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Tumor-Associated Tertiary Lymphoid
Structures: A Cancer Biomarker

and a Target for Next-generation
Immunotherapy

Marie-Caroline Dieu-Nosjean

1 Introduction

The tumor microenvironment is an essential source of information for understand-
ing the heterogeneity of tumors and their evolution over time. Among the approaches
used to investigate this complexity microenvironment, immunohistochemistry is
remarkable in its ability both to measure the density of tumor-infiltrating cells and
to locate them and their positions relative to each other within a complex architec-
ture. This approach made it possible to describe the organization of inflammatory
cells into tertiary lymphoid structures (TLS) two decades ago in autoimmune dis-
eases [1] and much more recently in solid cancers [2]. The literature refers to these
structures by many names besides TLS: tertiary lymphoid organ/tissue/aggregate,
tertiary lymphatic organ, ectopic lymphoid organ/structure/tissue, lymph node-like
structures/aggregate/organization, lymphoid nodule/aggregate, ectopic germinal
center, ectopic follicular structure, ectopic reactive lymphoid tissue, extranodal
lymphoid reaction, Crohn’s-like lymphoid reaction, nodular lymphatic infiltrate,
and induced bronchus-associated lymphoid tissue (in lung). This de novo organiza-
tion of immune cells is not an organ or a tissue but rather emerges within them.
Thus, TLS are induced in response to inflammation in nonlymphoid sites and disap-
pear with its resolution. Their presence in association with tumors raises the ques-
tion of their immune function within the tumor microenvironment and consequently
of their potential manipulation for therapeutic purposes. In this chapter, we describe
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several concepts, address issues related to TLS that are still debated in different
pathological contexts, and conclude by discussing their potential therapeutic manip-
ulation in oncology.

2 TLS Versus SLO: Which Came First in Animal Evolution?

The similarity in structure and cellular organization of TLS and secondary lym-
phoid organs (SLO) is striking, with TLS lacking only the natural killer (NK) cells
found in SLO [3]. TLS are composed of a T-cell-rich area with mainly T lympho-
cytes and mature dendritic cells (DC), adjacent to a B-cell zone consisting of B
cells, follicular helper T cells, macrophages, and follicular dendritic cells (FDC)
[4]. Like canonical SLO, TLS are key sites for the initiation of adaptive immune
responses. It is therefore legitimate to wonder why such ectopic lymphoid structures
develop at the effector site when humans are born with a spleen, around 600 lymph
nodes distributed throughout the entire body, and numerous mucosa-associated
lymphoid tissues, known as MALT (e.g., G(gut)ALT, N(nasal)ALT, B(bronchus)
ALT, C(conjunctival)ALT, L(larynx)ALT, S(skin)ALT, V(vulvo-vaginal)ALT).

Part of the answer may come from an analysis of the immune system throughout
the evolution of animals. This analysis may enable us to determine whether these
two types of lymphoid organization, TLS and SLO, coevolved over time or, if
instead, the survival of various species required immune systems to become increas-
ingly sophisticated, by the emergence of TLS and then SLO, in response to patho-
logical situations. Infectious diseases were likely at the forefront of the selective
pressure on the evolution of the immune system in animals for millions of years.
This is exemplified on a shorter scale in humans, among whom aging-related dis-
eases, such as many cancers and metabolic illnesses, have only recently become
leading causes of death. Before then, recurrent epidemics of infectious diseases due
to pathogens decimated millions until the implementation of vaccination, due to the
pioneering work of Dr. Edward Jenner in 1796 against smallpox and Louis Pasteur
in 1885 [5] against rabies.

The route by which pathogens enter the human body may explain the critical
need for the establishment of immune defense at animals’ mucosal sites. Analysis
of the evolution of the animal kingdom over time shows that TLS and GALT
appeared long before lymph nodes [6]. TLS appeared in lower vertebrates, such as
jawless fish, about 500 million years ago during the Cambrian period, whereas
lymph nodes appeared much later, 200 million years ago, at the boundary between
the Triassic and Jurassic periods, in mammals and rare birds. MALT and TLS are
the first barrier of immune defense against pathogens and play a major role in pre-
venting—or at least limiting—the spread of infectious agents throughout the body.
Constitutively present, MALT are key sentinels in mucosa, already organized and
functional at any moment. The inducible nature of TLS means that they can selec-
tively develop at a pathogen’s entry site, regardless of the tissue, with the ability to
mobilize innate and adaptive immune cells locally within a few hours. In contrast to
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GALTs, TLS can also develop in nonmucosal tissues and organs. They therefore
offer a more sophisticated level of immune defense to preserve the integrity of the
body in diseases that can emerge in any tissue or organ, such as cancer or infectious
diseases. A study of postmortem specimens of human fetal and infant lungs [7]
demonstrated that TLS (then called BALT) are detected in all cases with a diag-
nosed infection. TLS have been observed in fetal lungs as early as 16 weeks of
gestation, thus earlier than MALT formation, which has been detected around week
20. The capacity of TLS to be generated in any tissue is underlined by their presence
in the brain of patients with multiple sclerosis, for this organ has long regarded as
an immunological sanctuary. In this case, the presence of TLS may be related to the
pathological process [8].

As the immune system has adapted to many different pathological contexts from
the time of the earliest animals by developing ever more sophisticated structures,
different lymphoid organizations now coexist in all mammals including humans,
each of them with its own specificities.

3 TLS and SLO: Is There Redundancy
in the Immune System?

The strong similarities between TLS and SLO can make it tempting to speculate
that their immune functions are identical. Several observations nonetheless chal-
lenge this assumption. Studies in mice lacking SLO (i.e., without a spleen, lymph
nodes, and Peyer’s patches) have shown that these animals can develop TLS in the
lungs and mount effective primary and secondary immune responses after infection
by the influenza virus [9, 10]. These findings suggest that TLS alone are sufficient
to protect animals against this virus. Functional complementarity between TLS and
SLO during disease development cannot be formally excluded. Since TLS return to
normal size after resolution of the acute phase of inflammation, SLO may be sec-
ondary immune hubs where the adaptive immune response initially mounted in TLS
can be maintained, amplified, and then disseminated to other immune organs. In
cancer, the migration of memory B and T lymphocytes from TLS (induced by the
chronic inflammation associated with tumor growth) to the draining lymph node,
and then to other lymph nodes, is likely to be essential in fighting metastases through
the development of systemic immune surveillance. We can accordingly presume
that the main role of SLO is as a niche for the homing of memory adaptive immune
cells that have been differentiated within TLS. Cell tracking experiments in animals
will be helpful in confirming or disproving this hypothesis.

Moreover, it is important to note that cancer behaves markedly differently in TLS
and in SLO: tumor metastases occur in SLO, but not in TLS (except for a rare sub-
type of HCV* non-alcohol-dependent patients with hepatocellular carcinoma, HCC)
[11]. Thus, TLS, contrary to SLO, likely harbor specific cellular and molecular fea-
tures that prevent their invasion by tumor cells. Although they emerge in a tumor,
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TLS are mostly localized in the invasive margin of the tumor. This observation
reflects their dynamics and ability to escape tumor invasion. This finding again
raises the question of what consequences these differences between TLS and SLO
might have on patients’ clinical outcome.

Taken together, the enormous plasticity of TLS over time (as transient structures)
and in space (through their potential presence in any organ or tissue), capable of
avoiding functional disruption by tumor cell invasion, makes them a powerful
immune hub for the initiation of adaptive immunity at the effector site, eventually
relayed to SLO. As discussed below, this central role of TLS in setting the adaptive
immune response in motion has major consequences in the control of diseases,
especially cancers.

4 TLS: a Powerful Prognostic Biomarker in Cancers

4.1 Prognostic Factor Across Human Cancer Types

The similarity between TLS and SLO provides evidence supporting the involve-
ment of TLS in the establishment of adaptive immune responses. One way to mea-
sure their involvement in antitumor immunity is to assess their correlation with the
clinical outcome of cancer patients. TLS were first observed in solid tumors among
patients with non-small cell lung carcinoma (NSCLC), and a high density of these
structures was associated in this report with patients’ long-term survival [2]
(Table 1).

Nearly all subsequent studies of TLS took place in carcinomas, the most com-
monly diagnosed cancer, which originates in organs and glands. Until now, TLS
have been shown to be strongly prognostic of and an independent factor favoring
survival in most primary carcinomas (i.e., breast, colorectal, gastric, Merkel cell,
oral, ovarian, pancreatic, renal cell, HCC, urothelial bladder, and biliary tract can-
cers, together with melanomas) (Table 1) as well as in metastatic lesions (Table 2).
Interestingly, the tumor’s immunogenicity, which depends, at least in part, on its
neoepitope load and on the presence of immunosuppressive factors, has no inci-
dence on the predictive value of TLS. TLS neogenesis occurs both for highly immu-
nogenic tumors (i.e., NSCLC and melanoma) and for those that are poorly
immunogenic (i.e., pancreatic and ovarian carcinomas), and high densities of these
structures are associated with a favorable clinical outcome. The presence of TLS
appears to shape the local immune microenvironment. In NSCLC, TLS™¢" tumors
are extensively infiltrated by CD8* T cells, whereas the reverse is not true [12], that
is, a high density of CD8* T lymphocytes is not associated with a favorable outcome
in TLS"" tumors in either NSCLC [12] or ovarian cancer [13]. This finding indi-
cates that the presence of TLS is critical for the local education of effector T cells
against endogenous tumor-associated antigens in hot as well as cold tumors.
Similarly, no difference in patient outcome has been reported for tumors
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Table 2 Prognostic value of TLS in metastatic sites

Metastatic Primary TLS detection | Prognostic
organ cancer (by IHC) value No. of patients References
Colon ccRCC CD20 Positive 14 + 51 [67]
Colon NSCLC DC-lamp Positive 140 [68]
Lung, liver, Breast HE Positive 245 (37 [14]
brain, ovary carcinoma biopsies+208
excisions)

IHC immunohistochemistry

induced—or not—by an oncogenic virus as long as TLS density is high. This find-
ing suggests that the composition of the tumor microenvironment is far more impor-
tant than the presence of viral antigens in the formation and immune function of TLS.

Two studies, on the other hand, have reported negative effects by TLS on the
survival of cancer patients (Table 1). The first recently showed that high TLS densi-
ties are correlated with poor outcome for patients with primary breast cancer
although they correlate with long-term survival in its metastatic lesions [14]. Other
studies have also described a positive influence by TLS in patients with other meta-
static tumors (Table 2). A possible explanation for these paradoxical observations is
that, in contrast to newly emerging metastases, the microenvironment of the pri-
mary tumor has changed considerably by the most advanced stage of the disease;
immunosuppressive mechanisms have been established, some of them affecting the
antitumor immune function of TLS. A deeper analysis of tumor-infiltrating immu-
noregulatory cells and expression of immune checkpoint molecules on individual
TLS during tumor progression would be very helpful for understanding these para-
doxical observations. The second study also associated TLS with a poor prognosis
in a rare subset of HCV~ non-alcohol-dependent patients with HCC, most probably
because TLS provide microniches for tumor progenitor cells in this disease [11].
More investigation is needed to know whether this surprising observation is
restricted to this rare HCC subtype. Thus far, tumor-invaded TLS have not been
observed in other types of cancer, including NSCLC (personal data). Finally, only a
few studies have investigated the prognostic value of TLS in sarcomas, a type of
cancer affecting soft and connective tissues such as bones, blood vessels, nerves,
fat, and muscles. TLS have been described in retroperitoneal liposarcoma, and high
densities were associated with a trend toward a favorable clinical outcome [15, 16].
Analysis of datasets from two pooled cohorts (TCGA SARC and GSE21050) and a
retrospective cohort of patients with sarcomas has confirmed this point [17].

A few studies have also reported TLS in nontumoral tissue but close to the inva-
sive margin of the tumor (these TLS are called “peritumoral TLS” in contrast to the
TLS found within the invasive margin). In breast cancer, a high density of peritu-
moral TLS is correlated with the worst outcome [18] (Table 1). In that study, how-
ever, the authors neither investigated the prognostic impact of the intratumor TLS
nor compared the impact of the TLS in these two different areas with the clinical
outcome in their cohort. In patients with HCC, the positive prognostic impact of
TLS disappears when the density of adjacent nontumoral TLS is compared to that
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of tumor-associated TLS [19]. More investigations are clearly necessary to improve
our understanding of the role of peritumoral TLS, compared with TLS in the inva-
sive margin. Animal models should certainly offer some key answers and provide a
dynamic view of the immune function of TLS in different tumor areas.

4.2 Methods for TLS Quantification

Two different approaches—i.e., immunohistochemistry on paraffin-embedded
tumor sections and gene expression (TLS signature) on frozen tumor samples—
have been used for TLS quantification and produce generally similar results.
Nonetheless, discrepancies in a few studies most likely reflect key methodological
differences (Table 1). The number of patients enrolled is critical to a study’s statisti-
cal power (i.e., Kaplan-Meier curves, log-rank test), particularly when it includes
several histological types, various TNM stages, and treatment by radiotherapy and/
or chemotherapy. The selection of the tumor sample (biopsy or surgical excision)
for immunohistochemistry is also determinant, as TLS are mainly detected in the
tumor’s invasive margin. Most studies use immunohistochemistry (single or multi-
ple immunostainings), but others prefer to quantify TLS by histology (counterstain-
ing) of paraffin-embedded tumor sections: hematoxylin and eosin counterstaining,
which has the advantages of easy and rapid performance, together with low cost.
This technique does not, however, enable an assessment of the level of TLS organi-
zation that can unambiguously discriminate between lymphoid aggregates and fully
mature TLS, characterized by the presence of DC and T and B lymphocytes.
Consequently, hematoxylin and eosin counterstaining may be less accurate than
multiple immunostainings for quantifying fully organized TLS.

Another key issue for stratifying tumors by TLS density involves the choice of
the threshold value. Some studies have used as a cutoff value the absence of TLS
versus the presence of at least one, while others have used the median value of the
number of TLS. Still others have used a mathematical method called “optimal cut-
off P value” based on Altman’s formula [20]. This method determines the cutoff
value that best distinguishes patients according to their clinical outcome.

It is clearly now time to normalize these criteria and standardize the method of
TLS evaluation and quantification. Some guidelines can be established (Table 3):
(1) select a block of tumor containing the invasive margin and the highest immune
infiltrate (most objective criteria, highly reproducible); (2) include at least 20
patients in the smallest group (i.e., the minimum number of patients needed to
achieve sufficient statistical power); and (3) use Altman’s unbiased methods to strat-
ify patients into high versus low groups according to TLS density.

Taken together, these guidelines will improve the standardization of TLS studies
in humans, standardization necessary for these structures that are likely to serve as
a powerful biomarker in a number of cancers.
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Table 3 Guidelines for TLS quantification in human tumor sections

Parameters Recommendations

Selection of tumor | At the invasive margin (if possible, with adjacent nontumoral tissue)
block With the highest immune infiltrate

TLS detection Option 1: HE(S) counterstaining with validation by multiple IHC/IF

stainings (see markers below) on serial tissue section for some samples
Option 2: IHC/IF stainings:
DC-lamp, CD3, CD20, PNAd
Optional: CD21, Ki67
TLS quantification | Whole tumor section (no tissue MicroArray)
Option 2: Counting of positive cells in TLS:
DC-lamp* mature DC within CD3* T-cell-rich area and/or
CD20* B cells within B-cell-rich area
Quantification of TLS:
Option 1: Lymphoid aggregates following HE(S) counterstaining
Option 2: DC-lamp™* and/or CD20* cells
Density of TLS = number of positive cells (lymphoid aggregates,
DC-lamp*, and/or CD20* cells)/mm? of tumor area

Tumor Altman’s method (unbiased mathematical formula)
stratification TLS"" versus TLS™ group

5 TLS: A Key Target for Next-generation Immunotherapy

The association of TLS with a better prognosis in the vast majority of solid cancers
opens new avenues for the development of innovative immunotherapeutic proto-
cols. Formidable challenges remain to be addressed. It is still unclear how TLS can
be induced in situ and which cancer patients should be treated with such a TLS-
inducing therapy.

TLS can be described as a remarkable “antitumor school” where the initiation
and/or reactivation of the adaptive immune response can take place [21, 22]. That is,
within TLS, tumor-associated antigens are continuously sampled and processed
into peptides that are presented to T cells by mature DC and B cells, thus triggering
the development of an adaptive antitumor immune response. This ability of TLS to
continuously process tumor antigens and mount adaptive immune responses holds
major interest for the development of new approaches to immunotherapy. Targeting
the epitopes and neoepitopes of tumor-associated antigens is one of the most impor-
tant and elusive challenges in immunotherapeutic clinical trials aimed either at trig-
gering adaptive antitumor responses in different ways (vaccination or ICP use) or at
using effector cells with defined epitope specificities (CAR-T or cytotoxic T cells).
Thus, strategies focused on the induction of functional TLS have a huge advantage:
they do not need to start by defining which tumor-associated antigens (or derived
peptides) to target since endogenous processing of antigens occurs in TLS. In addi-
tion, these strategies might be applicable to all cancer patients, each of them setting
up his or her own “antitumor school.”

Targeting TLS, however, requires the identification of molecular inducers, which
is itself a challenge. Several studies have investigated the molecular and cellular
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mechanisms leading to TLS neogenesis to discover key TLS inducers. They have
underlined that the TLS formation program shares many similarities with the SLO
organogenesis program, including the lymphoid chemokine (i.e., CCL19, CCL21,
and CXCL13) and lymphotoxin-p (LTB)/LIGHT axis. The cross-talk in the lymph
nodes between DC and endothelial cells is critical for the differentiation and matu-
ration of the latter into high endothelial venules (HEV); it is mediated through the
LTp signaling pathway [23]. HEV, because they are always located in close proxim-
ity to TLS in tumors, have been suggested as the major gateway by which circulat-
ing immune cells are recruited into TLS. Strategies aimed at inducing de novo HEV
in tumors may be an interesting way to boost TLS neogenesis. An anti-VEGFR2/
anti-PD-L1 antibody combination has been used to test this approach [24]. Activation
of LTPR signaling induced HEV formation and thereby enhanced CD8* T-cell
recruitment in PyMT breast cancer and RT2-PNET pancreatic neuroendocrine
tumors but not in glioblastoma. Interestingly, in this study, agonist anti-LTPR anti-
body facilitated HEV formation and CTL activity even in glioblastoma. Nonetheless,
the failure of the immune cells to organize into fully mature TLS indicated that
another signal downstream from the LTB/LTPR axis or through another pathway is
required for TLS formation. Consistent with this observation, CD8" T cells and NK
cells can induce the expression of PNAd, a marker of HEV, in an LTpR-independent
manner via the engagement of soluble LTa3 and TNF-a [25, 26]. This finding shows
that LTa3 and TNF-a are alternative triggers for the differentiation of HEV, which
can, in turn, induce TLS neogenesis.

Another strategy targets the LIGHT axis. Fu et al. have engineered an anti-EGFR
human/mouse LIGHT fusion protein to activate LIGHT signaling in close proxim-
ity to EGFR" tumor cells [27]. This fusion protein controlled tumor growth and
initiated adaptive immune responses in an LTPR-dependent manner in various
murine tumor models and xenograft human tumor models. More importantly, this
engineered molecule was able to overcome tumor resistance to treatment by anti-
PD-1 antibody through the de novo infiltration of immune cells that organized into
TLS. This work suggests that combining a TLS inducer with an immune checkpoint
(ICP) blockade could be proposed to patients who do not respond to ICP treat-
ment alone.

Another study that also focused on the LIGHT axis used a mouse LIGHT-
vascular targeting peptide (VTP) fusion protein to target tumor vasculature in a
pancreatic tumor model [28]. Despite significant side effects, LIGHT-VTP normal-
ized blood vessels (i.e., the remodeling and alignment of endothelial cells sur-
rounded by pericytes) and induced TLS via an LTBR-independent HVEM-dependent
mechanism. Interestingly, two subsets of pericytes have been reported [29]. Each
has been observed around large blood vessel walls and small capillaries, but only
type-2 pericytes promote tumor angiogenesis. Given that the phenotype of pericytes
matures after LIGHT-VTP treatment [30], it will be important to decipher which
subset is associated with—and may contribute to—TLS neogenesis.

In contrast to the previous study, associating LIGHT-VTP with one ICP mole-
cule (CTLA-4 or PD-1) produced no observable survival benefit. Inversely, the
combination of LIGHT-VTP with anti-CTLA-4 and anti-PD-1 antibodies inhibited
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tumor growth, enhanced survival rates, and generated both cytotoxic and memory
antitumor T cells. It thus demonstrated the efficacy of targeting TLS at the tumor
site and its synergistic effect when combined with ICP therapy.

Interestingly, a HEV density has been negatively correlated with the Treg/CD3*
T cell ratio in patients with breast cancer [31]. Tregs can home into distinct tumor
areas including TLS in primary tumors (i.e., breast, prostate, and lung squamous
cell carcinomas [32-35]) and in pulmonary metastases from colorectal cancer [36].
The association of a decreased Treg/Thl T cell ratio in TLS with spontaneous
human prostate cancer regression [34] suggests that increasing this ratio within TLS
might inhibit an ongoing immune response. In line with this observation, Treg
depletion can boost HEV and TLS formation and cause immune-mediated tumor
eradication [37, 38]. Finally, another elegant strategy provoked TLS neogenesis
directly by injecting stromal cells that act as lymphoid tissue organizing (LTo) cells
[39]. This approach, besides inducing TLS in the tumor microenvironment, also
contributed to de novo lymphocyte recruitment, most probably through the secre-
tion of chemokines (e.g., CCL2, CCL3, CCL4) and decreased PD-1 and TIM-3
expression on tumor-infiltrating CD8* T cells. These findings were accompanied by
the suppression of tumor growth.

Evidently, these findings leave numerous questions about the patients who can be
treated by TLS inducers. The types of cancers, disease stages, and route of infusion
are among the many issues to be solved, along with whether cold tumors can be
manipulated. Moreover, the combination of TLS inducer-based therapy with some
current clinical practices might be deleterious for the induction of TLS in an inflam-
matory milieu. This is exemplified in corticosteroid-treated SCC patients who show
fewer TLS than untreated patients [40]. Clearly, further investigation is required to
identify TLS inducers with adequate safety and efficacy profiles.

6 Conclusion and Perspectives

TLS can be analogized to a powerful antitumor school where many tumor-associated
antigens (i.e., antigens that are overexpressed, mutated, or truncated, as well as
neoantigens) are continuously sampled and presented by DC and B cells to T lym-
phocytes within the tumor. This process develops an individual antitumor adaptive
immune response in each patient. Analysis of the specificity of TLS-derived T and
B cells might therefore allow the identification of new targets in long-term survivors
as well as among those receiving immune or other therapy.

TLS can serve as a powerful prognostic biomarker in nearly all solid tumors. As
discussed above, despite some pending technical issues about TLS quantification, it
is now basically feasible to evaluate TLS density in tumor samples and thus to iden-
tify patients at high risk of relapse. Patients with high TLS density may benefit from
ICP blockade, according to recent reports that TLS presence can also predict
response to ICP therapy in patients with melanoma, ccRCC, and sarcoma [17, 41,
42]. The key question now is how to induce TLS in cancer patients lacking these
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Fig. 1 Organization of tumor-infiltrating immune cells into TLS in NSCLC patient

Multiple stainings on FFPE lung tumor sections. (a—b) TLS-CD20 (red)* B cells are mainly
detected in the invasive margin of the tumor (hematoxylin counterstaining). (¢—b) TLS-T cell zone
consists of CD3 (blue)* T cells and DC-Lamp (red, arrow)* mature DC. (¢, inserts) Both mature
DC and pneumocytes type II (Pn) are positive for DC-lamp, but they can be distinguished by the
morphology of the staining (dot staining for mature DC, cytoplasmic staining for pneumocyte type
II). Abbreviations: mDC mature DC, Pn pneumocyte. Original magnifications: A,C: x6; B,D: x150

structures or with low TLS density or in inoperable patients to force a switch from
TLS"" to TLS"" status. Different strategies have proved effective in inducing TLS
in several preclinical models. The success of this next-generation immunotherapy
lies in our ability to control the selectivity of the targeting in the desired organ and
to manage possible side effects. We can also hope that the modification of the tumor
microenvironment that follows TLS induction also triggers a positive feedback loop
allowing the maintenance of these lymphoid structures and their antitumor function
in the long term.

Now more than ever, TLS appear to be a key ingredient in next-generation immu-
notherapy, offering promise for boosting endogenous TLS-dependent antitumor
immunity and for optimizing current anticancer therapy—immune and others

(Fig. 1).
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