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Supplementary Figure 1. Representative flow cytometric plots with the gating strategy to enumerate CH505 
gp120 Env-reactive memory B cells. (A) IgD-negative, CD27-All memory B cells from blood were analyzed for 
CH505 differential-binding memory B cells that reacted with CH505 TF gp120, but not CH505 TF gp120 ∆371I 
mutant protien; gated cells in lower right quadrant of the flow plots. (B) Quantification of total memory and 
CH505 differential-binding memory B cells for each plot shown in panel A. (A-B) These data represent the 
highest frequency of CH505 differential-binding memory B cells above background at 2 weeks post 3rd 
immunization (week 14) for animals immunized with CH505 TF gp120 Env monomer alone and sequential CH505 
gp120 Env monomers. (C) Flow cytometry gating hierarchy of events (1-8) captured to cells analyzed. Shown are 
representative plots from one macaque, 5556.   
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Supplementary Figure 2. Characteristics of representative CH505 differential-binder antibodies isolated from 
CH505 envelope (Env)-vaccinated macaques. (A) Immunogenetics of 29 representative monoclonal antibodies 
(mAbs). Of the 29 mAbs selected, 19 were initially screened for neutralization of CH505.w4.3 as purified IgG 
based on sample availability and 13/19 were CH505.w4.3 neutralization-sensitive; *screened as purified IgG for 
CH505.w4.3 neutralization and **positive neutralization detected. An additional 16/29 antibodies were selected 
based on representative immunogenetics. Antibody immunogenetics were inferred using the Cloanalyst 
software program. (B) CH505 differential-binding profile to autologous (CH505 TF gp120 – red line, closed 
circles; CH505 TF gp120 ∆371I – red line, open circles) and heterologous (YU2 gp120 – blue line, closed squares; 
YU2 gp120 D368R – blue line, open squares; RSC3 gp120 – black line, closed diamonds; RSC3 gp120 ∆371I – 
black line, open diamonds) Envs in replicate ELISAs (2-4x). The data shown represent the average binding across 
multiple assays; error bars represent standard deviation for ≥3 assays and standard error of the mean for 2 
assays. (C) Binding titer of CH505 differential binder mAbs to CH505 gp120 Envs. Binding was determined by 
ELISA and reported as EC50 (µg/ml) from a representative assay. (D) Neutralization titer of CH505 differential 
binder mAbs against CH505.w4.3 virus performed in TZM-bl cells and reported as IC50 (µg/ml) from a 
representative assay. (C-D) The titers are shown via box and whisker plots; box (median, and lower and upper 
quartile ranges) and whiskers (minimum and maximum). (E) Heterologous virus neutralization profile of DH522 
performed in TZM-bl cells against a panel of 199 heterologous viruses at an independent research site (Vaccine 
Research Center, NIH). CD4 binding-site antibodies, CH103 and F105, were tested for comparison. A summary of 
the percent viruses neutralized and mean percent neutralization titers for all 3 mAbs are shown. See 
supplementary methods for list of viruses neutralized by DH522. (F) Binding specificity and neutralization profile 
of chimeric CH103, F105 and DH522.1 mAbs. Binding titers from a representative ELISA are reported; nb – no 
binding. CH505 TF gp120 Envs were screened for VH/VL chimeric-antibody binding. Titers for neutralization 
performed in TZM-bl cells against autologous tier 1 CH505.w4.3 virus from a single assay are reported. Both 
DH522.1 and CH103 mAbs neutralized C.6644, D.57128, AG.DJ263, C.MW965, B.SF162 and M.CON-S isolates, 
F105 neutralized D.57128 and B.SF162 isolates, and F105VH+DH522VL chimeric mAb weakly neutralized B.SF162 
(IC50, 9 µg/mL); no neutralization breadth was observed for chimeric mAbs.  
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Supplementary Figure 3. Impact of HIV-1 Env glycosylation and access to the CD4 binding-site epitope by human 
and macaque antibodies. (A) ELISA binding of human and macaque antibodies to recombinant gp120 CH505 
Envs; wildtype and mutant Env with glycans deleted at position 276 and 463 surrounding the CD4 binding-site 
(1). Binding titers are reported as EC50 (µg/ml) and are representative of 3 assays. HIV-1 Env and glycan-reactive 
Ab 2G12 was used as a positive control. (B) Neutralization titers (IC50 in µg/mL) for HIV-1 pseudoviruses 
containing wildtype CH505 or 426c Env strain, and mutant Envs with a deletion of glycans in the vicinity of the 
CD4 binding-site (197, 276, 362, 462) as previously described (1). Neutralization was performed in TZM-bl cells in 
a single experiment. Neutralization positivity cutoff was 50 µg/ml; positive neutralization titers are shown in red 
font. (C) Binding to glycans by CH103 and DH522 lineage antibodies was measured in a luminex microsphere 
assay (2). DH501 and PGT128, V3 glycan neutralizing antibodies, provided references for positive binders. Anti-
influenza antibody, Ab82, was used as a negative control. 
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Supplementary Figure 4. Stereo image of the electron density map for the DH565-gp120 core complex crystal 
structure. The heavy and light chains of DH522.2 Fab are depicted with dark and light cyan carbon atoms, 
respectively, and deglycosylated chimeric B.YU2 gp120 core with light grey carbon atoms as in Fig S4B. The 2Fo-
Fc electron density map is shown as a grey mesh at a 1.0 sigma level contour. This figure was generated with 
CCP4 Molecular Graphics (3). 
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Supplementary Figure 5. Structural comparison within the DH522 lineage. (A) Multiple sequence alignments of 
the heavy (above) and light (below) chains of antibodies in the DH522 lineage are shown with CDRs boxed in 
yellow and a noted distinguishing feature of DH522.2 boxed in green. (B) The DH522.2 complex structure 
(above) showed the HCDR3 His-Ser motif (residues 97-98) with an optimal steric fit in the antibody-antigen 
interface near gp120 residue Asn425 compared to a Tyr-Asn motif for the superimposed DH522.1 model 
(below). Nearby residue Glu50 on the light chain is also labeled as it may contribute to steric fit in the vicinity 
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Supplementary Figure 6. B-cell development in various naïve CH103UCA knock-in strains. (A-B) Flow cytometric 

analysis of central B-cell development. (A) Distinct stages of negative B-cell selection in CH103 and 2F5 knock-in 

mice. Shown are cytograms of bone marrow B-cell development naïve CH103UCA double knock-in (VHDJH
+/+ x 

VlJl
+/-) mice, which are subjected to partial deletion and anergy at the 2nd tolerance checkpoint, compared to 

normal development in wild type C57BL/6 gender-matched littermates (WT B6) or in relation to the more 

profound and early (1st tolerance checkpoint) deletion seen in 2F5 UA double knock-in mice, which exhibit a 

marked developmental blockade at the pre-B->immature B-cell transition. Numbers indicate percentages in 

Progenitor/precursor (Pro/pre), Immature (Imm), Transitional (Trans), and recirculating mature (Mat) subsets. 

Data are gated on live, total B (CD19+B220+) cells. Note the subset of mature B-cells (demarcated by the blue, 

dotted oval) with lowered BCR densities; this subset corresponds to the Env+ (non-edited) mature B-cell 

subpopulations indicated in Figure 6A. (B) Graphical summary of absolute numbers of recirculating mature B-

cells in bone marrow of naïve CH103UCA VHDJH
+/+ knock-in (“HC only”), het double knock-in (VHDJH

+/- x VlJl
+/-), 

double knock-in strains, relative to WT B6 controls.  Numbers were calculated based on flow cytometric 

fractionation of Mat B-cells, defined as live singlet, B220+CD19+IgDhiIgMlo bone marrow lymphocytes. (C-E) Flow 

cytometric analysis of peripheral B-cell development in CH103UCA HC only, het double knock-in, or double 

knock-in mice, relative to WT B6 controls. (C) Graphical summary of total numbers of peripheral B-cells (defined 

as live, singlet, lymphocyte, B220+CD19+ splenocytes). Individual mice are denoted by distinct colored shapes 

for each strain, and means are represented by black bars. (D) Graphical summary of Mature follicular (Mat) / 

Transitional (Trans) peripheral B-cell ratios. Mat B-cells=live singlet, lymphocyte-gated, B220+CD19+CD93-

CD21+CD23+ splenocytes; Trans B-cells=live singlet, lymphocyte-gated, B220+ CD19+ CD93+ CD21-CD23- 

splenocytes. (E) Surface kappa and lambda LC expression in CH103UCA double knock-in mice. Shown are 

cytograms (representative of two experiments) gated on total splenic B-cells (live B220+CD19+), with numbers in 

magenta indicating percentages positive for surface LC k or l1-3 LC expression. *p<0.05; **p<0.005; n.s.=not 

significant, two-tailed Student’s t-test. Abbreviations: UCA, unmutated common ancestor; HC, heavy chain; LC, 

light chain; het, heterozygous.  

A.
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Supplementary Figure 7. In vivo targeted replacement of the mouse IgH and Igk loci with the human CH103 UCA 
VHDJH and CH103 UCA VJ rearrangements, respectively. (A) Site-directed strategy used to knock in the CH103 
UCA VHDJH rearrangement, based on previous methods (3). The VHDJH UCA expression cassette comprises a J558 
H10 family promoter (p), an H10 split leader (L), and the CH103 UCA VHDJH rearrangement. The IgH intronic 
enhancer (E) is represented by a circle and loxP sites are depicted as triangles, probes used to verify homologous 
recombination events are shown as black bars, and genotyping primers are denoted by red, green and gray 
arrows. B, BamHI; RV, EcoRV; N, NsiI. (B) Confirmation of targeted insertion of the CH103 UCA VHDJH 
rearrangement into the mouse Igh locus. Representative Southern blot of genomic DNA from parental (lane1) 
and four recombinant neo+ ES cell clones harboring the targeted CH103 UCA VHDJH (lanes 2-5). (C) 
Representative PCR of tail DNA from a CH103 UCA VHDJH

+/- KI mouse after in vivo cre-mediated deletion of the 
Neor cassette. PCR primers specific for WT or targeted alleles=green and gray arrows, respectively; primer 
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common to both alleles=red arrow. (D) Functional analysis of chimeric, recombinant CH103 UCA antibodies. 

mIgG1/k and mIgG1/ (made with Ck and C regions, respectively) show comparable Env gp120 binding as 
assessed by ELISA (4). CH505 lineage transmitted/founder virus (TF Env gp120) or a heterologous virus, 635211 

D11 (heterologous gp120). mIgG1/k and mIgG1/ were made as previously described (3). Briefly, the CH103 

UCA VHDJH rearrangement was ligated to mouse Cγ1, and the CH103 UCA VJ rearrangement was fused to 

either mouse Ck or C and all three were cloned into pCDNA 3.1. After co-expression in 293T cells, resulting 

recombinant antibodies (mIgG1/k and mIgG1/, respectively) were purified by standard methods. (E) Site-

directed strategy used to knock in the CH103 UCA VJ rearrangement, based on previous methodologies (5, 6). 

The UCA VJ expression cassette comprises a VkOx1 promoter (p), a VkOx1 split leader (L), and the CH103 UCA 

VJ rearrangement. Annotation similar to (A). (F) Representative Southern blot of genomic DNA from parental 
(lane1) and recombinant neo+ ES cell clones harboring the targeted allele (lanes 2-4). (G) Representative PCR 
showing of tail DNA from a CH103UCA VJ

+/−
 KI mouse after in vivo cre-mediated deletion of the Neor cassette. 

PCR primers for WT or targeted alleles, green and gray arrows, respectively; primer common to both alleles, red 
arrow. 

 

 

 

 



11 
 

 

Supplementary Figure 8.  Ex vivo functional analysis of signaling responses to TF Env by CH103UCA double 
knock-in (dKI) transitional and mature B-cells. Shown are calcium flux responses of CH103UCA double knock-in 
or C57BL/6 (B6 WT) littermates. Prestained bone marrow transitional (IgMhiIgDlo) or recirculating mature 
(IgMloIgDhi) B-cells (A) or splenic transitional (CD93+CD21-CD23-) or follicular mature (CD93-CD21+CD23+) B-cells 
(B) were loaded with Fluo-4, and either baseline levels of Ca++ release prior to stimulation, or those in response 
to BCR-saturating levels (100 nM) of monomeric or tetrameric forms of the CH103UCA-directed TF Env priming 
immunogen (denoted by green arrows) were measured as Fluo-4 mean fluorescence intensities on the y-axis, for 
the indicated times (on the x-axis). Data is representative of two independent experiments. Abbreviations: UCA, 
unmutated common ancestor; dKI, double knockin; TF, transmitted-founder. 
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Supplementary Figure 9. Characterization of B-cell responses to TF+week 53 envelope sequential immunization 
in CH103UCA het double knock-in mice. (A) Class-switched memory B-cell responses in draining lymph nodes 
(dLNs) of CH103 het dKIT/F+week 53 mice activated by envelope (Env) immunization. Shown are flow dot plot 
histograms of IgG+ memory B-cells taken from dLNs 10d after second immunizations, from groups administered 
with GLA-SE only or Env-immunized (twice with TF Env or sequentially with TF+week 53 Env). Numbers denote 
frequencies of TF Env differential-binding (lineage-specific) memory clones, i.e. fractionated based on a mutant 
(∆371) TF Env- and wild type (WT) TF Env+ gating strategy, within the total IgG+ memory B-cell fraction (the 
latter defined as shown in (B). (B) Representative flow cytometry gating strategy used to further analyze class-
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switched memory B-cells phenotyped and/or sorted in Figures 7A, C-F and phenotyped in Supplementary Figure 
9A, all based on their Env reactivities. Doublets were excluded using forward scatter gating, from which a 
lymphocyte cell gate was drawn, followed by selection for total live cells by Live/Dead Infrared- gating, ensued 
by selection for total B-cells via CD19+ and B220+ gating, memory B-cell selection by CD93- and CD38+ gating, 
and finally gating on the IgG+ fraction for class-switched clones. Example shown is from a sequentially-
immunized CH103 het double knock-in mouse. (C) TF Env-reactive, IgG-switched memory B-cells (indicated by a 
blue gate) induced in immunized CH103 het double knock-in mice, within the total memory (B220+CD19+CD93-
CD38+) B-cell fraction. Numbers indicate their overall frequencies amongst all memory B-cells. (D) Expansion of 
IgM+ splenic B-cell compartment in Env and/or adjuvant-administered CH103UCA het dKI mice. FACS histograms 
of TF Env differential reactivity in total (singlet, live CD19+B220+) splenic B-cells (top row) or IgM-gated total 
splenic B-cells (bottom row) from control (saline-injected or GLA-SE adjuvant-only injected) and immunized 
(TF+week 53 Env in GLA-SE; sequentially-immunized) CH103 UCA het double knock-in mice, harvested 10d after 
2nd immunizations. Numbers indicate frequencies of TF Env differential-binding total B-cells. 
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Supplementary Figure 10. Amino acid alignments of CH103 lineage-specific single IgG+ memory b- cell clones 
recovered from immunized CH103UCA het double knock-in mice. Mutations in double knock-in positive clone 
sequence relative to the CH103 UCA are indicated in blue lettering, while those in CH103 lineage intermediates 
and matured broadly neutralizing antibodies isolated from the HIV-1 chronically-infected subject CH505 (4), are 
shown in black lettering, with shared residues that interact with Env indicated by yellow, green, and red 
highlights, indicating gp120 main chain, side chain, and main+side chain contacts, respectively. * represents AID 
hotspots, DGYW (5). Abbreviations: het, heterozygous; UCA, unmutated common ancestor; TF, transmitted-
founder; wk, week 

 

 

  

 

 

 

 

 

         CDR1     CDR2                       CDR3  

                                          --------                 -------                                      --------------- 

CH103_UCA        QVQLQESGPGLVKPSETLSLTCTVSGGSISSYYWSWIRQPPGKGLEWIGYIYYSGSTNYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCASLPRGQLVNAYFDYWGQGTLVTVSS 

                  ***                 *    *   *   *  *          *      *              *     *   * *        *        ** 

M7927P3_KIVHA1   ----------------------------------------------------------------------------------------------------------C-------------- 

M7944P5_KIVHC2   ------------------------------N------------------------------------------------------------------------------------------ 

M10708PL2_KIVHE9 ---------------------------------------------------------------------------K--------------------------------------------- 

M10708PL2_KIVHF6 -----------------------------------------------------------H------------------------------------------------------------- 

M10718PL6_KIVHH4 ------------E-------------------------------------------------------------R---------------------------------------------- 

 

 

CH103_IA8        ----------------------------M----------S-------------T-D------------------E-------R-------------------------------------- 

CH103_IA7        ----------------------S-----MT---------T-------------T-D----------------APE-------R-------------------------------------- 

CH103_IA6        ----------------------S-----MT----F----T-------------T-E-H--------------APA-------R-------G--W---------IH---H-----A------ 

CH103_IA5        ----------------------S-----MTES--N-M-LT-TG--------FH--------A----------APG-H---R-R-L------T-F--R-R---------GS--P-I------ 

CH103_IA4        -------------S--------------MGG--------S-V----------HT-D-------E----V-----E-------R-----------------------F-------------- 

CH103_IA3        -------------S--------------MGG-----L--S-V---------FHT-H-------E----V-----E-----R-R-----------------------F--N---------A- 

CH103_IA2        ----------V--S--------------MGGT----L-LS-----------FHT-H-------EG--S------ED----R-R----------F--------------RN--R----S-TA 

CH103_IA1        ----------V--S--------------MGGT----L-LS-----------FHT-H---S----G--S------ED----R-R----------F--------------RN--R----S-TA 

 

CH103_VH         ----------V--S--------------MGGT----L-LS-----------FHT-E---S----G--S------ED----R-R----------F--------------RN--R-S--S-TA 

CH104_VH         ----------V--S--------------MGGT----L-LS-----------FHT-H-------EG--S------ED----R-R----------F--------------RN--R----S-TA 

CH106_VH         ----------V--S--------S-----MGGT----L-LS-----------FHT-H---S----G--S------ED----R-R----------F--------------RN--R-I--S-TA 

 

 

 

               CDR1          CDR2                     CDR3  

                                         ------                 ---                                    ----------           

CH103_UCA       SYELTQPPSVSVSPGQTASITCSGDKLGDKYACWYQQKPGQSPVLVIYQDSKRPSGIPERFSGSNSGNTATLTISGTQAMDEADYYCQAWDSFSTFVFGTGTKVTVL 

                  *               *  *         *** *       *      *           *               *   *        * 

M7905P1_KIVLD1  --------------------------------------------------N-----------------------------------------------------N-- 

M7927P3_KIVLA1  -------------------------------------------------------------------------------------------T--------------- 

M7944P5_KIVLC2  --------------------------------------------------T-------------------------------------------------------- 

 

 

CH103_IA1       ------------------T-------VAS-NV----V------EV---ENY-------D-----K--S------R----I--------V----------S--Q---- 

CH103_IA2       ------------------T-------VAS-NV----V------EV-M-ENY-------D-----K--S------R----T--------V----------S--Q---- 

 

CH103_VL        ------------------T-----...ASTNV----V------EV--FENY-------D-----K--S------R----I--------V----------S--Q---- 

CH104_VL        ------------------T-------VAS-NV----V------EV-M-ENY--A----D-----K--S------R----T--------V----------S--Q---- 

CH106_VL        ------------------T-------VASVNV----V------DV-M-ENY-------D-----K--S------R----T---E----V----------S--Q---- 

 

 

 

* AID hotspot (DGYW) 

 

Paired with KIVH/KIVL 

 

Interaction with gp120 

Main chain 

Side chain 

Both main and side chains 
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SUPPLEMENTARY TABLES 

Supplementary Table 1. Data collection and refinement statistics. 

 DH522.1 DH522UCA DH522IA DH522.2 DH522.2-
gp120 core 

Data collection* 
Space group P 31 2 1 P 31 2 1 P 31 2 1 C 2 2 21 P 21 21 21 

Cell dimensions   

    a, b, c (Å) 70.68, 
70.68, 
169.84 

68.52, 68.52, 
178.38 

68.71, 
68.71, 
176.18 

70.07, 
79.22, 
184.75 

50.85, 
71.97, 
252.23 

    , ,   ()  90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 90 90, 90, 90 

No. of Reflections 191456 517740 84755 120959 122672 

No. of Unique 
Reflections 

33888 
(1670) 

49650 (2456) 20786 
(1035) 

30338 
(1531) 

25631 
(1275) 

Resolution (Å) 50.0-2.00 
(2.03-2.00) 

50.0-1.75 
(1.78-1.75) 

50.0-2.30 
(2.34-2.30) 

50.0-2.10 
(2.14-2.10) 

50-2.70 
(2.75-2.70) 

Rsym or Rmerge 0.07 (0.44) 0.06 (0.34) 0.12 (0.56) 0.11 (0.39) 0.14 (0.80) 

<I/ I> 18.4 (3.0) 36.7 (6.8) 13.8 (2.8) 12.1 (2.4) 13.5 (2.2) 

Completeness 
(%) 

99.7 (99.6) 99.2 (100) 93.1 (95.4) 96.3 (97.3) 98.6 (100) 

Redundancy 5.6 (5.2) 10.4 (8.3) 4.1 (4.3) 4.0 (4.1) 4.8 (4.4) 

Refinement 

Resolution (Å) 41.6-2.0 
(2.05-2.00) 

42.0-1.75 
(1.79-1.75) 

23.2-2.29 
(2.35-2.29) 

24.3-2.10 
(2.16-2.10) 

49.85-2.71 
(2.78-2.71) 

No. reflections  32746 
(2017) 

49175 (3230) 20038 
(1096) 

27150 
(1772) 

25574 
(1576) 

Rwork/ Rfree (%) 19.2/23.6 
(21.3/28.2) 

16.7/20.2 
(20.7/22.9) 

18.1/26.7 
(23.0/32.5) 

17.4/23.0 
(21.5/27.7) 

20.1/26.5 
(25.8/33.9) 

No. atoms / Average B values (Å2) 

    Protein 3216 / 
26.60 

3291 / 37.23 3267 / 50.46 3239 / 
40.49 

4853 / 
55.91 

    Solvent 161 / 
25.08 

412 / 45.61 147 / 49.83 263 / 44.09 17 / 36.36 

    Glycan n/a n/a n/a n/a 84 / 93.41 
R.m.s deviations 

    Bond lengths 
(Å)  

0.007 0.007 0.008 0.008 0.008 

    Bond angles (º) 1.182 1.102 1.133 1.174 1.267 

Model Validation 

    Ramachandran 
favored (%) 

96.7 97.2 97.0 97.4 94.1 

    Ramachandran 
outliers (%) 

0.2 0.0 0.0 0.0 0.3 

Each dataset was reduced from images collected on a single crystal. 
*Highest resolution shell is shown in parentheses. 
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Supplementary Table 2.  Neutralization activity of serum antibodies from immunized CH103UCA het double 
knock-in mice. Shown are the reciprocals of geometric mean titers (GMTs) required for ID50 neutralization, as 
tested via the TZM-bl neutralization assay.  Positive neutralization (defined as >2 the minimal cutoff value), is 
highlighted in yellow. Naïve C57BL/6 WT animals (representing age, gender, strain background & cage-matched 
mice) were used as controls for non-specific background neutralization activity found in mouse serum. 
Abbreviations: UCA, unmutated common ancestor; het, heterozygous. 

 

 
 
 

Strain / 
Vaccine 
Regimen 

Time 
Point 

HIV -1 isolates (serum antibody neutralization, ID50 GMTs) 

Tier 2, 
Clade C 

Tier 1b, 
Clade C 

Tier 1, 
Clade C 

Tier 1b, 
Clade C 

Tier 1, 
Clade B 

Tier 1b, 
Clade B 

Tier 2, 
Clade D 

CH505 TF 
CH505.  

w4.3 
MW965 C.6644 SF162 SS1196 D.57128 

CH103 UCA  
het double 
knock-in/ 

GLA-SE only 
control (n=4) 

Pre-bleed <80 111 89 <80 <80 93 96 

Post-immune 
1 & 2 (pooled) 

<80 98 <80 <80 <80 <80 <80 

Post-immune 
3 & 4 (pooled) 

<80 89 <80 <80 <80 <80 <80 

Post-immune 
5 

<80 125 <80 <80 <80 <80 <80 

CH103 UCA 
het  double 
knock-in  / 

Repeated TF 
(TF Env in 
GLA-SE) 

(n=4) 

Pre-bleed <80 97 87 <80 <80 <80 <80 

Post-immune 
1 & 2 (pooled) 

<80 97 82 <80 <80 <80 89 

Post-immune 
3 & 4 (pooled) 

<80 <80 <80 <80 <80 <80 <80 

Post-immune 
5 

<80 93 <80 <80 <80 <80 <80 

CH103 UCA 
het  double 
knock-in  / 
Sequential 

(CH505 Envs 
In GLA-SE) 

(n=5) 

Pre-bleed <80 95 <80 <80 <80 <80 <80 

Post-immune 
1 & 2 (pooled) 

<80 89 <80 <80 <80 <80 84 

Post-immune 
3 & 4 (pooled) 

<80 88 <80 <80 <80 <80 88 

Post-immune 
5 

<80 208 <80 <80 <80 <80 <80 

C57BL/6 WT / 
- (naïve control) 

n/a <80 <80 <80 <80 <80 <80 <80 
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SUPPLEMENTARY METHODS 

     Recombinant mAb binding specificities. CH505 differentials were identified in the initial Ab screen (transient 

transfection) and/or verified upon testing as a mAb. CH505 differential binder mAb either 1) bound CH505 TF 

gp120 and not CH505 TF gp120 d371I, or 2) demonstrated ≥3-fold difference in binding to CH505 TF gp120 vs. 

∆371I mutant when comparing the OD values during the linear phase of the binding curves for both Envs. CH505 

differential binder mAbs with ≥3-fold difference in binding CH505 TF gp120 and d371I mutant generally blocked 

soluble (s) CD4 and CH106 binding to CH505 TF gp120 (5/5 mAbs tested). Eighteen antibodies that were 

identified as candidate CH505 differentials from the initial screen using small-scale IgG preparations were re-

classified as CH505 non-differentials and non-HIV-1 Abs when screened as a purified mAb; 13/18 mAbs 

demonstrated ≤3 fold CH505 differential binding, and did not block sCD4 and CH106 binding to CH505 TF gp120, 

and 5/18 mAbs did not bind HIV-1 Env. Recombinant mAbs were assayed for polyreactivity based upon binding 

to a panel of >9400 human autoantigens as previously described (6). Non-autoreactive macaque mAb, 

Ab900564Rh, was used as a negative control. While Ab900564Rh demonstrated background binding levels 

ranging from 2 to 163 mean fluorescence intensity (MFI) with autoantigens bound by DH522 lineage antibodies, 

DH522 lineage antibodies bound autoantigens with high affinities ranging from ~3000-65000 MFI. Recombinant 

mAbs were tested for glycan binding in a custom glycan luminex microsphere assay previously described (2). 

     Expression of chimeric recombinant mAbs. Plasmids encoding the IGHV, IGKV, and IGLV genes were generated 

and used for recombinant mAb production in human embryonic kidney cell lines (ATCC , Manassas, VA) (7), via 

small-scale transfection and as purified mAbs in larger quantities (4). Purified rmAbs were dialyzed against PBS, 

analyzed, and stored at 4°C. Chimeric CH103, F105 and DH522.1 mAbs were generated by using the respective 

heavy or light chain gene plasmids from each of the three mAbs for 293i cell transfection using the standard 

protocol for recombinant mAb production referenced above.  

 



18 
 

     Next generation sequencing of macaque Ig genes. Heavy and light chain immunoglobulin (Ig) repertoire next 

generation sequencing (NGS) of monkey RM-5556 was performed with the Illumina MiSeq platform utilizing 

primers targeting the VH4 and V2/3 families to identify DH522 clonal members and profile the V3 repertoire 

using an NGS sequencing protocol previously described (8).  To determine the germline gene segment candidate 

closest to human IGLV3-1, we performed sequential pairwise alignments between each of the 16,815 unique 

IGLV3 reads duplicated from two independent NGS runs and IGLV3-1 and chose the top-scoring sequences (191 

apparently unrelated variable-region genes in total). From these, we inferred the most likely germline IGLV 

precursors using phylogenetic methods.  The sequence identity of the closest RM5556 candidate IGLV germline 

gene to human IGLV3-1 was 85%.   

     Structural analysis of DH522 lineage Abs. We determined the crystal structures for each of the unliganded 

Fabs in the DH522 lineage: DH522UCA, DH522I1.2, DH522.1, and DH522.2 (see Supplementary Table 1, see 

Supplementary Figs. 4-5). To investigate how the mature antibodies in the DH522 lineage interact with the 

gp120 molecule, we also determined the crystal structure of DH522.2 Fab bound to a chimeric B.YU2 gp120 core 

(Figure 3E). The sequences of the antibodies exhibited low levels of mutation from germline (see Supplementary 

Fig. 5a). Accordingly, the Fab structures were largely invariant with a pair of mutations in HCDR3 standing out as 

the most potentially significant difference (see Supplementary Fig. 5b). In the DH522.2 complex structure, the 

HCDR3 His-Ser motif did not appear to be positioned to make significant contacts with gp120 itself. However, 

the corresponding Tyr-Asn motif in DH522.1, DH522UCA, and DH522IA could cause some unfavorable steric 

interactions with nearby residues in LCDR2 and gp120. The sterically smaller side chains of His-Ser better 

accommodate the allowed space within the paratope, resulting in a more optimized antibody-antigen interface 

and improved binding. 

     Statistical comparisons. Using the statistical analysis plan outlined in the methods, here we report the results 

of statistical comparisons for antibody immunogenetics [NHP79 – GLA-SE adjuvant; NHP88 – AS01E adjuvant]: 

Mean IGHV nucleotide mutation frequencies (%): 
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 CH505 differential binders 

(1) CH505 TF Env - 3.3% (NHP79, N=3), undetected antibodies (NHP88, N=1); no statistical analysis done 
(2) CH505 sequential Envs – 4.1% (NHP79, N=3), 5.1% (NHP88, N=3); P=0.8 
(3) CH505 sequential or additive Envs – 4.1% (NHP79 seq., N=4), 3.9% (NHP79 add., N=4); P=1.0 

CH505 non-differential binders 

(1) CH505 TF Env – 6.4% (NHP79, N=3), 7.0% (NHP88, N=1); no statistical analysis done 
(2) CH505 sequential Envs – 5.3% (NHP79, N=3), 7.3% (NHP88, N=3); P=0.6 
(3) CH505 sequential or additive Envs – 5.3% (NHP79, N=4), 5.2% (NHP88, N=3); P=1.0 

CH505 differential vs. non-differential binders vs. Non HIV-1-reactive (Total antibodies) 

(1) CH505 differential binders, N=12 - 4.2%, CH505 non-differential binders, N=14 - 6.2%; P=0.008 
(2) CH505 differential binders, N=12 - 4.2%, Non HIV-1-reactive, N=13 - 5.1%; P=0.6 
(3) CH505 non-differential binders, N=14 - 6.2%, Non HIV-1-reactive, N=13 - 5.1%; P=0.5 

Mean IGHV CDR3 length (amino acid length) 

 CH505 differential binders 

(1) CH505 TF Env - 17 (NHP79, N=3), undetected antibodies (NHP88, N=1); no statistical analysis done 
(2) CH505 sequential Envs – 16 (NHP79, N=3), 17 (NHP88, N=3); P=1.0 
(3) CH505 sequential or additive Envs – 16 (NHP79 seq., N=4), 16 (NHP79 add., N=4); P=1.0 

CH505 non-differential binders 

(1) CH505 TF Env – 13 (NHP79, N=3), 14 (NHP88, N=1); no statistical analysis done 
(2) CH505 sequential Envs – 15 (NHP79, N=3), 16 (NHP88, N=3); P=0.6 
(3) CH505 sequential or additive Envs – 15 (NHP79, N=4), 14 (NHP88, N=3); P=0.9 

CH505 differential vs. non-differential binders vs. Non HIV-1-reactive (Total antibodies) 

(1) CH505 differential binders, N=12 - 17, CH505 non-differential binders, N=14 – 14; P=0.008 
(2) CH505 differential binders, N=12 - 17, Non HIV-1-reactive, N=13 - 14; P=0.008 
(3) CH505 non-differential binders, N=14 - 14, Non HIV-1-reactive, N=13 - 14; P=0.5 

Frequency of CH505 differential binders (%) among all Abs (Env+ and non HIV-1-reactive antibodies) isolated per 
vaccine group 

(1) CH505 TF Env - 13% (NHP79, N=3, macaque 5356 excluded for stats analysis), undetected antibodies 
(NHP88, N=1); no statistical analysis done 

(2) CH505 sequential Envs – 8% (NHP79, N=3, macaque 5362 excluded from stats analysis), 13% 
(NHP88, N=3); P=0.6 

(3) CH505 sequential or additive Envs – 8% (NHP79 seq., N=3, macaque 5362 excluded from stats 
analysis), 14% (NHP79 add., N=4); P=0.6 

(4) [NHP79, N=6 (macaque 5356 and macaque 5362 excluded from stats analysis) + NHP88, N=4] CH505 
TF vs. sequential Envs – 9.5% (TF alone), 11% (Seq.); P=1.0 

(5) [NHP79, N=10 (macaque 5356 and macaque 5362 excluded from stats analysis) + NHP88, N=4] 
CH505 TF vs. sequential and additive Envs – 9.5% (TF alone), 12% (Seq.+Add.); P=0.9 
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      Generation of CH103UCA knock-in mouse models.  Mice with homozygously (hom) knocked-in CH103UCA 

VHDJH rearrangements (VDJ+/+ knock-in strains), or heterozygously (het) or homozygously knocked-in CH103UCA 

VHDJH rearrangements and heterozygous VJ rearrangements, i.e. VDJ+/-x VJ+/- (het double knock-in) and VDJ+/+ 

x VJ+/- (double knock-in) strains, respectively, were generated on the C57BL/B6 background, based on Ig site-

directed gene-targeting techniques previously described for engineering knock-in models expressing the original 

(mature) 2F5 and 4E10 bnAb rearrangements (9-11).  Briefly, CH103UCA VHDJH
+/- knock-in mice were first 

generated (see Supplementary Fig. 7) by knocking in the published VHDJH rearrangement of the inferred 

CH103UCA (4), via replacement of the mouse JH cluster with the CH103UCA VHDJH expression cassette 

(comprised of J558 H10 promoter+split leader and CH103UCA VHDJH rearrangement sequences), using 

previously described murine HC locus targeting constructs and strategies (9). 

     In parallel, recombinant ES cells bearing the murine kappa locus-targeted inferred CH103UCA 

VJ rearrangement sequence (4) were generated by replacing Jk1 and Jk2 with the CH103UCA VJ cassette 

(comprised of the VkOx1 promoter+split leader and pre-rearranged CH103 UCA VJ segments), also based on 

previously published methods (10), to derive CH103UCA VJ+/- knock-in mice (see Supplementary Fig. 7).  

Although the CH103UCA VJ is normally expressed at the human Ig locus, we targeted it into the mouse Igk, 

with two considerations in mind: i) we sought to retain the ability of CH103UCA knock-in models to undergo 

extensive secondary LC rearrangement events more resembling those at the more diverse human  locus, 

relative to the much more restricted mouse  locus; thus by targeting the CH103UCA VJ rearrangement 

specifically at mouse Igk1/2, our targeting strategy ensures secondary rearrangement events involving many 

possible upstream VL families to downstream Jk4/Jk5 elements can occur;  hence preserving the potential for 

receptor editing in cis at the knock-in allele to remove any potential tolerizing self-reactivity inherent to the 

UCA, and ii) Ig expression at mouse Ig is poor, relative to that at human Ig and mouse/human Igk (12).  Prior 

to generating the CH103 UCA VJ
+/- knock-in mice, specificity of the CH103UCA Ab when bearing a CH1013UCA 

VJ rearrangement linked to a C (a Ck region) was tested by generating both versions as recombinant Abs and 

demonstrating equivalent ability to bind autologous TF Env or heterologous Env in ELISAs (see Supplementary 
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Fig. 7). Finally, CH103UCA double knock-in and het double knock-in mice were generated by cross-breeding 

CH103UCA VHDHJH
+/+ and CH103 UCA VJ

+/+ mice, also as described (10). 

     Neutralization activity measurement of CH103 het dKI serum. Mouse plasma Abs were screened for 

neutralization by adapting the well-established TZM-bl HIV-1 pseudo-virus infectivity neutralization assay (13) for 

measurement of mouse serum, using appropriate negative controls, including non-KI (WT BL/6) sera, the non-HIV 

pseudovirus SVA-MuLV, all as previously detailed (14). 

     Sequence analysis of mouse antibody genes. Using the RT-PCR isolation and sequence analysis methods 

described above, here we report the immunogenetics of VDJ/VJ pairs recovered from single differential-sorted 

(mutant Δ371 TF Env-, WT TF Env+) IgG+ memory B-cells (gated as live, B220+CD19+CD93-CD38+IgG+,IgM-,IgD-) 

splenocytes, isolated either 10d after 2nd repeated (TF Env x2) immunizations, sequential (TF+week 53 Env) 

immunizations, or control (saline or adjuvant-only) immunizations performed in CH103 het double knock-in 

(VHDJH
+/- x VJ+/-) mice: 

Saline-injected control mice (44 pairs total)  

1) Pairs expressing both knock-in HC and knock-in LC rearrangements (1) 

2) Pairs expressing the knock-in HC rearrangement with a murine endogenous VkJk rearrangement (23), the 

latter distributed as follows: Vk5-39 Jk5 (14), Vk5-39 Jk2 (3), Vk5-39 Jk4 (2), Vk5-39 Jk1 (1), Vk5-43 Jk2 (1), 

Vk4-69 Jk5 (1), and Vk4-78 Jk5 (1) 
3) Pairs expressing a murine endogenous VHDJH rearrangement with the knock-in LC rearrangement (5), the 

former all unique rearrangements: VH1-50 DH4-1 JH4, VH1-55 DH1-1 JH2, VH1-26 DH2-2 JH2, VH1-80 DH2-3 JH2, and 
VH1-85 DH3-3 JH3 

4) Pairs expressing murine endogenous VHDJH and VkJk rearrangements (15), all expressing unique HC and LC 

rearrangements, except for two pairs, both expressing VH1-9 DH2-2 JH2 / Vk6-17 Jk4  

GLA-SE-injected control mice (41 pairs total)  

1) Pairs expressing both knock-in HC and knock-in LC rearrangements (0) 

2) Pairs expressing the knock-in HC rearrangement with a murine endogenous VkJk rearrangement (3), the 

latter distributed as follows: Vk5-39 Jk1 (2) and Vk5-39 Jk5 (1) 
3) Pairs expressing a murine endogenous VHDJH rearrangement with the knock-in LC rearrangement (0) 

4) Pairs expressing murine endogenous VHDJH and VkJk rearrangements (38), all expressing unique HC and LC 

rearrangements, except for four pairs, two both expressing VH8-12 DH2-3 JH3 / Vk19-93 Jk1, and two both 

expressing VH1-82 DH1-1 JH2 / Vk6-25 Jk2 

Repeated (TF Env x2) immunized mice (52 pairs total) 

1) Pairs expressing both knock-in HC and knock-in LC rearrangements (4) 
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2) Pairs expressing the knock-in HC rearrangement with a murine endogenous VkJk rearrangement (10), the 

latter distributed as follows: Vk5-39 Jk5 (7), Vk5-39 Jk4 (1), Vk5-39 Jk1 (1), and Vk8-30 Jk4 (1) 
3) Pairs expressing a murine endogenous VHDJH rearrangement with the knock-in LC rearrangement (16), the 

former distributed as follows: VH1-22 DH4-1 JH3 (2), VH1-39 DH1-1 JH2 (1), VH1-75 DH4-1 JH2 (1), VH1-26 DH2-2 JH3 
(1), VH1-53 DH1-1 JH2 (1), VH1-76 DH1-1 JH3 (1), VH1-26 DH1-1 JH2 (1), VH6-6 DH2-2 JH4 (1), VH1-55 DH3-1 JH2 (1), VH4-
1 DH1-1 JH2 (1), VH2-3 DH1-1 JH1 (1), VH1-19 DH2-4 JH3 (1), VH1-5 DH3-3 JH4 (1), VH3-6 DH2-4 JH4 (1), and VH12-3 DH2-
3 JH3 (1) 

4) Pairs expressing murine endogenous VHDJH and VkJk rearrangements (22), all expressing unique HC and LC 
rearrangements 

Sequential (TF+week 53 Env) immunized mice (44 pairs total) 

1) Pairs expressing both knock-in HC and knock-in LC rearrangements (4) 

2) Pairs expressing the knock-in HC rearrangement with a murine endogenous VkJk rearrangement (8), the 

latter distributed as follows: Vk5-39 Jk5 (3), Vk5-39 Jk1 (2), Vk14-111 Jk5 (1), Vk3-12 Jk5 (1), and Vk4-80 Jk1 
(1) 

3) Pairs expressing a murine endogenous VHDJH rearrangement with the knock-in LC rearrangement (13), the 
former all unique rearrangements: VH14-12 DH2-12 JH2, VH1-64 DH2-2 JH4, VH1-34 DH2-4 JH2, VH14-2 DH6-2 JH2, VH1-
53 DH2-3 JH2, VH8-8 DH2-4 JH4, VH1-9 DH2-4 JH3, VH6-6 DH2-3 JH2, VH3-6 DH1-2 JH3, VH1-34 DH2-5 JH2, VH1-53 DH1-1 
JH1, VH2-9 DH1-1 JH2, and VH1-18 DH2-13 JH2 

4) Pairs expressing murine endogenous VHDJH and VkJk rearrangements (19), all expressing unique HC and LC 
rearrangements 
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