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Abstract


Class I HLA molecules “present” short peptide antigens to NK and T cell receptors to convert 

intracellular information into an extracellular immune response. These molecules are encoded by 

thousands of different alleles, each one adept in presenting  distinct peptides. Differences in 

peptide presentation are an important factor in determining which alleles are best at alerting 

lymphocytes to the presence of a viral infection. While in silico methods exist to predict which 

peptides a particular HLA molecule binds, none can accurately predict the likelihood of 

presentation on the cell surface, nor the three-dimensional structure of a particular peptide-HLA 

complex. Thus, in vitro molecular and cellular experiments are essential to understand the 

properties of uncharacterized HLA molecules. In this thesis, I experimentally studied the antigen-

presenting capabilities of two class I HLA molecules: the rare and archaic classical molecule, 

HLA-B*73:01 and the unusual and highly conserved non-classical molecule, HLA-F. The 

investigation of HLA-B*73:01 consists of a high resolution description of the peptides it presents 

(referred to as its peptidome) and the structural mechanisms that dictate how it presents these 

peptides. For HLA-F, I pursued two separate but overlapping lines of inquiry: understanding the 

different protein forms of HLA-F and whether they can both be detected on the cell surface; and 

how HLA-F is regulated in endometrial stromal cells in the immune privileged context of human 

pregnancy. While the study of HLA-B*73:01 highlights how unique it is relative to other class I 

molecules, the reappraisal of cell surface expressed HLA-F actually suggests that it is more like 

other class I molecules than previously thought. 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Chapter 1 - Introduction


1.1 The molecular diversity of class I HLA molecules and why it matters


1.1.1 How class I HLA molecules are presented


The major histocompatibility complex (MHC) is a vertebrate-specific genomic locus containing 

a set of closely linked genes that encode for proteins essential in the adaptive immune response 

(1). The encoded cell surface proteins, known as MHC molecules, can bind to endogenously or 

exogenously sourced molecules, referred to as antigens, and display or present them on the cell 

surface. Surveying leukocytes can then recognize antigen-bound MHCs using receptors which 

allow vertebrate immune systems to discern self from non-self. In humans, the six genes that 

encode for MHC molecules that present endogenously-sourced peptides are called class I human 

leukocyte antigen (HLA-I) molecules. HLA-I molecules canonically function as trimeric 

complexes made up of a heavy chain (the HLA polypeptide itself), a light chain (a separate 

protein called beta-2-microglobulin (β2Μ)), and an 8-15 amino acid peptide antigen (2,3). The 

peptide antigen is the most variable component of the complex and essential for communicating 

with CD8+ T cells, the cytotoxic representatives of adaptive lymphocytes (4). In order to ensure 

reactivity in the case of infection or malignancy, while also preventing unwanted autoreactivity, 

trafficking of HLA-I molecules to the cell surface is highly regulated.


Regulation of HLA-I molecules mostly takes place in the endoplasmic reticulum (ER) prior to 

trafficking through the Golgi before finally reaching the cell surface (Figure 1.1A). Peptide 

antigens are sourced from old, misfolded, or damaged proteins (5). Thus, peptide antigens can be 
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Figure 1.1 - The presentation pathway and structure of class I HLA molecules.




derived from the cell’s own proteins (self), from viruses that have hijacked the cellular 

machinery (non-self), or from proteins that are ectopically produced in transformed cells 

(altered-self) as is found in the context of cancer (6). As proteins are turned over, their 

polypeptide sequence is broken down in either lysosomes or by proteasomes (7). The peptide 

fragments generated by proteasome-targeted degradation can then be exploited by the transporter 

associated with antigen processing (TAP) complex (8). TAP selectively imports fragments into 

the ER where they can interact with freshly synthesized HLA:β2Μ complexes stabilized by 

multiple chaperones including, but not limited to, tapasin (TPN) (9–11). TAP, TPN, and other 

chaperones involved in this pathway are collectively referred to as the peptide loading complex 

(PLC) (12). 


Some of the peptide fragments imported into the ER have a high enough affinity for the 

HLA:β2Μ complex that they outcompete chaperones such as TPN and generate stable pHLA 

complexes (13). These stable pHLA complexes then exit the ER and are transported to the cell 

surface through the Golgi. Once at the surface, pHLA complexes can interact with adaptive 

immune receptors, such as T cell receptors (TCRs), or innate immune receptors, such as killer 

3

Figure 1.1 Continued

A. The canonical class I presentation pathway and consequent interactions with innate and 
adaptive cell surface receptors. (1) Cytoplasmic polypeptides are targeted for degradation; (2) 
polypeptides targeted by the proteasome are fragmented into smaller polypeptides; (3) the TAP 
machinery selectively imports these peptide fragments; (4) chaperones such as TPN aid in the 
assembly of stable peptide-MHC complexes; (5) table peptide-MHC complexes escape the ER 
and are transported to the cell surface via the Golgi; (6) cell surface expressed peptide-HLA 
molecules can interact with cell surface receptors on NK and T cells. B. Class I peptide HLA 
complexes consist of three parts: a variable peptide (yellow), a heavy chain that encodes the 
HLA protein (blue), and an invariant light chain (grey), also known as beta-2-microglobulin 
(β2M).




immunoglobulin-like receptors (KIRs) and leukocyte immunoglobulin-like receptors (LIRs). 

Importantly, in the absence of a properly functioning PLC and/or high affinity peptides, class I 

molecules are not efficiently expressed on the cell surface and cannot be used effectively to 

communicate with lymphocytes (5,14). However, previous studies have suggested that one HLA-

I molecule, HLA-F (discussed in more detail in Chapter 1.1.3), may not require the PLC in 

order to reach the cell surface. In Chapter 3 of this thesis, we present data that suggests that 

HLA-F may, in fact, be dependent on the PLC, in a manner similar to other HLA-I molecules. 

However, an important question that remains is: what determines a high affinity peptide for any 

particular HLA-I molecule? In order to address this question, decades of work has utilized 

crystal structures to reveal incredible plasticity within the region of the protein that binds to 

peptide antigens.


1.1.2 Structures of HLA-I molecules reveal the mechanisms behind peptide binding


As mentioned above, HLA-I molecules are displayed on the cell surface as trimeric complexes. 

Peptide antigens bind between the α1 and α2 segments of the heavy chain, which together make 

up the platform domain (Figure 1.1B and Figure 1.2A). The platform domain is stabilized by 

β2Μ, which mainly interacts with the α3 domain and the underside of the platform to stabilize 

the heavy chain enough for peptide loading (15). Conserved interactions between the peptide and 

HLA heavy chain are hydrogen bonds formed at the N-terminus of the peptide mediated by 

tyrosines at positions 7, 59, 159, and 171 and the C-termini mediated by tyrosine 84, lysine 146, 

and additional amino acids at positions 143 and 147 of the α2 helix (16,17). A closer inspection 

of the N- and C-termini also reveals why peptides bound by HLA-I molecules have such strict 

4



length requirements. Peptides eluted from HLA-I molecules are typically 8-15 amino acids long, 

with the most common length being 9 amino acids. Residues at both ends of the platform 

domain, including, but not limited to residues 84 and 167, close off the peptide binding groove 

such that peptides are sterically hindered. This is in contrast to HLA-II molecules, which have 

open-ended peptide binding grooves to accommodate longer peptides (18).
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Figure 1.2 - Peptides are anchored into class I molecules at the N and C termini.

A. A top down view of HLA-A*02:01 represented as a surface presenting the MART1 peptide 
(left). On the right is a rotated view slicing the platform down the center of the binding groove 
in order to visualize the binding pockets indicated. The MART1 peptide sequence is indicated 
in white and green letters. White letters represent crucial anchor residues that are buried within 
the B and F pockets. B. A sequence logo representation of the peptide binding preferences of 
HLA-A*02:01 10mers. MART1 is also a 10mer. C. Sequence logo representations of the 
peptide binding preferences of four different alleles, indicated above.




In addition to conserved bonding interactions, structures of HLA molecules also revealed that 

peptides are anchored into variable pockets along the platform domain at canonical positions 

along the peptide (16,19–21). Anchors are defined as residues that are pointing downward into 

binding pockets accommodated by HLA-I platforms (Figure 1.2B). Most peptides are anchored 

into HLA-I binding grooves at P2–the second peptide residue from the N-terminus–and PΩ–the 

most C-terminal peptide residue (22). One HLA-I molecule, HLA-A*02:01, an allele of the 

HLA-A gene, prefers a leucine residue at P2 of peptide and a valine or leucine at PΩ of the 

peptide (Figure 1.2B). However, due to the malleable nature of HLA-I binding grooves, a 

peptide known as MART1, which encodes an alanine at P2 and a valine at PΩ, can bind as well. 


Binding pockets are labeled from A through F, and the P2 anchor interacts with residues of the B 

pocket while the PΩ anchor interacts with residues of the F pocket. However, there are 

exceptions to this rule (Figure 1.2C). For example, another HLA-I molecule, HLA-B*37:01, an 

allele of the HLA-B gene, also has a preference for a basic residue at the P5 position while HLA-

C*01:02, an allele of the HLA-C gene, is more strongly anchored at the P3 than the P2 position 

(22). The PΩ anchor is common to all HLA-I molecules studied to date, although the 

heterogeneity at this position varies by allele (22). Yet the alleles described so far represent only 

a small fraction of all HLA-I alleles, the vast majority of which are encoded by the HLA-A, 

HLA-B, and HLA-C loci, also known as the classical class-I molecules. The incredible degree of 

polymorphism in classical HLA-I genes can result in very different peptide binding properties, 

which can ultimately lead to predispositions to pathogen infections and autoimmune conditions.
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1.1.3 The classical HLA-I molecules are highly polymorphic


The six HLA-I encoding genes can be further broken down into classical and non-classical 

molecules. The classical molecules, which consist of HLA-A, HLA-B, and HLA-C, are the most 

polymorphic genes in the human genome and are expressed on the surface of nearly all nucleated 

cell types (23). Polymorphisms are concentrated in the platform domain and this gives different 

alleles the ability to present unique peptides and differentially associated with chaperones of the 

PLC (Figure 1.3A). Indeed, the correlation observed between the most polymorphic residues and 

platform residues that are known to interact with bound peptides relative to the rest of the 

molecule is striking (Figure 1.3B). In addition to differences in bound peptides, polymorphisms 

also contribute to variable HLA-I cell surface expression levels (39) and variable dependence on 

chaperones of the PLC (39–41). Remarkably, even a single substitution can lead to drastically 

divergent molecular properties as is the case for HLA-B*44:02 and HLA-B44:05, which differ at 

a single residue in their platform domains (24). 


While the physical differences between pHLA complexes may be small, they can have important 

functional consequences. For example, several studies have shown that HLA-A*01:01 is able to 

present a handful of conserved SARS-CoV-2 peptides to CD8+ T cells, suggesting that it can 

effectively protect against severe COVID19 (25–27). In contrast, carriers of HLA-B*46:01 are 

reported to be vulnerable to the original SARS virus (28). Consistent with this observation, this 

allele is cannot efficiently present SARS or SARS-CoV-2 peptides, leading to the hypothesis that 

HLA-B*46:01 carriers are also at increased risk of severe COVID19 (29,30). Instead, HLA-

B*46:01 is thought to have evolved for its ability to protect against leprosy due to evidence that 
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it can present peptides derived from Mycobacterium leprae (31). Not surprisingly, specialization 

in protecting against certain pathogens may come with a negative trade-off in defending against 
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Figure 1.3 - Polymorphisms in HLA molecules are concentrated in the platform domains 
where peptides reside. 

A. A heavy chain molecule colored by diversity in residue composition at each position of the 
mature protein. An alignment of over 7000 different protein alleles downloaded from IMGT of 
class I molecules was used to generate the conservation scores. The α3 domain is noticeably the 
most conserved domain. B. A top down view of the heavy chain shows much greater diversity 
(lower conservation) in the platform domain. Many of the positions with the lowest 
conservation are also positions associated with peptide binding (green). C. A bar plot 
quantifying the sequence diversity (Shannon) at each position. The black horizontal dashed line 
represents the mean diversity across the entire heavy chain. The green horizontal dashed line 
represents the mean diversity across residues shown in panel B.




others, as appears to be the case for HLA-B*46:01.


In addition to differences in an individual's ability to mount an immune response to certain viral 

infections, carriers of certain HLA-I alleles can also be predisposed to autoimmune disorders 

(32). For example, while certain HLA-B*27 alleles may increase resistance to human 

immunodeficiency virus (HIV) progression and hepatitis C virus (HCV) infection (33), they also 

increase susceptibility to ankylosing spondylitis, an incurable form of arthritis that causes 

inflammation in the joints and ligaments of the spine (34). The association between Behçet's 

disease and HLA-B*51 is yet another example (35). BD is a chronic form of vasculitis 

characterized by repeated oral and genital ulcers and other multisystemic features. However, it is 

not yet known whether HLA-B*51 alleles also provide an advantage in fighting off pathogens 

similar to what is seen for HLA-B*27 alleles. It should be noted that most known associations 

between autoimmune disorders and HLA genes involve class II HLA molecules (32).


The exceptional polymorphism of classical HLA-I alleles is thought to be maintained due to 

selection pressure imposed mainly, although not exclusively, by microbial pathogens (36–40). 

Most current models suggest that HLA variants and the infectious agents they interact with 

become subject to Red Queen dynamics (41) where novel variants are consistently favored to 

keep up with the more rapid evolutionary rates of microbial pathogens (36,42). The result is a 

large number of HLA alleles maintained within populations to maximize the chances of carrying 

at least one allele that can efficiently present pathogen-derived peptides to NK and T cells and 

mount an effective immune response. However, there remains considerable debate over the 
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evolutionary processes that contribute to HLA polymorphism and to what extent they do 

contribute (36). 


It has been suggested that several HLA alleles have been introduced into the modern human 

population through introgression with archaic humans (Denisovans and Neanderthals). Among 

these alleles was the exceptionally divergent HLA-B allele, HLA-B*73:01, which carries an 

amino acid epitope normally found in HLA-C alleles that allows it to be recognized by several 

innate NK cell receptors (43,44). Although Abi-Rached et al. proposed that HLA-B*73:01 was 

likely retained for adaptive reasons, genetic association studies that included HLA-B*73:01 

carriers have failed to reach statistical significance potentially due to its low worldwide allele 

frequency (45,46). Interestingly, results from these studies suggest that HLA-B*73:01 may 

impede HIV disease progression and lower susceptibility to Behçet’s disease. However, in the 

absence of established genetic associations, an investigation of the molecular properties of HLA-

B*73:01 may help elucidate what makes HLA-B*73:01 distinct relative to other alleles. In 

Chapter 2 of this thesis, we described a high resolution catalog of peptides presented by HLA-

B*73:01 and determined the first crystal structure of HLA-B*73:01. We then used these data to 

better understand how HLA-B*73:01 presents the peptides it does and how this relates to its 

interesting evolutionary history.


1.1.4 The non-classical HLA-I genes are functionally divergent


The non-classical HLA-I genes, HLA-E, HLA-F and HLA-G, unlike the classical gHLA-I genes, 

are characterized by more restricted diversity within humans, with only a limited number of 
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alleles designated for each gene (3). The non-classical molecules are also more conserved 

evolutionarily, with orthologs identified in non-human primates. The least conserved member, 

HLA-G, has monomorphic orthologs in chimpanzee and gorilla lineages, but is polymorphic and 

functionally distinct in the orangutan and a pseudogene in the rhesus macaque (47). HLA-F has 

orthologs even in New World Monkeys, although they appear to be more polymorphic in the 

night monkey and have duplicated several times in the common marmoset (48). HLA-F 

orthologs in Old World Monkeys and hominids have low degrees of polymorphism, indicating 

that HLA-F and its orthologous loci are likely under purifying selection (48). HLA-E is thought 

to have the most well conserved orthologs within non-human primates and even has a functional 

analog in mice, suggesting that its particular properties are likely beneficial (47).


The non-classical molecules also have unique expression profiles and are more distinct in their 

peptide-presenting properties. HLA-E stands apart due to its ability to present HLA-I leader 

peptides and its reactivity with members of the NKG2 innate immune receptor family (49,50), 

while HLA-G is known for its exceptionally specific cell surface expression in placental cells 

known as extravillous trophoblasts (EVTs) (51) (Figure 1.4). HLA-F, on the other hand, remains 

the most puzzling of all HLA-I molecules. Despite reports that it too has a restricted expression 

profile (52,53), my own analysis of single-cell RNA sequencing (scRNA-seq) data from the 

Human Protein Atlas shows that its RNA expression profile is highly correlated with that of 

HLA-A, suggesting that at the RNA level, its expression is relatively ubiquitous across nucleated 

cells (Figure 1.4). However, this does not necessarily suggest the same for HLA-F protein 
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expression within or on the cell. Indeed, HLA-F protein has historically been the most difficult 

HLA-I molecule to detect.
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Figure 1.4 - The expression profiles of HLA-Ib molecules are distinct from HLA-Ia 
molecules. 

Data from the Human Protein Atlas (https://www.proteinatlas.org/) was downloaded and used 
to generate scatter plots. Along the x-axis are the RNA expression values for HLA-A in 
different cell types as assayed by single-cell RNA-seq. The y-axis varies by quadrant: HLA-B 
is plotted on the top left, HLA-F on the top right, HLA-E on the bottom left, and HLA-G on the 
bottom right. Orange lines indicate a one-to-one relationship between x and y variables. Blue 
lines indicate linear regressions with standard error in grey. R2 values represent the fits for 
estimated linear regressions.


https://www.proteinatlas.org/


This has been in part due to the use of different antibodies to detect HLA-F protein. Early studies 

used non-specific reagents such as the the pan-HLA-I antibody, W6/32 (54), and the anti-β2Μ 

antibody, BBM.1 (55), to detect HLA-F, assuming that it behaves similarly to other HLA-I 

molecules by complexing with β2Μ and presenting peptide. Antibodies designed to be specific 

to HLA-F such as Fpep1.1 (56), FG1 (57), EPR6803 (Abcam ab126624; (58)), and 3D11 and 

4A11 (52) have also been utilized. Not surprisingly, the use of different antibodies has at times 

led to conflicting conclusions regarding HLA-F and its properties. One example of this is in 

regard to HLA-F’s association with the TAP complex of the PLC. Where one study using 

Fpep1.1 concluded that HLA-F interacts with TAP (56), another study using 3D11 and 4A11 

concluded that HLA-F does not (53). Nonetheless, as the amount of data on HLA-F has grown, a 

unifying model to describe HLA-F relative to other class I molecules has emerged: unlike other 

classical and non-classical molecules, HLA-F can be expressed on the cell surface without 

peptide and perhaps even without β2Μ (59). Furthermore, HLA-F is expressed only on specific 

cell types, such as lymphocytes (60), under conditions that induce its expression, such as viral 

infection (58,61–63). And while these properties are unique among human class I molecules, 

they are reminiscent of the human MHC-related molecules, MICA and MICB (64,65), and the 

murine non-classical MHC molecules, T22 (66) and MILL2 (67). 


This empty form of HLA-F is commonly referred to as its “open conformer” state (ocHLA-F) 

and more recent work has continued to expand upon its notable properties. For instance, multiple 

studies have now demonstrated that ocHLA-F can interact with lineage II KIR molecules 

KIR3DS1, KIR3DL1, and KIR3DL2 (58,68–70). Even more remarkable is that HLA-F protein 
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has been shown to be induced in many different kinds of viral infections in vitro, including in 

human immunodeficiency virus (58), hepatitis C virus (62), BK polyomavirus (61), and 

adenovirus (63) infection. Moreover, its expression on various cell lines immortalized with 
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Figure 1.5 - HLA-F presents peptides that are not N-terminally anchored and that are 
unusually long. 

A. A side view of the MHC binding groove showing ribbon representations of the MART1 
peptide bound by HLA-A*02:01 and the peptide predicted to bind HLA-F. B. Peptide length 
distributions of peptides eluted from the corresponding HLA molecules and sequenced by LC-
MS/MS. HLA-F data is derived from Dulberger et al. (68) using peptides eluted from 
recombinant protein produced in HEK293T cells.
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Epstein–Barr virus (EBV) signifies that EBV may also induce its expression (53). Together, these 

data indicate that one role of HLA-F may be to act as a virally-induced stress signaling molecule 

that can interact with an activating receptor such as KIR3DS1 (more details on KIRs can be 

found in Chapter 1.2.2) in order to inhibit viral replication. However, in vivo validation of this 

model is still lacking.


One important question this work raises is: what is structurally different about HLA-F that 

allows it to be expressed at the cell surface without peptide? In 2017, the Adams Lab published 

its first paper on HLA-F trying to address this question (68). To their surprise, Dulberger et al. 

showed that a recombinant form of HLA-F fused to β2Μ was able to present peptides when 

expressed in insect or mammalian cells, but not refolded from bacterial inclusion bodies. A 

crystal structure of HLA-F revealed what appeared to be peptide-like electron density within the 

peptide-binding groove. Furthermore, the peptides presented by HLA-F were unique in length 

and appearance relative to other class I molecules (Figure 1.5). In Chapter 3 of this thesis, we 

review the findings of Dulberger et al. in greater detail and discuss the implications of HLA-F 

existing in multiple forms. We also examine the relevant forms of HLA-F found on the cell 

surface using newly generated reagents specific to different forms of HLA-F, generated by the 

Adams Lab in collaboration with the Kossiakoff Lab.
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1.2 HLA-I molecules are ligands for several innate immune receptors


1.2.1 Leukocyte immunoglobulin-like receptors are peptide-agnostic


In addition to T cell receptors, HLA-I molecules are also ligands for several families of innate 

immune receptors. The LIR family of receptors consists of both activating and inhibitory 

receptors, but I will focus exclusively on LIR1 and LIR2, two structurally well-described 

inhibitory receptors. Although LIR1 and LIR2 both bind HLA-I molecules, their preferences 

slightly differ. LIR1 reacts more strongly with complexed peptide-loaded HLA molecules, 

whereas LIR2 is less biased and can bind to uncomplexed HLA heavy chains as well (71). 

Additionally, while LIR1 can be found on both myeloid cells and lymphocytes, LIR2 expression 

is more preferential to myeloid cells (71). Both molecules are polymorphic in humans and in the 

case of LIR1, polymorphisms have been shown to impact HLA recognition (72–74).


Structurally, LIR1 and LIR2 recognize pHLA in a peptide-agnostic manner, with an interaction 

supported entirely by β2Μ and the less polymorphic α3 domain (Figure 1.6A). LIR1’s 

physiological importance is well understood as it has been implicated in a variety of contexts 

including malaria, viral infection, cancer, and pregnancy (75–80). In pregnancy, the function of 

LIR1 has only recently been characterized. Its expression on decidual NK (dNK) cells allows it 

to interact with HLA-G dimers expressed on EVTs leading to the secretion of essential fetal 

growth factors (79). Additionally, it was shown that dNK cell populations in multigravid women 

become “trained” to express significantly higher levels of LIR1, presumably to better prepare for 

future EVTs expressing HLA-G (78). These data suggest that LIR1’s specification as an 
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inhibitory receptor is likely oversimplified. Finally, while it was previously shown that LIR1 also 

recognizes HLA-F (81), the Adams Lab showed that LIR1 actually binds HLA-F with even 

greater affinity than HLA-G in vitro (68). Whether an HLA-F:LIR1 signaling axis plays an 

important role in any physiological contexts remains to be determined. However, in Chapter 4 
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of this thesis, we present a model proposing that HLA-F interacts with LIR1 in the context of 

pregnancy establishment and maintenance.


1.2.2 Killer immunoglobulin-like receptors are peptide-selective


Killer immunoglobulin-like receptors (KIRs) are germline-encoded innate immune receptors 

expressed mainly on NK cells, but also on certain T cell subsets (82–85). The polymorphic 

nature of classical HLA-I genes is rivaled only by the KIR locus (23,86). Individuals often carry 

not only unique haplotypes, but unique alleles within those haplotypes. Since HLA-I molecules 

serve as ligands for KIRs, ligand:receptor pairs likely co-evolve with one another, due to a 

combination of selective pressures put on humans by infectious diseases and successful 

reproduction (86). Similar to LIRs, KIRs also come in activating and inhibitory forms (Figure 

1.6B). However, unlike LIRs, KIRs are not peptide-agnostic as KIRs bind to HLA-I platform 

domains, in a manner similar to TCRs, but biased towards the C-terminal side of the peptide 

ligand (87–89). Interestingly, activating and inhibitory forms have been shown to be more and 

less peptide-selective, respectively (90–92). 
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Figure 1.6 Continued

A. LIR1 and LIR2 bind class I HLA molecules agnostic to the peptide. Significant surface area 
of the binding interaction between LIR1 and LIR2 and HLA molecules is buried between the 
LIR and β2M (PDB: 5KNM and 2DYP). B. Cartoon representations of KIRs relevant for this 
thesis. KIRs are broken up into molecules with 2 (KIR2D) and 3 (KIR3D) IG-like domains. 
KIR2D and KIR3D molecules can be further broken down into inhibitory (this with long tails 
and ITIM motifs) and activating (those with short tails and ITAM-containing adaptor 
molecules) receptors. Shown are HLA genes with alleles that are capable of binding the 
different KIR molecules. Only HLA-F unloaded with peptide has been shown to interact with 
KIR3DS1. C. KIR molecules bind towards the C-terminal end of HLA molecules above the F 
pocket. All KIR structures solved to date bind in a similar manner and have significantly 
overlapping binding footprints. The D0 domain of KIR3D molecules add additional 
interactions with loops near the α1 helices (PDB: 1EFX and 3VH8).




From a structural point of view, all KIR:HLA complex structures solved thus far demonstrate 

binding directly over the F pocket of HLA-I (Figure 1.6C) (87,88,93–96). Depending on the P7 

and P8 residues of the bound peptide, KIR affinity can vary by several orders of magnitude and 

affinity directly correlates with downstream signaling (92). KIR recognition of HLA-I molecules 

is determined by the presence of specific KIR epitopes, which are not typically constrained to 

specific HLA-I genes. For example, the Bw4 epitope recognized by KIR3DL1 alleles is found in 

HLA-A and HLA-B alleles (97). Furthermore, the C1 epitope recognized by KIR2DL2 and 

KIR2DL3 can be found in both HLA-B and HLA-C alleles (97). However, to be clear, not all 

HLA-A and HLA-B alleles confer reactivity to KIR3DL1, nor do all HLA-B or HLA-C alleles 

confer reactivity to KIR2DL2 or KIR2DL3. Rather, a mix of KIR-reactive and non-reactive 

HLA-I alleles segregate within the human population and as a result, not everyone encodes 

HLA-I molecules that can interact with their own endogenously encoded KIRs (97). 

Physiologically, this can lead to differences in NK cell education, which can have functional 

consequences such as NK cells with an enhanced or reduced cytotoxic reaction to the loss of 

inhibitory MHC signaling (82).


Out of all HLA-I molecules, HLA-C is the only gene of which all alleles carry a KIR binding 

epitope (97). While the C1 epitope confers reactivity to KIR2DL2, KIR2DL3, and KIR2DS2, the 

C2 epitope confers reactivity to KIR2DL1 and KIR2DS1 (90,98). A small number of 

substitutions between KIR2DL2/L3 and KIR2DL1 and between HLA-C alleles containing C1 

and C2 epitopes divide their reactivities (90,98). As mentioned before, the C1 epitope can also be 
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found in some HLA-B alleles. However, while greater than 10% of HLA-B alleles in 

chimpanzee, bonobo, gorilla, and orangutan encode C1 epitopes, only two allele groups (<2% of 

all HLA-B alleles) have retained the C1 epitope: HLA-B*46 and HLA-B*73 (99). Importantly, 

reactivity between HLA-B*46:01 and HLA-B*73:01 and KIR2DL2/L3-Fc fusion proteins has 

been confirmed empirically (88,98,100–102).


While, the reason for the difference in the number of C1-containing (C1+) HLA-B alleles 

between humans and non-human primates is unknown, the consequences of carrying HLA-

B*46:01 were recently described in individuals with HIV progression (103). The main finding in 

this study was that HLA-B*46:01 is associated with rapid HIV disease progression. Furthermore, 

this study found that NK cells in HIV-infected HLA-B*46:01 carriers were hypoactivated 

relative to NK cells in non-HLA-B*46:01 carriers, suggesting that the NK cells within these 

individuals were likely altered due to the interactions between HLA-B*46:01 and its cognate 

KIRs. These data suggest that in humans there are fitness costs associated with carrying a C1+ 

HLA-B allele. While the interaction between HLA-B*73:01 and KIR2DL2/L3 has not been 

comprehensively characterized, in Chapter 2 of this thesis, we present a crystal structure of 

HLA-B*73:01 with KIR2DL2 and show that its unique mode of interaction may contribute to a 

distinct relationship between ligand and receptor among C1+ alleles.
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1.3 Pregnancy establishment and maintenance relies heavily on HLA-I molecules


1.3.1 A unique combination of HLA-I molecules mediate the relationship between mother 

and fetus


Although mammalian immune systems have evolved to detect and remove what they consider 

foreign, maternal immune systems have also had to adapt to a semi-allogeneic fetus. Despite 

Peter Medawar’s appreciation of this connection 65 years ago, the genes and molecular 

mechanisms that govern fetomaternal tolerance remain poorly understood (104). The uterus is 

considered an ‘immune privileged’ organ thanks to its main function in establishing fetal immune 

tolerance leading up to and during pregnancy (105). However, rather than excluding or 

suppressing its local immune environment in order to achieve this goal, the uterus harbors 

multiple populations of specialized maternal immune cells, many of which are known to 

extensively remodel maternal tissue and interact directly with fetal cells (106–111). Ultimately, 

every healthy pregnancy relies on the appropriate balance of maternal immune activation and 

inhibition in order to achieve fetal tolerance and for both mother and fetus to thrive.


The maternal-fetal interface defines the boundary between mother and fetus: the tissue including 

and surrounding where the placenta directly implants into the uppermost uterine epithelial and 

stromal layers, referred to as the endometrium (112). Placental villi are made up of cells that 

anchor into the endometrium during implantation and invade the endometrium throughout 

pregnancy similar to how cancer cells permeate nearby healthy tissue (105). These cells, known 

as villous and extravillous trophoblasts (VTs and EVTs, respectively), have been the subjects of 
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intense scientific investigation due to their unique immunosuppressive properties (113–116) and 

crucial roles in establishing fetomaternal tolerance (105). These abilities are partially due to their 

unique HLA expression pattern: while most nucleated cells in the human body express HLA-A, 

-B and -C, EVTs preferentially express HLA-C, HLA-E and HLA-G (117). Consequently, they 

express several ligands for various LIRs and KIRs expressed on maternal leukocytes including 

decidual NK (dNK) cells.


Unlike in peripheral blood, NK cells make up the largest proportion of uterine leukocytes (118). 

Following decidualization and differentiation of uterine NK cells into dNK cells, they represent 

up to 70% of all leukocytes during the first trimester of pregnancy (119). Furthermore, it is now 

well understood that dNK cells play vital roles in fetal development through the secretion of 

growth-promoting factors and regulation of EVT invasion (79,107). Thus, it has been 

hypothesized that the interactions between EVTs and dNK cells are essential for establishing a 

balanced maternal immune response, although these hypotheses remain difficult to test in 

humans.


1.3.2 HLA-F’s role in pregnancy warrants further investigation


HLA-F has also been shown to be expressed on EVTs, although the findings are considered 

controversial. Evidence that HLA-F may have a role to play at the maternal-fetal interface was 

first put forth in 2003 in a study using the 3D11 antibody (52). The authors used 

immunohistochemistry (IHC) to show that cells during the first trimester of pregnancy that 

expressed HLA-F also expressed HLA-G, strongly suggesting that these were true EVTs. Several 

22



studies have since claimed to replicate these findings using IHC and additional HLA-F specific 

antibodies (120–122). However, other groups have come to different conclusions. One study 

determined that HLA-F protein is detectable in EVTs, but not at the cell surface (123) while two 

other studies failed to detect HLA-F expression on EVTs by flow cytometry (64,124). For now, it 

remains unclear why different groups have come to different conclusions and thus whether HLA-
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Figure 1.7 - HLA-F transcript expression levels are inversely associated with 
fecundability. 

A model depicting putative mechanisms underlying HLA-F’s association with fecund ability 
adapted from (130). SNPs found in the promoter, terminator, and enhancer region of HLA-F 
are associated with more or less HLA-F transcript. In particular, rs2523393 is located in a 
progesterone responsive enhancer (PRE), which is influenced by in vitro decidualization. HLA-
F transcript then leads to the expression of HLA-F on the cell surface of ESFs where it could 
directly interact with receptors expressed on uterine NK cells, specifically LIR1 and KIR3DS1, 
KIR3DL1, or KIR3DL2.
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F is truly expressed on EVTs. Despite this, HLA-F protein expression has been detected in 

endometrial tissue.


Surprisingly little is currently known about HLA expression in the endometrium and their role(s) 

in priming uterine leukocytes prior to and following implantation. Interestingly, work in mice has 

shown that maternally expressed MHCs do play important roles in regulating fetal growth and 

decidual vascular remodeling (125,126). Although similar studies have not yet been performed in 

humans, HLA-F transcript expression in mid-secretory endometrium was found to be associated 

with time to pregnancy (127).


Additionally, studies have shown that HLA-F protein expression can be detected in the 

endometrium by IHC (128,129). One study was also able to detect HLA-F cell surface 

expression on endometrial stromal fibroblasts (ESFs) by flow cytometry (129). Together, these 

data suggest that HLA-F expression in endometrial tissue may play an important role in 

regulating pregnancy establishment and/or maintenance (Figure 1.7; adapted from (130)). In 

Chapter 4 of this thesis, we elaborate on data implicating HLA-F as an important regulator of 

human pregnancy and present the results of an investigation into HLA-F expression at the 

maternal-fetal interface. We clarified where HLA-F protein is being expressed, how HLA-F 

protein expression is being regulated, and tested whether decidual leukocytes can recognize 

HLA-F protein. 
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Chapter 2 -  The unique peptidome and structure of the archaic 

HLA-B*73:01


2.1 Archaic HLA alleles and their killer immunoglobulin-like receptors


When modern humans migrated out of Africa, they hybridized with archaic humans, including 

Neanderthals and Denisovans, that were already resident in Europe and Asia (131,132). As a 

result, 1.5-6% of modern non-African human genomes derive from archaic humans (133). In 

general, purifying selection has acted to remove archaic human DNA from modern humans 

(134). However, a limited number of introgressed (i.e. gained through interbreeding) archaic 

human genes have been preferentially retained (43,135,136). Amongst these positively selected 

loci are several dedicated to immune function, including multiple alleles of the highly 

polymorphic classical HLA-I genes, HLA-A, -B and -C (43). 


Admixture with archaic humans is hypothesized to have restored HLA diversity in modern 

humans following the population bottleneck that occurred during the “out-of-Africa '' migration. 

Consequently, admixture may have been a route to acquire advantageous HLA variants already 

adapted to local pathogens (43,137). One archaic HLA allele of particular interest is HLA-

B*73:01. This exceptional allele, the only member of a deeply divergent lineage (MHC-BII), is 

distinct from the MHC-BI lineage to which all other human HLA-B alleles belong and is more 

closely related to subsets of chimpanzee and gorilla MHC-B than other human HLA-B alleles 

(43,44). Further distinguishing HLA-B*73:01, is that it is one of only two of the greater than 

3000 HLA-B alleles that encodes the C1 NK cell binding epitope formed by residues V76 and 

N80 in the α1 helix (98,138). This epitope confers reactivity with KIR2DL3 and KIR2DL2, 
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inhibitory receptors that regulate the function of human NK cells predominantly through 

engagement with HLA-C alleles. HLA-B*46:01, the other C1+ HLA-B allele, acquired the C1 

epitope more recently through a mini-gene conversion with HLA-C*01:02 (31,139).


Different combinations of the C1 epitope and KIR2D receptors are also known to be associated 

with various disease states (140). One of the earliest examples of this was the discovery that 

individuals that are homozygous for the C1 epitope and KIR2DL3 are better protected from 

chronic HCV than individuals without C1 epitope-containing HLAs or C1 carriers that instead 

encoded KIR2DL2 (141). Although this association is thought to be mediated by NK cells, 

KIR2DL2 has also been shown to amplify the immune response to various viral infections in a T 

cell-dependent manner, suggesting that KIR2DL2 also has a role to play in adaptive immunity 

(142). In another example, an in depth analysis of HLA-B*46:01 carriers in Southeast Asia 

showed that HIV-infected carriers of HLA-B*46:01 more rapidly progressed to AIDs than 

individuals without HLA-B*46:01 (103). A single-cell transcriptome analysis revealed this may 

be caused by a less activated NK cell subpopulation found exclusively in HLA-B*46:01 carriers 

prior to infection. Considering that each individual encodes either KIR2DL2, KIR2DL3, or both, 

individuals that also carry HLA-B*73:01 may have unique NK cell phenotypes, as is evident for 

carriers of HLA-B*46:01. Interestingly, the mechanisms that underlie these disease associations 

remain unknown, although it likely involves a combination of HLA-bound peptide ligands and 

their affects on KIR recognition.
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While the peptidome of HLA-B*46:01 has been characterized (31), an unbiased investigation of 

HLA-B*73:01 peptides has not been performed. Additionally, due to the low frequency of HLA-

B*73:01 in modern day human populations (43), genetic associations between HLA-B*73:01 

and disease, similar to those described for other HLA alleles, would be extremely underpowered 

and consequently unreliable. Therefore, to better understand why HLA-B*73:01 was retained in 

modern humans, we began by investigating its molecular properties, such as its peptide-binding 

profile and three-dimensional atomic structure. We show here that HLA-B*73:01 presents 

unique peptides and has above average cell surface expression relative to other class I alleles. 

Using the first determined structure of HLA-B*73:01, we go on to describe the structural 

mechanisms that contribute to its unique peptide-binding profile. Finally, we also determined the 

first crystal structure of an HLA-B allele in complex with a KIR2D molecule to provide insight 

into the strategies used by HLA-B*73:01, and potentially also HLA-B*46:01, to engage with 

KIR2DL2. Our findings indicate that HLA-B*73:01 encodes a protein with several distinctive 

features that may underlie its adaptive introgression into modern human genomes. 


2.2 HLA-B*73:01 presents rare peptides with an unusual length distribution


Although previous studies have characterized a small number of peptides bound by HLA-

B*73:01 (143,144), a comprehensive atlas of HLA-B*73:01 peptides presented on cells (i.e. the 

HLA-B*73:01 peptidome) is currently lacking. Thus, to investigate its peptidome, we purified 

heterogeneously loaded HLA-B*73:01, eluted the bound peptides, and determined their 

sequences by LC-MS/MS. We then compared the HLA-B*73:01 peptidome with those of  other 

well characterized alleles—HLA-B*15:01, HLA-C*01:02, and HLA-B*46:01—which were 
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expressed, purified, and sequenced similarly in a previous study (Figure 2.1A) (31). With only 
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Figure 2.1 - HLA-B*73:01 independently evolved a rare peptide binding repertoire with 
an unusual length distribution. 

A. Venn diagram showing the number of distinct peptides eluted from 4 HLA class I 
allotypes. B. Principal components analysis contour plots show the distribution of nonamer 
peptides bound by each HLA class I allotype. For comparison, in each plot the distribution of 
nonamer peptides from the other allotypes is shown in grey. The percentage of the variation in 
the dataset shown by the first (PC1) and second (PC2) principal components is listed to the 
left. C. Sequence logo of 9mers are shown for HLA-B*73:01, -B*15:01, -B*46:01, and 
-C*01:02. The total height of the column of amino acids represents the level of conservation at 
that position and the residue height denotes its relative frequency. The colors of each amino 
acid correspond to their biochemical characteristics: acidic (red), basic (blue), hydrophobic 
(black) and polar (green). D.  For each allotype, the histogram divides the binding peptides 
according to length, given as the number of amino-acid residues. E. Shannon and Simpson 
diversity indices calculated for each position for each of 4 HLA class I allotypes using peptides 
eluted and sequenced by mass spectrometry in our study.
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573 distinct peptides confidently identified, HLA-B*73:01 has the smallest of the four 

peptidomes (i.e. number of peptides) compared here and is an order of magnitude smaller than 

the greater than 6000 peptides bound by HLA-B*15:01 (Figure 2.1A). Consistent with the 

hypothesis that HLA-B*73:01 presents distinct peptides, fewer than 10% of the HLA-B*73:01 

bound peptides were also identified among the peptides eluted from other alleles. 


Visualization of the relative similarity of each peptidome by principal component analysis 

supports this finding, showing that most HLA-B*73:01-bound peptides have little spatial overlap 

with those of the other three alleles (Figure 2.1B), where the greatest contributor to PC2 is the 

hydropathy index or on average how hydrophobic a peptide is predicted to be (55%). A 

comparison of 9mer peptide binding motifs further illuminates this result, as HLA-B*73:01 has 

independently evolved a strong biochemical preference for an arginine at the second residue of 

the bound peptide (P2) (Figure 2.1C). Using an unsupervised alignment and clustering of 

peptide sequences (145,146), we identified 2 divergent peptide binding motifs for HLA-B*73:01 

(Figure 2.1C). While the peptides from cluster 1 are unique to HLA-B*73:01, the peptides from 

cluster 2 show a greater resemblance to peptides bound by HLA-B*15:01, HLA-B*46:01, and 

HLA-C*01:02. Cluster 1 peptides do also show a strong resemblance to peptides bound by the 

HLA-B*27 family of alleles, of which certain alleles have been shown to either protect 

individuals from infectious diseases or make them more susceptible to autoimmune conditions 

(147). 
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We observed that the length distribution of peptides bound by HLA-B*73:01 is evocative of 

those that bind HLA class II molecules, which, by virtue of their open-ended peptide binding 

groove, routinely bind longer peptides (148). While 9mers are the canonical length of HLA class 

I presented peptides, we found that only ~20% of HLA-B*73:01-presented peptides are 9 amino 

acids in length. For reference, ~40% of HLA-B*15:01-presented peptides are 9mers, the second 

lowest proportion of the alleles compared here (Figure 2.1D). Surprisingly, in comparison to 

presented 9mers, HLA-B*73:01 presents nearly double the frequency of peptides longer than 11 

amino acids. To understand how HLA-B*73:01 is able to accommodate such long peptides, we 

stratified peptides by length and compared their peptide binding motifs. This investigation 

revealed that even as peptides get longer, they retain the P2 and PΩ anchors identified in HLA-

B*73:01 cluster 1 9mers, suggesting that longer peptides likely bulge directly out from the 

peptide binding pocket without destabilizing the protein complex (Figure S2.2A). However, if 

accurate, this attribute would not be unique to HLA-B*73:01 (16).


Recent reports suggest that HLAs can be categorized as either ‘generalists’ or ‘specialists’ 

depending on the promiscuity of the peptides they can present (148). To quantify the diversity of 

peptides bound by HLA-B*73:01 we calculated diversity indices using either Shannon or 

Simpson measures at each position of presented 9mers (Figure 2.1E). Interestingly, while these 

analyses show that HLA-B*73:01 has relatively low sequence diversity at P1 and P2 (anchored 

within the A and B pocket, respectively), it has the highest sequence diversity of all 4 alleles at 

position 9 (anchored within the F pocket). In contrast, peptides presented by HLA-C*01:02 have 

low sequence diversity at P3 and P9, while surprisingly still presenting more peptides overall 
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(Figure 2.1A). Two things that may account for this are peptide preferences associated with the 

TAP machinery and the relative abundance of peptide fragments found in the human proteome 

that can bind different HLA alleles. In other words, peptides with a XXPXXXXXL motif may be 

more prevalent overall and possibly also within the ER than peptides with a XRXXXXXXP 

motif. Another contributing factor could be HLA-B*73:01’s known interaction with TAPBPR, a 

second editor within the peptide-loading pathway, which, unlike tapasin, performs peptide 

exchange following release from the ER (149). Since the effect of TAPBPR on the peptides 

presented by HLA-C*01:02 and HLA-B*73:01 is currently unknown, future investigation will be 

needed to thoroughly test these hypotheses. Together, these data show that HLA-B*73:01 has 

evolved the ability to present peptides with a rare binding motif relative to other more common 

alleles. Additionally, these peptides can often be longer than typical HLA class I peptides and 

vary most at their C-terminal anchor, while being biased towards asparagine and arginine at the 

P1 position and P2 anchor position, respectively. 


2.3 Peptides bound by HLA-B*73:01 are rarely presented by other class I molecules


While comparisons to alleles HLA-B*15:01, -B*46:01, and -C*01:02 can be insightful, we also 

sought to quantitatively compare HLA-B*73:01 to other common alleles found worldwide to 

better understand how unique HLA-B*73:01 truly is. Recent studies have massively expanded 

the amount of comprehensive and curated peptidome datasets for various HLA alleles (22,150–

152). Thus we integrated our HLA-B*73:01 peptidome data with data from Sarkizova et al., 

which includes greater than 185,000 total peptides from 95 alleles, chosen such that 95% of 

individuals worldwide have at least one of the HLA-A, HLA-B and HLA-C alleles included (22). 
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The peptidome for each allele was generated using the same parental cell line (BLCL 721.221) 

as was used in our study. To confirm that we could confidently combine these two datasets 

together, we compared the peptide binding motifs of eluted 9mers for HLA-B*15:01, -B*46:01, 

and -C*01:02. Reassuringly, we found that eluted 9mers were highly concordant between both 

datasets with Pearson correlation values of 0.93, 0.93, and 0.99 for HLA-B*15:01, -B*46:01, and 

-C*01:02, respectively (Figure S2.1B). This suggests that the peptidome of HLA-B*73:01 
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Figure 2.2 - HLA-B*73:01 combines a size-restricted and unique peptidome with above 
average cell-surface expression.



sequenced using our approach is comparable to previously published results, despite the use of 

over-expressed, soluble protein to generate our data (153). 


To compare HLA-B*73:01 to other alleles, we then used a similar approach to Sarkizova et al. in 

which we compared HLA-B*73:01 to other alleles in both the peptides bound (“peptide space”) 

and the variable pocket residues within the platform regions of HLA molecules (“pocket space”). 

These analyses revealed that the HLA-B*73:01 peptidome is most similar to the peptidomes of 

several other HLA class I alleles, namely HLA-B*27:05, -C*07:02, -B*14:02, -C*06:02, and 

-C*07:01, with Pearson correlation coefficients of 0.66, 0.47, 0.45, 0.45, and 0.41, 

respectively(Figure S2.1A; left panel). When comparing the peptide binding groove of HLA-

B*73:01 to other HLA alleles, the previously mentioned alleles stood out with the addition of 

HLA-B*07:02, -B*07:04, -B*08:01, -B*13:02, -B*40:02, -B*40:06, -B*42:01, -B*54:01, 
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Figure 2.2 Continued

A. The mean correlation coefficient (Pearson) for each allele with every other allele in pocket 
space and peptide space stratified by HLA locus. Data includes the HLA-B*73:01 peptidome, 
peptides known to bind HLA-E (IEDB references), and peptides from Sarkizova et al. B. Cell-
surface expression of 4 HLA class I allotypes as determined by W6/32 staining in transfected 
721.221 cells (asterisks indicate expression that differs significantly from HLA-B*46:01 (two-
tailed t-test, * indicates p<0.005). C. A scatterplot of total bound peptides by alleles in this 
study plotted across the cell-surface expression values of the same alleles as expressed on 
721.221 cells taken from Bashirova et al. 2020. D. An alignment of HLA pseudo-sequences as 
defined in O’Donnell et al. 2020. These include residues 7, 9, 24, 45, 59, 62, 63, 66, 67, 69, 70, 
73, 74, 76, 77, 80, 81, 84, 91, 95, 97, 99, 102, 114, 116, 118, 143, 147, 150, 152, 156, 158, 159, 
163, 167, 171, 199 of the mature heavy chain. Highlighted in yellow is a motif known to affect 
the cell-surface expression of HLA-C alleles tested in panel E. E. A crystal structure of HLA-
B*46:01 (4LCY) showing the positions and residues of the pseudo-sequence while highlighting 
the KYR motif in red or the ICA motif in cyan, following in silico mutagenesis in PyMol. F. 
Surface expression of flag-tagged wild-type (WT) HLA-B*73:01 and HLA-B*46:01 and 
position 66, 67 and 69 (KYR/ICA) swap mutants in HeLa cells as determined by anti-Flag Ab 
staining. (asterisks indicate expression that differs significantly from HLA-B*73:01-WT (two-
tailed t-test, * indicates p<0.05, ** indicates p<0.005).



-B*55:01, -B*55:02, and -B*56:01 (Figure S2.1B; right panel). A closer look at 9mers 

presented by alleles similar to HLA-B*73:01 in pocket space revealed that while they appear to 

have high similarity to the HLA-B*73:01 C-terminal anchor residue, the P2 anchor is what 

ultimately differentiates peptides bound by HLA-B*73:01. Thus, similar to comparisons made 

with only HLA-B*15:01, -B*46:01, and -C*01:02, the divergent nature of the HLA-B*73:01 

peptidome stems from its strong preference for arginine at P2 and its interaction with the B 

pocket of HLA-B*73:01. 


To quantify how unique HLA-B*73:01 is, we calculated the mean Pearson correlation 

coefficients for presented 9mers by comparing every allele to every other allele (Figure 2.2A). 

Interestingly, while HLA-B*73:01 was not the most different in pocket space, it was the most 

different in peptide space. These results are concordant with those found using only the 4 

different alleles from our data – while the peptide binding groove of HLA-B*73:01 is an 

important factor for determining which peptides HLA-B*73:01 can present, other factors such as 

availability of peptides or distinct interactions with the peptide-loading complex (PLC) 

machinery may also play a role. In comparing the diversity of 9mers at each position more 

broadly, we noted that B2705 has even greater restriction at P2 than HLA-B*73:01 (Figure 

S2.1D). It is known that the KK10 peptide bound by B2705 of HIV origin shows signatures of 

escape mutations at the P2 position, mutating an arginine anchor to a lysine in order to escape 

B2705-mediated T-cell surveillance (154). More diversity in the HLA-B*73:01 P2 anchor 

position may allow HLA-B*73:01 to be more tolerant of such escape mutations relative to 

B2705. Indeed, our data suggest that 1% of HLA-B*73:01 presented peptides contain a lysine at 
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P2, whereas only 0.2% of such peptides bind to HLA-B*27:05. In summary, when comparing 

HLA-B*73:01 to other common alleles, HLA-B*73:01 remains unique in the peptides it can 

present, the relative diversity of peptides presented, and diversity of residues preferred at peptide 

anchor positions.


2.4 HLA-B*73:01 combines a size-restricted and unique peptidome with above average cell 

surface expression


Recent work suggests that peptide binding promiscuity of a given HLA class I peptidome is 

inversely correlated with its cell surface expression (155). Considering the small size of the 

HLA-B*73:01 peptide repertoire, we hypothesized that it would have comparably high cell 

surface expression levels relative to other alleles. In order to test this, we first compared the cell 

surface expression of HLA-B*73:01 relative to HLA-B*15:01, -B*46:01, and -C*01:02 

expressed on 721.221 cells (which lack endogenous expression of HLA class I). Using just four 

alleles, we find that HLA-B*73:01 is the highest expressed allele, being expressed at a 

significantly higher level than both HLA-C*01:02 and -B*46:01, but at an approximately equal 

level to HLA-B*15:01 (Figure 2.2B). However, it was thought-provoking that we did not see the 

same inverse relationship previously described between peptidome promiscuity and cell surface 

expression.


In order to further investigate this unexpected finding, we incorporated cell surface expression 

data from a panel of 97 HLA alleles transfected into 721.221 cells (156). In agreement with 

comparisons to just HLA-B*15:01, -B*56:01, and -C*01:02, we found that the cell surface 
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expression level of HLA-B*73:01 was indeed above average (MFI of 989 relative to a mean 

713.5; Figure 2.2C). To determine whether this was in line with expectations based on 

peptidome promiscuity, we decided to quantify the relationship between cell surface expression 

and the total number of presented 9mers by HLA-B*73:01 and alleles from Sarkizova et al. 

However, we found that although there was an inverse correlation between the two variables, the 

relationship was not significant (p = 0.183), suggesting that although peptidome promiscuity 

may contribute to cell surface expression levels, it is insufficient as a predictor by itself. 

Stratifying the data by HLA locus produced similar results. Thus, more work is required to 

dissect the complex relationship between cell surface expression and peptidome diversity in 

human HLA class I.


Based on these results, we considered other factors that may contribute to HLA-B*73:01 cell 

surface expression. The low cell surface expression of HLA-C*01:02 is consistent with previous 

studies showing that alleles of the HLA-C locus are expressed at a significantly lower level at the 

cell surface than alleles of the HLA-A or HLA-B loci (157,158). Contributing to this effect is the 

KYRV motif (Figure 2.2D), a four amino acid motif at positions 66, 67, 69 and 76 in the α1 

helix that is present in all HLA-C alleles, but not in HLA-A or most HLA-B alleles (159). 

Because the gene conversion that created HLA-B*46:01 inserted the KYRV motif into the 

backbone of HLA-B*46:01, we hypothesized that this may contribute to the difference in 

expression between HLA-B*73:01 and HLA-B*46:01. To test the hypothesis, we examined the 

cell surface expression of swap mutants in HeLa cells where the residues at positions 66, 67 and 

69 (both alleles encode Val76) present in HLA-B*46:01 were replaced with those found in HLA-
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B*73:01 and vice versa (Figure 2.2E). Consistent with the results from 721.221 cells, we found 

that wild-type HLA-B*73:01 is expressed at a significantly higher level than HLA-B*46:01 

(Figure 2.2E). Furthermore, we found that while the HLA-B*73:01-KYR mutant resulted in 

significantly less cell surface expression relative to WT, the HLA-B*46:01-ICA mutant resulted 

in significantly more cell surface expression (Figure 2.2E). These data are consistent with the 

hypothesis that the KYRV motif plays a significant role in determining the divergent levels of 

cell surface expression between these two C1+ HLA-B alleles in addition to peptidome 

promiscuity. Thus, while HLA-B*73:01 and HLA-B*46:01 both encode the C1 epitope and 

provide ligands for KIR2DL3, they differ considerably in their α1 domain sequence, which not 

only correlates with their distinctive peptidomes, but also with their divergent cell surface 

expression levels. 


2.5 The crystal structure of HLA-B*73:01 bound to a 10mer reveals an unusual C-terminal 

bulged peptide extension


The exceptional number of polymorphisms between class I HLA alleles is what largely confers 

upon them their distinct antigen presenting abilities. With respect to HLA-B*73:01, we 

wondered how its molecular structure contributes to its restricted peptide binding repertoire. To 

address this question, we solved the crystal structure of HLA-B*73:01 in complex with 

KIR2DL2, loaded with a 10mer peptide, NRFAGFGIGL (KP1), to 2.9 Å resolution (Table 1). A 

comparison of crystal structures of HLA-C*07:02 (88,160) loaded with the same peptide that 

crystallized alone, in complex with KIR2DL2, or in complex with KIR2DL3 shows minimal 

differences in the peptide backbone and sidechains, implying that binding by KIR2DL2 does not 
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modify peptide positioning when presented by C0702. Therefore, we extend this observation to 

our analysis of HLA-B*73:01 as well; that is that KIR2DL2 binding does not induce a 

conformational change in KP1 presented by HLA-B*73:01 (Figure S2.4), although this 

assumption has not been experimentally verified. 


38

α1 α1

α1

α2

α2 α2

α3 90º α3

R62

E163 Y159
Y99 W147

K146

Y84

N80E45N63 T24

H171

Y59
Y1593.0 Å

2.4 Å

4.9 Å

4.6 Å
4.6 Å

Y99Y7

P1
P2

x̅ = 3.57 Åx̅ = 3.11 Å

x̅ = 1.64 Å x̅ = 1.79 Å

A

D E

B C

Figure 3

α1

N C
α2

Figure 2.3 - The crystal structure of HLA-B*73:01 bound to a 10mer reveals an unusual 
C-terminal bulged peptide extension.




Our model of HLA-B*73:01 shows that it adopts an overall conformation similar to that of other 

class I HLA alleles (Figure 2.3A; left and middle panels). Additionally, based on unoccupied 

electron density, we can confidently place the KP1 peptide and its sidechains (Figure 2.3A; 

right panel). The network of bonds that secure KP1 within the HLA-B*73:01 binding pocket is 

biased towards the N- and C-terminal ends of the peptide ligand — aside from a pi-stacking 

interaction between W147 of HLA-B*73:01 and F6 of KP1 — as is the case for most other class 

I HLA molecules (19) (Figure 2.3B). This bias is also consistent with trends seen in the peptide-

binding motif where preferences are biased towards P1, P2, and PΩ (Figure 2.1C). A unique 

residue found in HLA-B*73:01 relative to other B alleles (aside from HLA-B*46:01) is N80, an 

essential residue of the C1 epitope that confers reactivity to KIR2DL2/3. Interestingly, N80 is 

also within close enough proximity (3.7Å) to the carboxyl end of KP1 to contribute a weak, 

electrostatic hydrogen bond.


Unlike most HLA alleles, HLA-B*73:01 has a slight preference for an asparagine at P1 of the 

peptide (Figure 2.1C). In our model, the asparagine at P1 of KP1 is able to utilize R62 and E163 
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Figure 2.3 Continued

A. The crystal structure of HLA-B*73:01 was determined and resolved to 2.9 Å in complex 
with peptide KP1 (NRFAGFGIGL) and KIR2DL2 (not shown). The density within the peptide 
binding groove gives us high confidence that the position of KP1 is correct. B. The hydrogen 
bonding network between HLA-B*73:01 and its KP1 peptide ligand. Included as well are pi-
interacting residues F6 of KP1 and W147 of HLA-B*73:01.C. A close up view of the backbone 
of KP1 at the first two amino acid residues and the distances from the amine group at the N-
terminus of KP1 to other nearby polar atoms. Distances were calculated in PyMol. D. KP1 
bulges out at the C-terminal end of the peptide over the F pocket of HLA-B*73:01 in a manner 
not seen in other alleles presenting a variety of 9mers. Colors correspond to allele colors as in 
Figure 1 and Figure S1. Distances were calculated in PyMol as the distance between alpha 
carbons at the second to last or first residue within each peptide ligand. E. Comparing even 
longer peptides, KP1 still stands out. Distances were calculated as in panel D.
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on either side of the peptide binding groove in HLA-B*73:01 (Figure 2.3B), providing a 

potential explanation of this preference. Intriguingly, a closer investigation of the bonding 

network between the backbone of KP1 and HLA-B*73:01 at the N-terminus of the peptide 

revealed that two highly conserved tyrosines are altered in HLA-B*73:01 (Figure 2.3C). In most 

class I HLA molecules, tyrosines at positions 7, 99, 159, and 171 coordinate the amine group of 

the N-terminus of their peptide ligands (161). However, in HLA-B*73:01, tyrosine 171 is 

replaced by histidine, a feature shared with a subset of HLA-B alleles. The distance between the 

amine group at the N-terminus of KP1 and Y7 and H171 is likely too far (greater than 4Å) to 

form any relevant hydrogen bonds. Consequently, this shifts the N-terminus of KP1 up out of the 

pocket by an average of 1.64 Å relative to what has been observed for other 9mers (Figure 2.3D; 

left panel) and an average of 1.79 Å relative to other selected 10mers, an 11mer, and a 15mer 

(Figure 2.3D; right panel). This is in contrast to what is seen for alleles HLA-B*15:01, 

-C*01:02, and -B*27:05, where each allele has both Y7 and Y171 within reasonable distance to 

form hydrogen bonds with their respective peptide ligands (Figure S2.3). 


HLA-B*14:02, which stood out as being very similar to HLA-B*73:01 in our analysis of HLA 

allele peptide and pocket space (Figure S2.1), also carries H171, and has a similar preference for 

asparagine or aspartic acid at P1 of its peptide ligands. Previous studies investigating peptide 

binding to three alleles of HLA-B*51 that carry either H171 or Y171 show that while the 

difference had minimal effect on peptide binding, they were able to generate a single cytotoxic T 

cell clone raised against HLA-B:51:01 (H171) that failed to lyse target cells expressing HLA-

B*51:02 (Y171) (162,163) Thus, the A pocket of HLA-B*73:01 carries H171 instead of Y171, 
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which likely alters the conformation of bound peptides enough to potentially affect T cell 

responses, but not its peptide repertoire.


Now that we had a model of peptide-bound HLA-B*73:01, we decided to revisit our hypothesis 

that as HLA-B*73:01-presented peptides increase in length, they bulge out from the peptide 

binding groove (Figure S2.2A). When comparing our model to seven different class I HLA 

alleles, each in complex with a peptide 9mer, a bulge is apparent in KP1 near the C-terminus of 

the peptide, where the Cα of P8 is shifted upward out of the peptide binding groove by an 

average of 3.11Å (Figure 2.3D). When compared with structures of class I HLA complexed with 

five 10mers, an 11mer, and a 15mer, KP1 is shifted even further out of the peptide groove, on 

average 3.57Å. Together, these data suggest that the peptide binding mode of peptides presented 

by HLA-B*73:01 is unique relative to most other alleles in how it anchors its N-terminus within 

the A-pocket of the peptide binding groove and its ability to adapt peptide of longer lengths to its 

binding pocket by promoting a bulged conformation near the C-terminal end of the peptide.


2.6 The B and F pockets of HLA-B*73:01 illuminate constraints and flexibility in peptide 

binding


HLA-B*73:01 is part of an ancient allelic lineage of HLA-B alleles and is the only member of 

this lineage in humans (43). Interestingly, multiple alleles (HLA-B*27:05, -C*07:02, -C*06:02, 

and -B*14:02), including HLA-B*73:01, have convergently evolved to present similar binding 

motifs to. An alignment of MHC pseudosequences (see Chapter 2.9 - Materials & Methods) 

shows that the B pocket of HLA-B*73:01 uses almost the same exact residues as those of HLA-
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B*27:05 and -B*14:02 (Figure 2.4A). An investigation of our structural model of HLA-B*73:01 

shows that E45 and T24 are likely very important for anchoring the P2 arginine within the B 

pocket (Figure 2.4B). This is also similar to what is seen in structures of HLA-B*27:05 and 

-B*14:02 (Figure S2.5A). Notably, a previous study performing quantitative peptide binding 

studies tested dozens of different peptides and their ability to stabilize the HLA-B*73:01-β2Μ-

peptide trimeric complex in solution (143). Surprisingly, although the majority of the peptides 

that bound most strongly contained an arginine at P2, the highest affinity binder actually 

contained a glutamic acid at P2. To reconcile this with our data, we noticed that HLA-B*73:01 

also carries H9 and K70, two residues which are not involved in anchoring the peptides with a P2 

arginine. HLA-B*40:02 is a B allele that strongly prefers a glutamic acid anchor at P2 and also 

carries H7 and N70, both of which form hydrogen bonds with the peptide anchor residue (Figure 

S2.5A). Thus, it is possible that some peptides containing a glutamic acid at P2 can stabilize 

HLA-B*73:01 as well. Indeed, our peptidome elution data also contains 11 peptides with a 

glutamic acid at P2, 8 of them between the lengths of 9-11 amino acids. However, it should be 

noted that while these residues are also found in HLA-B*27:05, to our knowledge there are no 

known peptide ligands that stabilize HLA-B*27:05 with a glutamic acid anchored at P2. Thus, 

HLA-B*73:01 may, in rare cases, be able to adopt its peptide binding groove to present peptides 

anchored at P2 with either strong basic or strong acidic properties.


In contrast, alleles HLA-C*07:02 and -C*06:02 have actually evolved a means of 

accommodating both arginines and tyrosines to be anchored from the P2 position, a feature likely 

not possible for HLA-B*73:01 (Figure S2.1C). Although we could identify 6 peptides with a 
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tyrosine at P2, one is a 7mer, 3 are 8mers, one is a 16mer, and the other, a 35mer. A closer 

investigation of the structures of the B pockets of HLA-C*07:02 and -C*06:02 reveal that Y67 is 

likely very important in stabilizing a tyrosine anchor at P2 while the use of negatively charged 

D9 (in contrast to H9 in HLA-B*73:01) can stabilize an arginine anchor at P2 (Figure S2.5B). 


44

B*73:01
B*27:05
C*07:02
B*14:02
B*15:01
B*46:01
C*01:02

YHTEYRNICAKTDVGNLYGWTYDNFYTWAVLAYEWHA
YHTEYREICAKTDEDTLYGLNYDHDYTWAVLAYEWYA
YDSGYREKYRQADVSNLYGLRSDDSYTLAALAYTWYA
YYSEYRNICTNTDESNLYGLWYDNFYTWAELAYTWHA
YYAMYREISTNTYESNLYGLRYDDSYTWAEWAYLWYA
YYAMYREKYRQTDVSNLYGLRYDDSYTWAEWAYLWYA
YFSGYREKYRQTDVSNLYGLWCDDYYTWAERAYTWYA

2.2 Å

3.0 Å

P2R

E45

T24H9

K70

2.6 Å

3.5 Å

2.8 Å

5.8 Å

B*27:05

Y84

L95
D116

L81

D77
P9V2.8 Å

2.5 Å

3.8 Å

B*73:01

Y84

W95
F116

L81

G77

P10L 3.2 Å

2.6 Å

4.8 Å

B*14:02

Y84

L95
F116

L81

S77
P9V

Figure 4

A

C

B

Figure 2.4 - The B and F pockets of B7301 illuminate constraints and flexibility in peptide 
binding.

A. An alignment of HLA pseudo-sequences as defined in O’Donnell et al. 2020 (174) to 
highlight residues of the B pocket (grey arrows) and residue 95 of the F pocket (black arrow). 
B.  A close up view of the B pocket of HLA-B*73:01 shows that residues T24 and E45 are 
important for anchoring the arginine from P2 of KP1. H9 and K70 could play a role in 
anchoring more acidic side chains. C. The F pocket of HLA-B*73:01. contains a distinct W95 
substitution not seen in many other alleles and explains why HLA-B*73:01. can only 
accommodate small hydrophobic C-terminal anchors. 




While HLA-B*73:01 and -B*27:05 share identical B pocket architectures, they present few 

shared peptide sequences even when purified from the same cell.  This may be due to the 

different architecture of their F pockets. In particular, HLA-B*73:01 carries a rare F pocket 

residue, W95, that only appears in roughly 12% of alleles in the set of alleles included in 

Sarkizova et al., while roughly 43% contain a leucine at this position. W95, which sits directly 

beneath the C-terminal peptide anchor residue, likely contributes to the increased residue 

diversity seen at this position in HLA-B*73:01 (Figure 2.1E) by increasing surface area used by 

small hydrophobic residues to escape water molecules. HLA-B*27:05, on the other hand, has 

evolved a separate means of enhancing the diversity of its C-terminal peptide anchor, with a 

slightly negatively charged F pocket that can also accommodate positively charged anchors (89). 

This combination of relative constraint within the B pocket combined with hydrophobic 

plasticity within the F pocket represents a unique tradeoff for HLA-B*73:01 relative other alleles 

and contributes to its unique peptide repertoire, distinct from even HLA-B*27:05.


2.7 KIR2DL2 utilizes a unique docking angle to engage with HLA-B*73:01


HLA-B*73:01 and HLA-B*46:01 are distinct from all other human B alleles in that they carry 

the C1 epitope which confers reactivity to KIR2DL2/3. However, the only KIR2DL2/L3 

complex structures determined to date were determined in complex with HLA-C, specifically 

HLA-C*03:04 and -C*07:02. Here, we determined the first complex structure of an HLA-B 

allele with KIR2DL2, thus giving us the first look at what differences exist relative to structures 

in complex with HLA-C. An overview of the complex shows that engagement of HLA-B*73:01 

by KIR2DL2 is similar to other KIR2D complex structures (Figure 2.5A). KIR2DL2 binds 

45



directly over the F pocket of the heavy chain, with its D1 and D2 domains positioned over the α2 

and α1 helices, respectively, and makes no contact with the light chain. 


Interestingly, when compared to other previously solved structures, the docking angle of 

KIR2DL2 onto HLA-B*73:01 is shifted ~15º towards the α2 helix (Figure 2.5B). This shift 

corresponds to a binding footprint that also appears biased towards the α2 helix (Figure 2.5C 

and Figure 2.5D). For example, whereas interactions between KIR2DL2 and HLA-C*07:02 

along residues 72-84 of HLA-C*07:02 consist of 4 hydrogen bonds, interactions between 

KIR2DL2 and HLA-B*73:01 along the corresponding residues consists of only 2 hydrogen 

bonds. In contrast, interactions along residues 145-151 consist of a mix of hydrogen bonds and 

salt bridges that appear to be utilized in both structures. A comparison of HLA residues known to 

interact with KIR2D molecules reveals that the only difference between HLA-B*73:01 and 

HLA-B*46:01 and other HLA-C alleles is at residue 69, where HLA-B*73:01 encodes an 

alanine as opposed to an arginine. R69 has been shown to interact with E21 of KIR2DL 

molecules (93). However, E21A mutations in KIR2DL2 and KIR2DL3 did not impact binding to 

HLA-C*07:02 in a previous study (88). Thus, amino acid substitutions at residues known to 

directly interact with KIR2DL2 and KIR2DL3 likely do not explain the difference in how 

KIR2DL2 engages HLA-B*73:01 relative to previously solved complex structures.


A close up view of the buried surface area between KIR2DL2 and the KP1 peptide backbone 

shows that the partially positively charged amine group of the second to last residue within KP1 

has also shifted towards the α2 helix of HLA-B*73:01 and that Q71 of KIR2DL2 tracks with it 
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Figure 2.5 - The complex structure of B7301 and KIR2DL2 indicates the use of a unique 
docking angle.




(Figure 2.5C). In other complex structures, Q71 is closer to the α1 helices of their corresponding 

HLA ligands. Because the KP1 peptide is likely presented this way regardless of binding to 

KIR2DL2, the necessity of Q71 to track the backbone of KP1 to maintain an interaction with the 

pMHC complex may contribute to the unique docking angle of KIR2DL2 onto HLA-B*73:01.


The affinity of KIRs for peptide ligands depends on both the stability of the peptide-MHC 

complex and binding accessibility determined mainly by the PΩ-1 and PΩ-2 residues of 

presented peptides (90,164,165). Surprisingly, upon investigation of the KIR2DL2 interaction 

with HLA-B*73:01 by SPR, we found that the affinity of the complex is likely greater than 100 

µM (Figure S2.6). ​​It's unclear why the apparent affinity is so low; KP1 does not contain residues 

commonly considered to prevent KIR binding (I at P8, G at P9). However, it may be that peptide 

length influences KIR binding and therefore the KP1 peptide partially inhibits binding of HLA-

B*73:01 to KIR2DL2. This hypothesis is consistent with the lengths of KIR2DL3-permissive 

peptides identified for HLA-B*46:01 (31). As previously detailed, longer peptides may result in 
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Figure 2.5 Continued

A. A structural overview of the complex structure shows a similar binding mode to other solved 
KIR2DL2 complex structures directly over the F pocket of HLA-B*73:01. B. However, unlike 
previously solved structures, the angle of KIR2DL2 as it sits over HLA-B*73:01 is slightly 
tilted relative to other solved structures. C. Similar to previously solved KIR2DL2 complex 
structures, Q71of KIR2DL2 forms a hydrogen bond with the presented peptide backbone as P8 
of the peptide backbone. This hydrogen bond could be the explanation for the altered docking 
angle of KIR2DL2 onto HLA-B*73:01. B7301 is shown on top, beneath it is HLA-C*03:04 in 
complex with KIR2DL2 in magenta, beneath that is HLA-C*07:02 in complex with KIR2DL2 
in marine blue, and beneath that is HLA-C*07:02 in complex with KIR2DL3, also in marine 
blue. D. The KIR binding footprint shown as residues contributing significantly to buried 
surface area between KIR2DL2 and the corresponding HLA  compared between solved 
structures is highly similar. The low affinity determined for KIR2DL2 and HLA-B*73:01. 
correlates with the relatively low buried surface area between them. The structures used 
correspond to the same structures in panel C.




a protrusion above the F pocket, as is observed for KP1. This positioning overlaps with the KIR 

binding site, likely further impeding binding. However, with only a single model, we cannot with 

certainty whether these unique aspects of the HLA-B*73:01:2DL2 interface is due to HLA-

B*73:01, the KP1 peptide, the low affinity of the interaction, or a combination of all three 

factors. Together, these results suggest that KIR2DL2 engages HLA-B*73:01 using a distinct 

docking angle, possibly in order to compensate for the excessive bulge in KP1 near the 

KIR2DL2 binding site. This allows Q71 of KIR2DL2 to form a hydrogen bond with the peptide 

backbone of KP1, an interaction conserved in all KIR2D structures determined to date, 

suggesting that this hydrogen bond is likely essential.


2.8 Discussion


This study characterizes the highest resolution and most comprehensive peptidome of HLA-

B*73:01 to date. Compared to the most common worldwide HLA alleles, the HLA-B*73:01 

peptidome is highly unique, differentiated by its preference for asparagine at P1, arginine at P2, 

and small hydrophobic residues at PΩ. HLA-B*73:01 also presents peptides with an unusual 

length distribution, facilitated by an ability to allow peptides to bulge out from the peptide 

binding groove while maintaining reasonable protein complex stability. The structure of HLA-

B*73:01 helps explain some of its rare peptide presenting properties such as its unique A and F 

pockets. And finally, while the complex structure of HLA-B*73:01 with KIR2DL2 demonstrates 

overlapping binding footprints, the docking angle of KIR2DL2 onto HLA-B*73:01 appears to be 

unique compared to KIR2D complex structures solved with HLA-C*01:02, -C*03:04, and 

-C*07:02.
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Highly compact peptidomes, like that of HLA-B*73:01, are thought to correlate with protection 

against one or a number of closely related pathogens (155). To our knowledge, there are no 

epidemiologic studies that have identified HLA-B*73:01 as a protective factor against the 

development or outcome of infectious disease, likely due to the low frequency of HLA-B*73:01 

in the modern human population. However, HLA alleles that encode the C1 epitope, in 

combination with KIR2DL3, are known to provide protection against hepatitis C virus (141). 

Furthermore, the high cell surface expression of HLA-B*73:01 may correlate with protection 

against the progression of HIV infection (166). A recent study found that HLA-B*46:01, another 

C1+ HLA-B allele with significantly lower cell surface expression, is associated with rapid 

disease progression to AIDS in Asian HIV-positive cohorts (103). The authors suggest that this is 

likely due to an NK cell-mediated phenotype as carriers of HLA-B*46:01 possessed NK cells 

with distinct transcriptional profiles skewed towards immune activation. While the 

transcriptional phenotypes in NK cells of HLA-B*73:01 carriers remain unexplored, it could 

mean that HLA-B*73:01 carriers also have NK cells endowed with unique properties, some of 

which may have provided our ancestors with the ability to fight off local viral infections. Thus, 

the molecular characteristics of HLA-B*73:01 identified in this study may correlate with 

protection against at least two RNA viruses. Intriguingly, and in support of our hypothesis, a 

recent study suggests that RNA viruses were likely the major drivers of adaptive introgression of 

archaic alleles from Neanderthals to modern Europeans (167). 
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Alternatively, individuals that combine HLA alleles encoding the C1 epitope and KIR2DL3 are 

also more likely to fall victim to various forms of severe malaria (168–170). In fact, the high cell 

surface expression of HLA-B*73:01 determined by our study relative to other C1+ HLA-B and 

HLA-C alleles could make carriers of HLA-B*73:01 particularly susceptible to such diseases. 

While underlying immune mechanisms behind this outcome remain unknown, it could be that 

this outcome is mediated purely by the innate NK cell response to Plasmodium infection. 

However, KIR2DL2 has also been reported to play an important role in the adaptive immune 

response (142). Considering that clonally expanded, terminally differentiated CD8+ T cells are 

also known to express KIR molecules, the association between the C1 epitope, KIR2DL3, and 

severe malaria could also be T cell-mediated. Furthermore, the Plasmodium falciparum proteome 

is enriched with lysine residues, which are known to destabilize HLA-B*27:05 if at the P2 

position. Considering a similar preference for arginine at P2 by HLA-B*73:01 and reports that 

HLA-B*27:05 has a latitude-dependent distribution negatively correlated with malaria 

prevalence (171), HLA-B*73:01 carriers might indeed be relatively defenseless against 

Plasmodium infection. It could also explain why HLA-B*73:01 was eventually lost in ancestral 

human populations that remained in Africa (43). 


One important caveat to consider is that HLA-B*73:01 may not have been directly selected for, 

but rather that the increase in its frequency in certain parts of the world are due to genetic 

hitchhiking as part of adaptive haplotypes. The strong linkage disequilibrium between HLA-

B*73:01 and -C*15:05, for example, might suggest that it was actually HLA-C*15:05 that was 

advantageous and HLA-B*73:01 simply came along for the ride. Interestingly, recent work 
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shows that escape mutations in an HIV antigen presented by HLA-C*15:05 allow the virus to 

escape T cell responses and lead to poor clinical outcomes (172). Thus, if HLA-C*15:05 was 

once advantageous, it appears not to be in the current day context of HIV infection.


In summary, our study shows that archaic HLA-B*73:01 has a highly unique peptidome with an 

unusual peptide length distribution. Further, we show that HLA-B*73:01 combines a highly 

restricted peptidome with high cell surface expression, characteristics that make it well-suited to 

combat one or a number of closely-related pathogens. Lastly, we use crystallography to highlight 

how HLA-B*73:01 is able to present these unique peptides relative to what appear to be highly 

similar alleles, and how its interface with KIR2DL2 is both conserved and distinct at the same 

time. These functional characteristics distinguish HLA-B*73:01 from other HLA class I alleles 

and likely provided early modern human migrants that inherited this allele from archaic humans 

with a selective advantage as they colonized Europe and Asia. 


2.9 Materials & Methods


Peptidome sequencing and analysis


Isolation and analysis of peptides was performed as previously described (31). Briefly, 721.221 

cells were transfected with constructs encoding a soluble form of HLA-B*73:01. The HLA-

peptide complexes were affinity purified from the cell supernatant on an anti-HLA Class I 

(W6/32 antibody) sepharose column, eluted, and the bound peptides dissociated from the HLA 

by denaturation. Peptides were separated from the denatured proteins by ultrafiltration and 

separated into ~40 fractions by reverse-phase high-performance liquid chromatography (HPLC) 
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as described (31). Approximately 25% of each HPLC fraction was injected into a nano-scale 

reverse phase liquid chromatography Eksigent nano-LC-4000 (Sciex) system. Column 

specifications, mobile phase solvents, and the elution gradient were as described (31). Eluted 

fractions were ionized using a NanoSpray III (Sciex) ion source into a Sciex TripleTOF 5600 

mass spectrometer. 


Exact peptide sequences generated for HLA-B*73:01 (this study) and for HLA-B*15:01, HLA-

B*46:01, and HLA-C*01:02 (31) were compared to detect shared peptides using Venny (https://

bioinfogp.cnb.csic.es/tools/venny/). For PCA plots, four biochemical properties (molecular 

weight, hydropathy index, surface area and isoelectric point) were determined for each amino 

acid in each peptide resulting in 4 times X variables per peptide, where X equals the peptide 

length (e.g. 36 variables for a peptide of length 9). These variables were then used to calculate 

principal components for each peptide prior to plotting individual peptides in R, colored by allele 

of origin. Peptides of length 8-15 were extracted from the eluted ligand data for the four HLA 

class I alleles. A GibbsCluster analysis (https://services.healthtech.dtu.dk/service.php?

GibbsCluster-2.0) was performed on each data set to identify binding motifs for distinct clusters 

and remove noise from the data.


Integration with and analysis of Sarkizova et al. data


Curated peptide lists were downloaded from Sarkizova et al. (22) and compared directly to 

peptides eluted from HLA-B*73:01 from this study. To calculate correlation coefficients in 

peptide space between all alleles, amino acid occurrences of all 20 amino acids were calculated 
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for each position of all 9mers generating a 9 by 20 matrix for each allele. These matrices were 

then flattened into vectors of 180 integers for each allele and used to directly calculate the 

Pearson correlation coefficients between alleles of presented 9mers. For plotting, alleles were 

clustered by hierarchical clustering implemented in the ggcorrplot function of the ggcorrplot 

package (https://github.com/kassambara/ggcorrplot) in R version 4.2.1 (2022-06-23) (173). The 

ggcorrplot function relies on the hclust R function, which by default implements the “complete” 

linkage method. This method defines the distance between two clusters as the maximum distance 

between their individual components.


To calculate correlation coefficients between alleles in pocket space, pseudosequences for each 

allele were used as described previously (174). Following a multiple sequence alignment, 

positions within the alignment that were 100% conserved between alleles were removed, leaving 

only variable aligned columns. These sequences were then used to calculate 61 different 

descriptors of their amino acid sequences using the aaDescriptors function of the Peptides 

package in R and default parameters. This generated a vector of 61 values for each allele which 

was then used to calculate Pearson correlation coefficients between all alleles. For plotting, 

alleles were clustered by hierarchical clustering implemented by the ggcorrplot function of the 

ggcorrplot package in R.


For plotting sequence logos, the R package ggseqlogo was used (175). For calculating Shannon 

and Simpson diversity indices, the diversity function from the R package vegan was used (176).
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All code used to analyze these data can be found on https://github.com/biophilross/thesis.


Cell surface expression experiments


721.221 cells, which lack endogenous HLA class I expression, were transfected with constructs 

encoding full-length HLA-B*73:01, HLA-B*46:01, HLA-B*15:01 or HLA-C*01:02 and 

cultured as previously described (31). Cells expressing surface HLA class I were detected by 

flow cytometry (Accuri C6 cytometer, BD Biosciences). Expression levels of each allele were 

determined from the median fluorescence intensity (MFI) of the W6/32 antibody bound to each 

positive staining cell. Three independent transfections with at least 50,000 cells each were 

performed for each allele tested.


We examined the cell surface expression of wild-type and KYR/ICA mutant 3x FLAG-tagged 

HLA-B*73:011 and HLA-B*46:01 in HeLa cells. Recombinant cDNA encoding amino acids 

1-338 of HLA-B*73:01 and HLA-B*46:01 with an N-terminal 3X FLAG-tag were manufactured 

by Genscript (Piscataway, NJ). Site-directed mutagenesis was performed with the QuikChange 

Kit (Stratagene), according to the manufacturer’s instructions, to generate the two swap KYR/

ICA mutants. HeLa cells were transfected with these constructs using the Fugene transfection 

reagent (Promega) and cultured as previously described (101). Cells expressing FLAG-tagged 

HLA class I were detected by flow cytometry (Accuri C6 cytometer, BD Biosciences). 

Expression levels of each allele or mutant were determined from the MFI of FITC-conjugated 

anti-FLAG antibody bound to each positive staining cell. Three independent transfections with at 

least 50,000 cells each were performed for each allele tested.
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Crystal structure determination and analysis


Soluble HLA-B*73:01 and HLA-B*46:01 heavy chain constructs were initially codon optimized 

to improve bacterial expression. To codon optimize them, the first 60 bps (20 codons) of HLA-

B*73:01 or HLA-B*46:01 were replaced with synonymous codons such that the GC content of 

the first 60 bps was lower than 50%. These GC optimized (GCO) constructs expressed several 

orders of magnitude better than WT and were used to generate protein-rich inclusion bodies.


GCO HLA-B*73:01 heavy chain (mature residues 1-276) and β2M light chain constructs were 

expressed in E. coli (BL21 DE3) for 4 hours following 1 mM IPTG induction. Cells were lysed 

using a triton-containing lysis buffer and incubated with lysozyme and DNase for one hour at 

4ºC. Following incubation, cells were sonicated prior to centrifugation at 20,000xg to pellet 

isolate inclusion bodies. Inclusion bodies were denatured in 6M guanidinium chloride, 50 mM 

Tris-HCl pH 8.0 prior to refolding and either stored at -80ºC until use or used immediately. 

Refolding was carried out by rapid dilution into a buffer containing 400 mM L-arginine, 100 mM 

Tris-HCl, 2 mM EDTA, 5 mM oxidized glutathione, and 0.5 mM reduced glutathione adjusted to 

pH 8.3. 7 mgs of HLA-B*73:01 heavy chain, 1.75 mgs of β2Μ, and 1 mg of synthetic peptide 

purified to greater than 90% (Genscript) were added to a 50 mL reaction at the same time and 

mixed at 4ºC for 60 hours. Once the refolding reaction was complete, it was dialyzed into 20 mM 

Tris-HCL 50 mM NaCl pH 8.0 to dilute components of the refolding buffer at least 5000x. 

Samples were then 0.22 µm filtered prior to purification by anion exchange chromatography 

using a HiTrap QFF column. Following purification by QFF, monomeric fractions were pooled, 
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concentrated, and purified by size exclusion chromatography using a Superdex 200 increase 

10/30 column (S200).


A soluble KIR2DL2*001 construct (residues 1-225 of the mature protein), covalently linked to 

an N-terminal 8x HisTag, separated by a 3C protease cleavage site, was expressed in BTI-

Tn-5B1-4 insect cells (High Five) cells cultured in Insect-XPRESS Protein-free Insect Cell 

Medium (Lonza). BestBac 2.0 linearized DNA (Expression Systems) and a construct donor 

plasmid (pAcGP67a) were used to transfect Sf9 cells to generate a P1 viral stock. Virus was then 

amplified by shaking culture in Sf9 cells. Following Ni-NTA affinity purification, KIR2DL2 was 

treated for 2 hours at 37ºC with EndoF (made recombinantly in the Adams Lab) prior to another 

round of Ni-NTA affinity purification to remove the EndoF, which does not contain a HisTag. 

The 8x HisTag was then removed from KIR2DL2 using 3C protease (made recombinantly in the 

Adams Lab). Recombinant HLA-B*73:01 and KIR2DL2 were purified separately by size 

exclusion chromatography (SEC) into HBS (10 mM HEPES, 150 mM NaCl, pH 7.2), mixed at a 

1:1 molar ratio, and concentrated to 6-10 mg/mL. Crystals initially grew in less than 24 hours in 

mother liquor containing Tris-HCl pH 8.5 and 25% PEG 8000. These crystals were then crushed 

using Seed Bead kits (Hampton Research) and used as microseeds to grow a larger crystal in 

mother liquor containing Tris-HCl pH 8.75 and 20% PEG 8000, which took 1-2 weeks to grow.


Diffraction data was collected at the Advanced Photon Source at Argonne National Laboratory 

on beamlines 23-ID-D. CCP4, Coot, and PHENIX software suites were used for molecular 

replacement and model refinement. PyMol and ChimeraX were used to make figures and 
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measure atomic distances. PDBe PISA v1.52 [20/10/2014] (https://www.ebi.ac.uk/pdbe/pisa/) 

was used to define interacting residues and the amount of buried surface area between 

polypeptide chains.


Surface plasmon resonance experiments


Recombinant B73, B46, KIR2DL2, and KIR2DL3 were purified as described above, but without 

the EndoF treatment step for the KIRs. Peptide-MHC constructs were designed with a C-terminal 

AviTag and biotinylated in vitro prior to final purification steps. Biotinylated MHCs were then 

immobilized to approximately 400 RUs using a Biotin CAPture Kit, Series S and a Biacore 8K 

(Cytiva). WT KIR2DL2 and KIR2DL3 analytes were ultimately purified into SPR buffer (10 

mM HEPES buffered saline, 150 mM NaCl, 0.05% tween, adjusted to pH 7.4) flown over 

immobilized channels from concentrations of 0.625-80 µM.
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2.10 Supplementary information
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Figure S2.1 - Integration of the HLA-B*73:01 peptidome with data from Sarkizova et al.
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Figure S2.1 Continuted

A. Heatmaps were generated using data from Sarkizova et al. was combined with eluted 
peptides from HLA-B*73:01 and representative peptides known to bind HLA-E (IEDB 
references) and then correlated (Pearson) with other peptidomes (left; peptide space) and other 
MHC pocket residues (right; pocket space), then clustered based on similarity to highly alleles 
with similar peptide binding motifs and/or similar binding grooves. Alleles with similar peptide 
repertoires and/or similar binding grooves are depicted on the right. B. The 9mer peptide 
binding motif profiles of HLA-B*15:01, -B*46:01, and -C*01:02 from Sarkizova et al. 
correlate positively with data generated in our previous study. C. Sequence logos of 9mer 
peptides bound by HLA-B*73:01, HLA-B*27:05, HLA-C*07:02, HLA-B*14:02, HLA-
B*15:01, HLA-B*46:01, and HLA-C*01:02 are shown. The total height of the column of 
amino acids represents the level of conservation at that position and the residue height denotes 
its relative frequency. The colors of each amino acid correspond to their biochemical 
characteristics: acidic (red), basic (blue), hydrophobic (black) and polar (green). D. Length 
distributions of different alleles from Sarkizova et al. grouped into peptides less than 8, 8, 9, 
10, 11, or more than 11 residues in length and including HLA-B*73:01.E. Shannon and 
Simpson diversity indices calculated for each position for each of all HLA class I allotypes 
included in Sarkizova et al. and HLA-B*73:01 from this study.
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Figure S2.2 - HLA-B*73:01 peptide motif is similar at different lengths.

A. Sequence logos of all 8mers, 9mers, 10mers, 11mers, 12mers, and 13mers bound by HLA-
B*73:01 derived from peptides eluted and sequenced by MS in our study. The total height of 
the column of amino acids represents the level of conservation at that position and the residue 
height denotes its relative frequency. The colors of each amino acid correspond to their 
biochemical characteristics: acidic (red), basic (blue), hydrophobic (black) and polar 
(green). B. 9mer binding motifs for alleles with similar binding grooves, but not necessarily 
similar peptides being bound.
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Figure S2.3 - Unique aspects of the A pocket of HLA-B*73:01 is likely due to Y171H 
substitution found in a subset of alleles.

A close up of the A pockets are shown for alleles HLA-B*15:01, -B*27:05, -C*01:02, and 
-B*14:02. Distances were calculated using PyMol.
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Figure S2.4 - KIR2DL2 and 2DL3 binding does not severely affect peptide presentation.

Three structures of HLA-C*07:02 were aligned using β2M as a reference. In magenta is a 
structure of HLA-C*07:02 presenting RYRPGTVAL without a bound KIR. Two more 
structures in white are structures of HLA-C*07:02 presenting the same peptide, bound to 
KIR2DL2 or KIR2DL3.
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Figure S2.5 - HLA-B alleles display substantial plasticity in their B pocket. 

A. A close up of B pockets of HLA-B*27:05, -B*14:02, and -B*40:02 show how other alleles 
use similar and different residues located on different sides of the binding pocket to 
accommodate positively or negatively charged anchors. B. HLA-C*07:02 and -C*06:02 have 
evolved a means of accommodating either arginine or tyrosines as P2 anchor residues, at 
positions that vary in HLA-B*73:01.
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Figure S2.6 - SPR with KIR2DL2 and KIR2DL3 demonstrate an extremely low affinity 
complex.

Immobilized peptide MHC complexes are on the left while KIRs used are shown on top. Raw 
binding curves were plotted with response units on the Y-axis and time in seconds on the X-
axis. The affinities for HLA-B*73:01-KP1 and -B*46:01-YAN peptide MHC complexes could 
not be accurately determined.




Chapter 3 – Presentation of different forms of the non-classical 

MHC, HLA-F and its non-human primate homologs


3.1 HLA-F can exist as both a peptide-loaded complex and “open conformer”


Of all class I HLA molecules, HLA-F is the least understood. Early attempts to characterize 

HLA-F led to the conclusion that unlike other HLA-I molecules, HLA-F is thought to be 

expressed at the cell surface without a peptide antigen and possibly without β2Μ, in a protein 

form known as its “open conformer” state (53,56,59,59). However, more recently, the Adams 

Lab and others have shown that some forms of HLA-F can, in fact, bind to peptides within its 

peptide binding groove (68,177,178). In its open conformer state, HLA-F has been shown to 

interact with various lineage II KIRs; most notably its interaction with KIR3DS1 leads to 

inhibition of HIV replication in vitro (58). On the other hand, when loaded with peptide, HLA-F 

no longer interacts with KIR3D molecules, but can bind to LIR1 (68). Therefore, understanding 

whether HLA-F can be expressed as both an open conformer and a peptide-loaded HLA complex 

in vivo, is crucial for deciphering its role in the various disease contexts in which its been 

implicated, including cancer (179), amyotrophic lateral sclerosis (180), and viral infection (181). 

Moving forward, the peptide-loaded forms of HLA-F protein will be referred to as pHLA-F, 

HLA-F complexed with β2Μ, but without peptide, as bHLA-F, and the heavy chain of HLA-F 

alone as ocHLA-F.


Up until 2017, HLA-F was the only HLA-I molecule for which a crystal structure had yet to be 

determined. However, in 2017, Dulberger et al. were able to determine the first crystal structure 

of HLA-F from protein made in insect cells, as opposed to refolded material. Overall, the 
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structure they determined showed that the structure of HLA-F is very similar to the structures of 

other class I molecules in regards to its platform domain, its interface with β2Μ, and α3 domain. 

Surprisingly, they also showed that the structure contained what appeared to be unoccupied 

electron density in the peptide binding groove, suggesting that it was likely loaded with peptide. 

Upon investigation of what these peptides looked like, they found another peculiarity: when 

expressed and purified from HEK293T (293T) cells, HLA-F was loaded with unusually long 

peptides. Based on the electron density found in the crystal structure and the sequences of bound 

peptides, it appeared that peptides were anchored into HLA-F at only the PΩ position within the 

F-pocket and that N-terminal peptide residues are likely not anchored at all. Consistent with the 

results of Dulberger et al. other groups have since published comparable data for HLA-F purified 

from immortalized human cell lines (177,178).


To explain the discrepancy in peptide binding relative to other HLA-I molecules, the authors 

noted that one residue was unique to HLA-F and ~0.01% of other class I alleles: a tryptophan at 

residue 62. Based on the structure, Dulberger et al. hypothesized that W62 likely blocks N-

terminal peptide anchoring. Interestingly, the authors also noted that most non-human primate 

(NHP) orthologs of HLA-F had an arginine at this position (R62), aside from the orangutan, 

indicating that humans and orangutans had independently evolved W62, while the common 

ancestor of hominids and Old World Monkeys likely encoded for R62. Introducing this mutation 

into HLA-F (W62R) caused a reduction in peptide binding as measured by LC-MS/MS. This not 

only suggested that a single mutation transformed HLA-F from a primarily unloaded HLA 

molecule to one that could exist in either form, but provided an explanation for why previous 
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studies had concluded that HLA-F could be presented on the cell surface as ocHLA-F. For 

example, it could be that cells have a way of regulating which form of HLA-F they are 

presenting. Thus, Dulberger et al. proposed that peptide-presenting forms of HLA-F may be 

restricted to humans and orangutans, while HLA-F orthologs that contain R62 may prefer not to 

bind peptides and exist primarily in a peptide-free state.


Finally, the authors also showed that recombinantly expressed pHLA-F cannot signal through 

KIR3DS1 or KIR3DL2, while ocHLA-F could. However, pHLA-F could interact with LIR1. 

Thus, it follows that while ocHLA-F may function as a ligand for KIR3D molecules, pHLA-F 
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Figure 3.1 - A summary of past work on HLA-F presentation, regulation, and recognition. 

In this chapter, we addressed the question of HLA-F presentation and regulation, indicated by 
the white question mark. Which form is expressed on the cell surface under different conditions 
has important implications for which receptors HLA-F can interact with.



may function as a ligand for LIR1 in vivo (Figure 3.1). Naturally, these results raised many 

interesting follow-up questions. What distinguishes the structure of ocHLA-F from pHLA-F? Do 

other mutations in NHP orthologs compensate for the peptide-reducing capability of R62? And 

most importantly, if HLA-F can exist in multiple forms, which forms are relevant in vivo? 


To address these questions, we generated conformation-specific reagents that recognize specific 

forms of HLA-F in vitro and on the cell surface. To our surprise, we found that contrary to 

previously proposed models, pHLA-F was the predominant form of HLA-F expressed on the 

surface of all cell lines tested. We also showed that β2Μ is essential for cell surface HLA-F 

expression and that cell surface expression also appears to be dependent on several components 

of the peptide-loading complex (PLC). We suggest that the differences between our results and 

those previously published are due to the fact that the previously used antibodies (including the 

3D11) were generated against linear epitopes of HLA-F or refolded empty material. We show 

that 3D11 is not only biased towards ocHLA-F and bHLA-F, but also appears to bind unknown 

targets that are also dependent on β2Μ. Together, these data show that HLA-F is expressed and 

regulated on cells in a manner much more similar to other class I molecules than was previously 

thought.


3.2 Synthetic antibody (Fab) reagents can distinguish between different forms of HLA-F


We first set out to generate reagents specific for different forms of HLA-F. The pHLA-F and 

ocHLA-F used as targets for Fab generation were both derived from HLA-F expressed in insect 

cells. Using a novel purification strategy for the open conformer, we were able to purify both 
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ocHLA-F and pHLA-F from the same recombinant protein prep (see Chapter 3.11 - Materials 

& Methods) and use these as inputs for phage display-mediated selection (182). Following 
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Figure 3.2 - In vitro validation of HLA-F conformation-specific fAbs. 

A. A phage ELISA performed on purified phage populations expressing indicated fAbs and 
their reactivity with indicated MHC molecules or respective controls. Experiments only show 
minimal to no cross-reactivity with HLA-A*02:01, HLA-B*73:01, and MR1. B. Single 
concentration SPR curves indicate that while F1 and F2 only react with ocHLA-F and bHLA-F, 
pF4 and pF6 only react with pHLA-F.
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several rounds of selection, we identified several promising Fabs specific to either ocHLA-F or 

pHLA-F as determined by phage ELISA (Figure 3.2A). For Fabs specific to pHLA-F, we were 

also able to confirm a lack of cross-reactivity with other common (HLA-A*02:01) and rare 

(HLA-B*73:01) class I molecules and the MHC-related molecule, MR1. Nanomolar affinities for 

both ocHLA-F and pHLA-F specific Fabs (from here on referred to collectively as ocF-Fabs and 

pF-Fabs, respectively) were observed as quantified by SPR, although pF-Fabs had an order of 

magnitude greater affinity than ocF-Fabs. Additionally, SPR was able to verify the specificity of 

our Fab reagents (Figure 3.2B). ocF-Fabs bound both bacterial and insect cell generated ocHLA-

F material, while pF-Fabs bound only pHLA-F material. Additionally, we found that ocF-Fabs 

bound bacterial and insect cell-derived bHLA-F as well, indicating that they did not bind an 

epitope that would be inaccessible in the bHLA-F form. Thus, our reagents can distinguish 

between peptide-loaded (pHLA-F) and empty (ocHLA-F and bHLA-F) forms of HLA-F.


We were interested in determining which epitope the pF-Fabs recognized that allowed them to 

structurally distinguish empty HLA-F from pHLA-F. Using cryogenic electron microscopy 

(cryo-EM) we generated a 3.3 Å resolution map of pHLA-F bound to pF4 (data not shown). 

Interestingly, we found that pF4 recognized an epitope along the α1 helix near the A pocket. This 

region of the α1 helix is a common region bound by antibodies that prefer “empty” HLA 

molecules, specifically, HCA2, HC10, and 8G3 (183). Single concentration BLI experiments 

demonstrated that the W62R substitution alone drastically reduced the binding response to pF4 

(Figure 3.3C). While the occurrence of W62 across class I HLA molecules is rare, it remains 

possible that pF4 could be cross-reactive with other HLA molecules other than HLA-F (Figure 
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3.3B). Together, these data indicated that the conformation-specific Fab reagents recognize the 

α1 helix of HLA-F along an epitope previously reported to allow for differentiation between 

empty and loaded class I HLA molecules.


3.3 Fab reagents can be used to detect cell surface HLA-F


We next asked whether our Fab reagents could be used to detect cell surface expressed HLA-F 

by flow cytometry and whether they could do so with any specificity. Previous reports concluded 

that HLA-F can be expressed on the cell surface in its ocHLA-F or bHLA-F form, but these 
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Figure 3.3 - Preliminary structural and binding data suggest that pF4 likely has minimal 
cross-reactivity with other class I molecules. 

A. An alignment of HLA-A, HLA-B, and HLA-C alleles indicate that W62 rarely appears in 
HLAs outside of HLA-F and is often an arginine. Residues 56-65 encapsulate residues within 
the likely binding epitope of pF4 based on preliminary structural data (not shown). B. Single 
concentration bilayer interferometry binding curves show that immobilized pF4 can bind HLA-
F and an orangutan HLA-F ortholog, but not a chimpanzee HLA-F ortholog. Human and 
orangutan molecules both encode W62, while the chimpanzee molecule encodes R62.
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with the indicated constructs. The tetramers used are displayed along the top while the colors 
here indicate the transfected construct. SA is the fluorophore-conjugated streptavidin used to 
make Fab tetramers mixed with buffer alone as a negative control.



conclusions were reached prior to Dulberger et al. showing that HLA-F could also present 

peptides. One challenge with such an experiment in finding a cell line that reliably expresses 

ocHLA-F or pHLA-F, but not both. To address this challenge, we engineered β2Μ knockout 

(KO) 293T cells using the CRISPR-Cas9 system (184). Using these β2Μ knockout 293T cells, 

we then transiently over-expressed full-length HLA-F heavy chain alone or N-terminally fused to 

β2Μ (β2Μ-HLAF). Our expectation was that by over-expressing the HLA-F heavy chain in the 

absence of β2Μ, any detected cell surface HLA-F would take the form of ocHLA-F, while over-

expression of the β2Μ-HLA-F fusion construct would result in a mixture of cell surface bHLA-F 

and pHLA-F. 


Using the 3D11 antibody, we observed that transiently transfected HLA-F and β2Μ-HLA-F were 

highly expressed on the cell surface, although the expression of β2Μ-HLA-F was higher. We 

then utilized this system to test whether fluorophore-conjugated Fab tetramers could detect cell 

surface HLA-F (Figure 3.4A). After testing various ocF-Fab and pF-Fab reagents, we found that 

the ocF-Fab #1 (F1) and pF4 Fabs were best able to detect HLA-F on the cell surface when 

comparing transfected cells to empty vector controls (Figure 3.4B). A titration series confirmed 

that while F1 stains both HLA-F and β2Μ-HLA-F transfected cells with minimal background, 

pF4 stained β2Μ-HLA-F transfected cells less well than F1, but confidently above both HLA-F 

and empty vector transfected cells (Figure 3.4C). Together, these data indicate that a 

combination of F1 and pF4 tetramers can distinguish between ocHLA-F and pHLA-F on the cell 

surface.
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3.4 Endogenous cell surface HLA-F expression is dominated by pHLA-F


After confirming that we could detect over-expressed HLA-F on the cell surface, we assayed for 

endogenously expressed HLA-F in a cell type known to supply relevant antigens to other 
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Figure 3.5 - Endogenously express HLA-F predominantly takes the form of pHLA-F. 

A. Representative histogram plots showing that on WT 721.221 cells, only pF4 stains cells 
noticeably above background. B. A titration of labeled streptavidin (SA) (grey), F1 (blue), and 
pF4 (orange) of WT K562 cells, a negative control, and WT and HLA-F KO 721.221 cells. C. 
A comparison of cell-surface expression of HLA-F as detected by F1 and pF4 in various cell 
lines. Shown are single-replicate values, but for several cell lines, this experiment has been 
repeated with similar qualitative results. Hepatocellular carcinoma (Huh7.5) and cervical 
carcinoma (HeLa) cell lines are also shown, but difficult to see because they did not display 
substantial cell-surface HLA-F by F1 or pF4.



transfected and over-expressed classical HLA molecules (22). The 721.221 (221) cell line is 

known to be deficient in HLA-A and HLA-B, but endogenously expresses HLA-C (185), HLA-E 

(186), and HLA-F (53). In order to ensure that any binding by F1 or pF4 was due HLA-F 

recognition and not cross-reactivity with other HLA molecules, we used a similar strategy to 

engineer β2Μ KO and HLA-F KO 221 cell lines as we did with 293T cells. The K562 cell line 

has been previously shown to be devoid of any HLA-F protein by Western blot and was used as a 

negative control (187).


To our surprise, we found that only the pF4 tetramers stained WT 221 cells, while the F1 

tetramers did not (Figure 3.5A and Figure 3.5B). This was in stark contrast to staining seen for 

transfected β2Μ KO 293T cells where F1 was able to stain cells with a much better signal-to-

noise ratio (transfected cells relative to empty vector controls) than did pF4. As expected, pF4 

fails to stain any of the four different HLA-F KO expanded clones, suggesting that pF4 is truly 

recognizing HLA-F and that it is unlikely that off-target effects of gene editing were responsible 

for our observations. Despite the lack of HLA-F protein expression detected by Western blot, we 

also observed that pF4 still stained the 221 β2Μ KO line, but to a lesser extent than WT cells 

(Figure S3.2). While the cause of this staining remains unclear, we suggest that these results are 

likely cell-type dependent because pF4 does not stain a similarly generated JY β2Μ KO clone 

(Figure S3.3). It is unlikely that pF4 is binding to ocHLA-F expressed on the surface due to the 

lack of β2Μ because we do not see compensatory staining with F1, nor is HLA-F detectable by 

Western blot in the 221 β2Μ KO cell line.
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The surprising result that endogenous expression of cell surface HLA-F was only detectable by 

pF4 motivated us to test additional immortalized cell lines for cell surface HLA-F expression. 

Using trophoblast, endometrial stromal fibroblast, hepatocarcinoma, cervical carcinoma, and 

lymphoblastoid cell lines, we found that pF4 always stained cells to a greater degree than F1, 

which never stained cells above a negative control (fluorophore-conjugated streptavidin alone) 

(Figure 3.5C). Together these data indicated that endogenous expression of HLA-F on the cell 

surface of immortalized cell lines is loaded with peptides and takes the form of pHLA-F.


3.5 IFN-γ induction of HLA-F suggests that β2Μ is essential for cell surface expression


Thus far, we have shown that under basal conditions, endogenously expressed HLA-F mainly 

takes the form of pHLA-F. However, it remains possible that under certain conditions that lead to 

the upregulation of HLA-F transcript and protein or during limited availability of β2Μ, ocHLA-

F becomes expressed on the cell surface. To test this hypothesis, we induced HLA-F expression 

by treatment with IFN-γ in cells with or without β2Μ. IFN-γ is a widely expressed cytokine 

expressed mainly by leukocytes in response to viral and microbial infection (188). Nearby cells 

that can sense IFN-γ respond by upregulating the expression of hundreds of genes, including 

genes that encode the PLC and some class I HLA molecules, such as HLA-F (189). For this 

experiment, we used WT and engineered 293T and Jurkat cells in which β2Μ or HLA-F had 

been knocked out by CRISPR (58).


To verify that IFN-γ induction was successful, we measured the surface expression of complexed 

class I HLA molecules using the W6/32 antibody, which should detect an increase in class I cell 
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surface expression. When using F1 and pF4 tetramers to test for cell surface HLA-F, we found 
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that in WT backgrounds, staining with pF4 was detected on 293T and Jurkat cells upon IFN-γ 

treatment while F1 failed to stain in any context (Figure 3.6). Interestingly, in the β2Μ KO 

background both pF4 and F1 failed to stain cells, whether treated with IFN-γ or not, suggesting 

that eliminating β2Μ does not lead to an increase in cell surface ocHLA-F. As expected, there 

was no staining by pF4 or F1 of HLA-F KO 293T cells with or without IFN-γ, indicating that 

pF4 is not likely cross-reacting with other HLA molecules. Together, these data suggest that even 

when induced by an external stimulus, HLA-F is expressed at the cell surface in the form of 

pHLA-F. Additionally, cell surface expression of pHLA-F requires β2Μ. More importantly, 

however, the loss of β2Μ does not lead to compensatory cell surface expression of ocHLA-F.


3.6 Cell surface pHLA-F may be dependent on several components of the PLC


HLA-F’s dependence on components of the peptide-loading complex (PLC) remains ambiguous. 

One early study suggested that cell surface HLA-F was independent of TAP, which implied that 

surface presentation would most likely be in an open conformer form (53). If pHLA-F as 

detected by pF4 is truly loaded with peptides, then this form may also be sensitive to disruption 

of PLC components. In order to test whether disruption of PLC components modifies the 

abundance and/or form of HLA-F at the cell surface, we used CRISPR to knock out TAP1 and 

TPN, two important members of the PLC (9). Additionally, thanks to our conformation-specific 

79

Figure 3.6 Continued

A. WT, β2M KO, and HLA-F KO 293T cells were cultured with and without 10 ng/mL IFNγ 
for 2 days prior to staining with W6/32, 3D11, or F1 or pF4 tetramers. Y-axis is shown as fold-
change MdFI of indicated antibody or tetramer relative to either an isotype control (W6/32 and 
3D11) or labeled SA only control (F1 and pF4). Significance was measured using Welch’s T-
test. **<0.005 ***<0.0005. B. Same experiments as in A, but using WT and β2M KO Jurkat 
cells instead.



Fabs, we can also test whether the disruption of any specific components leads to compensation 

at the cell surface by expression of ocHLA-F.


We were able to generate preliminary data for TAP1 and TPN KO cells. In line with a model 

suggesting regulation of pHLA-F by the canonical class I PLC pathway, pHLA-F expression was 

reduced in TAP1 and TPN KO lines as assessed by pF4 staining (Figure 3.7). Staining by W6/32 

to assess cell surface expression HLA-C*01:02 in 221 cells follows a similar trend, consistent 
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with successful TAP1 and TPN KOs in these cells. Importantly, we did not observe 

compensatory expression of ocHLA-F as measured by F1 staining, suggesting that disruption of 

other canonical regulatory factors of HLA-I expression also do not lead to an increase of 

ocHLA-F cell surface, similar to our experiments using β2Μ KO cell lines. Nevertheless, 

definitive conclusions can only be reached once monoclonal lines have been expanded and KOs 

confirmed by Sanger sequencing, Western blot, and/or flow cytometry. However, these 

preliminary results are consistent with pHLA-F expression being regulated in a manner similar to 

other class I molecules.


3.7 ocHLA-F is expressed on the surface of activated lymphocytes


Since we had yet to observe ocHLA-F in an endogenous context, we sought to find a different 

system that would allow for the detection of ocHLA-F expression on the cell surface. Activated 

lymphocytes have long been recognized as producers of empty cell surface HLA molecules 

(190). Additionally, studies have shown that activated lymphocytes upregulate HLA-F protein 

expression (60). Thus, we hypothesized that perhaps ocHLA-F expression could be detected on 

the surface of activated lymphocytes. To test this hypothesis, we used primary frozen PBMCs 

from 2 healthy donors and cultured them for 5 days in the presence of IL-2 and a plate-bound 

anti-CD3 antibody. Cells were then harvested and assayed by flow cytometry. Our results 

showed that activated T cells expressed the highest abundance of ocHLA-F relative to any other 

cell type tested, although pHLA-F expression is still higher (Figure 3.8). These data confirm for 

the first time that ocHLA-F can be expressed endogenously on the surface of a primary cell type. 

Since these are peripheral blood-sourced T cells, these results are consistent with the model 
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proposed by Garcia-Beltran et al. suggesting that HLA-F can be upregulated on HIV-infected T 

cells and signal through KIR3DS1 to inhibit HIV replication (58). 


3.8 The 3D11 antibody is biased and binds to non-specific targets


To our knowledge, 3D11 is currently the only commercially available antibody for HLA-F that is 

validated for use in flow cytometry. However, it is not clear whether 3D11 can recognize all 

forms of HLA-F with comparable affinity. The 3D11 antibody, as well as other HLA-F 

antibodies, were originally designed to recognize empty refolded HLA-F material (52), which we 

now show is structurally different from pHLA-F. In order to investigate 3D11 specificity, we 
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tested its ability to stain the TAP1 and TPN KO cell lines (Figure 3.7). In this experiment, 3D11 

staining was not depleted to the same extent in the knockouts as was observed for W6/32 and the 

pF4 reagents. Further, 3D11 did not detect pHLA-F induced by IFN-γ in 293T or Jurkat cells 

(Figure 3.6). One possible explanation for these results is that the 3D11 antibody is actually 

biased towards the empty forms of HLA-F and fails to effectively stain cells expressing only 

pHLA-F. Although not mutually exclusive, it could also be that 3D11 binds to one or several 

non-specific targets other than HLA-F. To test these hypotheses, we used a combination of HLA-

F KO cell lines and purified protein reagents and compared their reactivity with the 3D11 

antibody.


Using four validated 221 HLA-F KO lines, we observed that the 3D11 antibody was staining 

cells regardless of successful HLA-F KO (Figure 3.9A). HLA-F KO JY clones that have so far 

only been validated by flow cytometry (not by Western blot or Sanger sequencing) showed a 

similar result (Figure 3.3). Interestingly, although the KO of HLA-F in 221 and JY cells does not 

entirely abrogate 3D11 staining, the KO of β2Μ in both cell lines did, suggesting that 3D11 may 

bind a β2Μ-dependent protein aside from HLA-F (Figure 3.9B). Since it appeared as though 

3D11 was binding non-specific targets, we sought to identify all 3D11 binding partners by 

immunoprecipitation followed by mass spectrometry. Although the experiment resulted in the 

specific pull-down of HLA-F from WT 221 cells and not from β2Μ or HLA-F KO 221 cells, 

there did not appear to be any obvious alternative targets expressed on the cell surface (Table 

S1). Additionally, no other HLA molecules were detected. Thus, future experiments will be 
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necessary to elucidate the cause of the non-specific binding of 3D11 to HLA-F KO cells 

observed here.


To test whether 3D11 is biased towards empty forms of HLA-F, we used biolayer interferometry 

(BLI) to measure the binding response of empty or peptide-loaded HLA-F made from insect cells 

for 3D11. Whether immobilizing 3D11 or HLA-F, the binding response was consistently higher 

between empty forms of HLA-F (ocHLA-F and bHLA-F) and 3D11 than the peptide-loaded 

form of HLA-F and 3D11 (Figure 3.9C). To corroborate these findings, we used protein-coated 

streptavidin-conjugated dynabeads in combination with flow cytometry. We expressed and 

purified biotinylated refolded ocHLA-F and bHLA-F and pHLA-F generated in insect cells (Hi5) 

and 293T cells. SA-conjugated dynabeads were then coated with biotinylated recombinant 

proteins, washed to remove excess/unbound protein, and then stained with a fluorophore-

conjugated 3D11 antibody. Preliminary results suggest that indeed 3D11 binds 10.2 and 10.6-fold 

better to beads coated with ocHLA-F and bHLA-F, respectively, than beads coated with insect 

cell-derived pHLA-F and 1.5 and 1.6-fold better than beads coated with mammalian cell-derived 

pHLA-F (Figure 3.9D). This trend was also seen using the HCA2 antibody, known for its 

binding preference for empty HLA molecules (191). Thus, it appears as though not only is 3D11 

binding non-specific targets, but that it is also biased towards empty forms of HLA-F. Although 

more replicates of each experiment need to be performed to account for biological and technical 

variation, if true, this would account for the discrepancy seen thus far between staining with 

3D11 and F1 and pF4. 
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3.9 NHP homologs of HLA-F present peptides regardless of W62 or R62
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An important finding by Dulberger et al. was that the recombinant W62R HLA-F mutant was 

severely impaired in its ability to bind peptides as determined by total peptide abundance and 

number of peptides detected. These data raise an interesting evolutionary question about HLA-F 

and its orthologs: is there any association between W62 or R62 and the ability to present peptides 

by NHP ortholog (MHC-F) molecules? One hypothesis might be that MHC-F molecules with 

R62 are somehow worse peptide presenters than those with W62. Two ways in which this could 

manifest is either through the reduced ability of MHC-F molecules with R62 to bind peptides, 

similar to the W62R HLA-F mutant, or through the increased intrinsic stability of MHC-F with 

R62 without peptides. Importantly, these properties do not have to be mutually exclusive. 


In order to test the hypothesis that MHC-F molecules with R62 cannot present peptides, we 

compared the stabilities and peptide-presenting abilities of recombinant forms of HLA-F with 

those of MHC-F molecules. To obtain the relevant sequences we cloned the mRNA of MHC-F 

using BLCLs derived from a chimpanzee (Patr-F), gorilla (Gogo-F), orangutan (Popy-F), gibbon 

(Hyla-F), and macaque (Mamu-F) kindly provided to us by the Parham lab at Stanford 

University and the Gilad lab at the University of Chicago. A phylogenetic tree that includes 

previously sequenced MHC-F genes from other species (68) along with those that we cloned 

matches expectations based on the species from which the BLCLs were derived (Figure S3.4). 


In order to compare stabilities between different orthologs, we produced recombinant empty 

forms of each protein with and without β2Μ refolded from bacterial inclusion bodies. We also 

generated putatively peptide-loaded forms of each protein made in insect cells using a similar 
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scheme to what was previously done for HLA-F (68). When purifying HLA-F from bacteria 

without a peptide ligand, we consistently observe two states by SEC: an aggregated state that 

elutes early off the column – larger molecules elute earlier – and a monomeric state that elutes 

later at the expected volume based on its predicted molecular weight (Figure 3.10A). Additional 

verification by SDS-PAGE supports these observations. We have also observed that 

concentrating bacterially-derived HLA-F by centrifugal filtration will shift the equilibrium in 

solution towards the aggregated state. This, however, is not true of HLA-F expressed in insect 

cells, which elutes mainly as a monomer, and does not aggregate extensively when concentrated. 

Accordingly, we qualitatively assessed the stability of empty forms of MHC-F with respect to 

their ability to yield monomeric protein in the absence of ligand, their monomer-to-aggregate 

peak ratios, and their ability to remain monomeric at high concentrations. 


Upon purification of recombinant empty MHC-F molecules, most orthologs were able to yield 

soluble monomers without the addition of a peptide ligand, similar to HLA-F (Figure 310A,B). 

SDS-PAGE confirms this for Patr-F and Hyla-F. Mamu-F was the only ortholog that did not 

refold (Figure 3.11). Concentrating either the chimpanzee-derived or orangutan-derived proteins 

resulted in a reduced monomer-to-aggregate peak ratio by SEC, also similar to what we observe 

for HLA-F (Figure 3.10C). The addition of β2Μ to the refolding reaction consistently increases 

the monomer-to-aggregate peak ratio, suggesting the presence of more stable monomers with 

β2Μ relative to just the heavy chain alone (Figure 3.10D). Upon production of recombinant 

MHC-Fs in insect cells, purification by SEC yielded more stable monomers with minimal to no 

aggregate peaks (Figure 3.12). Interestingly, Popy-F, derived from the orangutan, eluted as both 
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Figure 3.10 - Orthologs of HLA-F display similar stability when refolded without peptide 
ligands.




a non-covalent dimer and monomer, a feature observed only for that ortholog. Based on these 

data, we observed no relationship between increased stability and empty MHC-F molecules with 

R62 compared to W62.


We hypothesized that peptide ligands account for the increased stability of MHC-F molecules 

expressed in insect cells, even those with R62. To test this, we determined the crystal structures 

of Patr-F and Mamu-F to 2.8Å and 2.1Å, respectively. Importantly, both Patr-F and Mamu-F 

encode R62. An alignment of Patr-F, Mamu-F, and HLA-F shows that all three structures are 

highly similar overall (Figure S3.5). Intriguingly, in both Patr-F and Mamu-F we observed clear 

electron densities for what appear to be peptide ligands within the peptide binding grooves 

(Figure 3.12). Similar to HLA-F, the density observed was incomplete or uncertain in places, 

making it difficult to build individual peptides into the model. However, in all structures 

including HLA-F, an anchor residue was clearly apparent near the middle of the peptide binding 

groove that likely corresponds to position 3, 4, or 5 of the peptide ligand. Density corresponding 

to an N-terminal anchor was only apparent in the structure of Mamu-F, perhaps because its 

structure is better resolved. Based on the electron density identified in Mamu-F, we hypothesize 
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Figure 3.10 Continued

A. Size exclusion chromatography (SEC) traces of either HLA-F or an ortholog of HLA-F 
including chimpanzee, orangutan, or gibbon (ordered from top to bottom). Refolds were done 
either using the heavy chain alone or with β2M (+β2M). The violet highlighted volume 
indicates the aggregate peak (Agg) that we typically observe when refolding HLA-F without a 
peptide ligand. The pink highlighted volume indicates the monomer peak (mon) where we 
typically observe monodispered HLA-F eluting from the column. B. Non-reducing SDS-PAGE 
of SEC fractions from purifications of Patr-F (the chimpanzee ortholog) and Hyla-F (the 
gibbon ortholog). C. SEC traces before (black) and after (red) concentrating Patr-F (top row) 
and Popy-F (bottom row). D. Aggreate-to-monomer peak ratios calculated for refolds using just 
the heavy chain or heavy chain plus β2M.




that it may present peptides in three different states, each of which is bound differently at the N-

terminus (Figure 3.13). 
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Figure 3.11 - Mamu-F, the macaque ortholog of HLA-F, does not refold at all without a 
ligand. 

Non-reducing SDS-PAGE of SEC fractions portrayed below. While HLA-F refolds yield 
soluble monomer without the addition of a ligand, Mamu-F fails to yield any, even upon adding 
β2M.




To confirm the presence of peptides in these samples and determine what they look like, we 

eluted peptides from recombinant HLA-F, Patr-F, Popy-F, and Mamu-F expressed in insect cells. 

Dr. Samuel Weng of the UChicago Proteomics Core then processed the eluate by LC-MS/MS. In 

agreement with determined crystal structures, peptides were detected in each sample, some 

which were present in all species (Table S3). Immediately noticeable was that the length 

distribution of peptides eluted from HLA-F from Hi5 cells were on average shorter than peptides 

eluted from 293T cells by Dulberger et al. and from K562 cells by Hó et al. (Figure 3.14A). 

While the significance of these results are unknown, we have observed that recombinant HLA-F 

made in insect cells is more stable compared to 293T-derived material. Thus, this result might 

suggest that although HLA-F can present longer peptides, it is most stable when presenting 

shorter ones.
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Figure 3.12 - MHC-F molecules display enhanced stability when expressed in insect cells. 

SEC traces show that when expressed in insect cells, Patr-F, Popy-F, Mamu-F, and Hyla-F 
(from top to bottom) exhibit minimal aggregation even once concentrated, unlike refolded 
material. Non-reducing SDS-PAGE shows clean, monomeric bands of the expected size. The 
second larger peak seen for Popy-F is a concentration-dependent non-covalent dimer.




In order to analyze and compare peptide binding motifs, we used the GibbsCluster server to align 

and cluster peptides and visualize different peptide binding motifs within our data. Interestingly, 

upon analyzing datasets separately, some motifs appeared qualitatively similar to one another, 
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suggesting that in each data set, certain peptides conformed to a distinct profile (Figure 3.14B). 

These motifs stood out not only for what appeared to be a charged anchor residue at PΩ, similar 

to what was reported previously (68), but also for a hydrophobic anchor in the middle of the 

peptide, concordant with ligand density in determined crystals structures of HLA-F, Patr-F, and 

Mamu-F (Figure 3.12). While peptides eluted from Hi5 and K562 cells had an enrichment for 

hydrophobic residues at P5, peptides eluted from 293T cells exhibited a similar enrichment at P3 

(Figure 3.14B). Future experiments will need to confirm which of the identified peptides are true 

ligands for MHC-F molecules and how they are presented. Finally, a comparison of ligand 

intensities and the number of ligands across species revealed no relationships with residue 62 

(Figure 3.14C). It should also be noted that while these peptides may represent those that fit 

within the biophysical restraints of MHC-F, they do not reflect the cellular context in which 

MHC-F naturally presents peptides, which may obscure more concrete binding motifs. Together, 

these data suggest that MHC-F molecules present peptides similarly to HLA-F and that R62 

alone is not a meaningful predictor of the stability of empty forms of MHC-F nor of their ability 

to present peptides. However, it remains to be seen what peptides are most physiologically 

relevant within and across species
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Figure 3.13 Continued

A. The structure of HLA-F was determined by Dulberger et al. It was noted that its N-terminus 
is likely not anchored into the groove due to the lack of electron density within the binding 
pocket in that region. Furthermore, there was a prominent residue anchored in the center of the 
platform. B,C. The electron density found within the binding grooves of Patr-F and Mamu-F 
are nearly exactly the same. Each show weak electron density for anchors near the N-terminus, 
while showing prominent electron density for an anchor in the center of the platform. Because 
the structure of Mamu-F is better resolved, there is evidence of an N-terminal anchor as well.




3.10 The W62R HLA-F mutant is not able to signal through KIR3DS1


Our data suggested that MHC-F molecules natively containing R62 are able to present peptides 

in contrast to what was proposed by Dulberger et al. To further confirm our findings, we tested 
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Figure 3.14 - LC-MS/MS confirms peptides bound by MHC-F molecules and highlights a 
distinct length distribution. 

A. The length distributions of HLA-F peptides eluted from indicated cell lines. Hi5 cells 
represent data from this study. B. Selected clustered motifs output but GibbsCluster that appear 
qualitatively similar between datasets. C. Summed ligand intensities and total number of 
ligands identified from recombinant protein made in Hi5 cells.




whether W62R HLA-F was able to signal through KIR3DS1, a known activating receptor of 

empty HLA-F, but not pHLA-F (68). We hypothesized that if W62R HLA-F is biased towards 

the unloaded state as opposed to an altered peptide repertoire, it should activate through 

KIR3DS1 to a greater degree than WT HLA-F, which is peptide-loaded when expressed in insect 

or mammalian cells. To detect a signaling event, we used Jurkat cells that express an engineered 

KIR3DS1 receptor containing the KIR3DS1 extracellular domain, a KIR3DL1 transmembrane 

domain, and a CD3ζ intracellular domain. In this system, if Jurkat cells expressing KIR3DS1 

recognize extracellular ligands, signal transduction will induce upregulation of CD69 on the cell 

surface, which can then be assayed by flow cytometry. Ligand was presented in the form of 

immobilized recombinant protein in flat-well 96-well plates. 
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KIR3DS1:CD3ζ-engineered Jurkats were used for activation assays. Results show that only 
bacterially derived HLA-F is able to activate engineered Jurkats. Biotinylated monomers were 
immobilized onto traptavidin-coated plates at the indicated concentrations. Jurkats were 
incubated in wells overnight and cell-surface CD69 was used as a proxy for activation.



In line with our data suggesting that R62 does not bias HLA-F or MHC-F molecules towards an 

unloaded state, W62R HLA-F was not able to activate through KIR3DS1, whether expressed in 

insect or mammalian cells (Figure 3.15). As expected, WT pHLA-F expressed in either system 

failed to activate Jurkats, while refolded ocHLA-F and bHLA-F did so successfully. These data 

add to the evidence that HLA-F and MHC-F molecules encoding R62 are able to present 

peptides. 


3.11 Discussion


HLA-F was long thought to be stably presented on the cell surface as an unloaded heavy chain 

with or without β2Μ. We successfully generated reagents that allow us to differentiate between 

ocHLA-F/bHLA-F and pHLA-F. In contrast to previously published results, using these reagents, 

we showed that pHLA-F is actually the dominant form of HLA-F expressed on the surface of 

cells and not ocHLA-F or bHLA-F. Using engineered cell lines, we also showed that β2Μ is 

necessary for surface expression of HLA-F and that HLA-F may be dependent on various 

components of the PLC important in peptide loading of class I MHC molecules. Finally, the fact 

that the 3D11 antibody appears to be biased and possibly cross-reactive also explains the 

differences seen in our data and previously published studies. All previous antibodies generated 

against HLA-F were generated against linear epitopes or refolded, empty material. Thus, a 

reasonable hypothesis is that reagents used to recognize HLA-F prior to those described here 

were biased towards detecting ocHLA-F, which could explain why HLA-F was thought to 

behave differently from other class I HLA molecules. While we could detect either ocHLA-F 
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and/or bHLA-F on the surface of activated T cells, previous studies have shown that this 

observation is not unique to HLA-F and has also been observed for other HLA molecules (192–

194). This suggests that there is something unique about HLA expression on activated T cells 

that either allow for misfolded HLA-I molecules to escape regulation by the PLC or that they are 

more likely to lose their association with β2M and peptide. Of these two possible explanations 

for HLA-F, our results in IFN-γ induced β2M KO and HLA-F KO 293T and β2M KO Jurkat 

cells are more consistent with the latter.


Dulberger et al. hypothesized that MHC-F molecules may vary in their ability to present peptides 

based on whether they encode W62 or R62. Using crystal structures and LC-MS/MS we showed 

here that peptide presentation between HLA-F, Patr-F, and Mamu-F is relatively similar. All 

species tested presented peptides regardless of whether they encode W62 or R62. Furthermore, 

all orthologs exhibit similar or worse stability when refolded from bacterially-derived inclusion 

bodies without peptide. When expressed in insect cells and loaded with peptides, stability was 

greatly enhanced. Although crystal screens were conducted using refolded Patr-F and Hyla-F 

with and without β2M, no crystals were observed. Yet, a clear peptide binding profile could not 

be identified from eluted insect cell peptides. All of our attempts to refold HLA-F with a single 

synthesized peptide have failed. One possible explanation may be that overexpressed HLA-F 

picks up many low affinity peptides that are not amenable to refolding. In order to remedy this, 

one possible alternative would be to extract endogenously expressed HLA-F from the surface of 

cells using pF4. However, considering that HLA-F is expressed at least one order-of-magnitude 

lower than other class I molecules (Figure 1.4), this approach would be quite labor intensive.
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The results presented here have several limitations. One is that only immortalized cell lines were 

engineered and investigated in this study. It remains to be determined whether primary cells 

express different patterns of cell surface HLA-F, either endogenously or upon induction by IFN-γ 

or viral infection. Another limitation is that our studies of the dependency of HLA-F on PLC 

components is preliminary. While transfected cells were sorted and expanded, single-cell clones 

need to be generated and validated prior to making any quantitative conclusions regarding the 

dependence of HLA-F dependence on the PLC. Lastly, our analysis of MHC-F molecules and 

their stability relative to HLA-F was largely qualitative. Experiments were not carried out in such 

a way that allowed quantitative statements. However, based on the available data, the major 

conclusion that residue 62 is a poor predictor of stability with or without peptide ligand is robust 

because each ortholog tested showed enhanced stability when expressed in insect cells, 

presumably because they were loaded with peptides. Thus, considering all available data, we 

hypothesize that the predominant form of HLA-F on the surface of cells if peptide-loaded under 

basal conditions, but that in different contexts, such as lymphocyte activation, ocHLA-F can also 

be expressed on the cell surface, opening up the possibility for interactions with KIR3D 

molecules.


3.12 Materials & Methods


Generating, expressing, and purifying conformation-specific Fab reagents
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We designed a novel protein expression construct and purification strategy to yield ocHLA-F and 

pHLA-F made in Hi5 cells. HLA-F made in Hi5 cells had enhanced stability in comparison to 

protein expressed in E. coli and refolded from inclusion bodies. The construct design was similar 

to what has been reported previously (68) with one exception: a 3C protease cleavage site was 

added within the glycine-serine linker connecting β2Μ to HLA-F. Expression yield was 

comparable to the construct without the cleavage site. Following Ni-NTA affinity purification 

from clarified Hi5 supernatant, the elution was split in half. For pHLA-F, one half of this was 

specifically in vitro biotinylated at a C-terminal AviTag site, incubated overnight at 4ºC, and then 

purified over an S200 (see Chapter 2 Materials & Methods) by SEC into 10 mM HEPES 150 

mM NaCl 0.02% azide (1X HBS). For ocHLA-F, one half was treated with 3C protease for at 

least 24 hours at 4ºC. Following 3C treatment, the protein solution was diluted into freshly 

prepared 8M urea and purified by reverse-phase chromatography over a C4 column using an 

acetonitrile gradient to separate the light chain from the heavy chain. Fractions corresponding to 

the HLA-F heavy chain were then dialyzed back into 1X HBS, in vitro biotinylated, and purified 

over S200.


Tomasz Ślężak of Dr. Tony Kossikoff’s lab then used these biotinylated proteins to select for 

high affinity synthetic Fab reagents by phage display as described (195). Briefly, to generate F-

Fabs, phage were first negatively selected using pHLA-F followed by positive selection with 

ocHLA-F. To generate pF-Fabs, phage were first negatively selected using ocHLA-F followed by 

positive selection with pHLA-F. After 4-5 rounds of negative and positive selection, a phage 

ELISA was used to assess the specificity and relative affinities of each pure Fab population.
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Synthetic Fab heavy and light chains were then cloned into a single bacterial expression plasmid 

(either with or without a C-terminal AviTag) for periplasmic protein expression as described 

(195). 2xYT media was used to grow 1 L of each Fab and each expression was induced with 1 

mM IPTG once the culture density reached OD600 ~0.6-1.0. After 4 hours of expression, cell 

pellets were collected by centrifugation and lysed by sonication. Following sonication, lysates 

were clarified and further purified by incubation at 65ºC for 30-45 minutes to remove heavy and 

light chain homodimers or other less stable protein products. Finally, lysate was clarified once 

more prior to purification by protein L column and eluted by 10% acetic acid directly into 1M 

Tris-HCl pH 8.0. Protein was dialyzed back into HBS and, for those Fabs with an AviTag, in 

vitro biotinylated with recombinant BirA ligase made in-house. Biotinylated Fabs were then 

purified once more over S200 by SEC. Biotinylated Fabs were used to make PE, APC, or 

BV421-labeled tetramers at a monomer concentration of 2 µM. For flow cytometry experiments, 

staining concentrations of 50 nM were used (1:40 dilution). Staining was performed in the dark, 

at room temperature, for 30 minutes, in 50 µL volumes.


Generation of CRISPR-Cas9 mediated knock out cell lines


Single guide RNAs (sgRNAs) were either utilized from previous publications (see Table S4) or 

designed to target HLA-F specifically and not other HLA genes using CRISPOR (196). Forward 

and reverse primers were then used to clone in the sgRNA of interest into p458X-GFP, which 

expressed the sgRNA of interest, an engineered SpCas9 enzyme, and a GFP reporter. 

pSpCas9(BB)-2A-GFP (PX458) was a gift from Feng Zhang (Addgene plasmid #48138 ; http://
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n2t.net/addgene:48138). WT 293T/17 cells were transfected with p458X-GFP containing the 

β2Μ or HLA-F gRNAs (see Table S3) using PEI and two days later single-cell sorted on the top 

1% of live, GFP positive cells into 96-well plates. Expanded clones were later validated as 

successful knock out lines by Sanger sequencing and cell surface staining using the W6/32 

antibody (β2Μ KO lines) or by Sanger sequencing and cell surface staining using pF4 tetramers 

(HLA-F KO lines) (Figure S3.1). 


WT 721.221 and JY cells were nucleofected according to the nucleofection protocol found in the 

Lonza Cell Line Optimization Nucleofector Kit (Nucleofector 2b, Lonza) using the T-016 

program with gRNAs targeting either β2Μ or HLA-F (see Table S4). After 24 hours, cells were 

bulk sorted on the top 1% of live, GFP-positive cells using the MACS Tyto FACS instrument. 

Cells were then expanded for 2-3 weeks, but only 721.221 and JY HLA-F and β2Μ KO lines 

were used to seed wells of 96-well plates by single-cell dilution cloning. Individual clones were 

then expanded and verified using a combination of Sanger sequencing, Western blot, and flow 

cytometry (Figure S3.2). Generation of polyclonal TAP1 and TPN KO lines were generated 

similarly, but single-cell clones were never generated.


Flow cytometry experiments


Antibodies used include W6/32 (Biolegend, anti-pan class I HLA complex) and 3D11 

(BioLegend, anti-HLA-F). W6/32 was used at a dilution of 1:100 and 3D11 was used at a 

concentration of 1:20, unless otherwise noted. Tetramer staining using Fabs was done at 50 nM 

monomer concentrations. For staining, cells were aliquoted into 96-well plates and washed once 
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in 1X PBS + 3% FBS (flow buffer). Cells were then resuspended in 50 µL of prepared staining 

buffer containing the antibody/tetramer cocktail and incubated at room temperature for 30 

minutes. Cells were then washed 1X in 200 µL flow buffer and resuspended in 200 µL flow 

buffer prior to data collection on the ThermoFisher Attune NxT flow cytometer. For live/dead 

staining, Zombie dyes were used prior to antibody staining by incubating cells in PBS for 30 

minutes at room temperature, or DAPI was used post antibody staining at a 1:2000 dilution in 1X 

PBS for 5 minutes at room temperature. Negative controls include relevant isotype controls from 

Biolegend or PE, APC, or BV421-labeled streptavidin (SA) used to make tetramers of F1 and 

pF4. 


For IFN-γ induction, cells were expanded to 60-80% confluency prior to exchanging spent media 

for fresh media that contained 10 ng/mL IFN-γ (treatment) or media only (control). Cells were 

then incubated for 48 hours at 37ºC prior to harvesting for antibody staining and flow cytometry.


Biolayer interferometry


Binding experiments were done by immobilizing biotinylated F1 or pF4 on a streptavidin (SA) 

tip to ~3 nm. Hi5 expressed and purified, β2Μ-fused HLA-F, Patr-F, or Popy-F  concentrated to 

1 µM were used as analytes and binding was measured relative to buffer blank controls (1X 

HBS). 


For 3D11 binding experiments, unconjugated 3D11 or 26.5 (Biolegend) antibodies were 

immobilized onto Anti-mouse Fc capture (AMC) sensor tips to a response of ~1 nm. Hi5-derived 
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ocHLA-F, bHLA-F, pHLA-F, and bacterially-loaded MR1 was used at an analyte concentration 

of 1 µM. For the reverse experiment, bHLA-F or pHLA-F were immobilized onto Ni-NTA 

sensor tips to a response of ~3 nm. ocHLA-F was not used because it did not contain a multi-

histidine tag. 3D11 and a corresponding isotype (Biolegend) antibody were used at an analyte 

concentration of 833 nM. All binding curves were buffer subtracted.


mRNA cloning of non-human primate homologs


BLCLs were generated of two chimpanzee (Peony and Razi), two gorilla (Oko and Shamba), two 

orangutan (Biji and Molec), two gibbon (Buddy and Vernette), and two macaques (Thian and 

Xuan) by the Parham (Stanford) and Gilad (University of Chicago) labs. Cell lines were cultured 

in RPMI 1640 + 10% FBS without antibiotics. 10e6 cells of each species were harvested, 

washed, and lysed using TRIzol and a Direct-zol RNA Miniprep kit kit to purify total RNA. 500 

ng of total RNA was then used to generate cDNA libraries (Maxima First Strand cDNA 

Synthesis kit). 1 µL of each cDNA library was then used as a template for PCR using Q5 

polymerase and primers designed by Rojo et al. (197) to amplify HLA-F homologs from 

chimpanzee, gorilla, orangutan, gibbon, and macaque. PCR products were gel purified and TA-

cloned into a TOPO vector (Invitrogen TOPO TA Cloning Kit). White colonies were sequenced 

using M13 forward and reverse primers. Amino acid sequence alignments and and a 

phylogenetic tree using sequences of HLA-F homologs derived from Dulberger et al. were used 

to confirm that the homologs were truly of chimpanzee, gorilla, orangutan, gibbon, or macaque 

origin.
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Cloning, expression, purification, and crystallization of non-human primate homologs


Soluble expression constructs of Peony-F (Patr-F), Oko-F (Gogo-F), Molec-F (Popy-F), Buddy-

F (Hyla-F), and Thian-F (Mamu-F) were cloned into pET30a and pAcGP67a for bacterial and 

insect cell expression, respectively. All bacterial expression constructs were GC optimized, 

similar to what was described in the Chapter 2 Materials & Methods section for HLA-

B*73:01. Insect cell expression vectors were N-terminally fused to β2Μ similar to HLA-F from 

Dulberger et al. (68) Bacterial and insect cell expression and purification was done as previously 

described for HLA-F (68). For crystallography, insect cell expressed protein was treated for 2 

hours with EndoF enzyme expressed and purified in the Adams Lab prior to a second Ni-NTA 

purification to remove non-HisTagged EndoF. Hits for PeonyF were obtained and optimized in 

2% PEG 400, 2M NaSO4, 0.1M Tris-HCl pH 8.0 and hits for Thian-F were obtained and 

optimized in 0.1M MES pH 6.0 and 20% PEG 4000.


Diffraction data was collected at the Advanced Photon Source at Argonne National Laboratory 

on beamlines 23-ID-D and 24-ID-E. CCP4, Coot, and PHENIX software suites were used for 

molecular replacement and model refinement. PyMol and ChimeraX were used to make figures 

and measure atomic distances.


In vitro T cell activation assay


Fresh (isolated same day) blood was used to enrich PBMCs by density gradient (Ficoll). PBMC 

aliquots were then frozen and stored in 100% FBS in liquid nitrogen storage until use. The day 

before thawing PBMCs, flat 96-well plates were coated with 100 µL of anti-CD3 (OKT3) 
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antibody diluted to 10 µg/mL in PBS and incubated at 4ºC overnight. For in vitro activation, 

PBMC aliquots were thawed and changed into media containing RPMI1640 + 10% FBS + 100 

U/µL IL-2 + soluble anti-CD28 (CD28.2) antibody diluted to 2 µg/mL. Antibody solution was 

removed from coated plates and 200 µL of PBMCs at 1e6 cells/mL were aliquoted into 

appropriate wells. Cells were then incubated at 37°C, in 5% CO2 for 5 days prior to harvesting 

for staining and data collection on the ThermoFisher Attune NxT flow cytometer.


KIR3DS1:CD3ζ Jurkat signaling assay


KIR3DS1:CD3ζ expressing Jurkat cells provided by the Altfeld lab were used to assay for 

signaling using protein-coated plates. Flat 96-well plates were coated with 2 µg/mL streptavidin 

(made in the Adams Lab) diluted in PBS and incubated at 4ºC overnight. Following coating with 

streptavidin, wells were washed once with 200 µL PBS and coated with C-terminally 

biotinylated ligands by incubating plates overnight at 4ºC. Plates are now ready to use and 

should be used within 1 week. Jurkats were expanded in RPMI1640 + 10% FBS. Once plates 

were ready, cells were harvested, resuspended in fresh media, and 50,000 cells in 200 µL were 

aliquoted into protein-coated wells. Plates were then incubated at 37ºC in 5% CO2 for 16 hours 

prior to harvesting, staining with anti-CD3 (UCHT1) and anti-CD69 (FN50), and data collection 

on the ThermoFisher Attune NxT flow cytometer.


3D11 immunoprecipitation for mass spectrometry


Immunoprecipitation was performed largely as described (198). Briefly, ~25e6 WT, β2M KO, 

and HLA-F KO 721.221 cells were expanded, washed with PBS, and frozen at -80ºC until 
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needed. Cells were lysed using NP-40 based lysis buffer and mixed with 3D11-coupled or 

isotype control-coupled dynabeads for 18-24 hours at 4ºC while mixing. Beads were then 

washed and protein was eluted using 500 µL ammonium hydroxide. These samples were 

submitted for mass spectrometry where samples were concentrated by SpeedVac and trypsinized 

prior to injection.


HLA-F MHC-F peptide elution for LC-MS/MS


Proteins were expressed in Hi5 cells and purified as described (68). Once purified, at least 200 

µg of protein per sample was mixed 1:1 with 20% acetic acid and boiled at 90ºC for 15-20 

minutes. Samples were left to cool to room temperature for several minutes prior to filtering 

using a Centricon 3 kDa centrifugal filter. Samples were centrifuged for 45 minutes at 4000xg. 

Flow through was then frozen at -80ºC until ready for concentration by SpeedVac and 

downstream immunopeptidomics by mass spectrometry.
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3.13 Supplementary materials
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Figure S3.1 - Validation of 293T β2M and HLA-F knockout lines. 

A. Sanger-sequencing data shows that while in the WT 293T cells, β2M remains intact (#1 and 
2), in a β2M knockout clone, indels have disrupted the open reading frame (#3-6). Flow 
cytometry confirms that this clone does not express cell surface HLA class I as detected by 
W6/32 (right panel). B. Sanger-sequencing data shows that while in WT 293T cells, HLA-F 
remains intact (#1), in an HLA-F knockout clone, indels have disrupted the open reading 
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Figure S3.2 - Validation of 721.221 β2M and HLA-F knockout lines. 
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Figure S3.2 Continued

A. Sanger sequencing results of amplified genomic DNA from WT (1), HLA-F KO 1A (1,2), 
1B (3,4), 1C (5,6), and 1D (7,8) 721.221 cells. Sanger-sequencing shows indels that disrupt the 
open reading frames of HLA-F only in HLA-F knockout clones (top row). Sanger-sequencing 
shows that in a β2M knockout clone of 721.221 cells, the HLA-F locus remains intact (middle 
row). Western blot for HLA-F shows that only in WT 721.221 cells is HLA-F protein still 
detected. Flow cytometry shows that while pF4 staining is completely ablated in a 721.221 
HLA-F knockout clone, pF4 stains a β2M knockout clone, but with less intensity. The 3D11 
antibody on the other hand continues to stain HLA-F knockout cells, but shows reduced 
staining of β2M knock out cells (bottom row).
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Figure S3.3 - Putative JY cell β2M and HLA-F knockout clones do not stain with F1 or 
pF4 fAbs. 

Upon staining with F1 or pF4, only WT JY cells are positive for pF4. Once β2M or HLA-F 
have been knocked out, staining is completely ablated (top row). 3D11 shows a similar staining 
patter in JY cells as it does in 721.221 cells. While it stains WT and HLA-F knockout cells, it 
fails to stain cells without β2M.
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Figure S3.4 - Cladogram of HLA-F and its orthologs. 

Full-length sequences from indicated sources were aligned using MUSCLE and phylogenetic 
tree generated using PAML. Numbers near ancestral nodes represent likelihood ratios. Tips 
labeled in red are sequences cloned in this study. Sequences in black are sequences that have 
been previously published (61).
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Figure S3.5 - Structural alignment of HLA-F, Patr-F, and Mamu-F. 

A structural alignment of HLA-F, Patr-F, and Mamu-F show that their overall structures are 
highly similar. Structures were aligned using alpha carbons of the β2M backbones. Alignment 
RMSD between HLA-F and Patr-F was 0.32Å while between HLA-F and Mamu-F it was 
3.77Å.




Chapter 4 - Regulation of HLA-F expression in human pregnancy


4.1 HLA-F as a novel regulator of human fecundability


The maternal-fetal interface is a composite of fetal and maternal cells where the fetal-derived 

placenta invades maternal tissue and anchors directly into the decidualized endometrium or 

decidua (105). The tips of placental villi become EVTs that invade deeply into the decidua and 

line maternal spiral arteries that provide the fetus with essential nutrients (105). During this 

process, EVTs communicate with dNK cells, maternal lymphocytes that play a crucial role in 

establishing fetomaternal tolerance, by expressing a unique combination of HLA ligands: HLA-

C, -E, and -G (117,199). As mentioned in Chapter 1.4.2, HLA-F has also been implicated in 

playing an important role in pregnancy and its protein expression has been observed on both fetal 

and endometrial tissues. While its expression on EVTs remains unclear, evidence is starting to 

build that endometrial expression of HLA-F is associated with implantation, and subsequent 

pregnancy establishment, referred to as fecundability. 


Studies of HLA in pregnancy have largely focused on EVTs because of data that supports their 

interactions with maternal lymphocytes as important drivers of pregnancy outcomes. More 

recently, studies have also focused on HLA expression in maternal tissues at the maternal fetal 

interface. In 2016, an important study by Burrows et al. test for associations between genome-

wide quantitative trait loci (eQTLs) in mid-secretory phase endometrium and fecundability, 

measured as the time to a positive pregnancy test among women who were not using any 

contraceptive methods (127). They discovered several fecundability-associated eQTLs for HLA-

F. Several of these eQTLs were located in the HLA-F promoter, but the most significant eQTL, 
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rs2523393, was located 10kb downstream of the HLA-F coding sequence, suggesting that this 

variant or a variant in strong LD with rs2523393 may reside in a sequence that regulates the 

transcription of HLA-F. Importantly, this effect was only significant for the maternal, not the 

paternal, genotype, indicating that only maternally-expressed HLA-F was relevant. The authors 

replicated this effect in an independent study of women (130). Together, these studies provide 

robust evidence for a link between HLA-F and pregnancy success.


Follow-up work confirmed that HLA-F protein is detectable in the endometrium by IHC (128) 

and flow cytometry (129) and that rs2523393 is located within a GATA2 transcription factor 

binding site (200). This GATA2 binding site was shown to be within a progesterone-responsive 

enhancer, and is responsive to progesterone signaling when transfected into endometrial stromal 

fibroblast (ESF) cell lines. Progesterone is a key hormone that is dynamically regulated 

throughout the menstrual cycle. Its abundance peaks during the secretory phase of the menstrual 

cycle and is essential in promoting the differentiation of the endometrium into the embryo-

receptive decidua so that implantation can successfully occur (201,202). Consequently, HLA-F 

transcription was also shown to be regulated by GATA2 and progesterone receptor, suggesting 

that HLA-F expression also peaks during the “window of implantation” and could regulate 

maternal immune cells to facilitate successful implantation during this pivotal period.


Here, we investigated where HLA-F protein is being expressed, in what form HLA-F is being 

expressed, and how expression is regulated in the context of human pregnancy. To do this, we 

used a suite of protein reagents to detect HLA-F and a panel of cell line reagents to apply them 
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to. We showed that EVTs likely do not express HLA-F transcript or protein, whereas ESFs 

express cell surface pHLA-F. Furthermore, pHLA-F expression is regulated by hormones and 

cytokines known to play important roles during implantation. We then showed using HLA-F 

tetramers that decidual macrophages as the primary decidual immune cell that recognizes HLA-F 

expressed in the endometrium (108,109). Together, these findings lay the foundation for future 

work on understanding how HLA-F expressed in ESFs may successfully prime uterine 

leukocytes such that they can facilitate early pregnancy establishment and maintenance.


4.2 HLA-F is expressed on some immortalized trophoblast cell lines, but not primary 

trophoblasts


First we confirmed which cells at the maternal-fetal interface express HLA-F protein. Burrows et 

al. found that only the maternal genotype contributed to HLA-F’s association with fecundability, 

suggesting that EVTs are not likely to be the cell type mediating this phenotype (127). However, 

several studies have reported HLA-F protein expression in EVTs by IHC and Western blot during 

the first trimester of pregnancy (52,120,121). One possible explanation for this is that EVTs 

could express a different form of HLA-F relative to maternal tissue and thus contribute to 

different phenotypes. Alternatively, it could also be that HLA-F expression in EVTs or other 

trophoblasts is not critical for implantation, but could be for later stages of pregnancy. To test 

this, we assayed for HLA-F protein expression by flow cytometry on trophoblast cell lines using 

our Fab reagents in combination with other previously described antibodies.
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First, we tested for HLA-F cell surface expression on several immortalized trophoblast cell lines. 

This included the choriocarcinoma cell line JEG3 (203), the large T antigen immortalized cell 

line, HTR8 (204), and the hTERT immortalized cell line, Swan71 (205). In HTR8 and Swan71 

cells, staining was seen mainly by pF4, with little to no staining by 3D11 and F1 suggesting that 
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Figure 4.1 - HLA-F transcript is barely detectable in trophoblasts.

A. A reanalysis of data from Vento-Tormo et al. (112) shows that HLA-F transcript is expressed 
in nearly all cells except for trophoblasts. EVTs are marked by expression of HLA-G. Cells not 
marked by HLA-G expression are either villous cytotrophoblasts (CBTs) or syncytial 
trophoblasts (STs), which also do not appear to express HLA-F. dS = decidual stromal cells; 
dM = decidual macrophages; dNK = decidual natural killer cells; CBT/EVT = 
cytotrophoblasts/extravillous trophoblasts. B. Two bulk RNA-seq data sets (224,225) using 
isolated trophoblast populations show similarly that HLA-F transcript is barely above the limit 
of detection whereas HLA-C, HLA-E, and HLA-G transcript is abundantly expressed. P = 
primary EVTs, I = invasive EVTs, O = trophoblast organoids, 1,2, and 3 = differentiated 
trophoblast organoids, V = villous trophoblasts, EV = Extravillous trophoblasts.



these cells are dominantly presenting pHLA-F (Figure 4.1A), similar to what was seen in 

Chapter 3.4. However, there was no staining by pF4, F1, or 3D11 in the JEG3 cell line, which 

best recapitulates the HLA expression pattern seen on primary trophoblasts (206). While these 

results suggest that HLA-F can be expressed on EVTs, primary trophoblast cells must be used to 

confirm these findings because trophoblast cell lines rarely recapitulate the HLA expression 

patterns of ex vivo cultured (primary) trophoblast lines (117,206,207). Thus, we also used 

primary trophoblasts to test for cell surface HLA-F expression. To do this, a collaborator at 

Cincinnati Children’s hospital, Dr. Tamara Tilburgs, kindly provided several primary EVT lines 

derived from first trimester (elective terminations) and term (healthy labor) stages of pregnancy. 

These lines were generated as described in (207), but currently remain unpublished (Table S5).


Using 6 total primary EVT lines, 3 from derived from first trimester anchoring villi, 2 derived 

from term anchoring villi, and 1 derived from term chorioamniotic membranes distal to the 

implantation site (Figure 4.1B), we used 3D11, F1, and pF4 staining reagents in combination 

with flow cytometry to assay for HLA-F cell surface expression. We also assayed HLA-G cell 

surface expression using the MEM-G/9 antibody (208) because it is known that primary EVT 

lines differentially express HLA-G and that this can be dependent on their time in culture. 

Staining of these primary cell lines showed that while they expressed cell surface HLA-G to 

varying degrees, we were not able to detect cell surface HLA-F expression using 3D11 (data not 

shown), F1, or pF4 staining reagents (Figure 4.1C,D). Thus, HLA-F expression on the HTR8 

and Swan71 cell lines is likely an artifact of long-term in vitro culture and/or the immortalization 

process, an artifact seen also for HLA-A and HLA-B (206,209). 
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Figure 4.2 - Cell-surface HLA-F is not detectable on primary trophoblasts.

A. Flow cytometry shows cell-surface oHLA-F on several trophoblast cell lines. B. Anatomical 
locations of derived primary trophoblast cell lines are shown. C. Representative flow plots of 
primary trophoblast lines assaying for HLA-G (top), or for HLA-F by F1 (middle) or pF4 
(bottom). D. Quantifications of flow cytometry experiments showed in panel C. The top row 
shows cells positively gated while the bottom row shows raw MdFI of controls (Iso or SA) or 
anti-HLA-G or anti-HLA-F reagents. The first column shows antiHLA-G staining while the 
second column shows antiHLA-F staining.
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One explanation for the lack of HLA-F expression in primary EVTs is that HLA-F is sensitive to 

in vitro culture conditions, and may be downregulated during in vitro expansion, similar to what 

we observed for HLA-G. To complement our flow cytometry findings, we used recently 

published scRNA-seq data generated using tissue samples from women who underwent elective 

termination during their first trimester (112). Importantly, these data were obtained from fresh 

tissue samples and thus RNA expression profiles should more closely represent true in vivo 

expression profiles relative to in vitro cultured cell lines. However, one caveat is that these 

samples may have varied gestational ages that we could not control for. Additionally, the effects 

we are interested in occur around implantation while these samples were collected weeks 

afterwards. Nonetheless, in agreement with my data, HLA-F transcripts were detectable in nearly 

all cells except for trophoblasts (Figure 4.2A). In fact, HLA-F was lowly expressed or 

undetectable in all cells of fetal origin relative to cells of maternal origin (Figure 4.2B). These 

data suggest that HLA-F is not expressed on fetal tissue at the fetal-maternal interface during the 

first trimester, similar to the expression profiles observed for HLA-A and HLA-B.


A known limitation of scRNA-seq is in detecting low abundance transcripts (210). However, 

when analyzing data from bulk RNA-sequencing experiments, which sorted on different 

populations of trophoblasts, including EVTs, was detectable at low levels (transcripts per million 

≥ 2 (211)) (Figure 4.2C) . In contrast, HLA-C, -E, and -G transcripts were expressed to degrees 

several fold greater than HLA-F, consistent with the observation that EVTs preferentially express 

this combination of HLA molecules. Even HLA-A and HLA-B, which are considered not to be 

expressed on trophoblasts (117), were expressed to a greater degree than HLA-F. Together, these 
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data point to a lack of HLA-F expression in placental cells. By utilizing newly generated RNA-

seq data in combination with our reagents that we validated in Chapter 3 as sensitive to HLA-F 

cell surface expression, we were able to more comprehensively test whether trophoblasts can 

express cell surface HLA-F. These results are in line with findings by Burrows et al. which 

indicated that paternally-expressed HLA-F does not contribute to successful pregnancy 

outcomes. Our data further shows that HLA-F is not expressed in fetal trophoblasts.


4.3 Endometrial stromal cells express cell surface pHLA-F and is regulated by cytokines 

and hormones known to be important during implantation


Next, we assayed for HLA-F cell surface expression in ESFs. HLA-F protein expression has 

been detected in endometrial tissue (128) by IHC and more recently by flow cytometry on ESFs 

(129). However, these data were generated using the 3D11 antibody, which we showed in 

Chapter 3.7 was biased towards empty forms of HLA-F and likely binds non-specific targets. 

Thus, we utilized our new Fab staining reagents to confirm which form of HLA-F was expressed 

on the surface of two immortalized ESF cell lines. Considering that 3D11 is biased towards 

empty forms of HLA-F, we expected ESFs to stain with F1 and not pF4. 


In contrast to these expectations, we found that immortalized ESFs express cell surface pHLA-F 

and not ocHLA-F (Figure 4.3A). Consistent with our model that 3D11 is biased towards 

ocHLA-F, we found that staining with 3D11 was barely detectable above background. Western 

blot was able to confirm that ESFs do indeed express HLA-F protein and glycosidase sensitivity 

assays confirmed that the majority of expressed HLA-F is found on the cell surface. It is well 
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established that endoglycosidase H, Endo H, sensitivity can be used as a proxy for HLA cell 

surface expression (212). This is due to its preference for immature glycan modifications on 

HLAs that indicate that these molecules have not yet made it through Golgi-mediated transport 

to the plasma membrane. PNGase F, on the other hand, cleaves immature and mature glycan 
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Figure 4.3 - Cell-surface pHLA-F is detected on immortalized ESF cell lines. 

A. Representative flow cytometry histograms looking at THESC or St-T1b cell lines stained 
with the 3D11 antibody or F1 or pF4 tetramers. B. Quantified flow cytometry data is shown 
(n=3 separate cell flasks grown simultaneously). While no significant difference is noted for 
3D11 staining, upon in vitro decidualization, pan class I HLA expression decreases in both cell 
lines, while pHLA-F expression increases. A two-tailed t-test was used to calculate p-values.
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modifications and serves as a positive control. These experiments therefore confirm that we are 

detecting true cell surface HLA-F expression.


Next we tested whether HLA-F protein expression on ESFs is upregulated during 

decidualization, similar to what has been reported for HLA-F transcript (213). During the latter 

half of the menstrual cycle (the secretory phase), progesterone and other hormones are 

responsible for differentiating (i.e. decidualizing) the endometrium in preparation for 

implantation. Studies have been able to successfully replicate these conditions in vitro using 

ESFs, which are responsive to stimuli that mimic progesterone and other less-well understood 

signals that promote decidualization (214). More details on this protocol can be found in 

Chapter 4.6 - Materials & Methods.  


Using immortalized ESF cell lines (215,216), we were able to see a consistent increase in pHLA-

F cell surface expression following in vitro decidualization (1.15 fold-increase in the THESC 

line; 1.37 fold-increase in the St-T1b line; Figure 4.3B). This is likely not due to off-target class 

we recognition by pF4 because staining using the W6/32 antibody shows a corresponding 

decrease in the expression of class I molecules in general. Although, the increase in HLA-F 

expression was only statistically significant in the St-T1b cell line, this is likely due to the small 

effect size and a larger sample size (i.e. more replicates) could mitigate any statistical 

uncertainty. Furthermore, an increase in HLA-F protein expression can be corroborated by 

Western blot (Figure 4.4C). Nevertheless, the effect size is quite small, and the fold-increase in 
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cell surface HLA-F is less than the fold-increase in HLA-F transcript published previously (213) 

and seen by Western blot. 


Similar to the immortalized trophoblast cell lines, immortalized ESF lines may not faithfully 

recapitulate in vivo expression profiles. Thus, we further examined the cell surface HLA-F 

expression profile in primary ESFs. For this, we expanded first trimester ESF lines from four 

patients (see Chapter 4.7 - Materials & Methods) and assayed cell surface HLA-F expression 

by flow cytometry, similar to that performed for THESC and St-T1b lines. Similar to the 

immortalized cell lines, primary ESFs also expressed cell surface pHLA-F, but not ocHLA-F 

(Figure 4.4A,B). pHLA-F expression was increased upon in vitro decidualization, although 

statistical significance was not reached (p = 0.17), likely due to a small sample size. Additionally, 

the fold-increase in cell surface HLA-F following in vitro decidualization was similar to what is 

seen in immortalized ESFs. However, the same decrease in pan-class I surface expression 

detected by W6/32 in THESC and St-T1b lines was not seen in primary lines. This indicates that 

the artificial immortalization of ESFs may alter the expression profile of class I HLA relative to 

an in vivo setting, though HLA-F may not conform to this trend.


Interestingly, one ESF cell line derived from patient A63 did not express cell surface HLA-F 

whether decidualized or not (Figure 4.5A). However, it did express other class I molecules as 

indicated by W6/32 staining. To ensure that primary ESFs are responding as expected to in vitro 

decidualization media, we assayed for changes in the transcript abundance of two markers 

associated with ESF decidualization: prolactin (PRL) and the insulin-like growth factor binding 
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protein 1 (IGFBP1) genes (217). The three cell lines in which pHLA-F was detected significantly 

upregulated both PRL and IGFBP1 following culture in decidualization media, suggesting that 

these lines are responsive to decidualization stimuli and likely true ESFs (Figure 4.5B). 

However, the A63-derived line did not, suggesting either the presence of a contaminating cell 

type or a primary ESF line that has undergone genetic changes due to in vitro culture. This is not 
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Figure 4.4 - Cell-surface pHLA-F is detected on primary ESF cell lines. 

A. Representative flow cytometry histograms looking at the A13 cell line stained with the 3D11 
or W6/32 antibody or F1 or pF4 tetramers. B. Quantified flow cytometry data is shown for the 
A13, B13, and B19 cell lines. Each color represents a different cell line derived from a different 
patient. P-values are derived from a paired sample t-test. C. A Western blot of the B19 cell line 
lysate cultured under control (eSF) or decidualization (dSF) conditions compared to K562 and 
721.221 cell lysates. HLA-F expressed in dSF lysate is 1.88 fold greater than in eSF, once 
normalized by the tubulin loading control. D. THESC lysates were first treated with either 
EndoH or PNGase F to assess the glycosylation status of HLA-F prior to SDS-PAGE and 
blotting similar to panel C.
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surprising since the expansion protocol relies on the assumption that only ESFs will successfully 

expand under the culture conditions utilized. There is no explicit step to positively or negatively 

select for ESFs. Thus, lines can easily be contaminated by different cell types and it is important 

to test the purity of expanded cell lines by immunofluorescence and/or qPCR. A63 may actually 

be an expanded fetal stromal cell line due to its lack of HLA-F cell surface expression as is the 

case when looking at scRNA-seq data. It should also be noted that upon culture in IFN-γ, pHLA-

F expression can be detected, suggesting that this cell line is capable of presenting cell surface 
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Figure 4.5 - The A63 cell line does not express HLA-F and is not responsive to in vitro 
decidualization stimuli. 

A. Representative flow cytometry histograms looking at the A63 cell line stained with the 
3D11 or W6/32 antibody or F1 or pF4 tetramers after culture in control media, 
decidualization media, or in control media with the addition of 10 ng/mL of IFN-γ. B. 
Transcript levels of IGFBP1 (top) and PRL (bottom) in primary expanded ESF lines cultured 
in control media (E), decidualization media (EMC) or control media with 10 ng/mL of IFN-γ 
(IFN). Cq values were normalized to L19 RNA, but were similar when normalized to 
GAPDH RNA (data not shown). A two-tailed t-test was used to determine statistical 
significance between technical replicates (n=3). * is ≤ 0.05, ** is ≤ 0.005, and *** is ≤ 
0.0005.
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HLA-F, but does not do so under basal conditions. Further experiments will be needed to confirm 

the cellular identity of line A63.


Finally, we sought to test whether HLA-F expression was responsive to other relevant stimuli to 

more closely mimic the endometrial conditions during the window of implantation. There are 

now multiple lines of evidence to suggest that inflammatory cytokines are important in 

regulating the maternal immune system in the uterus during implantation (218) and that 

inflammation was actually essential for the evolution of embryo implantation as well (219). For 

example, studies in mice suggest that IFN-γ is important for appropriate arterial remodeling at 

the maternal-fetal interface (220). Thus, we tested whether the addition of other relevant 

cytokines in addition to MPA and cAMP (standard decidualization induction additives) would 

alter cell surface HLA-F expression. To do this, we tested the addition of interleukin-1-beta 

(IL1β) and human chorionic gonadotropin (hCG) (221), leukemia inhibitory factor (LIF) (200), 

and IFN-γ to MPA and cAMP separately or all together. In the two cell lines tested, the effects 

were consistently in the same direction and pHLA-F expression increased following the addition 

of cytokines (Figure 4.6). Although the greatest change in surface expression was seen in cells 

treated by IFN-γ, expression increased even further when all factors were included, indicating 

that the presence of other factors can further increase HLA-F expression beyond the effects of 

IFN-γ alone.


Together, these data show that cell surface HLA-F is expressed on ESFs and that immortalized 

ESF cell lines can reliably recapitulate HLA-F expression patterns. Furthermore, in line with 
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previously published data that show that HLA-F transcript is upregulated in ESFs upon in vitro 

decidualization (200), we show here that HLA-F protein is also increased, both within the cell 

and on the cell surface. However, the small effect size does raise the question of whether this 

increase is biologically relevant. Lastly, the detection of pHLA-F and not ocHLA-F on ESFs is 

also a key finding. Considering what we know about the reactivity of ocHLA-F and pHLA-F 

with various receptors, this data suggests that HLA-F is unlikely to engage with KIRs to mediate 

its fecundability-associated phenotype.


4.4 Tetramers of ocHLA-F and pHLA-F stain decidual leukocytes


Next we wanted to address what decidual leukocytes can recognize HLA-F. Cells that can 

recognize HLA-F may act as effector cells that mediate the fecundability-associated phenotype. 
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Figure 4.6 - In vitro decidualization combined with additional inflammatory cytokines 
increases cell-surface pHLA-F. 

The B13 and B19 cell lines were cultured and subject to in vitro decidualization for 48 hours 
(see Chapter 4.6 - Materials & Methods). Other conditions were in vitro decidualization 
media plus the indicated additives. IL1B is interleukin-1-beta; hCG is human chorionic 
gonadotropin; LIF is leukemia inhibitory factor; IFNg is interferon gamma. Each indicated 
cytokine has been implicated in successful pregnancy establishment.



We used a similar source of primary decidual cells as those that were used to expand primary 

ESF lines (see Chapter 4.7 - Materials & Methods for more details). It should be noted that 

although the influence of HLA-F on fecundability likely matters most during implantation, many 

hallmarks of decidual leukocyte maturation during the first trimester of pregnancy can already be 

seen during the secretory phase of the menstrual cycle, whether implantation occurs or not (223). 

Therefore, first trimester decidual leukocytes are a reasonable proxy for endometrial leukocyte 

phenotypes present during the window of implantation.


To test which cell types can recognize different forms of HLA-F, we made tetramer staining 

reagents of bacterially-derived ocHLA-F and HEK293T-derived pHLA-F. As a negative control 

tetramer, we used the nonclassical mouse MHC, T22, which is known to not present peptide 
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Figure 4.7 - Tetramer staining of decidual mononuclear cells. 

ocHLA-F or HEK293T-derived pHLA-F tetramers were used to stain primary decidual 
mononuclear cells. Each color is a different patient (n=4). CD14+ labeled cells best recognized 
HLA-F whether using the ocHLA-F or pHLA-F tetramer.



ligands (66). Upon staining of decidual mononuclear cells derived from four patients, decidual 

macrophages (C14+ cells) are stained best by both ocHLA-F and pHLA-F tetramers, followed by 

dNK (CD56+) cells and then decidual T (CD3+) cells (Figure 4.7). We hypothesize that this is 

mainly mediated by binding to LIR1 and LIR2 receptors, which are most highly expressed on 

macrophages and more lowly expressed on dNK and decidual T cells (112). Although LIR1 has a 

strong preference for complexed pHLA molecules, LIR2 is more agnostic and can also bind to 

open conformer HLA molecules (71). Considering that ocHLA-F is a known ligand of 

KIR3DS1, KIR3DL1, and KIR3DL2 (58), we were confused by the lack of staining of dNK cells 

by the ocHLA-F tetramer. While this could be explained by the low or lack of expression of 

these receptors in these patients, it is known that dNK cells can express KIR3DL1 and KIR3DL2 

(108,109). These results suggest that decidual macrophages, which have been shown to play 

important roles in healthy pregnancy outcomes (213), are the most likely effector cells mediating 

the HLA-F associated fecundability phenotype.


4.5 Discussion


Non-classical class I HLAs are known to play important roles in establishing and maintaining 

healthy pregnancy. HLA-F has more recently been implicated in playing a role as well. Although 

it has since become clear that HLA-F expression levels are associated with fecundability, no 

studies have investigated which cell type or types express and recognize HLA-F. We show here 

that HLA-F is barely expressed, if at all, in primary EVTs. This is based on data from multiple 

studies that assayed transcriptome-wide transcript abundance by RNA sequencing (224,225) and 

my own flow cytometry experiments using immortalized and primary EVTs from first and third 
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trimester pregnancies. In contrast, ESFs express pHLA-F and hormones and cytokines known to 

undergo dynamic changes throughout the menstrual cycle regulate its cell surface expression 

levels. Using tetramers of HLA-F, we showed that decidual macrophages cells are particularly 

reactive to HLA-F, similar to what has been shown for peripheral blood monocytes and 

macrophages (57). To test whether HLA-F expression on ESFs has any effect on decidual 

macrophages, it will be crucial to use HLA-F KO ESF lines in combination with validated HLA-

F blocking reagents and cell.


The influence of maternal HLA expression on pregnancy establishment and outcomes has not 

gotten the same amount of attention as the contributions of fetal HLA expression, especially on 

EVTs. However, more recent studies have shown that in mice, dNK education by maternal 

MHC-I is required for optimal fetal growth (125,126). Future studies will need to take advantage 

of genetic associations in humans, similar to what was done for HLA-F (127), to better 

understand how or if these findings in mice translate into humans.


One question that arises is why our results differ from previous studies showing that HLA-F is 

expressed on EVTs. As we showed in Chapter 3, the 3D11 antibody is biased and cross reactive. 

Since other antibodies were similarly generated against HLA-F, they could suffer from similar 

drawbacks, although that remains to be determined. Additionally, IHC is not as sensitive as flow 

cytometry and often requires fixing tissue prior to staining cells, which can change epitope 

availability and thus the reactivity profiles of antibodies. By flow cytometry, we were able to test 

for the expression of cell surface HLA-F on live cells, which presumably display cell surface 
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protein epitopes also displayed in vivo. Thus, it could be that the antibodies generated to date are 

not suitable for detecting HLA-F by IHC.


The Adams Lab has previously shown that recombinant pHLA-F fails to signal through 

KIR3DS1 or KIR3DL2, unlike ocHLA-F (68). Here, we further show that pHLA-F is the only 

form of HLA-F expressed on ESFs under basal or decidualization conditions. If previous results 

are any indication, pHLA-F is likely not to interact with KIR3D molecules unless cell type-

specific peptides play a strong role. As of now, three studies have sought to elute peptides from 

HLA-F expressed in mammalian cells. Our work used HLA-F made in 293T cells and two other 

studies used 721.221 and K562 cell lines (68,177,178). In each study, peptides eluted showed 

similar length distributions and partly similar C-terminal anchor preferences. Future work will 

need to verify whether ESF-expressed HLA-F has similar or unique peptide binding preferences.


LIR1 is known to be an important regulator of pregnancy, mainly through its reactivity with 

HLA-G upon EVTs invasion into the endometrium (79). Thus, one possible mechanistic model 

of the association between HLA-F and fecundability is that HLA-F expression increases during 

the window of implantation in a genotype-specific manner and is able to react with LIR1 

expressed on decidual macrophages to facilitate successful implantation in the higher expressing 

genotypes (Figure 4.8). However, this model will be difficult to test as LIR1 reacts with most 

class I molecules, which are also constitutively expressed on ESFs and other nucleated maternal 

cells. Alternatively, our group showed that the affinity of HLA-F for LIR1 is higher than other 
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known class I molecules so it is possible that HLA-F plays an exceptional role in LIR1 

recognition yet to be discovered.
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Figure 4.8 - A model for HLA-F’s role in increasing fecundability. 

pHLA-F is expressed at baseline in ESFs while LIR1 is expressed on CD14+ myeloid cells. 
Upon the start of the secretory cycle, decidualization stimuli increase both the abundance of 
leukocytes expressing LIR1 and pHLA-F expression on decidualized ESFs. Depending on your 
genotype at position rs2523393, HLA-F expression will either be higher or lower. We 
hypothesize that this interaction between pHLA-F and LIR1 increases the chances of successful 
implantation.
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4.6 Materials & Methods


Single-cell and bulk RNA-seq analysis


Single-cell RNA-seq data was downloaded from EMBL-EBI using the accession number E-

MTAB-6701 (112). Processed counts were used as input into Seurat and ScanPy analysis 

software. Bulk RNA-seq data was downloaded from GEO using accession numbers GSE188352 

(224) and GSE126530 (225) and used to assess the expression of class I HLA transcript as shown 

in Figure 4.1. 


Primary and immortalized trophoblast culture


JEG3 choriocarcinoma and HTR8 and Swan71 immortalized cell lines were maintained in 

DMEM + 10% FBS (JEG3), RPMI 1640 + 10% FBS (HTR8), or DMEM:F12 + 10% FBS 

(Swan71). Primary trophoblasts were derived from first and third trimester abortive tissue 

samples from either the intervillous space at the placental implantation site or chorionic plate 

distal to the implantation site. Culture conditions were adapted from a previous study (207). For 

flow cytometry experiments, cells were detached using trypsin/EDTA, washed, and stained in 50 

µL of staining buffer. Cells were then fixed in 100 µL of 2% PFA at room temperature for 15 

minutes and resuspended in 200 µL of flow buffer (1X PBS + 3% FBS) prior to data collection 

on the ThermoFisher Attune NxT flow cytometer.


Culture of primary endometrial stromal cell lines
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THESC and St-T1b cells were maintained in DMEM:F12 with charcoal-stripped FBS (CSFBS) 

added to 10%, sodium pyruvate added to 1 mM, Insulin-Selenium-Transferrin, L-glutamine 

added to 10 mM, and no antibiotics (THESC media). Primary ESF lines were generated by 

plating disassociated first trimester electively aborted tissue samples. Briefly, tissue was 

collected in basal RPMI 1640 and processed within 24 hours. Tissue was initially dissected to 

remove large blood coagulates and then digested for 30-45 minutes at 37ºC in HBSS mixed with 

collagenase, DNase, and hyaluronidase. Following this, erythrocytes and granulocytes were 

removed by Ficoll gradient and the mononuclear cell layer was extracted, washed, and frozen for 

long-term storage in liquid nitrogen. For the expansion of primary samples, cells were then 

thawed and plated into THESC media made with regular, heat-inactivated FBS instead of CSFBS 

(ESF expansion media) and with 1X Pen/Strep for 1 passage. After 1-3 days, cells were detached 

using TrypLE (Thermo Fisher) and replated in media without Pen/Strep. Cells were then either 

grown to 80% confluency with media changes every 2-3 days, or expanded with TrypLE and 

splitting cells 1:3. After 3-5 passages, cells were detached using TrypLE, counted, and frozen in 

ESF expansion media + 10% DMSO.


In vitro decidualization assays were carried out as previously described (200). Briefly, primary 

ESFs or ESF cell lines were thawed, cultured, and expanded in THESC maintenance media for 

1-2 passages. Cells were then plated into T-25 flasks or 6-well plates and expanded until at least 

90% confluent. Once cells were at least 90% confluent, media was exchanged into ESF priming 

media (THESC maintenance media with 2% CSFBS and 10 nM estradiol) overnight. The 

following day, media was changed again to ESF priming media (control) or ESF priming media 
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with added progestin (medroxyprogesterone acetate, MPA) and cyclic adenosine monophosphate 

(8-bromo-cAMP, cAMP) analogs (decidualization media). Cells were cultured for 48 hours prior 

to RNA extraction, protein extraction, or flow cytometry. 


Making tetramers and staining cells


ocHLA-F tetramers were made by refolding bacterially expressed HLA-F from inclusion bodies 

as previously described (68). Purified protein was then in vitro biotinylated and tetramerized 

using SA-APC. pHLA-F monomers were made in 293T cells using a protocol adapted from 

Dulberger et al. (68). Briefly, β2Μ-fused HLA-F covalently linked to an N-terminal GFP tag was 

expressed in suspension-adapted 293T cells using the BacMam expression system (226) prior to 

purification as described in Dulberger et al. Purified protein was then in vitro biotinylated and 

tetramerized using APC conjugated SA (Agilent). Cells were stained with 400 nM tetramer in 1X 

PBS + 3% HI FBS for 45 minutes at room temperature. Decidual leukocyte populations were 

processed as described for primary ESF cell expansion. Cell aliquots were thawed and rested for 

4 hours in RPMI 1640 + 10% FBS + 2 ng/mL IL-15 in a 50 mL conical at 37ºC. Cells were then 

collected, washed, and stained with Zombie live/dead stain, followed by tetramers, then antibody 

cocktails. After washing, cells were fixed as described for trophoblast cultures and data was 

collected on a ThermoFisher Attune NxT flow cytometer. 

135



Chapter 5 - Conclusions and future directions


5.1 HLA-B*73:01 displays several unique molecular properties


Since its discovery nearly three decades ago, it was known that HLA-B*73:01 was extremely 

unusual (44). Its sequence indicated significant divergence from all characterized HLA alleles at 

the time, an observation that still holds true. Abi-Rached et al. proposed in 2011 that HLA-

B*73:01 was likely reintroduced into the human gene pool through introgression with 

Denisovans and maintained for adaptive reasons that remain unclear. Due to its low frequency in 

human populations, we explored the molecular properties of HLA-B*73:01 in vitro. 


We showed that in line with its divergent sequence, the peptidome of HLA-B*73:01 is equally 

distinct from other HLA-I molecules, that it presents very few self peptides, and that it is 

expressed at the cell surface at above-average levels. Using a structure of HLA-B*73:01 with 

KIR2DL2, we described its mode of peptide presentation, how KIR2DL2 structurally influences 

HLA-B*73:01 and its bound peptide, and how these observations compare with other alleles. 

Several aspects of the HLA-B*73:01 structure stood out: firstly, the similarity of HLA-B*73:01-

presented self peptides to those presented by HLA-B*27:05 is due to a convergently-evolved B 

pocket. Secondly, it differentiates itself from HLA-B*27:05 and most other alleles by using a 

W95 in its F pocket to stabilize small hydrophobic residues at the PΩ position. Lastly, the KP1 

peptide sits distinctly in the HLA-B*73:01 pocket in that its N terminus is shifted out of the 

pocket by greater than 1.6Å on average. The KP1 peptide bulges out of the pocket near where 

KIR2DL2 binds to HLA-B*73:01, potentially influencing its affinity. Together, these results 

136



suggest that HLA-B*73:01 is divergent not only in sequence, but also in its peptidome and 

molecular signatures of peptide presentation. 


The unique molecular properties of HLA-B*73:01 are consistent with its maintenance in the 

human population due to negative frequency-dependent selection (NFDS) (227). The NFDS 

model posits that microbial pathogens rapidly adapt to common HLA alleles, increasing the 

disease burden for individuals carrying common HLA alleles and giving the advantage to 

individuals carrying novel HLA alleles. Considering that HLA-B*73:01 presents peptides that 

are highly distinct from other HLA-I alleles and that pathogens are less likely to feel significant 

selection pressure from such a rare allele, individuals that carry HLA-B*73:01 likely faced less 

disease burden and were more likely to reproduce. However, it remains to be determined whether 

HLA-B*73:01 functions mainly as a ligand for KIR2DL2/L3 NK cell receptors or whether it can 

also provide significant T cell-mediated immunity as well.


Moving forward, it will also be important to identify CD8+ T cell epitopes presented by HLA-

B*73:01. In on study investigating HLA alleles associated with HIV disease progression, HLA-

B*73:01 was associated with slow disease progression (45). However, the effect was not 

statistically significant, likely due to a small sample size. Another way to test whether HLA-

B*73:01 can provide T cell-mediated immunity against HIV would be to identify HLA-

B*73:01+ HIV+ individuals and use tetramers of HLA-B*73:01 to find T cells specific for HLA-

B*73:01 presenting HIV-derived peptide antigens. The peptidome of HLA-B*73:01 that we 

described can be used to predict high affinity HIV-derived peptide binders, test for T cell 
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reactivity, and generate tetramers to find T cells and HLA-B*73:01-restricted TCRs. Adding an 

understanding of HLA-B*73:01-restricted T cell-mediated immunity could add to the growing 

evolutionary story behind HLA-B*73:01’s presence in the human gene pool.


5.2 Clarifying the role of pHLA-F in vivo


It took nearly three decades before the first crystal structure of HLA-F was determined (68). 

Prior to Dulberger et al., it was widely assumed that HLA-F was expressed on the cell surface in 

its open conformer form. Studies showed that HLA-F remains expressed on the cell surface 

following acid treatment (58,60), that it may not associate with components of the PLC (53), and 

that cell-derived HLA-F does not present peptides (59). These traits made HLA-F different from 

all other HLA-I molecules, yet the molecular determinants of these unique properties remained 

unclear. Using HLA-F derived from insect cells, which is loaded with peptide and has superior 

stability relative to bacterial- and 293T-derived HLA-F material, we were able to generate Fab 

reagents that were more specific than previously described antibodies and possibly the first 

HLA-F staining reagent that can confidently detect cell surface pHLA-F.


Using these Fab reagents, we could address questions that were previously much more difficult 

to answer. We found that although ocHLA-F can be expressed on the surface of cells when 

overexpressed exogenously or on activated T cells, most cells that did express HLA-F, expressed 

higher levels of pHLA-F. Endogenously expressed HLA-F was dominated by cell surface pHLA-

F and various cell lines engineered by CRISPR in combination with preliminary structural data 

suggest that our reagents are likely highly specific towards HLA-F recognition. Consistent with 
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these findings, we also determined that cells lacking β2Μ do not express endogenously-derived 

HLA-F on the cell surface and that HLA-F expression depends on TAP1 and TPN. Finally, we 

showed that even orthologs of HLA-F that encode for an arginine at residue 62, which was 

previously thought to ablate peptide binding, also present peptides, suggesting that peptide 

binding is the ancestral state of the hominid and old world monkey MHC-F common ancestor.


Interestingly, we found that the 3D11 antibody, the most commonly cited antibody used to detect 

cell surface HLA-F, is not only biased towards empty forms of HLA-F, but also likely cross-

reactive. These results call into question conclusions that rely heavily on data generated using the 

3D11 antibody. Furthermore, it appears that 3D11 was unable to detect HLA-F cell surface 

expression in many cell types, such as ESFs, which present HLA-F in the context of pregnancy 

and could be mediating HLA-F’s association with early pregnancy success. Importantly, HLA-F 

has been associated with protection from several different viruses mediated by KIR3DS1+ NK 

cells thanks to reliance on the 3D11 antibody (58,61,62,181). While it is possible that virally 

infected cells upregulate the expression of ocHLA-F, which we did not test, a potential 

mechanism for switching between different forms of HLA-F is difficult to conceive of.


Considering that pHLA-F is a relevant form of HLA-F expressed in vivo, it will be crucial 

moving forward to determine structurally how HLA-F is able to present individual peptides, 

similar to what we were able to do with HLA-B*73:01. However, despite the availability of 

HLA-F-derived peptide elution data generated by LC-MS/MS, we have been unsuccessful in 

generating recombinant HLA-F bound to a single peptide antigen. One reason for this may be 
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that the refolding protocol that works for most HLA-I molecules is incompatible with HLA-F. 

For example, relative to HLA-I molecules, HLA class II molecules are notoriously difficult to 

refold with individual peptides hla refold (228–230). It could be that additional protocols need to 

be developed in order to purify homogeneously loaded HLA-F as well. Nevertheless, such a 

protocol would go a long way as it would allow access to structural data that has thus far proved 

elusive and for the investigation of HLA-F restricted T cells, whose TCRs are likely very specific 

for particular peptides. 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