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ABSTRACT
Immune checkpoint inhibitors (ICI) are increasingly used in combination. To understand the effects of 
different ICI categories, we characterized changes in circulating autoantibodies in patients enrolled in the 
E4412 trial (NCT01896999) of brentuximab vedotin (BV) plus ipilimumab, BV plus nivolumab, or BV plus 
ipilimumab-nivolumab for Hodgkin Lymphoma. Cycle 2 Day 1 (C2D1) autoantibody levels were compared 
to pre-treatment baseline. Across 112 autoantibodies tested, we generally observed increases in ipilimu-
mab-containing regimens, with decreases noted in the nivolumab arm. Among 15 autoantibodies with 
significant changes at C2D1, all nivolumab cases exhibited decreases, with more than 90% of ipilimumab- 
exposed cases showing increases. Autoantibody profiles also showed differences according to immune- 
related adverse event (irAE) type, with rash generally featuring increases and liver toxicity demonstrating 
decreases. We conclude that dynamic autoantibody profiles may differ according to ICI category and irAE 
type. These findings may have relevance to clinical monitoring and irAE treatment.
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Introduction

In recent years, immune checkpoint inhibitor (ICI) indications 
and regimens have expanded profoundly. Whereas these can-
cer treatments were once administered exclusively as mono-
therapy for previously treated, advanced malignancies, they are 
now approved across disease stages. Furthermore, combina-
tions with molecularly targeted therapies, conventional che-
motherapy, radiation therapy, or other ICI are approved or 
under investigation in multiple cancer types.

Combination immunotherapy has brought both disappoint-
ment and success. Treatment with the anti-cytotoxic 
T lymphocyte antigen 4 (CTLA4) antibody ipilimumab plus 
the BRAF inhibitor vemurafenib resulted in frequent 
hepatotoxicity.1 When added to the epidermal growth factor 
receptor osimertinib, the anti-programmed death ligand 1 
(PDL1) agent durvalumab led to unacceptable rates of pulmon-
ary toxicity.2 Conversely, the addition of pembrolizumab to 
platinum-doublet chemotherapy is generally well tolerated and 
effective in most patients.3

Among immunotherapy regimens, combination CTLA4 
and PD1 (or PDL1) inhibition has produced the greatest effi-
cacy, as well as the greatest toxicity. In metastatic melanoma, 
ipilimumab plus nivolumab yields response rates exceeding 
90% and median survival beyond 3 years. However, these 
patients also face considerably higher rates and severity of 

immune-related adverse events (irAE) than do patients treated 
with either agent alone.

Autoantibodies may provide insight into the effect of ICI on 
host immune function. Employed as biomarkers for some 
autoimmune diseases such as rheumatoid arthritis and sys-
temic lupus erythematous,4 they have been studied to 
a limited degree in the context of cancer immunotherapy. 
Certain antibodies have been associated with irAE risk.5–7 

Post-treatment changes in autoantibodies have also been 
linked with clinical outcomes.8

Because different types of ICI act on different components 
of anti-tumor immunity and are associated with different toxi-
city patterns, we studied dynamic autoantibody changes and 
irAE in a population treated with various ICI regimens.

Materials and methods

Patient population and study procedures

This study included patients with relapsed or refractory 
Hodgkin lymphoma treated on the Eastern Cooperative 
Oncology Group-American College of Radiology (ECOG- 
ACRIN) E4412 phase 1/2 trial of brentuximab vedotin (anti- 
CD30), ipilimumab (anti-CTLA4), and nivolumab (anti-PD1) 
(NCT01896999).9 Key exclusion criteria included prior ICI 
treatment, active autoimmune disease, or significant organ 
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dysfunction. The E4412 trial, which was performed according 
to the Declaration of Helsinki and International 
Harmonization Guidelines for Good Practice, was approved 
by all participating centers. All enrolled patients provided 
written informed consent prior to undergoing any study- 
related procedures.

During a 3 + 3 dose escalation phase 1 component, patients 
were enrolled sequentially into cohorts receiving (a) BV 1.8  
mg/kg IV plus ipilimumab 1–3 mg/kg IV (ipilimumab group), 
(b) BV 1.2–1.8 mg/kg IV plus nivolumab 3 mg/kg IV (nivolu-
mab group), or BV 1.2–1.8 mg/kg IV plus ipilimumab 1 mg/kg 
IV plus nivolumab 3 mg/kg IV (ipilimumab + nivolumab ther-
apy group). BV and nivolumab were given every 3 weeks; 
ipilimumab was administered every 6 weeks in the ipilimumab 
group and every 12 weeks in the ipilimumab + nivolumab 
group. BV was continued for up to one year (16 doses); nivo-
lumab, up to two years (34 doses). Ipilimumab was adminis-
tered for up to 1 year (7 doses) in the ipilimumab group and 2  
years (9 doses) in the ipilimumab + nivolumab group.9

Clinical data

We obtained clinical data (including demographics, treatment 
assignment, and toxicities) from the E4412 study database. In 
the trial, toxicity assessment and laboratory evaluations were 
performed weekly during cycle 1 and at the start of subsequent 
cycles. The highest grade of each toxicity type was reported for 
individual patients. Adverse events were graded according to 
the National Cancer Institute (NCI) Common Terminology 
Criteria for Adverse Events (CTCAE) version 5.0. For the 
present analysis, we characterized adverse events as irAE if 
(1) they represented recognized irAE types and (2) they were 
unlikely to be caused by brentuximab vedotin.

Because any grade irAE occurred in almost all patients in 
this study, we focused on clinically significant and higher- 
grade (grade ≥2 and grade ≥ 3) irAE when we examined auto-
antibody associations across all irAE. Due to smaller case 
numbers, in our analyses of individual irAE types we included 
all-grade irAE, designating high-grade irAE (grade ≥3) subsets 
within these groups. Due to the small number of patients, 
variety of Hodgkin’s subtypes and stages, various prior types 
of therapy, and different treatments included in the E4412 trial, 
we did not include analyses of therapeutic efficacy in this study.

Specimen processing and serum autoantibody profiling

We analyzed blood samples that had been prospectively col-
lected for correlative studies at pre-treatment baseline (within 
72 h of treatment initiation) and on cycle 2 day 1 (C2D1, 21  
days after treatment initiation). Samples were centrifuged and 
sera stored at −80°C. For the present analysis, we received 
aliquots from storage facilities at Mayo Clinic and MD 
Anderson Cancer Center.

We used autoantigen microarrays for autoantibody profil-
ing as described previously.10,11 Briefly, a panel of 112 auto-
antibodies was selected to represent autoantibodies associated 
with various immune-related diseases or allergic disorders 
(Supplemental Table S1).11 Eight additional proteins (Ig con-
trol 1:2, Ig control 1:4, Ig control 1:8, Ig control 1:16, anti-Ig 

control 1:2, anti-Ig control 1:4, anti-Ig control 1:8, anti-Ig 
control 1:16) were imprinted on the arrays as internal controls 
and for data normalization.

Serum samples were first treated with DNAse I to remove 
free DNA and then applied onto autoantigen arrays with 1:50 
dilution. Autoantibody binding was detected with cy3-labeled 
anti-human IgG. Array slides were scanned with a Genepix 
4400A scanner with laser wavelengths 532 nm for cy3 to gen-
erate Tiff images. We used Genepix Pro 7.0 software to analyze 
images and to generate genepix report (GPR) files (Molecular 
Devices, Sunnyvale, California, USA). The net fluorescent 
intensity (NFI) of each antigen was generated by subtracting 
the local background and negative control (phosphate buffered 
saline) signals. We generated a signal-to-noise ratio (SNR, 
background) for each antigen as follows: (foreground median – 
background median)/standard deviation.

We used SNR as a quantitative measure of the ability to 
resolve true signal from background noise. A higher SNR 
indicates higher signal over background noise. 
Autoantibodies with SNR < 3 in more than 90% of the samples 
were excluded from further analysis.10,11 NFI was normalized 
by robust linear model using positive controls with different 
dilutions. Log2 of normalized NFI was used for data analysis.

We calculated log fold-change (FC) between pre-treatment 
baseline and C2D1 for each autoantibody. For a given patient, 
if either the pre-treatment or C2D1 value was 0, we incremen-
ted both values by 1 before calculating the corresponding FC. 
We generated heatmaps with hierarchical clustering with aver-
age linkage of WPGMA using Genesis cluster analysis of 
microarray data.

Statistical analysis

Participant characteristics were described with medians (inter-
quartile range) for continuous variables and frequencies (pro-
portions) for categorical variables by treatment groups. The 
association of demographic and irAE characteristics with treat-
ment groups were further assessed using Fisher’s exact test for 
categorical variables and Kruskal-Wallis test for continuous 
variables. Additionally, we used Mann-Whitney U tests to com-
pare autoantibody profiles between irAE categories and Kruskal- 
Wallis test among treatment groups. Two-sided p values < 0.05 
were considered statistically significant. Because this was 
a hypothesis-generating pilot study with a relatively small sample 
size, we did not correct for multiple comparisons using adjusted 
p values or false discovery rate for statistical analysis.12 All 
computation was performed with R (v4.2.2).

Results

Patient characteristics and irAE

Among a total of 64 patients enrolled in the E4412 trial, 48 
patients (75%) had available baseline serum samples and 
were included in this study. Among these cases, 43 (90%) 
also had C2D1 samples and were included in analyses of 
autoantibody changes. Table 1 summarizes patient charac-
teristics and irAE according to the treatment group. Mean 
age was 36 years, 46% were women, and 86% were White. 
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Treatment assignment was as follows according to ICI type: 
ipilimumab (n = 19), nivolumab (n = 13), and ipilimumab +  
nivolumab therapy (n = 16).

Overall, 46 patients (96%) experienced any grade irAE, 
with 13 (27%) having grade ≥ 3 irAE. Rash was the most 
common irAE (27%), followed by diarrhea (21%), and ele-
vated hepatic enzymes (17%). Despite the relatively low num-
ber of cases per treatment group, we observed a nearly 
significant difference in irAE types according to ICI type (p  
= 0.07). In general, rash and diarrhea occurred more fre-
quently with ipilimumab-containing regimens (including 
combination with nivolumab), while elevated hepatic 
enzymes were more common in the nivolumab group. This 
difference was most notable for rash, which developed in 37% 
of ipilimumab patients, 8% of nivolumab patients, and 31% of 
ipilimumab + nivolumab therapy patients.

Autoantibody profiles according to treatment group

Baseline and Cycle 2 Day 1 blood samples were available for 18 
ipilimumab, 11 nivolumab, and 14 ipilimumab + nivolumab 
cases. Across all treatment groups, we noted significant 
changes in levels [log2NFI(C2D1/BL)] of 15 autoantibodies 
(13%) (Figure 1). Among these, 7 (47%) were anti-matrix and 
3 (20%) were anti-nuclear antigen. Notably, autoantibody 
changes clearly differed according to the treatment group. 
For all 15 autoantibodies with significant changes after treat-
ment initiation, levels decreased in the nivolumab group. 
Conversely, all 15 autoantibodies increased in the ipilimumab 
plus nivolumab group, and 14 autoantibodies (93%) increased 
in the ipilimumab group. The greatest changes (whether 
decreased or increased) were observed for anti-matrix autoan-
tibodies. Figure 2 displays changes in levels of all 112 tested 
autoantibodies. Similar to the subset of autoantibodies with 

Table 1. Patient characteristics and immune-related adverse events by treatment group.

Treatment

Total Ipilimumab plus BV Nivolumab plus BV Ipilimumab + nivolumab plus BV
n (%) n (%) n (%) n (%) P value

N 48 19 13 16

Age (years)
Median (IQR) 33.5 (16.0) 32.0 (8.5) 46.0 (25.0) 31.0 (13.0) 0.3
Mean (SD) 35.5 (11.7) 34.4 (8.9) 41.6 (15.8) 31.9 (9.3) 0.1

Sex
Female 22 (46) 9 (47) 9 (69) 8 (50) 0.4
Male 26 (54) 10 (53) 4 (31) 8 (50)

Race*
White 38 (86) 17 (90) 10 (83) 11 (85) 1
Black or African American 3 (7) 1 (5) 1 (8) 1 (8)
Asian 3 (7) 1 (5) 1 (8) 1 (8)

Modified Ann Arbor Stage
I-II 24 (50) 9 (47) 5 (39) 10 (62) 0.6
III 12 (25) 6 (32) 3 (23) 3 (19)
IV 12 (25) 4 (21) 5 (38) 3 (19)

Hodgkin lymphoma by WHO histology*
302-Nodular sclerosis 39 (83) 15 (83) 9 (69) 15 (94) 0.5
303-Lymphocyte-rich 2 (4) 1 (6) 1 (8) 0 (0)
304-Mixed cellularity 6 (13) 2 (11) 3 (23) 1 (6)

Disease type
Refractory 13 (27) 4 (21) 5 (38) 4 (25) 0.6
Relapsed 35 (73) 15 (79) 8 (62) 12 (75)

Prior Brentuximab
Yes 6 (13) 3 (16) 3 (23) 0 (0) 0.1
No 42 (87) 16 (84) 10 (77) 16 (100)

Prior transplant type
Allogeneic 3 (6) 1 (5) 1 (8) 1 (6) 0.9
Autologous 16 (33) 7 (37) 5 (38) 4 (25)
None 29 (60) 11 (58) 7 (54) 11 (69)

Prior chemotherapy regimens
Median (IQR) 2 (2) 2 (2.5) 2 (2.0) 2 (1.3) 0.7
Mean (SD) 2.2 (1.5) 2.6 (2.0) 2.0 (1.1) 1.9 (0.8) 0.3

Immune-related adverse events (irAE)
Grade
No irAE 2 (4) 0 (0) 2 (15) 0 (0) 0.3
Mild irAE (grade ≤2) 33 (69) 14 (74) 9 (69) 10 (62)
Severe irAE (grade ≥3) 13 (27) 5 (26) 2 (15) 6 (38)
Type
Rash 13 (27) 7 (37) 1 (8) 5 (31) 0.07
Diarrhea 10 (21) 6 (31) 2 (15) 2 (13)
Liver 8 (17) 3 (16) 4 (31) 1 (6)
Other 15 (31) 3 (16) 4 (31) 8 (50)
No irAE 2 (4) 0 (0) 2 (15) 0 (0)

*Numbers may not sum to the total number of patients due to missing data.
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significant changes, in this larger analysis Increased levels after 
ICI initiation were observed most commonly with ipilimumab- 
containing regimens, with decreases most common in the 
nivolumab group.

To evaluate longitudinal trends, we analyzed autoantibody 
changes at a later time-point (Cycle 4 Day 1) (Supplemental 
Table S2). At this time-point (which occurred around Day 
63), samples were available for 15/18 (83%) ipilimumab cases, 
11/11 (100%) nivolumab cases, and 11/14 (79%) of ipilimu-
mab + nivolumab cases included in the Cycle 2 Day 1 analysis. 
Among the 19 autoantibodies with significant differences 
according to ICI regimen at the early time-point (n = 15), 
the later time-point (n = 7), or both time-points (n = 3), 14 
(74%) displayed the same relative changes at both time- 
points, suggesting that early observations may be preserved 
throughout ICI therapy.

Autoantibody profile associations with irAE

Supplemental Figure S1 shows autoantibody changes accord-
ing to specific irAE type, grade, and ICI regimen. Increases in 
autoantibody levels were most prominent for rash, while liver 
toxicity (autoimmune hepatitis) generally featured decreased 
levels. Interestingly, for rash cases, autoantibody increases 
appeared to be greatest in lower-grade (grade ≤2) irAE. 
Because rash (particularly high-grade cases) occurred at greater 
frequency than might be expected from ICI regimens, we 
identified those antibodies with significantly different changes 
in rash cases compared to other irAE (n = 32) (Supplemental 
Figure S2). Supplemental Figure S3 highlights those 

autoantibodies with significant changes (almost all of which 
were decreases) in liver irAE.

We also compared the specific autoantibody changes 
observed in association with ICI regimen and those observed 
in association with rash and liver irAE (Supplemental Table 
S3). Among autoantibody changes significantly associated with 
ICI regimen (n = 15), rash irAE (n = 32), and liver irAE 
(n = 18), 9 were shared between ICI regimen and rash irAE, 
and only one was shared between ICI regimen and liver irAE.

Discussion

Given the growing use and complexity of combining ICI regi-
mens for the treatment of various cancers, we analyzed auto-
antibodies and irAE in a cohort of patients with Hodgkin 
lymphoma treated with multi-agent regimens incorporating 
anti-CD30, anti-PD1, and anti-CTLA4 treatments. Although 
the sample size in this study was relatively small, to our knowl-
edge this report represents one of the first to examine differences 
in dynamic systemic immune parameters according to ICI cate-
gory. Earlier autoantibody analyses in ICI populations have 
either focused exclusively on pre-treatment baseline metrics or 
have included only a single type of ICI regimen.7,13–15

We observed clear differences in autoantibody changes by 
ICI type. In general, anti-PD1 therapy was associated with 
decreases in autoantibody profiles after one cycle of treatment. 
Anti-CTLA-4-based regimens – with or without concomitant 
PD1 therapy – tended to have increases in autoantibody pro-
files. These patterns persisted over time. The expected biologi-
cal effects of these treatments may support these findings. 
CTLA-4 expression inhibits CD8+ CD28+ T-cell functions 

Figure 1. Autoantibodies with significant changes after ICI initiation. Fold change of log2NFI(C2D1/BL) is shown as mean ± SE. **p < 0.01, *p < 0.05 by Kruskal-Wallis 
test.
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that affect B-cell production of autoantibodies.16 Conversely, 
PD-1 and PD-L1 are primarily involved in regulation of later 
stages of immune function, specifically T-cell effector 
function.17 How do these mechanisms relate to our specific 
observations, namely dynamic autoantibody increases in the 
CTLA-4 and CTLA-4 + PD-1 groups, with largely unchanged 
or even decreased autoantibodies in the PD1 group? Preclinical 
studies have shown that selective deletion of CTLA-4 from 
B cells results in mice that spontaneously develop 
autoantibodies,18 potentially explaining the autoantibody 
increases in our CTLA-4-treated patients. The effects of PD-1 
inhibition on specific immune functions are largely reduced 
when combined with CTLA-4 inhibition,19 which may support 
the similar autoantibody profiles we observed in the CTLA-4 
and CTLA-4 + PD-1 groups. Because PD-1 inhibition primar-
ily affects CD8+ T cells, one might not necessarily expect 
a change in autoantibodies. As for the antibodies that 
decreased in the PD-1 group, almost all of them target collagen, 
and such autoantibodies have been noted to decrease rather 
than increase in inflammatory states.20

Different irAE types also appeared to have distinct auto-
antibody profiles, with liver irAE notable for decreased levels 
after ICI initiation. Clearly, the predominance of anti-PD1 
cases (50%) within this group contributes to this association; 
however, the remaining cases from CTLA4-containing regi-
mens tended to have either decreased, unchanged, or only 
modestly increased autoantibodies. To what extent these 

findings represent irAE mechanism cannot be determined 
from this study. Indeed, the relationship between specific 
autoantibody changes associated with ICI regimen and 
those associated with irAE was relatively modest. The small 
number of reports analyzing end-organ tissue from irAE 
generally describe cellular populations and do not evaluate 
antibody deposition.21,22 We may gain some insight into the 
unexpected and counterintuitive decrease in autoantibodies 
we noted with certain irAE from studies in other autoim-
mune conditions. In rheumatoid arthritis, anti-collagen anti-
body titers decrease profoundly over time.20 Similarly, in 
some patients with systemic lupus erythematosus, major 
declines in anti-dsDNA titers herald disease flares.23 

Whether these observations reflect antibody deposition into 
specific organs is not clear.

If irAE are eventually found to have either humoral immu-
nity-dominant or -non-dominant pathophysiology, the clinical 
implications may be substantial, as immunosuppressants have 
varying effects on immune function.24 Cyclosporin and tacro-
limus target T cell proliferation. Rituximab specifically targets 
B cells. Mycophenolate has effects on both populations. 
Through effects on gene transcription and post-translational 
events, glucocorticoids broadly suppress inflammatory 
responses.25

Given the small sample size of this pilot study, we can 
infer little about specific autoantibodies. Among rash cases 
(the most common irAE), we noted increases in a number of 

Figure 2. Post-treatment changes in 112 autoantibodies according to ICI type. Fold change of log2NFI(C2D1/BL) is shown. Within the heatmap, ipilimumab is shown in 
top rows, nivolumab in middle rows, and combination ipilimumab plus nivolumab in bottom rows.
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autoantibodies previously associated with autoimmune der-
matologic conditions, including collagen, complement, and 
SSA.26 Because our panel was designed to address a broad 
range of autoimmunity, it did not include certain autoanti-
bodies strongly associated with dermatologic disease, such as 
those targeting epithelial basement membrane zone or cell 
surface.

We recognize the unique context of this study. 
Administration of multi-agent immunotherapy may introduce 
nuances in lymphoid malignancies. Because the underlying 
malignancy involves organ systems tightly linked with immune 
function, patients may exhibit immune dysregulation indepen-
dent of therapy.27 The treatments employed for these cancers 
frequently target lymphoid cells, thereby further affecting both 
humoral and cellular immune function. Brentuximab vedotin 
targets CD30, the physiologic expression of which is restricted 
to stimulated B immunoblasts in the germinal center and 
extrafollicular region. As precursors of plasma cells, immuno-
blasts might be expected to have a mechanistic link to antibody 
production. However, the three-week interval separating the 
two time-points in the present study may not be sufficient to 
demonstrate this effect.

The primary limitation of our study is the small size, which 
precludes detailed analysis of individual organ-specific irAE, 
evaluation of pre-treatment autoantibody levels as predictive 
biomarkers, or evaluation of survival and other efficacy out-
comes. The three-week interval between baseline and post- 
treatment antibody determination may not capture later 
changes in these parameters, which have been previously 
described.28 Nevertheless, because most irAE first occur after 
several weeks of ICI treatment, a pharmacodynamic biomarker 
with a relatively compressed timeline could prove useful for 
planning subsequent modifications to monitoring, supportive 
care, or treatment.

We also recognize that co-administration of brentuximab 
vedotin complicates interpretation of our findings, as some 
identified irAE may not represent immune-mediated toxici-
ties. However, the most common toxicities of brentuximab – 
neuropathy and neutropenia – are largely attributable to its 
payload, the microtubule-disrupting agent monomethyl aur-
istatin E, and are clinically distinct from common ICI- 
related toxicities. Rash occurs in about 10% of patients 
treated with brentuximab but is almost never high-grade, 
suggesting that most of our cases likely represent irAE. 
Hepatotoxicity is quite rare.29 Similarly, the extent to which 
our findings in patients with lymphoma translate into the far 
larger solid tumor immuno-oncology population is not clear, 
as specific cancer types may have distinct risk of certain irAE 
(e.g., increased rates of pneumonitis in patients with lung 
cancer, increased rates of hepatitis in patients with liver 
cancer).30,31

A key strength of this study is the use of a robust autoanti-
gen microarray. The array is not only enriched for autoantigens 
implicated in autoimmune diseases such as lupus and 
Sjogren’s, but also features several antigens previously asso-
ciated with irAE, including anti-TPO (thyroid), anti-glutamic 
acid decarboxylase (ICI-induced diabetes), and perinuclear 
antineutrophil cytoplasmic antibody (colitis). To optimize 
microarray reliability and data integrity, antigens were printed 

in duplicate but distributed randomly on microarray slides; 
data were batch-corrected and normalized using internal 
controls.

In conclusion, we found that the combinations of PD1- and 
CTLA4-targeting agents may have distinct effects on autoanti-
body and toxicity profiles. Pharmacodynamic testing of serial 
autoantibodies in larger cohorts treated with varying ICI regimens 
may improve our understanding of irAE risk and mechanism. 
Such information could eventually inform clinical management.
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