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Statement of Research 

This thesis marks the culmination of my three-year-long efforts in the Sabeti Lab, at the 

Broad Institute of MIT and Harvard. This project was undertaken in collaboration with the 

National Institutes of Health (NIH), funded by the United States Food and Drug Administration. 

Scientists at the NIH used their Biosafety Level 4 (BSL4) facility to infect nonhuman primates 

(rhesus macaques) with Ebola virus, and collected samples from the primates over the course of 

infection. They began the relevant single-cell RNA-Seq (scRNA-Seq) preparation in their 

facilities, and sent the samples to our lab, where Drs. Aaron Lin, Kayla Barnes, and others, 

completed the scRNA-seq library preparation. My work primarily experimented on these 

libraries. Under the training and guidance of Dr. Lin, I developed and completed the assays 

exploring CRISPR-Cas9 depletion, cell specific PCR, and LCMV transcriptomics. These efforts 

have culminated in co-authorship in a paper to be submitted in the next few days:  

- Single-Cell profiling defines viral and host transcriptional dynamics in Ebola infection. 

Dylan Kotliar, Aaron E. Lin, Kayla G. Barnes, James Logue, David McIlwain, Travis 

Hughes, ​Nadine M. Khoury​, Marc Wadsworth, Garry Nolan, Richard S. Bennett, Alex 

K. Shalek, Lisa E. Hensley, Pardis C. Sabeti. ​Manuscript to be submitted in coming days.  

Aside from the work in this thesis, I have researched two other projects at the Sabeti Lab:  

- Using DNA-RNA hybrid selection to extract and amplify transcriptomes containing 

Ebola virus cDNA, also under the mentorship of Dr. Aaron Lin. 

- Using CRISPR-Cas9 to deplete abundant host background for sequencing infectious 

pathogens, under the mentorship of Mr. Simon Ye.  
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- Abstract 

Recent and current outbreaks of Ebola Virus Disease in West Africa and the Democratic 

Republic of Congo highlight the need to understand the disease and its pathophysiology. 

Single-Cell RNA sequencing (scRNA-seq) is a new development that can deeply characterize 

how the host’s different cell-types modulate their gene expression in response to infection. 

Recently, our lab used scRNA-seq to study how Ebola virus disease attacks host cell machinery, 

the first such study for a Risk Group 4 (RG-4) pathogen. ScRNA-seq was tested on blood 

samples from nonhuman primates infected with Ebola virus, but an adapter artifact from the 

scRNA library preparation over-amplified in many libraries, and reduced the quantity and quality 

of meaningful reads. In this study, I use CRISPR-Cas9 to target and degrade this artifact, leaving 

cDNAs from host genes intact. The CRISPR-Cas9 assays reduced the presence of adapter 

multimers 10-fold on average, with reductions reaching 37-fold​, ​allowing us to sequence over 15 

libraries that failed previously and generate thousands of additional transcriptomes. I then 

developed a “cell specific PCR,” a method aimed at deeply sequencing the transcriptome of a 

specific single cell. This method selectively amplifies transcriptomes of interest by employing 

PCR primers corresponding to a cell’s DNA barcode assigned during scRNA-seq preparation. 

Finally, I began developing models to study other viral hemorrhagic fevers in a lower 

containment setting. In all, this study plays a direct role in improving scRNA-seq data to study 

RG-4 pathogens. By recovering scRNA-libraries and amplifying transcriptomes of interest, we 

help uncover mechanisms used by different cell-types to respond to viral infection, paving the 

way for more effective vaccines, diagnostics, and antiviral medication to prevent and treat tragic 

outbreaks around the world.  
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1. Introduction 

1.1 Ebola Virus Overview 

 
Ebola virus is a negative-sense, single stranded RNA virus in the filovirus family that 

causes Ebola virus disease (EVD), a severe hemorrhagic fever in humans and non-human 

primates ​(Basler 2017)​. During 2013–2016, Ebola spread through West Africa, causing over 

11,000 deaths and 28,000 reported cases ​(WHO, 2015) ​. Though the virus was known to circulate 

in human populations as early as 1976, in December 2013, the virus spread from Guinea to 

Liberia, Sierra Leone, and greater West Africa at an unforeseen rate via sustained human to 

human transmission ​(Gire et al. 2014)​.  

Since the epidemic, scientists have sought to discover the mechanisms of EVD from both 

the viral and host standpoint. While scientists have studied the components of the virus’ structure 

(Nathan et al. 2020)​ and mutations ​(Diehl et al. 2016)​ that contributed to its lethality, equally 

crucial to understanding Ebola’s mechanism of attack is to explore the host cell’s reaction to 

infection. For example, Reynard et al. used RT-qPCR, ELISA, and Magnetic Bead analysis of 

Plasma taken from Guinean patients to demonstrate how EBOV's ability to induce 

overexpression of cytokines can cause an intense immune response characteristic of fatal cases. 

By contrast, patients lacking this “cytokine storm” had a well-balanced immune response and 

survived ​(Basler 2017; Reynard et al. 2019)​. Understanding the regulatory mechanisms our 

immune systems employ in response to Ebola infection can ultimately help indicate which 

systems to target when developing effective treatments and vaccines. 
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1.2 RNA Sequencing Overview 

 
A comprehensive method to analyze cellular activity in response to infection is to 

examine a cell’s ​transcriptome​, which comprises all of the mRNA inside a cell. These mRNAs 

code for proteins that the cell uses to conduct its various functions. The transcriptome reveals 

which genes are transcribed in a cell and to what degree, and can therefore indicate a cell’s state 

or activity.  

Measuring mRNA levels by sequencing (RNA-Seq) provides a snapshot of which genes 

are up- or down-regulated under specific conditions. In the context of infection, activation of the 

immune response can affect ​the expression of hundreds of antiviral genes. Since each cell-type 

can express its own response to infection, scRNA-seq can provide information on ​how each 

antiviral gene is differentially expressed within different cell-types over the course of infection at 

an unprecedented level of precision ​(Cristinelli and Ciuffi 2018)​. 

Performing RNA sequencing can also serve to quantify the copies of viral RNA within a 

transcriptome, a powerful tool in tracking the presence and  progression of infection ​(Zanini et 

al. 2018)​.  RNA sequencing can be accomplished in two ways: Bulk Sequencing and Single-Cell 

Sequencing: 

 

1.2.1 Bulk RNA Sequencing 

Up until recently, to measure mRNA, scientists have relied solely on ​bulk RNA 

sequencing, ​in which thousands of cells are lysed together, and the total the mRNA of all 

sampled cells is sequenced in bulk. This results in average gene expression values for all tested 

cells. Once sequences are obtained, scientists can then map these sequences to known genes and 
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pathways in the organism, thus indicating which genes are actively being expressed within the 

cells. While bulk mRNA sequencing is employed in a variety of different contexts not limited to 

infectious disease, Cross et al. applied bulk sequencing to analyze Ebola infection in rhesus 

macaques, finding that proinflammatory and prothrombotic signaling processes were induced 

upon Ebola infection ​(Cross et al. 2018)​.  

Bulk sequencing provides deep sequences of an entire gene, enabling scientists to 

distinguish between multiple transcript variants of a given gene. Furthermore, bulk sequencing 

allows for higher starting input mRNA, which improves the quality of libraries, decreasing the 

risk of RNA degradation ​(Chen, Ning, and Shi 2019)​. As a result, bulk sequencing’s advantages 

lie in the ability to analyze variants within a gene for novel splicing patterns and transcript 

variants. However, despite these benefits, bulk sequencing prevents scientists from efficiently 

differentiating between the expression levels within different cell-types. For example, bulk 

sequencing may not provide information on a gene’s expression in B cells versus T cells, 

because all cells are lysed together and a pool of all mRNAs are sequenced simultaneously, 

providing general average expression values; in other words, ​heterogeneity​ is not preserved. This 

lack of heterogeneity is a significant drawback, as different cell-types have different functions 

within the body, express different genes to carry out those functions, and can express vastly 

different regulatory responses to infection. As a result, this lack of heterogeneity could result in 

dulling potentially significant regulation signals, preventing scientists from isolating specific 

targets within the body susceptible to infection. 
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1.2.2 Single-Cell RNA Sequencing 

Single-Cell RNA Sequencing (scRNA-seq)​ is a novel development that has provided an 

opportunity to characterize ​each individual cell’s​ transcriptome, rather than pooling all cells to 

produce average values. In doing so, scRNA-seq preserves the heterogeneity in gene expression 

across cells (Figure 1). For example, unlike bulk sequencing, scRNA-seq can separate B cells 

and T cells, thus helping scientists explore biological differences between the cells after infection 

(Waickman et al. 2019; Choi and Kim 2019)​. Furthermore, by counting the copies of viral 

transcripts within a host cell’s transcriptome, scRNA-seq can allow scientists to detect which 

cells are infected with a virus and to what extent. Unlike bulk seq, scRNA-seq only generates a 

portion of the transcript, since its main aim is to identify and count genes, a process that does not 

require the full sequence of the transcript. Specifically, scRNA-seq provides low-depth 

sequences of transcripts’ 3’end, which in turn can only confirm the presence and identity of 

transcripts corresponding to a given gene ​(Hwang, Lee, and Bang 2018)​. 

However, scRNA-seq preparation is typically harder and less cost-effective than bulk 

RNAseq. While bulk sequencing is cost-effective and can be easily transported in and out of 

Biosafety Level 4 facilities, scRNA-seq poses logistical challenges when applied to RG-4 

pathogens such as Ebola virus. These challenges stem from the specific devices typically 

required to complete scRNA-seq preparation methods. For example, existing effective 

scRNA-seq methods such as 10X, Drop-Seq, and inDrops all require microfluidic devices and 

droplet generators, posing challenges for manufacturing and transporting samples, since the 

devices themselves cannot leave the given BSL4 facility ​(Macosko et al. 2015)​ ​(Klein and 

Macosko 2017) ​ ​(Zilionis et al. 2017)​. Furthermore, since the cells must remain intact during 
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transport, scientists cannot use harsh inactivating chemicals when transporting samples to and 

from BSL4 facilities. To address these challenges, Gierahn et al. recently presented SeqWell, a 

novel method to sequence single cells in a portable and cost-efficient manner ​(Gierahn et al. 

2017) ​. By sealing single cells within a microarray of microscopic wells with semipermeable 

membranes (with each well containing one cell), Gierahn et al. increase the efficiency and range 

of scRNA-seq capabilities, opening the door for unforeseen applications within high-risk or 

under-resourced environments. 

 

 

 
 
Figure 1: Bulk versus Single-Cell RNA Sequencing 
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1.3 Single-Cell RNA Sequencing Workflow 

 
 Since the Ebola virus is a lethal pathogen that requires Biosafety Level 4 containment, 

the first portion of the single-cell sequencing process is completed at the National Institutes of 

Health (NIH). 

 The process commences with a glass slide containing a small microarray of wells. Special 

spherical polymer beads containing unique DNA barcodes are washed over the microarray. The 

beads are sized such that one bead fits in each well ​(Gierahn et al. 2017)​. When harvesting blood 

from the infected nonhuman primates, researchers purify the immune cells by centrifugation. 

After scientists extract the immune cells they use a microscope to count the number of cells 

present and then dilute them such that the number of cells is approximately one tenth the number 

of wells in the microarray. The user then loads the cells onto the array. The dilution helps ensure 

that each well does not contain more than one cell (doublets). Doublets distort the results of 

single-cell sequencing; if one well contains two cells, scRNA-seq analysis would report this data 

as a single cell’s transcriptome, when the well actually reflects the expression profiles of two 

separate cells. Conflating two transcriptomes for one during analysis can lead to contradictory or 

inaccurate results ​(Hwang, Lee, and Bang 2018; McGinnis, Murrow, and Gartner 2019)​. 

 Each bead is connected to a large array of primers. Each of these primers is comprised of 

a universal adapter named SeqB (that serves as a handle for PCR), a cell barcode, a transcript 

barcode, and an oligo polyT sequence (which helps anneal the polyA tail on mRNAs to the bead) 

(Figure 2). The cell barcode is common for all primers on a given bead, but differs across 

different beads. This approach allows us to identify each individual cell, since each well ideally 

contains one bead and one cell ​(Gierahn et al. 2017)​. The transcript barcode is different for each 
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primer on a given bead, thus identifying each individual transcript (to prevent double counting of 

transcripts, which would inflate expression values)  ​(Gierahn et al. 2017)​.  

 

 
Figure 2: Visual Summary of the extraction of single cells’ transcriptomes ​ (Lin, AE) 
 
 

The user then washes the array with a high concentration of guanidinium, which 

denatures proteins, lyses the single cells, and releases the mRNA (the transcriptome). This 

released mRNA can then bind its polyA tail with the oligo dT sequence on the end of the bead’s 

primer (Gierahn et al. 2017). Ideally, one mRNA sequence attaches to one primer, such that the 

bead is populated with all the mRNAs of a transcriptome. 

Then, Reverse Transcription (RT) elongates along the transcript to produce a double 

stranded sequence. Once RT reaches the end of the template, it generates an oligo dC sequence. 

At the end of this RT step, a phenomenon known as “template switching” occurs. Scientists add 

an additional oligo (3’ GGG-SeqB 5’), which then anneals onto the oligo dC generated at the end 

of RT. At this point, RT then elongates the ​transcript​ in accordance with the GGG-SeqB 

sequence, which now serves as the template, hence the term “template switching” (because the 

RT template starts as the mRNA and then switches to GGG-SeqB). The SeqB sequence also 
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serves as the PCR handle attached to the bead; as a result, the SeqB oligo ends up on both sides 

of the cDNA attached to the bead (see Figure 3). 

 This product (at the end of Step 2 in Figure 3) is sent to our lab, where we finish the 

sequencing preparation. The RNA on the transcriptome hybrid and the original GGG-SeqB 

template are then degraded, leaving the reverse-transcript cDNA attached to the replicated 

GGG-SeqB sequence ​(Gierahn et al. 2017)​. Now all the material is single stranded cDNA. We 

then perform second strand synthesis to generate a complementary DNA strand, resulting in 

double stranded cDNA, with the 5’ end attached to the bead (see Figure 3). 

 

 
Figure 3: Visual representation of Template Switch and transcriptome amplification process ​ (Lin, AE) 
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Following the template switching step, the cDNA is now flanked by the SeqB sequence 

on either side. As a result, scientists can amplify the pooled transcriptome using one copy of the 

SeqB primer, which anneals onto both ends of the cDNA. This is a benefit to the template 

switching step during RT; template switching allows for a single common primer to be used 

during amplification rather than two ​(Wulf et al. 2019)​. The results of this step consist of an 

amplified number of double stranded cDNAs, each containing a PCR handle (SeqB), barcodes, 

transcript, and the GGG-SeqB oligo.  

 The DNA product after amplification spans approximately one to two kilobases, which is 

too long for short-read sequencers such as Illumina. The Nextera kit’s Tn5 Transposase enzyme 

solves this problem by making a single cut at a random site in each dsDNA and adding its 

specific transposon sequence ​(Ran et al. 2015)​. 

 During Nextera PCR, a primer containing the P5 end attached to a SeqB oligo anneals to 

the SeqB sequence on the 3’ end of the dsDNAs (see Figure 4). This primer does not attach to 

the 5’ SeqB sequence, as the P5 ends in an ‘AC’ sequence, which will not anneal with the 5’ end 

of the cDNA. The Nextera P7 reverse primer then anneals to the transposon sequence that was 

attached earlier. The resulting segments will span the PCR handle and barcodes as well as a 

random portion of the transcriptome. We only need a portion of the transcript (not all) since we 

merely seek to identify the gene (by its geneID) and count it, which does not require a 

comprehensive sequence. We use this portion of the transcript to identify the corresponding gene 

using mapping software. Then, we calculate the frequency of each gene per cell and infer which 

amplified genes produce a unique expression profile and are differentially expressed in infected 

cells.  
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Figure 4: Visual representation of Nextera library preparation after isolating the dsDNA transcriptome ​(Lin, 
AE) 
 
 
1.4 Challenges and Areas of Improvement in scRNA-Seq 

 
1.4.1 ‘SeqB’ Over Amplification 

While a powerful technology, scRNA-seq comes with a number of challenges, 

particularly in the Biosafety Level 4 setting required for this study. In particular, when blood 

samples from nonhuman primates infected with Ebola underwent scRNA-seq, Illumina 

sequencing generated a mere 20% of the expected 3.7 billion reads. Upon further examination, 

our lab discovered a short 17-base long artifact of the scRNA-seq preparation (SeqB) had over 
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amplified, producing multimers, and affecting the quality of the entire sequencing run. This 

obstacle could have stemmed from either low quantity of the original RNA, and/or RNA 

degradation due to transport of samples and RNA instability. Regardless, this apparent 

amplification generated excessive amounts of SeqB multimers, interfering with our lab’s ability 

to extract meaningful information from the valuable transcriptomes collected during this 

high-risk study. I address this problem of SeqB over amplification in Chapter 2 of this thesis, 

where I detail our efforts to deplete the SeqB multimer using CRISPR-Cas9. 

 

1.4.2 Deep Sequencing of a Specific Transcriptome of Interest 

Another area of growth within the field of scRNA-seq lies in amplifying the 

transcriptome of a specific cell of interest. For example, if a specific cell exhibits an interesting 

or abnormal genetic profile, scientists hoping to further examine this cell with scRNA-seq would 

undertake a large-scale NovaSeq run, which requires large amounts of input DNA and is time 

consuming. Scientists could potentially obtain the same valuable information from a single cell 

from a smaller-scale MiSeq run that does not necessarily consume the resources of the NovaSeq 

(the machine currently employed to sequence most scRNA-seq assays). As a result, 

transcriptomics studies would benefit greatly from the ability to isolate and deeply sequence the 

transcriptome of a single cell of interest. In Chapter 3, I address this area of growth, detailing our 

efforts to develop a “cell specific PCR” to selectively amplify and sequence a single 

transcriptome of interest within a pool of cell transcriptomes. 
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1.5 Problem Statement and Research Objectives 

 
In this project, researchers at the National Institutes of Health (NIH) infected rhesus 

macaques with Ebola virus, and extracted from blood and tissues at various time points. Blood 

samples from these infected nonhuman primates then underwent single-cell RNA sequencing in 

our lab.  

In collaboration with the researchers at NIH, who conducted the relevant BSL4 work in 

their Bethesda, Maryland facility, this project aims to elucidate the ways different cell-types 

modulate their gene expression levels in response to Ebola virus infection over time. The specific 

aims of my thesis are to design and implement original molecular and quantitative methods to: 

1) Deplete SeqB multimer contamination using CRISPR-Cas9 (Chapter 2) 

2) Selectively amplify and sequence the transcriptome of a single cell of interest by 

designing a cell specific PCR (Chapter 3) 

I then use cell-culture to explore new applications of scRNA-seq through a study of lymphocytic 

choriomeningitis virus (LCMV), an arenavirus containing four genes that can be easily isolated 

and co-expressed within the confines of a BSL2 facility (Chapter 4). 
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2. Using CRISPR-Cas9 to Deplete Abundant Multimers for scRNA-Seq 

 
2.1 Introduction 

 
2.1.1 Multimer ‘SeqB’ Contamination 

Sequencing the initial samples prepared by the standard scRNA-seq protocol resulted in 

low-yield sequencing runs, generating a mere 750 million reads, 20% of the expected 3.7 billion 

reads normally generated. This yield is not enough to interpret the results of over 60 samples, 

each with thousands of cells containing its own transcriptome. Upon further examination, we 

discovered that this low yield was due to an overamplification of the adapter sequence “SeqB.” 

We observed overwhelming amounts of SeqB multimers in a number of reads, one of which is 

depicted in Figure 5. 

 

 

Figure 5: Schematic of a read that is contaminated with the SeqB multimer  
As seen above, the entire read contains SeqB copies (blue) and not much other genetic information; it does not 
provide any transcriptome information and can interfere with our ability to obtain useful reads. This is an example of 
the type of sequence we aim to deplete with CRISPR-Cas9.  
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This SeqB multimer issue places a heavy burden on our sequencing efforts. Firstly, the 

amplified multimers overwhelm the sample, leading to the sequencer generating many reads that 

reflect the multimer, rather than meaningful transcriptome sequences. Secondly, multimers can 

cause malfunctions in the sequencer, which can disrupt the quality of useful reads (containing the 

transcriptome) during the sequencing run, and in many cases, lead to machine crashes. The 

machines experience these complications in the presence of multimers because Illumina 

sequencing relies on a primer adding one base to each read and taking photographs of 

fluorescence across the flow cell (to which DNAs are attached) ​(Wulf et al. 2019; “What Is the 

Illumina Method of DNA Sequencing?” 2014)​. If a given read contains many copies of this SeqB 

sequence, and the sequencing primer anneals to the same SeqB sequence, the primer will attach 

onto the same DNA at multiple points and add many bases instead of one. Consequently, adding 

multiple bases at a single site causes a drastic increase in light intensity, resulting in a large spot 

on the resulting sequencing image taken by the sequencing machine. The camera tries to tune its 

settings, normalizing to this increased intensity, which then severely decreases the intensity of 

non-SeqB-multimer reads (transcriptome sequences) where the sequencing primer only annealed 

once. This severely decreases the quality of the run, yielding little useful information. 

The appearance of SeqB multimers could be due to a number of issues detailed below:  

1. Low Input or Low Quality RNA:​ If the number of cells is too low or the RNA 

quality is not reliable from the start, genetic noise within the sample can amplify 

during PCR. Specifically, low input or low quality RNA can cause a relative 

excess of the SeqB sequence within the sample. This excess SeqB can 

subsequently overamplify. This continuous amplification could lead to the 
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generation of excessive SeqB, the sequence that anneals to a PCR primer used in 

the library preparation method. 

2. Hairpin Formation and Excess SeqB​: After RT and template switching, when we 

add the second SeqB sequence onto the 5’ end, it is possible that the SeqB on 

each end could fold into a hairpin. It would not anneal perfectly, allowing a part 

of the 5’ SeqB to be exposed (Figure 6). During PCR, the first SeqB could be 

amplified. Since the primers are also composed of SeqB, SeqB could be priming 

on itself during the PCR annealing phase and elongating on itself to the multimers 

that we have observed.  

 

 

Figure 6: Potential hairpin formation in a cDNA that could give rise to the observed SeqB multimers 

 

2.1.2 CRISPR-Cas9 

 A possible approach to solving the multimer contamination issue is to ensure that no 

multimers enter the sequencer. We implemented a CRISPR-Cas9 assay, or DASH (Depletion of 

Abundant Sequences by Hybridization) to address this issue. 
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The CRISPR-Cas9 complex consists of a guide RNA (sgRNA) attached to a Cas9 cutting 

protein. The sgRNA contains a spacer region, which anneals to the DNA target, as well as a 

scaffold, which attaches to the Cas9 protein. A protospacer adjacent motif (PAM) site in the 

template DNA is also required. The Cas9 recognizes the PAM site and starts scanning the 5’ end 

to see if it is complementary to the sgRNA ​(Gu et al. 2016)​. If it is, the cutting of the Cas9 is 

activated, which allows the Cas9 to cleave the template at the desired location (Figure 7). 

 
Figure 7:  Visual representation mapping template DNA with the Cas9 cut site, PAM, and restriction enzyme 
cut site ​(Lin, AE) 
  

The 23 base-long SeqB sequence contains a PAM site recognized by ​Staphylococcus 

aureus ​ Cas9 (SaCAS9, PAM: 5’ NNGRRT 3’) ​(Tang et al., 2018)​. By designing custom guide 

RNAs annealing to the SeqB sequence, we can design an assay in which the CRISPR-Cas9 

selectively cleaves dsDNAs containing the SeqB multimers at their many locations. Since this 

method would digest the multimers into small pieces, a simple cleanup would filter out the 

multimers, leaving the high-quality longer strands intact. Since the Cas9 cleaves the 3’ end 

containing SeqB and required P5 end for sequencing, we subsequently reattach a new P5 end to 

restore the required sequencing end. 

 

 

23 

https://paperpile.com/c/RMZ9vh/1qaKd
https://paperpile.com/c/RMZ9vh/Sh1NC


 

2.2 Materials and Methods 

 
2.2.1 Synthesizing SeqB sgRNAs and DNA test substrates for Depletion of Abundant 

Sequences by Hybridization (DASH) 

The 23-base SeqB adapter lacks the requisite 5'-NGG-3' protospacer adjacent motif 

(PAM) of the commonly used ​Streptococcus pyogenes​ Cas9 (SpyCas9), but contains the 

5'-NNGRRT-3' PAM corresponding to ​Staphylococcus aureus​ Cas9 (SauCas9) ​(Tang et al., 

2018) ​. We designed a single guide RNA (sgRNA) targeting all 17 bases of SeqB adjacent to the 

six-base SauCas9 PAM. We prepended the sgRNA with four random bases and the first 'G' 

transcribed by T7 RNA polymerase during ​in vitro​ transcription (IVT), since short SauCas9 

spacers have decreased cutting efficiency ​(Tycko et al. 2018)​. For our negative controls, we 

designed three sgRNA spacers containing either a scrambled sequence (based on GenScript's 

Sequence Scramble tool), a negative control sequence (based on IDT's Negative Control 

DsiRNA), or an enhanced green fluorescent protein sequence (based on IDT's EGFP-S1 

DsiRNA).  

 To produce these sgRNAs, we ordered custom Gene Fragments (gBlocks) from IDT 

containing the spacer and SauCas9 scaffold sequences, cloned these gBlocks into plasmids and 

performed Sanger sequencing (Genewiz, South Plainfield, NJ) to ensure the absence of 

mutations. We generated linear IVT template DNA by PCR, using a forward primer that 

included the T7 RNA polymerase promoter, 0–4 random bases, the spacer sequence, and a 

reverse primer that annealed to the SaCas9 scaffold. We gel purified IVT template DNA, 

followed by 2.0X SPRI cleanup to remove residual guanidinium. 
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We then performed IVT using the MEGAshortscript T7 Transcription kit (Thermo Fisher 

Scientific, Waltham, MA) following the manufacturer's protocol, with the addition of 10U 

SUPERase-In RNase Inhibitor, at 37 °C for 16 hours. We purified sgRNAs using the RNA Clean 

& Concentrate Kit (Zymo, Irvine, CA) and verified the correct sgRNA length on a 15% 

TBE-urea gel (Thermo Fisher Scientific, Waltham, MA) stained with 1X SYBR Gold (Thermo 

Fisher Scientific, Waltham, MA).  

 As positive and negative controls, we cloned individual reads from library 

RA1639.D005.fresh.a1.std ( ~30% multimer content) into plasmids grown in ​recA-​ Endura 

Chemically Competent cells (Lucigen, Middleton, WI) to avoid rejection of SeqB multimers. We 

verified each sequence by Sanger sequencing (Genewiz, South Plainfield, NJ) and selected one 

pure cDNA read and one contaminated SeqB multimer read for testing. See Table 1 for the 

candidate control reads and their respective multimer content. We generated linear DNA by PCR 

with the Illumina P7 and P5 primers, gel purified, then SPRI purified each test DNA.  
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Read (#) Length (bp) SeqB count (#) 

1 435 10 

2 524 12 

3 826 1 

4 634 1 

5 223 2 

6 357 1 

7 516 2 

8 477 11 

9 372 1 

10 371 1 

11 403 10 

12 350 1 

 
Table 1: Candidate template reads for the depletion experiment and their respective number of SeqB 
multimer repeats  
In our preliminary testing, we used Templates 4, 9 and 11 for the depletion. Templates 4 and 9 represent a pure and 
uncontaminated template, with only one SeqB copy, and Template 11 represents a problematic adapter multimer we 
hope to deplete, containing 10 copies in a 400-base-long sequence. The restriction digest used Templates 2, 4, 9, 11, 
12, and 12 no Bts ​ɑ​I  cut site (not listed in table, discussed below). 
 
 
2.2.2 Restriction Enzyme Validation 

Before testing the Cas9 depletion, we tested the cutting of SeqB multimers using 

Restriction Enzyme (RE) digestion as a proof-of-concept. REs are single-subunit enzymes that 

serve as the gold standard for highly efficient and sequence-specific digestion. Therefore, we 

used RE digest as a benchmark for our new method. 
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The SeqB sequence contains a RE cut site for the enzyme Bts​ɑ​I (Figure 6). Like most 

REs, Bts​ɑ​I recognizes a six-base pair sequence, which occurs at a probability of 0.024% (1/4096) 

in random sequence. Indeed, by chance, one of the cDNA templates we used (Template 12, 

Table 1) also contained an internal Bts​ɑ​I RE site within its cDNA sequence. To verify that Bts​ɑ​I 

was cutting specifically, we performed site-directed mutagenesis to create an alternate Template 

12 that did not contain the internal Bts​ɑ​I  RE site (called ‘12 noBts​ɑ​I ). Testing the digest on the 

template without the internal Bts​ɑ​I  cut site would allow us to directly compare cutting efficiency 

between two templates with and without the cut site (Figure 8).  

We digested 100ng of each template with 10U of Bts​ɑ​I enzyme (1µL 10,000U/mL) in 1X 

CutSmart buffer at 55˚C for 2 hours. We then added 10µL EDTA followed by a 0.8X SPRI with 

a 10µL elution. Finally, we performed qPCR to measure the rate at which templates reamplified. 

Since the enzyme cuts a part of the SeqB fragment, we ran the qPCR using Illumina P7 primer 

with a P5 primer attached to the remaining SeqB fragment with thermocycling conditions: 98˚C 

30 seconds; and 12 cycles of 98˚C 10 seconds, 50˚C 30 seconds, and 72˚C 15 seconds. 
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Figure 8: Visual representation of expected restriction enzyme cutting for various templates 
The bottom template represents Template 12, which contains a secondary Bts ​ɑ​I  cut site outside of the SeqB 
sequence at the end. The middle template represents a useful transcriptome with only one copy of SeqB. The top 
template represents an adapter multimer. Because the top template contains many copies of SeqB, the RE is 
expected to cut at each site, digesting the template into small pieces (Lin, AE). 
 
 
2.2.3 DASH optimized for S. aureus Cas9 

We followed the SauCas9 digestion conditions listed in ​(Kaur, n.d.; Biolabs and New 

England Biolabs, n.d.)​, except that we used an increased sgRNA:SauCas9:DNA ratio because 

each SeqB DNA multimer contained multiple copies of the SeqB target sequence. We first 

incubated 5 pmol SauCas9 and 10 pmol sgRNA in 1.05X NEBuffer 3.1 at 25 °C for 10 min. To 

start the digestion reaction, we then added 5 fmol of DNA library (molar ratio of 2000:1000:1 

sgRNA:SauCas9:DNA) for a final volume of 20 µL and incubated the mixture at 37 ˚C for 2 

hours. We quenched the reaction by adding a final concentration of 50 µM EDTA, 1% SDS, and 
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0.1 U/µL Proteinase K. To remove short, digested fragments, we performed two 0.8X SPRI 

cleanups using AmpureXP beads (Beckman Coulter, Brea, CA).  

Digesting SeqB also removes the Illumina P5 sequence from non-multimer, proper 

cDNAs; therefore, we reattached P5 by PCR using a primer that anneals to the remaining SeqB 

fragment and contains an overhang with the P5 sequence: We performed PCR using NEB Next 

Ultra II Q5 Master Mix (New England Biolabs, Ipswich, MA) and thermocycling conditions: 

98˚C 30 sec; 12 cycles of 98˚C 10 sec, 50˚C 30 sec, 72˚C 15 sec, followed by a 0.8X SPRI 

purification. 

During initial testing, we visualized the results of this depletion using quantitative PCR 

(qPCR) as well as tapestation, a method that separates dsDNA bound to dye by size through 

electrophoresis within small capillaries stored in a “tape.” When performing the depletion on 

experimental samples (coming directly from contaminated nonhuman primate libraries), we 

quantified and pooled the libraries for subsequent sequencing. 

 

2.2.4 Computational Analysis Methods 

To interpret the sequencing results, I used jupyter Python notebook and Matlab. Upon 

gathering the sequencing data, I wrote methods to extract sequences from fastq files and 

determine the proportion of reads with multimer contamination. I then refined my code to 

account for single nucleotide polymorphisms that would not directly match the SeqB multimer 

sequence but were nonetheless contaminated. To visualize our results, I then created a program 

that could visually label the SeqB multimer, mutated SeqB, polyA tail, and terminating sequence 

in each read by replacing the sequence with a user-friendly label. This labeling method allows us 
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to interpret our results in a sequence specific manner, allowing the naked eye to visualize 

multimer placement with respect to the predicted structure of the read. The full code can be 

found in the appendix at the end of this report. 

 

2.3 Results 

 
2.3.1 Preliminary Depletion Testing 

When generating our DNA control libraries for testing, we selected three control 

templates to test from the reads listed in Table 1: Template 4, Template 9, and Template 11. 

After Sanger sequencing, we verified that Templates 4 and 9 contained only one copy of the 

SeqB sequence, and thus represented the “pure” control samples in our depletion tests. Template 

11, on the other hand, consisted entirely of SeqB multimers (10 copies, as seen in Table 1), and 

thus represented the fully contaminated control. Consequently, a successful depletion would 

allow Template 9 to remain intact and appear similarly before and after depletion, while fully 

digesting Template 11 to show negligible content after depletion.  

The preliminary CRISPR-Cas9 depletion tests were successful in that they reduced the 

concentration of the multimer template without severely affecting the template lacking the 

multimer (Figure 9). Figures 9A and B, showing the qPCR after the reactions on Template 11 

(containing many SeqB multimers) shows a clear difference in quantity between samples that 

underwent the depletion and samples that did not. Meanwhile, Template 9 (which only had one 

SeqB copy) showed little difference in the amplification plots of depleted and undepleted 

samples. This shows that the CRISPR-Cas9 reaction does, in fact, selectively degrade the 
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multimers to some extent. Furthermore, we sought to explore whether the efficiency of Cas9 is 

dependent on the length of sgRNA. As a result, we added zero to four extra bases to the SeqB 

sgRNA spacer sequence and tested the various lengths in our depletion reaction. The data shows 

little difference between the zero and four-base-long random add-ons to the sgRNA (named 0N 

and 4N). In Figure 9C, we can confirm once again that the depletion can effectively eradicate 

solutions with 100% multimer. Furthermore, by creating various mixes of Template 11 and 

Template 9, we generated test libraries containing an intermediate percentage of multimer (25% 

and 50%), and tested the depletion (Figure 9C). As the percent multimer increases, the bands 

become thinner, as expected. 4N sgRNA seems to produce slightly thicker bands than 0N, which 

may imply the ability to preserve more of the pure sample. 
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A       B 

 
C 

  
Figure 9: Comparing the CRISPR-Cas9 depletion on pure versus contaminated control templates using 
various sgRNA lengths  

(A) Depletion on Template 9 (uncontaminated control). (B) Depletion on Template 11 (contaminated control)​ ​(C) 
Using tapestation to test additional varied concentrations of multimer template (Template 11, 403 bp and lower; 
Template 4, 634 bp) alongside varying sgRNA lengths (0N and 4N add-ons).  
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We then tested specific sgRNA controls to ensure that our assay was sequence-specific. 

We generated three different sgRNA controls, each with a specific purpose: 

1. “Scrambled” sgRNA: This sequence consists of the normal SeqB sgRNA 

sequence but in randomized order. This control preserves nucleotide content 

(same percent GC) and ensures that the depletion does not target SeqB. However, 

there is no guarantee that it does not target any other sequence in our assay. 

2.  “GFP” sgRNA: This sequence targets GFP. Unlike the scrambled sgRNA, we 

can ensure that this sgRNA sequence does not target any sequences in rhesus 

macaque. 

3. “Negative Control” sgRNA (NC): This sgRNA serves as a targeting control; it is 

designed by IDT not to target any sequence in human, mouse, or rat.  

As expected, the SeqB sgRNA left the pure sample (0% lane) fully intact with a thick band while 

depleting the other solutions containing multimers. The control guides also performed as 

expected (Figure 10). For Scrambled, GFP, and Negative Control sgRNA sequences, the 0% 

multimer remained fully intact, and the thickness of the pure product’s band decreased as percent 

multimer increased. Simultaneously, as SeqB multimer content increased, the thin undigested 

bands began to appear for all control guides, while appearing in very low quantities within the 

product containing experimental sgRNA targeting SeqB, as expected.  

We then optimized the depletion assay, testing various run-times and SeqB sgRNA 

concentrations. The tapestation in Figure 11 suggests that all assays were able to effectively 

deplete the multimer samples, though the long and high concentration run proved most efficient 

in clearing Template 11’s multimers, and only exhibited bands corresponding to Template 9.  
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Figure 10: Testing Depletion with sgRNA controls 
Tapestation (electrophoresis through capillaries that separate dsDNA by size) results from the depletion test against 
control sgRNAs at varying multimer concentrations (percent). As expected, Template 4 is preserved at 634 bp in all 
assays, while Template 11 is absent in depleted samples, and undigested in control sgRNAs (403bp and lower). 
 

 
Figure 11: Depletion Reaction optimization results 
“Mult.” refers to a contaminated sample (Template 11) containing excess SeqB copies (403 bp and lower), “Pure” 
refers to an uncontaminated library (Template 9) containing only one SeqB copy (372 bp). “Low” and “High” refer 
to sgRNA concentrations (High: 2000:1000:1 sgRNA:SauCas9:DNA, Low: 100-fold RNA and Cas9 dilution 
relative to DNA). Incubation time refers to the duration that the Cas9 was left to deplete the sample.  
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2.3.2 Restriction Enzyme (RE) Validation 

The RE digest was successful, selectively cutting regions containing Bts​ɑ​I, while leaving 

other regions intact, as seen in Figure 12. Templates that only contained one copy of the SeqB 

sequence displayed similar amplification plots with and without the restriction enzyme 

(Templates 4, 12 noBts​ɑ​I, and 9 – Figures 12A, 12B, and 12E). Templates with many SeqB 

multimers exhibited sharp differences when exposed to the REs as compared to uncut 

(Templates 2 and 11 – Figures 12D and 12F). When comparing Template 12’s digest with the 

digest of Template 12 without the second Bts​ɑ​I cut site (Figures 12B and C), the RE made the 

additional cut to the template containing the Bts​ɑ​I cut site, resulting in the shifted curve 

(representing a smaller quantity). These results verify the ability to accomplish specific cutting 

and digestion targeted at sites that match a region of the SeqB sequence, and serve as a point of 

reference when evaluating the results of the test CRISPR-Cas9 depletion reactions. By 

comparing the depletion results to the RE digest, we can gain insight into the efficiency and 

effectiveness of the CRISPR-Cas9 cutting, relative to our verified RE digest method. 
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E F 

 
Figure 12: Restriction Enzyme Validation Assays 
(A) qPCR Amplification plot for Template 4 with and without restriction digestion. Red curves represent the uncut 
samples and green curves represent the cut samples. There are two curves per color because duplicates were tested. 
(B) qPCR Amplification plot for Template 12 not containing the second Bts ​ɑ​I site, with and without restriction 
digestion. Red curves represent the uncut samples and green represent the cut samples. (C) qPCR Amplification plot 
for Template 12 containing the second cut site with and without restriction digestion. Red curves represent the uncut 
samples and green curves represent the cut samples. (D) qPCR Amplification plot for Template 11 with and without 
restriction digestion. Red curves represent the uncut samples and green curves represent the cut samples. (E) qPCR 
Amplification plot for Template 9 with and without restriction digestion. Red curves represent the uncut samples 
and green curves represent the cut samples. (F) qPCR Amplification plot for Template 2 with and without restriction 
digestion. Red curves represent the uncut samples and green curves represent the cut samples.  
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2.3.3 Depletion on Experimental Samples 

Having confirmed the depletion viability on control libraries, we ran the depletion on 48 

samples coming directly from nonhuman primates infected with Ebola. The samples we chose 

had previously displayed high amounts of SeqB multimer contamination, similar to that of 

contaminated test libraries. The sequencing results of the depletion show that for the majority of 

contaminated experimental libraries, the multimer was effectively eliminated. In fact, on 

average, multimer quantity decreased 10-fold on average, with one sample surpassing a 36-fold 

reduction. However, five samples (bolded in Table 2) showed very little reduction in their 

multimer content. Further analysis showed that samples with a higher amount of initial multimer 

content, exhibit less efficient depletion (Figure 13A). This suggests that very high multimer 

content could be the result of low levels of input RNA, leading to low amounts of cDNA 

template undergoing scRNA-seq library preparation. To explore why a select few libraries did 

not deplete as effectively, I computationally examined a contaminated sample that did not exhibit 

a promising level of depletion and compared it to a pure, uncontaminated experimental sample. 

This comparison served to provide a more detailed break-down of the reads from each sample, 

which could provide insight in determining the cause of the depletion inefficiencies. I first 

performed initial calculations of percent multimer present in each sample, and validated them 

with the corresponding values provided by the sequencing software. However, I also designed a 

program that would detect the presence of sequences that matched SeqB allowing for 1 SNP, 

allowing us to account for underestimates of multiple percentages due to slight deviations from a 

perfect SeqB match. This recalculation increased the percent multimer present from 85 to 93% 

(Figure 13B). Consequently, this high percentage could be indicative of a sample with little to no 
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initial template to begin with, allowing the multimer to completely encompass the sample, 

leading to the unexpectedly low depletion rates observed. 

 

A 
Percent Multimer Pre Depletion Percent Multimer Post Depletion Fold Reduction (Pre/Post) 

25.419 2.443 10.402 

22.979 3.445 6.700 

13.659 1.454 9.391 

27.232 0.740 36.780 
28.557 7.529 3.793 

45.916 46.498 0.987 
46.035 22.728 2.025 
21.527 1.871 11.504 

34.909 3.459 10.092 

18.389 1.281 14.356 

10.100 0.319 31.624 

33.599 1.952 17.209 

15.746 1.001 15.728 

17.668 1.100 16.124 

32.256 2.995 10.770 

19.314 1.761 10.967 

45.916 43.135 1.064 
40.808 26.096 1.564 
45.378 30.340 1.496 
38.616 8.171 4.726 

46.035 12.840 3.585 

44.089 10.137 4.349 

39.433 8.075 4.883 

 MEAN FOLD REDUCTION: 10.004 
Table 2: Fold reduction table for each depleted sample 
Bolded rows represent samples that did not deplete as effectively (two-fold reduction and below). Underlined rows 
represent samples that depleted exceptionally effectively. 
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Figure 13: Examining reductions in Multimer contamination within experimental scRNA-Seq Libraries 
before and after CRISPR depletion 
(A) Fold Reduction in Multimer After Depletion versus Original Multimer Percentage. (B) Calculating multimer 
concentrations accounting for 1 SNP. 
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2.4 Discussion 

 
The results above exhibit optimized testing conditions, detailed control testing, and a 

successful attempt to deplete abundant multimers in contaminated libraries. The results show that 

on average, the CRISPR-Cas9 depletion reduced multimer concentration by over 10-fold. 

However, while the majority of contaminated libraries were effectively purified, five libraries 

showed little to no decrease in multimer percentage after depletion. This poses a unique 

conundrum: Why would most of the libraries deplete as expected, and yet a small subset shows 

little depletion? The libraries that showed less depletion tended to have a very high percentage of 

multimer in the original library. As the original multimer percentage increased, the depletion 

efficiency decreased. One hypothesis to explain this result is that the library had low quantity and 

quality DNA to begin with. It could be that a very low quantity and quality sample made it into 

the SeqWell preparation; as a result, since there is very little DNA template entering the 

scRNA-seq library preparation, SeqB could multimerize and subsequently amplify upon itself. 

The specific mechanism might be at the template switch phase (described in background), which 

could involve the addition of many units of SeqB onto the end of the DNA. To explore this 

further, we seek to examine specific sequences and their structural makeup in the future, which 

could potentially inform how these multimers arose in the first place.  

Our success in depleting multimer contamination has broad implications that extend 

beyond the specific SeqWell preparation method. Users could potentially apply this method to a 

wide range of experiments in which over-amplified multimers have contaminated cDNA 

libraries. Furthermore, the results of our work could potentially inform scientists using 

droplet-based approaches to scRNA-seq. For example, a common issue is the “empty droplet” 
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problem, in which it may be difficult to differentiate between a noisy or abnormal transcriptome 

due to an “empty droplet” (no input), and excessive contamination of a droplet that did contain 

input RNA ​(Lun et al. 2019)​. Our results suggest that depletion of contaminant multimers could 

help solve this issue; The depletion may preserve transcriptomes that might have been 

contaminated, while droplets with no input would maintain noise after depletion. 

Overall, this experimental success marks a newfound ability to preserve valuable 

sequencing libraries that may have experienced contamination during the rigorous scRNA-seq 

library preparation, and may expand past the realm of the specific SeqWell workflow. 

Furthermore, in preserving over 15 libraries that had failed previously, we employed this 

depletion to sequence over 1000 additional transcriptomes. We are now using this newly 

generated data to produce a deeper, and more comprehensive analysis of cell specific responses 

to Ebola virus infection, an exploration that has grand implications in future outbreak prevention 

and response.  
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3. Designing a Cell Specific PCR to Amplify the Transcriptome of a 
Single Cell 
 
3.1 Introduction 

 
scRNA-seq has become a commonplace effort in profiling the transcriptomes of 

thousands of single cells. As described in Section 1.3, the scRNA-seq methodology rests on 

pooling many libraries together, sequencing this pool, and separating cells and transcripts by 

their individual barcodes. This places a challenge for scientists who may seek to profile a few 

select cells within this massive pool of libraries. To address this challenge, we design and 

implement a “cell specific PCR,” a novel method that scientists can perform before sequencing 

to amplify the transcriptome of specific cells of interest within a greater pool of transcriptome 

libraries. Specifically, a cell specific PCR would selectively amplify transcriptomes containing a 

unique cell barcode corresponding to a specific cell of interest within a pool of cell 

transcriptomes, with the hope of gaining more information on expression levels within the 

specific isolated cell. 

Previous research by Ranu et al. exhibits success using a cell specific PCR within the 

FACS single-cell sequencing methodology; the study ​targeted ultra-rare cell-types, and, in doing 

so, reduced the “required sequencing effort to profile single cells by 100-fold” ​(Ranu et al. 

2019) ​. 

Cell specific PCR can be accomplished by taking advantage of the fact that every cell 

transcript is given a unique cell barcode, during library preparation. By designing unique primers 

that anneal to the barcode of a specific cell’s libraries, we can selectively amplify the 
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transcriptome of a single cell. We can then ligate the original Illumina sequencing adapters back 

onto the amplified product, and subsequently sequence the product to gain deeper insight on the 

amplified transcriptome of interest. 

 

3.2 Materials and Methods 

 
3.2.1 Primer Design 

We then designed and ordered a 20-nt primer with 5'-CAGAG-/U/[6 base sticky 

end]-AC-[cell barcode]. The CAGAG anneals to the end of the SeqB sequence of a cDNA, and 

is followed by a ‘U.’ This U is ultimately be cleaved by the USER enzyme (which specifically 

cleaves U bases) to generate sticky ends during sticky end ligation. The cell barcode of the 

primer anneals to the corresponding cell barcode on the cDNA sample during cell specific PCR. 

We employ the 6-base ligation sequence and ‘AC’ in the ligation protocol, detailed in Section 

3.2.4. 

  

3.2.2 NexteraXT Tagmentation 

 Before transposing the P7 and P5 adapters to the cDNA samples, we combined 10uL of 

each sample at 180pg/uL with 10uL 4X Amplicon Tagment Mix Enzyme and 20uL 2X Tagment 

DNA buffer. The solution was then incubated at 55ºC for five minutes. We then immediately 

added 10uL of Neutralization Buffer, mixed by pipetting, and centrifuged the solution. We then 

incubated the solution at room temperature for 5 minutes and subsequently moved the solution to 

ice. 
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3.2.3 Cell Specific Indexing PCR 

After the Nextera reaction, instead of proceeding to the standard PCR to attach Illumina’s 

P5/P7 ends for sequencing, we performed the cell specific PCR reaction in order to only amplify 

the cDNAs with the cell barcode that matches our cell of interest. 

 For each reaction, we combined the 50uL of the cDNA that had undergone tagmentation 

with 14uL water, 30uL Nextera PCR Mix, 2uL of the forward primer containing the cell barcode 

(designed in Section 3.2.1) at 10uM, and 4uL of the standard Nextera indexing reverse primer at 

5uM. For the sake of testing, we sometimes ran this PCR as a qPCR, which involved adding 

1.67uL SYBR green (with 12.33uL water instead of 14uL). 

To isolate the sample at the point at which only the transcriptome of interest had 

amplified, we then aliquoted each 100uL reaction, and ran a 10uL subset as a qPCR. If the PCR 

had gone to completion (i.e. ~35 cycles), all the material would have amplified, including primer 

dimers, which would have flooded our sample with unnecessary contamination and undesired 

amplified sequences. We recorded the cycle number at which the sample began to exponentially 

rise in quantity (Ct threshold), and ran the remaining 90uL in a PCR that amplified up to this 

recorded cycle number. The PCR conditions were as follows: 95°C, 30 sec, X cycles of: 95°C, 

10 sec; 55°C, 30 sec; 72°C, 30 sec (where X is the recorded cycles needed to achieve the Ct 

threshold obtained from the qPCR), 72°C, 5 min, 4°C, hold 

We then performed a 0.8X SPRI DNA cleanup using (Ampure XP beads). We eluted the 

wash in 45uL of water, and saved 44uL. 
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3.2.4 P5 Adapter Ligation 

 At this point, the product of the PCR contains the Illumina P7 end but lacks the P5 end 

required for sequencing. We explored two ways to ligate the P5 end back onto the product: blunt 

end and sticky end ligation. To attach the P5 adapter by blunt end ligation, we diluted the adapter 

to 1.6uM. We then prepared and added 32uL of ligation master mix to 10uL of each cDNA 

sample. This master mix contained 22uL water, 8uL 5X Quick Ligation buffer, 5uL Sticky End 

Master Mix, 3uL propanediol, 2uL 1.6uM adapter. We then incubated the reaction at 20ºC for 15 

minutes, and quenched with 5uL 0.5M EDTA. The reaction then underwent a 0.8X SPRI cleanup 

with a 20uL elution.  

We tested sticky end ligation by first generating a sticky end in the cell PCR product. 

Specifically, we generated this sticky end by incubating our samples with an enzyme (USER) 

that cleaves at a specific base (U) that was incorporated into the DNA through the primers of the 

cell specific PCR (as described in Section 3.2.1). Specifically, we incubated the 44uL PCR 

product with 1uL USER II Enzyme (to cleave at U), and 4uL CutSmart Buffer for 15 minutes at 

37ºC, followed by a heat inactivation at 65ºC for 10 minutes and a 0.8X SPRI cleanup (10uL 

elution). To subsequently attach the adapter, the sticky end ligation then proceeds identically to 

the blunt end ligation, adding 32uL of the ligation master mix, followed by a 15 minute 

incubation at 20ºC, quenching with 5uL 0.5M EDTA, and a 0.8X SPRI cleanup with a 20uL 

elution. 
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3.2.5 P7-P5 PCR 

We amplified fully-ligated products by first running a qPCR on a subset of the mixture, 

recording the amplification threshold (Ct), and then running a PCR on the remaining samples 

with a cycle number equivalent to the recorded Ct value (as completed in the initial cell specific 

PCR). To perform this PCR, we combined 18uL of the ligation product with 42uL of PCR 

master mix containing: 6.2uL water, 30uL 2X Ultra Q5 MasterMix, 1uL SYBR Green I, and 

2.4uL 10uM Illumina P7 and P5 primers. 10uL of this mix underwent a qPCR, and once we 

determined the Ct, the remaining 50uL underwent a PCR with a cycle number equivalent to the 

Ct value. We purified the PCR product with a 0.8X SPRI and 15uL elution. We then quantified 

this product using the TapeStation High Sensitivity D1000 assay. 

 

3.2.6 Prepare for Sequencing 

 Using the quantification values obtained after the PCR, we pooled the cell libraries at an 

equal molarity and performed a 0.8X SPRI cleanup followed by a 14uL elution. We then 

quantified the pool using the Qubit High Sensitivity DNA assay as well as the TapeStation High 

Sensitivity D1000 assay, and loaded it onto the Illumina MiSeq sequencing machine. 

 

3.3 Results 

 
3.3.1 Using Control Templates to Test and Optimize the Cell Specific PCR 

To test  the cell specific PCR, we controlled the template DNA by utilizing the same 

cDNA control reads used in the CRISPR-Cas9 depletion experiments (detailed in Chapter 2). 
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Specifically, we selected Templates 4 and 12 for preliminary testing. The first step in completing 

the cell specific PCR is to design custom primers; these primers must only amplify the 

transcriptome of the specific cell of interest. Thus, one must design the primers to match the cell 

barcode of the cell of interest. We designed primers corresponding to the cell barcodes of 

Template 4 and Template 12, and ran the PCR to test for selective amplification as well as detect 

non-specific amplification (i.e. a primer amplifying an incorrect template). Figure 14 shows the 

qPCR data for this initial testing. When Template 4 underwent the reaction with Template 4’s 

primers, the qPCR exhibited the highest amplification. Furthermore, when we used Template 4’s 

primers against a mixture of cDNAs containing Template 4 and Template 12, the qPCR also 

displayed selective amplification. To test non-specific amplification, we reacted the cDNA of 

Template 12 with the primers of Template 4, expecting to see no amplification (since the primer 

does not match the template cell barcode). However, although this sample amplified less than 

those with matching templates and primers, the qPCR shows that there was non-negligible 

non-specific amplification (Figure 14). We kept this in mind as we designed the experimental 

protocol, in which we stop the amplification at a given Ct value before non-specific 

amplification can take effect (Section 3.2.3). 
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Figure 14: Cell Specific qPCR on Test Libraries 
Here, we selectively amplify the transcript libraries of Template 4. As you can see, when using the primers that 
match the barcode of Template 4, the amplification is greatest (pink). When amplifying a mix of a small 
concentration of Template 4 with another Template 12, the qPCR still exhibits amplification of Template 4 (orange). 
However, when running the qPCR using mismatched primers with a different cell barcode (Template 4 primers 
against Template 12 cDNA), we see significantly less amplification (light red, over 5 cycles difference). The dark 
red line represents the water control. 
 
 

After successfully testing the cell specific PCR on our control libraries, we proceeded to 

the ligation step, in which we ligate the P7 and P5 ends necessary for sequencing. After sticky 

end ligation, the sample, now containing the cell specific PCR product with a sticky end, can 

then ligate to a custom-ordered adapter sequence that contains the corresponding sticky end 

followed by the sequence matching the Illumina P5 primer. Ideally, once the adapter ligates, the 

resulting DNA will contain both sequencing ends, allowing for Illumina primers to anneal during 

Nextera PCR, leading to effective Illumina sequencing. Blunt end ligation is similar, but does not 

involve the generation of a sticky end and as a result does not require a cleavage enzyme. The 

custom blunt end adapter would contain the Illumina P5 sequence required for Illumina 
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sequencing, and would ligate directly onto the end of cDNA. As a result, the P5 and P7 primers 

would anneal in PCR leading to effective sequencing.  

We tested both sticky and blunt end ligation, and ultimately decided to use the blunt end 

ligation in our further assays. This was due to inconsistency exhibited in the sticky end ligation 

assay. Specifically, when testing a negative control consisting of template DNA that lacked the 

USER II cutting enzyme, we expected no amplification in the subsequent P7 P5 qPCR, since 

there would be no enzyme to generate the sticky end, thus preventing the P5 adapter from 

ligating (without a ligated P5 end, the cDNA should not amplify during a PCR using P7/P5 

primers). However, as seen in Figure 15, Template 4 without the USER II enzyme also 

amplified. Although there is a 5-cycle difference between this negative control and the positive 

controls, the strand without a sticky end should not have been able to ligate to P5 and amplify at 

all, which indicates that either some strains were able to ligate without a sticky end, or there was 

cross-contamination from full Template 4 libraries containing the sequencing ends. Due to this 

inconsistency and the potentially unreliable sticky end generation, we opted for the blunt end 

ligation for the assays amplifying experimental samples from nonhuman primates. 
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Figure 15: Ligation testing with and without sticky ends 
Here, we test the ligation of the adapter containing the Illumina P5 primer through qPCR. The red and pink lines 
represent incubation with the USER II enzyme (that generates the sticky end required for ligation). Specifically, the 
red curve contains pure DNA from Template 4, and the pink line contains a mixture of 10% Template 4 DNA. The 
blue line, which represents Template 4 without the sticky end enzyme, also amplified 5-cycles ahead of the 
USER-treated samples. The green line represents the water control. 
 

3.3.2 Testing the Cell Specific PCR on Experimental Libraries 

After optimizing the cell specific PCR assay on test libraries, we tested the assay on an 

experimental library from nonhuman primates infected with Ebola virus. This library had 

previously undergone scRNA-seq, providing us with a source of comparison (comparing the 

sequencing results with versus without cell specific PCR). We selected five cell candidates 

within this library whose transcriptomes we sought to amplify; we isolated the barcode of these 

five cells, designed custom primers to amplify transcripts corresponding to these barcodes, and 

named the samples CELL01, CELL02, CELL03, CELL04, and CELL05. Specifically, two cells, 

CELL01 and CELL03, each exhibited abnormally high levels of EBOV genes in their 

transcriptomes (49.8% and 43.9% respectively) after an initial total scRNA-seq run, a finding we 
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sought to explore further through the cell specific PCR. The remaining three cells were 

uninfected. We picked these five candidates to contain between 1,000 and 10,000 total transcript 

counts after initial scRNA-seq.  

Although the assay amplified successfully in control conditions (Figure 14), upon testing 

the cell specific PCR on experimental samples, sequencing yielded lower counts of total 

transcripts and genes as compared to the same library that had not undergone cell specific PCR. 

This result could be due to the fact that our cell specific PCR started with less input DNA than 

the non-cell specific PCR samples; we split an existing library five ways (for each of the five cell 

specific PCR reactions), a division we did not make when initially sequencing the library without 

cell PCR. Another reason that could account for the decrease in gene and transcript counts is the 

sheer amount of cells within an experimental sample; the cell of interest could be in such a small 

proportion relative to the other cells in the sample that any amplification would eventually 

plateau. In addition, the expression profiles of a single cell were not significantly different with 

versus without cell specific PCR. This is evidenced by the strong correlation charts and Pearson 

coefficients shown in Table 3, which suggest that a cell specific PCR preserves a cell’s general 

expression pattern and does not necessarily bring about a different result. 
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  Number Genes Total Counts Correlation Coefficient 

     

CELL01 None 496 1370 0.996 

 Cell PCR 559 1204  

CELL02 None 2301 9710 0.971 

 Cell PCR 1711 4815  

CELL03 None 623 1710 0.996 

 Cell PCR 329 800  

CELL04 None 1914 5290 0.852 

 Cell PCR 1292 2215  

CELL05 None 617 1020 0.775 

 Cell PCR 522 691  
Table 3: Total transcript counts and number of detected genes after sequencing with and without cell specific 
PCR. 
 
 
3.4 Discussion 

 
The results above mark a promising step in scRNA-seq analysis, in that we demonstrate 

an ability to amplify and sequence the transcriptome of a specific cell of interest within a pool of 

cell transcriptomes.  

Still partially unanswered is why gene counts are lower in samples that have undergone 

cell specific PCR. This could be due to the depth of our NovaSeq sequencing machine. By 

design, NovaSeq provides roughly 300 million reads per sample even without cell specific PCR, 

many of which are not necessarily useful for analysis if a user is only interested in a few specific 
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transcriptomes. The fact that we pursue this deep sequencing method for each sample without 

cell specific PCR means that NovaSeq likely already provides a deep sequence of all the mRNAs 

in a sample, even without selective amplification, which could potentially explain our results. By 

consequence, our data suggests that a cell specific PCR may be best employed on a lower depth 

sequencer, or in an environment that may not have the resources to obtain or repeatedly use a 

high-depth, high-cost NovaSeq machine. As a next step to test this hypothesis, we plan to run a 

cell specific PCR, sequence the result on a lower-depth MiSeq machine, and determine whether 

the MiSeq can provide the whole single-cell transcriptome as effectively as the NovaSeq. If 

valid, this hypothesis makes an argument for the resourcefulness of a cell specific PCR: If 

scientists would like the transcriptomes of a few rare cells, our results suggest that these 

researchers would not need to dispense excess resources to obtain and run a full NovaSeq, as the 

NovaSeq would generate extraneous information on cells that are not of interest; the lower depth 

MiSeq may provide the same depth when sequencing a few specific cells of interest after cell 

specific PCR. In all, these findings can potentially usher in a more resourceful analysis of 

specific cells of interest, providing more information on expression levels within a specific 

isolated cell, information that could be valuable when analyzing cell specific regulatory changes 

during infection.  
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4. Current Efforts and Future Work: Application to LCMV 
 
4.1 Introduction 

 
Since scientists can only directly study Ebola virus in a BSL4 facility, I have begun to 

expand my study to explore Lymphocytic Choriomeningitis Virus (LCMV), a virus that 

resembles Lassa Virus, a fatal viral hemorrhagic fever that affects approximately 100,000 people 

each year ​(Günther and Lenz 2004)​. Containing only four genes, LCMV provides a new and 

unique opportunity to perform single-cell RNA sequencing in the lab, through BSL2 facilities. 

This past semester I began a study to express all permutations of the four LCMV genes in 

cell-culture with the hope of uncovering how each gene and its interactions shapes host gene 

expression, through western blots, immunofluorescence, co-immunoprecipitation, and ultimately 

scRNA-seq.  

  

4.2 LCMV Background 

 
LCMV is an arenavirus that bears resemblance to Lassa virus, and consists of two ssRNA 

strands ​(de la Torre 2009)​. The virus contains a total of four genes: L, which encodes the RNA 

dependent RNA polymerase; NP, which encodes the viral nucleoprotein; Z, which encodes the 

matrix protein that incorporates glycoproteins into viral particles, and GPC which encodes the 

glycoproteins ​(Cornu and de la Torre 2001)​. LCMV studies allow researchers to break a virus 

down into its individual components, which is important for in-depth viral studies. Since studies 

of Ebola virus infection are only accessible within BSL4 facilities, scientists cannot effectively 

study the impacts of Ebola virus infection in cell-culture within a standard laboratory. Thus, by 
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expanding to LCMV, we hope to pursue a more in-depth, cell-culture based methodology to 

correlate viral gene expression with the host gene expression. 

 More fundamentally, the key question of this LCMV study is: how do viral proteins 

interact to ​modulate the regulation of host genes involved with immune response​? Our strategy is 

to break the virus down into its individual components (or proteins), rebuild it by combining 

these various components in multiple permutations, and exploring which combinations produce 

interactions known to confer viral infection; this approach is relatively convenient since LCMV 

only contains four genes. Moreover, by mutating genes that encode proteins known to interact, 

one can disturb protein-protein interactions and subsequently elucidate the functions of these 

interactions.  

  

4.3 Materials and Methods:  

 
4.3.1 Obtaining Plasmids 

To selectively express specific genes and mutations of interest, we generated plasmids, 

each containing a short peptide tag fused to one of LCMV’s four genes. Mutations predicted to 

disturb key protein-protein interactions were generated using Site Directed Mutagenesis. All 

plasmids were then cloned into bacteria and grown for 16-18 hours at 37ºC. We then performed a 

Qiagen “Miniprep” to extract and purify the plasmids from the bacterial cells. We subsequently 

verified the desired sequence (including the plasmid template, antibody tag sequence, and gene 

sequence) by Sanger sequencing. 
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4.3.2 Transfection 

After creating and validating plasmids, we transfected them into HEK 293FT cells in 

cell-culture to express the desired LCMV genes. Specifically, for each well in a 12-well plate 

(scaled up for larger plate sizes), we added 50uL OptiMem, to 3uL 220ng/uL plasmid DNA and 

1uL water. We then added a mixture containing 50uL of OptiMem and 4uL L2K Lipofectamine. 

We vortexed the mixture and incubated it at room temperature for 30 minutes. We subsequently 

added 100uL of this mixture to a well within a 12-well plate (If performing immunofluorescence, 

we placed a glass coverslip in each well before adding the plasmid for microscopy purposes). 

Meanwhile, for each reaction, we mixed 800uL of media with 160uL of cells (either HEK 293FT 

if performing a western blot, or Vero cells if performing immunofluorescence), and the 960uL 

was added to each well. We then placed the plate in a 37ºC rocker for approximately 2-3 

minutes, and then incubated the transfected cells at 37ºC for 2-3 days.  

 
 
4.3.3 Immunofluorescence (Under Development) 

 To conduct immunofluorescence (IF) assays, we first prepared 2% Paraformaldehyde 

(PFA) by combining 7mL PBS with 1mL Paraformaldehyde. We then obtained our plate 

containing transfected cells (detailed in Section 4.3.2), aspirated the old media, and washed with 

1mL PBS per well. We aspirated the PBS and added 1mL 2% PFA to each well to fix the cells 

and rocked the plate for 15 minutes. We subsequently prepared glycine quench buffer by 

combining 20mL PBS with 150.14g Glycine (which disturbs the crosslinking incurred by PFA 

by providing a Nitrogen nucleophile), and Triton Perm Buffer (9.9mL PBS and 100uL Triton 

X-100). We washed the cells three times with 1mL Glycine quench buffer per well, then added 
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1mL Triton Perm buffer per well, and rocked the plate for 15 minutes at room temperature to 

permeabilize the cells. We then washed the cells three times with 1mL Tween Wash Buffer 

(containing 79.84mL PBS and 160uL Tween 20), rocking the plate for 5 minutes between 

washes. We subsequently blocked cells with 1mL BSA blocking buffer per well (containing 

27.93mL PBS, 7mL BSA, and 70uL Tween 20), and left the cells to rock at room temperature. 

After one hour, we added 1mL of our primary antibody (diluted in the BSA buffer), rocked the 

plate for 30 minutes (see Section 4.4.4 for explanation of antibody choice), and performed three 

Tween washes. We then added 1mL of diluted secondary antibody to the wells, which were then 

rocked in the dark (aluminum foil cover) for one hour, and washed three times with Tween. We 

diluted Hoechst dye to 100ug/mL in BSA blocker; this dye binds to the nucleus of the cell and 

fluoresces blue, allowing us to locate each cell’s nucleus under the microscope. We added 1mL 

Hoechst to each well, and rocked the plate for another 15 minutes, followed by 3 subsequent 

Tween washes. We then loaded the glass slips within each well onto glass microscope slides and 

visualized the slides on our lab’s microscope. Table 4 below details the tags and antibodies we 

used in this protocol. 
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Antibody Manufacturer 

Primary Antibodies: 

Rabbit anti-vinculin  clone E1E9V, Cell Signaling Technologies 

Mouse anti-V5  clone SV5-Pk1, Bio-Rad 

Mouse anti-FLAG  clone M2, Sigma-Aldrich 

Mouse anti-HA  clone HA-7, Sigma-Aldrich 

Mouse anti-Myc  clone 9B11, Cell Signaling Technologies 

Mouse anti-Actinin clone 69758S, Cell Signaling Technologies 

Rabbit anti-HA  clone C29F4, Cell Signaling Technologies 

Rabbit anti-V5  clone D3H8Q, Cell Signaling Technologies 

Secondary Antibodies: 

Goat anti-mouse, HRP-conjugated  Jackson ImmunoResearch #115-035-174 

Goat anti-rabbit, HRP-conjugated Jackson ImmunoResearch #111-035-144 

Goat anti-mouse, Alexa Fluor 488 
Plus-conjugated  

Thermo Fisher Scientific #A32723 

Goat anti-rabbit, Alexa Fluor 555 
Plus-conjugated  

Thermo Fisher Scientific #A32732 

Table 5: Antibodies and tags used in immunofluorescence and western blot protocols 
 
 
 
4.4 Initial Results: 

 
4.4.1 Selecting Mutants 

Table 5 below reports the mutants we tested along with their functions ​(Casabona et al. 

2009​; ​Ortiz-Riaño et al. 2012; Hastie et al. 2016)​. 
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Gene Mutation Function 

NP D471A Disrupts NP-NP interactions and NP-Z interactions 

NP D471G Disrupts NP-NP interactions, and transcription/replication 

Z G2A Highly conserved region, mutant disturbs viral budding and 
infectivity 

Z L57R Does not allow the Z protein to form an oligomer (only 
monomeric Z) 

Z K69A Does not allow the Z protein to form an oligomer (only 
monomeric Z) 

Z L72A Disturbs NP-Z interaction, decreases infectivity 

Z P73A Does not allow the Z protein to form an monomer (only 
oligomeric Z) 

Table 5: Z and NP mutants tested along with their functions 
 

4.4.2 Western blot/Co-Immunoprecipitation Assays (Under Development) 

After transfecting and growing cells, we have begun to test whether or not two LCMV 

proteins interact. We co-transfected two plasmids into the same population of cells: One plasmid 

contained a protein A fused to tag 1 and another contained a protein B fused to tag 2 (These 

proteins could be NP and a Z mutant, for example, fused to the V5 and HA tags respectively). 

While we are currently in the process of completing these tests, one would then harvest the cells, 

conduct a co-immunoprecipitation assay followed by a western blot that would involve an 

antibody binding ​one ​of these tags, say tag A, for example. If the proteins were not interacting or 

binding, protein A-tagA would bind antibody A, and one protein band would be seen on the 

western blot. However, if proteins A and B were interacting, protein A-tagA would be attached 
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to protein B. Consequently, antibody A would pull out both proteins A and B, yielding a western 

blot with two bands, representing proteins A and B. While we have not implemented this entire 

assay yet, we have begun to transfect and express individual proteins and mutants into cells, and 

observe resultant western blots. Figure 16 below displays one such western blot.  

A B 

 

C D 

     
Figure 16: Initial western blot results of cells containing each LCMV gene (NP, Z, L, GPC)  
Loading Control: Vinculin/Actinin (common cell proteins); Positive Control: eGFP; Negative Control: water. We 
used the following antibodies: A) Mouse anti-HA; Goat anti-mouse B) Mouse anti-V5; Goat anti-mouse, C) Mouse 
anti-MYC; Goat anti-mouse D) Mouse anti-FLAG; Goat anti-mouse. Loading controls: Actinin - Mouse 
anti-Actinin; Goat anti-mouse. Vinculin: Rabbit anti-Vinculin; Goat anti-mouse. 
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4.4.3 Immunofluorescence 

After transfecting and growing cells, we began to pursue immunofluorescence assays. If 

two proteins interact, we would expect the immunofluorescence to exhibit two proteins visually 

close to one another, colocalized within the cell. We began preliminary testing by individually 

expressing the LCMV genes and performing immunofluorescence. Our initial results (Figures 

17-18) provide images of the expressed LCMV proteins, but exhibit a lack of resolution that 

could be due to limitations of the focal plane. Furthermore, the wide-ranging fluorescence in 

Figures 17-18 implies that transfected cells may be overexpressing the proteins, leading these 

proteins to accumulate throughout the cytoplasm. Section 4.5.1 interprets this finding further and 

offers alternative experimental approaches to address these challenges. 

 

4.4.4 Antibody Choice for Immunofluorescence 

In tests co-expressing two proteins with different tags, we used two primary antibodies 

from different animals, with each primary antibody targeting a different tag (one tag 

corresponding to each protein). The purpose of using two species is to produce different colors in 

the immunofluorescence, enabling us to distinguish the proteins from one another under the 

microscope. The secondary antibody is specific for each primary antibody, and targets each 

species. For example, in an assay expressing Z-FLAG and NP-V5, our primary antibodies 

included a Rabbit anti-V5 and a Mouse anti-FLAG. The secondary antibody solution contained 

two antibodies, Goat anti-Rabbit and Goat anti-Mouse. These secondary antibodies are each 

conjugated to distinct fluorescent molecules, allowing us to distinguish between the two proteins 

by color under the microscope. Initial immunofluorescence results for various transfected LCMV 
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genes are shown in Figures 17 and 18 below. Specifically, Figure 18C depicts an initial attempt 

at co-expressing two LCMV proteins (Nucleoprotein NP and Z). The overlapping green and 

orange indicates a site where both Z (green) and NP (orange) were present.  

 

    
Figure 17: Initial immunofluorescence of cells containing two LCMV genes 
This figure shows a preliminary immunofluorescence assay, detecting Vero cells transfected with plasmids 
containing LCMV’s viral Nucleoprotein gene (left), and Z gene (right). The blue represents the nuclei of the cells 
(stained with Hoechst dye that binds dsDNA within the nucleus). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

62 



 

A          B 

     
C           D 

     
Figure 18: Immunofluorescence of Z (A), NP (B), NP and Z co-expressed (C), and eGFP (D) as a positive 
control. 
 
 
4.5 Discussion 

 
The approach and initial results described in this chapter lay the groundwork for 

elucidating how each LCMV gene and its interactions shape host gene expression. In the near 

future, we plan to further explore the results of our immunofluorescence and 

co-immunoprecipitation assays as detailed in the following sections.  
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4.5.1 Immunofluorescence and Interaction Studies 

As stated in Section 4.4.4, Figure 18 suggests that the resolution is not clear enough to 

definitively suggest colocalization. This lack of resolution could be due to the limitations of the 

focal plane on microscopic resolution; a wide focal plane can show two proteins in close 

two-dimensional proximity, when, in reality, they might be far apart on the Z (depth) axis.  

Now that we have ensured reasonable initial results, we hope to further analyze our 

immunofluorescence assays using confocal microscopy, which may narrow the focal plane, 

allowing us to more accurately determine whether two proteins in close microscopic proximity 

are truly colocalized within a cell.  

Aside from confocal microscopy, another approach that can provide high resolution 

imaging is Direct Stochastic Optical Reconstruction Microscopy (dSTORM). When coupled 

with data analysis software, dSTORM can quantify the degree of interaction between a given 

pair of proteins within a cell. Specifically, dSTORM visualizes cellular structures by using light 

of different wavelengths to irradiate photoswitchable fluorescent dyes ​(Heilemann et al. 2008)​. 

For example, Schmider et al. integrate dSTORM with clustering algorithms to determine the 

localization of single molecules within a cell, and explore the organization of leukotriene 

biosynthesis ​(Schmider et al. 2019)​. We hope to incorporate this method into our future 

interaction studies to obtain a more accurate indication of protein proximity and ultimately 

elucidate colocalization and interaction. 

 Furthermore, the wide-ranging fluorescence in Figures 17-18 implies that cells may be 

over-expressing the transfected proteins, causing these proteins to accumulate throughout the 

cytoplasm, and preventing immunofluorescence from providing useful information on 
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localization and interaction. We hope to address this over-expression in our future studies by 

using live LCMV to explore natural expression levels. Studying live LCMV would allow us to 

validate colocalization and ensure that any observed interactions during initial testing were not a 

result of our transfection causing over-expression within the cell.  

 

4.5.2 Co-Immunoprecipitation Studies 

We plan to continue our co-immunoprecipitation studies by testing additional 

permutations of genes and tags. For example, one planned assay will test self-association for 

individual LCMV proteins to elucidate whether a given protein can interact with itself to produce 

a significant effect.  

Another planned co-immunoprecipitation test involves reversing the tags on two different 

genes. For example, in a test exploring interactions between protein A and protein B, a 

co-immunoprecipitation assay would involve both: one test with A-Tag1 and B-Tag2, and 

another test swapping the tags (A-Tag2 and B-Tag1). We expect the same results from both 

assays, since the interaction (or lack thereof) between A and B should be the same regardless of 

the tag. However, if the two tests yield different interactions, the results would imply that the 

assay produced a false negative or a false positive. A false positive could be the result of an 

experimental artifact giving rise to an observed interaction, rather than genuine protein activity. 

Furthermore, a false negative could occur if the addition of a specific tag interferes with the 

assay and abrogates an existing protein-protein interaction.  

We hope to further validate our results by testing a co-immunoprecipitation assay in 

which both tags are fused to the N-terminus instead of the C-terminus of the proteins. We would 
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expect both N-terminus and C-terminus tags to reveal the same result. If we obtain different 

results based on where the tag is fused, the data would suggest that the tag’s presence is 

potentially interfering with protein folding and affecting protein interactions.  

Moreover, in the future we plan to explore the effects of bicistronic and multicistronic 

expression vectors on our assay. On one hand, the quality of transcription might be more 

efficient in systems that simultaneously transfect multiple plasmids (with each plasmid 

expressing a given protein). On the other hand, by placing multiple genes within a single vector, 

the probability of successful transfection increases relative to our current assays, since these 

current assays rely on multiple simultaneous successful transfections into a given set of cells. 

On a larger scale, we hope to apply our work to other BSL2 viruses, and potentially 

individual proteins from BSL4 viruses, a novel approach to study the genes and proteins of high 

risk-group pathogens within the confines of a BSL2 level facility. In all, this study begins the 

effort to use cell-culture techniques to uncover how proteins and their interactions can causally 

affect virus-like particle (VLP) production and host gene expression.  

  

66 



 

5. Conclusion 
  

The key to addressing global epidemics is to harness emerging scientific technologies. By 

integrating novel sequencing and gene editing methods, we take strides in efficiently sequencing 

the transcriptomes of single cells taken from nonhuman primates infected with Ebola virus.  

First, we successfully demonstrated the newfound ability to preserve valuable sequencing 

libraries that may have been contaminated during the rigorous scRNA-seq preparation method. 

We decreased contamination by over 10-fold on average, with some reductions as high as 

37-fold. In analyzing the few cells that did not deplete as effectively, we offered potential 

explanations that have broad implications in the “empty droplet” problem faced by many 

scRNA-seq users. In preserving over 15 libraries that had failed previously, we employed this 

depletion to sequence over 1000 additional transcriptomes. Our work now lies in analyzing this 

additional data, searching for transcriptional changes in specific cell-types over the course of 

infection. 

We further enhanced scRNA-seq methodologies by designing and implementing a “cell 

specific PCR,” a development that can serve as a more resourceful means of gaining a deep 

insight on gene regulation within specific cells of interest. This insight can lead to a more 

informed conclusion on the effects of Ebola virus on specific host cells. In the future, we hope to 

test this cell specific PCR on a lower depth sequencer such as a MiSeq. This test would allow us 

to determine whether a lower depth machine could provide similar comprehensive profiles of 

transcriptomes from specific single cells, a potentially resourceful alternative to the current 

NovaSeq approach.  
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Moreover, we will continue our efforts to study LCMV in cell-culture, implementing 

additional co-immunoprecipitation and immunofluorescence assays. This work will allow us to 

further elucidate the role of each viral protein in VLP formation and infectivity.  

While there still remains unanswered questions in the field of transcriptomics, this 

research sets a foundation for future studies in high-risk BSL4 settings. This work can lead to a 

better understanding of how lethal pathogens such as the Ebola virus affect the immune response 

over time, which brings us one step closer to improving the prevention and response for tragic 

outbreaks around the world. 
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6. Coding Appendix 
 
DASH Analysis on Experimental Samples 
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DASH qPCR Analysis on Control Samples 
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