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TLR7 and FCyRIIa are common immune targets for adjuvant design because they elicit

increased activation in TH1 and phagocytosis respectively. With the new wave of computational

design tools including RF Diffusion, ProteinMPNN, and Alphafold 2, designing protein

adjuvants for these targets has become possible. The results of the TLR7 adjuvant design

campaign show through yeast display and BLI that there are 2 potential binding candidates. The

IL6 activation assay showed that random arrangement of the binders was insufficient to trigger

TLR7 signaling. The FCyRIIa initial campaign showed that the binders were incapable of

differentiating between FCyRIIa and FCyRIIb/c. After adapting the current tools to account for a

two state binding method in ProteinMPNN, the set of binders was capable of differentiating

between FCyRIIa and FCyRIIb/c in Alphafold2.
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Chapter 1 Introduction

1. Introduction To Immune Adjuvants

Traditional vaccinations have historically consisted of live attenuated virus, heat killed

virus, or natural infection to keep levels of circulating virus low in the population1. These

methods were effective, albeit with an intolerably high mortality cost. Today the field of vaccine

development has expanded to include subunit vaccines, which although easier to manufacture,

and safer to administer can have waning protection as seen in the head to head comparison of the

COVID-19 vaccines2. This observation is likely due to the exclusion of natural adjuvants: viral

nucleic acids, proteins, and lipids. Adjuvants are required in subunit vaccines to replicate the

protection seen in whole virus vaccinations. These adjuvants historically have been small

molecules, mineral salts, or oil in water emulsions that are incapable of producing an equivalent

immune response to natural infection3. An additional hurdle to incorporating these adjuvants is

that they have not been shown to safely produce a TH1 response on their own due to systemic

immune activation. Typically these adjuvants need to be displayed on a nanoparticle to induce a

more localized, safer, and ultimately more effective response4,5. In the wake of mRNA vaccines

traditional small molecule adjuvants are losing some utility because they cannot be coded into an

RNA sequence for inclusion in the vaccinations.

The innate immune system has multiple methods of receptors that have evolved to sense

pathogens by either binding them directly or by binding to natural or manufactured adjuvants.

This thesis will focus on two such classes of receptors: fragment crystallizable binding receptors

(FCRs) and toll-like receptors (TLRs). TLRs are anchored on the cell surface and in the

endosome while FC receptors are always localized to the surface of cells. These two locations act

as the early warning system for detecting intracellular and extracellular infection. It stands to



reason that if a vaccine is targeting a specific class of virus that it should be capable of eliciting

the same response as the natural infection. To achieve this end, the adjuvants utilized have to be

designed to activate the specific immunological receptors the virus would naturally activate.

2. TLR7: Role and Activation

TLR7 is an endosomal TLR responsible for sensing single stranded ribonucleic acid

(ssRNA) and free floating guanosine nucleotides7,8. While still somewhat obfuscated, during

natural infection it is likely that TLR7 is a key component of generating a productive immune

response due to its ligands generating a protective TH1 response4. Currently, there are no FDA

approved vaccines that target TLR7 for activation because upon administration the current small

molecule activators have proven to create systemic immunological toxicity9. To date the most

successful example of a TLR7 adjuvant takes a synthetic nanoparticle and decorates it with

TLR7 small molecule agonists5,6. This platform showed that the nanoparticle was retained in the

lymph nodes and the spleen, greatly reducing systemic toxicity and improving the halflife5,6.

With the rise of subunit and mRNA vaccines, incorporating small molecule adjuvants

into the formulation becomes either highly difficult or impossible. This discrepancy creates a

niche for a protein based adjuvant that can be incorporated into these developing vaccine

platforms. The current small molecule activators sit in between a TLR7 dimer and cause a

dynamic change in the C-terminus of the protein to trigger signaling across the membrane10.

Designing a protein to mimic this activation is complicated because of the size difference. A

protein adjuvant that folds stably, even in its smallest form is likely to be an order of magnitude

larger than a small molecule11. This size discrepancy makes it difficult or potentially impossible

to fit a protein adjuvant into the binding pocket and trigger the C-terminal conformational shift.

Triggering the activation of TLR7 is driven by a few competing hypotheses: the clustering



hypothesis argues that if you bring receptors into contact with each other in large clusters, they

will start signaling due to bumping into their signaling partner in the correct conformation by

chance12. The geometric hypothesis argues that each receptor has specific geometric constraints

that must be satisfied before signaling can be triggered10. Digging into these two hypotheses is

critical to designing a protein based adjuvant for TLR7.

3. FCyRIIa: Role and Activation

Fragment crystallizable receptor II a (FCyRIIa) is a low affinity cell surface receptor that

binds to the FC portion of an IgG antibody and triggers phagocytosis by immune presenting

cells13. This receptor is critical in linking the adaptive immune system to the innate immune

system. When an antibody binds to its cognate antigen, macrophages and other antigen

presenting cells use FC receptors to internalize antigens and mount the appropriate

immunological response14.

FCyRII has multiple isozymes that play different roles depending on their expression and

cell type. FCyRIIa is an activating receptor expressed in some T cell subtypes, macrophages,

monocytes, and neutrophils whereas FCyRIIb is a repressive receptor that is primarily

differentially expressed on B cells15. Not much is known about the expression of FCyRIIc, but it

is known to be an activating receptor15. FCyRIIb and FCyRIIc have identical ectodomains and

different transmembrane and signaling domains16. The ectodomain FCyRIIb/c and FCyRIIa have

a 85% identity with few amino acid mismatches16. These mismatches cause the two ectodomains

to have different affinities to the FC region of certain antibodies17. To design a protein based

adjuvant that specifically binds to FCyRIIa and not to FCyRIIb/c the amino acid mismatches

need to be specifically targeted to provide enough contrast between the binding interfaces.

4. Computational Protein Design



Generating new proteins has long been pioneered in the Baker lab, with the first

completely de novo protein generation occurring in 2015 with the alpha-helical tandem repeat

proteins18. Over the years, as computing became faster and less expensive, new tools have come

to the protein design space. The first wave of protein design was based on designing proteins that

fold in expected ways by basing them off of known folds18,19,20 and the second wave designed

specific protein protein interactions21. The first step in generating de novo protein protein

interactions starts with the identification of a high confidence structure and a potential binding

site22,23. This identification was achieved through a combination of methods. First, the potential

structures were inspected for high confidence regions and poorly resolved or flexible regions22,23.

Then each individual residue of the molecule was scored based on its hydrophobicity which

remains the most predictive way to date to design a successful protein protein interaction22,23.

When looking at an exposed hydrophobic region the more exposed residues the higher potential

the binding site, but typically 2-3 exposed hydrophobic residues is the minimum acceptable

amount22,23. After hydrophobic regions were picked, all of the flexible hydrophobic regions were

eliminated. Next, a patch of surface residues were selected and passed through the Rifgen

computational method that generates all of the possible side chain rotamers for the desired

binding patch. In parallel, we also needed to determine the optimal shape complementarity

between the designed protein and the target through the Patchdock method, which takes a library

of mini-proteins with random sequences and places them onto the target22,23. The placement

process generates patches of coverage where the mini-protein could sit. In the next step the

Rifdock method combined the outputs of the generated side chain rotamers and the

complementarity of the mini-proteins to find the best patches for the possible side chain

positions22,23. The mini-proteins with the best complementarity were then sent through



ProteinMPNN, a message passing neural network that optimizes the side chain residues for the

mini-protein to become a mini-binder24. The final step in this process is to fold all of the

designed complexes through Alphafold2 (AF2) and score the complex by the predicted aligned

error (PAE) of interaction, see Figure 1 for a visual overview of the design pipeline25. The lower

the score the better the more likely the binder is to fold and bind the way that AF2 predicted it

to25.

Currently, Rifgen, Patchdock, and Rifdock have all been replaced by a new method

RFDiffusion. This method rapidly generates new mini-protein backbones through utilization of a

denoising diffusion probabilistic model that generates photorealistic images in response to text

prompts26. The initial image is corrupted with Gaussian noise and is then denoised back into a

3D object. This in combination with deep learning models such as AF2, allow the generated 3D

models to form specific folds26. The method is such that the user tells the program the required

parameters such as hotspot residues, number of generated structures, size of the structures, and

the number of denoising steps, then 3D models are generated to fit the parameters26. Diffusion

can also take existing mini-binders and pass them through an additional method called partial

diffusion that is currently unpublished. Partial diffusion can take a mini-binder that doesn’t bind

well, and make slight alterations to the backbone and positioning on the target by adding

gaussian noise and denoising in smaller timesteps. Then the outputs are fed back through Protein

MPNN and AF2 to generate the sequence and test the binding interface. Combined these three

methods have paved the way for a golden age of protein design.

Chapter 2 TLR7 Design Results

1. TLR7 Binder Design: Clustering Hypothesis



In the first design campaign for a TRL7 binder, five potential sites were selected for their

hydrophobicity and distance from glycosylation sites see Figure 2 and Table 1. Three sites were

positioned on the interior face and two sites were positioned on the exterior face. These five sites

were put through the original protein-protein design pipeline laid out previously. After running

Rifgen, Patchdock, Rifdock, ProteinMPNN, and AF2 18,000 designs were considered to have

passing scores. Of those 18,000 designs, the mini-binders predicted to bind to the interior face of

the protein appeared to have far fewer predicted binders than the exterior face binders, likely due

to steric clashes.

2. Yeast Display Screening

These designs were ordered on a chip with unique forward and reverse primers and were

transformed into a yeast display platform. This platform uses an SCGAA induction system to

express the mini-binder attached to the surface of the yeast cell with a linker that includes a

c-myc tag. This two part system allows for the protein expression and protein binding to be

confirmed by FACS sorting through fluorescein isothiocyanate (FITC) and Streptavidin

R-Phycoerythrin Conjugate (SAPE) fluorescence. The first 2 rounds of FACS sorting revealed

enrichment of FITC/SAPE +/+ cells, see Figure 3 A-C. These cells were collected and plated for

colony PCR and isolated colony sorting. Isolated Colony sorting revealed that there was binding

present as low as 7.8nM of receptor while controlling for avidity, see Figure 3 D. Colony PCR

was performed and it was discovered that all of the colonies tested belonged to 1 binder.

3. Biolayer Interferometry: Binding to hTLR7

That design was expressed in pET28b with a 6xHIS tag and tested by biolayer

interferometry (BLI) to confirm binding see Figure 4. The BLI showed binding as low as

1.88nM at pH 7.4, see Figure 4A. Binding was then tested again at pH 5.5 to assess binding at an



endosomal pH, and showed binding as low as 3.75nM, see Figure 4B. To test the clustering

hypothesis, the I53-50 nanoparticle was then used as the basic display platform. This two

component nanoparticle expresses well in E.coli and assembles quickly and reliably when

component A is mixed with component B. The mini-binder was designed and expressed with a

flexible 12xGS linker attaching it to the N terminal end of I53-50A. The nanocage was retested

for binding at pH 7 and pH 5.5 and showed tighter binding than free mini-binder, consistent with

avidity, see Figure 4C-D.

4. IL6 Activation Testing

Activation of TLR7 was then measured through a peripheral blood mononuclear cell

(PBMC) assay developed by Maggie Ahlrichs and me. When TLR7 is activated the cells secrete

IL6 and the levels of IL6 can be tested by an anti-IL6 enzyme-linked immunosorbent assay

(ELISA). Polymyxin B sulfate was used in this assay to neutralize any residual endotoxin

leftover from purifying the nanoparticle components out of E. coli. The PBMC cells were

incubated with Resiquimod (R848), mini-binder I53-50 fusion with polymyxin sulfate B, and the

mini-binder I53-50 fusion without polymyxin B sulfate for 6 hours at which point the cells were

spun down. The supernatant was removed and tested by ELISA. When incubated with R848 the

cells showed sigmoidal activation, see Figure 5A. When incubated with the mini-binder I53-50

fusion without polymyxin B sulfate there was linear activation, see Figure 5B. When incubated

with the mini-binder nanoparticle fusion with polymyxin B sulfate there was no activation, see

Figure 5B.

5. Second Design Campaign: Geometric Hypothesis

When the nanoparticle display failed, my hypothesis turned towards accounting for the

specific geometry of TLR7 activation and designing a molecule that will pull the dimer into its



active conformation. I used the RF Diffusion method to pursue 2 design campaigns. The first

was focused on developing a new mini-binder, to the exterior face of TLR7 monomer on the

C-terminal half of the ectodomain. This way this new mini-binder could be joined to the original

binder to fuse them into one activating protein with a linker to specifically pull the ectodomains

into the active conformation. The second was focused on designing a binder at the interface of 2

TLR7 monomers at the guanosine binding site. The first new design campaign had 2 usable

outputs with a pAE under 15, likely due to the binding site not having much access to exposed

hydrophobics Figure 6A. Of those 2 designs, one of them showed binding at 1uM and down to

250nM at pH 7.4, see Figure 6B. The second campaign is currently half completed. These

designs were created to fit between the active TLR7 dimer, see Figure 7A. There were 8,838

binders generated and 271 with a pAE under 15, however most of the binders are so small they

likely would not fold with high fidelity, see Figure 7B. For these designs to be ordered the

pLDDT of folding needs to be over 80 and currently only one has a pLDDT of >80 Figure 7C.

Chapter 3 FCyRIIa Design Results

1. Previous Work and Collaboration: Non-Specific FCyRII Binder

Previous work in the lab, designed and identified 8 mini-binders that could selectively

bind to FCyRII. I was able to express 4 of these mini-binders and show that MB5 bound to both

FCyRIIa and FCyRIIb/c, see Figure 8A. That mini-binder was shown by a collaborator to

preliminarily bind to macrophages on ice, see Figure 8B. Then the collaborators designed a

tissue assay to test if the MB5 mini-binder could promote clearance of bacteria in a tissue assay.

In this assay, the tissue culture was infected with A. baumannii and the fluorescent beads were

used to bring FCyRII binding cells into contact with the bacterium. In their experiments, the

MB5 protein promoted clearance of the bacterium over B1gp45 alone in vitro and in vivo 8



hours post injection. Figure 8C-E. While this mini-binders was not capable of differentiating

between FCyRIIa and FCyRIIb/c, it still shows adjuvant potential, and the potential of a specific

FCyRIIa binder.

2. Initial Design Campaign: Classic Method

To differentiate between FCyRIIa and FCyRIIb/c, I started by mapping all of the surface

exposed amino acid mismatches and identified areas of the ectodomain that were enriched with

surface exposed mismatches see Figure 9A and Table 2. The 2 sites with the most distinct

mismatches focused on Site A (M104V, H131R, L132S, and T135N) and Site B (Q127K and

H131R). RF Diffusion was used to generate 200 structures to these sites. Of those 200, 13 were

selected for their complementarity and partially diffused. Then partial diffusion was used to

expand that pool of binders to 3,250. Protein MPNN generated 2 sequences for each of those

binders, and finally they were scored by AF2. Of those 6,500 binders, none had a PAE under 15

and was specific to FCyRIIa and not FCyRIIb/c see Table 3.

3. Development of Two State Binder Tools

Another lab member created a helper script for ProteinMPNN that allows you to specify

that you want sequence outputs to bind to one receptor and not another. Originally it was created

for cage design, but I repurposed the code for two state mini-binder design. To use this piece of

script in the normal binder design process, the outputs of each stage needed to be manipulated in

specific ways to be compatible. To prepare the RF Diffusion outputs for the ProteinMPNN helper

script, the mini-binder must be duplicated in the PDB and the negative binding partner is added.

This negative pair is then translated 1000 angstroms away so that there is no confusion about

which mini-binder is paired with which receptor. Then, the Protein MPNN flags can be modified

to tell the program to keep the sequence the same for both mini-binders, set the binding



specificity from +1 to -1 for each receptor, and output the sequences. Once those sequences are

generated they are threaded over the original diffusion outputs and run through AF2.

4. Second Design Campaign: Two State Method

The initial RF Diffusion generated 250 outputs 13 of which were capable of folding and

in the correct orientation. Those 13 outputs generated 3,250 partial diffusion outputs. Those

partial diffusion outputs generated 52,000 Protein MPNN sequences. Those ProteinMPNN

sequences generated 209 AF2 outputs with pAE under 15 for FCyRIIa and PAE > 20 FCyRIIb/c

see Table 2. Not all of the design sites were equally successful and a majority of the binders

came from Site A, see Figure 9A where there are multiple mismatched amino acids with high

contrast. The best design by far was design 143 which generated 187 binders with a pAE under

15, see Figure 9B.

Chapter 4 Conclusions

1. TLR7 Future Directions: Structural Activation

Protein based activation of TLR7 remains elusive for now. It is possible that the

clustering hypothesis can still be confirmed if the linker length from the nanocage was either too

short or too long, but it appears likely that the specific geometric constraints must be satisfied by

the designed adjuvant. As the methods for RFDiffusion continue to expand and become fully

realized, it is likely that designing to areas previously off the table will become available. The

next step in this project will likely need to include designing binders to less hydrophobic sites,

designing binders to glycosylation shielded hydrophobic sites, or even designing a binder to fit in

the guanosine binding pocket. In the meantime, the current binder can be labeled and used to

visualize the localization of the N-terminal half of TLR7. It would be interesting to use the



current binder to probe whether the N-terminal and C-terminal half of TLR7 stay associated after

cleavage of the Z-loop under different activation conditions.

2. FCyRIIa Future Directions: Potential Binders

Our collaborators showed that by binding the FCyRII receptors with our minibinders we

are able to increase the molecule’s internalization and clearance. Hopefully by designing to a site

that can differentiate between FCyRIIa and FCyRIIb/c we can more specifically tune the immune

response and potentially see increased rates of internalization. This second phase of minibinders

has a lot of promise to specifically target FCyRIIa and with the libraries already created, the next

step is to order and test the best designs before handing the specific binders off to our

collaborators.

3. Two State Script Capabilities

Finally, the script I created to carry out the two state design process, has the capability to

be used for both +/- binding as well as +/+ or -/- binding. One of the larger hurdles we have had

in the binder design process is designing for both mouse and human isoforms so that the binder

can be tested in the mouse model system. This script has the capability to design binders that will

bind in the same location to both isoforms. The major caveat is that both targets must have

relatively few mismatches in the binding pocket for ProtienMPNN to be able to design a

sequence that will bind both. Hopefully this script will continue to be useful for making cross

reactive and specifically reactive binders in future projects.



Figure 1. Diagram of the mini-binder design process. RifGen, Patchdock, Rifdock,
ProteinMPNN, Alphafold2

Figure 2. Structure of hTLR7 (RCSB:7CYN) with initial design sites highlighted. Site A in Red,
Site B in Orange, Site C in Purple, Site D in Green, Site E in Yellow.



Figure 3. FITC/SAPE +/+ initial sorting 1uM hTLR7 of the yeast display library. Negative
control without receptor 2A. Consecutive sorts both 1uM hTLR7 2B-2C. Isolated colony sort
with decreasing receptor starting at 1uM and decreasing to 7.81nM 2D.

Figure 4. Biolayer interferometry testing of TLR7 to unbound mini-binder at pH 7.4 and 5.5
(4A,4B), mini-binder I53-50 nanoparticle pH 7.4 and 5.5(4C,4D), mini-binder against TLR6 at
pH 7.4 (4E), and a mini-binder specific to TLR2 against TLR7 at pH 7.4 (4F).



Figure 5. IL6 concentration of human PBMC assay after 6 hour incubation at 37ºC. R848
sigmoidal secretion of IL6 (5A). Mini-binder I53-50 fusion linear secretion of IL6 with and
without polymyxin B sulfate (5B).

Figure 6. Diagram of design site F in relation to site B where the current mini-binder is
hypothesized to bind (6A). Biolayer interferometry of the one site F binder at decreasing
concentrations of hTLR7 (6B).



Figure 7. Diagram of design site G: a top down view of the activated dimer and the diffusion
hotspot residues colored in red (7A). Histogram of potential binders that have a pAE of binding
under 15 (7B). Individual mini-binder score outputs showing the explicit pAE’s of interaction
and pLDDT of binder and target(7C).

Figure 8. Biolayer interferometry data of MB5 to 1uM FCyRIIa and FCyRIIb/c (8A).
Percentage of splenocyte B-cells bound to MB5 decorated fluorescent bead in hFCyR knockin
and FCyR knockout mice (8B). Clearance of A. baumannii by macrophages with addition of
MB5/B1gp45 +/+ beads in vitro tissue culture (8C). Clearance of A. baumannii by macrophages
with addition of MB5/B1gp45 +/+ beads in vivo 8 hours post infection in the peritoneal cavity



(8D). Clearance of A. baumannii by macrophages with addition of MB5/B1gp45 +/+ beads in
vivo 8 hours post infection in the spleen (8E).

Figure 9. Diagram of FCyRIIa with FCyRIIb/c mismatches highlighted in red and key mutations
labeled (9A). Design 143 histogram of two state binders that bind exclusively to FCyRIIa (9B).



Site A Site B Site C Site D Site E Site F Site G

Y103 P276 Y673 L572 Y155 L650 Chain A F105

L122 P277 M699 M595 P231 P675 Chain A F106

I147 W279 L701 P597 R323 Chain B F105

Y148 F280 P728 L620 Y234 Chain B F106

Y407 F308 Y729 P237

L309 F238

P310 P239

F319

F321

L323

Table 1. List of target residues for all rounds of TLR7 design Sites A-G.

Mutations

P12Q

Q27R

A29T

F85S

M104V

Q127K

H131R



L132S

T135N

F160Y

Table 2. List of solvent exposed residue mismatches between FCyRIIa and FCyRIIb/c.

First Design Pathway Two State Design Pathway

Design Stage Outputs per Structure Total Outputs Outputs per Structure Total Outputs

Diffusion 200 13 200 13

Partial Diffusion 250 3250 250 3250

ProteinMPNN 2 6500 16 52000

AF2 6500 0 52000 209

Table 3. Classical design pathway outputs showing the number of output structures per stage and
total usable outputs at each stage showing no usable outputs after AF2 vs. the two state design
pathway showing 209 usable outputs after AF2.
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