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The recent unprecedented spread and severe pathogenic features of Zika virus (ZIKV) in 

the Americas have highlighted this emerging pathogen as a major threat to global public health. 

Substantial efforts have been devoted to examining novel aspects of ZIKV transmission and 

pathogenesis in the Americas. However, these studies are limited by the lack of ZIKV data from 

Africa, where the virus was discovered over 70 years ago and is believed to have been silently 

circulating for decades. The prevalence and importance of ZIKV infections and the properties of 

strains that circulate in East Africa, where the virus was first discovered, are unknown. In this 

thesis, we examined ZIKV circulation over two decades and its contribution to febrile illness in 

Kenya using two unique cohorts. Further, we interrogated the role of the innate antiviral type-I 

interferon (IFN-I) response in the restriction of ZIKV strains from Africa and the Americas, where 

there appears to be a difference in disease associated with ZIKV infections. 
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First, we screened plasma collected 2-12 months after febrile and/or exanthematic 

illness in densely populated, urban regions of Western and coastal Kenya between 1993-2016 

for binding and neutralizing antibodies to distinguish ZIKV and Dengue virus (DENV) responses. 

We found DENV antibody responses were common in coastal Kenya. We identified two 

subjects with durable ZIKV-specific antibodies and two cases with evidence for both ZIKV and 

DENV infections. The cases span an ~20-year period (1994-2013), suggesting a very low, 

persistent burden of ZIKV in two major urban areas in East Africa, with no evidence for ZIKV 

outbreaks. Given that ZIKV is present at low levels in large population centers in Kenya, these 

findings highlight the need for continued arboviral surveillance and improved platforms for 

arboviral detection. 

Next, we designed a phage-display based serological screening tool (PhIP-Seq) to 

specifically identify cases of prior ZIKV exposure by detection of ZIKV-specific IgG antibodies. 

Using PhIP-Seq, we identified preliminary ZIKV-specific peptides that are characteristic of ZIKV 

infection in non-human primate sera. Future studies are needed to validate this approach with a 

larger panel of human sera using bioinformatics tools that account for the high-dimensional 

PhIP-Seq data. We demonstrated that PhIP-Seq can also be used to map the epitopes of 

monoclonal antibodies directed against pathogens in the phage library. We successfully 

mapped the epitopes of twenty-two HIV-specific monoclonal antibodies isolated from three HIV-

infected Kenyan subjects. 

Finally, we compared the IFN-I-mediated restriction of ZIKV strains isolated in Africa and 

the Americas and examined the contribution of interferon-induced transmembrane protein-3 

(IFITM3), the first interferon-stimulated gene (ISG) reported to inhibit ZIKV, to the overall IFN-I 

response against ZIKV. We identified a robust IFN-I-mediated antiviral effect on ZIKV infection 

in a commonly used cell line to study ZIKV replication, A549 cells. The effects of IFN-I on ZIKV 

replication varied by viral lineage in our panel of nine ZIKV strains. African-lineage strains, 

which have not been linked to pathogenesis, were less sensitive to IFNα (p=0.049) and IFNβ 
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(p=0.09) than Asian-lineage strains, which have seeded the American pathogenic outbreak. We 

did not identify a role for IFITM3 in the IFN-I-mediated restriction of ZIKV, suggesting that other 

ISGs are important mediators of the IFN-I response against ZIKV in A549 cells. Given the 

potent antiviral effect of IFN-I on ZIKV in these cells, they present an opportunity for the 

discovery of novel antiviral ISGs against ZIKV. To this end, we used A549 cells to develop a 

CRISPR screen that may be used to identify ISGs that inhibit ZIKV. Preliminary findings from 

three screens highlight the promise of this approach for identifying ISGs that inhibit ZIKV. Future 

work may identify as-yet undiscovered ISGs that restrict ZIKVs as well as those that have 

activity against other related flaviviruses and cytopathic viruses. 

 

 

 

  



 6 

TABLE OF CONTENTS 

List of Figures ............................................................................................................................... 9 

List of Tables .............................................................................................................................. 12 

List of Abbreviations ................................................................................................................... 13 

Chapter I: Introduction ................................................................................................................ 19 

 Emergence of Zika virus as a significant threat to global public health .......................... 19 

 Outbreaks of ZIKV in the Pacific Islands, 2007-2014 ..................................................... 22 

 ZIKV in Africa .................................................................................................................. 23 

  Discovery & conflicting evidence on ZIKV circulation ............................................ 23 

  Need for ZIKV data from Africa .............................................................................. 24 

 Population-level exposure to ZIKV on the African continent ........................................... 24 

  Methods of ZIKV detection and associated challenges ......................................... 24 

  Recent ZIKV seroprevalence studies in Africa ....................................................... 28 

  ZIKV in East Africa and cohorts utilized in this thesis ............................................ 29 

 Viral genetics of ZIKV ..................................................................................................... 30 

  ZIKV phylogenetics and evolution .......................................................................... 30 

  Comparative studies of ancestral vs. contemporary ZIKV strains .......................... 32 

 The role of the type-I interferon response in ZIKV infection ............................................ 33 

  The type-I interferon response ............................................................................... 33 

  ZIKV-restricting interferon stimulated genes .......................................................... 35 

 Goals for this thesis ........................................................................................................ 37 

Chapter II: Zika virus circulates at low levels in Western and Coastal Kenya ............................ 38 

 Introduction ..................................................................................................................... 38 

 Methods .......................................................................................................................... 39 



 7 

 Results ............................................................................................................................ 41 

 Discussion ....................................................................................................................... 48 

Chapter III: Phage-display immunoprecipitation sequencing for enhanced serological detection 

of Zika virus infection and epitope mapping of HIV-specific monoclonal antibodies .................. 51 

 Introduction ..................................................................................................................... 51 

 Methods .......................................................................................................................... 53 

 Results ............................................................................................................................ 59 

 Discussion ....................................................................................................................... 66 

Chapter IV: The robust restriction of Zika virus by type-I Interferon in A549 cells varies by viral 

lineage and is not determined by IFITM3 ................................................................................... 68 

 Introduction ..................................................................................................................... 68 

 Methods .......................................................................................................................... 69 

 Results ............................................................................................................................ 76 

 Discussion ....................................................................................................................... 87 

Chapter V: Development of a CRISPR-death screen for comprehensive identification of 

interferon stimulated genes that restrict Zika virus in A549 cells ................................................ 92 

 Introduction ..................................................................................................................... 92 

 Methods .......................................................................................................................... 94 

 Results ............................................................................................................................ 98 

 Discussion ..................................................................................................................... 115 

Chapter VI: Conclusions and Future Directions ........................................................................ 117 

 Low burden of ZIKV infections in urban centers in Kenya ............................................ 119 

 Towards improved detection of ZIKV infections ............................................................ 120 

 The role of the type-I IFN response in restriction of diverse ZIKV strains ..................... 121 



 8 

 Defining ISGs that inhibit ZIKV ..................................................................................... 122 

 Conclusion .................................................................................................................... 123 

References ............................................................................................................................... 124 

  



 9 

LIST OF FIGURES 

Figure 1.1. Epidemiology of microcephaly cases in Brazil, 2015-2016 ...................................... 21 

Figure 1.2. ZIKV transmission and pathogenesis in the American outbreak .............................. 21 

Figure 1.3. ZIKV epidemiology in the Americas, 2015-2016 ...................................................... 22 

Figure 1.4. Temporal dynamics of ZIKV/DENV infection and tools available to detect infection 27 

Figure 1.5. ZIKV genomic and antigenic structure ...................................................................... 27 

Figure 1.6. Phylogenetic relationships of main human pathogenic flaviviruses .......................... 31 

Figure 1.7. Phylogenetic relationships of African- and Asian-lineage ZIKV strains .................... 31 

Figure 1.8. The IFN-I response in response to viral infection ..................................................... 34 

Figure 1.9. The IFN-I signaling cascade ..................................................................................... 34 

Figure 2.1. Control plasma binding in the anti-ZIKV NS1 IgG ELISA ......................................... 43 

Figure 2.2. Control plasma neutralizing responses against ZIKV ............................................... 44 

Figure 2.3. ZIKV and DENV antibody levels in convalescent plasma ........................................ 45 

Figure 2.4. NT50 results with additional plasma time points from ZIKV-only (M-1, K-1), ZIKV and 

DENV neutralizing (M-2, M-4), and ELISA-positive/equivocal (M-5, M-10, M-15) ................ 47 

Figure 3.1. Overview of PhIP-Seq screening approach. ............................................................. 57 

Figure 3.2. Titer and mutational profile of packaged and amplified phage libraries ................... 59 

Figure 3.3. Defined epitopes of HIV-specific mAbs used in PhIP-Seq validation ....................... 60 

Figure 3.4. Validation of PhIP-Seq with HIV mAbs and human sera .......................................... 61 

Figure 3.5 PhIP-Seq epitope mapping of HIV-specific mAbs isolated from subjects QA255, 

MG505, and BG505 .............................................................................................................. 63 

Figure 3.6. PhIP-seq with ZIKV-infected NHP sera reveals preliminary ZIKV-specific peptide 

signatures ............................................................................................................................. 64 

Figure 3.7. PhIP-Seq with all four serotypes of early-immune (30 dpi) DENV-infected serum 

reveals DENV viral peptide enrichment but lack of strong ZIKV peptide enrichment. .......... 65 



 10 

Figure 3.8. PhIP-Seq with all four serotypes of late-immune DENV serum reveals autologous 

viral peptide enrichment but lack of strong ZIKV peptide enrichment ................................... 65 

Figure 4.1. Phylogenetic relationships of Zika virus strains used in this study ........................... 78 

Figure 4.2. Effect of IFN-I pre-treatment on diverse Zika virus strains in A549 cells .................. 78 

Figure 4.3. Expression of IFITM3 in A549 cells transduced with exogenous IFITM3 compared to 

after IFN-I-induction .............................................................................................................. 79 

Figure 4.4. Infection of cells expressing IFITM3-FLAG in the absence and presence of IFNβ .. 80 

Figure 4.5. Infection of clonal A549 cells expressing IFN-relevant levels of IFITM3-FLAG or 

overexpressing IFITM3-FLAG ............................................................................................... 82 

Figure 4.6. Effect of IFN-I pre-treatment on expression of IFITM3 in Jeg3, SNB-19, and SH-

SY5Y cells ............................................................................................................................. 83 

Figure 4.7. Analysis and infection results of IFITM3 and IRF9 knock-out cells .......................... 86 

Figure 5.1. IFN-I-mediated restriction of two ZIKV strains and motivating question for this 

Chapter ................................................................................................................................. 93 

Figure 5.2. Overview of CRISPR screening strategy .................................................................. 93 

Figure 5.3. Annexin-V staining over a time course of ZIKV infection in Untreated and IFNβ-

treated A549-ISG-KO cells ................................................................................................... 99 

Figure 5.4. Isolation of dying/dead cells by harvesting S/W from IFN-treated, ZIKV-infected 

A549-ISG-KO cells at 42 hpi ............................................................................................... 100 

Figure 5.5. Overview of ZIKV ISG screens performed to date ................................................. 101 

Figure 5.6. Overview of the IFN-I signaling cascade ................................................................ 101 

Figure 5.7. Library representation and reproducibility profiles from Baseline and S/W samples in 

ZIKV ISG Screen 1 ............................................................................................................. 103 

Figure 5.8. Waterfall plot of sgRNA enrichment in S/W vs. Baseline in Screen 1 .................... 103 



 11 

Figure 5.9 Enrichment of sgRNAs in S/W vs. Baseline in Screen 1 filtered to the most-enriched 

NTC sgRNA ........................................................................................................................ 104 

Figure 5.10. Top 20 MAGeCK-scoring genes in Screen 1 ....................................................... 104 

Figure 5.11. MAGeCK scores of positive control genes in comparisons of S/W to Baseline or 

Live populations at 42 hpi ................................................................................................... 106 

Figure 5.12. MAGeCK scores for the top ~20 scoring genes of Screen 2 as compared to Screen 

1 at 42 hpi ........................................................................................................................... 106 

Figure 5.13. MAGeCK scores of top ~20 scoring genes in Screen 2 as compared to Mock 

condition at 42 hpi ............................................................................................................... 107 

Figure 5.14. Mock-adjusted MAGeCK scores from Screen 2 at 42 hpi. ................................... 108 

Figure 5.15. MAGeCK scores of top 25 scoring genes at 12, 24, 36, and 48 hpi ..................... 109 

Figure 5.16. Revised ZIKV ISG screening strategy focused on adjusted by Mock-infected IFN-

treated conditions ................................................................................................................ 111 

Figure 5.17. Comparison of mock-adjusted MAGeCK score datasets from Screen 2 and Screen 

3 at 42 hpi ........................................................................................................................... 111 

Figure 5.18. Comparison of non-specific cell death in Mock-infected Untreated vs. Mock-

infected IFN-treated conditions at 42 hpi ............................................................................ 113 

Figure 5.19. Individual sgRNA enrichment profiles for positive control genes in Screen 1 and 

Screen 2 at 42 hpi ............................................................................................................... 114 

Figure 6.1. Summary schematic of thesis findings ................................................................... 118 

Figure 6.2. A potential model of African- vs. Asian-lineage viral characteristics and their 

relevance to differential infection outcomes ........................................................................ 121  



 12 

LIST OF TABLES 

Table 1.1. Recent studies of ZIKV seroprevalence data on the African continent ...................... 28 

Table 1.2. Interferon-stimulated genes reported to restrict ZIKV ................................................ 36 

Table 2.1. Characteristics of Mombasa and Kisumu cohorts utilized in this study ..................... 42 

Table 2.2. Control samples used to validate the anti-ZIKV NS1 IgG ELISA and RVP 

neutralization assays ............................................................................................................ 42 

Table 2.3. NT50 results with the 21 Kenyan plasma samples that neutralized ZIKV above levels 

observed in DENV-infected/ZIKV-naïve plasma ................................................................... 46 

Table 3.1. Phage library contents ............................................................................................... 54 

Table 3.2. Expanded panel of ZIKV-infected, DENV-infected, and flavivirus-naïve human sera 

that has been tested in PhIP-Seq ......................................................................................... 67 

Table 4.1. Zika virus sub-amplicon generation primers .............................................................. 71 

Table 4.2. Zika virus sub-amplicon sequencing primers ............................................................. 71 

Table 4.3. Summary of characteristics of ZIKVs used in this study ............................................ 77 

 

  



 13 

LIST OF ABBREVIATIONS 

ADAR: adenosine deaminase acting on RNA 

ADCC: antibody-dependent cellular cytotoxicity 

A549-ISG-KO: A549 cell line transduced with ISG targeting sgRNA lentiviral library 
BEI: Biodefense and emerging infectious research repository 

CHIKV: Chikungunya virus 

C5: constant region 5 

DENV: Dengue virus 

E-protein: envelope glycoprotein 

ELISA: enzyme-linked immunosorbent assay 

GBS: Guillain Barre syndrome 

HIV-1 / HIV: human immunodeficiency virus-1 

IAV: influenza A virus 

IFITM3: interferon-inducible transmembrane protein 3 

IFI6: interferon-alpha induced protein 6 

IFNAR: Interferon alpha/beta receptor 

IFNα: interferon-alpha 

IFNβ: interferon-beta 

IFN-I: type-1 interferon 

IP: immunoprecipitation 

IRF9: Interferon regulatory factor 9 

ISGF3: Interferon stimulated gene factor 3 

ISRE: Interferon stimulated response element 

ISG: interferon stimulated gene 

IgM: immunoglobulin M 

JAK1: Janus kinase 1 

JAK2: Janus kinase 2 

JEV: Japanese encephalitis virus 

KO: knockout 

mAb: monoclonal antibody 

MAC-ELISA: immunoglobulin M capture ELISA 

MLV: murine leukemia virus 

MOI: multiplicity of infection 

nAb: neutralizing antibody 



 14 

NAT: nucleic acid amplification test 

NHP: non-human primate 

NSB: non-specific background 

NS1: non-structural protein 1 

NTC: non-targeting controls 

NT50: plasma neutralization titer to achieve 50% neutralization 

ONNV: O’nyong’nyong virius 

prM: pre-membrane structural protein 

PARP12: Poly(ADP-Ribose) Polymerase Family Member-12 

Phage-DMS: phage-deep mutational scanning 

PhIP-Seq: phage display immunoprecipitation sequencing 

PRNT: plaque-reduction neutralization test 

PRR: pattern recognition receptor 

qRT-PCR: quantitative reverse transcription-polymerase chain reaction 

RDT: rapid diagnostic test 

RLU: relative luciferase unit 

RVFV: Rift valley fever virus 

RVP: reporter virus particle 

sgRNA: single guide RNA 

SPOV: Spondweni virus 

STAT1: Signal transducer and activator of transcription 1 

STAT2: Signal transducer and activator of transcription 2 

S/W: supernatant & PBS wash sample 

TBEV: Tick-borne encephalitis virus 

TORCH: Toxoplasma gondii, Other, Rubella, cytomegalovirus, herpes simplex virus-1 

TCID50: median tissue culture infectious dose  

TYK2: Tyrosine kinase 2 

V3: variable loop 3 

WNV: West nile virus 
YFV: Yellow fever virus 

ZCS: Zika congenital syndrome 

ZIKV: Zika virus 
  



 15 

ACKNOWLEDGEMENTS 

Many thanks to: 

Julie Overbaugh for your dedicated and impactful mentorship over the past four years. 

Your commitment to and style of mentorship has created a lasting impression and continues to 

inspire me. Through our many meetings about science and career trajectories, your thoughtful 

comments on drafts of manuscripts and grants, and guidance during lab meetings and practice 

talks, I have learned so much about not only the scientific process, but also how I want to 

mentor and lead in the future. Thank you for guiding me through this period of such rewarding 

intellectual growth.  

 Dara Lehman for always providing a listening ear, a calm presence, and important 

guidance to me throughout graduate school. I am so appreciative of all of our discussions about 

both science and things outside of the lab. 

All of the members of the Overbaugh lab for creating a fun, collaborative, productive, 

and comfortable environment: Daryl Humes for serving as an important mentor and friend 

throughout my time in the lab. Caroline Kikawa for being a great colleague to work with on so 

many projects. Cassie Simonich for mentoring me during my rotation in the lab and providing 

guidance as a senior MD-PhD student. Amit Sharma for insights during experiment-planning 

and grant-writing and for being a great person to work with on our IFITM3 studies. Kate Williams 

for mentoring me during my rotation in the lab. Nicole Naiman and Mark Pankau for being great 

Kenya travel partners. Zak Yaffe for always being optimistic when I needed it and making the 

best coffee. Laura Doepker for being a great team-science partner on PhIP-Seq. Caitlin 

Stoddard for being enthusiastic and patient during my last few months in the lab during project 

transitions. Stephanie Rainwater for always being a helpful resource through graduate school 

and Vrasha Chonan for assisting with all of Kenyan cohort studies and samples. And the rest of 

past and present Overbaugh lab folks: Noah Sather, Meghan Garrett, Joshua Marceau, 

Mackenzie Shipley, Hannah Itell, Sonja Danon, Sara Drescher, Carolyn Fish, Bri Hennessey, 



 16 

Dana Arenz, Haidyn Weight, Mark Pankau, John Nahabedian, Vera Okolo, Julie Weis, Adam 

Dingens, and Tucker Price. 

Adam Geballe, Trevor Bedford, Jenny Hyde, Jesse Bloom, and Mike Gale for serving on 

my thesis committee. I would like to especially acknowledge Adam and Trevor for serving on my 

thesis reading committee. 

The directors and administrators of the UW MSTP and MCB graduate programs for your 

continued commitment to providing outstanding graduate education: Marshall Horwitz, Mary-

Claire King, Stephen Tapscott, Nina Salama, Richard Gardner, Maia Low, Marcie Buckner, and 

Sara Carlson. 

Shama Samant and Jasmine Gonzalez for all of your administrative assistance 

throughout graduate school. Stephanie Hughes in UW Pathology for all of your help with 

submitting my F30 application. 

All of the women who have participated in the studies utilized in this thesis and our 

collaborators both in Seattle and Kenya. Jillian Pintye for assistance with Mama Salama study 

samples. Our collaborators Bill Messer and the Messer lab at OHSU for being such a 

welcoming group when I came to do PhIP-Seq and Dan Streblow at OHSU. Collaborators at the 

Hutch: Leslie Goo, Sidney Bell, Kate Crawford, and Molly O’hainle for your help with various 

projects. 

The Fred Hutch Flow Cytometry, Genomics, and Bioinformatics cores. Cassie Sather for 

assisting on PhIP-Seq deep sequencing. Ryan Basom for bioinformatics related to PhIP-Seq 

and Pritha Chanana for bioinformatics related to ISG CRISPR screening. Luna Yu and Pat 

Heath for your assistance with IT throughout my time in the lab. 

Thursday Morning Virus meetings for an outstanding opportunity to present my work and 

get feedback. Michael Emerman for your commitment to organizing these meetings and your 

great virology graduate school course. 



 17 

My sources of funding throughout graduate school: The Viral Pathogenesis and 

Evolution Training Grant, the ARCS Foundation, and the Ruth L. Kirschstein NRSA Predoctoral 

Fellowship (F30). 

Drs. Jeff Houlton, Azeem Kaka, and Brittany Barber for being thoughtful mentors and 

engaging me in clinical medicine and research throughout graduate school. I am very thankful 

for your continued support and guidance as I make the transition back into medical school. Dr. 

Sean Houston who served as an important physician mentor to me during my senior year of 

high school. 

Jeff Brodsky who provided close mentorship in the lab while I was an undergraduate at 

the University of Pittsburgh and, as a result, seeded my inspiration to pursue an MD-PhD 

career. Laurel Roberts who gave me with so many opportunities to teach and mentor in her 

freshman Biology course where I first discovered my passion for mentorship and teaching. 

My mom and stepdad for being unwavering sources of support throughout my time in the 

lab. Thank you to my mom who brought me to “bring-your-kid-to-work day” in 7th grade where I 

first felt the excitement about pursuing a career in medicine. The entire Gobillot, Gittleman, and 

Gibson families for being a great support network. 

My husband, Alec. None of this would be possible without you. There is no way to fully 

express how grateful I am for everything you do for me every single day. I am a better person, 

scientist, and student because of you. 

 

 

 

  



 18 

DEDICATION 

 

This thesis is dedicated to: 

 

My mom, Chris Gobillot, who instilled in me the desire to always pursue my dreams, and 

 

My husband, Alec Gibson, who makes life a dream that I am so thankful we get to explore 

together. 

 

 
  



 19 

Chapter I 

Introduction 

 

Emergence of Zika virus as a significant threat to global public health 

 In December 2014, urban centers within Northeast Brazil began reporting an increasing 

number of cases of acute exanthematic febrile illness to the Brazilian Ministry of Health (1). This 

was shortly followed by reports from other Brazilian municipalities of an acute febrile illness 

accompanied by maculopapular rash, headache, conjunctivitis, arthralgia, and edema (timeline 

reviewed in (2)). At the end of February 2015, the Brazilian Ministry of Health began monitoring 

these cases, which at the time were self-limited and required no clinical intervention (2). 

Preliminary studies led by the Ministry of Health ruled out suspected pathogens, namely 

Dengue virus (DENV), Rubella, and Chikungunya virus, as causes of the reported cases (2). In 

late March 2015, Zika virus (ZIKV), a flavivirus transmitted by Aedes mosquitoes, was isolated 

from several patients with the aforementioned clinical history of acute exanthematic febrile 

illness, raising suspicions that ZIKV may be the causative agent underlying the outbreak of this 

illness (3-5). In May 2015, the Brazilian Ministry of Health reported autochthonous transmission 

of ZIKV in Brazil (2, 6). 

 In June 2015, reports of Guillain-Barre syndrome (GBS) following an acute febrile illness 

accompanied by rash in adults were reported to the Brazilian Ministry of Health (2). GBS is a 

group of immune-mediated polyneuropathatic illnesses characterized by paralysis (often 

ascending limb paralysis) following a recent infection by multiple types of pathogens (7). From 

January to July 2015, 121 cases of GBS were reported in Brazil with 62% of cases having 

symptoms consistent with ZIKV febrile illness preceding GBS (2, 6). In El Salvador, 22 cases of 

GBS were reported in December 2015 with 54% of cases having been preceded with ZIKV-like 

febrile illness (2, 6). 
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In October 2015, an increasing number of newborns with head circumferences 2 to 3 

standard-deviations below the normal range were reported in Northeastern Brazil in regions 

impacted by the recognized ZIKV outbreak and a task force was established to examine the 

potential link between the observed spike in microcephaly cases and ZIKV infection of pregnant 

women (2, 6, 8). By the end of 2015, Brazil reported more than 4,000 total cases of 

microcephaly (Figure 1.1) (8). ZIKV was detected in the amniotic fluid of pregnant mothers who 

gave birth to newborns with microcephaly and the virus was isolated from tissues of a deceased 

newborn and from the placental tissue of a mother who experienced miscarriage at the 8th 

week of pregnancy (8). In February 2016, the World Health Organization declared a public 

health emergency of international concern, given the mounting evidence of an association 

between ZIKV and these neurological sequelae in both newborns and adults and its rapid 

spread to neighboring countries (9). The spectrum of neurologic abnormalities observed in 

ZIKV-infected newborns has since been formally defined as Zika virus Congenital Syndrome 

(ZCS; Figure 1.2) and ZIKV has been grouped with other teratogenic pathogens (TORCH 

pathogens – toxoplasmosis, other [syphilis, varicella-zoster, parvovirus B19], rubella, 

cytomegalovirus, and herpesvirus) that are known to cause neurological disease in infected 

newborns (10).  

Altogether, from January 2015 to March 2017, 754,460 suspected and confirmed cases 

of ZIKV infection were reported to the Pan-American Health Organization, peaking in February 

2016 (Figure 1.3) (11). Since January 2015, 69 countries have reported local active ZIKV 

transmission (12). In addition to the immediate neurological complications observed in ZIKV-

infected newborns during the American ZIKV outbreak, longer-term studies have since identified 

medium- and long-term sequelae of ZIKV infection in newborns that do not show overt signs of 

ZCS at birth, including neurodevelopmental delay (Figure 1.2) (10, 13-16). 
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Figure 1.1. Epidemiology of microcephaly cases in Brazil, 2015-2016. Figure from (8).The 
number of cases of microcephaly reported from municipalities in Brazil at the end of 2015 and 
beginning of 2016 is shown.  
 

 
Figure 1.2. ZIKV transmission and pathogenesis in the American outbreak. Figure from 
(10). The modes of infection with an emphasis on complications following ZIKV vertical 
transmission is shown. 
  

There was no common exposure during the
pregnancy to pesticides, severe alcohol abuse,
drugs, radiation, or other possible teratogenic
agents. Women delivering in October
would have been in the first trimester of
pregnancy at the peak of the outbreak of
exanthematous disease later identified as Zika
(not then a reportable disease), which lasted
from January to March 2015 (a physician,
Carlos Brito, spotted the link). Evidence
started to point toward the cases of micro-
cephaly being caused by congenital Zika
virus infection.

In November 2015, cases of microcephaly
started to be diagnosed in other states of
the northeast region.12 In the first week of
November (epidemiological week 44) an-
other 54 cases were reported in Pernambuco,
and cases were diagnosed in 5 states of the
northeastern region.OnNovember 11, 2015,
the Minister of Health declared a public
health emergency as the increasing number of
cases suggested that it could become a major
epidemic. The World Health Organization
(WHO) was notified, and on the first of
December, the Pan American Health Orga-
nization issued an Epidemiological Alert to

member states; by then cases of Zika virus
had been reported in 9 countries in the
Americas 13—the number was to rise to 18 by
January 17, 2016.3

Epidemiological week 49 (Figure 1) saw
the highest number of reports (900 cases
in a week); by the end of the year, 4180 cases
were reported in Brazil, in 21 of the 27
Brazilian states. Most (84.4%) of the mu-
nicipalities with cases of microcephaly, and
90% of the cases reported until the second
week of 2016 are in the northeastern
region, which has fewer than 30% of the
Brazilian population; 56 of the cases were
stillbirths or spontaneous abortions.14 In the
most-affected state,more than 1%of births in
the period were reported with microceph-
aly. Microcephaly is not a very specific
clinical diagnosis, and all reported cases are
considered suspected until neurological
damage is confirmed by magnetic resonance
imaging. By the time of this writing, 500
reported cases had received magnetic reso-
nance imaging, and 44% were confirmed as
microcephaly.14 The remaining were con-
sidered normal indicating a degree of
overreporting. If the proportion is

maintained after all reported cases are ex-
amined, the epidemic up to January 2016
would consist of 1672 and not 4180 cases.

EVIDENCE FOR A LINK
BETWEEN ZIKV AND
MICROCEPHALY

The evidence for the epidemic of mi-
crocephaly resulting from congenital Zika is
accumulating fast. The geographical distri-
bution appears to reflect the areas of Zika
outbreaks (Figures 1 and 2). Scientists from
different disciplines reported that the ab-
normalities in the central nervous system
appeared to have characteristics in common
with other congenital infections (such as
cytomegalovirus); arboviruses can cause
congenital infections in animals15; cases were
seronegative for TORCHES; and neuro-
tropism of Zika was demonstrated in an an-
imal model.16

Most convincingly, a reexamination of the
data revealed cases ofmicrocephaly inwomen
who were pregnant during the Zika outbreak

46 47 48 49 50 51 52 1 2
EPIDEMIOLOGICAL WEEK

2015 2016
Municipalities 190 311 422 548 617 657 683 728 754

Northeast 339 481 477 457 248 207 125 380 289

Midwest 3 9 69 50 0 42 0 17

North 17 24 37 0 17 0 7

Southeast 10 387 41 1 9 9 26

Brazil 339 484 513 937 376 208 193 389 339
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Figure 3. Zika Virus Transmission and Clinical Features.

Shown are the modes of transmission, complications observed in adults and children after infection, and natural history of ZIKV infec-
tion during gestation and birth. Percentages of maternal–fetal transmission, fetal loss, acquisition of congenital Zika syndrome, and 
ZIKV-associated microcephaly among fetuses and infants of women infected with ZIKV during pregnancy were estimated on the basis 
of the findings of prospective studies and case series (included in the Supplementary Appendix). The estimates do not include data 
from a prospective study from Rio de Janeiro that showed a high percentage (42%) of adverse outcomes among fetuses and newborns 
whose mothers were infected with ZIKV.18 At present, the spectrum and risk of medium- and long-term sequelae, including neurodevelop-
mental delay, have not been fully delineated.

Modes of Infection

Pregnant Patient with ZIKV Infection 
(symptomatic or asymptomatic)
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Asymptomatic

Medium- and long-
term sequelae

79–91%
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(microcephaly
4–6%)
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Uninfected

Fetuses and Newborns of 
Women Infected during Pregnancy

Patient with Infection

• Asymptomatic (50–80%)

• Mild disease (20–50%)

• Complications (<1%)

• Mosquito

• Sexual

• Blood transfusion

• Pregnancy

Severe Complications

• Neurologic: Guillain-Barré syndrome, acute myelitis, 

   acute transient polyneuritis, meningoencephalitis

• Ocular: hypertensive iridocyclitis, unilateral acute 

   maculopathy, bilateral posterior uveitis, 

   chorioretinal scars

• Thrombocytopenic purpura

• Transient myocarditis

• Overall case fatality <0.01% (mostly among immuno-

   suppressed patients and those with coexisting conditions)

20–30%

70–80%

Fetuses and Neonates
with Infection

Fetuses and Neonates 
without Infection
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Figure 1.3. ZIKV epidemiology in the Americas, 2015-2016. Figure from (11). The number of 
suspected and confirmed ZIKV cases reported to the Pan-American Health Organization from 
the latter half of 2015 and 2016. 
 

Outbreaks of ZIKV in the Pacific Islands, 2007-2014 

Prior to the American epidemic, only two outbreaks of ZIKV had been reported, both of 

which were in the Pacific Islands (6). The first reported outbreak of ZIKV was in Yap State in 

2007 (17). It was estimated that ~75% of the island’s population (~5,000 individuals) was 

infected with ZIKV during the three-month outbreak.  ZIKV infection throughout the Yap State 

outbreak was characterized by a mild, self-limiting febrile illness, which occurred in just a subset 

of infections (18.4%). 

In 2013-2014, a larger outbreak of ZIKV occurred in French Polynesia (6, 18, 19). 

Approximately 30,000 individuals, or 11.5% of the population, was estimated to be infected with 

ZIKV. However, it is hard to quantify the exact number of ZIKV infections in this outbreak given 

the low percentage of people who exhibited symptoms and accessed care. Retrospective 

studies since the American ZIKV epidemic have identified GBS cases in adults during this ZIKV 

outbreak (6). Maternal-fetal transmission of ZIKV was also demonstrated, however no ZCS 

cases were identified (6). From French Polynesia, ZIKV quickly spread to other Pacific Islands 

before being introduced into Brazil in late 2013 – early 2014 (20), leading to the American ZIKV 

epidemic. 

S870 • JID 2017:216 (Suppl 10) • Hills et al

low; most cases in this region are reported from Mexico, which 
reports only laboratory-con"rmed cases. Although the reported 
incidence was low in all regions in early 2017, there have been 
occasional increases in reporting from some countries. #e large 
outbreaks observed in 2016 are unlikely to be seen in 2017 because 
herd immunity will probably reduce transmission in many areas, 
but localized outbreaks are likely to continue as the virus is intro-
duced into new areas and susceptible populations are exposed. 
Based on transmission patterns for other Aedes mosquito-borne 
diseases, such as dengue and chikungunya virus disease, ZIKAV 
transmission will be interrupted in some areas, particularly in 
small island nations, but the disease is likely to become endemic 
in some countries of the Americas [29].

In late 2015, the Brazilian Ministry of Health reported an 
unusual increase in congenital microcephaly cases suspected to 
be associated with ZIKAV infection during pregnancy. In addi-
tion, concerns regarding a possible association between ZIKAV 
infection and GBS had been raised by investigators in Brazil and 
French Polynesia [30–32]. #is ultimately led to the declaration 
by the World Health Organization of a Public Health Emergency 
of International Concern in February 2016 [33]. As of March 
2017, 24 countries and territories in the Americas had reported 
2767 con"rmed cases of microcephaly or central nervous sys-
tem malformations associated with ZIKAV infection during 
pregnancy. Twenty-two countries and territories had reported 
≥1 ZIKAV-associated GBS case, including 15 that reported an 
increase in GBS incidence compared with baseline rates [26].

ZIKAV IN STATES AND TERRITORIES OF THE 
UNITED STATES

ZIKAV Disease in Travelers From US States

From 2007–2014, 14 ZIKAV disease cases were identi"ed 
among US travelers, based on testing performed at the Centers 

for Disease Control and Prevention (CDC) [34]. #ese cases 
included 12 with travel to Paci"c Island countries or territories 
and 2 with travel to Africa [34, 35]. ZIKAV disease was formally 
added to the United States nationally noti"able condition list in 
February 2016 [36]. Cases are reported to the CDC by health 
departments using a standard case de"nition [37].

Based on preliminary data, US states and the District of 
Columbia reported 4937 cases of laboratory-con"rmed ZIKAV 
disease among returning overseas travelers from January 2015 
to April 2017. Overall, 3181 (64%) reported cases were in female 
travelers, although the higher percentage of reported cases in 
female compared with male travelers might re$ect care-seek-
ing behavior arising from concerns about ZIKAV infection 
during pregnancy. #e median age among reported case patients 
was 38  years (range,  11  months to 89  years), with 79% aged 
20–59 years. #e number of traveler cases peaked in July 2016 
(Figure 3). #e most frequently reported travel destinations were 
countries and territories in the Caribbean (2384 cases; 48%), 
followed by Central America (797; 16%), North America (519; 
11%), South America (202; 4%), Paci"c Islands (14; <1%), and 
Asia (11; <1%); the reported location of travel included >1 sub-
region for 18 persons (<1%) and was unspeci"ed for 992 (20%). 
Forty-six cases of ZIKAV disease acquired through sexual trans-
mission from returning travelers were also reported.

ZIKAV in the Continental United States

Local transmission of ZIKAV in the continental United States 
has been identi"ed in 2 states, Florida and Texas. In Florida, 4 
ZIKAV disease cases in persons with no recent travel history 
were identi"ed in residents of 2 counties in July 2016 [38]. 
Further investigation revealed that 2 of these case patients 
were employees at workplaces in close geographic proximity 
in Miami–Dade County, and epidemiologic and laboratory 
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ZIKV in Africa 

Discovery & conflicting evidence on ZIKV circulation 

ZIKV was first isolated from a sentinel rhesus macaque in the Zika Forrest of Uganda in 

1947 as part of Rockefeller Foundation-funded research programs on Yellow Fever (6, 21). The 

virus was isolated from “monkey no. 766” and, in fact, this strain (MR 766) is still highly utilized 

across laboratories studying ZIKV to this day. The first human ZIKV isolate came from a 10-year 

old female in Nigeria in 1954 (22). 

Despite it being discovered on the African continent more than 70 years ago, the level of 

ZIKV prevalence on the African continent and the properties of viruses that circulate there are 

unclear. Between the discovery of ZIKV and its first reported outbreak on Yap Island in 2007 (an 

~60-year period), there were less than 10 confirmed cases of ZIKV infection reported on the 

African continent (23-27). Serological surveys conducted during this same time period to 

examine the seroprevalence of many arthropod-borne viruses throughout Africa, on the other 

hand, have largely suggested that ZIKV is endemic on the African continent (reviewed in (6)). 

However, it is challenging to interpret and make comparisons from this collection of serosurvey 

data for several reasons. Different methods were used across the many studies to assay for the 

presence of ZIKV antibodies (hemagglutination inhibition, complement fixation, neutralizing 

antibody tests, mouse protection, hemagglutination, ELISA), and there were often discrepant 

results when comparing between methods or even when repeating the same method (6). 

Probably the largest issue in the interpretation of these early findings is the fact that most 

methods used at the time did not account for cross-reactivity in the antibody response between 

ZIKV and other closely related flaviviruses, such as Dengue virus (DENV). This is now a well-

described aspect of the humoral response to flavivirus infections and is discussed in detail 

below. 
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Need for ZIKV data from Africa 

Since the emergence of ZIKV in the Americas and its associated severe morbidity and 

mortality, significant efforts have been focused on elucidating novel aspects of the ZIKV 

epidemic in the Americas. The lack of ZIKV data from Africa described above, where ZIKV was 

first discovered and mosquito vectors capable of transmitting multiple arthropod-borne viruses 

are endemic, complicates these efforts (28-30). There is an urgent need to examine ZIKV 

population-level exposure, ZIKV pathogenesis, and the basic virology of ZIKV strains that 

circulate in Africa and the Americas, as these findings can provide insights into the importance 

of these factors in current and future outbreaks of ZIKV, improve our understanding of the future 

trajectory of this emerging pathogen, and guide the design of appropriate interventions in Africa. 

This is the focus of this thesis and an introduction to each of these aspects is discussed in the 

following sections. 

 

Population-level exposure to ZIKV on the African continent 

Methods of ZIKV detection and associated challenges 

Clinically identifying individuals who have been infected with ZIKV is challenging, as the 

acute febrile presentation of ZIKV-infected patients is hard to reliably distinguish from infections 

with other many pathogens (31). In addition, methods to specifically detect ZIKV infection are 

limited. Existing tools to detect ZIKV infection can be divided into those that detect the virus 

itself and those that detect prior exposure to the virus (Figure 1.4) (32). 

Direct detection of ZIKV typically involves amplification of ZIKV RNA by methods such 

as quantitative reverse transcription-PCR (qRT-PCR), although other methods have been used 

such as isolation of virus from plasma of infected individuals (18, 33). Detection of viral antigens 

such as non-structural protein 1 (NS1), which is produced from infected cells in the acute phase 

of infection, has been used to detect acute cases of DENV infection but this has not yet been 

clinically used in the case of ZIKV infection (32). Although ZIKV RNA detection is the gold-
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standard for identifying cases of ZIKV infection due to its high specificity, its use is limited by the 

short period of detectable ZIKV viremia in infected individuals (~10-14 days) and low sensitivity 

in some assay formats (34) (Figure 1.4, “Challenges”). 

Methods to detect prior exposure to ZIKV rely on the detection of binding or neutralizing 

antibodies to ZIKV that are produced several days following infection, some of which persist for 

months to years. The main antigenic determinant of flaviviruses, including ZIKV, is the Envelope 

glycoprotein (E-protein) present on the surface of the viral particle (35, 36). Thus, following ZIKV 

infection, antibodies targeting the E-protein are produced (Figure 1.5). The main clinically-

approved serological test for ZIKV infection is an immunoglobulin M (IgM) antibody capture 

ELISA (MAC-ELISA), which detects IgM antibodies that bind the ZIKV E-protein. IgM antibodies 

develop in the first few days following infection and wanes over time and is typically 

undetectable in sera 90-120 days post-infection (37). Thus, MAC-ELISAs are not useful when 

testing samples that have been collected after ~3 months post-infection (38-40). 

Immunoglobulin G (IgG) antibodies, on the other hand, are long-lived in the serum (41, 42). 

Several assay formats, most commonly ELISA, exist to detect ZIKV IgG antibodies, although 

none are approved for use in the clinical laboratory setting (drawbacks discussed below). 

Methods to detect ZIKV neutralizing IgG antibodies (nAbs), such as the plaque-reduction 

neutralization test (PRNT), are long-standing in the field. In a PRNT, dilutions of serum are 

made to determine the reciprocal dilution that reduces the number of ZIKV plaques by typically 

50% or 90% (6). PRNTs are used clinically when MAC-ELISAs are equivocal or negative in 

patients with a high pre-test probability of infection, although PRNTs are laborious and must be 

performed in highly-specialized reference laboratories for clinical use (38). More recently, 

studies have begun using GFP or luciferase reporter virus particles (RVPs) to examine 

antibody-mediated neutralization of ZIKV in an analogous manner to PRNTs, except the read-

out is reduction of GFP or luciferase instead of plaques (43-45). ZIKV RVPs are made by 

complementation of a self-replicating flavivirus RNA encoding ZIKV non-structural proteins and 
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a reporter with structural genes provided in trans (46). RVP neutralization assays are used in 

this thesis to examine ZIKV neutralizing antibody responses. 

A significant drawback of methods to detect ZIKV antibodies (IgM and IgG) is the cross-

reactive nature of the antibody response elicited in flavivirus infections (6, 35, 38, 47). 

Historically, flaviviruses have been organized into distinct “serocomplexes” based on the cross-

neutralizing properties of polyclonal flavivirus-infected sera (reviewed in (48)). Flavivirus 

serocomplex organization correlates with E-protein sequence identity. Antibodies elicited 

against ZIKV have been shown to be cross-reactive with DENV, which is not surprising given 

that their E-proteins have a high level of sequence identity (54-58% at the nucleotide level) and 

antigenic similarity (49). During an acute flavivirus infection, a highly cross-reactive antibody 

response is elicited that is comprised of antibodies that can neutralize and bind many 

flaviviruses (47, 50-53). Studies of the neutralizing antibody responses in DENV-infected 

individuals have demonstrated that cross-neutralization of ZIKV and all four serotypes of DENV 

is present in the acute and early-convalescent phases of infection (50-52). In individuals who 

have experienced a single DENV infection (“primary DENV infection”), it is known that the 

neutralizing antibody response is at first cross-reactive against all four DENV serotypes but 

gradually becomes focused towards, or narrows against, the infecting DENV serotype over a 

period of months following infection (47). Recent studies examining neutralizing antibody 

responses in DENV-infected and ZIKV-infected late-convalescent plasma (≥ 6 months post-

infection) have extended these findings to ZIKV infection, as well. That is, the neutralizing 

antibody response in ZIKV-infected or DENV-infected individuals becomes type-specific to the 

infecting virus in late-convalescent serum. In fact, even ZIKV-naïve individuals who experience 

> 1 DENV infection (“secondary DENV infection”), in most cases, do not develop potent cross-

neutralizing responses against ZIKV in late-convalescence but do have durable cross-

neutralization of multiple DENV serotypes (53-55). The binding antibody response against all 

flavivirus infections, on the other hand, is notoriously cross-reactive, in large part due to binding 
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antibodies directed against the highly-conserved fusion loop on the E-protein (48). Nonetheless, 

promising methods that detect binding antibodies to ZIKV viral proteins, such as NS1, are in 

development (56).  

 
Figure 1.4. Temporal dynamics of ZIKV/DENV infection and tools available to detect 
infection. Figure modified from (32). The temporal dynamics of ZIKV/DENV viremia and the 
antibody response to infection are shown. Available tools to detect various aspects of infection 
are listed above the corresponding temporal phase (NAT, nucleic acid amplification test; RDT, 
rapid diagnostic test). 

 
Figure 1.5. ZIKV genomic and antigenic structure. (A) The organization of the ~11-kilobase 
ZIKV genome is shown. Structural protein coding are in dark red, with the exception of the E-
protein which is shown in yellow. Non-structural proteins (“NS”) are shown in light red. (B) 
Figure modified from (57). A representative flavivirus particle. E-protein head-to-tail dimers are 
shown in yellow. Three representative ribbon head-to-tail E-protein dimers are shown on the 
structure of the viral particle.   
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with different thermodynamic stabilities. This ‘viral breathing’ 
provides substantial flexibility to the viral surface and varies the 
antigenic landscape of the virion by continuously changing acces-
sibility to particular epitopes, thus explaining why some antibod-
ies show enhanced binding and neutralization after prolonged 
incubation or incubation at elevated temperatures13. Similarly, 
mature virions, particularly DENV2, expand at temperatures 
above 33 °C, acquiring a ‘bumpy’ appearance in which the 
interaction between E dimers changes, thus exposing otherwise 
occluded E regions14. The antibody response is also influenced 
by the T =  3 quasi-icosahedral symmetry of the E protein on the 
viral surface; this symmetry changes epitope accessibility as a 
result of the different chemical environments at the two-, three- 
and five-fold axis15.

T cell responses against flaviviruses
Much work has been performed to identify the immunodomi-
nant epitopes recognized by CD8+ and CD4+ T cells, particularly 
in DENV infection. In DENV-infected patients and in volunteers 
vaccinated with a live attenuated tetravalent vaccine, T cell epit-
opes have been mapped to most of the DENV proteome, although 
CD8+ T cells preferentially target DENV NS3, NS5, and NS4b, 
whereas CD4+ T responses tend toward structural proteins and NS1  
(refs. 16–19). Similar differential targeting of CD4+ and CD8+ 
T cells has also been observed in response to JEV infec-
tion20 and the YFV vaccine21,22. In ZIKV-infected patients, 
T cell responses to the complete viral proteome have been 
reported: CD8+ T cells preferentially focus on structural pro-
teins, whereas CD4+ T cells target structural and NS proteins in 
equal proportions, although the CD8+ T cell response is mod-
ulated toward NS proteins in the context of previous DENV 
exposure23. A separate study in a ZIKV-infected, flavivirus- 
naïve traveler has shown a preferential CD4+ and CD8+ T cell 
response toward NS2A and E proteins, respectively24.

Mouse models have been fundamental not only in determining 
the epitopes recognized by T cells but also in understanding their 

role during flavivirus infections. In AG129 (Ifnar1−/−, Ifngr1−/−) and 
human MHC class II transgenic mice, CD4+ T cell responses against 
NS1, NS3, NS5 and E have been observed after immunization with 
ZIKV recombinant proteins25, whereas similar CD8+ T cell profiles 
have been reported in infected CD57BL/6 mice26. CD8+ T cells play 
a role in viral clearance from neural tissues27–30. Furthermore, CD8+  
T cell depletion leads to enhanced ZIKV and DENV infection, 
but this effect is reversed after adoptive transfer of memory CD8+  
T cells26,31. Similar conclusions have been found by using mice defi-
cient in various cytotoxic effector molecules in WNV infection27,28, 
whereas CD8+ T cells have been shown to be essential for controlling 
YFV and ZIKV infection in mice lacking a humoral response32,33. In 
contrast, exacerbated CD8+ T cell infiltration in response to JEV, 
WNV and ZIKV infection has also been shown to induce cytotoxic 
tissue damage and to contribute to neuropathogenesis in mice34,35. 
In the case of CD4+ T cells, their role in assisting immune responses 
has been demonstrated in WNV-infected mice, in which both 
antibody and CD8+ T cell responses are impaired at late stages of 
infection in the absence of functional CD4+ T cells36, whereas viral 
clearance is enhanced in DENV-infected mice after vaccination 
with CD4+ T cell–specific epitopes37. Other studies have suggested 
that CD4+ T cell–mediated protection may also come from direct 
cytotoxic functions: WNV-infected Rag1−/− mice show significantly 
lower mortality when naïve CD4+ T cells are transferred before 
infection38, whereas mice injected with JEV-primed CD4+ T cells 
are protected from infection39.

Data gathered from human subjects, although not as abundant 
as data from animal studies, suggest that CD8+ T cell–mediated 
protection from severe dengue disease is linked to production of 
the cytokine IFN-γ  and human leukocyte antigen (HLA) alleles 
that induce polyfunctional responses40,41, whereas polyfunctional 
CD4+ T cell responses with strong cytokine production correlate 
with limited dengue disease41 and good recovery from JEV infec-
tion20. Further studies have suggested that DENV-specific CD4+ 
T cells show a strong cytotoxic phenotype associated with protec-
tive immunity in infected patients42, whereas early activation and 
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assays that can accurately detect and distinguish cocirculating 
"aviviral infections and predict severe disease outcomes at or 
near the point-of-care are urgently needed.

WHAT TECHNOLOGICAL INNOVATIONS MIGHT BE 
AVAILABLE IN THE NEAR, INTERMEDIATE, AND 
LONG-TERM FUTURE?

Di#erent companies and research groups were invited to pre-
sent technologies to detect DENV and ZIKV. In the following, 
we discuss the technologies in the pipeline (Figure 4) and their 
potential to change the paradigm of "aviviral diagnosis.

Pipeline Assays to Detect the Pathogen
Nucleic-Acid Testing
Simpler and faster alternatives to traditional RT-PCR meth-
ods have the potential to be used at or near the point-of-care. 
$ese include cartridge-based sample-in-answer-out multiplex 
real-time RT-PCR assays that can simultaneously detect ZIKV, 
DENV1–4, other arboviruses (eg, chikungunya virus, an alpha-
virus), and other viruses (3-plex to 6-plex combinations) from 
a single specimen in <2 hours. Arboviral assays are being de-
veloped for use on existing industry platforms that were previ-
ously validated and implemented for other molecular tests. $is 
strategy illustrates the usefulness of open-platform systems that 
can easily incorporate newly developed molecular ampli%cation 
methods to suit an emergent medical need, such as the ZIKV 

epidemic. Another advantage of these systems is the ability to 
transmit data wirelessly and monitor the results remotely. $e 
disadvantages are that these platforms are costly and that some 
require technical expertise and laboratory infrastructure that 
are not widely available.

$e development of more-portable molecular platforms 
linked to faster isothermal ampli%cation methods independent 
of thermal cycling, such as recombinase polymerase ampli%ca-
tion [23] and loop-mediated isothermal ampli%cation, are also 
underway for singleplex and multiplex detection of ZIKV and 
other arboviruses. In prototype formats, results can be achieved 
in <1 hour, and assays can potentially be applied to settings 
without electricity or highly trained users. Proof-of-principle 
studies exist [23–30], but further simpli%cation of sample prep-
aration and more-robust clinical performance evaluation will 
be required. Innovative technologies, such as clustered regu-
larly interspaced short palindromic repeats  (CRISPR)–based 
RNA sensing, robotics, micro"uidics, smartphones, and 3D 
printers, are being used to develop these assays. Other nucleic 
acid testing innovations include the use of paper-based strips 
for multiplex detection of ZIKV, DENV, and chikungunya virus 
end point RT-PCR products [31].

Antigen Detection Assays
High-a&nity monoclonal antibodies that recognize speci%c 
epitopes on ZIKV antigens are required to develop antigen 
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Figure 2. Schematic representation of the typical kinetics of flaviviral infections (adapted from Peeling et al 2010 with permission). As for most arboviral infections, viremia 
(red line) normally precedes the onset of clinical symptoms (0) and lasts for a few days after symptom onset. A, During the acute phase, flaviviral infections are best detected 
by viral isolation, nucleic acid amplification tests (NATs), and antigen detection assays (eg, the dengue virus NS1 assay). B, During the course of infection, viral-specific im-
munoglobulin M (IgM; blue line) and immunoglobulin G (IgG; green line) antibodies are produced and can be used to detect exposure to the pathogen. Current infections can 
be diagnosed by the detection of IgM and IgG antibodies in paired acute and convalescent phase samples (ie, detection of seroconversion of a ≥4-fold rise in the IgG or total 
antibody titer). IgM antibodies can persist for several months, and IgG antibodies are known to persist for several years. C, Combination assays that detect both antigen and 
antibodies are applicable throughout the entire spectrum of disease. ELISA, enzyme-linked immunosorbent assay; RDT, rapid diagnostic test.
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Recent ZIKV seroprevalence studies in Africa 

Several recent ZIKV seroprevalence studies on the African continent have been 

published (Table 1.1). Collectively, these studies largely report low levels of ZIKV circulation 

(0.1-0.8%) (58-63). However, the data also suggests that certain regions in Africa may 

experience higher levels of ZIKV circulation and related febrile illness. One study in West Pokot 

county, Kenya, and another in West Africa (Nigeria and Senegal) found higher levels of ZIKV 

seroprevalence (6.3-7.7%), although it is unclear how cross-neutralizing responses were 

accounted for in West Pokot county and nAb responses were not examined in West Africa (25, 

58). 

 

Table 1.1. Recent studies of ZIKV seroprevalence data on the African continent. 
a It is unclear how antibody cross-reactivity was accounted for in these studies 
b Only samples that were YFV ELISA+ were included for further ZIKV testing 
 

Study Location Years Study design Findings Methods 

Chepkorir 
et al (58)a 

Northern Kenya 
(West Pokot 
and Turkana 
counties) 

2016-2017 Cross-sectional 
(age 13+) 

• 33/464 (7.11%) 
- West Pokot 

• 1/413 (0.24%) - 
Turkana 

PRNT 

Tsegaye et 
al (61)b Ethiopia 2014 Cross-sectional 

(age 5+) 
7/1643 (0.4%) 
ZIKV PRNT+ 

IgG ELISA 
followed by 
PRNT 

Kisuya et 
al (60) 

Kenya (Nairobi, 
Eldoret, 
Kisumu) 

2009-2014 Cross-sectional 
(healthy adults) 

1/577 (0.2%) 
ZIKV PRNT+ 

NS1 ELISA 
followed by 
PRNT 

Kayiwa et 
al (59) 

Uganda 
(Nkokonjeru) 2014-2017 

Prospective 
acute febrile 
illness 
surveillance 

3/384 (0.78%) 
ZIKV PRNT+ 

IgM ELISA 
followed by 
PRNT 

Herrera et 
al (25) 

Nigeria & 
Senegal 1992-2016 

Samples 
collected within 7 
days of fever 

24/387 (6.2%) 
ZIKV IgM ELISA+ 
/ DENV IgM- 

ZIKV and 
DENV IgM 
ELISA 

Willcox et 
al (63) 

Democratic 
Republic of 
Congo 

2013-2014 
Cross-sectional 
(children aged 6 
months-5 years) 

1/978 (0.1%) 
ZIKV neut+ 

ZIKV IgG 
ELISA 
followed by 
FRNT 

Soghaier 
et al (62)a,b Sudan 2012 Cross-sectional 1/845 (0.12%) 

ZIKV PRNT+ 

ZIKV ELISA 
followed by 
PRNT 
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Only a subset of these studies has focused on populations in East Africa, where ZIKV 

was first discovered (58-61). Further studies are particularly warranted in Kenya, where findings 

vary considerable by region even in recent studies. Chepkorir et al (58) reported 7.7% ZIKV 

seroprevalence in one county of Kenya while Kisuya et al (60) reported 0.2% ZIKV 

seroprevalence from multiple urban areas in Kenya. Past studies that used non-specific 

methods (discussed above) have found as a high as 52% ZIKV seroprevalence (reviewed in 

(6)). The level of continuous ZIKV circulation in East Africa is unclear, as samples from only a 

relatively limited time range (2009-2017) have been included (58-61) as compared to a study in 

West Africa (1992-2016) (25). Only a single study has examined ZIKV as a cause of febrile 

illness in East Africa (59). Perhaps most importantly, there is no existing ZIKV seroprevalence 

data from the coastal city of Mombasa, Kenya, a densely population region where there have 

been several large arboviral outbreaks in the past (64, 65). 

 

ZIKV in East Africa and cohorts utilized in this thesis 

In this thesis, we characterized ZIKV seroprevalence in Kenya by utilizing plasma 

samples collected from two unique cohorts in Mombasa and Kisumu, Kenya, where mosquitoes 

capable of transmitting ZIKV are endemic (66). The Mombasa cohort is an ongoing cohort study 

established in 1993 to study women at high-risk for acquiring HIV-1 (67) and the Kisumu cohort 

is a closed prospective cohort study (2011-2013) established to examine factors involved in 

HIV-1 acquisition during pregnancy and post-partum periods (68). Fever and rash are 

commonly reported symptoms of ZIKV infection (17). Thus, to examine ZIKV seroprevalence 

and its contribution to febrile illness, included visits were those from the Mombasa cohort (1993-

2016) and Kisumu cohort (2011-2013) that were collected from individuals who had fever and/or 

rash that was either documented on exam (temperature ≥ 37.5 ̊C) or self-reported. Overall, 

these cohorts are unique in at least two aspects that are relevant to studies of ZIKV presence in 

East Africa: 1) there are serum samples that span a 25-year time period, allowing us to examine 
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ZIKV prevalence over several decades and 2) extensive regular follow-up of study participants 

is well-suited for examining the serological response over extended time period in participants of 

interest. 

 
Viral genetics of ZIKV 

ZIKV phylogenetics and evolution 

ZIKV belongs to the mosquito-borne Flavivirus cluster within the Flaviviridae virus family  

(6). ZIKV is most closely related to Spondweni virus (SPOV), another understudied virus that is 

also believed to be endemic on the African continent (Figure 1.6) (48). Phylogenetic analysis of 

sequenced ZIKV strains has revealed that they are broadly clustered into two lineages (Figure 

1.7) (6, 69). Strains isolated from the African continent make up the African lineage, which can 

be further divided into West African (“Nigerian”) and East African (“MR 766”) sub-lineages (24, 

25). Overall, African-lineage ZIKV genetic data from human infections is sparse, as only five 

partial-genome sequences and one complete-genome lab-passaged isolate (GenBank: 

KU963574.2) have been documented (24, 25). ZIKV sequences from human infections in East 

Africa have never been isolated. The East African sub-lineage is entirely comprised of 

sequences isolated from mosquitoes and a non-human primate. It is believed that ZIKV spread 

from Africa to Asia in the late 1940s, giving rise to the Asian ZIKV lineage (24). ZIKV strains 

isolated in Southeast Asia cluster within the Asian lineage as do isolates from the American 

outbreak and even form their own sub-lineage (6). More recent phylogenetic analyses including 

the large number of ZIKV isolated from the Americas have further organized the American ZIKV 

outbreak clade into even more sub-lineages (70).  

Intriguingly, there is limited evidence that African-lineage ZIKV infections are associated 

with the severe pathogenic profile (Figure 1.2) that has been fueled by the American clade. This 
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raises the possibility that African- and Asian-lineage ZIKV strains may have distinct pathogenic 

properties (Figure 1.7). 

 
Figure 1.6. Phylogenetic relationships of main human pathogenic flaviviruses. Figure from 
(48). A phylogenetic tree of main human-pathogenic flaviviruses is shown. Spondweni and 
Wesselsbron virus are included because they are described as members of the same 
serocomplex as other viruses on the phylogeny. The tree is based on sequences of E-protein. 
 

 
Figure 1.7 Phylogenetic relationships of African- and Asian-lineage ZIKV strains. Figure 
modified from (69). A phylogenetic tree of African- and Asian-lineage ZIKV strains is shown. The 
tree is based on full-length open reading framed of ZIKV strains. American outbreak strains are 
highlighted in red and African-lineage strains are highlighted in blue. 
 

flavivirus stability revealed that Zika virus is not uniquely stable (104). Also, this study,
however, demonstrated a substantially higher stability of Zika than of dengue virus.

The role of virus breathing, stability, and intrinsic decay in the natural ecological
cycles and/or human pathogenicity of different flaviviruses is incompletely resolved,
similar to the situation with partially mature virions. However, several lines of experi-
mental evidence suggest a substantial impact of breathing on biological properties.
First, breathing can expose the lipid membrane even in completely mature particles
(105–107), which is required for interactions with TIM/TAM receptors, as described in
Flavivirus Structure and Life Cycle, above. Second, the dynamics of the flavivirus
envelopes can allow antibody binding to seemingly cryptic epitopes, which may result
in either virus neutralization or enhancement of infection. Importantly, the neutralizing
potency of certain antibodies to cryptic epitopes may be strongly affected by strain-
specific mutations that do not change the epitope itself but affect conformational
dynamics and thus can increase epitope accessibility (108). Such effects underscore the
complexity of the antigenic landscape of flaviviruses and, like the issue of prM cleavage,
are important to be considered in the standardization of virus neutralization assays
(103).

ANTIGENIC RELATIONSHIPS OF ZIKA VIRUS AND OTHER FLAVIVIRUSES
Flavivirus Serocomplexes

Although flavivirus E proteins have a highly conserved structural organization (Fig.
1F and G), up to 60% of the amino acids can differ between distantly related mosquito-
and tick-transmitted viruses within the genus. Figure 3 displays the amino acid se-
quence divergence of the most important human-pathogenic flaviviruses, together
with some close relatives that are considered to be members of the same antigenic
subgroup. Traditionally, flaviviruses have been subdivided into so-called serocom-
plexes, comprising members that are cross-neutralized by polyclonal sera. Cross-
neutralization between different serocomplexes is usually not observed (109). Such

FIG 3 Relationships of flaviviruses based on percent amino acid sequence divergence of E proteins.
Sequences were obtained from the ViPR data bank (https://www.viprbrc.org/). GenBank accession
numbers are as follows: L06436 for Powassan virus, U27495 for tick-borne encephalitis virus, AY640589
for yellow fever virus, JN226796 for Wesselsbron virus, DQ211652 for West Nile virus, D90194 for
Japanese encephalitis virus, DQ859064 for Spondweni virus, KJ776791 for Zika virus, AF226687 for
dengue 1 virus, DQ863638 for dengue 3 virus, M29095 for dengue 2 virus, and GQ398256 for dengue 4
virus.
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Comparative studies of ancestral vs. contemporary ZIKV strains 

 The apparent pathogenic differences in ZIKV transmission and pathogenesis between 

African- and to Asian-lineage ZIKV strains has motivated many groups to examine specific 

mutations as well as broader virologic characteristics of diverse ZIKV strains in vitro and in vivo. 

Specific mutations have been identified in the coding sequence of contemporary ZIKV strains as 

potential drivers of changes in ZIKV pathogenic properties (71-73). One group reported that the 

S139N mutation in the pre-membrane structural protein (prM) of ZIKV (Figure 1.5A), which 

arose before the 2013 French Polynesian ZIKV outbreak and has been maintained in American 

outbreak strains, was associated with an increase in microcephaly in mice (73). However, this 

study performed intracerebral viral injections which raises questions about the relevance of their 

findings to the setting of ZIKV vertical transmission which ultimately gives rise to ZCS. A single 

mutation in ZIKV NS1 (A188V), which was one of only two differences in NS1 sequence 

between a 2010 Cambodian Asian-lineage and American Asian-lineage ZIKV isolates, both 

enhances ZIKV infectivity in Aedes mosquitoes and reduces innate antiviral host defenses (71, 

72). However, many other studies have used strains that differ in this NS1 residue and have not 

detected infectivity differences in Aedes mosquitoes, suggesting that further studies are needed 

to determine if this mutation plays a role in the emergence of ZIKV in the Americas (74). 

A growing collection of studies have compared virologic characteristics between African 

and Asian/American ZIKV strains. Collectively, the results from many of these studies 

demonstrate that infection with African-lineage strains results in enhanced replication kinetics, 

virus production, cytopathicity, and disease progression in murine models (75-88). This seems 

counterintuitive given that African-lineage strains have not been historically associated with 

severe pathogenesis. However, it has been hypothesized that these attributes may enable 

Asian-lineage strains to better establish chronic infection of neural progenitor cells, undergo 

more efficient vertical transmission, and establish viral reservoirs in the central nervous system, 

lymph nodes, and gastrointestinal and genitourinary tracts (84, 89-92). In this thesis, I examine 
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the role of a critical innate anti-viral response mediated by type-I interferon in restricting diverse 

African- and Asian-lineage ZIKV strains. 

 

The role of the type-I interferon response in ZIKV infection 

The type-I interferon response 

Type-I interferon (IFN-I) is a critical component of the host innate immune response to 

viral infection (93). Upon recognition of viral infection by pattern recognition receptors (PRRs), 

cells enter a transcriptional program that increases the production of IFN-I (IFNα and IFNβ) 

(Figure 1.8). When IFN-I engages its heterodimeric receptor (IFNAR) on the cell surface, 

IFNAR-bound Janus kinases (JAK1, JAK2, TYK2) are activated and phosphorylate highly-

conserved IFNAR tyrosine residues. This results in conformational rearrangements that allow 

for the binding and phosphorylation of Signal Transducers and Activators of Transcription 

(STAT) proteins which, when phosphorylated, dimerize and interact with IFN regulatory factor 9 

(IRF9) forming Interferon Stimulated Gene Factor 3 (ISGF3). ISGF3 then moves into the 

nucleus, where it engages Interferon-Stimulated Response Elements (ISREs) in the genome to 

induce the expression of hundreds of interferon-stimulated genes (ISGs) (Figure 1.9) (94). ISGs 

have a wide range of anti-viral functions and, together, establish an anti-viral state in bystander 

cells and restrict viral replication in infected target cells (94, 95). 

Several studies have highlighted the importance of the IFN-I response in controlling 

flavivirus replication and tropism (96-100). More recently, IFN-I has been shown to restrict ZIKV 

in cell culture (101, 102). Further, most murine models of ZIKV pathogenesis require ablation of 

the IFN-I signaling pathway, underscoring the important role of ISGs in restricting ZIKV 

replication (81). However, the specific downstream ISGs remain poorly characterized in the 

context of ZIKV and other flavivirus infections. 

 
 



 34 

 
Figure 1.8. The IFN-I response in response to viral infection. Figure from (93). Upon 
recognition of viral infection, infected cells enter a transcription program ultimately resulting in 
the production of IFN. IFN then signals to other infected and bystander cells in an autocrine and 
paracrine fashion to enter an antiviral state through the induction of hundreds of IGS. 
 
 

 
Figure 1.9. The IFN-I signaling cascade. Figure modified from (94). IFN-I first binds to its 
receptor (IFNAR) on the cell surface, which initiates a signaling cascade through the JAK-STAT 
pathway to ultimately induce the expression of hundreds of ISGs that act to protect the IFN-
stimulated cell against viral infection. Type-III interferon is also shown in the figure, which 
converges on many of the same downstream signaling cascades as IFN-I. 
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Figure 1
The interferon (IFN)-signaling cascade. The three different classes of IFNs signal through distinct receptor
complexes on the cell surface: type I IFNs act through IFN-α receptor 1 (IFNAR1) and 2 (IFNAR2)
heterodimers; type III IFN through interleukin-10 receptor 2 (IL-10R2) and IFN-λ receptor 1 (IFNLR1)
heterodimers; and type II IFN through dimers of heterodimers consisting of IFN-γ receptors 1 (IFNGR1)
and 2 (IFNGR2). Binding of both type I and type III IFNs to their IFNAR1/2 or IL-10R2/IFNLR1
complexes, respectively, triggers phosphorylation of preassociated Janus kinase 1 ( JAK1) and tyrosine kinase
2 (TYK2), which in turn phosphorylate the receptors at specific intracellular tyrosine residues. This leads to
the recruitment and phosphorylation of signal transducers and activators of transcription 1 and 2 (STAT1
and 2). STAT1 and 2 associate to form a heterodimer, which in turn recruits the IFN-regulatory factor 9
(IRF9) to form the IFN-stimulated gene factor 3 (ISGF3). Binding of type II IFN dimers to the IFNGR1/2
complex leads to phosphorylation of preassociated JAK1 and JAK2 tyrosine kinases, and
transphosphorylation of the receptor chains leads to recruitment and phosphorylation of STAT1.
Phosphorylated STAT1 homodimers form the IFN-γ activation factor (GAF). Both ISGF3 and GAF
translocate to the nucleus to induce genes regulated by IFN-stimulated response elements (ISRE) and
gamma-activated sequence (GAS) promoter elements, respectively, resulting in expression of antiviral genes.

IFNs share structural features with members of the IL-10 cytokine family and utilize the same
broadly distributed low-affinity receptor subunit (IL-10R2) as the cytokines IL-10, IL-22, and
IL-26 (Figure 1). In contrast, the high-affinity type III IFN receptor subunit (IFN-λ receptor 1,
IFNLR1) is uniquely utilized by the type III IFNs, and its expression is restricted to epithelial
cells (38). This receptor complex signals through a similar JAK-STAT pathway as the type I IFN
receptor complex and induces many of the same ISGs (39, 40).
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ZIKV-restricting interferon stimulated genes 

 Since the renewed interest in the study of ZIKV over the past few years, several 

individual ISGs have been reported to have activity against ZIKV (Table 1.2). Most studies have 

focused on a single or small collection of ISGs (see below). Large-scale ectopic expression and 

gene silencing/knockout studies have identified anti-viral ISGs in the context of other 

flaviviruses, and provide support for broad approaches to understand the complexities of virus-

host interactions and IFN-I signaling (103-110).  

The first reported ISG to inhibit ZIKV was Interferon-induced transmembrane protein 3 

(IFITM3) (111, 112). IFITM3 is a small transmembrane protein that restricts a broad array of 

viruses and is potently induced by IFN-I (113). A targeted gene knockout approach of 23 genes 

in A549 lung adenocarcinoma cells revealed that Poly(ADP-Ribose) Polymerase Family 

Member-12 (PARP12) inhibits ZIKV replication by promoting the degradation of viral non-

structural proteins (NS1 and NS3) that are required for ZIKV replication (114). Viperin (RSAD2) 

was identified as a ZIKV restriction factor in the Huh7 hepatocyte cell line and mouse embryonic 

fibroblasts (MEFs) (115). When overexpressed in Huh7 and fetal neural progenitor cells, IFN-α-

inducible protein 6 (IFI6) was shown to modestly restrict ZIKV (116). 

CRISPR-Cas9 technology, which allows for precise editing of genomic loci based on 

sequence complementarity to a single-guide RNA (sgRNA) and endonuclease Cas9 activity, 

has been widely adapted in various forms to probe virus-host interactions on a large scale 

(reviewed in (117); more background provided in Chapter V, Introduction). To date, there has 

only been one published screen to designed specifically to identify ZIKV-restricting ISGs in a 

comprehensive manner (107). The screen, which employed a genome-wide CRISPR-activation 

strategy where all targeted genes in the library were overexpressed, also identified IFI6 as their 

consistently top-scoring hit. Interferon-stimulated gene 20 (ISG20) and IFN-lamba-2 (IFNλ2) 

were also identified as other potential ZIKV restriction factors. No other studies have surveyed 

ISGs for their restrictive capacity against ZIKV in a comprehensive manner.  
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 A unifying feature of all of the aforementioned studies is that, despite interrogating the 

inhibitory capacity and, in some cases, the mechanism of these ISGs, none examine the 

contribution of the ISGs to the overall IFN-I response against ZIKV. In this thesis, I will perform 

more detailed mechanistic studies of IFITM3 to understand its contribution to the overall IFN-I 

response against ZIKV. In addition, I will develop a new CRISPR-knockout-based screening 

strategy for comprehensive identification of ZIKV-restricting ISGs. 

 
 
 
 
Table 1.2. Interferon-stimulated genes reported to restrict ZIKV. 
a This study is the only CRISPR screen designed to identify ZIKV-restricting ISGs. 
  
Study ISG Cell type(s) Approach(es) 

Savidis et al (112) 

IFITM3 

HeLa, A549, MEF Overexpression; 
knockout in MEFs 

Monel et al (111) HeLa, 293T, HFF, HDFa Overexpression; 
shRNA-knockdown 

Spence et al (118) HeLa Knockout 

Li et al (114) PARP12 A549, MEF, 293T, BHK-21, 
HeLa, Vero 

Overexpression; 
knockout 

Van der Hoek et al (115) Viperin Huh7, MEF Overexpression; 
knockout in MEFs 

Richardson et al (116) 
IFI6 

Huh7, Fetal human neural 
progenitor Overexpression 

Dukhovny et al a (107) Huh7 Overexpression; 
siRNA-knockdown 
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Goals for this thesis 

The overall goals for this thesis are to define population-level immunity to ZIKV in Kenya 

and to interrogate the role of the type-I interferon response in restriction of ZIKV strains from 

Africa and the Americas. In Chapter II, I report on the screening of convalescent plasma from 

febrile subjects in densely populated, urban regions of Kenya to define the level of ZIKV 

exposure and its contribution to febrile illness. In Chapter III, I describe the design of a phage-

display based serological screening tool that shows promise in detecting signatures of ZIKV-

specific antibodies in plasma to more specifically identify individuals with a history of ZIKV 

exposure. In the future, this tool can be applied to detect other pathogens that cause febrile 

illness in sub-Saharan Africa where there is a tremendous burden of undiagnosed acute febrile 

illness (31). I also extend the utility of this method in Chapter III by demonstrating its ability to 

epitope-map monoclonal antibodies isolated from Kenyan subjects. In Chapter IV, I compare the 

IFN-I-mediated restriction of diverse ZIKV strains and provide a detailed mechanistic 

understanding of IFITM3, the first ISG reported to be active against ZIKV. In Chapter V, I 

describe the development of a  CRISPR-Cas9-based screening platform that can be used to 

identify ISGs that inhibit ZIKV as well as other cytopathic viruses. 

 

 

 

 

 

 

  



 38 

Chapter II 

Zika virus circulates at low levels in Western and Coastal Kenya 

 
Sections of text in this chapter have been modified slightly from the following manuscript:  

 
Gobillot TA, Kikawa C, Lehman D, Kinuthia J, Drake A, Jaoko W, Mandaliya K, John-
Stewart G, McClelland RS, Overbaugh J. (2020) Zika virus circulates at low levels in 
Western and Coastal Kenya. In review. Journal of Infectious Diseases. 

 

Introduction 

The recent unprecedented spread and severe pathogenic features of Zika virus (ZIKV) in 

the Americas have led to its recognition as a global threat to public health and the need to 

understand the global prevalence of ZIKV, which was first discovered in Uganda in 1947. 

Seroepidemiological surveys conducted in the decades following its discovery suggested that 

ZIKV is endemic on the African continent (6); yet, there is little evidence for the sequalae 

associated with the American ZIKV outbreak. Prior reports of ZIKV seroprevalence in Africa are 

hampered by methodological challenges that do not account for the extensive antibody cross-

reactivity between ZIKV and other closely related flaviviruses, particularly Dengue virus (DENV), 

which is common in Africa. As a result of these challenges and little concern about ZIKV prior to 

the American outbreak, its prevalence in Africa remains poorly defined, particularly in East 

Africa where ZIKV was first discovered. More recent studies of ZIKV seroprevalence in East 

Africa have collectively reported low ZIKV exposure (0.2-0.8%) (58-61) and little evidence for 

ZIKV as a cause of febrile illness in East Africa (59). However, a study in northwestern Kenya 

found that 7.7% of samples contained ZIKV neutralizing antibodies (58), suggesting there may 

be regions of higher ZIKV prevalence in Kenya.   

To better define the prevalence of ZIKV infections in East Africa, we focused on two of 

the most densely-populated regions of Kenya where the mosquito vector for ZIKV circulates, 

including Mombasa, where there have been several arboviral outbreaks (64, 65). We screened 

convalescent plasma from individuals who experienced ZIKV-like illness (fever and/or rash) in 
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cohorts in Kisumu (2011-2013) and Mombasa (1993-2016), Kenya for evidence of ZIKV 

exposure and identified cases of prior ZIKV infection. 

 

Methods 

Study Design and Plasma Samples 

This study utilized samples from two cohorts of women in Mombasa and Kisumu, Kenya. (Table 

2.1). The Mombasa cohort is an ongoing cohort study established in 1993 to study women at 

high-risk for acquiring HIV-1 (67) and the Kisumu cohort is a closed prospective cohort study 

(2011-2013) established to examine factors involved in HIV-1 acquisition during pregnancy and 

post-partum periods (68). Individuals with ZIKV-like symptoms were identified in each cohort. In 

the Mombasa cohort, individuals with fever (temperature ≥37.5˚C) on exam were included, as 

were individuals who had self-reported fever and rash either by self-report or on exam. In the 

Kisumu cohort, individuals with fever and/or rash on exam were included. For serological testing 

in this study, we utilized the first available plasma sample 2-12 months post-onset for each visit 

with ZIKV-like symptoms (“convalescent sample”), when ZIKV IgG should be high (37), as well 

as longitudinal samples in a subset of cases with evidence for ZIKV antibodies in the 

convalescent sample. For 32 women who had ZIKV-like illness during pregnancy in the Kisumu 

cohort, a sample 6-week post-partum was also included for serological testing if available. 

Plasma from subjects who had detectable HIV-1 RNA but undetectable HIV-1 antibodies were 

excluded, since febrile symptoms were likely due to acute HIV infection. Plasma of known 

infection status were kindly provided by NIAID’s Biodefense and Emerging Infectious Disease 

Resource Repository (BEI Resources) and William Messer (Table 2.2). 

 

Anti-ZIKV NS1 IgG ELISA 

The anti-ZIKV NS1 IgG ELISA (R&D Systems) was performed on control samples and Kenyan 

convalescent plasma samples according to the manufacturer’s protocol. Each sample was 
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diluted 100-fold (300 µL total) in R&D sample dilution buffer and treated with a proprietary 

reagent for 1 hour at room temperature to remove cross-reactive antibody responses. Treated 

samples were then each added to a ZIKV NS1-coated plate and background plate (100 µL / 

well) and incubated for 1 hour at room temperature. The plates were subsequently washed 

three times with R&D wash buffer (400 µL / well) and 100 µL of R&D human ZIKV IgG 

conjugate was added to each well and incubated at room temperature for 1 hour. The plates 

were washed again with R&D substrate solution (100 µL / well) was added to each plate and 

incubated for 20 mins in the dark. R&D stop solution (50 µL / well) was added to each well and 

the binding OD450 was measured on the ZIKV NS1-coated plate and the background plate. 

ELISA kit treatment-control, positive-control, and negative-control samples were also included in 

each assay. Dilution buffer alone served as a non-specific binding control (NSB). A background-

adjusted Net OD450 value was obtained for each sample using the following calculation: Net 

OD450 = (OD450 plasma sample ZIKV NS1 plate – OD450 NSB ZIKV-NS1 plate) – (OD450 plasma sample 

background plate – OD450 NSB background plate). Net OD450 values were averaged between at least two 

replicate wells. As suggested by the manufacturer, Net OD450 values > 0.2 were considered 

positive, 0.1-0.2 were considered equivocal, and < 0.1 negative. 

 

ZIKV & DENV neutralization studies 

Neutralization studies using luciferase ZIKV (SPH2015), DENV-1 (WestPac), DENV-2 

(S16803), DENV-3 (CH53489), and DENV-4 (TVP360) RVPs (Integral Molecular) were carried 

out as described previously (46). Plasma (100 µL final volume) and RVPs (100µL final volume) 

diluted in RVP infection media (DMEM [Invitrogen] supplemented with 10% FBS, 2mM L-

glutamine, 10mM HEPES, 1X Anti-anti, pH 8.0) were added to each well of a white 96-well plate 

(Breiner Bio-One) and were incubated at room temperature for 1 hour. Following this incubation, 

30,000 BHK-DCSIGN cells (100 µL final volume; Integral Molecular) were added to each well 

and the plates were incubated at 37˚C for 72 hours. Wells on outside rows and columns were 
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not used and instead filled with 300 µL media. Neutralization assays were harvested using a 

Renilla Assay Detection Kit (Promega) according to the manufacturer’s protocol and read on a 

Thermo-Fischer Fluoroskan Ascent FL. To calculate a “% infection” value for each sample, 

relative luciferase unit values (RLUs) from each sample were background-adjusted by 

subtracting RLUs in wells that only contained cells and normalized to RLUs from wells where no 

plasma was added. A “% neutralization” value was then calculated by: % neutralization = 100 – 

[% infection]. All negative % neutralization values were considered 0% neutralization. Plasma 

samples were either tested at a single 75-fold dilution or, in the case of NT50 assays, were first 

diluted 75-fold and then serially diluted 3-fold across a row of a 96-well plate. Data from NT50 

assays were plotted in GraphPad Prism 8 (% infection vs. log10 fold plasma dilution) and a non-

linear regression curve was fit to the data to identify the fold dilution at which the plasma 

reached 50% infection (NT50). 

 

Results 

In total, 327 plasma samples (235 from Mombasa and 95 from Kisumu) from 245 

individuals, including 71 individuals with more than one plasma sample, were examined for 

ZIKV-specific antibodies (Table 2.1), starting with an ELISA that detects the presence of 

antibodies targeting ZIKV NS1. The ELISA was first validated with plasma samples from ZIKV-

infected, ZIKV-naïve/DENV-infected, and flavivirus-naïve individuals (Table 2.2). All ZIKV-

infected samples were positive by ELISA except one early-convalescent sample (50835) which 

was negative (Figure 2.1). Seventeen of 18 flavivirus-naïve and ZIKV-naïve/DENV-infected 

samples were negative by ELISA; 1 sample (Negative 4) was equivocal. Seven (2.1%) Kenyan 

convalescent plasmas were positive by the ELISA, of which 4 were from Mombasa and 3 were 

from Kisumu (Figure 2.3A). Forty-three (13.1%) samples were equivocal and 277 samples 

(84.8%) were negative.  
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Table 2.1. Characteristics of Mombasa and Kisumu cohorts utilized in this study. 
 

 
 
Table 2.2. Control samples used to validate the anti-ZIKV NS1 IgG ELISA and RVP 
neutralization assays. 
 

 

 

 

 

Supplemental table 1  -v2

Characteristic Mombasa cohort Kisumu cohort
No. of samples 232 95

Sample year range 1993-2016 2011-2013
Convalescent sample collection, mean months 

post Zika-like illness (range) 4.2 (1-42)1 7.1 (0.6-21)2

1 33 samples with unknown timing (2-12 months)

2 4 samples with unknown timing

Supplemental table 2
Sample ID Infection history 1 Timing of sample collection post-

symptoms
50462 ZIKV 1 month
50615 ZIKV 7.5 months
50662 ZIKV ~10 months
50657 ZIKV ~3 months
50867 ZIKV late convalescence
50848 ZIKV early convalescence
50464 ZIKV with prior DENV infection 1 month
50459 ZIKV with prior DENV infection 1.5 months
50854 ZIKV with prior DENV infection late convalescence
50835 ZIKV with prior DENV infection early convalescence (ZIKV)
50852 ZIKV with prior DENV infection late convalescence
50224 DENV-1 ~9 months
50225 DENV-1 ~48 months
50226 DENV-2 ~120 months
50227 DENV-2 ~180 months
50229 DENV-3 ~60 months
50228 DENV-3 unknown
50232 Secondary DENV ~96 months
50230 Secondary DENV unknown
50231 Secondary DENV ~408 months
50233 Secondary DENV ~96 months

Negative 
-1,3,4,5,6,7,8,9 Flavivirus-naive N/A

1 Infection history was defined by the source (BEI for positive samples, William Messer for flavivirus-naive 
samples) based on serology 
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Figure 2.1. Control plasma binding in the anti-ZIKV NS1 IgG ELISA. The Net O.D. value 
obtained in the anti-ZIKV NS1 IgG ELISA is shown for well-characterized control plasma (see 
Table 2.2 for sample information). The dotted lines correspond to the positive and negative 
thresholds of the assay, as recommended by the manufacturer. 

 

 

Neutralizing antibody (nAb) activity was then defined using a luciferase RVP assay. 

Control samples with established ZIKV infection potently neutralized ZIKV, with 100% 

neutralization at a 1:75 dilution for all cases except 50835, which showed lower neutralization 

that was dose-dependent (Figure 2.2). The ZIKV-naïve/DENV-infected control plasma had a 

significantly lower level of neutralization against ZIKV at 1:75 dilution (p<0.0001; range 3-59%). 

Only 1 of the 8 flavivirus-naïve samples showed detectable ZIKV neutralization (25%). 

 

 

 

 

Supplemental figure 1
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Figure 2.2. Control plasma neutralizing responses against ZIKV. (A) The percent ZIKV 
neutralization is shown for ZIKV-infected (orange), ZIKV-naïve/DENV-infected (blue), and 
flavivirus-naïve (gray) control plasma tested at 1:75 dilution. (B) The mean percent ZIKV 
neutralization is shown for ZIKV-infected and ZIKV-naïve/DENV-infected samples. A two-tailed 
student’s t-test was used to compare the mean percent ZIKV neutralization of control ZIKV-
infected plasma vs. ZIKV-naïve/DENV-infected plasma. (C) The percent ZIKV neutralization is 
shown for a subset of ZIKV-infected, ZIKV-naïve/DENV-infected, and flavivirus-naïve controls 
tested at 1:300 (left bar), 1:150 (middle bar), and 1:75 (right bar) dilutions.  

 

Twenty-one (6.4%) Kenyan convalescent samples neutralized ZIKV above the highest 

level detected in the ZIKV-naïve/DENV-infected plasma (59%), of which 4 were ELISA-positive 

and 2 were equivocal by ELISA (Figure 2.3B). To better assess the specificity of the nAb 

responses of these 21 samples, ZIKV neutralization was compared to the highest level of DENV 

neutralization (Figure 2.3C). In each cohort, there was 1 sample (M-1, K-1) that had high levels 

of ZIKV neutralization (>90%) and low levels of DENV neutralization (<21%). The 19 remaining 

plasma samples, all of which were from Mombasa, had high DENV neutralization (>95%).  

  

Supplemental figure 2
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Figure 2.3. ZIKV and DENV antibody levels in convalescent plasma. (A) The Net O.D. value 
obtained in the anti-ZIKV NS1 IgG ELISA is shown for samples, grouped by whether they are 
from the Mombasa and Kisumu cohorts. The dotted lines correspond to the positive and 
negative thresholds of the assay, as recommended by the manufacturer. (B) The percent 
neutralization of ZIKV at 1:75 dilution of plasma is shown for all convalescent samples, grouped 
by the Mombasa and Kisumu cohorts. The dotted line corresponds to the highest level of ZIKV 
neutralization observed in the DENV-infected/ZIKV-naïve control plasma (Figure 2.2A). 
Samples that were positive in the anti-ZIKV NS1 ELISA are labeled with green dots. (C) The 
percent ZIKV neutralization in the Mombasa and Kisumu cohorts is shown compared to the 
highest level of percent DENV neutralization amongst the 4 serotypes. The dotted line 
corresponds to the highest level of ZIKV neutralization observed in the DENV-infected/ZIKV-
naïve plasma (Figure 2.2A). Samples that were positive in the anti-ZIKV NS1 ELISA are labeled 
with green dots. 
 
 

To attempt to distinguish if the responses in these 21 samples were due to ZIKV and/or 

DENV exposure, the IC50 of neutralization (NT50) against ZIKV and each DENV serotype was 

determined for each sample (Table 2.3). ZIKV-only infection was assumed for two cases (M-1 

and K-1) where there was a ≥4-fold higher NT50 against ZIKV than all DENV serotypes, a 

difference that was used to differentiate ZIKV and DENV infections in previous studies (17). For 

2 cases (M-2, M-4), we could not predict which infection led to the responses because the NT50 
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for DENV and ZIKV were within 4-fold of each other, but one (M-4) also had evidence of ZIKV 

NS1 antibodies by ELISA. Seventeen samples had >4-fold activity against DENV versus ZIKV 

and thus were defined as only DENV-infected (17), although 3 (M-5, M-10, M-15) did have 

evidence of ZIKV NS1 antibodies. 

 
Table 2.3. NT50 results with the 21 Kenyan plasma samples that neutralized ZIKV above 
levels observed in ZIKV-naïve/DENV-infected plasma.  

 
 

In order to examine the ZIKV nAb response over time in cases with evidence of either 

ZIKV binding or neutralizing responses, we tested available longitudinal plasma samples (Figure 

2.4). In the 2 cases defined as ZIKV-only infections, potent ZIKV neutralizing activity was 

observed over time, including as far as 35.8 months before the reported time of a febrile illness 

(M-1) and at the reported time of febrile illness (K-1). Remarkably, the nAb titers against ZIKV in 

subject M-1 were durable over a period of ~10 years, with a spike of nAb titers against ZIKV 

Table 1
Cohort Sample 

ID Year Zika NS1 
ELISA result2 ZIKV DENV-1 DENV-2 DENV-3 DENV-4 Interpreted 

infection history
Mombasa M-1 1996 + 823 < 75 112 < 75 < 75

ZIKV
Kisumu K-1 2013 + 1,158 < 75 < 75 < 75 < 75

Mombasa

M-2 1997 - 562 1,036 187 601 892 DENV & possible 
ZIKV infectionM-4 1994 +/- 1,538 2,410 2,160 1,253 3,819

M-6 1994 - < 75 78 4,392 216 592 DENV-2
M-18 1997 - < 75 567 87 78 < 75 DENV-1
M-19 1995 - < 75 284 671 2,707 524 DENV-3

M-5 2006 + 570 6,515 15,281 4,502 6,690

Secondary DENV4

M-10 2013 + 380 3,015 4,875 3,425 3,488
M-15 2016 +/- 129 1,584 2,659 4,682 1,172
M-83 1993 - 156 1,050 417 3,285 1,817
M-17 1996 - 145 804 141 590 245
M-3 1994 - 3,859 6,332 14,827 56,482 78,027
M-7 2006 - 326 2,015 131 1,232 236
M-9 2006 - 336 12,774 659 8,119 6,178

M-11 2012 - 112 2,062 558 2,172 1,075
M-12 2008 - 156 3,499 2,506 873 2,845
M-13 1994 - < 75 < 75 149 672 875
M-14 2008 - 82 449 651 408 530
M-163 1996 - 157 1,043 202 1,793 1,233
M-20 2006 - < 75 213 2,018 4,817 3,856

1 The highest NT50 for each plasma sample is highlighted in red (ZIKV) or blue (DENV). NT50 values within 4-fold of the highest NT50 for each plasma sample are 
highlighted in light red (ZIKV) and/or light blue (DENV).

2 Samples with positive (+) or equivocal (+/-) ELISA results are highlighted in green and light green, respectively.

3 M-8 and M-16 samples are from the same subject who experienced two separate events of fever/rash ~2 years apart.

4 Secondary DENV was defined as NT50 values within four-fold of each other for at least 2 DENV serotypes [9].

NT50 1
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coincident with a lower spike of neutralizing activity against all serotypes of DENV at 67.8 

months post-febrile illness.  

For the 2 cases with similar levels of ZIKV and DENV nAbs (M-2, M-4), the levels of 

DENV nAbs were, in most cases, higher than ZIKV nAb levels in the subsequent longitudinal 

plasma. For M-2, there was an increase in DENV-1 and DENV-4 responses in plasma from 4 

months after the convalescent sample. For M-4, there was a spike in neutralizing activity after 

febrile illness against 4 of 5 viruses tested that declined in subsequent samples for all viruses 

except DENV-1. For the 3 cases that were only positive or equivocal in the ELISA (M-5, M-10, 

M-15), there were potent responses to DENV and little evidence for ZIKV nAb activity at all time 

points tested. 

Figure 2.4. NT50 results with longitudinal plasma from ZIKV-only (M-1, K-1), ZIKV and 
DENV neutralizing (M-2, M-4), and ELISA-positive/equivocal (M-5, M-10, M-15) samples. 
NT50 values for each sample are plotted across the indicated time points relative to the time of 
fever/rash. For M-10 and M-15, where the time of fever/rash was not defined, sample timing is 
relative to the convalescent sample. Asterisks indicate the original convalescent sample tested 
in Figure 2.3 and Table 2.3. 

Supplemental figure 3
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Discussion 

In this study, we screened convalescent plasma from subjects with reported febrile 

illness in Mombasa and Kisumu, Kenya for antibody responses to ZIKV and DENV in order to 

define ZIKV prevalence in these regions. We identified 2 subjects with ZIKV-only infections, and 

2 cases with evidence for both ZIKV and DENV infections. The 4 cases span an ~20-year 

period (1994, 1996, 1997, 2013), suggesting a very low, persistent burden of ZIKV in two major 

urban areas in East Africa. 

 There was one ZIKV-only infection in each cohort (K-1, M-1). Both subjects had 

concordant binding and neutralizing responses against ZIKV without evidence for DENV 

antibodies. In Kisumu, there was little evidence for DENV infection overall, making it more 

straightforward to detect ZIKV infection. In the Mombasa cohort, where DENV antibodies were 

common, we detected 2 cases that suggested the individual had been infected with both ZIKV 

and DENV. In both cases (M-2, M-4), there were durable neutralizing responses to both ZIKV 

and DENV in longitudinal plasma samples. M-4 also had an equivocal ELISA result for ZIKV 

NS1 antibodies. This supports infection by both ZIKV and DENV in this case, although there 

was some evidence for a shift to a more dominant DENV-1 response at later time points as the 

other responses waned and thus we were not able to rule out a single DENV serotype infection 

with strong cross-reactive antibodies to ZIKV (55). Case M-2, was ELISA-negative and did show 

some evidence for more potent DENV responses over time, making it possible but less clear if 

infection with both viruses occurred. Including these 2 possible cases of ZIKV infection with the 

2 clear cases indicate a prevalence of 1.2% among samples tested. 

We found a durable ZIKV neutralizing response lasting over 10 years in ZIKV-positive 

subject M-1. To our knowledge, this is the first report of durable neutralizing responses against 

ZIKV over such a long time period. Intriguingly, ~6 years after ZIKV-specific nAbs were 

detected, there was spike in ZIKV nAb titers along with a coincident low-level spike in those 
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against DENV. This could represent an infection with a flavivirus other than ZIKV or DENV that 

triggered a cross-neutralizing response, as has been described previously (47).  

The 3 subjects who had a positive or equivocal result for ZIKV NS1 binding antibodies 

with detectable but low-level ZIKV nAbs at multiple time points nonetheless had much higher 

levels of neutralizing responses against DENV. We defined these as cases of DENV infection 

with cross-reactive responses, although we cannot rule out that detection of an actual ZIKV nAb 

response is confounded by high DENV nAbs due to co-infection in these cases. We also 

identified three other samples that were ELISA-positive but did not have potent nAb titers 

against ZIKV or DENV (Figure 2.3B, green points). None of these cases present a strong case 

of ZIKV infection and suggest that the ZIKV ELISA has lower specificity than expected, at least 

for ZIKV strains in East Africa. This could reflect the development of this assay for the American 

ZIKV outbreak, which was fueled by the strains closely related to the Asian ZIKV lineage. 

Our study has several limitations, including reliance on self-report of ZIKV-like symptoms in the 

Mombasa cohort, inclusion of only female individuals in both regions of Kenya, and differential 

follow-up of study participants. Further, this study is retrospective and utilizes samples from 

cohort studies that were not designed to define ZIKV seroprevalence and its contribution to 

febrile illness. 

Our findings concur with other recent studies in East and Central Africa, and together, 

demonstrate low population-level exposure to ZIKV in many regions on the African continent 

(58-61, 63). They highlight that ZIKV does not have a large contribution to febrile illness in large 

urban areas of Kenya, which is in agreement with a recent prospective, hospital-based study in 

Uganda (59). However, a higher prevalence of ZIKV (6.3-7.7%) was reported in northwestern 

Kenya and West Africa, although it is unclear how cross-neutralizing responses were accounted 

for in northwestern Kenya and nAb responses were not examined in West Africa (25, 58). In any 

case, the prevalence of ZIKV is not nearly as high in Kenya as suggested by early studies (as 

high as 52% reported in coastal Kenya) that used assays that were poorly discriminating against 
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other flavivirus infections (6). Given that ZIKV is likely to continue its geographic expansion, with 

reported outbreaks of Asian-lineage ZIKV and related pathogenesis in Cape Verde and Angola 

(119, 120), our findings set an important baseline for future ZIKV surveillance in the major urban 

regions of Kenya where arbovirus infections are common.  

Our findings demonstrate continued low-level ZIKV exposure in coastal and Western 

Kenya, with no evidence for ZIKV outbreaks. Given that ZIKV is present at low levels in large 

population centers in Kenya, our study highlights the need for continued arboviral surveillance 

and improved platforms for arboviral detection.  

  



 51 

Chapter III 

Phage-display immunoprecipitation sequencing for enhanced serological detection of 

Zika virus infection and epitope mapping of HIV-specific monoclonal antibodies 

 
Sections of text in this chapter have been modified slightly from the following manuscripts:  
 

William KL, Stumpf M, Naiman N, Ding S, Garrett M, Gobillot T, Vezina D, Dusenbury K, 
Ramadoss NS, Basom R, Kim PS, Finzi A, and Overbaugh J (2019) Identification of HIV 
gp41-specific antibodies that mediate killing of infected cells. PLoS Pathogens. 
15(2):e1007572; (121) 
 
Doepker LE, Simonich CA, Ralph D, Shipley M, Garrett M, Gobillot TA, Oliver B, 
Vigdorovich V, Sather DN, Nduati R, Matsen FA, and Overbaugh J (2020) Diversity and 
function of maternal HIV-1 specific antibodies at time of vertical transmission. In press. 
Journal of Virology; (122) 
 
Simonich C, Doepker L, Gobillot TA, Garrett M, Shipley M, Hennessy B, Itell H, Chohan V, 
Nduati R, and Overbaugh J (2020) A large collection of B cells responded to HIV infection in 
infant BG505. In preparation.  

 

Introduction 

Identifying individuals who have been infected with ZIKV is difficult (38). The acute 

febrile clinical presentation of ZIKV infection is hard to reliably distinguish from infections with 

other pathogens, especially in regions such as sub-Saharan Africa where many febrile 

pathogens circulate (31). Further, existing diagnostic tools have significant limitations (see 

Chapter I for a more extensive discussion) (38).  Molecular detection of ZIKV RNA is limited by 

a short period of detectable ZIKV RNA in blood. The extensive antibody cross-reactivity that 

exists among flaviviruses is a major obstacle to specifically differentiating flaviviral infections 

using binding or neutralizing antibody-based assays, which is particularly evident from our 

studies in Chapter II. Thus, to improve upon current tools, an immunodiagnostic tool that can 

detect ZIKV antibody responses with high specificity is needed. 

Despite the cross-reactive nature of the antibody response to flaviviruses, several recent 

studies have described antibodies that target epitopes specific to ZIKV. Monoclonal antibodies 

directed against ZIKV NS1 have been isolated from ZIKV-infected donors and found to be highly 
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ZIKV-specific (123). In line with these findings, several new immunodiagnostics aimed at 

detecting ZIKV-specific anti-NS1 antibodies have been developed that have higher levels of 

specificity, although some have less sensitivity than traditional MAC-ELISAs (56, 124-126). A 

multiplex microsphere immunoassay comprised of ZIKV E- protein, NS1, and NS5 has revealed 

the potential of combining these antigens in detecting ZIKV-specific antibody responses (127). 

Further, immunization of mice with linear NS1 peptides elicit ZIKV-specific antibodies that can 

be used to detect infection in a rapid antigen test format, and a linear non-structural protein-2B 

(NS2B) peptide is a highly sensitive and specific target of ZIKV antibodies in human sera 

collected 2-3 weeks post-symptom onset in an ELISA format (128, 129). These studies highlight 

the potential of using ZIKV-specific antibody responses to discriminate ZIKV infections from 

infections with antigenically related viruses, such as DENV. 

Here, I report on the design, generation, and preliminary validation of a phage-display 

based serological screen (phage display immunoprecipitation sequencing; PhIP-Seq) to identify 

ZIKV-specific epitopes that can be leveraged to identify past ZIKV infection. PhIP-Seq has been 

reported as a powerful tool in both autoantigen discovery and characterization of the human 

virome (130-134). In this screen, I utilize the entire coding sequence from ZIKV, antigenically 

related viruses, and pathogens that cause a similar acute febrile illness (Table 3.1) to ZIKV in 

order to identify samples with ZIKV-specific IgG signatures in serum.  

In addition to mapping ZIKV-specific responses in sera, we hypothesized that PhIP-Seq 

could also be a powerful tool to epitope map monoclonal antibodies (mAbs) directed against 

pathogens encoded in the phage library. Indeed, we demonstrate that PhIP-Seq is a useful tool 

for epitope mapping HIV-specific mAbs isolated from three subjects in Kenya. Additional 

information on each subject and isolated mAbs is included in the results section for each subject 

(QA255, MG505, BG505). 
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Methods 

Phage library design and generation 

Selected viral causes of acute febrile illness in East Africa (Table 3.1), several of which 

are flaviviruses (DENV, WNV, YFV, JEV, TBEV) that elicit cross-reactive antibodies and 

complicate the serological detection of ZIKV infection, were included in the phage library. 

Strains of each pathogen were chosen based on their standard use in the field and, if in 

existence, strains isolated from East Africa / the African continent were included. Diverse HIV-1 

strains were included that were used to validate PhIP-Seq by testing sera from HIV-infected 

humans or mAbs that target epitopes on HIV Envelope (see Table 3.1). 

To generate the library, 39-amino acid sequences were generated that tiled over the 

coding sequences of viral genomes of interest with 20-amino acid overlap. This was done in 

collaborations with Katharine Crawford (Bloom laboratory, Fred Hutch). These protein 

sequences were reverse translated to DNA sequences and codon-optimized for expression in 

E. coli. Synonymous mutations were introduced to avoid EcoRI and HindIII restriction sites that 

were used in subsequent cloning steps. Adapter sequences (5’: AGGAATTCTACGCTGAGT 

and 3’:TGATAGCAAGCTTGCC) were added and the library was ordered on a releasable DNA 

microarray (Twist Biosciences) (Figure 3.1A). The library was then PCR amplified using our T7F 

(AATGATACGGCAGGAATTCTACGCTGAGT) and T7R (CGATCAGCAGAGGCAAGCTTGC 

TATCA) primers, digested with EcoRI and HindIII, cloned into the T7Select 10-3b Vector, and 

packaged into T7 phage and amplified according to the manufacturer’s protocol (EMD Millipore) 

(Figure 3.1B). PCR plaque analysis was performed as previously described (131) in order to 

roughly examine the percentage of correct sequences in the phage library and the extent of any 

obvious bottlenecking. 
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Table 3.1. Phage library contents. See Abbreviations for full name of each virus. 
 

Virus Strain or Antigen GenBank Accession No. / Source 

ZIKV 

H/PF/2013 KJ776791 
MR 766 Uganda AY632535 
ArD128000 KF383117 
ArD157995 KF383118 
PRVABC59 KU501215 
Peptide #1 identified in peptide array https://zika.labkey.com/announcements/ 

OConnor/thread.view?rowId=101 Peptide #2 identified in peptide array 

DENV-1 Myanmar 1996 AY722802 
Western Pacific U88536 

DENV-2 

Burkina Faso 1983 EU056810 
16803 GU289914 
NewGuineaC AF038403 

DENV-2/BR/BID-V3653/2008 GU131885 

DENV-3 
Mozambique 1985 FJ882575 

DENV-3/BR/BID-V2403/2008 FJ850094 

DENV-4 

P73-1120 JF262780 

H781363, 2011 (genotype I) JQ513345  

BR/SJRP/850/2013 (genotype II) KP188566  

WNV NY99 DQ211652 
WN02 KR868734 

YFV 
Uganda1948a AY968065 

BeH655417, 2002 JF912190 

JEV Laos, 2009 KC196115 
TBEV MDJ-03 JF316708 

CHIKV 
KPA15  HQ456254 (structural proteins were translated 

from sequence and included in library) 

TR206/H804187, 2014 KP164572 

ONNV SG650 AF079456 

RVFV Kenya 9800523 
DQ380169.1 for S 
DQ380196.1 for M 
DQ375400.1 for L 

Malaria HRP-II, Kenya FJ871238 

 
 
 
 
HIV-1 
 
 
 
 

Full-length HIV Consensus Clade A, B, C, D (LANL) 
Full-length Q23 AF004885.1 & LANL Alignments 
BF520.W14M.C2 KX168094 
BG505.W6.C2 DQ208458 
QA013 initial Env FJ866134 
QA013 SI Env FJ396015 
QB850 intial Env (72p.C14_A1) MK412338 
QB850 SI Env (632p.B10) MK412339 
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HIV-1 (cont.) 

Q461.d1 Env AF407155 
QC406.F3 Env FJ866133 

Rhinovirus B Xu et al Rhinovirus B epitope 
(Table S2) Xu et al, Science 2015 (133) 

 
 

HIV monoclonal antibodies and HIV-infected human plasma 

Monoclonal antibodies 240-D and 447-52D selected for PhIP-Seq validation were obtained from 

the NIH AIDS Reagent Program, Division of AIDS, NIAID. HIV-infected plasma from study 

participant QA013 in the Mombasa Cohort (described in Chapter II) was collected at 2282 dpi as 

previously described (135). Antibodies from study participants QA255, MG505, and BG505 

were isolated, cloned, and produced as described previously ((122, 136) and Simonich et al, In 

Preparation). 

 

Non-human primate (NHP) plasma 

Plasma from seven rhesus macaques singly-infected with ZIKV was kindly provided by Dr. 

Daniel Streblow at Oregon Health and Science University. All ZIKV-infected NHPs were infected 

with a vector-relevant amount (105-107 focus forming units) of a canonical Asian-lineage ZIKV 

strain (PRVABC59), which is included in the phage library, and early-immune plasma (21/28 

dpi) was tested in PhIP-Seq (see Methods below). Importantly, robust production of antibodies 

that bind and neutralize ZIKV were present in the plasma of these ZIKV-infected NHPs (90, 

137). Early-immune (30 dpi) and late-immune (120-390 dpi, pooled) NHP plasma from DENV-

infected NHPs (one animal per serotype) was obtained from the NIAID Biodefense and 

Emerging Infections Research Resources Repository. 
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Human plasma 

Flavivirus-naïve, ZIKV-infected, or DENV-infected plasma, as defined by serology, was kindly 

provided by Dr. William Messer at Oregon Health and Science University or obtained from the 

NIAID Biodefense and Emerging Infections Research Resources Repository (see Table 3.2). 

Sera were further classified as primary (1˚)- or secondary (2˚)-immune depending on whether 

they had neutralizing activity against a single or multiple flavivirus serotypes, respectively. 

Secondary-immune sera indicates history of multiple flavivirus infections. 

 

PhIP-Seq 

Phage immunoprecipitation was performed as previously described (133). 96-deep-well 

plates (CoStar) were blocked with 3% BSA in TBST (Tris-buffered saline-Tween) by placing on 

a rotator overnight at 4˚C. 1 mL of amplified phage at 2x105-fold representation (1.2x109 pfu/mL 

for a library of 5.8x103 phage) was added to each well, followed by monoclonal antibody (2-20 

ng) or plasma (2-20 µg total IgG). Each experimental sample was tested in technical replicate. 

Phage-antibody complexes were formed by rotating the plate at 4˚C for 20 hours (Figure 3.1C). 

To immunoprecipitate phage-antibody complexes, 40μL of a 1:1 mix of protein A and protein G 

Dynabeads (Invitrogen) was added to each well and rotated at 4˚C for 4 hours (Figure 3.1D). 

After this incubation, a magnetic plate was used to isolate the beads and perform 3 washes with 

400μL of wash buffer (50mM Tris-HCl, pH 7.5, 150mM NaCl, 0.1% NP-40). The beads were 

resuspended in 40μL of water and isolated phage were lysed by incubating at 95˚C or 10 mins. 

Phage that did not undergo immunoprecipitation (‘input’) were also lysed to determine the 

baseline frequencies of each phage clone in the library (Figure 3.1E). 

Isolated phage DNA was then prepared for highly multiplexed sequencing by performing 

two rounds of PCR with Q5 High-Fidelity DNA polymerase (New England Biolabs) to add 

Illumina adapters and barcodes according to the manufacturer’s suggested protocol (NEB) 

(Figure 3.1E). The first-round PCR was performed with primers R1_F (TCGTCGGCAG 
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CGTCTCCAGTCAGGTGTGATGCTC) and R1_R (GTGGGCTCGGAGATGTGTATAAGA 

GACAGCAAGACCCGTTTAGAGGCCC). 1μL of purified first-round product was added to the 

second-round PCR with unique dual-indexed primers R2_F (AATGATACGGCGACC 

ACCGAGATCTACACxxxxxxxxTCGTCGGCAGCGTCTCCAGTC) and R2_R (CAAGCAGAA 

GACGGCATACGAGATxxxxxxxxGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG). In 

these primer sequences, “xxxxxxxx” corresponds to a unique 8-nucleotide indexing sequence. 

Second-round PCR products were quantified in each sample using Quant-iT PicoGreen 

(Thermo Fisher) according to the manufacturer’s suggested protocol. Equimolar quantities of 

each sample were then pooled, gel isolated, and submitted for Illumina sequencing on an 

Illumina MiSeq.  

Figure 3.1. Overview of PhIP-Seq screening approach. (A-B) A phage library was designed 
that displays 39-residue peptide tiles across febrile pathogens with 20-residue overlap. (C) The 
phage library is incubated with sera or mAb of interest. (D) Immunoprecipitation is carried out 
with Protein A and G magnetic beads to isolate IgG-phage complexes. (E) Isolated phage are 
subsequently lysed and DNA is prepared for highly-multiplexed sequencing. (F) Sequencing 
analysis ultimately reveals peptides targeted by antibodies in the sera. The graph in this figure is 
an example of ZIKV and DENV-infected sera analyzed for fold-enrichment of ZIKV peptides. 
 

Bioinformatics analysis 

The fold-enrichment of phage-displayed peptides in the library by antibodies in plasma 

was determined by comparing sequencing counts of peptides in samples incubated with plasma 

Phage display immunoprecipitation sequencing (PhIP-Seq)
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to the baseline representation of peptides before PhIP-Seq. The peptide position in the 

pathogen genome vs. its fold-enrichment by plasma were plotted to visualize enriched peptides 

by antibodies in plasma. Parts of this analysis was done in collaborations with Sidney Bell 

(Bedford laboratory, Fred Hutch). 

For HIV mAb epitope mapping, a zero-inflated generalized Poisson significant-

enrichment assignment algorithm was used to generate a –log10(p-value) for enrichment of 

each clone across all samples, as previously described (133). A reproducibility threshold was 

established to call ‘hits’ in technical replicate pairs by first calculating the log10(-log10(p-value)) 

for each clone in Replicate 1. We then surveyed these values in Replicate 2 by using a sliding 

window of width 0.01 from -2 to the maximum log10(-log10(p-value)) value in Replicate 1. For 

all clones that fell within each window, the median and median absolute deviation of log10(-

log10(p-values)) in Replicate 2 were calculated and plotted against the window location. The 

reproducibility threshold was set as the window location where the median was greater than the 

median absolute deviation. The distribution of the threshold –log10(p-values) was centered 

around a median of 2.2 (QA255 mAbs) or 2.3 (MG505 and BG505 mAbs), since these 

experiments were performed and analyzed separately. In sum, we called a phage clone a ‘hit’ if 

the –log10(p value) was at least 2.2 or 2.3 in both replicates of both conditions tested (2 ng and 

10 ng for QA255; 2 ng and 20 ng for MG505 and BG505). Beads-only samples, which serve as 

a negative control for non-specific binding of phage, were used to identify and eliminate 

background hits. Peptides called as hits were aligned using Clustal Omega. The shortest amino 

acid sequence present in all of the hits was what we defined as the “minimal epitope” of an 

antibody. 
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Results 

Phage library generation and initial characterization 

 Peptide sequences were computationally generated from the strains in Table 3.1 (in 

collaboration with Katharine Crawford, Bloom laboratory, Fred Hutch). Altogether, 5,728 

peptides were generated from the included pathogens, 4,473 of which were unique in peptide 

sequence. Oligos corresponding to these peptides were cloned and packaged into T7 phage, 

which resulted in a library with a titer of 1.04 x 107 plaque forming units (pfu) / mL (Figure 3.2A). 

The library was then amplified in E.Coli to obtain a phage library at a higher titer (1.83 x 1010 

pfu/mL; Figure 3.2A) so that each peptide could be resampled at sufficient depth to define 

enrichment differences in PhIP-Seq (~105-fold representation of each peptide, as previously 

defined (133)). PCR plaque analysis of individual phage clones in both the packaged and 

amplified library revealed a high level of correct peptide sequences displayed by the phage 

library (70.8% packaged, 71.8% amplified; Figure 3.2B), especially as compared to prior 

analysis of phage libraries used in PhIP-Seq (Figure 3.2C). No clones were represented more 

than once in those analyzed by PCR plaque analysis within the amplified library, suggesting that 

there was no obvious bottlenecking of phage sequences (data not shown). 

 
Figure 3.2. Titer and mutational profile of packaged and amplified phage libraries. (A) The 
titer (pfu/mL) of the packaged and amplified phage library is shown. (B) PCR plaque analysis of 
the packaged and amplified phage libraries reveal the mutational profile of peptides displayed 
by the phage. (C) Mutational profile of peptides displayed by a previously reported phage library 
used in PhIP-Seq. Part C of this figure is adapted from (131). 
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stop codon of each ORF was removed so that all peptides could be 
cloned in-frame with a C-terminal FLAG tag.

The final library design includes 413,611 peptides spanning the 
entire coding region of the human genome. The peptide-coding 
sequences were synthesized as 140-mer oligonucleotides with primer 
sequences on releasable DNA microarrays in 19 pools of 22,000 oligos  
each, PCR-amplified and cloned into a derivative of the T7Select 10-3b  
phage display vector (Fig. 1b, i and Online Methods). We also  
generated two additional libraries comprising the N-terminal and 
C-terminal peptidomes (T7-NPep, T7-CPep), which encode only the 
first and last 24 codons from each ORF, for use in future studies.

The extent of vector re-ligation, multiple insertions, mutations and 
correct in-frame phage-displayed peptides was determined by plaque 
PCR analysis (Supplementary Table 1), clone sequencing (Fig. 1c) and 
FLAG expression (Supplementary Table 2) of randomly sampled phage 

from all subpools. Sequencing revealed that 83% of the inserts lacked 
frameshifting mutations. These data indicate that a much greater frac-
tion of in-frame, ORF-derived peptides is expressed by our synthetic 
libraries compared to those constructed from cDNA (Table 1).

After combining 5 × 108 phage from each subpool and then ampli-
fying and Illumina sequencing the final library at a median depth of 
45-fold coverage (Fig. 1d), we detected 91.2% of the expected clones. 
Chao1 analysis8 was done to estimate the actual library complexity 
(assuming infinite sampling), which predicted that >91.8% of the 
library was represented (Supplementary Fig. 1). In addition, the T7-
Pep library is highly uniform, with 78% of the library members within 
tenfold abundance (having been sequenced between 10 and 100 times). 
These data suggest that our library encodes a much more complete and 
uniform representation of the human proteome than can otherwise be 
achieved with existing technologies (Table 1).

Figure 1 Construction and characterization  
of T7-Pep and the PhIP-Seq methodology.  
(a) The T7-Pep library is made from 413,611 
DNA sequences encoding 36-amino acid 
peptide that span 24,239 unique ORFs from 
build 35.1 of the human genome. Each peptide 
overlaps its neighbors by seven amino acids 
on each side. (b) The DNA sequences from a 
are printed as 140-mer oligos on releasable 
DNA microarrays. (i) After oligo release, the 
DNA is PCR-amplified and cloned into a 
FLAG-expressing derivative of the T7Select 
10-3b mid-copy phage display system. (ii). 
The T7-Pep library is mixed with patient 
samples containing autoantibodies. (iii). 
Antibodies and bound phage are captured on 
magnetic beads coated with Protein A and G. 
(iv). DNA from the immunoprecipitated phage 
is recovered. (v). Library inserts are PCR-
amplified with sequencing adapters. A single 
nucleotide change (arrow) is introduced for 
multiplex analysis. (c) Results of plaque sequencing of 71 phage from T7-Pep Pool 1 and T7-CPep Pool 1. (d) Histogram showing results from Illumina 
sequencing of the T7-Pep library. Seventy-eight percent of the total area lies between the vertical red lines at 10 and 100 reads, demonstrating the 
relative uniformity of the library. Representation of each subpool in the T7-Pep library (inset) compared to expected (horizontal red line). aa, amino 
acid; nt, nucleotide; mt, mutation.

Table 1 Comparison between T7-Pep + PhIP-Seq and current proteomic methods for autoantigen discovery
Feature Classic cDNA phage display Protein array T7-Pep + PhIP-Seq

Proteome representation Incomplete 
Highly skewed distribution

Small fraction 
Uniform distribution

Nearly complete 
Uniform distribution

Fraction of clones expressing an  
ORF peptide in frame

As low as 6% Up to 100% ~83%

Size of displayed peptides Up to full-length proteins Mostly full-length proteins 36-amino-acid overlapping peptides

Rounds of selection Requires multiple selection rounds, which  
favor more abundant and faster-growing clones33

No selection Single selection, minimizing clone growth 
bias and population bottleneck

Analysis Individual clone sequencing 
Initial abundance unknown 
Requires population bottleneck

Microarray scanning 
Quantitative 
Statistical analysis of antibody  
binding

Deep sequencing of library 
Quantify population before and after a 
single round of selection 
Statistical analysis of enrichments

Determination of antibody polyclonality Difficult Not possible Possible for antigens of known crystal 
structure

Epitope mapping Difficult Not possible Resolution of 36 amino acids

Effort Labor intensive Minimal Minimal

Sample throughput Low Medium Adaptable to 96-well format

Multiplexing capability No No Yes

Cost Low Moderate to high Moderate
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Validation of the PhIP-Seq approach with HIV-specific mAbs and HIV-infected human serum 

As mentioned above, diverse HIV-1 strains were included in the phage library so that 

this approach could first be validated with HIV-specific mAbs and HIV-infected human sera. 

Thus, to assess the performance of PhIP-Seq, mAbs targeting known linear epitopes (447-52D, 

240-D) on HIV Envelope (Figure 3.3) and a serum sample from an HIV-infected individual 

(QA013) were tested in PhIP-Seq (138-146). Based on optimized PhIP-Seq conditions (131), 2 

ng of each mAb and 2 µg of IgG in sera were tested in technical duplicate. The phage library 

was at expected median representation (~105-fold) of each peptide based on sequencing data 

(data not shown). There was high reproducibility between technical replicates for each sample 

(Figure 3.4A). As expected, the mAb 240-D enriched for peptides within HIV Envelope gp41 

cluster I, while the 447-52D enriched for peptides within the variable loop-3 (V3) region on HIV 

Envelope gp120 (Figure 3.4B). Also as expected, QA013 serum enriched for peptides from 

three regions on the HIV Envelope protein: gp120 V3, gp120 C5, and gp41 cluster I. No 

peptides appeared to be non-specifically enriched by immunoprecipitation (Figure 3.4C). 

 
Figure 3.3. Defined epitopes of HIV-specific mAbs used in PhIP-Seq validation. The 
previously defined linear epitope sequence of 447-52D and 240-D is roughly mapped onto the 
structure of the HIV Envelope glycoprotein. The gp120 subunit is shown in yellow/orange and 
the gp41 subunit it shown in red. The HIV Envelope glycoprotein structure is based on BG505 
SOSIP gp140 HIV-1 Env trimer and is adapted from PDB 4NC0. 
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Figure 3.4. Validation of PhIP-Seq with HIV mAbs and human sera. (A) Proportion of reads 
assigned to phage clones is highly reproducible in each sample. (B) Testing HIV-specific mAbs 
with PhIP-Seq reveals their epitopes on HIV Envelope. Testing serum from an HIV-infected 
individual with PhIP-Seq enriches for immunodominant epitopes on HIV envelope. The fold-
enrichment values plotted represent an average fold-enrichment of peptides at a given site 
across all HIV strains in the library. (C) Proportion of reads of each phage clone in background 
(beads-only, y-axis) compared to baseline (input library, x-axis) reveals lack of non-specific 
phage enrichment.  
 
 
PhIP-Seq epitope-maps HIV-specific mAbs isolated from three Kenyan subjects 

Our validation experiments with HIV-specific mAbs (Figures 3.3 and 3.4) demonstrated 

the potential utility of PhIP-Seq in high-throughput epitope mapping of HIV-specific mAbs. Thus, 

several  HIV-specific mAbs isolated from three Kenyan subjects (QA255, MG505, BG505) were 

tested in PhIP-Seq in order to identify their epitopes. 

Four novel gp41-specific ADCC-mediating mAbs (QA255.006, QA255.016, QA255.067, 

QA255.072) were isolated from subject QA255 (clade A HIV-infected) that arose from four 

independent B cell lineages (121). QA255.067 and QA255.072 all showed enrichment of HIV 

Envelope gp41 peptides from the phage library that encoded sequences from the C-C’ loop and 

surrounding region. Sequences that were enriched by binding to mAb QA255.067 shared a 

common core sequence from 592 to 606 (based on HXB2 numbering), suggesting these amino 

acids are key parts of the epitope for this mAb (Figure 3.5A). QA255.072 binding enriched for an 
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overlapping but distinct peptide region that had a common core sequence of amino acids 596 to 

609 (Figure 3.5A). MAbs QA255.006 and QA255.016 did not enrich for any peptides present in 

the phage library. 

HIV-infected infant BG505 developed a broad neutralizing antibody response to infection 

(147), making the response in this infant of high interest, especially as the HIV Envelope from 

one virus transmitted to infant BG505 is unusually stable as a trimer and thus has been routinely 

used for structural and immunogen studies and BG505 Envelope protein is currently entering 

human clinical trials (148, 149). Sixty-nine nAbs were isolated from the only available 

lymphocyte sample from infant BG505 at ~ 2 years post-infection and a large number of clonal 

families that responded to HIV in this infant were identified (Simonich et al, In Preparation). 

PhIP-seq was used to identify specific linear peptides that bind the mAbs from the different 

clonal families. For 10 of the 18 antibody families, phage-displayed peptides were significantly 

enriched within the V3 region of HIV Envelope (spanning positions 304-322, based on HXB2 

numbering), suggesting that this region of HIV Env comprises a key part of the epitope of these 

isolated antibodies (Figure 3.5B). For two of the antibodies tested (BG505.54 and BG505.56), 

we observed weak but significant enrichment of a smaller peptide that truncated the minimal 

epitope sequence suggesting this is a core part of the epitope (Figure 3.5B, blue residues). The 

remaining representative antibodies did not demonstrate binding to the linear epitopes present 

in the library.  

Thirty-nine HIV-specific neutralizing monoclonal antibodies were isolated from subject 

MG505, the mother of BG505, at a time point just prior to vertical transmission in order to study 

gestational maternal antibodies since there is some evidence that they may provide some 

protection from vertical transmission. These nAbs belonged to 21 clonal families (122). For 9 of 

the 21 nAb families, phage-displayed peptides were significantly enriched within the V3 region 

of HIV Envelope (spanning positions 302-320, based on HXB2 numbering), suggesting that this 

region of HIV Envelope comprises a key part of the epitope of these isolated nAbs (Figure 
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3.9A). Of note, in the case of MG505.149, only a small number of peptides were significantly 

enriched, which likely led to lengthening of the minimal epitope sequence defined for this nAb 

through to position 332. Because of this, we have less confidence in the minimal peptide target 

of this nAb. For three of the nAbs tested (MG505.18, MG505.33, MG505.52), we observed 

weak but significant enrichments of a peptide that truncated the minimal epitope sequence 

suggesting this is a core part of the epitope (Figure 3.9A, blue residues). The remaining 12 nAb 

family representatives that were tested by PhIP-seq did not significantly enrich for any phage in 

the library. 

 
Figure 3.5. PhIP-Seq epitope mapping of HIV-specific mAbs isolated from subjects 
QA255, MG505, and BG505. Figure adapted from (121, 122) and Simonich et al, in 
preparation. Sequence alignments of the minimal consensus epitopes identified by PhIP-seq for 
successfully mapped (A) QA255 and (B) BG505 and MG505 mAbs. Blue residues in (B) signify 
where the minimal epitope was extended in cases where there was weak but significant 
enrichment of a peptide that truncated the minimal epitope sequence. 
 
 

Consensus Minimal Epitope Alignment

HIV BG505.W6.C2 Reference IRSENITNNAKNILVQFNTPVQINCTRPNNNTRKSIRIGPGQAFYATGDIIGDIRQAHCTVSKATWNETLGKVVKQL
Antibody
BG505.4 --------------------------------RKSIRIGPGQAFYATGD----------------------------
BG505.7 --------------------------------RKSIRIGPGQAFYATGD----------------------------
BG505.11 --------------------------------RKSIRIGPGQAFYATGD----------------------------
BG505.12 --------------------------------RKSIRIGPGQAFYATGD----------------------------
BG505.13 --------------------------------RKSIRIGPGQAFYATGD----------------------------
BG505.14 --------------------------------RKSIRIGPGQAFYATGD----------------------------
BG505.16 --------------------------------RKSIRIGPGQAFYATGD----------------------------
BG505.46 ----------------------------------SIRIGPGQAFYATGD----------------------------
BG505.48 --------------------------------RKSIRIGPGQAFYATGD----------------------------
BG505.54 --------------------------------RKSIRIGPGQAFYATGD----------------------------
BG505.56 --------------------------------RKSIRIGPGQAFYATGD----------------------------

MG505.147 ----------------------------------SIRIGPGQAFYATGD----------------------------
MG505.122 ----------------------------------SIRIGPGQAFYATGD----------------------------
MG505.52 ----------------------------------SIRIGPGQAFYATGD----------------------------
MG505.48 --------------------------------RKSIRIGPGQAFYATGD----------------------------
MG505.143 ------------------------------NTRKSIRIGPGQTFYATGD----------------------------
MG505.33 --------------------------------RKSIRIGPGQAFYATGD----------------------------
MG505.18 --------------------------------RKSIRIGPGQAFYATGD----------------------------
MG505.116 --------------------------------RKSIRIGPGQAFYATGD----------------------------
MG505.149 ------------------------------NTRKSIRIGPGQAFYATGDIIGDIRQAHCT-----------------

272 349

Consensus Minimal Epitope Alignment

HIV HXB2 Reference LTVWGIKQLQARILAVERYLKDQQLLGIWGCSGKLICTTAVPWNASWSNKSLEQIWNHTTWMEWDRE
Antibody
QA255.067 ------------------------LLQIWGCSGKLICTT----------------------------
QA255.072 ----------------------------WGCSGKLICTTAVP-------------------------

568 634

A.  QA255

B.  MG505 & BG505
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Preliminary identification ZIKV-specific peptides that are characteristic of ZIKV infection in non-

human primate and human sera 

In order to preliminarily identify ZIKV-specific peptide candidates, serum from ZIKV-

infected and DENV-infected NHPs was tested in PhIP-Seq. Specifically, we tested early-

immune sera (21/28 dpi) from 7 ZIKV-infected NHPs and both early-immune (30 dpi) and late-

immune sera (120-390 dpi, pooled) from NHPs infected with each DENV serotype (see Methods 

for more details). ZIKV peptides specific to ZIKV infection were detected including three ZIKV 

peptides that were specifically targeted by ZIKV-infected NHP sera: E-protein residues 151-189, 

211-269, and NS2B residues 29-87 (Figure 3.6). Both African- and Asian-lineage ZIKV peptides 

where enriched, signifying that these peptides are likely to be targeted by antibodies produced 

in response to infection with either lineage (data not shown). Early-immune and late-immune 

DENV-infected NHP sera did not strongly enrich for ZIKV peptides (Figure 3.7A and 3.8 A-D). 

However, as expected, each plasma sample did enrich for DENV peptides that were at distinct 

genomic positions as compared to the candidate ZIKV-specific peptides (Figure 3.7B-E and 

Figure 3.8E-H). From these initial studies, we preliminarily identified ZIKV-specific peptides that 

are characteristic of ZIKV infection in NHP plasma. 
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Figure 3.6. (previous page) PhIP-seq with ZIKV-infected NHP sera reveals preliminary 
ZIKV-specific peptide signatures. ZIKV peptide enrichment profiles for seven ZIKV-infected 
NHPs. Each plot represents the ZIKV peptide enrichment profile for a separate NHP. The 
peptide key corresponds to colored asterisks in each enrichment profile and arrows on the ZIKV 
genome graphic. 

Figure 3.7. PhIP-Seq with all four serotypes of early-immune (30 dpi) DENV-infected 
serum reveals DENV viral peptide enrichment but lack of strong ZIKV peptide 
enrichment. ZIKV (A) and DENV (B-E) peptide enrichment profiles for 4 DENV-infected NHPs, 
1 from each DENV serotype.  

 
Figure 3.8. PhIP-Seq with all four serotypes of late-immune DENV serum reveals 
autologous viral peptide enrichment but lack of strong ZIKV peptide enrichment. ZIKV (A-
D) and DENV (E-F) peptide enrichment profiles for 4 DENV-infected NHPs, 1 from each DENV 
serotype. Each set of two vertical plots corresponds to a separate NHP.  
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Discussion 

This chapter shows proof-of-concept that PhIP-Seq can be used for high-throughput 

epitope mapping of mAbs and for examining ZIKV-specific antibody signatures in NHP serum. 

HIV mAbs with known epitopes as defined by either linear peptide ELISAs (447-52D; (138-140)) 

or structural data on antibody-antigen interactions (240-D; (141, 142)) and HIV-infected human 

sers were first used in validation experiments. The HIV mAbs enriched for peptides that 

represent the known epitopes of mAbs 240-D and 447-52D in gp41 cluster I and gp120 V3, 

respectively. Further, HIV-infected human serum enriched for immunodominant regions on HIV 

Envelope (143-146). Thus, we tested 44  HIV-specific mAbs isolated from three Kenyan 

subjects to see if we would map their epitopes using PhIP-Seq. In total, we were able to define 

the minimal epitopes of 22 HIV-specific mAbs based on overlap in the peptide sequences that 

were enriched by each mAb. This method requires extremely small quantities of purified mAb 

(2-20 ng total) and as many as 192 mAbs (or possibly more) can be epitope mapped using this 

method in a single experiment. Further, data on preferences for certain amino acids can be 

determined by examining relative fold-enrichment of peptides from various pathogen strains in 

the phage library (121, 122). However, the method was not able to map the epitopes for 22 

mAbs. It is likely that these mAbs target more complex, discontinuous epitopes that may not be 

able to be mapped using PhIP-Seq, at least with the 39-mer peptides expressed by phage in the 

library. 

Using PhIP-Seq with our febrile pathogen library, we have preliminary evidence for 

ZIKV-specific peptides (E-protein residues 151-189, 211-269, and NS2B residues 29-87) that 

are characteristic of ZIKV infection in NHP sera, at least as compared to cases of DENV 

infection in NHPs. The NS2B peptide we identified as ZIKV-specific by testing NHP sera was 

recently described as a highly specific and sensitive epitope when testing ZIKV-infected human 

sera, which lends support to the ZIKV-specific peptides we have identified in our initial studies 

(129). 
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Future studies examining the capacity of PhIP-Seq to specifically identify cases of prior 

ZIKV infection should focus on larger panels of human sera with confirmed flavivirus infection 

histories. To this end, we have assembled a panel of such human serum samples, although this 

will need to be expanded to include more samples, especially from DENV-infected and 

flavivirus-negative individuals (Table 3.2). The potential ZIKV-specific peptides identified in NHP 

sera were based on qualitative assessment of fold-enrichment plots of ZIKV and DENV peptides 

in each serum sample. As there are many pathogens in the phage library, the PhIP-seq data 

from testing each human serum sample will be highly complex. Thus, future studies should 

employ bioinformatics approaches that can account for this high-dimension data. There are 

many successful examples of such approaches, such as leave-one-out analyses employed to 

identify CMV exposure status based on TCR repertoire (150). 

 
 
Table 3.2. Expanded panel of ZIKV-infected, DENV-infected, and flavivirus-naïve human 
sera that has been tested in PhIP-Seq. 
 

  

ZIKV-infected (59 samples)
Acute (3-11 days) 5 samples
Early convalescence 
(14-21 days)

21 samples

Late convalescence 44 samples
DENV-infected

15 samples
Flavivirus-negative

20 samples



 68 

Chapter IV 

The robust restriction of Zika virus by type-I Interferon in A549 cells varies by viral 

lineage and is not determined by IFITM3 

 

Sections of text in this chapter have been modified slightly from the following manuscript:  
 
Gobillot TA, Humes D, Shama A, Kikawa C, and Overbaugh J (2020) The robust restriction 
of Zika virus by type-I interferon in A549 cells varies by viral lineage and is not determined 
by IFITM3. In preparation. 
 

 
Introduction 

The recent spread and severe pathogenic features of ZIKV in the Americas have 

highlighted the epidemic potential of this emerging pathogen. The American outbreak clade of 

ZIKV strains has been linked to fetal abnormalities, a severe congenital syndrome in neonates, 

and adverse neurological outcomes in adults (151-154). Prior to the American epidemic, 

documented outbreaks of ZIKV were rare (6, 17, 155). 

ZIKV was first identified in Africa over 70 years ago. There is limited evidence that 

African-lineage ZIKV infections are associated with the severe pathogenic profile that has been 

fueled by the American clade, which clusters with Asian-lineage strains. This raises the 

possibility that African- and Asian-lineage ZIKV strains may have distinct pathogenic properties. 

IFN-I is a critical component of the host innate immune response to viral infection (93). Upon 

recognition of viral infection, cells enter a transcriptional program that increases the production 

of IFN-I (IFNα and IFNβ), which establishes an anti-viral state in bystander cells and restricts 

viral replication in infected target cells (156). The ability of IFN-I to restrict viral replication is 

largely due to the activation of hundreds of ISGs that have a wide range of anti-viral functions 

(94, 95). IFN-I is capable of restricting ZIKV in cell culture (101, 102), and most murine models 

of ZIKV infection and pathogenesis require ablation of the IFN-I signaling pathway, underscoring 

the important role of ISGs in restricting ZIKV replication (81). One such ISG is IFITM3, which 
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was the first ISG described as a key effector of the IFN-I response against ZIKV in a variety of 

cells including A549, HeLa, 293T, HDFa, and HFF cells (111, 112, 118). IFITM3 is a small 

transmembrane protein that restricts a broad array of viruses and is potently induced by IFN-I 

(113). It is unclear whether strains of ZIKV differ in their susceptibility to IFN-I-mediated 

restriction and/or restriction by IFTIM3.   

The goals of this study were to determine whether ZIKV strains differ in their 

susceptibility to restriction by IFN-I and how IFITM3 contributes to the antiviral effects of IFN-I 

on ZIKV replication. Using a panel of nine ZIKV strains, we found that the African-lineage 

viruses were less sensitive to the effects of IFN-I than the Asian-lineage viruses. We also found 

that IFITM3 does not explain the IFN-I-mediated restriction of African or Asian-lineage viruses in 

A549 cells. 

 

Methods 

Viruses 

ZIKV strains were kindly provided by BEI Resources (MR 766, IbH 30656, PRVABC59, FLR, 

H/PAN/2016/BEI-259634, H/PAN/2015/CDC-259359) and Michael Diamond (DAK-AR-25, DAK-

AR-67, DAK-AR-71). All ZIKV strains were propagated in Vero cells at an MOI of 0.01, as 

previously described (157). Viral titers were determined by the TCID50 assay described below.  

Experiments were performed with aliquots that had undergone at most two freeze-thaw cycles, 

which was not found to have any discernible effect on viral titers.  

 

Cells 

A549 cells (A. Berger; ATCC) were maintained in RPMI (Invitrogren) supplemented with 10% 

fetal bovine serum (FBS), 2mM L-glutamine, and 1X Anti-anti (anti-microbial/anti-mycotic, 

Gibco). Vero cells (A. Geballe; ATCC), HEK293T cells, Jeg3 cells (ATCC), and SNB-19 cells 

(ATCC) were maintained in DMEM (Invitrogen) supplemented with 10% FBS, 2mM L-glutamine, 
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and 1X Anti-anti. SH-SY5Y cells (ATCC) were maintained in EMEM (ATCC) supplemented with 

15% FBS, 2mM L-glutamine, and 1X Anti-anti. 

 

Sequencing and phylogenetic analysis of ZIKV strains 

All ZIKV stocks were sequence-confirmed by Sanger sequencing of a 1.8 – 3.4-kbp region of 

the ZIKV genome that encodes non-structural proteins 1 through 3. To do this, viral RNA was 

isolated using the QiaAMP Viral RNA Mini Kit (Qiagen) and cDNA was produced using 

SuperScript III First Strand Synthesis System (Invitrogen) with random hexamers according to 

the manufacturer’s suggested protocol. The Primal Scheme primer designer software 

(http://primal.zibraproject.org/) was then used to design primers that tiled across the complete 

open reading frame in ~645 bp fragments that overlapped by ~210 bp (158). A subset of these 

primers were used to generate two overlapping sub-amplicons by PCR amplification of cDNA 

with Q5 ReadyMix (NEB) (Table 4.1). Thermocycling conditions used were:           

1. 98˚C, 30 s 

2. 30 cycles: 

98˚C, 15 s 

65˚C, 5 min 

The sub-amplicons were then subjected to Sanger sequencing using primers that bind within 

each sub-amplicon and sequences were confirmed for all strains with published sequences. 

(Table 4.2). Full-length open-reading-frame nucleotide sequences of ZIKV strains in the panel, 

as well as other ZIKV strains, were used to construct a maximum-likelihood phylogenetic tree 

with PhyML using a general time-reversible nucleotide substitution model (159). 
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Table 4.1. Zika virus sub-amplicon generation primers 
 

 

 

 

 

Table 4.2. Zika virus sub-amplicon sequencing primers. 
 

 

 

 

 

 

 

 

 

 

 

IFN-I sensitivity assay 

To measure the impact of IFN-I treatment on ZIKV replication, 8x104 A549, Jeg3, or SNB-19 

cells were either left untreated or pre-treated with 1000 U/mL of IFNα-2a or IFNβ for 24 hours in 

each well of a 24-well plate. After pre-treatment, cells were infected at an MOI of 1 in a final 

volume of 250 µL of serum-free RPMI for 4-6 hours. The inoculum was then aspirated, cells 

were washed twice with 1X PBS, and replenished with 1 mL of complete RPMI without IFN-I or 

containing 1000 U/mL of IFNα-2a or IFNβ. At 48 hours post-infection (hpi), 250 uL of 

supernatants were harvested and cleared of cellular debris at 4⁰C at 300G for 10 minutes and 2 

X 100 uL aliquots were stored at -80⁰C until titration by TCID50 assay. For the data analysis, all 

Sub-amplicon 1 
ZikaSeq_7_Fwd CAAATCACTGTTTGGAGGAATGTCC 
ZikaSeq_12_Rev TTCCAAGGCCCACAGTATGACA 

Sub-amplicon 2 
ZikaSeq_12_Fwd GCCTGATATGTGCACTGGC 
ZikaSeq_18_Rev ATCATTAGCAGCGGGACTCCAA 

Name Sequence (5’-3’) 
ZikaSeq_9_Fwd TGACACATGGAGGCTGAAGAGG 
ZikaSeq_10_Fwd TGGAATGGAGATAAGGCCCAG 
ZikaSeq_11_Fwd TTTCAGAGCCAATTGGACACCC 
ZikaSeq_12_Fwd GCCTGATATGTGCACTGGC 
ZikaSeq_13_Fwd GAAGACTGGGAAAAGGAGTGG 
ZikaSeq_14_Fwd TCAAGACAAAGGACGGGGACAT 
ZikaSeq_15_Fwd ATGTGCCATGCCACTTTCACTT 
ZikaSeq_9_Rev CTGCGAAAGTAGCACCCATCA 
ZikaSeq_10_Rev GGGAGAGGAGCATGAACCC 
ZikaSeq_11_Rev CCTTTGAGTATGATCTCTCTCATGGG 
ZikaSeq_12_Rev TTCCAAGGCCCACAGTATGACA 
ZikaSeq_13_Rev TCCTGGTTTTTCCGGCTCC 
ZikaSeq_14_Rev GCTCTCTCTGGGACTTCCACTT 
ZikaSeq_15_Rev CTTCATCAGTCTCTGCACACCC 
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values were plotted and statistical analyses performed using Prism version 7 (GraphPad 

Software). Percent Relative Infection was determined by dividing the TCID50 titer in the IFNα- or 

IFNβ-treated sample by the untreated sample. 

 

TCID50 assays 

ZIKV titers were determined by TCID50 assay on Vero cells in a 96-well format. One day prior to 

titration, Vero cells were seeded in 100 uL of complete DMEM in a flat-bottomed 96-well plate at 

8x103 cells per well.  For each condition tested, seven serial 10-fold dilutions of viral 

supernatants were prepared, starting at a concentration of 1 uL/well, with each dilution including 

10 replicate wells and 2 mock infected wells. Cells were infected with 50 uL of each viral dilution 

in serum free DMEM for 4-6 hours, before being replenished with 100 uL of DMEM with 3% 

FBS, for a final concentration of 2% FBS. On day 5 post-infection the wells at a given dilution 

were scored by light microscope for the presence or absence of cytotoxicity and the TCID50/mL 

was calculated using the Spearman-Karber method.  

 

ZIKV E-protein staining 

Monoclonal Anti-Flavivirus Group Antigen (4G2) antibody (ATCC) was conjugated with APC 

(Novus Lighting-Link) according to manufacturer’s protocol. For each condition, 3x105 cells were 

plated in a single-well of a 6-well dish. Cells were subsequently infected with 1 mL of inoculum 

(MOI 1) for 4-6 hours, before being replenished with 3 mL of RPMI-10% FBS-2mM L-glutamine-

1X Anti-anti (anti-microbial/anti-mycotic, Gibco). Cells were harvested at 24 hours post-infection 

and were subsequently fixed and permeabilized with the BD Fixation/Permeabilization solution 

kit according to the manufacturer’s protocol (BD Biosciences). Intracellular E-protein staining 

was then carried out with 0.25µg of APC-conjugated 4G2 antibody per condition. Cells were 

washed twice in Perm/Wash buffer and resuspended in PBS prior to flow cytometry analysis on 

a BD FACSCanto II flow cytometer. All data was analyzed using FlowJo v10 software. 
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Generation of stable cell lines overexpressing IFITM3 

IFITM3-expressing A549 cells were generated as previously described (160). Briefly, the N-

terminal FLAG-tagged IFITM3 open-reading frame was cloned into pHIV-Zsgreen (161) 

(Addgene plasmid # 18121, a gift from Bryan Welm & Zena Werb) directly upstream of the 

IRES-driven ZsGreen fluorescent reporter, thus linking IFITM3 transcript expression to ZsGreen 

expression. VLPs were generated in HEK293T cells by co-transfecting cells with pHIV-ZsGreen 

constructs (either IFITM3-encoding or empty vector as control), psPAX2 (Addgene plasmid # 

12260, an HIV-based packaging plasmid gifted from Didier Trono), and pMD2.G (Addgene 

plasmid # 12259, vesicular stomatitis virus glycoprotein [VSV-G] envelope plasmid gifted from 

Didier Trono) at a ratio of 1:1:0.5 using FuGENE 6 (Promega) according to the manufacturer’s 

protocol. Supernatants from HEK293T cells were collected 48 hours post-transfection and 

concentrated ~100-fold using Amicon Ultracel 100 K filters (Millipore). VLPs were then used to 

transduce A549 cells that has been plated 24 hours prior in a 6-well plate at 1x105 cells/well in 2 

mL of RPMI supplemented with 10% FBS and 2mM glutamine. A549 cells were transduced by 

spinoculation at 1200 x g for 90 minutes. The following day, the cells were expanded into new 

T75 flasks and were subsequently passaged and maintained in complete DMEM. IFITM3-

expressing cells were sorted by gating cells in the fiftieth-percentile of zsGreen expression on a 

FACSAria II cell sorter. 

 

Generation of clonal cell lines expressing different levels of IFITM3 

Monoclonal cell populations of IFITM3-expressing A549 cells (generated as described above) 

were isolated by limiting dilution. Briefly, IFITM3-expressing A549 cells were seeded at a 

density of 1 cell per well in a 96-well plate in 150 µL of RPMI-10% FBS-2mM L-glutamine-1X 

Anti-anti (anti-microbial/anti-mycotic, Gibco). Seven days after plating, single colonies could be 

visualized and the media was changed on all wells. Ten days after plating, the number of 

colonies in each well were tallied and wells that contained only a single colony were selected for 
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further analysis. Cells from wells containing single colonies were trypsinized when they were 

close to confluency (~15 days after plating) and expanded into a well of a 24-well plate. Clonal 

cell populations were subsequently screened for zsGreen mean fluorescence intensity and two 

cell lines (IFITM3-rel and IFITM3-high) were selected to use in experiments. 

 

Generation of IFITM3 and IRF9 knockout cell lines and validation by TIDE analysis 

For generation of IFITM3-knockout and IRF9-knockout A549 cell lines, guide RNAs targeting 

the first exon of Ifitm3 and the third exon of Irf9, or non-targeting control guide RNA, were 

cloned into pLentiCRISPR (Addgene plasmid # 49535, a gift from Feng Zhang) (162). VLPs 

were generated by co-transfecting HEK 293Ts with the pLentiCRISPR plasmids, the psPAX2 

packaging vector, and pMD2.G and harvested and concentrated as described above. A549 cells 

were transduced with pLentiCRISPR VLPs encoding and maintained as described above, 

except that cells were treated with 2 ug/mL puromycin to select for sgRNA and Cas9 expression 

two days after being moved to T75 flasks. The two IFITM3-targeting sgRNAs that yielded the 

most efficient knockout of IFITM3 were sgRNA1, 5’-GCAGCAGGGGTTCATGAAGA-3’; and 

sgRNA2, 5’-TTGAGCATCTCATAGTTGGG-3’. The IRF9-targeting sgRNA was 5’-

ACAATTCCACAGGCCAGCCA-3’  and the non-targeting control was 5’-

ATCTCGGGTCGACTGCGGAT-3’. Gene knockout was characterized by TIDE analysis. Briefly, 

after three rounds of puromycin selection, genomic DNA was isolated. For IFITM3-knockout cell 

lines, DNA was isolated using QuickExtract DNA extraction solution (Lucigen) by resuspending 

cells in 100 μL of the solution, and by denaturing for 20 min at 60 °C and 20 min at 95 °C. The 

ifitm3 locus was amplified using the following primer set: forward 5’-

ACCATCCCAGTAACCCGACCG-3’ and reverse 5’-GCTGATACAGGACTCGGCTCC-3’. For 

IRF9-knockout cell lines, DNA was isolated using a Qiagen Blood Mini kit per the 

manufacturer’s protocol. The Irf9 locus was amplified using the following primer set: forward 5’-

CCTGCATAATCCCTTCTGAGC 3’ and reverse 5’-CCCTGGAGTTTCTGCTTCCT-3’. Amplicons 
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were Sanger sequenced and gene editing was measured using TIDE analysis (https://tide-

calculator.nki.nl/).  

 

Western blots and quantification 

Whole cell extracts were prepared by lysing the cells in RIPA cell lysis buffer (50 mM Tris pH 

8.0, 0.1% SDS, 1% Triton-X, 150 mM NaCl, 1% deoxycholic acid, 2 mM PMSF). Standard 

Western blotting procedures were used with the following antibodies: IFITM3 (Proteintech 

11714-1-AP, used at 1:1000 dilution), IFITM2 (Proteintech 66137-1-Ig, used at 1:500 dilution), 

FLAG (OriGene TA100023, used at 1:2000 to 1:5000 dilution), and GAPDH (BioRad 

MCA4739P, used at 1:5000 dilution). Protein expression was quantified by measuring the band 

intensities using Image J. 

 

IAV and MLV VLP infections 

IAV (generously provided by A. Russell and J. Bloom) is an mCherry-expressing reporter virus 

where HA is replaced with mCherry. For MLV, reporter VLPs were made by packaging the 

lentiGuide.mCherry vector (163) (a gift from Richard Young, AddGene plasmid #104375) with 

psPAX2 and pseudotyping with an amphotropic MLV envelope. For both viruses, 8x104 IFITM3-

expressing and control cells were plated in a 24-well plate one day prior to infections in a final 

volume of 1 mL of complete RPMI. For IAV, cells were infected at an MOI of 10 in 500 µL of 

complete RPMI for 16 hours. Cells were harvested and fixed in 1% paraformaldehyde. For MLV, 

cells were infected with a dilution of VLPs in complete RPMI supplemented with 10 µg/mL 

DEAE dextran. Cells were harvested and fixed in 1% paraformaldehyde 72 hours post infection. 

Both IAV and MLV-infected cells were assessed for mCherry expression using a Fortessa X50 

flow cytometer and data was analyzed using FlowJo v9 software. 

 

 



 76 

Data availability 

The accession numbers for the ZIKV strains utilized in this study are: KU963573 (MR 766), 

KU963574 (IbH30656), KU955591 (DAK-AR-25), MF510857 (DAK-AR-67), KU955595 (DAK-

AR-71), KX198135 (H/PAN/2016/BEI-259634), KX156774 (H/PAN/2015/CDC-259359), 

KX087102 (FLR), KX087101 (PRVABC59). 

 

Results 

Effect of IFN-I treatment on diverse ZIKV strains in A549 cells 

In order to test the hypothesis that IFN-I sensitivity differs between African-lineage and 

Asian-lineage ZIKV strains, a panel of nine viruses was tested for their ability to replicate in 

A549 cells in the presence or absence of IFN-I. Five strains belong to the African lineage and 

four strains belong to the American outbreak clade within the Asian lineage (Fig 4.1, circles). 

The percent identity of the complete genomes of African vs. Asian lineage strains in this panel is 

88-89%, which is representative of the overall diversity of isolated ZIKV strains (6). All Asian-

lineage viruses were isolated from infected humans, while only one African-linage virus was 

isolated from an infected human (IbH 30656). Three African-lineage strains were isolated from 

mosquitoes (DAK-AR-25, DAK-AR-67, DAK-AR-71) and one from a sentinel rhesus macaque 

(MR 766) (Table 4.3). In addition, these strains have diverse passage histories. Most have 

undergone 3-5 passages in mosquito (AP61, C6/36) and/or African-green monkey (Vero) cell 

lines; however, MR 766 has been extensively passaged in mouse brain and subsequently in 

Vero cells. IbH 30656 has a similar but less extensive high-passage profile. The number of 

passages in AP61 cells for DAK-AR-67 and DAK-AR-71 is unknown. 

 For each strain in the panel, two independent stocks were amplified on Vero cells to 

account for any stock to stock variation, and the sensitivity of the viral stocks to pretreatment 

with IFNα-2a or IFNβ (1000 U/mL) in A549 cells was determined (Fig 4.2A). Both African-

lineage and Asian-lineage viruses were more potently inhibited by IFNβ pre-treatment than 
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IFNα, with viral replication reduced 2 to 16-fold in response to IFNα and 20 to 407-fold in 

response to IFNβ (Fig 4.2A). The biggest differences were between IbH 30656 / DAK-AR-25 

(both African-lineage) and H/PAN/CDC-259359 (Asian-lineage) (~8-fold) for IFNα and IbH 

30656 and PRVABC59 (Asian-lineage, ~20-fold) for IFNβ. There was a range of responses 

within each lineage: for example, among African-lineage strains, the most sensitive MR 766 

isolate was more susceptible to both IFNα and IFNβ. Among Asian-lineage strains, 

H/PAN/CDC-259359 was the most sensitive to IFNα, while PRVABC59 was the most sensitive 

to IFNβ. 

As an aggregate, African-lineage ZIKV strains were significantly less susceptible to IFNα 

restriction than Asian-lineage strains (Fig 4.2B; p=0.049); they were also less susceptible to 

IFNβ, though differences in sensitivity to IFNβ (Fig 4.2B; p=0.09) were only a statistical trend. 

Taken together, the data reinforces IFN-I as a potent restrictor of ZIKV replication, albeit 

with substantial strain-to-strain differences in susceptibility, with African-lineage strains less 

sensitive to IFN-I than Asian-lineage strains. 

 
Table 4.3. Summary of characteristics of ZIKVs used in this study. 

Strain Lineage Source Passage History 

MR 766 

African 

Rhesus (Uganda 1947) 150x mouse brain 
8x Vero cells 

IbH 30656 Human (Nigeria 1968) 21x mouse brain 
4x Vero cells 

DAK-AR-25 Aedes africanus (Senegal 1984) 
1x AP61 cells 
1x C6/36 cells 
3x Vero cells 

DAK-AR-67 Aedes taylori (Senegal 1984) 
?x AP61 cells 
1x C6/36 cells 
2x Vero cells 

DAK-AR-71 Aedes taylori (Senegal 1984) 
?x AP61 cells 
1x C6/36 cells 
2x Vero cells 

PRVABC59 

Asian 

Human (Puerto Rico 2015) 5x Vero cells 
FLR Human (Columbia 2015) 3x C6/36 cells 

H/PAN/2016/BEI-259634 Human (Panama 2016) 4x Vero cells 
H/PAN/2015/CDC/259359 Human (Panama 2015) 4x Vero cells 
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Figure 4.1. Phylogenetic relationships of Zika virus strains used in this study. Maximum-
likelihood phylogeny of full-length open-reading-frame nucleotide sequences using Zika virus 
strains in this study (circles) and reference sequences isolated from humans, non-human 
primates, and mosquitoes. At least one representative strain from each documented ZIKV clade 
is included in the phylogenetic tree. 

 
Figure 4.2. Effect of IFN-I pre-treatment on diverse Zika virus strains in A549 cells. (A) The 
susceptibility of each ZIKV strain to restriction by IFNα-2a or IFNβ was assessed in A549 cells. 
Cells were treated with 1000 U/mL IFNα-2a or IFNβ 24 hours prior to infection as well as 
following infection with each ZIKV strain. The titer (TCID50/mL) of each strain 48 hours post-
infection in the absence of IFN-I (black), presence of IFNα-2a (blue), and presence of IFNβ 
(purple) is shown. All data represent the average of at least four independent experiments that 
were carried out with two independently-generated stocks of each ZIKV strain. Error bars 
represent SEM. The mean fold-reduction in viral replication of each ZIKV strain by pre-treatment 
with IFNα and IFNβ is listed below the graph. (B) Comparison of IFNα-2a-mediated (1000 U/mL) 
and IFNβ-mediated restriction (1000 U/mL) of African-lineage vs. Asian-lineage ZIKV strains. 
Percent relative infection (IFN+/IFN-) is plotted for African-lineage (light blue) and Asian-lineage 
(dark blue) ZIKV strains. Error bars indicate SEM. A two-tailed student’s t-test was used to 
compare percent relative infection of African-lineage vs. Asian-lineage ZIKV strains for each IFN 
condition (*p = 0.049). 
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Expression of IFITM3 at levels similar to IFN-induction in A549 cells does not restrict ZIKV  

 Given the potent IFN-I-induced restriction of ZIKV strains in the panel, with a several 

hundred-fold reduction in replication for the most potently inhibited strains, we examined the 

contribution of the IFITM3 to this IFN-I-mediated inhibitory effect, because it was the first 

reported antiviral ISG against ZIKV. IFITM3 was induced by both IFNβ and IFNα in A549 cells, 

with slightly higher levels (~2-fold) in IFNβ than IFNα-treated cells at the same dose (1000 

U/mL; Fig 4.3A). The induction was dose-dependent, as shown with increasing doses of IFNβ 

(Fig 4.3A). To determine whether the induction of IFITM3 expression could explain the 

sensitivity of ZIKV to IFN-I, an A549 cell line expressing an N-terminally FLAG-tagged IFITM3 

was generated (Fig 4.3B). To ensure that the levels of IFITM3 were physiologically relevant, we 

sorted cells and selected cells with relatively lower levels of IFITM3 (IFITM3-low-pool cell line); 

these sorted A549 cells expressed similar levels of IFITM3 as IFNβ-treated A549 control cells 

(Fig 4.3C). 

 

 
Figure 4.3. Expression of IFITM3 in A549 cells transduced with exogenous IFITM3 
compared to after IFN-I-induction. (A) Western blot analysis of IFITM3 expression in A549 
cells pretreated with increasing concentrations of IFNβ and 1000 U/mL IFNα for 24 hours. The 
concentration of IFNβ is indicated above each lane. (B) Western blot analysis of IFITM3-FLAG 
expression using an anti-FLAG antibody in IFITM3-low-pool A549 cell lines. Control cells were 
either untreated or treated with IFNβ (1000 U/mL) for 24 hours. (C) Western blot analyses of 
expression of IFITM3-FLAG protein compared to endogenous IFITM3 using an anti-IFITM3 
antibody. Control cells were either untreated or treated with IFNβ (1000 U/mL) for 24 hours. 
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To assess the effect of IFITM3 expression on ZIKV replication, IFITM3-expressing and 

control cells were infected with African-lineage isolate MR 766 and Asian-lineage isolate 

PRVABC59, both of which were found to be especially susceptible to IFN-I (Fig 4.4). Viral 

replication was not significantly different in cells expressing IFITM3 than from control cells for 

either strain (Fig 4.4A). Importantly, an Influenza A reporter virus (IAV) was significantly 

restricted in IFITM3-expressing cells (p<0.0001), while virus-like particles (VLPs) expressing the 

murine leukemia virus (MLV) envelope protein were not significantly restricted in these cells (Fig 

4.4B, 4C). This is consistent with published data showing IFITM3 restricts IAV but not MLV 

(164). Notably, ZIKV was potently inhibited in the same cells engineered to express IFITM3 

when they were treated with IFNβ, with drastic reductions in viral replication for both strains 

(1.6x103 – 5.1x103 –fold) when compared to infection of untreated control cells (Fig 4.4A; 

p=0.007 for MR 766, p=0.01 for PRVABC59). This shows that ISGs induced by IFN-Ι other than 

IFITM3 were driving the potent antiviral response to ZIKV in these cells.  

 
Figure 4.4. Infection of cells expressing IFITM3-FLAG in the absence and presence of 
IFNβ. (A) Infection of IFITM3-expressing cells with ZIKV strains MR 766 and PRVABC59. Viral 
titers 48 hpi in untreated (blue) or IFNβ pretreated (1000 U/mL; 24h; purple) IFITM3 cells are 
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shown. For each strain, percent relative infection (IFITM3-low-pool/Control or IFN+/Control) is 
shown. Data represent the average of four independent experiments that were carried out with 
two independently-generated stocks of each ZIKV strain. Error bars indicate SEM. *p = 0.01, **p 
= 0.007 (one-way analysis of variance (ANOVA) followed by Dunnett’s post-hoc test for multiple 
comparisons) (B, C) Infection of IFITM3-expressing cells with mCherry-expressing (B) IAV and 
(C) VLPs expressing MLV envelope protein. Data represent the average of at least four 
independent experiments. Error bars indicate SEM. ***p = 0.0001 (two-tailed student’s t-test). 
 

Overexpression of IFITM3 above IFN-I-induced levels in A549 cells restricts ZIKV 

Our results indicating that IFITM3 did not restrict ZIKV replication in our system 

contrasted with results of several studies that have described IFITM3 as a ZIKV restriction 

factor. These studies tended to utilize systems that overexpress IFITM3 at levels that are higher 

than seen upon IFN-I induction (111, 112). To determine if these differences in expression 

levels could explain the differences in results, clonal A549 cell lines were generated that either 

overexpress IFITM3 above IFN-I-induced levels (5.1-fold higher; IFITM3-high cell line, Fig 4.5A) 

or express IFITM3 to levels that were closer and thus more relevant to those induced by 

treatment with IFN-I (1.7-fold higher; IFITM3-rel cell line, “-rel” for IFN-I-relevant, Fig 4.5A). 

These cells were infected with MR 766 in parallel to empty vector-transduced A549 control cells. 

While viral replication was not significantly different between control and IFITM3-rel cells, there 

was a significant reduction of viral replication in IFITM3-high cells (16-fold, p=0.003; Fig 4.5B).  

Because the prior studies that suggested IFITM3 inhibits early stages of ZIKV replication 

used different time points and assays to study IFITM3-mediated restriction of ZIKV (111, 112), 

we next determined whether we missed the activity of IFITM3 at earlier times or because of our 

methods of measuring virus. For this, we examined the percent of infected cells in control, 

IFITM3-rel, and IFITM3-high cells by E-protein staining at 24 hours post-infection (Fig 4.5C). 

There was no difference in percent E-protein-positive cells between control and the low-

expressing IFITM3-rel cells, while there was a 12-fold reduction in percent E-protein-positive 

cells in high-expressing IFITM3-high cells (p < 0.0001). 
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Figure 4.5. Infection of clonal A549 cells expressing IFN-relevant levels of IFITM3-FLAG 
or overexpressing IFITM3-FLAG. (A) Western blot analysis of IFITM3 expression using an 
anti-IFITM3 antibody in A549 clonal cell lines and control cells. Control cells were either 
untreated or treated with 1000 U/mL IFNβ for 24 hours. The fold-change in IFITM3 expression 
compared to controls cells treated with IFNβ (normalized to GAPDH expression) is noted below 
the Western blot which was quantified by measuring the band intensities across three different 
exposures of the same Western blot and calculating the mean. IFITM3-rel cells are named for 
their IFN-I-relevant levels of IFITM3 expression, while IFITM3-high cells are named for their 
overexpression of IFITM3 above levels observed by IFN-I induction. (B, C) Infection of clonal 
cell lines and control cells with ZIKV strain MR 766. The percent relative TCID50 titer of MR 766 
measured at 48 hpi (B) and percent of E-protein-positive cells at 24 hpi (C) is shown. All data 
represent the average of at least four independent experiments. The mean fold-reduction in viral 
replication (b) or percent E-protein-positive cells (C) in each cell line as compared to control 
cells (Control/IFITM3-rel or Control/IFITM3-high) is presented below each graph. Error bars 
represent SEM. **p = 0.003, ****p < 0.0001 (one-way analysis of variance (ANOVA) followed by 
Tukey’s post-hoc test for multiple comparisons).  
 

To rule out that the reason physiological levels of IFITM3 are not associated with 

restriction of ZIKV in A549 cells is because they are unusually low, we compared their IFN-I-

induced IFITM3 levels to other cells, including glial (SNB-19), neuronal (SH-SY5Y), and 

placental cells (Jeg3 cells) which play important roles in the vertical transmission and 
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neurological pathogenesis of ZIKV-infected neonates (165-168). IFN-I-induced levels of IFITM3 

in Jeg3 were similar to those observed in A549 cells, while SNB-19 and SH-SY5Y cells had 

lower levels of IFN-I-induced IFITM3 induction (0.3-0.4-fold; Fig 4.6A). 

Collectively, these results indicate the neither cell type nor assay differences explain 

differences in results among studies. Rather, the differences reflect an inhibitory effect of 

IFITM3 at very high levels that does not reflect what happens at physiological levels.  

 
Figure 4.6. Effect of IFN-I pre-treatment on expression of IFITM3 in Jeg3, SNB-19, and SH-
SY5Y cells. (a) Western blot analysis of IFITM3 expression using an anti-IFITM3 antibody in 
A549, Jeg3, SNB-19, and SH-SY5Y cells. Cells were either untreated or treated with 1000 U/mL 
IFNα or IFNβ for 24 hours. For each cell line, the level of IFITM3 expression by IFNβ treatment 
as compared to IFNβ-treated A549 cells (normalized to GAPDH expression) is noted below the 
Western blot. 
 

CRISPR-Cas9 inactivation of IFITM3 does not ablate the effect of IFN-I on ZIKV replication in 

A549 cells 

 To better define the contribution of IFITM3 to the overall IFN-I response against ZIKV 

replication, we employed a complementary CRISPR-Cas9 gene editing approach to knock out 

IFITM3. In parallel, we inactivated IRF9 because it is an essential component of the IFN-I 

signaling cascade and thus serves as a control for ablation of the IFN-I response. The 

transduced cell lines had high percent total editing , including with two different sgRNAs to 

IFITM3 (IFITM3 sgRNA1: 96%; IFITM3 sgRNA2: 88%; IRF9: 100%). Cells transduced with 

IFITM3-targeting sgRNA1 or sgRNA2 were depleted in IFITM3 expression as compared to NTC 
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cells, both basally and when treated with IFNβ (Fig 4.7A). Due to the high level of sequence 

identity between IFITM2 and IFITM3, IFITM2 expression was also knocked out in cells 

transduced with IFITM3-targeted sgRNAs (Fig 4.7B).  Thus, the IFITM3-knockout cell lines 

could detect the loss of activity of either IFITM3 or IFITM2 against ZIKV. Cells transduced with 

the IRF9-targeting sgRNA were depleted in IRF9 expression (Fig 4.7C).   

 IFITM3-knockout, IRF9-knockout, and NTC cells were infected with an African-lineage 

(MR 766) or Asian-lineage (PRVABC59) virus at an MOI of 1. In untreated cells, there was a 

modest but statistically significant (2.5-fold; p=0.0008) increase in virus replication of MR 766 in 

sgRNA1 IFITM3-knockout cells that was not observed in sgRNA2 IFITM3-knockout cells or in 

either of the IFITM3-knockout cells infected with PRVABC59.  In IFN-treated cells, there was no 

significant impact on the level of IFNβ inhibition with the ablation of IFITM3 expression.  Viral 

titers were reduced by very similar amounts in control cells (380-fold) compared to IFITM3 

knock-out cells (300 and 360-fold) for MR766 infection and in control cells (680-fold) and IFITM3 

knock-out cells (510- and 500-fold) for PRVABC59, (Fig 4.7D, purple bars).  The effect of IFNβ 

was completely abrogated in IRF9-knockout cells, as expected (Fig 4.7E).  

 We also examined whether the time of infection or assay read-out impacted the results 

in our IFITM3 knockout cells by examining E-protein staining at 24 hours post-infection (Fig 

4.7F). In these experiments, two lower doses (50, 150 U/mL) of IFNβ were used to enhance the 

dynamic range of the assay. In NTC cells, E-protein staining was 3.1- and 8.8-fold lower at 50 

U/mL and 150 U/mL IFNβ, respectively. We observed a similar level of inhibition in IFITM3 

knockout cells: 2.7- (sgRNA1) and 2.4-fold (sgRNA2) inhibition at 50 U/mL; 6.3- (sgRNA1) and 

5.6-fold (sgRNA2) inhibition at 150 U/mL (Fig 4.7F). The differences between untreated or IFN-

treated conditions between NTC and IFITM3-knockout cells were not significant. IFNβ-mediated 

restriction of ZIKV at both IFNβ concentrations was again abrogated in IRF9-knockout cells as 

compared to NTC cells (p<0.0001 at both IFN concentrations). 



 85 

 Taken together, these data suggest at best a very modest contribution of IFITM3 to the 

overall IFN-I response to ZIKV in A549 cells, which is consistent with the results in cells 

exogenously expressing IFITM3. Thus, the several order of magnitude restriction to ZIKV 

replication, including both African and Asian lineage strains in A549 cells is due to ISGs other 

than IFITM3. 
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Figure 4.7 Analysis and infection results of IFITM3 and IRF9 knock-out cells. (a, b) 
Western blot analysis of IFITM3 (A) and IFITM2 (B) expression in untreated or IFNβ pretreated 
(1000 U/mL; 24h) A549 cells transduced with NTC, sgRNA1 (sg1), or sgRNA2 (sg2). The 
sgRNA used to transduce each cell line is indicated above each lane. (C) Western blot analysis 
of IRF9 expression in untreated, IFNα pretreated (1000 U/mL; 24h), or IFNβ pretreated (1000 
U/mL; 24h) A549 cells transduced with NTC or an IRF9-targeting sgRNA. (D, E) Infection 
results with MR 766 and PRVABC59 showing viral titers 48 hpi in IFITM3-knockout (D) and 
IRF9-knockout (E) A549 cells. The percent relative infection (normalized to untreated NTC) of 
each strain in the absence of IFN-I (black) and presence of 1000 U/mL of IFNβ (purple; 24h 
pretreatment) is shown in each indicated cell type. All data represent the average of four 
independent experiments. Error bars indicate SEM. ***p = 0.0008 (two-way analysis of variance 
(ANOVA) followed by Dunnet’s post-hoc test for multiple comparisons). (F) Infection results with 
MR 766 showing percent E-protein-positive cells 24 hpi in IFITM3-knockout, IRF9-knockout, and 
NTC A549 cells. The percent E-protein-positive cells in the absence of IFN-I (black) and 
presence of 50 U/mL IFNβ (light purple ; 24h pretreatment) and 150 U/mL IFNβ (dark purple; 
24h pretreatment) is shown in each indicated cell type. All data represent the average of four 
independent experiments. Error bars indicate SEM. All data comparisons were made to identical 
conditions in the NTC. ****p < 0.0001 (one-way ANOVA followed by Dunnett’s post-hoc test for 
multiple comparisons). 
 

NTC IFITM3 sg1 IFITM sg2 IRF9-KO
0

20

40

60

80

100

%
 E

-p
ro

te
in

+

Untreated
50 U/mL IFNβ
150 U/mL IFNβ

****

****

p < 0.0001

MR 766 PRVABC59

0.1

1

10

100

1000

%
 R

el
at

iv
e 

In
fe

ct
io

n

sgRNA1 sgRNA2NTC sgRNA1 sgRNA2NTC
380 360 300 680 510 500IFNβ mean fold-change:

***
p=0.0008

IFITM3-KO

0.1

1

10

100

1000

IRF9-KO

Untreated

+IFNβ

MR 766 PRVABC59

%
 R

el
at

iv
e 

In
fe

ct
io

n

D. E.

F.

- +      - +     - +   
NTC     sg1     sg2

IFITM3

GAPDH

IFNβ: - +     - +     - +   
NTC     sg1     sg2

GAPDH

IFNβ:

IFITM2 IRF9

GAPDH

NTC IRF9-KO
α β α βIFN:

A. B. C.



 87 

Discussion 

 The emergence of more prevalent and severe pathogenic outcomes associated with 

ZIKV infection has brought renewed interested in the study of this virus over the past few years.  

Given the importance of IFN-I in the antiviral response, we asked whether African- and Asian-

lineage ZIKV strains differ in their IFN-I sensitivity and whether the previously defined ZIKV 

antiviral protein IFITM3 plays a critical role in the IFN-I response. ZIKV strains were potently 

inhibited by IFN-I in A549 cells, although they had a range of susceptibilities and African-lineage 

strains were less sensitive to IFN-I-mediated restriction than Asian-lineage strains.  The potent 

IFN-I antiviral activity was not due to IFITM3 in A549 cells, suggesting that these cells could 

shed light on novel ISGs with the potential to restrict ZIKV replication, including those that 

determine lineage-dependent differences in the IFN-I antiviral effect. 

African-lineage strains were significantly less sensitive to the effects of IFNα and showed 

a trend for a difference with IFNβ compared to Asian-lineage strains. This was at first counter-

intuitive given the fact that it is Asian-lineage strains that cause severe neuropathologic 

outcomes in fetuses, neonates, and adults. However, the data are in line with several recent 

studies that have demonstrated that infection with African-lineage strains resulted in enhanced 

replication kinetics, virus production, cytopathicity, and disease progression in murine models 

(75-87, 126). Further, one such study showed that induction of IFN-I is higher following infection 

with African-lineage strains in murine models (87). While IFN-Is are potent antiviral proteins, 

they also play important roles in immune activation and for this reason can have dual roles in 

viral infection outcomes.  One hypothesis to explain these data is that decreased virulence, 

reduced immune activation, and IFN-I sensitivity may be conducive to establishing persistent 

infections within certain tissues and that rapid, self-limiting virus replication may minimize 

opportunities to establish infected cell sanctuaries. Indeed, others have suggested that Asian-

lineage strains may be better able to establish chronic infection of neural progenitor cells, 

undergo more efficient vertical transmission, and establish viral reservoirs in the central nervous 
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system, lymph nodes, and gastrointestinal and genitourinary tracts (84, 89-92). A caveat to all of 

these studies, including ours, is the divergent passage histories of the strains that are available 

for study, and we cannot rule out that this drives some of the observed differences. Future 

studies with larger numbers of low-passage strains involving important target cell types of ZIKV 

tropism and pathogenesis will be critical in strengthening our understanding of these 

relationships. 

All ZIKV strains were more potently restricted by IFNβ than IFNα at 1000 U/mL. 

Although IFNα and IFNβ signal through the same heterodimeric IFN receptor (IFNAR), IFNβ has 

been reported to possess higher binding affinities for IFNAR and can independently bind one 

IFNAR chain (IFNAR1), which triggers the downstream expression of a unique set of ISGs (169, 

170). A combination of these factors likely influences the stronger potency of IFNβ-mediated 

viral restriction we and others have observed (171). Of note, we focused on two (IFNα-2a and 

IFNβ) subtypes that are expressed during ZIKV infection in more relevant cell types, such as 

human-induced neuroprogenitor cells and the neuroblastoma SH-SY5Y cell line (172), because 

these IFNs are likely part of the innate antiviral response to ZIKV. However, there are many 

subtypes of IFN-I that have been shown to have specific and distinct biological effects that may 

also contribute to IFN-I-induced restriction of ZIKV (170, 173-175).  

It is noteworthy that while the African-lineage strains were overall less sensitive to IFNα 

than the Asian-lineage strains, one commonly used African isolate, MR 766, was very sensitive 

to both IFNα and IFNβ. This may reflect the extensive passage history of MR 766, which could 

have selected for a virus that is, as a result, not adapted to evade innate immune pressures. Of 

note, the differences between African-lineage and Asian-lineage groups in terms of both their 

IFNα and IFNβ sensitivity would have been even stronger if MR 766 were not included in our 

panel (p=0.0054 for IFNα; p=0.039 for IFNβ). In addition, it is interesting that two of the African-

lineage isolates tested, MR 766 and DAK-AR-25, are not very divergent (Fig 4.1) with only 38 

amino-acid differences between the two isolates throughout their entire coding sequences, yet 
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DAK-AR-25 was one of the least IFN-I-sensitive viruses. The key sequence determinants for 

increased evasion of IFN-I signaling in NS1 and for replication in immunocompetent mice in 

NS4B (72, 176) do not differ between MR766 and DAK-AR-25 and therefore do not explain their 

differences. Thus, we have identified viruses that show differences in IFN sensitivity that could 

be leveraged to identify key sequence determinants that predict relative sensitivity to IFN-I.  

IFITM3 has recently been reported as an important ZIKV-restricting host factor that 

blocks an early stage of the ZIKV replication cycle (111, 112). The current findings provide 

evidence that while IFITM3 has the potential to restrict ZIKV, it does not contribute to the very 

potent IFN-I-mediated antiviral response to ZIKV in A549 cells. Two ZIKV isolates belonging to 

each lineage (MR 766 and PRVABC59) that were highly sensitive to IFN-I were not significantly 

restricted by IFITM3 when it was expressed at physiologically relevant levels. ZIKV replication 

by IFNβ treatment was potent and unaffected by IFITM3-expression at levels similar to those 

induced by IFN-I, underscoring the critical contribution of ISGs other than IFITM3 in the IFN-I-

mediated restriction of ZIKV. ZIKV restriction also remained unchanged in IFNβ-treated cells in 

which endogenous IFITM3 had been knocked out, providing further support that endogenous 

levels of IFITM3 induced by IFN-I do not play a critical role in restricting ZIKV replication. 

Knocking out IFITM3 expression also abrogated IFITM2 expression. Thus, because there were 

not significant differences in viral replication between IFITM2/3-deficient cells and control cells, 

the data is consistent with a prior study reporting that IFITM2 does not play an important role in 

the IFN-I-induced restriction of ZIKV (111). 

We used several experimental approaches to understand why the current findings differ 

from previous studies that have described an important role for IFITM3 in restricting ZIKV. First, 

we used two different methods to measure virus, both TCID50 and E-protein staining, as the 

latter was used in previous studies (111, 112). We did not detect evidence of a role for 

restriction by IFITM3 at physiological levels by either method. Importantly, we used an MOI of 1 

and measured viral replication at 48 hpi, which is consistent with most experiments performed in 
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these previous studies. To explore whether IFITM3 is active at earlier stages, we examined 

virus production at 24 hours post-infection and the results were the same as what was observed 

at 48 hours post-infection, suggesting that a transient effect of IFITM3 is not likely to explain 

differences in results among studies. Rather, our results indicate that the differences between 

studies are likely due to the use of overexpression of IFITM3 above physiological levels, as we 

show that IFITM3 can inhibit ZIKV when overexpressed even though it does not have an impact 

at levels similar to those induced by IFN-I. It is also worth noting that ours is one of only two 

studies to examine IFITM3-mediated restriction of ZIKV using a complete CRISPR-Cas9-

mediated knockout strategy as opposed to a shRNA/siRNA-mediated knockdown approach 

(111, 112).  Interestingly, the CRISPR-Cas9 inactivation study of Spence et al was conducted in 

HeLa cells and their combination of knock-out and reconstitution studies show a small (~7 – 10-

fold) inhibitory effect of IFITM2 and IFITM3 on ZIKV replication in HeLa cells, although it is 

unclear what fraction of the overall IFN-I response this explained in these cells (118).  Our 

knock-out studies confirm that in A549 cells, where there is a robust, several order of magnitude 

inhibitory effect of IFN-I, IFITM3 is not a major player.  

While our study clarifies that IFITM3 does not contribute to the IFN-I response in A549 

cells, we cannot rule out that IFITM3 contributes to the inhibitory effect of IFN-I in other cell 

types (HeLa, 293T, HDFa, HFF, MEF), as suggested by other studies (111, 112). However, 

these studies did not focus on analyzing physiological levels of IFITM3 and instead 

overexpressed IFITM3 to levels much higher than seen upon IFN-I induction (111, 112).  Here, 

we rule out the possibility that A549s are an anomaly due to unusually low-level induction of 

IFITM3 – in fact we found that IFN-I-induced expression of IFITM3 in cells relevant to the 

neuropathogenesis and vertical transmission of ZIKV the same or lower than in A549 cells. 

Thus, our findings serve as a caution in interpreting these findings in the context of the overall 

antiviral effect of IFN-I.  
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Our results hint at a possible threshold of IFITM3 activity because ZIKV was not 

significantly inhibited in A549 cells expressing IFITM3 at levels slightly higher than those 

induced by IFN-I (~1.7-1.9 fold higher than IFN-I treated cells) but was inhibited in cells 

expressing ~3-fold more IFITM3 (~5-fold more than IFN-I-treated cells). This could be relevant if 

there are cell types that express high levels of IFITM3 expressed upon IFN treatment. Although 

this is not the case for Jeg3, SNB-19, or SH-SY5Y cells, there is recent evidence that stem cells 

express much higher levels of IFITM3, among other known antiviral proteins, than their 

corresponding untreated or IFNβ-treated differentiated cell types (177). This high level of 

intrinsic IFITM3 expression imparted a unique antiviral resistance to stem cell populations as 

compared to their differentiated counterparts. This could be the case for ZIKV, given that IFITM3 

can restrict ZIKV when present at high levels.  

Overall, the results of this study demonstrate that the effects of IFN-I on ZIKV replication 

in A549 cells are lineage-dependent in our panel of ZIKV strains. The inter-strain variation in 

IFN-I sensitivity across all viruses in the panel is intriguing and future studies using these strains 

may identify determinants of IFN-I sensitivity and/or resistance. Finally, the findings suggest that 

the potent IFN-I effect against ZIKV in A549 cells is not due to IFITM3.  Thus, continued 

investigations of ISGs that restrict ZIKV at physiologically-relevant protein levels, including those 

that have been recently identified (114-116, 178), are needed to understand the antiviral ISGs 

and the innate immune responses important in ZIKV replication and pathogenesis.   
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Chapter V 

Development of a CRISPR-death screen for comprehensive identification of interferon 

stimulated genes that restrict Zika virus in A549 cells 

 

Introduction 

 IFN-I robustly restricts ZIKV replication in A549 cells as well as in other relevant cell 

types to ZIKV pathogenesis (see Chapter IV). While these findings underscore the important 

role of downstream ISGs in restricting ZIKV replication, the identity and contribution of specific 

ISGs that restrict ZIKV remain poorly characterized (Figure 5.1). Several individual ISGs 

(IFITM3, PARP12, Viperin/RSAD2, IFI6) have been reported to have activity against ZIKV, 

although no studies to date have examined the contribution of these ISGs to the overall IFN-I 

response against ZIKV (see Chapter I). There has only been a single published large-scale 

screen designed specifically to identify ZIKV-restricting ISGs (107). Dukhovny et al employed a 

genome-wide CRISPR-activation strategy where all targeted genes were overexpressed. Based 

on our findings that IFITM3 is only capable of restricting ZIKV when overexpressed above levels 

induced by IFN-I treatment in Chapter IV, it is likely that this overexpression screen does not 

accurately recapitulate the IFN-I response for many targeted genes in this study. 

 Here, we report on the development and validation of a CRISPR screen to interrogate 

the contribution of ISGs to the IFN-I-mediated restriction of ZIKV. Our CRISPR library targets 

1,905 ISGs based on gene expression datasets from IFN-I-stimulated cells, including A549 cells 

(179). The screening method takes advantage of the cytopathic effect of ZIKV in A549 cells 

(166), where cells harboring inactivated ISGs that normally inhibit ZIKV are more susceptible to 

ZIKV-induced cell death (Figure 5.2A). We identified enriched sgRNAs in IFN-stimulated, ZIKV-

infected dying/dead cells to define potential ZIKV-restricting ISGs (Figure 5.2B). In this chapter, 

I present and discuss the data we have collected to-date to develop and execute this screening 

strategy.  
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Figure 5.1. IFN-I-mediated restriction of two ZIKV strains and motivating question for this 
Chapter. The percent relative infection of MR 766 and PRVABC59 in IFN-treated A549 cells 
(normalized to untreated cells) is shown. The central question of this chapter is presented. ZIKV 
strain PRVABC59 is used in this chapter. 
 

 
Figure 5.2. Overview of CRISPR-death screening strategy. (A) CRISPR screening strategy 
used in this chapter, where we have hypothesized that cells harboring a knock-out of a ZIKV-
restricting ISG will preferentially succumb to ZIKV-induced cell death. (B) A549 cells are 
transduced with a lentiviral CRISPR pool (described in (179)). After puromycin selection, 
transduced A549 cells (A549-ISG-KO cells) undergo a 24-hour IFNβ pre-treatment and are 
subsequently infected with ZIKV. Following infection, dead/dying cells are isolated from the 
supernatant and sgRNA frequencies from this population are compared to the live and/or 
baseline population. Enriched sgRNAs in the dead/dying cell population are of interest as 
potentially ZIKV-restricting ISGs. 
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Methods 

Cells 

A549 cells were obtained from Alice Berger (ATCC) and were maintained in RPMI (Invitrogren) 

supplemented with 10% fetal bovine serum (FBS), 2mM L-glutamine, and 1X Anti-anti (anti-

microbial/anti-mycotic, Gibco). 

 

Viruses 

ZIKV strain PRVABC59 was kindly provided by BEI resources. All ZIKV strains were propagated 

in Vero cells at an MOI of 0.01, as previously described (157). Viral titers were determined by 

the TCID50 assay (see Chapter IV). For all experiments in this chapter, an MOI of 3 was used.  

 

CRISPR ISG library design 

The CRISPR library was designed as previously described (179). In brief, ISGs were identified 

from gene expression profiles of IFN-stimulated cells, including A549 cells (105, 180). A total of 

8 sgRNAs were randomly selected for each ISG target, 4 from the Brunello library (181) and 4 

from the from Genome-scale CRISPR Knock-Out (GeCKO v2) library (162, 182). The Moffat 

(183) and Sabatini/Lander libraries (184, 185) were used in cases where 8 unique sgRNAs 

could not be obtained from the Brunello and GeCKO v2 libraries. There were a total of 12 genes 

that contained no sgRNAs in any of the aforementioned libraries and, for these genes, 8 

sgRNAs were designed using the sgRNA Designer from the Broad Institute 

(http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design). In total, 15,348 unique 

sgRNA sequences were synthesized. 

 

Generation of A549 cells with a comprehensive ISG KO (A549-ISG-KO) 

Lentiviruses were made by transduction of 293T cells, as previously described (179), with the 

following exception: 5x105 293-T cells were plated in 2 mL in 6-well plates and the following day 
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were transduced with lentiCRISPRv2 plasmid (Addgene plasmid # 52961, a gift from Feng 

Zhang), 667 ng lentiviral plasmid  (with unrepaired 3’ long terminal repeat), 500 ng psPAX2 

(Addgene plasmid # 12260, an HIV-based packaging plasmid gifted from Didier Trono), and 

162.5 ng pMD2.G (Addgene plasmid # 12259, vesicular stomatitis virus glycoprotein [VSV-G] 

envelope plasmid gifted from Didier Trono). The comprehensive ISG CRISPR library was titered 

by colony forming unit assay on A549 cells and used to transduce A549 cells at an MOI of 0.5. 

Cells were selected in puromycin (1 µg/mL, based on kill-curve experiment in A549 cells) for 14 

days. Following selection, aliquots of 1x107 cells/mL (> 500-fold representation) were frozen and 

subsequently stored in liquid nitrogen until ZIKV ISG screening. When cultured, cells were 

maintained in RPMI complete containing 1 µg/mL puromycin at ≥ 500-fold representation to 

avoid bottlenecking the library. 

 

Annexin-V staining 

Annexin-V staining was performed using the FITC Annexin V Apoptosis Detection Kit I (BD 

Biosciences) as per the manufacturer’s protocol. Cells were analyzed by flow cytometry on a BD 

FACSCanto II flow cytometer. All data was analyzed using FlowJo v10 software. 

 

ZIKV ISG screening 

 To perform the ZIKV ISG screen, 2.5x107 cells were plated in a 5-layer flask (Corning 

Falcon) in 125 mL RPMI complete (Gibco) containing 1000 U/mL IFNβ (PBL Assay Science) 

and placed at 37˚C. At the time of plating, 1x107 cells were spun down at 650 x g for 5 minutes 

and frozen at -80˚C for use as “Baseline” sample (see Figure 5.2B). Twenty-four hours after 

plating and IFNβ pre-treatment, cells were infected with ZIKV (PRVABC59) at an MOI of 3 for 4 

hours in a total of 50 mL of serum-free RPMI inoculum. Following infection with ZIKV, the 

inoculum was removed and replaced with 125 mL of fresh RPMI complete containing 1000 
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U/mL IFNβ and placed at 37˚C. At 42 hours post-infection, the supernatant (125 mL) was 

collected and evenly distributed across 5 x 50 mL conical tubes. A PBS wash was performed by 

adding 50 mL of 1x PBS (Gibco) to the multi-layer flask and rotating the flask so the PBS spread 

across all layers several times. The PBS was collected and added evenly across the conical 

tubes holding the supernatant. The Supernatant & PBS Wash (S/W) was spun at 1500 x g for 

10 mins at room temperature. Following the spin, the supernatant was poured off and the pellets 

from the 5 x 50 mL conical tubes were resuspended in PBS and combined into a single 

Eppendorf tube. The Eppendorf tube was spun again at 1500 x g for 10 mins. The supernatant 

was then aspirated and the pellet was frozen at -80˚C until further processing. For collection of 

Live cells (see Figure 5.2B), 12.5 mL 0.05% Trypsin-EDTA was added to the multi-layer flask 

after collection of S/W. Live cells were collected, counted using a hemocytometer, and 1x107 

Live cells were spun down at 650 x g for 4-5 minutes and stored at -80˚C until further 

processing. 

 Once cell pellets for all conditions were collected and frozen at -80˚C, genomic DNA 

(gDNA) isolation was performed. To reduce the likelihood of contamination, gDNA isolation was 

performed for S/W samples first using a Qiagen DNA mini kit, per the manufacturer’s protocol, 

with the exception that water was used in place of buffer AE for elution. For gDNA purification 

from Live and Baseline samples, a Qiagen DNA midi kit was used as per the manufacturer’s 

protocol, with the following modifications: each population of 1x107 cells was purified over two 

columns to maximize recovery of gDNA; Water was used in place of Buffer AE for gDNA 

elutions; and two elutions were performed for each column so that a second elution containing 

less ethanol could be obtained that would be well-suited for downstream sequencing purposes. 

 Following successful gDNA purification, the gDNA was prepared for Illumina 

sequencing. Again, to reduce contamination from Live and Baseline samples, the Illumina 

library preparation was first carried out on S/W samples followed by Live and Baseline samples. 

Illumina library preparation was performed by two rounds of PCR using Herculase II Fusion 
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DNA Polymerase (Agilent), as previously described (179). For sequencing primers and 

thermocycling conditions, see (179). For the S/W samples, all purified gDNA was amplified in an 

attempt to sequence all isolated gDNA. For Live and Baseline cells, as much as 52 µg gDNA 

was amplified (range of 28-52 µg so that a maximum of 192 first-round PCRs are performed) 

because this roughly corresponds to 500-fold representation of each sgRNA, as per previously 

published methods (179). A maximum of 2 µg of gDNA was used per first-round PCR reaction. 

Following the first-round PCR, all PCRs corresponding to the same sample were pooled and up 

to 12 first-round PCR reactions were purified on a single Qiaquick PCR purification column 

(Qiagen), as per the manufacturer’s protocol. Four second-round PCRs were performed per 

sample (10 µL PCR-purified first-round product as template). The second-round PCRs were 

then pooled and run on a 2% TBE gel to ensure successful amplification of a ~230 bp product. 

Following this, a 0.7x right-sided AMPure XP (Beckman-Coulter) bead purification was 

performed as per the manufacturer’s protocol using a 96-well plate magnet (Thermo Fischer). 

The bead-purified products were run on a 2% TBE gel to verify clean-up and their concentration 

was quantified using the QuBit dsDNA HS assay kit as per the manufacturer’s protocol. An 

equimolar pool was made from all the samples, gel-purified using a 2% TBE gel, and 

sequenced on an Illumina HiSeq. 

 Due to different conditions included in each screen (Figure 5.5), there were some 

modification to the above methods in certain cases. In Screen 2, additional time points (12, 24, 

26, 48 hpi) were harvested in the same manner as described above. In Screens 2 and 3, Mock-

infected conditions were performed identically to methods described above except no virus was 

added to the 50 mL serum-free RPMI inoculum. In Screen 3, the Untreated Mock sample was 

plated without any IFNβ in the media. For “sup toss” conditions in Screen 3 (not described 

elsewhere in this Chapter), 1.5x107 were plated in order to avoid over-confluency of cells prior to 

harvesting.  
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Bioinformatics analyses 

Bioinformatics analysis was performed as previously described (179). Baseline, Live, and Mock-

infected samples (see Figure 5.2B) were compared to S/W samples to quantitate log2 fold-

enrichment of individual sgRNAs and gene enrichment scores using the MAGeCK statistical 

package (186) in the S/W samples. 

 

Results 

A549-ISG-KO cells succumb to ZIKV-induced cell death  

To determine if it was possible to utilize ZIKV-induced cell death as a screening strategy 

and examine the temporal dynamics of ZIKV-induced cell death in A549-ISG-KO cells, ZIKV-

infected untreated and IFNβ-treated A549-ISG-KO cells were stained with Annexin-V every 6 

hours from 24 to 48 hpi (Figure 5.3). Annexin-V labels apoptotic (dying/dead) cells by binding to 

phosphatidylserine, which is selectively present on the outer leaflet of dying/dead cell 

membranes. Indeed, others have used Annexin-V to label A549 and neural progenitor cells 

succumbing to DENV- and ZIKV-induced cell death, respectively (187, 188). 

There was clear ZIKV-induced cell death in untreated A549-ISG-KO cells, and the 

percent of Annexin-V+ cells increased throughout the time course (Figure 5.3, black line). Cells 

pre-treated with IFNβ (1000 U/mL) were protected from ZIKV-induced cell death and resembled 

mock-infected A549-ISG-KO cells throughout the time course. From this data, it seemed 

suitable to perform a screen using ZIKV-induced cell death at/after 36 hpi, when the level of 

ZIKV-induced cell death was clearly above the IFN-treated and mock-infected conditions, which 

would allow us to detect cells that preferentially succumbed to ZIKV-induced cell death due to 

inactivation of ISGs that inhibit ZIKV. The 42 hpi time point was selected for piloting a ZIKV ISG 

screen. 
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Figure 5.3. Annexin-V staining over a time course of ZIKV infection in Untreated and 
IFNβ-treated A549-ISG-KO cells. The percent Annexin-V+ cells in Untreated or IFNβ-treated, 
ZIKV-infected or Mock-infected A549-ISG-KO cells is shown every 6 hours from 24 to 48 hpi. 
 

Harvesting non-adherent cells from IFN-treated, ZIKV-infected cells enriches for dying/dead 

cells 

 Given that Annexin-V staining had supported using ZIKV-induced cell death as a 

screening strategy on/after 36 hpi (Figure 5.3), it was critical to develop a method to isolate 

dying/dead cells so that we could ultimately quantify enrichment of sgRNAs in this population. 

We hypothesized that we could harvest the supernatant along with a single PBS wash (S/W; 

Figure 5.4A; see Methods), to isolate dying/dead A549 cells. To test this approach, S/W was 

harvested from IFN-treated ZIKV-infected A549-ISG-KO cells at 42 hpi and the Annexin-V+ 

staining profile was compared to all (adherent and supernatant) cells in the flask. There was a 

clear and strong enrichment of Annexin-V cells in the S/W population, suggesting that 

dying/dead cells were highly enriched in the S/W (Figure 5.4B). 
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Figure 5.4. Isolation of dying/dead cells by harvesting S/W from IFN-treated, ZIKV-
infected A549-ISG-KO cells at 42 hpi. (A) Outline of experimental approach to examine 
whether harvesting S/W was sufficient to isolate dying/dead (Annexin-V+) cells. (B) Annexin-V 
staining data by flow cytometry is presented for each different condition. Note that the Annexin-
V+ gate in “All cells” is different from the other two gates because the Annexin-V- group was 
broader in this population of cells. 
 

Screen 1: A pilot screen identifies positive control genes as top hits 

 With the profile of ZIKV-induced cell death defined and a method for isolation of 

dying/dead cells validated, a pilot screenwas performed to determine the utility of this screening 

approach in potentially identifying ZIKV-restricting ISGs (Figure 5.5, Screen 1). In this screen, 

we examined the 42 hpi time point that was determined to be optimal based on the Annexin-V 

staining time course of ZIKV-infected cells (Figure 5.3) and compared S/W to Baseline cells 

(Figure 5.2B). There were two central goals for this pilot screen. First, it was necessary to 

quantify the extent of enrichment of sgRNAs targeting positive control genes in S/W. Within the 

lentiviral CRISPR library, a number of genes within the IFN-I signaling cascade are targeted that 

serve as positive controls for the success of the screening strategy. Specifically, sgRNAs 

targeting IFNAR1, STAT1, STAT2, and IRF9 are present in the library (Figure 5.6). If the screen 

is working as expected, guides targeting these genes should be some of the most enriched in 
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S/W because they inactivate the IFN-I signaling pathway and, thus, these genes should have 

some of the highest -log10(MAGeCK scores). Second, we wanted to examine the reproducibility 

of the data between the two screening replicates (Figure 5.5, Screen 1). 

 
Figure 5.5. Overview of ZIKV ISG screens performed to date. Three screens have been 
performed with the A549-ISG-KO cell library. Each screen is comprised of two replicates that 
are performed on separate days. The conditions tested in each screen are listed on the right 
and the comparisons made to S/W for each condition for MAGeCK analysis are also listed. 
 

Figure 5.6. Overview of the IFN-I signaling cascade. Figure from (116). The signaling 
cascade initiated by IFN-I binding to its heterodimeric receptor is shown. Within the CRISPR 
library, sgRNAs targeting IFNAR1 (red), STAT1 and STAT2 (light blue), and IRF9 (dark blue) 
are present. These serve as positive controls in the screen, as they should be highly enriched in 
the dying/dead cell population if the screen is working as expected. 
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Fig. 1 | Genome-wide CRISPR screen reveals IFI6 as a key effector of the IFN response to flaviviruses. a, Schematic of genome-wide CRISPR screen to 
identify genes required for the IFN-α -induced antiviral response to YFV. MFI, mean fluorescence intensity; FSC, forward scatter. b, Manhattan dot plot 
of genome-wide CRISPR screen results with significance of enrichment calculated by the MAGeCK method. Genes with an FDR!< !0.01 (dotted line) 
are coloured. The numbers in blue represent the percentage of GFP-positive cells. c, IFN signalling pathway with CRISPR hits in bold. ISRE, interferon-
stimulated response element. d, Overlap of CRISPR screening hits with common ISGs. e, Western blot of Huh7.5 or Huh7.5-IFI6-KO1 cells treated with 
IFN. Uncropped blots are presented in Supplementary Fig. 1a. WT, wild type. f, IFN-α  dose response curves in Huh7.5 or Huh7.5-IFI6-KO1 cells challenged 
with WNV-GFP. g, Time course of WNV production in Huh7.5-NT or Huh7.5-IFI6-KO2 cells with or without a single dose of IFN-α  (1,000!U!ml−1) pre-
treatment (top). n!= !3; ****P!= !0.0001 and *P!= !0.048 (two-way ANOVA on log-transformed data, Dunnet post-test). Western blots corresponding to 
the WNV time course (bottom). h–k, Huh7.5 cells transduced with lentivirus expressing IFI6 or an empty (Ctrl) vector were infected with viruses at 
0.5–2.0 MOI as follows: time courses of YFV-Venus (h) and DENV-GFP (i), single-step growth curve of YFV (j) and infectivity of ZIKV-GFP (MR766) 
(k). Infectivity was monitored by FACS for GFP-based viruses and by plaque assay for non-reporter YFV. For panels h–j, n!= !3; *P!= !0.0173, **P!= !0.0029 
and ****P!= !1.1!× !10−5 (two-way ANOVA, Sidak post-test). For panel k, n!= !4; **P!= !0.0026 (two-tailed, unpaired t-test). l, ZIKV titres in fetal human 
neural progenitors transduced with control or IFI6-expressing lentivirus. n!= !3; *P!= !0.022 (two-tailed, unpaired t-test). m, RT–PCR analysis of IFI6 mRNA 
induction by IFN-α  (log-fold dosing from 0.1–1,000!U!ml−1) in NHDF cells. n!= !2. n,o, Western blot analysis of IFI6 induction by IFN-α  in NHDF cells (n) 
or by DENV in NHDF, NHDF-NT and NHDF-IFI6-KO1 cells (o). p,q, Titres of DENV (p) or WNV (q) in NHDF, NHDF-NT and NHDF-IFI6-KO cells. In 
panel p, n!= !3; *P!= !0.032 and **P!= !0.003 (one-way ANOVA on log-transformed data, Tukey post-test). In panel q, n!= !1 (24!h) and n!= !3 (48!h and 72!h); 
*P!= !0.012 and **P!= !0.008 (two-tailed, unpaired t-test). NS, not significant. In all graphs, the data points and error bars are explained in the Methods 
section (under ‘Statistics and reproducibility’).
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The profile of sgRNA representation in Baseline and S/W samples was highly 

reproducible between the two replicates (Figure 5.8; R2=0.96 for Baseline; R2=0.94 for S/W). In 

both Baseline and S/W, a high percentage (>80%) of reads aligned to reference sgRNA 

sequences in the library. Of the 15,348 sgRNAs present in the library, most (>99%) were 

detected in the sequencing data. As expected, analysis of individual sgRNA fold-enrichment in 

S/W as compared to Baseline revealed that sgRNAs were both enriched and depleted, ranging 

16-fold in either direction (Figure 5.9). The sgRNA fold-enrichment data was filtered to the most-

enriched NTC sgRNA to determine the level of background in the dataset (Figure 5.10, red bar). 

The most-enriched NTC was enriched in S/W by 1.7-fold. Encouragingly, several sgRNAs 

targeting positive control genes (Figure 5.10, green bars) as well as sgRNAs targeting other 

genes (Figure 5.10, gray bars) had higher levels of enrichment than this NTC sgRNA. Finally, a 

-log10(MAGeCK score) was calculated for each targeted gene in the library (Figure 5.11). 

Encouragingly, the positive control genes STAT1, STAT2, and IFNAR1 were the highest scoring 

genes in the library (Figure 5.11, green bars). IRF9, another positive control gene, was also 

highly scoring but to a lesser extent than the other positive control genes. In contrast to the fold-

enrichment analysis of individual sgRNAs (Figure 5.10), genes corresponding to randomly-

generated sets of non-targeting control guides (NTC_324, NTC_1178; Figure 5.9, red bars) 

appeared within the top ~20 scoring genes, suggesting that the background signal in the screen 

may be somewhat high when analyzing screening data using this method. There were a number 

of high-scoring genes in this pilot screen, some of which have been reported to code for 

proteins with anti-viral functions (ADAR, OASL) (189, 190).  
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Figure 5.7. Library representation and reproducibility profiles from Baseline and S/W 
samples in ZIKV ISG Screen 1. For both conditions, the percent of sequencing reads aligned 
and number of distinct guides detected are presented. In the reproducibility plots below, each 
dot corresponds to an sgRNA in the CRISPR library. 
 
 

 
Figure 5.8. Waterfall plot of sgRNA enrichment in S/W vs. Baseline in Screen 1. The log2 
fold-enrichment enrichment of sgRNAs in S/W is shown as compared to Baseline. Each blue dot 
represents a guide in the CRISPR library. 
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Figure 5.9. Enrichment of sgRNAs in S/W vs. Baseline in Screen 1 filtered to the most-
enriched NTC sgRNA. The log2 fold-change enrichment of sgRNAs in S/W (dying/dead cell 
population) is shown as compared to Baseline. Each bar represents a separate sgRNA in the 
CRISPR library, with sgRNAs targeting positive control genes in green and the most-enriched 
non-targeting control sgRNAs in red. The data is cut off at the highest-enriched non-targeting 
control sgRNA, the fold-enrichment of which is represented by the horizontal gray bar.  
 
 

 
Figure 5.10. Top 20 MAGeCK-scoring genes in Screen 1. The top 20 scoring genes are 
shown in descending order by -log10(MAGeCK score). Positive control genes are in green and 
genes corresponding to randomly-generated sets of NTC sgRNAs are shown in red.  
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Screen 2: Mock-infected screening conditions highlight and adjust for background from non-

specific cell death 

 Given the promising results from the pilot screen (Screen 1), a second screen (Figure 

5.6, Screen 2) was performed to assess the reproducibility between independent screens and to 

incorporate additional conditions, as detailed below.  

Adenosine Deaminase Acting on RNA (ADAR) was a top-scoring hit in Screen 1. 

However, it is known to cause cell death when inactivated in A549 cells (191), suggesting that 

its high score in Screen 1 may reflect non-specific cell death instead of ZIKV-restricting 

capacity. Thus, a mock-infected condition was added to Screen 2 to examine and broadly 

control for non-specific cell death. In addition, S/W was harvested at 12, 24, 36, and 48 hpi to 

examine additional time points because Screen 1 only assessed S/W at a single time point (42 

hpi) and there may be differences in results at different times after ZIKV infection. Mock-infected 

conditions were not performed for these additional timepoints because otherwise the screen 

would become too unwieldy. Lastly, Live cells (those adherent on the plate at the end of the 

screen) were harvested since it was hypothesized that comparing sgRNA frequency in this 

population to that in S/W may allow for stronger detection of sgRNA enrichment than comparing 

S/W to Baseline (Figure 5.3) 

 There was not a significant difference in the MAGeCK scores of positive control genes 

when making comparisons between S/W vs. Baseline and S/W vs. Live cells at 42 hpi, 

suggesting that there is not a significant difference in sgRNA frequency in Baseline and Live cell 

populations that would allow for stronger detection of sgRNA enrichment in S/W (Figure 5.12). 

The -log10(MAGeCK score) for genes in Screen 2 were compared to those in Screen 1 at 42 hpi 

(Figure 5.13). Positive control genes were consistently high scoring, with IRF9 lower scoring 

than the other 3 positive control genes. There were 7 genes that were amongst the 20 highest-

scoring genes in both screens (Figure 5.13, blue bars). However, 11 top-scoring genes in 

Screen 2 were also in the top 20 scoring genes within the Mock condition at 42 hpi (Figure 5.14, 
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orange bars), signifying a high level of non-specific cell death leading to the results from both 

screens. However, sgRNAs targeting the positive control genes were some of the most depleted 

in S/W from the Mock condition (data not shown).  

Figure 5.11. MAGeCK scores of positive control genes in comparisons of S/W to Baseline 
or Live populations at 42 hpi. The -log10(MAGeCK) score is shown for each positive control 
gene when MAGeCK comparisons were made between S/W vs. Baseline (light blue) or S/W vs. 
Live (dark blue). See Figure Figure 5.3 for more details on these conditions. 
 

 
Figure 5.12. MAGeCK scores for the top ~20 scoring genes of Screen 2 as compared to 
Screen 1 at 42 hpi. The highest scoring ~20 genes for Screen 1 and Screen 2 are shown. 
Positive control genes are highlighted in green, genes from randomly-generated sets of NTC 
sgRNAs are shown in red, and consistent hits within the top ~20 scoring genes are in blue. 
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Figure 5.13. MAGeCK scores of top ~20 scoring genes in Screen 2 as compared to Mock 
condition at 42 hpi. The highest scoring ~20 genes for ZIKV-infected (top) and Mock-infected 
conditions (bottom) in Screen 2 are shown. Positive control genes are highlighted in green and 
genes within the top ~20 for both conditions are highlighted in orange. 
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Figure 5.14. Mock-adjusted MAGeCK scores from Screen 2 at 42 hpi. The highest scoring 
~20 genes from the mock-adjusted Screen 2 analyses are shown. Positive control genes are 
highlighted in green. 
 

 

Finally, MAGeCK analyses were performed on the additional time points (Figure 5.17). 

Intriguingly, no positive control genes were among the top-scoring 25 genes at 12 hpi. While 

they appeared in the top-scoring 25 genes at 24 hpi, they were not the highest-scoring genes 

until 36 hpi. Interestingly, many genes that were the highest scoring in the Mock-infected 

condition (Figure 5.14) were top-scoring as early as 12 hpi and continued to score highly 

throughout the rest of the time course (Figure 5.18).  
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Figure 5.15. MAGeCK scores of top 25 scoring genes at 12, 24, 36, and 48 hpi. The highest 
scoring 25 genes for each time point in Screen 2 are shown. Positive control genes are 
highlighted in green. 
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Taken together, data from Screen 2 highlighted the importance of controlling for non-

specific cell death with Mock-infected conditions and performing the screen on/after 36 hpi 

where positive-control genes are highest-scoring in the screen. We next set out to perform a 

replicate mock-adjusted screen at 42 hpi to assess the reproducibility of this approach. In 

addition, given the drawback of non-specific cell death in the screen, we sought to more closely 

examine several mock-infected conditions to understand the cause of background and inform 

future methods to reduce its impact. 

 

Screen 3: Mock-adjusted results from two screens identify both previously-described and novel 

hits as potential ZIKV-restricting ISGs 

 Based on the importance of mock-adjustment in the results from Screen 2, we modified 

our CRISPR screening strategy to specifically focus on comparisons between ZIKV-infected and 

mock-infected S/W samples (Figure 5.16). Mock-adjusted MAGeCK scores from a third screen 

at 42 hpi were compared to those from Screen 2 (Figure 5.17). As expected, positive control 

genes (IFNAR1, STAT1, STAT2, IRF9) were reproducibly high scoring (Figure 5.17A, green 

points). Next, the scores of non-positive control genes were examined from both screens 

(5.17A, blue box). Within this set of genes, we identified both previously described (IFI6) (107, 

116) and novel IFN-induced genes that may restrict ZIKV. AMOTL2 and GBP3 were the highest 

scoring reproducible non-positive control genes in both screens. AMOTL2, which has been 

shown to play important roles in angiogenesis among other functions (192), does not have 

reported anti-viral activity. GBP3, a guanylate binding protein, has been reported to restrict 

influenza virus replication and transcription (193), and other members of the IFN-induced GBP 

protein family have known anti-viral roles (Reviewed in (194)). Interestingly, previously reported 

ZIKV restriction factors IFITM3 and PARP12 were not hits in either screen, while RSAD2 

(Viperin) was a low-scoring hit above NTC only in Screen 2 (Figure 5.17B, red points). 
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Figure 5.16. Revised ZIKV ISG screening strategy focused on adjusted by Mock-infected 
IFN-treated conditions. A549-ISG-KO cells undergo a 24-hour IFNβ pre-treatment and are 
subsequently infected with ZIKV or are Mock-infected. Dead/dying cells from ZIKV-infected 
condition are isolated from the supernatant and sgRNA frequencies from this population are 
compared to those in the Mock-infected dead/dying cell population. Enriched sgRNAs in the 
ZIKV-infected dead/dying cell population are of interest as potentially ZIKV-restricting ISGs. 

Figure 5.17. Comparison of mock-adjusted MAGeCK score datasets from Screen 2 and 
Screen 3 at 42 hpi. (A) The mock-adjusted Screen 2 (x-axis) and Screen 3 (y-axis) MAGeCK 
score datasets are shown. Each dot represents a different gene targeted in the CRISPR library. 
Green dots correspond to positive control genes as labeled on the graph. (B) Mock-adjusted 
MAGeCK dataset from blue box in (A). 
 

  

β

sgRNAs targeting 
ZIKV-restricting ISGs

sgRNA enrichment from non-
specific cell death

MAGeCK - score all targeted genes based 
on enrichment of 8 sgRNAs per gene

1000 U/mL 
24 hrs

MOI 3 
42 hpi

*by harvesting the supernatant 
off cells + high-speed spin

0 2 4 6 8
0

2

4

6

8

-log10(MAGeCK score)
Screen 1

-lo
g 1

0(
M

A
G

eC
K

 s
co

re
)

S
cr

ee
n 

2

N
TC

NTC

IFI6

RSAD2 (viperin)

IFITM3 
PARP12

Reported ZIKV restriction factors

AMOTL2

GBP3

Sc
re

en
 3

Screen 2

0 5 10 15 20 25
0

5

10

15

20

25

-log10(MAGeCK score)
Screen 1

-lo
g 1

0(
M

A
G

eC
K

 s
co

re
)

S
cr

ee
n 

2

STAT1 STAT2

IFNAR1

IRF9

A. B.

Screen 2

Sc
re

en
 3



 112 

To more closely examine non-specific cell death in the screen, S/W was harvested from 

both untreated (Screen 3) and IFN-treated (Screen 2 & Screen 3) mock-infected cells and 

MAGeCK scores were generated for both conditions by comparing S/W to live cells at the end 

of mock infection (Figure 5.18). To examine the reproducibility of IFN-treated mock-infected 

results, we compared MAGeCK scores between these conditions in Screen 2 and Screen 3 and 

found that they were reproducible (R=0.69; Figure 5.18A). However, there was weak correlation 

when comparing Screen 2 or Screen 3 IFN-treated mock-infected results to those from 

untreated mock-infected cells in Screen 3 (R=0.11 and R=0.13, respectively), suggesting that 

the groups of gene knockouts that lead to cell death with vs. without IFN treatment are largely 

distinct. These data also reveal that most of the high MAGeCK scoring background originates in 

the IFN-treated mock-infected condition, as evidenced by the differences in MAGeCK score 

range between Untreated (0-8) vs. IFN-treated (0-20) mock-infected conditions (Figure 5.18B,C; 

x-axis range vs. y-axis range). This suggests that our mock-adjusted screening approach 

(Figure 5.16) accounts for most of the background since the mock-infected condition is IFN-

treated. However, the highest-scoring gene in the untreated mock-infected sample is AMOTL2 

(Figure 5.18B,C), suggesting that its high score in the mock-adjusted dataset in Figure 5.17B is 

a result of background not captured by comparing to mock-infected IFN-treated samples. No 

other high-scoring hits in the untreated sample appeared as hits of interest in the mock-adjusted 

screen data (Figure 5.17B), further underscoring the current mock-adjustment approach using 

an IFN-treated mock-infected sample (Figure 5.16).  
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Figure 5.18. Comparison of non-specific cell death in Mock-infected Untreated vs. Mock-
infected IFN-treated conditions at 42 hpi. (A) MAGeCK scores (S/W vs. Live) from Mock-
infected IFN-treated cells in Screen 2 and Screen 3 are shown. (B, C) MAGeCK scores (S/W vs. 
Live) from Mock-infected Untreated cells in Screen 3 vs. Mock-infected IFN-treated cells in 
Screen 2 (B) or Screen 3 (C) is shown. 
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scores. This suggests that IRF9-targeting sgRNAs that are not as highly enriched are not editing 

the IRF9 locus as efficiently, although more detailed studies are certainly needed to confirm this. 

 

 
Figure 5.19. Individual sgRNA enrichment profiles for positive control genes in Screen 1 
and Screen 2 at 42 hpi. The log2 fold-enrichment (y-axis) of each sgRNA (x-axis) for each 
positive control gene in the library is shown for both Screen 1 and Screen 2 (individual black 
dots). 
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Discussion 

 The preliminary findings outlined in this chapter demonstrate the promise of a CRISPR-

Cas9-based screen developed to identify ZIKV-restricting ISGs in A549 cells. A strength of this 

approach lies in its simplicity. By harvesting and sequencing the sgRNAs in S/W from IFN-

stimulated, ZIKV-infected cells, enriched sgRNAs can be identified that potentially target ZIKV-

restricting ISGs. In fact, several recent screens have successfully used cell survival as a method 

to screen for ZIKV restriction (107) and ZIKV host/dependency factors (108-110). Cell survival-

based screening strategies have also been employed to study other cytopathic viruses, such as 

CHIKV (195). 

In its current state, the screen has a significant level of background attributed to non-

specific cell death. However, we have incorporated a mock-infected condition that is able to 

adjust for this background. In our mock-adjusted data from two screens (Screen 2 and Screen 

3), we identified genes that were reproducibly high-scoring above non-targeting control, 

including expected positive-control genes in the IFN-signaling pathway. Of the previously-

reported IFN-induced ZIKV restriction factors (see Chapter I), we identified IFI6 as reproducible 

hit. IFI6 was identified in a screen for YFV restriction factors and was shown to have activity 

against ZIKV when overexpressed. IFI6 was also a reproducible top-scoring hit in a genome-

wide overexpression screen for ZIKV restriction factors, which is the only published study to 

date that has specifically screened for ZIKV restriction factors. The preliminary data from our 

screen suggests that these published findings are likely not artifacts of overexpression since we 

identified IFI6 in this CRISPR-KO screen. In support of our findings in Chapter IV, IFITM3 was 

not a hit in the screen. Intriguingly, PARP12 was also not a hit in our screen. This is a surprising 

result since PARP12 was identified using a targeted knockout approach in A549 cells. RSAD2 

(Viperin) scored above NTC in Screen 2 but not in Screen 3. Studies examining the IFN-

mediated restriction of ZIKV in single targeted IFI6-KO, PARP12-KO, and RSAD2-KO A549 

cells are currently underway and will allow us to validate our screen findings. 
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We identified several novel genes as hits in the screen. GBP3, the highest-scoring 

reproducible hit, has reported anti-viral functions against influenza in A549 cells (193). Future 

studies of IFN-mediated restriction of ZIKV in GBP3-KO A549 cells will be necessary to validate 

the screen findings. We also identified eight other reproducible high-scoring hits above NTC in 

our mock-adjusted screen (Figure 5.17B; ST3GAL6, RMI2, HELZ2, DNASE1L2, BTN3A1, 

CBWD6, IKBKE, ICAM1). These genes will also be individually validated in single knockout 

A549 cell lines to verify their importance to the IFN response (see Chapter VI).  

Future work will also focus on development of methods to reduce background from non-

specific cell death, including longer pre-treatment periods with IFN prior to infection in order to 

increase the likelihood of discarding cells that non-specifically die from IFN treatment. The high 

level of non-specific cell death could be taking up a significant amount of sequencing space, 

making it more difficult to detect differences in the enrichment of the remaining genes of 

interest. If this is the case, a potential alternative approach could be to synthesize a new 

CRISPR lentiviral library that does not target top-scoring hits in the Mock-infected condition. In 

building a new CRISPR library, updated sgRNA design metrics could be used that may address 

issues of inadequate gene editing for some sgRNAs in the library, as seen in the case of IRF9. 

Novel bioinformatics approaches, such as MAGeCKFlute (196) which accounts for sgRNA 

editing efficiency and allows for better comparisons amongst different conditions, can also be 

easily implemented without designing an entirely new library.  
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Chapter VI 

Conclusions and Future Directions 

 

The recent emergence of ZIKV and its associated morbidity and mortality are novel 

features of this previously understudied virus that was discovered in East Africa more than 70 

years ago. Significant efforts on a global scale have been focused on elucidating factors 

underlying novel aspects of ZIKV transmission and pathogenesis in the Americas. Many of 

these efforts are complicated by a lack of ZIKV data from the African continent, where the level 

of ZIKV prevalence and the properties of strains that circulate there are unknown (28-30). This 

thesis details intriguing discoveries made by examining both ZIKV seroepidemiology in Kenya 

and the role of the type-I interferon response in restriction of diverse ZIKV strains (Figure 6.1). 

Technological developments are also described in this thesis that may enable exciting scientific 

discovery in each of these areas in the future. In Chapter II, we found a low but detectable level 

of ZIKV prevalence within cohorts from two urban centers in Kenya over a period of ~20 years 

(Figure 6.1, left). Our findings set an important baseline for future ZIKV surveillance in the major 

urban regions of Kenya, especially as outbreaks fueled by Asian-lineage ZIKV strains continue 

their geographic expansion on the African continent (119, 120). where arbovirus infections are 

common. In Mombasa, where the burden of DENV infections were also high, it was more 

challenging to distinguish infection histories, which speaks to the many current challenges of 

distinguishing ZIKV (and other flavivirus) infections (38). In Chapter III, we developed and 

initiated testing of a method (PhIP-Seq) to identify ZIKV-specific antibody responses in plasma 

samples (Figure 6.1, left). We extended the utility of PhIP-Seq to map the epitopes of  HIV-

specific monoclonal antibodies isolated from HIV-infected individuals from Kenya. It has been 

postulated that the strains of ZIKV that circulate in the Americas may have different properties 

than African-lineage ZIKV strains circulating on the African continent, where severe 

neuropathogenic outcomes of ZIKV infection have not been documented (92). In Chapter IV, we 
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found that African-lineage ZIKV strains were more resistant to IFN-I-mediated restriction as 

compared to American ZIKV isolates, which may contribute to differences in ZIKV pathogenesis 

in Africa vs. the Americas (Figure 6.1, right; Figure 6.2). Further, IFITM3 does not contribute to 

the IFN-I-mediated restriction of ZIKVs from either lineage (Figure 6.1, right). Finally, in Chapter 

V, we developed a CRISPR screen that shows promise in identifying ISGs that restrict ZIKV. 

The technological developments detailed in Chapter III (PhIP-Seq) and Chapter V (ZIKV ISG 

screen) require further validation which is described in detail in this Chapter.  

 

 
 
Figure 6.1. Summary schematic of thesis findings. In this thesis, we examine population-
level immunity to ZIKV in Kenya (left) and the IFN-I-mediated restriction of African and American  
ZIKV strains (right). The main findings from this thesis and corresponding chapters are listed in 
blue at the bottom of each section. 
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Low burden of ZIKV infections in urban centers in Kenya 

 In Chapter II, we identified low seroprevalence of ZIKV (0.5-1.6%) from cohorts in two 

densely populated urban centers in Kenya. The durability of the binding and neutralizing 

antibody responses against ZIKV over long time periods is not well known. In Chapter II, we 

identified one ZIKV-infected subject who had a durable nAb response against ZIKV over a 10-

year period. However, it is possible that such a durable nAb response is not a common feature 

of the antibody response to ZIKV infection and instead the response waned overtime is a subset 

or most ZIKV-infected individuals. If this is the case, we and others (58, 60, 61) would be 

underestimating ZIKV exposure in these regions. Future studies utilizing samples from pediatric 

cohorts in Africa can address if there is a difference in ZIKV seroprevalence in age groups 

perhaps due to binding or neutralizing antibody waning, although this does not appear to be the 

case at least in pediatric cohorts in Central Africa (63). Nonetheless, given that ZIKV appears to 

be present at low levels in large population centers in Kenya, our study highlights the need for 

continued arboviral surveillance and improved platforms for arboviral detection. 

As discussed in Chapter I, the gold standard for detection of ZIKV infection (as well as 

infection with many viruses) is molecular detection of viral RNA. In addition to the convalescent 

samples outlined in Chapter II, plasma was collected from each included subject at/closest to 

the time of febrile illness (“acute sample”), when there is the highest likelihood of capturing viral 

RNA. Future work to detect and amplify viral RNA from these samples will add to and broaden 

our serological studies in Chapter II. This can be carried out in a multiplex method for 

simultaneous detection of RNA from multiple viruses (i.e. ZIKV, DENV, CHIKV) using validated 

qRT-PCR methods (197) or by leveraging collaborations with the Blood Systems Research 

Institute (BSRI), who is currently implementing a multiplex Aptima assay similar to the highly-

sensitive Hologic Aptima ZIKV assay that is capable of detecting both Asian and African ZIKV 

strains (198). For samples where ZIKV RNA is detected by the Aptima test, coding-sequencing-

complete genomes can be generated by utilizing a multiplex PCR-viral genome enrichment 
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strategy coupled with Illumina sequencing developed in-part by the Bedford lab (158). If ZIKV 

RNA is detected, amplified, and sequenced in acute plasma, the findings will allow for the first 

phylogenetic characterization of circulating ZIKV sub-lineages in humans in Kenya. 

Finally, future studies examining ZIKV pathogenesis on the African continent will better 

define the impact of ZIKV circulation in this region. In fact, a group who recently published their 

findings of continuous ZIKV circulation in West Africa (25) is currently leading an prospective 

cohort study to examine the prevalence of ZIKV (as well as DENV and CHIKV) in pregnant 

women and the pathologic risks imparted to infants born to ZIKV-infected women in north-

central Nigeria (199). 

 

Towards improved detection of ZIKV infections 

 The design and preliminary validation of PhIP-Seq as a tool to detect ZIKV infections in 

plasma samples was presented in Chapter III. In Chapter III, PhIP-Seq was tested with non-

human primate sera. To determine the capacity of PhIP-seq to discriminate ZIKV infections from 

other flavivirus infections, a larger panel of control human sera that are ZIKV-infected, DENV-

infected, or flavivirus-naïve has been assembled (Table 3.2) and tested in PhIP-seq. Novel 

bioinformatics approaches that account for the high dimensionality of this dataset are needed to 

accomplish this task. This panel is still lacking in non-ZIKV flavivirus-infected samples, which 

are critical in determining the discriminatory capacity of PhIP-Seq. Collaborations with the 

laboratory of Dr. William Messer at OHSU, who runs a travel-associated infection cohort, may 

allow us to access these sample types. The samples we have characterized from our studies of 

Kenyan cohorts in Chapter II will also be a valuable set of plasma to include in future PhIP-seq 

experiments. 

Finally, the ability of PhIP-Seq to epitope map monoclonal antibodies has been further 

advanced by another graduate student in the Overbaugh lab with the development of Phage-

Deep Mutational Scanning (Phage-DMS). This approach surveys mAb preference of all twenty 
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amino acids at each position along its epitope, enabling more fine-scale epitope mapping as 

compared to the HIV mAb epitope mapping efforts described in Chapter II. 

 

The role of the type-I IFN response in the restriction of diverse ZIKV strains 

In Chapter IV, we discovered that the restriction mediated by IFN-I varied by viral 

lineage. As discussed in detail in Chapter IV, this was initially surprising given that African-

lineage viruses are not associated with the severe neuropathologic outcomes linked to infection 

with Asian-lineage strains. However, our findings in Chapter IV, when taken together with 

several studies that have found that infection with African-lineage strains results in enhanced 

replication kinetics, virus production, cytopathicity, and disease progression in murine models 

(75-88), suggests a potential model where Asian-lineage strains may be better able to establish 

chronic infection of neural progenitor cells, undergo more efficient vertical transmission, and 

establish viral reservoirs in the central nervous system, lymph nodes, and gastrointestinal and 

genitourinary tracts (84, 89-92) (Figure 6.2). Our understanding of this model would be further 

strengthened by future studies with larger numbers of low-passage ZIKV strains from both viral 

lineages. 

 
Figure 6.2. A potential model of African- vs. Asian-lineage viral characteristics and their 
relevance to differential infection outcomes. 
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• mouse models: lower mortality, morbidity, and viral loads
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genitourinary tissues
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establish a more “hit-and-
go” self-limited infection
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Defining ISGs that inhibit ZIKV 

In Chapter IV, we examined the contribution of IFITM3 to the IFN-I response against 

highly IFN-sensitive ZIKV strains. We found that IFITM3 was only active against ZIKV when 

overexpressed above levels induced by IFN-I in A549 cells. Further, our findings suggest that 

IFITM3 also does not play a role in cell types relevant to the vertical transmission and 

neuropathogenesis of ZIKV associated with infections in the American outbreak. This serves a 

cautionary tale when interpreting studies that describe restriction factors in the context of 

overexpression (Table 1.2). Ongoing studies in the Overbaugh lab are examining the 

contribution of other the reported ZIKV-restricting ISGs to the overall IFN-I response against 

ZIKV in A549 cells. PARP12 is particularly interesting in this respect, as it was discovered in a 

targeted knockout screen in A549 cells (114). 

In Chapter V, we describe a CRISPR-knockout based ZIKV ISG screen where ~2,000 

ISGs are surveyed. Our data from three screens highlight both the promise and potential 

challenges of this screening approach. Importantly, we have identified genes to target and 

validate in single knock-out cell lines using validated approaches discussed throughout this 

thesis (E-protein staining, TCID50) as well as new approaches that are in development in the 

Overbaugh lab (ZIKV RNA quantification (200)). Importantly, ZIKV-restricting ISGs discovered in 

future endeavors with this screening platform may have activity against other related flaviviruses 

(i.e., DENV, YFV, WNV) that cause a significant global burden of disease. There are a number 

of genes that are also depleted in the screens we have completed to date, which may hold clues 

as to important host/dependency factors for ZIKV infection. Further, this screen is likely 

adaptable to other important unrelated cytopathic viruses, such as cytomegalovirus, influenza, 

or vesicular stomatitis virus, as well as in other cell lines that succumb to ZIKV-induced cell 

death. 
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Conclusion 

 By examining both the population-level immunity to ZIKV in Kenya and the role of a 

critical antiviral response in its restriction, we have not only made important insights into the 

susceptibility of populations in East Africa where ZIKV was discovered and is thought to be 

endemic, but also describe differences in basic virologic characteristics of ZIKV strains that 

circulate in the Americas and Africa. Further, the methods described in this thesis will enable 

more detailed and high-throughput studies of ZIKV seroepidemiology and IFN-I-mediated 

restriction in the future. 
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