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Abstract: Lymphatic vessels permeate tissues around the body, returning fluid from interstitial spaces
back to the blood after passage through the lymph nodes, which are important sites for adaptive
responses to all types of pathogens. Involvement of the lymphatics in the pathogenesis of bacterial
infections is not well studied. Despite offering an obvious conduit for pathogen spread, the lymphatic
system has long been regarded to bar the onward progression of most bacteria. There is little direct
data on live virulent bacteria, instead understanding is largely inferred from studies investigating
immune responses to viruses or antigens in lymph nodes. Recently, we have demonstrated that
extracellular bacterial lymphatic metastasis of virulent strains of Streptococcus pyogenes drives systemic
infection. Accordingly, it is timely to reconsider the role of lymph nodes as absolute barriers to
bacterial dissemination in the lymphatics. Here, we summarise the routes and mechanisms by which
an increasing variety of bacteria are acknowledged to transit through the lymphatic system, including
those that do not necessarily require internalisation by host cells. We discuss the anatomy of the
lymphatics and other factors that influence bacterial dissemination, as well as the consequences of
underappreciated bacterial lymphatic metastasis on disease and immunity.

Keywords: bacteria; bacteraemia; bacterial dissemination; immunity; infection; invasion; lymphatics;
lymphatic system; lymphatic metastasis; lymph nodes

1. The Dogma of Bacterial Invasion

How a pathogen disseminates through its host is a critical question in understanding
infection and immunity which has applications in the prevention, diagnosis, and treat-
ment of infectious disease. Currently, thorough knowledge of the routes and mechanisms
by which bacteria disseminate, and the relative contribution of different pathways to
the development of serious infections and immune responses is lacking. Despite this,
severe bloodstream infection and serious necrotizing infections are commonly believed
to arise after invasion of the blood vessel endothelium by bacteria that have invaded
deeper tissue from a superficial origin [1-4]. Conversely, while dissemination via the
lymphatic system is sometimes mooted as a potential pathway that contributes to deeper
invasion of microbes, it is usually considered to be insignificant due to inefficient up-
take in tissues and effective filtration by lymph nodes [5-8]. As such, reference to the
lymphatics in bacterial infection literature is often sparse and imprecise. Instead, a
research focus on direct microbial disruption of epithelial and vascular endothelial
cell layers dominates the perspectives on invasion [3,9,10]. Recently, a preponderance
of studies demonstrating intracellular survival as a mechanism for bacterial patho-
genesis has further reinforced the dogma of blood vessel invasion in bloodstream
infection [11].

Here, we discuss concepts in bacterial invasion, outline the anatomy underlying paths
of dissemination for invading bacteria, and consider the ability of lymph nodes to control
metastatic bacteria and their impact on infection outcome. We present evidence to suggest
that bacterial lymphatic metastasis and host-bacterial interactions within the lymph nodes
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are of greater prominence, in both invasion and development of immune responses, than
previously considered.

2. Barriers to Studying Bacteria in the Lymphatics

Precisely tracking the dissemination of microbes is difficult, often requiring specialised
surgery and advanced microscopy, with biosafety requirements presenting additional
hurdles. As a result, the topic remains understudied.

The lymphatic system comprises an extensive, tissue-permeating network of vessels
that returns fluid into the blood circulation via filtering lymph nodes. Until relatively
recently, study of the lymphatics has been limited by a lack of specific markers [12-14]. As
a result, investigation into the role of the lymphatic system in bacterial dissemination has
been particularly neglected compared to other routes of invasion.

Lymphatic metastasis refers to the spread of a pathogenic agent from an initial to
a secondary site via the lymphatics. Despite anatomical and historical data supporting
such spread, only a handful of specialised intracellular lymph-tropic bacterial pathogens
are widely considered to exploit the lymphatic system in this way during infection. For
instance, Mycobacterium bovis, Salmonella spp., and Yersinia pestis are all believed to be ferried
through the lymphatics to lymph nodes inside phagocytic cells, including dendritic cells,
monocytes, and neutrophils [15-17].

However, data on virulent strains of other bacterial pathogens are lacking. Much
current understanding is largely reliant on extrapolation from experiments with viruses, or
killed or avirulent bacterial strains, which are likely to differ in behaviour to live virulent
bacteria. As a result, prominent work describing effective mechanisms of viral capture
and immune defence by lymph nodes have shaped perception and further sidelined the
perceived importance of bacterial lymphatic dissemination in infection [18-20].

3. Bacteria in the Lymphatics

We recently reported that extracellular bacterial lymphatic metastasis drives sys-
temic infection by hypervirulent emm1 Streptococcus pyogenes strains which are associ-
ated with invasive human disease [21,22] (Figure 1). In these experiments, immune
responses in the lymph node failed to abrogate onward extracellular passage of bacteria
through the lymphatics [21]. We have also presented data that is consistent with a
major role for lymphatic dissemination in infections with strains of Pseudomonas aerug-
inosa and Klebsiella pneumoniae [23]. As will be discussed, the virulence mechanisms
important in driving lymphatic dissemination are shared by many bacterial species,
suggesting that extracellular lymphatic dissemination is also important in other bacterial
infections [21-23].

This evidence builds on sporadic studies, over the course of 150 years, which have
reported the recovery of viable bacteria from local draining lymph nodes of various
animals following infection with diverse bacterial species via a variety of inoculation
routes (Table 1) [15,16,21-36]. There is considerably less data on bacteria in lymphatic
sites beyond the initial local draining lymph nodes, such as in efferent lymphatics and
lymph (Table 2) [15,21,23,37,38], and only a handful of studies have rigorously addressed
the mechanisms of bacterial lymphatic spread [15,16,21,38]. As a result, much remains
unknown about the initial dissemination to draining lymph nodes and transit beyond
to efferent lymphatics, lymph, and systemic circulation for many important bacterial
pathogens.
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Figure 1. Path of bacterial dissemination following intramuscular inoculation of bacteria. 1. Bac-
teria inoculated into tissue (here streptococcal intramuscular infection of a mouse is depicted, but
similar results are obtained using other infection routes and models) preferentially and passively
enter the initial lymphatics (green channels) rather than blood vessels (dark red and blue channels).
2. Bacteria transit extracellularly along the lymphatics into collecting lymphatics and then enter
local draining lymph nodes in afferent lymph. 3. Bacteria accumulate in the subcapsular sinus and,
particularly, the medullary sinuses of the lymph node. However, numerous bacteria escape the
filtering activity of the lymph node and exit through the efferent lymphatic. 4. Bacteria transit in
efferent lymphatics to reach distant sequential draining lymph nodes and again accumulate in the
sinuses. Although bacteria are initially present in lower numbers than in local draining lymph nodes,
virulent strains can rapidly replicate within the lymph node niche, despite the activity of resident and
recruited phagocytes and other leucocytes. 5. A number of bacteria leave the lymph node through
the efferent lymphatic vessel and drain with efferent lymph into collecting ducts before entering the
bloodstream via the subclavian veins. 6. Bacteria that have entered the bloodstream can now seed
any tissue or other organs in the body. Many of these bacteria accumulate in the spleen and liver, and
these organs play important roles in the clearance of bacteraemia.

Table 1. Studies demonstrating the recovery of bacteria from the local draining lymph nodes following

infection.
. Mechanisms of Transit Recmfery of
. Infection . . Bacteria from
Bacteria Model to Local Draining . References
Lymph Nodes Other Lymphatic
y Sites
Bacillus anthracis Aerosol, ID, [P Rhesus macaque Unknown Efferent lymph Lincoln, R E. 1965;
(spores) [24]
Escherichia coli Mouse Unknown None investigated ~ Balmer, M. 2014; [29]

Extracellular and

anczsel? a IN Mouse intracellular within None investigated Bar-Haim, E. 2008;

tularensis " [30]
dendritic cells

Klebszellfz ™M Mouse Unknown Distant draining Siggins, M.K. 2019;

pneumoniae lymph nodes [23]
Unknown, influence of Bou Ghanem, E.
Listeria 1G, FB Mouse bacterial E-cadherin None investicated 2012; [31]

monocytogenes Footpad ligand & St. John, A.L. 2009;

Unknown [32]
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Table 1. Cont.
. Mechanisms of Transit Recmfery of
. Infection . . Bacteria from
Bacteria Model to Local Draining . References
Route Other Lymphatic
Lymph Nodes :
Sites
Mouse Chackerian, A.A.
Mycobacterium . . 2002; [33]
tuberculosis Aerosol Cynomolgus and Unknown None investigated Ganchua, SK. 2018
Rhesus macaque
[34]
Distant draining Siggins, M.K. 2019;
Pseudomonas M [23]
. Mouse Unknown lymph nodes .
aeruginosa Footpad None investivated Kastenmdiller, W.
& 2012; [35]
Free extracellular or
Salmonella associated with Bonneau, M. 2006;
Abortusovis SC (oral) Sheep monocytes and Afferent lymph [16]
granulocytes
Free extracellular or Bravo-Blas, A. 2019;
Salmonella 0oG Sheep associated with Afferent lymph [25]
Typhimurium Footpad Mouse dendritic cells None investigated St. John, A.L. 2009;
Unknown [32]
Staphylococcus . . Bogoslowski, A.
aureus M Mouse Unknown None investigated 2018; [36]
Streptococcus Unknown, influence of Distant draining Siggins, M.K. 2021;
. M Mouse .
agalactiae capsule lymph nodes [unpublished]
Free extracellular, Distant draining Siggins, M.K. 2020;
Streptococcus . lymph nodes and [21]
™M Mouse influence of HA capsule
pyogenes . . efferent lymph Lynskey, N.N. 2015;
and LYVE-1 interaction . .
None investigated [39]
Unknown but not
dependent on
neutrophils or dendritic None investigated Shannon, J.G. 2013;
cells Afferent lymphati [28]
.. . 1D Free extracellular .e ently P .a € Gonzalez, R.J. 2015;
Yersinia pestis Mouse . Distant draining
Footpad independent of 1 [26]
ymph node and )
phagocytes offerent lvmphatic St. John, A.L. 2014;
Free extracellular and in ymp [15]
mononuclear
phagocytes

FB: foodborne; ID: intradermal; IG: intragastric; IM: intramuscular; IN: intranasal; IP: intraperitoneal; OG: oral

gavage; SC: subcutaneous.

Table 2. Studies demonstrating recovery of bacteria from the lymphatic system beyond local draining

lymph nodes.
Infection Sites of Recovery 1\/11’:1611::3:1?: (t)f
Bacteria Model beyond Local Draining . . References
Route Lvmph Nodes Lymphatic Transit
ymp Reported
Bacillus anthracis Aerosol, IP, Rh m Lincoln, R.E. 1965;
(spores) and SC es;ibbiiaque Efferent lymph Unknown [24]
P Aerosol and SC Hughes, R. 1956; [40]
Klebszellq M Mouse Distant draining lymph Unknown Siggins, M.K. 2019;
pneumoniae nodes [23]
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Table 2. Cont.
Infection Sites of Recovery 1\/1;:}‘11::;;2?5“ (t)f
Bacteria Model beyond Local Draining . . References
Route Lvmoh Nodes Lymphatic Transit
ymp Reported
Pseudomonas ™M Mouse Distant draining lymph Unknown Siggins, M.K. 2019;
aeruginosa nodes [23]
Salmonella Pullinger, G.D. 2007,
Dublin Oral Cow Efferent lymph Free extracellular [38]
Free extracellular
and extracellular
. . association with
Streptococcus Distant draining lymph leukocytes, Siggins, M.K. 2020;
M Mouse nodes and efferent o
pyogenes lvmphatics contribution of HA [21]
ymp capsule and
interaction with
LYVE-1
S;:;Zl t;?:gés IN and IT Rabbit Efferent lymph Free extracellular SChUIZ’[;;']Z' 1938;
. . Distant draining lymph In mononuclear St. John, A.L. 2014;
Yersinia pestis Footpad Mouse nodes and efferent h
lymphatic phagocytes [15]

IM: intramuscular; IN: intranasal; IP: intraperitoneal; IT: intratracheal; SC: subcutaneous.

4. Extracellular Transit of Intracellular Bacteria

While this review focuses on the extracellular paths of lymphatic dissemination, it
is important to address the dogma concerning infections with facultative intracellular
lymph-tropic bacterial pathogens, such as Salmonella and Y. pestis. These infections are
conventionally considered to be driven by bacteria transiting intracellularly in phagocytic
cells that permit replication and function as “trojan horses” [15-17]. However, substantial
data exists to suggest that extracellular lymphatic metastasis is important in pathogene-
sis [16,25,26,28,38,41].

It is clear that phagocytic cells, including dendritic cells, monocytes, and neu-
trophils, can carry bacteria to lymph nodes, but prominent extracellular lymphatic
dissemination occurs during infections with Salmonella and Y. pestis [16,25,26,30,38]. Re-
searchers who have adequately assessed lymphatics and lymph for extracellular bacteria
have overwhelmingly found free bacteria in higher numbers than cell-associated bac-
teria [16,25,26,30,38]. Such high proportions of extracellular bacteria in the lymphatics
have been suggested to be an artefact of large challenge doses; however, free bacteria are
the most populous form in lymph following low dose inoculation of Y. pestis (similar to
that delivered in a flea bite) [26]. Free bacteria are also still present in lymph 24 hours
after infection with Salmonella [16], demonstrating that the phenomenon is not due to an
initial overspill of bacteria.

There is evidence indicating that extracellular free bacteria in lymph are more impor-
tant in subsequent invasion than cell-associated bacteria. Through analysis of Salmonella
type Il secretion system 1 and 2 mutants, Pullinger and colleagues found that replication at
the initial site of infection, but not intracellular replication, was required for early lymphatic
translocation of bacteria [38]. Additionally, in Y. pestis infection, free movement of bacte-
ria into draining lymph nodes precedes recruitment and transit of phagocytes [26,42,43].
Furthermore, throughout early infection of the lymph node, Y. pestis remain mainly ex-
tracellular, with initial bacterial expansion occurring in the periphery (where particles
from afferent lymph arrive), rather than in the more central areas (where most trafficking
phagocytes principally enter, or home towards) [42].



Cells 2022, 11, 33

6 of 29

Cell-associated bacteria in lymph are typically assumed to be internalised. However,
often cellular location is not rigorously established; frequently, only gentamicin assays
are employed to verify that bacteria are intracellular. While such assays are helpful in
determining the cellular positioning of bacteria, the “black box” element means that they
do not amount to definitive analysis. In contrast, imaging of cells in lymph appears to
show Salmonella associated with cellular surfaces, rather than exclusively internalised [16].
Interestingly, the extracellular pathogen S. pyogenes has been found to associate with the
surfaces of lymphocytes and other cells in efferent lymph through unknown means [21].
Many lymphatic observations and dissemination kinetics recorded for (classically con-
sidered) intracellular bacteria are strikingly similar to those obtained with (classically
considered) extracellular bacteria [21]. Based on current evidence, it is far from con-
clusive that intracellular bacteria drive lymphatic spread and invasion of Salmonella,
Y. pestis and other similar pathogens. The situation is likely more complex and further
research of lymphatic dissemination and host-cell interaction is needed.

5. Role of Virulence in Bacterial Dissemination

In naming examples of specific bacterial species associated with lymphatic spread,
it is prudent at this point to highlight that significant differences in infection exist not
just between bacterial species, but between strains of the same species. At the broadest
level, highly virulent pathogenic bacterial strains can subvert immune mechanisms that
readily control less virulent strains, resulting in differing host cell-pathogen interactions
and greatly contrasting invasion outcomes [44—-46]. More specifically, differences can be
dependent on even a single virulence factor, as for the impact of exopolysaccharides in
dissemination [21,23,47]. Hence, it is important to determine host—pathogen interactions
using characterised virulent clinical isolates, as opposed to classical laboratory strains which
sometimes possess limited virulence, or else have distinct pathogenicity to contemporary
circulating strains.

The selection of appropriate virulent strains of bacteria for study is further compli-
cated by differences in susceptibility between humans and chosen animal models, as
well as tissue tropism. For example, although Staphylococcus aureus USA300 (which has
been the focus of several prominent studies of lymphatic interactions with bacteria using
mouse models) is considered an invasive human pathogen, it displays poor virulence
in mice beyond the local site of infection [48]. Unfortunately, strain selection is a par-
ticularly relevant issue in the investigation of lymphatic spread, as the low throughput
methods frequently required, such as invasive microscopy, and immunological focus
of much of the work mean that often only a small selection, or even just one strain, of
bacteria are studied.

6. Importance of Bacterial Dissemination

The genitourinary tract, respiratory tract, and skin are among the most common
initial infection sites that lead to secondary bacteremia [49]. Following adhesion and
colonisation, pathogenic bacteria can propagate and invade underlying tissues, facilitated
by the production of tissue-degrading enzymes, toxins, effector proteins, and a compliant
weakened host immune response [9,50,51]. In these cases, secondary bacteremia can result
due to seeding from the established primary infection site. While bacteremia is often
secondary, it can also present as a primary infection that lacks an identifiable initial site of
infection.

The presence of bacteria in the bloodstream is not a requirement for a bacterial infection
to become life-threatening but it can be a critical step. Bloodstream infections contribute to
a dysregulated inflammatory response and the development of sepsis, as well as facilitating
hematogenous seeding of metastatic infection foci, as commonly suspected in necrotizing
fasciitis and myositis [52,53]. Murine models show that death is associated with systemic
dissemination of bacteria rather than the bacterial load at an initial infection site [21,54,55].
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Furthermore, among patients with sepsis resulting from bacterial infection, higher mortality
is observed in those who are bacteraemic [56].

The ability of the spleen and liver to capture and destroy bacteria present in the
bloodstream, largely through the activity of macrophages and neutrophils, is well estab-
lished [29,57-61]. This activity is usually adequate to contain mild and transient bac-
teraemia that may result from dental procedures, operations (such as tonsillectomy), or
infection [62,63]. However, in susceptible individuals, sufficiently virulent bacteria can
sometimes subvert these immune defences and multiply within the bloodstream or in-
travascular foci to drive serious infection [64,65].

Lymphatic dissemination from tissue gives access to lymph nodes and subsequently
the blood. The intralymphatic metastatic infection foci that seed bacteraemia, previously
acknowledged as important in diseases caused by Bacillus anthracis and Y. pestis, have
recently been identified in S. pyogenes infection, and may be important in driving infection
with other bacterial species [21,24,26,40].

Beyond invasive disease, as lymph nodes are critical in orchestrating robust adap-
tive immunity against bacteria, lymphatic dissemination has significant potential to
impact immune responses. The presence of S. aureus and accompanying inflammation
has been demonstrated to disrupt the development of immunity and the Salmonella
bacterial burden is associated with delays in the formation of germinal centres [66—68].
Furthermore, bacterial immunostimulatory molecules have been measured in draining
lymph nodes following staphylococcal soft tissue infection [69]. This is discussed in
further detail in Section 21, Impact of Bacteria in Lymph Nodes on Immunity.

7. Challenging the Dogma of Bacterial Invasion

Despite the ability of some bacteria to invade blood endothelial cells, the anatomy
of the vasculature dictates that lymphatic dissemination offers the path of least re-
sistance to reach the bloodstream and should be considered the most logical default
route. Review of data from animal models largely supports this interpretation, with
the rapid appearance of bacteria in draining lymph nodes or efferent lymph prior to
detection in blood consistently reported [21,23,37]. While these studies demonstrate
a close association of bacterial load in lymph and blood at later timepoints, tellingly,
the quantities of bacteria in blood lag those in lymph, indicating that direct bacterial
entry into the bloodstream does not become dominant later in infection. Furthermore,
enhanced bacterial dissemination to the bloodstream by both commensals and pathogens
is observed following removal of draining lymph nodes, demonstrating that bacteria
transit along lymphatic vessels [8,70]. Collectively, these observations show that many
invasive bacterial infection animal models are driven by lymphatic dissemination.

In human disease too, many infections have clinical evidence supportive of the lym-
phatic involvement in dissemination (Table 3). Upwards of a quarter of bacterial blood-
stream infections lack a known focus of infection [49,71,72]. This clinical presentation is
inconsistent with the prevailing concept that bacteraemia results following significant local
infection and subsequent direct invasion of blood vessels. These cryptic infections, which
make up a substantial proportion of total severe infections for some important bacterial
pathogens, lack any obvious portal of entry other than the known mucosal sites where the
pathogen can be identified.

Table 3. Infections with known lymphatic involvement or potential as a lymphatic portal.

Term Site Description
Bacteraemia Blood Presence of viable bacteria in the circulating blood
.. . Infection of the lower dermis and subcutaneous tissue
Cellulitis Subcutaneous tissue

causing spreading inflammation
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Table 3. Cont.

Term Site Description
. . Bloodstream or deeper tissue infections that lack a
Cryptic infection - kn .
own peripheral focus
Erysipelas Epidermis Infection of the superficial epidermis
i . . Infection of superficial or deep fascia in association
Fasciitis (necrotizing) Fascia 1 .
with tissue destruction.
Impetigo Keratin layer of epidermis Infection of superficial keratin layer of skin
Inflammation/enlargement of lymph nodes due to
Lymphadenitis/lymphadenopathy Lymph nodes presence of infection within vessels or tissue drained
by the lymph node, or the node itself
e . Inflammation of lymphatic vessels resulting from
Lymphangitis Lymphatic vessels infection of the vessels themselves, or nearby tissue
Myositis/myonecrosis Muscle Infection of muscle leading to inflammation/necrosis

Puerperal sepsis

Infection of the genital tract, particularly the uterus,

Uterus .
occurring soon after labour

S. pyogenes has particularly firm associations with lymphatic pathology, and up to
a quarter of invasive S. pyogenes infections present as bloodstream infection without any
obvious infection source [73,74]. Invasive infections of deeper tissues, such as the fascia
and muscle, often also present without signs of peripheral infection: almost half of inva-
sive streptococcal necrotising soft tissue infections lack any clear portal of entry [75-77].
Other bacteria, including Staphylococcus spp., are also detected in lymph node biopsies
of patients with lymphadenitis [78]. Furthermore, bacteria not traditionally associated
with lymphangitic spread, including Gram negative Escherichia and Klebsiella species, have
been recovered from lymph nodes in patients undergoing surgery [79-81]. There is some
evidence that lymphatics may also serve as a route of bacterial dissemination for these
bacteria despite the lack of a strong link to lymphatic pathology [29,82].

It should be noted that lymphatic pathologies are most identified in milder, localised
infections, such as streptococcal erysipelas and cellulitis, and are particularly prevalent in
individuals with impaired lymphatic drainage [83]. This suggests that it is the extended
association of bacteria with local lymphatics of superficial tissues that results in lymphatic
pathology, rather than transient passage along lymphatic vessels. Hence, a lack of lym-
phatic inflammation does not preclude lymphatic dissemination. Accordingly, lymphatic
dissemination of a bacterial species should not be ruled out based on an apparent lack of
lymphatic pathology.

Absence of a clear infection source in seemingly cryptic infections removes the diag-
nostic clues, leading to worse patient outcomes [84], coupled with an inability to achieve
“source control” when treating a septic patient. While identification of a focus of infection
can be challenging, and the failure to detect a primary infection site does not preclude
its existence, bloodstream infections that arise without an obvious primary infection site
provide persuasive evidence for the significance of lymphatic routes of invasion.

8. Initial Events in Infection

Surfaces in contact with the external environment, such as the skin and mucosa, are
constantly exposed to bacteria. Accordingly, these sites have multiple layers of protection
against infection; chemical, physical, and biological defenses must be bypassed before
a potential pathogen is able to contact the epithelium. Epithelial cells themselves form
tight cell-to-cell junctions which function as a barrier that excludes the passage of bacteria,
though pathogens may breach the epithelium following antecedent injury or microbial-
mediated disruption of cell layers [51,85,86].
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Epidermis

Dermis

Subcutaneous

Upon damage to the epithelium, host recognition of damage- and pathogen/microbial-
associated molecular patterns (D-/PAMPs) by pattern recognition receptors (PRRs) triggers
signaling cascades that drive induction of inflammation [87]. Expression of proinflam-
matory cytokines, activation of in situ immune cells, and rapid recruitment of additional
immune cells create a highly antimicrobial environment that combats microbial replication
and invasion of the underlying tissues. The interstitium, which lies below the epithelium,
contains blood capillaries and initial lymphatics. Both vessels provide a potential portal
into deeper tissue and the systemic blood circulation, thus permitting escape from the
focused immune response at the site of initial infection in superficial tissues (Figure 2).

Invading
bacteria

Initial
lymphatics

Blood
capillaries

Blood vessels

Collecting
lymphatic

Bacteria

Intraluminal view

hY

Figure 2. Route of bacterial dissemination from the skin. Following damage to the superficial
epidermis of the skin, bacteria can either multiply at the peripheral site generating inflammation and
promoting tissue damage, or passively move through the breached barrier and into underlying tissue
without creating noticeable signs of infection at the site of entry (as hypothesised in cryptic infections).
While the epidermis is devoid of any vasculature, blood capillaries and initial lymphatic vessels
permeate the dermis. Bacteria are preferentially taken up by dermal lymphatic vessels and transported
passively with lymph flow into deeper-lying collecting lymphatics. These larger lymphatic vessels
run through the subcutaneous layer, possess secondary valves that prevent backflow, and carry
lymph to draining lymph nodes.
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9. Anatomy of Bacterial Invasion I: Vessels and Fluid Flow in the Interstitium

Bacteria that breach the epithelial layer enter the interstitium. This interstitial
space contains the extracellular matrix (ECM), as well as blood capillaries and initial
lymphatics. Fluid flow in this compartment is essential to sustain cells and can also carry
particles from the tissue into systemic circulation. Many bacteria that cause systemic
infections lack a means of propulsion and so their movement is reliant on fluid flow
within the body.

Fluid enters the interstitial space from the arterial end of the capillaries due to hydro-
static pressure and interstitial fluid is removed via the initial lymphatics, as well as through
venous capillaries [88]. Small sized particles (<10 nm diameter) introduced into the in-
terstitium by injection (including intramuscular, intradermal, and subcutaneous routes)
diffuse rapidly and are preferentially carried away by blood capillaries [89].

Capillaries are ~10 um in diameter but, in the majority of tissues, transcapillary
passage of particles bigger than 10 nm is prevented by tight endothelial cell junctions
and complete basement membranes [90]: the basement membrane is a thin but dense
sheet of specialised ECM that borders the basal side of the epithelial and endothelial cell
layers and can restrict the movement of molecules. As spherical (cocci) bacteria have
an average diameter of 0.5-2 um and rod-shaped (bacilli) bacteria are typically around
0.5-1 um wide and 1-4 pm long, bacteria cannot passively enter vascular capillaries
in most tissues. Bacteria can fit through the larger gaps between the endothelial cell
junctions of the specialised sinusoidal capillaries of the spleen and liver, but the deep
proximal position of these organs means that sinusoidal blood capillaries are not relevant
in initial bacterial entry into the bloodstream.

Initial lymphatics are more permeable than blood capillaries and can accommodate
entry of much larger particles than blood capillaries. Bacteria can be observed in the initial
lymphatics in both experimental animal models and during bacterial human disease. For
example, S. pyogenes and Y. pestis are present extracellularly in local initial lymphatics
following intradermal injection of mice [22,26], and bacteria have been described in the
lymphatic vessels of puerperal sepsis patients, dating back to the early 20th century [91,92].
Moreover, evidence of bacterial presence in the lymphatics, in the form of lymphangitis and
lymphadenitis, is commonly observed in bacterial infections of the skin, such as impetigo,
erysipelas, and cellulitis [83].

Initial lymphatics begin as closed-ended stumps (~10-60 um in diameter) and are
formed from a single layer of overlapping oak-leaf shaped endothelial cells which form
discontinuous buttonlike junctions and lack a complete basement membrane [93]. The
initial lymphatics are tethered to the ECM, and so the swelling of the interstitium resulting
from increases in extracellular fluid pressure can open gaps between endothelial cells as
large as several micrometres [93,94]. These cellular gaps function as primary valves: as
they open, intraluminal volume increases and pressure decreases, drawing in interstitial
fluid, particles (such as bacteria), and cells (including dendritic cells); as the lymphatic
vessel fills with fluid, the cell junctions are pushed closed again and pressure returns to
baseline, preventing fluid from leaking back into the interstitium [93,95-97] (Figure 3).
Intake of fluid from tissues into the initial lymphatics is also driven by the suction force
generated by movement of downstream collecting lymphatics [98].
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Blood capillaries Initial lymphatic vessels
Complete Incomplete
basement ) _ Tight basement Lymphatic
membrane Epidermis junction membrane endothelial cell

Endothelial cell Pericyte Anchoring filaments

during bacterial invasion Primary valve

®wp ©° °
T

in health Bacterial invasion

Epidermis Bactaria

E | r

Blood vessel Lymphatic vessel

~. ¥ ‘
Complete /L

basement ymphatic / Anchoring

membrane endothelial cell Endothelial cell filaments

Figure 3. Fluid exchange and bacterial uptake in the vasculature. In tissue, fluid leaks from
(A,C) vascular capillaries and venules are characterised by tight junctions between endothelial
cells, a complete basement membrane, presence of pericytes, and occasional smooth muscle fibres.
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By contrast, (B,D) the initial lymphatics have an incomplete basement membrane, lack smooth
muscle, and have buttonlike wide gap junctions between endothelial cells, as well as anchoring
filaments that are tethered to surrounding tissue. Though small molecules (<10 nm diameter) are
preferentially absorbed from the interstitial space into the blood capillaries rather than lymphatic
capillaries, uptake into the lymphatics rises with increasing molecular size. However, (C) bacteria are
much too large to passively enter vascular capillaries in most tissues and instead (D) pass into the
more permeable initial lymphatics. Hydrostatic pressure forces fluid out of capillaries at the arterial
end (indicated by red-green gradient filled arrows in (A,C,E,F)) which swells the interstitium and
causes the tethered lymphatics to open wide gaps between endothelial cells that can accommodate
bacteria. These cellular gaps also serve to draw in interstitial fluid (red-green gradient filled arrows
in (B,D-F)), including any bacteria present, by increasing intraluminal volume and thus decreasing
pressure. During infection and inflammation, (C,F) plasma leakage resulting from increases in blood
vascular permeability which elevates interstitial fluid pressure and rapidly drives (D) enhanced
lymph flows which increase the speed and efficiency of lymphatic clearance of bacteria from the
interstitium.

In addition to the passive uptake of particles, the entry of cells into the initial lym-
phatics can involve adhesion and junction molecules, chemokine gradients, and intricate
multistep integrin-mediated processes [99,100]. The entry of dendritic cells has been
demonstrated to be initiated by host hyaluronan-mediated interactions with LYVE-1 in
initial lymphatics [97]. Hyaluronan is also produced by several bacterial species, and
so hyaluronan-LYVE-1 interactions may augment the lymphatic uptake of these bacte-
ria [21,22]. Indeed, several species of bacteria that possess hyaluronan capsules, includ-
ing Pasteurella multocida, strains of Bacillus cereus, Streptococcus equi, and S. pyogenes are
frequently associated with lymphatic pathologies [22,101-103]. Interestingly, B. cereus
strains which have obtained certain virulence plasmids and acquired the ability to produce
hyaluronan capsules become capable of causing fatal B. anthracis-like disease, instead of
the self-limiting foodborne infections normally associated with B. cereus [101].

10. Effect of Damage on Vessel Permeability and Fluid Flow

Damage to tissue through trauma, burns, or surgery commonly precedes invasive
bacterial infection. As such, it may be considered that antecedent trauma that ruptures
blood capillaries which ordinarily exclude large particles could allow bacteria passage
inside. However, capillaries are shown to rapidly contract upon injury, and blood typically
flows out of injured vessels until they are occluded by clotting [104].

Consistent with these observations, bacteria added to a fresh bleeding wound were not
recovered from the circulation of rabbits if downstream lymphatics had been ligated [105].
In contrast, the anchoring of the initial lymphatic to the ECM keeps even damaged lym-
phatic vessels patent and able to readily uptake particles and bacteria.

Upon tissue injury, mediators are rapidly released which increase blood vascular
permeability, primarily by promoting gaps in intracellular junctions of postcapillary
venules [106,107]. This results in an increased movement of fluid and plasma proteins,
such as complement and antibodies, into the interstitial space [108]. The formation of these
endothelial gaps is most common in venules but relatively rare in capillaries [109,110].
Many of the same mediators that modulate blood vessel permeability also target lymphatic
vessels [111,112]. Specifically, proinflammatory cytokines including IFN-y, IL-1f3, IL-6, and
TNF-o can modulate lymphatic endothelium leakiness in vivo [111,112].

While some endothelial cell gaps in blood vessels are large enough to permit passage
of bacteria, as with damaged blood vessels, fluid leaks out of the venule rather than moving
inwards [109,110]. This means that these gaps are more relevant to extravasation of particles
and the haematogenous seeding of tissue with bacteria, rather than movement of bacteria
from tissue to blood. Such a phenomenon may explain the seeding of closed fractures with
bacteria [53].

Plasma leakage resulting from increases in blood vascular permeability elevates the
interstitial fluid pressure and rapidly drives enhanced lymph flows. In normal conditions,
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interstitial flow varies in between 0.1 um/s and 2 um/s [113], but flow can increase by
more than an order of magnitude in inflammation [114]. Fluid shear stress is a modulator
of nitric oxide release, leading to increased lymphatic pump function in the collecting
lymphatics which elevates flow rate, serving to prevent edema [115].

As a consequence of elevated interstitial fluid pressure and lymph flow rate gener-
ated by plasma leakage, the speed and efficiency of the lymphatic clearance of bacteria
from the interstitium increases. For example, a contusion injury promotes the increased
bacterial transit of S. pyogenes to draining lymph nodes following subcutaneous infection
of mice [116].

11. Anatomy of Bacterial Invasion II: Interactions with Interstitial Extracellular Matrix

While selectivity of lymphatic over blood capillary uptake increases with particle size,
the rate and efficiency of lymphatic clearance is maximal for particles in the size range
between 20 nm and 100 nm, which is much smaller than bacteria (~1-2 um) [117-119]. This
threshold corresponds with the ~100 nm diameter of water channels which pervade the
interstitial ECM [120,121]. As such, above a size of ~100 nm, the rate and extent of particle
clearance from the interstitial space decreases greatly [119]. This physical restriction traps
the majority of a bacterial inoculum at the site of inoculation, with only a small proportion
of bacteria being observed to disseminate [21,28]. It should be noted that this does not
preclude the lymphatic infection route, as multiple studies of bacterial invasive disease
have demonstrated tight bottlenecks, with bacteraemia driven by a single organism or
small minority of total clones [26,122-125].

The interstitial ECM itself is an entangled mass of crosslinked collagen fibres, gly-
cosaminoglycans, and glycoproteins which form a porous three-dimensional gel-filled
lattice that impedes movement of larger particles and cells [126-128]. Although particle
size is one of the most important determinants of lymphatic uptake and lymph node
retention, particle charge and hydrophobicity, as well as interstitial fluid pressure play im-
portant roles [129,130]. These observations likely reflect the degree of interstitial hindrance
a particle experiences prior to lymphatic uptake.

The ECM possesses a negative charge and hydrophilic properties, conferred by the
presence of the glycosaminoglycan hyaluronan [131-133]. Therefore, particles that also
carry a net negative or neutral charge and possess hydrophilic properties exhibit an electro-
static repulsion to the ECM. This repulsion increases migration through the interstitium
and improves lymphatic uptake, whereas positively charged and hydrophobic particles
exhibit the opposite characteristics [120,134,135].

These physiochemical properties also play an important role in the invasiveness
of bacteria and likely influence the efficiency of bacterial lymphatic dissemination (as
discussed in the next Section 12. Properties of Bacteria in Invasion). Many bacteria release
collagenases, hyaluronidases, and other enzymes that can degrade the ECM and facilitate
bacterial movement and spread [136]. Additionally, the inflammatory host response to
bacteria directs the remodelling of the ECM, which is mediated through digestion of ECM
components by proteases secreted by recruited neutrophils, as well as tissue-resident
cells [137]. Such degradation of the ECM likely decreases hindrance for infiltrating immune
cells, but may also increase the dissemination of bacteria present, as is observed in increased
metastasis of tumours in cancer [137,138].

12. How Bacterial Properties Influence Invasion

Many bacterial species produce exopolysaccharides (including capsules) which are
typically hydrophilic and negatively charged. These exopolysaccharides can increase elec-
trostatic repulsion to the extracellular matrix [134], mask underlying adhesion molecules on
the bacterial surface [139,140], inhibit phagocytic clearance [141], and ultimately enhance
uptake into lymphatic vessels [21,23,129,130]. Certain exopolysaccharides can also play
additional roles in invasion, such as the hyaluronan capsule of S. pyogenes, which can open
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the cell junctions of keratinocytes in the skin through CD44-mediated cell signaling [86] and
may also augment entry into the initial lymphatics through interaction with LYVE-1 [21,22].

Hydrophobicity is one of the most important factors in microbial attachment to a
surface and bacterial adhesion to tissues is largely mediated by outer membrane pro-
teins through hydrophobic and other interactions [50,142-144]. This includes adhesion
to epithelial and endothelial cell surfaces, as well as ECM. Though adherence can be im-
portant for virulence, encapsulated or mucoid strains are typically more virulent despite
being inherently less tissue adhesive [21,23,47]. For instance, non-encapsulated strains of
Haemophilus influenzae are much more commonly identified in nasopharyngeal carriage
than encapsulated strains, but only the latter are strongly linked with bacteraemia [47,145].

The association of encapsulated strains with hypervirulence and bacteraemia is com-
monly attributed to improved resistance to phagocytosis and complement attack, as well
as evasion of adaptive immune elements [47]. While these properties are undoubtably
important, increased lymphatic uptake is also likely to play an important role in the hyper-
virulence of many encapsulated strains. As encapsulation reduces non-specific bacterial
interactions with host cells and surfaces, encapsulated strains are less likely to adhere
to the ECM or cells in the periphery and are thus more likely to enter lymphatic vessels
and reach the systemic circulation. This suggests that passive uptake into the lymphat-
ics is important to instigate bacteraemia. Infection experiments using encapsulated and
non-encapsulated bacteria in phagocyte-depleted hosts have the potential to uncouple
the relative contributions of increased lymphatic uptake and phagocytosis resistance to
hypervirulence.

Neither encapsulation nor hydrophobicity are necessarily dichotomous: within a
population of bacteria, individual bacterial cells with differing levels of protein, exopolysac-
charide, and resultant hydrophobicity are present. Expression of cell surface characteristics
determining adhesion, including exopolysaccharide, are influenced by growth conditions
in many bacteria [146,147]. The interaction of bacteria with tissues can also alter expression
profiles: the introduction of S. pyogenes into the pharynx or deep tissues of mice results
in a rapid induction of capsule expression [147]. Therefore, a bacterial inoculum may be
able to initially adhere to host tissue and colonize a host, but subsequently some of these
bacteria could alter their physiochemical properties to those better suited to dissemination.
Alternatively, adherent subpopulations of bacteria could invade and damage epithelial cell
layers, with other less adherent subpopulations better able to pass through the disrupted
barrier and disseminate through the lymphatics.

13. Anatomy of Bacterial Invasion III: Path of Lymph Return to the Blood

Once interstitial fluid has left the tissue and entered the initial lymphatics it is charac-
terised as lymph and flows unidirectionally away from the periphery into progressively
larger lymphatic vessels, termed collecting lymphatics.

Collecting lymphatic vessels have their endothelial cells arranged in a continuous
zipper junction formation and are surrounded by a complete basement membrane which
greatly decreases permeability compared to initial lymphatics and reduces any intake or
egress of lymph and particles [148]. As such, collecting lymphatics function primarily as
conduits, as opposed to contributing to lymph formation [93], although, inflammation
can enhance permeability and permit lymph uptake as well as transmigration of immune
cells [149]. There is not a distinct border between initial and collecting lymphatics and
the term pre-collecting lymphatics is commonly used to refer to intermediate sections
which share features of both vessels and possess intermediate permeability; this means
that bacteria in deeper tissue may sometimes be able to enter lymph via pre-collecting
lymphatics, particularly during inflammation [150]. Collecting lymphatics actively pump,
which combined with intermittent squeezing from skeletal muscle, breathing, and other
sources, propels lymph forward through regularly spaced valves that prevent backflow [88].
These efferent lymphatics eventually converge to create lymphatic trunks, which then drain
into one of the two large lymphatic ducts. The thoracic lymphatic duct is the largest
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lymphatic vessel in the body and receives all draining lymph, bar that originating in the
right thorax, arm, head and neck, which instead flows into the right lymphatic duct. These
lymphatic ducts return lymph into the bloodstream via the left and right subclavian veins,
respectively. Finally, all lymph fluid is returned into the heart via the vena cava.

Bacteria can follow the entire path of lymph to transit rapidly from peripheral tissue
to the blood circulation [21]. However, all lymph first passes through at least one of
the roughly 600 lymph nodes in the human body [151]. Lymph nodes are strategically
organised along collecting lymphatics from key sites of lymph drainage. They are often
arranged in series and so lymph from certain tissues may have to pass through multiple
lymph nodes before reaching the blood, which improves filtration efficiency [88,152].

Despite the sometimes sluggish pace of interstitial fluid flow in healthy tissue at
rest, injected antigens and bacteria can reach lymph nodes in minutes [21,23,153,154].
Injection volume elevates interstitial tissue pressure and lymph flow in experimental
infection models. Even though in natural infection, inoculation of bacteria occurs without
an appreciable volume of liquid, onset of inflammation and formation of oedema augment
lymph flow [155,156]. Such rises heighten the lymphatic uptake of bacteria, as observed
with increased transit of intramuscularly inoculated S. pyogenes to local draining lymph
nodes following mild contusion injury [116].

14. Anatomy of Bacterial Invasion I'V: Path of Lymph through the Lymph Node

Lymph enters the lymph node through one of several afferent collecting lymphatic
vessels and moves around the perimeter of the lymph node in the subcapsular sinus (SCS)
which is lined with macrophages that express high amounts of CD169 (CD169"8") and
span the SCS endothelium in a transcellular arrangement [19,157].

Small particles (<5 nm) and molecules (<70 kDa) may pass out of the subcapsular
sinuses into the ECM-like conduit system of the lymph node (permitting direct delivery of
antigens and cytokines to deeper B and T cell zones). However, above this size, the passage
of particles through the floor of subcapsular sinus-lining endothelium into parenchymal
conduits is physically restricted by a diaphragm comprised of the plasmalemma vesicle—
associated protein (PLVAP) that covers transendothelial channels [158].

Therefore, particles not binding to SCS macrophages are carried onward with lymph
flow into the meandering and often interconnected LYVE-1* medullary sinuses [159]. As
with injected dyes and particles, bacteria accumulate in this region [21,35], however, those
that do not are carried with lymph into the singular efferent lymphatic, which is an onward
pathway to the blood. For entry into the lymphatic system to not represent a dead-end in
invasion, bacteria must be able either to pass through filtering lymph nodes with sufficient
efficiency, replicate well within them, or simply persist and resist clearance.

15. Immune Defence in Lymph Nodes

Although lymph nodes are best known for their role in sampling antigens from tissues
and coordinating durable adaptive immune responses [160,161], their contribution to innate
defence against bacteria through the actions of resident and recruited phagocytes was first
identified in the late 19th century [6,162,163]. As such, bacteria surviving within the lymph
node must possess suitable virulence factors to resist phagocytic killing through either
avoidance of phagocytosis or survival upon phagocytosis [164].

In recent years, there has been a finer elucidation of the antimicrobial mechanisms
of the lymph node using updated molecular methods. Coordinated responses by dis-
tinct niches of lymphatic endothelial cells, SCS and medullary sinus (MS) macrophages,
monocytes, neutrophils, natural killer cells, and other innate lymphocytes, controlled by
cytokines and other mediators are reported to attempt to constrain infection within the
lymph node [18,19,35,165-169]. However, many of these studies have used viral infection
models. Data on responses to strains of virulent live bacteria, which are likely to differ
substantially from viral responses, are much more incomplete.
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Though depletion of lymph node macrophages using clodronate liposomes increased
the bacterial load of P. aeruginosa in the lymph nodes and blood of mice [35], abrogation of
these macrophages had no effect in a mouse model of S. pyogenes infection [23]. Interestingly,
in a model of S. aureus infection, in which bacteria were not ordinarily recovered from the
systemic organs, inhibition of neutrophil recruitment to lymph nodes greatly increased
the systemic bacterial loads compared to a modest effect obtained by the depletion of
macrophages [36].

16. Lymph Nodes as Bacterial Filters

In addition to cellular defences, the meandering sinuses of the lymph node medulla act
as baffles, slowing lymph flow and resulting in the settling of bacteria [6,170], evidenced by
the accumulation of cell-free bacteria independent of phagocytes in lymph node medullary
sinuses [21,35]. Similar bacterial filtration efficiency has been reported irrespective of
observed phagocytosis [6]. Therefore, mechanical factors, such as lymph flow rate and
obstruction of lymphatic vessels and sinuses could explain the slowing in the passage of
bacteria. Combined, these mechanisms appear to restrict—but typically not abrogate—the
movement of bacteria through lymph nodes.

Quantitative assessment of the efficiency of lymph node filtration of bacteria has
rarely been performed, with reported results ranging from ~99% for some strains of S.
pyogenes, S. aureus, and B. anthracis, to ~80% for Bacillus subtilis [5,6,171]. Lymph flow
can impact filtration efficiency, with increased flow upping the proportion of bacteria
escaping the lymph node [171]. It has also been suggested that the highly concentrated
bacterial preparations used in the above experiments may result in “clogging” of sinuses
and artificially increase the efficiency of lymph node filtration, such that lower bacterial
numbers, that might be expected in natural infections, would be less efficiently held within
the lymph node [171].

In shorter time course experiments, bacterial passage through the lymph node has
been reported to be greatest in the initial minutes or hours following injection [163,171].
These factors indicate that an early rush of bacteria may be able to disseminate through the
lymph node with great efficiency before cellular defences respond.

17. Role and Recruitment of Neutrophils in Lymph Nodes

Increased filtration efficiency over time coincides with the inflammatory response in
the lymph node [163]. As with bacterial infections at other sites in the body, neutrophils are
first responders in the lymph node and seem to be key players in the bactericidal response.

There is a striking recruitment of neutrophils observed following the arrival of wide
array of bacteria to a draining lymph node, including S. pyogenes [21], S. aureus [67,172], P.
aeruginosa [35], Y. pestis [15], and M. bovis [17]. Neutrophils enter draining lymph nodes
within 15 minutes of the arrival of bacteria and their numbers peak in the hours that follow
in line with the development of bacterial infection [21,36,67,171]. These recruited neu-
trophils appear to home in on populations of bacteria present in the SCS and, particularly,
medullary sinuses, forming swarms [21,36,172,173]. Lymphatic endothelial cells lining
the subcapsular floor and the medullary sinuses express multiple neutrophil chemoattrac-
tants, [167]. The targeting of bacterial dense regions within sinuses could be mediated by
the lymphatic endothelial cells lining the lymph node sinuses which express neutrophil
chemoattractants, including C-type lectin CD209 [167]. Distinct expression patterns of dif-
ferent types of lymphatic endothelial cells could also be important in bacterial interactions
within lymph node niches [168].

Following intradermal injection of pneumococci, roughly 50% of cells in the afferent
lymphatic of the local draining lymph node are neutrophils [163]. Neutrophils have also
been observed in these vessels after infection with other bacteria, including S. aureus and
M. bovis [17,174]. However, lymphatic vessels draining an infection site contribute only
a fraction of the total neutrophils recruited to the lymph node, which principally enter
through blood vessels [163]. This recruitment occurs through high endothelial venules
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via L- and P-selectin-dependent mechanisms and is expediated by a small population of
distinct neutrophils that recirculate through the lymph node parenchyma [36,172].

Several, potentially redundant, mechanisms appear to be involved in neutrophil
recruitment to lymph nodes during infection. Complement component C5a has been
identified as a prominent neutrophil chemoattractant following S. aureus infection [36].
In S. pyogenes infection, chemokine CXCL8 (CXCL1/2 in mice) contributes to neutrophil
recruitment [21,175]. Neutrophil recruitment to the lymph node following P. aeruginosa
infection is reduced in IL-1R knockout mice and has also been suggested to be enhanced
by caspase-1-dependent IL-1f3 production by both SCS and MS macrophages following
inflammasome activation [35].

18. Subcapsular Sinus Macrophages in the Lymph Node

As lymph flows around the subcapsular sinus, it flows past CD169t8" SCS macrophages.
SCS macrophages are poorly endocytic and have weak lysosomal activity; instead, these
cells appear to be most important in antigen presentation [176-178]. SCS macrophages
can capture immune complexes, antigens and some viruses transiting in lymph and retain
these moieties on their surface, before translocating them below the SCS floor for display to
adjacent follicular B cells [18,176,179].

Despite weak phagocytic capabilities, SCS macrophages have been implicated in
pathogen control. The binding of some viruses by SCS macrophages has been reported to
limit invasion by restricting viral transit through the lymph node [18,35,180]. This so called
“cellular flypaper” mechanism is also frequently believed to limit dissemination in bacterial
infection despite a lack of direct supporting evidence. Though, parallels do exist in the
spleen: splenic marginal zone (MZ) macrophages, which also express CD169, have been
reported to capture S. pneumoniae which facilitates subsequent clearance by neutrophils [60].
Equally, S. pneumoniae has recently been shown to replicate inside of MZ macrophages
in vivo, which functions as an intracellular haven to drive later bacteraemia [64].

Work by Kastenmidiller et al. is often cited as a demonstration of the relevance of
SCS macrophage “cellular flypaper” in control of bacterial infection in the lymph node,
but close appraisal of the data presented in this paper shows it to be largely inconsistent
with that interpretation [35]. Firstly, significant bacterial systemic dissemination was still
observed prior to macrophage depletion, demonstrating that the presence of macrophages
does not prevent passage of the studied strain of Pseudomonas aeruginosa through the lymph
nodes. Secondly, both before and after depletion of macrophages, the unnamed strain of P.
aeruginosa assessed appeared to accumulate predominantly in the medullary sinuses rather
than the SCS, demonstrating that SCS macrophages failed to prevent bacterial passage from
the SCS into the medulla. Finally, clodronate depletes phagocytic MS macrophages as well
as SCS macrophages, meaning it is not possible to distinguish between the contribution
of these two subsets in regard to the resultant elevated bacterial load in the local draining
lymph nodes following clodronate depletion of macrophages [21].

SCS macrophages do possess some receptors that could in theory capture some types
of bacteria from flowing lymph; the aforementioned CD169 can bind sialylated bacteria, in-
cluding meningococcus, group B streptococcus, and Campylobacter jejuni. However, CD169-
mediated bacterial capture has not been demonstrated within lymph nodes [181-183].
SCS macrophages also express complement receptor 3 on their surface, which allows the
binding of opsonised particulates with enhanced efficiency [18,184], although internalisa-
tion and degradation of opsonised antigens remains low [185]. Lastly, mannose-binding
lectin, which can bind to multiple bacterial species, has been demonstrated to mediate the
binding of influenza virus to SCS macrophages, also likely via complement receptors [186].
Again, this has not been demonstrated to mediate capture of bacteria on SCS macrophages,
illustrating a clear knowledge gap regarding specific bacterial-host cell interactions in the
lymph node. Though, as virulent bacteria typically have mechanisms to restrict opsonisa-
tion by complement [187-189], particularly in the absence of specific antibodies, it might
be anticipated that SCS macrophages would not capture virulent bacteria efficiently.
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While Kastenmiuiller et al. do not provide good evidence in support of cellular fly-
paper capture of bacteria by SCS macrophages in the lymph node, the manuscript does
demonstrate that lymph node macrophages contribute antibacterial activity against P.
aeruginosa. Prestored IL-18, present in both SCS and MS macrophages and released upon
inflammasome activation is required for the production of IFNYy by closely associated innate
lymphocytes, which exerts a slight antibacterial effect [35]. However, IFNy-producing in-
nate lymphocytes are present in greater numbers in the medulla than near the subcapsular
sinus, indicating that MS macrophages are more important in orchestrating this modality
of immunity.

19. Medullary Sinus Macrophages in the Lymph Node

After flowing around the subcapsular sinus, large particles, including bacteria, reach
and commonly accumulate within the medullary sinuses [21,35], which contain many
MS macrophages. MS macrophages share CD169 expression with SCS macrophages (al-
beit at lower levels) but are distinguished by their F4/80 expression and differ greatly
in function. In contrast to SCS macrophages, MS macrophages are highly phagocytic,
possessing larger lysosomes, and expressing greater levels of degradative enzymes than
SCS macrophages [157,176].

MS macrophages, and some sinus-lining lymphatic endothelial cells, can also express
several surface receptors that recognise some polysaccharide bacterial antigens, including
SIGN-R1, LYVE-1 and MARCO [20,190,191]. A few of these receptors have been demon-
strated to mediate the capture or internalisation of bacteria in the spleen or cell culture.
SIGN-R1 mediates the binding of the capsular polysaccharide of heat-killed Streptococcus
pneumoniae by splenic marginal zone macrophages and contributes to protection against
lethal pneumococcal infection in mice [192,193]. Although, once again, bacterial binding
has not been characterised in the lymph node. LYVE-1, which is expressed by some MS
macrophages, binds encapsulated S. pyogenes in transfected cell lines and so could play
a role in the capture of such hyaluronan-expressing bacteria in vivo [21,22]. The scav-
enger receptor MARCO is upregulated by microbial stimuli in a TLR-dependent manner
and involved in the capture of heat-killed Escherichia coli and Staphylococcus aureus by
macrophages in the marginal zone of the spleen [194,195]. Interestingly, blocking MARCO
only inhibits the elimination of heat-killed bacteria from the blood and not live E. coli or
and S. aureus [194]. As mentioned previously, studies investigating bacterial capture by
macrophages often only assessed killed bacteria or bacterial antigens. The discrepancy
between the MARCO-mediated capture of killed and live bacteria further highlights the
need to further investigate capture of live bacteria within the lymph node.

20. Bacterial Survival in the Lymph Node

Interference with the recruitment and actions of neutrophils and macrophages are
important virulence strategies for strains of pathogenic bacteria. These mechanisms are
important for survival within an inflamed lymph node. For example, S. pyogenes with mu-
tations in key streptococcal virulence regulator CovR/S obtains a hypervirulent phenotype
with increases in expression of multiple virulence factors, including hyaluronan capsule,
S. pyogenes chemokine-cleaving protease (SpyCEP), as well as C5a peptidase (ScpA) [21].
These factors reduce CXCL1/2- and C5a-mediated neutrophil recruitment, in addition to
inhibiting phagocytosis by neutrophils and macrophages [21].

When injected intramuscularly into the leg of a mouse, hypervirulent S. pyogenes
demonstrated early movement through sequential draining lymph nodes. In addition,
the hypervirulent bacteria was able to replicate in lymph nodes unchecked, resulting in
the formation of metastatic foci of spreading necrosis which appeared to compromise the
lymph node structure within 24 hours of infection and coincided with severe and lethal
bacteraemia [21] (Figure 4). Others have also reported S. pyogenes existing predominantly
extracellularly in lymph nodes [196]. Similar foci are reported in lymph nodes after infection
with other bacteria, including B. anthracis and Y. pestis, which can flood the bloodstream
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via the lymphatics after hours to days of the initiation of infection [24,40,197]. For a wide
range of bacterial species, the numbers of viable bacteria recovered from lymph nodes
correlate with virulence and the ability to subvert phagocytes, with the production of an
exopolysaccharide is often important [21,23,198].

Figure 4. Expansion of virulent bacteria in a murine draining lymph node. Despite strong recruitment
of phagocytic neutrophils (red), bacteria (S. pyogenes: green) can rapidly expand from a much smaller
initial population in around 24 hours post infection at a distant site (intramuscular) [21]. DAPI
staining of nuclei (blue) demonstrates extensive necrotic regions, focussed in the medulla and regions
of the subcapsular sinus, where bacteria are present and prominent lysis of host cells has occurred.
Adapted from Siggins et al., 2020 [21].

Resistance to phagocytosis and phagocytic killing is certainly important for bacterial
fate within lymph nodes. As in other areas of the body, including the blood, the survival
and propagation of invading bacteria is highly dependent on the elaboration of specific
virulence factors and overall virulence. Relatively avirulent bacteria can be killed by
neutrophils within minutes, the killing of S. pyogenes by either human or mouse neutrophils
was reported to be complete within 30 minutes [199-201], though exact timing is likely
to vary based on bacterial and experimental conditions. Accordingly, certain strains of
bacteria are promptly phagocytosed and digested within hours in the lymph node, whereas
other bacteria can persist or even accumulate significantly over 24 hours [21,24,163].

As well as differences in lymphatic survival between bacterial species, there is con-
siderable variation in survival between strains of the same species, and even identical
strains grown in different conditions [6,21,23]. We found that mutants of the same strain
of a clinical emm1 S. pyogenes isolate, that differed only in levels of hyaluronan capsule
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production, had significantly different levels and kinetics of lymphatic persistence. In these
experiments, an acapsular emm1 strain was largely cleared from draining lymph nodes
within 24 hours, which contrasted sharply with an otherwise identical hyper-encapsulated
strain that persisted at peak levels for at least 24 hours [21].

21. Impact of Bacteria in Lymph Nodes on Immunity

By design, many animal infection models consistently result in systemic infections
after the infection of healthy animals with virulent bacteria. However, severe systemic
bacterial infections are rare in humans; instead, repeated minor bacterial infections are
much more common. Lymph nodes are important to develop robust adaptive immu-
nity against pathogens, particularly through the formation of germinal centres, which
generate long-lived plasma cells that produce antibodies to maintain long-lasting steriliz-
ing immunity [160]. As such, the main influence of bacterial lymphatic metastasis could
be the disruption of the cognate host immune response through bacterial persistence in
draining lymph nodes. In this way, bacterial lymphatic metastasis may contribute to recur-
rent childhood streptococcal infections by slowing the natural development of protective
immunity [202].

S. aureus has been reported by several investigators to interfere with immune responses
when present in lymph nodes, likely due to dysregulation prompted by concurrent inflam-
mation [66,67,174]. S. pyogenes has been shown to reduce the size of germinal centres in
tonsils, and Salmonella bacterial burden delays germinal centre formation in the spleen [68].
Superantigens play a role in the dysregulation of immune function in lymphoid tissue seen
upon infection with S. pyogenes [203,204]. Superantigens are secreted toxins, also produced
by S. aureus, which activate T cells in an uncontrolled manner and can dysregulate tonsil
immune function, partly by directing T follicular helper cell-mediated killing of B cells in
lymphoid tissue [203,204]. As mentioned, we have measured superantigens in lymph nodes
after staphylococcal soft tissue infection [69]. Notably, superantigens are of a sufficiently
small size to pass through lymph node sinuses, where we observed bacteria to accumulate,
to deeper cortical areas, enabling direct interaction with lymphocytes participating in active
immune responses.

Heavily encapsulated S. pyogenes isolates are associated with the autoimmune disease,
rheumatic fever [205], raising the possibility that the strong lymphatic-retention of encap-
sulated isolates, mediated in part by LYVE-1 adhesion, provides a persistent stimulus that
leads to development of autoimmunity. Additionally, interaction between streptococci and
lymphocytes within the efferent lymphatics, possibly mediated through bacterial adhesion
to CD44, could be anticipated to have consequences for immunity [21]. Alternatively,
extracellular bacterial dissemination to draining lymph nodes may actually be an important
part of developing strong responses to bacterial pathogens. Bacterial metastasis would
deliver unprocessed antigens on live bacteria directly to the lymph node, with far-reaching
implications for the modelling of innate and adaptive immunity.

A higher antigen concentration in lymph nodes can result in stronger immune re-
sponses, thus transit of bacteria in lymph flow to lymph nodes could be important for
the generation of robust immunity during natural infection. Additionally, the enhanced
lymphatic-homing and retention mediated by hyaluronan could be harnessed to improve
antigen delivery to lymph nodes. Accordingly, we are currently investigating LYVE-
1-expressing avirulent bacterial vectors as an approach to generate enhanced vaccine
responses against pathogenic bacteria.

22. Conclusions and Future Perspectives

Upon comprehensive review of the literature, there can be little doubt that lymphatic
bacterial metastasis is a real phenomenon that often predominates over vascular invasion
and drives systemic infection in a large array of experimental animal models. Equally, even
less invasive bacteria appear able to frequently reach draining lymph nodes in sufficient
numbers to suggest that the interaction is of consequence. Although not universally ob-
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served, a diverse breadth of bacteria, administered by a range of injection routes, appear to
exhibit lymphatic-dominated dissemination patterns. This should prompt the reconsid-
eration of currently understood paradigms of bacterial dissemination, pathogenesis, and
immunity.

Convincing demonstration of lymphatic dissemination has relied on animal models
due to the invasive nature of the required experimental techniques. Clearly there are many
physiological and immunological differences between animals, such as mice, and man,
including differences in the bactericidal activity of blood and host responses to the presence
of bacteria in blood [206-209]. However, despite a lack of conclusive direct proof that
bacterial metastasis has relevance in human infection, its compatibility with the clinical
picture of fatal invasive infections that lack an identifiable initial site of infection strongly
encourages further experimental investigation. Such research has the potential to generate
a groundbreaking impact in the fields of infection and immunology.
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