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Supplementary Tables

ID Sex

Age
of

onset

Ethnicity

Diagnosis

Clinical and laboratory manifestations

AllA F

7

European

/Caucasian

SLE with CNS
and renal

involvement

Presented with refractory immune thrombocytopenia and hemichorea.
Elevated ANAs (EIA: 763, normal range <1; anti-DNA IFI positive > 1/1280,
homogeneous nuclear pattern) and hypocomplementemia (C3 37.9 mg/dl,
normal range: 76 — 184; C4: 5.75 mg/dl, normal range: 16 — 47).
Antibodies to extractable nuclear antigens were negative. She also
suffered from inflammatory arthralgias and constitutional symptoms. Renal
involvement a year later when she presented with a hypertensive crisis
(140-150 / 80 mmHg > P99 for her height and sex). Blood pressure control
required treatment with enalapril, amlodipine and spirinolactone, adjusting
the doses periodically. Renal biopsy has not been performed. She also
has mild mitral insufficiency. Hematologically, she has presented severe
thrombocytopenia (minimun 8.000/uL) that has required treatment with
prednisone, azathioprine, mycophenolate, rituximab, immunoglobulins and
Etanercept. Has suffered intermittent episodes of chorea, treated with

haloperidol.

B.II.1 F

American/
Caucasian

Neuromyelitis
optica

Presented at age 9 with relapsing optic neuritis and transverse

myelitis. Found to have NMO/AQP4-IgG in serum and CSF. ANA profile
demonstrated positive ANA (1:320, speckled) without other autoantibodies.
First treated with rituximab but had additional NMO exacerbations leading
to treatment with IVIG and mycophenolate mofetil. Developed neutralizing
antibodies to rituximab and early B cell repopulation, resulting in
discontinuation of rituximab and recent initiation of inebilizumab-cdon.
Mother has hemiplegic cerebral palsy of unclear etiology and developed
SLE in mid-20s.

18

Chinese/

East Asian

SLE

Presented with malar rash, joint pain, Raynaud's phenomenon, alopecia,
fever and oral ulcers. At the time of sample collection, she was readmitted
to the hospital due to recurrent fever, headache, anxiety, and significantly
decreased WBC. Auto-ab panel revealed positive ANA (1:1280), UTRNP,
SSA-R052, SSA-R060, and dsDNA (Farr 42.55U/ml). FBC showed
lymphocytopenia (0.26 * 10°9/ml), thrombocytopenia (55 * 10*9/ml). CM-
CSF corrected the WBC. She also had low C3 [0.785g/L (0.9-1.8)]. CNS
evaluation could not be performed. Active episode treated with

methylprednisolone 80mg IV.

Supplementary Table 1. Ethnicity, diagnosis and clinical manifestations in probands carrying

TLR7 variants
Gene Base change Amino acid SIFT Polyphen-2 CADD gnomAD ExAC (%)
substitution
TLR7 c.790T>C p.Tyr264His 0.12 0.443 225 N/A N/A
TLR7 c.82A>G p.Arg28Gly 0.35 0.05 12.79 N/A N/A
TLR7 c.1521T>G p.Phe507Leu 0.00 0.874 224 N/A N/A




Supplementary Table 2. TLR7 variants, frequency and its predicted damage using in silico
tools. CADD = Combined Annotation Dependent Depletion; gnomAD = The Genome Aggregation
Database; ExAC = Exome Aggregation Consortium.

Gene Variants
C1QA
C1QB

c1QC

C1R

C2,CFB

C4A

C4B

DNASE1

TREX1

PRKCD

DNASE1L3

ACP5

TNFSF6

IFIH1

SOCS1

NCKAP1L

C18

C3

SAMHD1

ADAR1

RNASEH2B p.Ala177Thr

TMEM173

Supplementary Table 3. Rare variants of genes causing human SLE.

Organs | Liver Skin Brain Lung Heart

Mice




+/Y (n=3) midzonal congestion and acute | NAD NAD NAD cardiomyocyte
multifocal hepatocellular degeneration and
necrosis(n=1) hypertrophy(n=2)
kiklY (n=3) | probable histiocytic sarcoma panniculus muscle focal NAD focal sub pleural focal myocardial
and metastases(n=1) myocyte degeneration and lymphocytic infiltrate(n=1) fibrosis(n=2) and
kiklkik necrosis(n=1) mucoid
(n=3) degeneration(n=1)
lymphocytic infiltrate(n=3) chronic lymphadenitis(n=3)
myocyte degeneration and
. . attempted cardiomyocyte
chronic active regeneration(n=1) focal atelectasis(n=1) degeneration and
cholangiohepatitis(n=1) hypertrophy(n=1)
sub pleural and
extramedullary perivascular
haematopoiesis(n=1) lymphocytic/blastic
infiltration(n=1)
mild focal interstitial
mononuclear cell
infiltration(n=1)
Organs | Stomach Gall Urinary Thymus Salivary glands Pancreas
bladder | Bladder Regional lymph nodes
Mice
+/Y (n=3) submucosal NAD NAD NAD Lymphocytosis(n=1) NAD
eosinophil and
fibrohistiocytic
infiltration (n=1)
kiklY (n=3) | individual NAD chronic arteritis | small in size with loss | chronic lymphocytic and fatty
and glandular dilation Iperiarteritis of clear lymphadenitis(n=4) infiltration with
kiklkik with attenuation of with mural corticomedullary glandular atrophy(n=1)
(n=3) lining fibrinoid demarcation, paucity
epithelium(n=1) necrosis(n=1) of typical cortical .
cells(n=1) chronic
lymphadenitis(n=1)
Submucosal
mononuclear
cell/eosinophil focal acute
infiltration and few pancreatitis(n=1)
dilated glands
containing
eosinophilic
crystalline
shards(n=1)
Organs Spleen Mesenteric lymph node & Cecum Small intestine
inguinal lymph node Colon (Duodenum, Jejunum, lleum)
Mice GALT
+/Y (n=3) 12x5x3mm; NAD NAD focal mural macrophage and
12x5x3mm; eosinophil infiltration(n=1)
15x5x3mm;
splenic congestion(n=1)
kiklY (n=3) | 18x6x3mm; chronic lymphadenitis(n=6) lymphoid focal mucosal inflammation plus
and 27x18x4mm, large; hyperplasia(n=1) single dilated gland with
kiklkik 17x6x3mm; enterocyte apoptotic bodies in
(n=3) 16x6x4mm:; lumen(n=1)

20x6x3mm, large;
30x10x7mm, large

early lymphoma (n=2) and
lymphoma(n=2)

splenic arteriolar fibrinoid
necrosis(n=1)

chronic
lymphadenitis(n=1)congested
with paucity of mature
lymphocytes(n=1)

chronic mesenteric
lymphadenitis(n=1)

lymphoid hyperplasia in
Peyer’s patches(n=1)

villous lymphatic dilation(n=1)

chronic enteritis and mesenteric
lymphadenitis(n=1)

reactive changes within normal
limits(n=1). Lymphoid hyperplasia
in Peyer’s Patches(n=3)

Supplementary Table 4. Histopathology observations. NAD= no abnormalities detected.

Supplementary Method for Computational Modeling




Starting coordinates: To compare binding affinities of guanosine monophosphate and R848 in
the WT and Y264H TLR7 we wused thermodynamic integration ! in
AMBER20/AMBERTOOLS21 ? to calculate the energetic cost to remove each bound ligand.
To account for the uncertain protonation state of histidine we used 3 protein systems: Y264,
Y264H with a neutral epsilon protonated histidine, and Y264H" with a charged double
protonated histidine. The protein structure (PDB: 6IF5 *) was mutated from the original
monkey sequence using CharmmGUI %6, Glycan cores present in the crystal structure were
kept for the simulation. The ligands from this structure were removed and guanosine and R848
were added using geometries extracted from analogous PDB files (SGMF, 5GMH) 7 after
alignment of the protein backbone of each structure around the binding site. We noted the
geometries of all utilised structures had excellent consistency. Protonation states for histidine
residues were selected based on calculations using PROPKA 8. For the kika mutant, these
calculations suggested it may be neutral or charged at physiological pH, explaining our choice
to test both variants explicitly.

Force field parameters: Bonded force field parameters for each ligand were generated by
analogy to the GAFF2 parameter set through the use of AMBER’s antechamber and parmcheck
programs. RESP charge parameters were then calculated in GAUSSIANO9 ° with the help of
FFTK in VMD !, using the geometries from the aforementioned crystal structures. AMBER
ff19SB !, OPC 2, and GLYCAM-06 '3 were used for protein, water, and glycan parameters
accordingly. GLYCAM-06 was modified for the connecting protein residues to update them
with ff19SB bonded parameter and CMAP corrections for improved consistency with the rest
of the system. For ion parameters, the 12-6 IOD OPC set was used from Sengupta et al 4,
Thermodynamic integration in AMBER20 currently does not support 12-6-4 ion parameters,
explaining the omission of these improved parameters in this study.

System building: System building was executed in tleap, where each prepared system was
solvated with a distance of 10A to the system box edge. 150 mM NaCl was then added by
random replacement of water molecules. The ion count corresponding to this concentration
was calculated by two iterations of SLTCAP ' on the Y264 system: In the first, we input sum
protein and glycan mass as determined by an initial non-solvated tleap run, desired salt
concentration, protein net charge, and the corresponding number of water molecules as
determined by initial solvation with tleap. In the second, we updated the number of waters,
accounting for the removal of some water from the first pass due to the ion addition. This final
ion count was used for all systems, except for the versions of the system where the dimer was
mutated to Y264H", where we added an extra two chloride ions to neutralise them. The
resulting built systems contained around 208800 atoms, including all contributions by the four-
point water model. After building, systems were post-processed with parmed '® for hydrogen
mass repartitioning to facilitate a 4 fs timestep.

Simulation parameters: Harmonic position restraints with a force constant of 5 kcal/mol/A2
were applied to CA, C and N backbone atoms of the protein that were greater than
approximately 8A from binding site in order to assist in convergence. Any region making up
the contact between both protomers was not included in this definition, and some additional
regions beyond corresponding to locations with substantial sequence difference to the original
monkey sequence, or terminal residues before the two unresolved loops. The same restraints
were also applied to heavy atoms in the glycans to avoid large changes from their crystal
geometry. The non-terminal resolved Z-Loop region was gently restrained with a force constant
of 0.1 kcal/mol/A? on the backbone atoms. To assist in convergence of thermodynamic
integration, and to remove the need for translational sampling of the ligand, 6 degree-of-



freedom ligand-protein restraints were prepared according to criteria covered by Boresch et al.
17, For these Boresch restraints, the single distance restraint was held with a force constant of
25 kcal/mol/A?, while the two angle, and three dihedral restraints were held with a force
constant of 100 kcal/mol/radian®. Additional intra-ligand dihedral restraints were also prepared
to make the ligand essentially rigid during electrostatic removal and ligand decoupling. This
was achieved using modification of the BAT.py code by Heinzelmann and Gilson '¥; all non-
hydrogen dihedrals were restrained with a weight of 5 kcal/mol/radian®. Both the Boresch and
intra-ligand dihedral restraints were applied to both ligands in the dimer system, although only
one ligand would undergo thermodynamic integration. The geometric details of the Boresch
restraints, and the residues stabilised by the 5 kcal/mol/A? harmonic restraints can be
found in the supplementary material. System temperature was controlled under a Langevin
thermostat with a collision frequency of 2 ps”-1 and a target temperature of 298.15 K.
Pressurisation utilised a Monte Carlo barostat with isotropic position scaling and a pressure
relaxation time of 0.5 ps, to a target pressure of 1 bar.

System equilibration: During heating and pressurisation, all other backbone atoms not
previously restrained in the system were harmonically positionally restrained with a force
constant of 1 kcal/mol/A2. Before thermodynamic integration commenced, all replicas of all
systems were first minimised without SHAKE for 10000 steps of steepest decent with CPU
code. A further 1000 steps followed with SHAKE turned on, which was then used for all
simulations after this point. All later simulations were executed on GPU code. To equilibrate
to temperature and pressure targets on GPU code, five restarting simulation legs were run for
0.1 ns each at a timestep of 1 fs in order to avoid large changes in simulation volume within a
single simulation, which would otherwise likely result in crashes. The temperature was linearly
increased from 0 K to 298.15 K through these five simulations under pressure. From here, all
later simulations were run at a 4 fs timestep. To ensure pressure was stable after the initial
combined heating and pressurisation simulations, a further 2.5 ns of pressurisation was carried
out, restarting every 0.5 ns. After this, the equilibration restraints were eliminated in linearly
reducing restarting increments, from 1 to 0.1 kcal/mol/A? over 10 simulations of 0.25 ns length
each, and from 0.1 to 0 kcal/mol/A? over 10 simulations of 0.25 ns length each. Each system
was then run for a further 5 ns to ensure stability. The lambda value used during equilibration
was always the value corresponding to the most restrained, charged, or coupled state of the
ligand for a given leg of the thermodynamic cycle. The coordinates at the end of equilibration
were utilised as the starting point for all lambda windows of a given leg and replica, albeit with
new randomly generated velocities.

Thermodynamic integration: Relative binding free energies of the ligands to each protein
variant were determined using the method of thermodynamic integration in which the ligand is
progressively decoupled from the protein during a series of simulations. This was done by
breaking the process into a series of legs that describe the energy to remove the ligand from
the protein. These included the cost to turn on the 6 degree-of-freedom and intra-ligand dihedral
restraints explicitly (AG1), the cost to remove electrostatic interactions with the surrounding
protein environment (AG2), and the cost to decouple the van der Waals interaction of the ligand
with the protein (AG3). AG3 was calculated with the ligand defined as softcore under
AMBER20’s second order smoothstep function ! , which ensures endpoint contributions to
the free energy are 0. We utilised an alpha value of 0.5 during the softcore phase and scaled
intra-ligand electrostatics with lambda to avoid spurious gas phase self-interactions. Restraints
were not scaled with lambda, except for when their contribution was being calculated
explicitly. We finish by analytically accounting for the 6DoF ligand-protein restraints as
described by Boresch et al. !7 (-AG4). The relative binding free energy between systems of a



shared ligand is determined from the sum of these components for each mutant relative to the
WT value. Three replicates of each leg of the thermodynamic cycle were prepared with their
own equilibration phase as detailed earlier. Each lambda window for a given replica was then
split from the equilibration phase with new random starting velocities, and further equilibrated
for 1 ns. Data from equilibration would not be included in analysis. For production runs, data
was collected every 1 ps. 21 lambda windows per replica were used to calculate AG1, 25 for
AG2, and 48 for AG3. Each window used to calculate AG1 was run for 10 ns per window, while
those used for calculating AG2 and AG3 were run for 50 ns in the case of guanosine systems,
and 20 ns in the case of R848 systems. To conserve computational resources, one replica for
the calculation of guanosine’s AG3 value had some windows run for less time when they were
considered to have already converged with a within-window standard error < 0.25 kcal/mol,
resulting in windows of varying runtime from 10 to 50 ns. The total production runtime of all
systems, replicates, and windows summed to 45.390 ps.

Analysis: Thermodynamic integration analysis was conducted using alchemlyb 2° and pymbar
21, Data from production regions were subsampled using pymbar’s conservative algorithm to
ensure data points were decorrelated to acquire accurate error estimates. Data fitting was
executed once for each system and leg of the thermodynamic cycle by pooling decorrelated
data for each replica by window. The fit was executed using alchemlyb. The final reported
value would include a summation of all three simulation legs (AG1+AG2+AG3) along with the
analytical calculation (-AG4) and the accumulative standard error. To analyse the presence of
water near residue 264, VMD !° was used to count the number of water molecules within 3.5
A of all hydrogen and oxygen atoms belonging to the tail regions of the ligands. Details of
atoms included in this definition are in Extended Data Fig. 1e. The trajectory frames used
for this calculation were sourced from windows with lambda 0.0001 of the replicas calculating
AG2, which were pooled by system with n=150 for each guanosine system, and n=60 for each
R848 system. These windows correspond to a near-fully coupled state of the ligand. The final
values report the average number of waters bound to the sterically hindered tail of the ligand
by mutation, with standard error. Figure 1h-i and Extended Data Fig. 1e-f was prepared in
pymol 22 using the trajectory frame taken after 10 ns of production thermodynamic integration
from replica 1 of guanosine runs of Y264 and Y264H", AG2, lambda 0.0250.
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