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Abstract  

 Although vaccination is the primary means of preventing influenza virus infection, current 

influenza vaccines are only moderately effective and do not provide protection against strains with 

pandemic potential. To overcome these limitations, new vaccine approaches are desperately 

needed. Virus-like particles (VLP) have recently emerged as attractive influenza vaccine 

candidates due to their immunogenicity, safety, and tunability. Despite their potential, engineering 

influenza VLP to elicit long-lasting protection against diverse influenza strains remains 

challenging. In this dissertation we develop a novel platform for the rapid synthesis, engineering, 

and testing of influenza VLP vaccine candidates in order to accelerate their development as next 

generation influenza vaccines.  

Forward progress in the development of influenza VLP vaccines has been impeded by their 

manufacture in higher eukaryotic hosts, which are cumbersome to genetically manipulate. To 

accelerate VLP synthesis, we investigated if the lower eukaryote Saccharomyces cerevisiae could 

support the production of influenza VLP. We show that, while S. cerevisiae can successfully 

express the critical influenza hemagglutinin (HA) and M1 proteins from diverse influenza 

subtypes, HA does not efficiently traffic to the plasma membrane where VLP formation takes 

place. Notably, we demonstrate that fusion of a fluorescent protein to the C-terminus of HA results 

in a dramatic increase in plasma membrane localization. Furthermore, following cell wall removal 
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of cells expressing M1 and this fluorescent HA, we discovered the supernatant contained 

fluorescent nanoparticles possessing functional properties of influenza virus including the ability 

to agglutinate red blood cells and undergo endocytosis in a sialic acid dependent manner. Thus, 

we demonstrate for the first time the capacity of S. cerevisiae to support influenza VLP production, 

significantly enhancing the speed at which influenza VLP can be manufactured. 

 To facilitate the rapid engineering of these yeast VLP strains, high-throughput protein 

detection methods are necessary for screening and strain characterization. To fill this need, we 

developed yeast intracellular staining (yICS), a technique that enables fluorescent antibodies to 

access intracellular compartments of yeast cells while maintaining their cellular integrity for flow 

cytometry. We demonstrate that yICS expedites identification of rare, high-producing yeast clones 

and allows simultaneous detection of multiple intracellular proteins. Along with the yeast influenza 

VLP system, these approaches combine to enable rapid prototyping of influenza VLP vaccine 

candidates. 

 To support the comprehensive testing of VLP vaccines, we next validated high-

dimensional mass cytometry (CyTOF) for in-depth immune characterization. As a proof of 

concept, we applied CyTOF to study the early stages of influenza infection in the mouse lung. This 

technology enabled quantitative tracking of 24 cellular subsets over the course of infection 

including their expression of activation markers, cytokines, and influenza viral proteins, making 

this study the most comprehensive single-cell analysis of the influenza immune landscape to date. 

Our investigation provides a high-resolution view of the early inflammatory response followed by 

the initiation of the adaptive response. Specifically, we show the importance of effector T cells in 

shaping the lung cytokine environment and provide new insights into the susceptibility of immune 

cells to viral infection and replication in vivo. Overall, this dissertation develops novel tools that 
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synergistically combine to form a rapid platform for designing, building, and testing influenza 

VLP that not only can accelerate development of universal influenza vaccines but is also generally 

applicable for viral vaccine development, biologics synthesis, and gaining a systematic 

understanding of their impact on the immune system.  
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Chapter 1. Introduction 

1.1.  Publication Information  

Hill, B. D., Zak, A. J., Khera E., and Wen, F. Engineering Virus-like Particles for Antigen and 

Drug Delivery. Curr. Protein Pept. Sci.19(1):112-127 (2018). 

 

 Materials in sections 1.3.1, 1.3.2, and 1.4.1 have been modified from the published 

document and adapted for this text. 

 

1.2. Influenza Virus 

 The word influenza originated in Italy during the 1500s stemming from the belief that 

disease outbreaks were caused by the heavens asserting their “influence” on the Earth.
1
 Today, 

influenza is recognized as being caused by a highly infectious virus from the Orthomyxoviridae 

family with four known types denoted as influenza A, B, C, and D. While influenza C and D cause 

little to no disease in humans, influenza A and B circulate seasonally in the human population, 

leading to an estimated 290,000 to 650,000 deaths per year.
2
 Influenza A virus, in particular, is 

known to circulate in several animal reservoirs including humans, birds, pigs, cats, dogs, bats, 

seals.
3
 In addition to causing seasonal influenza epidemics, influenza A viruses frequently cross 

interspecies barriers, leading to influenza pandemics that can be much more deadly. Most notably, 

the 1918 influenza pandemic was estimated to have killed between 1% and 6% of the world’s 
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population.
4
 Consequently, disease caused by influenza A remains a considerable threat to global 

public health. Unless otherwise mentioned, all following references to influenza are in regard to 

influenza A. 

1.2.1.Anatomy of Influenza Virus and Viral Life Cycle 

 Influenza is an enveloped virus with a lipid membrane that protects a core of eight negative 

sense, single-stranded RNA segments that encode the viral proteins (Figure 1.1). Embedded in the 

host-derived lipid bilayer are three surface proteins – hemagglutinin (HA), neuraminidase (NA), 

and matrix protein 2 (M2) – that make up approximately 80%, 17%, and 3% of the total viral 

surface proteins, respectively (Figure 1.1).
5
 Immediately under the lipid bilayer is the matrix 

protein 1 (M1), the most abundant viral protein. M1 interacts with the cytoplasmic tails of HA, 

NA, and M2 as well as the internal ribonucleoprotein (RNP)
5
  core that contains the viral genome 

as well as several proteins related to its packaging and replication. Together, these proteins play 

instrumental roles in the viral life cycle.  

 The viral life cycle begins when the HA “spike” protein binds to sialic acid residues on the 

surface of a cell, leading to viral uptake into the cell through endocytosis.
6
 As the endosome 

becomes acidified, M2 transports H
+
 ions into the interior of the virion

7
 leading to dissociation of 

M1-RNP complex, a critical step required for release of the viral genome.
8
 In parallel, the acidified 

endosome induces a conformational change in HA that enables HA to fuse the viral and endosomal 

membranes,
7
 ejecting the RNP core into the cytoplasm. The RNP core is then transported to the 

nucleus where the genetic material is replicated and translated into viral proteins. Newly translated 

HA, NA, and M2 viral proteins traverse the secretory pathway on their way to the plasma 

membrane where viral assembly occurs. M1 associates with RNP in the nucleus, causing the M1-
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RNP complex to be exported into the cytoplasm where it subsequently binds to the cytoplasmic 

tails of HA, NA, and M2 proteins on the apical surface of the plasma membrane.
9
 Following 

attachment of the M1-RNP complex, HA is thought to initiate viral budding by inducing outward 

curvature of the plasma membrane followed by scission of the budded membrane by M2,
6
 forming 

the complete viral particle. Due to HA’s affinity for sialic acid, progeny virions are initially 

attached to the host cells surface, requiring the sialidase activity of NA to facilitate the release of 

the newly formed virion to complete another viral life cycle.
6,10

 

 
Figure 1.1. Anatomy of influenza virus 
Influenza A is an enveloped, negative sense RNA virus with an 8-segment genome. Hemagglutinin 

(HA), neuraminidase (NA), and matrix protein 1 (M1), and matrix protein 2 (M2) all play critical 

roles in the virus life cycle and are important targets for vaccination. 

1.2.2. Antigenic Drift and Shift of Influenza Viruses 

 A major difficulty in preventing the spread and infection of influenza is the ability of the 

virus to rapidly mutate. Influenza’s error prone RNA polymerase is responsible for about one 

mutation for every viral genome replicated.
11

 When combined with the fact that a single influenza 

infected cell produces on the order of 10,000 progeny virions,
12

 it is clear why influenza has one 
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of the fastest mutation rates of any known virus.
13

 While most of these mutations negatively affect 

viral fitness, a small number result in evolutionary advantages, such as the ability of escape 

preexisting influenza-specific antibodies. Antibody responses against influenza are predominantly 

mounted against the globular head of the influenza HA and NA surface proteins.
14,15

 However 

these regions are highly susceptible to mutation by the error-prone RNA polymerase, allowing the 

virus to escape preexisting antibodies.
14

 Termed genetic drift, this phenomenon is responsible for 

seasonal variations in influenza virus that require updated annual vaccines. 

 Less frequently, the influenza virus undergoes what is known as genetic shift. There are 

currently 18 known HA subtypes (H1 – H18) and 11 known NA subtypes (N1 – N11) with certain 

subtypes being predominant in birds, pigs, humans, and other species.
10

 When two influenza 

viruses of distinct subtypes infect the same cell, resulting viral progeny can incorporate genome 

elements from both parent viruses. This genetic reassortment, termed genetic shift, can give rise 

to viral progeny that have distinct evolutionary advantages. While only a few mutations in 

influenza surface proteins (genetic drift) enable influenza to evade the immune system, genetic 

shift can result in influenza viruses with entirely new proteins on their surface. With these new 

proteins, it is possible that very few, if any, host antibodies are effective against this new virus, 

leading to a much more severe infection.
10

 In a little over a century, genetic shift has resulted in 

four pandemics, the worst of which caused 50 – 100 million deaths worldwide.
16

 The most recent 

genetic shift was the H1N1 “swine flu” virus that circulated in 2009. 

1.2.3.Current Vaccination Approaches and Their Challenges 

 While antiviral drugs are available, vaccination currently provides the best approach for 

preventing the spread and infection of influenza virus. Vaccine production begins with the 
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prediction of two influenza A strains and two influenza B strains that will be circulating in the 

upcoming influenza season as a result of global surveillance by the Centers for Disease Control 

(CDC) and the World Health Organization (WHO). Next, these viruses are propagated in hundreds 

of millions of chicken eggs in a process that remains largely unchanged since the 1960s.
17

 The 

virus is then inactivated with formaldehyde or β-propiolactone and disrupted with a detergent to 

form the split-virus vaccine. Alternatively, the HA protein from this split vaccine can be partially 

purified, forming what is known as the subunit vaccine. While these formulations are effective for 

generating virus-specific antibodies, they fail to efficiently generate virus-specific CD4 and CD8 

T lymphocytes
18,19

 that play a vital role in the immune response and have been shown to provide 

heterosubtypic protection.
19,20

 

With the goal of eliciting improved humoral and cellular immune responses, live attenuated 

influenza virus (LAIV) vaccines were developed at the University of Michigan by Dr. Hunein 

Maassab in the 1960s. LAIV vaccines are produced by swapping the desired HA and NA proteins 

into the viral backbone of a temperature-sensitive strain.
21

 The resulting virus grows at a reduced 

temperature of 25 °C which confines its replication to the nasal passage, enabling the immune 

system to be stimulated through controlled viral replication without risk of infection.
21

 While 

initial clinical studies were promising, LAIV vaccines have demonstrated lower effectiveness 

compared to inactivated vaccines over the course of multiple influenza seasons.
22,23

 There are also 

other concerns about LAIV vaccines. Due to this ability replicate, there is potential that LAIV may 

revert to virulence through genetic drift or genetic shift.
24

 While the validity of these safety 

concerns has yet to be determined, LAIV are also less stable and more sensitive to elevated 

temperatures than their inactivated counterparts.
25

 Since the protection induced by LAIV is highly 

dependent on its ability to replicate, breaks in the cold chain can render the LAIV vaccines less 
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effective.
26

 For the same reason, LAIV vaccines are less suitable for vaccination against suspected 

pandemic strains that have not yet developed the ability to replicate efficiently in the upper 

respiratory tract in humans.
27,28

 Moreover, due to LAIV’s ability to replicate, LAIV vaccines are 

not recommended for the most vulnerable demographics – the very young, the elderly, and the 

immunocompromised – which are precisely the populations that require the most protection.  

 The reliance of both inactivated and LAIV influenza vaccines on chicken egg production 

also has several limitations. The procedure of adapting the virus for growth in chicken eggs, aside 

from taking several weeks, can introduce mutations.
29

 The reliance of the process on large 

quantities of chicken eggs also makes the process vulnerable to egg shortages due to avian 

pandemics. Probably most concerning is the long production timeframe of roughly 6 months. In 

the case of a pandemic, many deaths could occur before sufficient vaccine is available. Due to 

these concerns, there is significant interest in identifying immunogenic and replication-

incompetent influenza vaccines that do not rely on chicken eggs. 

1.3.Virus-like Particles (VLP) 

 In the mid 1960s, pathologists first observed nanoscale particles from virus-infected human 

and animal tissue samples that resembled a virus in morphology but were noninfectious.
30

 These 

virus-like particles (VLP) were soon discovered to consist of viral proteins arranged in the 

repetitive, highly organized structures of the native virion but lacking the viral genetic (Figure 

1.1). These features attracted significant interest in developing VLP as novel immunogens in 

prophylactic vaccines and were a major departure from the previously adopted “isolate-inactivate-

inject” vaccination approach, which had spawned the successful polio, measles, and rubella 

vaccines.
31
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 The first VLP vaccine was approved in 1981 and was composed of naturally occurring 

hepatitis B VLP purified from the plasma of chronically infected individuals.
32

 Although the 

vaccine was costly to produce and was sourced from a limited supply of donors,
33

 it was 

nevertheless very effective and demonstrated the vaccination potential of VLP. With the advent of 

recombinant DNA technology, it was discovered that high yields of hepatitis B VLP could be 

produced in the yeast Saccharomyces cerevisiae upon expression of hepatitis B surface antigen 

(HBsAg). As a result, these VLP were formulated into the successful Recombivax HB vaccine 

licensed in 1986.
33

 The use of recombinant methods to produce VLP marked a second generation 

in VLP production, leading to higher production yields and the ability to produce VLP derived 

from viruses of diverse genetic backgrounds (Figure 1.1). 

 

Figure 1.2. An overview of the evolutionary stages in the development of VLP 
Wild-type VLP were first discovered in virus infected tissue samples, but advances in recombinant 

engineering enabled VLP to be produced in a variety of recombinant host systems. More recently, 

additional functionalities not present in VLP composed of native viral proteins have been 

introduced by chemical and genetic engineering approaches. These modifications have enabled 

increased tunability and greatly expanded applications including their use as antigen and drug 

delivery vehicles. 
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 The high tailorability of VLP proteins has since been the subject of chemical and genetic 

engineering to expand their applications beyond the simple presentation of native antigenic 

epitopes. These third-generation chimeric VLP have broadened the applications of VLP to include 

their use as imaging reagents,
34-37

 template synthesis,
38,39

 and catalysts
40-42

 (Figure 1.1). 

Nevertheless, the most studied applications of VLP lies in their use as vaccines and drug delivery 

vehicles. 

1.3.1.VLP for Drug Delivery 

Effective drug delivery vehicles should ideally be safe, encapsulate cargo, specifically target 

cells or tissues, and release the cargo at the destination in a controlled manner. VLP lend 

themselves well to these objectives, as viruses have perfected the art of cellular delivery of their 

genetic material over eons of evolution. In addition, VLP are versatile structures amenable to 

chemical and genetic modifications that result in predictable, highly defined, and homogenous 

alterations. These traits have generated numerous interests in using VLP as vehicles for drug 

delivery.
43,44

  

The inherent affinities present in VLP can be explored to encapsulate desirable materials. 

For instance, the inner surface of the viral capsid is often positively charged and thus amenable to 

encapsulating genomic materials, therapeutic nucleotides,
45-47

 and other negatively-charged 

substrates such as polymers,
48

 nanoparticles,
49

 and enzymes.
50

 In addition, the pre-existing 

mechanisms that viruses use to bind nucleic acids can be repurposed to incorporate diverse cargos 

in VLP. For example, MS2 viral capsid bind an RNA sequence known as the pac site.
51

 Through 

conjugation of this pac site to quantum dots, siRNA, doxorubicin, or ricin toxin-A chain, these 

cargos were encapsulated in the MS2 capsids by disassembly and reassembly in vitro.52
 For a more 
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simplified production strategy, intracellular VLP assembly and cargo encapsulation was 

accomplished utilizing bi-functional RNA aptamers that bind both Qβ coat protein and an arginine 

rich peptide (Rev) fused to fluorescent proteins
53

 or luciferase and peptidase E enzymes.
54

  

Following encapsulation of the desired payload, VLP need to be targeted to the desired 

delivery site. VLP often retain the natural tropism of the wild-type virus, which can be exploited 

to deliver therapeutic cargoes to specific tissues or organs. For example, JC polyomavirus and 

rotavirus VLP have been shown to target xenografted human bladder tumor nodules or intestinal 

cells
55,56

 in mice, respectively. In addition, VLP can be retargeted by the display of cell-specific 

targeting ligands when the natural tropism of the VLP does not target the desired site. Cancer cells, 

one of the most common targets for drug delivery, often overexpress receptors that help promote 

their growth such as folate, epidermal growth factor, and transferrin receptors.
57

 Therefore, VLP 

presenting these ligands have been widely used for targeted delivery and uptake by various cancer 

cells.
58-61

 In addition, antibodies have been utilized to retarget VLP for drug delivery
62,63

 due to 

their exquisite specificity. However, antibodies and their derivatives are generally expensive and 

too big to be genetically fused to VLP proteins (with some exceptions
62,64

). Due to these 

limitations, VLP have been conjugated with other smaller (< 20 kDa) and less expensive targeting 

ligands in the form of DNA aptamers
65-67

 and peptides
52,68

, which can achieve similar binding 

specificity and affinity as antibodies.
57

 

1.3.2. VLP for Vaccination 

 As viruses often display many copies of only a few proteins,
69

 it has been postulated that 

the co-evolution of viruses and vertebrates has led to the ability of the immune system to rapidly 

detect, discriminate, and respond to the repeated and ordered structure of a virus.
16

 Therefore, 
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vaccination with the organized and repetitive structure of a VLP often provides enhanced 

immunogenicity compared to less organized vaccine designs, such as protein subunit vaccines.
70,71

 

In fact, VLP are such potent immune stimulators of B cells that self-antigen displayed on VLP has 

been shown to break B-cell self-tolerance and induce the production of autoreactive antibodies.
72-

75
 The small particulate nature of VLP also leads to efficient uptake by antigen presenting cells 

(APCs) and results in subsequent activation of both CD8 and CD4 T cells, which can further 

enhance the antibody response.
76,77

 For these reasons, VLP often make great vaccine immunogens 

as witnessed by the success of the hepatitis B, HPV, and malaria vaccines. However, designing 

next generation vaccines to combat diseases that have evaded prior vaccination efforts will require 

additional VLP functionalization to enhance their immunogenicity and to strategically focus the 

immune response towards key epitopes. Enhancing the immunogenicity of VLP will be discussed 

in Section 1.4.1 while an overview of epitope display on VLP follows.  

 Many viruses such as influenza and HIV as well as non-viral targets such as malaria and 

cancers require the immunogenic presentation of cross-protective epitopes. Rational epitope 

design aided by identification of immunogenic insertion sites, epitope flanking sequences, and 

multivalent epitope display has increased the versatility of VLP and has allowed them to initiate 

tailored and specific immune responses to a variety of targets. The identification of B-cell and T-

cell epitopes that can be exploited for vaccination is a major research field that presents many 

challenges.
78-82

 In cases where epitopes are unknown for a given antigenic protein, the whole or 

nearly whole protein can be delivered in its native form for immune recognition. Indeed, by means 

of genetic fusion,
63,83-92

 conjugation,
93,94

 or pseudotyping,
62,83,95-97

 large antigenic proteins have 

been successfully incorporated into VLP, eliciting effective antigen-specific humoral and/or 

cellular immune responses. In cases where the epitopes have been identified, the delivery of 
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selected epitopes presents several advantages over that of large antigens. First, epitopes are often 

easier to be incorporated into a VLP than larger antigens thanks to their short sequences imposing 

minimal interference with VLP protein function and assembly. Many sites in a range of VLP 

proteins have been successfully used for epitope insertion.
98

 Second, the small size of epitopes 

also entails the possibility of incorporating multiple different epitopes or multiple copies of the 

same epitope into one or more sites in a VLP protein to elicit an improved immune response. For 

example, multiple epitopes have been inserted into HBcAg VLP to improve cytotoxic T-cell 

responses against hepatitis B virus
99

 and Plasmodium falciparum100
 as well as to increase the 

breadth of antibody response against influenza virus.
101

 Other studies have demonstrated that 

increasing the number of repeats of an influenza M2 epitope displayed on HBcAg
102

 or 

nodavirus
103

 VLP increases M2-specific antibody titers in mice. Finally, epitopes that are specific 

for certain immune cells such as B cells, CD4
+
 T cells or CD8

+
 T cells have been incorporated into 

VLP to selectively activate different arms of the adaptive immune system
104

 providing further 

control over the desired immune response. 

 Despite these advantages, there are several challenges associated with the design of 

epitope-based vaccines. In the case of B-cell epitopes, their location in a VLP carrier protein can 

greatly affect the magnitude of the resulting antibody response. It has been shown that the region 

around amino acid 80 of the HBcAg protein is the major antigenic determinant of the HBcAg 

VLP,
105

 and the placement of heterologous epitopes in this immunodominant region results in a 

stronger epitope-specific antibody response than in other locations of the HBcAg.
106

 Another 

challenge is associated with the conformational structure of a significant fraction of B-cell 

epitopes,
107

 making it more difficult to present them on the VLP surface in an antigenic form than 

linear epitopes. Yet, vaccines targeting conformational B-cell epitopes provide a means of 
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generating broadly neutralizing antibodies for viruses that have proven difficult to vaccinate 

against such as influenza
108

 and RSV.
109,110

 One class of the most common conformational 

epitopes are those with α helical structure found in coiled-coil motifs of many enveloped viral 

glycoproteins.
111

 Antibodies targeting these α helix epitopes have been shown to inhibit cellular 

entry of HIV,
112

 Ebola,
113

 and influenza
114

 viruses. To achieve conformational presentation of 

these α helix epitopes, the leucine zipper domain of the yeast transcription factor GCN4 has been 

used as the flanking sequence to stabilize their conformation.
112,115-117

 Presentation of epitopes 

with more complex conformations, such as a helix-turn-helix structure, is not as straightforward 

and may require computational design of specialized scaffolds  to obtain the correct epitope 

conformation.
109

 

 T-cell epitopes, although linear, also present unique challenges. The sequences flanking T-

cell epitopes have been implicated in the efficiency of antigen processing and presentation,
118,119

 

thus present an engineering opportunity for modulating epitope-specific T-cell activation. Analysis 

of the flanking sequences of highly presented T-cell epitopes has led to the identification of both 

natural and synthetic sequences that can either promote or inhibit the epitope presentation to T 

cells.
120,121

 Additionally, oligoalanine residues flanking an epitope have been shown to increase 

the epitope presentation efficiency, possibly by providing a buffer from nearby interfering 

sequences.
119

 Rueda et al. applied this concept when designing parvovirus-like particles to present 

an immunodominant CD8
+
 T-cell epitope of chicken ovalbumin (OVA). By inserting an additional 

3-5 aa of the natural OVA sequence flanking the epitope, the resulting parvovirus-like particles 

demonstrated considerable improvement of the epitope presentation compared to the OVA epitope 

alone.
122

 In addition to epitope flanking sequences, the selection of T-cell epitopes themselves is 

challenging due to their dynamic nature. It is believed that the long-lasting protective memory T 



   13 

 

cells respond to only a few peptides derived from the pathogen, termed immunodominant 

epitopes.
123-125

 However, the immunodominant epitopes can change depending on an individual’s 

disease state,
126-128

 and subdominant T-cell epitopes are also shown to be important in controlling 

viral replication.
129

  To address this challenge, further cooperative advancements in high 

throughput T-cell epitope mapping,
130,131

 disease pathology,
132,133

 and personalized approaches in 

vaccine development
134

 are required. 

1.4. Engineering Influenza VLP for Vaccination 

 Influenza vaccines based on VLP present numerous advantages over conventional 

influenza vaccination approaches. Compared to production of influenza vaccine in chicken eggs, 

the recombinant methods employed to produce VLP in cell culture have increased production 

capacity, decreased production times, and do not require the need of egg adaption.
29,135

 In addition, 

influenza VLP have been shown to elicit a better immune response than the conventional 

inactivated split influenza vaccines.
136

 For these reasons, VLP have garnered significant interest 

in industry for development of next generation influenza vaccines. In this section we discuss the 

design considerations for the development of next generation influenza VLP vaccines to improve 

their immunogenicity and breadth of protection. 

1.4.1.Enhancing T Cell Activation 

 While the particulate nature of VLP leads to efficient uptake by antigen presenting cells 

(APCs) for subsequent presentation to CD8 and CD4 T cells,
77,137

  VLP often elicit weaker T-cell 

responses compared to viral infection due to the lack of additional stimuli presented by viral 

replication.
138,139

 Yet, recent studies have suggested the necessity of targeting T cells in developing 

effective influenza vaccines. Cytotoxic CD8 T cells in particular play a critical role in the influenza 
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immune response and have been shown to be a strong correlate of protection.
140-142

 Furthermore, 

influenza specific T cells can provide  cross protection against other influenza viruses due to their 

recognition of more conserved epitopes.
19,20

 Therefore, enhancing the capability of VLP to induce 

strong T cell immune responses is of great interest. 

 The immunogenicity of vaccines is commonly tuned through the use of 

immunomodulatory agents known as adjuvants. Although not fully understood, studies have 

suggested that adjuvants improve vaccine efficacy partly by enhancing the activation and 

maturation of APCs, such as dendritic cells (DCs) and macrophages.
143

 These activated APCs then 

induce the maturation of T cells and B cells that are crucial in adaptive immune responses and 

immunological memory.
144,145

 It is well established that APC activation is frequently triggered by 

the recognition of pathogen-associated molecular patterns (PAMPs) by toll-like receptors (TLRs) 

expressed on the APC surface.
146

 In addition to upregulating the expression of major 

histocompatibility complex (MHC) for enhanced antigen presentation to T cells, activated APCs 

provide a cytokine and chemokine microenvironment that supports strong antigen-specific cellular 

and humoral immune responses.
147

 Therefore, TLR ligands and their synthetic analogs represent 

an attractive class of adjuvants that can enhance APC maturation, which in turn improves the 

activation of antigen-specific T cells.
148,149

 

 TLRs are activated by specific pathogen associated molecular patterns (PAMPs), which 

can be exploited as potential VLP adjuvants. Oligonucleotides (CPG DNA, ssRNA),
150-153

 

lipopeptides (E8Pam2Cys),
154

 and bacterial peptides (flagellin)
88,155

 are TLR agonists that have 

been introduced into VLP to significantly increase antigen specific T cell responses. In particular 

influenza VLP functionalized with flagellin have been shown to elicit greater antibody titers, 

enhanced T cell responses, improved cross-protection, and increased immunogenicity compared 
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to VLP without flagellin.
156,157

 Although T cell activation through TLRs is thought to primarily 

occur indirectly through the activation of APCs, there is increasing evidence that a range of T-cell 

subsets including cytotoxic CD8 T cells also express TLR2 and/or TLR5 on their surface, thus can 

be activated directly.
158-164

 It should also be noted that molecules activating other immune 

signaling pathways that are independent of TLRs can also be displayed on VLP to enhance T-cell 

activation.
165,166

 For instance, the activation of natural killer T cells by α-galactosylceramide (α-

GalCer),
167

 the activation of DCs by CD40L,
168,169

 and VLP directly functionalized with 

supporting cytokines
170,171

 have been shown to increase antigen-specific T-cell responses. 

1.4.2. Increasing Heterosubtypic Protection 

Antibodies generated by vaccination or infection are primarily targeted to the 

immunodominant head of the HA protein
14,15

 where four antibody binding sites have been 

identified.
172

 Due to their close proximity to the HA receptor binding site, antibody binding to 

these areas results in virus neutralization. However, these viral regions easily accommodate 

mutations through genetic drift, enabling the virus to escape neutralizing antibodies generated 

towards prior strains
14

 and resulting in the need for annual vaccination. Thus, significant research 

has focused on targeting the immune response towards more conserved areas of the influenza virus 

that are less prone to mutation in order to provide protection against drifted strains as well as more 

genetically distant subtypes of influenza virus. To this end, several strategies have been 

investigated.  

The M2 ion channel protein is highly conserved among influenza viruses. In particular, 

amino acids 1-9 of the M2 ectodomain (M2e) display >98% sequence homology among all known 

influenza viruses.
173

 However, M2 is only weakly immunogenic during infection, with only a 
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fraction of infected individuals producing M2 antibodies.
174

 This is likely due to the low 

incorporation of M2 in influenza virions (~3% of total surface proteins)
5
 as well as its concealment 

under the much larger HA and NA glycoproteins. Several studies have incorporated epitopes of 

M2e on the surface of several VLP carriers, resulting in strong antibody responses.
175

 However, 

there is evidence that antibodies raised against these M2e epitopes do not bind well to influenza 

virus,
176

 likely due to the inability of these epitope vaccines to mimic the tetrameric structure of 

the native M2 protein.
177

 However, presentation of full-length M2 proteins incorporated into VLP 

without HA or NA was demonstrated to substantially increase the antibody response towards M2 

and these antibodies were found to provide cross protection in mice challenged with H1N1, H3N2, 

and H5N1 subtypes.
178

 While these results are promising, it should be noted that antibodies 

generated against M2 are non-neutralizing and therefore cannot prevent infection. Therefore, M2 

is best used in conjunction with other strategies to mitigate the morbidity of influenza virus 

infection. 

While the globular head of HA is prone to mutation, the stalk domain of HA is much more 

conserved. Although stalk reactive antibodies are not efficiently generated during infection, 

isolated antibody clones that do bind to the stalk region of HA have the ability to cross react with 

a large proportion of HA subtypes.
179

 Therefore, designing vaccines that elicit stalk-reactive 

antibodies is a research priority. However, immunogenically presenting the stalk region in its 

native conformation has been a challenge. Two main strategies have emerged. In one strategy, 

“headless” HA proteins lacking the globular head domain are stabilized in their native 

conformation through numerous mutations.
180,181

 Vaccination with these headless H1 proteins 

completely protected mice
180

 or ferrets
181

 from lethal heterosubtypic challenge with H5N1. Despite 

the achievement, the construction of these proteins required several complex design iterations and 
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protection has only been demonstrated so far within group 1 HA proteins. Another approach is to 

sequentially vaccinate with HA proteins containing the same stalk domain but different head 

domains.
179

 This strategy was inspired by the observation that infection or vaccination with H1N1 

during 2009 preferentially generated broadly neutralizing antibodies towards the HA stalk.
182,183

 

Interim results from phase I clinical trials demonstrated that these chimeric HA proteins formulated 

into split or LAIV vaccines can induce high-titer cross reactive antibodies in humans.
184

  However, 

relatively high levels of adverse events were reported (20-61% of participants) although most were 

mild.
184

 Presentation of these proteins on VLP may allow these chimeric HA vaccines to retain 

their immunogenicity with reduced levels of adjuvant, making the vaccine more tolerable. 

1.4.3. Recombinant Hosts for Producing Influenza VLP 

 A crucial consideration for producing any therapeutic protein is the choice of expression 

system. VLP can be produced by expressing structural and immunogenic proteins of a virus in 

either bacteria, yeast, insect, mammalian, or plant cells. The choice of the host system can have a 

significant impact on the yield and characteristics of the product, and each system has its 

advantages and disadvantages
185

 (summarized in Table 1.1). Influenza VLP have been extensively 

described in higher organisms such as insect, mammalian, and plant cells.
186-188

 These systems 

have produced influenza VLP that have protected mice or ferrets from challenges with lethal doses 

of influenza and are currently in clinical trials.
136,186,187

 It is notable that the protein requirement 

for producing influenza VLP varies by expression system. In mammalian cells, VLP can be 

efficiently produced through expression of just HA, however the budded VLP remain attached to 

the cell surface due to HA’s affinity for sialic acid unless NA is incorporated into VLP or 

exogenous NA is added.
189

 In the plant cells of Nicotiana benthamiana, only HA is necessary for 
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formation of VLP
186

 since plants do not natively produce sialic acid.
190

 In contrast, influenza VLP 

production in insect cells requires M1 in addition to HA as there are no reports of VLP being 

produced with HA alone.
191

 Despite the ability to produce VLP with these minimal requirements 

it can also be advantageous to express additional influenza proteins. For example, the efficient 

incorporation of M2 into VLP can lead to M2 antibodies with the ability to provide cross 

protection.
178

 In our lab, Zak et al. was able to engineer high density incorporation of M2 into 

influenza VLP produced in Sf9 insect cells through use of the of M2 ion channel inhibitor 

amantadine.
192

 

 For industrial production of recombinant proteins, it is often advantageous to utilize the 

most primitive host system possible. Despite the use of insect, mammalian, and plant cells to 

produce influenza VLP, these systems almost exclusively rely on the use of viral vectors for VLP 

production. Viral vectors require lengthy cloning procedures, amplification steps, and extra 

downstream purification that ultimately limit the throughput of these systems and extends the 

timescale for VLP production. On the other end of the spectrum, HA proteins produced in 

Escherichia coli are unrecognized by neutralizing antibodies suggesting that E. coli is incapable 

of producing HA in the correct conformation.
193

 In contrast there is evidence that HA can be 

produced in yeast that is correctly folded and glycosylated.
194-200

 Despite this, influenza VLP 

production in yeast has not yet been described. 

Table 1.1. Recombinant hosts for influenza VLP production 
Advantages and disadvantages of commonly used expression systems for the production of 

recombinant proteins. Cost, speed, scalability, yield, and complexity adapted from Lua et al.185
 



   19 

 

 

1.5. Project Overview 

 The development of a universal influenza vaccine that can provide long-lasting protection 

against diverse influenza subtypes for all demographics is incredibly challenging and such a 

vaccine has eluded researchers for decades. While there are many promising influenza vaccine 

concepts, experimental therapeutics have a historically high risk of failure in clinical trials. It 

currently takes an average of $1 billion and 10-20 years to bring new therapeutics to market.
201

 

Furthermore, previous work has demonstrated that broadly protective influenza vaccines require 

extensive engineering of the vaccine immunogen beyond the simple presentation of native 

influenza proteins to elicit strong and durable protection.
179-181

 To meet these challenges, new 

technologies are needed to expedite influenza vaccine synthesis, engineering, and pre-clinical 

testing. VLP represent optimal immunogens for next generation vaccines as they are inherently 

immunogenic and highly tunable through either chemical or genetic modification to enhance their 

properties.
98

 However, influenza VLP production has so far been limited to higher eukaryotic 

hosts, limiting the speed that influenza VLP candidates can be produced, engineered, and 

E. coli Yeast Insect Mammalian/Plant

Cost $ $ $ $ $ $ $ $ $ $

Speed ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚

Scalability ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚

Yield ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚

Complexity ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚ ✚

Produce HA? X ✓ ✓ ✓
Produce VLP? X ? ✓ ✓
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evaluated. To this end, this thesis describes the development of a new platform for rapid 

prototyping and testing of influenza VLP candidates.  

 In Chapter 2, we describe the production of influenza VLP in a new recombinant host: S. 

cerevisiae. Compared to recombinant protein production in insect, mammalian, and plant cells, 

recombinant protein production in the yeast S. cerevisiae is generally faster, higher yielding, and 

less expensive.
185

 Furthermore, S. cerevisiae has well-established tools for rapid genetic 

manipulation. When this is combined with the immunogenicity and tunability of VLP, the result 

is a rapid system for developing and engineering VLP-based influenza vaccines. However, 

whether S. cerevisiae can support influenza VLP production has not yet been reported. While we 

demonstrate that S. cerevisiae supports the expression of full-length and glycosylated influenza 

HA proteins from diverse influenza subtypes, we discovered that HA does not efficiently traffic to 

the yeast plasma membrane where VLP formation presumably takes place. Importantly we were 

able to engineer plasma membrane localization of HA by fusing a fluorescent protein to its C-

terminus. Expression of M1 and this mutant HA resulted in production of influenza VLP that 

possessed functional characteristics of influenza virus, including the ability to agglutinate red 

blood cells and undergo endocytosis, demonstrating for the first time the ability to produce 

influenza VLP in a lower eukaryotic host. 

 In order to permit the rapid engineering of these yeast VLP strains for enhanced VLP yield 

and immunogenicity, high-throughput methods for detecting and quantifying influenza protein 

expression in yeast cells are essential. Chapter 3 describes the development and validation of a 

high-throughput strategy for detecting intracellular and plasma membrane proteins such as HA 

and M1 in yeast. This approach – which we have termed yeast intracellular staining (yICS) – 

enables detection of proteins residing on the plasma membrane and in intracellular compartments 
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following removal of the yeast cell wall by fluorescent antibody staining. Quantitative protein 

expression in single cells is then obtained by flow cytometry analysis. After validating the ability 

of yICS to detect endogenous intracellular yeast proteins, we demonstrate that yICS can detect 

multiple recombinant proteins simultaneously. As a proof of concept, we then applied yICS to 

screen libraries of multicopy integration clones containing different copy numbers of a target 

protein. yICS efficiently identified rare (~1%) high copy clones that resulted in ~8-fold increase 

in target protein yield. This yICS tool in combination with the yeast influenza VLP system will 

enable rapid prototyping of influenza VLP formulations by aiding in characterization and 

identifying high producing clones. 

 While Chapters 2 and 3 establish a rapid pipeline for VLP production and engineering, it 

is necessary to establish methods of evaluating the immune response towards these VLP. In 

Chapter 4, we assess the ability of mass cytometry (CyTOF) for this purpose by applying CyTOF 

to interrogate the immune response to influenza virus infection in the mouse lung. CyTOF enabled 

detection of 40 markers on single cells, providing detailed information on cellular phenotype, 

activation status, cytokine production, and expression of influenza proteins. To aid in the analysis 

of such a large and high-dimensional dataset, we developed an automated supervised learning 

approach to classify cells into one of 24 highly specific immune cell subsets. Analysis of the 

resulting data provide a high-resolution view of the early inflammatory response to influenza virus 

infection and its transition towards adaptive immunity and tissue repair. In addition to identifying 

anticipated changes in immune cell populations that validate the CyTOF approach, the high-

resolution dataset provides new insight into in vivo cytokine production, the susceptibility of 

immune cells to viral infection and replication, and defects associated with the aging immune 
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system. This study demonstrates the power of high-dimensional single cell analysis for evaluation 

of the immune response and lays the groundwork for the future evaluation of VLP vaccines. 
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Chapter 2. Production of Influenza VLP in Saccharomyces cerevisiae 

2.1.  Publication and Patent Information  

Hill, B. D., Zak, A. J., Rizvi, S. M., Ponnandy, P., and Wen, F. Engineering Yeast Saccharomyces 

cerevisiae for Assembly of Enveloped Influenza Virus-Like Particles. (In Prep) 

 

Wen, F., Khera, E., Hill, B. D., Rizvi, S. M. Virus-like Particles. U.S. Patent Application 

15/566,069. 2020. 

 

 The goal of this chapter is to test the feasibility of influenza VLP production in the lower 

eukaryote Saccharomyces cerevisiae. Accomplishing this goal has the potential to greatly expedite 

the production and engineering of influenza VLP vaccines. Dr. Syed Monem Rizvi assisted with 

VLP synthesis, cloning, and immunogold labeling. Andrew Zak performed the endocytosis assay 

and IMAC purification. Dr. Prabhu Ponnandy assisted with multicopy integration and subsequent 

screening for high copy integration events.  

2.2.  Abstract 

Current influenza vaccines produced in chicken eggs have several drawbacks including 

moderate efficacy, long production timelines, and susceptibility to egg shortages. Influenza virus-

like particles (VLP) have emerged as a promising alternative vaccination approach due to their 
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enhanced immunogenicity, tunability, and ability to be produced by recombinant methods in cell 

culture. While influenza VLP have been successfully produced in mammalian, plant, and insect 

cells, the ability of lower eukaryotic hosts to produce influenza VLP has not been reported despite 

potential advantages of reduced cost, faster production, and easier scale up. To this end, we 

investigated the feasibility of influenza VLP production in the yeast Saccharomyces cerevisiae. 

We demonstrate that S. cerevisiae supports the production of full-length influenza hemagglutinin 

(HA) and M1 proteins from diverse influenza subtypes H1N1, H3N2, and H7N9. Further analysis 

revealed that HA is not efficiently transported to the plasma membrane where influenza VLP 

formation takes place, indicating a defect in HA processing along the secretory pathway. 

Importantly, fusion of a fluorescent protein to the C-terminus but not the N-terminus of HA 

removed the defect, improving plasma membrane localization of HA dramatically. Following cell 

wall removal, fluorescent nanoparticles could be detected in the supernatant of cells expressing 

this mutant HA and M1 by nanoparticle tracking analysis (NTA). Transmission electron 

microscopy (TEM) further revealed that these lipid nanoparticles could be densely stained with 

anti-HA antibody, confirming for the first time the formation of influenza VLP in yeast. Notably, 

these VLP also displayed key functional characteristics of influenza virus as demonstrated by their 

ability to agglutinate red blood cells, bind MDCK cells in a sialic acid dependent manner, and 

undergo endocytosis. Combined with the versatility and speed of recombinant protein production 

in S. cerevisiae, this novel yeast-based influenza VLP production platform can enable rapid 

engineering and prototyping of next generation influenza vaccines.  
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2.3.  Introduction 

Seasonal influenza infection kills between 290,000 – 650,000 individuals per year
2
 and 

continues to be a global health concern. While vaccination remains the most effective approach 

for preventing the spread of influenza virus, the effectiveness of influenza vaccines is highly 

variable from year to year, ranging from 19-60%.
202

 This inconsistent efficacy can be partially 

attributed to the long-standing practice of manufacturing the vaccine in embryonated chicken eggs, 

a process whose long (6+ month) manufacturing timeline and requirement for egg adaptation often 

leads to mismatches between circulating strains and vaccination strains.
29

 However, vaccine 

efficacy is still surprisingly modest even in low risk individuals when there is a good match 

between vaccine strains and circulating strains.
203

 Perhaps most concerning is the lack of 

protection in individuals over the age of 65, who have difficulty generating protective immune 

responses from influenza vaccination and consequently account for 70 – 90% of all influenza 

related deaths.
204

 This marginal performance highlights the need for improved influenza 

immunogens that generate a more protective immune response as well as alternative 

manufacturing methods that do not rely on eggs.  

Influenza vaccines based on virus-like particles have garnered significant attention as next 

generation influenza vaccines. Virus-like particles (VLP) are nanoscale biological structures 

consisting of viral proteins assembled in a morphology that mimics the native virion but do not 

contain the viral genetic material. The possibility to manipulate the proteins contained within VLP 

makes them an attractive tunable system for synthesizing predictable nanoscale structures that 

have numerous applications including drug delivery and biocatalysts.
98

 However, VLP are 

especially amenable to vaccine development due to their presentation of authentic viral proteins to 

the immune system in their near-native conformation without risk of infection.
98

 In fact, the FDA 
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has approved VLP-based vaccines for human papilloma
205

 and hepatitis B
206

  viruses, and clinical 

trials for several other vaccines containing VLP are currently underway.
207

  

Aside from their immunogenicity and safety, VLP vaccines are synthesized in cell culture, 

which, compared to egg production, increases production capacity, decreases production times, 

omits the need for egg adaption, and avoids the handling of infectious virus.
29,135

 Specifically, 

influenza VLP have been successfully produced in insect, mammalian, and plant cells
186-188

 that 

protect mice or ferrets from lethal influenza challenge.
136,186,187

 While influenza VLP made in these 

higher eukaryotic hosts show great promise, it is often advantageous to express recombinant 

proteins in the most primitive host system possible in order to produce high yields while 

minimizing cost. Several reports demonstrate that full length
194

 or truncated
195,199,200

 influenza 

surface protein hemagglutinin (HA) can be produced in the lower eukaryotes Saccharomyces 

cerevisiae or Pichia pastoris. Despite this evidence, the capability of yeast to produce influenza 

VLP has not been previously described. A yeast-based production system for influenza VLP would 

have several potential advantages. First, high expression of multi-protein complexes in insect, 

mammalian and plant systems requires the use of viral vectors, necessitating lengthy cloning 

approaches and complex purification methods to separate the viral vectors from the VLP.
208

 On 

the other hand, multiple gene constructs can be highly expressed from endogenous promoters in 

yeast after a single cloning step, enabling faster production timelines without viral vector 

contamination. Additionally, recombinant protein production in yeast is often higher yielding, less 

expensive, more scalable, and more robust than production in insect, plant, or mammalian cell 

systems.
185

 

In this work, we explore the production of influenza VLP in S. cerevisiae. Notably, we 

demonstrate that S. cerevisiae has the capability to express full length HA and M1 protein from 
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diverse influenza subtypes, and the co-expression of HA and M1 leads to detectable levels of these 

proteins in cell supernatants following removal of the yeast cell wall. Further investigation reveals 

a defect in HA processing along the secretory pathway that prevents efficient localization of HA 

to the yeast plasma membrane. We further demonstrate that the fusion of a fluorescent protein to 

the C-terminus of HA dramatically enhances plasma membrane localization and significantly 

increases VLP yield. Resulting VLP demonstrated functional characteristics of influenza virus 

including the ability to agglutinate red blood cells and to be internalized by mammalian cells in a 

sialic-acid dependent manner in vitro. Taken together, these data demonstrate that yeast is capable 

of producing functional influenza VLP, laying the groundwork for a new influenza vaccination 

platform and opening the door for yeast based VLP production of other enveloped viruses. 

2.4.  Results and Discussion  

2.4.1. S. cerevisiae Can Express HA and M1 Proteins from Diverse Influenza Subtypes 

 Co-expression of the influenza HA glycoprotein and the M1 matrix protein leads to 

influenza VLP formation in higher eukaryotes.
191

 To determine if S. cerevisiae has the capability 

to express these essential viral proteins, HA and M1 proteins from strains H1N1 A/Puerto 

Rico/1934, H3N2 A/Aichi/2/1968, and H7N9 A/Shanghai/MH01/2013 strains were cloned into 

the high-copy pRS426 plasmid under control of the strong Gal10 and Gal1 galactose-inducible 

promoters (Figure 2.1A). Following galactose induction, yeast cell lysates were analyzed by 

Western blot with strain-specific antibodies (Figure 2.1B, lanes labeled "Yeast") alongside 

commercially available HA and M1 standards produced in Sf9 insect cells (Figure 2.1B, lanes 

labeled "Sf9"). Detectable protein bands were observed for all yeast constructs in the expected size 

range of 62 kDa for HA and 28 kDa for M1, demonstrating successful translation of all full-length 
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proteins in S. cerevisiae (Figure 2.1B). Notably, multiple HA bands could be detected in lanes 

loaded with yeast lysates, demonstrating that HA multimers are being formed. However, there are 

observable differences between Sf9- and yeast-produced HA proteins. Two bands approximately 

5-10 kDa apart are observed for yeast-derived H1 and H7 proteins whereas Sf-9 produced HAs 

have a clean single band. Furthermore, yeast derived H3 is approximately 20 kDa lower than its 

Sf9 counterpart.  

Discrepancies in the size of recombinant proteins produced in different hosts are often the 

result of differences in glycosylation. N-glycosylation is an essential post-translational 

modification that promotes proper folding, intracellular transport, and stability of HA.
209-211

 Upon 

incubation of cell lysates with PNGaseF, an enzyme that cleaves oligosaccharides from N-linked 

glycosylation sites,
212

 yeast HA proteins had increased electrophoretic mobility compared to 

mock-treated HA proteins (Figure 2.1C), demonstrating that yeast HAs are glycosylated. In 

addition, the two bands observed for yeast produced H1 and H7 proteins prior to PNGaseF 

treatment collapsed into a single band upon incubation with PNGaseF, indicating that the lower 

band likely represents an unglycosylated intermediate form of HA. Furthermore, the shift in 

molecular weight of yeast derived H1 (Figure 2.1C, top) and H7 (Figure 2.1C, bottom) were of 

similar magnitude to their Sf9 counterparts, indicating a similar extent of glycosylation for these 

proteins in both hosts. In contrast, the shift in molecular weight for H3 was much greater in Sf9 

than in yeast (Figure 2.1C, middle), indicating that yeast and Sf9 vary in their glycosylation 

behavior of this protein. Indeed, it is well known that S. cerevisiae possesses more primitive 

glycosylation machinery compared to higher eukaryotes, often resulting in hyper-glycosylation of 

mammalian-derived glycoproteins.
213

 Although only three strains of HA were analyzed, it is 

reassuring the yeast-produced HA proteins from the chosen strains were not subject to this effect, 
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which often negatively affects protein function.
214

  Taken together, these results demonstrate that 

S. cerevisiae possesses the capacity to produce full length, glycosylated HA protein from 

genetically diverse influenza subtypes, however the extent of glycosylation for some subtypes may 

differ from those produced in higher eukaryotes. These results build on a previous evidence that 

full length and glycosylated H1 from H1N1 A/WSN/33 virus can be successfully produced in S. 

cerevisiae.
194

 In addition, we are the first to report the successful expression of M1 proteins in S. 

cerevisiae to our knowledge. 

 Next, the yield of cellular HA expression was estimated using Western blot by comparison 

to commercial standards (Appendix A.1). H1 expression levels were more than 2-fold higher than 

H3 expression levels (p < 0.01) and more than 5-fold higher than H7 expression levels (p < 0.001). 

Due to its high expression level, we were also able to confirm trimer formation in the H1 construct 

(Appendix A.2), a critical processing step believed to occur in the endoplasmic reticulum 

immediately prior Golgi transport in mammalian cells.
215

 While a small sample size, we noted that 

HA proteins with higher expression level correlated with a lower pH reported for HA-mediated 

membrane fusion in the literature.
216

 While the induction media was buffered to pH 7.6 in this 

study to promote HA stability, these data suggest that increasing the acid tolerance of HA or 

increasing intracellular pH may further improve HA expression level. Regardless, the construct 

expressing H1 and M1 from A/Puerto Rico/1934 (hereafter referred to as H1M1) was chosen for 

further experimentation based on its high expression level (Figure 2.1D), confirmed trimerization 

(Appendix A.2), and similar glycosylation pattern to the H1 Sf9 standard (Figure 2.1C, top). 
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Figure 2.1. Expression of influenza HA and M1 proteins in S. cerevisiae 

(A) HA and M1 proteins from strains H1N1 A/Puerto Rico/1934, H3N2 A/Aichi/2/1968, and 

H7N9 A/Shanghai/MH01/2013 were cloned into plasmids under control of Gal10 and Gal1 

galactose-inducible promoters. (B) Western blot analysis of yeast cell lysates and Sf9 protein 

standards shows expression of full-length HA (~62kDa) and M1 (~28 kDa) proteins. (C) PNGaseF 

digestion decreases molecular weight of HA, indicating successful glycosylation in yeast. 

Asterisks denote glycosylated HA and stars denote deglycosylated HA. (D) Quantification of 

different HA subtypes in yeast cell lysates. Data represent mean ± standard error of the mean 

(SEM), n = 2; statistical comparisons computed by one-way ANOVA followed by post hoc 

Tukey’s pairwise comparisons, *p < 0.05, **p < 0.01, ***p < 0.001. 

 

2.4.2. Integration Improves Intracellular and Extracellular Yield of H1 and M1 Proteins 

While H1 had the highest expression level of all three constructs (~300 ug/L, Figure 2.1D), 

the overall yield is relatively low compared to the cellular expression level of the same HA protein 

in Sf9 (~10-20 mg/L).
192

 To enhance overall yield, we performed multiple rounds of genomic 

integration of the H1M1 expression cassette into the yeast genome (see methods). Consecutive 

rounds of integration yielded increasing copy numbers as determined by quantitative PCR (qPCR), 

with approximately 13 copies being introduced after three rounds (Figure 2.2A). The expression 
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levels of H1 and M1 over the course of integration were compared by Western blot of cell lysates 

(Figure 2.2B), revealing a dramatic increase in the expression levels of H1 and M1 in agreement 

with the qPCR results. Notably, the unglycosylated lower band of H1 became very prominent in 

the third integration strain (Figure 2.2C, top), suggesting that the functional throughput of the 

yeast secretory pathway had likely been exceeded. Nevertheless, the quantity of the upper, 

glycosylated HA band increased nearly 10-fold over the plasmid strain to approximately 3 mg/L 

(Figure 2.2C, Appendix A.3). 

 

Figure 2.2. Integration of H1 and M1 enhances their cellular yield 
(A) qPCR analysis of three consecutive integration rounds results in increases in genomic copy 

number of H1 and M1 proteins (n = 3). (B) Integration of HA and M1 expression cassette results 

in improved cellular expression of H1 and M1 proteins. (C) Western blot quantification indicates 

nearly 10-fold increase in cellular expression of H1 and M1 proteins in the 3
rd

 integration strain 

(Int #3) compared to plasmid-based expression (n = 2). Data in (A) and (B) represent mean ± SEM; 

statistical comparisons computed by one-way ANOVA followed by post hoc Tukey’s pairwise 

comparisons, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001. 

 

To gain more detailed insight into the differences in protein expression between the strains, 

we performed yeast intracellular staining (yICS). Developed in Chapter 3, the yICS technique 

enables intracellular proteins to be detected by flow cytometry following fluorescent antibody 

staining. Compared to Western blotting, yICS permits protein expression level to be detected in 

individual cells, allowing variation in protein expression level to be observed across a population. 
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yICS analysis revealed that the integrated strains had a relatively homogeneous distribution of H1 

and M1 expression that increased with subsequent rounds of integration (Figure 2.3). On the other 

hand, the plasmid strain had a distinctly bimodal distribution with the positive population having 

a similar expression of H1 and M1 compared to the 3rd integration strain. These results reveal, 

counterintuitively, that the lower H1 yield in the plasmid strain observed by Western blot (Figure 

2.2B) is due to the presence of a large population of non-expressing cells rather than a lower 

expression level in all cells.  

 

Figure 2.3. Detection of HA and M1 by yeast intracellular staining (yICS) 
Flow cytometry of yeast cells stained with anti-H1 and anti-M1 antibodies followed by a 

fluorescently labeled secondary antibody (phycoerythrin (PE)). Integrated strains (Int) 

demonstrate a homogeneous expression pattern while the plasmid strain’s staining profile is 

bimodal. HA and M1 increase with subsequent rounds of integration. W303-1a is the parent strain. 

 

Following the increase in protein expression level of the H1 and M1 proteins by integration, 

we investigated if S. cerevisiae could support the production of influenza VLP. Influenza virus 

and VLP formation occurs on the plasma membrane in a process known as budding, however this 

budding process is inhibited in S. cerevisiae by its cell wall. As a solution to this problem, 

Morikawa et al demonstrated that removal of the cell wall through enzymatic treatment resulted 

in the budding of enveloped HIV-gag VLP following expression of the HIV-1 gag polyprotein in 

S. cerevisiae.
217

 We were curious if such an approach could lead to the formation of influenza 
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VLP. Accordingly, both plasmid and integrated H1M1 constructs were induced, subjected to 

enzymatic cell wall removal to form spheroplasts, and then incubated overnight in osmotically 

stabilized media to allow the budding process to take place (Figure 2.4A). The supernatant was 

then harvested, subjected to 10,000 × g centrifugation to remove cell debris, and HA quantification 

was performed by Western blot (Figure 2.4B). Indeed, HA protein could be detected in the 

supernatant of all constructs, indicating that VLP formation could be taking place. HA yield in the 

supernatant (Figure 2.4B) directly mirrored cellular HA expression (Figure 2.2C, Appendix A.3), 

with the 3rd integration strain achieving a 6.5-fold improvement in extracellular HA yield 

compared to the plasmid strain (p < 0.001). These results reveal that increases in HA yield can be 

efficiently achieved via integration. Moreover, HA cellular and extracellular yields are almost 

directly proportional to the number of protein copies (Figure 2.2A), indicating that more 

integration rounds can likely drive further increases in protein expression level. 

 

Figure 2.4. Detection of H1 and M1 proteins in yeast supernatants 
(A) Influenza VLP procedure: yeast cells containing the H1M1 expression cassette are induced in 

galactose followed by cell wall removal (CWR). Cells are incubated overnight in osmotically 

stabilized media to allow for budding of influenza VLP. The supernatant is then harvested, 
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clarified by 10,000 x g centrifugation, and used for further analysis. (B) Western blot quantification 

of H1 in yeast supernatants. Integration improves yield 6.5-fold over plasmid expression. (C) 

Extracellular HA yield was divided by cellular HA yield to derive the release ratio. There is no 

significant difference in release ratio for any construct. Data in (B) and (C) represent mean ± SEM, 

n = 2; statistical comparisons computed by one-way ANOVA followed by post hoc Tukey’s 

pairwise comparisons, *p < 0.05, **p < 0.01, ***p < 0.001. 

We next compared the efficiency of VLP formation among the H1M1 strains by calculating 

the ratio of extracellular HA yield to cellular HA yield (hereafter referred to as the release ratio). 

Interestingly, there was no significant difference in the release ratio for any of the constructs 

(Figure 2F), with all constructs possessing a release ratio of approximately 2%. In comparison, 

the production of HIV gag particles in S. cerevisiae resulted in a release ratio of ~50%.
217

 While 

these results conclusively show that large increases in H1 and M1 yields can be achieved by 

multicopy integration, the low release ratio suggests an additional defect in influenza VLP 

formation.  

2.4.3. HA Fused to C-terminal Fluorescent Protein Enhances Plasma Membrane Targeting  

As a first step towards identifying bottlenecks in VLP formation, we investigated the 

cellular localization of HA. To this end, we performed confocal microscopy on yeast spheroplasts 

expressing the H1M1 plasmid. Spheroplasts were fixed in 4% formalin, permeabilized with 

saponin, and stained with an anti-H1 antibody followed by a fluorescently labeled (AF647) 

secondary antibody. Images of cellular cross sections revealed that HA signal was predominantly 

intracellular (Figure 2.5), indicating that HA is not efficiently localizing to the plasma membrane. 

As HA plasma membrane localization is critical for influenza virus and VLP formation in higher 

eukaryotes,
5,6,218,219

 increasing plasma membrane localization has the potential to greatly improve 

VLP budding efficiency (release ratio) and overall VLP yield.  
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Figure 2.5. Confocal microscopy reveals inefficient plasma membrane localization of HA 
Representative confocal microscopy image of yeast spheroplasts expressing H1 and M1 proteins. 

Cells were labeled with anti-HA antibody followed by a fluorescent secondary antibody (AF647). 

This single focal plane image through the center of the cell indicates that HA signal is 

predominantly intracellular with very little plasma membrane localization. Scale bar is 5 μm. 

To enable the cellular localization of HA to be readily determined without the need for 

intracellular antibody staining, we fused mUkg1 – a 25 kDa green fluorescent protein derived from 

a soft coral
220

 – to either the N- or C-terminus of HA. The fluorescent protein mUkG1 was chosen 

due to reports of greater brightness and expression level in S. cerevisiae compared to green 

fluorescent protein (GFP) and its derivatives.
221

 To ensure proper targeting of HA to the secretory 

pathway, the C-terminal mUkG1 was placed after the HA signal sequence. The N and C terminal 

HA fluorescent fusions – which will be denoted as FC and FN, respectively – were cloned in place 

of HA in the H1M1 plasmid to create plasmids FNM1 and FCM1, respectively (Figure 2.6A).  

To verify successful expression of the fusion constructs, cells harboring plasmids H1M1, 

FCM1, or FNM1 were subjected to the VLP protocol (Figure 2.4A), and HA and M1 expression 

levels in cell lysates and cell supernatants were assessed by Western blot (Figure 2.6B). Compared 

to wild-type (WT) HA, the FC and FN fusion proteins possessed higher molecular weight, as 

expected. While statistically significant, differences in cellular expression levels between the 
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constructs were small, with FC and FN expression levels within 30% of WT (Figure 2.6C). In 

contrast, Western analysis of the cell supernatants revealed that the quantity of FC was ~3 times 

greater than both FN (p < 0.001) and WT (p < 0.01) whereas the difference between WT and FN 

was not significant (Figure 2.6D). As a result, FC had ~2.5 times greater release ratio compared 

to WT and FN (p < 0.01, Figure 2.6E).  

 

Figure 2.6. HA with C-terminal fluorescent fusion has improved release ratio 
(A) FCM1 and FNM1 plasmids contain HA protein fused to fluorescent protein mUkg1 on the N- 

or C- terminus, respectively. The C-terminal fusion is after the HA signal sequence (denoted S). 

(B) Western blot of yeast cell lysates and supernatants expressing WT, FN, or FC HA proteins 

along with M1. FC demonstrates higher HA yield in the supernatant. HA was quantified in the cell 

lysates (C) and cell supernatants (D). The release ratio of the three constructs indicates ~2.5-fold 

improvement for FC. Data represent mean ± SEM, n = 2; statistical comparisons computed by one-

way ANOVA followed by post hoc Tukey’s pairwise comparisons, *p < 0.05, **p < 0.01, ***p < 

0.001. 

 

Given the unexpected improvement in the release ratio, we investigated whether FC 

demonstrated improved plasma membrane targeting. To this end, we again performed HA 
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intracellular staining as described previously followed by imaging of cellular cross sections by 

confocal microscopy. Whereas FN localization (Figure 2.7, upper left) was indistinguishable from 

WT (Figure 2.5), the FC construct demonstrated clear plasma membrane targeting (Figure 2.7, 

upper right). As fixation and permeabilization can possibly alter cellular morphology, we also 

performed live cell imaging of yeast spheroplasts and detected HA protein via the native mUkg1 

signal. Again, the FC construct demonstrated clear plasma membrane targeting in contrast to the 

FN construct (Figure 2.7, bottom). 

 

Figure 2.7. HA with C-terminal fluorescent fusion has improved plasma membrane targeting 
Confocal imaging of yeast spheroplasts expressing FNM1 and FCM1. Spheroplasts were either 

stained with anti-HA antibody (top) or viewed by live cell imaging (bottom) using native mUkg1 

fluorescence. All scale bars are 5 μm (intracellular staining procedure reduces cell size). 

 

In light of the notorious difficulties encountered when expressing mammalian 

glycoproteins in lower eukaryotes,
213,222-227

 it is noteworthy that we were able to engineer such a 

stark change in glycoprotein localization. The mechanism resulting in improved plasma membrane 
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targeting of FC is unclear. Recombinant protein fusions, especially with maltose binding protein 

(MBP), are commonly used to improve the folding of recombinant proteins expressed in bacteria
228

 

and even yeast.
229

 However, the vast majority of these fusion partners are on the N-terminus 

because it is generally understood that this location is most effective.
228

 Why a C-terminal fusion 

with HA is able to achieve plasma membrane localization in our case is unknown and warrants 

further investigation. 

2.4.4. HA Fused to C-terminal Fluorescent Protein Results in VLP Formation 

 Next, we investigated whether the high release ratio oberved for FC results in influenza 

VLP production. To this end, we performed nanoparticle tracking analysis (NTA), a technology 

that is able to visualize and quantify nanoparticles in a flow cell using laser diffraction.
230

 Aside 

from the ability to count total nanoparticles, the use of appropriate optical filters enables NTA to 

enumerate fluorescent particles containing the mUkg1 flurophore, allowing VLP to be visualized 

separately from contaminating yeast extracellular vesicles. To this end, clarified supernants from 

H1M1, FNM1, and FCM1 constructs were subjected to NTA analysis, and multiple 60 s videos 

were recorded as particles flowed through the laser beam. Strikingly, numerous brilliant particles 

were observed in the supernatant of the FCM1 construct (Figure 2.8A) but not in the FNM1 

construct or in the H1M1 negative control (no fluorescence). When all video frames are combined 

into a single image using a maximum intensity projection, total particle “streaks” can be clearly 

observed, further revealing the numerous particles in the FCM1 construct (Figure 2.8A). Indeed 

quantification of total particles revealed that FCM1 had ~2 times more fluorescent particles 

compared to FNM1 (p < 0.01) and  ~4 times more particles than the H1M1 background (p < 0.001) 

(Figure 2.8B). These results indicate that expression of FCM1 results in production of 
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nanoparticles containing HA protein, demonstrating for the first time the successful production of 

infleunza VLP in yeast. 

 

Figure 2.8. NTA analysis of yeast FCM1 supernatant reveals fluorescent nanoparticles 
(A) Top: single frame of 60 s video acquired by nanoparticle tracking analysis (NTA) reveals 

numerous fluorescent FCM1 VLP compared to FNM1 and H1M1. Bottom: composite of all frames 

from 60 s video reveals all particle “streaks” over video duration. (B) Concentration of fluorescent 

particles quantified by NTA. Data represent mean ± SEM, n = 3; statistical comparisons computed 

by one-way ANOVA followed by post hoc Tukey’s pairwise comparisons, *p < 0.05, **p < 0.01, 

***p < 0.001. 

To aid in the purification of yeast infleuzna VLP, a 10×His tag was added to the N-terminus 

of FC. No discernable difference could be observed between the expression of His-tagged FC and 

unmodified FC other than the ability of anti-His antibody to bind His-tagged FC by Western blot 

(Appendix A.4). His-tagged FCM1 (further denoted HisFCM1) supernatants were subjected to 

immobilized metal affinity (IMAC) on a nickel column and eluted with increasing concentrations 

of imidazole (Figure 2.9A). The majority of the loaded HA and M1 eluted in the flow through and 

with lower imidazole concentrations, perhaps due to steric hinderances that limit access to the N-

terminal His tag at the base of the HA protein. Speicifcally the total yield of HA in the 100 mM, 

250 mM, and 500 mM combined fracations is ~0.3 μg/L as opposed ~21 μg/L before purifcation 

(Appenidx A.6). In addition, there is no local maxima in the elution profile, suggesting that the 
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VLP are a heterogeneous mixture with a range of binding affinities. Furthermore, the similar 

elution profile of HA and M1 indicates their colocalization. Colocalization of HA and M1 was 

also corroboarated by immunoprecipitation (Appendix A.7). NTA analysis of the fractions eluted 

with 100 mM, 250 mM, and 500 mM of imidazole revealed that the purity of VLP improves with 

increasing concentrations of imidazole (Figure 2.9B). In particular, the 500 mM fraction achieved 

a VLP purity of nearly 10%, a ~100-fold increase compared to the starting material (Figure 2.9B). 

Thus, his-tagged VLP can be efficently enriched using IMAC, however at the expense of 

significant loss of total HA and M1 protein (Figure 2.9A).  

 

Figure 2.9. IMAC enhances purity of his-tagged VLP 
(A) Western blot analysis of HisFCM1 VLP eluted with indicated concentrations of imidazole 

during IMAC. (B) NTA analysis of selected IMAC fractions indicates significant increase in VLP 

purity in fractions eluted at higher imidazole concentrations. Data represent mean ± SEM, n = 3; 

statistical comparisons computed by one-way ANOVA followed by post hoc Tukey’s pairwise 

comparisons, *p < 0.05, **p < 0.01, ***p < 0.001. 

To investigate VLP morphology, we performed transmission electron microscopy (TEM) 

on HisFCM1 samples eluted with 500 mM imidazole. Immunolabeling was performed with anti-

HA antibody followed by a gold-conjugated secondary antibody. Representative particles are 

indicated in Figure 2.10. Particle sizes ranged from approximately 100 – 500 nm and 

morphologies included spherical, elongated, and amorphous particles. The observation of varied 
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VLP morphogies suggests that multiple mechanisms of VLP formation may be at work. For 

example, spherical particles may form by traditional means of budding from the plasma membrane, 

while more irregular VLP may form through the rupture of yeast spheroplasts. Dense gold labeling 

can also be observed on the surface of VLP, demonstrating that the HA protein is in the correct 

orientation with high surface density, both critical components for vaccination.  

 

Figure 2.10. TEM reveals dense HA immunolabing on VLP 
TEM imaging was performed on IMAC-purified HisFCM1 VLP followed by immunogold 

labeling of HA. Diverse particles with dense immunogold labeling can be observed. 

2.4.5.Yeast-derived VLP Display Functional Characteristics of Influenza Virus 

 The HA protein serves several functional roles in the influenza virus life cycle. Notably, 

HA binds to sialic acid residues on the surface of cells, leading to viral entry through endocytosis. 

To test the ability of yeast-derived VLP to bind sialic acid, a hemagglutination assay was 

performed (Figure 2.11). IMAC elution fractions of HisFCM1 VLP were serially diluted and 

incubated with red blood cells (RBCs). Notably, the 500 mM elution fraction was able to 

agglutinate RBCs and prevent them from settling until diluted 8-fold, demonstrating that yeast-

derived VLP possess the ability to bind sialic acid. However, the 250 mM and 100 mM elution 

fractions did not show any agglutination ability, indicating that these fractions possess lower VLP 

quality. 
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Figure 2.11. VLP can agglutinate red blood cells  
Hemagglutination assay indcates the 500 mM elution fraction of HisFCM1 can agglutinate red 

blood cells until diluted 8 fold. This indicates that yeast-derived HA can bind sialic acid. 

 We next evaluated the ability of VLP to be endocytosed by cells in vitro (Figure 2.12A). 

HisFCM1 VLP were incubated with Madin-Darby Canine Kidney (MDCK) cells – a model 

epithelial cell line – followed by extensive washing. When cellular fluorescence was analyzed by 

flow cytometry, a substantial shift is observed for all VLP-treated cells compared to PBS treatment 

(Figure 2.12B). In contrast, when MDCK cells were pretreated with sialidase, an enzyme that 

cleaves sialic acid (Figure 2.12A), no fluoresence shift is observed (Figure 2.12B). Thus, VLP 

binding to MDCK cells is sialic acid dependent, further demonstrating the sialic acid binding 

ability of yeast-derived HA. To investigate cellular uptake of VLP, Z stacks of MDCK cells treated 

with HisFCM1 VLP were obtained by confocal microscopy. Numerous fluorescent VLP could be 

identified on the cells (Figure 2.12C). Furthermore, analysis of vertical cross sections (Figure 

2.12C, periphery) revealed that VLP occupy different Z planes, a result consisitent with VLP 

internalization. Together these results indicate that yeast-derived influenza VLP display critical 

functional properties of HA that make yeast derived VLP a promising candidate for vaccination. 
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Figure 2.12. VLP bind MDCK cells in sialic acid dependent manner and are internalized 
(A) Design of uptake assay. Mammalian MDCK cells pre-treated with or without sialidase were 

incubated with HisFCM1 VLP. Sialidase will cleave sialic acid on the surface of the cells, 

preventing VLP from binding. (B) Flow cytometry of uptake assay samples indicates that (1) 

FCM1 VLP bind to MDCK cells as witnessed by the increase in MDCK cell fluorescence 

compared to PBS control, and (2) pre-treatment with sialidase prevents this binding. (C) Confocal 

microscopy images of MDCK cells incubated with PBS or HisFCM1 VLP. Central images are 

maximum intensity projections created from z stacks. Periphery images are z stack cross sections 

of central images. The varied depth of VLP within cells (periphery images) indicates VLP 

internalization. 

 

2.5.  Conclusion 

 In summary, we have demonstrated that the yeast S. cerevisiae possesses the capacity 

produce full length and glycosylated HA and M1 proteins from diverse influenza subtypes. We 

also discovered a critical defect in S. cerevisiae that prevents HA from efficiently localizing to the 

plasma membrane where VLP formation takes place. Importantly, we were able to re-engineer the 

localization of HA to efficiently target the plasma membrane by fusing a fluorescent protein to the 

C-terminus of HA. Upon subsequent removal of the yeast cell wall, we discovered numerous 

fluorescent nanoparticles in yeast supernatants. Furthermore, TEM analysis of these particles 

revealed varied particle morphologies that could be densely labeled with anti-HA antibodies, 

revealing for the first time the successful production of influenza VLP in S. cerevisiae.  In addition, 

these VLP displayed functional characteristics of influenza virus due to their ability to agglutinate 
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red blood cells, bind MDCK cells in a sialic acid dependent manner, and undergo endocytosis. 

Overall these results reveal that the lower eukaryote S. cerevisiae has the capability of producing 

functional influenza VLP with promising vaccination potential. Combined with the genetic 

manipulability and speed of recombinant protein production in S. cerevisiae, this system possesses 

the ability to rapidly synthesize both native and modified influenza VLP, greatly expediting the 

testing and engineering of influenza VLP vaccines. Finally, while overall VLP yield is relatively 

low, we demonstrate that multicopy integration has the potential to increase yields at least 10-fold. 

These findings outline an efficient path to further increasing VLP production capacity if tools are 

developed that can rapidly identify high expressing yeast integration clones (explored in Chapter 

3). 

2.6.  Materials and Methods  

2.6.1. Strains, Plasmids, and Reagents, and Cell Culture Conditions 

 All yeast strains were constructed from S. cerevisiae W303-1a (ATCC 208352). All 

chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless specified 

otherwise. Non-plasmid-bearing yeast strains were grown in either YPAD medium (10 g/L yeast 

extract, 20 g/L peptone, 100 mg/L adenine sulfate, 20 g/L glucose), and plasmid bearing strains or 

yeast synthetic complete (SC) medium (1.67 g/L of yeast nitrogen base (Difco, Detroit, MI), 5 g/L 

ammonium sulfate, 20 g/L glucose, 100 mg/L adenine sulfate, and 0.64 g/L of CSM (MP 

Biomedicals, Solon, OH)). Plasmid-bearing yeast strains were grown in appropriate SC dropout 

medium (same recipe as SC medium except that CSM dropout powder was used in place of the 

CSM powder). Cell concentrations were determined as OD measurements at 600 nm using a 

Spectramax M5 plate reader (Molecular Devices, Sunnyvale, CA) and standard curve (1 OD is 
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calibrated to equal 25 million cells). All centrifugation steps were performed at 3200 ´ g for 3 

minutes unless stated otherwise. 

2.6.2. Growth, Induction, Cell Wall Removal, and VLP Harvest 

Yeast cells were grown at 30 °C in an orbital shaker at 225 RPM to OD of 4.0 - 5.0. Next, 

3 OD cells were then washed once in water and induced in 3 mL YPAG media (10 g/L yeast 

extract, 20 g/L peptone, 100 mg/L adenine sulfate, 20 g/L galactose, 100 mM sodium phosphate, 

pH 7.6) and cultured in 20 x 150 mm glass round bottom tube (Electron Microscopy Sciences, 

Hatfield, PA) at 20°C 225 RPM. Cells were harvested when they reached 3 – 4 OD (24 - 48 hrs) 

for cell wall removal. Cells were resuspended to 40 OD/mL in water with 30mM TCEP (Bond-

Breaker™ Thermo Fisher Scientific, Waltham, MA) to reduce disulfide bridges and loosen the 

cell wall. After incubation at 30°C without shaking for 20 min, cells were resuspended in equal 

volume TMS buffer (50 mM Tris-HCl pH 7.4, 5 mM MgCl2, 1 M sorbitol) with 3 mM TCEP and 

320 U/mL of lyticase from Arthrobacter luteus and incubated at 30°C without shaking to initiate 

cell wall removal. After 45 min of lyticase treatment, the resulting spheroplasts were washed twice 

with 1 M sorbitol and resuspended in YPAG with 1 M sorbitol. Cells were incubated 16 hrs at 

20°C 80 RPM in unbaffled flask. Spheroplasts were then pelleted and the supernatant was 

centrifuged at 10,000 x g for 20 min to remove large debris. VLP were then pelleted at 150,000 x 

g for 1 hr 4°C. VLP were resuspended in PBS (non-his tagged constructs) or binding buffer (10 

mM imidazole, 20 mM sodium phosphate, 500 mM sodium chloride). 

2.6.3. IMAC Purification 

Ultracentrifuged VLP were incubated with Ni-NTA resin beads for 1 hr at 4°C. Beads were serially 

eluted with fractions of increasing imidazole concentration (20, 50, 100, 250 and 500 mM). To 
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remove imidazole, fractions were buffer exchanged into 20 mM sodium phosphate buffer using a 

10 kDa concentrator and stored at 4°C. 

2.6.4.VLP Characterization 

 Western Blot: Cell lysates were prepared for SDS PAGE by incubating cells with 0.1 M 

NaOH for 5 min at room temperature followed by resuspension in Laemelli buffer (BioRad). For 

quantification, lysates and cell supernatants were compared to serial dilution of purified soluble 

H1, H3, or H7 proteins (Sino Biologicals, Beijing, China). SDS PAGE was performed followed 

by transfer to PVDF membrane. Western blotting was carried out with either anti-M1 

(Thermofisher), anti-HA (Sino Biologicals), anti-GAPDH (Thermofisher), or anti-His 

(BioLegend) mAbs followed by species-specific IgG conjugated to alkaline phosphatase 

(Invitrogen).  

 PNGaseF Treatment: 0.25 OD cells were incubated in 0.1M NaOH for 5 min room 

temperature. Cells were resuspended in glycoprotein denaturing buffer (New England Biolabs) 

and subjected to PNGaseF protocol according to manufacturer’s instructions (New England 

Biolabs). 

 qPCR: The copy number of HA gene was determined using quantitative PCR (qPCR) by 

comparing the CT values of the HA gene to the reference gene phosphoglucose isomerase (PGI1) 

using previously described methods.
74

 qPCR was performed on 7900HT (Applied Biosystems, 

Warrington, UK) with SYBR Green qPCR Master Mix (Applied Biosystems, Warrington, UK) 

containing 200 nM of qPCR primers and 200 ng genomic DNA isolated from each strain using the 

Wizard Genomic DNA kit (Promega, Madison, WI).  
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 Yeast Intracellular Staining and Confocal Microscopy: 0.5 OD yeast spheroplasts were 

fixed with 200 μL 4% formalin for 30 min at room temperature. The formalin-fixed spheroplasts 

were then permeabilized in 200 μL saponin-based permeabilization buffer (eBioscience, San 

Diego, CA) for 30 minutes at room temperature, pelleted, and stained with anti-HA mouse 

antibody (Sino Biologicals, Beijing, China) at 1:100 dilution in 50 μL permeabilization buffer for 

1 hr at room temperature. Spheroplasts were then washed twice in 200 μL permeabilization buffer, 

resuspended in 50 μL of permeabilization buffer containing 1:100 anti-mouse AF647 secondary 

antibody (BioLegend, San Diego, CA) at the desired concentration, and incubated for 1 hr at room 

temperature. After washing twice in 200 μL permeabilization buffer, spheroplasts were 

resuspended to 0.5 million spheroplasts/mL in flow buffer (PBS pH 7.4, 0.5% bovine serum 

albumin). Samples were then analyzed by confocal microscopy using a Leica TCS SP8 MP 

inverted confocal microscope (Leica Microsystems, Wetzlar, Germany) or by flow cytometry on 

an Attune flow cytometer (Applied Biosystems, Foster City, CA). Flow cytometry data were 

analyzed using FlowJo (FlowJo LLC, Ashland, OR). 

 Nanoparticle Tracking Analysis (NTA): VLP were quantified using a NanoSight NS300 

particle tracking system (Malvern Panalytical, Malvern, United Kingdom) using a 488 nm laser. 

Three videos of 60 s were recorded for each sample. Fluorescent VLP were recorded in the 

presence of a 500 nm long pass optical filter whereas total particles were recorded without the 

optical filter. Samples were diluted in PBS to maintain total particle concentration within 

manufacturer guidelines. Particle counts were obtained with nanoparticle tracking analysis (NTA) 

software provided with the NS300 system. 

 Transmission Electron Microscopy (TEM): VLPs were visually characterized by 

immunogold-labeling analysis using TEM. Briefly, VLP were absorbed on to glow discharged 
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nickel grids (Electron Microscopy Sciences) and incubated with 20 ng/μL anti-HA antibody for 1 

hr, followed by labeling with protein G conjugated 15 nm gold nanoparticle (Electron Microscopy 

Sciences) at a concentration of 10
11

 gold nanoparticles/mL for 30 min. Grids were stained with 2% 

phosphotungstic acid (PTA) and allowed to dry 1 hr prior to TEM analysis on a JEM-1400 

Transmission Electron Microscope at 80 kV (JEOL, Peabody, MA). 

 HA Assay: 50 µL VLP samples were serially diluted in PBS. 50 µL 0.5% chicken red blood 

cells (Innovative Research, Novi, MI) were added to each dilution and incubated for 1 hr. 

 Uptake Assay: MDCK cells were plated at approximately 50,000 cells/well in a 24-well 

plate and allowed to attach overnight. The following day cells were washed twice with 1X HBSS 

(Invitrogen) and incubated in 1X HBSS with or without 2 U/mL neuraminidase (NA) for 30 

minutes at 37°C. Following NA treatment, cells were washed once with 1X HBSS and 100 µl 

VLPs were added to each well for 1 hr at 37°C. Light shaking was applied to the plates every 15 

minutes to ensure even distribution of the VLP and to prevent cells from drying out. Following 

particle uptake, cells were washed twice with 1X PBS without magnesium and calcium and 

incubated in 0.25% trypsin for 10 minutes to detach cells from the plate. Cells were centrifuged at 

300 x g for 5 minutes and resuspended in flow buffer for analysis on an Attune NXT Acoustic 

Focusing Cytometer (Applied Biosystems) or on Leica TCS SP8 MP inverted confocal microscope 

(Leica Microsystems). 

2.6.5.Design of Influenza Constructs 

 All plasmids were constructed by homologous recombination.
231

 HA and M1 genes were 

PCR amplified from cDNA obtained by reverse transcription of H1N1 A/Puerto Rico/1934 and 

H3N2 A/Aichi/2/1968 viral RNA using Transcriptor First Strand cDNA Synthesis Kit (Roche, 
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Basel, Switzerland) following manufacturer instructions. HA and M1 genes from H7N9 

A/Shanghai/MH01/2013 were synthesized by IDT DNA Technologies (Coralville, IA). Gal10 

Gal1 bidirectional promoter, TDH3 terminator, TPI1 terminator, and yeast δ sequence were PCR 

amplified from yeast genomic DNA. Fragments were recombined into digested pRS426 plasmid 

(NEB) as indicated in Figure 2.1A to obtain H1M1, H5M1, and H7M1. 

 Fluorescent plasmids were also constructed by homologous recombination.
231

 FNM1 

plasmid was obtained by fusing ymUkG1
221

 to the N-terminus of HA after the signal sequence. 

Additionally, a flexible linker (GGGSGGGS) and the first 9 aa of the H3 hemagglutinin were 

included between ymUkG1 and H1 as spacers as recommended elsewhere.
232

 The FCM1 was 

obtained by fusing ymUkG1
221

 to the C-terminus of HA with a flexible linker (GGGSGGGS). 

HisFCM1was obtained by fusing a 10×His tag to the N-terminus of FC after the signal sequence. 

In addition, the first 9 aa of the H3 hemagglutinin were included between 10×His tag and FC as a 

spacer as recommended elsewhere.
232

 

 Integrated H1M1 constructs were obtained by multicopy integration into the yeast δ site 

using a CRISPR multicopy integration. W303-1a was first transformed with p414-TEF1p-Cas9-

CYC1t encoding a Cas9 expression cassette (a gift from George M. Church, Addgene plasmid 

#43802) and plated on SC-TRP. A single colony was picked from the plate and transformed 

simultaneously with p426gRNA-Delta (Table 3.1) encoding the guide RNA targeting the yeast δ 

site and linearized donor DNA containing the H1M1 expression cassette flanked by δ sites 

produced from PCR amplification of H1M1 plasmid (Table 3.1). Transformants were plated on 

SC-TRP-URA. Transformants were screened by Western blot for high expressing clones. The 

highest expressing clone was designated Int #1. The p426gRNA-Delta plasmid in Int #1 was lost 
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by serial passaging in YPAD media. This entire process was then repeated to obtain Int #2 and 

again to obtain Int #3. 
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Chapter 3. Development of a Yeast Intracellular Staining (yICS) Approach 
for Accelerated Characterization and Screening of VLP Strains 

3.1. Publication Information  

Hill, B. D., Prabhu, P., Rizvi, S. M. & Wen, F. Yeast Intracellular Staining (yICS): Enabling High-

throughput, Quantitative Detection of Intracellular Proteins via Flow Cytometry for Pathway 

Engineering. ACS Synth. Biol. acssynbio.0c00199 (2020). doi:10.1021/acssynbio.0c00199 

 

 The goal of this chapter is to develop an approach for high-throughput screening and 

characterization of S. cerevisiae influenza VLP strains using flow cytometry. As a proof of 

concept, the established technique was validated on a 3 enzyme model system that is well 

understood in our laboratory – the oxidoreductase xylose assimilation pathway –  but is highly 

applicable for expediting the identification of clones expressing high levels of influenza proteins 

following multicopy integration as well as assisting in strain characterization. In fact, this tool was 

used for influenza VLP strain characterization in Figure 2.2. Dr. Prabhu Ponnandy and Dr. Syed 

Monem Rizvi assisted in library screening, performing fermentation analysis, and performing 

qPCR analysis.  
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3.2.  Abstract 

 Optimizing expression of foreign genes in recombinant hosts often necessitates screening 

libraries to discover phenotypes of interest (e.g. high expressing clones). While Saccharomyces 

cerevisiae is a common host for expression of foreign proteins, current approaches for detection 

of intracellular proteins in yeast either have low throughput, can interfere with protein function, or 

lack the ability to detect multiple proteins simultaneously. To fill this need, we developed yeast 

intracellular staining (yICS) that enables fluorescent antibodies to access intracellular 

compartments of yeast cells while maintaining their cellular integrity for analysis by flow 

cytometry. Using the housekeeping proteins β actin and glyceraldehyde 3-phophate 

dehydrogenase (GAPDH) as targets for yICS, we demonstrated for the first time successful 

antibody-based flow cytometric detection of yeast intracellular proteins with no modification. 

Further, yICS characterization of a model 3-enzyme pathway showed 3-plexed, quantitative 

detection of all 3 pathway enzymes, revealing distinct enzyme expression profiles between 

plasmid-based and genome-integrated expression approaches. As a result of its high-throughput 

and quantitative capability, yICS enabled rapid screening of a multicopy integration library, 

identifying rare (1%) high expressing clones that led to an ~8-fold increase in target protein 

expression level. These results demonstrate the utility of yICS for greatly accelerating VLP 

engineering efforts, as well as any application where the high-throughput and quantitative 

detection of intracellular proteins is desired. 

3.3.  Introduction  

Due to its model eukaryote status and ease of genetic manipulation, Saccharomyces 

cerevisiae remains one of the most popular organisms for production of therapeutic proteins (e.g., 



   53 

 

VLP) and industrially relevant compounds.
214,233-238

 The production of these products often 

necessitates the expression of foreign proteins sourced from diverse organisms. However, 

expression of foreign proteins in new hosts is rarely straightforward (see Chapter 2), often 

necessitating the screening of libraries to discover desirable phenotypes.
239-244

  For example, 

integration of H1M1 into S. cerevisiae in Section 2.4.2 yielded hundreds of colonies that needed 

to be screened to identify high expressing clones, an incredibly tedious task using the traditional 

method of Western blot. Therefore, high-throughput and quantitative protein detection methods 

that could facilitate the efficient screening of these libraries are of great interest.  

The compatibility of S. cerevisiae with flow cytometry allows for a convenient, 

quantitative, and high throughput means of protein detection as long as the protein expression can 

be coupled to fluorescence. While surface-displayed proteins on the yeast cell wall can be 

conveniently labeled with fluorescent antibodies,
245-247

 the vast majority of proteins (i.e. HA and 

M1) are not surface accessible and therefore require alternative labeling strategies,
248

 the most 

common being fusing the protein of interest (POI) with a reporter protein.
249

 The most ubiquitous 

reporters are fluorescent proteins of which there are a diverse range that allow choice of spectra, 

pH stability, brightness, and photostability.
250

 Other commonly used reporters are “self-labeling” 

enzymes, such as the Halo tag
251,252

 or SNAP/CLIP tag,
253,254

 that covalently bind to their 

externally added substrates. These substrates are usually conjugated with organic dyes which offer 

superior photophysical properties compared to fluorescent proteins including greater brightness 

and broader spectral diversity.
255

 However, both the fluorescent proteins and self-labeling enzymes 

are relatively large in size (20-33 kDa), and therefore their fusion with the POI often negatively 

affects protein function.
256-260

 Moreover, the production of reporter protein fusions consumes 

additional cellular resources that can inhibit cell growth or detract from the production of pathway 
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products.
261,262

 Therefore, alternative methods for coupling fluorescence to POI expression that do 

not rely on large protein fusions are advantageous. 

The tetracysteine-biarsenical system is one of the most proven methods for fluorescent 

labeling of POIs and only requires fusion of a small tag of 6-12 amino acids (aa) (~1 kDa). The 

tag contains four cysteines that bind to externally-added, cell-permeable FlAsH and ReAsH 

biarsenical ligands, resulting in fluorescence.
263,264

 In several cases, this system results in less 

perturbation of POI localization
265,266

 or enzymatic activity
267

 compared to fusion with large 

fluorescent proteins. Additionally, protocols have been developed to allow for detection of two 

POIs simultaneously.
268

 These advantages have resulted in the extensive use of the tetracysteine-

biarsenical system for live-cell imaging of intracellular proteins in a wide variety of cellular 

systems.
269

 However, there are surprisingly few examples of its application to high-throughput 

library screening,
270,271

 most likely due to the fact that the sensitivity of the tetracysteine-

biarsenical system is at least an order of magnitude lower than that of green fluorescent protein.
270

 

Consequently, the system may have limited signal-to-noise ratio when used for the detection of 

low expressing POIs, which is not uncommon when expressing heterologous proteins.  

Examination of the aforementioned intracellular protein detection methods reveals a 

tradeoff between sensitivity and impact on POI expression and/or its function. We recognized that 

this tradeoff could be overcome by directly staining intracellular proteins with antibodies followed 

by flow cytometry analysis, however such an approach has not been developed for yeast. 

Compared to fusion of the POI with a large reporter protein, the use of antibodies for yeast 

intracellular POI detection minimizes the likelihood of perturbing POI function because antibody-

POI binding can be accomplished by the use of small epitope tags (6-14 aa) commonly used in 

Western blot (i.e. c-myc, flag, V5, HA, His, etc.). In the event that even small tags unacceptably 
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affect the POI, as has been reported in some cases,
272

 detection can be accomplished with POI-

specific antibodies, abolishing the need for any POI modification. In addition, the diversity of 

fluorophore-antibody conjugates offers a wide range of brightness and spectral properties, 

allowing for the detection of low expressing POIs as well as multiple POIs simultaneously. 

Coupled with flow cytometry, such an antibody-based yeast intracellular staining (yICS) approach 

represents a sensitive, multiplexed, and high-throughput means for library screening. 

In this study, we developed the yICS method that allows antibodies to directly access yeast 

intracellular compartments while maintaining cellular integrity for analysis by flow cytometry. In 

the first successful attempt of antibody-based flow cytometric detection of yeast intracellular 

proteins, we demonstrate that yICS enables quantitative and reproducible detection of the yeast 

house-keeping proteins β actin and glyceraldehyde 3-phophate dehydrogenase (GAPDH). As a 

proof of concept, we applied yICS to characterize and enhance foreign protein expression in a 

model 3-enzyme system. The yICS technique enabled simultaneous detection of all three pathway 

enzymes. Furthermore, the single-cell nature and sensitivity of yICS revealed clear variation in 

expression profiles depending on whether the enzyme expression cassettes were present on 

plasmids or integrated into the genome. Finally, yICS screening of multicopy integration libraries 

rapidly identified rare (~1%) high copy integration clones possessing ~8-fold improvement in both 

enzyme expression level and enzyme activity. These results demonstrate the utility of yICS for 

both characterizing and enhancing foreign protein expression in S. cerevisiae. 
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3.4.  Results and Discussion 

3.4.1.  Yeast Intracellular Staining (yICS) Design and Feasibility 

The success of the yICS procedure hinges on enabling antibody access to intracellular 

compartments while maintaining cellular integrity for flow cytometry analysis. As the large size 

of antibodies prevents them from penetrating the cell wall of S. cerevisiae,273
 the first and most 

critical step of the yICS procedure is the complete removal of the cell wall by exposing the yeast 

cells to enzymes possessing mannase and β-1,3-glucanase activities (Figure 3.1, Step 1). 

Immediately following cell wall removal, a fixation step is performed to stabilize the resulting 

fragile spheroplasts and to immobilize intracellular antigens for subsequent procedures (Figure 

3.1, Step 2). Next, antibody access to intracellular compartments is afforded by detergent 

permeabilization of cellular membranes (Figure 3.1, Step 2). Antibody staining of intracellular 

proteins of interest (POIs) can then proceed (Figure 3.1, Step 3), followed by detection of POIs 

using flow cytometry (Figure 3.1, Step 4). 

 

 

Figure 3.1. Design of the yeast intracellular staining (yICS) procedure 
Step 1 of the yICS procedure is the enzymatic removal of the cell wall to form spheroplasts, which 

are then fixed in Step 2 to provide structural integrity and permeabilized to enable antibody access 

to intracellular compartments. Antibody staining of intracellular POIs is performed in Step 3, 

followed by flow cytometry in Step 4. 
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To test the feasibility of the yICS procedure, we first examined if fragile yeast spheroplasts 

could maintain their cellular integrity and be detected during flow cytometric analysis. To this end, 

yeast cells were grown to mid-log phase, treated with lyticase enzyme (see methods) to remove 

the cell wall, and observed under a microscope. In contrast to untreated cells (Figure 3.2A, left), 

lyticase-treated cells had a spherical shape and lacked protruding buds (Figure 3.2A, middle), both 

of which are characteristic of spheroplast formation.
274

 In addition, the lyticase-treated sample 

showed some cellular debris (data not shown), presumably due to spheroplast lysis. This is not 

surprising as it is known that yeast cells lacking their cell wall are fragile and prone to lysis, 

especially when subjected to osmotic shock.
275,276

 Indeed, lyticase-treated cells that were briefly 

exposed to hypotonic conditions (i.e. water) showed clumps of debris and were virtually absent of 

intact cells (Figure 3.2A, right), providing further evidence that lyticase treatment resulted in 

spheroplast formation.  

 

Figure 3.2. Spheroplast detection by flow cytometry 
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(A) Microscope images of cells before lyticase treatment (left), spheroplasts after lyticase 

treatment (middle), and lysed spheroplasts after osmotic shock in water (right). Scale bar is 5 μm. 

(B) Flow cytometry is able to differentiate cells with intact cell walls (left, R1 gate), spheroplasts 

(middle, R2 gate), and lysed spheroplasts (right, R3 gate). The frequency of events in each gated 

population is shown adjacent to the gate 

After confirming spheroplast formation, samples were fixed with 1% formalin under 

isotonic conditions (i.e. 1 M sorbitol) and subjected to flow cytometry analysis. Examination of 

the forward scatter (FSC) and side scatter (SSC) revealed that, compared to untreated cells (Figure 

3.2B, left, R1), lyticase-treated cells formed a distinct population (Figure 3.2B, middle, R2) 

characterized by lower FSC. This result was somewhat surprising because FSC intensity is 

generally thought to be indicative of cell size, yet the size of spheroplasts did not appear 

significantly altered when observed under a microscope (Figure 3.2A, left and middle). Instead, 

this reduced FSC intensity is likely due to altered optical properties of cells after cell wall removal, 

as supported by reports of spheroplasts appearing darker compared to non-spheroplasts when 

visualized by phase contrast microscopy.
277

 Importantly, about 50% of lyticase-treated cells 

(Figure 3.2B, middle, R2) were distinct from the lysed spheroplast population (Figure 3.2B, right, 

R3), confirming that a substantial fraction of spheroplasts remain intact during flow cytometry 

analysis. Taken together, these results indicate that formalin-fixed yeast spheroplasts can maintain 

their structural integrity and are readily detectable by flow cytometry, demonstrating the feasibility 

of the yICS procedure (Figure 3.1).  

3.4.2. Development of a High-throughput yICS Workflow 

After verifying that intact spheroplasts can be detected by flow cytometry, we next sought 

to develop a high-throughput yICS procedure that would permit the screening of large libraries. 

While antibody staining and flow cytometry can all be performed in 96-well format, cell wall 
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removal typically involves a time-consuming pre-culture step (~4 hrs) in tubes or flasks to grow 

cells to mid-log phase, limiting the throughput of yICS-based screening and extending the duration 

of the yICS procedure beyond the length of a conventional workday. A convenient solution is to 

culture picked colonies overnight directly in 96-well plates and perform the yICS procedure the 

following morning. However, a significant challenge of this approach is that the resulting cell 

growth (hereafter referred to as growth OD600) exceeds the mid-log phase (~0.5 - 1.0 OD600) that 

is optimal for cell wall removal.
275,276

 Indeed, colonies picked directly into wells of a 96-well plate 

and grown overnight in rich YPAD media resulted in growth OD600 ranging from 3.4 to 5.6 (Figure 

3.3), making complete cell wall removal more challenging. Therefore, it is essential to establish a 

robust cell wall removal protocol that can achieve satisfactory cell wall removal over a wide range 

of growth OD600. 

 

Figure 3.3. Histogram of cell growth after overnight culture in 96-well plate 
Single colonies of strain W303-1a were seeded into individual wells of a 96-well plate in 250 µL 

YPAD and grown 16 hours at 30°C. Resulting cell growth ranges from 3.4 to 5.6 OD600. 

To this end, we first set out to define a quantitative metric for satisfactory cell wall removal.  

Cells were grown to a growth OD600 of 2.2 in rich YPAD media in a 96-well plate and then cell 
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wall removal was performed on 5 million cells using a range of lyticase concentrations under 

hypotonic conditions. Cell wall removal efficiency was assessed using the ratio between the OD600 

during lyticase treatment and the initial OD600 (OD/ODinit), as previously reported.
275,276

 With no 

lyticase addition, the OD/ODinit ratio remained near 1 for the entirety of the 60 minutes (Figure 

3.4A), suggesting that no cell lysis and hence no spheroplast formation had taken place. In contrast, 

the OD/ODinit ratio of lyticase-treated samples declined with increasing lyticase concentrations 

and longer treatment time. For lyticase concentrations ≥ 80 U/mL, the OD/ODinit ratio stabilized 

near 0.1, suggesting this value correlates with complete cell wall removal. Consequently, we 

designated that cell wall removal conditions achieving OD/ODinit ≤ 0.15 (Figure 3.4A, dotted line) 

were satisfactory for future experiments. Furthermore, treatment with lyticase concentrations ≥ 

160 U/mL were able to achieve OD/ODinit ≤ 0.15 in less than 20 minutes, suggesting these 

conditions can accommodate higher growth OD600 within a reasonable timeframe.  

 

 

Figure 3.4. Development of high-throughput cell wall removal condition 
(A) 5 million cells from a culture grown overnight in YPAD to an OD600 of 2.2 were subjected to 

varying lyticase concentrations under hypotonic conditions, and spheroplast formation was 

monitored over time using the ratio of the OD600 at time t and the initial OD600 at t = 0 of the 

reaction mixture (OD(t)/ODinit). The dotted line represents OD(t)/ODinit = 0.15, the selected 

benchmark for adequate cell wall removal. (B, C) OD/ODinit values after 60 min treatment with a 
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range of lyticase concentrations for cells grown to various OD600 in either YPAD media (B) or 

synthetic complete (SC) media (C). Color bar indicates OD/ODinit values. Cell wall removal 

conditions achieving OD/ODinit ≤ 0.15 are outlined in bold. 

 

We next evaluated the range of growth OD600 that could achieve satisfactory cell wall 

removal (OD/ODinit ≤ 0.15) with 60 minutes of lyticase treatment, which we deemed was a 

reasonable duration for step 1 of the yICS procedure (Figure 3.1). Cells were grown in YPAD 

media from a serially diluted colony in a 96-well plate to yield growth OD600 values from 0.8 (mid-

log phase) to 5.6 (the highest growth OD600 observed after overnight growth, Figure 3.3). The 

OD/ODinit ratio after 60 minutes of lyticase treatment is recorded and color coded in Figure 3.4B. 

As growth OD600 increases, a higher lyticase concentration is required to achieve OD/ODinit ≤ 0.15 

(Figure 3.4B, bold boundary). However, for the two highest lyticase concentrations tested (640 

and 1280 U/mL), OD/ODinit ≤ 0.15 was achieved for all growth OD600 values tested (Figure 3.4B, 

top two rows). Thus, satisfactory cell wall removal can be accomplished for cells grown overnight 

in 96-well format using a 60-minute treatment with 1280 U/mL lyticase. This condition was used 

for subsequent experiments for cells grown in YPAD. 

A parallel analysis was conducted for cells grown overnight in synthetic complete (SC) 

media, which is commonly used to maintain plasmid selection pressure. Compared to cells grown 

in YPAD (Figure 3.4B), cells grown in SC media were overall more resistant to cell wall removal, 

requiring either more lyticase or a lower growth OD600 to achieve OD/ODinit ≤ 0.15 (Figure 3.4C, 

bold boundary). Notably, no tested lyticase concentration was able to adequately remove the cell 

wall within 60 minutes for growth OD600 > 3.7 (Figure 3.4C, right two columns). Based on this 

finding, a dilution step was incorporated in subsequent experiments when seeding colonies in SC 

media to ensure growth OD600 is < 3.7 to allow satisfactory cell wall removal in a 96-well format. 
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These results indicate that efficient cell wall removal can be achieved over a wide range of 

growth conditions, but is highly affected by media choice and cell growth stage in agreement with 

other reports.
275,276

 In particular, it appears the yICS procedure is incompatible with stationary 

phase cells, due to the difficulty in removing their cell wall. Potentially explaining these findings, 

it has been demonstrated that the composition and mass of the cell wall is highly dynamic, 

changing with media, growth phase, temperature, and carbon source.
278

 Therefore, we recommend 

that investigators perform similar experiments to ensure satisfactory cell wall removal under their 

desired experimental conditions.   

3.4.3. Validation of yICS Using Yeast Housekeeping Proteins   

To validate the ability of yICS to detect intracellular POIs, we chose to detect the abundant 

yeast housekeeping proteins β actin and GAPDH, both of which have commercial antibodies 

readily available and thus allowing for their detection by yICS without any protein modification. 

Single yeast colonies were directly seeded into a 96-well plate in YPAD media and grown 

overnight. Following the yICS procedure shown in Figure 3.1A, the cell wall was removed using 

the optimal condition (i.e., 60-minute treatment with 1280 U/mL lyticase) to generate spheroplasts 

which were then fixed with formalin and permeabilized with saponin. Permeabilized spheroplasts 

were stained with primary antibodies specific for β actin, GAPDH, or with a non-specific isotype 

control followed by a phycoerythrin (PE)-conjugated secondary antibody and subjected to flow 

cytometry analysis. During the fixation step, a range of formalin concentrations (0.5 - 4% at room 

temperature for 30 minutes) was tested in anticipation of the opposing effects of fixation on 

antibody binding (i.e., fluorescence signal) and spheroplast structural integrity.  
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Figure 3.5. Detection of unmodified yeast intracellular housekeeping proteins by yICS 
(A) Histograms of PE signal intensity of gated spheroplasts fixed with 0.5 - 4% formalin and 

stained for either a non-specific isotype control (top panel), anti-β actin (middle panel), or anti-

GAPDH (bottom panel) antibodies followed by a PE-conjugated secondary antibody. (B) The 

mean percentage of spheroplasts lost during the yICS procedure was calculated as the ratio of the 

number of gated intact spheroplasts detected by flow cytometry and the number of cells subjected 

to yICS as measured by OD600. (C) The median fluorescence intensity (MFI) of four replicates 

from a single overnight culture fixed with 0.5% formalin and stained as in A. For B and C, error 

bars represent standard deviation of n = 3 and n = 4, respectively. 

Notably, under all fixation conditions tested, a positive staining population was observed 

for both β actin and GAPDH compared to the background autofluorescence peak for the isotype 

control (Figure 3.5A). This result validates the ability of yICS to detect unmodified intracellular 

proteins and, to our knowledge, is the first demonstration of antibody-based detection of yeast 

intracellular POIs using flow cytometry. Note that, although actin is the most abundant protein in 

eukaryotic cells,
279

 the fact that β actin showed lower overall signal compared to GAPDH 
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highlights that signal intensity is a function of several variables beyond protein abundance such as 

antibody affinity, antibody concentration, and antibody accessibility to its epitope. Therefore, 

comparing the abundance of different proteins using yICS requires an additional fluorescence 

quantification step.
247 As anticipated, fixation with higher formalin concentrations resulted in both 

slightly increased background autofluorescence signal (Figure 3.5A, top) and reduced 

fluorescence signal for both β actin and GAPDH (Figure 3.5A, middle and bottom), likely due to 

decreased antibody binding affinity for crosslinked epitopes as has been reported elsewhere.
280

 As 

a result, the lowest formalin concentration (i.e., 0.5%) yielded the best signal-to-noise ratio. 

However, a more significant loss of spheroplasts was observed at lower formalin concentrations, 

with the 0.5% formalin fixation losing nearly 85% of spheroplasts while the 4% formalin fixation 

lost about 10% (Figure 3.5B). We attributed this loss to the weaker structural integrity of the 

spheroplasts fixed at the lower formalin concentrations, leading to their lysis during the washing 

steps in the subsequent antibody staining process. Despite the significant spheroplast loss using 

0.5% formalin fixation, the large number of stained yeast cells (0.2 OD600, equivalent to 5 million 

cells) and the high acquisition rate of flow cytometry (5,000-10,000 events per second) still allow 

for rapid measurement of a sufficient number of intact spheroplasts for meaningful statistical 

analysis. Therefore, to ensure the best signal-to-noise ratio for quantitative measurement of yeast 

intracellular POIs, we chose to use the 0.5% formalin fixation condition and to acquire at least 

30,000 events (~1 minute per sample) for future experiments. Note that, while this fixation 

condition was optimal for our experimental system, the tradeoff between signal-to-noise ratio and 

spheroplast loss should be evaluated on a case-by-case basis. Furthermore, while not investigated 

in this work, a fixation step can be performed before cell wall removal to minimize the effects of 

spheroplast formation on the metabolic and POI state in the cells. 
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 Using the optimized 0.5% formalin fixation condition, the reproducibility of the yICS 

procedure was examined. A single colony was grown overnight in a 96-well plate and then split 

into four replicates. Following cell wall removal, formalin fixation, saponin permeabilization, and 

antibody staining (anti-GAPDH, anti-β actin, or an isotype control), the samples were subjected to 

flow cytometry analysis. The median fluorescence intensity (MFI) of the spheroplasts in each 

replicate showed a tight distribution with coefficients of variation (CVs) of 10.9%, 15.0%, and 

6.0% for isotype control, β actin, and GAPDH, respectively (Figure 3.5C). Therefore, the yICS 

approach demonstrates the necessary reproducibility critical for characterizing and engineering 

recombinant pathways in yeast.  

3.4.4. Characterization of a Recombinant Three-Enzyme Pathway Using yICS 

 As a proof of concept, we next applied yICS to characterize the heterologous 

oxidoreductase D-xylose assimilation pathway important for converting xylose, a major component 

of renewable biomass (30-40%),
281-283

 into ethanol. Specifically, we investigated the relationship 

between the expression levels of the three enzymes in the pathway (i.e., XR, XDH, and XK) and 

the ability of the cells to grow when using xylose as the sole carbon source. Variations in these 

three enzyme expression levels were achieved in yeast W303-1a by expressing them from genes 

either (1) integrated into the genome (Figure 3.6A, FW439), (2) on their own individual plasmids 

(Figure 3.6A, 3 plasmid), or (3) all on the same plasmid (Figure 3.6A, 1 plasmid). As is often the 

case when expressing proteins from non-model organisms, commercial antibodies specific for XR, 

XDH, and XK are unavailable. Thus, small epitope tags His (HHHHHH), HA (YPYDVPDYA), 

and c-Myc (EQKLISEEDL) were appended to XR, XDH, and XK, respectively, to enable 

multiplexed yICS detection while minimizing the probability of affecting enzyme function (Figure 
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3.6A). 

 

Figure 3.6. Simultaneous detection of 3 foreign proteins in model enzyme pathway 
(A) XR, XDH, and XK pathway enzymes were tagged with His, HA, and c-Myc tags, respectively, 

and constitutively expressed from genes either integrated into the genome (top, strain FW439), on 

their own respective plasmid (middle, 3 plasmid), or on a single plasmid (bottom, 1 plasmid). 

Promoters and terminators for each gene are indicated by arrows and lines, respectively. (B) 

Histogram overlays of yICS signal for constructs in A simultaneously stained with anti-His, anti-

HA, and anti-c-Myc antibodies to detect XR, XDH, and XK, respectively. Parental strain W303-

1a was included as negative control. (C) Individual cells from B are plotted in three dimensions, 

with each axis representing the fluorescence signal intensity of XR, XDH, or XK. Coloring 

represents local cell density. (D) Aerobic growth curves with xylose as sole carbon source for 

constructs in A. Error bars represent mean ± standard deviation, n = 2.  

 Single colonies representing the three expression constructs as well as the W303-1a 

parental strain were diluted in appropriate glucose-containing SC dropout media and grown 

overnight in a 96-well plate. Spheroplasts were then prepared following the yICS procedure as 

described above, stained simultaneously for XR (anti-His PE), XDH (anti-HA Alexa Fluor 647), 

and XK (anti-c-Myc-biotin followed by streptavidin PE-Cy7), and analyzed by flow cytometry. 
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As shown in Figure 3.6B, all three expression constructs showed positive signals for all three 

enzymes when compared to the W303-1a parental strain, validating the use of epitope tags for 

multiplexed yICS detection of yeast intracellular POIs. The signal distribution for both plasmid-

bearing strains was much broader with ~25-50% of the cells expressing enzyme at higher levels 

than that of the FW439 integration strain, likely due to the heterogeneity in the ability of yeast 

cells to maintain high copy number (40-60) of these 2μ plasmids. Interestingly, the 3-plasmid and 

1-plasmid strains showed very similar expression profiles for each enzyme despite evidence in the 

literature that the maintenance of plasmids is burdensome.
284,285

 

 In addition to the insights gained by analyzing enzyme expression in isolation (Figure 

3.6B), multiplexed yICS staining enables simultaneous evaluation of all enzyme levels in single 

cells, revealing further distinctions in the expression profile. When individual cells are visualized 

on a three-dimensional density plot with each axis representing the fluorescent signal intensity of 

XR, XDH, or XK (Figure 3.6C), all three constructs align along the same imaginary axis, 

signifying that, while the magnitude of enzyme expression varies, the relative ratio of the three 

enzymes in each cell is similar across these three constructs. Interestingly, the 3-plasmid strain 

clearly shows a looser distribution along the imaginary axis than the 1-plasmid strain (Figure 

3.6C, middle and right), likely due to greater variations in maintaining three types of 2μ plasmids 

simultaneously across individual cells. Although an expected result, such an observation highlights 

the fidelity of the yICS method and demonstrates the power of multiplexed analyses to reveal 

additional findings that would not be possible studying single proteins individually. 

 To investigate how these different enzyme expression profiles affect the ability of the cells 

to grow on xylose, the various strains were grown in appropriate SC dropout media containing 2% 

glucose overnight and then inoculated into rich media containing 2% xylose in liquid shaking 



   68 

 

culture. Subsequent monitoring of cell growth revealed that, surprisingly, only the FW439 strain 

was able to grow on xylose (Figure 3.6D) despite the fact that the plasmid-bearing strains have 

~25-50% of cells expressing higher levels of enzymes (Figure 3.6B). These results suggest that 

high expression of at least one of the enzymes is cytotoxic when the cells are grown on xylose. 

Supporting this, it has been reported that overexpression of XK from S. stipitis or its homologue 

in S. cerevisiae inhibits cell growth on xylose but does not affect growth on glucose,
286,287

 

potentially due to the generation of toxic byproducts and/or the depletion of ATP by XK activity.
288

 

Regardless of the mechanism, the data suggest that enzyme expression levels need to be tightly 

controlled to maximize xylose utilization, which is a challenging task using plasmid-based 

expression due to their highly heterogeneous expression profile. Therefore, we chose FW439 for 

further engineering of the pathway to improve the xylose-to-ethanol conversion. 

3.4.5.  Engineering a Xylose Assimilation Pathway Using yICS 

One of the frequently reported bottlenecks of the oxidoreductase D-xylose assimilation 

pathway is the low activity of XDH relative to XR, resulting in xylitol accumulation and limiting 

ethanol yield.
289,290

 In an attempt to increase the XDH expression level and relieve this metabolic 

bottleneck, we performed CRISPR-mediated genome integration of XDH into the FW439 strain 

(see methods). While high copy integrants are commonly identified by G418 resistance afforded 

by co-integration of the KanMX gene,
291

 strain FW439 already contained several copies of 

KanMX by utilizing this technique, necessitating an alternative screening approach.  

To this end, single colonies resulting from the transformation were grown overnight in 

YPAD media in a 96-well plate (94 transformants plus W303-1a and FW439) and subjected to 

yICS analysis to identify high XDH producers. As shown in Figure 3.7A – CRISPR Round 1, 68 
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of the 94 XDH transformants (i.e., ~72%) showed statistically increased MFI compared to the 

parental FW439 strain (p < 0.05, assuming a CV of 15%). The highest XDH-expressing clone, 

FW706, showed nearly a 4-fold increase in MFI and was chosen for a second round of CRISPR-

mediated genome integration of XDH. yICS screening was performed on the resulting library, 

including W303-1a and FW439 as controls to account for batch variation. Following normalization 

to FW439, about half of the transformants had a considerably lower relative MFI than the FW706 

parent strain (Figure 3.7A, CRISPR Round 2), potentially due to the unstable nature of tandem 

multicopy integrations.
291

 Nevertheless, the best clone, FW707, showed nearly a 9-fold increase 

in MFI over the FW439 strain. The rarity of these “jackpot” clones expressing very high levels of 

XDH (~1% in each round) would make their identification very laborious, if not impossible, using 

common but lower-throughput approaches such as Western blot
292,293

 or in vitro activity 

assays.
294,295

 Therefore, the use of yICS can greatly accelerate the clonal selection process based 

on the expression level of POIs.   

 

Figure 3.7. yICS identifies rare high-expressing clones in multicopy integration library 
(A) XDH MFI of clones resulting from CRISPR-mediated integration of XDH expression cassette 

into FW439 (CRISPR Rd#1) and FW706 (CRISPR Rd#2) normalized to FW439. FW439 and 

W303-1a are indicated by filled black circles and triangles, respectively. (B) XDH gene copy 
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numbers of selected strains quantified by qPCR. (C) Units of XDH activity per mg of protein in 

cleared cell lysate for selected strains. One unit of XDH activity is defined as the amount of XDH 

that reduces 1 µmol of NAD
+
 to NADH per minute (see methods). Fold change of FW706 and 

FW707 compared to FW439 is indicated in each figure. For B and C, data represent mean ± 

standard deviation, n = 3; statistical comparisons computed by one-way ANOVA followed by post 

hoc Tukey’s pairwise comparisons, *p < 0.05, **p < 0.01, ***p < 0.001. 

Subsequent qPCR analysis of the selected strains revealed that the increase in MFI 

following each round of CRISPR integration was accompanied by a significant increase in the 

XDH copy number (p < 0.01), with about 4 additional XDH copies being introduced in the highest 

expressing clone per round (Figure 3.7B). Note that within the CRISPR Round 2 library, the best 

clone, FW707, was confirmed to have two more copies than the second-best clone (p < 0.05) 

highlighting the superb resolution of yICS for identifying subtle changes in POI expression level. 

The best clones from each CRISPR round were then evaluated for their XDH activity in vitro (see 

methods), revealing a 2-4 fold increase in activity with each round of XDH integration (p < 0.05) 

(Figure 3.7C). Taken together, these results demonstrate the ability of yICS to rapidly and 

accurately identify clones of interest based on protein expression level, reducing the library size to 

more manageable levels that allow further pathway evaluation using more direct, but typically 

lower throughput, functional assays such as fermentation. 

Accordingly, the selected strains FW706 and FW707 were next subjected to low-

throughput anaerobic xylose fermentation to compare their performance to the FW439 parental 

strain. While strains with higher XDH expression had a slightly increased rate of xylose 

consumption (Figure 3.8A, top), xylitol accumulation was significantly reduced (Figure 3.8A, 

middle), signifying increased in vivo activity of XDH. Specifically, xylitol accumulation was 

reduced by 24% in FW707 compared to FW439 upon xylose depletion (96 hours) (0.516 versus 

0.390 g/g xylose consumed, Figure 3.8B). More importantly, increased XDH expression led to 
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improved ethanol production (Figure 3.8A, bottom) with FW707 achieving a 33% increase in 

ethanol yield compared to FW439 (0.280 versus 0.210 g/g xylose consumed, Figure 3.8C). While 

these data clearly demonstrate that the XDH activity is indeed a bottleneck in the pathway, they 

raise the question of whether further increases in XDH activity can continue to drive efficient 

increases in ethanol yield. To this end, the relative MFI of XDH was plotted against the relative 

ethanol yield for each strain (Figure 3.8D). While the number of data points is small, these data 

indicate that further XDH integrations will likely lead to diminishing returns and suggest the use 

of alternative strategies beyond tuning XDH expression to achieve further improvement of xylose-

to-ethanol conversion. Taken together, these results demonstrate that the knowledge of protein 

expression level, as provided by yICS, can give significant insights into clone performance and 

highlight the use of yICS in the pathway engineering pipeline as a versatile tool that can fulfill 

both rapid screening as well as detailed strain characterization. 
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Figure 3.8. Clones identified by yICS screening demonstrate enhanced performance 
(A) Concentrations of xylose (top panel), xylitol (middle panel), and ethanol (bottom panel) at 

indicated timepoints during anaerobic xylose fermentation. (B) Xylitol and (C) ethanol generated 

at 96 hours of fermentation per xylose consumed (wt/wt). (D) Relative ethanol yield versus the 

relative XDH MFI normalized to FW439 for each strain fit with a two-phase association model. 

Data in A, B, and C represent mean ± standard deviation, n = 2; statistical comparisons computed 

by one-way ANOVA followed by post hoc Tukey’s pairwise comparisons, ***p < 0.001. 

 

3.5.  Conclusion  

In conclusion, foreign protein expression in yeast often requires the ability to efficiently 

screen large libraries for desirable phenotypes (e.g. high expression level). However, current 

methods for measuring the expression level of intracellular proteins in yeast, such as Western blot, 

do not have the throughput to handle large libraries. To this end, we developed and demonstrated 

for the first time a flow cytometric approach that enables the rapid detection and quantification of 
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yeast intracellular POIs via antibody staining with little (Figure 3.6B, C) to no (Figure 3.5A) POI 

modification. The compatibility of this yICS approach with multi-well plate format enabled the 

rapid identification of rare (~1%), high producing clones from a multicopy integration library 

(Figure 3.7A), a feat that would have been especially tedious using Western blot. Furthermore, 

the single-cell resolution of flow cytometry coupled with the diversity of available fluorophores 

enables multiplexed characterization of several POIs simultaneously (Figure 3.6B, C), revealing 

valuable information on population heterogeneity and the relative ratio of multiple proteins in 

individual cells. Such a technique will be valuable for the rapid engineering of yeast influenza 

VLP strains. Aside from the ability to identify clones with high expression levels of HA following 

multicopy integration, there are numerous possibilities. For example, yeast mutant libraries can be 

screened to discover genes that increase influenza protein expression levels. Combined with 

imaging flow cytometry
296

 mutations could also be identified that lead to HA plasma membrane 

localization. Based on these possibilities, we believe that yICS is an incredibly versatile technique 

with a wide variety of applications. 

3.6.  Materials and Methods 

3.6.1.  Strains, Plasmids, Reagents, and Cell Culture Conditions 

The strains and plasmids used in this study are summarized in Table 3.1. All yeast strains 

were constructed from S. cerevisiae W303-1a (ATCC 208352) as described in Section 3.6.9. All 

chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless specified 

otherwise. Non-plasmid-bearing yeast strains were grown in either YPAD medium (10 g/L yeast 

extract, 20 g/L peptone, 100 mg/L adenine sulfate, 20 g/L glucose), YPAX medium (10 g/L yeast 

extract, 20 g/L peptone, 100 mg/L adenine sulfate, 20 g/L xylose), or yeast synthetic complete 
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(SC) medium (1.67 g/L of yeast nitrogen base (Difco, Detroit, MI), 5 g/L ammonium sulfate, 20 

g/L glucose, 100 mg/L adenine sulfate, and 0.64 g/L of CSM (MP Biomedicals, Solon, OH)). 

Plasmid-bearing yeast strains were grown in appropriate SC dropout medium (same recipe as SC 

medium except that CSM dropout powder was used in place of the CSM powder). Yeast cells were 

grown at 30°C in an orbital shaker at 225 RPM unless specified otherwise. Cell concentrations 

were determined as OD600 measurements using a Spectramax M5 plate reader (Molecular Devices, 

Sunnyvale, CA) and standard curve (1 OD600 is calibrated to equal 25 million cells). All 

centrifugation steps were performed at 3200 ´ g for 3 minutes.   

Table 3.1. Strains and plasmids used in yICS study. 

 

Strain/plasmid Description Reference 
Strains  

  

W303-1a  MATa, ade2-1, ura3-1, his3-11, trp1-1, leu2-3, 
leu2-112, can1-100  

ATCC 208352  

FW439  W303-1a integrated with XR, XDH and XK  This study  

FW706 FW439 integrated with additional XDH This study  

FW707  FW706 integrated with additional XDH This study  

   

Plasmids  
  

p414-TEF1p-Cas9-

CYC1t  

Constitutive expression of Cas9  
297

 

p426-SNR52p-

gRNA.CAN1.Y-SUP4t  

Template for gRNA cassette  
297

 

p426gRNA-Delta  gRNA cassette targeting δ site  This study  

p423gRNA-Delta  gRNA cassette targeting δ site  This study  

p426-XR-XDH-XK  Constitutive expression of XR, XDH, and XK, 

and the template for XR-XDH-XK donor DNA 

for δ site integration 

This study  

p426-XDH Constitutive expression of XDH This study  

p426-d-XDH-d Template to obtain XDH donor DNA for δ site 

integration 

 

p426-XK Constitutive expression of XK  This study  

p426-XR Constitutive expression of XR This study  
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3.6.2.  General yICS Procedure  

 To perform cell wall removal in 96-well plate format, yeast strains were seeded directly 

from a single colony into individual wells of the plate and grown for 16 hours at 30°C without 

shaking. For strains grown in SC or SC dropout medium, colonies were diluted 10-fold before 

seeding to ensure growth OD600 < 3.7. Aliquots of 5 million cells (0.2 OD600) were then transferred 

to wells of another 96-well plate, pelleted, and resuspended in 200 μL of 30mM TCEP (Bond-

Breaker™ Thermo Fisher Scientific, Waltham, MA) to reduce disulfide bridges and loosen the 

cell wall. After incubation at 30°C without shaking for 20 minutes, cells were washed once in 

MilliQ water (18.2 mΩ•cm at room temperature), resuspended in 200 μL TMS buffer (50 mM 

Tris-HCl pH 7.4� 5 mM MgCl2, 1 M sorbitol) with 3 mM TCEP and 1280 U/mL of lyticase from 

Arthrobacter luteus and incubated at 30°C without shaking to initiate cell wall removal. To observe 

the progress of cell wall removal, cells were taken at desired time points and imaged using a Leica 

TCS SP8 MP inverted confocal microscope (Leica Microsystems, Wetzlar, Germany) in 

differential interference contrast (DIC) mode. After 60 minutes of lyticase treatment, the resulting 

spheroplasts were washed twice with 1 M sorbitol and fixed in 200 μL 1 M sorbitol with 0.5% 

formalin for 30 minutes at room temperature. 

The formalin-fixed spheroplasts were then permeabilized in 200 μL saponin-based 

permeabilization buffer (eBioscience, San Diego, CA) for 30 minutes at room temperature, 

pelleted, and stained with primary antibodies at desired concentrations in 50 μL permeabilization 

buffer for 1 hour at room temperature. If a secondary antibody staining was required, spheroplasts 

were then washed twice in 200 μL permeabilization buffer, resuspended in 50 μL of 

permeabilization buffer containing the secondary antibody at the desired concentration, and 

incubated for 1 hour at room temperature. After washing twice in 200 μL permeabilization buffer, 
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spheroplasts were resuspended to 0.5 million spheroplasts/mL in flow buffer (PBS pH 7.4, 0.5% 

bovine serum albumin) for flow cytometry analysis on either a MoFlow Astrios cell sorter 

(Beckman Coulter, Indianapolis, IN) or an Attune flow cytometer (Applied Biosystems, Foster 

City, CA). Flow cytometry data were analyzed using FlowJo (FlowJo LLC, Ashland, OR).  

The 1280 U/mL lyticase concentration used for cell wall removal and the 0.5% formalin 

concentration used for spheroplast fixation were optimized for the specific system reported in this 

study as detailed in Figure 3.4 and Figure 3.5. Note that both concentrations should be optimized 

under new experimental conditions such as when investigating a different yeast strain or cell 

culture condition as detailed below. 

3.6.3.  Optimization of Lyticase Concentration  

 5 million (0.2 OD600) yeast cells grown from each new culture conditions are transferred 

to wells of a 96-well plate, and the cell wall removal protocol is performed as described above 

except for the following changes: 1) the lyticase digestion step is performed in 200 μL TM buffer 

without sorbitol (50 mM Tris-HCl pH 7.4, 5 mM MgCl2) to promote spheroplast lysis, 2) varying 

concentrations of lyticase is added to the TM buffer, and 3) during lyticase digestion, the OD600 of 

the cells is measured and recorded every 30 seconds using a Spectramax M5 plate reader at 30°C 

with shaking to prevent cell settling. The OD/ODinit values are then evaluated to determine the 

optimal lyticase concentration as illustrated in Figure 3.4. 

3.6.4. Optimization of Formalin Concentration via Detection of Yeast Housekeeping Proteins 

 After cell wall removal, spheroplasts are fixed with varying concentrations of formalin. 

Formalin concentrations of 0.5%, 1%, 2%, or 4% are commonly used in literature for different 

types of cells.
298,299

 Note that other fixation reagents could also be considered
300,301

. Formalin-
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fixed spheroplasts are then permeabilized and stained for housekeeping proteins such as GAPDH 

and β actin as described above. The fluorescence intensity of housekeeping proteins and the 

autofluorescence intensity of the isotype control are next evaluated to determine the optimal 

formalin concentration as illustrated in Figure 3A. In this study, 20 μg/mL of either mouse anti-

GAPDH antibody (clone MA5-15738, Invitrogen, Waltham, MA), mouse anti-β actin antibody 

(clone MA1-744, Invitrogen), or mouse IgG1k isotype control (clone P3.6.2.8.1, eBioscience) 

were used as the primary antibodies; 2 μg/mL of PE-conjugated goat anti-mouse antibody (clone 

Poly4053, BioLegend, San Diego, CA) was used as the secondary antibody.  

3.6.5.  Detection and Characterization of XR, XDH, and XK 

 To detect XR, XDH, and XK enzymes all at once, the general yICS procedure was 

performed for W303-1a, FW439, 3-plasmid, and 1-plasmid strains as described above using a 

primary antibody cocktail containing 20 μg/mL each of PE-conjugated anti-His (clone J095G46, 

BioLegend), biotin-conjugated anti-c-myc (clone 9E10, BioLegend), and Alexafluor647-

conjugated anti-HA (clone 16B12, BioLegend). Secondary antibody staining was performed with 

2 μg/mL PE-Cyanine7-conjugated streptavidin (eBioscience). MATLAB (MathWorks, Natick, 

MD) was used for three-dimensional visualization of flow cytometry data.   

3.6.6.  yICS of CRISPR Integration Library   

 FW439 was first transformed with p414-TEF1p-Cas9-CYC1t (Table 3.1) encoding a Cas9 

expression cassette (a gift from George M. Church, Addgene plasmid #43802) and plated on SC-

TRP. A single colony was picked from the plate and transformed simultaneously with p426gRNA-

Delta (Table 3.1) encoding the guide RNA targeting the yeast δ site and linearized donor DNA 

containing the XDH expression cassette flanked by δ sites produced from PCR amplification of 
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p426-d-XDH-d (Table 3.1). Transformants were plated on SC-TRP-URA. FW439 and 95 

transformants were subjected to the yICS procedure using 20 μg/mL of Alexafluor647-conjugated 

anti-HA. The clone with the highest XDH expression was designated FW706. A second round of 

XDH integration into FW706 was performed as described above but with gRNA plasmid 

p423gRNA-Delta (Table 3.1). Transformants were plated on SC-TRP-HIS and screened using 

yICS to yield the best clone FW707. 

3.6.7.  Characterization of High XDH-expressing Clones Selected by yICS Screening 

 The copy number of the XDH gene in strains FW439, FW706, and FW707 was determined 

using quantitative PCR (qPCR) by comparing the CT values of the XDH gene to the reference gene 

phosphoglucose isomerase (PGI1) using previously described methods.
302

 qPCR was performed 

on 7900HT (Applied Biosystems, Warrington, UK) with SYBR Green qPCR Master Mix (Applied 

Biosystems, Warrington, UK) containing 200 nM of qPCR primers (Table 3.2) and 200 ng 

genomic DNA isolated from each strain using the Wizard Genomic DNA kit (Promega, Madison, 

WI).  

 The in vitro XR, XDH, and XK activities were evaluated using the cell lysates of strains 

FW439, FW706, and FW707 prepared by Y-PER treatment (Yeast Protein Extraction Reagent, 

Pierce, Rockford, IL) following the manufacturer’s protocol. Protein concentrations in cell lysates 

were determined using the BCA Protein Assay Kit (Thermo Fisher Scientific) following the 

manufacturer’s protocol. Enzyme activities were determined by adapting previously described 

methods.
303-305

 Briefly, enzyme reactions were carried out at room temperature in 96-well plates 

in a total volume of 200 µL. XR activity was evaluated in 50 mM potassium phosphate buffer (pH 

7), 350 mM D-xylose, 0.02 mM NAD(P)H, and 50 µg cell extract; XDH activity was evaluated in 
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a reaction mixture containing 50 mM Tris buffer (pH 9), 300 mM xylitol, 2 mM NAD
+
, and 25 µg 

cell extract; and XK activity was evaluated in 50 mM Tris buffer at pH 7.5 containing 2 mM 

magnesium chloride, 8 mM sodium fluoride, 2 mM ATP, 1 mM phosphoenolpyruvate, 3 mM red 

glutathione, 0.3 mM NADH, 10 units of pyruvate kinase, 10 units of lactate dehydrogenase, 5 mM 

D-xylulose, and 10 µg cell extract. Reduction of NAD
+
 to NADH was monitored continuously by 

absorbance measurements at 340 nm for 5 min using a SpectraMax M5 plate reader. The 

absorbance change per minute (∆A min
-1

) was divided by the molar absorptivity of NAD(P)H 

(6.22 cm
-1

mmol
-1

) to calculate substrate consumption per minute. One unit of enzyme activity is 

defined as the amount of enzyme that reduces 1 µmol of NAD
+
 per minute in the reaction 

conditions described above.  

 The xylose-to-ethanol conversion capability of FW439, FW706, and FW707 was evaluated 

using anaerobic fermentation at 30
o
C and 225 RPM. 10 OD600 of yeast cells were inoculated into 

anaerobic YPA medium containing 55 g/L xylose with 0.01 g/L ergosterol and 0.4 g/L Tween-80 

in an anaerobic chamber and sealed in serum bottles with butyl rubber stoppers. The glucose, 

xylose, xylitol, glycerol, acetate and ethanol concentrations of fermentation samples were analyzed 

at indicated time points by high performance liquid chromatography (HPLC, Agilent Technologies 

1200 Series, Santa Clara, CA) equipped with a refractive index detector and a Rezex ROA Organic 

Acid H
+
 (8%) column (Phenomenex Inc., Torrance, CA). The column was eluted with 0.005 N 

H2SO4 flowing at 0.6 mL/min at 60°C. 

3.6.8.Plasmid Construction 

Primers were synthesized by Integrated DNA Technologies (Coralville, IA) and listed in 

Table 3.2. All plasmids were constructed using either the DNA assembler method based on 
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homologous recombination in W303-1a
231

 or ligating the target genes into digested plasmid 

backbones in Escherichia coli strain Mach1 (Thermo Fisher Scientific, Waltham, MA). Restriction 

enzymes and DNA polymerase were purchased from New England Biolabs (Beverly, MA). Yeast-

assembled plasmids were isolated using Zymoprep II Yeast Plasmid Miniprep kit (Zymo Research, 

CA). Plasmids were isolated from E. coli using QIAprep Spin Miniprep Kits (Qiagen, Hilden, 

Germany). E. coli was grown in LB medium (Sigma-Aldrich, St. Louis, MO) at 37°C in an orbital 

shaker at 225 RPM. LB was supplemented with 50 µg/mL ampicillin for plasmid propagation. 

Construction of p426-XR-XDH-XK: Plasmid p426-XR-XDH-XK contains expression 

cassettes for XR, XDH, XK, and the KanMX resistance gene flanked by δ homology sequences 

that enable genomic integration into yeast δ sites. Fragments Delta-Left, Delta-Right, promoters 

(TEF1, PGK1 and PYK1), and terminators (ADH1, CYC1 and ADH2) were PCR amplified from 

S. cerevisiae W303-1a genomic DNA (Table 3.2). The KanMX cassette was amplified using 

plasmid pRS-TEFp-KanMX-TEFt as a template (a gift from Zengyi Shao, Iowa State University). 

The genes for XR, XDH, and XK were amplified from S. stipitis genomic DNA. All PCR 

fragments were assembled into plasmid pRS426 linearized with XhoI and NotI using the DNA 

assembler method. W303-1a cells were transformed with p426-XR-XDH-XK by electroporation 

and plated on SC-URA.  

Construction of single gene plasmids p424-XR, p425-XK, and p426-XDH: Expression 

cassettes for XR, XK, and XDH were PCR-amplified from plasmid p426-XR-XDH-XK and 

cloned into plasmids pRS424, pRS425, and pRS426, respectively, by digestion and ligation using 

restriction enzymes listed in Table 3.2. W303-1a cells were transformed with p424-XR, p425-XK, 

and p426-XDH by electroporation and plated on SC-TRP, SC-LEU, and SC-URA, respectively.  
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Construction of p426gRNA-Delta and p423gRNA-Delta plasmids: The p426gRNA-Delta 

and p423gRNA-Delta plasmids generate a guide RNA (gRNA) for the Cas9 nuclease that is 

specific for the S. cerevisiae δ site with the sequence tatactagaagttctcctcg. To produce plasmid 

p426gRNA-Delta, fragments gRNA F1 and gRNA F2 (Table 3.2) were PCR amplified from 

SNR52p-gRNA.CAN1.Y-SUP4t
2
 (a gift from George M. Church, Addgene plasmid #43803), 

assembled by overlap extension PCR
3
, and ligated into p426-SNR52p-gRNA.CAN1.Y-SUP4t 

after digestion with NheI and BsrGI. Plasmid p423gRNA-Delta was generated by PCR 

amplification of the gRNA fragment using g426RNA-Delta plasmid as template (Table 3.2). The 

amplified fragment, gRNA F3, was ligated into p423 after digestion with SalI and NotI. 

Construction of p426-d-XDH-d: Fragments Delta-Left and Delta-Right were PCR 

amplified from S. cerevisiae W303-1a genomic DNA (Table 3.2). The XDH expression cassette 

was PCR amplified from plasmid p426-XR-XDH-XK. All PCR fragments were assembled into 

plasmid pRS426 linearized with XhoI and NotI using the DNA assembler method. 

3.6.9. Strain Construction 

3-plasmid strain: W303-1a was transformed with p424-XR, p425-XK, and p426-XDH and 

plated on SC-URA-LEU-TRP. 

1-plasmid strain: W303-1a was transformed with p426-XR-XDH-XK and plated on SC-

URA.  

FW439 strain: W303-1a was integrated with the XR, XDH, and XK expression cassette 

by conventional integration methods.
231,306

 Briefly, plasmid p426-XR-XDH-XK was digested with 

KpnI and NotI to obtain an expression cassette containing all three enzymes and the KanMX gene 

flanked by the δ homology arms. This fragment was transformed into W303-1a by electroporation 
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and the transformants were plated on YPAD containing 200 mg/mL G-418 selection (Life 

Technologies, Carlsbad, CA). Of the resulting colonies, one was found to have a high level of 

XDH activity using the XDH enzyme activity assay and was designated FW439. 

Strains FW706 and FW707: Strains FW706 and FW707 were produced by CRISPR-mediated 

integration of XDH into the yeast δ site followed by yICS screening as described above. 
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Table 3.2. Primers used in cloning of yICS constructs 
Description Amplicon PCR Template 

Homologous 
Recombination 

(HR) or Digestion 
and Ligation (DL) 

Plasmid 
Backbone F/R Sequence (5’-3’) 

p426gRNA-
Delta 

gRNA F1 
p426-SNR52p-

gRNA.CAN1.Y-SUP4t**  
DL, NheI/BsrGI 

p426-SNR52p-
gRNA.CAN1.Y-
SUP4t** digested 
with NheI/BsrGI 

F CAACTCTAGATTTTGTAGTGCCCTCTTGGGCTAGCGGTAAAGGTGCGCAT 
R GATCATTTATCTTTCACTGCGGAGAAGTTT 

gRNA F2 
p426-SNR52p-

gRNA.CAN1.Y-SUP4t**  
F GAAACTTCTCCGCAGTGAAAGATAAATGATCGTATACTAGAAGTTCTCCTCGGTTTTAGAGCTAGAAATAGCAAGT 
R ATAATGTTACATGCGTACACGCGTCTGTACAGAAAAAAAAGAAAAATTTGAAATA 

p423gRNA-
Delta 

gRNA F3 p426gRNA-Delta DL, SalI/NotI pRS423 digested 
SalI/NotI 

F CGAGGTCGACTCTTTGAAAAGATAATG 
R GTGGCGGCCGCCCGCAAATTAAAGCCTTC 

p426-XR-XDH-
XK 

Delta - Left W303-1a Genomic DNA HR 

pRS426 digested 
with XhoI/NotI 

F CTATAGGGCGAATTGGGTACCGGGCCCCCCCCTAGGTGGAAGCTGAAACGTCTAACGGAT 
R GTAAAAAAGGAGTAGAAACATTTTGAAGCTATCCCGGGGAGAACTTCTAGTATATTCTGT 

TEF1p W303-1a Genomic DNA HR 
F ACAGAATATACTAGAAGTTCTCCCCGGGATAGCTTCAAAATGTTTCTACTCCTTTTTTAC 
R TCTTCTCCTTTTTGGTGGCAGAGCAGGAGGAGGCATTTTGTAATTAAAACTTAGATTAGA 

XR 
Scheffersomyces stipitis 

Genomic DNA 
HR 

F TGCTCTGCCACCAAAAAGGAGAAGACATCATCACCATCACCATCCTTCTATTAAGTTGAA 
R AAACCTCTGGCGAAGAAGTCCAAAGCTTTAGACGAAGATAGGAATCTTGTCCCAGTCCCA 

ADH1t W303-1a Genomic DNA HR 
F TGGGACTGGGACAAGATTCCTATCTTCGTCTAAAGCTTTGGACTTCTTCGCCAGAGGTTT 
R TCTGTGCGTCTTGAGTTGAAGTCAGGAATCCATGCCGGTAGAGGTGTGGTCAATAAGAGC 

PGK1p W303-1a Genomic DNA HR 
F GCTCTTATTGACCACACCTCTACCGGCATGGATTCCTGACTTCAACTCAAGACGCACAGA 
R GGAAGGGTTAGCAGTCATTGTTTTATATTTGTTG  

XDH 
Scheffersomyces stipitis 

Genomic DNA HR 
F CAACAAATATAAAACAATGACTGCTAACCCTTCC 
R ACTAATGATTCTTTCACGCCAGCATAATCTGGAACATCATATGGATACTCAGGGCCGTCAATGAGACACTTG 

CYC1t W303-1a Genomic DNA HR 
F AGATTATGCTGGCGTGAAAGAATCATTAGTATAAATCATGTAATTAGTTATGTCACGCTT 
R ACTGAGATTAATCTCCAAAATAGTAGCATTGCAAATTAAAGCCTTCGAGCGTCCCAAAAC 

PYK1p W303-1a Genomic DNA HR 
F GTTTTGGGACGCTCGAAGGCTTTAATTTGCAATGCTACTATTTTGGAGATTAATCTCAGT 
R CAAATGGGGTAGTGGTCATTGTGATGATGTTTTATTTG 

XK 
Scheffersomyces stipitis 

Genomic DNA HR 
F CAAATAAAACATCATCACAATGACCACTACCCCATTTG 
R TGAGCCTCCACCTCCGGAGCCTCCACCTCCTGAGTGTTTCAATTCACTTTCCATCTTGGC 

ScaA Ruminococcus flavefaciens 
Genomic DNA 

HR 
F TCAGGAGGTGGAGGCTCCGGAGGTGGAGGCTCAGGAGGTGGAGGCTCACCCGGCACAAAGCTCGTTCCTACATGGGGCGATAC 
R CAAACCTTACAAGTCCTCTTCAGAAATGAGCTTTTGCTCCTGAGGAAGTGTGATGAGTTC 

ADH2t W303-1a Genomic DNA HR 
F GAGCAAAAGCTCATTTCTGAAGAGGACTTGTAAGGTTTGCTGAGAAGCTTGCCAAATGATTG 
R ATAACTTCGTATAGCATACATTATACGAAGTTATGGATCCAGCTACTAATAGGATAAATTATAG 

TEF2p-
KanMX- TEF1t 

pRS-TEFp-KanMX-TEFt 
plasmid HR 

F CTTCGTATAATGTATGCTATACGAAGTTATATGGGTAAGGAAAAGACTCACGTTTCGAGG 
R CTTCGTATAGCATACATTATACGAAGTTATATTAAGGGTTCTCGAGAGCTCGTTTTCGAC 

Delta - Right W303-1a Genomic DNA HR 
F ATAACTTCGTATAATGTATGCTATACGAAGTTATCTCGAGGATATAGGAATCCTCAAAAT 
R AAGCTGGAGCTCCACCGCGGTGGCGGCCGCTGTTGGAATAGAAATCAACTATCATCTACT 

p426-d-XDH-d 

Delta - Left W303-1a Genomic DNA HR 

pRS426 digested 
with XhoI/NotI 

F CTATAGGGCGAATTGGGTACCGGGCCCCCCCCTAGGTGGAAGCTGAAACGTCTAACGGAT 
R GCGTCTTGAGTTGAAGTCAGGAATCGAGAACTTCTAGTATATTCTGTATA 

PGK1p-XDH- 
CYC1t 

p426-XR-XDH-XK HR 
F TATACAGAATATACTAGAAGTTCTCGATTCCTGACTTCAACTCAAGACGC 
R TTTGAGGATTCCTATATCCTCGAGGCAAATTAAAGCCTTCGAGCGTCCCA 

Delta - Right W303-1a Genomic DNA HR 
F TGGGACGCTCGAAGGCTTTAATTTGCCTCGAGGATATAGGAATCCTCAAA 
R CCCTCACTAAAGGGAACAAAAGCTGGAGCTCCACCGCGGTGGCGGCCGCTGTTGGAATAGAAATCAACTATCATCTAC 

p426-XDH 
PGK1p-XDH- 

CYC1t p426-XR-XDH-XK 
DL,  

XhoI/XmaI 
pRS426 digested 
with XhoI/XmaI 

F CCCCCCCTCGAGGATTCCTGACTTCAACTCAA 
R GGATCCCCCGGGGCAAATTAAAGCCTTCGAGC 

p425-XK PYK1p-XK- 
ADH2t 

p426-XR-XDH-XK DL, 
XhoI/BamHI 

pRS425 digested 
with XhoI/BamHI 

F CCCCCCCTCGAGGATTCCTGACTTCAACTCAA 
R AACTAGTGGATCCAGCTACTAATAGGATAAATT 

p424-XR 
TEF1p-XR- 

ADH1t p426-XR-XDH-XK 
DL, 

XhoI/BamHI 
pRS424 digested 

with XhoI/BamHI 
F CCCCCCCTCGAGATAGCTTCAAAATGTTTCTA 
R TAGTGGATCCCATGCCGGTAGAGGTGTGGT 

XDH Donor 
DNA d-XDH-d p426-d-XDH-d N/A N/A 

F TGGAAGCTGAAACGTCTAACGGATC 
R TGTTGGAATAGAAATCAACTATCATC 

qPCR primers XDH N/A N/A N/A 
F CCACTTCTACGCCCATGGTAGAAT 
R GTCACCAACCTTAAGAGAGGTGACA 
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Chapter 4. Mass Cytometry Enables In-depth Characterization of Immune 
Landscape Upon Influenza Virus Infection 

4.1. Publication Information. 

Hill, B. D., Zak, A. J., Raja, S., Rizvi, S. M., Bugada, L. F., Roslan, S., Jiang, H., Goldstein, D.R., 

Wen, F. Single-cell Immune Landscape of Influenza Virus Infection: Implications of Aging and 

Genetic Background. (In Prep) 

 

 The goal of this chapter is to validate mass cytometry for rapidly and comprehensively 

characterizing an immune response. While relevant to numerous applications, such an approach is 

especially useful for vaccine development including the testing of yeast derived influenza VLP. 

Many individuals assisted in this project. Andrew Zak performed all mouse work and assisted in 

the single-cell infectivity analysis. Sanjeev Raja developed the probabilistic SVM classifier under 

the guidance of Dr. Hui Jiang. Dr. Syed Monem Rizvi performed antibody staining and ran samples 

on the CyTOF mass cytometer. Luke Bugada and Saiful Roslan assisted with figure generation. 

This work was performed in collaboration with Daniel Goldstein M.D. who advised experimental 

design and assisted in the interpretation of results.   
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4.2. Abstract 

 The ability to comprehensively assess an immune response is critical for discovering 

immune mechanisms that lead to protection as well as evaluating vaccine candidates that aim to 

elicit these protective responses. In this work we demonstrate the ability of mass cytometry 

(CyTOF) to comprehensively characterize the early response to influenza virus infection in the 

lungs of young and aged mice. To aid in the evaluation of such a large dataset, we developed a 

probabilistic SVM classifier that enables efficient, automated gating of cells into 24 highly specific 

cellular subsets. Analysis of the resulting data captured in detail the highly inflammatory response 

on day 3 post infection and its transition to the early adaptive immune response on day 6 post 

infection. In addition to tracking dynamic changes in cell populations, we developed an 

experimental procedure that preserves cytokine expression of cells activated in vivo. This approach 

revealed the significant contribution of effector T cells to the overall production of interferon 

gamma (IFNg), interleukin-10 (IL-10), and tumor necrosis factor alpha (TNFa) in the lung. 

Moreover, we quantitatively determined the susceptibility of the 24 immune subsets to viral 

infection and viral replication, revealing that monocytes and macrophages are the least susceptible 

cells to viral replication while neutrophils and CD11b+ dendritic cells are the most susceptible. 

We further correlated this susceptibility to low expression of both the activation marker CD69 and 

the interferon-inducible marker CD317 (i.e., tetherin). 

 In comparison to young mice, we observed that aging resulted in reduced cellular 

infiltration of nearly all cellular subsets in response in influenza virus infection. In particular, aged 

CD8 effector memory (EM) T cells were at half the levels of their young counterparts. In addition, 
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activation and cytokine production by effector T cells and natural killer T cells (NKT) was severely 

reduced in aged mice. Despite all the deficiencies associated with aging, upregulation of type I 

IFN response – as indicated by CD317 – was largely unaffected by aging, displaying nearly 

identical levels to young mice. Furthermore, aging did not result in significant changes in the 

susceptibility of cell subsets to viral replication. Overall these results demonstrate the substantial 

depth and breadth of the immune response that can be revealed by CyTOF analysis. 

4.3. Introduction  

Despite being the topic of enormous research interest and funding, a broadly protective 

universal influenza vaccine remains elusive. A key problem for the development of such a vaccine 

is that surprisingly little is known about what mechanisms lead to the generation of long-term 

immunity. For example, it has been largely assumed that the genetic drift of influenza virus is 

responsible for its ability to re-infect individuals from season to season, however recent evidence 

suggests that young healthy individuals can be re-infected with the same exact influenza strain one 

year later.307 This finding is not just limited to influenza. Immunity towards circulating 

betacoronaviruses –  the viral genus of SARS CoV2 and other viruses the cause the common 

cold308 – also wanes appreciably within one year,309 rendering the host susceptible to reinfection 

with the same coronavirus strain.310 These findings emphasize a gap in our understanding of why 

some infections and vaccines lead to a durable, protective immune response (e.g., measles, 

hepatitis B, and smallpox vaccines) whereas others only provide short-term immunity. Thus, a 

better understanding of protective immune responses and the mechanisms through which they are 

generated is critical for the development of next generation vaccines to combat influenza virus and 

other diseases. 
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The elucidation of protective immune signatures requires comprehensive evaluation of the 

immune response. However, due to the incredible complexity of the immune landscape, it has been 

challenging to comprehensively characterize an immune response following infection or 

vaccination. Technological limitations have restricted studies to either bulk measurements with 

limited resolution (e.g., serum antibody levels) or highly focused investigations into specific 

immune components (e.g., individual cellular subsets). While much progress has been made using 

these methods, they fail to provide a holistic, systems-level understanding of how cellular systems 

operate in concert to eliminate pathogens. In contrast, the recent advent of “omics” approaches – 

genomics, transcriptomics, proteomics, etc. – now allow high-dimensional measurements to be 

performed on an unprecedented number of biological variables, enabling the global architecture 

of biological systems to be revealed with extraordinary resolution and breadth.311 These powerful 

systems immunology approaches, combined with computational and machine learning tools to 

extract meaning from the resulting high-dimensional datasets, have revealed new insights into 

methods of stimulating and shaping the immune response,312-314 ultimately enabling a more 

methodical and predictive approach to vaccine design.  

In this work we apply time-of-flight mass cytometry (CyTOF) to comprehensively profile 

the immune response to influenza infection in young and aged mice. Compared to conventional 

fluorescence-based flow cytometry approaches, which are limited to the measurement of < 20 

markers,315 CyTOF allows for the simultaneous detection of ~40 unique biomarkers on single cells 

with minimal channel spillover.316 This technology enabled us to quantitatively track 24 cellular 

subsets over the course of influenza virus infection including their expression of activation, 

cytokine, and influenza-related markers, making this study the most comprehensive flow-based 

analysis of the influenza immune landscape to date. To support the rapid analysis of such a large 
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high-dimensional dataset and to reduce human bias, we also developed a customizable and 

automated gating approach based on a probabilistic support vector machine (SVM) classifier to 

enable efficient, automated classification of 29 million cells into the 24 defined cellular subsets 

with high accuracy (96%). In addition to anticipated changes in cellular subsets, we also identified 

dynamic changes in cell types not traditionally associated with viral infection. We also tracked the 

expression of several functional markers. Notably, we were able to detect cytokine production in 

cells without ex vivo stimulation, giving an accurate snapshot of cytokine production resulting 

from in vivo activation. Furthermore, influenza marker expression data revealed that cell types 

possess differential susceptibilities to influenza virus infection and replication. Moreover, the data 

also revealed significant discrepancies in immune cell infiltration, cellular activation, and cytokine 

production due to aging. Taken together, we show that such a high-resolution approach, combined 

with high-dimensional data analysis methods, permits a systems-level exploration of the immune 

landscape, laying the groundwork for future testing of conventional and experimental influenza 

vaccines.  

4.4.Results and Discussion  

4.4.1. SVM Classifier Enables Efficient Automated Gating of Large High-dimensional CyTOF 
Dataset  

 

Figure 4.1. Experimental design and data analysis approach 
Young (9 weeks) and aged (76 weeks) C57BL/6 mice were intranasally infected with H1N1 
A/PR/8/34 virus. Perfused lungs were harvested at 3- or 6-days post infection (n = 10 per group), 
stained with a 40-marker panel, and analyzed by CyTOF. After correcting for channel spillover 
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and pre-gating to obtain live singlets, cells were classified into 24 cellular subsets using a 
probabilistic SVM classifier. 

 Preliminary experiments revealed that aging results in decreased survival following 

influenza viral infection (Appendix B.1). In order to investigate differences in the immune 

response with aging, young (9 weeks) and aged (76 weeks) C57BL/6 mice were intranasally 

infected with 1.2×104 PFU of H1N1 A/PR/8/34 virus (Figure 4.1). Lungs from mock-treated mice 

(PBS) and infected mice were perfused and harvested at 3- or 6-days post infection (n = 10 per 

group) and homogenized into single cell suspension. Following ficoll gradient purification to 

remove dead cells and debris, remaining cells were stained with a 40-marker panel purposefully 

designed to identify 24 diverse immune cell subsets from both myeloid and lymphoid lineages 

(Table 4.1) including markers for activation, cytokine, and influenza-specific proteins (Appendix 

B.2). Approximately 0.5 to 1.0 million cells were acquired by CyTOF per sample, and resulting 

events were compensated to account for spillover due to metal impurities.317 After gating to 

remove debris, dead cells, and doublets (Appendix B.3), 29 million CD45+ live cells remained 

for data analysis. 

Table 4.1. Immune subsets identified by CyTOF and their marker definitions 
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Compared to unsupervised data analysis approaches (e.g., Phenograph,318 SPADE,319 and 

CITRUS320), supervised analyses can be advantageous for better extracting biological meaning in 

well-defined systems by tracking changes in canonical cell populations. Given that our panel was 

designed to identify cellular subsets known to play a crucial role in the immune response to 

influenza, we pursued a supervised approach. The most traditional form of supervised analysis, 

manual gating of cells on biaxial plots into user-defined subsets, is highly time-consuming, 

subjective, and not scalable to very large datasets such as those generated by mass cytometry. To 

address these shortcomings and facilitate rapid, reproducible data processing, we developed an 

automated gating framework based on a Support Vector Machine (SVM) classifier.321 Given a set 

of training data with class labels, SVM learns hyperplanes (i.e., linear decision boundaries) that 

optimally divide the data by user-defined classes.  Following training and validation, the classifier 

can be deployed on large datasets in a computationally efficient manner, enabling rapid 

classification into cellular subsets. The complex and highly heterogeneous nature of the immune 

landscape inevitably leads to the presence of numerous non-canonical and boundary cell 

populations, a situation that is exacerbated in mass cytometry due to the granularity and high 

resolution afforded by the large number of detected markers. In order to accommodate this 

complexity, we modified the classical SVM classifier by incorporating a rejection option following 

classification based on posterior probabilities (Appendix B.9). In this scheme, the posterior 

probability of each cell belonging to its predicted class is computed, and cells not meeting a set 

probability threshold are rejected. Such an approach has the added benefit of providing finer 

control over the classification, enabling the user to balance classification accuracy and the 

proportion of rejected cells by fine-tuning the posterior probability threshold (Appendix B.4). 
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Figure 4.2. SVM classifier training and comparison to manual gating 
(A) Analysis pipeline for probabilistic SVM classifier training and dataset classification. 
Following SVM classification, cells with probability < 0.995 of belonging to a class were removed 
from analysis. (B) Comparison of manual gating and SVM classifier gating reveals high accuracy 
of SVM classifier. 
 

To establish ground truth for classifier training, 350,000 cells were uniformly sampled and 

manually gated into 24 cellular subsets. The probabilistic SVM classifier was trained on 100,000 

of these cells and subsequently validated on the remaining 250,000 (Figure 4.2A). The classifier 

achieved a validation accuracy of 96.4%, and the confusion matrix reveals that most per-class 

accuracies are above 95% (Appendix B.5), with most large off-diagonal terms corresponding to 

misclassifications between similar cellular subsets such as CD4 and CD8 effector memory (EM) 

T cells. Note that no cells were rejected based on posterior probabilities in these validation results, 

which thus constitutes a worst-case estimate of classifier performance. Comparison of cell type 

frequencies resulting from manual gating and SVM classification revealed that the classifier 

achieves a high degree of accuracy across a frequency range encompassing nearly two orders of 

magnitude (Figure 4.2B), validating its use for the identification of both abundant and rare cell 

populations. Consequently, the classifier was deployed on the entire 29 million cell dataset, and 
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the resulting cell label predictions were used in all subsequent analysis. It was found that a 

posterior probability threshold of 0.995 yielded a cell rejection rate of 7% (Appendix B.4), which 

is consistent with the 5-10% rejection rate resulting from manual gating. Thus, this threshold was 

chosen for analysis of the entire dataset.  Note that the optimal threshold will vary across datasets 

and should be tuned according to the needs of a given analysis. These data will be explored in the 

following sections. 

4.4.2. Deep Profiling of Immune Subsets During Influenza Infection in Young Mice 

 We chose to first comprehensively characterize the immune response in young C57BL/6 

mice (C57Y) as a baseline for subsequent comparison to aged C57BL/6 (C57A) mice. A systems-

level map of the immune landscape was generated via the viSNE (visual stochastic neighbor 

embedding)322 dimensionality reduction algorithm (Figure 4.3A) based on preselected phenotypic 

markers (Appendix B.6). When the viSNE is colored by the SVM cellular classifications, the 

SVM cell types separate into distinct areas of the map, demonstrating that SVM classification 

based on manually gated subsets is largely in agreement with the unsupervised viSNE approach. 

To gain a preliminary understanding into cellular changes over the course of influenza virus 

infection, the viSNE map was overlaid with cell density contour plots representing day 0, day 3, 

or day 6 C57Y samples (Figure 4.3B). Influenza virus infection led to rapid lung inflammation as 

observed by substantial increases in monocyte/macrophage (dark blue) and neutrophil (purple) 

frequencies while alveolar macrophage (AM) frequencies (dark green) were substantially 

diminished. 
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Figure 4.3. High-level overview of changing immune landscape revealed by ViSNE 
(A) Immune landscape revealed by ViSNE analysis. Cells are colored based on broad 
classifications from Table 4.1. (B) Density plots representing cellular distribution on day 0 (mock), 
day 3, and day 6 post infection overlaid on viSNE plot reveals substantial changes in immune cell 
composition over the course of infection. 

Next, cell-type frequency information was combined with lung cell counts to obtain 

absolute changes in lung cellular makeup over the indicated time points (Figure 4.4A). Significant 

immune cell infiltration is observed, with CD45+ cells more than doubling by day 3 (p < 0.05) and 

nearly tripling by day 6 (p < 0.01) compared to day 0. Inflammatory monocytes, macrophages and 

neutrophils primarily drive the increase in cellularity, whereas lymphoid lineage cells contribute 

relatively little to total cellular accumulation. Furthermore, it can be observed that the kinetics of 

cellular accumulation differs by cell type. For example, neutrophil counts peak on day 3 while 

monocytes and macrophages continue to increase through day 6. 

Following this preliminary analysis, the broad cellular classes were subdivided into the 24 

highly specific cellular subsets (definitions in Table 4.1) to gain a high-resolution snapshot of the 

changing immune landscape. Cell subset counts per mouse lung spanned nearly four orders of 

magnitude, and the increased resolution reveals several additional cellular subsets undergoing 

dynamic changes in response to influenza viral infection such as effector memory (EM) T cells, 

eosinophils, and dendritic cell (DC) subsets (Figure 4.4B). To better observe changes in cellular 

expansion or depletion, the fold changes in absolute cell counts compared to day 0 (hereafter 
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referred to as the accumulation score) were computed for all subsets (Figure 4.4C). On day 3, 

phagocytic cell types had the highest infiltration scores, (Figure 4.4C, light blue bars), with 

exudative macrophages (eM, i.e., monocyte-derived dendritic cells), Ly6C+ monocytes (Ly6C+ 

Mo), and neutrophils increasing approximately 30-fold, 10-fold, and 7-fold, respectively. More 

modest increases were observed in other innate immune cell populations including interstitial 

macrophages (iM), Ly6C- monocytes (Ly6C- Mo), and natural killer (NK) cells. In contrast, many 

cellular subsets involved in the adaptive immune response, such as T cell subsets (with the 

exception of EM populations), DCs, and B cells were depleted, likely due to their trafficking to 

draining lymph nodes. 

 

Figure 4.4. Quantitative analysis of changing immune subsets 
(A) Absolute cell counts of broad cell classifications on day 0, day 3, and day 6 indicate substantial 
immune infiltration. Indicated significance is in reference to day 0. (B) Mean absolute cell counts 
of 24 cellular subsets on day 0, day 3, and day 6. Cell types are ordered based on day 0 frequencies. 
(C) Mean fold change in absolute cells for each cell type compared to day 0 (accumulation score). 
Cell types ordered based on day 6 accumulation score. Data represent mean ± SEM, n = 10; 
statistical comparisons in (A) computed by two-tail T test, *p < 0.05, **p < 0.01, ***p < 0.001. 
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At day 6, accumulation of inflammatory subtypes waned whereas strong increases in CD8+ 

EM T cells (8-fold), Ly6C- Mo (6-fold), and iM (7-fold) were observed. Ly6C- Mo and iM 

macrophages are suggested to play a role in tissue repair as opposed to their inflammatory Ly6C+ 

Mo and eM counterparts.323 Therefore, their accumulation along with CD8 EM T cells on day 6 

indicates a transition from the non-specific inflammatory response towards an influenza-specific 

adaptive response. While the aforementioned changes in cellular subsets are largely consistent 

with literature,324 we unexpectedly observed large changes in gamma delta T cells (Tgd) and 

eosinophils, cell types not traditionally associated with clearance of viral infections. Eosinophils, 

in particular, displayed complex behavior, decreasing nearly 10-fold on day 3 before rebounding 

back to basal levels on day 6. Such dynamic behavior of Tgd and eosinophils suggests a potentially 

unappreciated role for these cell types in the antiviral immune response.  

In addition to the granular changes in cellular composition, cellular populations undergo 

dynamic alterations in marker expression to interact and respond to their environment. Thus, we 

next evaluated changes in activation (CD69 and CD25), cytokine (Granzyme B, TNFa, IFNg, IL-

10, IL-4), and interferon-inducible (CD317) markers in bulk CD45+ cells (Figure 4.5A). Positive 

gates were set according to functional marker expression on day 0 samples (Figure 4.5A, top row). 

As expected, the frequency of CD69, CD25, Granzyme B (GzmB), and CD317 positive cells was 

significantly increased on days 3 and 6 compared to day 0 mice, demonstrating cellular activation 

and the initiation of effector functions in response to viral infection. Notably, although we did not 

stimulate cells ex vivo, we were also able to detect cytokine producing cells, enabling a real-time 

snapshot of in vivo cytokine production in single cells that has rarely been investigated. Day 0 

mice predominantly expressed the cytokine interleukin (IL) 4, indicating the basal level lung 

environment is skewed towards a Th2-type response. Upon infection, IL-4 positive cells dropped 
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precipitously, giving rise to increased levels of the Th1 inflammatory cytokines tumor necrosis 

factor alpha (TNFa) and interferon gamma (IFNg). IL-10, an anti-inflammatory cytokine, was 

largely absent until day 6. Given that IL-10 is known to play a critical role in protecting the host 

from tissue damage,325 its upregulation on day 6 further indicates a reigning in of the highly 

inflammatory immune response. This data reveals that cytokine detection via CyTOF intracellular 

staining can reveal the cytokine milieu of the infected lung with the added ability to tie functional 

marker expression back to individual cellular subsets. 

 

Figure 4.5. Analysis of functional marker expression 
(A) Biaxial plots of functional marker expression vs. CD45. Bar charts summarize marker 
frequency out of total CD45+ cells on day 0 (D0), day 3 (D3), and day 6 (D6). (G) Clustergram 
analysis of marker expression frequency for each cell type on D0, D3, and D6. CD4 and CD8 EM 
and NKT populations have relatively high frequency of TNFa, IFNg, and IL-10 positive cells on 
D6. Data represent mean ± SEM, n = 10; statistical comparisons computed by one-way ANOVA 
followed by post hoc Tukey’s pairwise comparisons, *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001. 

To this end, we next assessed the frequency of functional marker expression on individual 

cell types (Figure 4.5B). As expected, activation markers CD69 and CD25 were upregulated in 

most cell types upon infection. GzmB expression, while traditionally believed to be exclusive to 

NK and cytotoxic T cells, has recently been discovered in many immune and non-immune subsets, 
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with newly identified roles in cellular signaling, chemotaxis, and cytokine release, among 

others.326 Accordingly, we detected increases in GzmB expression in nearly all cellular subsets by 

day 6, with the highest frequencies occurring in T cell, NK, and NK T cell (NKT) populations. 

These cell types also had the highest frequencies of TNFa, IFNg, and IL-10 expression, further 

confirming the important roles of these effector cell types in orchestrating the antiviral immune 

response. Despite the clear Th1-type cytokine environment, high frequencies of eosinophils 

produced IL-4 throughout the course of infection. While the significance of this is unknown, this 

IL-4 production may help regulate the strong Th1-type response in conjunction with IL-10.327 

Next, we examined the contribution of each cell type to total cytokine positive cells on 

days 3 and 6 (Figure 4.6). Monocytes, macrophages and neutrophils substantially contributed to 

overall TNFa, IFNg, and IL-10 cytokine production, despite their very low (<0.1%) cytokine 

positive frequencies (Figure 4.6). However, in agreement with the previous analysis, CD4 and 

CD8 EM T cells together are the major contributors of IL-10 (92%), IFNg (86%), and TNFa (44%) 

cytokine positive cells on day 6. These results reveal the marked contribution of effector T cells to 

overall cytokine production, demonstrating their capacity to greatly influence the immune 

response. 
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Figure 4.6. Contribution of each cell type to total cytokine production 
Contribution of each cell type to total cytokine positive cells indicates substantial contribution of 
CD4 and CD8 EM T cells to total TNFa, IFNg, and IL-10 on day 6. Contributions < 3% are 
grouped into “other”. 
 

Given the considerable cytokine activity of CD4 and CD8 EM T cells (Figure 4.5B and 

4.6), we further investigated the co-production of cytokines in these cellular subsets on day 6. 

While CD8 EM T cells demonstrated greater overall cytokine activity, both subsets demonstrate 

IFNg and TNFa single positive populations as well as IFNg and IL-10 double positive cells 

(Figure 4.7). Considering their significant activation (Figure 4.5B) and accumulation (Figure 

4.5C) of these cell types, it is notable that relatively few of these effector cells are expressing 

cytokines during infection. This cytokine release profile is indicative of small bursts of cytokine 

from very few cells at a time, demonstrating the exceptionally tight regulation of these potent 

immune regulators.  Furthermore, it is intriguing that IL-10, considered to be a master negative 

regulator of inflammation,325 is co-expressed with IFNg, a proinflammatory cytokine328 (Figure 

4.5B).  
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Figure 4.7. Cytokine co-production by CD4 and CD8 EM T cells 
Co-production of cytokines by CD4 and CD8 EM T cells indicates significant fraction of cells co-
expressing IL-10 and IFNg. Data represent mean ± SEM, n = 10; statistical comparisons computed 
by two-sided T test with FDR = 10%, *p < 0.05, **p < 0.01, ***p < 0.001. 

Overall, the aforementioned changes in cellular frequencies are indicative of a strong Th1 

inflammatory immune response (neutrophil, eM, and Ly6C+ Mo) between day 0 and day 3 that 

wanes by day 6, giving rise to cells involved in tissue repair (Ly6C- Mo and iM) and the adaptive 

immune response (CD4 and CD8 EM T cells). Functional marker expression further supports this 

narrative, with innate immune cells producing nearly all cytokines on day 3 whereas adaptive CD4 

and CD8 T cells takeover the majority of TNFa, IFNg, and IL-10 production by day 6 (Figure 

4.6). Such results are largely in agreement with progression of influenza disease,329 validating the 

CyTOF approach for comprehensive analysis of the immune landscape. 

4.4.3. Susceptibility of Immune Subsets to Viral Infection and Replication 

Epithelial cells lining the lung and airway are considered to be the primary source of 

influenza replication during infection, where it is estimated that a single infected cell can produce 

on the order of 10,000 progeny virions.12 In addition, it is also recognized that immune cells can 

become infected.330,331 Experiments utilizing GFP reporter viruses331 and single cell RNA 
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sequencing330 were able to identify immune cells susceptible to influenza infection in vivo. 

However, identification of susceptible cell types in these experiments was limited to crude immune 

subsets (e.g., bulk B cell, T cell, NK, and granulocyte populations). In addition, while these 

methods can identify infected cell types, they are not able to identify whether or not cells support 

viral replication. Aside from these studies, the relative susceptibility of immune cells to influenza 

viral infection and replication in vivo remains largely unexplored. Furthermore, it has not been 

reported whether cellular susceptibility to influenza virus infection changes with age. 

To enable the identification and tracking of infected immune cells over the course of 

influenza infection, we included two antibodies in the CyTOF panel against the influenza 

hemagglutinin (HA) protein: one used for cell surface staining (HAS) and the other used for 

intracellular staining (HAIC). We hypothesized that HAIC signal could result from either infection 

or phagocytosis of infected cells, whereas HAS signal could only result from productive infection. 

Biaxial plots of HAS vs. HAIC support this premise, where very few cells are HAS+HAIC- (Q1) 

compared to HAS+HAIC+ (Q2) (Figure 4.8A). Based on this data, we assumed Q2 cells to be 

infected and supporting viral replication at least up to the point of viral surface expression whereas 

Q3 cells were either (1) infected and not supporting viral replication or (2) had phagocytosed 

infected cells.  



101 

 

 

Figure 4.8. Influenza HA marker expression on immune subsets  
(A) Biaxial plots of HA surface (HAS) and intracellular (HAIC) staining. Q2 cells are infected and 
permitting viral replication (at least up to the point of HAS expression). Q3 cells are either (1) 
infected and not permitting viral replication or (2) have phagocytosed infected cells. (B) Total 
HAIC+ cells per lung by cell type. (C) Frequency HAIC+ cells by cell type sorted by day 3 frequency 
reveals nearly perfect division between phagocytic and non-phagocytic cell subsets. 

 

The absolute number of HAIC+ immune cells was plotted over the three timepoints (Figure 

4.8B). Total HAIC+ immune cells were found to peak on day 3 and diminished towards day 6, with 

neutrophils, monocytes, and macrophages comprising the vast majority (> 98%) of HAIC+ cells at 

both time points. Next, the percentage of HAIC+ cells within each cell subtype was analyzed on 

day 3 and day 6 (Figure 4.8C). A clear division in cellular subsets is observed, with phagocytic 

cells possessing the highest HAIC+ frequencies (~2% – 23%, purple labels) compared to non-

phagocytic cells (0.03% – 5.0%, orange labels). While the relative contribution of phagocytosis 

and infection to HAIC signal cannot be determined in phagocytic cells, HAIC signal in non-
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phagocytic cells can only result from infection. Thus, the broad range of HAIC frequency in non-

phagocytic cells (0.03% - 5.0%) indicates that cells possess a range of infection susceptibility, with 

CM T cells, ILCs, and Tgd being the most susceptible and naïve T cells being the least. We 

considered that the large variation in HAIC+ frequency in both phagocytic and non-phagocytic cells 

(Figure 4.8C) might be related to cellular abundance in the lung, with more abundant cell types 

potentially having a higher probability of being infected or participating in phagocytosis. However, 

there is no positive correlation between relative cell abundance and HAIC+ frequency (Appendix 

B.7). Based on this data, we conclude that the variation in HAIC+ frequency must be a result of 

immune subsets having differential phagocytic capacity and/or susceptibility to infection.  

To gain more insight into cellular susceptibility to viral infection and replication, we 

investigated the relationship between Q2 frequency and Q3 frequency for each cell type. We 

focused on day 3 due to the elevated HA frequency at this timepoint (Figure 4.8B). In non-

phagocytic cells, Q2 frequency is highly correlated to Q3 frequency (R2 = 0.837, Figure 4.9A), 

suggesting they share a similar susceptibility to viral replication. Indeed Q2/Q3 frequency is not 

significantly different in non-phagocytic cells (Figure 4.9B). The analysis of phagocytes is slightly 

more complicated due to Q2 signal having contributions from both infection and phagocytosis. 

Nevertheless, several observations can be made. The correlation between Q2 and Q3 is much 

weaker for phagocytic cells (R2 = 0.001, Figure 4.9C). Specifically, neutrophils and CD11b+ DCs 

have relatively high Q2 frequency relative to Q3 frequency, especially in comparison to eM and 

Ly6C+ Mo (Figure 4.9C). Indeed, the ratio of Q2 over Q3 frequency for CD11b+ DCs and 

neutrophils is significantly higher than nearly every other phagocytic cell (Figure 4.9D). As 

increased phagocytic capacity would only be expected to lower the Q2/Q3 ratio (larger Q3), we 

conclude that the high Q2/Q3 ratio of CD11b+ DCs and neutrophils indicates an increased 
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susceptibility to viral replication relative to other phagocytic cell types. Using similar reasoning, 

Ly6C+ Mo and eM are the most resistant cell types to viral replication. 

 

Figure 4.9. Susceptibility of cell types to infection and replication  
(A) Q2 (HAS+HAIC+) vs. Q3 (HAS-HAIC+) frequencies for non-phagocytic cells. (B) Ratio of Q2 
over Q3 for non-phagocytic cells indicates they all have similar susceptibility to infection. (C) Q2 
vs. Q3 frequencies for phagocytic cells. (D) Ratio of Q2 over Q3 for phagocytic cells indicates 
neutrophils and CD11b+ DCs have higher susceptibility to viral replication compared to other 
phagocytic cells. Data represent mean ± SEM, n = 10; statistical comparisons computed by one-
way ANOVA with post hoc Tukey’s pairwise comparisons. 

Finally, we investigated whether functional marker expression varied depending on 

whether cells occupied Q2, Q3, or Q4 (Figure 4.10A). Perhaps most noticeably, cells in Q3 

generally had higher frequency of CD317 and CD69 than cells in Q2 or Q4. CD317 (i.e., tetherin), 

is an IFN-inducible protein known to play a critical role in preventing the release of enveloped 

viruses from the cell surface.332 The only cell types to possess high frequencies of CD317 in Q4 
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were Ly6C+ Mo and eM, perhaps explaining their exceptional resistance to viral infection (lowest 

Q2/Q3, Figure 4.9D). Furthermore, cell types with higher expression of CD317 and CD69 in any 

quadrant generally had a lower Q2/Q3 ratio. Indeed, Spearman correlation analysis revealed 

Q2/Q3 significantly correlated with frequency of CD317 and CD69 in Q2, Q3, or Q4 (p < 0.05) 

(Figure 4.10B). Thus, these results indicate that cellular activation and expression of IFN 

inducible proteins inhibits HA from reaching the cell surface, thwarting viral replication. 

  

 

Figure 4.10. Functional marker comparison in uninfected, infected, and replicating cells 
(A) The relative frequency of functional marker expression was compared for each cell type in Q2 
(HAS+HAIC+), Q3 (HAS-HAIC+), and Q4 (HAS-HAIC-). Cells are sorted based on their susceptibility 
to viral replication (Q2/Q3, Figure 4.9B, D). The activation marker CD69 and IFN-inducible 
marker CD317 (tetherin) are generally highest in Q3, followed by Q2, then Q4. (B) Spearman 
correlation analysis between each cell type’s susceptibility to viral replication (Q2/Q3) and marker 
expression for that cell type in Q2, Q3, or Q4. CD69 and CD317 expression in Q2, Q3, and Q4 are 
significantly correlated with susceptibility to replication. *p < 0.05, **p < 0.01, ***p < 0.001. 

Overall this data reveals that performing both HA surface and intracellular staining can 

provide detailed information on infection and/or phagocytic behavior in individual cells. Immune 

subsets possess varying in vivo susceptibility to both viral infection (Figure 4.9A, C) and viral 
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replication (Figure 4.9B, D). Furthermore, cells have clearly altered marker signatures depending 

on whether cells possess HA signal inside the cell or on the cell surface (Figure 4.10). Thus, in 

conjunction with previous results, CyTOF analysis successfully provides comprehensive 

information on the dynamic changes in cell populations, marker expression, and infection 

parameters that are necessary to deeply interrogate the immune response. 

4.4.4.Aged Mice Display Altered Cellular Accumulation and Functional Marker Expression 

After detailed characterization of the immune landscape in C57Y mice, we next compared 

the response to that of C57A mice. To understand basal level differences between the resting state 

of young (9 weeks) and aged (76 weeks) mice, we compared cell type frequencies between the 

two groups on day 0 (Figure 4.11A). Analysis revealed that 11 of the 24 cellular subsets undergo 

significant changes in frequency upon aging. The greatest variation resided in the T cell 

compartment, where C57A mice expectedly had significantly greater frequencies of CD4 and CD8 

EM T cells while young mice had significantly greater naïve T cells. In addition, we identified 

greater AM frequencies in C57Y as has been previously reported.333  

 

Figure 4.11. Aging results in reduced cellular accumulation 
(A) Volcano plot indicates the fold change in cell type frequency between young (C57Y) and aged 
(C57A) mice on day 0. (B) Comparison of accumulation score of C57Y and C57A mice on day 6 
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indicates aging leads to reduced cellular infiltration in response to viral infection. Cell subtypes 
are sorted based on C57Y. Significance is indicated in (C). (C) Accumulation scores of C57A vs. 
C57Y cell types. Significantly different subsets are indicated in red. Significance computed by 
two-sided T test with FDR = 10%. 

Following influenza viral infection, the fold change in cellular subsets between day 0 and 

day 6 (accumulation score) was compared between young and aged mice (Figure 4.11B). While 

overall trends are similar between the two groups, C57A generally displayed less responsiveness 

to influenza viral infection, with lesser increases in cellular subsets with positive accumulation 

scores and lesser decreases is cellular subsets displaying negative accumulation scores. To better 

visualize changes in cellular accumulation between the young and aged groups, the accumulation 

scores for young and aged mice were plotted against each other (Figure 4.11C) with significantly 

different subsets (FDR < 10%) highlighted in red. In particular, C57A mice had significantly lower 

accumulation of CD8 EM T cell populations, a critical cell type known to directly participate in 

the killing of virus-infected cells.334 In addition, C57A mice saw significantly greater depletion of 

eosinophils on day 6 but less depletion CD11b+ DCs and B cell populations.  Overall these results 

demonstrate that aging leads to altered enrichment of important cellular subsets through either 

altered trafficking to and from the lungs and/or defective cellular proliferation. 

Next, we investigated changes in functional marker expression with aging. Consistent with 

reports of elevated basal level activation and inflammation associated with aging (i.e. 

“inflammaging”),335 aged mice on day 0 had increased frequencies of CD69, CD25, TNFa, and 

IFNg expression in bulk CD45+ cells (Figure 4.12A). However, the low-level activation of the 

aging immune system on day 0 did not translate to enhanced activation during infection. Aged 

mice had no statistically significant difference in CD25, GzmB, TNFa, IFNg marker frequencies 

between day 0 and day 6, whereas significant changes were observed in these markers in young 
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mice. To determine the affected cell types, we compared functional marker expression in 

individual cellular subsets by taking the ratio of functional marker frequency in aged mice and 

young mice for each cell type (Figure 4.12B). Note only significant changes (FDR < 0.10) are 

displayed in Figure 4.12B. Hierarchical clustergram analysis largely separated T cells and NKT 

cells from the other subsets due to substantial age-associated changes in marker expression in this 

group. In particular, CM, EM, and NK T cells displayed reduced levels of CD25 and GzmB along 

with significantly reduced IFNg and IL-10 expression compared to their young counterparts. To 

better visualize changes in these subtypes, their frequency of functional marker expression for is 

plotted in Figure 4.12C. Indeed, CM, EM, and NK T cells subsets display significantly lower 

frequencies of activation markers CD69 and CD25. Furthermore, aged CD8 EM and CD8 NKT 

subsets demonstrate severely reduced cytokine production in contrast to their young counterparts. 

Thus, aged T cells exhibit defects in both accumulation (Figure 4.11C) and function (Figure 

4.12B, C) in their response to influenza viral infection. 
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Figure 4.12. Aging affects functional marker expression 
(A) Bar charts comparing C57Y and C57A marker frequency out of total CD45+ cells. (B) Log 
fold change of marker expression frequency for each cell type on day 0 and day 6. (C) NKT and 
T cell frequencies of functional marker expression on day 6. Data represent mean ± SEM. C57Y 
D0 n = 10, C57Y D6 n = 10, C57A D0 n = 10, C57A D6 n = 9. Statistical comparisons in (A) 
computed by one-way ANOVA followed by Tukey’s pairwise comparisons or (C) two-sided T 
test with FDR = 10%, *p < 0.05, **p < 0.01, ***p < 0.001. 

Finally, we investigated HA expression on aged immune cells. Overall very little difference 

was observed between young and aged mice (Appendix B.8). No significant difference was 

observed in the fraction of CD45+ cells that were HAIC+ or HAS+ positive. Furthermore, no 

significant difference was observed in the ratio of Q2/Q3 compared to young mice for all cell 

types, indicating susceptibility to viral replication is largely unaffected by aging. Finally, any 

difference in marker expression in Q2 and Q3 were either not significant or the same as in Figure 
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4.12B, with few exceptions (Appendix B.8). These results indicate that infection kinetics and 

infection-induced marker expression are very similar for young and aged mice.  

4.5. Further Discussion 

The 40-marker panel and SVM classifier allowed over 90% of CD45+ cells to be classified 

into highly specific immune subsets, giving a global overview of the immune landscape during 

these critical early stages of influenza virus infection in the mouse lung. Our approach reveals in 

detail the early inflammatory response at day 3 followed by the initiation of the adaptive arm of 

the immune system by day 6. In addition to expected changes in cellular frequencies, we 

encountered unanticipated changes in cellular subsets not normally associated with viral 

infections. First, we observed a 4-fold increase in the frequency of Tgd over the course of infection 

(Figure 4.4C). Tgd occupy both innate and adaptive roles in the influenza immune response due 

to their diverse ability to be innately activated by influenza HA,336 present influenza viral peptides 

to alpha beta T cells via MHC-II,337 and kill virus-infected cells.338 Confirming the important role 

of Tgd in the influenza immune response, the depletion of Tgd has been shown to result in reduced 

survival and increased lung injury in mice following H5N1 infection,339 and higher Tgd cell counts 

in the lungs were responsible for improved protection against lethal H1N1 challenge observed in 

mice fed a high-fat ketogenic diet.340 Second, we also identified dramatic shifts in eosinophil 

populations, which dropped nearly 10-fold on day 3 before subsequently rebounding on day 6 

(Figure 4.4C). While eosinophils have been historically associated with the clearance of helminth 

infections and antagonists in allergic and asthmatic responses, there is accumulating evidence that 

eosinophils play a protective role in antiviral immunity. For example, mouse eosinophils become 

activated in the presence of influenza virus,341 secrete RNases that decrease viral infectivity in 
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vitro,342 undergo piecemeal degranulation upon virus exposure,341 and present influenza antigen 

via MHC-I and MHC-II that results in activation and proliferation of CD4 and CD8 T cells.341,343 

Furthermore, the transfer of lung eosinophils from allergen sensitized mice into influenza infected 

mice resulted in reduced viral burden, increased numbers of CD8 T cells, and improved survival.341 

The accumulation scores of eosinophils and Tgd was also significanlty lower in aged mice (Figure 

4.11C). Therefore these cell types may possess uanpprecated roles in antiviral immunity.  

In addition, our method enabled detection of rare cytokine positive cells without the need 

for ex vivo stimulation (Figure 4.5A), providing an accurate and quantitative picture of cytokine 

production resulting from in vivo cellular activation. These results revealed that cells producing 

IFNg, TNFa, and IL-10 in vivo are exceedingly rare (0.01-0.15% of immune cells, Figure 4.7), 

despite the drastic changes occurring in the immune environment (Figure 4.5). We also discovered 

populations of CD4 EM and CD8 EM T cells that co-produce the inflammatory cytokine IFNg as 

well as the anti-inflammatory cytokine IL-10. As approximately one fourth of IFNg expressing 

CD8 EM T cells also co-expressed IL-10 (Figure 4.7), co-production of these cytokines is not a 

rare event. Intriguingly, these results point towards regulation of inflammatory and anti-

inflammatory responses on both the intercellular level (IFNg and IL-10 single positive cells) and 

intracellular level (IFNg and IL-10 double positive cells), revealing multiple mechanisms for the 

immune system to fine-tune the balance between antiviral activity and tissue damage. 

The measurement of HAS and HAIC signal reveals that cell types have differential 

susceptibilities to viral infectivity and viral replication in vivo. In particular, we noted Ly6C+ Mo 

and eM were incredibly resistant to viral replication (lowest Q2/Q3) while neutrophils and 

CD11b+ DCs were the most susceptible. We believe that it is unlikely this difference in resistance 

can be attributed to differential exposure to influenza virus in vivo as these cell types are all highly 
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phagocytic and therefore in direct contact with virus infected cells. Therefore, susceptibility to 

viral replication is likely an intrinsic cellular property. We were in fact able to correlate higher 

expression of CD317 and CD69 with improved resistance to viral replication, providing a 

mechanistic underpinning for the observed effects. However, it is unclear why these markers are 

not as upregulated in certain cell types. In addition, CD11b+ DCs were an exception to this trend, 

with high Q2/Q3 ratio but also high CD317 and CD69 expression. Although unknown, perhaps 

the high levels of activation and IFN-inducible proteins in DCs help to control and prolong viral 

replication in order to generate more antigen for presentation to T cells and B cells. We also noted 

that CD317 and CD69 were generally lower in cells undergoing active viral replication (Q2) 

compared to cells expressing only intracellular HA (Q3). This suggests that viral replication is 

only permitted in cells with low expression of these markers. Supporting this, mutant influenza 

viruses that are unable to suppress cellular IFN responses through knockout of viral protein NS1 

have impaired viral replication.344 

We next applied our approach to the study of how aging affects the influenza immune 

response. Overall, aged mice demonstrated a less sensitive response to viral infection, displaying 

lesser magnitude changes in cellular accumulation and depletion as well as reduced cellular 

activation (Figure 4.11B and 4.12A, B). Most notably, aged mice displayed severe defects in CD4 

and CD8 EM, CM and NKT populations. In particular, CD8 EM T cells had ~2-fold lower 

accumulation (p < 0.05) compared to young mice by day 6 (Figure 4.11C) and had severely 

reduced (undetectable) expression of IFNg, TNFa, and IL-10 (Figure 4.12C). In fact, the overall 

frequency of cytokine positive immune cells in aged mice was largely unchanged (not significant) 

between day 0 and day 6 (Figure 4.12A). With all the observed cellular changes between young 

and aged mice, it was surprising that analysis of HA surface and intracellular expression yielded 
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very few significant differences with aging. This suggests that the cellular mechanisms for 

detecting viral infection (e.g., toll-like receptors) and upregulation of the IFN pathway remains 

largely intact with age. Indeed, our results showed that CD317 expression – indicative of the IFN 

response – was the least affected functional marker with aging (Figure 4.12A). Thus, it appears 

that the major defects with aging that lead to the reduced cellular infiltration and cytokine 

production are not due to deficiencies in the cellular IFN response. 

4.6. Conclusions 

 It is essential to understand protective immune responses in order to design next-generation 

vaccines that attempt to elicit these protective responses. However, the complexity of the immune 

landscape makes it challenging to fully evaluate an immune response. In this work we investigate 

the ability of high-dimensional mass cytometry to fully characterize the early stages of the 

influenza immune response in young and aged mice. To efficiently classify cells in the large 40-

dimensinal dataset, we developed a probabilistic SVM classifier that enabled automated 

supervised learning with minimal human intervention. Analysis of the resulting dataset reveals in 

detail the early inflammatory response at day 3 followed by the initiation of the adaptive arm of 

the immune system by day 6. Moreover, we were able to detect cytokine positive cells activated 

in vivo, revealing the substantial role effector T cells play in affecting the overall cytokine 

environment. We also demonstrate that simultaneous detection of intracellular and surface HA 

reveals that cell types have differential susceptibility to influenza infection and replication. We 

further show that the susceptibility of cells to viral replication is highly correlated to their 

expression of activation marker CD69 and IFN-inducible marker CD317. 
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 These results reveal the incredible depth of immune interrogation provided by CyTOF that 

make it a highly useful tool for probing the immune response to viral infection or vaccination. In 

particular, the ability to detect single-cell cytokine expression data in combination with staining 

for the vaccine immunogen will be especially valuable for evaluating vaccine response. This 

information will answer questions about which cells are interacting with the vaccine immunogen 

and how they are responding in terms of functional marker and cytokine expression. It will be 

incredibly interesting to compare the responses elicited by vaccination and infection. 

 Furthermore, this study reveals the challenges associated with stimulating the aged immune 

system. In comparison to young mice, aged mice had reduced cellular infiltration – especially CD8 

EM T cells – in response to influenza viral infection. Furthermore, effector T cells in aged mice 

displayed severe defects in IFNg, TNFa, and IL-10 production. Due to the critical roles of effector 

T cells and these cytokines, aged mice are deficient in key components of antiviral immunity. 

While it is well known that aging leads to reduced functionality in effector T cells, it is noteworthy 

that this analysis – which is the most comprehensive flow-based analysis of influenza immune 

response to date – identified T cell defects as the greatest deficiency in the aged immune response. 

As T cell immunity is highly important in many diseases, including influenza, deriving 

mechanisms of stimulating T cells will be essential for achieving enhanced efficacy in aged 

individuals. 

4.7. Materials and Methods 
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4.7.1. Animal Handling, Infection, and Sample Collection 

 Mice were housed in an AAALAC-accredited facility, in compliance with the Public 

Health Service Policy on Humane Care and Use of Laboratory Animals and the Guide for the Care 

and Use of Laboratory Animals.345 All procedures were approved by the IACUC at the University 

of Michigan. 

 Female C57BL/6 mice of 9 weeks and 78 weeks (C57BL/6) of age were obtained from the 

Jackson Laboratory. Mice were infected with influenza virus strain A/Puerto Rico/8/34 (H1N1) 

(ATCC VR-1469). Mice were anesthetized with isoflurane and instilled intranasally (i.n.) with 40 

µl PBS containing 1.2 X 104 PFU of PR8 virus as determined by standard plaque assay in MDCK 

cells. Mock-infected mice (Day 0) were instilled intranasally with 40 µl PBS alone. Following 

infection, mice were monitored daily for changes in weight and mortality. Mice were euthanized 

at indicated timepoints (Day 0, 3 and 6) with an overdose of CO2. To remove circulating cells in 

the vasculature the chest cavity was opened, and the lungs were perfused by cutting the left atrium 

with scissors and slowly injecting 20ml cold PBS into the right ventricle with a vacutainer needle 

(BD Biosciences, Franklin Lakes, NJ). Perfused lung tissues were harvested from PR8-infected 

mice at 0 (Mock), 3- and 6-days post infection and stored in PBS with Golgi block cocktail of 

monensin and brefeldin (BioLegend, San Diego, CA) solution on ice prior to processing into single 

cell suspensions.  

 To obtained single-cell suspension, lungs were perfused, harvested from mice, minced, and 

then digested with 1 mg/ml Collagenase D (Roche, Penzberg, Germany) and 1 mg/ml DNase I 

(Roche, Penzberg, Germany) in PBS with Golgi Block without calcium and magnesium for 45 

min at 37°C. After digestion, lung tissue was disrupted into single-cell suspension and filtered 

through a 70 µm strainer (Fisher Scientific, Waltham, MA). Cell yields and viability were 
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measured using Trypan blue staining and a hemocytometer. Live cells were isolated over Ficoll-

Paque (Cytiva, formerly GE Healthcare Life Sciences, Marlborough, MA) centrifugation media 

spun at 800 RPM for 15 minutes at room temperature. The band of live cells near the top of the 

gradient was resuspended in PBS with Golgi block, pelleted, and resuspended into fresh PBS with 

Golgi block prior to mass cytometry staining.     

4.7.2. Antibody Conjugation with Lanthanide Metal 

 The lanthanide metals were purchased from Fluidigm and conjugated to the antibodies 

using Maxpar antibody labeling kit (Fluidigm Corp., San Francisco, CA) following manufacturer’s 

instructions. Briefly, 2.5 mM Maxpar polymer was preloaded with lanthanide metal at 37C for 1h, 

purified and buffer exchanged to conjugation buffer using a 3 kDa Nanosep concentrator (PALL 

Life Sciences). The antibody was partially reduced using TCEP at 37°C for 30 min, purified and 

buffer exchanged to conjugation buffer using 50 kDa concentrator (Amicon Ultra, Millipore). The 

lanthanide-loaded polymer was conjugated to partially reduced antibody following overnight 

incubation at room temperature. The unbound metal was removed from the metal-tagged antibody 

by washing with wash buffer in 50 kDa concentrator. The final concentration of metal-tagged 

antibody was determined by measuring the absorbance at 280 nm against the wash buffer.  

4.7.3. Sample Staining and CyTOF Acquisition 

 Cell-ID Cisplatin-195Pt and Cell-ID Intercalator Iridium-191/193 (Fluidigm) were used to 

identify live cells. The cells were washed once with pre-warm serum-free media by pelleting at 

300 x g for 5 min at room temperature and stained with 1.25 µM live/dead stain (Cell-ID Cisplatin-

195Pt diluted in serum-free media from 500 mM stock) at room temperature for 5 min. Free 

cisplatin was quenched by washing the cells with serum-containing media. The cells were than 
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washed with CyFACS buffer and incubated with TruStain FcX (anti-mouse CD16/32, BioLegend, 

San Diego, CA) for 10 min at room temperature to block the Fc receptors. For cells surface marker 

staining, the metal-tagged antibody cocktail was made in CyFACS buffer and added to the cells in 

the presence of TruStain FcX (BioLegend) and incubated on ice for 60 min.  Following cell surface 

markers staining the cells were washed twice with CyFACS buffer and fixed with 1.6% formalin 

in CyPBS for 20 min at room temperature. The cells were than washed and stored overnight at 4C 

in CyFACS buffer.  

 Next day, the cells were pelleted at 800 x g for 5 min and permeabilized with bioscience 

permeabilization buffer for 30 min at room temperature. The cells were than stained with 50 μL 

of intracellular staining metal-tagged antibody cocktail (made in eBioscience permeabilization 

buffer) at room temperature for 60 min. Following intracellular staining the cells were washed 

once with permeabilization buffer, twice with CyFACS buffer, and then stained with 62.5 nM 

Cell-ID Intercalator Iridium-191/193 (diluted in 1.6% formalin in PBS from 500 µM stock) at 

room temperature for 40 min or left at 4°C until ready for acquisition on CyTOF. 

 The samples were acquired using CyTOF Helios system (Fluidigm Corp., San Francisco, 

CA). The system was maintained and tuned according to the manufacturer’s instructions. In 

addition, internal vendor-set calibration was performed before acquiring samples. The fixed cells 

were washed twice with CyPBS and deionized distilled Milli-Q water (Millipore), and filtered 

through 40 μM cell strainer. Recommended concentration of EQ Four Element Calibration Beads 

(Fluidigm) were added to the samples before acquiring them on CyTOF. The samples were 

acquired on CyTOF at approximately 300-400 events/s. The EQ Four Element Calibration Beads 

were used to normalize data using a bead-based passport specific to the manufactured bead lot. 
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After acquisition, the instrument software applied a signal correction algorithm based on the 

calibration bead signal to correct for any temporal variation in detector sensitivity. 

4.7.4.Data Analysis 

 Signal spillover correction was applied using measured metal impurities as described by 

Chrevrier et al.317 Total events were gated on gaussian parameters, DNA intercalator, cisplatin, 

event length, and CD45 to obtain high quality CD45+ live singlets (Appendix B.3) using FlowJo 

software package (FlowJo, LLC, Ashland, OR) . In total, 29 million events across the 80 samples 

were obtained for data analysis. 350,000 events were then equally sampled from the 80 mice (4,375 

events per mouse) and subjected to manual gating into 24 cellular subsets (Appendix B.3). This 

subset of cleaned and gated cells was used for SVM classifier training. Classifier training is 

described in Appendix B.9. Following confirmation of the high correlation of SVM classification 

and manual gating (Figure 4.2), SVM classification was the applied to the entire 29 million cell 

dataset. 7% of cells were below the posterior probability threshold of 0.995 and were removed 

from the analysis, resulting in 27 million cells across all samples. 
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Chapter 5. Future Directions 

 In this work we established S. cerevisiae as a new recombinant host for influenza VLP 

production that has the potential for rapid manufacture of influenza vaccines. Furthermore, we 

developed the yICS tool that enables quantitative detection of yeast intracellular proteins in single 

cells and showed its utility for detailed strain characterization as well as high-throughput 

screening. In combination with the yeast influenza VLP system, these approaches will enable rapid 

prototyping of influenza VLP vaccines. Finally, to lay the groundwork for testing these vaccines, 

we validated mass cytometry for deep immune profiling of the mouse lung in response to influenza 

virus infection. These projects combine to form an accelerated platform for designing, building, 

and testing yeast-derived influenza VLP vaccines with the goal of enhancing influenza vaccine 

immunogenicity, improving heterosubtypic protection, and shortening manufacturing timelines. 

Here, we will discuss the future directions of these projects. 

5.1. Engineering Yeast Influenza VLP and Enhancing Yield 

 In Chapter 2, we engineered S. cerevisiae to enable the production of functional influenza 

VLP. This is only the second instance that enveloped VLP production has been demonstrated in 

S. cerevisiae.217 Despite the significance, the yield of high quality VLP after IMAC purification (~ 

300 ng/L of HA) requires further improvement in order to establish yeast as a viable host for 

industrial influenza VLP production. Notably, the cellular yield of intracellular HA after multicopy 
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integration (~3 mg/L) approaches that of Sf9 (~10 – 20 mg/L). Therefore, relieving further 

bottlenecks in yeast VLP formation has great potential to increase overall VLP yields to levels that 

are industrially relevant. 

 Elucidating the mechanism(s) of influenza VLP formation in yeast will give critical insight 

into potential strategies to improve VLP budding efficiency. Although we provide evidence that 

M1 interacts with HA in yeast (Supplemental A.5), further experiments are needed to determine 

if M1 plays a significant role in VLP formation. If so, the inclusion of other influenza viral proteins 

may improve influenza budding efficiency, as has been shown for production of influenza VLP in 

mammalian cells.189 

 In addition, the ability of HA to concentrate in lipid raft domains on the plasma membrane 

is considered critical for efficient budding of influenza VLP and virus. Engineering HA 

localization into yeast lipid rafts, if deficient, may further improve VLP yield. It is thought that 

lipid raft association of HA is enabled by two mechanisms: palmitoylation and cholesterol 

association. HA possesses a cholesterol recognition motif (CRAC domain) in its transmembrane 

domain that directly interacts with the cholesterol in lipid rafts.346 However, yeast do not 

synthesize cholesterol, instead producing ergosterol. While the chemical structures of ergosterol 

and cholesterol only slightly differ, there is evidence that CRAC domains do not interact with 

ergosterol.347,348 Both chemical349 and genetic engineering methods350 exist for introducing 

cholesterol into yeast and such approaches may increase influenza budding efficiency. The second 

complimentary mechanism of HA raft association is the post-translational functionalization of the 

HA cytoplasmic tail with palmitic acid residues that have affinity for the sterol-rich lipid rafts.346 

Yeast do perform palmitoylation, however their palmitoylation behavior can vary from 

mammalian cells. For example, vesicular stomatitis virus (VSV) glycoprotein is palmitoylated 
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when expressed in mammalian cells but not in yeast cells.351 Therefore, palmitoylation may 

represent another bottleneck in influenza VLP production. 

 While the aforementioned methods of increasing VLP yield rely on supporting the intrinsic 

self-assembly mechanisms of influenza virus, implementing and optimizing such approaches may 

be challenging due to the evolutionary distance between yeast and mammalian cell systems. 

Therefore, a more straightforward strategy for enhancing VLP yield may be to purify HA directly 

from yeast cell lysates and to incorporate HA into lipid nanoparticles in vitro. The construction of 

these so called “virosomes” from detergent-solubilized influenza virus is well documented.352-355 

In such a scheme, yeast cell lysates containing his-tagged HA could be detergent solubilized and 

purified by IMAC. Then, the detergent could be removed in the presence of lipids through either 

dilution or with detergent-absorbing beads (i.e., Bio-Beads SM-2) to form nanoscale lipid vesicles 

containing HA (VLP). Such an approach has numerous advantages for industrial production. First, 

cell wall removal is not necessary, lowering the costs and complexity of the VLP procedure. 

Second, the resulting VLP contain highly purified HA with minimal contaminating yeast proteins.  

Finally, the resulting VLP are highly tunable. For example, immunostimulatory molecules (see 

Section 1.4.1) or HA proteins from multiple influenza subtypes can be easily mixed and matched 

during the detergent removal process to form customized VLP concoctions with enhanced 

properties. 

5.2.Increasing yICS Throughput 

 In Chapter 3, we developed and validated an approach for antibody-based flow cytometric 

detection of intracellular yeast proteins. This method has several advantages over Western blot 

including higher throughput, simultaneous detection of multiple proteins, and single cell resolution 
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that make it useful for both strain characterization and screening. While such a method is an 

important step forward, the yICS procedure is currently limited to multi-well plate format. 

However, it would be highly desirable to make yICS compatible with fluorescence activated cell 

sorting (FACS), which would increase throughput by orders of magnitude. To enable FACS 

compatibility, antibody labeling approaches must be developed that do not require cell wall 

removal because the resulting spheroplasts cannot be regenerated following FACS sorting. While 

conventional antibodies cannot penetrate the cell wall due to their large size (150 kDa),47 camelid 

antibodies are much smaller (15 kDa),356,357 and it has been demonstrated that these camelid 

“nanobodies” conjugated to fluorescent dyes can penetrate the intact yeast cell wall.358 Thus, a 

nanobody-based yICS approach (yNICS) may be feasible. 

 yNICS would further improve on the yICS technique. First, without the need for cell wall 

removal, it would not be necessary for cells to be in the exponential growth phase, and the length 

of the procedure would be significantly cut down to only a few hours. More importantly, the 

compatibility of yNICS with FACS opens the door to numerous opportunities. For example, 

yNICS combined with FACS could identify and sort high expressing clones in a single tube 

directly following multicopy integration, precluding the need for plating cells, picking colonies, 

and growing up the clones separately. The greatly increased throughput would allow yNICS to 

take advantage of a key benefit of yeast: the ability to easily generate vast mutational libraries for 

screening of desirable phenotypes. For example, cellular mutations could be discovered that lead 

to enhanced HA expression level. Or perhaps screening libraries of mutated HA proteins could 

identify mutants that lead to enhanced plasma membrane targeting. yNICS opens up numerous 

possibilities that make such an approach worth exploring.  
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5.3. CyTOF Evaluation of Vaccines 

 In Chapter 4 we demonstrated the ability of CyTOF to systematically characterize the 

immune response to influenza virus during the early stages of influenza infection in young and 

aged mice. Notably, our work extended the capabilities of CyTOF by demonstrating (1) the 

detection of cytokine production in single cells activated in vivo and (2) the identification of 

influenza infected and replicating cells by co-staining for HA inside the cell and on the cell surface. 

These innovative approaches will prove useful in the next stage of this project: studying the 

immune response to vaccination. Following immunization, intracellular HA staining will identify 

cells that have taken up VLP through either receptor mediated endocytosis or through 

phagocytosis. This information can then be combined with upregulation of activation markers or 

cytokine production in these cells to assess vaccine immunogenicity. 

 In addition, it will be enlightening to investigate how incorporation of TLR-stimulating 

molecules into VLP affects the immune response. It is understood that the type of TLRs stimulated 

and the magnitude of that stimulation can heavily influence the nature of cellular proliferation, 

cytokine production, and the formation of immunological memory.359,360 Furthermore, TLR-

stimulating adjuvants have been shown to increase antibody secreting cells (ASCs), the progenitors 

of long-lived bone-marrow plasma cells (BMPCs) that lead to long term immunity.361,362 As it has 

been recently discovered that BMPCs wane appreciably within one year of influenza 

vaccination,361 stimulating BMPC generation through TLR adjuvants may provide the key to 

increasing the duration of influenza vaccine protection. Therefore, tuning of TLRs on VLP may 

provide a mechanism of conferring long lived vaccine memory that can be directly investigated 

using CyTOF. 



123 

 

 Aside from evaluating influenza vaccines, we have also demonstrated the value of CyTOF 

as a powerful investigational tool. CyTOF readily identified the defective effector T cell response 

in aged mice – a known attribute of immunosenescence363 – validating its characterization abilities. 

While aging is perhaps the most well-recognized risk factor for influenza, it is becoming 

increasingly clear that other host factors such as co-morbidities, nutrition, microbiota, and genetics 

heavily influence the immune system and their effects are much less understood.364 In particular, 

genetic variation is well recognized to play an important role in the susceptibility of both humans 

and mice to a variety of diseases365-368 including influenza.369,370 Thus, application of CyTOF to 

study the effects of these host factors may provide new insight into developing vaccines that can 

provide comprehensive and long-lasting protection for all demographics.  

5.4. Final Thoughts   

We have come a long way since the times when we believed that the heavens influenced 

disease outbreaks. The discovery of microorganisms has led to the development of antibiotics and 

vaccines which have arguably had a more positive impact on human life than any other invention 

in the history of mankind. In the past century we have come to better understand the immune 

system and how to safely harness the adaptive arm of the immune response to achieve 

immunological memory against pathogen threats. Given that the immune system has evolved over 

millennia to detect and respond to invading pathogens, early vaccine design focused on mimicking 

these microorganisms as much as possible in order to elicit stronger immune responses and better 

protection. This early dogma spawned the creation of inactivated vaccines and live attenuated 

vaccines that have been successful for many pathogens. However, several diseases such as 

influenza, HIV, and malaria have been resistant to this strategy. Therefore, a new paradigm has 
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emerged. Simple biomimicry is insufficient, and further engineering of the vaccine immunogen is 

needed to obtain broad, long-lasting protection.  

 Next generation vaccines need to be rationally engineered to elicit potent and highly 

focused immune responses towards key pathogen epitopes. The pace of progress is rapid. For 

example, the existence of influenza broadly neutralizing antibodies in humans was only discovered 

in 2008, yet several vaccine candidates have already demonstrated the ability to elicit them. 

Despite this progress, vaccine design has primarily relied on trial and error approaches with large 

failure rates. This is largely a result of the lack of tools available to adequately study the incredible 

complexity of the immune system. Only recently have we developed the capability to probe 

immune responses with enough depth and breadth to elucidate protective immune mechanisms. 

Understanding these protective immune signatures will lead to a more predictive approach to 

vaccine design. 

 In order to develop these valuable models that can prospectively determine vaccine 

efficacy, advanced machine learning tools must be fed information on how vaccine features such 

as adjuvants, epitope locations, and protein surface densities affect vaccine immunogenicity and 

reactogenicity. However, obtaining the data to train these algorithms is a major bottleneck. 

Therefore, rapid platforms for designing, building, and testing vaccines must be established. In 

this dissertation, we engineered S. cerevisiae for the production of influenza VLP, establishing a 

high-throughput system for vaccine manufacture. In parallel, we developed a new tool to aid in 

characterization and screening of these yeast VLP strains. Finally, we demonstrated the utility of 

CyTOF for performing in-depth characterization of the influenza immune response and developed 

algorithms to automate analysis of large high-dimensional data sets. This work establishes a much-

needed platform for rapid prototyping and evaluation of influenza vaccines.  
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Appendix A: Supplemental Material for Chapter 2 

Figure A.1. Western blot quantification standard curves for Figure 2.1 
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Figure A.2. Trimerization of yeast H1 

 

Western blot of yeast cell lysates of cells expressing H1M1 in comparison to H1 standard 
developed with anti-H1 antibody. 1 OD = 25 million cells. 
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Figure A.3. Western blot quantification standard curves for Figure 2.2 and 2.3 
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Figure A.4.  Western blot quantification standard curves for Figure 2.4 
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Figure A.5. Comparison of FC and his-tagged FC constructs 

 

(A) 10x His tag was placed on the N-terminus of the FC construct right after the signal sequence. 
(B) Western blot analysis of FC and His-tagged FC constructs were indistinguishable from each 
other except for the ability of FC His to be stained with an anti-6xHis antibody. 
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Figure A.6. IMAC quantification of HA 
 
 

 
Quantification of HisFC in different elution fractions during IMAC purification.  
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Figure A.7. Immunoprecipitation of HA pulls down M1 
 
 

 
Immunoprecipitation of detergent solubilized FCM1 VLP with anti-HA antibody pulls down M1, 
indicating colocalization of the two proteins. FCM1 supernatants were diluted 1:1 with 100 mM 
C12E8 detergent for 10 minutes at room temperature. Immunoprecipitation was performed with a 
mouse anti-HA antibody 1:200 dilution at 4°C for 1 hr. Protein G magnetic beads (New England 
Biolabs, Ipswich, MA) were added and incubated for 1 hr 4°C. After washing 3x with PBS, 
samples were resuspended in SDS Page buffer. Samples were analyzed by Western Blot using 
rabbit anti-HA and anti-M1 antibodies followed be goat anti-rabbit alkaline phosphatase secondary 
antibody. 
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Appendix B: Supplemental Material for Chapter 4 

Figure B.1. Aged mice have decreased survival compared to young mice 

 
Young (9 weeks) and aged (76 weeks) C57BL/6 mice were intranasally infected with H1N1 
A/PR/8/34 virus. Young mice were infected 2.4 × 104 plaque forming units (PFU) of virus 
whereas aged were infected with 2.0 × 104 PFU of virus. Despite being infected with a higher 
dose, young mice displayed enhanced survival. 
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Figure B.2. CyTOF antibody panel 
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Figure B.3. Gating scheme 
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Figure B.4. SVM classifier probability threshold 

 
Effect of posterior probability threshold on proportion of rejected cells (left) and validation 
accuracy (right). Red bar indicates the chosen posterior probability threshold of 0.995. 
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Figure B.5. Comparison of SVM classification and manual gating 

 
Confusion matrix comparing SVM classification to manual gating using a 250,000-cell training 
dataset equally sampled from all groups. Overall classification accuracy is 96.4%. 
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Figure B.6. ViSNE marker expression plots 

 
Heatmap of marker expression overlaid on the ViSNE map. ViSNE analysis was performed on 
250,000 cells based on markers colored in blue.  
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Figure B.7. Comparison of HAIC+ frequency and CD45+ frequency 
 

 
No trend is observed between HAIC+ and CD45+ frequencies for either phagocytic cells (purple) 
or non-phagocytic cells (orange). 
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Figure B.8. Comparison of HAIC and HAS expression between young and aged mice. 
 

 
(A) HAIC+ and (B) HAS+ frequencies are not significantly different between young and aged 
mice. (C) Q2/Q3 frequency is not significantly different for any cell subset. (D) Log fold change 
in marker expression between young and aged mice for cells in Q2, Q3, and Q4. Significantly 
different subsets are indicated with a black dot. Data represent mean ± SEM. C57Y D6 n = 10, 
C57A D6 n = 9. Statistical comparisons in (A) and (B) computed by two-sided T test or (C) and 
(D) one-way ANOVA followed by Tukey’s pairwise comparisons with FDR = 10%. 
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B.9 SVM classifier information 

We used linear kernel SVM, as it has been demonstrated that linear decision boundaries 

are sufficient to achieve excellent class separability in CyTOF data.371 Furthermore, linear models 

are less susceptible to overfitting that is often encountered with more complex supervised learners 

such as neural networks. The cleaned dataset was transformed using the inverse hyperbolic sine 

function and normalized to obtain a per-channel mean of 0 and standard deviation of 1. Multiclass 

SVM was implemented as a one-versus-one ensemble of binary SVM classifiers. For each learner, 

one class is positive, another is negative, and the rest are ignored. This design exhausts all 

combinations of class pair assignments for a total of 276 binary learners. To perform inference on 

a new test sample, all learners are queried, and the final prediction is obtained via majority vote. 

In order to identify samples which do not belong to any of the predefined classes, we fitted 

optimal classification score-to-posterior probability transformation functions for each learner.372 

If two classes are perfectly separable, the optimal transformation function is the following step 

function, which transforms the score sj corresponding to observation j to a positive class posterior 

probability 

 

Where !	is the prior probability that an observation is in the positive class and yk are binary class 

labels. If the classes are not separable, the optimal transformation is the sigmoid function 
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where parameters A and B are obtained by Platt’s fitting method, a maximum likelihood technique 

which operates on the same training data used to train the original classifier.372  

 With the optimal score transformation function obtained for each learner, we generated a 

prediction matrix L and a positive class posterior probability matrix P for the 29 million cells in 

our dataset. Both matrices have dimensionality J x K, where J is the number of cells and K is the 

number of binary learners. Final class labels for each cell were obtained by a majority vote of all 

276 binary learners (i.e. column-wise majority of each row in L), and final posterior probabilities 

were obtained by averaging those columns of P corresponding to learners which voted for the 

winning class label. Cells whose posterior probability fell below a threshold were rejected and 

placed in the “Other” class.  We chose a threshold of 0.995, which corresponds to ~7% of cells 

being rejected in our dataset. This threshold is consistent with the empirical observation that 5-

10% of cells were unable to be assigned to a user-defined cell gate.  
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