
 89 
Figure S1. B cell purification and activation optimization. A) Representative sample of B cell isolation 90 
results from frozen PBMCs showing B cell frequency in the starting PBMC population (left) and B cell purity 91 
post isolation (right). B cells were gated as CD20+, dump (CD3, CD4, CD8, CD14)- live lymphocytes. B) 92 
Starting B cell frequency in PBMCs (n=10) (left) and resulting B cell purity after B cell isolation using 93 
negative selection (n=7) (right). C) Flow cytometry gating strategy to assess RP105 binding of rhesus and 94 
human B cells (top, bottom left). Example of RP105 binding populations at 100X RP105 staining dilution 95 
(bottom left). RP105 expression comparison between human and rhesus macaque B cells (n=3 donors 96 
each) where frequency of RP105+ B cells and surface expression level (mean fluorescence intensity of 97 
RP105 stain) are shown (bottom right). 98 
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 103 



Figure S2. Engineering optimization. A) Optimization of NEON electroporation conditions using GFP 104 
mRNA, where B cells were activated using CD40L, IL-2, IL-4, and CpG media and electroporated using 105 
the Neon 24-well suspension cell buffer R optimization protocol. N=2 donors (circle = donor 1, square = 106 
donor 2), and the experiment was performed in duplicate. Red triangles indicate nucleofection conditions 107 
yielding higher cell viability and GFP signal (>15% and 70%, respectively). B) 10 gRNAs were designed to 108 
a 300bp region downstream from the IGHJ6-gene using Horizon Discovery as indicated in the linear 109 
diagram. Forward or reverse compliment gRNAs in grey are indicated by the arrow direction. C) Ability of 110 
various gRNAs to generate INDELs at target sites in NHP B cells from several indicated donors was 111 
assessed by TIDE. Percentage of target sites with INDELS for each sample 48 hrs after RNP nucleofection 112 
are shown. D) GFP-reporter AAVs as various serotypes were tested for their ability to transduce activated 113 
NHP B cells. Percent GFP positive cells were measured by flow cytometry after a 24hr transduction (dark 114 
green). Each symbol represents a different animal. We tested engineering with VRC01 donor DNA 115 
packaged as AAV1 or AAV6 (light green). AAV1 was tested as this serotype results in the highest 116 
transduction efficiency and AAV6 was selected as this serotype had previously been used with human B 117 
cells. AAV6 engineering efficiencies trended higher. E) Best electroporation conditions (red triangles in A) 118 
were used in combination with VRC01 HRT AAV6 transduction and engineering was assessed 48 hours 119 
later using flow cytometry to detect VRC01 antigen binding (orange). Cell viability (blue) and expression of 120 
nucleofected GFP mRNA (green) for each condition are also shown N=2 donors (circle = donor 1, square 121 
= donor 2). F) Engineering efficiencies over time across several animals and samples, showing that 122 
efficiency ranges from between approximately 1-9%. 123 
 124 
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 126 



 127 
Figure S3. Extended bnAb data. A) Bivalent KDs of authentic rhesus macaque bnAbs and human 128 
VRC01 with MD39 trimer. B) Percent neutralization of the indicated HIV psuedovirus is plotted as a 129 
function of the log of the bnAb concentration for VRC01, Ab1485 and RHA1.v2.01. IC50 130 
values are indicated. 131 
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 134 
Figure S4. Phenotype and allelic inclusion of engineered cells. A) Representative gating strategy for 135 
B cell phenotyping. This figure shows targeted B cells on day 6 of culture in pilot-1 activation media. 136 
Engineered B cells are first gated from live, single lymphocytes using eOD-GT8 antigen. Engineered cells 137 



are defined as KO11- GT8++ where KO11 is GT8 with point mutations that knock out VRC01 binding to its 138 
epitope. Engineered or unengineered populations can then be assessed for CD27 and IgD expression to 139 
evaluate the frequency of USM (CD27+, IgD+), SM (CD27+, IgD-), naïve (CD27-, IgD+), and DN (CD27-, IgD-140 
) B cells. DNs can be further phenotyped as DN1 (CD21+, CD11c-), DN2 (CD21-, CD11c+), and DN3 (CD21-141 
, CD11c-) populations. Engineered and unengineered cells can also be stained for lambda LC expression 142 
frequency. B) Frequency of DN subsets for engineered (+) and unengineered (-) cells from three donor 143 
animals on day 6 of culture in Pilot-1 media is given as a percentage of total DN’s for the samples shown 144 
in Figure 2C. C) Table of the total number of engineered (VRC01+) and unengineered (VRC01-) cells, as 145 
well as the number of cells with a clearly identifiable isotype, in each cluster determined by scRNAseq at 146 
the time of engraftment. Engineered cells account for 35% of total cells (FACS enrichment of VRC01 cells 147 
was done prior to sequencing). Isotype was determined based on raw expression values of IgH constant 148 
genes reads above an expression threshold of 250 reads/cell. 149 
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 158 
Figure S5. Single cell RNA transcriptomics characterization of IgH-reprogrammed B cells at the time 159 
of engraftment. A) UMAP Leiden clusters from scRNA-seq of an engineered pool of cells from a second 160 
animal at the time of engraftment is shown on the left. Cells with VRC01 transcripts are indicated in orange 161 
in these plots on the right. B) Dotplot showing transcriptional levels of VRC01 and other specific genes of 162 
interest are shown across all clusters. Relatedness of each cluster is shown. VRC01 cells are present in all 163 
clusters, but enriched mostly in clusters 0, 1, 3, and 4. Clusters 0 and 1 are defined by expression of 164 
canonical B cell markers. Increased Ki67 and CD80 expression in cluster 1 suggests this cluster is in cycle, 165 
likely toward a memory phenotype, while cluster 0 represents naïve B cells. Clusters 3 and 4 show lower 166 
transcription levels of canonical B cells markers and increased expression of VRC01, IgK, and ASC-167 
associated genes. Cluster 4 maintains high levels of Ki67 expression, suggesting this cluster contains PBs, 168 
whereas cluster 3 is likely PCs. Clusters 2, 5, and 6 are defined almost exclusively by ribonucleoprotein 169 
and cellular respiration genes, which we believe to include our DN population by flow cytometry. The 170 
number of cells in these clusters aligns with the expected phenotype frequencies as determined by flow 171 
cytometry (Fig. 2A). C) Comparison of isotype frequencies of engineered cells compared to unengineered 172 
cells. IgH transcription levels were high enough only in ASC clusters 3 and 4 to determine isotype. Due to 173 
lower sequencing depth compared to the sample in Fig. 6, isotype was determined in a fewer number of 174 
cells. D) Table of the total number of cells, as well as number of cells per isotype, in each cluster for 175 



engineered (VRC01+) and unengineered (VRC01-) cells determined by 10X single cell transcriptomics at 176 
the time of engraftment. Additionally, the percent of engineered cells in each cluster is shown. Isotype was 177 
determined based on raw expression values of IgH constant genes above an expression threshold of 250. 178 
 179 
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 184 
Figure S6. Pilot 1 donor homology arm alleles. Homology arms and gRNA target region were 185 
amplified from genomic DNA from PBMCs from animals selected for pilot experiments. These amplicons 186 
were topo-cloned and 5-10 cloned plasmids were sequenced to obtain sequences for both alleles. The 187 
gRNA and PAM site (dark grey) are intact for both alleles for all donors. Minor variations in the HA regions 188 
relative to the reference sequence are observed. 189 
 190 
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 192 
Supplementary Fig. 7 Extended pilot-1 setup data. A) Data table with information about pilot-1 animals 193 
and engineered cells generated and autologously engrafted. B) Example gating strategy to determine 194 
engineering efficiency for pilot-1 experiments using KO11- GT8++ gates. C) Engineering efficiencies for 195 
pilot-1 transfer animals compared to a representative unengineered negative control. 196 



 197 
Figure S8. Pilot-1 extended serum responses. A) Total MD39-trimer (top), ZM197-trimer (middle) and 198 
eOD-GT5 (bottom) specific serum IgG titers in pilot-1 animals were measured over the course of the 199 
experiment and are given as SDF EC50s. MD39 titers were boosted by the heterologous final boost 200 
(ZM197-4mer and eOD-GT5-60mer). MD39-ferritin elicited antibodies that were cross reactive with ZM197-201 
trimer. The grey triangle indicates engineered cell transfer and red triangles indicate the time of homologous 202 
immunization (i.e. immunization with an immunogen that is homologous to the probe being used in the 203 
ELISA). B) Extended total VRC01 serum antibody titers, as determined by anti-P2A ELISA including 204 
timepoints after the heterologous boost. Titers are given as antibody concentrations in ng/ml, which could 205 
be determined using a recombinant VRC01-P2A-IgG standard. C) IgM-specific VRC01 antibody titers in 206 
serum of animals after prime and boost, as determined by an isotype specific anti-P2A ELISA. Titers are 207 
given as SDF EC50s. 208 
 209 



 210 
Figure S9. PBMC sorting strategy to phenotype VRC01-engineered cells. A) Example gating strategy 211 
for PBMCs from animal 12093 14-days after prime showing how ASCs, ASC-like, naïve, and SM 212 
populations are identified. B) Four populations could be simultaneously sorted using the BD AriaFusion. A 213 
table showing sorting results from (A) is given. These cells were processed to detect VRC01 mRNA to 214 
identify the phenotypes of engineered cells after vaccination. 215 
 216 
 217 



 218 
Figure S10. Responses to MD39-ferritin vaccination in lymph nodes. A) Gating strategy to identify 219 
VRC01 B cells as exemplified using a mouse pro-B cell line that is expressing the VRC01 BCR. VRC01 220 
expressing cells are uniquely capable of recognizing the CD4 binding site (GT8) epitope in the context of 221 
native MD39 trimer and can thus be identified as MD39++/eOD-GT8++. Endogenous responses to the 222 
MD39-native trimer in NHPs are expected to be incapable of also binding to eOD-GT8. B) MD39++ B cells 223 
from the draining LNs of all pilot-1 animals do not also recognize GT8, suggesting this population does not 224 
contain engrafted VRC01-reprogrammed cells. 225 
 226 
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 231 
Figure S11. NHP B cell culture can be modified to expand IgH-reprogrammed cells and alter 232 
phenotype. A) Schematic of pilot-2 activation, engineering, expansion and MACS isolation. Cells are 233 
cultured with CD40L feeder cells, IL-4, IL-21, and BAFF beginning on day 0. On day 3, cells are engineered 234 
and recovered with the same CD40L feeder cell media. On day 6, engineered cells are isolated by MACS 235 
using biotinylated probes and streptavidin beads. These isolated engineered cells are cultured for three 236 
days with soluble CD40L instead of CD40L feeder cells. B) The frequency of phenotypes of VRC01 237 
expressing CD20+ B cells gated on live, single cells that are KO11- and GT8++ in pilot-1 media (CD40L, IL-238 
2, IL-4, CpG) compared to pilot-2 media (CD40L, IL-4, IL-21, and BAFF) at the time of engraftment. Data 239 
points are from experiments in different donor B cells. Error bars represent standard deviation from the 240 
mean. C) Comparison of VRC01 engineering efficiencies using pilot-1 and pilot-2 activation media across 241 
several donors. Engineering was performed the same way using both activation protocols, and efficiencies 242 
determined by flow cytometry three days after engineering. Data is given as mean from 2-6 experiments 243 
and error bars represent standard deviation from the mean D) Fold-expansion of VRC01 targeted cells for 244 
three donors (2 experiments each) when cultured in pilot-2 media, where expansion begins after 245 
engineering on day 3 of culture. Engineered cell population frequencies remained constant from day 6-9, 246 
as determined by flow cytometry. 247 
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 252 
Figure S12. Simianization of VRC01. A) Alignment of sVRC01 compared to human VRC01 (VH only). 253 
Simianized versions of the VRC01 bnAb were generated by grafting CDRs and residues known to be 254 
important for antigen binding onto simian VH and VL genes, as previously described [79]. We designed 10 255 



versions of sVRC01; 5 based on VH gene similarity to human VRC01 (red), and 5 based on frequency of 256 
VH genes in the macaca mulatta repertoire (blue). A single, previously published sVRC01 KLC was used 257 
in combination with these HCs. Of the 10 designs, only 1-138*01_S2054 and 1-60*01 expressed well as 258 
IgG (referred to as 1138 and 16001). B) Bivalent KDs of sVRC01 and human VRC01 with MD39 trimer by 259 
SPR. C) Neutralization of HIV pseudoviruses by human and simianized VRC01 recombinant monoclonal 260 
antibodies are given as a function of the log of the antibody concentration in µg/ml. IC50 values are given. 261 
D) 1138 and 16001 were made into AAV6 donor DNA cassettes and could be used to engineer cells from 262 
two donors (albeit at lower efficiency compared to the human sequence) as measured by flow cytometry 263 
with GT8 and K011 probes. 264 
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 268 
Figure S13. Extended ImmunoCult culture data. A) Schematic of ImmunoCult culture strategy and 269 
analysis. B) Fold expansion of ImmunoCult cultured engineered (+) and unengineered (-) cells from three 270 
donors, where the first expansion timepoint is determined on day 6, 3 days after engineering. C) Frequency 271 
of ASCs (CD38+CD80+) in engineered and unengineered cells in ImmunoCult cultures on day 13 of culture 272 
as determined by flow cytometry. D) Table of the total number of cells, as well as number of cells per 273 



isotype, in each cluster for engineered (VRC01+) and unengineered (VRC01-) cells determined by 10X 274 
single cell transcriptomics on day 13 of ImmunoCult culture. Additionally, the percent of engineered cells in 275 
each cluster is shown. Isotype was determined based on raw expression values of IgH constant genes 276 
above an expression threshold of 250. E) Schematic of how VRC01 and total IgG was calculated in 277 
pg/cell/day. Cells were expanded in ImmunoCult media, where a portion of cells in media was removed 278 
every third day to expand and maintain cell density of 150k cells/ml in a 3ml culture. F) Results of VRC01 279 
specific ELISpot, where plates were coated with anti-P2A antibody (specific for our VRC01 engineered 280 
cells), incubated with ImmunoCult engineered and expanded cells overnight, and spots detected using anti-281 
human IgG. A total of ~4,000 engineered cells were added per well, with representative wells for both 282 
donors using the assay (left) and normalized spot counts (right) where normalized spot count = seeded # 283 
cells/resulting # spots. 284 
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 293 
Figure S14. Characterization of IgH-reprogrammed B cells after in vitro differentiation by scRNAseq. 294 
A) UMAP Leiden clusters from scRNAseq data of an engineered pool of cells cultured to become ASCs in 295 
vitro. Cells were cultured, targeted, and expanded for 13 days in ImmunoCult B cell expansion media. 296 
Engineered cells maintained a frequency of ~2% for the duration of culture. B) Dotplot showing 297 
transcriptional levels of genes of interest for cells in A, and relatedness of each cluster is shown as a 298 
phylogenic tree. Engineered cells are enriched in clusters 0-3, which are defined by decreased expression 299 
of canonical B cell markers and increased expression of Ig transcripts and genes associated with ASCs, 300 
such as XBP1 and MZB1. Engineered cells are also present in cluster 8, which maintains some transcription 301 
of naive B cell markers as well as some transcription of ASC-associated genes, suggesting differentiation 302 
toward an ASC phenotype. This cluster, along with clusters 5 and 6, show high levels of CD74 transcription, 303 
which was observed in the other sample sequenced at the same timepoint (Fig. 6B). C) Comparison of 304 
isotype frequencies of engineered cells compared to unengineered cells. Isotype was determined based 305 
on raw expression values of IgH constant genes above an expression threshold of 250. Due to low 306 
sequencing depth, isotype was determined for a smaller fraction of cells, as compared to the other 307 
ImmunoCult expanded sample (Fig. 4C-E). D) Table of the total number of cells, as well as number of cells 308 



per isotype, in each cluster for engineered (VRC01+) and unengineered (VRC01-) cells determined by 10X 309 
single cell transcriptomics on day-13 of ImmunoCult culture. Additionally, the percent of engineered cells in 310 
each cluster is shown. 311 
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 326 
Figure S15. A) Example organoid B cell phenotype gating strategy where CD20+ B cells are 327 
gated as live, single lymphocytes. This population is then gated into GCBs or non-GCBs based on Ki67 328 
and Bcl6 expression (green arrow). Non-GCBs are further gated as SM, USM, DN, or naïve based on CD27 329 
and IgD expression (green arrows). ASCs are defined as CD38+CD80+ from the dump-CD20- population 330 
(pink arrow). B) Example organoid gating strategy as in (A) with engineered cells added. An intracellular 331 
antigen staining step is used to identify engineered ASCs. 332 
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 339 
Figure S16. Organoids derived from SLO tissue can be used to evaluate engineered cell responses 340 
to HIV Env based immunogens. A) Frequency of engineered cells in organoid cultures over time across 341 
multiple experiments for three donors without vaccination. B) A titration of immunogen and a variety of 342 
adjuvants were tested for compatibility with our organoid culture system. Here, we show the viability of 343 
eOD-GT8-60mer vaccinated organoids on day-14 of culture across 3 donor animals. Vaccinations were 344 
performed on day-0. 345 
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