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Humoral determinants of checkpoint 
immunotherapy

Yile Dai1,8, Lilach Aizenbud2,8, Kai Qin3,8, Matthew Austin2, Jillian R. Jaycox1, Joseph Cunningham4, 
Eric Y. Wang1, Lin Zhang2, Suzanne Fischer1, Sean M. Carroll5, Helen van Aggelen5, 
Yuval Kluger4,6, Kevan C. Herold1,7, Leon Furchtgott5 ✉, Harriet M. Kluger2 ✉ & Aaron M. Ring3 ✉

Although the role of cellular immunity in checkpoint immunotherapy (CPI) for  
cancer is well established1,2, the effect of antibody-mediated humoral immunity is 
comparably underexplored. Here we used rapid extracellular antigen profiling3 to 
map the autoantibody reactome within a cohort of 374 patients with cancer treated 
with CPIs and 131 healthy control participants for autoantibodies to 6,172 extracellular 
and secreted proteins (the ‘exoproteome’). Globally, patients with cancer treated with 
CPIs had diverse autoreactivities that were elevated relative to control individuals but 
changed minimally with treatment. Autoantibody signatures in patients treated with 
CPI strikingly distinguished them from healthy individuals. Although associations of 
specific autoantibodies with immune-related adverse events were sparse, we detected 
numerous individual autoantibodies that were associated with greatly altered odds 
ratios for response to therapy. These included autoantibodies to immunomodulatory 
proteins, such as cytokines, growth factors and immunoreceptors, as well as tumour 
surface proteins. Functional evaluation of several autoantibody responses indicated 
that they neutralized the activity of their target proteins, which included type I 
interferons (IFN-I), IL-6, OSM, TL1A, and BMPR1A and BMPR2. Modelling the effects  
of autoantibodies to IFN-I and TL1A in preclinical mouse tumour models resulted in 
enhanced CPI efficacy, consistent with their effects in patients. In conclusion, these 
findings indicate that autoantibodies to the exoproteome modify CPI responses and 
highlight therapeutically actionable pathways that can be exploited to augment 
immunotherapy.

Although CPIs that target PD1, its ligand PDL1 and CTLA4 have been 
in clinical use for over a decade, it is unclear why these drugs exhibit 
extraordinary heterogeneity in outcomes1,2,4. Understanding the 
underlying factors that determine therapeutic responses is essential 
to extend the benefits of immunotherapy to more patients. Although 
most research on CPIs has been directed towards their effect on 
tumour-reactive T cells2,5, emerging evidence has highlighted a 
potential role for B cells that mediate humoral (antibody-mediated) 
immunity6,7. The presence of tumour-infiltrating B cells and B cell- 
containing tertiary lymphoid structures in the tumour microenviron-
ment is strongly associated with positive CPI treatment outcomes 
across multiple cancer types8–10. B cells have pleiotropic functions 
that include antigen presentation to T cells11–13 as well as antibody 
production that may contribute to antitumour immunity. With 
respect to the latter function, autoantibodies (AAbs) that recognize 
tumour antigens such as HER2 and MUC1 are associated with enhanced  
survival14,15. However, few studies have comprehensively explored the 
breadth of AAb reactivities at a proteome scale (the ‘AAb reactome’) 
in patients with cancer.

Beyond their classical role in driving autoimmunity16, self-reactive 
AAbs have been established to exert profound biological influences on 
health and disease. Notable examples include the devastating effects 
of anti-IFN-I AAbs in COVID-19 (refs. 17,18) and the protective effects 
of anti-amyloid-β AAbs in Alzheimer’s disease19. With their ability to 
modulate the biological activity of their antigen targets, AAbs can thus 
contribute to an axis of phenotypic variation within the population 
that parallels the effects of genetics20. In this context, the exoproteome 
represents an important class of self-antigens targeted by AAbs. Anti-
bodies are themselves large, secreted proteins that primarily exist in 
the extracellular compartment21. Consequently, the most readily acces-
sible targets to AAbs are those that reside in the extracellular space. 
To detect the presence of potentially functional AAbs, we previously 
developed a high-throughput method, rapid extracellular antigen pro-
filing (REAP), which is capable of detecting AAbs to several thousand 
human extracellular and secreted proteins simultaneously3.

Here we hypothesized that patients with cancer have a range of AAbs 
that exert treatment-enhancing or treatment-inhibiting effects on 
CPIs. Identification of such antibody responses could help to explain 
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clinical heterogeneity in response to immunotherapy but could also 
highlight key pathways for therapeutic modulation in cancer. We thus 
set out to conduct an ‘AAb-wide association study’ (AAbWAS) with REAP 
analogous to a genome-wide association study in a cohort of patients 
receiving CPIs (Extended Data Fig. 1).

AAbs in patients with cancer treated with CPIs
Using REAP, we profiled plasma samples from a cohort of 374 patients 
with cancer treated with CPIs (anti-PD1 or anti-PDL1 monotherapy 
or dual checkpoint blockade with anti-PD1 and anti-CTLA4) and 131 
healthy control individuals (Fig. 1a,b and Supplementary Table 1). This 
cohort contained patients with a wide range of tumour types including 
melanoma, non-small-cell lung cancer (NSCLC), renal cancer, bladder 
cancer, head and neck cancers and other cancers, and included exten-
sive longitudinal profiling for most patients treated with CPIs (Extended 
Data Fig. 2a). As an internal validation of the performance of REAP, we 
successfully detected the new appearance of PD1 and CTLA4 reactivi-
ties that resulted from the administered drugs in patients treated with 
CPIs (Extended Data Fig. 2b). Overall, we detected an extraordinarily 

diverse array of 2,922 unique autoreactivities to the exoproteome in 
the cohort (Fig. 1c). Despite the apparent diversity in autoreactivities, 
a discovery rate analysis revealed that more autoreactivities remain to 
be discovered in the population of patients treated with CPIs (Fig. 1c), 
as most autoreactivities were rare and observed at frequencies of less 
than 1% (Fig. 1d). Longitudinal analysis of the dynamics of each autore-
activity within individual patients indicated that AAbs were relatively 
stable, persisted on timescales ranging from several months to years, 
and were not markedly affected by CPI treatment (Fig. 1e and Extended 
Data Fig. 2c,d).

We subsequently sought to determine whether patients with can-
cer exhibited different AAb features compared with healthy donors. 
By quantifying the total number of autoreactivities per individual, 
we observed that cancer status was significantly associated with 
increased numbers of AAbs at REAP reactivity thresholds of more than 
2 (effect size of 2.4 additional AAbs, P = 0.005) and more than 4 (effect 
size of 1.0 additional AAb, P = 0.021) in pre-treatment samples, after 
adjusting for age and sex, both of which were also significantly asso-
ciated with AAb levels (positive association with age and fewer AAbs 
in male individuals; Extended Data Fig. 2e–h). To determine whether 
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Fig. 1 | Global features of the extracellular AAb reactome in patients 
treated with CPIs. a, Overview of the screening cohort. Longitudinal plasma 
samples from 374 patients with cancer treated with CPIs and 131 healthy donors 
were included in this study. The schematic was created using BioRender 
(https://BioRender.com/kf2v19o). b, Breakdown of cancer types and response 
status in the patient cohort. c, AAb discovery rate analysis. This analysis 
elucidated the relationship between the cohort size and the identified number 
of unique AAbs. AAbs are categorized as either ‘common’ (more than 1%) or 
‘rare’ (less than 1%) on the basis of their frequency within the cohort. d, AAb 
frequency distribution across the cohort. Each bar represents the proportion 
of AAbs observed at the specified frequency within the cohort. e, Kaplan–Meier 

survival curve representing the persistence of AAbs. Persistence was defined 
as maintaining a REAP score above 1 in the longitudinal samples. Data are 
presented as survival probability with 95% confidence intervals. Dashed lines 
indicate the time points after treatment at which 50% of the AAb reactivity was 
still detectable. f, Comparison of the number of positive total reactivities 
(REAP score under a different threshold indicated in the figure) in healthy 
donors and pre-treatment samples from patients. Differences were evaluated 
using linear regression models adjusting for sex and log-transformed age.  
g, Receiver operating characteristic curve of the ability of the REAP score to 
discriminate patients from healthy donors by using the Lasso model. AUC, area 
under the curve.
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patients with cancer had distinguishable AAb signatures relative to 
healthy individuals, we constructed a regularized logistic regres-
sion (Lasso) classification model. Under sevenfold cross-validation, 
the model demonstrated a strong predictive value in differentiating 
patients with cancer from control donors, with its receiver operating 
characteristic curve resulting in an average area under the curve of 
0.88 (Fig. 1g). In summary, these results indicate that patients with 
cancer before immunotherapy exhibit an elevated degree of humoral 
autoimmunity and unique AAb signatures.

AAbs are associated with CPI responses
We next sought to determine whether AAb reactivities were associated 
with differences in treatment outcomes as assessed by radiographic 
imaging. We categorized patients who experienced a radiographic 
complete response or partial response as responders and those with 
stable disease and progressive disease as non-responders according 
to their best response at any point in the administered regimen. To 
infer the contributions of individual autoreactivities to treatment 
response, we calculated odds ratios for each detected autoreactiv-
ity by comparing its occurrence in responders and non-responders 
(Fig. 2a). Given that patient characteristics can influence treatment 
responses, we adjusted the odds ratios for several features. We exam-
ined the effects of age, sex, tumour type, CPI treatment regimen, 
tumour PDL1 status, previous treatment with CPIs, plasma lactate 
dehydrogenase (LDH) levels, tumour stage and Eastern Cooperative 
Oncology Group performance status (Supplementary Table 2) on the 
likelihood of treatment response and made adjustments for variables 
with significant effects (as described in Methods). Ultimately, we 
detected numerous associations of clinical responses with AAbs that 
targeted a wide spectrum of antigens, encompassing immunomodu-
latory receptors and their ligands, cytokines, growth factors and 
tumour-associated surface antigens (Extended Data Figs. 3 and 4). 
Although these AAbs appeared to influence CPI response, they were 
not unique to patients with cancer and exhibited substantial overlap 
with profiles from other populations analysed in previous REAP stud-
ies (Supplementary Tables 3 and 4).

With respect to immunomodulatory pathways, we found numerous 
AAb responses that targeted co-stimulatory and co-inhibitory proteins 
(Fig. 2b). In general, we found that antibody responses to co-inhibitory 
proteins—such as FGL1 (the ligand for LAG3)22, the TIGIT ligands PVRL1 
and PVRL4 (ref. 23) and the CD47 receptor SIRPα24—conferred higher 
odds ratios for treatment response (Fig. 2c). By contrast, AAbs target-
ing co-stimulatory checkpoints conferred odds ratios of less than 1 
(enriched in non-responders). Together, these results suggested that 
humoral perturbation (that is, disinhibition) of co-inhibitory pathways 
may have enhanced antitumour immunity driven by CPI, whereas dis-
ruption of co-stimulatory pathways hindered effective immunothera-
peutic responses.

We also observed associations of AAbs to inflammatory cytokines, 
including IL-6, IL-17, OSM and IFN-I, with higher odds ratios for response 
to CPIs (Fig. 2d). To determine whether these antibodies were func-
tional, we assessed their ability to modulate signalling driven by their 
cytokine antigen targets using ex vivo phosphoflow cytometry signal-
ling assays for IL-6 and OSM. The addition of IgG from patients con-
taining these AAbs, but not from patients that lacked them, inhibited 
signalling from their respective cytokine targets (Fig. 2e). This finding 
is consistent with emerging evidence that these pathways drive patho-
logical inflammation in the tumour microenvironment that leads to 
immunosuppression25–28.

Given the historical association of tumour-opsonizing antibodies 
with enhanced patient survival14,15, we sought to analyse the impact 
of AAbs to tumour-associated antigens on CPI outcomes. Consistent 
with previous observations, we found that antibodies to established 
tumour-associated antigens including MSLN, MET, GPC1, GPC3, CLDN18 

and the stress-induced NKG2D ligands ULBP2, ULBP4 and ULBP6 con-
ferred elevated odds ratios for CPI response (Fig. 2f,g).

By contrast, some AAbs were associated with lower odds ratios for 
CPI response. Two of the most enriched AAbs in non-responders were 
the BMP receptors BMPR1A and BMPR2, which are co-receptors for the 
bone morphogenic proteins BMP2, BMP4, BMP7 and GDF5 (ref. 29). 
These AAbs were detected in approximately 10% of non-responders but 
in fewer than 1% of either healthy donors or CPI responders (Fig. 2h,i). 
We biochemically validated these antibodies via ELISA (Fig. 2j) and 
assessed their functionality using an in vitro BMPR signalling assay, 
finding that IgG isolated from BMPR AAb+ patients potently inhibited 
BMP2-induced signalling (Fig. 2k). These results thus suggest that there 
may be a heretofore unappreciated contribution of BMP pathway func-
tion to the efficacy of CPIs.

IFN-I-neutralizing AAbs improve response
AAbs to the IFN-I family were among the most striking associations 
with CPI responders, conferring odds ratios of response ranging 
from approximately 2.1 to 6.7 (Fig. 3a). The only exception was IFNβ, 
in which reactivity was observed in only a single,l non-responding 
patient. Although reactivity to individual IFN-I proteins was associ-
ated with higher odds of response to CPIs, eight patients had AAbs 
broadly targeting multiple IFN-I proteins. Patients with this broad 
pattern of reactivity universally responded to CPI therapy (Fig. 3b). 
To evaluate the functionality of the IFN-I AAbs, we conducted a 
flow cytometry-based signalling assay in THP-1 cells and found that 
plasma samples from individuals with broad anti-IFN-I autoreactivity 
potently inhibited pSTAT1 signalling induced by IFNα2, IFNα4 and 
IFNα8 (Fig. 3b and Extended Data Fig. 5a). These results thus indicated 
that neutralization of IFN-I may enhance the therapeutic effect of  
CPI therapy.

Consistent with this hypothesis was the behaviour of IFN-I AAbs pre-
sent in non-responders (Fig. 3b). IFN-I AAbs in non-responders targeted 
individual IFN-I proteins only narrowly and with lower REAP reactivity 
than seen in responders (Extended Data Fig. 3). Furthermore, plasma 
samples from patients with reactivity to single IFN-I proteins lacked IFN-
I-neutralizing ability (Fig. 3b). As hotspots within the contact interface 
of IFN-I proteins with the IFNAR subunits are highly conserved30, the 
narrow cross-reactivity of IFN-I AAbs in non-responders and their lack 
of IFN-I neutralization indicates that AAbs in these patients recognize 
distinct non-receptor-binding epitopes. When we refined our analysis 
to samples with demonstrated IFN-I-neutralizing activity, we found 
that the presence of IFN-I-neutralizing ability markedly enhanced the 
predictive value of these responses, elevating the odds ratio for CPI 
response to 40.4.

To assess the potential in vivo effects of the IFN-I AAbs detected in 
our cohort, we conducted immunophenotyping of peripheral blood 
mononuclear cells (PBMCs) from patients with and without IFN-I AAbs. 
Previous reports have found that neutralizing IFN-I AAbs are associated 
with increased frequency of peripheral blood monocytes characterized 
by high LAIR1 expression31 and that IFN-I signalling has a crucial role in 
B cell survival and development32. Although most immune subsets were 
not substantially affected by the presence of IFN-I AAbs, we found that 
patients with neutralizing IFN-I AAbs demonstrated elevated frequen-
cies of CD14+LAIR1+ monocytes and a reduction in naive B cells (Fig. 3c,d 
and Extended Data Fig. 5b,c), consistent with previous findings31,32.

Classically, the IFN-I pathway has been associated with antitumour 
immune responses, and recombinant IFNα2b is an approved therapy 
for various malignancies including melanoma33. However, recent for-
ward and reverse genetic studies in mice have paradoxically indicated 
that chronic IFN-I signalling promotes an immunosuppressive tumour 
microenvironment and contributes to T cell exhaustion26,34,35. Our find-
ing that IFN-I pathway-neutralizing AAbs are associated with favour-
able responses to CPI therapy provides translational support for these 
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preclinical findings. To confirm that pharmacological blockade of IFN-I 
signalling enhances CPI therapy, we sought to model the effect of the 
neutralizing IFN-I AAbs in mouse tumour models. We thus evaluated 
the impact of combining monoclonal antibodies that block IFNAR1 
or broadly neutralize mouse IFN-I proteins with CPIs in the syngeneic 
B16F10 and CT26 tumour models (Fig. 3e). In both models, we observed 
that the addition of an IFN-I pathway-blocking antibody enhanced the 
efficacy of combined CPI therapy (anti-PD1 and anti-CTLA4; Fig. 3f,g 

and Extended Data Fig. 5d). In the case of the B16F10 model, which is 
highly resistant to CPIs, tumour growth inhibition was evident only 
when IFN-I blockade was present. In the case of CT26, a CPI-responsive 
model, the addition of IFN-I pathway inhibition resulted in significantly 
more rapid tumour clearance. These results are consistent with recent 
reports in other preclinical models that demonstrated that IFN pathway 
antagonists including JAK inhibitors and anti-IFNAR antibodies could 
augment the efficacy of CPIs36,37.
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The schematic was created using BioRender (https://BioRender.com/t1qgxor). 
b, Distribution of odds ratios and frequencies for AAbs targeting antigens 
associated with immune checkpoints. c, Gene set enrichment analysis for AAbs 
to inhibitory immune checkpoints. FDR, false discovery rate; NES, normalized 
enrichment score. d, Distribution of odds ratios and frequencies for AAbs 
targeting cytokine pathways that elicit pathological inflammation. e, Schematic 
and results of the IL-6 and OSM blocking assay conducted with plasma from 
healthy donors (HDs; n = 6 in the IL-6 assay and n = 5 in the OSM assay). n = 4 
AAb− patients with cancer and n = 2 AAb+ patients with cancer. Data are presented 
as mean ± s.d. The dashed line indicates three standard deviations below the 
average value for AAb− patients. MFI, mean fluorescence intensity. f, Distribution 
of odds ratios and frequencies for AAbs targeting tumour-associated antigens. 
g, ELISA validation of anti-ULBP6 AAbs. Data are presented as mean ± s.d. 
Significance was assessed by a two-sided Student’s t-test. n = 8 healthy donors 

and n = 3 ULBP6 AAb+ responders. h, Distribution of odds ratios and frequencies 
for AAbs targeting the BMP2–BMP4 signalling pathway. i, Heatmaps of REAP 
scores for BMPR1A or BMPR2 receptors in responders, non-responders and 
healthy donors. Significance was assessed by a two-sided Mann–Whitney 
U-test. j, ELISA validation of AAbs to BMPR1A and BMPR2 receptors. Data are 
presented as boxplots, where the centre line indicates the median, the box 
bounds represent the 25th and 75th percentiles (interquartile range), and the 
whiskers represent the minimum and maximum values. Individual data points 
are overlaid. Significance was assessed by a two-sided Student’s t-test. n = 15 
BMPR1A AAb+ patients, n = 2 BMPR1B AAb+ patients, n = 6 BMPR2 AAb+ patients 
and n = 12 AAb− patients. OD, optical density. k, Results of the BMP2-blocking 
assay conducted with plasma from healthy donors (n = 14) and patients with 
cancer harbouring BMPR1A or BMPR2 AAbs validated by ELISA (n = 13). Data are 
presented as boxplots, defined as in panel j. Significance was assessed by a 
two-sided Student’s t-test. RLU, relative light units.
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To probe the immunological effects of IFN-I blockade, we immu-
nophenotyped tumour-infiltrating lymphocytes in CT26 tumours from 
mice treated with CPI, with and without IFN-I antibody blockade. Of 
note, we observed an increased proportion of polyfunctional CD8+PD1+ 
T cells that produced both IFNγ and TNF in tumours from mice treated 
with a pan-IFN-I-neutralizing antibody (Fig. 3h and Extended Data 
Fig. 5e,f). Τhis increase in effector functionality was exhibited by both 
PD1+TIM3+ (double-positive) cells and the PD1+TIM3− (single-positive) 
population (Fig. 3i and Extended Data Fig. 5e,f), indicating a broad 
increase in functionality across T cell maturation and exhaustion 
states.

AAb response reveals TL1A as a CPI barrier
Given the theme that AAbs that neutralize inflammatory cytokines (that 
is, anti-IFN-I, anti-IL-6 and anti-IL-17) appear to enhance the efficacy 
of CPIs, we sought to identify additional examples in pathways that 
had not been previously implicated in CPI biology. To that end, the 
TNF superfamily member TL1A (also known as TNFSF15) caught our 
attention owing to its increased odds ratio (OR of 3.2) and prevalence 
in approximately 1% of patients (Fig. 4a). To assess the functionality 
of these AAbs, we performed a TL1A functional assay and found that 
purified IgG from CPI responders with anti-TL1A AAbs could attenuate 
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TL1A-induced apoptosis of TF-1 erythroblast cells (Fig. 4b). We then 
evaluated the impact of antibody-mediated TL1A blockade in com-
bination with anti-PD1 in the syngeneic MC38 mouse tumour model, 
finding that combined TL1A and PD1 blockade resulted in enhanced 
antitumour efficacy relative to anti-PD1 alone (Fig. 4c,d).

To investigate the mechanism underlying the effect of blocking TL1A 
in the context of CPI, we performed single-cell RNA sequencing of MC38 
tumours after treatment with PBS, anti-PD1, or anti-PD1 and anti-TL1A 
(Extended Data Fig. 6). The most striking differences were evident in 
CD8 T cells, with the other CD45+ immune cells showing few changes 
(Extended Data Fig. 7a–e). Analysis of the CD8a+ cluster revealed six 
subclusters that fit with the previous classification for naive, cen-
tral memory, effector-like, and pre-exhausted, trans-exhausted or 
terminal-exhausted T cells established in a chronic lymphocytic chori-
omeningitis virus (LCMV) infection model38 (Fig. 4e,f and Extended Data 
Fig. 8). Consistent with CPI therapy driving expansion and maturation 
of activated lymphocytes, the anti-PD1 and anti-PD1–anti-TL1A groups 
demonstrated increases in the frequencies of exhausted CD8 popula-
tions with decreases in frequencies of naive CD8 cells relative to PBS. In 
comparison with the anti-PD1 group, the combined anti-PD1–anti-TL1A 
treatment group showed increased frequencies of more differenti-
ated exhausted T cells, particularly in cluster_3 trans-exhausted CD8 
T cells (Fig. 4g).

As transcripts for TL1A and its receptor DR3 (TNFRSF25) were not 
detected in any of the clusters, it was not possible to infer cell–cell 
interactions mediating the effects of TL1A from the single-cell RNA 
sequencing datasets. We thus performed flow cytometry on dissoci-
ated MC38 tumours, finding that tumour cells were the highest expres-
sors of TL1A, whereas DR3 was broadly expressed on various immune 
cells (Fig. 4h). Considering that tumour expression of other TNFSF 
members such as FASL has been proposed to mediate apoptosis of 
antitumour lymphocytes39 and that the TL1A–DR3 pathway has been 
implicated in T cell apoptosis during thymocyte negative selection40, we 
hypothesized that TL1A expressed by tumour cells might similarly elicit 
apoptosis of anti-PD1 treatment-sensitized CD8 T cells. We thus per-
formed an ex vivo assay in which we cultured dissociated tumours from 
anti-PD1-treated mice in the presence or absence of TL1A-neutralizing 
antibodies (Fig. 4i). Consistent with our hypothesis, anti-TL1A treat-
ment resulted in a decrease in caspase3+ apoptotic CD8 cells (Fig. 4j,k 
and Extended Data Fig. 7f). These results thus indicate that TL1A–DR3 
interactions may extend beyond central tolerance to modulate apopto-
sis of peripheral T cells, including the tumour-infiltrating lymphocytes 
that mediate the efficacy of CPIs.

AAb associations across tumour types
Because they target the immune system, CPIs have a broad spectrum 
of clinical activity across a wide range of tumour types. However, dif-
ferent tumour types vary greatly in their intrinsic immunogenicity. 
We thus sought to address whether AAb associations with treatment 
response varied between tumour types and calculated odds ratios of 
clinical response for AAbs for the three largest tumour types in the 
cohort: melanoma (n = 150), NSCLC (n = 102) and renal cell carcinoma 
(n = 58). Given differences in clinicopathological features between 
these tumour types, we tailored the odds ratio adjustments to align 
with known variables in predicting CPI response for each tumour type 
(Supplementary Table 2 and described in Methods). Furthermore, 
because of the substantially reduced sizes of these subcohorts rela-
tive to the larger metacohort, we focused on a set of responses with 
significant effects on odds ratio that were present in a larger fraction 
of patients (more than 5% prevalence), namely anti-IFN-I, anti-IFN-III 
and anti-BMPR1A–BMPR2.

For these AAbs, we noted a striking concordance in the directionality 
and magnitude of the odds ratios for CPI response between tumour 
types and the pan-cancer metacohort (Extended Data Fig. 9a). AAb 

reactivities to IFN-I were consistently associated with increased odds 
ratios for CPI response, and BMPR1A–BMPR2 were consistently associ-
ated with sharply decreased odds ratios. However, an interesting case 
can be seen with AAbs towards members of the IFN-III family. In our 
cohorts, we detected AAbs to IL-28A (encoded by IFNL2) and IL-28B 
(encoded by IFNL3), which were not strongly associated with immuno-
therapeutic responses in melanoma or renal cell carcinoma, but showed 
odds ratios of more than 5 in NSCLC (Extended Data Fig. 9b). In fact, 
for NSCLC, the anti-IFN-III odds ratios were higher than for anti-IFN-I. 
This is consistent with the distribution of IFN-III expression, which is 
higher in the lung and other mucosal surfaces that are at increased 
risk of viral exposure41. Accordingly, analysis of The Cancer Genome 
Atlas transcript expression data indicates that IFN-III expression is far 
more prevalent in lung cancers than in melanoma or kidney cancers42 
(Extended Data Fig. 9c). This finding indicates that differences in the 
local tissue environments between tumours may influence the effects 
of AAbs on treatment response.

As an additional means of cross-validation of our results, we also 
compared response odds ratios for the same AAb reactivities between 
samples derived from the Yale cohort with samples from the MT Group 
commercial biorepository. As with the tumour-type analysis, the direc-
tionality and magnitude of the odds ratios for CPI response were similar 
for both cohorts and consistent with the overall metacohort (Extended 
Data Fig. 9d).

AAbs and immune-related adverse events
CPI therapy is characterized by a wide range of organ-specific inflam-
matory effects called immune-related adverse events (irAEs)43. We 
therefore investigated whether AAbs before or elicited by CPIs could 
contribute to the development of irAEs. In our cohort, the primar-
ily observed irAEs were thyroiditis or hypothyroidism, hypophysitis, 
enteritis or colitis, pancreatitis and hepatitis (Extended Data Fig. 10). 
Consistent with previous studies44,45, we found that the severity of irAEs 
was positively associated with the antitumour response to therapy 
(Fig. 5a). Contrary to our expectations, we found that anti-PD1 or 
anti-PDL1 monotherapy did not cause a net increase in the total num-
ber of AAbs. The addition of anti-CTLA4 for dual checkpoint blockade 
resulted in a modest net increase in reactivities, with an average of one 
new autoreactivity gained per patient (Fig. 5b). Similarly, we did not 
observe a relationship between the prevalence or severity of irAEs and 
the number of autoreactivities in patients (Fig. 5c).

Although we did not observe readily apparent global associations 
of AAbs and irAEs, we performed analyses to determine whether 
individual autoreactivities were associated with specific irAE types 
(Fig. 5d). Although there were few irAE-specific reactivities, AAbs to the 
G-protein-coupled receptor QRFPR stood out owing to their specificity 
for hypophysitis coupled with the tissue-specific expression pattern of 
QRFPR within the hypothalamus46. Of note, approximately 11% (4 of 35) 
of patients with hypophysitis had AAbs to QRFPR, whereas these AAbs 
were absent in patients with other irAEs, in patients without irAEs or 
in healthy donors (Fig. 5e,f). We confirmed the binding of these AAbs 
using ELISA (Fig. 5g) and determined their subtypes to be the IgG1 and 
IgG3 subclasses, which exhibit the highest degree of antibody effec-
tor functionality (Fig. 5h). QRFPR AAbs were present in pre-treatment 
samples for two of the four QRFPR AAb-positive patients, whereas the 
other two patients developed them after CPI administration (Fig. 5i).

Discussion
Through exoproteome-wide AAb profiling, we found that patients 
with cancer have a remarkably diverse AAb reactome. Despite ana-
lysing nearly 400 patients and identifying AAb reactivities against 
nearly 3,000 proteins, our study did not fully elucidate the spectrum 
of extracellular autoreactivities within this population. These results 
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thus indicate that at a population level, AAbs have the potential to 
functionally sample a vast fraction of the exoproteome. Indeed, the 
effect of individual AAbs on treatment effectiveness underscores a 
more profound interplay between humoral immunity and checkpoint 
immunotherapy than previously recognized.

With this perspective in mind, our results highlight the value of con-
ducting AAbWAS20 that are analogous to genome-wide association 
studies to identify key biological pathways that contribute to phe-
notype (in this case, response to CPI therapy). Our findings reinforce 
the importance of established mechanisms of checkpoint blockade 
resistance, including the detrimental effects of cytokines that foster an 
immunosuppressive tumour microenvironment, such as IL-6, IL-17 and 
IFN-I25–28. However, they also identify new potential players in tumour 
immunity, including a suppressive role of TL1A on tumour immunity 
and a potential requirement for BMPR1A–BMPR2 pathway activity for 
optimal immunotherapeutic outcomes. Although some of these hits are 
rare, their potential impact may prove substantial. This mirrors the role 
of rare genetic variants, where even low-frequency mutations, such as 
those in PCSK9 in lipid homeostasis47, have highlighted key biological 
pathways. Likewise, rare AAb hits, such as anti-TL1A in our study, can 
uncover novel, therapeutically actionable pathways for improving CPI 
response in a broader patient population.

AAbWAS also provides insights into potential therapeutic strategies. 
AAbs can be conceptualized as natural biologic drugs in that they are 
human antibodies that target human proteins. The potential efficacy 
of intentionally targeting a particular protein can be inferred from the 
outcomes of patients that naturally harbour AAbs to the same target. 
Likewise, analysing AAb effects can elucidate optimal therapeutic 

mechanisms, offering insights into how targeting specific AAbs might 
inform treatment strategies. AAbs that enhance therapeutic responses 
essentially provide a template for the design of new biologic therapies 
that mimic their effects (for example, blockade of IFN-I or TL1A). Con-
versely, AAbs that impair treatment outcomes illuminate the negative 
ramifications of disrupting certain pathways, suggesting that coun-
teracting these effects could guide therapeutic design (for example, 
enhancing rather than inhibiting BMPR1A–BMPR2 signalling). For some 
treatment-enhancing AAb reactivities, analogous FDA-approved thera-
peutics already exist for other indications, highlighting the potential for 
repurposing these drugs for cancer immunotherapy. A salient example 
from our data can be seen with IFN-I neutralizing AAbs and the lupus 
therapeutic anifrolumab, which blocks IFNAR48. The improved CPI 
outcomes in patients with IFN-I AAbs, together with the preclinical 
validation of IFN-I blockade in mouse models of CPI therapy26,34, pro-
vide a strong basis for future clinical trials exploring the combination 
of anifrolumab with CPIs.

The putatively beneficial effect of anti-IFN-I AAbs on CPI response 
also highlight the pleiotropic and even dichotomous effects that AAbs 
can exert on health outcomes. In COVID-19, anti-IFN-I AAbs are pre-
sent in approximately 10% of severe cases and have been estimated 
to increase the odds of death by 20–200-fold17. However, anti-IFN-I 
AAbs have also been described in other populations including systemic 
lupus erythematosus (10–25% of cases)49 and the general population 
(approximately 0.5–4% prevalence, depending on age)50. In our cohort, 
patients with anti-IFN-I AAbs were 71% male individuals with an average 
age of 75 years, closely resembling the demographics of patients with 
severe acute COVID-19 with these AAbs. It is thus interesting to consider 
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patients based on irAE severity levels. For patients experiencing multiple irAEs, 
the analysis considered only the highest severity grade. Significance was 
assessed by a two-sided Mann–Whitney U-test. Data are presented as dots, with 
the mean value indicated by the red line. NS, not significant. d, Manhattan plot 
of false discovery rate (FDR)-adjusted P values from Fisher’s exact tests comparing 
the REAP score for AAbs between patients stratified by irAEs. Only AAbs that 

were more prevalent in the specified disease group were tested. TNF reactivities 
were the result of administration of anti-TNF therapy for treatment of irAEs, 
and CD274 reactivity was the result of the administered CPI (anti-PDL1). 
Detailed comparison procedures can be found in Methods. e, Venn diagram 
depicting the distribution and overlap of AAbs across the indicated patient 
categories. Only AAbs with a REAP score above 1 in at least two patients were 
included for comparison. f, REAP scores for anti-QRFPR AAbs in the indicated 
patient categories. Significance was assessed by two-sided Wilcoxon rank-sum 
test. g, ELISA validation of anti-QRFPR AAbs. Data are presented as mean ± s.d. 
Significance was assessed by a paired two-sided Student’s t-test. h, Heatmap of 
ELISA reactivity examining the isotypes of anti-QRFPR AAbs. i, REAP scores for 
anti-QRFPR AAbs in the positive patients between pre-treatment and post- 
treatment samples (n = 4). Longitudinal samples from the same patient are 
connected with lines.



Nature  |  www.nature.com  |  9

whether the anti-IFN-I AAbs associated with better CPI responses share 
a similar origin to the anti-IFN-I AAbs in severe COVID-19.

In contrast to its effect on the efficacy of CPI, we did not detect strong 
associations with extracellular autoreactivities and irAEs. There was no 
clear relationship between the number of REAP autoreactivities and 
irAE prevalence or severity, and there were few associations between 
individual reactivities and specific irAEs. The absence of a correla-
tion might indicate that most irAEs are driven by cellular, rather than 
humoral, autoimmunity51. Alternatively, REAP might not sensitively 
detect AAbs responsible for irAEs, or this observation could reflect the 
rarity and specificity of AAbs in mediating individual adverse events. 
Larger cohorts might be needed to elucidate the roles of AAbs and 
irAEs. Nevertheless, we did detect previously undescribed AAbs to 
the hypothalamus-expressed GPCR QRFPR in approximately 11% of 
patients treated with CPIs who developed hypophysitis. The dynam-
ics of these AAbs was surprisingly divergent, with half of the patients 
developing them after CPI therapy and the other half harbouring them 
before treatment. These results thus suggest that some patients who 
develop irAEs may have subclinical autoreactivity that is unmasked by 
CPI therapy, whereas in other cases, autoimmune responses associated 
with irAEs are formed de novo after CPI administration.

Overall, our results offer preliminary insights into the landscape of 
AAb reactivities in patients treated with CPIs and the influence they 
may exert on clinical outcomes. However, there are key limitations that 
should be considered. The first limitation relates to statistical power. 
Although we detected thousands of extracellular reactivities within 
our cohort, analysis of the frequency distribution of AAbs indicated 
that most autoreactivities are relatively rare, present in less than 1% of 
individuals. Although the purpose of our studies was hypothesis gen-
erating, the observation that most autoreactivities are rare suggests 
the need for larger cohorts to detect clinically relevant AAb associa-
tions. The second limitation relates to determining the flow of causality 
between AAbs and clinical outcomes. Given that AAbs are themselves 
products of the immune response, their presence may not always be an 
independent causal factor in CPI response phenotypes. Rather, AAbs 
may represent a biomarker of an underlying immune state with an 
altered propensity for response to immunotherapy. Here we attempted 
to address this possibility by evaluating mouse AAb ‘surrogates’ (that 
is, antibodies with matched function to human AAbs) in preclinical 
models. These functional studies indicated that, in the case of AAbs 
to IFN-I and TL1A, these AAbs are probably mechanistically associated 
with response. Ultimately, validating the causal effects of AAbs on 
therapeutic outcomes necessitates clinical studies that either aim to 
modulate the levels of treatment-inhibiting AAbs or seek to emulate —  
and potentially surpass — the effects of treatment-enhancing AAbs 
with targeted therapeutics.
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Methods

Ethics oversight
For the Yale cohort, the study was conducted with approval from the 
Yale University Institutional Review Board (HIC# 0608001773, HIC# 
1512016953 and HIC# 1401013290), and written informed consent 
was obtained from all participants. For the MT cohort, approval was 
obtained from local Institutional Review Boards and a central Institu-
tional Review Board (Sterling). All patient samples and clinical data 
elements were de-identified, and all protected health information 
was removed in accordance with the Health Insurance Portability and 
Accountability Act.

Patient recruitment
Yale cohort. Patients were approached at Yale New Haven Hospital 
upon initiating or while receiving treatment with anti-PD1, anti-PDL1, 
or anti-PD1 combined with anti-CTLA4. They were invited to participate 
by donating blood and clinical data. All patients with available samples 
and relevant clinical data were included for REAP processing, without 
any additional selection bias. For the MT cohort, the MT Group col-
lected samples from multiple sources, including academic centres, 
community hospitals and private practices. All patients receiving CPIs 
with available samples and relevant clinical data were included for REAP 
processing, without any additional selection bias.

Human exoproteome yeast library generation
The yeast library was generated as previously described3. An updated 
version of the library was used in this study (Supplementary Table 5). 
In brief, 4,511 human membrane and secreted proteins were curated 
from the UniProt (2018)52 and SwissProt database ( January 2018)52. 
From this curated list, 6,593 extracellular domains, each exceeding  
15 amino acids in length, were selected to construct the library. Antigens 
were PCR amplified using cDNA templates acquired from GE Dharma-
con and DNASU. In cases in which the cDNA template for an antigen 
was unavailable or where PCR amplification failed, the antigens were 
synthesized by Twist Bioscience. Following this, all sequences were then 
integrated into a barcoded yeast-display vector and electroporated into 
yeast. Yeast with positive antigen display, marked by FLAG tag, were 
sorted out by Sony SH800Z cell sorter. Barcode–antigen pairs were 
identified using a custom Tn5-based sequence approach. In the final 
library, 6,172 antigens from 4,306 proteins were confidently detected.

REAP
Antibody purification and yeast depletion. IgG purification was per-
formed as previously described3. Of PBS-washed protein G magnetic 
resin (Lytic Solutions), 20 µl was then mixed with 25 μl inactivated 
plasma and the mixture was incubated at 4 °C for 3 h with agitation. 
The resin was then washed with sterile PBS and resuspended in 90 μl 
of 100 mM glycine (pH 2.7). Following a 5-min incubation at room tem-
perature, the supernatant was separated and mixed with 10 μl of 1 M 
Tris (pH 8.0). IgG concentration was then determined using a NanoDrop 
8000 Spectrophotometer (Thermo Fisher Scientific). Purified IgG 
was then combined with 108 induced yeast cells (with empty pDD003 
vector) in 100 μl PBE (PBS with 0.5% BSA and 0.5 mM EDTA). After a 3-h 
incubation at 4 °C with shaking, the mix was filtered through 96-well 
0.45-μm plates (Thomas Scientific) with 3,000g for 3 min to collect 
the yeast-depleted IgG.

Yeast library-antibody selection. The screening was performed as 
previously described3. In brief, the yeast library was grown in SDO-Ura 
at 30 °C to achieve OD between 5 and 7. The library was then induced 
in 1:10 SDO-Ura:SGO-Ura at 30 °C with starting OD at 1 for 20 h. Before 
selection, plasmid DNA was isolated from 400 µl of the induced library 
(Zymoprep Yeast Cell Plasmid Miniprep II kit) as the baseline reference 
for antigen frequency. Of yeast-depleted IgG, 10 µg was incubated 

with 108 induced library yeast in 100 μl PBE with shaking for 1 h at 4 °C, 
followed by 30 min of incubation with 1:100 biotin anti-human IgG Fc 
antibody (clone HP6017, BioLegend) in 100 μl PBE and 30 min of incu-
bation with 1:20 Streptavidin MicroBeads (Miltenyi Biotec) in 100 μl 
PBE. Streptavidin MicroBeads-captured yeast were positively selected 
by Multi-96 Columns (Miltenyi Biotec) placed in a MultiMACS M96 
Separator (Miltenyi Biotec). Selected yeast cells were recovered in 1 ml 
SDO-Ura at 30 °C for 24 h.

NGS library preparation and sequencing. Next-generation sequenc-
ing (NGS) was performed as previously described3. In brief, DNA was  
extracted from yeast libraries using Zymoprep-96 Yeast Plasmid 
Miniprep kits (Zymo Research). Purified plasmids were amplified and 
indexed (2 rounds of Phusion PCR, 24 cycles per round), pooled, gel  
purified and sequenced on an Illumina NextSeq550 with 75-bp single- 
end sequencing. A minimum of 300,000 reads on each sample and  
3 million reads for pre-selection library were collected.

Clinical data processing
Response to therapy. Radiographic responses to therapy were  
assessed using the RECIST criteria. For downstream binary analyses, 
we categorized patients who experienced a radiographic complete 
response or partial response as responders, and those with stable dis-
ease and progressive disease as non-responders, according to their 
best response at any point in the administered regimen.

Processing of potential confounding variables. Previous treatment 
with CPIs and CPI treatment regimen (PD1 alone versus PD1 and CTLA4), 
Eastern Cooperative Oncology Group (ECOG) performance status and 
plasma LDH levels were extracted when available from clinical charts. 
LDH levels were log transformed. When available, tumour PDL1 status 
was binned into categories based on tumour staining: no expression 
(tumour staining of less than 1%), low expression (1–50%) and high 
expression (more than 50%). In downstream analyses, we represented 
PDL1 status as a categorical variable with missing PDL1 data as a sepa-
rate level.

To identify variables that might confound the association between 
AAb reactivity and response to CPI treatment, we assessed univari-
ate associations between age, sex, cancer stage, CPI treatment regi-
ment, previous CPI status, log LDH and ECOG status (Supplementary 
Table 2), in the full pan-cancer cohort as well as in the NSCLC, melanoma 
and renal cell carcinoma subcohorts. In downstream AAb-treatment 
response analyses, we adjusted for variables based on the significance 
of the univariate association between potential confounders and the 
response variable, data completeness and potential clinical relevance.

REAP data analysis
REAP score calculation was as previously described3. A modified REAP 
scoring system was used in this study. The aggregate enrichment Es (log 
fold change with zeroes in the place of negative fold changes) between 
the frequency of a protein in a sample and in the pre-selection library 
was calculated for each protein. Similarly, the aggregate enrichment 
Eb between the frequency of each protein in blank samples compared 
with the pre-selection library was also calculated. To account for back-
ground enrichment in the absence of sample, we subtracted blank 
enrichment Eb from sample enrichment Es. We defined the REAP score 
as max(log[exp(Es) – exp(Eb)],0) when Es > Eb, and 0 otherwise.

AAb-treatment response association analysis. We assessed the as-
sociation between the presence of each AAb identified in the cohort 
and the likelihood of patient response to immune checkpoint inhibitor 
treatment. Here response was categorized as a complete response or a 
partial response. For each patient, REAP scores from multiple longitu-
dinal samples were consolidated by selecting the maximum REAP score 
observed across all time points. In instances with multiple replicates 
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for a given sample, the mean REAP score was computed. To dichoto-
mize the presence or absence of an AAb, REAP scores were binarized. 
A threshold of REAP = 1 was implemented, where: AAb = 1 indicates 
REAP ≥ 1 (presence) and AAb = 0 indicates REAP < 1 (absence).

For each AAb, the Firth logistic regression was used to calculate asso-
ciation with treatment response. The model was adjusted for known 
confounders cancer type, age, previous CPI status, CTLA4 treatment 
status and PDL1 status, represented as:

Response ~ AAb + age + cancer type + CTLA4 + previous CPI + PDL1

The Firth logistic regression, as opposed to conventional logistic 
regression, incorporates a penalty to the likelihood using the Jeffreys 
prior. This modification ameliorates challenges posed by low-frequency 
AAbs or situations of perfect separation. The regression analysis yielded 
adjusted odds ratios and associated P values, computed using the 
logistf package in R.

For the cancer-type-specific analyses (Extended Data Fig. 9), we 
adjusted for different sets of variables depending on data complete-
ness and clinical relevance. The melanoma-specific regressions were 
adjusted for age, previous CPI treatment, CTLA4 treatment status and 
log-transformed LDH. The NSCLC-specific regressions were adjusted 
for age, previous CPI treatment, CTLA4 treatment status and PDL1 
status. The renal cell carcinoma regressions were adjusted for age, 
previous CPI treatment and CTLA4 treatment.

For a more detailed pathway analysis, we utilized the gseapy pack-
age in Python53, which is an implementation of the gene set enrich-
ment analysis algorithm. We ranked each AAb using its odds ratio, 
then manually categorized these AAbs into broad protein families and 
known biological pathways. The complete AAb repertoire served as our 
background reference. Within this context, we evaluated the AAbs in 
selected categories for their enrichment correlation with treatment 
outcomes.

AAb discovery rate analysis. We performed a discovery rate analysis 
to assess the relationship between the number of patients in the cohort 
and the number of unique antigens with AAb reactivities observed. We 
took a random permutation of the patients. Beginning with the first  
patient in this permutation, we successively tallied the cumulative num-
ber of unique antigens exhibiting AAb reactivities as we incorporated 
data from each subsequent patient. For a more granular understanding, 
we maintained separate cumulative counts based on the frequency of 
antigen occurrence within the cohort, distinguishing common antigens 
(defined as antigens with a frequency greater than or equal to 0.01 in 
the cohort) from rare antigens (antigens with a frequency less than 
0.01 in the cohort).

AAb persistence analysis. In the Yale cohort, we identified and tracked 
REAP hits exhibiting a REAP score greater than 1 on day 0. A REAP hit  
was defined to persist as long as it maintained a REAP score exceeding 1. 
The persistence of a REAP hit concluded upon observing the first sam-
ple where the REAP score was less than 1 and no subsequent resurgence 
of the score above this threshold. In instances in which REAP hits were  
observed in the last longitudinal sample of a patient without sub
sequent data to confirm persistence or decline, these hits were right 
censored to account for potential truncation of data. To visually rep-
resent the persistence of REAP hits over time and estimate the median 
persistence duration, we used the Kaplan–Meier survival curve. The 
curve, along with the median persistence time, was computed using 
the survival and survminer packages in R.

Lasso machine learning model. A Lasso model was trained to pre-
dict sample type (cancer versus healthy). The input for the model was 
binarized REAP reactivity scores from single samples for 131 healthy 
participants and 217 pre-treatment patients with cancer. To limit the 

number of features in the model, we only considered antigens observed 
in greater than 5% and less than 60% of samples, resulting in 163 fea-
tures. To assess model performance, we ran sevenfold cross-validation 
with hyperparameter tuning as part of the training pipeline. The per-
formance of the models on each test fold was visualized using receiver 
operating characteristic curves.

AAb–irAE association analysis. For a given irAE, patients with side- 
effect grades above 1 were classified as the positive cohort, and those 
with grade 0 as the negative cohort. We conducted Fisher’s exact tests 
between two cohorts on genes with a higher occurrence ratio in the 
positive cohort. The resulting P values were corrected for the number 
of irAEs and transformed using −log10. The final data were visualized 
in a Manhattan plot by Prism software.

AAb ELISA
Recombinant protein was generated using Expi293F cells (A14527, 
Thermo Fisher Scientific) according to the manufacturer’s instructions. 
Of recombinant protein antigen, 250 ng in 100 μl PBS was added to 
wells of 96-well Immuno 2HB plates (Thermo Fisher Scientific). Plates 
were sealed and placed in 4 °C overnight. After incubation, plates were 
washed once with 225 μl wash buffer (PBS + 0.05% Tween 20). Of block-
ing buffer (2% HSA in PBS pH 7.0), 150 µl was added to each well and 
incubated at room temperature for 2 h. Plates were then washed three 
times with 225 μl wash buffer. Of plasma dilutions (starting with either 
1:50 or 1:100 dilution, in blocking buffer), 100 µl was added to the cor-
responding wells and incubated at room temperature for 2 h. Plates 
were subsequently washed six times with 225 μl wash buffer. 1:5,000 
HRP anti-human IgG Fc (A00166, GenScript) or isotype-specific anti-
body (410603, BioLegend; clone HP6001 (IgG1), clone 31-7-4 (IgG2), 
clone HP6050 (IgG3) and clone HP6025 (IgG4), Southern Biotech) in 
100 μl blocking buffer was added to each well and incubated at room 
temperature for 1 h. Plates were then washed six times with 225 μl wash 
buffer. Of TMB substrate (BD Biosciences) 1:1 mixture, 50 µl was added 
to each well and developed at room temperature in the dark for 15 min. 
Of 2 N/1 M H2SO4, 50 µl was added to each well to terminate the TMB 
reaction. Absorbance at 450 nm and 570 nm was measured in a Synergy 
HTX Multi-Mode Microplate Reader (BioTek).

AAb functional validation
Cell signalling assessment of anti-OSM AAbs. TF-1 cells (CRL-2003, 
American Type Culture Collection; cultured in RPMI + 10% FBS +  
2 ng ml−1 recombinant hGM-CSF + 1 mM sodium pyruvate) were used 
to assess STAT3 phosphorylation (pSTAT3) downstream of OSM. For 
the experiment, IgG was purified from plasma as described above and 
normalized to 2 mg ml−1. TF-1 cells were starved of hGM-CSF 18 h before 
the experiment. OSM (495-MO, R&D Systems) was pre-incubated with 
20 µg of purified IgG from different samples at room temperature for 
30 min. Then, OSM and antibody mixture were added to the starved TF-1 
cells (in the 96-well plate with 400,000 cells per well) in a final volume 
of 100 μl (final concentration for OSM was 0.65 ng ml−1). Following a 
15-min incubation, the cells were pelleted and fixed in 4% paraform-
aldehyde for 20 min. Cells were then washed with PBS two times and 
permeabilized with pre-cold 100% methanol on ice for 45 min. Cells 
were then washed with PBE two times, followed by staining with 1:50 
PE anti-pSTAT3 (612569, BD) and 1:100 human TruStain FcX (422302, 
BioLegend) at room temperature for 1 h. Cells were then washed with 
PBE two times and acquired on a flow cytometer (SA3800, Sony) to 
record MFI in the PE channel.

Cell signalling assessment of anti-IL-6 AAbs. THP-1 cells (TIB-202, 
American Type Culture Collection; cultured in RPMI + 10% FBS) were 
used to assess pSTAT3 signalling downstream of IL-6. IL-6 (206-IL, R&D 
Systems) was pre-incubated with 2 μl plasma from different samples 
at room temperature for 30 min. Then, IL-6 and plasma mixture were 



added to the THP-1 cells (in the 96-well plate with 400,000 cells per well) 
in a final volume of 100 μl (final concentration for IL-6 was 260 ng ml−1). 
After a 15-min incubation, the cells were processed as the method  
described above in the section ‘Cell signalling assessment of anti-OSM 
AAbs’.

Cell signalling assessment of anti-IFNα AAbs. THP-1 cells were used 
for validation. IFNα2a (CYT-204, ProSpec), IFNα4 (10336-H08B, Sino 
Biological) or IFNα8 (11018-IF-010, R&D Systems) was pre-incubated 
with 2 μl plasma from different samples at room temperature for 
30 min. Then, IFNα and plasma mixture were added to the THP-1 cells 
(in the 96-well plate with 400,000 cells per well) in a final volume of 
100 μl (final concentration for IFNα2 was 0.8 ng ml−1 and for IFNα4 was 
1.8 ng ml−1). After a 15-min incubation, the cells were processed as the 
method described above in the section ‘Cell signalling assessment of 
anti-OSM AAbs’, but with PE anti-pSTAT1 (612564, BD) substituted for 
anti-pSTAT3.

TF-1 cell viability-based validation of anti-TL1A AAbs. TL1A has previ-
ously been reported to induce apoptosis in TF-1 cells54. IgG was purified 
from plasma using protein G and was normalized to 2 mg ml−1. Ten thou-
sand TF-1 cells were seeded in each well and treated with 10 µg ml−1 of 
cycloheximide (C7698, Sigma-Aldrich) and 20 ng ml−1 of TL1A (1319-TL, 
R&D Systems). Concurrently, 20 µg of purified IgG from different sam-
ples was added to the corresponding wells. Following a 24-h incubation 
at 37 °C in a 5% CO2 humidified incubator, 10 µl Resazurin (AR002, R&D 
Systems) was added to each well. After an additional 24-h incubation, 
fluorescence was measured using a Synergy HTX Multi-Mode Micro-
plate Reader (BioTek), with an excitation wavelength of 544 nm and an 
emission wavelength of 590 nm.

BMPR1A–BMPR2 dimerization assay for anti-BMPR1A/BMPR2 AAb 
validation. The Eurofins DiscoverX PathHunter eXpress BMPR1A–
BMPR2 Dimerization Assay kit (931006E3CP0M, Eurofins DiscoverX) 
was used for validation according to the manufacturer’s protocol. Cells 
were thawed and seeded in 100 µl of supplied culture media in 96-well 
plates. Twenty-four hours later, 2 µl of plasma samples were added 
to the corresponding wells and incubated for 1 h. Then, recombinant 
BMP2 (120-02C, PeproTech) was added to each well to a final concen-
tration of 200 pM. After 6 h of stimulation, the assay buffer was added 
to each well. One hour later, the absorbance was measured using a 
Synergy HTX Multi-Mode Microplate Reader (BioTek) at a wavelength 
of 528/20 nm.

PBMC immunophenotyping in patients with cancer
PBMC immunophenotyping was performed as previously described55. 
In brief, frozen PBMCs from patients were thawed in RMPI + 10% FBS 
medium in the presence of Benzonase (E8263-25KU, Sigma-Aldrich) 
and washed with PBS buffer twice before staining. The LIVE/DEAD 
Fixable Blue Dead Cell Stain Kit (L23105, Invitrogen) was used to 
identify dead cells, with staining conducted at room temperature 
for 15 min. Subsequently, an Fc receptor blocker (564220, BD) was 
introduced to prevent nonspecific binding. For surface staining, the 
cell suspension was incubated with a mixture of antibodies at 4 °C 
for 30 min. The antibodies included anti-human CD3 (UCHT1), CD4 
(OKT4), CD8 (SK1), CD14 (63D3), CD16 (3G8), CD19 (SJ25C1), CD56 
(NCAM16.2), CD28 (CD28.2), CD45 (2D1), CD27 (O323), CD123 (6H6), 
CD11c (3.9), IgD (IA6-2), IgM (MHM-88), IgG (G18-145), CXCR5 (RF8B2), 
CD141 (1A4), CD1c (L161), LAIR1 (REA447), Siglec-1 (7-239) and CD163 
(GHI/61). Following this, the cells were permeabilized and fixed at 
4 °C for 1 h using the eBioscience Foxp3/Transcription Factor Staining 
Set (00-5523-00, Invitrogen). Intracellular staining was carried out 
at 4 °C for 1 h with the addition of anti-human CD68 (Y1/82A). Cells 
were acquired on a spectral cytometer (Cytek Aurora) and data were 
analysed by FlowJo (v10).

Mouse housing conditions and ethics oversight
Eight-to-ten-week-old C57BL/6 and BALB/c mice were purchased from 
Charles River Laboratories. Mice were housed in groups of five to six 
per cage and maintained under specific-pathogen-free conditions on 
a 12-h light–dark cycle (lights on at 7:00), at a temperature of 22–25 °C 
and relative humidity of 30–70%. All mice had ad libitum access to 
regular rodent chow and sterilized water. All procedures used in this 
study complied with federal guidelines and the institutional policies 
of the Yale School of Medicine Animal Care and Use Committee.

Mouse tumour treatment studies
MC38b, B16-F10 and CT26 cells were cultured in RPMI + 10% FBS. 
Eight-to-ten-week-old age-matched C57BL/6 female mice were used 
for the MC38b and B16-F10 tumour models and 8–10-week-old 
age-matched BALB/c female mice were used for the CT26 tumour model. 
Five hundred thousand tumour cells (resuspended in 100 µl DPBS) 
were subcutaneously injected into the flank region of mice at day 0.  
At day 8, mice with tumours less than 50 mm3 or greater than 150 mm3 
were excluded. Remaining mice were randomized into designated 
groups to ensure an approximately equal average weight and tumour 
size. Mice were then treated with the designated test drugs by intraperi-
toneal injection every 3 days for a total of five doses. The drugs were 
diluted in sterile DPBS and dosed as follows: anti-mouse PD1 (RMP1-14,  
Bio X Cell) at 200 µg per dosage, anti-mouse CTLA-4 (9H10, Bio X Cell) 
at 100 µg per dosage, anti-mouse IFNAR1 (MAR1-5A3, Bio X Cell) at 1 mg 
per dosage, anti-mouse IFNα (TIF-3C5, Ichorbio) at 500 µg per dosage 
and anti-mouse TL1A (5G4.6, Bio X Cell) at 200 µg per dosage. Control 
groups were treated with sterile DPBS. Mice weight and tumour growth 
were tracked twice per week. Tumour volume was calculated using vol-
ume = 0.5 × length × width × width. Mice were euthanized when tumours 
reached end points (volume greater than or equal to 1,000 mm3 for 
the MC38b and CT26 models and 1,500 mm3 for the B16-F10 model). 
Mice demonstrating complete tumour clearance were maintained 
until day 60.

Mouse tumour tissue processing
Tumours were dissociated for analysis as previously described56. In 
brief, digestion media (RPMI-1640 supplemented with 1% FBS, 1 mg ml−1 
collagenase IV (17104019, Thermo Fisher Scientific) and 0.2 mg ml−1 
DNase I (10104159001, Sigma-Aldrich)) were pre-warmed in 37 °C. 
Tumour tissues were minced and incubated in digestion media for 
20 min at 37 °C with shaking. Then, R10 media (RPMI-1640 with 10% 
FBS) were added to neutralize protease activity and tumour tissues 
were smashed through 70-µM cell strainers to prepare single-cell sus-
pensions. Cells were then washed twice with R10 media. ACK buffer 
(A1049201, Thermo Fisher Scientific) was then used for red blood cell 
lysis, followed by wash two times with R10 media. In final, cells were 
resuspended in 1 ml R10 media for downstream staining. Cell concen-
tration was determined using a CellDrop Automated Cell Counter 
(DeNovix).

Cytokine secretion assay of tumour-infiltrating lymphocytes
Mice with CT26 tumours were engrafted and treated in the same way 
as for the tumour growth studies. Mice were euthanized 24 h after 
the second treatment dose at the indicated time point, and tumors 
were harvested for analysis as described above. For ex vivo cytokine 
secretion, single-cell suspensions of processed tumour tissue were 
stimulated with a PMA–Ionomycin cocktail (1:500; 423304, BioLegend) 
for 30 min at 37 °C, and Golgi Stop/Plug (1:1,000; 554724/555029, BD) 
was added for an additional incubation for 4 h at 37 °C. Cell cultured in 
media alone (without stimulation) was used as a negative control. All 
samples were stained with LIVE/DEAD Fixable Blue Kit to identify dead 
cells and incubated with Fc receptor blocking antibody (101320, Bio
Legend). Cell-surface staining of single-cell suspensions from tumours 
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was performed using fluorophore-conjugated antibodies: anti-CD3 
(17A2), CD4 (GK1.5), CD8a (53-6.7), CD49b (DX5), PD1 (RMP1-30) and 
TIM3 (RMT3-23). Cell suspensions were fixed and permeabilized 
using the Cytofix/Cytoperm kit (554714, BD Biosciences) followed by 
intracellular staining: anti-IFNγ (XMG1.2), IL-10 ( JES5-16E3), perforin 
(S16009A), TNF (MP6-XT22), Ki67 (16A8) and granzyme B (QA16A02). 
Cells were acquired on a spectral cytometer (Cytek Aurora) and ana-
lysed by FlowJo (v10).

TL1A and DR3 expression analysis
Mice bearing MC38b tumours were euthanized 7 days after tumour 
engraftment. Tumors were dissociated for analysis as described above. 
Single-cell suspensions of processed tumour tissue were stained with 
the LIVE/DEAD Fixable Blue Kit to identify dead cells and incubated 
with Fc receptor blocking antibody (101320, BioLegend). Cell-surface 
staining of single-cell suspensions from tumours was performed using 
fluorophore-conjugated antibodies: anti-CD45 (30-F11), CD3 (17A2), 
CD4 (GK1.5), CD8a (53-6.7), CD49b (DX5), CD11b (M1/70), NK1.1 (PK136), 
B220 (RA3-6B2) and DR3 (4C12). Then, cell suspensions were fixed 
and permeabilized using the Cytofix/Cytoperm kit (554714, BD Bio-
sciences) followed by intracellular staining: anti-TL1A (Tandys1a). Cells 
were acquired on a spectral cytometer (Cytek Aurora) and analysed 
by FlowJo (v10).

Assessment of tumour-infiltrating lymphocyte apoptosis
Tumours were dissociated for analysis as described above. Mice 
engrafted with MC38b tumours from the anti-PD1-treated group 
were euthanized, and 500,000 cells from tumour digests were seeded 
into 96-well plate for each well in 200 µl culture media (RPMI-1640 
supplemented with 10% FBS, 10 mM HEPES, 1% penicillin and strep-
tomycin, 50 µM β-mercaptoethanol, 100 IU ml−1 mouse IL-2 (575404, 
BioLegend) and 5 × 105 anti-mouse CD3/CD28 beads (11456D, Fisher 
Scientific)). Of anti-mouse TL1A (5G4.6, Bio X Cell) antibody, 2 µg was 
added to the corresponding wells and DPBS was used for negative 
controls. After 48 h of incubation, cells were collected and analysed 
for apoptosis by flow cytometry as described above. All samples were 
stained with the LIVE/DEAD Fixable Blue Kit (L34962, Thermo Scientific) 
to identify dead cells and incubated with Fc receptor blocking anti-
body (101320, BioLegend). Cell-surface staining was then performed 
using fluorophore-conjugated antibodies: anti-mouse CD45 (30-F11), 
anti-mouse CD3 (17A2), anti-mouse CD4 (GK1.5) and anti-mouse CD8a 
(53-6.7). After surface staining, cell suspensions were fixed and per-
meabilized with the Cytofix/Cytoperm kit (554714, BD Biosciences) 
followed by intracellular anti-Caspase3 (C92 605) staining. Cells were 
acquired on a spectral cytometer (Cytek Aurora) and data were ana-
lysed by FlowJo (v10).

Single-cell RNA sequencing sample preparation
Single-cell RNA sequencing sample preparation was performed as 
previously described56. In brief, mice used for single-cell RNA sequenc-
ing were engrafted with MC38b and treated with anti-mouse PD1 and 
anti-mouse TL1A the same way as for the tumour growth studies. Mice 
were euthanized 24 h after the second dose of saline, anti-mouse PD1 
and/ or anti-mouse TL1A, and tumors were harvested for analysis. 
Tumour tissues were processed as aforementioned. Cell-surface stain-
ing of single-cell suspensions from tumours was performed after wash 
two times with FACS buffer (PBS supplemented with 2% FBS). All sam-
ples were first stained with LIVE/DEAD Fixable Blue to exclude dead 
cells and incubated with Fc receptor blocking antibody (101320, Bio-
Legend). Then, cells were stained with anti-CD45 (30-F11) and anti-CD3 
(17A2). Biological replicates for saline control (n = 2) and the treated 
group (n = 4) were individually processed. Biological replicates were 
then pooled together at the single-cell suspension stage before sort-
ing with equivalent number of cells from each replicate. The follow-
ing populations were sorted: for P1, CD45+CD3+ (tumour-infiltrating 

lymphocytes); for P2, CD45+CD3− (non-tumour-infiltrating lymphocyte 
immune cells); and for P3, CD45−CD3− (tumour and stromal cells). P1, 
P2 and P3 for each sample were then mixed back together at a 9:9:2 
ratio, respectively. Twenty thousand cells from each treatment condi-
tion were loaded onto the 10X Genomics Chromium System. Library 
preparation was performed with 10X Genomics reagents according to 
the manufacturer’s instructions by the Yale Center for Genome Analysis. 
Libraries were then sequenced with an Illumina NovaSeq 6000 at the 
Yale Center for Genome Analysis.

Single-cell RNA sequencing data analysis
The Scprep and Scanpy packages in Python were used to process the 
matrix and perform downstream analysis according to their documen-
tations. The matrix was preprocessed by excluding cells with fewer 
than 200 detected reads, selecting only those within the 10–90th 
percentiles of total gene expression, and removing cells in the top 
10% of mitochondrial gene expression. Genes detected in less than 
three cells were also excluded. Expression values were then log nor-
malized with a scaling factor of 104. The preprocessed matrix was 
then dimensional reduced by principal component analysis and the 
first 50 components were used by tSNE analysis to visualize the data. 
The Phenograph package was used for cell clustering with ‘leiden’ 
as clustering algorithm. Clusters containing the following markers 
were assigned to the corresponding cell types based on the ImmGen 
datasets for further analysis: T cells (Cd3g), CD8 T cells (Cd8a), CD4 
T cells (Cd4), B cells (Ms4a1), myeloid cells (Cd68), natural killer cells 
(Ncr1) and neutrophils (Lcn2). Cells of interest selected by the cluster 
and marker were re-processed by principal component analysis, tSNE 
and Phenograph analysis as described above. For CD8 T cell analysis, 
the research by Giles et al.38 (Gene Expression Omnibus: GSE199563) 
was used as a direct reference for cell subtype assignments. The expres-
sion value was scaled for each gene and cluster frequencies for each 
treatment group were normalized to the total number of cells in each 
library.

Statistics and reproducibility
Statistical analyses were conducted using R (v4.2.3) and GraphPad 
Prism (v10.0.0) and are described in the figure legends and Methods. 
No statistical methods were used to predetermine sample size. The 
REAP assay was performed in duplicate with two technical replicates 
for all samples. All in vitro ELISA and signalling assays were conducted 
in duplicate with two technical replicates. The number of repetitions 
for other experiments is provided in the figure legends.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data used to generate figures and tables in this study are included 
in the Source Data. The single-cell RNA sequencing data generated 
from this study have been deposited in the Gene Expression Omnibus 
under the accession number GSE294482. The reference dataset used in 
Extended Data Fig. 8 is under the Gene Expression Omnibus accession 
number GSE199563. REAP data will be made available on reasonable 
request from the corresponding authors, subject to restrictions related 
to patient privacy in accordance with institutional policies and the 
Health Insurance Portability and Accountability Act. Source data are 
provided with this paper.

Code availability
The custom code for the analysis of REAP data is available on GitHub 
(https://github.com/RinglabCancerREAP/Cancer_REAP).
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Extended Data Fig. 1 | Graphical abstract. Plasma samples from CPI-treated 
patients and healthy donors were evaluated for autoantibodies against 6,172 
distinct human extracellular antigens using REAP. REAP-derived autoantibody 
signatures were capable of distinguishing patients from healthy individuals 
and predicting response to CPI therapy. The impact of individual autoantibodies 
on clinical outcomes was assessed through calculation of odds ratios, 
highlighting treatment-enhancing and treatment-inhibiting autoantibodies. 
Autoantibodies of interest were biophysically validated and assessed for 
functional activity via ex vivo assays and preclinical models. The graphical 
abstract was created using Cognition Studio.



Extended Data Fig. 2 | Autoantibody dynamics and associations with age 
and sex. Related to Fig. 1. (a) Distribution of longitudinal sample collection 
over time. (b) REAP scores of PD-1 and CTLA4 from pre and post treatment 
plasma samples. PD−1 signal (n = 189, p = 1.51E-38). CTLA4 signal (n = 212, 
p = 3.58E-22). Significance was assessed by a paired two-sided Student’s t-test. 
(c) Overlay of distinct autoantibody reactivities from an individual patient. Red 
lines represent autoantibodies detected in the pre-treatment sample and grey 
lines represent autoantibodies detected post-treatment. (d) Scatter plot: 
Autoantibody REAP values in pre- and post-treatment. Each point represents a 
detected autoantibody. Density plot: post/pre REAP score differences for all 
detected reactivities. (e) For both healthy donors (controls) and cancer 

patients, there was a lack of correlation between age and the number of 
autoantibodies present, as assessed by a linear regression model (p = not 
significant). (f) Comparison of autoantibody numbers between males and 
females in both healthy donors and cancer patients (pre-treatment). Significance 
was assessed by a paired two-sided Student’s t-test. (g) Gender composition of 
healthy donors and cancer patients. (h) Linear regression models of autoantibody 
reactivity. Table shows coefficient estimates (standard errors) and p-values for 
three linear regression models predicting the number of autoantibody hits  
at different reactivity thresholds (>2, >4, and >6). Cancer Status coefficient 
represents the difference in number of autoantibodies between pre-treatment 
cancer patients and healthy controls adjusting for sex and log-transformed age.
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Extended Data Fig. 3 | Heatmap of REAP scores for immune-related proteins. Immune-related proteins were categorized into specific groups as indicated in 
the figure and patients stratified according to response status.



Extended Data Fig. 4 | ELISA validation. ELISA validations for 11 additional REAP-detected autoantigens. The experiments were conducted in unicate with two 
technical replicates per sample. Data are presented as mean value with dot plots. Significance was assessed by a two-sided Student’s t-test.
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Extended Data Fig. 5 | Additional characterization of plasma and PBMC 
from patients with neutralizing autoantibodies against IFN-I. (a) IFN-I 
signaling (STAT1 phosphorylation measured by flow cytometry) was assessed 
across a range of plasma dilutions for the six patients with broadly-reactive 
IFN-I autoantibodies for IFNA2, IFNA4, and IFNA8 as described in the Methods. 
Experiment was conducted in duplicate with two technical replicates. The 
schematic was created using BioRender (https://biorender.com). (b) Related  
to Fig. 3c,d. Flow cytometry gating strategies for monocytes, dendritic cells,  
B cells, natural killer cells, regulatory T cells, non-regulatory CD4 T cells and CD8 
T cells. Antibodies used for staining were listed in the methods. (c) Percentage 
of cells in each cluster for IFN-I autoantibody positive patients compared to 

control patients. (d) Related to Fig. 3f,g. Kaplan–Meier survival curves for mice 
bearing B16F10 (top) or CT26 (bottom) tumors under different treatment 
conditions. Figures reflect pooled results from two independent experiments 
with numbers of animals per group indicated in the legend. Significance was 
assessed by the log-rank test. (e) Related to Fig. 3h,i. Tumor weight-normalized 
analyses of T cell subpopulations in different treatment groups. Data points are 
representative of individual tumors measured in unicate. Significance was 
assessed using a two-sided Student’s t-test. (f) Related to Fig. 3h,i. Flow cytometry 
gating strategies for CD8+PD1+ T cells. Antibodies used for staining were listed 
in the methods.

https://biorender.com


Extended Data Fig. 6 | Single-cell RNA sequencing sample preparation.  
(a) Study design: Mice grafted with MC38b were treated with either anti-mouse 
PD-1 alone or in combination with anti-mouse TL1A. The mice were euthanized 
24 h following the second dose. Tumors were then harvested, digested into a 
single-cell suspension, sorted into targeted populations, and analyzed using 

10x single-cell sequencing. The schematic was created using BioRender 
(https://biorender.com). (b) Flow cytometry gating strategies for sorting out 
CD45+CD3+ (TIL cells), CD45+CD3− (non-TIL immune cells), and CD45−CD3− 
(tumor and stromal cells).

https://biorender.com
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Extended Data Fig. 7 | Single-cell transcriptomic landscape of the TME  
in anti-PD1 and anti-TL1A treated tumors. (a) t-SNE projection showing 
distribution of all cells colored by treatment condition (dark grey, PBS; orange, 
anti-PD1; blue, anti-PD1 and anti-TL1A). (b) t-SNE plot of all cells colored by 
expression of genes supporting cell-type assignments. (c, d, e) Bar plot showing 

frequency of CD4 T cells (c), NK cells (d), and myeloid cells (e) within clusters of 
interests in different treatment group. (f) Related to Fig. 4j,k. Flow cytometry 
gating strategies for CD8 T cells. Antibodies used for staining were listed in the 
methods.



Extended Data Fig. 8 | CD8 T cells subclusters assignment strategy. Giles et al. study38 on CD8+ T cells subtypes in chronic LCMV infection model was used as a 
reference to assign cell types in this study. Based on the gene expression pattern, Exh_Int, Exh_ISG and Exh_KLR are grouped as transitory exhausted T cell (Exh_Trans).
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Extended Data Fig. 9 | Comparison of odds ratios for autoantibodies by 
cancer type and cohort group. (a, b) Comparison of odds ratios for anti-IFN-I, 
anti-IFN-III, and anti-BMPR1A/BMPR2 across different cancer types. Pan cancer 
(n = 374), melanoma (n = 148), NSCLC (n = 102), RCC (n = 58). Data are presented 
as odds ratio with 95% confidence intervals. (c) Analysis of TCGA transcript 

expression data for type-III IFN in multiple cancer types. Data are presented as 
mean value with dot plots. (d) Comparison of odds ratios for anti-IFN-I, and 
anti-BMPR1A/BMPR2 across different cohorts. Meta cohort (n = 374), Yale 
cohort (n = 249), MT cohort (n = 125). Data are presented as odds ratio with 95% 
confidence intervals.



Extended Data Fig. 10 | Composition of irAEs across CPI response status. 
Related to Fig. 5. This heatmap visualizes the category and severity of irAEs 
observed. Patients were grouped according to their CPI response status. Color 

indicates the severity of the specified irAE. Thyroiditis/hypothyroidism, 
hypophysitis, enteritis/colitis, pancreatitis, and hepatitis were the major 
observed irAEs in the cohort.
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