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a b s t r a c t 

Objectives: The Puumala virus (PUUV) is a hantavirus that causes hemorrhagic fever with renal syndrome. 

Studies showing an increased risk of lymphoid malignancies after hantavirus infection, together with the 

observation that PUUV infects B cells, motivated us to study the risk of lymphoid malignancies after PUUV 

infection. 

Methods: We linked data from the Finnish Cancer Registry and National Infectious Diseases Register for 

2009-2019. We used a time-dependent Cox regression model to evaluate the hazard of the lymphoid 

malignancies grouped according to the HAEMACARE classification. 

Results: We identified 68 cases of lymphoid malignancies after PUUV infection among 16,075 PUUV- 

infected individuals during 61,114,826 person-years of observation. A total of 10 cases occurred within 

3- < 12 months and 38 within 1- < 5 years after PUUV infection, and the risk of lymphoid malignancies 

increased with hazard ratios (HRs) of 2.0 (95% confidence interval [CI], 1.1-3.7) and 1.6 (95% CI, 1.2-2.3), 

respectively. The group of mature B cell neoplasms showed an increased risk 3- < 12 months and 1- < 5 

years after PUUV infection, HR 2.2 (95% CI, 1.2-4.3) and HR 1.8 (95% CI, 1.3-2.5), respectively. 

Conclusion: PUUV infection is associated with lymphoid malignancies in the Finnish population, support- 

ing the earlier studies. Further research is required to understand the pathophysiological mechanisms 

behind this association. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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The Puumala virus (PUUV), genus Orthohantavirus , subfamily 

ammantavirinae , family Hantaviridae , is a zoonotic virus occa- 

ionally infecting humans [1–3] . PUUV is mainly transmitted to 

umans through aerosolized rodent excreta and is one of the 

ve hantaviruses causing hemorrhagic fever with renal syndrome 

HFRS) in Eurasia. 

The main reservoir for PUUV in Europe is the bank vole ( My- 

des glareolus ). The only hantavirus pathogenic to humans in Fin- 
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and is PUUV. PUUV is a significant public health problem in Fin- 

and; although, it primarily causes a mild form of HFRS. The annual 

ncidence is high, 31 per 10 0,0 0 0 population, and the population- 

ased seroprevalence was 12.5% in 2011 [ 4 , 5 ]. Sweden has a sim-

lar disease burden, with an average annual incidence of 20 per 

0 0,0 0 0 [ 6 , 7 ]. There are major seasonal, periodical, and regional

ariations in PUUV incidence rates in Finland and Sweden [ 8 , 9 ]. 

The incubation period of PUUV infection varies from 10 days to 

 weeks [10] , and when the patients seek medical care, the virus 

as often already been cleared. Thus, PUUV infection is mainly di- 

gnosed by serology [11] . The detection of immunoglobulin (Ig)M 

r low avidity IgG antibodies through methods, such as enzyme 

mmunoassay, immunochromatography, and immunofluorescence, 

erves to demonstrate acute infection. Rapid immunochromatogra- 
iety for Infectious Diseases. This is an open access article under the CC BY-NC-ND 
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hy tests for IgM detection are also used in PUUV diagnostics, es- 

ecially in the emergency room setting [4] . The antibodies to PUUV 

re long-lasting, likely leading to life-long immunity [12] . 

Being a male and living in rural area are risk factors for PUUV 

nfection, whereas smoking is a risk factor for PUUV infection and 

linical severity [ 5 , 7 ]. The course of HFRS is divided into five dis-

inct phases: febrile, hypotensive, oliguric, polyuric, and convales- 

ent. Acute kidney injury, capillary leakage, and thrombocytopenia 

re typically seen during acute infection [ 3 , 13 ]. In Finland, the 28-

ay case fatality is 0.14% [4] . Hantaviruses primarily replicate in 

he endothelium [3] ; however, some recent reports indicate that 

he virus infects naïve B cells [14] directly and induces polyclonal B 

ell activation, resulting in plasmablast expansion [ 14 , 15 ]. No etio- 

ogic treatment or vaccine is currently available for PUUV infection. 

Not much is known about the long-term sequelae of PUUV in- 

ection on subsequent health outcomes, but a Swedish study re- 

orted an increased risk of lymphoma after PUUV infection [16] . 

lthough the Swedish study did not show an increased risk for 

ther types of cancers, a South Korean study showed an associ- 

tion of Hantaan, Seoul, Soocheong, and Muju virus-caused HFRS 

ith both hematologic malignancies and solid cancers compared 

ith the general population [17] . 

Through a retrospective register-based cohort study, we as- 

essed whether PUUV infection was a risk factor for lymphoid ma- 

ignancies in the Finnish population. 

ethods 

We linked the data from two national registers, the National In- 

ectious Diseases Register (NIDR) and the Finnish Cancer Registry 

FCR). PUUV infections have been reported to the NIDR since 1995, 

ith national identity codes included from 2004 and onward [18] . 

aboratories report positive findings primarily through electronic 

eporting. The laboratory notification in the NIDR includes infor- 

ation on the date and type of laboratory specimen, diagnostic 

est, date of birth, sex, and municipality of residence. The dates of 

eath were obtained from the Finnish Population Register. If there 

ere multiple notifications for one person, we took the first one 

nto account. 

The FCR is a nationwide registry that collects data on all cancer 

iagnoses in Finland and follows up on the incidences of differ- 

nt types of cancers. Reporting cancers to the registry has been 

andatory since 1961 and is done by health care professionals, 

ainly physicians and pathologists. Since 2008, the FCR has used 

he HAEMACARE classification of hematologic cancers with the 

espective International Classification of Diseases, Tenth Revision 

ICD-10) codes in the reporting of cancer cases [19] . 

In the HAEMACARE classification, lymphoid malignancies are 

ategorized into six groups: Hodgkin lymphoma; acute lym- 

hoblastic leukemia/lymphoma; leukemia, other, or unspecified; 

on-Hodgkin lymphoma, other, or unspecified; mature T and 

atural killer cell lymphoma/leukemia; and mature B cell neo- 

lasms [19] . Mature B cell neoplasms are divided into nine sub- 

roups: myeloma and other plasma cell tumors, chronic lym- 

hatic leukemia, malignant immunoproliferative diseases, mantle 

ell lymphoma, follicular B lymphoma, diffuse B lymphoma, Burkitt 

ymphoma/leukemia, marginal zone lymphoma, and other mature 

 cell neoplasms. 

We obtained data on all lymphoid malignancies diagnosed in 

inland during January 01, 2004-December 31, 2019 from the FCR 

nd linked these data through the national identity codes to the 

UUV laboratory notifications in the NIDR for the same period. 

We defined a PUUV-infected individual as an individual in the 

IDR who had a laboratory notification of PUUV infection during 

009-2019. 
2

We defined a lymphoid malignancy case as an individual having 

heir first lymphoid malignancy (based on the HAEMACARE classi- 

cation) during 2009-2019 reported in the FCR. 

We defined the study period as January 1, 2009-December 31, 

019 and obtained data for the whole Finnish population for that 

eriod from the Finnish Population Register. These data were com- 

ined with the data from the FCR and the NIDR. 

We excluded individuals with a lymphoid malignancy diagno- 

is during 20 04-20 08 because a previous lymphoid malignancy or 

ts treatment can be a risk factor for a new lymphoid malignancy 

r relapses of previous lymphoid malignancy may occur [20] . Only 

he first lymphoid malignancy diagnosis was taken into account for 

hose who developed a lymphoid malignancy during 2009-2019. 

e kept PUUV-infected individuals in the NIDR during 20 04-20 08 

n the database and followed up for lymphoid malignancy. PUUV 

nfection in 20 04-20 08 was analyzed as a variable in the Cox re- 

ression. 

We excluded individuals who had a foreign country of birth in 

he Finnish Population Register as we did not have the date of im- 

igration and thus could not count the follow-up time for this 

roup. 

tatistical methods 

We used the chi-square test to determine if there was a signifi- 

ant difference between PUUV-infected and PUUV-uninfected indi- 

iduals in terms of having a lymphoid malignancy outcome. 

We used a time-dependent Cox regression model to evaluate 

he hazard of lymphoid malignancy after PUUV infection. We cal- 

ulated the hazard ratios (HRs) for different periods after PUUV in- 

ection: under 3 months, 3- < 12 months, 1- < 5 years, 5- < 10 years,

nd ≥10 years. The main time scale in the model was age. We al- 

owed different baseline hazards and stratified the baseline hazards 

y 5-year birth cohort. We added sex, region (health care district), 

nd PUUV infection during 20 04-20 08 to the model. As a sensitiv- 

ty analysis, we conducted the Cox regression using 6-month and 

2-month wash-out periods between the dates of PUUV infection 

nd lymphoid malignancy diagnoses. We also conducted the Cox 

egression for the data where previous PUUV infection (diagnoses 

n the year 20 04-20 08) was an exclusion criterion. In addition to 

ll lymphoid malignancy cases as one group, we conducted Cox 

egression for the groups of lymphoid malignancies and their sub- 

roups using the HAEMACARE classification. These analyses were 

one for the categories where there were more than five cases of 

ymphoid malignancies after PUUV infection for at least one of the 

eriods after PUUV infection. We analyzed the interaction of age 

ith the outcome of lymphoid malignancy after PUUV infection in 

he Cox regression. 

We counted the estimated incidences of lymphoid malignan- 

ies for PUUV-infected and uninfected individuals with their 95% 

onfidence intervals (CIs). Furthermore, we calculated age-and sex- 

tandardized incidence ratios (SIRs) and 95% CIs for lymphoid 

alignancies for PUUV-infected individuals against the expected 

umber of lymphoid malignancy cases in the Finnish population 

t different time points after PUUV infection. 

The statistical analyses were conducted using Stata version 17.0 

StataCorp LLC, College Station, TX, USA). 

esults 

We identified 16,075 PUUV-infected individuals during 2009- 

019 in the NIDR; 58% were male, and the median age of PUUV 

iagnosis was 49 (range, 1-99) years ( Table 1 ). The incidence of 

UUV infection varied regionally, with the highest rates in eastern 

inland ( Figure 1 ). 
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Table 1 

Characteristics of individuals infected and uninfected by the PUUV in Finland, 2009- 

2019. 

PUUV-infected PUUV-uninfected P -value 

n = 16,075 n = 6,134,886 

Sex, n (%) 

Male 9391 (58.4) 3,088,641 (50.3) < 0.001 a 

Female 6684 (41.6) 3,046,245 (49.7) 

Median age b (range), years 49.0 (1.4-98.6) 

Age group, n (%) 

0-19 719 (4.5) 

20-39 4270 (26.6) 

40-59 6442 (40.1) 

60-79 4302 (26.8) 

≥ 80 342 (2.1) 

PUUV, Puumala virus. 
a Chi-square test. 
b Age at the time of PUUV infection. 

Figure 1. Incidence of Puumala virus infection in 20 health care districts and Åland 

during 2009-2019 in Finland. 
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Altogether, there were 24,691 cases of lymphoid malignancies, 

f which 90 were among the 16,075 PUUV-infected individuals, 

uring a total of 61,144,826 person-years of observation ( Table 2 ). 

n 68 cases, lymphoid malignancy was diagnosed after PUUV infec- 

ion, contributing to the analysis. Three lymphoid malignancy cases 

ccurred less than 3 months after the PUUV infection. A total of 

0 cases occurred within 3- < 12 months after the PUUV infection, 

nd 38 cases within 1- < 5 years after the PUUV infection. In addi-

ion, 16 lymphoid malignancies occurred within 5- < 10 years after 

he PUUV infection and one case 10 years or more after the PUUV 
3 
nfection. The Cox regression analysis showed an association be- 

ween the risk of lymphoid malignancy and PUUV infection 3- < 12 

onths and 1- < 5 years after the PUUV infection in HR 2.0 (95% CI,

.1-3.7; P = 0.029) and HR 1.6 (95% CI, 1.2-2.3; P = 0.002), respec- 

ively ( Table 3 ). The risk of lymphoid malignancy was not signif- 

cantly increased ≥5 years after the PUUV infection. The analysis 

dentified being a male as an independent risk factor for lymphoid 

alignancy, HR 1.49 (95% CI, 1.45-1.54; P < 0.001). 

Mature B cell neoplasms represented the majority in all lym- 

hoid malignancies and those that developed after the PUUV infec- 

ion, respectively representing 80% and 88% of all cases ( Table 2 ). 

here were 60 cases of mature B cell neoplasms after PUUV; nine 

ases occurred within 3- < 12 months after the PUUV infection and 

4 cases within 1- < 5 years after the PUUV infection ( Table 4 ). The

ssociation between the risk of lymphoid malignancy and PUUV 

nfection was significant for these periods, HR 2.2 (95% CI, 1.2-4.3; 

 = 0.017) and HR 1.8 (95% CI, 1.3-2.5; P = 0.001), respectively. The 

mall number ( < 5) of lymphoid malignancy cases after the PUUV 

nfection prevented reliable analyses for the other groups of lym- 

hoid malignancies. 

We further analyzed the largest subgroups of mature B cell neo- 

lasms using Cox regression (Supplementary Table 1). The analysis 

howed an association between PUUV infection and the develop- 

ent of lymphoid malignancy for the subgroups of myeloma and 

lasma cell neoplasms 1- < 5 years after the PUUV infection. We 

id not see an association for the subgroups of chronic lymphatic 

eukemia and diffuse B cell lymphoma. Due to the low number of 

ases in the other subgroups, they could not be reliably tested. 

We performed a Cox regression using a 6-month wash-out pe- 

iod instead of 3 months; there were six cases 6- < 12 months after 

he PUUV infection, with HR 1.8 (95% CI, 0.8-4.0; P = 0.145). When 

he first 12 months after the PUUV infection were analyzed as one 

eriod (13 cases), the association for the first year was HR 1.9 (95% 

I, 1.1-3.3; P = 0.017). The exclusion of individuals with earlier 

UUV infection (20 04-20 08) did not change the results (data not 

hown). 

In the SIR analysis, the risk of lymphoid malignancy increased 

uring 3- < 12 months and during 1- < 5 years after the PUUV infec-

ion, SIR 2.0 (95% CI, 1.1-3.7) and SIR 1.6 (95% CI, 1.2-2.3), respec- 

ively (Supplementary Table 2). 

iscussion 

We identified an increased risk of lymphoid malignancies af- 

er PUUV infection. Our results align with the earlier findings from 

weden, showing a similar association [16] . We also identified the 

isk of lymphoid malignancy associated with the group of mature 

 cell neoplasms specifically. The analyses identified the male sex, 

 known risk factor for PUUV infection [7] , as an independent risk 

actor for developing lymphoid malignancy, which was described 

arlier [21] . 

The Swedish and South Korean studies showing an increased 

isk of lymphoid malignancies after HFRS provided the rationale 

or the current study addressing the association of lymphoid ma- 

ignancies with PUUV infection in Finland [ 16 , 17 ]. In the Swedish

tudy, the authors did not identify an association of a previous 

UUV infection with any other cancers, whereas, in a South Ko- 

ean study, HFRS was associated with both hematologic malignan- 

ies and solid organ cancers. The nationwide registers and high 

UUV incidence in Finland allowed us to study this topic further. 

e found the association using two different statistical methods, 

ox regression and SIR analysis, the latter of which was also ap- 

lied in the Swedish study. The results of the two analyses were 

ery similar, and the results were also in line with those of the 

wedish study: in our study, the SIR for the development of lym- 

hoid malignancy was 2.0 for 3- < 12 months after the PUUV in- 
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Table 2 

Characteristics of all individuals with lymphoid malignancy and those who developed lymphoid malignancy after the PUUV infection in Finland, 2009-2019. 

Cases of lymphoid 

malignancy, all 

n = 24,691 % 

Lymphoid malignancy cases after the 

PUUV infection 

n = 68 % 

Sex 

Male 13,393 54.2 32 47.1 

Female 11,298 45.8 36 52.9 

Age a , median (range), years 69.8 (0-101) 67.2 (24.0-88.6) 

Age group a , years 

0-19 826 3.4 0 0 

20-39 1256 5.1 1 1.5 

40-59 4075 16.5 17 25.0 

60-79 13,272 53.8 45 66.2 

≥80 5262 21.3 5 7.4 

Lymphoid malignancy group and subgroup 

Mature B cell neoplasms 19,637 79.5 60 88.2 

Myeloma and other plasma cell tumors 4401 22.4 16 26.7 

Chronic lymphatic leukemia 3576 18.2 10 16.7 

Malignant immunoproliferative diseases 431 2.2 0 0 

Mantle cell lymphoma 990 5.0 7 11.7 

Follicular B cell lymphoma 2836 14.4 6 10.0 

Diffuse B cell lymphoma 6170 31.4 16 26.7 

Burkitt’s lymphoma/leukemia 151 0.77 0 0 

Marginal zone lymphoma 873 4.4 5 8.3 

Other mature B cell neoplasms 209 1.1 0 0 

Hodgkin lymphoma 1648 6.7 2 2.9 

Mature T and natural killer cell 

lymphoma/leukemia 

1352 5.5 4 5.9 

Acute lymphoblastic leukemia/lymphoma 847 3.4 0 0 

Non-Hodgkin lymphoma, other or 

unspecified 

810 3.3 0 0 

Leukemia, other or unspecified 397 1.6 2 2.9 

PUUV, Puumala virus. 
a Age at diagnosis of lymphoid malignancy. 

Table 3 

Hazard ratios for developing lymphoid malignancy after the PUUV infection in Cox regression in Finland, 2009-2019. 

Number of cases 

N = 68 

Hazard 

ratio 95% confidence interval P -value 

Lymphoid malignancy after PUUV infection 

No PUUV infection ref. 

< 3 months a 3 1.78 0.57-5.52 0.317 

3- < 12 months 10 2.00 1.07-3.71 0.029 

1- < 5 years 38 1.64 1.19-2.26 0.002 

5- < 10 years 16 1.16 0.71-1.89 0.563 

≥10 years 1 1.34 0.19-9.53 0.769 

Sex 

Female 36 ref. 

Male 32 1.49 1.45-1.53 < 0.001 

Geographical area 

1 10 ref. 

2 0 0.92 0.88-0.97 0.001 

3 4 0.90 0.84-0.96 0.001 

4 2 0.94 0.87-1.00 0.062 

5 7 0.88 0.84-0.92 < 0.001 

6 3 0.99 0.93-1.05 0.751 

7 2 0.97 0.91-1.04 0.440 

8 3 0.84 0.78-0.91 < 0.001 

9 4 0.83 0.76-0.91 < 0.001 

10 2 0.84 0.74-0.95 0.008 

11 3 0.88 0.82-0.95 0.001 

12 8 0.83 0.78-0.89 < 0.001 

13 3 0.83 0.78-0.89 < 0.001 

14 4 0.93 0.87-0.99 0.024 

15 2 0.82 0.76-0.89 < 0.001 

16 2 0.93 0.83-1.03 0.146 

17 8 0.89 0.84-0.94 < 0.001 

18 1 0.87 0.79-0.97 0.009 

19 0 0.88 0.78-0.98 0.025 

20 0 0.87 0.79-0.95 0.001 

21 0 0.96 0.81-1.14 0.676 

PUUV, Puumala virus; ref., reference. 
a Wash-out period 

4 
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Table 4 

Hazard ratios for developing mature B cell neoplasms after the PUUV infection in Cox regression a in Finland, 2009-2019. 

Cases after PUUV 

N Hazard ratio 95% confidence interval P -value 

Mature B cell neoplasms 

< 3 months b 2 1.47 0.37-5.87 0.587 

3- < 12 months 9 2.22 1.15-4.26 0.017 

1- < 5 years 34 1.80 1.29-2.52 0.001 

5- < 10 years 14 1.23 0.73-2.07 0.445 

≥10 years 1 1.60 0.23-11.38 0.637 

PUUV, Puumala virus. 
a Adjusted for sex and region. 
b Wash-out period. 
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ection and 1.6 for 1- < 5 years after the PUUV infection; in the 

wedish study, the SIR was 2.1 for < 1 year and 1.8 for 1- < 5 years

fter the PUUV infection [16] . Unlike in the Swedish study, we used 

 3-month wash-out period between the PUUV infection and lym- 

hoid malignancy to exclude the cases of lymphoid malignancies 

hat already existed at the time of the PUUV infection. 

In our study, the risk of lymphoid malignancy increased rel- 

tively soon after the PUUV infection and was elevated up to 5 

ears. 

The association was the strongest with mature B cell neoplasms 

mong the lymphoid malignancies. However, the small numbers 

f other groups of lymphoid malignancies among PUUV-infected 

ndividuals did not allow a reliable estimation of the association. 

arlier studies have associated the risk of malignancies after HFRS 

ith leukemia and non-Hodgkin lymphoma when the cancer re- 

orting was based on ICD-10 codes [17] . In the HAEMACARE clas- 

ification, the group of mature B cell neoplasms partly overlaps 

ith the ICD-10 group of non-Hodgkin lymphomas [19] , but com- 

aring our results to those of the South Korean study is diffi- 

ult because the categories of the lymphoid malignancies differ. 

lso, HFRS in South Korea is caused by four different orthohan- 

aviruses, Hantaan, Seoul, Soocheong, and Muju [17] , all of which 

ause more severe clinical manifestation than PUUV; thus, there 

ight be underlying differences in the pathogenesis of human in- 

ection [3] . In the South Korean study, the occurrence of both 

ematologic malignancies and solid cancers increased after HFRS 

17] . 

In the late 1980s, studies already showed HFRS-causing Han- 

aan virus to infect human lymphoblastoid cells [22] and to in- 

uce a persistent infection in marmoset B-lymphoblastoid cells 

23] . Furthermore, reports have shown the presence of the Hantaan 

irus in the B cells of patients with an acute HFRS [24] and PUUV 

n the plasmablasts (activated B cells) of patients [14] . In addi- 

ion to HFRS, studies show that plasmablast expansion also occurs 

uring the other clinical hantavirus disease, hantavirus cardiopul- 

onary syndrome caused by the Andes virus [15] , suggesting that 

 cell activation is common to both hantavirus diseases. PUUV can 

irectly infect B lymphocytes and induce polyclonal B cell activa- 

ion in vitro [14] . These reports support the hypothesis that han- 

avirus infection could contribute to B cell neoplasms by promoting 

roliferation and, together with antiapoptotic effects of hantavirus 

roteins [ 25 , 26 ], could directly enhance the development of ma- 

ure B cell neoplasms. 

There are some limitations in our study. We only had data on 

he laboratory-confirmed cases of PUUV infections reported to the 

IDR. However, there may be individuals infected with PUUV who 

ere not diagnosed and thus were misclassified as noninfected. In 

ight of the high population-based seroprevalence of 12.5% deter- 

ined using a nationwide health survey in 2011 [5] , underdiagno- 

is is likely and might have diminished the association between 

UUV infection and lymphoid malignancies in our study. This may 

e especially true in the nonendemic areas in Finland, where mild 
a

5 
UUV cases are most likely underdiagnosed [ 4 , 27 ]. We also lacked 

ata on PUUV infections diagnosed before 2004. 

Our study found an association between PUUV infection and 

ymphoid malignancies, in which 0.3% of all lymphoid malignan- 

ies occurred in patients with a history of a PUUV infection. In 

his number, other possible causative factors are not considered; 

hus, this is likely an overestimation of lymphoid malignancy cases 

elated to PUUV infection. Due to the nature of a register-based 

tudy, we lacked data on potential confounders, such as smoking, 

hronic diseases, and socioeconomic factors [ 5 , 17 ]. The correct def- 

nition of lymphoid malignancy in the FCR was critical for finding 

ll the cases among those who have had a PUUV infection and in 

he whole Finnish population. The same definitions were used for 

oth groups. The cancer classification in the FCR was renewed in 

008 and was in place at the start of the study period in 2009. We

hose the HAEMACARE classification instead of the ICD-10 classifi- 

ation because it is used in reporting cancers in Europe [19] . 

More studies are needed to assess whether lymphomas poten- 

ially caused by PUUV infection result in a significant public health 

urden in terms of absolute risks. Nevertheless, our data can in- 

orm disease burden estimates, which may be relevant in, e.g ., po- 

ential vaccine development and targeting of risk groups. 

onclusion 

We found a significant association between the incidence of 

ymphoid malignancies and PUUV infection during the first 5 years 

fter infection in the Finnish population in this register-based 

tudy. The association was the strongest for the mature B cell neo- 

lasms. Further research is needed in the field of biological mech- 

nisms behind this association and on the preventive measures of 

UUV infection. 
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