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Introduction
Accumulating evidence from the last several decades implicates 
inflammation and immune activation in the genesis of hyperten-
sion and its sequelae (1). Both the innate and adaptive immune 
systems contribute to hypertension-associated inflammation (2), 
but T cell–mediated responses in particular play an especially crit-
ical role. In 2007, Guzik et al. demonstrated that mice deficient in 
mature T and B cells (Rag1–/– mice) were protected from both angio-
tensin II– and deoxycorticosterone acetate and sodium chloride–
induced (DOCA salt–induced) hypertension. Adoptive transfer of 
T cells, but not B cells, restored the hemodynamic phenotype (3). 
Deletion of CD247 (CD3 ζ chain), which selectively eliminates T 
cells, reduced both hypertension and renal inflammation and kid-
ney dysfunction in Dahl salt–sensitive rats (4). Angiotensin II also 
induced T cell accumulation in the aortas and kidneys of mice with 
a humanized immune system, and increased levels of both effector 
memory CD4+ and CD8+ T cells that produce IFN-γ and IL-17A in 
hypertensive humans. Likewise, CD8+ T cells with a senescent phe-
notype have been observed in the peripheral blood of hypertensive 
humans compared with normotensive control individuals (5, 6).

While both CD8+ and CD4+ T cells contribute to the hypertensive 
phenotype (7, 8), selective depletion of CD8+ T cells in mice confers 

partial protection against hypertension, while CD4+ T cell depletion 
does not (9). Single-cell sequencing performed in this same study 
showed that an oligoclonal population of CD8+ T cells, but not CD4+ T 
cells, accumulates in the kidney but not in other tissues (9). These data 
imply the existence of antigens recognized by specific CD8+ T cells 
that are present in hypertension but not in normotensive conditions.

Posttranslational modification of self-proteins can produce 
novel antigens and is an important mechanism for activating 
immune responses in many diseases. In rheumatoid arthritis, 
citrullinated self-peptides activate helper T cell and humoral 
immune responses (10, 11). Covalent modification and noncova-
lent association of self-proteins and certain drugs or their metab-
olites (hapten formation) and can produce antigens that induce 
dramatic humoral and T cell responses in drug hypersensitivity 
(12, 13). Mass spectrometry data from human tumors also confirm 
a variety of posttranslationally modified cancer antigens, some of 
which activate tumor-specific T cell responses (14).

In hypertension, CD8+ T cell activation is closely linked to 
excessive production of reactive oxygen species (ROS), resulting in 
the formation of electrophiles, including isolevuglandins (IsoLGs). 
IsoLGs are produced by free radical–mediated oxidation of arachi-
donic acid (15). They are highly reactive intermediates that rapidly 
form covalent bonds with free amines, especially lysine residues in 
proteins (16–18). IsoLG-adducted proteins accumulate in multiple 
inflammatory and cardiovascular diseases closely related to hyper-
tension, including systemic lupus erythematosus (19), atrial fibrilla-
tion (20), atherosclerosis (21), and nonischemic heart failure (22). 
There is a marked increase in IsoLG adducts in DCs of hyperten-
sive compared with normotensive mice and scavenging of IsoLGs 
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beads were then used to stimulate splenic CD8+ T cells from either 
hypertensive or sham-infused WT mice that had been preloaded 
with the CellTrace CFSE proliferation marker. T cell proliferation 
was measured by assessing dye dilution. We found that T cells 
exposed to bead-bound and antigen-loaded H-2Db proliferated, 
while those exposed to H-2Kb did not (Figure 1C). Furthermore, 
we observed T cell proliferation only when both T cells and bead-
bound H-2Db were isolated from hypertensive animals and not 
mice that had received sham infusion (Figure 1D). Treating the 
donor transgenic animals with the IsoLG scavenger 2-HOBA or 
adding to the culture a single-chain variable fragment antibody 
that binds all IsoLG adducts (D11) prevented T cell proliferation, 
suggesting that T cell activation occurred in response to hyperten-
sion-specific IsoLG-adducted antigens.

To determine whether IsoLG-adducted antigen restriction 
was due to relative differences in MHC-I binding affinity for the 
modified peptide between H-2Db or H-2Kb or differences in T 
cell receptor (TCR) recognition of the MHC-modified peptide 
complex, we treated murine DCs with tert-butyl hydroperoxide 
(tBHP), which we have shown stimulates IsoLG formation, and 
stained with antibodies specific for either H-2Db or H-2Kb and 
IsoLG-adducted peptides. Antibodies were conjugated to com-
plementary FRET fluorophore pairs, with a positive FRET signal 
indicating proximity between IsoLG-adducted peptides and either 
H-2Db or H-2Kb. tBHP-treated DCs stained with anti–H-2Db gener-
ated a positive FRET signal, while untreated cells or tBHP-treated 
DCs stained with H-2Kb did not (Figure 1E). These results indicate 
that H-2Db can present IsoLG-adducted peptides, promoting T 
cell activation, while H-2Kb cannot.

Computational screening identifies peptide residue positions 
favoring IsoLG adduction. Peptide binding affinity for MHC-I is 
largely dictated by structural constraints imposed by the MHC-I 
peptide binding cleft that, unlike the groove of MHC-II, is closed 
and accommodates shorter peptides 8–10 amino acids long (36–
38). We reasoned that the IsoLG-adducted lysine imposed signif-
icant limitations on a peptide’s ability to take on certain structural 
conformations, and that understanding these limitations might 
help narrow the list of possible peptides serving as substrates for 
IsoLG adduction. To test this hypothesis, we developed a compu-
tational pipeline for modeling IsoLG-adducted peptides bound to 
MHC-I using FlexPepDock refinement. FlexPepDock refinement 
is a protocol implemented in the protein modeling software suite 
Rosetta, developed to model receptor-bound peptides and used 
previously to predict MHC-I–peptide structures and peptide- 
receptor binding affinity with a high degree of accuracy (39–41).

Using preexisting structural templates, we benchmarked 
FlexPepDock refinement on all peptide–MHC-I structures avail-
able in the protein data bank, generating high-fidelity models 
(Supplemental Figure 2, A–C, and Supplemental Table 2). We 
next generated structures for H-2Db– and H-2Kb–bound epitopes 
with known binding affinity available in the Immune Epitope 
Database (IEDB) and compared the Rosetta energy score terms 
for known binders (≤500 nm IC50) and nonbinders (>500 nm 
IC50) (42). For both H-2Db and H-2Kb epitopes, known MHC-I 
binders had on average lower, or more favorable, Rosetta ener-
gies than nonbinders (Figure 2, A and B). We then selected 
known binders to H-2Db or H-2Kb containing at least 1 lysine 

with 2-hydroxybenzylamine (2-HOBA) to inhibit adduct formation 
attenuates hypertension and end-organ damage in experimental 
hypertension. Adoptive transfer of DCs from hypertensive mice 
primes hypertension in recipient mice, and this is prevented if the 
donor mice have received 2-HOBA or if the recipient mice lack T 
cells. Likewise, adoptive transfer of DCs in which IsoLGs have been 
induced ex vivo primes hypertension in recipient mice. Further 
data in animal models show that T cells isolated from hypertensive 
mice proliferate when exposed to DCs presenting IsoLG-modified 
proteins (23). The percentage of monocytes containing IsoLGs is 
increased in hypertensive humans compared with normotensive 
individuals (23). Taken together, these data suggest that IsoLG-ad-
ducted peptides act as antigens for the activation of T cells in 
hypertension (24). We have also shown that factors common to the 
hypertensive milieu, including catecholamines (25), excess sodium 
(26, 27), and altered mechanical forces (28) increase formation of 
IsoLG adducts in antigen-presenting cells. Understanding the spe-
cific peptides that are IsoLG adducted in hypertension would be 
extremely informative, providing insight into the cells and subcellu-
lar locations where this pathologic process occurs and provide ther-
apeutic opportunity to intervene and arrest it.

In the present work, we identify self-peptides that serve as 
substrates for IsoLG adduction and CD8+ T cell activation. By 
leveraging several publicly available and custom-developed com-
putational tools and workflows, we were able to identify a limited 
library of candidates that we individually tested in vitro and in vivo. 
We show that several of these candidate IsoLG-adducted peptides 
are recognized by CD8+ T cells, induce CD8+ T cell activation, and 
promote hypertension in mice. To our knowledge, these studies 
are the first to define specific self-peptides that, when adducted by 
IsoLG, are responsible for T cell–mediated inflammation in hyper-
tension, carrying significant implications for the future treatment 
of hypertension and related illnesses.

Results
IsoLG-adducted peptides are H-2Db restricted. The class I major 
histocompatibility complex (MHC-I) displays selective peptide 
repertoires dictated by the amino acid composition of the antigen 
binding cleft (29) and can display antigens with posttranslational 
modifications that generate an autoreactive CD8+ T cell response 
in a variety of diseases (30–35). We hypothesized that IsoLG-ad-
ducted peptides are similarly restricted in MHC-I presentation 
and that this restriction modulates T cell recognition. To test this, 
we generated 2 transgenic mouse strains expressing respectively 
truncated forms of 1 of 2 major MHC-I alleles found in C57BL/6 
mice: H-2Kb or H-2Db. Each transgene was driven by a CD11c pro-
moter and possessed both a His tag and a truncated transmem-
brane domain, allowing for extracellular secretion of MHC-I and 
its bound peptide (Supplemental Table 1 and Supplemental Figure 
1; supplemental material available online with this article; https://
doi.org/10.1172/JCI174374DS1). Transgenic animals were treat-
ed for 2 weeks with angiotensin II or a sham infusion. In both 
strains, angiotensin II induced a similar degree of hypertension 
(Figure 1A). This was expected because nothing was done to dis-
rupt the endogenous MHC-I in these mice. Splenocytes from these 
mice were then placed in culture for 3 days and the shed MHC-I 
adsorbed onto Ni-agarose beads (Figure 1B). The MHC-I–loaded 
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approach yielded 13 peptides with at least 1 lysine in a position 
favoring IsoLG adduction as predicted by Rosetta. These sequenc-
es and the proteins from which they are derived are summarized in 
Figure 2F and Supplemental Table 3.

IsoLG-adducted candidate peptides stimulate T cell proliferation 
in vitro and are recognized by T cells in end-organ tissues of hyperten-
sive mice. We isolated T cells from the bone marrow of angiotensin 
II–treated mice and exposed them to DCs pulsed with each candi-
date peptide, measuring T cell proliferation by serial dye dilution. 
Seven of 13 candidate peptides induced a statistically significant 
increase in proliferation of CD8+ T cells from hypertensive, but not 
normotensive, mice (Figure 3A and Supplemental Figure 3). To test 
T cell specificity for each candidate peptide, we employed a fluo-
rescently tagged H-2Db–IgG1 fusion protein loaded with each can-
didate, IsoLG adducted or not. Of the 13 peptides screened, 9 were 
recognized by CD8+ T cells from the aortas of hypertensive mice to 
a greater extent than observed in mice without hypertension (Fig-
ure 3B and Supplemental Figure 4). This analysis revealed that up 
to 14% of CD8+ T cells in aortas of hypertensive mice recognized 
individual candidate peptides that were IsoLG adducted. T cells 
did not recognize peptides unadducted by IsoLGs. Six candidates 
induced proliferation in T cells from angiotensin II–treated mice 
and identified CD8+ T cells enriched in the aortas in hypertension 

residue and measured changes in Rosetta energy after in sili-
co IsoLG adduction. H-2Kb–bound epitopes displayed a greater 
increase in Rosetta energy after IsoLG adduction than H-2Db–
bound epitopes (Figure 2C), suggesting an inability to accom-
modate this posttranslational modification.

We next examined per-residue energy changes for H-2Db–bound 
epitopes 8 or 9 residues in length before and after IsoLG adduction 
for all non-anchoring residues and found that peptides with lysine at 
residue positions 4, 6, or 7 showed the smallest changes in Rosetta 
energy following IsoLG adduction (Figure 2D). These positions cor-
respond to solvent-accessible sites that are largely responsible for dic-
tating T cell recognition in H-2Db–restricted epitopes (Figure 2E) (43).

Leveraging this insight, we produced a limited library of pep-
tide candidates for further screening, each containing lysine at 
one of the optimal IsoLG adduction residue positions. Given our 
prior evidence that the kidney is a likely source of IsoLG-adducted 
peptides in hypertension, we focused our initial search on proteins 
with relative overexpression in the kidney (44). Of the 53 candi-
dates identified, 49 had corresponding mouse homologs. We next 
identified peptide sequences derived from those proteins with 
H-2Db binding motifs, predicted by the webtool NetMHCpan 4.0 
to bind to H-2Db with high affinity (“strong binders” are defined 
by a percentage rank score unique to NetMHCpan) (45). This 

Figure 1. Presentation of IsoLG-adducted peptides 
is H-2Db restricted. (A) Transgenic mice develop 
hypertension in response to angiotensin II (Ang II) (n 
= 4). **P < 0.01, ***P < 0.001 by Student’s t test. (B) 
Transgenic mice expressing soluble forms of H-2Db or 
H-2Kb were treated with Ang II to induce hypertension 
before splenocyte harvesting and culture. Shed MHC-I 
was adsorbed onto Ni-agarose beads, cocultured with 
T cells from WT mice, and T cell proliferation measured 
with serial dye dilution and flow cytometry. (C) CD8+ T 
cells proliferate if exposed to bead-bound H-2Db, but 
not H-2Kb (n = 4). ***P < 0.001 by Student’s t test. (D) 
CD8+ T cell proliferation is only observed if both soluble 
H-2Db and T cells are isolated from Ang II–treated 
animals, and treating transgenic mice with the IsoLG 
scavenger 2-HOBA or blocking T cell–MHC-I interac-
tions with the anti-IsoLG antibody D11 inhibits CD8+ 
T cell activation (n = 4–11). APCs, antigen-presenting 
cells. **P < 0.01 vs. No Treatment Ang II APCs + Ang II 
T cells by 2-way ANOVA and Holm-Šidák post hoc test. 
(E) After treating mouse DCs with tBHP to induce IsoLG 
adduct formation, cells were stained with antibodies 
for MHC-I and IsoLG conjugated to a complementary 
FRET fluorophore pair. FRET signal was observed when 
staining for H-2Db and IsoLG in tBHP-treated DCs, but 
not untreated cells or when staining for H-2Kb (n = 3). 
All data are presented as mean ± SD. ***P < 0.001 by 
Student’s t test.
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ry cells in both the kidney (Figure 5A) and in the aorta (Figure 5B) 
of hypertensive animals. This same trend is evident for IsoLG-ad-
ducted peptide–specific CD8+ T cells isolated from the aortas and 
kidneys of normotensive controls (Supplemental Figure 6).

Given that the bone marrow serves as a reservoir for hyper-
tension-specific CD8+ memory T cells (25, 46), we also performed 
flow cytometry on single-cell suspensions from the bone marrow 
of angiotensin II–treated mice. We only observed increases in the 
fraction of CD8+ T cells recognizing our IsoLG-adducted peptides 
for 2 of the 6 peptides of interest (Supplemental Figure 7A). For 
all 6 peptides of interest, the peptide-specific CD8+ T cells were 
predominantly a mixture of effector and memory cells in the bone 
marrow (Supplemental Figure 7, B and C).

(Figure 3, C and D). These same 6 IsoLG-adducted peptides also 
induced proliferation of CD4+ T cells in vitro, suggesting that they 
are also likely capable of being presented by class II MHC and can 
activate a broader immune response (Supplemental Figure 5). We 
also performed flow cytometry on kidney homogenates, staining 
for CD8+ T cells specific for the 6 candidate IsoLG-adducted pep-
tides that are recognized by aortic T cells and capable of inducing T 
cell proliferation. We confirmed that CD8+ T cells recognizing 4 of 
the 6 IsoLG-adducted peptides enriched in the aortas of hyperten-
sive mice were also increased in the kidneys compared with nor-
motensive controls (Figure 4, A and B). Staining for memory T cell 
markers CD44 and CD62L revealed that CD8+ T cells specific for 
these IsoLG-adducted peptides are predominantly effector memo-

Figure 2. A computational modeling 
pipeline predicts IsoLG-adducted 
peptides presented by H-2Db. (A and 
B) Rosetta scores are more favorable 
(more negative) for peptides known to 
bind to H-2Kb (A) and H-2Db (B) when 
compared with known nonbinders. 
***P < 0.001 by Mann-Whitney 
test. (C) When lysine-containing 
peptides are adducted with IsoLG 
in silico, Rosetta predicts smaller 
(more favorable) score changes if 
those peptides are bound to H-2Db 
compared with H-2Kb (solid bars = 
mean, dashed line = median, box 
boundaries = interquartile range, error 
bars ± min/max values). *P < 0.05 by 
Mann-Whitney test. (D) Rosetta score 
changes after in silico IsoLG adduction 
for all nonanchoring residues in 
lysine-containing H-2Db–bound epi-
topes predict residue sites 4, 6, and 
7 as energetically favorable positions 
(positions at which multiple peptides 
modeled have no score increase after 
adduction. Black bars indicate mean 
Δ Rosetta score). (E) These residues 
correspond to areas recognized by T 
cell receptors interacting with H-2Db 
epitopes. (F) Strategy for identifying a 
library of peptide candidates to screen 
in vitro and in vivo.
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Figure 3. A subset of candidate 
IsoLG-adducted peptides are rec-
ognized by CD8+ T cells enriched in 
the aortas of hypertensive mice and 
induce CD8+ T cell proliferation in 
vitro. (A) Seven candidate IsoLG-ad-
ducted peptides induce the prolifera-
tion of T cells isolated from the bone 
marrow of hypertensive mice, while 
unadducted peptides do not (n = 7–9, 
mean ± SD). *P < 0.05 by Student’s t 
test. (B) Nine IsoLG-adducted peptides 
identify a population of peptide-spe-
cific CD8+ T cells that are enriched in 
the aortas of hypertensive mice (n 
= 3–9, mean ± SD). *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001 
by 2-way ANOVA and Holm-Šidák 
post hoc test. Six candidates are both 
recognized by CD8+ T cells and induce 
CD8+ T cell proliferation in vitro (high-
lighted in red). (C) Representative 
histograms illustrating proliferation 
of CD8+ T cells after exposure to each 
of these 6 candidate IsoLG-adducted 
peptides and (D) flow plots illustrat-
ing the increase in peptide-specific 
CD8+ T cells in the aorta.
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IsoLG-modified candidate peptides augment hypertension 
in vivo. To test the potential roles of each candidate peptide 
in hypertension, we performed the experiment illustrated in 
Figure 6A. Briefly, CD11c+ DCs were pulsed overnight with 
candidate peptides with or without IsoLG adduction. These 
DCs were then adoptively transferred to WT mice and 5 days 
later an infusion of a generally subpressor dose of angioten-
sin II was begun (23). Blood pressures were measured before 
and after 2 weeks of angiotensin II treatment. Of the 6 pep-
tides tested (those that labeled CD8+ T cells in the aorta and 
induced CD8+ T cell proliferation in vitro), 4 induced blood 
pressure elevations as high as 180 mmHg after adoptive trans-
fer (Figure 6B). Flow cytometric profiling of the CD8+ T cells in 
the aortas and kidneys of these animals revealed statistically 
significant increases in the fraction of peptide-specific CD8+ T 
cells following adoptive transfer and treatment with low-dose 
angiotensin II. Treatment with low-dose angiotensin II alone, 
or adoptive transfer to IsoLG-adducted peptides alone, did not 
induce a similar increase (Supplemental Figure 8).

Figure 6C summarizes the stepwise 
screening of our candidate peptides. Of 
the 13 peptides originally identified by 
our computational analysis, 10 identi-
fied T cells enriched in the target tissues 
of hypertensive mice. Seven of these 
peptides induced proliferation of CD8+ 
T cells from hypertensive mice, and 4 
augmented hypertension in vivo.

To ensure these findings were not 
specific to the angiotensin II–induced 
hypertension model, we also induced 
hypertension with the nitric oxide syn-
thase inhibitor Nω-nitro-L-arginine 
methyl ester (L-NAME). Aortas were 
harvested and single-cell suspensions 
stained for CD8+ T cells recognizing 
each of the 4 IsoLG-adducted peptides 
found to augment hypertension in 
angiotensin II–treated animals. Animals 
treated with L-NAME had a significant-
ly higher fraction of peptide-specific T 
cells in their aortas than normotensive 
animals, with up to 35% of CD8+ T cells 
recognizing IsoLG-adducted epitopes 
(Supplemental Figure 9).

To obtain evidence that the proteins from which our peptides 
of interest are derived are IsoLG adducted in vivo, we immuno-
precipitated all IsoLG-adducted proteins from kidney homog-
enates isolated from normotensive and hypertensive mice. We 
then performed Western blotting using anti-SGLT2 (the protein 
from which the LAGKNLTHI peptide is derived) and anti-CDH16 
(the YILKLPLPL peptide). The relative abundance of IsoLG-ad-
ducted SGLT2 was significantly increased in hypertensive mice, 
and there was a trend for an increase in IsoLG-adducted CDH16 
in the kidneys of hypertensive mice compared with sham controls 
(Supplemental Figure 10).

We performed mass spectrographic analysis of one of our 
synthesized immunogenic peptides (LAGKNLTHI) following ex 
vivo IsoLG adduction. The overall signal strength for the adduct-
ed peptide was lower than that of the unadducted peptide (Sup-
plemental Figure 11). Ion chromatograms demonstrated the 
presence of multiple diastereomers, including pyrrole, anhydro-
lactam, and anhydropyrrole products all present in the same sam-
ple (Supplemental Figure 12).

Figure 4. IsoLG-adducted peptide–specific 
CD8+ T cells are enriched in the kidneys 
of hypertensive animals. (A) Candidate 
peptides adducted with IsoLG are recognized 
by CD8+ T cells in the kidney and enriched 
after hypertension is induced with Ang II 
infusion (n = 3–8, mean ± SD). *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001 by 
2-way ANOVA and Holm-Šidák post hoc test. 
(B) Representative flow plots illustrating the 
increase in peptide-specific CD8+ T cells in the 
kidneys during hypertension.

https://doi.org/10.1172/JCI174374
https://www.jci.org/articles/view/174374#sd
https://www.jci.org/articles/view/174374#sd
https://www.jci.org/articles/view/174374#sd
https://www.jci.org/articles/view/174374#sd
https://www.jci.org/articles/view/174374#sd
https://www.jci.org/articles/view/174374#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

7J Clin Invest. 2024;134(16):e174374  https://doi.org/10.1172/JCI174374

Class I human leukocyte antigens exhibit differential presen-
tation of IsoLG-adducted peptides. The above data from mice 
strongly suggest that T cell recognition of IsoLG-adducted pep-
tides depends on their affinity for a given MHC-I. To determine 
whether IsoLG-adducted peptides are similarly restricted in 
their presentation among human MHC-I variants, we identified 
class I human leukocyte antigen (HLA) variants from a curated 

database of HLA allele frequencies (47). 
We selected HLA alleles for each of 3 sub-
populations from the US National Merit 
Donor Program with a phenotype fre-
quency of greater than 5%, leaving 18 HLA 
alleles in total after excluding duplicates 
between subpopulations (Supplemental 
Table 4). Cells lacking native HLA expres-
sion (HLA null) were transfected with each 
allele, treated with tBHP to induce IsoLG 
formation, and assayed for IsoLG adduct 
presentation as in Figure 1E using FRET 
and flow cytometry. We found significant 
variability of FRET signal between various 
HLA-A and HLA-B alleles, suggesting that 
certain alleles are more adept at display-
ing IsoLG-adducted peptides (Figure 7A). 
Scavenging IsoLGs with ethyl-2-HOBA sig-
nificantly reduced FRET signal across all 
HLA alleles tested (Figure 7B).

We identified 1 HLA-A variant and 4 
HLA-B variants with an enhanced FRET 
signal, suggesting these alleles can dis-
play IsoLG-adducted peptides (Figure 
7C). Using FlexPepDock, we selected 
lysine-containing peptides, 9 residues in 
length and derived from proteins overex-
pressed in human renal tissue, predicted 
bind to the HLA in question with high affin-
ity. We modeled the peptides to each HLA 
screened before and after IsoLG adduction. 
Rosetta energy scores were more favor-
able for IsoLG-adducted peptides docked 
to the HLA-A and HLA-B variants, with 
enhanced FRET signal (“high-presenters”) 
when compared with the remaining HLA 
variants (Supplemental Figure 13A). For 
the 3 high-presenting HLA variants with 

available crystal structures, we compared energy score changes at 
each residue position outside of the MHC-I binding pockets and 
for which there was at least 1 lysine-containing peptide. Similar 
to H-2Db–bound peptides, we found that favorable energy score 
changes after IsoLG adduction corresponded to more exposed 
sites with potentially greater TCR accessibility on representative 
HLA-bound peptides (Supplemental Figure 13B).

Figure 5. CD8+ T cells recognizing IsoLG-adduct-
ed peptides are predominantly memory T cells 
in the aorta and kidney. Staining for memory T 
cell markers CD44 (all memory cells) and CD62L 
(central memory cells) reveals that IsoLG-ad-
ducted peptide–specific CD8+ T cells are primarily 
effector memory cells in the kidney (A) and in 
the aorta (B) (n = 3–8, mean ± SD). FMO, fluores-
cence-minus-one control. *P < 0.05; **P < 0.01; 
***P < 0.001 by 1-way ANOVA and Holm-Šidák 
post hoc test.
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vasculature, and the bone marrow, where they promote organ dys-
function and end-organ damage. We cannot exclude the possibility 
that these or similar antigens are formed in other organs and tissues.

In mouse models of obesity-associated insulin resistance, oli-
goclonal CD8+ T cell populations accumulate in response to IsoLG 
protein adducts presented by DCs located in adipose tissue (49). 
Oligoclonal CD8+ T cell populations are also found in human and 
murine atherosclerotic plaques, likely in response to plaque- specific 
antigens (21, 50, 51). In a murine model of heart failure, CD4+ T cells 
are activated after exposure to IsoLG-adducted cardiac peptides 
presented by class II MHC (22). We have also shown that IsoLG- 
adducted peptides contribute to systemic lupus erythematosus (19). 
It is unclear whether the peptides identified in the present study 
contribute to these other diseases; however, a combined computa-
tional and experimental approach like that employed here could be 
useful in these related conditions.

We found that CD8+ T cells recognizing IsoLG-adducted peptides 
in the aorta, kidney, and bone marrow are both effector and central 
memory cells. These findings are consistent with prior experiments 
performed in our laboratory illustrating that memory CD8+ T cells 
accumulate in the bone marrow and kidney in response to repeat-
ed hypertensive stimuli, and that memory T cell formation through 
CD70-mediated costimulation is necessary for hypertension patho-
genesis (25, 46). Similar observations have been made in humanized 
mice, demonstrating increased numbers of memory T cells in the 
aorta and lymphatic tissues after induction of hypertension (5).

Discussion
For decades, T cells have been identified in the peripheral tissues 
of humans with hypertension and in several experimental models. 
Evidence accumulated over the last 10 years strongly implies the 
existence of IsoLG-adducted peptides as antigens in hyperten-
sion (9, 23, 48). In the present work, we identify self-peptides that, 
when modified by IsoLG, are both recognized by and activate T 
cells in hypertensive mice and prime hypertension in vivo. These 
findings strongly suggest that the peptides identified in the current 
study or similar IsoLG-modified peptides play a role in the genesis 
of hypertension and its related end-organ damage.

The finding that T cells identified by these IsoLG-modified 
peptides are present in the aorta and kidney of hypertensive mice is 
compatible with prior work in which we showed that an oligoclonal 
population of CD8+ T cells accumulate in the kidneys of hyperten-
sive mice and that T cells with a memory phenotype home to the 
bone marrow in hypertension (46). We have also shown that renal 
denervation prevents the appearance of activated DCs in second-
ary lymphoid organs and prevents the ultimate accumulation of T 
cells in the kidney (25). The observation of an increase in relative 
abundance of these cells in the aorta and kidney, but not the bone 
marrow, could also indicate demarginalization as they migrate to 
peripheral tissues. Taken together and with our current data, a para-
digm emerges in which antigens in the kidney, like those identified 
in the current study, are presented to CD8+ T cells in secondary lym-
phoid organs. These activated T cells then home back to the kidney, 

Figure 6. IsoLG-adducted peptides induce hypertension in mice. (A) Experimental diagram. IsoLG-adducted peptide candidates and their unadducted 
counterparts were loaded onto DCs and adoptively transferred prior to 14 days of treatment with a subpressor dose of Ang II. (B) Four of the 6 candidates 
tested induced a significant increase in blood pressure following adoptive transfer, while unadducted peptides did not (n = 4–5, mean ± SD). *P < 0.05; 
**P < 0.01; ***P < 0.001 by 2-way ANOVA and Holm-Šidák post hoc test. (C) Of the original 13 candidates screened, 4 are recognized by CD8+ T cells, induce 
CD8+ T cell activation, and induce hypertension in mice following adoptive transfer.
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Figure 7. IsoLG-adducted peptides are preferentially displayed by certain HLA molecules. (A) Treating K562 cells expressing single HLA alleles with 
tBHP induces a significant increase in the HLA-IsoLG FRET proximity mean fluorescence intensity (MFI) for all alleles screened, excepting the HLA-
null control. However, there are certain alleles with significantly higher FRET MFI compared with the lowest measured in each allele class (A–C) (n 
= 4, mean ± SD). *P < 0.05 vs. lowest average MFI for corresponding allele class by 2-way ANOVA and Holm-Šidák post hoc test. (B) Treatment with 
the dicarbonyl scavenger ethyl-2-HOBA significantly reduces FRET MFI compared with tBHP-only-treated cells (n = 4). #P < 0.05 vs. corresponding 
tBHP-treated group by 2-way ANOVA with Holm-Šidák post hoc test. (C) Example FRET signal for all HLA alleles tested. “High-presenting” HLA-A 
and HLA-B alleles are highlighted in blue.
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Our data strongly suggest that IsoLG adducts are restricted 
to certain MHC-I variants in mice and preferentially displayed 
by certain HLA variants in humans. Such data imply there might 
exist a correlation between “high-risk” HLA variants and hyper-
tension, as is the case for other diseases (59). There are several 
studies with small populations that correlate specific class II HLA 
alleles with hypertension severity, though this may be due to link-
age disequilibrium rather than HLA itself (60, 61). A more recent 
study correlating phenotypes with imputed HLA alleles in a large 
clinical database did not reproduce these associations, and there 
is no single class I HLA that confers significantly elevated risk of 
hypertension (62). This may be due in part to the “mosaic” nature 
of hypertension, where distinct pathogenic stimuli act in concert 
to mediate a common phenotype (63). While single HLA alleles 
may be insufficient to promote disease, it is also possible that com-
binations of multiple alleles, or haplotypes, may confer either risk 
(if all are predisposed to IsoLG-adduct presentation) or protection 
(if they have low affinity for IsoLG adducts). The computational 
modeling pipeline employed for this study could also be employed 
to screen large numbers of antigen/HLA combinations. Further 
studies combining this screening tool with large databases con-
taining both imputed HLA alleles and diagnosis codes may help 
identify high-risk haplotypes, and individual alleles later screened 
for IsoLG-adduct affinity in vitro.

There are several important limitations to consider for this 
work. Firstly, the peptides we screened are N-terminally acetyl-
ated. While necessary to prevent IsoLG adduction at the peptide 
N-terminus, N-terminal acetylation can also alter peptide binding 
affinity for MHC-I, resulting in false negatives in our screening 
studies (64). Solid-phase peptide synthesis using preadducted 
lysine residues could circumvent this problem, but an optimized 
protocol for manufacturing such residues is not yet available. In 
our initial computational screen, we also excluded peptides pre-
dicted to have a low binding affinity for H-2Db. This exclusion step 
reduced the number of peptides included in the screen by sever-
al orders of magnitude, but also may have rejected peptides with 
increased binding affinity for MHC-I following IsoLG adduction.

While we successfully identify the presence of self-proteins 
in IsoLG-adduct-enriched samples from which our peptides are 
derived, methods enabling the direct detection of the IsoLG-mod-
ified peptides themselves in vivo are lacking. Mass spectrometry 
can be routinely used to detect peptides eluted from MHC-I and 
MHC-II in cell culture, but routine data processing algorithms are 
limited in their ability to confidently identify peptide sequences 
with posttranslational modifications such as IsoLG, especially in 
the absence of prior reference data or biochemical enrichment (65). 
Developing these highly specialized tools to identify IsoLG-mod-
ified peptides in humans with hypertension is an active priority of 
our group and others. Furthermore, the use of mass spectrometry 
to detect protein and peptide fragments depends largely on the 
frequency of the chemical species of interest. As antigen potency 
is a property largely uncoupled from its frequency, mass spectrom-
etry is limited in its ability to identify uncommon antigens and is 
unable to distinguish immunogens from benign peptides (66, 67). 
However, our computational pipeline circumvents these challeng-
es and aids this discovery of IsoLG-modified peptides that inde-
pendently illicit immune responses in vivo and in vitro.

It is also of interest that even in nonhypertensive mice, 3% to 
6% of CD8+ T cells in the aorta, kidney, and bone marrow recognize 
IsoLG-adducted peptides. In the peripheral tissues, these cells have 
the phenotype of effector memory cells. These findings suggest that 
these T cells may have previously encountered molecularly similar 
antigens. One such source of exposure could be antigens derived 
from commensal organisms or other chronic persistent foreign 
antigens that either mimic IsoLG adducts or that are themselves 
IsoLG adducted. Hypertension is closely associated with changes 
in gut microbiome content in humans (52). Germ-free mice are also 
protected against angiotensin II–induced hypertension and have 
reduced arterial and renal inflammatory infiltrate, and transplant 
of gut microbiome from hypertensive patients to germ-free animals 
can induce high blood pressure (53). Salt sensitivity, an import-
ant hypertension phenotype, is also intrinsically linked to both gut 
microbiome changes in mice and humans and is a potent stimula-
tor for IsoLG production in DCs (54, 55). Whether or not the same T 
cells responsible for mediating inflammatory responses against gut 
bacteria (or some other viral antigen) also recognize IsoLG-adduct-
ed antigens is an important subject for further study.

The proteins we identified from which the IsoLG-adduct-
ed peptides are derived are all membrane-associated proteins 
and include transporters (in the case of LAGKNLTHI, derived 
from the sodium/glucose cotransporter encoded by Slc5a2, and 
GSPKQHEVV, derived from the sodium/vitamin C cotransport-
er encoded by Slc23a1), cell-cell adhesion proteins (YILKLPLPL, 
derived from the cell-cell adhesion protein encoded by Cdh16), and 
one without functional annotation (MQLPSKVVL, derived from the 
Kelch domain–containing protein encoded by Klhdc7a) (see Supple-
mental Table 3). LAGKNLTHI and GSPKQVEVV are derived from 
cytoplasmic regions of their respective proteins, while YILKLPLPL 
is derived from the extracellular region. These proteins may be 
adducted by IsoLG and processed via several pathways. Renal epi-
thelial cells experience increased oxidative stress in hypertension 
(56, 57), and thus these proteins could undergo IsoLG adduction 
in their cell of origin. It is also possible that previously unadduct-
ed proteins, released with cellular debris or upon cell death in the 
kidney, are engulfed by DCs where they are then IsoLG adducted. 
In keeping with this, we have shown that superoxide production is 
increased by more than 6-fold in DCs of hypertensive mice and this 
is absent in mice lacking NOX2 (23).

IsoLGs are a family of 8 regioisomers, and the reaction of 
IsoLGs with lysine forms a number of adduct species, including 
pyrrole and oxidized pyrroles (58). Chromatograms derived from 
mass spectrometry data obtained from one of the immunogenic 
IsoLG-adducted peptides revealed characteristic signals congru-
ent with different IsoLG adducts, including anhydrolactams and 
hydropyrroles (Supplemental Figure 12). While such differenc-
es in IsoLG structure might not appreciably change their affinity 
for MHC-I, different IsoLG regioisomer or adduct species could 
select for different T cell populations. This mechanism might 
explain why we observe many distinct T cell clonotypes in the 
kidneys of hypertensive mice, rather than a few single dominant 
clonal populations (9). Additionally, the robust T cell response 
observed despite a relatively low amount of IsoLG-adducted pep-
tide (as assessed by mass spectrometry, Supplemental Figure 11) 
suggests that the adducts are high-quality immunogens.
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ry sequencing using the Rosetta Scripts mover MutateResidue prior 
to prepacking (72). MHC-I models were generated using AlphaFold2 
(73). Unless otherwise specified, 250 models were generated for each 
peptide–MHC-I complex using computational resources available 
through the Vanderbilt Advanced Computing Center for Research and 
Education (ACCRE). The Rosetta energy composite score reweight-
ed_sc, which provides additional weighting to interactions at the pep-
tide-receptor interface, was averaged from the top 5 scoring models. 
PyMOL molecular graphics software was used to visualize the gener-
ated models (Schrödinger).

Candidate peptides 9 residues in length were derived from the 
sequences of proteins overexpressed in renal tissue. We queried the 
Human Protein Atlas for proteins with a greater than 4-fold increase in 
RNA expression in the kidney compared with other tissues, identified 
mouse homologs, and used NetMHCpan 4.0 to identify peptides derived 
from those sequences that were likely to bind strongly to H-2Db (45).

Peptide synthesis, IsoLG adduction, and in vitro IsoLG adduct gener-
ation. Candidate peptides were commercially produced (EZBiolab). 
Peptides were N-terminally acetylated to prevent unwanted N-termi-
nal IsoLG adduction, and purity confirmed with high-performance liq-
uid chromatography. IsoLG was synthesized as described previously 
(74). Peptides were incubated with IsoLG at a 1:1 molar ratio of lysine 
to IsoLG overnight at 4°C in aqueous solution to generate adducts, as 
previously described (19). Unadducted and IsoLG-adducted peptides 
were stored at 4°C at a concentration of 1 mM until used in cell culture 
or flow cytometry.

Native IsoLG generation was induced by treating cultured cells 
with tBHP (Sigma-Adrich) at 100 μM for 30 minutes, as previously 
described (23). After treatment, cells were centrifuged at 350g for 5 
minutes and the media replaced. Cells were incubated overnight prior 
to further analysis.

Cell isolation and culture. For assays with bead-bound MHC-I, 
spleens from H-2Db– or H-2Kb–transgenic mice were isolated, passed 
through a 70-μm mesh, and red blood cells lysed (RBC lysis buffer, 
eBioscience) prior to culture in RPMI supplemented with 10% v/v 
fetal bovine serum, 1% v/v penicillin/streptomycin (Gibco), and 2 
μL/500 mL of β-mercaptoethanol (Sigma-Aldrich). After 72 hours, 
media were collected and incubated with Ni-agarose beads (Ther-
mo Fisher Scientific) and the beads collected through centrifugation 
before being added to T cell cultures. If indicated, a single-chain 
variable fragment antibody that recognizes IsoLG adducts (D11) was 
added to cultures simultaneously (D11 developed and produced as 
described in ref. 75).

For T cell proliferation assays, DCs were isolated from the spleens 
of C57BL/6 animals using the Miltenyi Biotec Pan Dendritic Cell 
Isolation Kit and cultured in RPMI supplemented with 10% v/v fetal 
bovine serum, 10 mM HEPES buffer, 1% v/v sodium pyruvate (Gibco), 
1% v/v penicillin/streptomycin, and 2 μL/500 mL of β-mercaptoeth-
anol. Adducted or unadducted peptides were added to DC cultures 
overnight at a concentration of 10 μM, DCs centrifuged, and superna-
tant removed prior to the addition of T cells. CD3+ cells were isolated 
from the bone marrow of adult C57BL/6 angiotensin II– or sham-treat-
ed mice using the Miltenyi Pan T Cell Isolation Kit II and cultured in 
RPMI supplemented with 10% v/v fetal bovine serum, 1% v/v MEM 
nonessential amino acids solution (Gibco), 1% v/v penicillin/strepto-
mycin, and 0.4 μL/100 mL of β-mercaptoethanol. T cells were stained 
with CellTrace CFSE (Thermo Fisher Scientific) prior to incubation 

Our data showed a robust proliferative response of CD4+ T 
cells after exposure to IsoLG-adducted peptides (Supplemental 
Figure 5). IL-17A–producing CD4+ T cells and γδ T cells are an 
important source of inflammation in hypertension and recognize 
IsoLG-adducted peptides in mouse models of nonischemic heart 
failure (8, 22, 68). Future studies should examine the ability of 
these cells to recognize and respond to similar IsoLG-adducted 
peptides and assess their presence and phenotype in target tissues 
affected by hypertension.

Despite these limitations, identifying antigens that mediate 
T cell–induced inflammation in hypertension is an important dis-
covery with broad implications. Future work expanding the scope 
of immunogenic IsoLG-adducted self-peptides, identifying the T 
cells that recognize them, and characterizing molecularly similar 
antigens from human pathogens that may evoke cross-reactive 
memory T cell responses will enhance our understanding of how 
inflammation drives morbidity and mortality in this increasingly 
common ailment.

Methods
Sex as a biological variable. Male mice were used exclusively for all ani-
mal experiments in this study. Male and female animals display differ-
ences in blood pressure and organ dysfunction associated with hyper-
tension across multiple animal models, with male mice tending to 
develop more robust responses to various hypertensive stimuli (69, 70).

Transgenic animals and murine hypertension models. DNA frag-
ments containing the H-2Kb and H-2Db heavy chains with 6-His tags 
and without transmembrane domain regions downstream of a CD11c 
promoter were amplified and cloned into the pcDNA3.1 (H-2Db) and 
pET-3a (H-2Kb) vectors. Resultant vectors were transformed into 
ampicillin-treated E. coli (DH5α), purified using the PureLink Max-
iprep kit (Thermo Fisher Scientific), and sequenced to confirm the 
insertion. The resultant constructs were used to perform pronuclear 
injections for creation of transgenic C57BL/6 mice with soluble forms 
of H2-Db and H2-Kb, respectively.

To induce hypertension, male C57BL/6 mice (The Jackson Lab-
oratory) were implanted with osmotic minipumps (Alzet) containing 
angiotensin II delivered at a rate of 490 ng/min/kg (regular dosing) or 
140 ng/min/kg (subpressor dosing), or sodium acetate buffer (sham 
controls). Mice were studied at 12 weeks of age and received angio-
tensin II for 2 weeks, and blood pressure tail cuff measurements were 
made using the MC4000 Multichannel System for mice (Hatteras, 
Inc). The nitric oxide synthase inhibitor L-NAME (Sigma- Aldrich, 
N5751) was also used to induce hypertension. Twelve-week-old 
C57BL/6 mice were given L-NAME in drinking water (0.5 mg/mL) for 
2 weeks. Control mice received facility drinking water. In some exper-
iments, 2-HOBA was provided concurrently in drinking water at a 
concentration of 1 g/L. Animals were euthanized by CO2 asphyxiation 
prior to tissue isolation.

In silico studies and computational screening. Rosetta stable release 
version 3.13 (https://github.com/RosettaCommons/rosetta) was used 
for all computational studies with FlexPepDock refinement. We creat-
ed Rosetta params files for modeling IsoLG-adducted lysine as previ-
ously described (71). Preliminary structures were generated by identi-
fying the best-scoring preexisting template structure available in the 
PDB (after alignment and scoring with the Blocks Substitution Matrix 
BLOSUM62) and mutating peptide residues to match those of the que-
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the CELLection Dynabead cell isolation kit (Thermo Fisher Scientif-
ic). HLA expression was confirmed with flow cytometry after staining 
with Live/Dead Violet fluorescent reactive dye and anti–pan-HLA 
(BV650). Nontransduced K562 cells were used as a null control.

To induce IsoLG adduct presentation, cells were treated with 
tBHP as described above. If indicated, cells were also maintained in 
media containing ethyl-2-HOBA at a concentration of 200 μM for the 
duration of the experiment. After incubation overnight, cells were 
stained with Live/Dead Violet fluorescent reactive dye and anti–pan-
HLA (BV650) and biotinylated D11 conjugated to streptavidin APC-
Cy7. D11 was biotinylated prior to conjugation with the streptavidin 
fluorophore using the Lightning Link A Biotinylation Kit (Abcam).

Mass spectrometry of IsoLG-adducted peptides. To confirm the pres-
ence of IsoLG modifications, IsoLG-reacted peptides were and ana-
lyzed by LC/MS on an orbitrap Exploris 480 instrument equipped with 
an Easy-nLC 1200 HPLC system, a PepMap C18 trapping column (75 
μm × 2 cm), a PepMap RSLC C18 analytical column (75 μm × 15 cm), 
and an Easy-Spray ion source (Thermo Fisher Scientific). Peptides 
were separated by a 32-minute gradient with buffer A (0.1% formic 
acid) and buffer B (acetonitrile 80% with 0.1% formic acid) at 300 nL/
min as follows: 5% to 10% by 2 minutes, 63% B by 22 minutes, 100% 
B by 24 minutes held until 32 minutes, and then reequilibrated at 0% 
B. Precursor ion scans were acquired with a resolution of 60,000 and 
product ions were scanned at 30,000. The precursor isolation window 
was m/z 0.7. A normalized collision energy of 30% was used in HCD 
mode. PRM precursor m/z values were chosen to correspond to the 
singly and doubly charged species of N-acetylated peptides with anhy-
dropyrrole, pyrrole, anhydrolactam, or lactam modifications at lysine 
ε-amino groups. Data analysis was performed using Skyline 22.2.0.527 
and Thermo Freestyle 1.8 SP2.

Statistics. Unless otherwise stated, data in the manuscript are pre-
sented as mean values ± standard deviation (SD). The 2-tailed Student’s 
t test was used for comparing means between 2 normally distributed 
data sets; otherwise, nonparametric tests were chosen. For normally 
distributed data with more than 2 mean values, 1-way or 2-way ANO-
VA was performed followed by appropriate post hoc tests; otherwise, 
nonparametric tests were used. Unless otherwise stated, differences 
between means were considered significant if the probability of the 
null hypothesis being true was less than 0.05.

Study approval. All animal experiments were approved by the 
Vanderbilt University Medical Center Institutional Animal Care and 
Use Committee.

Data availability. All code used to generate the models in this 
manuscript is provided, along with a detailed protocol capture illus-
trating the steps for reproducing these data, in a public GitHub reposi-
tory (https://github.com/meilerlab/discovery-self-peptides-hyperten-
sion). The data presented in the figures and supplemental material are 
included in their entirety in the Supplemental Data Values file.
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with DCs to track proliferation. A 1:1000 dilution of anti-CD28 (clone 
37.51, BioLegend, 102101) was added to T cell and DC cocultures for 
costimulation. T cells were cultured for 5 days prior to analysis with 
flow cytometry as described above.

Coimmunoprecipitation of IsoLG-adducted proteins. Two milli-
grams of kidney protein was incubated overnight at 4°C with D11 
antibody and then exposed to anti-FLAG M2 beads (Sigma-Aldrich, 
A2220) for 2 hours. After 2 washes in 0.1% Tween 20/PBS, the immu-
noprecipitated proteins were resolved by SDS-PAGE, transferred to 
nitrocellulose membranes, and immunoblotted with anti-CADH16 
(clone CDH16/1532R, Abcam, ab270263) or anti-SGLT2 (clone 
EPR27112-7, Abcam, ab306558) antibodies.

Tissue isolation and flow cytometry. Femurs, tibias, aortas, and 
kidneys were isolated from sham- or angiotensin II–treated mice 
following perfusion of a normal saline solution to remove residual 
leukocytes from the peripheral blood. Long bones were flushed with 
PBS to isolate bone marrow cells. Aortas were manually homoge-
nized and digested for 20 minutes at 37°C in RPMI with 1 mg/mL 
collagenase A and collagenase B and 0.1 mg/mL DNase I (Roche). 
Kidneys were homogenized using the Miltenyi Biotec gentleMACS 
Dissociator and digested for 20 minutes at 37°C in RPMI with 2 mg/
mL collagenase D (Roche) and 0.1 mg/mL DNase I. Red blood cells 
were lysed for all tissues using RBC lysis buffer (eBioscience). Sin-
gle-cell suspensions were stained with Live/Dead Violet fluorescent 
reactive dye (Thermo Fisher Scientific), Fc receptor block (anti-
CD16/anti-CD32; clone S17011E, BioLegend, 156603), and stained 
with antibodies for CD3 (BV650; clone 17A2, BioLegend, 100229), 
CD4 (FITC; clone GK1.5, BioLegend, 100405), CD8a (APC; clone 
53-6.7, BioLegend, 100711), CD44 (APC-Fire750; clone IM7, Bio-
Legend, 103061), and CD62L (PE-Fire810; clone W18021D, Bio-
Legend, 161205). To identify peptide-specific T cells, suspensions 
were also stained with H-2Db–IgG1 fusion protein (DimerX I:Mouse 
H-2D[b]:IgG; BD Biosciences, 551323) loaded with unadducted or 
IsoLG-adducted peptide (160:1 molar ratio overnight at 37°C) at 1 
μg per sample. Secondary staining to identify H-2Db–IgG1–bound 
cells was done with anti-mouse IgG1 (PE; clone A85-1, BD Biosci-
ences, 550083). Samples were run on a Cytek Aurora 4-laser flow 
cytometer and analyzed using FlowJo (Tree Star). A minimum of 1 × 
106 events were collected and cell counts determined based on total 
cell number (bone marrow and aortic cells, determined after isola-
tion using a hemocytometer with trypan blue staining) or normal-
ized to organ weight (kidney).

Assessment of IsoLG adduct presentation by single-variant HLA–
expressing cells. We identified HLA alleles to screen for IsoLG adduct 
presentation by selecting the 10 HLA alleles with the highest phe-
notypic frequency present in 3 populations of the US National Merit 
Donor Program available through the Allele Frequency Net Database 
to best capture haplotype diversity (47). The populations included USA 
NMDP European Caucasian, USA NMDP Chinese, and USA NMDP 
African American Pop 2. Twenty-two nonduplicate HLA-A, -B, and -C 
alleles were identified in this manner.

The HLA-null human cell line K562 was transduced with each 
HLA allele with either an adenoviral vector or electroporation in 
conjunction with a transposon sequence and sleeping beauty trans-
posase. After transduction and expansion, HLA-expressing cells were 
enriched by positive magnetic sorting using a biotinylated anti–pan-
HLA antibody (clone W6/32, BioLegend, 311434) in conjunction with 
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