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Materials and Methods

Molecular cloning

N-terminally HA-tagged HLA-I molecules and chimeras were cloned into the Tpn-SP-HA-pIRES-
EGFP vector via Pstl or Nsil and BamHI as previously described [1]. Either specific primers were
used for amplification or a synthetic DNA was used. The HA-HLA-I cDNA was subcloned (Nhel and
BamHl.) into the puc2CL6IP vector (SFFV U3 promoter) that was used for transient expression of
HLA-I molecules. HA-HLA-A*02:01 and B*07:02 chimeras were constructed by combining
nucleotides encoding the first 181 amino acids with the direct downstream sequence of the other
HLA-I molecule. HA-HLA-A*02:01 and A*03:01 chimeras were constructed by swapping the Pstl
fragments. For mutation of single residues, the Q5 site-directed mutagenesis kit (New England Bio
Labs) was applied. The HLA-A*02:01 disulfide-trapped single-chain trimer loaded with the HCMV
pp65495-503 peptide NLVPMVATV (SCnLv) was cloned as described previously [2], incorporating a
full-length HLA-A*02:01 cDNA with mutation Y84C at the 3’ end of the second glycine-serine linker
sequence. In the disulfide-stabilized HLA-A*02:01 single-chain dimer (SCos), the peptide sequence
and first glycine-serine linker sequence was deleted putting the human B2-microglobulin ORF
directly after the influenza haemagglutinin ER leader sequence. In addition to Y84C, the mutation
A139C was introduced into the HLA-A*02:01 sequence by PCR-directed mutagenesis. The US11-
SC constructs were designed on the basis of the SCps construct. The haemagglutinin ER leader
sequence and the following linker sequence were replaced by the US11 sequence (encoding amino
acids 1-43) and a shorter linker (GSGGGGAPGSGGGSLGS). In addition, mutated amino acids in
the HLA-A*02:01 sequence were corrected (to Tyr84 and Ala139). US11-SC, US11.256-SC, SC-
A29, and US11-SC-A29 were synthesized and cloned into pcDNA3.1 by BioCat (Heidelberg). For
construction of HLA-A*02:01 SC the amino acids positions 84 and 139 in SCps was corrected to
Tyr and Ala, respectively.

The cUS11 (panine herpesvirus 2 strain Heberling, NC_003521.1), chimeric US11 sequences and
ligand-US11 variants were obtained as gBlocks and cloned into pIRES-EGFP via Nhel and BamHI.
In h/cUS11 the sequence encoding the first 44 amino acids of hUS11 was fused to the sequence
encoding the region 55-225 of cUS11. In the ¢/hUS11 chimera the sequence encoding amino acids
21-44 in hUS11 was exchanged to the sequence encoding amino acids 18-54 in cUS11. In the
HLA-A ligand-US11 constructs, a signal peptide sequence from the influenza haemagglutinin
protein (MAKANLLVLLCALAAADA) was placed in front of the peptide ligand sequence. Between
the peptide and the US11 sequence (amino acids 43-215) a 21 amino acid long linker
(GGSLS(GGGS)ASGGGG) was inserted. The following peptide sequences were used: HLA-
A*02:01: pp65-NLV (NLVPMVATV); HLA-A*29:02: US27-LYV (LYVGQFLAY); HLA-A*68:02: EVI
(EVIDFSHGL); HLA-A*03:01: UL77-GLY (GLYTQPRWAK). All peptides were previously detected in



MHC-I ligandome analyses [1, 3]. For MHC-I peptide binding predictions we applied NetMHCpan
4.11[4].

Viruses

To generate the HCMV mutant viruses +US11 and +AnUS11 the corresponding sequences were
cloned into the vector pGPS-Kn-rox [5]. The US11 sequence and the kanamycin cassette were
amplified for BAC2 (AD169VarL BAC [6, 7] recombination using the following primers: LB-
US11_Kana1,
TTACAGCTTTTGAGTCTAGACAGGGTAACAGCCTTCCCTTGTAAGACAGAATGAACCTTGTAA
TGCTTATTCTA and LB-US11_Kana2,
GGTGAGTCGTTTCCGAGCGACTCGAGATGCACTCCGCTTCAGTCTATATATGTGGGCGGAC
AAAATAGTTGG.

Antibodies and reagents

The following mAbs were used: HC10, which binds free HCs [8], anti-HLA-A*02:01 (BB7.2) [9], and
anti-Bam (BBM.1) [10]. Mouse anti-HA, mouse anti-B-actin, HRP-coupled goat anti-rabbit IgG,
PMA, ionomycin, accutase, cysteine and methionine were purchased from Sigma-Aldrich, and
APC-coupled anti-HA, FITC-coupled anti-HLA-A*02:01 (REA517), APC-coupled anti-HLA-A*03
(REA950), IgG isotype controls and FcR blocking reagent from Miltenyi Biotec. We used APC-
coupled goat anti-mouse IgG, FITC-coupled anti-IFNy, anti-CD28 antibody and PE-conjugated
anti-CD8 from BD Biosciences, and PE/Cy7-coupled anti-TNFa and IFNy from BioLegend. Further,
we used HRP-coupled goat anti-mouse IgG (Dianova), viability dye eFluors™ 506 (Ebioscience),
IL-2 (Stemcell), SignalFire ECL Reagent (Cell Signaling Technology), streptavidin-R-PE (Agilent),
Easytag Express 35S-Met-Cys protein labeling mix (Perkin Elmer), protein A Sepharose (GE
Healthcare), and Digitonin (Calbiochem). Anti-US11 has been described [1].

Protein expression and purification

A single chain construct (us11SC) encoding the US11 N-terminus (residues 17-43), a 17 amino acid
Gly-Ser rich linker, B2m (residues 21-119), a 27 amino acid Gly-Ser rich linker, and HLA-A*02:01
(residues 25-298), was codon optimised for expression in E. coli (Integrated DNA technologies)
and cloned into the pET30 expression vector. us11SC was expressed as inclusion bodies in Ton A-
BL21 (DE3) E. coli, solubilised in 6 M guanidine-HCI and subsequently refolded by rapid dilution in
a buffer comprising 100 mM Tris pH 8.0, 400 mM L-arginine, 3 M urea, 2 mM EDTA, 0.2 mM
phenylmethyl sulfonyl fluoride (PMSF), 0.5:5 mM oxidised:reduced glutathione for 3 d at 4°C.
Following dialysis into 10 mM Tris pH 8.0, refolded us11SC was purified by a combination of anion
exchange (DEAE and Hitrap Q, Cytiva) and size exclusion (Superdex 200, Cytiva) chromatography

systems. Following size exclusion chromatography in a buffer comprising 10 mM Tris pH 8.0, 150



mM NaCl, purified us11SC was concentrated to 5.2 mg/mL for crystallisation4 experiments. Isolated
B2m and the HLA-A*02:01 were also expressed as inclusion bodies in Ton A- BL21 (DE3) E. coli,
before being refolded with the TLFDEPPPL peptide in the ratio 3.2 uM HC, 2.6 yM 2m and 11 uM
peptide, and purified as described above.

Crystallization

All crystals formed at 20° C via the hanging drop vapour diffusion crystallisation method and
microseeded with HLA-A*02:01 crystals obtained from a solution containing 3% (w/v) PEG3350,
0.1 M HEPES pH 7.4, 0.1 M NaCl, 5 mM MgCI2 and 5 mM CdCI2. us11SC crystals formed with a
reservoir solution containing 30% (w/v) PEG3350 and 0.1 M Dc-malic acid pH 7.0. HLA-A*Q2T-F
crystals formed with a reservoir solution containing 26% (w/v) PEG3350 and 0.1 M D.-malic acid
pH 7.0. Both crystallisation conditions were supplemented with 83 mM cesium chloride (Hampton
Research Additive Screen). Crystals were cryoprotected in mother liquor supplemented with 15-

20% (w/v) glycerol and flash-cooled in liquid nitrogen.
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Fig S1. The HCMV encoded immunoevasin US11 differentially regulates surface expression
of HLA-A allotypes. (A) Alignment of HCMV and CCMV US11, hUS11 and cUS11, respectively.
The predicted signal peptides (SP; SignalP 6.0) and transmembrane domains (TM) are marked by
blue and orange boxes, respectively. The orange C'’s are predicted to form a disulfide bridge in the
Ig-like fold [11], the violet N is glycosylated, and the red Q marks the residue that is decisive for
Derlin-1 interaction. The pink line shows the HCMV US11 LCR region, lacking in the CCMV US11
(analyzed with PlaToLoCo [12]). The black box with a dashed line marks the N-terminal region that
was deleted in ANUS11 (residues 20-44). (B) Example of gates used for determination of HLA-A
expression after transient transfection of HelLa cells (Fig 1B). HA-HLA-A*02:01 (HA-A2) is shown
with control (ctrl), US11, or ANUS11 (dNUS11). The gates and percent cells in each gate are written
in latin. Cell numbers are written in bold. (C) HA-tagged HLA-I expression plasmids were transiently
transfected in HelLa cells (ca. 2x105 cells) with 150 or 50 ng of pIRES-EGFP encoding US11,

AnUS11 or a control protein. At 20 h post-transfection HLA-I surface expression was determined



by flow cytometry (anti-HA) on EGFP-positive cells. Representative histograms are shown. Vertical

lines were included for better comparison of peaks.
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¢ % activated CD8+/tetramer+ T cells

24 h.p.i. 72 h.p.i.
Rep 1 Rep 2 Rep 1 Rep 2
IFN TNF IFN TNF IFN TNF IFN TNF
HLA- US11 42.8 27.1 19.3 10.8 11.4 12.2 12.9 8.8
A*02- AN 40.8 22.6 22.0 9.8 22.6 18.7 32.7 19.0
PPES  AUS11 416 22.8 28.6 12.0 26.0 15.6 435 18.5
HLA- us11 30.0 10.5 23.6 5.7 26.6 5.0 24.9 6.3
A*03- AN 32.3 10.9 19.1 3.7 245 4.1 22.8 4.4
UL77  Aus11 485 196 38.9 8.8 26.5 o 32.1 5.8
D Fold activated CD8+/tetramer+ T cells (relative to AUS11)
24 h.p.i. 72 h.p.i.
Rep 1 Rep 2 Rep 1 Rep 2
IFN TNF IFN TNF IFN TNF IFN TNF
E*LO/;- Us11 1.03 1.19 0.67 0.90 0.44 0.78 0.30 0.48
0p65 AN 0.98 0.99 0.77 0.82 0.87 1.20 0.75 1.03
HLA- us11 0.62 0.54 0.61 0.64 1.00 1.37 0.78 1.08
A*03-
ULT7 AN 0.67 0.56 0.49 0.42 0.92 1.12 0.71 0.75

Fig S2. The US11 LCR protects HCMV from HLA-A*02:01 restricted CD8+ T-cells. (A-B)
Example of gating strategy of flow cytometry analysis of intracellular IFNy and TNFa expression by
CD8 T cells in the experiments shown in Fig 2C. HLA-A*02:01NY and HLA-A*03:016LY specific
polyclonal CD8+ T cells are depicted in panel A and B, respectively. (C) The percentage of
activated CD8+/tetramer+ T cells measured in the experiments presented in Fig 2C. (D) Relative
values from (C), used in Fig 2C. At 24 h p.i. replicates (Rep1 and Rep2) were performed separately
with PBMCs isolated from the same donor at different occasions. At 72 h p.i. replicates were

performed in parallel with PBMCs isolated from two different donors.
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Fig S3. Peptide loaded HLA-A*02:01 confers resistance to US11. (A) The percentage of MFI
as compared to control transfected cells was determined from the analysis depicted in Fig 3B. Dots
represent individual values and bars mean values + SEM from three independent experiments.
Significance was calculated using two-way ANOVA. (B) HLA-A*02:01 HC or SC constructs
encoded in pcDNA3.1 were transiently co-transfected with pIRES-EGFP encoding US11 into HelLa
cells. At 20 h post-transfection cells were metabolically labeled for 75 min in the presence or
absence of 5ug/mL brefeldin A (BFA). The mAb BB7.2 (anti-HLA-A*02) was applied for
immunoprecipitation. Retrieved proteins were EndoH digested as indicated prior to separation on
SDS-PAGE and detection by autoradiography.
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Fig S4. The US11 LCR mimics peptide binding to HLA-A*02:01. (A) Schematic representation
of chimeric HLA-A ligand-US11 constructs expressed for flow cytometry analysis in Fig 4B-C. (B)
The percentage of HLA-A*02:01 SC surface disposition (MFI) in US6 expressing cells as compared
to control cells was determined from the analysis depicted in Fig 4F. Dots represent individual
values and bars mean values + SEM from three independent experiments. Significance was
calculated using two-way ANOVA. (C) Effect of the US11 peptide (amino acids 17-44; S28V_WT)
or a peptide mutated at position 25 (S28V_L25G) on binding of the FITC-labeled peptide GV9
(GILGKFITCVFTV) to HLA-A*02:01 in an MHC-I fluorescence polarization assay. Representative
measurements are shown. (D) X-ray crystal structure of HLA-A*02:01 refolded with the US11 LCR
derived 9mer peptide T2’LFDEPPPL32, HLA-A*02:01 and the peptide are coloured and labelled as
in Fig 4H-1 (PDB ID: 8FU4). (E-F) Refined 2F.-Fc map (top) and composite simulated annealing
omit map (bottom) for (E) observed LCR residues (S'"”"MPELSLTLFDEP?°) in the US1117.43-HLA-
A*02:01 SC X-ray crystal structure, and (F) the 9-mer peptide from HLA-A*02:01 refolded with the

peptide TZLFDEPPPL32. All maps are shown as blue mesh and contoured at 1 .
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Fig S5. Optimal US11 LCR targeting of HLA-A*29:02 and A*68:02 is tapasin-dependent.

(A) Schematic representation of HLA-A*29:02 single-chain (SC) constructs. HASP, signal peptide of
haemagglutinin. (B) HLA-A*29:02 SC constructs encoded in pcDNA3.1 were transiently co-
transfected with pIRES-EGFP encoding a control protein or US6 into f2m-deficient FO-1 cells. At
20 h post-transfection SC-A29:02 and US11-SC-A*29:02 cell surface expression was analyzed by

flow cytometry using the anti-Bm mAb BBM.1. Representative histograms are shown.
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US11LCR

Fig S6. A single residue in the a3 domain dictates N-terminus-independent regulation of
HLA-A by US11. (A) Muscle alignment [13] of the a3 domain residues 178-277 of a few
representative human and primate MHC-I molecules. Labeled residues from Fig 6A are marked
with a grey dot. (B) HelLa cells were transiently co-transfected with plasmids encoding HA-tagged
HLA-A and pIRES-EGFP encoding US11, ANUS11, or a control protein. At 20 h post-transfection
HLA-I surface expression was determined by flow cytometry (anti-HA) on EGFP-positive cells.
Representative histograms are shown. (C) Cartoon representation of the AlphaFold-Multimer
prediction of the full-length US11/HLA-A*02:01 complex coloured based on the per-residue
confidence score (pLDDT): Dark-blue = very-high confidence (pLDDT > 90), Light-blue = confident
(90 > pLDDT > 70), Yellow = low confidence (70 > pLDDT > 50), Orange = very low confidence
(pLDDT < 50). Surface representation of HLA-A*02:01 heavy chain is displayed for reference, and
Ala184 is highlighted as spheres. (D) Close-up of the peptide-binding groove of (C) with US11 LCR

residues indicated in single letter code.
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Fig S7. US11 evolved an LCR-dependent strategy specifically to counteract A2 lineage
escape from N-terminus-independent antagonism. (A) Diagram shows the normalized
Shannon’s entropy of 231 US11 HCMV sequences [14]. Each US11 alignment position was
calculated in python3 using biopython [15], numpy [16] and scipy [17]. In the N-terminal region
(positions 17-43), 173 sequences were identical to the TB40 strain US11 (top sequence) and 31
sequences were identical to the AD169 US11. All variants are shown; variable residues are
highlighted in bold letters and the number of identified sequences are shown to the right. The HLA-
A*02 peptide mimic is colored in grey. (B) The multiple sequence alignment from (A) was split into
5 equally large regions, for each region entropies per position and mean entropy was plotted.
Significance was calculated with an one-way ANOVA using Dunnett's multiple comparison test.
Only significant difference to positions 1-43 are shown. (C) Percent sequence identity of primate
cytomegalovirus encoded US proteins most closely related to HCMV US11 (BLASTP). HCMV US9
and US10 were included as comparison for non-US11 proteins in the US6 protein family. Sequence
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identity was determined by Muscle sequence alignment [13] of the following sequences: human
betaherpesvirus 5 (strain AD169): US9, US10, US11; panine betaherpesvirus 2: US11,
(NP_612784.1); rhesus cytomegalovirus strain 68-1: Rh189 (QQL10478.1); cercopithecine
betaherpesvirus 5: US11 (AEV80690.1); saimiriine betaherpesvirus: S3 (YP_004940179.1), S13
(YP_004940292.1), S33 (YP_004940317.1); aotine betaherpesvirus 1: A29, (YP_004940154.1),
A28 (YP_004940153.1). The orange box marks US11 homologs and the grey box marks US6

protein family members in CMVs of New World Monkeys.
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S1 Table. Data collection and refinement statistics.

Data collection statistics

Us11-SC

HLA-A*02:01™F

X-ray source

MX2 Australian

MX2 Australian

Synchrotron Synchrotron
Spacegroup P 24 P 2412124
Cell dimensions
a, b, c (A) 52.39, 80.50, 56.08 59.87,79.27, 110.66
o, B,y (°) 89.92, 113.49, 90.19 90, 90, 90

Resolution (A)

48.04 - 1.80 (1.84 —

1.80)

40.64 - 1.60 (1.66 -
1.60)

Total number of observations

139,869 (8,382)

689,942 (33,792)

No. unique observations

39,611 (2,325)

70,264 (3,437)

Multiplicity 3.5(3.6) 9.8 (9.8)
Data completeness (%) 99.90 (99.9) 100 (100)
llo 6.8 (1.2) 6.1 (1.5)
Rypim (%) 8.1 (84.2) 8.6 (59.4)
CC (1/2) 0.996 (0.704) 0.990 (0.626)
Refinement statistics
No. atoms
Macromolecules 3131 3162
Ligands 28 23
Water 239 472
" Reactor (%) 20.61 (36.97) 18.01 (25.40)
Riree (%) 23.89 (45.22) 20.31 (28.53)
root mean squared deviation from
ideality
Bond lengths (A) 0.006 0.007
Bond angles (°) 1.13 1.19
Ramachandran plot
Favoured regions (%) 98.95 98.68
Allowed regions (%) 1.05 1.32
Disallowed regions (%) 0 0
B factor, all atoms (A?) 34.73 27.93

Statistics for the highest-resolution shell are shown in parentheses.
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