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Abstract

Published human beta-cell experiments show that replacing the insulin signal peptide with a chromogranin A
leader supports insulin secretion and product activity while reducing recognition by the tested 1E6 receptor. Our
initial computational study nominated L9C plus T17C in a canonical CHGA1-18/INS25-110 reconstruction.
Here, we reassess that nomination by reproducing the original screen, separating binding and processing
contributions, and examining pair-level changes and external cysteine evidence. Original strict 2%
leader/junction counts remain 17 to 8 for NetMHCpan and 27 to 14 for full-flank MHCflurry, parental to double
variant. Exact replay of 69,524 MHCflurry predictions identifies a more specific result. Relative to L9C,
changing the affinity component alone reduces 20 qualifying pairs to 16, changing processing alone also yields
16, and changing both yields 14. In the affinity-only recombination, all six original losses cross the cutoff, but
two other pairs qualify; changing the processing component keeps those two outside the cutoff. At 0.5%, the
incremental loss instead requires the processing change. All six full-flank 2% losses span the cleavage junction.
Cysteine-related assay evidence supports scrutiny of both model components but supplies no transferable
correction for the relevant HLA-C allele. The new analysis changes the proposed validation target: test the
incremental junction benefit and the processing-dependent absence of gains while preserving current insulin
production and absolute function. It strengthens the explanatory and reproducibility basis of the existing
prediction result without establishing a biologically superior construct.

Highlights

e Exact component replay explains the additional predicted benefit of T17C over L9C.

e Affinity-component recombination excludes six pairs but exposes two gains suppressed in the full model.
* The component responsible for threshold crossing depends on the chosen cutoff.

* Junction-source verification and preserved insulin production determine the next comparison.

Introduction

Antigen engineering offers a way to alter individual targets of autoimmune recognition while retaining the
protein functions required by pancreatic beta cells. Insulin is a particularly direct substrate for this approach
because its signal peptide is removed during entry into the secretory pathway. Changes within that leader can
alter the sequences available for HLA class I presentation without changing the amino-acid sequence of
proinsulin. The relevant design problem therefore combines secretory processing with the repertoire of peptides
that an engineered precursor may supply to different HLA alleles.

Kobaisi and colleagues replaced the native insulin signal peptide with a chromogranin A signal peptide in
human beta-cell lines lacking endogenous insulin [1]. Their experiments demonstrated insulin production,
processing, stimulus-coupled secretion, and activity, together with reduced recognition and killing by cells
expressing the HLA-A*02:01-restricted 1E6 T-cell receptor. In their Figure 3, CHGA rescue has intracellular
insulin similar to native-signal rescue but lower than wild type; secretion is normalized to insulin content, and
signaling activity is compared at equal insulin dose. These measurements establish trafficking and stimulus
coupling, while leaving absolute production and replenishment as separate endpoints. Its cognate insulin signal-
peptide epitope is ALWGPDPAAA, corresponding to preproinsulin residues 15-24. The result establishes that



changing this leader can preserve insulin function while removing a particular target of T-cell recognition. Their
study also identified the need to assess recognition by a broader autoimmune repertoire [1].

Two sequence questions follow from this experimental result. First, a replacement leader creates a new
boundary with proinsulin. Peptides spanning that boundary can differ from both parental proteins, and their
predicted HL A binding must be evaluated in the context of the exact fusion. Second, insulin sequences
downstream of the replaced leader remain present. Published studies have identified HL A-associated insulin
peptides in primary human islets and beta-cell lines, and human beta-cell killing has been demonstrated for a T-
cell receptor recognizing the insulin B10-18 peptide HLVEALYLYV [2-4]. A leader substitution therefore
changes a specific part of the precursor rather than the complete insulin-derived target repertoire.

Existing prediction methods make these questions computationally tractable. NetMHCpan integrates binding-
affinity and eluted-ligand information, while MHCflurry combines binding and antigen-processing predictions
[5,6]. SignalP predicts secretory signal peptides and cleavage sites [7]. Their outputs support sequence-level
comparisons, but do not directly determine T-cell recognition. In particular, agreement between binding
predictions and a favorable cleavage prediction cannot establish secretion or protection from killing for a new
construct.

Here, we use these resources to evaluate a canonical reconstruction of the chromogranin A-insulin precursor and
to prioritize modifications within its leader. We enumerate substitutions, compare allele-specific presentation
counts without combining the models' percentile scales, and inspect the individual peptides responsible for
favorable and unfavorable changes. We then map the replacement onto independently published donor ligand
data to identify retained insulin regions. The initial study produced a defined sequence candidate, a junction-
specific HLA hypothesis, and a reproducible dataset. This revision retains those original outputs and adds an
exact component recombination analysis. We ask whether the predicted advantage is attributable to affinity
changes, processing changes, or their interaction at the classification threshold. Published cysteine-dependent
assay effects [12] and an independent genetic binding screen [13] provide external context for interpreting the
answer. This reassessment uses discovery data already examined during candidate selection; it is not an
independent test of biological performance.

Results

A canonical reconstruction defines the sequence space for analysis

We reconstructed a precursor containing human chromogranin A residues 1-18 followed directly by human
insulin residues 25-110, using UniProt entries P10645 and P01308 [9]. The resulting sequence contains 104
residues: an 18-residue leader, MRSAAVLALLLCAGQVTA, followed by the unchanged 86-residue proinsulin
sequence. The 18/19 cleavage boundary is consistent with the SignalP prediction in supplementary Figure S2 of
Kobaisi et al. [1]; that figure does not chemically map the cleavage site. The complete synthesized construct
sequence was not an input to this analysis. All fusion-specific calculations are therefore conditional on the
explicit reconstruction (Figure 1).

The HLA panel comprised the six classical class I alleles reported for ECN90 cells, A*02:01, A*03:01,
B*40:01, B*49:01, C*03:04, and C*07:01, together with A*24:02 as an additional sensitivity allele. All
contiguous peptides of length 8-11 were evaluated in the relevant sequence regions. The primary leader and
junction comparison contains 72 sequence windows per allele, or 504 peptide-window/HLA pairs per construct.
Of these, 266 pairs lie wholly within the leader and 238 cross its boundary with proinsulin. A count can include
nested or overlapping peptides and the same sequence on different alleles.

The reconstructed junction generates an HLA C candidate

The native insulin boundary peptide AAAFVNQHL, preproinsulin residues 22-30, becomes VTAFVNQHL in
the reconstructed precursor. The new 9Smer comprises chromogranin A residues 16-18 and insulin residues 25-



30. NetMHCpan predicted HLA-C*03:04 binding at 263.22 nM and an eluted-ligand rank of 0.25%; MHCflurry
predicted 99.65 nM and a presentation rank of 0.1112% when full precursor flanks were supplied (Table 1).
Both models also nominated the nested 8mer TAFVNQHL, although its predicted affinities differed
substantially between methods.

Peptide Sequence source Net_M!-ICpan NetMHCpan EL MI-_|C_qurry MHC_qurry
affinity nM rank % affinity nM presentation rank %
AAAFVNQHL Native INS22-30 46.38 0.05 38.87 0.0979
VTAFVNQHL Reconstructed junction 263.22 0.25 99.65 0.1112
TAFVNQHL Nested junction peptide 1175.58 0.27 52.56 0.1761

Table 1. Predictions for native and reconstructed boundary peptides on HLA-C*03:04. MHCflurry presentation values use
the full precursor context. Lower affinity values and percentile ranks indicate stronger predictions within each method; the
two percentile scales are not interchangeable.

Neither VTAFVNQHL nor TAFVNQHL had an exact sequence match among 169,634 protein records in the
UniProt human reference proteome and additional sequences, release 2026_03. The result was unchanged when
isoleucine and leucine were treated as equivalent. Positive controls returned four matches for AAAFVNQHL
and nine for RSAAVLALL. An exact-sequence query of IEDB returned the established control epitopes but
neither reconstructed junction sequence. These searches establish absence from the checked reference snapshots,
rather than absence from every possible human peptide source or T-cell repertoire.

The native 9mer was predicted to bind C*03:04 more strongly than the reconstructed 9mer by both models.
Moreover, the two peptides share residues P3-P9, AFVNQHL. The result therefore identifies a changed
sequence/HLA combination for investigation, without demonstrating stronger paired binding or a new T-cell
specificity. Native AAAFVNQHL was present in the curated human-islet ligand data described below, but its
source donor did not express C*03:04; that observation does not experimentally assign the native peptide to this
allele.

Normal signal-peptide cleavage would sever either boundary-spanning sequence. An experimentally established
route involving failed ER targeting can generate a cleavage-spanning HLLA class I ligand from another signal-
peptide-bearing protein [8]. Whether that route supplies the reconstructed insulin junction remains an empirical
question. As a boundary sensitivity analysis, we also evaluated leaders of 17 and 19 residues. Their
corresponding C*03:04 candidates, QVTFVNQHL and TALFVNQHL, retained presentation ranks below 2% in
both models, while their sequences and affinities changed appreciably. This dependence makes the physical
construct sequence necessary for a construct-specific test.

Substitution scanning identifies separable leader and junction contributions

We first substituted each of the 19 non-native amino acids at leader position 17 while retaining the remainder of
the precursor. This position contributes to both nominated junction peptides. We compared counts at three fixed,
strict percentile thresholds, less than 0.5%, 1%, and 2%, separately for each of seven alleles and two
presentation methods. The resulting 42-dimensional comparison retains allele and model identity rather than
pooling their ranks.

T17C was the only substitution in this position-17 screen that improved at least one of these counts without
increasing another in the full-flank analysis. Across the 266 pairs whose peptide sequence contains position 17,
it improved 12 comparisons and left 30 unchanged. NetMHCpan counts at the three thresholds decreased from
2/2/7 to 0/1/2; MHCflurry counts decreased from 2/4/9 to 1/1/3. The same 12 improved and 30 unchanged
comparisons were obtained after expanding the set to 546 pairs whose peptide or five-residue processing flank
contains the substitution.



T17C changes the junction 9mer to VCAFVNQHL. Its predicted C*03:04 affinity weakened to 2641.96 nM in
NetMHCpan and 414.01 nM in MHCflurry. The nested CAFVNQHL remained a candidate, including a
MHCflurry affinity prediction of 66.51 nM. Thus, a favorable aggregate comparison did not remove all junction
candidates.

The canonical precursor also contained two NetMHCpan EL-rank less than 0.5% windows wholly within the
leader, at positions 1-9 and 3-11. These are disjoint from the strong junction windows at positions 16-24 and 17-
24. At least two edited leader positions are therefore required to intersect all four original strong windows. This
is an exact sequence-coordinate lower bound: changing a window is necessary to change its peptide sequence,
but does not guarantee reduced binding. Exhaustive coordinate enumeration also showed that, at the broader EL-
rank less than 2% cutoff, the only two-position sets intersecting every baseline candidate were (8,17), (8,18),
(9,17), and (9,18).

We screened all 133 non-native substitutions at leader positions 3-9, the common intersection of the two
strongest leader-only windows. Only L9C and L9G removed all leader-only NetMHCpan EL-rank less than
0.5% pairs. Combined with the 19 position-17 substitutions, this yielded 152 screened single substitutions. We
then explicitly rescored eight double variants formed by L9C or L9G with T17C, T17G, T17D, or T17P. These
combinations were shortlisted during exploratory analysis; the study did not enumerate every possible two-
residue variant.

A two residue variant reduces predicted presentation counts across the evaluated comparisons

L9C plus T17C was the only one of the eight tested double variants that improved presentation counts without
worsening any of the 42 comparisons under both MHCflurry processing-context settings. With full flanks, 16
comparisons improved and 26 were unchanged; all 26 unchanged comparisons were zero at baseline and in the
variant. Without flanks, 15 improved and 27 were unchanged, again with all unchanged comparisons at zero.
These zero-to-zero comparisons screen for gains but are not additional improvements. The selected leader
sequence is MRSAAVLACLLCAGQVCA; the downstream proinsulin sequence is unchanged (Figures 1 and
2).

Prediction setting Canonical leader L9C plus T17C Nupmal:i)fsr el
NetMHCpan EL ranks below 0.5% / 1% / 2% 4/8/17 0/2/8 504
MHCHlurry with flanks below 0.5% / 1% / 2% 9/19/27 3/6/14 504
MHCflurry without flanks below 0.5% / 1% / 2% 4/12/21 1/5/12 504
SignalP cleavage probability at 18/19 0.979955 0.979581 NOt
applicable

Table 2. Central comparison with the canonical reconstructed precursor. The first three rows count overlapping peptide-
window/HLA pairs, not biological replicates or independently recognized T-cell epitopes. SignalP values are from the same
submission batch and refer to the predicted cleavage boundary.

The L9C single-substitution control also satisfied the no-increase rule in both contexts, improving 16
comparisons with flanks and 15 without. It retained two NetMHCpan windows below 0.5% and, at 2%, had 11
NetMHCpan and 20 full-flank MHCflurry candidates, compared with eight and 14 for L9C plus T17C. The
double therefore reduced additional junction-associated counts relative to a feasible single-substitution control.

At the 2% threshold, the full-flank comparison represents a reduction of 9/17, or 52.9%, in NetMHCpan
candidate counts and 13/27, or 48.1%, in MHCflurry counts. These percentages describe the selected leader and
junction windows. Across the full 104-residue precursor, the 2% counts decreased from 59 to 50 for
NetMHCpan (15.3%) and from 72 to 59 for MHCflurry with flanks (18.1%), each over 2,674



peptide-window/HLA pairs. The unchanged downstream proinsulin sequence accounts for the smaller full-
precursor reductions.

Because a mutation can affect a processing score through a peptide flank even when the peptide sequence is
unchanged, we expanded the comparison to 616 pairs encompassing all potentially changed processing contexts.
The same no-increase criterion held. At the 2% cutoff, expanded counts changed from 19 to 10 for NetMHCpan
and from 28 to 15 for MHCflurry. Separate full-precursor checks confirmed identical threshold classifications
outside all mutation-containing processing contexts.

SignalP predicted cleavage at 18/19 for the baseline and selected double variant, producing the same proinsulin
sequence, INS25-110. Cleavage probabilities were 0.979955 and 0.979581, respectively. A second double
variant, L.9G plus T17P, retained the predicted site but lowered cleavage confidence to 0.741794. Thus, the
cleavage model could distinguish a less favorable combination within this small panel, while it provided no
evidence for a functional advantage of the selected variant over the canonical leader.

Exact component recombination distinguishes lost candidates from suppressed gains

The original MHCflurry release retains separate predicted affinity and processing values. We recovered its
historical logistic-combiner coefficients and percentile histogram, verified their hashes against the original
provenance, and replayed all 69,524 saved rows across the two processing-context settings. Maximum absolute
errors were 2.78e-16 in presentation score and 1.42e-14 in percentile. This permits exact recombination of old
and new components within the retained model, without fitting a surrogate or generating new predictions.

For the incremental L.9C-to-double comparison, we evaluated old affinity/old processing, new affinity/old
processing, old affinity/new processing, and new affinity/new processing at aligned peptide-window/HLA pairs
(Table 3). Full-flank counts at 2% were 20, 16, 16, and 14, respectively. All six pairs lost in the complete
comparison also crossed the threshold when affinity alone changed. Processing alone sufficed for four of those
six. The C*03:04 windows at 11-19 and 12-19 required the affinity change: processing accounted for only
4.05% and 5.23% of their respective decreases on the model's logit scale (Figure 5).

Context Stncto /ocutoff L9C Affinity changed Processing changed Both changed
Full flanks 0.5 4 4 3 3
Full flanks 1 9 7 8 6
Full flanks 2 20 16 16 14
No flanks 2 15 12 14 12

Table 3. Model-component recombination for the existing L9C-to-L9C-plus-T17C comparison, over 504 leader/junction
window-HLA pairs. Hybrid states change one retained model input at a time. They need not correspond to a physical
peptide. The component sufficient for a threshold crossing can change with the cutoff.

Counting only the six losses would miss two countervailing changes. The full-flank affinity-only recombination
introduces A*03:01 at 15-23 and C*03:04 at 15-24, with ranks 1.5116% and 1.9828%. Their complete-model
ranks are 2.2710% and 2.1463%; processing suppression keeps them outside 2%. Consequently, the full
aggregate reduction depends partly on processing even though affinity alone is sufficient for each of the six
original losses. At 0.5%, the one incremental full-flank loss is instead processing-required. An attribution stated
without its peptide, comparator, context and cutoff would therefore be misleading.

The six full-flank losses represent four overlapping junction windows, with one window repeated on three
alleles. They do not constitute six independent processing observations. The decomposition identifies the
arithmetic source of model changes; it cannot determine whether either underlying component is biologically



accurate or affected by cysteine-related training data. Shared cysteine bias in both components remains
compatible with the complete result. An affinity-only recombination is not a correction for such bias.

Count robustness does not guarantee absence of individual gains

The original single-substitution screen is strongly dependent on introduced residue identity: six of eight
cysteine-introducing substitutions satisfy the original no-increase rule in both contexts, compared with three of
144 other substitutions. These counts describe the selected sequence space and are not an independent test of a
cysteine mechanism. The parental CHGA leader already contains cysteine.

An exact sweep over returned-rank breakpoints extends the original fixed-cutoff audit. L9C never increases an
allele/model count relative to the parent for any strict threshold in (0,5%]. The double has the corresponding no-
increase property relative to L9C and the parent throughout (0,2%]. The previously reported A*03:01 no-flank
reversal occupies the interval (2.9105706521738455%,4.732201086956479%], where the double has one
additional qualifying pair. These are count-curve properties of saved outputs, not peptide-by-peptide dominance.

A concrete counterexample occurs in L9C. The C*03:04 window 10-19 has the same peptide core and predicted
affinity as the parent, but its changed amino-terminal flank raises the processing score from 0.04587 to 0.15282.
Its full-flank presentation rank improves from 2.34546% to 1.86443%, creating a qualifying pair even while the
allele's total decreases from 11 to 10. The double changes that core and moves its rank to 4.45459%. A complete
assessment must therefore retain aligned gains and losses alongside aggregate counts. The double also gains two
aligned allele/window identities relative to the parent over narrower intervals below 2%, despite count
dominance throughout that range: A*02:01 at 5-13 in both MHCflurry contexts and C*03:04 at 2-10 with full
flanks. None is a gain at exactly 2%. In contrast, double versus L9C has no pairwise gained membership
anywhere through 2% in the retained outputs.

Directional agreement is stronger than agreement about threshold crossings

For double versus LIC at strict 2%, NetMHCpan loses three qualifying pairs and full-flank MHCflurry loses six.
Two are shared, yielding an intersection of two among seven distinct loss pairs. Without flanks, both methods
lose three but share only one among five distinct pairs. All pairs in these loss unions nevertheless move toward
weaker presentation ranks in both models. Different crossing identities therefore reflect different starting ranks
and threshold calibrations in this contrast, rather than opposing predicted directions.

The shared full-flank losses are C*03:04 at 11-19 and C*07:01 at 16-24. Only C*03:04 at 11-19 crosses in
NetMHCpan and both MHCflurry contexts (Figure 6). Across the four existing parent/single/double contrasts,
three thresholds and seven alleles, no pair exhibits opposing threshold crossings. Continuous rank directions can
differ outside those crossing sets. Model agreement is consequently informative at a specified level: the
direction of these candidate changes is more reproducible than their membership in a cutoff-defined loss list.

Independent cysteine evidence does not provide a transferable correction

Cysteine can affect the measurements used to develop both ligand-detection and binding-affinity models. Sachs
et al. demonstrated chemical-condition-dependent differences in binding assays and underprediction among
known cysteine-containing human tumor epitopes [12]. This prevents interpreting binding rescoring as an
automatically independent validation of an eluted-ligand result.

We additionally reanalyzed the generic random-nine-residue library in EpiScan Source Data 2 [13]. Of 479,904
distinct input sequences, 195,965 (40.834%) contain cysteine. Input-stratified cysteine/noncysteine author-call
rate ratios range from 0.914 to 1.561 across untreated allele contexts. Those calls used allele-specific selection
rules, partly informed by mass-spectrometry hit counts, and do not estimate a universal binding correction. The
generic screen lacks C*03:04, and the four existing CHGA nine-residue probes checked in this reassessment



were absent from the input library. This source demonstrates the value of an alternative measurement route but
does not validate or recalibrate our junction comparison.

Residual candidates and affinity tradeoffs remain identifiable

Three C*03:04 peptide-window pairs remained below the MHCflurry 0.5% presentation cutoff in the selected
double variant: RSAAVLACL, SAAVLACLL, and CAFVNQHL. Their MHCflurry affinity predictions were
89.77, 60.57, and 66.51 nM, respectively. NetMHCpan EL ranks for these peptides were 1.1%, 0.64%, and
0.95%. The two methods therefore disagreed about their placement relative to the strictest threshold, while both
retained candidate presentation in the broader range.

The selected variant also strengthened one binding-affinity prediction. L9C changes the A*02:01 peptide
VLALLLCAGQV to VLACLLCAGQYV, shifting NetMHCpan affinity from 654.57 to 202.39 nM while leaving
its EL rank at 5.7%. Binding affinity was not included in the 42 presentation-count comparisons. This example
demonstrates why the criterion must be described as lower presentation counts rather than uniformly weaker
binding (Figure 4).

Alternative combinations exposed larger cross-allele changes. L9G created VLAGLLCAGQV, predicted by
NetMHCpan to bind A*02:01 at 52.49 nM with an EL rank of 1.2%. In L9C plus T17D, junction peptides
crossed the 2% EL threshold on A*02:01, B*40:01, and B*49:01. Inspection of these individual transitions
explains why a variant with a low pooled count at one threshold need not provide the preferred multi-allele
comparison (Figure 2).

The no-increase result also depends on the chosen percentile thresholds. At a strict 3% MHCflurry presentation
cutoff without flanks, the HLA-A*03:01 count increases from zero to one: baseline QVTAFVNQH has rank
4.7322%, whereas the aligned candidate QVCAFVNQH has rank 2.9106%. Thus, the selected double passes the
reported 0.5%, 1%, and 2% comparisons but does not dominate the baseline at every threshold.

Public donor data localize insulin ligands retained by leader replacement

We projected the leader replacement onto the curated class I ligand list from six non-diabetic, cytokine-treated
human-islet donor preparations reported by Nanaware et al. [3]. These measurements were obtained from mixed
islets, rather than purified beta cells. Four donors had curated insulin peptides, yielding six donor-peptide
observations and four distinct insulin sequences. Two sequences, ALWGPDPAAA and AAAFVNQHL,
intersect the native signal peptide and are changed by the reconstruction. The other two, HLVEALYLYV and
GSHLVEALY, remain present verbatim (Figure 3).

HLVEALYLYV maps to preproinsulin residues 34-42, equivalent to insulin B10-18, and was observed in donors
HP20289 and HP18101. GSHLVEALY maps to residues 32-40, equivalent to B8-16, and was observed in
R361. Together they define a retained region spanning preproinsulin residues 32-42, or insulin B8-18, across
three of four insulin-positive donors. This is a sequence-retention annotation of published measurements;
presentation was not measured after engineering.

The identity of the two retained species and their shared region persisted when an explicitly zero same-peptide
blank was required and after excluding the lowest-depth donor. The fraction of insulin-positive donors
containing a retained ligand changed from 3/4 to 2/3 under each of those sensitivity analyses. Removing positive
blank observations while retaining unknown blanks preserved the 3/4 fraction. We used the authors' curated
ligand list because the unfiltered hormone-elution table contained class I channel signal for 103 distinct insulin
strings, many of which were excluded during their background assessment. Treating all such signals as
presented ligands would greatly expand the apparent target repertoire.

HLVEALYLYV has previous experimental support as a target of an HLA-A*02:01-restricted, human-beta-cell-
killing T-cell receptor [2]. We therefore do not identify a new epitope through this projection. The analysis



connects an established functional target and an additional measured ligand to the sequence region retained by
the engineering strategy.

An independent ECN90 dataset from Carré et al. [4] provided context for this retained region under interferon-
alpha exposure. HLVEALYLYV was detected in all four replicates in both basal and stimulated conditions. Its
source-summary signal increased 11.25-fold in the main experiment and 1.44-fold in an independent
experiment. The direction of change agreed, but the magnitude did not closely replicate. A discrepancy between
worksheets reporting the original signal-peptide target was retained in the data audit and excluded from a precise
relative-induction claim.

Discussion

The experimental demonstration that a chromogranin A leader can support functional insulin production creates
an opportunity for sequence-level refinement [1]. Our analysis identifies a concrete two-residue candidate within
that leader and specifies the comparisons supporting its selection. The result depends on a canonical
reconstruction, seven HLA alleles, two existing prediction systems, and a bounded substitution panel. Within
that setting, L9C plus T17C reduced candidate presentation counts across both processing-context settings and
retained the predicted cleavage boundary.

The spatial separation of the original strong leader and junction windows explains why a two-position design is
useful. One substitution can affect the amino-terminal leader candidates while another changes peptides crossing
into proinsulin. This observation is more informative than selecting a variant by the lowest pooled score: it
connects the chosen coordinates to distinct parts of the precursor and identifies the windows that remain.
Explicit rescoring of the double substitutions was essential because some peptides or processing flanks can
include both edited positions, making independent addition of single-substitution effects inappropriate.

The comparison also illustrates the limits of aggregate prediction metrics. The selected variant reduces the
number of windows below the fixed presentation thresholds yet strengthens an A*02:01 binding-affinity
prediction. Other variants exchange favorable C-locus changes for new A- or B-locus candidates. Keeping
allele-specific counts, individual peptide scores, and processing-context settings separate preserves these
tradeoffs. The approximate halving of counts is consequently a description of this sequence screen, rather than a
measure of additional immune escape.

The junction candidate addresses a different experimental question from the retained insulin region.
VTAFVNQHL is a sequence-specific hypothesis about the reconstructed fusion and an HLA-C allele already
present in ECN90. Its absence from the searched proteome and IEDB snapshot does not establish an untolerized
T-cell surface: much of the 9mer is shared with its native counterpart, and no corresponding T-cell response was
measured. By contrast, HLVEALYLYV is an established functional target whose sequence survives leader
replacement. The donor projection therefore prioritizes a complementary challenge to the original 1E6 assay,
without implying that the peptide itself was newly discovered.

The revised comparison should retain parental CHGA-INS, L9C, T17C and the double, with the physical
construct and expressed HLA alleles established first. The incremental question is whether T17C adds
measurable benefit beyond L9C. For junction-directed endpoints, establish that the parental or L9C cells
actually supply intact boundary-spanning ligands. Normal cleavage severs that bond; degradation of already
cleaved proinsulin cannot recreate the contiguous junction. A failed-entry or other uncleaved-precursor route
must supply it. SignalP's cleavage probability cannot be interpreted as the cellular fraction available through
such a route.

The component analysis adds two specific requirements to that comparison. Binding-dominated losses at
C*03:04 windows 11-19 and 12-19 need direct assessment, while the absence of gains at A*03:01 15-23 and
C*03:04 15-24 in the full-flank, strict-2% comparison depends on the processing prediction. Qualified recovery
of cysteine-containing and chemically altered peptides is needed to interpret a nondetection. Native CHGA



remains an alternative source for unchanged leader sequences, so disappearance from engineered INS need not
remove total cellular presentation of a shared peptide. If native CHGA continues to supply parental leader
ligands, edited INS could add mutant species without removing the parental species, expanding the whole-cell
identity set despite lower engineered-source counts. That conditional possibility further separates the leader and
junction questions.

Presentation and recognition changes should be interpreted jointly with current precursor production, insulin
content and replenished absolute secretion. Pre-existing granules can support secretion while new antigen supply
declines; published PPI recognition experiments connect antigen availability to new synthesis [14]. Reduced
recognition accompanied by reduced production would answer a different question from antigen-selective
protection. The proposed improvement is therefore a source-resolved, function-preserving incremental
comparison, with explicit gained-pair checks, rather than selection by a smaller aggregate count alone.

Limitations of the study

The complete physical fusion sequence was not an input to this analysis, and a one-residue difference in leader
length changes the nominated junction sequences. The present calculations therefore describe the canonical
reconstruction, not a sequence-verified analysis of the laboratory reagent. The search also omits many possible
substitutions, other leader sequences, noncanonical translation products, modified peptides, and peptides outside
the 8-11-residue range. The seven-allele panel was chosen for the cellular system with one additional allele and
was not weighted to estimate population coverage.

The 42-comparison rule was introduced as an audit during exploratory analysis, not preregistered before
candidate selection. The cutoffs are fixed for the reported comparisons but do not confer uniform superiority at
every possible threshold. The predictors can share training data and their agreement is not an independent
biological replication. The signal-cleavage prediction does not test the effects of the introduced cysteines on ER
entry, folding, secretion, cellular stress, or insulin activity. Native chromogranin A also remains a separate
peptide source when only the engineered insulin precursor is changed.

The donor analysis uses a small set of non-diabetic, inflamed mixed-islet preparations and a source-specific
curation procedure. A retained sequence need not be presented at the same abundance after engineering, and
inferred HLA assignments in mixed-allele samples are not equivalent to monoallelic validation. No new
experiments on cells, animals, or T cells were performed. These constraints define the immediate contribution:
an auditable computational candidate and a small set of specific experimental comparisons.



Methods

Resource summary

Resource Role Identifier or version

Human insulin and

chromogranin A Reference precursor sequences UniProt P01308 and P10645

Human reference proteome Exact sequence audit UP000005640, release 2026_03
Human-islet ligand tables Donor footprint analysis Nanaware et al., Tables S4 and S5 [3]
ECN90 source data Interferon-alpha context Carré et al., source data [4]
NetMHCpan Affinity and eluted-ligand prediction BA 4.1 and EL 4.1 [5]

MHCflurry Affinity, processing, and presentation  Code 2.2.1, model distribution 2.2.0 [6]

Signal peptide and cleavage

SignalP prediction

6.0, fast, eukaryotic mode [7]

IEDB query service Exact epitope sequence audit Public API snapshot, 15 September 2026

Study design and source materials

This was an exploratory computational study using public reference sequences, published supplementary
datasets, and newly generated prediction outputs. No participants were recruited and no new human materials or
experimental organisms were used. Biological sample information refers only to the cited source studies. The
donor projection included all six preparations in the authors' curated class I dataset, including preparations
without curated insulin peptides; no donor was excluded from the primary analysis because of its insulin result.
The primary analysis unit was a peptide-window/HLA pair for prediction comparisons and a donor-peptide
observation for the islet projection.

Sequence reconstruction and coordinate conventions

Canonical sequences were retrieved as UniProt JSON records and stored with their provenance. Insulin residues
1-24 were treated as the native signal peptide and residues 25-110 as proinsulin. The reconstructed precursor
was chromogranin A residues 1-18 concatenated with insulin residues 25-110. Variant names use chromogranin
A leader coordinates: L9C and T17C refer to residues 9 and 17 of that 18-residue leader, not to positions in
native insulin. All full precursor sequences and the shorter sequence contexts submitted to prediction services
were archived.

We enumerated every contiguous 8-, 9-, 10-, and 11-residue window. Leader and junction analyses retained
windows beginning at reconstructed precursor positions 1-18; the latest possible endpoint was position 28. A 29-
residue amino-terminal context therefore covered all these windows for NetMHCpan requests. Comparisons
were keyed by construct, HLA allele, start, end, and peptide sequence. An additional analysis included windows
beginning through position 22 to capture the effect of a position-17 substitution within a five-residue amino-
terminal processing flank. Full-precursor MHCflurry predictions allowed direct verification beyond this affected
region.

Variant enumeration and selection

The initial junction scan contained the native threonine and each of the 19 substitutions at leader position 17.
The leader scan comprised 19 substitutions at each of positions 3-9, producing 133 additional single variants.
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The two scans therefore represented 152 distinct single substitutions. A coordinate-only hitting-set analysis
enumerated the minimum leader-position sets intersecting all canonical candidate windows at each NetMHCpan
EL cutoff. This calculation determined sequence coverage and did not use an assumed reduction in binding after
a hit.

Eight double variants combined residue 9 choices C or G with residue 17 choices C, G, D, or P. The final
prediction batch also included five controls, the baseline and the L.9C, L9G, T17C, and T17G single variants,
giving 13 constructs. The double variants were predicted directly rather than calculated by adding single-variant
changes. Candidate shortlisting, cross-model comparison, and the 42-objective audit occurred during
exploration. The analysis does not estimate performance on an independently selected test set.

HLA prediction and processing context

NetMHCpan predictions were obtained through the official IEDB class I API using methods netmhcpan_ba-4.1
and netmhcpan_el-4.1 [11]. Both heads belong to the same predictor system. Request manifests record the input
sequences, alleles, lengths, response status, and response hashes. Failed requests were treated as missing outputs
and retried in smaller batches when necessary; they were never coded as negative predictions. Grid
completeness and sequence-coordinate agreement were checked before deriving counts.

MHCflurry code version 2.2.1 used the published class I presentation models dated 20200611, distributed under
model release 2.2.0. Predictions ran locally on CPU, with the model files and dependency versions recorded.
Each HLA allele in the panel was supported by the installed model. Affinity, affinity percentile, processing
score, presentation score, and presentation percentile were retained. We generated predictions with the actual
five-residue amino- and carboxy-terminal flanks available in the complete precursor, and separately without
flanks. Flanks were truncated naturally at precursor termini. The positions 3-9 single-substitution screen used
33-residue prefixes, sufficient to supply complete five-residue flanks for every reported leader and junction
window. The position-17 and final double-variant analyses used complete 104-residue sequences in both modes.

NetMHCpan eluted-ligand rank and MHCflurry presentation percentile were the two presentation endpoints.
Binding affinities were retained as a separate descriptive endpoint. Lower predicted affinity values in nM and
percentile ranks indicate stronger predictions within each method. Values on different rank scales were not
averaged, and neither model output was converted to a probability of T-cell recognition.

Count objectives and sensitivity analysis

Let C(v,m,a,t) denote the sum, over the specified peptide windows in variant v, of the indicator that model m
returns a percentile below threshold t for allele a. We compared C(v,m,a,t) with the corresponding baseline
count for each combination. For each construct, presentation method, HL A allele, and threshold, we counted the
selected peptide-window/HLA pairs whose returned percentile rank was strictly below the threshold. Thresholds
were 0.5%, 1%, and 2%, applied to the returned numerical values without rounding them further. Seven alleles,
three thresholds, and two methods yielded 42 counts for each processing-context comparison. A variant met the
no-increase criterion if every count was less than or equal to its baseline counterpart and at least one was lower.
The with-flank and without-flank comparisons were evaluated separately, with the same NetMHCpan counts in
both.

Primary counts used 504 leader and junction pairs per construct. The full context sensitivity comparison
included 616 pairs. For NetMHCpan windows beyond the 29-residue request context, values were reused from
the full canonical-precursor scan only after exact peptide identity was verified; MHCflurry values came from
full variant precursors. The position-17-only analysis separately used 266 mutation-containing pairs and 546
pairs with a mutation in the peptide or its processing flanks. We also inspected individual baseline-to-variant
threshold crossings, retained unthresholded affinity and presentation outputs, and examined threshold sensitivity
beyond the three reported cutoffs. A favorable result at the fixed cutoffs was not interpreted as superiority over
all thresholds.
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Retrospective model component analysis

The October 2026 reassessment used the unchanged September prediction caches. We recovered the original
release’s six logistic-combiner coefficients and percentile histogram, verified the recorded SHA-256 values, and
checked the implementation against MHCflurry v2.2.1. For predicted affinity B in nM, the affinity feature is
a(B) = min(1, max(0, 1 - log(max(B, 1e-12))/1og(50000))). The presentation score is logistic(b + wA a(B) + wP
P), where P is the predicted processing score. The full-flank coefficients are b = -6.36100196056382, wA =
10.535335602782537 and wP = 3.8024391032192715. The no-flank coefficients and full calibration are
supplied with the code.

For each old/new aligned pair, we recombined the two component values in all four combinations and applied
the historical histogram lookup with its exact tie convention. Rank below 2% corresponds to score strictly above
0.17617617617617617 in this calibration. We decomposed the logit difference into wA[a(Bnew)-a(Bold)] and
wP[Pnew-Pold]. The supplementary tables also give the mean contribution across both update orders on the
nonlinear score scale. Neither quantity is a causal biological effect. Sufficiency is defined separately at each
threshold, and all gains are counted as well as losses. Replay covers 34,762 rows in each of the two retained
context settings, including all 13 final-stage constructs; component comparisons focus on the parent and three
existing candidate controls.

For the continuous cutoff audit, classification is constant between successive returned-rank values. We tested the
resulting intervals with the strict inequality convention, including exact breakpoint values. For cross-model
comparisons, coordinates and allele define aligned pairs; model percentiles remain on their own scales. Changed
windows, repeated allele assignments and threshold comparisons are not independent samples.

External cysteine source reanalysis

We inspected Sachs et al.'s human biochemical and epitope tables [12] and the generic random-library data
deposited by Bruno et al. [13]. The EpiScan analysis uses unique input sequences and deposited author-called
hits, with input membership and duplicate checks. For each context, the descriptive ratio is (cysteine
hits/cysteine input)/(noncysteine hits/noncysteine input). We did not regenerate author calls, fit a correction, or
treat the separate allele or processing backgrounds as biological replicates. Compact aggregate counts reproduce
these statistics offline; the source-workbook extractor and checksum permit independent extraction. The
context-specific selection rules and absence of the relevant C*03:04 screen limit transport to the CHGA
comparison.

Signal peptide analysis

SignalP 6.0 was run through its official public web interface in eukaryotic fast mode. The first batch contained
native insulin and the 20 position-17 choices including the canonical reconstruction. A second batch contained
native insulin, the reconstruction, six single-variant controls, and all eight double variants. Exact input FASTA
records, result files, and job identifiers were retained. For each sequence, we recorded the predicted cleavage
boundary and its reported probability, then reconstructed the predicted product after cleavage. These products
were compared directly with INS25-110. Same-batch baseline and variant probabilities were used for the central
table.

Reference proteome and epitope sequence searches

The reference audit used the official UniProt human reference proteome FASTA and its additional-sequence
FASTA for release 2026_03. Both downloads were verified against the release manifest before parsing. The
combined dataset contained 169,634 records. Exact matching was performed for the nominated 9mers and
nested 8mers, with a second pass treating I and L as equivalent. Known native insulin and chromogranin A
sequences served as positive controls. Counts represent matching protein records, not independent genomic loci.
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IEDB was queried by exact epitope sequence without a diabetes-specific filter, with control epitopes included in
the same audit [10]. Responses and query provenance were cached on 15 September 2026. No-hit results were
interpreted only within those reference snapshots. The searches did not cover every unannotated open reading
frame, post-translational modification, individual genetic variant, or cross-reactive T-cell receptor.

Donor immunopeptidome projection

We read the class I sheet of Nanaware et al. Table S5 and matched insulin and chromogranin A entries against
the hormone-specific sheets of Table S4 [3]. The curated class I input contained 3,766 donor-peptide rows.
Sequence coordinates were checked against canonical proteins, and each selected curated observation was
required to match exactly one hormone-table observation from the same donor. The main analysis retained the
authors' curated selection rather than rebuilding a ligand list from all raw hormone-channel signals.

Insulin peptides ending by position 24 were classified as lying within the native signal peptide; those starting at
or before 24 and ending after 24 crossed the boundary; those starting at position 25 or later were classified as
downstream. Exact sequence presence in the reconstructed precursor was then verified. Donor summaries
included all six preparations. Separate sensitivity analyses removed positive same-peptide blank matches while
retaining unknown blanks, required an explicitly zero same-peptide blank while excluding unknown blanks,
removed overlap of at least six consecutive residues with a same-gene, same-donor positive blank peptide, and
excluded HP18101, the donor with the fewest curated class I peptides (16). All reported fractions use the
insulin-positive donor count for the corresponding analysis. Sequence retention was not interpreted as a
measured post-engineering ligand abundance.

Inflammatory context from ECN90 data

Published ECN90 peptide-detection and quantitative source workbooks from Carré et al. were joined by peptide
sequence [4]. We annotated conventional insulin peptides by the same leader, boundary, and downstream
coordinate rules. Detection support was retained as the number of positive biological replicates out of four.
Ratios for HLVEALYLYV were calculated from the authors' quantitative source summaries: the main four-
replicate summary and an independent three-replicate median summary were reported separately. We did not
pool experiments or use the disparate effect sizes to estimate a common fold change. Conflicting worksheet
values for the original signal-peptide target were documented and were not resolved by selecting the value most
favorable to the proposed design.

Quantification and statistical analysis

The substitution scans are deterministic comparisons conditional on the input sequences and trained predictors.
Peptide windows overlap, HLA predictions are correlated, and the model runs are not biological replicates. We
therefore report complete counts, exact score changes, and sensitivity checks without inferential P values or
confidence intervals computed from peptide windows. The donor analysis is descriptive, with denominators and
source-specific exclusions stated explicitly. No statistical test of disease association or engineering efficacy was
performed.

Validation checked complete peptide/HLA grids, unique keys, sequence-coordinate agreement, baseline
consistency across submissions, unchanged proinsulin sequences, and processing flanks. Independent parsers
reconstructed central counts from raw tables. Full-precursor comparisons used numerical tolerances of 1e-5
relative and 1e-7 absolute for repeated floating-point outputs; the fixed-threshold classifications outside changed
processing contexts were identical. Cached-data scripts were executed in an extracted package to test
reproduction without model downloads or new network submissions.
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Use of generative Al

Codex-based Al agents were used for literature retrieval, analysis design, software development, execution and
checking of computational analyses, figure-code generation, and manuscript drafting. HLA and signal-peptide
values were obtained from the named prediction systems; donor observations were extracted from the cited
experimental datasets. Numerical validation used executable scripts and saved outputs. The AI workflow did not
generate biological measurements, and the computational checks do not constitute external peer review or
human author approval.

Resource availability

Materials availability

This study generated sequence designs and computational outputs. No physical constructs, cell lines, or other
biological reagents were generated.

Data and code availability

The accompanying research package contains construct sequences, peptide-level predictions, derived donor
mappings, figure source data, data dictionaries, provenance records, and executable analysis scripts. The original
public datasets and predictor resources are identified by their source URLs, versions, and checksums. Installed
software environments, neural-network weights, and publisher article files are excluded from the shareable
package. The cached-analysis entry point reproduces the central comparisons without new prediction
submissions. The original study package is available at github.com/gloglolabs/research. From a fresh repository
checkout, python3 scripts/verify.py verifies input checksums and compares every regenerated result CSV
with the retained reference. The study directory contains the manuscript source, figure source tables and plotting
scripts. Original code is MIT-licensed; original reports and generated research data are CC BY 4.0, with third-
party materials retaining their own terms. The original version-1 public snapshot is commit
5c20423980a20b88780e80243ab8c09b5bc00aec. Version 2 adds separate reanalysis code, compact inputs and
reference outputs without changing the original 105 checksummed inputs or 19 result tables. This is a revised
draft within the same study; no separate publication or external submission is implied.
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Figure 1 Sequence architecture and computational search design

A Precursor architecture and replacement boundary
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A, Canonical human INS and the reconstructed CHGA1-18/INS25-110 fusion, with the L9C + T17C candidate
beneath. Bars are proportional to precursor length; numbers above the boundaries denote cleavage positions. All
fusion constructs retain the complete proinsulin sequence INS25-110. B, Sequence alignment anchored at the
signal/proinsulin boundary, with substitutions at CHGA residues 9 and 17 highlighted. The six-residue
indentation reflects the shorter CHGA signal. C, Search stages. Substitution counts exclude their controls: 19
choices at position 17 and 133 substitutions at positions 3—9 precede eight explicit combinations. Seven HLA
alleles, two presentation models and three fixed rank cutoffs define 42 count criteria. Architectures are canonical
sequence reconstructions; the synthesized construct sequence in Kobaisi et al. was not an input to this analysis
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Figure 2 Allele resolved evaluation of all eight double

substitutions
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A, B, Changes from the canonical CHGA-INS baseline in qualifying peptide/HL A-window counts for

NetMHCpan EL and MHCflurry presentation with full flanks. Each allele has strict 0.5%, 1% and 2% rank

cutoffs. Blue denotes fewer candidates, orange denotes more, and unnumbered gray cells denote zero change. C,
Improved, unchanged and worsened criteria among the 42 comparisons, with full flanks in the upper bar and no

flanks in the lower hatched bar. L9C + T17C improves 16/42 criteria with full flanks and 15/42 without flanks,

with no worsening in either context. D, Baseline and selected-variant totals, shown separately for each

model/context. Each total uses 504 overlapping peptide/HLA windows; these are computational counts, not

independent biological observations. Percentile scales are model-specific and were not pooled.
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Figure 3 Donor resolved projection identifies retained insulin sequences

A Projection of curated INS ligands onto the native precursor
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Il Changed INS sequence [l Retained INS sequence Not detected in curated table

A, Four distinct INS ligands from six non-diabetic, cytokine-treated mixed-islet donor preparations in Nanaware
et al.'s curated class-I table [3], mapped to canonical INS coordinates. The dashed line marks the native
signal/proinsulin boundary. Orange sequences change in the canonical signal replacement; teal sequences retain
their amino-acid sequence. The retained GSHLVEALY and HLVEALYLYV intervals fall within INS32—42,
corresponding to insulin B8-18. B, Exact donor—peptide detections: six observations across four INS-positive
preparations among six preparations examined. The two retained peptides occur in three of the four INS-positive
preparations. Gray cells indicate absence from the curated table, not demonstrated biological absence. Numbers
beneath donor identifiers give total curated class-I peptide species and reveal unequal detection depth. No
peptide intensity was pooled across donors. Predicted HLA assignments in the source table are not treated as
experimentally demonstrated restrictions here.
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Figure 4 Cross model predictions reveal retained candidates and affinity tradeoffs
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A, HLA-C*03:04 affinity predictions for the native INS junction, canonical fusion junction, selected double
variant and its nested 8mer. The native AAAFVNQHL peptide is predicted to bind more strongly than
reconstructed VTAFVNQHL. B, The three L9C + T17C candidates below the MHCflurry 0.5% presentation-

rank cutoff: RSAAVLACL, SAAVLACLL and CAFVNQHL,

all shown for C*03:04. The dotted line marks

0.5%; NetMHCpan EL and MHCflurry presentation ranks remain separate model estimates. C, An A*02:01
affinity tradeoff: the selected candidate's VLACLLCAGAQYV is predicted to bind more strongly than native
VLALLLCAGQV, while the L9G + T17C alternative produces a larger shift. Lower nM values correspond to
tighter predicted binding. Points are individual model outputs, not replicate measurements or uncertainty
estimates; presentation-count improvement does not imply uniformly weakened affinity.
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Figure 5 Exact model components explain losses and compensating gains
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A, Qualifying leader/junction window-HLA pairs at strict 2% for LI9C, the two hybrid component states, and the
double variant. Affinity-only recombination loses six original pairs but gains two, giving 16. Processing-only
recombination loses four and gains none, also giving 16. The complete double loses six and gains none, giving
14. B, Exact affinity and processing contributions to the presentation-logit decrease for each full-flank lost pair.
The 11-19 and 12-19 C*03:04 losses have processing shares of 4.05% and 5.23%. Contributions describe the
saved model, not measured binding or processing effects. The same 16-24 processing value appears on three
alleles; overlapping windows and allele assignments are not independent observations. At 0.5%, the incremental
full-flank loss is processing-required (Table 3).
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Figure 6 Direction agrees more broadly than cutoff membership

Loss identities at strict 2% for double versus L9C

MHCflurry MHCflurry
NetMHCpan full flanks no flanks
A*02:01 10-18 No crossing No crossing
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C*03:04 10-19 No crossing Lost No crossing
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C*03:04 12-19 No crossing Lost Lost

C*07:01 16-24 Lost Lost No crossing

All listed pairs move toward higher ranks in both predictors.

Rows are the seven distinct window-HLA pairs lost by NetMHCpan or full-flank MHCflurry when comparing
the double with LIC at strict 2%. Two are shared by those methods. NetMHCpan and no-flank MHCflurry share
one among their five distinct loss pairs. Only C*03:04 11-19 is a loss in all three columns. Gray cells indicate no
qualifying-status crossing, not no change in predicted rank: every listed pair moves toward higher, weaker-
presentation ranks in both predictors. Percentiles are not pooled. The display uses aligned peptide coordinates
and does not estimate biological agreement or probability of presentation.
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