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Clinical associations with a polygenic
predisposition to benign lower white blood
cell counts
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Polygenic variation unrelated to disease contributes to interindividual varia-
tion in baseline white blood cell (WBC) counts, but its clinical significance is
uncharacterized. We investigated the clinical consequences of a genetic pre-
disposition toward lower WBC counts among 89,559 biobank participants
from tertiary care centers using a polygenic score for WBC count (PGSWBC)
comprising single nucleotide polymorphisms not associated with disease. A
predisposition to lower WBC counts was associated with a decreased risk of
identifying pathology on a bone marrow biopsy performed for a low WBC
count (odds-ratio = 0.55 per standard deviation increase in PGSWBC [95%CI,
0.30−0.94], p = 0.04), an increased risk of leukopenia (a lowWBC count) when
treated with a chemotherapeutic (n = 1724, hazard ratio [HR] = 0.78
[0.69−0.88], p = 4.0 × 10−5) or immunosuppressant (n = 354, HR =0.61
[0.38–0.99], p = 0.04). A predisposition to benign lower WBC counts was
associated with an increased risk of discontinuing azathioprine treatment
(n = 1,466, HR =0.62 [0.44−0.87], p = 0.006). Collectively, these findings sug-
gest that there are genetically predisposed individuals who are susceptible to
escalations or alterations in clinical care thatmay beharmful or of little benefit.

White blood cell (WBC) counts (the number ofWBCs present within a
volume of blood) are routinelymeasured in clinical settings to survey
health, ascertain for drug toxicities and identify causes of illness. The
counts are evaluated with respect to a reference interval of values
expected in a healthy population1,2, and a measurement that falls
outside of the interval may prompt investigations to exclude condi-
tions such as infections, diseases of the bone marrow, autoimmune
disease, and toxicities due to medications such as chemother-
apeutics and immunosuppressants3. A low WBC count may also

prompt clinical action due to concerns that an individual may have
an immunodeficiency that could limit an effective response to
infections4.

A genetic predisposition toward benign lower WBC counts can
impact clinical care. For instance, the rs2814778-CC genotype is com-
mon among individuals of African ancestry and is associated with
lower WBC counts in the absence of underlying disease5,6. Carriers of
this genotype are more likely to undergo diagnostic investigations,
including abonemarrowbiopsy, and tohavemedications stoppeddue
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to concerns for toxicity7–10. These actions are driven, in part, by the use
of WBC count reference ranges that are not calibrated to this
genotype11,12. While the rs2814778-CC genotype is not prevalent among
European ancestry (EA) populations, numerous common single
nucleotide polymorphisms (SNPs) associated with WBC count varia-
tion have been identified in this group13,14. Whether a polygenic pre-
disposition toward benign lower WBC counts could have similar
clinical consequences in this population is unknown.

Weconstructedapolygenic score forWBCcounts (PGSWBC)which
measures the burden of SNPs associated with WBC count that an
individual carries. SNPs located near loci associated with clinically
significant diseases within the differential diagnosis of a low WBC
count were excluded to ensure that the PGSWBCmeasures benignWBC
count variation. We examine a diverse range of clinical outcomes and
settings to characterize the consequences of a polygenic predisposi-
tion to benign lower WBC counts.

Results
Development and validation of a benign PGSWBC

We developed a polygenic risk score for WBC count (PGSWBC) using
SNP weightings derived from a large genome-wide association study
(GWAS) of WBC counts15. A linkage-disequilibrium reduced (r2 < 0.01)
set of independent SNPs was selected (p < 5 × 10−6, minor allele fre-
quency>0.01, imputation r2 ≥0.7). To ensure that SNPs associatedwith
clinically significant diseases were not included in the PGSWBC, SNPs
located in the major histocompatibility complex (MHC) genomic
region, which is associated with multiple autoimmune diseases16, or
near loci associated with hematological malignancies or systemic
lupus erythematosus17 were excluded (see “Methods” section for full
details). After exclusions, there were 1739 SNPs in the PGSWBC. The
PGSWBC was normalized to have a mean of 0 and a standard deviation
of 1, and a lower PGSWBC value reflects a polygenic predisposition to
lower WBC counts. Thus, an inverse association between the PGSWBC

and an outcome indicates that a predisposition to lower counts
increases the risk of the outcome.

To verify that the PGSWBC did not associate with clinically sig-
nificant diseases that are in the differential diagnosis of a low WBC
count, we tested for associations between the PGSWBC and hematolo-
gical malignancies (n = 15 diagnoses) and autoimmune diseases (n = 21
diagnoses) that were prevalent among 71,078 European Ancestry
participants from BioVU, a DNA biobank linked to a de-identified
electronic health record. There was one nominal inverse association
(p < 0.05) with a diagnosis of psoriasis vulgaris, an autoimmune skin
condition (Supplementary Fig. 1 and Supplementary Table 1).

There were also 4 nominal positive associations (p < 0.05) with
hematological malignancies, suggesting a that predisposition to
higher WBC counts could be associated with the risk of these
diagnoses. To determine whether associations were driven by SNPs
with a relatively larger effect size, SNPs in the PGS were separated
into 5 quintiles based on the distribution of effect sizes, and a PGS
for each quintile was constructed. Only the PGS for the 4th quintile
(representing SNPs in the 60–80th percentile) had more positive
associations than expected by chance (n = 8 phenotypes, p = 0.001,
based on permutation analyses) (Supplementary Table 2). In addi-
tion, SNPs in this quintile had more nominal (p < 0.05) associations
with 4 hematological phenotypes than would be expected by
chance (p < 0.05 based on binomial expectations) (Supplementary
Table 3). Collectively, these results suggest that SNPs of larger
effective sizes did not drive the positive hematological associa-
tions, but might suggest that the PGSWBC may comprise SNPs of
modest effect size that have weak positive associations with
hematological malignancies.

We examined associations between the PGSWBC and a diverse
range of clinical outcomes measured in different clinical set-
tings (Fig. 1).

Association between the PGSWBC and low measured WBC and
markers of clinical activity
To characterize the relationship between the PGSWBC and measured
WBC counts, we identified 11,694 BioVU participants (6931 females
[59%]; mean age 57 [s.d. 17] years) without a hematological malignancy
and who had 1 or more WBC count measurements collected in a pri-
mary care setting during a routine health maintenance exam. The
PGSWBC was positively correlated (partial correlation = 0.29, adjusted
for age, sex, and 5 PCs) with measured median WBC counts (Fig. 2a).
We also investigated the associations between the PGSWBC and an
individual’s lowest measured WBC count and found the same asso-
ciation Supplementary Fig. 2. When WBC count measurements are
reported in clinical settings, the results are presented in conjunction
with the reference range for the assay used to measure the count.
There were 623 participants who had at least one WBC count that fell
below the lower reference range value (i.e., these participants had a
value that would be designated as a clinical outlier). The PGSWBC was
inversely associated with the outcome of having a WBC count below
the lower reference range value (odds-ratio [OR] = 0.57 [95% CI:
0.52–0.62] per s.d. increase in the PGSWBC, p < 2 × 10−16) (Fig. 2b). The
model demonstrated a good fit to the data (Hosmer–Lemeshow
p =0.66) Supplementary Fig. 3.

ICD codes are assigned to patients to indicate the diagnoses that
were addressed during a clinical encounter18. If a patient has been
assigned an ICD code for a low WBC count, it indicates that the clinical
provider diagnosed the patient with a low WBC count. There were 379
(3.2%) participants assigned an ICD code for a low WBC count. The
PGSWBC was significantly associated with being assigned an ICD code
for a lowWBC count among BioVU participants (OR=0.62 [0.56–0.69],
p< 2 × 10−16). Thus, a polygenic predisposition to lower WBC counts
increased the likelihood of receiving a clinical diagnosis of a low WBC
count. We also tested for an association in an independent set of par-
ticipants from the eMERGE network, a consortium of institutions with
EHR-linked biobanks. Among eMERGE participants who did not have a
history of a hematologicalmalignancy (n = 18,217), therewere 256 (1.4%)
participants who had an ICD code for a low WBC count. The PGSWBC

was associatedwith this outcome (OR=0.74 [0.67–0.82], p = 2.0 × 10−9).
In sensitivity analyses, we examined a PGS that excluded SNPs that

had nominal associations with a hematological malignancy in the BioVU
population. Associations with having an ICD code for a low WBC count
were not changed with these exclusions (Supplementary Table 4).

In sum, a polygenic predisposition toward lower WBC counts was
associated with lower measured WBC counts, an increased likelihood
of having a count below the clinical reference range, and having an ICD
code for a low count.

Association between the PGSWBC and bone marrow biopsies for
low WBC
A bone marrow biopsy is an invasive procedure to determine whether
a hematological abnormality, such as a low WBC count, is due to an
underlying disease in the bone marrow. Biopsy reports include a
clinical indication, which lists the clinical concerns of the hematologist
that prompted the biopsy. It has been previously observed that a
benign WBC-lowering genotype was associated with both the clinical
indication and outcomes of a bone marrow biopsy among individuals
of African ancestry9. We examined whether the PGSWBC behaved
similarly in European ancestry populations.

There were 922 BioVU participants without a prior history of a
hematological malignancy who underwent a first bone marrow biopsy.
We testedwhether the PGSWBC was associatedwith undergoing a biopsy
due to a clinical concern for a low WBC count. There were 117 partici-
pants biopsied for this reason, and the PGSWBC was associated with this
outcome (OR=0.56 [0.45–0.68], p= 1.8 × 10−8). This result indicates that
a polygenic predisposition to a lower WBC count increased the like-
lihood that a biopsy was performed due to concerns for a low count.
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Among the 117 participants biopsied for a low WBC count, 64
(55%) were female and the mean age was 48 (s.d. 25) years (Supple-
mentary Table 5). Bone marrow pathology was identified in 35 (30%)
biopsies. Biopsies which showed pathology were more likely to have
a second hematological comorbidity (e.g. anemia or a low platelet
count) noted in the indication, as compared to those without
pathology (n = 29 [83%] vs n = 37 [45%]) (Supplementary Table 5).
Those without pathology in their bone marrow had PGSWBC

values that were more skewed toward the lower ranges compared to
those with pathology (Fig. 3a). There was not a significant differ-
ence in the mean PGSWBC value between those participants with an
abnormal biopsy and the unbiopsied BioVU population
(difference = −0.11 standard deviations [95% CI: −0.43−0.22],
p = 0.53). The PGSWBC was associated with a finding of no pathology,
after adjusting for other hematological comorbidities (OR = 0.55
[0.30–0.94], p = 0.04) (Fig. 3b). Associations with biopsy outcomes
were not changed when excluding SNPs from the PGS that had
nominal associations with a hematological malignancy in BioVU
(Supplementary Table 6).

We determined the proportion of participants who underwent a
biopsy and whose WBC count at the time of biopsy would be con-
sidered within the normal range of a genotype-informed reference
range. For these analyses, the normal range was defined as a value
above the 2.5th percentile of the distribution of WBC counts observed
among individuals with a similar PGSWBC value (see “Methods” sec-
tion). All individuals whose WBC count at the time of biopsy was
between 3500 and 4000 cell/µL fell within their genetically expected
ranges, regardless of biopsy outcome (Table 1, Fig. 3c, d). However,
among individuals whose WBC count was <=3500 cells/µL, only indi-
viduals with a normal biopsy result had counts that fell within genetic
ranges. For instance, among individuals with WBC count between
3000 and 3500 cells/µL, 9 of 13 (69%) individuals with a normal biopsy,
versus 0 of 6 (0%) with an abnormal biopsy, fell within expected ran-
ges. These results are consistent with the lower PGSWBC values
observed in the normal biopsy group (Fig. 3a). No individuals with a
WBC count <2500 cells/µL fell within their genetic ranges.

In sum, a polygenic predisposition toward lower WBC counts
was associated with an increased likelihood of having a bone marrow
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Fig. 1 | Overview of the study populations and analyses. WBC white blood cell, BM bone marrow, ANC absolute neutrophil count, ICD International Classification of
Disease code.
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biopsy that was performed to investigate a low WBC count and a
reduced likelihood of identifying pathology on the biopsy. The
PGSWBC may also preferentially reclassify individuals with modestly
lowWBC counts and without underlying bonemarrow disease whose
counts.

Association between the PGSWBC and drug-induced leukopenia
Among individuals of African ancestry, benign neutropenia associates
both with an increased risk of a low WBC count due to a medication
(i.e. drug-induced leukopenia) and medication discontinuation due to
a concern for low WBC counts10,19. We examined whether the PGSWBC

Fig. 2 | PGS associations with measured WBC counts among 11,694 BioVU
participants. a Ranges of observed median WBC counts by PGSWBC value. Ranges
summarize WBC counts within sequential windows (±0.2 s.d.) across the range of
the PGSWBC. The dark line is the median value, and the gray ribbon represents the
5th–95th percentiles of the range. The dashed red lines denote the upper and lower

clinical reference ranges for the clinical assay used to measure the WBC count.
b Predicted probability (with standard errors) of having a WBC count that falls
below the lower clinical reference value across a range of PGSWBC values (n = 623
events). Probabilities are based on a logistic regressionmodel adjusted for age and
sex. The dashed red line is the average probability for the entire population.

Fig. 3 | PGS associations with bone marrow biopsy outcomes. a Distribution of
the PGSWBC values among 117 BioVU participants who underwent a bone marrow
biopsy for a clinical indication that included a lowWBC count. Results are stratified
by whether the biopsy identified pathology (abnormal, n = 35) or not (normal,
n = 82). Box plots show the median value, interquartile range (gray region), and
maximum and minimum values (whiskers) for each stratum. The dashed red line
indicates the median PGSWBC value for the overall BioVU population. b Predicted
probabilities (with standarderrors) of a normal biopsyfinding. Results are stratified
by whether the indication for the biopsy included other hematological

abnormalities (labeled as present or absent) in addition to a low WBC count.
Probabilities are based on a multivariable logistic regression model, adjusted for
age, sex, and presence of a hematological abnormality. c, d Scatterplots showing
theWBC count at the time of biopsy versus the PGSWBC values for participants with
a c normal or d abnormal biopsy result. Points are colored to denote whether the
observed WBC count fell within the range (i.e. above the 2.5th percentile of the
distribution) ofWBC counts observed among individuals in theWBC cohort whose
PGSWBC value was within 0.2 standard deviations. The dashed red line denotes the
lower bound of the clinical reference ranges.
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was similarly associated with drug side effects for two classes of drugs
that can commonly cause drops in WBC counts: chemotherapeutics
(antineoplastics) and immunosuppressants.

We first examined whether there was an association with ICD-
based billing codes related to adverse effects from these classes of
medications. Since these medications can be associated with a broad
range of toxicities, we specifically examined whether the PGSWBC was
associated with having an ICD code for toxicity due to chemother-
apeutic or immunosuppressant medications entered on the same day
that the provider wrote a clinical note that mentioned a low WBC
count. In the BioVU population (n = 71,078), there were 985 (1.4%)
participants who met this case definition and the PGSWBC was asso-
ciated with this outcome (OR =0.92 [0.86–0.98], p =0.01) (Fig. 4a).
However, therewas no associationwith those ICD codes in the absence
of a clinical mention of a low WBC count (n = 2273 cases, OR = 1.01
[0.97–1.06], p =0.60).

To probe this association further, we identified 1724 BioVU
participants (917 [53%] female, 60 [12] years) who received treatment
for cancer with the taxane class of chemotherapeutic medications20

(Supplementary Table 7). The mean baseline (pre-treatment) WBC
count was 8200 (s.d. 3900) cells/µL. The PGSWBC was associated with
baseline (pre-treatment) count (change in log-transformed WBC
count = 0.062 [0.044−0.080], p = 3.9 × 10−11). In the first cycle of
treatment, 266 (16%) participants developed an incident drug-
induced leukopenia, defined here as a WBC count < 3000 cells/µL.
The PGSWBC was significantly associated with time to leukopenia
after adjusting for treatment dose and duration (hazard ratio
[HR] = 0.78 [0.69–0.88], p = 4.0 × 10−5) (Fig. 4b). There was a similar
association for the outcome of time to drug-induced neutropenia
(absolute neutrophil count < 1500 cells/µL) (HR = 0.80 [0.69–0.91],
p = 0.0006) (Supplementary Fig. 4).

Similar results were seen in an independent cohort of 354 parti-
cipants (203 [57%] female, 44 [17] years) from the Michigan Genomics
Initiative who were treated with the immunosuppressant azathioprine
for an autoimmune disease (Supplementary Table 8). The WBC count
at azathioprine initiation was 8800 [3700] cells/µL. The PGSWBC was
significantly associated with time to an incident WBC count < 3000
cells/µL with treatment (HR =0.61 [0.38–0.99], p =0.04) (Supplemen-
tary Fig. 5).

Association between the PGSWBC and medication
discontinuation
To determine whether the PGSWBC was associated with cessation of
medications due to a provider’s concern for a low WBC count, we
examined a cohort of 1180 BioVU participants (787 [67%] female, 47
[15] years) treated with azathioprine for an autoimmune disease
(Supplementary Table 9)10. The PGSWBC was inversely associated with
WBC count at azathioprine initiation (change in log-transformed WBC
count per s.d. increase in the PGSWBC =0.050 [0.026–0.073],
p = 3.7 × 10−5), but not the change in WBC count during the course of
treatment (change in log-transformed WBC count = 0.041
[0.270–0.350], p =0.79). Azathioprine was discontinued in 34 (3%)
participants due to a clinical concern for a lowWBCcount. The PGSWBC

was associated with time to medication discontinuation (HR =0.62
[0.44–0.87], p = 0.006, adjusted for baseline dose) (Fig. 5). Thus, a
polygenic predisposition toward lower WBC counts was associated
with an increased likelihood of stopping an immunosuppressive
medication due to concern for a lower WBC count.

In sum, a polygenic predisposition toward lower WBC counts was
associated with an increased likelihood of having ICD codes for drug
toxicity related to a low WBC count, developing leukopenia with
treatment, and medication discontinuation.

Table 1 | Proportions of individuals whose WBC count at biopsy fell within a genotype-informed range

Biopsy outcome: Normal Biopsy outcome: Abnormal

WBC range
(×1000cells/µL)a

Number
in range

Number within genotype-
informed rangeb

Percentage
within range

Number
in range

Number within genotype-
informed rangeb

Percentage
within range

>3.5–4.0 10 10 100 3 3 100

>3.0–3.5 13 9 69.2 6 0 0

>2.5–3.0 18 1 5.6 2 0 0

0–2.5 18 0 0 10 0 0
aWBC count at the time of bone marrow biopsy.
bIndividuals whose WBC count fell above the 2.5th percentile of the distribution of WBC counts observed among individuals in the WBC cohort whose PGSWBC value was within 0.2 standard
deviations. WBC count distributions were constructed based on the lowest observed WBC count among an individual.

Fig. 4 | PGS associations with pharmacogenomic outcomes. a Odds-ratio and
95%confidence interval of having an ICD code for toxicity froman antineoplastic or
immunosuppressive medication with (n = 985) or without (n = 2273) a clinical
concern for a low WBC count among 71,078 BioVU participants. Odds-ratios are
from a logistic regression model, adjusted for age, sex, and principal components.

b Kaplan–Meier plot for aWBC count < 3000 cells/µL (leukopenia) (n = 266 events)
after initiating treatment with taxanes among 1724 BioVU participants with cancer.
The PGSWBC strata are Low (<1 s.d. below the mean), Middle (≥−1 s.d. and ≤1 s.d.),
High (>1 s.d.).
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Discussion
We examined whether a polygenic predisposition to a lower WBC
count was associated with clinically significant endpoints. This pre-
disposition was associated with an increased likelihood of having a
WBC count falling outside the reference range and receiving an ICD
code specifically noting an outlying value. It was also associated with
an increased likelihood that a hematologist would list a lowWBC count
as a reason for performing a bone marrow biopsy, but a decreased
likelihood that that such biopsies identified disease within the bone
marrow. Genotype-informed reference ranges also demonstrated that
individuals without underlying bone marrow disease were more likely
to fall within expected ranges, as compared to those with pathology.
Finally, a predisposition to lower aWBC count increased the likelihood
of drug-induced leukopenia with treatment using chemotherapeutic
or immunosuppressant therapies and increased the likelihood of ces-
sation of azathioprine due to clinical concern for a low WBC count.
Collectively, these analyses demonstrate that genetic variation which
does not contribute to disease risk, is associated with clinical con-
sequences such as undergoing diagnostic procedures or altering
therapeutic regimens.

A broad range of heritable biomarkers, includingWBC counts, are
measured in clinical settings to guide clinical care. Many of these
biomarkers are not direct mediators of disease but fluctuate in
response to acute and chronic illness. Thus, they are often used to
characterize an illness, which helps establish a differential diagnosis.
These biomarkers are paired with clinical reference ranges which are
used to standardize the delivery of health care. These reference ranges
are typically constructed such that 5%of healthy individuals will have a
measure that lies outside of the interval and, thus, are outliers1,21.

The standard clinical approach toward personalizing the inter-
pretationof biomarkers is to seriallymeasure them in individualswhen
they are healthy in order to define the range of values that they fluc-
tuate in. The limitations of this approach are the costs of repeated
measurements, especially if individuals are frequently changing pro-
viders. Furthermore, 5% of healthy individuals will have values outside
standardpopulation reference ranges, whichcan lead touncertainty as
to whether they may harbor occult underlying disease. This

uncertainty may prompt diagnostic evaluations, and is stressful to
patients, as theymay be subject to serial labmonitoringwith no clearly
specified endpoint.

The ability of genetic variation associated with benign biomarker
variation to systematically disadvantage an identifiable subset of
individuals is exemplified by the rs2814778-CC genotype, which is
predominantly carried by individuals of African ancestry and underlies
the clinical phenomenon of benign neutropenia22. The current study
demonstrates that common polygenic variation associated with a
diagnostic biomarker can push individuals toward the same clinical
endpoints as a genotype with a large effect size.

Like WBC counts, many of the biomarkers that are used to guide
clinical decision-making have a significant heritable component23.
While polygenic variation impacts biomarker levels across the dis-
tribution, it is important to demonstrate that it can contribute to
values that cross clinical decision thresholds, which typically lie near
the tails of the distributions. We found that the PGSWBC was not only
associated with an increased likelihood of having WBC counts below
the lower limits of the standard lab reference ranges but was also
associated with diagnostic ICD codes, indicating that the counts came
to the attention of clinical providers and were prompting clinical
actions.

Similar to the benign neutropenia genotype, a tool like the
PGSWBC may prevent futile diagnostic odysseys or unnecessary
alterations in clinical care. However, as compared to a discrete geno-
type, translating a measure of benign polygenic risk to the clinical
setting is more nuanced, as the exposure is continuous. Furthermore,
the approaches to clinical translation will vary by clinical scenario.

The bone marrow biopsy example highlights a scenario where
WBC counts are used as a biomarker of occult hematological disease.
In this scenario, it is important to know the expected ranges of WBC
counts that a non-diseased individual fluctuates within. Genotype-
informed reference ranges (such as those presented in Fig. 2a) could
be informative for this purpose. As a simple proof-of-concept, we
showed that applying reference intervals based on the PGSWBC iden-
tified more individuals without underlying bone marrow disease who
fell within the expected WBC count range, as compared to individuals
with underlying disease. Though only a modest proportion of indivi-
duals fell within expected ranges, it is important to note that each
reclassification avoids an expensive and painful diagnostic procedure.
An alternative approach could be to generate prior probabilities based
on PGSWBC values that a given diagnostic workup (such as a bone
marrow biopsy) will identify pathology when performed for an indi-
cation of a low WBC count (such as presented in Fig. 3b).

Another scenario is illustrated by the pharmacogenomic exam-
ples. Collectively, these studies indicate that the associations between
PGSWBC and various outcomes are not driven by larger drug-induced
drops in WBC counts, but rather a predisposition to WBC counts that
fluctuate within ranges that cross clinical decision thresholds. The
central clinical question in this scenario that remains to be addressed is
whether the PGSWBC can identify individuals inwhom it is safe to apply
lower WBC count thresholds without increasing the risk of adverse
outcomes, especially infection secondary to immunosuppression. If
so, the PGSWBC may be informative to guide setting the lower limits of
treatment thresholds in order to avoid systematic undertreatment of
predisposed individuals. There is precedence for such a pharmaco-
genomic approachamong individualswith benign neutropenia treated
with clozapine, an antipsychotic that can lowerWBC counts. Clozapine
treatment guidelines permit lower WBC count discontinuation
thresholds for individuals with this genotype24.

Finally, these studies identify an alternative application of poly-
genic variation to clinical medicine. There has been considerable
interest in using polygenic risk scores (PRS) in clinical settings to
identify healthy individuals at risk for future disease25,26. This applica-
tion of genetics leads to an escalation of clinical care for individuals

Fig. 5 | Azathioprine discontinuation. Kaplan–Meier plot for discontinuation of
azathioprine due to clinical concern of a low WBC count related to medication
toxicity (n = 34 events) among 1180 BioVU participants with autoimmune disease.
The PGSWBC strata are Low (<1 s.d. below the mean), Middle (≥−1 s.d. and ≤1 s.d.),
High (>1 s.d.).
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identified as high-risk, which always entails some degree of risk. A
challenge of PRS-based clinical predictors is that they typically have
modest discriminative capabilities with respect to identifying indivi-
duals who will develop incident disease27,28. With a modestly dis-
criminative biomarker, the risks will often outweigh the benefits when
clinical care is escalated. In contrast to the PRS prediction paradigm, a
benign PGSWBC could have a role in de-escalating care and cir-
cumventing an otherwise futile diagnostic odyssey. This application of
polygenic predictors is apt to have a more favorable risk-benefit ratio,
as the default pathway for individuals with outlying values is an esca-
lation in clinical care. Finally, the PGSWBC may provide a biologically
motivated explanation for individuals who undergo an extensive
diagnostic workup that does not identify an explanation for their
leukopenia. Determining that they have a polygenic predisposition to
lower WBC counts may allow them to avoid the costs and the need to
undergo ongoing active surveillance that is often associated with
clinical uncertainty.

A challenge of constructing a benign PGS for a clinical biomarker
is determining which SNPs that may predispose to disease should be
excluded from the predictor. For the PGSWBC, we excluded SNPs in
genomic loci that were associated with diseases that are in the differ-
ential diagnosis of a low WBC count, such as hematological malig-
nancies. However, we did not exclude SNPs associated with
intermediate phenotypes of hematological malignancies, such as clo-
nal hematopoiesis, as these phenotypes often will not progress to
disease and are also typically not associated with WBC count
abnormalities in the absence of transformation to malignant
disease29–32. More generally, when constructing a benign PGS for pos-
sible clinical application, it will be essential to define the clinical set-
tings where the PGS will be used and to exclude all SNP variation
associated with important diagnoses relevant to the setting and the
biomarker. Defining the appropriate association p-value thresholds for
exclusion can present challenges. Excluding a highly inclusive set of
SNPs weakly associated with a large number of diseases will remove
numerous SNPs from the PGS and degrade its performance. In con-
trast, only excluding SNPs associated with diseases at genome-wide
significance may be too restrictive and risk misclassifying diseased
individuals as benign outliers. Importantly, for any set of exclusion
criteria, validation of the performance and utility of the PGS in real-
world settings will be critical to determine its utility, safety, and lim-
itations in practice.

There are strengths to the current study. In particular, it demon-
strated a consistent pattern of associations across a diverse range of
clinical outcomes and settings. There are also limitations. It is possible
that this PGSWBC includes SNPs associated with diseases that decrease
WBCcounts.Mitigating this concern is the fact that the SNPweightings
used to construct the PGSWBC were derived from a very large GWAS
study where most individuals would not have manifest disease; thus,
the influences of individuals with overt disease on SNP weightings
would be expected to be small. However, weobservedmodest positive
associations with several hematological diagnoses. These may have
been a consequence of the analytical approaches used in the GWAS
study that our SNP weightings were derived from. While the investi-
gators attempted to exclude individuals with diagnosed hematological
disease, they included individuals with WBC counts up to 200,000
cells/µL. As the probability of underlying disease with WBC counts of
even 50,000 cells/µL is very high, there were likely individuals with
manifest disease in their population. While the data were transformed
to mitigate the impact of these outliers, their inclusion could explain
the weak positive associations that we observed. The optimal
approach to mitigating this issue would be to use more stringent
exclusion ranges in GWAS that would be repurposed for clinical use.
Importantly, we found that excluding SNPs with even nominal asso-
ciations with hematological malignancies from the PGSWBC did not
alter our underlying findings. It is also important to note that while we

excluded genomic regions around SNPs associated with significant
clinical diseases within the differential diagnosis of low WBC counts,
we relied on data from the GWAS catalog which may be incomplete
and does not include disease-associated SNPs with lower levels of
statistical significance. These analyses were restricted to European
ancestries, as it has been previously demonstrated that a benign
common genetic variant drives these same associations in African
ancestries9,10.

In conclusion, a polygenic predisposition toward benign lower
WBC counts was associated with a diagnosis of leukopenia, under-
going diagnostic procedures, and medication discontinuation. Col-
lectively, these studies describe a genetic tool that may help identify
populations who are susceptible to escalations or alterations in clinical
care or may have a role in personalizing biomarker WBC count refer-
ence ranges for the purpose of de-escalating unnecessary diagnostic
investigations or alterations to clinical care.

Methods
Study populations
BioVU. Study populations were derived from Vanderbilt University
Medical Center’s (VUMC) DNA biobank resource (BioVU). BioVU
comprises 270,000 consented participants and is constructed from
discarded blood samples collected from consented individuals and
linked to de-identified electronic health records (EHR)33. Participants
are not compensated. The de-identified EHR (the Synthetic Derivative)
captures a large portion of data available through themedical center’s
electronic health record33. Analyses were restricted to 71,078 partici-
pants of White European Ancestry with existing SNP genotyping. All
BioVU studies were evaluated by the VUMC Institutional Review Board
(IRB) and determined to be non-human subjects research. The fol-
lowing cohorts were derived from this population:

(1)WBC cohort: This cohort of 11,694 BioVUparticipants was used
to characterize the relationship between the white blood cell count
PGS and measured white cell counts. To minimize the likelihood that
WBC counts were collected during an acute illness, the population was
restricted to individuals with one or more WBC counts measured
contemporaneously with an International Classification of Disease34

(ICD)-9/10 code for a routine health exam (ICD-9: V70.9, V20, V20.1,
V70, V70.0, V20.2; ICD-10 Z00.8, Z00.129, Z00.00, Z00.01, Z00.121).
These codes are typically used in a primary care setting to denote a
well-visit encounter. Participants with an ICD code for hematological
malignancy, chemotherapy, or radiation therapy (ICD codes listed in
Supplementary Data 1) were excluded, as these diagnoses or treat-
ments can markedly impact WBC counts.

(2) Bone marrow biopsy cohort: Among 2302 BioVU participants
with a biopsy pathology report in their clinical record, 1380 partici-
pants had an ICD code for hematological malignancy, blood transfu-
sion, organ transplant, or chemotherapy/radiation prior to their first
biopsy and were excluded12. Additional exclusions included: the
absence of a text phrase pertaining to a low WBC count in the clinical
indication portion of the biopsy report (text phrases are listed in
Supplementary Table 10) and notationof an establishedhematological
cancer or hematological diagnosis upon manual review of their first
available biopsy report. After exclusions, there were 117 participants in
the final cohort without a known diagnosis of malignancy who
underwent a first biopsy for an indication that included a WBC count.

(3) Taxane cohort: Participants were from a curated longitudinal
cohort of 3492 BioVU participants undergoing treatment for primary
cancer with taxane chemotherapies (paclitaxel or docetaxel)20. The
cohort was originally constructed to examine differences in rates of
incident drug-induced neutropenia between participants labeled as
Black (n = 365) and White (n = 3019) race in their medical records.
Analyses were restricted to 1724 European ancestry participants with
existing genotyping and a baseline white blood cell (n = 1721) or neu-
trophil count (n = 1724) > 1000 cells/µL.
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(4) Azathioprine cohort: Participants were from a curated multi-
ancestry longitudinal cohort of 1466 BioVU participants with auto-
immuneor other inflammatory diseaseswhowerenewly started on the
drug azathioprine10. The cohort was constructed to identify genetic
factors associated with incident discontinuation of azathioprine
among participants of black (n = 165) and white races (n = 1301). The
analyses were restricted to the subset of 1180 European ancestry par-
ticipants ages 20–80 years.

eMERGE cohort. The eMERGE consortium is a collection of institu-
tions with DNA biobanks that are linked to electronic health records.
These analyses examined adults of White European ancestry born
before 1990 from the eMERGE network (phases 1-–3)35. The partici-
pating eMERGE sites were Columbia University, Geisinger, Marshfield
Clinic, Northwestern University, Mayo Clinic, Harvard University, Mt.
Sinai Health System, andKaiser Permanente/University ofWashington,
Seattle, and were approved by each eMERGE institution’s IRB35. Parti-
cipants with an ICD code for a hematological malignancy, che-
motherapy, or radiation therapy (ICD codes listed in Supplementary
Data 1) were excluded leaving 18,218 (n = 10,162 [56%] female) adult
participants of European ancestry for these analyses.

Michigan Genomics Initiative (MGI) cohort. Study participants are
derived from a biobank of patients recruited through the Michigan
Medicine health system36. As of 2/2023, approximately 91,000patients
have consented to the linkage of a DNA sample with their Michigan
Medicine electronic health record for research purposes. This analysis
was performed on the Freeze 5 dataset of MGI (n = 70,266) and
restricted to 59,910 samples of European ancestry based on genetic
principal component analysis. Participants were selected for inclusion
if they had an ICD code for inflammatory disease (inflammatory bowel
disease or connective tissue diseases) and had azathioprine on their
medication list after receiving the ICD code. Participants were exclu-
ded if they had an ICD code for solid organ transplant, a hematological
malignancy. or a stem cell transplant. Therewere 417 participants after
these exclusions. Participants were further excluded if they did not
have aWBCcountmeasure taken after azathioprine initiation. Thefinal
set comprised 354 participants.

Genetic data
BioVU participants were genotyped on the Illumina Infinium
MEGAEX platform. SNP genotyping was called by the Vanderbilt
Technologies for Advanced Genomics Analysis and Research
(VANTAGE) Design core37,38. Genetic ancestry among BioVU par-
ticipants was defined by genetic principal components (PCs)
analysis in conjunction with HapMap reference populations by
fitting PCs to a combined dataset of HapMap and BioVU partici-
pants. Using BioVU participants with an EHR-assigned race of
White, the median value and the interval 4 standard deviations
around the median were determined for the first two PCs. BioVU
participants whose PC values fell within this interval were inclu-
ded in this study. Principal component plots visualizing the
HapMap and BioVU populations are presented in (Supplementary
Fig. 6). Participants were excluded for outlying heterozygosity
measures, a discordance between genetically determined and
reported sex, or >4% missing genetic data. Prior to imputation,
data were put through the HRC-1000G check tool (v4.2.5) and
pre-phased using Eagle v2.4.139. QC analyses were performed
using PLINK v1.90b6.17 and v2.00a3LM40. Imputation was per-
formed using the Michigan Imputation Server in conjunction and
the HRC v1.1 reference panel41. Imputed data were filtered for a
sample missingness rate <2%, an SNP missingness rate <4%, and
SNP deviation from Hardy-Weinberg p < 10−6. PCs of ancestry were
calculated across the entire BioVU cohort using the SNPRelate
package42.

eMERGE participants were genotyped on multiple platforms and
underwent a similar QC analysis and imputation protocol as BioVU
participants, as previously described43,44.

MGI samples are genotyped in waves based on the time of
recruitment, with initial waves genotyped on a customized Illumina
Infinium CoreExome genotyping array and subsequent waves on a
customized Illumina Infinium Global Screening Array. Genotypes are
then imputed to 307,883,040 variants using the Trans-Omics for Pre-
cision Medicine (TOPMed) haplotype reference panel. 50,463,429
variants passed standard post-imputation filters, which removed
poorly imputed variants with r2 < 0.3 and very rare variants with minor
allele frequency (MAF) < 0.01%.

Development of a benign WBC polygenic score (PGSWBC)
The polygenic score (PGS) was derived from WBC count summary
statistics from the European Ancestry subset of a genome-wide asso-
ciation study (GWAS) of hematological traits among ~750,000
participants15. A LD-reduced set (r2 < 0.01) of non-palindromic SNPs
associated with WBC count (p < 5 × 10−6, minor allele frequency =0.01,
imputation r2 ≥0.7) was selected using a clumping algorithm45. The p-
value threshold was selected because it had the highest linear partial
correlation (r =0.29, adjusted for age and sex) between the PGS and
measured WBC counts among the three thresholds examined
(p < 5 × 10−8, 5 × 10−7, 5 × 10−6) in a set of 11,694 participants from BioVU
without underlying hematological disease (the WBC Cohort descri-
bed above).

To reduce the likelihood that the PGS included SNPs that are
associated with clinically important diseases that cause a low WBC
count, we first excluded all SNPs located in the Major Histocompat-
ibility Complex genomic region (6:25500000–33500000), which is
associated with multiple autoimmune diseases. We next identified all
diagnoses reported in the GWAS Catalog46 that reported an SNP
associatedwith a phenotype at p < 5 × 10−7 andwhere that SNPwas also
associated with a WBC count at p < 5 × 10−6. There were 1507 pheno-
types with at least 1 SNP that met these criteria. A manual review of
these phenotypes identified 21 hematological malignancies and sys-
temic lupus erythematous, all of which are important in the differential
diagnosis of a low WBC count. These diagnoses are listed in Supple-
mentary Table 1117. We identified all SNPs in the GWAS Catalog asso-
ciated with each of these identified phenotypes at p < 5 × 10−7. We then
excluded all SNPs in the PGS that were in LD (r2 > 0.5) with one of these
SNPs. After all exclusions, there were 1739WBC-associated SNPs in the
PGSWBC. A complete listing of SNPs and weights comprising the
PGSWBC can be found in Supplementary Data 2.

A weighted PGSWBC was calculated for each participant by sum-
ming the product of the allele dosage and the SNP weighting from the
WBCs GWAS for each SNP. The distribution of the PGSWBC for the
BioVU population and the individual cohorts is presented in Supple-
mentary Fig. 7.

Measured white blood cell counts
For the WBC cohort, WBC counts collected on the same day as a
routine health visit were extracted. WBC counts >35,000 cells/µL were
excluded, as these values likely represent an active disease process.
Each WBC count measure had an associated reference range that was
specific to the clinical assay, with a lower bound typically of ~3900
cells/µL. A participant was labeled as an outlier if they had aWBC count
measure below the lower bound indicated by the assay.

ICD code-based phenotypes
Phecodes are collections of related ICD-9/ICD-10 diagnosis codes
(Phecodes definitions can be found at https://phewas.mc.vanderbilt.
edu/)47,48. For each Phecode, cases are participants with one or more
instances of the relevant ICD codes appearing in theirmedical records.
Controls are participants without those codes and whose age fell
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within the range of ages observed among cases. The Phecodes codes
examined were for a low WBC count and low neutrophil count (neu-
tropenia), and codes related to hematological malignancies (n = 15)
and autoimmune diseases (n = 21) that were prevalent (n > 100 cases)
among the BioVU participants. The list of Phecodes can be found in
Supplementary Table 1.

For the phenotype of toxicity related to antineoplastic and
immunosuppressive medications, cases were participants having any
of the following ICD-9 (963.1, 960.7, 284.11, E933.1, E930.7) or ICD-10
(T45.1X4D, T45.1X4S, T45.1X5D, T45.1X5S, T45.1X5A, T45.1X1S,
T45.1X4A, T45.1X2A, T45.1X1A) codes. To evaluate the specificity of the
association for a low WBC count, cases were dichotomized into those
with and those without a clinical note containing a mention of a low
WBC count (keywords are listed in Supplementary Table 10) entered
on the same day as the toxicity code.

Bone marrow biopsy phenotypes
Among 922 BioVU participants with a bone marrow biopsy report in
their clinical record and without a prior history of hematological
cancer or chemotherapy, therewere 117 participants biopsied for a low
WBC count (the Biopsy Cohort). The first biopsy report was reviewed,
and extracted data included hematological comorbidities (related to
platelets and red blood cell counts), other comorbidities listed in the
clinical history, and theWBC countmeasured at the time of the biopsy
or, if not available, the WBC count measured closest to the time of the
biopsy. The primary outcome was a determination by the pathologist
as to whether a clinically significant marrow abnormality was present
(coded as Normal” or Abnormal)12. Data were extracted by a physician
(JDM) and hematologist (SCB) to a REDCap (v13.*) database.

Pharmacogenomic phenotypes
For the taxane longitudinal study, the primary outcome was the
development of a WBC count < 3000 cells/µL during the first cycle of
treatment. Participants were censored at the earlier of a primary out-
come event, the start of their second cycle of chemotherapy, or
1month after the initiation of treatment. Secondary analyses examined
an incident outcome of absolute neutrophil count < 1500 cells/µL.

For the MGI azathioprine study, the primary outcome was an
incidentWBC count < 3000 cells/µL. In secondary analyses, thresholds
of <3500 and <4000 cells/µL were also examined to demonstrate that
associations were consistent when using higher thresholds where lar-
ger numbers of participants met the threshold criteria. Participants
were censored from the study at the earlier of a primary outcome
event, or their last clinical encounter up to 24 months. The PGSWBC

comprised a subset of 1704 SNPs that passed quality control.
For the BioVU azathioprine discontinuation study, the primary

outcome was azathioprine discontinuation due to leukopenia or neu-
tropenia, based on a provider’s assessment, within 24 months of drug
initiation. All participants were censored from the study at the earliest
of a primary outcome event, time of drug discontinuation, or their last
clinical encounter up to 24 months. In this separately genotyped
population, the PGSWBC comprised a subset of 1,680 SNPs that passed
quality control.

Analysis
A priori sex-stratified analyses were not specified, and post-hoc sex-
stratified were not performed due to the small number of outcomes
among the phenotypes examined.

The PGSWBC was mean standardized, and association statistics
reflect changes per standard deviation (s.d.) increase in the PGSWBC.
The PGSWBC was standardized separately within the BioVU, MGI, and
BioVU azathioprine cohorts. A lower value reflects a polygenic pre-
disposition toward lower WBC counts, and an inverse association
between the PGSWBC and anoutcome indicates that a predisposition to
lower counts increases the likelihood of the outcome.

In the full BioVUcohort,multivariable logistic regressionwasused
to determine whether the PGSWBC was associated with having a Phe-
WAS code-based diagnosis of 15 bone marrow malignancies and 21
rheumatological diseases prevalent in this cohort. Models were
adjusted for age, sex, and 5 PCs of genetic ancestry. Nominal associa-
tion p-values are reported.

To determine whether the PGS may comprise SNPs associated
with hematological malignancies, we also examined associations
between 5 PGS constructed from subsets of SNPs based on quintiles of
the distribution of effect sizes. Associationswith each quintile-PGS and
the 15 hematological malignancies were examined (as described
above). Associations were also tested with 1000 permutations of each
quintile-PGS to determine the empiric probability that a quintile-PGS
had more nominal (association p <0.05) phenotype associations than
would be expected by chance. An empiric probability <0.05 was con-
sidered significant. We also examined the associations between the
SNPs comprising each of the quintile-PGS and the 15 hematological
malignancies and used binomial probabilities to identify phenotypes
that had more nominal (association p < 0.05) associations than would
be expected. The number of phenotypes with a binomial probability
<0.05 was tallied for each quintile-PGS.

WBC cohort. For participants with multiple WBC count measures, the
median value was used. The observed distribution of median WBC
counts across the range of PGSWBC values was visualized by computing
the 5th, 50th, and 95th percentiles of WBC count within sequential
windows (±0.2 s.d.) across the range of the PGSWBC. Multivariable
logistic regression, adjusting for age, age-squared, sex, and 5 PCs was
used to test the association between the PGSWBC and (1) having a WBC
count that fell outside the reference range and (2) having a Phecode for
a low WBC count (Phecode 288.1). A Hosmer–Lemeshow test of
goodness of fit based on 8 bins was used to assess formodel goodness
of fit. The association with the Phecode was also tested in the eMERGE
cohort. In sensitivity analyses, SNPs in the PGSWBC that had an asso-
ciationwith any of the 15 hematologicalmalignancies (see above) were
excluded (using nominal association thresholds ranging from 0.05 to
0.001) from the PGS, and associations with the two outcomes were re-
evaluated.

Multivariable logistic regression, adjusting for age, sex, and 5 PCs,
was used to determinewhether the PGSWBCwas associatedwith having
a bone marrow biopsy for a clinical indication of low WBC count,
among the 922 participants with a bone marrow biopsy.

Bonemarrow biopsy cohort: Multivariable logistic regression was
used to test the association between the PGSWBC and having a normal
bone marrow biopsy finding, adjusting for age, sex, 5 PCs, and hema-
tological comorbidities (low platelets, low red cells, other hematolo-
gical abnormalities). In sensitivity analyses, SNPs in the PGSWBC that
had an association with any of the 15 hematological malignancies (see
above) were excluded (using nominal association thresholds ranging
from 0.05 to 0.001) from the PGS, and associations with having a
normal biopsy finding were re-evaluated.

Bone marrow biopsy cohort. In secondary analyses, we examined
the number of biopsied individuals whose WBC count at the time
of biopsy would lie within the expected range of values of a
genotype-informed reference range. Specifically, individuals
whose WBC count fell at or above the 2.5th percentile of the
distribution of WBC counts observed among participants in the
WBC cohort whose PGSWBC value was within 0.2 s.d. of that of
the biopsied individual were classified as falling within their
genetic reference range. For these analyses, the distribution of
WBC counts in the WBC cohort was based on an individual’s
lowest observed value. Analyses were restricted to individuals
with a WBC count at biopsy ranging from 0 to 4000 cells/µL, as
individuals above these thresholds would be considered within

Article https://doi.org/10.1038/s41467-024-47804-5

Nature Communications |         (2024) 15:3384 9



the normal ranges using standard thresholds. Analyses were
stratified by whether the biopsy findings were normal or
abnormal.

In the full BioVUcohort,multivariable logistic regressionwasused
to determine whether the PGSWBC was associated an ICD-based diag-
nosis of drug toxicity, with or without mention of a low WBC count.
Models were adjusted for age, sex, and 5 PCs.

Taxane and azathioprine cohorts. Multivariable linear regression was
used to determine the association between PGSWBC and baseline log-
transformedWBC count and change inWBC count (count at baseline -
count at censoring time). A Cox proportional hazards regression
model was used to estimate the hazard ratio associated with either
incident leukopenia/neutropenia (taxanes) or azathioprine dis-
continuation for low counts. All analyses were adjusted for sex, age at
drug initiation, and either 5 (taxane and azathioprine) or 10 (aza-
thioprine discontinuation) PCs. The fit of the Coxmodels was assessed
using analyses of Schoenfeld (proportional hazards assumption),
Martingale (non-linearity), and deviance residuals (outliers). Data were
visualized by Kaplan–Meier analysis.

All statistical tests were two-sided and a p < 0.05 was considered
significant unless otherwise noted. Statistical analyses were conducted
using R 4.2.0.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The BioVU subject-level data are available under restricted access
based on the requirements of the participant consent process. Access
to BioVU clinical and genetic data is controlled by the BioVU data
repository (https://victr.vumc.org/biovu-description/#). Upon pub-
lication, data sets of individual-level phenotype data and corre-
sponding data dictionaries to replicate the primary findings for the
bone marrow biopsy outcomes, taxane, and azathioprine studies
presented here for research purposes will be made available upon
request from the repository (biovu@vumc.org). BioVU vetting for the
use of individual-level data includes institutional IRB approval, data
use agreements, and administrative and scientific reviews. eMERGE
data are available through dbGaP (phs001584.v2.p2) and a list of
deposited data and links can be found at https://emerge-network.org/
dbgap/. Additional eMERGE phenotype data can be requested at
https://emerge-network.org/contact/. The data generated in this study
related to bone marrow biopsy outcomes, taxane treatment, and
azathioprine discontinuation are provided in the Supplementary
Information/SourceData file. Source data are providedwith this paper.
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