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Abstract

:

Powassan virus (POWV) is an emerging tick-borne virus that causes severe meningoencephalitis in the United States, Canada, and Russia. Serology is generally the preferred diagnostic modality, but PCR on cerebrospinal fluid, blood, or urine has an important role, particularly in immunocompromised patients who are unable to mount a serologic response. Although the perceived poor sensitivity of PCR in the general population may be due to the biology of infection and health-seeking behavior (with short viremic periods that end before hospital presentation), limitations in assay design may also contribute. Genome sequences from clinical POWV cases are extremely scarce; PCR assay design has been informed by those available, but the numbers are limited. Larger numbers of genome sequences from tick-derived POWV are available, but it is not known if POWV genomes from human infections broadly mirror genomes from tick hosts, or if human infections are caused by a subset of more virulent strains. We obtained viral genomic data from 10 previously unpublished POWV human infections and showed that they broadly mirror the diversity of genome sequences seen in ticks, including all three major clades (lineage I, lineage II Northeast, and lineage II Midwest). These newly published clinical POWV genome sequences include the first confirmed lineage I infection in the United States, highlighting the relevance of all clades in human disease. An in silico analysis of published POWV PCR assays shows that many assays were optimized against a single clade and have mismatches that may affect their sensitivity when applied across clades. This analysis serves as a launching point for improved PCR design for clinical diagnostics and environmental surveillance.
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1. Introduction


Powassan virus (POWV) is an emerging tick-borne flavivirus that is capable of causing severe meningoencephalitis, leading to death in approximately 10% of diagnosed individuals, and long-term neurological sequela in one third of survivors [1]. POWV has long been considered a rare cause of encephalitis, with approximately one case reported per year from 1958 to 2005 [2]. However, the last several years have seen a proliferation of cases, with 211 cases reported in the United States from 2016 to 2022 [3]. The increase in reported cases could be due to increases in infections and/or improved surveillance, but the true incidence is likely still higher, owing primarily to the challenges in making a diagnosis. In the United States, the preferred method in immunocompetent patients is IgM serology with confirmatory plaque reduction neutralization testing. However, this testing is only available in the United States through the CDC and select state/commercial reference laboratories [4]. Real-time reverse transcription-PCR (RT-PCR) from cerebrospinal fluid, blood, or urine is similarly available through select laboratories but is thought to be less sensitive than serology, except in immunocompromised hosts [5,6]. The perceived insensitivity of PCR is due, in part, to the short viremic period in related arboviruses [6]. However, it is not known if the insensitivity of PCR may be influenced by the use of assays that are not optimized to detect the full diversity of POWV genomes, given that many assays were designed before large numbers of POWV genome sequences became available. Recently, diagnoses have also been made through CSF metagenomic next generation sequencing (mNGS), highlighting the usefulness of molecular tests in some patients [7,8,9,10].



Powassan virus has two distinct phylogenetic lineages that are serologically indistinguishable but are spread by different vectors. Lineage I (the prototypical lineage) is spread primarily by Ixodes cookei and Ixodes marxi ticks; lineage II, also named Deer Tick Virus (DTV) is spread by Ixodes scapularis ticks, and can be separated into northeastern and midwestern clades [1]. Both lineages are maintained by distinct enzootic cycles involving small mammals, with humans incidentally infected as dead-end hosts [1]. Hundreds of POWV genome sequences have been determined from ticks, and large phylogenetic studies from ticks have been recently published [11,12]. However, POWV genome sequences from humans are extremely scarce [8,13,14,15,16,17], and it is unknown if human infections are caused by select highly virulent strains, or if they mirror the diversity of strains seen in ticks.



Understanding the genomic diversity of human POWV infections has important implications on the design of sensitive RT-PCR assays. Until now, published POWV genome sequences from human infections in the United States have been exclusively lineage II, with at least nine confirmed cases described [8,13,16,18,19,20,21] and complete or nearly complete genome sequences published for four [8,13]. Lineage I genomes have been detected from humans in Canada and Russia, with sequences published for five [14,15]. Here, we report genome sequences from 10 new human POWV infections, including the first published human lineage I infection in the United States, and demonstrate that they represent the diversity of genomes seen in ticks. An in silico analysis of published RT-PCR assays suggests that many assays were designed against a single lineage or sub-lineage and have mismatches that may limit their sensitivity if applied across sub-lineages.




2. Methods


Sequencing and genome assembly. Sequencing and genome assembly were performed at multiple institutions according to researchers’ local preferences. Seven samples (OR130288-OR130294) were sequenced directly from patient CSF using a previously described clinically validated pipeline [22]. Raw mNGS data were aligned to POWV reference genomes (MZ576219.1 for lineage II and MF374486.1 for lineage I) using viral-ngs 2.1.28 hosted on the Terra platform (app.terra.bio). Samples OR130295 and OR130296 were sequenced from patient formalin-fixed paraffin-embedded brain tissue [13,23]: RNA was extracted using the E.Z.N.A FFPE Kit (Omega, Norcross, GA, USA), DNase treated (ArcticZymes, Tromsø, Norway), and converted to cDNA using the SuperScript IV First-Strand Synthesis System (Thermo Fisher Scientific/Invitrogen, Waltham, MA, USA) and New England Biolabs (Ipswich, MA, USA) reagents for second-strand synthesis. Sequencing libraries were fragmented and indexed using the Nextera XT DNA Library Prep kit (Illumina, San Diego, CA, USA) with dual indexes and 16 cycles of PCR. Libraries were quantified using the KAPA Universal Complete Kit (Roche Diagnostics, Indianapolis, IN, USA), pooled to equimolar concentration, and sequenced on an Illumina instrument with paired-end 150–base pair reads. Sample OL695841 was sequenced from BHK-1 cells after one passage from CSF, as previously described [12].



Phylogenetic tree construction. GenBank was queried on 5/8/23 for “Powassan” and all POWV genome sequences between the lengths 8000 and 12,000 nucleotides were downloaded and limited to one genome per patient where duplicates existed. In total, 407 genome sequences were aligned using MAFFT FFT-NS-2 [24]. A maximum likelihood tree was generated with IQ-tree [25] and bootstrap node support calculated using UFBoot2 [26]. For each clinical POWV genome sequence, the percent identity to tick genomes was determined by NCBI blast.



In silico PCR analysis. A representative subset of the genome sequences queried on 5/8/23 was selected for PCR analysis. Up to five complete genomes from each state (Minnesota, Wisconsin, Connecticut, Maine, Massachusetts, New York, New Hampshire, Rhode Island, New Jersey, West Virginia) and country (Canada, Russia) were selected and manually verified for completeness and quality to form a final set of 47 genomes (Supplemental Table S1). Complete clinical genome sequences were prioritized when available. For PCR review, a PubMed search for “Powassan PCR” was conducted on 5/8/23, and papers that described unique primers/probes to detect POWV using RT-PCR were included in this study. Primers/probes were mapped to each genome using Geneious, allowing for up to four mismatch tolerance. Degenerate primers were individually mapped as each of their components, and the result with the fewest mismatches was recorded. When primers bound in multiple locations, the location with the fewest mismatches was used.



Mutation analysis. The same set of 407 genome sequences used for phylogenetic tree construction was assessed for nucleotide and amino acid mutations. Nucleotide sequences were translated using Geneious and analyzed using R. The difference in frequency for each nucleotide and amino acid between samples from ticks and humans was determined and a Fisher’s exact test was performed, with a value considered nominally significant if the two-tailed p-value was less than 0.05. When accounting for multiple comparisons, an adjusted significance threshold was determined by dividing 0.05 by the number of comparisons. Analysis was stratified by lineage to account for the relative under-sampling of lineage I tick genomes compared to lineage II tick genomes.




3. Results


Phylogeny of POWV from humans versus ticks. Powassan virus genomic data were obtained by metagenomic next-generation sequencing of CSF and/or brain tissue from 10 human cases of POWV, producing four partial genomes and six complete genomes. To assess if POWV genomes from human infections broadly sample genomes obtained from ticks, or if they represent a narrow subset of closely related strains, POWV genome sequences from both sources were compared. In total, 19 POWV genome sequences from humans, including 10 newly published, were compared to 387 previously published POWV genomes from ticks. A maximum-likelihood tree revealed that POWV genomes from humans broadly sampled those from ticks (Figure 1). POWV genome sequences from humans clustered within the same three clades that have been previously described in ticks (lineage I, lineage II Northeast, and lineage II Midwest). Among 10 newly published genome sequences, nine belonged to lineage II, with seven falling within to the Northeastern clade, and two within the Midwestern clade, matching the regions in which the patients resided. One new genome belonged to lineage I, coming from a fatal infection in Maine in 2022. The complete genome sequence showed greatest similarity (96.41% nucleotide identity and 98.95% protein identity) to a POWV genome from ticks on Marmota spp. in New York in 1964 and showed comparable similarity to other lineage I genome sequences determined more recently from I. cookei (95.93% nucleotide identity) and I. scapularis ticks (96.12% nucleotide identity) in the US. Excluding gaps, lineage II genome sequences were >99% identical at the nucleotide and protein level to the nearest genome sequences from ticks (Table 1). This is consistent with the observation that most POWV strains are >99% identical at the nucleotide level to other members within their clade (Supplemental Table S2). However, substantial diversity is seen across lineages, with lineage I and lineage II genome sequences sharing as little as 85% nucleotide identity (Table 2).



Analysis of mutations. Substitutions at the amino acid level have led to the emergence and spread of related flaviviruses such as Zika virus and West Nile virus [28,29,30,31]. To assess for mutations that may have led to increased spread or virulence of POWV in humans, the frequency of each nucleotide and amino acid at each position in the genome was compared between genomes from ticks and humans. At the nucleotide level, there were no significant differences at any position between genomes from ticks and humans in lineage I (Figure 2a) or lineage II (Figure 2b) after correcting for multiple comparisons. At the amino acid level, there were no significant differences in lineage I (Figure 2c) but one significant difference (p = 1.82 × 10−5) at position 2451 in lineage II genomes (Figure 2d). This position, which corresponds to position 191 in NS4b, is an alanine in all genomes from ticks, but a valine (n = 2) or threonine (n = 1) in a subset of genomes from humans.



Analysis of PCR assays. With more POWV genome sequences available, we sought to assess the theoretical suitability of various published PCR assays for the detection of POWV in humans. We performed an in silico analysis of published POWV RT-PCR assays, mapping unique sets of primers/probes to a representative set of genome sequences that samples the known diversity of POWV genomes. The results show that most PCR assays are optimized against a single clade (Table 3). With one-mismatch tolerance in each component (primers and probe), no assay mapped to all genome sequences in the set. The assay described by El Khoury et. al., performed at the New York State lab, had the fewest mismatches of any probe-based assay, mapping with ≤1 mismatch to 98% of analyzed genome sequences (see Supplemental Table S3 for a more detailed summary; primers/probes for the assay performed at Mayo were not available for analysis but detect lineage I and lineage II). Assays performed by the CDC arbovirus branch showed close matching for lineage I and lineage II Midwestern genomes, but relatively less matching for lineage II Northeastern genomes. Two assays targeting the 3′ UTR were negatively influenced in the in silico analysis by the inclusion of complete genomes that terminate before the target region.




4. Discussion


Our analysis revealed that POWV genome sequences derived from human infections are highly similar to those derived from ticks, representing the broad diversity of lineage I and lineage II clades in ticks. The similarity between POWV genome sequences from humans and ticks highlights the relevance of environmental surveillance, as RT-PCR assay design for the diagnosis of human infections can be informed by genomic diversity of POWV in ticks. The high similarity between genome sequences from humans and ticks is consistent with the understanding that humans are incidental hosts and that there is minimal viral evolution occurring within humans. The substitution A191V/T in NS4b in some human lineage II genomes is of uncertain significance and requires further investigation. NS4b is a complex and multifunctional protein involved in viral replication and host immune modulation. Homology with related viruses suggests that this position is at the start of the α8 helix, which is likely a transmembrane helix but may undergo conformational changes within the viral lifecycle [39].



Although most human infections belonged to lineage II, our study reports the first lineage I genome sequence derived from a human infection in the United States (note, subsequent to our analysis, a lineage I genome reportedly from a human dating to 1975 was deposited to GenBank under accession OP265689 but has not been published at the time of writing). Although I. cookei (groundhog ticks) and I. marxi (squirrel ticks) are the primary vectors for lineage I POWV, this lineage has recently been found in Dermacentor variabilis (American dog ticks) and I. scapularis (deer ticks) [12,40]. The genome sequences from the clinical lineage I infection in this study showed comparable similarity to POWV sequences from I. cookei and I. scapularis, implicating either of these ticks as the potential source for the patient’s infection. Although I. cookei generally does not bite humans as aggressively as I. scapularis, in 1989–1990, it was found to account for 34% of human tick bites in Maine [41], the same state in which this patient resided. Although I. scapularis has since become more widely distributed, our study highlights the continued importance of POWV lineage I and the need to better understand the relevance of multiple different tick species in contributing to human infections. Compared to lineage II infections that are >99% identical to genomes from ticks, the lineage I infection showed only 96% nucleotide identity to its nearest relative from ticks, suggesting that tick lineage I genomes are relatively under-sampled in environmental surveys.



Our in silico analysis of published RT-PCR assays revealed that diverse strategies have been used to detect POWV, but that most assays have numerous mismatches against specific clades, potentially impacting their sensitivity in detecting those clades. Assays used for clinical diagnosis or environmental surveillance should be designed to detect lineage I, lineage II Northeastern, and lineage II Midwestern clades. The assay published by El Khoury et. al. had the fewest mismatches across all clades, and may serve as a good starting point for investigators when selecting an RT-PCR assay from the literature [21]. There are uncertainties in the sensitivity of assays that target the 3′ UTR, particularly in lineage II NE genomes, as the full length of this region is not present in all genome sequences, including many annotated as complete. Although this is likely due to sequencing/bioinformatic artifacts limiting reads at the 3′ end, it is not known if some viruses have truncated genomes, or if the 3′ end of the genome degrades before sequencing. Our analysis used ≤1 mismatch as the threshold for an ideal match, but assays may tolerate more or fewer mismatches depending on the nature and location of the mismatch. As a noteworthy example, the lineage I infection published here was detected on a clinical basis by the CDC using an envelope-targeted assay despite three mismatches in the forward primer. Although an in silico analysis is a starting point, it is not a replacement for experimental validation, and more studies comparing available RT-PCR assays are required. There is a need for sensitive and specific POWV RT-PCR assays as unbiased mNGS is currently too costly and slow for widespread routine use.



In conclusion, our data show that POWV genomes from ticks are largely identical to those from humans. PCR assays may be designed using genome sequences from ticks, underscoring the importance of environmental surveillance, particularly if lineage I continues to be detected in I. scapularis. There is substantial diversity between POWV lineages and clades, which may limit the sensitivity of some existing assays when applied to individuals across large geographic areas. As all lineages are relevant to human disease, the most broadly applicable PCR assays should be designed to detect the full diversity of POWV genomes seen in humans and ticks.
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Figure 1. Phylogenetic reconstruction of Powassan virus genome sequences from ticks and humans, colored by location and source. Where node support is >50% by bootstrap approximation, nodes are annotated with blue colored circles shaded by degree of support. Outer rings provide information on the source (tick versus human) and specimen location. 
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Figure 2. Comparison of POWV genome sequences from humans and ticks by nucleotide and amino acid position by Fisher’s exact test. (a) Comparison of lineage I genomes by nucleotide position. (b) Comparison of lineage II genomes by nucleotide position. (c) Comparison of lineage I genomes by amino acid position. (d) Comparison of lineage II genomes by amino acid position. Horizontal dashed line represents threshold for nominal significance (p < 0.05); horizontal dotted line represents threshold for significance after correction for multiple comparisons. 
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Table 1. Comparison of POWV genomes from humans and tick. 1 Excluding gaps in partial genomes.
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	Human Infection
	Location
	Year
	Clade
	Closest Tick Genome
	Nucleotide Identity (%)
	Protein Identity (%)
	Citation





	OR130294
	ME
	2022
	Lineage I
	HM440563
	96.41
	98.95
	This study



	OR130288
	MA
	2022
	Lineage II NE
	OL704271
	99.84
	99.97
	This study



	OR130289
	MA
	2019
	Lineage II NE
	OL704356
	99.79
	99.82
	This study, [1,10]



	OR130290
	MA
	2020
	Lineage II NE
	OP265695
	100 1
	100 1
	This study, [10]



	OR130291
	MA
	2021
	Lineage II NE
	OL704190
	99.34
	99.56
	This study, [10]



	OR130292
	ME
	2022
	Lineage II NE
	OP265694
	100 1
	100 1
	This study, [10]



	OR130293
	MA
	2022
	Lineage II NE
	OL704295
	99.39
	99.80
	This study, [10]



	OR130296
	ME
	2016
	Lineage II NE
	OL704276
	99.90 1
	99.89 1
	This study



	OR130295
	WI
	2018
	Lineage II MW
	OP823481
	99.50 1
	99.85 1
	This study



	OL695841
	MN
	2020
	Lineage II MW
	OP823481
	99.35
	99.74
	This study



	HQ231414
	RUS
	2006
	Lineage I
	MG652438
	99.92
	99.94
	Unpublished



	HQ231415
	RUS
	2006
	Lineage I
	MG652438
	99.92
	99.91
	Unpublished



	EU543649
	RUS
	2006
	Lineage I
	MG652438
	99.92
	99.85
	[14]



	EU670438
	RUS
	1991
	Lineage I
	MG652438
	99.92
	99.94
	[14]



	L06436
	CAN
	1958
	Lineage I
	OP823407
	99.98
	99.91
	[15]



	MW001304
	MA
	2016
	Lineage II NE
	OP823438
	99.70
	99.88
	[1,13,18]



	MW001306
	MA
	2019
	Lineage II NE
	OP823438
	99.75
	99.80
	[13]



	MT996002
	MA
	2018
	Lineage II NE
	OL704356
	99.87
	99.91
	[13]



	MF688929
	NH
	2016
	Lineage II NE
	OP265694
	99.89 1
	99.82 1
	[8,10,27]










 





Table 2. Nucleotide percent identity matrix of clinical POWV genome sequences by lineage.
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	Lineage I
	Lineage II NE
	Lineage II MW





	Lineage I
	94%
	85%
	85%



	Lineage II NE
	85%
	99%
	94%



	Lineage II MW
	85%
	94%
	99%










 





Table 3. Published RT-PCR assays and their frequency of mismatches against lineage I, lineage II Midwest and lineage II Northeast genome sequences.
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	Primer Set
	≤1 Mismatch in

All Components
	Target
	Ref.





	Forward-1: ACCATAACAAACATGAAAGTCCAACT

Forward-2: CCATCACAAACATGAAAGTCCAACT

Reverse-1: TGAGTCTGCTGGTCCGATGAC

Reverse-2: CTGTGAGTCAGCTGGTCCTATGAC

Probe: 6FAM-CCTTCCATCATGCGGAT-MGB
	Lineage I: 92%

Lineage II Midwest: 100%

Lineage II Northeast: 100%

All lineages: 98%
	NS5
	[21]

Assay performed by NYSDOH



	Forward: GCATG+A3:G12GTCGGATGAACAGAA

Reverse: GAGCGCTCTTCATCCACCA

Probe: N/A
	Lineage I: 83%

Lineage II Midwest: 100%

Lineage II Northeast: 100%

All lineages: 96%
	NS5
	[8]



	POW-1: TGGATGACAACAGAAGACATGC

POW-2: GCTCTCTAGCTTGAGCTCCCA

Probe: N/A
	Lineage I: 100%

Lineage II Midwest: 100%

Lineage II Northeast: 88%

All lineages: 94%