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Dissertation Summary 
Defining Memory NK cell development and function following cytomegalovirus infection 

Human cytomegalovirus (HCMV) is a -herpesvirus that is highly prevalent in the adult population 
and has the ability to establish lifelong latency in healthy individuals. The innate and adaptive immune 
systems work closely to control viral replication, leading to a dynamic interaction between the virus 
and the host immune system. This interplay leads to the development of distinct immune-cell 

repertoires in HCMV seropositive (HCMV+) individuals. Natural killer (NK) cells are cytotoxic 
lymphocytes that are required to manage and control HCMV infections and possess strong anti-tumor 
activity. NK cells utilize their activating NKG2C/CD94 receptor complex to mount a response to 
HCMV-infected cells that present HLA-E molecules loaded with the HCMV UL40-derived peptide. As 

a result, HCMV+ individuals possess higher levels of NKG2C+ NK cells that contract to form a subset 

of memory-like cells. These NKG2C+ memory NK cells have enhanced anti-tumor and cytotoxic 
characteristics and therefore can be utilized in a variety of anti-tumor cellular therapies. However, the 
development and the underlying transcriptional mechanisms maintaining and sustaining these 
memory cells are not well understood. Given their potent cancer immunotherapeutic potential, my 
PhD thesis primarily aims too transcriptionally define this memory NK cell subset and explore their 
developmental origins.    
 

Recent work by our lab and others have demonstrated that HCMV+ individuals exhibit significantly 

higher proportions of NKG2C+ memory NK cells in their peripheral blood. We found NKG2C+ memory 
NK cells have elevated transcriptional levels of CD3, CD52 and KLRC2. To expand on these findings, 
we isolated NK cells from the human spleen, a secondary lymphoid organ crucial for initiating 
memory immune responses. To investigate if the human spleen is serving as one of the sites involved 

in housing and sustaining NKG2C+ memory NK cells, we obtained eight healthy adult human spleens 

from four HCMV seronegative (HCMV−) and four HCMV+ donors. Donor median age was 52 [IQR 
47.5-56.5], 50% (n=4) were identified as female and 50% (n=4) were identified as male, and 50% 

(n=2) of females were HCMV− and 50% (n=2) of females were HCMV+. The human spleens were 
provided by the Versiti Organ Donor Center of Wisconsin and were processed to a single cell 

suspension. In line with previous findings in the peripheral blood of HCMV+ individuals, we observed 

significantly elevated proportions of NKG2C+ NK cells in the spleens of HCMV+ donors. This observed 

significance of higher NKG2C+ NK cells was consistent across all HCMV+ donors when compared to 

our HCMV− donors. 
 
To investigate the molecular mechanisms involved in the maintenance and persistence of memory 

NKG2C+ NK cells, we performed single-cell RNA sequencing (scRNA-seq), using the sorted NK cells 
from all eight donors. Using unbiased clustering analysis, we identified and characterized four distinct 

NKG2C+ splenic NK cell subsets. Our findings indicated that the relative composition of these 

NKG2C+ subsets was highly influenced by the HCMV serostatus of the donors. Specifically, we 

observed that HCMV+ donors had significantly higher levels of NKG2CHi memory NK cells when 

compared to the HCMV− donors. Our findings indicated that the relative composition of these 

NKG2C+ subsets was highly influenced by the HCMV status of the donors. Specifically, we observed 

that HCMV+ donors had significantly higher levels of NKG2CHi memory NK cells when compared to 

the HCMV− donors. This NKG2CHi memory NK subset had significantly higher expression of NKG2C, 

CD52, CD3, and IL7R and significantly lower expression of FCER1G, KLRC1, CD247, ZBTB16, 
SYK, and SH2D1B. These findings suggest NKG2CHi memory NK cells possess unique 
transcriptional and molecular mechanisms that may contribute to their ability to persist over time.  

To explore the developmental cell fate of NKG2CHi memory NK, we utilized computational modeling 

from both the Monocle 2 and Monocle 3 software’s to track how NKG2C+ cells transition between 
transcriptomic states. Monocle 3 analysis yielded a simple early-to-late cell fate trajectory that was 

projected onto our UMAP plot. We found that NKG2AHi NKG2C+ subset served as the early timepoint 
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in the developmental trajectory, ultimately leading to the development of NKG2CHi memory NK. The 
Monocle 2 analysis produced unique developmental trajectory plots, allowing us to visualize distinct 
developmental pathways and transitions. Interestingly, we observed a unique branch-point exclusive 

to the HCMV+ donors that expressed significantly higher transcriptional levels of CD3 and IL7R. 
These data collectively demonstrate that HCMV exposure impacts the developmental trajectories of 
NK cells and influence the developmental origins of NKG2CHi memory NK cells.  

Together, the work presented in this dissertation demonstrates that HCMV infection can promote the 
formation of NKG2CHi memory NK cells in the human spleen that displays a unique transcriptional 
and developmental profile. These findings may ultimately prove useful in the future isolation and 
application of memory NK cells in cellular immunotherapies.    
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2023;244.01 doi: 10.104049/jimmmunol.210.Supp.244.01.  

4. Khalil M, Terhune SS, Malarkannan S. Defining the single-cell transcriptomes of splenic 
adaptive Natural Killer cells in donors with latent human cytomegalovirus infection. Journal of 
Clinical and Translational Science 2023;80. doi: 10.1017/cts.2023.326. PMID: PMC10129496  
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5. Khalil M & Malarkannan S. Innatus Immunis: Evolving paradigm of adaptive NK cells. Journal 
of Experimental Medicine 2022;1254. doi: 10.1084/jem.20221254. PMID: 36066493. 

6. Khalil M, Mei A, Hashemi E, Wang D, Schumacher M, Terhune S, Malarkannan S. Method to 
Study Adaptive NK Cells Following MCMV Infections. Methods in Molecular Biology 
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10.1007/978-1-0716-2160-8_1. PMID: 35344163. 
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Single-Cell Transcriptomes of Tissue-Resident Human NK Cells. Methods in Molecular Biology 
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