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PAKC: A novel panel
of HLA class I antigen
presentation
machinery knockout
cells from the same
genetic origin

HLA class I (HLA-I) proteins are crucial
for the onset of CD8+ T-cell responses
during infections, cancer, or autoimmu-
nity [1–3]. The understanding of HLA-
I antigen processing and presentation is
more relevant than ever due to com-
monly occurring HLA-I-mediated resis-
tance after cancer immunotherapy [4].
Current knowledge of antigen presenta-
tion is based on research in various cell
types with distinct proteomes, antigen
presentation machinery (APM) expression
patterns, and HLA-I haplotypes, which
complicates the establishment of individ-
ual APM contributions to antigen genera-
tion, selection, and presentation. A model
system capable of overcoming this issue
is essential to allow for new discover-
ies in these processes. Therefore, we cre-
ated a novel panel of HLA-I APM KO cell
lines, designated panel of APM knock-
out cells (PAKC), on the background of
human HAP1 cells. These cells have a com-
mon HLA-I haplotype (A*02:01, B*40:01,
C*03:04), a functional HLA-I antigen pre-
sentation pathway, an excellent cloning
capacity, and a high proliferation rate. Fur-
thermore, the haploid nature of HAP1 cells
allows for powerful genome-wide inser-

tional mutagenesis screening to further
unravel antigen presentation biology [5].
Using CRISPR/Cas9, we knocked out ten
individual APM components; HLA-I heavy
chain, calnexin (CNX), alpha-glucosidase
II (GIIα), beta-2 microglobulin (B2M), cal-
reticulin (CALR), tapasin, ERp57, trans-
porter associated with antigen processing
1 (TAP1), TAP2, and ERAP1 (Fig. 1A) [6].
ERAP2 and TABPBR were not targeted
since RNA-seq data indicated that these
are not expressed in HAP1 cells [7]. For
HLA-I, a single gRNA recognizing a con-
served sequence in the HLA-A, -B, and -C
(and -G, but not -E and -F) genes was used.

For efficiency reasons, we switched
between genome-editing strategies over
time, from gRNA-directed genomic inser-
tion of a blasticidin-resistance gene
(tapasin, ERp57) to induction of random
frameshift mutations (all other targets).
Clonal cell lines were generated for all
targets and targeted gene regions were
sequenced (Fig. 1B and Supporting Infor-
mation Fig. S1). Of note, the TAP1 KO
clone had an in-frame mutation inserting
one and deleting 44 amino acids including
the first transmembrane domain [8].
Immunoblot analysis of these cells showed
a complete lack of TAP1 protein expres-
sion. Similarly, we validated the absence
of HLA-I heavy chain, CNX, B2M, CALR,
tapasin, ERp57, and ERAP1 proteins in
the respective KO cell lines (Fig. 1C and
Supporting Information Fig. S2).

Subsequently, we characterized the
impact of each targeted gene on HLA-I sur-
face expression by flow cytometry (Fig. 1D
and E and Supporting Information Fig.
S4). To control for gene editing and clon-
ality biases, reintroduction of the deleted
gene or polyclonal KO cell lines can be uti-
lized. We confirmed that the HLA-I phe-

notypes of the clones were representative
using polyclonal KO populations (Support-
ing Information Figs. S3 and S4). Confirm-
ing observations by others, the KO cells of
each APM component except ERAP1 and
CNX showed a lower HLA-I surface expres-
sion [3, 9, 10]. Interestingly, the different
phenotype after KO of the partially redun-
dant chaperones CNX and CALR warrants
in-depth studies into their mutual role in
HLA-I processing.

We then evaluated other opportunities
PAKC provides to improve our understand-
ing of HLA-I antigen presentation. Several
HLA-I alleles and other APM polymor-
phisms are associated with susceptibility
or resistance to infection, the develop-
ment of cancer, and autoimmunity [1].
To demonstrate the feasibility of studying
disease-associated variations with PAKC,
we detected expression of ten individually
introduced HLA-I alleles in wild-type (WT)
HAP1 cells using allele-specific antibodies
(Fig. 2A). Thus, PAKC can be employed to
examine individual HLA-I allele behavior
in the context of disease-related APM
components.

Next, we determined whether PAKC
allows for evaluation of individual APM
component contributions to HLA-I fold-
ing, glycosylation, and peptide loading.
In WT cells, ERp57 interacted only tran-
siently with newly translated HLA-I, indi-
cating that HLA-I peptide loading largely
occurs within 45 min (Fig. 2B). The major-
ity of HLA-I matured within 90 min as
detected by EndoH resistance of the HLA-I
N-glycans (Fig. 2C). Such molecular stud-
ies will catalyze new mechanistic and
disease-related insights after overexpres-
sion of individual HLA-I alleles or mutant
APM members in their respective KO
cells.
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Figure 1. PAKC was validated on sequence and protein level. (A) Overview of the HLA-I antigen presentation pathway. (B) CRISPR/Cas9 induced
sequence mutations (dashes) in APM genes (underlined) in respective HAP1 clones. Tapasin and ERp57 KO clones were generated by genomic
insertion of a blasticidin-resistance gene (underlined). Chr, chromosome; gRNA, red; PAM sequence, green. This summary is representative of n = 1
(HLA-I, CNX, B2M, CALR, ERp57, TAP1, and ERAP1) or n = 2 (GIIα, tapasin, and TAP2) independent experiments. Raw data in Supporting Information
Fig. S1. (C) Immunoblots of KO cell lines for indicated proteins with β-actin or α-tubulin as loading control. Blots are representative of n = 1 (B2M
and ERAP1) or n = 2 independent experiments. *Estimated band height. Raw data in Supporting Information Fig. S2. (D, and E) Flow cytometric
analysis of surface HLA-I expression (W6/32) in indicated KO cells. (D) Representative histograms.WT, blue; knockout, red; unstained control, gray.
(E) Relative quantification pooled from n = 3–10 independent experiments per cell line. Mean ± SD are shown. Polyclonal cell lines and gating
strategy in Supporting Information Figs. S3 and S4. Mixed-effects analysis followed by Dunnett’s multiple comparisons test, *p < 0.05, **p < 0.01,
****p < 0.0001, ns = not significant.

After two decades of development,
HLA-I peptide repertoire prediction algo-
rithms still face major accuracy issues,
possibly because the contribution of sev-
eral APM members to peptide selection
is unknown. Using WT cells, we explored
the suitability of PAKC to study HLA-I-
presented peptides. First, mass spectro-
metric analysis of eluted peptides iden-
tified 3774 candidate peptides derived
from one of the endogenous HLA-I alleles

according to affinity predictions (Fig. 2D).
Unsupervised sequence clusters generated
from the 9-mer peptides were in con-
cordance with reported logos for HLA-
A*02:01, HLA-B*40:01, and HLA-C*03:04
(Fig. 2E) [11–13]. Second, individual pep-
tide processing and presentation may be
read out by targeted mass spectrome-
try, peptide/HLA-I-specific antibodies, or
peptide-specific T-cell activation. We con-
firmed the latter option by specific recog-

nition of WT cells using two independent
T-cell clones specific for endogenously
derived HLA-A*02:01-restricted peptides
(Fig. 2F). Both broad and targeted strate-
gies will highly benefit from the compa-
rable genetic and proteomic background
of PAKC. Hence, PAKC will contribute to a
better understanding of the rules of pep-
tide processing and HLA-I loading.

During infection, cancer, and autoim-
munity, antigen presentation is locally
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Figure 2. PAKC can be examined using common techniques in the antigen presentation field. (A) Flow cytometric analysis of WT HAP1 cells
nontransduced (gray) or transduced (red) with depicted HLA-A or -B alleles and stained using indicated allele-specific antibodies. Gated on marker
gene positive cells. Plots are representative of n = 2 independent experiments with one sample/experiment, HLA-A*24:02, -B*35:01, and -B*44:03
of n = 1 and HLA-B*27:05 of n = 3 independent experiments with one sample/experiment. Gating strategy in Supporting Information Fig. S4. (B,
and C) Analysis of the HLA-I maturation in IFN-γ-stimulated WT and HLA-I KO HAP1 cells metabolically labeled with [35S]-Met/Cys and chased
for 0, 45, or 90 min. Experiments are representative of n = 2 independent experiments. (B) Co-immunoprecipitation of HLA-I using anti-ERp57
antibodies was visualized using phospho-imaging. (C) Co-immunoprecipitation using W6/32 for HLA-I followed or not by EndoH treatment. (D)
Peptides eluted from HAP1 WT cells were identified by MS and assigned to an endogenous HLA-I allele based on NetMHC4.0 predictions. n = 1
experiment. (E) Sequence signatures from unsupervised clustering of identified 9-mer peptides by Seq2Logo. (F) IFN-γ or GM-CSF secretion by HLA-
A*02:01-restricted T cells specific for USP11- or SSR1-derived peptides after overnight co-culture with WT or HLA-I KO HAP1 cells was measured
by ELISA. Results of technical triplicates cultures within one experiment are shown and are representative of n = 3 independent experiments. (G)
Upregulation of HLA-I mRNA (qPCR, normalized to 18S rRNA; n = 1 experiment) and (H) cell surface HLA-I after IFN-γ stimulation of WT HAP1
cells (flow cytometry; representative of n = 3 independent experiments with one sample/experiment). For qPCR, the error bars represent SEM of
duplicate RNA isolations.

enhanced by cytokines. Since IFN-γ
induces upregulation of HLA-I mRNA and
surface protein levels through an intact
signaling pathway (Fig. 2E and F) [14],
PAKC is highly suitable to study antigen
presentation in an inflammatory context,
for example in any of the above-mentioned
research directions. Additionally, PAKC
supports studies on nonclassical HLA-
I, which can be expressed upon IFN-γ
stimulation.

In conclusion, we generated and vali-
dated a novel panel of APM component KO
cell lines and demonstrated its application
for many different research lines. PAKC

will facilitate answers to open questions
in the field, generation of new hypothe-
ses, and revisitation of published data gen-
erated in imperfect or inconsistent model
systems [15]. PAKC is now available for
the scientific community to enable dis-
covery of novel antigen presentation biol-
ogy, which eventually may lead to new
immunotherapeutic approaches.
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