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ABSTRACT

Background Cellular heterogeneity presents a significant challenge to cancer treatment.
Antibody therapies targeting individual tumor-associated antigens can be extremely effective
but are not suited for all patients and often fail against tumors with heterogeneous expression
as tumor cells with low or no antigen expression escape targeting and develop resistance.
Simultaneously targeting multiple tumor-specific proteins with multiple antibodies has the
potential to overcome this barrier and improve efficacy, but relatively few widely expressed
cancer-specific antigens are known. In contrast, neoepitopes, which arise from mutations
unique to tumor cells, are considerably more abundant. However, since neoepitopes are not
commonly shared between individuals, a patient-customized approach is necessary and
motivates efforts to develop an efficient means to identify suitable target mutations and isolate
neoepitope-specific monoclonal antibodies.

Methods Here, focusing on the latter goal, we use directed evolution in yeast and phage
display systems to engineer antibodies from non-immune, human antibody fragment libraries
that are specific for neoepitopes previously reported in the B16F10 melanoma model.
Results We demonstrate proof-of-concept for a pipeline that supports rapid isolation and
functional enhancement of multiple neoepitope peptide-targeted monoclonal antibodies and
demonstrate their robust binding to B16F10 cells and potent effector functions in vitro. These
antibodies were combined and evaluated in vivo for anti-cancer activity in tumor-bearing mice,
where they suppressed B16F10 tumor growth and prolonged survival.

Conclusions These findings emphasize the potential for clinical application of patient-
customized antibody cocktails in the treatment of the many cancers poorly addressed by
current therapies.

KEYWORDS
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INTRODUCTION

Current cancer antibody therapies often focus on targeting a single overexpressed cell-
surface antigen; however, cancer cell populations are heterogeneous and cells with low or no
expression of the target antigen do not bind to quantities of antibody sufficient for clearance
by host white blood cells [1]. This phenomenon, known as antigenic escape, allows these cells
to continue proliferating, ultimately undermining the efficacy of the treatment [1-3]. Epidermal
growth factor receptor (EGFR) and human epidermal growth factor receptor 2 (HER2) are
examples of common targets for antibody therapies that often fail to provide a lasting
response [1, 4, 5] and fail to offer high cure rates [1]. Furthermore, current antibody therapies
can only be used on a small subset of eligible patients with an overexpressed antigen, which
may also be expressed on healthy tissues, spurring concerns of on-target off-tumor toxicity
[6].

Cancer neoantigens, which are altered proteins generated by non-synonymous
mutations originating in tumor cells [7], are abundant in multiple tumor types but overlooked in
the design of antibody therapeutics since they are rarely shared between individuals, are not
driver mutations that provide a growth advantage, and are often not overexpressed [1, 8-11].
However, neoantigens offer ideal immunological targets since they can be more immunogenic
than tumor associated antigens, are not expressed on healthy cells, and may be less likely to
induce autoimmunity [6, 12]. Simultaneously targeting multiple cancer neoantigens has the
potential to overcome tumor heterogeneity by facilitating complete tumor coverage with
antibodies, leading to robust tumor clearance [1, 9, 13, 14]. Moreover, antibody combinations
may have potential additive or synergistic effects [14, 15].

Cancer vaccines and adoptive cell transfer approaches targeting neoantigens have
been explored [6, 16-21], however, an antibody approach has yet to be established in the
clinic. Patient-customized cancer antibody therapy was first investigated in the early 1980s in
the form of anti-idiotype antibodies for the treatment of B-cell ymphoma [2, 22]; however, the
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laborious amount of work and cost associated with producing customized antibody therapies
led to investigation of targeting more generic B cell markers, and the safety and success of

anti-CD19 and anti-CD20 antibodies reduced enthusiasm for further exploring this approach

[23].

Nonetheless, we have previously shown that a cocktail of polyclonal antibodies specific
for melanoma or breast cancer cell surface mutations improves the survival of tumor-bearing
mice [1, 24]. This study strives to recapitulate the success of the cocktails of polyclonal rabbit-
derived anti-sera with monoclonal antibodies by adapting efficient library display and affinity
maturation methods to engineer and then functionally optimize humanized antibodies.

We report use of yeast surface display (YSD) and phage display (PD) technologies to
identify antibodies targeting accessible neoepitopes in B16F10 melanoma cells. By
simultaneously targeting multiple neoantigens, we aim to develop a therapeutic approach that
can overcome tumor heterogeneity and reduce the likelihood of antigenic escape. This study
also explores the potential for combining these neoantigen-targeting antibodies with immune
checkpoint blockade (ICB) therapies to enhance therapeutic efficacy. Ultimately, we aim to
build a pipeline for engineering robust, multi-neoepitope targeted antibody cocktails that can
contribute to more effective and durable cancer treatment, paving the way for clinical

translation and improved patient outcomes.

RESULTS
Yeast surface display for neoepitope-targeted antibody discovery

We utilized a naive or nonimmune human single-chain variable fragment (scFv)-
expressing YSD library (diversity = 1x10°) [25] with the aim to discover scFvs targeting nine
previously described mutated peptide sequences identified from whole exome sequencing of
the B16F10 cell line [1, 24, 26] (Fig. 1A-B). These neoepitope peptides were synthetized in the
context of 11-mer peptides, with the mutation typically located at the center of the peptide and

Hartman et al. 4


https://doi.org/10.1101/2024.08.02.606410
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.02.606410; this version posted August 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

93 native amino acids flanking the mutation. Using gene ontology analyses from UniProt and
94  QuickGO, some of the targeted proteins are membrane bound while others are secreted into the
95 extracellular space but remain associated with the cell membrane. Using a series of positive
96  and negative selections accomplished by magnetic bead and flow cytometry-based selections
97 and one round of mutagenesis (Fig. 1C), clones specific for four of the nine candidate
98 neoepitope peptides were isolated (Fig. 1D). Positive selections used biotinylated target
99  peptides bound to streptavidin (SA) beads or tetramerized peptides. Negative selections against
100  SA-only beads and off-target peptides were conducted to prevent reagent and non-specific
101 binding. One round of mutagenesis via error-prone PCR was conducted for each target peptide.
102  Multiple clones from each enriched library were considered for downstream functional analyses.
103  These candidates were cloned into mammalian expression vectors as fully human scFv-Fc 1gG1
104  antibodies (Fig. 1A).
105
106  Yeast display antibody validation
107 Candidate clones from each enrichment pool were screened for binding to both mutant
108  and wild-type peptides, as well as for binding to B16F10 cells. Although most candidate
109 antibodies bound well to the neoepitope peptides, some clones did not bind effectively to the
110 target B16F10 cells (data not shown), potentially due to conformational differences between
111 short-synthetic peptides and expression within the context of the entire protein and cell. For
112  each peptide, the antibody clone with the most favorable properties (i.e., high mutant peptide
113  binding, low wild-type peptide binding, and binding to B16F10 cells) was chosen for downstream
114  use (Y1 - Fgfbp1, Y2 - Psg25, Y3 - Ptgfrn, and Y4 - Serpinc1).
115 Flow cytometry was used to determine binding to mutant and wild-type peptides. All
116 clones bound to the mutant peptides on SA beads; however, most clones also showed some
117  level of binding to the wild-type peptides (Fig. 2A). Fluorescence microscopy indicated that
118  each antibody independently and as a four-antibody cocktail bound to B16F10 cells (Fig. 2B-C).
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119  The rabbit polyclonal antibody (Rb pAb) cocktail, which targets the same nine mutated B16F10
120  peptides, has been demonstrated to bind to B16F10 cells, and has shown efficacy in B16-

121 bearing mice [1, 24] served as a positive control, while a randomly selected scFv-Fc was

122  employed as a negative control.

123 Since the mutant and wild-type peptides differ by only one amino acid and most

124  antibodies bound to both peptides, we explored off-target binding of these antibodies to a panel
125  of wild-type mouse tissues including heart, kidney, liver, lung, skin, and uterus. While each

126  antibody exhibited the highest binding to B16F10 tumor sections, some off-target tissue binding
127  was observed (Fig. 2D, Supplementary Fig. 1), motivating use of a cocktail to increase binding
128  to tumor relative to normal tissue. Interestingly, this off-target binding decreased when using an
129  equivalent mass quantity of the antibody cocktail, suggesting that a cocktail may help mitigate
130  off-target effects. Although any single target protein with the wild-type epitope could be

131 expressed in other tissues, it is unlikely that all wild-type epitopes would be co-expressed in the
132  same location, thereby limiting the binding sites in any one tissue. Conversely, all these targets
133  are expected to be present at the tumor site.

134 We further examined off-target effects by measuring the functional activity of these

135 antibodies as a cocktail against mouse cell lines expressing the wild-type epitopes and human
136  cell lines that may express proteins with similar sequences in the form of an FcyRllla signaling
137  assay using Jurkat-Lucia NFAT-CD16 reporter cells [27, 28] as a proxy for antibody-dependent
138  cellular cytotoxicity (ADCC) (Fig. 2E-F). As compared to other cell lines, the antibody cocktail
139 induced the highest CD16-dependent FcyRllla signaling against B16F10 cells. Taken together,
140 these data demonstrate that B16-targeted YSD-derived antibodies bind to B16F10 cells with
141 limited off-target binding.

142

143  Antibody engineering for enhanced effector functions

Hartman et al. 6
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144 Individually, all but one of the B16-targeted YSD-derived antibodies exhibited CD16-
145  dependent FcyRIlla signaling activity exceeding even the rabbit polyclonal antibody cocktail
146  (Fig. 3A). When combined into a cocktail, while maintaining the same total mass of antibody,
147  ADCC activity improved. A synergistic effect at concentrations of 1.25 yg/mL and above was
148  demonstrated using the Bliss Independence Model [29].

149 Phagocytosis of B16F10 cells by THP-1 monocytes was monitored by flow cytometry
150 (Supplementary Fig. 2A). Notably, complete engulfment of B16F 10 cells was not observed;
151 rather, trogocytosis appeared to be the method of phagocytic activity of the THP-1 cells,

152  potentially due to their small cellular diameter (10.6 £ 1.5 ym) [30] as compared to larger

153  B16F10 cells (15.4 + 1.4 ym) [31] (Supplementary Fig. 2B). Whereas the rabbit polyclonal
154  cocktail exhibited robust phagocytic activity, YSD-derived antibody phagocytic activity was not
155  significantly elevated over that of the isotype control (Fig. 3B), motivating the use of antibody
156  engineering strategies to increase effector function.

157 To enhance the potency of these B16-targeted YSD-derived antibodies, we engineered
158  their Fc regions to contain the GASDALIE (Gly236Ala/Ser239Asp/Ala330Leu/lle332Glu)

159  mutation set which is known to enhance ADCC and antibody-dependent cellular phagocytosis
160  (ADCP) activity by increasing binding to FcyRIlla and FcyRIla [32-36]. Fc-enhanced antibodies,
161  denoted by a subscript “E,” each demonstrated higher ADCC and ADCP activities compared to
162  their wild-type Fc counterparts and negative controls (Fig. 3B-C). Notably, whereas the wild-
163  type Fc antibody Y2 - Psg25 had no ADCC activity, after Fc engineering, it showed ADCC

164  activity at high concentrations. In most cases, phagocytic activity increased three-fold, while
165  ADCC activity increased by an order of magnitude for antibodies with Fc-enhancing mutations.
166

167 Phage surface display for neoepitope-targeted antibody discovery

168 In parallel, antibody fragments were also isolated from a nonimmune, human, Fab PD
169 library (diversity = 1x10'"") (Fig. 4A) to engineer antibodies targeting four of the nine B16F10
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170  neoepitope peptides. A set of four peptides (Fig. 4B) were selected on the basis of high tumor
171 binding with Rb pAbs [1, 24], over three rounds of panning (Fig. 4C). Selections were

172  conducted using unmodified and variably conjugated forms of the peptides with the aims of

173  diversifying the modes of peptide presentation and maximizing chances of success. One phage-
174  derived (P) antibody candidate for each target was ultimately chosen for downstream use and
175  cloned into mammalian expression vectors as fully human IgG1 kappa antibodies with and

176  without the GASDALIE mutation set, denoted by a subscript “E,” to enhance their effector

177  function.

178

179  Phage display antibody validation

180 Each of the selected antibodies exhibited binding to one or more forms of the mutant
181 peptides either in multiplexed bead assays (Fig. 5A) or in ELISAs (Fig. 5B). Notably, some

182  antibodies (P2e - Lama1 and P4e - Ptgfrn) showed no detectable binding to either the mutant or
183  wild-type peptides in the absence of conjugation. Nonetheless, all antibodies were also shown
184  to bind to B16F10 cells using flow cytometry (Fig. 5C) and immunocytochemistry (Fig. 5D).

185  Additionally, the enhanced versions of these PD-derived antibodies elicited ADCC activity in the
186  form of FcyRllla signaling (Fig. 5E) and phagocytic activity (Fig. 5F). Together, these data show
187 that the phage-derived antibodies bound to B16F 10 cells and effectively elicited multiple

188  antibody effector functions supporting their investigation in vivo.

189

190 Inhibiting tumor growth with antibody cocktails

191 In initial in vivo experiments, B16F10-bearing C57BL/6 mice were treated with the PD-
192  derived antibody cocktail lacking Fc enhancing mutations in combination with anti-mouse PD-1
193 ICB (Supplementary Fig. 3A). At the end of the experiment, 4, 1, 1, and no mice survived in
194  the cocktail, isotype control, ICB alone, and PBS-treated control groups, respectively

195  (Supplementary Fig. 3B). Tumor volume increased most among PBS-treated animals, was
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196  similar in ICB alone and isotype control groups, and was lowest in the cocktail-treated group
197  (Supplementary Fig. 3C-D).

198 Similarly, an initial experiment with the YSD-derived antibody cocktail lacking Fc-

199  enhancing mutations was conducted in which both low (50 ug per antibody) and high (200 ug
200 per antibody) doses of the cocktail, or with a single antibody (Y4 — Serpinc1, 200 ug) were

201  combined with anti-mouse PD-1 ICB (Supplementary Fig. 4A). As compared to buffer and

202  isotype controls, a greater number of animals survived to the predetermined endpoint of the

203  experiment (Supplementary Fig. 4B). Additionally, tumor growth was also slower in animals
204  treated with the YSD-derived antibody cocktails or clone, although this was not significant

205 (Supplementary Fig. 4C-D). In this experiment, surviving mice were sacrificed and their tumors
206  excised and weighed on day 20 post tumor implantation, showing a decrease in tumor weight in
207  the anti-B16F 10 antibody treated groups (Supplementary Fig. 4E).

208 A follow-up experiment that also included the Fc-enhanced YSD-derived cocktail was
209 conducted to evaluate the effect of these Fc-enhancing mutations. Mice were treated similarly to
210  the previous regimen but with the addition of an anti-mouse CTLA-4 ICB antibody in

211 combination with anti-mouse PD-1 (Supplementary Fig. 5A). Although some mice survived in
212 both the wild-type Fc and Fc-enhanced antibody cocktail groups, whereas none survived in the
213  IgG control group, this difference was not statistically significant (Supplementary Fig. 5B), and
214 tumor growth kinetics were similar in all groups treated with ICB (Supplementary Fig. 5C-D).
215  Intriguingly, one surviving mouse in the wild-type Fc cocktail group presented with vitiligo at the
216  site of tumor implantation around day 70 (Supplementary Fig. 5E), suggesting the possibility of
217  avaccinal effect. Vitiligo is characterized by the loss of melanocytes and can indicate a memory
218 T cell response [37-39]. To investigate this possibility, the surviving mice were re-challenged
219  with B16F10 cells but not retreated with antibodies 117 days after the initial tumor implantation.
220  These mice exhibited delayed tumor growth compared to a control group of untreated mice

221 (Supplementary Fig. 5F). Indeed, no tumor growth was observed in the animal treated with the
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222  enhanced cocktail originally. These data suggest that epitope spreading occurred, generating a
223  robust immune response not only against the targeted neoepitopes but also against other

224  melanoma or melanocyte epitopes.

225 Encouraged by these preliminary results, we aimed to improve study design and

226  increase statistical power. In this new study, mice were implanted with B16F10 cells and treated
227  every other day for a total of five treatments starting on day 5 with either an IgG antibody

228  control, the Fc-enhanced YSD-derived antibody cocktail, or the Fc-enhanced PD-derived

229  antibody cocktail (Fig. 6A). On the second treatment day, a single dose of anti-mouse CTLA-4
230 and anti-mouse PD-1 ICB antibodies was administered. Mice receiving either YSD- or PD-

231 derived antibody cocktails had improved survival (Fig. 6B) and inhibited tumor growth compared
232  tothe control group (Fig. 6C-D). In support of these results, this experiment was repeated and
233  similar outcomes were observed (Supplementary Fig. 6). Together these data show that the
234  strategy of targeting cancer neoepitopes with cocktails of functionally enhanced monoclonal
235 antibodies is effective in mice, motivating further investigation of this approach.

236

237 DISCUSSION

238 Antibody therapies for cancer targeting one tumor antigen can be extremely effective but
239  often fail against tumors with heterogeneous expression of tumor antigens, as tumor cells with
240 low or no antigen expression escape targeting and develop resistance. Similarly, while immune
241 checkpoint modulators have expanded clinical options, many patients are diagnosed with

242  cancers for which these interventions are either not suitable or are ineffective [40-42].

243  Simultaneously targeting multiple tumor neoantigens unique to an individual’s tumor may

244  overcome tumor heterogeneity, but this approach has historically been presumed to be

245 infeasible. Perhaps ironically, the first successful monoclonal antibodies for cancer actually

246  targeted epitopes unique to individual subjects (anti-idiotypic antibodies for B cell lymphomas)
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247  [2, 22]. However, this success has been largely forgotten in the quest to identify one-drug-for-
248  some therapies.

249 Technical advancements make it realistic to revisit these early successes and attempt to
250 generalize them across tumor types. It is now possible to sequence tumor and healthy tissues to
251 identify cancer neoepitopes, to infer surface expression and predict the immunogenicity of

252  mutant peptides present in putative cell surface-associated proteins, and to use robust and
253  rapid antibody engineering platforms to develop customized cocktails of tumor-specific

254  antibodies. While a customized approach has been previously demonstrated in the B16F10
255  melanoma model using polyclonal antibody pools derived from peptide-immunized rabbits [1,
256  24], here, as a next step toward clinical translation, we sought to explore the ability of

257  monoclonal antibodies to recapitulate success of this approach.

258 Compared to immunization-based approaches for antibody development, in vitro

259  methods for generating neoepitope-specific antibodies offer several potential advantages,

260 including speed and the ability to use human libraries. While animal model-derived neoepitope-
261  specific B cells could be isolated and cloned to produce chimeric or humanized antibodies,

262 immunization processes usually proceed over weeks to months. Both phage and yeast

263  platforms can support more rapid isolation of peptide-specific antibodies. Additionally, though
264  not incorporated in the enrichment strategies employed in the proof-of-concept experiments
265  presented here, in vitro methods also permit negative selections against native peptides to be
266  conducted, which could improve the safety profile of this approach. Further, if specific affinities
267  or other properties were found to be necessary for or associated with clinical success, in vitro
268 methods permit robust affinity maturation and offer the ability to accommodate diverse design
269  constraints.

270 This study demonstrated the successful isolation of neoepitope peptide-specific

271  antibodies using both yeast and phage display methods. These antibodies targeted both

272  B16F10 cells and tumor sections, indicating potential specificity towards mutated epitopes.
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273 However, the degree of mutation-specificity varied, with some antibodies demonstrating cross-
274  reactivity to native peptides. Notably, these antibodies exhibited anti-tumor activity in vitro,

275  presumably through effector functions such as ADCC and ADCP, particularly when engineered
276  with Fc function-enhancing mutations. These activities have been shown to be important for
277  tumor clearance [43-49]. Complement-dependent cytotoxicity (CDC) is another potent antibody
278  effector mechanism [50-52] that was not examined in this study. A better understanding of how
279 these antibodies may regulate tumor cell killing through these mechanisms is important for

280 holistically understanding their efficacy. Both yeast- and phage-derived antibodies showed

281  evidence of in vivo activity through effective suppression of tumor growth.

282 However, significant limitations and challenges remain, both in this study and in the

283  broader concept of patient-customized neoepitope-targeting antibody cocktails. These include
284  the lack of confirmation of antigen expression in the B16F 10 cells used, the lack of high

285  antibody affinity, and variable cross reactivity to native peptides. Efficacy in animal models was
286  inconsistent, with several studies failing to show statistically significant results, partly due to
287  relatively low power in some models. The use of a single control antibody rather than a cocktail,
288  and the comparison of yeast-derived scFv-Fc antibodies to a full-length IgG1 control instead of
289  atrue scFv-Fc isotype control, also presents a limitation of these findings. It is also important to
290 recognize that the antibodies used in these in vivo studies are human antibodies, which likely
291 reduces their half-life. Moreover, this treatment approach for this study was not investigated
292  without the use of ICB nor was it examined in the context of other tumor models.

293 From a clinical standpoint, efficacy challenges may arise if there is an inability to confirm
294  antigen expression or bioactivity in patient tumors beyond peptide screening. Additional

295 uncertainties include determining the optimal number of peptide targets, which may vary

296  between patients, the labor-intensive nature of custom antibody development for individual

297  patients, and regulatory frameworks that are ill-suited for personalized medicine approaches.
298  Additionally, direct tumor injection was used for these in vivo models due to its potential efficacy
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299  and toxicity advantages [53-55]; however, this administration route may not always be feasible
300 in clinical settings.

301 Since neoepitope mutations are rarely shared between individuals, this approach must
302  be patient-customized. Each cancer patient would need an entirely new drug cocktail of

303 antibodies to treat their specific tumor. Although this is a manufacturing hurdle, this approach
304  offers unparalleled flexibility in achieving tumor-specific targeting for more patients, which could
305  offer higher response rates and robust efficacy. This approach of targeting multiple neoepitopes
306  may also help overcome tumor heterogeneity by reducing the probability that any one cancer
307  cell does not express one of the target epitopes and reducing the likelihood of tumor escape.
308 There may also be some safety advantages, through improved therapeutic index. In this

309 context, the therapeutic index can be considered to be proportional to the drug's selectivity for
310  tumor tissue over healthy tissues, which is crucial for minimizing toxicity and maximizing

311 therapeutic efficacy: although any single target protein with the wild-type epitope could be

312  expressed in other tissues, it is unlikely that all wild-type epitopes would be co-expressed in the
313  same location, thereby limiting the binding sites in any one healthy tissue as compared to the
314  tumor thereby potentially increasing the therapeutic index. Conversely, all these targets are

315  expected to be present at the tumor site.

316 Furthermore, we recognize the value of incorporating a screening step to eliminate wild-
317  type binders during the library enrichment process. While not initially integrated into these

318  pipelines, such an addition could substantially enhance the safety and efficacy of this approach.
319  Enhancing the speed of the pipeline through mRNA or ribosomal display could be explored to
320 improve time to product for improved patient outcomes. To enhance the screening process of
321  antibody candidates, cell lines expressing the target proteins could be generated or, when

322 feasible, patient-derived target cells could be employed in development and screening. More

323  work will be necessary to determine if Fc-enhancing mutations have added value, which dosing
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324  regimens will be most effective, and if antibody-drug conjugates could be leveraged to improve
325  outcomes.

326 Exploring alternative applications of this concept to improve speed and feasibility could
327 involve investigating mMRNA nanoparticle delivery or adeno-associated vector (AAV)

328 technologies for expression of antibodies in vivo. These delivery systems have shown promise
329 in efficiently delivering genetic material for therapeutic purposes, including the expression of
330 therapeutic antibodies [56-62]. Additionally, the utilization of predictive software tools, such as
331  AlphaFold, represents a pivotal advancement to identify antibody-accessible neoepitopes.

332  These tools could help identify the most efficient targets, particularly those situated distally to
333 the cell membrane and externally exposed residues on the protein surface. By incorporating
334  predictive software into the screening process, it may be possible to expedite antibody

335  discovery, enhance target specificity, and accelerate the translation of these findings into clinical
336  applications. This approach not only saves crucial time in transitioning from laboratory research
337 to patient treatment but also would strive to enhance efficacy, particularly given the rapid

338  evolution and progression of many cancers [63, 64].

339 Alternatives also include active vaccination, such as by encoding neoantigens in patient-
340 customized mRNA vaccines, an approach marking a significant concurrent stride in

341 personalized cancer immunotherapy [19, 20]. Relevant to this active immunization approach, we
342  conducted preliminary immunization experiments in mice, but failed to generate robust antibody
343  responses or successfully clone peptide-specific antibodies, perhaps due to similarity to self,
344  given the murine tumor targets. In contrast, recombinant antibody cocktails can potentially offer
345 more robust efficacy. The ex vivo generation of antibodies ensures precise neoepitope targeting
346  that does not depend on the variability of individual immune responses and the need to

347  overcome potential tolerance barriers due to the nature of neoepitopes and their similarity to
348  their wild-type counterparts. As a result, antibody cocktails may offer a compelling

349  complementary strategy to mRNA vaccines.
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In sum, both tumor and patient heterogeneity pose a significant challenge in cancer
treatment. However, the development of robust and rapid antibody engineering platforms offers
the prospect of revisiting and extending the success of early patient-specific antibody therapies.
To this end, we report the use of two versatile antibody engineering platforms to screen
monoclonal antibodies to dozens of these novel target peptides for each patient, to engineer
these antibodies for enhanced anti-tumor activity in vivo, and to deliver them as recombinant
protein or by vectored (e.g., mMRNA or AAV) approaches. Here we combine and improve upon
these techniques to report a pipeline that could support practical delivery of such highly
efficacious antibodies to cancer patients. Through these concerted efforts, we envision the
prospect of a new era of personalized cancer therapy—shifting from the current one-drug-for-
many approach to a many-drugs-for-one-patient strategy—which could offer renewed hope to

patients.

METHODS
B16F10 neoepitope peptides

Nine previously described mutated protein sequences obtained from whole exome
sequencing of the B16F10 cell line [1, 24, 26] were synthesized at GenScript in the context of
11-mer peptides with N-terminal biotin and a 6-aminohexanoic acid spacer. Cellular site
expression information of these mutated proteins was obtained from UniProt and QuickGO gene
ontology databases. The Basic Local Alignment Search Tool (BLAST) for proteins sequences

through the NIH was used to find orthologs to these mutated proteins in Homo sapiens.

Isolation of neoepitope-specific antibody fragments by yeast surface display

A nonimmune human scFv-expressing yeast display library (diversity = 1x10°) [25] in
Saccharomyces cerevisiae was used for this work using methods similar to those previously
described [65-67]. Care was taken to maintain a minimum of ten-fold the theoretical diversity of
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376  each library population. This library (generation, g1.0) utilizes galactose-inducible pCTCON2
377  expression vectors. Culturing was conducted in baffled flasks with shaking at 250 rpm in

378  volumes of 15-25% of the total flask volume. Routine culture was conducted in synthetic

379  dextrose complete amino acid (SDCAA) growth media at 30°C and cultures were induced to
380  express scFv transgenes during log phase growth (ODeoo = 2-5) by culturing in synthetic

381  galactose complete amino acid (SGCAA) induction media at 20°C for 20-72 hours.

382 Magnetic-activated cell sorting (MACS) was conducted by capturing biotinylated

383  peptides onto SA-coated magnetic beads (Thermo Fisher Dynabeads™ M-270). Beads were
384  washed 5x with PBS + 0.1% BSA prior to incubation with biotinylated peptides for 2 hours at
385  4°C with rotation. A quantity of 500 pmol of peptide was used for every 25 pL (250 pg) of M-270
386  beads. After saturation with biotinylated peptides, the beads were washed 5x with PBS + 0.1%
387 BSAto remove excess soluble peptide. An induced scFv-expressing yeast display library was
388  used to screen for binders to each peptide. Each round of MACS consisted of one negative
389  selection using uncoated beads for 1.5 hours and one positive selection using peptide-coated
390 beads for 2 hours. After each round of selection, beads were washed with 1 mL of PBS + 0.1%
391 BSA for 15 minutes to separate bead-bound yeast from yeast trapped between beads. The

392  beads were subsequently resuspended in 1 mL of SDCAA media, 10 yL of which was used in
393  plated serial dilutions for library diversity estimation and the remaining volume was added to 19
394  mL of SDCAA media + 1% penicillin-streptomycin in a 125-mL baffled flask and cultured at 30°C
395 at 250 rpm for further selection or diversification processes.

396 Fluorescence-activated cell sorting (FACS) was conducted by sorting peptide tetramer-
397  bound yeast using a Sony MA90O cell sorter. A minimum of ten-fold the theoretical diversity of
398 the yeast library was analyzed. Tetramerized peptides were created by incubating soluble

399 Dbiotinylated peptides with streptavidin-PE (Southern Biotech 7105-09L) or streptavidin-APC
400  (Southern Biotech 7105-11L) at a 4:1 molar ratio for 2 hours at 4°C with rotation. Induced yeast
401  were stained for 1 hour with a chicken anti-c-myc eptope tag antibody (Exalpha ACMYC) and
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402  tetramerized peptides at 36 nM in PBS + 0.1% BSA. After primary incubation, cells were

403  washed 2x with PBS + 0.1% BSA and stained with goat anti-chicken AF488 or AF647 (Thermo
404  Fisher A-11039, A-21449) for 20 minutes. After secondary incubation, yeast were washed 2x
405  with PBS + 0.1% BSA and resuspended in a final volume of 1-5 mL of PBS + 0.1% BSA

406  depending on the number of yeast cells stained. When maintaining a high library diversity, all
407  cells showing any binding were sorted. To select for high-affinity clones, the top 1-5% of yeast
408 inside a diagonal gate with increased binding to target peptides proportional to increased scFv
409  expression were sorted into 5 mL of SDCAA media + 1% penicillin-streptomycin and cultured at
410  30°C at 250 rpm for further selection or diversification processes.

411 Error-prone PCR was used to affinity mature enriched yeast libraries [68]. Plasmid DNA
412  was extracted from these libraries using the Zymoprep Yeast Plasmid Miniprep Il kit (Zymo
413  Research). The antibody region was then PCR-amplified and diversified through EP PCR,

414  consisting of 15-20 cycles with mutagenic nucleotides 8-oxo-dGTP and dPTP (TriLink O-0111,
415  N-2037). The pCTCON2 system primers used were forward, 5’-

416 CGACGATTGAAGGTAGATACCCATACGACGTTCCAGACTACGCTCTGCAG-3', and reverse,
417  5-CGAGCTATTACAAGTCTTCTTCAGAAATAAGCTTTTGTTCTAGAATTCCGGA-3'.

418  Sequencing primers for pPCTCON2 were forward, 5-GTTCCAGACTACGCTCTGCAGG-3', and
419  reverse, 5-GATTTTGTTACATCTACACTGTTG-3'. Second generation (g2.0) libraries were
420 assembled by homologous recombination following co-electroporation of these inserts along
421  with a linearized expression pCTCON2 plasmid containing homologous 5’ and 3’ sequences
422  back into EBY100 Saccharomyces cerevisiae yeast as previously described [67]. Sufficiently
423  enriched libraries or g1.0 yeast in the case of the isotype control antibody were plated on

424  SGCAA plates and single colonies were picked and cultured in SGCAA media followed by

425  characterization using the same flow cytometry workflow as previously described for FACS.
426  Clones exhibiting high mutant peptide binding and where possible, low wild-type peptide

427  binding, were chosen for further analysis.
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428

429 Isolation of neoepitope-specific antibody fragments by phage display

430 Three rounds of panning were conducted with either peptide alone or with peptide

431  conjugations to BSA, BSA-biotin, or KLH at Sanyou Biopharmaceuticals. Panning was

432  conducted with a nonimmune, human, Fab-expressing phage library (diversity = 1x10') using
433  both solid-phase and liquid-phase panning methods. In the solid-phase panning method,

434  immunotubes were coated with antigen and blocked with 5% PBSM overnight at 4°C. Phage
435 suspensions, blocked with 5% PBSM, were incubated in the antigen-coated immunotubes.

436  Binding phages were eluted using trypsin, collected, and used to infect SS320 competent cells
437  spread on selective media plates and incubated overnight at 37°C. Phage titer tests were

438  conducted by diluting the eluted phage solution in a 10-fold gradient and incubating with SS320
439  cells. Three rounds of panning were performed with decreasing antigen concentration to enrich
440 high-affinity clones. Enrichment was evaluated based on input and output titers.

441 In the liquid-phase panning method, non-specific phages were depleted using

442  Dynabeads (Thermo Fisher) blocked with 2.5% BSA. Blocked beads were incubated with

443  depleted phages, followed by elution with trypsin. Eluted phages were processed and quantified
444  as described above for each of three rounds of panning with increasing stringency to enrich

445  high-affinity antibody clones.

446 Positive pool validation was performed by diluting the phage culture supernatant in 5-fold
447  serial dilutions with PBSM (1x PBS, 0.5% bovine serum albumin, 2.5 mM EDTA) and evaluated
448 by ELISA. For the ELISA method, plates were coated with 2 ug/mL of neoepitope peptide, 30
449 pL/well, overnight at 4°C, then washed with PBST. Plates were blocked with 5% PBSM, 2.5%
450 BSA, or 1% casein at room temperature for 1 hour and washed with PBST. Dilute phage were
451  added (30 uL/well) and incubated at room temperature for 1 hour, then washed with PBST. The
452  secondary antibody, Anti-M13-HRP (phage-specific), was added, incubated at room temperature
453  for 1 hour, and washed with PBST. TMB was added for 5-10 minutes at room temperature. The
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454  reaction was stopped with a stop solution, and OD values were read at 450 nm using a

455  microplate reader.

456 Based on ELISA screening, 644 clones were obtained, of which 162 positive clones
457  were selected for sequencing, resulting in 102 unique clones. From these, 36 clones were

458  selected for full-length construction based on diversity analysis.

459

460  Antibody cloning and expression

461 Plasmid DNA was extracted from single yeast clones using the Zymoprep Yeast Plasmid
462  Miniprep Il kit. Peptide-specific scFv sequences were PCR-amplified (forward, 5'

463  gcctttctctccacaggegecatggccCAGGTCCAGCTGGTACAGTC 3', and reverse 5'

464  gcggccgcagacaagacccacacctgGGAGAGGACGGTCAGCTGG 3', lowercase denotes homology
465  with vector, uppercase denotes antibody sequence) and subsequently cloned into a pCMV

466  vector using HiFi assembly (NEBuilder® HiFi DNA Assembly) to reformat these constructs as
467  scFv-Fc antibodies. In the case of the YSD-derived antibodies, the GASDALIE mutations

468  (Gly236Ala/Ser239Asp/Ala330Leu/lle332Glu) mutations [32-36] were incorporated via site-
469 directed mutagenesis (NEB Q5® Site-Directed Mutagenesis) according to the manufacturer’s
470  protocol. For Fc enhancement of phage-derived antibodies, gene fragments were synthesized
471  (Genewiz) with the GASDALIE mutations as full length human IgG1 kappa antibodies and

472  cloned into a pCMV vector. Unmodified phage-derived antibodies lacking enhancing mutations
473  were produced at Sanyou Bio by PCR-amplifying antibody DNA from phage display vectors and
474  cloning into pcDNA3.4 vectors.

475 Antibodies were transiently expressed in either Expi293 or ExpiCHO cell expression
476  systems (Thermo Fisher) for 6 days or 8 to 12 days, respectively. Routine culturing occurred in
477  Expi293™ Expression Medium or ExpiCHO™ Expression Medium (Thermo Fisher) Routine
478  culturing and transfections occurred at 37°C, 8% CO», 125 rpm. Certain ExpiCHO transfection
479  protocols required a shift to 32°C 8% CO.. Transfection was performed using either
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480  Expifectamine™ or PEI as a transfection reagent, with enhancers (Thermo Fisher) added 18-20
481 hours post-transfection. The antibodies were harvested by first centrifuging at 6,000 g at 4°C for
482  30-120 minutes followed by filtering through 0.45 um surfactant-free cellulose acetate filters.
483  Antibodies were then purified using 1- to 2-mL of protein A or G resin (Genscript L00210 and
484  L00209) with gravity columns (Bio-Rad 7321010). An additional wash step was conducted while
485  the antibody was bound to the column using 6 column volumes of 100 mM sodium carbonate,
486  pH 10.5, to improve antibody quality [69]. Elution was performed using 10 mL of 100 mM

487  glycine, pH 3.0 followed by 2 mL of 100 mM glycine, pH 2.7 directly into 1 mL of 1M TRIS-HCI,
488  pH 8 neutralization buffer (Teknova T1080). Subsequently, antibodies were filtered through 0.22
489  pm PVDF filters, and their concentrations were determined at A280 using each antibody’s

490 extinction coefficient calculated from their sequences (Expasy ProtParam tool).

491

492  Peptide binding assays

493 To evaluate binding of reformatted antibodies, biotinylated peptides were conjugated to
494  SA-coated beads as described above. Candidate mAbs diluted in PBS + 0.1% BSA were

495 incubated with these peptide-coated beads for at least 1 hour at 4°C with shaking at 900 rpm,
496  followed by 2x washes with PBS + 0.1% BSA and by incubation with a mouse anti-human IgG
497  Fc-PE secondary antibody (SouthernBiotech 9040-09) at 1 ug/mL for 20-30 minutes at 4°C with
498  shaking at 900 rpm. Finally, the beads were washed 2x with PBS + 0.1% BSA before

499  quantification of antibody binding using an Agilent NovoCyte Advanteon flow cytometer. Data
500 was analyzed as PE median fluorescence intensity (MFI) after gating out doublets. Binding of
501 the phage-derived antibodies to peptide conjugates was quantified by ECso values using ELISA
502 at Sanyou Biopharmaceuticals.

503

504  Tumor and effector cell culture
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505 B16F10 (ATCC CRL-6475), EMT6 (ATCC CRL-2755), A375 (ATCC CRL-1619), and

506 PANC1 (ATCC CRL-1469) cells were cultured in DMEM supplemented with 10% FBS, 100

507  U/mL penicillin, and 100 ug/mL streptomycin at 37°C, 5% CO.. B16F10 cells used in the in vivo
508 models were cultured in RPMI supplemented with 7.5% FBS. Jurkat-Lucia NFAT-CD16 reporter
509 cells (InvivoGen jktl-nfat-cd16) were cultured in DMEM supplemented with 10% FBS, 100 U/mL
510  penicillin, 100 pg/mL streptomycin, 100 pg/mL Normocin, 10 pg/mL of Blasticidin, and 100

511 pg/mL of Zeocin. THP-1 cells (ATCC TIB-202) were cultured in RPMI supplemented with 10%
512  FBS, 0.05 mM 2-mercaptoethanol, 100 U/mL penicillin, and 100 pg/mL streptomycin. CT26 cells
513 (ATCC CRL-2638) were cultured in RPMI supplemented with 10% FBS, 100 U/mL penicillin,
514  and 100 pg/mL streptomycin.

515

516  Cell binding assays

517 For cell binding assays, B16F 10 cells were lifted from tissue culture treated flasks using
518 2.5 mM EDTAto preserve cell surface proteins and washed with PBS. Cells were incubated with
519  neoepitope-targeting mAbs and subsequently detected with a mouse anti-human IgG Fc-PE
520 secondary antibody (SouthernBiotech 9040-09). Detection of the rabbit pAb cocktail was

521  conducted with a goat anti-rabbit IgG (H+L) AF647 secondary antibody (Abcam ab150079).

522  Flow cytometry was used for quantifying binding using an Agilent NovoCyte Advanteon flow

523  cytometer.

524 Antibody binding to cells was also visualized via fluorescence microscopy using a Nikon
525  Spinning Disk Confocal Yokogawa CSU. Single cell suspensions (30 pL containing 20,000 cells)
526  were added per well of p-Slide VI 0.4 culture slides (Ibidi 80606). Cells were allowed to adhere
527  for 30 minutes at 37°C, 5% CO- under humid conditions before adding fresh media for overnight
528  growth. The slides were then washed 3x with 100 yL PBS and fixed with 100 pL 4%

529  paraformaldehyde for 15 min at RT. Slides were then washed 3x with 100 yL PBS and

530 incubated 100 pL with Image-iT™ FX Signal Enhancer (Thermo Fisher) for 30 min at RT. Slides
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531  were then washed 3x with 100 yL PBS and blocked with PBS + 1% BSA for 1 hour at RT. Slides
532  were stained with 100 pL of the primary antibody diluted in PBS + 1% BSA overnight at 4°C.
533  The following day, slides were allowed to warm to RT, washed 3x with PBS + 0.1% BSA, and
534  incubated with a goat anti-human IgG (H+L) AF647 secondary antibody (Thermo Fisher A-

535  21445) for 1 hour at RT in the dark. Slides were washed 6x with 100 yL PBS and then incubated
536  with DAPI nuclear stain (Thermo Fisher D3571) diluted 1:1000 in sterile water for 10 min at RT
537 in the dark. Incubation steps took place in a moist box. Finally, slides were washed 3x with 100
538 L PBS before imaging. Quantification of staining intensity was measured by randomly selecting
539  three or more microscopic fields of view, subtracting the background, which was defined by

540  measuring the intensity of a blank area of the image with no cells or debris, and calculating the
541 ratio of antibody staining intensity to DAPI intensity to account for cell number in each field.

542 Antibody binding to cells was also visualized via fluorescence microscopy in the context
543  of tissues using a Thermo Fisher EVOS M5000. B16F10 tissues were harvested from B16F10-
544  bearing C57BL/6 mice while wild-type tissues were harvested from naive C57BL/6 mice. These
545  tissues were formalin fixed and frozen before added to microscope slides for staining. The

546  slides were thawed for 3 minutes at RT and fixed with 3% paraformaldehyde for 15 min at RT.
547  The slides were then washed for 3 minutes 2x with PBS followed by blocking with 100 pL of 5%
548  normal goat serum block diluted in PBS + 1.0% BSA + 0.1% Triton X-100 for 1 hour at RT.

549  Slides were then washed for 5 minutes 3x with PBS at RT. 100 L of neoepitope-targeting

550 antibodies diluted in PBS + 1.0% BSA were then incubated with the slides overnight at 4°C.

551  Slides were then washed for 5 minutes 7x with PBS 1.0% BSA at RT followed by detection with
552  agoat anti-human IgG (H+L) AF488 secondary antibody (Thermo Fisher A-11013) diluted in
553 PBS + 1.0% BSA for 1 hour at RT. Slides were then washed for 5 minutes 3x with PBS 1.0%
554  BSA at RT. Finally, slides were incubated with DAPI nuclear stain (Thermo Fisher D3571)

555  diluted 1:1000 in sterile water for 10 minutes at RT in the dark, followed by three washes for 5
556  minutes each with PBS + 1% BSA at RT before mounting with DAKO fluorescent mounting
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557  medium (Agilent S3023) and imaging. Incubation steps took place in a moist box. Quantification
558  of staining intensity was measured by randomly selecting three or more microscopic fields of
559  view, subtracting the background, which was defined by measuring the intensity of a blank area
560 of the image with no cells or debris, and calculating the ratio of antibody staining intensity to

561 DAPI intensity to account for cell number in each field.

562 Immunocytochemistry staining of B16F 10 cells with phage-derived antibodies was

563  conducted at Sanyou Biopharmaceuticals. Briefly, B16F10 cells were seeded in 12-well plates
564 48 hours prior to staining and fixed with 4% paraformaldehyde upon reaching 80% confluence.
565  Permeabilization was performed using 0.5% Triton X-100 for 20 minutes. To block endogenous
566  enzyme activity, cells were incubated with 3% hydrogen peroxide for 15 minutes. Phage-derived
567  antibody, at a concentration of 5 pg/mL, was incubated with the cells at 37°C for 60 minutes or
568 at4°C overnight. Secondary detection was carried out using a Goat Anti-Human IgG Fc-HRP
569  (Abcam ab97225) at a 1:1000 dilution, with incubation at 37°C for 30 minutes. This was followed
570 by 3,3'-diaminobenzidine chromogen staining at 37°C for 30 minutes. Imaging was performed
571 using a Zeiss microscope.

572

573  Effector function assays

574 ADCC was assessed using a proxy signaling assay that employs Jurkat-Lucia NFAT-
575  CD16 reporter cells (InvivoGen). These reporter cells emit a luminescent signal upon

576  engagement of FcyRIlla (CD16) receptors, providing a quantitative measure of FcyRllla ligation
577 and activation. In 96-well tissue culture treated plates, 20,000 live B16F10 cells and 80,000 live
578  Jurkat reporter cells were added to each well immediately one after another in culture media
579  (RPMI supplemented with 10% FBS, 1 mM sodium pyruvate, 1x non-essential amino acids, and
580 100 U/mL penicillin, and 100 ug/mL streptomycin) followed by antibody diluted in culture media
581 for a total of 200 pL. Plates were then incubated for 24 or 48 hours at 37°C, 5% CO.. A cell

582  stimulation cocktail (Thermo Fisher 00-4970-93) was used to induce cell activation as a positive
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583  control. Plates were then centrifuged for 5 min at 500 g and 80 pL of the supernatant was added
584  to a different opaque 96-well plates containing 20 pyL of QUANTI-Luc™ Luciferase Detection
585  Reagent (InvivoGen). With the lid off, data was immediately acquired on a Molecular Devices
586  SpectraMax Paradigm plate reader to detect luminescence in each well. The relative light units
587  (RLU) average of three measurements spaced 2.5 minutes apart was used for assessing

588  differences in ADCC potential.

589 ADCP was evaluated by monitoring the phagocytosis of B16F10 cells by THP-1

590 monocytes. For this assay, B16F10 cells were stained with CellTracker™ Deep Red (Thermo
591  Fisher), and THP-1 monocytes were labeled with CellTrace™ CFSE (Thermo Fisher) according
592  tothe manufacture’s protocols. A total of 100,000 stained B16F 10 cells and 100,000 stained
593 THP-1 cells were added to non-tissue culture treated 96-well plates and incubated for 4 hours
594  with mild shaking (400 rpm) at 37°C, 5% CO.. Antibodies were used at a concentration of 20
595 ug/mL. Flow cytometry was used to measure the phagocytosis score, which was calculated as
596  the proportion of labeled cells that were double positive among the total THP-1 cells, multiplied
597 by the MFI of the THP-1 cells. Additionally, fluorescence microscopy (Microscope: Nikon

598  Spinning Disk Confocal Yokogawa CSU) was employed to visually confirm and analyze this

599  phagocytic activity. The isotype control scFv-Fc antibody served as a negative control in these
600 experiments.

601

602  In vivo mouse models

603 Female C57BL/6 mice, 8 - 12 weeks old, were obtained from Charles River Laboratories
604  (Sanyou Bio experiments) or Jackson Laboratory (Dartmouth experiments) and housed within
605 specific pathogen-free rooms. Up to five mice were co-housed per isolator caging unit in a

606 temperature-regulated environment with standard light and dark cycles. Studies were performed

607  with approval from Dartmouth’s Institutional Animal Care and Use Committee.
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608 Antibodies underwent endotoxin removal (Thermo Fisher Pierce™ High Capacity

609  Endotoxin Removal spin columns) followed by subsequent filtering using 0.22 ym PVDF filters
610  prior to animal administration. Endotoxin levels of all antibodies were measured to be below 2
611 EU/mL (GenScript ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit).

612 The ICB antibodies used were rat anti-mouse PD-1 (Bio X Cell BEO146, Clone RMP1-
613  14) and mouse anti-mouse CTLA-4 (Bio X Cell BEO164, Clone 9D9). The IgG control used in in
614  vivo experiments was an HIV-specific antibody, VRCO1.

615 Depending on the experiment, 5x10° (Sanyou Bio experiments) or 3x10° (Dartmouth
616  experiments) B16F10 cells lifted from tissue culture treated flasks with Trypsin (Corning 25-052-
617  CIl) were implanted intradermally on the shaved right flank of each mouse. Depending on the
618  experiment, three (Sanyou Bio experiments) or five (Dartmouth experiments) days post tumor
619 implantation, mice with confirmed tumors were grouped based on the average tumor size per
620  group. Mice without tumors on the day of grouping were excluded from study. Anti-B16F10

621  antibody treatments were administered intradermally at the base of the tumor, while ICB

622 antibodies were administered intraperitoneally. Antibodies were administered in a volume of 100
623 L, containing either 200 or 800 ug of B16F 10-targeting antibodies. Each ICB antibody was
624  administered at a dose of 200 ug. Treatment schema can be found in the figures of each in vivo
625  experiment. For the Sanyou Bio experiments, tumor volumes were measured using mechanical
626  calipers and the following formula: L x W?/ 2. For the Dartmouth experiments, mechanical

627  calipers were used to take measurements in an "X" pattern, measuring the width and length of
628  the tumor, followed by a measurement of the tumor height to calculate the tumor volume (L x W
629  x H). Measurements were taken before treatment if a measurement day overlapped with a

630 treatment day. Mouse weight was monitored throughout the experiments. Mice were sacrificed
631  in accordance with the local Institutional Animal Care and Use Committee Guidance.

632

633  Software tools and analytical methods for data processing
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634 Statistical analyses were conducted in GraphPad Prism version 10.1.2 for Windows.
635 Details about which tests were run can be found in the figure legends. Microsoft Excel was
636 utilized for data arrangement, experiment planning, and calculating treatment synergy with the
637 Bliss Independence Model [29]. Flow cytometric analyses were conducted in Flowlogic version
638 8.7 for Windows. Fluorescent microscopy images were analyzed in ImageJ version 1.53 for
639  Windows.

640
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Figure 1. Overview of the single-chain variable fragment (scFv) yeast display library
screening pipeline. A. Graphical schematic showing the nonimmune human scFv-expressing
yeast display library format, B16F10 neoepitope peptide and c-myc tag expression staining
strategies, and reformatting of selected clones as scFv-Fc fusion proteins. B. List of heoepitope
11-mer peptides screened against the yeast display library and resulting clones (Y1-Y4). C.
Process diagram showing the sequential steps in the isolation of peptide-specific scFvs from the
yeast display library for each of four neoepitope peptides. Population generations (g) and sizes
indicated in boxes for each peptide. Positive (+) and negative (-) selection and diversification
processes indicated between boxes. D. Exemplary flow cytometry biplots of scFv expression
versus peptide (Ptgfrn) binding over the course of serial selections for indicated populations. V.,
variable light chain; Vy, variable heavy chain; HA, hemagglutinin; MACS, magnetic-activated cell
sorting; FACS, fluorescence-activated cell sorting; CFU, colony forming units; SA, streptavidin.
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Figure 2. Neoepitope-targeted yeast-derived antibodies bind to B16F10 mutated peptides
and cells. A. Binding of yeast-derived antibodies (Y1-Y4) to wildtype (hollow) and mutant (filled)
peptides. B-C. Quantification of fluorescent microscopy staining of B16F10 cell line with
indicated antibodies at 10 pg/mL (B), and representative fluorescent microscopy staining
images of B16F10 cells (C). D. Binding of yeast-derived antibodies to malignant B1L6F10 tumor
and a panel of normal tissues from C57B/6 mice. Data are expressed as median with a 95% CI
of 3-6 replicates. E. Antibody-induced FcyRIllla signaling measured using Jurkat-Lucia NFAT-
CD16 reporter cells for target human (red) and mouse (blue) cell lines. F. Analysis of peptide
and protein conservation between B16F10, wildtype M. musculus, and H. sapiens
orthologs/proteome. Amino acids in red indicate differences from B16F10. Unless otherwise
noted, error bars represent SD of 3-5 replicates. WT, wild type; MFI, median fluorescence
intensity; Rb pAb, positive control rabbit polyclonal antibody cocktail, RLU, relative light units;
ID, identity.
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Figure 3. Neoepitope-targeted yeast-derived antibodies elicit effector functions. A.
Antibody-induced FcyRllla signaling measured using Jurkat-Lucia NFAT-CD16 reporter cells for
target B16F10 cells. B. Antibody-dependent phagocytosis of B16F10 cells by THP-1 monocytic
cell line for unmadified (hollow bar) and Fc enhanced (filled bar) antibodies. The horizontal
dotted line represents the mean of the isotype control. A one-way ANOVA (F1124 =5.117, p =
0.0004) followed by Dunnett's post hoc test was used to compare groups to the Isotype control
(nsp =20.05, *p <0.05, * p <0.01, ** p <0.001). C. Comparison of FcyRllla signaling activity
when Fc-enhanced (filled) and unmodified (hollow) antibodies were co-cultured with B16F10
cells. Error bars represent SD of 3 replicates. Rb pAb, positive control rabbit polyclonal antibody
cocktail; RLU, relative light units; AU, arbitrary units.
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Figure 4. Overview of the Fab phage display library screening pipeline. A. Graphical
schematic showing the nonimmune, human, Fab-expressing phage display library format and
reformatting of selected clones as antibodies. B. List of four neoepitope 11-mer peptides
screened against the phage display library and resulting clones (P1-P4). C. Process flowchart
showing the sequential steps in the isolation of Fab fragments specific for each peptide from the
phage display library. BSA, bovine serum albumin; KLH, keyhole limpet hemocyanin.
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Figure 5. Neoepitope-targeted phage-derived antibodies bind to B16F10 mutated
peptides and cells and elicit effector functions. A-B. Binding of phage-derived (P) antibodies
(P1-P4) to wildtype (hollow) and mutant (filled) peptides by multiplex assay (A) and ELISA (B).
C-D. Flow cytometric (C) and immunohistochemistry (D) staining of B16F10 cells. E. Antibody-
dependent FcyRIllla signaling measured using Jurkat-Lucia NFAT-CD16 reporter cells. F.
Antibody-dependent phagocytosis of BL6F10 cells with THP-1 monocytes. A one-way ANOVA
(Fe14a = 16.78, p < 0.0001) followed by Dunnett's post hoc test was used to compare groups
against the isotype control (ns p = 0.05, * p < 0.05, * p < 0.01, *** p < 0.001, *** p < 0.0001).
Error bars represent SD of 3 replicates. Phage-derived antibodies with unmodified Fc domains
are indicated as P and Fc enhanced Fc domains as Pe. MFI, median fluorescence intensity;
ECso, half-maximal effective concentration, BSA, bovine serum albumin; KLH, keyhole limpet
hemocyanin; Rb pAb, positive control rabbit polyclonal antibody cocktail.
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Figure 6. Neoepitope-targeted yeast- and phage-derived antibody cocktails inhibit tumor
growth in B16F10-bearing C57BL/6J mice. A. Treatment regimen in which antibody cocktails
or isotype control (IgG ctrl) and immune checkpoint blockade (ICBs) were administered to
tumor-bearing mice. B. Kaplan-Meier survival curves. A log-rank Mantel-Cox test was used to
calculate a difference in the survival curves for phage and yeast antibody cocktails as compared
to isotype control. C. Tumor growth curves are depicted over time following confirmed tumor
implantation. A two-way ANOVA (Time: F2.1,5418 = 65.82, p < 0.0001; Treatment: F»,23=11.78, p
=0.0002; Time x Treatment: F2, 258 = 5.367, p < 0.0001) with a Greenhouse-Geisser correction
(¢ = 0.21) followed by Dunnett's post hoc test was used to compare treatment groups against
the IgG control + ICBs group. Error bars represent SD of the mean, *p < 0.05. D. Tumor growth
curves for individual mice. The vertical line indicates the median survival of mice in the IgG
control + ICBs group.
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Supplemental Figure 1. On- and off-target binding of the yeast-derived antibodies to a
tissue panel. A-G. Fluorescence microscopy staining of malignant B16F10 tissue (A) and a
panel of wild-type C57BL/6 tissues form non-tumor-bearing mice including heart (B), kidney (C),
liver (D), lung (E), skin (F), and uterus (G).
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Supplemental Figure 2. Antibody-dependent phagocytosis assay with THP-1 monocytes
and B16F10 cells. A. Exemplary negative (left) and positive (right) phagocytosis assay flow
biplots demonstrating phagocytosis/trogocytosis of BL6F10 cells/membrane by THP-1
monocytes. B. Fluorescent microscopy staining highlighting trogocytosis activity of THP-1
monocytes against B16F10 cells in the presence of B16F10-specific antibody. CFSE,
carboxyfluorescein diacetate succinimidyl ester.
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Supplemental Figure 3. Treatment of B16F10-bearing C57BL/6J mice with neoepitope-
targeted phage-derived antibody cocktail. A. Treatment regimen. B. Kaplan-Meier survival
curves. A log-rank Mantel-Cox test was used to calculate a difference in the survival curves (p 2
0.05). C. Tumor growth curves are depicted over time following confirmed tumor implantation. A
two-way ANOVA (Time: F1.264, 1875 = 16.99, p = 0.0003; Treatment: F», 15= 1.104, p = 0.3570;
Time x Treatment: Fi2, 89= 1.929, p = 0.0411) with a Greenhouse-Geisser correction (¢ =
0.2106) followed by Dunnett's post hoc test was used to compare P - Cocktail + a -PD-1 against
the 1gG control + a-PD-1 group. Error bars represent SD of the mean. D. Tumor growth curves
for individual mice.
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Supplemental Figure 4. Treatment of B16F10-bearing C57BL/6J mice with neoepitope-
targeted yeast-derived antibody cocktail. A. Treatment regimen. B. Kaplan-Meier survival
curves. A log-rank Mantel-Cox test was used to calculate a difference in the survival curves (p 2
0.05). C. Tumor growth curves are depicted over time following confirmed tumor implantation. A
two-way ANOVA (Time: F1.246 1854 = 81.45, p < 0.0001; Treatment: F3 16= 1.693, p = 0.2087;
Time x Treatment: Fo4, 119 = 1.644, p = 0.0428) with a Greenhouse-Geisser correction (& =
0.1558) followed by Dunnett's post hoc test was used to compare treatment groups against the
IgG control + a-PD-1 group. Error bars represent SD of the mean. D. Tumor growth curves for
individual mice. E. Weights of excised tumors from all surviving mice on day 20 at the
termination of the experiment. A one-way ANOVA followed by Dunnett's post hoc test was used
to compare treatment groups against the IgG control + a-PD-1 group.
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Supplemental Figure 5. Treatment and re-challenge of B16F10-bearing C57BL/6J mice
with neoepitope-targeted yeast-derived antibody cocktail. A. Treatment regimen in which
individual antibodies, antibody cocktails, or isotype control and immune checkpoint blockade
(ICBs) or buffer control (PBS) were administered to tumor-bearing mice. B. Kaplan-Meier
survival curves. A log-rank Mantel-Cox test was used to calculate a difference in the survival
curves (p = 0.05). TA99 served as a positive control antibody known to be effective in B16-
bearing mice. C. Tumor growth curves over time following confirmed tumor implantation. A two-
way ANOVA (Time: F10s7,37.82= 20.46, p < 0.0001; Treatment: Fs, 35=1.672, p = 0.1786; Time x
Treatment: Fss,313= 1.698, p = 0.0096) with a Greenhouse-Geisser correction (¢ = 0.1208)
followed by Dunnett's post hoc test was used to compare treatment groups against the 1IgG
control + ICBs group (p 2 0.05). Error bars represent SD of the mean. D. Tumor growth curves
for individual mice. E. Image of the surviving mouse from the Y - Cocktail + ICBs group
presenting with vitiligo. F. Tumor growth curves from the re-challenge of individual surviving
mice with 3x10° B16F 10 cells on the same right flank 117 days post initial tumor implantation
and untreated naive control mice.
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Supplemental Figure 6. Repeat experiment of neoepitope-targeted yeast- and
phage-derived antibody cocktails in B16F10-bearing C57BL/6J mice. A. Treatment
regimen in which antibody cocktails or isotype control (IgG ctrl) and immune checkpoint
blockade (ICBs) were administered to tumor-bearing mice. B. Kaplan-Meier survival curves. A
log-rank Mantel-Cox test was used to calculate a difference in the survival curves for phage and
yeast antibody cocktails as compared to isotype control. C. Tumor growth curves are depicted
over time following confirmed tumor implantation. A two-way ANOVA (Time: F3.691 g33 =
47.63, p < 0.0001; Treatment: F2, 3= 3.960, p = 0.0298; Time x Treatment: F2s 200=1.891, p =
0.0066) with a Greenhouse-Geisser correction (¢ = 0.2839) followed by Dunnett's post hoc test
was used to compare treatment groups against the IgG control + ICBs group. Error bars
represent SD of the mean, * p < 0.05, ** p < 0.01. D. Tumor growth curves for individual mice.
The vertical line indicates the median survival of mice in the IgG control + ICBs group.
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