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Significant progress has been made in understanding the phenotypes of circulating
immune cell sub-populations in human type 1 diabetes but much less is known about
the equivalent populations that infiltrate the islets to cause beta-cell loss. In particular,
considerable uncertainties remain about the phenotype and role of B-lymphocytes in the
pancreas. This gap in understanding reflects both the difficulty in accessing the gland to
study islet inflammation during disease progression and the fact that the number and
proportion of islet-associated B-lymphocytes varies significantly according to the disease
endotype. In very young children (especially those <7 years at onset) pancreatic islets are
infiltrated by both CD8+ T- and CD20+ B-lymphocytes in roughly equal proportions but it
is widely held that the CD8+ T-lymphocytes are responsible for driving beta-cell toxicity.
By contrast, the role played by B-lymphocytes remains enigmatic. This is compounded by
the fact that, in older children and teenagers (those ≥13 years at diagnosis) the proportion
of B-lymphocytes found in association with inflamed islets is much reduced by
comparison with those who are younger at diagnosis (reflecting two endotypes of
disease) whereas CD8+ T-lymphocytes form the predominant population in both
groups. In the present paper, we review the current state of understanding and
develop a proposal to stimulate further discussion of the roles played by islet-
associated B-lymphocytes in human type 1 diabetes. We cite evidence indicating that
sites of direct contact can be found between CD8+ and CD20+-lymphocytes in and
around inflamed islets and propose that such interactions may be important in
determining the efficiency of beta cell killing.

Keywords: CD20+ B-lymphocyte, CD8+ T-lymphocyte (CTL), insulitis, islet, inflammation
INTRODUCTION

The infiltration of immune cells into the pancreases of people with type 1 diabetes was described in
graphic detail more than a century ago by pioneers such as Weichselbaum (1) and Schmidt (2),
whose elegant drawings revealed the structure of the islets and their attendant infiltrate. In
particular, they drew attention to the presence of unidentified groups of very small cells (almost
certainly immune cells) adjacent to the islets and, as such, provided an early representation of the
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process subsequently termed “insulitis” by von Meyenberg (3).
Such careful observations and exquisite attention to detail paved
the way for subsequent generations of investigators to apply ever
more sophisticated technologies [including, for example, the
latest methods of multiplexed in situ imaging mass cytometry
(4, 5)] as a means to confirm and extend the original
observations. As a consequence, it might be reasonably
expected that, by now, an essentially complete picture would
have emerged to describe and explain the involvement of islet-
infiltrating immune cells in type 1 diabetes. However, it is
salutary to reflect that, at a time when personalized
immunotherapy is increasingly mooted as the means by which
the progression of type 1 diabetes will soon be stalled in
susceptible individuals (6, 7), we still have only a rudimentary
understanding of the immune processes occurring in islets as the
disease develops.

There are many reasons for this continued lack of
understanding including the fact that the number of individual
cases in which the events have been studied first-hand at, or very
soon after, diagnosis remains extremely small (8) and that the
islets of Langerhans are inaccessible in living subjects. All of
which means that our grasp of the immune processes that
culminate in beta cell death in type 1 diabetes are still based as
much on surmise and speculation as on hard evidence.
Thankfully, some progress has been made and we focus here
on one particular aspect of the immunopathology of human type
1 diabetes which remains intriguing and enigmatic, namely a
possible role for B-lymphocytes in driving disease. Facets of this
subject have been reviewed very effectively by others (9–13),
especially in relation to the differing populations of B-
lymphocytes found in the circulation and, accordingly, we have
concentrated on their roles in the pancreas.

It is non-contentious to argue that B-lymphocytes are
involved in the progression of type 1 diabetes since the
majority of subjects produce autoantibodies to one or more
islet proteins as a hallmark of the disease. However, there are
caveats to this scenario since it is often felt that, while B-
lymphocytes are involved, they probably occupy little more
than a “bit part” role. Support for this notion comes, for
example, from isolated case reports such as that documenting
the development of type 1 diabetes in an individual with X-linked
agammaglobulinemia (14). Because of his underlying condition,
the proband cited in this study had very few, if any, circulating B-
lymphocytes and no islet autoantibodies but had still developed
type 1 diabetes by his mid-teenage years. Hence, the secretion of
islet autoantibodies by B-lymphocytes is often seen as a marker
of disease rather than a causative factor [i.e., it is “smoke rather
than fire” (11)] and their role is considered ancillary. This view
contrasts with evidence from the NOD mouse model of type 1
diabetes where the systemic loss of B-lymphocytes has more
profound effects and can prevent disease development (15).
However, such evidence is easily downplayed by the
understanding that disease presentation in NOD mice may not
be fully representative of the human condition.

Based on such considerations, there is a temptation to dismiss
any fundamental contribution of B-lymphocytes in the
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progression of type 1 diabetes and to consign them to largely
secondary systemic actions associated with autoantibody
production. However, this might prove to be an over-
simplification and, as a community of type 1 diabetes
researchers, we may downplay the role of B-lymphocytes at
our peril.

Where Do B-Lymphocytes Exert Most
Influence in Type 1 Diabetes?
As already noted, the fact that B-lymphocytes are responsible for
autoantibody production in type 1 diabetes places them in one
particular niche; namely the bloodstream. It is here that clonally
expanded populations of B-lymphocytes produce and secrete
autoantibodies which are targeted to particular epitopes located
on a specific sub-group of islet proteins. However, not all B-
lymphocytes are circulating, nor are they necessarily engaged
actively in antibody secretion since some may play additional
roles in the autoimmune process (12).

B-lymphocytes are also found within secondary lymphoid
organs such as the draining lymph nodes located in most organs
and tissues, and it is here that lymphocyte subpopulations
typically engage with one another to prime the autoimmune
response (16). The pancreas contains a relative abundance of
such lymphoid tissue [more than 50 pancreatic lymph nodes
have been reported in some individuals (17, 18)] but, despite this,
pancreatic lymph nodes have been analyzed in detail only rarely
in human subjects with type 1 diabetes. One of the few such
studies examined a selection of cases held within the Network of
Pancreatic Organ Donors (nPOD) Biobank and concluded that
no clear structural differences exist between the pancreatic lymph
nodes found in donors with type 1 diabetes and those without
(19). Our own recent collaborative work has also addressed this
question and we observed changes indicative of disease
associated events (18). These differing conclusions may reflect
the varying disease duration among the subjects studied.

In humans, lymph nodes comprise an outer capsule
encompassing a cortex of B- and T-cell follicles (arranged in
outer and inner zones respectively) displayed around an inner
medulla and hilum; the latter serving as a conduit for the egress of
lymphatic fluid (18). B-cell follicles localized within the cortex can
exist in one of two principal states, being either primary or
secondary, with the latter containing the germinal centers in
which B-lymphocytes encounter their cognate antigen and are
induced to differentiate into plasma cells. We noted that the
structural organization of B-cell follicles was atypical in people
newly diagnosed with type 1 diabetes when compared to similarly
aged control subjects (18). The frequency of B-cell follicles in which
germinal centers could be identified, was reduced by amean of four-
fold in recent-onset type 1 diabetes although, intriguingly, this
difference was lost as disease duration increased. The reduction in
B-cell follicle frequency did not correlate with the “intensity” of
insulitis nor with the age at onset of disease, suggesting that this
feature may be a characteristic of the early phase of the disease in all
subjects. The precise significance of these findings has not been
deduced but it is conceivable that the reduction in secondary follicle
and germinal center formation may reflect the diversion of large
February 2021 | Volume 12 | Article 617437
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numbers of B-lymphocytes toward a plasma cell phenotype early in
disease progression. This would be consistent with our observation
that follicle numbers recover at later times since the production of
autoantibodies tends to decline with disease duration.

There is an important additional site at which B-lymphocytes
reside in type 1 diabetes and this is among the immune cell
population associated with inflamed islets (20, 21). The weight of
evidence suggests that B-lymphocytes are unlikely to accumulate
here as a result of (or to facilitate) increased autoantibody
production, implying an alternative role. Thus, we have
explored their localization in the islet infiltrates in more detail.

Islet Infiltrates Contain Varying
Proportions of B-Lymphocytes
In order to study B-lymphocyte infiltration in the pancreas in
type 1 diabetes we have exploited a collection of autopsy samples
held within the Exeter Archival Diabetes Biobank (EADB) which
comprises a large number of samples recovered from subjects
newly diagnosed with the disease (8). These represent a historical
collection but they offer the advantage that, included among
them, are samples from very young children (more than 50 are
available from children who were under 10years at diagnosis) as
well as from those who were older at onset (principally in their
teenage years). The samples have been preserved effectively and
they allow comparisons to be made of the profiles of insulitis
according to age at diagnosis and severity of beta-cell loss in
subjects with relatively short disease duration, where active
disease is still evident. The collection also contains samples
from people who have lived with the disease for longer periods
and, in whom, beta-cell destruction is essentially complete.

An important additional feature is that many of the recent-
onset pancreas samples available in the EADB contain islets at
varying stages of autoimmune attack (21, 22). Thus, some islets
have a relatively heavy immune cell infiltrate coupled with
extensive beta-cell loss. By contrast, others appear essentially
untouched, being devoid of immune infiltrates and having a full
complement of beta cells. Still others display an intermediate
phenotype such that varying stages of beta cell destruction can be
seen in parallel with the presence of small numbers of influent
immune cells. By analyzing multiple islets across a series of
individual cases at each stage of the process it is possible to gain
an impression of the dynamics of immune cell recruitment (and
subsequent egress) and of beta cell loss by reconstructing the
profile of these processes in pseudotime.

We first undertook such an analysis more than 10 years ago
(21) and were surprised to find that the proportion of B-
lymphocytes present within islet infiltrates varies according to
the stage of islet destruction. Moreover, it also varies in parallel
with the number of CD8+ T-cells but not in proportion to the
numbers of CD4+ cells present. In all cases studied, and in
common with earlier findings (23) it was clear that CD8+ T-
cells form the predominant population as insulitis develops. We
also noted that the influx of B-lymphocytes closely mirrors the
CD8+ cell profile. This could be taken to imply that a similar
cocktail of chemokines is involved in recruitment of both cell
types but this begs the question as to why B-lymphocytes are
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responsive to the chemoattractant gradient and what their role
at the site might be. As noted above, one possibility is that they
enter the islet infiltrates as antibody producers but, arguing
against this, there is little evidence of autoantibody deposition
in and around infiltrated islets in type 1 diabetes. Moreover, in
the majority of cases, the influent B-lymphocytes do not stain
positively for the marker CD138 (21) which is recognized as
being upregulated on antibody-producing plasma cells.
Furthermore, the process of differentiation by which B-
lymphocytes mature into plasma cells is usually associated
with a loss of the surface marker CD20, but infiltrating islet-
associated B-lymphocytes can be immunostained using an
exogenously applied anti-CD20 antibody. Such evidence
suggests very strongly that those B-lymphocytes present in and
around inflamed islets are not engaged in autoantibody
production. What is clear, is that the greater the number of B-
lymphocytes in the islet inflammatory infiltrate, the fewer the
number of beta-cells that remain at diagnosis, and the more likely
a person is to have been diagnosed in the earliest years of life.

The Role of Islet Infiltrating B-
Lymphocytes: A Proposal
In view of these findings, we have begun to consider possible
alternative roles for islet infiltrating B-lymphocytes in type 1
diabetes and have focused on the notion that they might be
involved as potential determinants of CD8+ T-cell activity. It is
increasingly understood that B-cells can exert a regulatory
influence on T-cell activity (24) and there is firm support for the
concept that B- and T-cell interactions occur within pancreatic
lymph nodes (25). However, there has been much less focus on the
possibility that such interactionsmay also take place within the islet
milieu. To begin to explore this concept, we have examined the
localization and morphology of CD20+ cells within the pancreas.
This has revealed that significant morphological variations occur as
B-lymphocytes migrate through the pancreas and that these
correlate with their localization in relation to both CD8+ T-cells
and the target islets. We have studied the disposition of CD20 on
these cells since on the B-lymphocyte membrane this antigen is
present at all stages of B-lymphocyte differentiation in humans,
except during the very earliest phase and following their ultimate
transition to plasma cells.

In the pancreas CD20+ B-lymphocytes can be found most
often in close proximity to islets but some also reside at more
distant locations within the parenchyma of the gland (Figure 1).
Intriguingly, the arrangement of the surface CD20 antigen varies
according to their localization within the gland and those B-
lymphocytes found at greatest distances from islets (at least as
evidenced by examination of 2D-sections) have a relatively
uniform distribution of the CD20 antigen around their
periphery (Figure 1A). This disposition changes, however, as
the cells become more closely associated with islets, where they
also begin to encounter CD8+ T-cells (Figures 1B, C). In these
situations, the CD20 immunolabeling becomes focused in
discrete regions of the plasma membrane, consistent with a
possible change in the activation state of the cells. Moreover, in
some cases, the membrane of the CD20+ cells shows intense
February 2021 | Volume 12 | Article 617437
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ruffling and focusing of the antigen (Figure 1D). More strikingly
still, as they arrive at the islet site and encounter increasing
numbers of CD8+ T-cells, regions of close physical apposition
can be discerned between neighboring CD8+ and CD20+ cells
(Figures 1E, F). The formation of such sites of intimate contact
may be important for sustaining and enhancing the state of
CD8+ T-cell activation and could offer an explanation for the
aggressive autoimmune attack and rapid loss of beta-cells, seen in
certain individuals.

Evidence obtained in the NOD mouse has implied that B-cell
depletion leads to reduced effector T-cell activation within
inflamed islets (26) consistent with an inter-dependence in
their actions and the present observations suggest that B- and
Frontiers in Endocrinology | www.frontiersin.org 4
CD8+ T-lymphocytes may also collaborate actively to promote
beta-cell death in human type 1 diabetes.

If this proposal has validity then it might also offer predictive
capability; including, for example, the suggestion that, when the
number of islet infiltrating B-lymphocytes are in the minority,
the rate, and extent of beta cell loss should be correspondingly
reduced. Precisely this situation is seen frequently in the
inflamed islets of subjects diagnosed with type 1 diabetes
during their teenage years (by contrast with those who are
younger at onset and often display an inflammatory profile
with an elevated proportion of B-lymphocytes) consistent with
the existence of two disease endotypes. These have been recently
termed “type 1 diabetes endotype 1” and “2” (abbreviated to
FIGURE 1 | Micrographs showing CD20+ B-lymphocytes (green) and CD8+ T cells (red) within the pancreas of individuals with recent onset Type 1 diabetes.
Sections of formalin fixed, paraffin embedded pancreas were dewaxed, rehydrated in an ethanol series, and subjected to heat-induced antigen retrieval (10mM
citrate pH6) to unmask antigen binding sites. Highly specific and validated antibodies targeting CD20, CD8, and insulin (Dako, UK) were applied sequentially, in
various combinations, for 1 h at room temperature, using standard immunofluorescence staining techniques. Positive signal was visualized with highly cross
adsorbed Alexa Fluor-labeled secondary antibodies (Invitrogen, UK) along with the nuclear stain DAPI (dark blue; Invitrogen, UK). Micrographs were captured using
either a Leica Dm4000 upright or a Leica DMi8 confocal microscope. (A) Depicts a CD20+cell in the pancreatic paranchyma, distant from an islet. The antigen is
evenly distributed around the cell and the surface appears smooth in disposition. (B) When in proximity to an inflamed islet (i.e., when the CD20+cell was visible
within the same region of interest as an islet), anti-CD20 molecules are seen to form aggregates on the cell surface. (C, D) Immunolabeling of CD20 becomes
increasingly ruffled on the cell surface when the cells are located in closest proximity to insulin positive beta cells (cyan) and CD8+ T-cells. (E, F) shows a region of
close apposition between a CD20+ B and CD8+ T lymphocyte. This is only seen when the cells are found in groups in close proximity to islets.
February 2021 | Volume 12 | Article 617437
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T1DE1 and T1DE2) respectively (27). In both endotypes, the
predominant immune cells are CD8+ T-cells, consistent with the
view that these are likely to represent the principal effector
population driving beta cell loss (Figure 2).

How Might B-Lymphocytes Interact With
CD8+ T-Cells in Islets?
An important question arising from these observations is the nature
of the interaction between B- and CD8+ T-cells (as depicted in
Frontiers in Endocrinology | www.frontiersin.org 5
Figures 1E, F) and how this then leads to altered T-cell activation.
One tempting possibility is to equate the establishment of the sites
of most intimate contact as possible locations where “immune
synapses” might form (28, 29). Immune synapses are short lived,
planar structures which are extremely difficult to visualize within
the confines of two dimensional fixed sections of pancreas.
Nevertheless, the close apposition of the membranes of adjacent
cells is consistent with this possibility and, as imaging modalities
continue to evolve, this may prove a fertile area of exploration.
FIGURE 2 | Schematic illustration depicting the main features differentiating the two recently described endotypes of type 1 diabetes. In T1DE1 (left panel)
endogenous insulin production falls rapidly, few beta cells are found at diagnosis and symptoms of disease develop in the earliest years of life. B-lymphocytes
comprise more than 35% of the immune cell population infiltrating inflamed islets. In T1DE2, subjects are more likely to retain detectable C-peptide well beyond
diagnosis; a greater proportion of beta cells survive and clinical symptoms often develop during the teenage years. Individuals defined as T1DE2 have relatively few
B-lymphocytes in inflamed islets at the time of diagnosis.
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What Are the Outcomes of Differential
B-Lymphocyte Recruitment During
Islet Inflammation?
Based on the proposition that CD20+ B-lymphocytes might play
a role in promoting the activation state of CD8+ T-cells in and
around inflamed islets, it should then be anticipated that beta cell
loss would proceed least efficiently in situations where the
proportion of B-lymphocytes is lowest (i.e. in subjects with
T1DE2). While it cannot yet be deduced with certainty that
this prediction is fulfilled (not least because the absolute number
of CD8+ T-cells also varies substantially between individuals) the
available evidence is consistent this possibility. This is most
evident when considering two additional parameters which
also differ between the two endotypes. Firstly, they segregate
very strongly with age at diagnosis such that children with
T1DE1 (where islet B-lymphocytes are present in greatest
numbers) are diagnosed at the youngest ages and are often
<7years at onset (27). By contrast, those with T1DE2 tend to
be older when clinical symptoms arise and many are beyond 12
years of age. This difference does not, itself, imply that the rate of
beta cell loss necessarily varies between children in each age
group since the age at onset is likely to be influenced by many
factors, including the specific age at which beta-cell destruction is
initiated. Nevertheless, it is clear that the overall extent of beta-
cell loss differs across age groups and that, at diagnosis, beta-cell
loss is most profound in the youngest children (those under
7years). Not only so, but the number of residual beta cells present
within the ICIs at onset is also reduced to a greater extent among
the younger age group (Figure 2).
CONCLUSION

In summary, we conclude by noting that, while autoantibody
production by plasma cells may not be an absolute requirement
in type 1 diabetes, this does not mean that B-lymphocytes play
only a minimal role. Rather, islet-associated B-lymphocytes may
Frontiers in Endocrinology | www.frontiersin.org 6
play a profound role in influencing the outcome of autoimmunity
in type 1 diabetes, perhaps by regulating the cytotoxic activity of
their CD8+ T-cell counterparts. If true, then this has important
implications therapeutically since it suggests that maneuvers
designed to reduce the proportion of B-lymphocytes available
within the islet milieu, may be effective in slowing the rate of beta-
cell loss. It further suggests that such maneuvers are likely to be
most effective at younger ages. Consistent with this, is the
observation that administration of the anti-CD20 targeted
monoclonal antibody, Rituximab, delayed disease onset most
effectively in the younger sub-group among a cohort of subjects
newly diagnosed with type 1 diabetes (30).
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.
AUTHOR CONTRIBUTIONS

PL conceived and performed experiments, developed
experimental protocols, interpreted data, generated figures, and
edited the manuscript. NM supervised the study, designed and
interpreted experiments, and drafted the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

We are grateful to Diabetes UK for financial support of this work
via project grant 16/0005480 and to our many colleagues within
the Exeter Centre for Excellence in Diabetes (ExCEED) for
stimulating discussions.
REFERENCES

1. Weichselabum A. Grundriss der Pathologischen Histologie. Mit Besonderer
Berücksichtigung der Untersuchungsmethodik (1892).

2. Schmidt MB. Ueber die beziehung der langenhans"schen inseln des pankreas
zum diabetes mellitus Vol. 49. . München Med Wochenschr (1902) p. 51 – 54.

3. Von Meyenburg M. Ueber “Insulitis” bei Diabetes. Schweiz Med Wochenschr
(1940) 21:554–7.

4. Wang YJ, Traum D, Schug J, Gao L, Liu CHPAP Consortium, et al.
Multiplexed in situ imaging mass cytometry analysis of the human
endocrine pancreas and immune system in type 1 diabetes. Cell Metab
(2019) 29:769–83.e4. doi: 10.1016/j.cmet.2019.01.003

5. Damond N, Engler S, Zanotelli VRT, Schapiro D, Wasserfall CH, Kusmartseva I,
et al. A map of human type 1 diabetes progression by imaging mass cytometry.
Cell Metab (2019) 29:755–68.e5. doi: 10.1016/j.cmet.2018.11.014

6. Lord S, Greenbaum CJ. Insulin is necessary but not sufficient: changing the
therapeutic paradigm in type 1 diabetes. F1000Res (2020) 9:F1000 Faculty
Rev–827. doi: 10.12688/f1000research.21801

7. Cabello-Olmo M, Araña M, Radichev I, Smith P, Huarte E, Barajas M. New
insights into immunotherapy strategies for treating autoimmune diabetes. Int
J Mol Sci (2019) 20:4789. doi: 10.3390/ijms20194789
8. Morgan NG, Richardson SJ. Fifty years of pancreatic islet pathology in human
type 1 diabetes: insights gained and progress made. Diabetologia (2018)
61:2499–506. doi: 10.1007/s00125-018-4731-y

9. Hinman RM, Cambier JC. Role of B lymphocytes in the pathogenesis of type 1
diabetes. Curr Diab Rep (2014) 14:543–9. doi: 10.1007/s11892-014-0543-8

10. Hinman RM, Smith MJ, Cambier JC. B cells and type 1 diabetes…in mice
and men. Immunol Lett (2014) 160:128–32. doi: 10.1016/j-imlet.2014.
01.010

11. Bloem SJ, Roep B. The elusive role of B lymphocytes and islet autoantibodies
in (human) type 1 diabetes. Diabetologia (2017) 60:1185–9. doi: 10.1007/
s00125-017-4284-5

12. Getahun A, Cambier JC. Non-antibody-secreting functions of B cells and their
contribution to autoimmune disease. Ann Rev Cell Dev Biol (2019) 35:337–56.
doi: 10.1146/annurev-cellbio-100617-062518

13. Smith MJ, Cambier JC, Gottlieb PA. Endotypes in T1D: B lymphocytes and
early onset. Curr Opin Endocrinol Diabetes Obes (2020) 27:225–30.
doi: 10.1097/MED.0000000000000547

14. Martin S, Wolf-Eichbaum D, Duinkerken G, Scherbaum WA, Kolb H,
Noordzij JG, et al. Development of type 1 diabetes despite severe hereditary
B-cell deficiency. N Engl J Med (2001) 345:1036–40. doi: 10.1056/
NEJMoa010465
February 2021 | Volume 12 | Article 617437

https://doi.org/10.1016/j.cmet.2019.01.003
https://doi.org/10.1016/j.cmet.2018.11.014
https://doi.org/10.12688/f1000research.21801
https://doi.org/10.3390/ijms20194789
https://doi.org/10.1007/s00125-018-4731-y
https://doi.org/10.1007/s11892-014-0543-8
https://doi.org/10.1016/j-imlet.2014.01.010
https://doi.org/10.1016/j-imlet.2014.01.010
https://doi.org/10.1007/s00125-017-4284-5
https://doi.org/10.1007/s00125-017-4284-5
https://doi.org/10.1146/annurev-cellbio-100617-062518
https://doi.org/10.1097/MED.0000000000000547
https://doi.org/10.1056/NEJMoa010465
https://doi.org/10.1056/NEJMoa010465
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Leete and Morgan B-Lymphocytes in Inflamed Islets
15. Serreze DV, Chapman HD, Varnum DS, Hanson MS, Reifsnyder PC, Richard
SD, et al. B lymphocytes are essential for the initiation of T cell mediated
autoimmune diabetes: analysis of a new “speed congenic” stock of NOD.Ig mu
null mice. J Exp Med (1996) 184:2049–53. doi: 10.1084/jem.184.5.2049

16. Gagnerault MC, Luan JJ, Lotton C, Lepault F. Pancreatic lymph nodes are
required for priming of beta cell reactive T-cells in NOD mice. J Exp Med
(2002) 196:369–77. doi: 10.1084/jem.20011353

17. O’Morchoe CC. Lymphatic system of the pancreas. Microsc Res Tech (1997)
37:456–77. doi: 10.1002/(SICI)1097-0029(19970601)37:5

18. Willcox A, Richardson SJ, Walker LSK, Kent SC, Morgan NG, Gillespie KM.
Germinal centre frequency is decreased in pancreatic lymph nodes from
individuals with type 1 diabetes. Diabetologia (2017) 60:1294–303.
doi: 10.1007/s00125-017-4221-7

19. Bogdani M, Johnson PY, Potter-Perigo S, Nagy N, Day AJ, Bollyky PL, et al.
Hyaluronan and hyaluronan-binding proteins accumulate in btoh human
type 1 diabetic islets and lymphoid tissues and associate with inflammatory
cells in insulitis. Diabetes (2014) 63:2727–43. doi: 10.2337/db13-1658

20. In’t Veld P. Insulitis in human type 1 diabetes: the quest for an elusive lesion.
Islets (2011) 3:131–8. doi: 10.4161/isl.3.4.15728

21. Willcox A, Richardson SJ, Bone AJ, Foulis AK, Morgan NG. Analysis of islet
inflammation in human type 1 diabetes. Clin Exp Immunol (2009) 155:173–
81. doi: 10.1111/j.1365-2249.2008.03860.x

22. Leete P, Willcox A, Krogvold L, Dahl-Jørgensen K, Foulis AK, Richardson SJ,
et al. Differential insulitic profiles determine the extent of b-cell destruction
and the age at onset of type 1 diabetes. Diabetes (2016) 65:1362–9.
doi: 10.2337/db15-1615

23. Hänninen A, Jalkanen S, Samli M, Toikkanen S, Nikolarakos G, Simell O.
Macrophages, T cell receptor usage and endothelial cell activation in the
pancreas at the onset of insulin-dependent diabetes mellitus. J Clin Invest
(1992) 90:1901–10. doi: 10.1172/JCI116067

24. Kleffel S, Vergani A, Tezza S, Nasr MB, Niewczas MA, Wong S, et al.
Interleukin-10+ regulatory B cells arise within antigen-experienced CD40+
B cells to maintain tolerance to islet antigens. Diabetes (2015) 64:158–71.
doi: 10.2337/db13-1639
Frontiers in Endocrinology | www.frontiersin.org 7
25. Mariño E, Tan B, Binge L, Mackay CR, Grey ST. B-cell cross presentation of
autologous antigen precipitates diabetes. Diabetes (2012) 61:2893–905.
doi: 10.2337/db12-0006

26. Da Rosa LC, Boldison J, De Leenheer E, Davies J, Wen L, Wong FS. B-cell
depletion reduced T-cell activation in pancreatic islets in a murine
autoimmune diabetes model. Diabetologia (2018) 61:1397–410.
doi: 10.1007/s00125-018-4597-z

27. Leete P, Oram RA, McDonald TJ, Shields BM, Ziller CTIGI study team,
et al. Studies of insulin and proinsulin in pancreas and serum support the
existence of aetiopathological endotypes of type 1 diabetes associated with
age at diagnosis. Diabetologia (2020) 63:1258–67. doi: 10.1007/s00125-020-
05115-6

28. Basu R, Huse M. Mechanical communication at the immunological synapse.
Trends Cell Biol (2017) 27:241–54. doi: 10.1016/j.tcb.2016.10.005

29. Bello-Gamboa A, Velasco M, Moreno S, Herranz G, Ilie R, Huetos S, et al.
Actin reorganisation at the centrosomal area and the immune synapse
regulates polarised secretory traffic of multivesicular bodies in T
lymphocytes. J Extracell Vesicles (2020) 9:1759926. doi: 10.1080/
20013078.2020.1759926

30. Pescovitz MD, Greenbaum CJ, Krause-Steinrauf H, Becker DJ, Gitelman SE,
Goland R, et al. Rituximab, B-lymphocyte depletion and preservation of beta-
cell function. N Engl J Med (2009) 361:2143–52. doi: 10.1056/
NEJMoa0904452

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Leete and Morgan. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
February 2021 | Volume 12 | Article 617437

https://doi.org/10.1084/jem.184.5.2049
https://doi.org/10.1084/jem.20011353
https://doi.org/10.1002/(SICI)1097-0029(19970601)37:5
https://doi.org/10.1007/s00125-017-4221-7
https://doi.org/10.2337/db13-1658
https://doi.org/10.4161/isl.3.4.15728
https://doi.org/10.1111/j.1365-2249.2008.03860.x
https://doi.org/10.2337/db15-1615
https://doi.org/10.1172/JCI116067
https://doi.org/10.2337/db13-1639
https://doi.org/10.2337/db12-0006
https://doi.org/10.1007/s00125-018-4597-z
https://doi.org/10.1007/s00125-020-05115-6
https://doi.org/10.1007/s00125-020-05115-6
https://doi.org/10.1016/j.tcb.2016.10.005
https://doi.org/10.1080/20013078.2020.1759926
https://doi.org/10.1080/20013078.2020.1759926
https://doi.org/10.1056/NEJMoa0904452
https://doi.org/10.1056/NEJMoa0904452
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Footprints of Immune Cells in the Pancreas in Type 1 Diabetes; to “B” or Not to “B”: Is That Still the Question?
	Introduction
	Where Do B-Lymphocytes Exert Most Influence in Type 1 Diabetes?
	Islet Infiltrates Contain Varying Proportions of B-Lymphocytes
	The Role of Islet Infiltrating B-Lymphocytes: A Proposal
	How Might B-Lymphocytes Interact With CD8+ T-Cells in Islets?
	What Are the Outcomes of Differential B-Lymphocyte Recruitment During Islet Inflammation?

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


