LNs however, lipomatosis 
stayed at a low level throughout life. In 1988, LN lipomatosis was described 
in LNs draining breast tumors [124]. LN lipomatosis was as common in LNs 
draining a tumor as it was in the contralateral axilla and in women with no  
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discovered malignancies and it was increasing with age. These data indicate 
that LN lipomatosis is not induced by a tumor but is very common in the ax-
illary LNs, present bilaterally in LNs on both sides of the body (Figure 6). In 
2008, Pan et al. found head and neck draining LNs of elderly to be highly 
affected by lipomatosis [125]. They described these LNs as being transparent, 
non-palpable and very fragile. Injectable dye also showed that these transpar-
ent LNs had several afferent collecting vessels and one efferent collecting ves-
sel, suggesting that the lymph flow is not affected by the lipomatosis but is 
carried on to the next LN. In 2010 Hadamitzky et al. reported a connection 
between LN lipomatosis and age in yet another cohort of inguinal LNs, further 
emphasizing the occurrence of the lipomatosis in aging LNs [126]. They also 
studied fibrosis as an aging process, a phenomenon described to be associated 
with impaired vaccine responses [127]. This is leaving us with the question if 
also LN lipomatosis would affect vaccine responses and what role it has in the 
immune deficiency of elderly, concerning its important functions in the induc-
tion of the adaptive immunity. 

Adipogenesis 
LN MCs and adipocytes share progenitor cells [86]. Adipocyte progenitor 
cells are able to differentiate into several different LN SCs including LTo 
cells, CD34+ RC and MedRC. Adipocyte precursor cells differentiate into fi-
broblasts by blocking adipogenesis and promoting fibroblast differentiation 
through LTBR signaling. LTBR signaling inhibits expression of peroxisome 
proliferator activated receptor gamma (PPARG) and CCAAT/enhancer bind-
ing protein alpha (CEBPα) [86], two markers involved in adipogenesis [119]. 
On the other hand, LN MCs are also able to differentiate into adipocyte-like 
cells under experimental conditions [128]. Human CD34+ RCs are defined as 
being similar to mesenchymal progenitor cells of other tissues and have been 
shown to differentiate into adipocytes under experimental conditions [35]. 

In a study by Choi et al. the genes for LTBR, YAP and TAZ were knocked 
out (KO) under the promotor of the Ccl19 gene in mice [129]. As a result, 
lipomatosis developed in the LN. This is to my knowledge the only model of 
inducing LN lipomatosis in mice and it is a very complex KO model to do so. 
The adipocytes generated by the triple KO made up for 20-25% of the LN  
density and were found in the skin-draining LNs, not in the mesenteric LN. It 
was also clear that the adipocytes originated from mesenchymal precursor 
cells since they were positive for a MC specific reporter. Isolated MCs from 
these LNs showed upregulation of PPARG and CEBPα. The study also 
showed that YAP and TAZ signaling could rescue mesenchymal precursor 
cells from differentiating into adipocytes under adipogenic culture conditions. 
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Breast cancer 

Breast cancer is the most common cancer in women and approximately 2.3 
million women are diagnosed every year worldwide [130]. The mortality rate 
has improved a lot since the 1980’s due to screening programs like mammog-
raphy and improved anti-cancer treatment tools. However, approximately 0.7 
million women still die from breast cancer every year worldwide. There are 
several risk factors for developing breast cancer [131]. Large and dense breast 
tissue, early menarche, late menopause, birth control pills, hormonal replace-
ment therapy, overweight and alcohol consumption, are a few examples. Fac-
tors regarded to be protective are giving birth to your first child early, to have 
many children before the age of 25, breast feeding and physical activity. There 
are also genetic risk factors for developing breast cancer and 10-15% of all 
cases in Sweden are due to genetic inheritance. The most common inherited 
mutations are mutations in breast cancer gene 1 (BRCA1) and breast cancer 
gene 2 (BRCA2) that account for 2.5-5% of all cases.  

Diagnosis and prognosis 
There are three different methods to set the diagnosis and of breast cancer; 
clinical evaluation, mammography or ultrasound, and biopsy [131]. In Swe-
den, there is a screening program where women of the age 40-74 are screened 
through mammography every second year to increase the chance of detecting 
the disease early. Approximately 60% of all cases are discovered due to this 
program [131]. 

TNM staging 
To determine the stage of the cancer, the TNM staging system is widely used 
[132]. TNM stands for Tumor size, lymph Node status and Metastasis, and 
there are five TNM stages; stage 0-IV. As the name suggests, the stage is de-
pendent on the size of the primary tumor, the involvement of the LNs, and the 
presence of distant metastasis. Stage 0 is the earliest stage where the tumor is 
limited to the tissue where it developed. It has not breached the basal mem-
brane and is called cancer in situ. When the tumor has invaded the surrounding 
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tissue, is less than two centimeters in size, and has not invaded the first drain-
ing LN; SLN, it is referred to as stage I. Even in the smaller stage I tumors the 
size is an important prognostic factor since tumors larger than one centimeter 
correlate with higher mortality [133]. When the tumor grows into a size of 
more than two but less than five centimeters it is referred to as stage II. This 
stage may or may not include LN metastasis. Stage III includes tumors larger 
than five centimeters and/or presence of metastasis in one or more axillary 
LNs [132]. If the cancer has spread further than the ALNs and formed distant 
metastasis it is referred to as stage IV. 

Lymph node metastasis 
Breast cancer often metastasize to distant sites such as bone, liver, lung and 
brain [52]. However, the first site of metastasis is the SLN and SLN dissection 
is crucial for setting the diagnosis in breast cancer [134, 135].  Together with 
the tumor size, it is one of the most important prognostic factors [136] and is 
strongly associated with poor disease-free survival and further metastatic 
spread [135-141]. The reason why LN metastasis is correlating with worse 
outcome is not fully understood but it may be its role in further metastatic 
spread [142]. Macrometastasis in the SLN has been shown to correlates with 
further spread to more axillary LNs (ALNs) and the higher the number of af-
fected ALNs, the worse the prognosis [137]. Breast cancer cells also prefer-
entially metastasize to the LN through the lymphatics and there is a correlation 
between LN metastasis and lymphatic invasion of the primary tumor [135]. 

As LN metastasis is strongly correlating with further metastatic spread, it 
is easy to assume that most distant metastases originates from the LN. How-
ever, there are studies of both breast and colorectal cancer suggesting that the 
majority of distant metastases; 62-77%, are originating from the primary tu-
mor, while only 23-36% originate from the LN [143-146]. In the case of dis-
tant metastases originating from the LN, the metastatic route has been sug-
gested to be the LN blood vessels in mouse models of breast cancer, melanoma 
and squamous cell carcinoma [147-149].  

Considering that LN metastasis is an independent prognostic factor [136] 
and that not all cases of distant metastasis originate from the LN [143-146], 
one can speculate what is inducing this effect. Since the LN harbor the means 
to produce an adaptive anti-tumor response [2], the microenvironment of the 
TDLN is gaining an increased interest [150, 151]. The immune profile of 
TDLNs has in several studies been suggested to correlate with disease-free 
survival and/or presence of metastatic tumor cells [152-161]. However, these 
studies are often limited in size with mixed cohorts of patients and more re-
search with larger and more homogenous cohorts are needed to draw firm 
conclusions. 
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Breast cancer subtypes 
There are many different subtypes of breast cancer based on both the origin of 
the tumor cells but also the molecular expression pattern of the cells in the 
primary tumor [162]. Based on the origin, breast cancer can be divided into 
two major groups; lobular and ductal carcinoma. Lobular carcinoma develops 
in the milk-producing units, called lobules, and ductal carcinoma develops in 
the milk transporting ducts and is the more common of the two groups (Figure 
7). Focusing on the molecular expression pattern of the primary tumor, the 
cancer can be divided into three subtypes; hormonal sensitive, also known as 
luminal, human epidermal growth factor receptor 2 (HER2) enriched, and ba-
sal-like or triple negative breast cancer (TNBC) [163]. These three subtypes 
are based on the expression of the hormonal receptors; estrogen receptor (ER) 
and progesterone receptor (PR), the enrichment of the growth factor receptor 
HER2, or the absence of all three receptors, respectively.  

Ductal carcinoma in situ 
Ductal carcinoma in situ (DCIS) is a stage 0, local, non-invasive breast cancer 
[162]. It develops in the milk-transporting duct and does not spread to the 
surrounding tissue or to distant sites (Figure 7). Approximately 10% of all 
cases are DCIS. In Sweden, the primary tumors of DCIS are not molecularly 
classified for the expression of ER, PR and HER2 [164]. 

Invasive ductal carcinoma 
Invasive ductal carcinoma (IDC) is the most common type of breast cancer 
and is responsible for approximately 85% of all cases [162]. It is a locally 
invasive ductal breast cancer that has spread beyond the milk-transporting 
duct into the surrounding breast tissue (Figure 7). It is also common that this 
cancer spreads along the network of ALNs draining the breast. As mentioned 
earlier, breast cancer can be further divided into molecular subgroups where 
the two most common groups are hormonal sensitive (70-80%) and HER2 
enriched breast cancer (15%). The least common but most aggressive subtype 
is TNBC (10%).  
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Figure 7. Anatomy of the breast and subtypes of ductal carcinoma. The breast  
consists of the milk-producing mammary glands, called lobules, and milk-transport-
ing ducts, and is drained by the mammary and axillary lymph nodes (ALNs). Breast 
cancer can be divided into lobular and ductal carcinoma, where lobular carcinoma 
develops in the mammary gland, and the ductal carcinoma develops in the milk trans-
porting duct. The most common subtype is ductal carcinoma which can be divided 
into different groups depending on the level of invasiveness. Ductal carcinoma in situ 
(DCIS) is a non-invasive cancer that has not breached the basal membrane of the duct 
and that does not spread to the regional ALNs or to distant sites. Invasive ductal car-
cinoma (IDC) is an invasive cancer that has spread into the surrounding tissue of the 
duct. IDC can either stay as a locally invasive cancer (IDCmet-) or spread to the ALNs 
(IDCmet+) and to distant sites. 

Triple negative breast cancer 
Based on the origin of the cancer cells, 95% of all TNBC cases are defined as 
IDC [165]. As described earlier, TNBC is molecularly defined by the lack of 
ER, PR and HER2 expression in the primary tumor. A lot of research has been 
focused on trying to find a TNBC-defining biomarker and on the identification 
of a target for treatment but TNBC is very heterogeneous [165]. Some cancers 
have germline mutations in the DNA repair genes BRCA1 and BRCA2, while 
others express the androgen receptor (AR) [165]. It is therefore difficult to 
molecularly subtype TNBC but in a study by Lehmann et al. six subgroups 
are suggested based on their gene expression profiles [166]. Another marker 
that can be used to divide TNBC into different subgroups is PD-L1. PD-L1, 
as previously described, is an immune checkpoint molecule with the immuno-
suppressive function to regulate immune responses to maintain homeostasis 
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and prevent autoimmunity [167]. By binding its receptor programmed death 
receptor 1 (PD-1) on activated lymphocytes, it will inactivate the current im-
mune response inducing anergy in the lymphocytes and anti-apoptotic signals 
on the PD-L1 expressing cell. Approximately 40-65% of all TNBC tumors 
express PD-L1 [165, 167]. The expression of PD-L1 by the tumor cells and 
tumor infiltrating lymphocytes (TILs) is associated with a more aggressive 
cancer with poor prognosis. Compared to luminal cancers, TNBC have both 
higher infiltration of TILs and higher TIL expression of PD-L1 [165, 168]. 
High TIL infiltration has also been shown to be of great treatment predictive 
value for chemotherapy [165]. Cases with high degree of TILs, called hot tu-
mors, have good prognosis and low recurrence whereas cases with low degree 
of TILs, called cold tumors, are at higher risk of recurrence. 

Treatment 
The treatment of breast cancer often starts with surgical removal of the pri-
mary tumor [131]. This is done either through a lumpectomy; a breast con-
serving surgery where only the tumor and some surrounding tissue is removed, 
or by a mastectomy; a surgery where the entire breast is removed. In the case 
of a lumpectomy it is common that the breast is radiated following surgery to 
kill remaining cancer cells. During the surgery of the primary tumor, the first 
draining LN; the SLN, is removed and while the surgery is ongoing, the LN 
is sent for pathological evaluation to quickly determine if the LN contains 
metastasis. If it contains metastasis, the surgery turns into an ALN dissection 
where approximately ten LNs are removed. In some cases, LN metastases 
have already been determined prior to surgery and then LNs are removed with-
out a pathological evaluation. Chemotherapy can be administered before or 
after surgery depending on the primary tumor. For the different molecular sub-
types there are several different targeted treatments [131]. For hormonal sen-
sitive cancer, there are aromatase inhibitors; preventing the production of es-
trogen, and tamoxifen; an ER inhibitor preventing the effect of estrogen on 
the cancer cells. For HER2 enriched cancer there are receptor-targeting mon-
oclonal antibodies called Trastuzumab/Herceptin. For the third subtype, 
TNBC, that lacks all three receptors, there is no targeted therapy and therefore 
this cancer is primarily treated with chemotherapy [165]. However, there are 
new therapies in the pipeline, one of which is immune checkpoint therapy. 

Chemotherapy itself has the power to kill tumor cells which results in the 
release of tumor specific antigens for APCs to process and present to T-cells 
in the LN [167], and thus potentially promote the cancer immunity cycle. 
However, many cases of TNBC are resistant to chemotherapy, which would 
also impair this response. Another contributing factor to the disturbed adaptive 
immune responses in TNBC is the expression of the immune evasion mole-
cules PD-1 and PD-L1 [2, 167]. As described earlier, PD-L1 expression in 
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TILs and tumor cells is a common event in TNBC and is associated with poor 
prognosis [165, 167]. Binding of PD-1 to its ligand PD-L1 will shut down the 
activity of the activated T-cell. By targeting these checkpoint molecules, the 
blockade of the final step of the adaptive immunity cycle may be released. 
Today, PD-1/PD-L1 blockade is the only immunotherapy tested in breast can-
cer and there are promising data presented from clinical trials of late stage 
TNBC, suggesting immunotherapy as a good option for treatment in patients 
with high infiltration of PD-L1+ TILs [165, 169, 170]. Treating patients with 
chemotherapy and radiation has also been shown to upregulate PD-L1 in 
TNBC tumor cells which has resulted in that many clinical trials are focusing 
on a combination of immunotherapy with chemotherapy or radiation [171]. 

Tumor immunology 
Tumor immunology is, compared to many other research areas, a rather new 
and emerging field. It started to evolve in the late 19th century but many re-
searchers did not believe that the immune system could take part in defeating 
cancer [172]. In the last twenty to thirty years, the field has exploded and the 
discovery of checkpoint inhibitors as an anti-cancer immunotherapy by James 
P. Allison and Tasuku Honjo was awarded the Nobel price of medicine and 
physiology in 2018, a final recognition of the field. 

Immunosurveillance is a term used to describe the patrolling of immune 
cells through the body in search of foreign, abnormal or malignant cells [173]. 
It includes the anti-tumor immune responses i.e. the recognition and killing of 
malignant cells by both innate and adaptive immune cells. The natural killer 
(NK) cells, as part of the innate anti-tumor response, are killing malignant 
cells both directly through recognition by their classical activating/inhibiting 
receptors, but also indirectly through production of activating cytokines for 
DCs and CD8+ T-cells. Another innate immune cell subset is the classically 
activated macrophages, often referred to as M1-like macrophages, which are 
promoting killing of malignant cells by their production of nitric oxide. M1-
like macrophages can also present tumor specific antigens and activate cyto-
toxic CD8+ T-cells. The adaptive anti-tumor immune response is predomi-
nantly executed by the cytotoxic CD8+ T-cells that are directly killing the ma-
lignant cells. Their cytotoxic effector functions are aided and promoted by the 
type 1 CD4+ T helper cells (Th1). Patients with tumors that have dense clusters 
of Th1 CD4+ and cytotoxic CD8+ T-cells, referred to as TILs, have a good 
prognosis in many cancers, and as mentioned earlier these tumors are referred 
to as immune hot [174]. In some cases, the infiltration of cytotoxic CD8+ T-
cells alone is correlating with low probability of distant metastasis [175].  

Immunoediting describes the ability of the tumor to edit and highjack the 
immune system to induce a pro-tumor immunosuppression and escape the im-
munosurveillance [173]. Just like anti-tumor responses, the immunoediting 
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includes cells from both the innate and adaptive immune system. The domi-
nating tumor-associated macrophages (TAMs) within a tumor is often M2-
like in their activation. M2-like TAMs have similar properties as the macro-
phages present in wound healing [176]. They secrete cytokines enhancing an-
giogenesis and their infiltration in breast cancer tumors is correlated with poor 
prognosis [174]. TAMs have also been shown to promote angiogenesis but are 
additionally able to promote metastasis by aiding the intravasation of tumor 
cells into the tumor-associated vessels. They also express the checkpoint mol-
ecule B7-H4 that similar to the other checkpoint molecules, such as PD-L1, 
will inactivate the cytotoxic CD8+ T cells [167, 174]. As part of the adaptive 
immune system the induction of CD4+ regulatory T cells (Tregs) is often seen 
in cancer as a consequence of the tumor-associated inflammation with factors 
like prostaglandins that causes differentiation of Tregs and enhance their im-
munosuppressive activity [173]. Infiltration of Tregs is correlating with poor 
prognosis, which can be explained by their immunosuppressive activity. For 
example, Tregs can block the activation of the cytotoxic CD8+ T-cells through 
their expression of the checkpoint molecule cytotoxic T lymphocyte antigen 
4 (CTLA-4) [173, 174].  
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Present investigations 

Paper I 
Remodeling of the Lymph Node High Endothelial Venules Reflects 
Tumor Invasiveness in Breast Cancer and Is Associated with Dysregula-
tion of Perivascular Stromal Cells 
The LN is well known to be the most common metastatic site in breast cancer 
and LN metastasis is highly associated with poor prognosis and risk for further 
metastatic spread [134, 135]. The reason why is however unknown. In this 
study I investigated remodeling of the HEV vascular unit, including the HEVs 
and the vessel-lining TRCs, referred to as FRCs in the paper. To do this, I 
developed antibody panels to stain and analyze biobank formalin fixed paraf-
fin embedded (FFPE) TDLNs. A cohort of breast cancer patients with non-
invasive DCIS and hormonal sensitive IDC was analyzed. In the group of IDC 
draining LNs, patients with and without LN metastasis were included to not 
only study the effect of draining a non-invasive versus invasive tumor but also 
the effect of having metastatic cells present in the analyzed LN. A cohort of 
organ donors with no detected malignancies was included as a cancer-free 
control. 

Focusing on the remodeling of the HEV, dilation of the vessel was found 
to be a striking factor. Comparing the four different patient groups, I found 
that there was a higher degree of dilation in all the TDLNs compared to can-
cer-free organ donor LNs. Interestingly, the tumor invasiveness had an addi-
tional effect on the remodeling where TDLNs of IDC had higher degree of 
HEV remodeling compared to DCIS. However, there was no difference com-
paring the LNs with and without metastasis, suggesting that the vessel dilation 
of the HEVs is a pre-metastatic effect. The metastatic cells of the LN did how-
ever have a local but enhanced effect on the HEVs by dilation, thinning of the 
endothelium and loss of its unique expression of PNAd.  

During the analysis of the HEVs, I also detected interesting changes of the 
HEV lining TRCs that were linked to the changes of the HEVs. In homeosta-
sis, TRCs are forming an immobilized chemokine gradient by presenting the 
chemokine CCL21 on the cell surface by binding it to glycoaminoglycans 
such as heparan sulfate [44, 57]. In TDLNs of IDC, I found that there was a 
disruption of the presentation of CCL21, which I connect to loss of heparan 
sulfate on the TRCs lining the highly dilated HEVs. Consequently, the free, 
non-immobilized CCL21 bound CCR7 receptors on the incoming T-cells that 
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accumulated around these highly dilated HEVs. These changes were inde-
pendent of LN metastasis, suggesting a pre-metastatic dysregulation. 

This is to our knowledge the first study to demonstrate differences in the 
remodeling of the HEV vascular unit comparing TDLNs from non-invasive 
and the invasive cancer. We are also the first to show that remodeling of HEVs 
and dysregulation of the HEV-lining perivascular TRCs are connected. Our 
findings provide important new insight in the field of tumor immunity and will 
increase our understanding of its dysregulation in human breast cancer. By 
detecting changes between different types of breast cancer, our data suggests 
that remodeling of the HEVs and molecular changes of TRCs may have a 
value as biomarkers in breast cancer and encourage further evaluation in con-
tinued studies. 

Paper II 
Automated detection of vascular remodeling in human tumor draining 
lymph nodes by the deep learning tool HEV-finder 
To enable future evaluation of HEV remodeling as a prognostic or treatment 
predictive biomarker, analysis of larger cohorts of patients is required. How-
ever, manual analysis of the HEV remodeling is very time consuming. As a 
continuation of Paper I, we therefore created an automated method for image 
analysis of HEVs. We used the over 12000 manually annotated HEVs defined 
in Paper I and by deep learning built a tool where we can automatically ana-
lyze HEV remodeling in TDLNs. The tool is called the HEV-finder and was 
developed in collaboration with the Wählby lab at the BioImage Informatics 
Facility at SciLifeLab. The HEV-finder was validated in LNs not used for  
training and in the previously published cohort of breast cancer patients. We 
also included a new IDC cohort of patients with TNBC. By using the HEV-
finder we found that TNBC, just like the hormonal sensitive (Paper I), is in-
ducing a higher degree of HEV remodeling in the TDLN compared to the non-
invasive DCIS. Also in the case of TNBC, the effect was found to be inde-
pendent of the presence of metastatic tumor cells. In both patient cohorts, the 
HEV-finder could identify the individual patients that had the highest degree 
of remodeling, previously defined by the manual analysis. 

Our validation shows that the HEV-finder is a reliable tool for future anal-
ysis of larger patient cohorts from different cancer subtypes, to identify pa-
tients with high vs. low degree of HEV remodeling. It can be used as a tool to 
study the impact of HEV remodeling on survival and further metastatic spread, 
but also to investigate the presence of HEV remodeling in other cancer types.  
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Paper III 
A Single-Cell Transcriptional Roadmap of the Mouse and Human Lymph 
Node Lymphatic Vasculature 
To get a deeper understanding of the complex network of different LECs in 
the LN, our lab performed scRNAseq of the mouse and human LN, in collab-
oration with the Butcher lab at Stanford University, CA, USA. In this paper, 
we found that the previously published description of the human subsets of 
LECs by Takeda et al., had mislabeled a subset as capillary LECs [15]. With 
our mapping, we identified this subset as one of the two types of medullary 
LECs present in both the mouse and human LN and we present for the first 
time the PTX3-LECs [16]. In addition to PTX3-LECs we identified three more 
subsets in both species that were conserved from mouse to man. By immuno-
fluorescence imaging and RNAscope we made a mapping of their specific 
localization both in the mouse and in the human LN, and suggested possible 
functions of their differently expressed genes. The subsets we identified were 
named; cLECs, fLECs, MARCO-LECs and PTX3-LECs. In addition to these 
subsets, we also found clusters of cells suggested to be LECs in the transition 
zone from the SCS to the MS in the mouse LN, referred to as transition zone 
LECs (tzLECs), and LECs forming the valves of incoming collecting vessels. 
In human, we identified a large variation in cLECs, which included a previ-
ously identified cluster forming the ceiling of the medulla that could not be 
cross-mapped to mouse.  

With our mapping of the different subsets of LECs in the mouse and human 
LN we aid the field of vascular biology with new information for further stud-
ies of different subsets and genes in homeostasis and disease. 

Paper IV 
Aging-related lipomatosis causes loss of the medullary stroma and  
extensive vascular remodeling, changing the immune contexture of the 
human lymph node 
Immunodeficiency is a well-known effect of aging. The number and quality 
of the immune cells are known to be decreased and the immune responses are 
not as efficient as in the younger [111], a fact that has been very clearly 
demonstrated during the Covid-19 pandemic [112]. The response to Covid-19 
vaccination has also been shown to be different comparing younger and el-
derly people, something that is considered a consequence of the aging-induced 
immunodeficiency [177].  

During the first part of my PhD project, while working on Paper I and an-
alyzing remodeling of the HEV vascular unit in our breast cancer cohort, I 
discovered that the axillary LNs were affected by a fairly unknown phenome-
non called LN lipomatosis. LN lipomatosis is an age-related phenomenon 
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where the LN parenchyma is replaced by adipose tissue [114, 126]. I found 
that 97% of all the patients in our cohort were affected by lipomatosis and it 
was localized to the medulla of the LN, suggesting its origin of development. 
The medulla consists of medullary lymphatic sinuses and medullary cords of 
fibroblasts, plasma cells and macrophages [11, 22, 73]. Fibroblasts and adipo-
cytes have common precursor cells and it has been shown experimentally that 
LN fibroblasts can transdifferentiate into adipocytes, both in mouse and man 
[35, 86]. By staining for adipocyte and fibroblast markers, I detected double 
positive cells, signs that the fibroblasts in the medulla are differentiating into 
adipocytes. Lymphotoxin is a known regulator of LN MCs [88], and by 
RNAscope I found that LTB was downregulated in lipomatosis affected areas. 
To determine if it is only the environment that is causing the transdifferentia-
tion or if the medullary fibroblast subset; the MedRCs, is more sensitive to 
transdifferentiation, we studied this experimentally in mouse. We sorted 
mouse CD34+ RCs; fibroblasts of the capsule and adventitia [35, 56], BP3+ 

fibroblasts including the TRCs of the paracortex [73], and the CD34 and BP3 
double negative MedRCs of the medulla [73]. The different cell populations 
were put into culture and were stimulated with adipogenic media to induce  
adipogenesis. We found that the most sensitive subset was the CD34+ fibro-
blasts, which was not a surprise since it is known to be a progenitor-like subset 
[75] and has been shown to easily transdifferentiate [35]. However, comparing 
the two subsets that are localized within the LN, it was clear that the MedRCs 
were much more sensitive than the TRCs that barely transdifferentiated. These 
data suggest that both the surrounding environment and the specific fibroblast 
subset of the medulla may be important factors in the development of LN li-
pomatosis. 

Considering that the medulla also consists of medullary lymphatic vessels, 
I investigated what happens to these in lipomatosis. I found a negative corre-
lation where a high degree of lipomatosis was associated with loss of the me-
dullary lymphatic vessels that we know corresponds to MARCO-LECs. In-
stead, I found what we define as collecting-like vessels in the adipose tissue. 
We hypothesize that these vessels function to aid the lymph flow to go on to 
the next LN and preventing the formation of edema. In LNs where the adipo-
cytes were present close to or in the T-cell zone I also found a local effect on 
the HEVs where vessels close to adipocytes not only were dilated but similar 
to the local effects induced by metastasis, described in Paper I, they also had 
a thin endothelium and loss of PNAd. Based on analysis of the TCF1/7 
marker, I also detected a lower presence of naïve T-cells in the surrounding of 
these vessels, compared to the HEVs far away from adipocytes. These results 
suggest that LN lipomatosis can have a potential effect on the recruitment of 
naïve T-cells into the LN and the egress of activated and recirculating T-cells 
through the medullary sinuses. I also found that the stationary plasma cells of 
the medullary cords accumulate in the adipose tissue in cases of high lipoma-
tosis.  
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Considering that vaccines are injected in the upper arm, which is drained 
into the axillary LNs, and that the axillary LNs are highly affected by lipoma-
tosis, LN lipomatosis may be a contributing factor both to the immune defi-
ciency and lack of response to vaccination in elderly. We are the first to de-
scribe the consequential effects of LN lipomatosis on the LN stroma and its 
immune cell environment and to suggest a possible mechanism of develop-
ment. Our findings provide new insight to the field and encourage further stud-
ies to increase our understanding of age-related immunodeficiency.  

Paper V 
CCR7-driven lymphatic metastasis in EO771 mammary carcinoma 
modulates the immune response in the tumor draining lymph nodes 
Currently there are no experimental models to study the effect of LN metasta-
sis in mammary carcinoma of the C57BL6 mouse. In this project, we devel-
oped a new transplantable mouse model for TNBC. By modulating the 
C57BL6 carcinoma cell line EO771 to express the chemokine receptor CCR7, 
we increased its potential for lymphatic metastasis to the LN. By expressing 
CCR7, the tumor cells will migrate through capillary lymphatics of the pri-
mary tumor, due to the high expression of the CCR7 ligand CCL21 in lym-
phatic capillary vessels [5]. To be able to trace metastatic cells in the LN by 
imaging and FACS, the fluorescent protein Tomato was expressed together 
with CCR7.  

Comparing mice injected with the control EO771 tumor cells, with cells 
expressing CCR7, we found an increase in detection of Tomato positive tumor 
cells in the TDLN. The tumor cells were often localized to the SCS as single-
cells or clusters, and occasionally expanded into the parenchyma. In cases 
when tumor cells were found inside the parenchyma, the layer of SCS macro-
phages was disrupted. Analysis of the primary tumors also showed tumor cells 
inside the capillary lymphatics of the CCR7 tumors but not in the control tu-
mors, indicating that the expression of CCR7 is accelerating the metastasis of 
the tumor cells.  

We also found that the LN metastasis in the CCR7 model affect the immune 
response compared to the control without metastasis. Tomato was not only 
detected in metastatic tumor cells in the TDLN but also in the B-cell zone. 
The FDCs of the B-cell follicle have the function to present immune com-
plexes to naïve B-cells [66]. The presentation allows antibody class switch 
and differentiation of the B-cells into antibody producing plasma cells [71]. 
The staining of Tomato was overlapping with the expression of the comple-
ment receptors 1 and 2, known markers of FDCs, suggesting binding of To-
mato as immune complexes on the FDC surface. The number and area of GCs 
displaying detection of tomato was also increased in the TDLNs of CCR7+ 
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tumors. Follicular T-helper cells were also present in these GCs and were de-
tected by their high expression of PD-1. By FACS analysis, we detected the 
exhaustion markers PD-1 and CTLA-4 on CD8+ effector T-cells of the TDLNs 
draining CCR7+ tumors but not in the TDLNs of the control tumors.  

Taken together, our data suggest the CCR7 expressing EO771 tumor cell 
line as a new transplantable model to study LN metastasis and its effect on the 
anti-tumor response. We also show that the CCR7 driven LN metastasis is 
increasing immune complex formation and GC responses in the TDLN. This 
model will be useful for further studies in the field of LN metastasis and its 
impact on tumor immunity and immunotherapy. 
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Future perspectives 

The data in Paper I shows that high degree of HEV dilation is more common 
in patients with IDC than with DCIS, and that it is independent of LN metas-
tasis in patients with IDC. It is well known that LN metastasis is correlating 
with worse prognosis in breast cancer [178]. However, this is just a correlation 
and there are cases of non-metastatic IDC with worse prognosis as well. To 
evaluate if high degree of HEV dilation would have a prognostic value, retro-
spective studies including larger cohorts of patients are required. My prelimi-
nary data, analyzing patients with recurrent disease indicates that they display 
similar variation in HEV dilation compared to the patients without recurrence 
(unpublished data). However, I analyzed a rather small cohort of 15 patients 
with recurrent disease. Comparing the follow up periods in the different pa-
tient cohorts ranging from 28 years to only three years, we cannot conclude 
that the patients at the moment defined as non-recurrent will not turn into re-
current later in life. Including larger cohorts with longer follow up is therefore 
necessary to draw firm conclusions in the matter. It is also likely that we need 
to combine several markers to get a predictive value and continued studies are 
required to determine the role of LN stromal remodeling in breast cancer prog-
nosis. One marker that would be interesting to investigate is the presence of 
lipomatosis in the LN. Since many tumors use lipids as their source of energy 
[179], it is tempting to speculate how lipomatosis may encourage the estab-
lishment of metastasis in the LN. Concerning the effects we found on the LN 
stroma and immune cell environment, a lipomatosis affected LN may be the 
perfect target in hiding from the immune system. 

In Paper I, we also determined that LNs draining hormonal sensitive IDC 
tumors have a disrupted immobilization of the chemokine CCL21 on the 
TRCs lining highly dilated HEVs. This is expected to result in non-immobi-
lized CCL21 in the microenvironment, which can bind and saturate the CCR7 
receptors of the incoming naïve T-cells. Our hypothesis is that the T-cells will 
lose their motility, which has been shown as an effect of soluble CCL21 [180], 
and arrest at the site of the HEV. This would prevent the interaction of T-cells 
and APCs. The lack of activation and migration of the incoming T-cells could 
cause a reduced clonal availability in IDC TDLNs. The effect of a reduced  
clonal availability would be a lower clonal variation in the primary tumor, a 
fact that was found to be true in the case of IDC but not DCIS tumors in a 
study by Gil Del Alcazar et al. [181]. In Paper II, we included a small cohort 
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of TNBC patients to validate the HEV-finder and found a similar pattern of 
HEV remodeling as in the hormonal sensitive IDC cohort in Paper I. We also 
found that most of these patients did not present with lymphocytes with 
CCL21 bound to their cell surface (unpublished data). Only 8% of the TNCB 
patients with LN metastasis and no patients in the non-metastatic group had 
this CCL21 phenotype, compared to 50-55% in the hormonal sensitive IDC 
cohort of Paper I [53]. Considering that hormonal sensitive breast cancer is 
not considered a good candidate for immunotherapy [182], it would be inter-
esting to determine the morphological status of CCL21 in combination with 
HEV remodeling and the PD-L1/PD-1 status of the primary tumor, and study 
its treatment predictive value for anti-PD-1/PD-L1 immunotherapy. To pre-
dict who will respond to a therapeutic regimen is not only important consid-
ering the effect it has on killing the tumor cells but also the effect the treatment 
has on the quality of life of the patients. It is therefore also important to find 
who will not respond to therapy, to avoid unnecessary side effects. 

HEV dilation has been reported in several tumor types other than breast 
cancer [48-50]. To evaluate how general the effect is, it would be interesting 
to expand the studies and include patient cohorts of other types of cancer. We 
have made a preliminary attempt to do so by analyzing a small number of 
samples from pancreatic cancer. Pancreatic cancer is another cancer type 
where LN metastasis is a very common event and where immunotherapy does 
not have an effect [183, 184]. Preliminary results of analyzing TDLNs of pan-
creatic IDC, by using the HEV-finder from Paper II, we have found similar 
results concerning the HEV remodeling as we found in the hormonal sensitive 
and triple negative breast cancer groups (unpublished data). Interestingly, in 
this patient cohort, including patients with early pancreatic cancer (T1 and 
T2), LN metastasis seemed to have an additional effect on the HEV remodel-
ing, resulting in a higher degree of dilated HEVs compared to the non-meta-
static LNs. We also looked into the CCL21 status and found that in pancreatic 
IDC, the disruption of CCL21 immobilization is a common event. In the anal-
ysis of these LNs, we also found signs of lymphatic remodeling that we will 
look into in detail in a follow up study. 

In Paper III, we mapped and compared the different mouse and human LN 
LEC subsets and were the first to define the PTX3 LECs. Our mapping shows 
that PTX3 it expressed in the cortical and paracortical sinuses responsible for 
lymphocyte exit of the LN. However, the role of PTX3 in these vessels is not 
fully understood. As a follow up on this paper, we are currently working with 
two different mouse models to study the role of PTX3 in homeostasis and in 
disease, including cancer. We are using both a full KO model, where Ptx3 is 
knocked out in all the Ptx3 expressing cells in the body [185], and a condi-
tional KO model where we specifically knock out Ptx3 in LECs after birth 
(unpublished model by Mantovani A.). To study the PTX3+ sinuses in TDLNs 
is of high interest. Our hypothesis is that the PTX3+ sinuses, which are the exit 
point for activated and recirculating T-cells, also can be used by the tumor  
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cells for further metastasis to more LNs and function as a possible route to the 
blood circulation. The preliminary data in pancreatic TDLN suggest remodel-
ing of these vessels but more data is necessary to draw any conclusions (un-
published data). Focusing on the other subsets of our mapping and their roles 
in cancer, it would be of high interest also to study the entering of metastatic 
cells in the LN through the SCS. Preliminary data from the metastatic LNs in 
Paper I shows that these metastases preferentially localize close to or within 
the lymphatic vessels, especially within SCS and TSs, and are very rarely 
found in the cortex or paracortex (unpublished data). It would therefore be 
very interesting to investigate the role of the different LECs lining these si-
nuses where our mapping can be a great tool. 

 As a follow up of Paper IV, it would be of high interest to perform clinical 
studies to analyze the occurrence and impact of LN lipomatosis on vaccination 
efficiency. Considering that we usually inject vaccines in the upper arm that 
will drain into the axillary LNs, which we know are highly affected by LN 
lipomatosis, it would be interesting to investigate the vaccination efficiency 
depending on injection site. To perform a study like this you need to diagnose 
LN lipomatosis in vivo and the use soft-tissue radiography has been shown to 
be a good method for this [186]. It would be interesting to both look at the 
efficiency of the vaccination as an outcome of LN lipomatosis diagnosis, but 
also to analyze the efficiency of the vaccine depending on the injection site. If 
our hypothesis that LN lipomatosis plays an important role in the lack of vac-
cination response seen in elderly is true, clinical trials could aid the under-
standing and the importance of the site of injection in elderly affected by LN 
lipomatosis. As mentioned earlier, it would also be interesting to investigate 
the prevalence of LN lipomatosis in metastatic LNs. In a study by Nielsen et 
al., LN lipomatosis was shown to be present in DCIS TDLNs, contralateral 
LNs and in LNs from donors with no detected malignancies, suggesting that 
LN lipomatosis is not a cause of tumor drainage but precede metastasis [124]. 
It is however, not known if metastatic cells prefer LNs with lipomatosis com-
pared to non-lipomatosis affected LNs. If there is a correlation between LN 
lipomatosis and LN metastasis, metabolic studies of the tumor cells would be 
of interest to determine if the metastatic tumor cells change their metabolic 
state into being more lipid dependent or if the primary tumors that do metas-
tasize to lipomatosis affected LNs already have a more lipid dependent me-
tabolism. 

In Paper V, we created a transplantable TNBC model to study the effect of 
LN metastasis on the LN stroma and the anti-tumor response. As a follow up 
we will investigate the different cell lines; X2 and CCR7, in more detail since 
preliminary data suggest that the metastatic cell line, expressing CCR7, in-
cludes a small cohort of cells that are positive for the epithelial to mesenchy-
mal transition (EMT) marker, PDPN (unpublished data). PDPN could possi-
bly induce a higher motility and metastatic potential in the CCR7 cell line 
[187]. We are currently performing experiments where we have sorted the 
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CCR7 cell line into two different populations including one that is negative 
for PDPN and one that is positive. We will look at their growth in vitro and in 
vivo and investigate their metastatic potential to the TDLN. In collaboration 
with Associate professor Fuxe at the Karolinska Institute in Stockholm, we 
will investigate the differences between the cell lines further in expression 
analyses. From previous experiments, we also know that the mixed CCR7 ex-
pressing cell line, including the small population of PDPN positive cells, is 
reducing the response of the tumors to anti-CTLA-4 immunotherapy (un-
published data). In a follow up experiment, we will also investigate if the ef-
fect we see in the CTLA-4 treatment is due to its metastatic potential and effect 
on the TDLN in general or if it is specifically this small population of PDPN 
positive cells that are resistant to therapy. We will also treat the mice with 
anti-PD-L1 antibodies to compare the effect of LN metastasis on the response 
to other types of immune checkpoint inhibitors. In the end, we also want to 
continue the investigation of the tumor specific immune responses that we 
found in the B-cell follicles of the TDLNs. We are currently creating ovalbu-
min (OVA) expressing versions of the X2 and CCR7 cell lines, including both 
membrane bound and cytosolic OVA, which will allow us to analyze the spe-
cific anti-tumor T-cell response.  

In conclusion, a lot of research is left to be done to understand the role of 
the lymph node stroma in cancer and aging. With this thesis, I want to shed 
light on its importance and relevance in the induction of the adaptive immun-
ity and its potential role in cancer- and aging-induced immunodeficiency. 
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