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in type 1 diabetes
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Long before overt type 1 diabetes, the pancreas 
is already changing. By profiling more than 
10,000 islets and 16 million cells from donors 
spanning preclinical and clinical stages, 
Steenbuck, Damond et al. reveal early shifts 
in cellular state, rising β-cell immunogenicity 
and remodelling of the islet immune 
neighbourhood.

Type 1 diabetes (T1D) is defined by autoimmune-mediated loss of 
insulin-producing β-cells. Decades of work have established a staged 
disease trajectory1. Prior to dysglycaemia, stage 1 is marked by the 
appearance of islet autoantibodies, including single-autoantibody 
positivity (sAAb+) and multiple-autoantibody positivity (mAAb+); 
stage 2 is characterized by dysglycaemia; stage 3 corresponds to overt 
clinical diabetes; and stage 4 reflects established disease1 (Fig. 1a). Yet 
the pancreatic changes that accompany the earliest phases of T1D 
remain poorly understood. This gap reflects a central challenge in 
the field: access to human pancreatic tissue before diagnosis is excep-
tionally limited. To address this, Breakthrough T1D (formerly JDRF) 
established the Network for Pancreatic Organ Donors with Diabetes 
(nPOD) in 2007 (ref. 2), creating an invaluable resource of pancreatic 
tissue from donors with T1D and autoantibody positivity, as well as 
from non-diabetic control individuals. These efforts have transformed 
the field by making pre-onset human pancreas available for study. One 
key insight to emerge is that although β-cells are the principal targets 
of T1D, disease progression unfolds within a broader multicellular 
ecosystem that includes other endocrine cell types, exocrine tissue and 
infiltrating immune populations3. Understanding how these compart-
ments change in concert will be essential for explaining how immune 
tolerance is lost and how islet failure develops.

In this context, Steenbuck, Damond and colleagues from the 
Bodenmiller group applied imaging mass cytometry (IMC) to map 
the pancreatic microenvironment across T1D progression4. IMC com-
bines metal-tagged antibodies with laser ablation and mass spectrom-
etry, enabling highly multiplexed protein imaging with 1-μm spatial 
resolution that is difficult to achieve using conventional immuno-
fluorescence. The study substantially extends earlier works from the 
Bodenmiller5 and Kaestner6 groups, each of which profiled 12 donors. 
Here, using 88 organ donors from nPOD, including 28 sAAb+ and 10 
mAAb+ donors, the authors profiled more than 10,000 islets and over 
16 million cells. Two 45-plex antibody panels were used to cover both 
endocrine markers and immune markers. This work is thus one of the 
most extensive spatially resolved proteomic surveys of human pan-
creas with T1D to date, and particularly valuable for interrogating the 
underexplored preclinical stages.

The central conclusion is that β-cell dysfunction is detectable 
before clinical disease onset. Even before diagnosis, β-cells showed 
reduced expression of multiple lineage-associated markers, with espe-
cially prominent decreases in islet amyloid polypeptide (IAPP) in the 
mAAb stage. This indicates that β-cell deterioration precedes frank dia-
betes and is not simply a terminal consequence of immune-mediated 
destruction. More broadly, the data support a stage-like progression in 
which β-cells move through increasingly abnormal states, marked by 
declining β-cell number, reduced proinsulin and IAPP, and heightened 
HLA class I expression as donors progress from sAAb+ to mAAb+ and 
onset T1D.

These observations add to a growing view in the T1D field that 
β-cells are active participants in disease pathogenesis rather than 
passive targets7. Importantly, using pseudotemporal reconstruction, 
this study indicates that HLA-ABC upregulation precedes HLA-DR 
upregulation in β-cells during T1D development, suggesting progres-
sive escalation of β-cell immunogenicity (Fig. 1b). This supports a 
major conceptual shift in T1D research: β-cells may amplify their own 
visibility to the immune system through altered antigen presentation, 
stress responses or inflammatory signalling7. The study extends that 
framework by showing that such changes are not restricted to β-cells. 
α-Cells, acinar cells and ductal cells also displayed elevated HLA expres-
sion, suggesting that inflammatory remodelling of the pancreas is 
broader than classical insulitis alone. In that sense, the work reinforces 
an emerging model of T1D as a tissue-wide inflammatory disorder with 
selective but not isolated β-cell loss.

The spatial dimension as well as the highly multiplexed feature 
of this work enables detailed immunophenotyping (Fig. 1c). Myeloid 
cells, B cells, natural killer cells and T cells all increased in density with 
disease stage and localized closer to islets. Strikingly, islets from both 
mAAb+ donors and newly onset donors were enriched for PD1+ memory 
CD4+ T cells and exhausted CD8+ T cell populations, especially with 
β-cells expressing high levels of HLA class I and class II molecules. These 
observations help bridge two longstanding themes in T1D research: 
first, that insulitis is heterogeneous and often focal in human pancreas; 
and second, that immune activation, immune restraint and β-cell state 
are probably coupled locally rather than uniformly across the organ. 
The myeloid compartment also dynamically changes with disease, with 
macrophages shifting towards an M1-like state during disease progres-
sion and then towards a more M2-like phenotype after substantial β-cell 
loss, perhaps reflecting a transition from active immune attack to tissue 
remodelling. Their co-infiltration with exhausted effector T cells fur-
ther points to coordinated local immune states within affected islets.

The size of the cohort also enabled the authors to examine 
age-associated differences in disease pathology. CD11c+ macrophages 
were enriched in younger T1D donors while marginally activated tissue 
resident memory CD8+ T cells were more abundant in older age, sug-
gesting age-dependent differences in immune system configurations. 
This is particularly intriguing given the clinical heterogeneity of T1D 
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and may help explain why disease progression is often more aggressive 
in children and younger individuals8.

At the same time, some findings from this study invite caution. 
The relative absence of strong changes in endoplasmic reticulum 
stress in different cell types across progression may seem surprising, 
given how prominently this pathway features in current models of T1D9 
and in transcriptomic studies of human islets10. This could indicate 
that such signals are transient, spatially restricted or below the detec-
tion threshold of the panel used here, rather than absent biologically. 
Protein-based imaging offers powerful spatial context, but is inherently 
constrained by antibody selection and sensitivity. Negative findings in 
this setting should therefore be interpreted carefully, especially for 
low-abundance or dynamically regulated pathways.

There are also important technical limitations. IMC is multiplexed 
and spatially informative; however, it is also slow, destructive and 
restricted to predefined regions of interest, raising the possibility of 
sampling bias. Moreover, the segmentation algorithm applied only 
defines objects more than 8 μm in diameter as islets, thus missing 
smaller objects such as extra-islet β-cells11. In addition, because all 
antibodies must perform under a single staining workflow, marker qual-
ity is not always equivalent across the panel. IMC therefore provides 
breadth, but not necessarily optimal depth, for every target.

More broadly, the study highlights both the promise and the 
limits of cross-sectional human pancreas analysis. The pseudo-
time framework is useful for organizing donor heterogeneity into 
a progression-like trajectory, but it remains an inference from static 
samples rather than a direct record of longitudinal disease evolution. 
As in much of the human T1D field, temporal ordering is reconstructed 
rather than observed. Future work will need to integrate multiplexed 
imaging with orthogonal approaches, including single-cell transcrip-
tomics, spatial transcriptomics and functional ex vivo systems, to 
determine whether the inferred β-cell and immune states represent 
stable stages, transient intermediates or donor-specific endotypes.

Even with these caveats, the study moves the field forwards in 
an important way. It strengthens the idea that the pancreas is already 
measurably altered during autoantibody-positive stages, before hyper-
glycaemia becomes apparent, and that these alterations involve both 
immune infiltration and intrinsic changes in endocrine cell identity 
and antigen-presentation state. For T1D, this has clear implications: 
the therapeutic window may open before clinical diagnosis, and 
interventions aimed only at suppressing immune cells may be insuf-
ficient if β-cell state and broader pancreatic inflammation are already 
entrenched. The challenge ahead is to determine which of these early 
changes are causal, which are compensatory and which are reversible.
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Fig. 1 | Pancreatic cellular remodelling during T1D development. a, Progression 
of T1D is classified into stages according to the presence of autoantibodies and 
glycaemia status. b, Pancreatic parenchymal cells undergo changes during 
T1D development. c, Spatial analysis reveals insights into the islet immune 

neighbourhood during T1D progression. MHC, major histocompatibility 
complex; NK, natural killer; PD1+ act., PD1+ activated memory T cell; Tex

eff, 
exhausted effector T cell; Treg, regulatory T cell.
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