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Detecting HLA loss of heterozygosity
within a standard diagnostic sequencing
workflow for prognostic and therapeutic
opportunities

Check for updates

Ariane Lozac’hmeur1, Tyler Danek1, Qidi Yang 1, Mario G. Rosasco1, John S. Welch2, William Y. Go2,
EricW. Ng2, ArmenMardiros2, David G. Maloney3, Edward B. Garon4, Kedar Kirtane5, DianeM. Simeone6,
Julian R. Molina7, Ameen A. Salahudeen 8, Michelle M. Stein 1 & J. Randolph Hecht4

To enable interrogation of tumor HLA LOH as a clinical diagnostic for precision oncology, we
developed and validated an assay that detects HLA LOH within the context of an FDA-approved
clinical diagnostic test, Tempus xT CDx. Validation was conducted via: (1) analytical evaluation of 17
archival patient samples and 42 cell line admixtures and (2) independent clinical evaluation of LOH
prevalence in the HLA-A gene (HLA-A LOH) across 10,982 patients. To evaluate the prognostic
relevance of HLA-A LOH we assessed 256 immunotherapy-treated non-small cell lung cancer
(NSCLC) patients. To determine the feasibility of prospectively identifying and enrolling HLA-A LOH
patients into a clinical trial, we established BASECAMP-1 (NCT04981119). We observed a positive
predictive agreement of 97% and a negative predictive agreement of 100% in samples with ≥ 40%
tumor purity. We observed HLA-A LOH in 16.1% of patients (1771/10,982), comparable to previous
reports. HLA-A LOH was associated with longer survival among NSCLC adenocarcinoma patients
(HR = 0.60, 95%CI [0.37, 0.96], p = 0.032) with a trend towards shorter survival among squamous cell
patients (HR = 1.64, 95% CI [0.80, 3.41], p = 0.183). In 20months, we prospectively screened 1720
subjects using the TempusAWAREprogram, identifying 26HLA-A*02 LOHpatients at 8 sites, with 14
(54%) enrolled intoBASECAMP-1. In conclusion,wedevelopedand validated an investigational assay
that detects tumor HLA LOH within an FDA-approved clinical diagnostic test, enabling HLA LOH
utilization in diagnostic, prognostic, and therapeutic applications.

Precision oncology requires robust molecular assays that provide
diagnostic insights, prognostic risk stratification, and enable patient
accrual into targeted clinical trials. Formolecular assays to be utilized in
clinical care, they also must seamlessly integrate into routine diagnostic
workflows while meeting applicable regulatory requirements. HLA loss
of heterozygosity (LOH) is a type of somatic HLA defect that presents
an opportunity for precision oncology, as it is a common genomic event
that can be exploited therapeutically to differentially target tumors from

normal cells1. However, to our knowledge, no clinical assay exists for
HLA LOH detection in solid tumors.

HLA LOH is a mechanism of immune evasion by tumor cells that
results in a decreased repertoire of tumor neoepitopes presented for
immune surveillance2–9. HLA class I LOH has been associated with clonal
selection and tumor cell survival, and has been detected in ~2–40% in the
most common adult cancer types (and up to 73.8% in kidney chromophobe
tumors)10–15, and 15–20% in pediatric osteosarcoma and glioblastoma14.

1Tempus AI Inc., Chicago, IL, USA. 2A2 Biotherapeutics, Agoura Hills, CA, USA. 3FredHutchinsonCancer ResearchCenter, Seattle,WA, USA. 4DavidGeffen
School of Medicine, University of California, Los Angeles, CA, USA. 5Moffitt Cancer Center, Tampa, FL, USA. 6Moores Cancer Center, UC San Diego
Health, San Diego, CA, USA. 7Mayo Clinic, Rochester, MN, USA. 8University of Illinois at Chicago College of
Medicine, Departments of Medicine, Biochemistry & Molecular Genetics, Chicago, IL, USA.
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Over the last decade, irreversible HLA LOHhas been recognized as an
importantmolecularmarker of poor clinical outcomes. For example, in lung
cancer, HLA LOHhas been associated with worse overall survival as well as
high mutational burden, tobacco signatures, TP53 mutations, and meta-
static disease10. In addition, a paired analysis of NSCLC primary and
metastatic sitesobserved anonsignificant trend toward increasedprevalence
of class IHLALOHinmetastatic sites (prevalence in brainmetastasis versus
primary sites, 43% vs 27%), suggesting an association with more aggressive
disease7. Further, in thyroid cancer patients, a survey of the mechanisms of
genetic immune escape revealed significant enrichment of immune escape
in metastatic samples, driven by an increase in class I HLA LOH13. Parallel
evolution with independent loss of the sameHLA alleles has been observed
as distinct events on separate branches of tumors’ phylogenetic trees, sug-
gesting recurrent immune pressure to silence specific HLA-restricted
neoepitopes during subclonal evolution7. Therefore,HLALOHrepresents a
potential prognostic clinical marker of immune editing that may be clini-
cally relevant for clonal tracking and disease monitoring or surveillance.

HLA LOH also represents a therapeutic opportunity, as allele-specific
loss provides a distinction between tumor and normal cells allowing for
selective therapeutic exploitation by logic-gated cell therapy16–19. The reverse
is also therapeutically relevant; T-cell therapies and neoantigen vaccines
require persistent expression ofHLA allele-specific epitopes andHLALOH
could render the therapy ineffective. Given the association between HLA
LOH and resistance to checkpoint immunotherapy, there is a need to
accurately identify HLA LOH in routine clinical practice to implement
relevant immunotherapy approaches.

Accurate and timely detection ofHLALOH for use in clinical practice,
therefore, is of interest. Copy number-based detection algorithms can reli-
ably detect large deletions that include theHLAregion12,14,20–22, butmayhave
reduced sensitivity in cases where LOH results from a focal deletion, poor
reference genome alignment, or variation in hybrid probe capture across
different allele exons. Further, the performance of copy number variant-
based detection tools is heavily influenced by tumor sample purity, and
subclonal HLA LOH has been reported to be challenging to detect7,10.

In this study, we expand on our prior experience to develop and
characterize a robust HLA LOH detection assay23. We created an algorithm
to identify LOHusing sequencing data from intron 2 to intron 4 (including
exons2 and3)ofHLA-Awithin the genepanel ofTempus xTCDx, anFDA-
approved invitrodiagnostic device that is routinely used in standard-of-care
diagnostic evaluation of solid tumors in the United States24. We find that
HLALOHin submitted tumor samples is efficiently and seamlessly detected
in parallel with the detection of tumor-associated variants. We further
report the performance of this HLA LOH assay in the framework of an
ongoing non-interventional, observational study, BASECAMP-1
(NCT04981119), providing experience with real-time integration of an
HLA LOH test within a clinical workflow.

Results
Description of HLA genotype analysis, detection of allelic
imbalances, clonal loss, and amplifications in tumors
HLA LOH determination requires the following inputs: germline HLA
genotype of the patient, sequencing data from the tumor and a matching
normal sample, and a pathologist-determined tumor purity estimate. The
test determines candidate HLA reads by aligning HLA-mapped reads and
unmapped reads to a reference containing all known HLA alleles (per the
IMGT/HLA database)25. Reads mapping to at least one HLA allele are
conserved and aligned to a custom HLA reference build using the known
HLA genotype of the patient. The HLA alignment of the normal sample is
used to cross-check the provided genotype and as quality control. After the
alignment step, reads matching patient alleles exactly are retained and
coverage within the tumor and matching normal sample are used to cal-
culate features suchasB-allele fraction (BAF) and log ratio coverage (Fig. 1a).
The features generated are fed into two logistic regression models: the first
determines the presence of allelic imbalance, and the second employs tumor
purity to assess if the imbalance is clonal. If the probability of the presence of

allelic imbalance is <50%, the loci are classified as LOH negative. If the
probability of the presence of allelic imbalance is >55%and the probability of
clonal allelic imbalance is <50%, the loci are classified as subclonal LOH. If
both probabilities of the presence of allelic imbalance and of clonal allelic
imbalance are >55% and 50%, respectively, the loci are classified as clonal
allelic imbalance. To determine whether the allelic imbalance is due to a
clonal LOHor amplificationof the other allele,weuse aproprietary genome-
wide CNV calling algorithm based on normalized coverage and variant
allelic fraction across the short arm of chromosome 6. Application of the
CNV calling algorithm across the whole short arm smoothes out the noise
associated with normalized coverage. To allow for greater interpretability,
the test outputs a visualization of allele fraction and coverage in the HLA
region and the whole genome (Fig. 1a), detecting both clonal and subclonal
LOH, amplifications and copy neutral LOH (Supplementary Fig. 1a–e).

A critical step in the calculation of coverage and BAF features is the
correction of hybrid capture bias in the HLA region (Fig. 1a, b). To char-
acterize this bias, over 3000 germline samples were processed for each
genotype (e.g.,HLA-A*02:01/HLA-A*03:01) and the median coverage and
BAFwas computed (Fig. 1b). To correct the bias, a panel of normal controls
was built using the germline samples. Themedian coverage and BAF values
for each genotype are used to normalize the BAF observed in the tumor to
adjust for the differences in hybrid capture. Applying this correction
reduced the estimated false positive rate by 50%at lower tumor purities (Fig.
1c). A large number of germline samples used to build this panel of normals
provides broadHLA-A coverage for each superpopulation (Supplementary
Table 3), which allows our device to perform equally well across individuals
from distinct ancestries.

Validation and performance evaluation for the detection of HLA
LOH using cell line models
Due to a lackof comparableCLIA-validatedmethods for orthogonal testing,
we conducted analytical validation on contrived controls. Contrived con-
trols consisted of 198 admixtures of 42 well-characterized homozygous
(HLA locus) cell lines at different ratios to simulate HLA LOH at various
tumor purities, including germline and HLA LOH-negative samples
(Supplementary Fig. 2a, see Supplementary Methods). Using admixture
ratios to simulate a tumor purity of ≥40%, we demonstrated a positive and
negative percent agreement of 97% and 100%, respectively (Fig. 2a, Sup-
plementary Fig. 2b). The HLA LOH detection strategy employed is both
repeatable and reproducible, with a precision of 100% on 88% of samples
(Fig. 2b). The limit of detection (LOD)was establishedusing adilution study
modeled after the probit approach (CLSI EP17-A2) and was determined to
be at 40% tumor percentage where 100% (48/48) of positive samples were
correctly classified (Fig. 2c)26.

The sensitivity declined at tumor purities less than the LOD, with 71%
and 27% of positive samples being detected at 30% and 20% tumor purity,
respectively (Fig. 2c). Examples of decreased sensitivity below the LOD were
observed inclinical cases, as shown inFig. 2dwhere theHLALOHstatusof the
tumor samplewas originally called negative at 30% tumor purity despite some
evidence ofHLALOH, and then called positive when re-assessed on a second
sample with 70% tumor purity. In contrast, false positive detection of LOH at
theHLA-A locuswasnot influencedby low tumorpurity (heterozygousHLA-
A genotypes, Supplementary Fig. 2c). The minimal risk of false positive HLA
LOH calls combined with the results from the limit of blank (LOB) study
suggests that the test can be run at tumor purities as low as 20% (Supple-
mentary Fig. 2c) with the risk of false negative results increasing below 40%
tumorpurity.TheHLALOHdetection strategy employed isnot impairedbya
series of potential interfering substances (Supplementary Fig. 2d).

The HLA LOH assay accurately assesses LOH prevalence in
large-scale analysis of multiple tumor types
Performance was assessed in a dataset of 10,982 patients from the Tempus
Database. We determined the prevalence of clonal HLA LOH in several
commoncancer typesandcompared results toprevious studies10,12,13,15.HLA
LOH was common, with over 10% of tumors identified with LOH across
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nearly all cancer types,withprevalence ranging from3.3% inprostate cancer
to 25.4% in head and neck squamous cell carcinoma (Table 1). These
observations are consistent with results reported by The Cancer Genome
Atlas Network (TCGA), Montesion et al., and the Martinez-Jimenez et al.
cohorts, despite differences in cohort composition andHLALOHdetection
methodology10,13,15.

Real-world overall survival analysis
Having established that the LOH test accurately identified HLA LOH in
tumors concordant with previous surveys of LOH prevalence, we next
sought to determine the prognostic relevance of HLA LOH as a potential
immune escape mechanism among patients receiving ICB. To do so, we
leveraged the Tempus Database to study a cohort of 256metastatic NSCLC
patient samples (177 lung adenocarcinomas [LUAD] and 79 squamous cell
carcinomas [LUSC]) whose tumors were collected prior to treatment with
any FDA-approved regimen of ICB therapy (Supplementary Table 1).

Within the LUSC cohort, patients with clonal LOH at theHLA-A
locus prior to ICB initiation tended to have shorter rwOS than patients
with stable HLA loci (Fig. 3a and c), supporting the idea that antigen
presentation via HLA-I is important for ICB response in this

cohort27–29. We observed the opposite association within the LUAD
cohort, finding that patients with HLA-A LOH had modestly longer
rwOS following ICB treatment (Fig. 3b and c). To further understand
immunological differences between these subgroups, we compared
two biomarkers predictive of ICB response, TMB and PD-L1 protein
expression measured by immunohistochemical staining, as well as
immunological gene expression scores to assess the composition of the
tumor-immune microenvironment (Supplementary Fig. 3). We found
that LUAD patients with clonal HLA LOH had significantly higher
TMB (p = 0.024, Wilcoxon), but found no significant differences in
PD-L1 IHC staining or cytotoxicity-related gene expression scores
(Supplementary Fig. 3). To confirm the association between HLA
LOH and overall survival with a more stringent definition of HLA
LOH, we extended the HLA LOH test as described for HLA-A to the
HLA-B andHLA-C loci as well, and compared samples with consistent
clonal LOH or HLA stable calls across all three loci (Supplementary
Fig. 4). In this smaller set of samples, we again observed that LUAD
samples with HLA LOH tended to have longer overall survival,
whereas LUSC samples with HLA LOH were associated with shorter
overall survival.

Fig. 1 | Description of the device employed for
HLA genotype analysis. aWorkflow describing the
main steps of the HLA-LOH test. b B-allele fraction
of the HLA-A*02:01 allele in normal samples. Each
violin plot only represents samples with a given
genotype (eg. A*02:01/A*01:01). Most distributions
significantly differ from the expected B-allele frac-
tion (0.5), highlighting an experimental bias (caused
most likely by the panel hybrid capture) that needs
to be corrected. c False Positive Rate of the device on
normal samples with different bias correction
methods. The no B-allele fraction normalization
uses the tumor sample B-allele fraction and coverage
to determine HLA-LOH status. The paired normal
normalization uses the patient’s paired normal
B-allele fraction and coverage to correct the
observed bias. The panel of normals normalization
uses all available normal samples with the sameHLA
genotype to correct the observed bias.
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Evaluating the HLA-A*02 LOH assay to identify patients for
enrollment in prospective clinical studies
To evaluate the feasibility of this assay to identify cancer patients with
tumor-associated HLA-A*02 LOH, we established a prospective non-
interventional, observational study (BASECAMP-1, clinicaltrials.gov
NCT04981119). If eligible, patients are considered for treatment in a

therapeutic study that uses aCARTdesignedwith aCEA-targeted activator
pairedwith a blocker that recognizesHLA-A*0230; the blocker is included to
prevent on-target, off-tumor toxicity in normal tissues while enabling the
tumor-specific killing of cells withHLA-A*02 LOH (EVEREST-1, A2B530,
NCT05736731, (Supplementary Fig. 6)). In this ongoing study, patients are
either directly tested for HLA-A*02 LOH with the LOH test or identified

Fig. 2 | Performance of HLA-LOH test. a Summary
of the accuracy study contingency results. b Swarm
plot showing the results of the precision study. A
total of 17 archival clinical tumor specimens with
tumor percentages of 40% or 60% were selected and
processed by multiple operators in replicates of 2
over 3 non-consecutive days. The dashed line
denotes the threshold for detecting clonal allelic
imbalance. c Line graph showing the LOD of the
device at 40% tumor purity. The dashed line denotes
the threshold for detecting allelic imbalance. d An
example of LOD in real-world clinical cases. The two
tumor specimens were extracted from the same
sample, wherein the higher tumor purity specimen
exhibited a stronger signal of HLA-A*02:01 LOH.
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through theTempusAWAREprogram, an enhanced clinical trialmatching
and patient eligibility delivery program within healthcare institutions that
identifies patients with specific molecular alterations, in this case, HLA-
A*02 LOH, through Tempus xT testing as part of routine clinical care.
Eligible subjectswith LOH in the tumormay then consent for BASECAMP-
1 enrollment, apheresis collection, and consideration of treatment in the
CAR T therapeutic study. At an interim data cutoff of September 19, 2023
(20months of screening), clinical data from 1720 subjects were screened for
HLA-A*02 LOH through the AWARE program across 8 sites. Germline
A*02 heterozygous alleles were noted in 602 (35.0%), and 26 of those had
LOH at the A*02 allele (4.32%). Of these, 14 (54%) have consented to
BASECAMP-1, 1 has declined (4%), and 12 remain in screening at sites

(46%), demonstrating the feasibility of identifying patients for potential
recruitment into interventional precision oncology studies targeting
HLA LOH.

Discussion
HLA LOH represents a recurrent immune escape mechanism observed in
diverse cancer types7,10,12,13. Clinical utilization of HLA LOH detection
requires a sensitive and specific assay that can be seamlessly integrated into
clinical workflows, ideally within an approved in vitro diagnostic test used
for solid tumor profiling. Tempus’ xT CDx is an FDA-approved in vitro
diagnostic device designed to detect and quantify diagnostically and ther-
apeutically relevant variants in patient tumors during routine standard of

Table 1 | Prevalence of HLA class I LOH across cancer indications and datasets

Tempus (n = 10982) TCGA (n = 4693) Montesion et al.10

(n = 50139)
Martinez-Jimenez
et al. (n = 953)

Cancer Type No. % LOH No. % LOH No. % LOH No. % LOH

Colorectal Cancer 1854 15.6 615 9.6* 10682 15.3 42 16.7

Gastroesophageal Cancer 506 20.8 625 16.2 3174 22.2 137 24.8

Pancreatic Cancer 675 19.6 184 33.1* 4049 23.4* 284 33.8*

Prostate Cancer 1479 3.3 500 4.5 2774 5.8* 151 0.7

Ovarian, Fallopian tube, Primary peritoneal cancers 1383 17.5 579 17.0 4996 15.7 49 16.3

Non-Small Cell Lung Cancer (LUAD+ LUSC) 2249 24.6 1017 18.4* 13240 23.0* 83 30.1

Lung Adenocarcinoma (LUAD) 1589 21.8 516 11.6* NA NA NA NA

Lung Squamous Cell Carcinoma (LUSC) 660 31.5 501 25.4 NA NA NA NA

Breast Cancer 2426 12.2 1080 14.0 9686 13.2 161 11.2

H&N Squamous cell carcinoma 394 25.4 522 16.0* 1134 27.2 46 26.1

Mesothelioma 16 18.8 87 11.0 404 12.4* NA NA

*The prevalence significantly differs from Tempus prevalence (chi-square test
Bonferroni corrected p-value < 0.0019).
Tempus LOH prevalence based on the prevalence of LOH at HLA-A.

Fig. 3 |HLA-A LOH is associated with differential
rwOS following ICB therapy in lung cancer.
Kaplan-Meier analysis of rwOS for LUSC (a) and
LUAD (b) patients with clonal HLA-A LOH (HLA-
A LOH) and HLA-A stable patients. Median rwOS
for LUSC HLA-A LOH patients was 267 days (95%
CI [167, 380]), and median rwOS for LUSC HLA-A
stable patients was 481 days (95% CI [191, 961]). In
LUAD, median rwOS for HLA-A LOH patients was
533 days (95% CI [402, Inf]), whereas median sur-
vival for HLA-A stable patients was 378 days (95%
CI [239, 513]). c Forest plot of univariable CoxPH
models testing for associations between rwOS and
HLA-A LOH within each of the LUSC and LUAD
cohorts, stratified on treatment regimen type (ICB
mono-therapy or ICB+ chemotherapy) and line of
therapy. In LUSC, patients withHLA-A LOH tended
to have shorter rwOS (HR = 1.64, 95% CI [0.79,
3.41], p = 0.183), whereas in LUAD, HLA-A LOH is
associated with longer rwOS (HR = 0.60, 95% CI
[0.37, 0.96], p = 0.032).

a b

c
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care. We have found that this platform can accommodate HLA-A LOH
detection with high sensitivity and specificity (Fig. 1). Of note, we observe
low frequencies of false-positive calls and a sensitivity that depends on
tumorpurity.These results suggest that this assay couldbe clinically relevant
for detectingHLA-A LOH in patient samples with moderate to high tumor
purity (i.e., > 40%). Analytical validation was leveraged to support desig-
nation of the HLA LOH assay as a Breakthrough Device by the FDA. We
functionally validated this assay in a large cohort of 10,982 patients, where
we recapitulated a similar prevalence of HLA LOH across tumor types
compared to prior reports from TCGA and post hoc analysis of data from
Foundation Medicine (Table 1).

Notably, we found associations between clonalHLA-ALOHand rwOS
that vary dependingon the histology of the tumor, indicating tumor-specific
prognostic relevance of HLA LOH. Our findings differ from those of
Montesion et al., who found that HLA LOH in non-squamous lung cancer
was associatedwith shorterOS. In contrast, ourfindings are complementary
to those of Zhang et al.31, who observed that LOH was associated with
shorter overall survival in LUSC but not LUAD patients. These dis-
crepancies in the association between OS and HLA LOH may be due to
differences in the baseline patient populations, including tumor mutational
composition and racial makeup. Furthermore, Montesion et al. evaluated
patients with non-squamous histology receiving second-line ICB mono-
therapy, whereas our and the Zhang et al. cohorts included patients
receiving both ICB monotherapy as well as ICB in combination with
chemotherapy.

Our observation thatHLA-A LOH is associatedwith slightly longer
rwOS in LUAD samples is surprising, given that samples with LOH are
expected to promote less immune engagement during ICB treatment
due to impaired antigen presentation ability. This finding was repeated
in an alternate analysis usingmultivariable CoxPHmodels to attempt to
identify and account for additional covariates which might impact this
result (Supplementary Fig. 5, Supplementary Table 4). Interestingly, the
association between LOH and rwOS in LUAD was less affected by
additional covariates than in LUSC. These results suggest that
mechanisms of immune engagement may play different roles in the
tumor-immune microenvironment of different tumor types and in
different treatment settings. We also note that TMB is higher in LUAD
patients with clonal LOH compared to HLA stable patients, but not in
LUSC patients (Supplementary Fig. 3), reproducing the results of
McGranahan et al. Interestingly, we did not observe differences in
cytotoxicity scores or PD-L1 comparable to those reported by
McGranahan et al. This may be related to tumor stage differences
between the two cohorts; the rwOS analysis cohort considered here was
composed entirely of stage IV patients, whereas the McGranahan
cohort represented early-stage disease. Nonetheless, further studies in
larger independent cohorts is warranted to reconcile these differences.

HLA LOH is relevant for several therapeutic opportunities. The irre-
versible and clonal nature of HLA LOH at the DNA sequence level presents
a fixed genetic alteration in tumor cells that definitively distinguishes them
from nonmalignant cells32–34. CAR T logic-gated strategies30,35 can exploit
this difference using the co-expression of a modular activator receptor
paired with a blocking receptor that recognizes a specific HLA allele. In
contrast, T cell receptor (TCR)-restricted therapies and neoantigen vaccines
targetHLA-presented peptide antigens; patientswith LOHof theHLA allele
responsible for presenting this antigen will be resistant to therapy. Thus,
HLALOHanalysiswill be important to appropriately enroll patients in both
logic-gated CAR T studies and TCR-restricted studies.

In conclusion, HLA LOH is observed in diverse tumors and has
diagnostic, prognostic, and therapeutic relevance. We have established
and validated an LOH detection test which was granted Breakthrough
Device designation by the FDA, and demonstrated that subjects with
HLA-specific LOH can be identified for prospective clinical studies by
leveraging analysiswithin a routine clinicalworkflow (e.g., AWARE). This
strategy could have implications for the application of diverse precision
oncology therapies.

Methods
Tempus xT CDx sequencing
Tempus AI, Inc. (“Tempus”) provides genomic testing for patients and
physicians to guide treatment options and to identify patients eligible for
clinical trials. The Tempus xT CDx assay is an FDA-approved (P210011)
next-generation sequencing (NGS) in vitro diagnostic device that targets
648 actionable oncogenes24. The laboratory procedures are carried out in
Tempus’ College of American Pathologists (CAP)-accredited and Clinical
Laboratory Improvement Amendments (CLIA)-certified laboratory.

The device uses solid tumor DNA extracted from formalin-fixed,
paraffin-embedded (FFPE) tumors and matched normal specimens (saliva
or blood) obtained frompreviously diagnosed patients with solidmalignant
neoplasms. Total nucleic acid is extracted from FFPE tumor slides and
matched to normal blood or saliva. Slides are evaluated by pathologists and
microdissected to meet a baseline requirement of 20% tumor cellularity.
Nucleic acid is extracted (minimum extraction yield of 50 ng) using the
Chemagic360 instrument, stored at -80°C, and quantified. Specimens are
sonicated to achieve 200 base pair-sized fragments using a Covaris LE220
followed by library construction (KAPA Hyper Prep Kit (List KK8504)). If
applicable, a bead-based size selection step is instituted to enrich target
sequences at the library construction step. After elution from the magnetic
bead cleanup, the control and study specimen libraries are evaluated. A
minimum library yield of 175 ng is required as input into the hybridization
step. Isolation of captured target sequences is performed using the xGen
Hybridization andWashKit (List 1080577 or 1080584). The captured target
sequences are amplified using the KAPA Library Amplification Kit (List
KK2621 or KK2620). Specimens are then processed through a post-capture
cleanup using the Axygen AxyPrep Mag PCR Clean-Up Beads (List
MAGPCR-CL-250). A minimum molarity of 2 nM and a peak size of
200–800 base pairs of the post-capture library is required as input into
sequencing. Specimens are sequenced on the Illumina® NovaSeq
6000 sequencing platform to > 500x median coverage of tumor samples
with > 95% of exons at > 150x coverage and ≥98% of exons at ≥ 100x
coverage. The quality of the sequencing data is evaluated post-sequencing to
ensure minimum coverage and exclude poor-quality samples as well as
samples with potential contamination or swaps. Sequence data are then
processed using a customized analysis pipeline designed for use in the
detection of substitutions (single-nucleotide variants [SNVs] and multi-
nucleotide variants [MNVs]), and insertion and deletion alterations
(INDELs).

The HLA LOH assay and bioinformatics pipeline
An overview of the HLA LOH assay workflow is presented in Fig. 1a. This
assay is an extension of the Tempus xT CDx functionality to detect LOH
events in clinically actionable and biologically relevant HLA alleles for
clinical trial enrollment and investigational use. The assay is capable of
detecting LOH in HLA-A, HLA-B, and HLA-C; however, the validation
study and downstream analyses presented here are exclusively in HLA-A.
Following Tempus xT CDx sequencing, reads mapping to the larger HLA
region and all unmapped reads are selected. A custom HLA reference is
generated using the sample’s germline genotype (provided as input),
obtained from a matching blood or saliva sample. The sample’s germline
genotype is determined using the open-source tool Optitype36, which dis-
plays an accuracy ≥95% both in benchmark studies and our own experi-
ments. Candidate reads are aligned to the custom reference. The alignment
of the germline to normal sample is used to verify the HLA genotype
provided as input. If any variants with >40 supporting reads and a variant
allele fraction superior to 75% are detected, the input genotype is considered
to be incorrect and the test will return an error. In this validation study,
however, there were no instances of incorrect input genotypes and thus no
errors were returned. Once the genotype is confirmed, a strict read filtering
is applied on both the tumor and germline alignments, where only correctly
paired reads mapping exclusively to one allele with an edit distance of 0 are
conserved. BEDTools37 is then used to determine the read depth at every
position for each allele. The panel of normals is applied by replacing the
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germline read depth of the sample with the median read depth of samples
with the same genotype in our panel. The features are derived from read
depth at each genomic position and for each allele the log ratio of the read
depth in the tumor and normal sample and the B-allele fraction (BAF) are
calculated.

Only positions with >40X read depth in both alleles in both tumor and
normal samples are sufficient and considered to be “high-coverage”, which
are used to generate the sample-level features. Samples with fewer than 300
high-coverage positions do not receive a classification due to low coverage.
The sample-level features are themedian BAF ratio (ratio of the BAF in the
tumor to the BAF in the normal), the median of the difference between the
log ratio of the read depth (logRdiff), and the difference between logRdiff to
the expected value of that feature at the given tumor purity (ratio expected
difference).

Once features are generated, two logistic regression models are
applied. The subclonal LOH detection model takes the BAF of the non-
targeted allele, the difference between the log ratios, and tumor purity as
input. Samples with a probability of allelic imbalance inferior to 55% are
classified as stable. The remaining samples are then fed into the clonal
model. The clonal LOH detection model takes the BAF of the targeted
allele, ratio expected difference, and tumor purity as input. Samples
with a probability of clonal allelic imbalance inferior to 50% are clas-
sified as subclonal allelic imbalance; samples with a probability of clonal
allelic imbalance superior to 50% are classified as clonal allelic imbal-
ance. Both models were trained on manually labeled data. Finally, the
algorithm determines whether a clonal allelic imbalance is an LOH or
an amplification.

Once segmentation of the genome has been performed and copy
number values have been assigned to every segment using our proprietary
genome-wide copy number variation (CNV) calling algorithm, the seg-
ment overlapping with the HLA locus is selected. If this segment is
determined to be a gain (major > 1) and does not present signs of LOH
(minor > 0), the sample is classified as having an amplification of theHLA
locus. Otherwise, the subclonal or clonal loss call is maintained. If no
segment fully overlaps with the HLA locus, we use the gain/loss status of
the segment either to the left or the right of the HLA locus to determine
whether this locus shows signs of allelic imbalance (major =/= minor). If
both segments to the right and left show no signs of allelic imbalance, the
loss call is maintained.

Real-world cohort selection and feature generation to assess
prognostic relevance of HLA LOH
De-identified records fromacohort of patientswho receivedTempus tissue-
based NGS testing (n = 256) were selected from the Tempus Database
(Tempus AI, Inc., Chicago, IL; Supplementary Table 1). This study was
conducted on de-identified health information subject to an institutional
review board-exempt determination (Advarra Pro00072742) and did not
involve human subjects research. Patient records collected between 2016-
2023 were selected for inclusion in the study based on the following criteria:
(1) a diagnosis of stage IV non-small cell lung cancer (NSCLC) with either
squamous cell carcinoma or adenocarcinoma histology; (2) received an
FDA-approved immune checkpoint blockade (ICB)-containing regimen in
the first, second, or third line of therapy; (3) regimen start date was on or
after sample collection; (4) computationally assessed tumorpurity≥40%; (5)
tumor sample did not have any somatic pathogenic mutations identified in
EGFR or ALK; (6) a call of ‘clonal loss’ or ‘stable’ was made at the HLA-A
locus. Patients with partial loss calls were excluded. The subset of these
records with a consistent call of ‘clonal loss’ or ‘stable’ at all three classical
class I HLA loci (HLA-A, -B, and -C) was also evaluated separately. Tumor
mutational burden (TMB) was calculated for each sample as previously
described38.

RNAseq data generated using the Tempus xR whole-transcriptome
RNA sequencing platform was used as the source of RNAseq data for this
cohort39. Gene-level transcripts permillion reads (TPM) valueswere used to
compute cytotoxicity scores as previously described40,41.

Real-world overall survival analysis
Survival analysis was performed in Python (v3.7.11) using the ‘lifelines’
package (v0.27.742). Real-world overall survival (rwOS) was assessed for up
to 3 years following first-line ICB initiation. Cox proportional hazards
(CoxPH) or Kaplan-Meier (KM) models were fit to rwOS within each
cohort with HLA status (LOH or stable) as the independent variable using
the risk set adjustment method43. To account for differences in baseline
hazards between treatment regimens and lines of therapy, stratified CoxPH
models were used40. Regimens were grouped into classes of ‘ICB mono-
therapy’ or ‘ICB+ chemotherapy’. No differences in LOH prevalence were
detected between patients who received ICB in the first line vs. later lines of
therapy (Fisher’s exact p = 0.13, Supplementary Table 2).

Study patients
BASECAMP-1 (NCT04981119) is an observational study to determine
germline HLA genotypes and screen for tumor-associated LOH. Subjects
screenedat 8BASECAMP-1 sites using theTempusAWAREprogramwere
clinically tested usingTempus xT andmet the following clinical parameters:
germline sample available for LOH analysis, age ≥ 18, and unresectable/
metastatic colorectal, lung, or ovarian cancer or any stage pancreatic cancer
or mesothelioma. BASECAMP-1-participating patients with LOHofHLA-
A*02 can be considered for the Phase 1 clinical trial EVEREST-1
(NCT05736731). BASECAMP-1 and EVEREST-1 are approved by indi-
vidual institutional review boards at each study site. Patients provided
written informed consent for both studies and for AWARE participation as
a part of testing.

Contrived samplemethodandQC for cell line simulated samples
in an accuracy study
Cell lines were purchased from the Fred Hutchinson International
Histocompatibility Working Group Cell and Gene Bank as purified
genomic DNA and detailed in Supplementary Table 5. The HLA-
A*02:01 cell lines were represented by IHW09287, IHW09046,
IHW09031, IHW09039, IHW09004, IHW09056, IHW09062,
IHW09059, IHW09084, IHW09036, IHW09058, IHW09070,
IHW09068, and IHW09052. Each of the HLA-A*02:01 cell lines (cell
line 1) was mixed with two different non-HLA-A*02:01 cell lines (cell
line 2) separately to make two cell line pairs per HLA-A*02:01 cell line.
Each cell line wasmixed at a 1:1mass ratio to simulate an expectedHLA
stable specimen (i.e., negative control). These cell lines were thenmixed
at five different mass ratios to simulate LOH signal consistent with
clinical specimens across tumor percentages ranging from 20%-90%.
These specimens were mixed such that the relative percentage of DNA
input for the HLA-A*02:01 cell line and the non-HLA-A*02:01 cell
lines, respectively, were 44.4% and 55.6% to simulate LOH of a tumor
specimen with 20% purity; 37.5% and 62.5% to simulate LOH of a
tumor with 40% purity; 28.6% and 71.4% to simulate LOH of a tumor
with 60% purity; 16.7% and 83.3% to simulate LOHof a tumorwith 80%
purity; and 9.1% and 90.9% to simulate LOH of a tumor with 90%
purity.

To perform cell line contrived quality control (QC) calculations,
germline variants (determined by the Tempus xT CDx device) shared
among samples contrived under different mixture ratios were selected.
Variants with aVAF standard deviation of <5%were removed because they
were homozygous or heterozygous in both cell lines and not informative in
determining the intended proportion of each cell line.

For each remaining variant, a line of best fit was calculated using the
target proportion of cell line 1 (p) as the independent variable and the
observed VAF as the dependent variable. The slope was used to determine
the variant’s zygosity status in both cell lines. Variants with a slope within
0.15 of the expected slope were labeled as one of the four categories: het-
erozygous in cell line 1 and homozygous in cell line 2 (VAF = 1–0.5p,
expected slope = -0.5), homozygous in cell line 1 and heterozygous in cell
line 2 (VAF = 0.5+ 0.5p, expected slope = 0.5), onlyhomozygous in cell line
1 (VAF = p, expected slope = 1), only homozygous in cell line 2 (VAF = 1-p,
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expected slope = -1). Variants with other zygosity combinations could not
be annotated as germline in theTempus xOvariant callingpipeline and thus
were not considered.

After determining the variant’s zygosity, the observed proportion was
calculated using the observed VAF and the corresponding equation based
on the variant’s category. The observed proportion of cell line 1 in the
admixture was calculated as the mean of observed proportions from all
identified variants. Samples passing this contrived sample QC had an
observed proportion within 5% of the target proportion.

28 samples were excluded using this method. Of those 11 were true
positive samples, 9were truenegative samples, 5were falsenegative samples,
1 was a false positive sample and 2 were excluded from the study for other
quality reasons.

Data availability
De-identified data used in the research was collected in a real-world
healthcare setting and is subject to controlled access for privacy and pro-
prietary reasons. Ethics committee and/or informed consent does not allow
for public availability. When possible, derived data supporting the findings
of this study have beenmade available within the Article, its Supplementary
Figures/Tables, and Source Data. Tempus may make access to further data
available pending a signed data use agreement; requests for access should be
sent to publication.inquiry@tempus.com. TCGA data used in this study are
available from the cBioPortal, data fromMontesion et al. is available in the
supplementary data tables from the publication10.

Code availability
Requests for code used to generate the figures are subject to a non-
commercial data software agreement and review by Tempus and can be
directed to publications@tempus.com.
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