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Background. Pneumocystis jirovecii is an opportunistic fungus that causes Pneumocystis pneumonia (PCP) in immunocompro-
mised hosts. Over an 11-month period, we observed a rise in cases of PCP among kidney-transplant recipients (KTR), prompting
an outbreak investigation.

Methods. Clinical and epidemiologic data were collected for KTR diagnosed with PCP between July 2019 and May 2020.
Pneumocystis strain typing was performed using restriction fragment length polymorphism analyses and multilocus sequence typing
in combination with next-generation sequencing. A transmission map was drawn, and a case-control analysis was performed to de-
termine risk factors associated with PCP.

Results. Nineteen cases of PCP in KTR were diagnosed at a median of 79 months post-transplantation; 8 received monthly
belatacept infusions. Baseline characteristics were similar for KTR on belatacept versus other regimens; the number of clinic visits
was numerically higher for the belatacept group during the study period (median 7.5 vs 3). Molecular typing of respiratory speci-
mens from 9 patients revealed coinfection with up to 7 P, jirovecii strains per patient. A transmission map suggested multiple clusters
of interhuman transmission. In a case-control univariate analysis, belatacept, lower absolute lymphocyte count, non-White race, and
more transplant clinic visits were associated with an increased risk of PCP. In multivariate and prediction power estimate analyses,

frequent clinic visits was the strongest risk factor for PCP.
Conclusions.

Increased clinic exposure appeared to facilitate multiple clusters of nosocomial PCP transmission among KTR.

Belatacept was a risk factor for PCP, possibly by increasing clinic exposure through the need for frequent visits for monthly infusions.
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Pneumocystis jirovecii is an opportunistic fungus that causes
pneumonia primarily in hosts with compromised cell-mediated
immunity and is associated with high mortality in solid organ
transplant recipients [1]. Whereas disease may result from re-
activation after prolonged quiescence, de novo acquisition of
Pneumocystis is now thought to be a more common occurrence
in susceptible hosts [2, 3]. Interhuman transmission has been
documented and is thought to result from inhalation of aero-
sols generated by an infected individual [4]. Studies in animal
models suggest that close contact for 24 hours may be suffi-
cient for transmission to others [5], and studies of air-samples
from rooms of patients with Pneumocystis pneumonia (PCP)
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have identified aerosolized organisms genotypically-identical
to those in clinical specimens [6]. PCP outbreaks with evi-
dence of interhuman transmission have been reported among
heart [7], liver, and kidney [8] transplant recipients (KTR) in
Europe, North America (Canada), and Asia but not convinc-
ingly in the United States [9-13]. In accordance with consensus
guidelines [14], our transplant center institutes PCP prophy-
laxis for a 6-month period post-kidney transplantation and
following lymphocyte-depleting therapy and had previously
observed a low incidence of PCP (<1 case per year) with this
strategy. However, in mid-2019, we noted a rise in the incidence
of PCP among KTR, including in several patients on belatacept,
prompting an outbreak investigation.

METHODS

Transplant Center Activity and Protocol

The Yale New Haven Hospital (YNHH) transplant center is
located in New Haven, Connecticut, United States, and per-
forms approximately 150 kidney transplantations annually.
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Protocol specifics are found in Supplementary Materials.
PCP prophylaxis is initiated after transplantation with
trimethoprim-sulfamethoxazole (TMP-SMX) and in those
who develop acute T-cell-mediated rejection (TCMR) treated
with lymphocyte depleting therapy for a period of 6 months.
Routine long-term outpatient transplant clinic follow-up of
KTR is performed weekly for the first month post-transplant,
biweekly for months 2-3, monthly for months 4-6, every
3 months until 1 year, then biannually at the outpatient trans-
plant center clinic. The outpatient clinic includes a common
waiting room where KTR wait for appointments in proximity
to other KTR.

Outbreak Investigation and Case-Control Analysis

Between 2012 and 2018, 45 cases of proven and probable PCP
occurred at YNHH including 21 human immunodeficiency
virus (HIV)-positive patients and 24 HIV-negative patients
[15]. During this 7-year period, there were 4 cases of PCP in
KTR. Starting July 2019, an increase in the number of cases of
PCP among KTR was anecdotally noted by treating providers,
prompting an outbreak investigation. Between July 2019 and
May 2020 respiratory specimens (sputum, bronchoalveolar
[BAL]
[FFPE] transbronchial lung biopsy) were prospectively saved

lavage and/or formalin-fixed paraffin-embedded
in the pathology laboratory for future molecular analysis.
Furthermore, a case-control analysis was undertaken to deter-
mine factors associated with Pneumocystis infection. For each
incident case, 2 PCP-negative KTR controls with functioning
grafts were randomly selected after matching by decade of age
and transplant month/year. For controls, the absolute lympho-
cyte count (ALC) at time of PCP diagnosis was the value at
the time their matched case was diagnosed with PCP. A chart
review was performed to collect relevant data for cases and
controls. Consensus definitions for PCP were employed
[16]. Statistical analyses are detailed in the Supplementary
Materials. The Yale Institutional Review board approved this
study (IRB 2000023859).

P. jirovecii Genotyping

Respiratory specimens from cases with PCP were initially stored
at the YNHH microbiology laboratory, then sent to the National
Institutes of Health (NIH), Bethesda, MD, USA, for genotypic

analysis after de-identification. P. jirovecii strain typing was
performed using restriction fragment length polymorphism
(RFLP) analyses, multilocus sequence typing (MLST) and next-
generation sequencing (NGS) using Illumina sequencing tech-
nology to determine strain relatedness (Supplementary Table
1). Detailed typing methods are reported in the Supplementary
Materials. A strain of P. jirovecii was defined as a population of
P, jirovecii organisms within a clinical specimen with a unique
genetic profile distinguished from other populations within
the same or other specimens; the genetic profile is represented
by single-nucleotide polymorphisms (SNPs) or other genetic
polymorphisms determined by MLST and RFLP in this study.
A cluster was defined as a set of clinical specimens containing
the same strain.

Transmission Map

A record of outpatient transplant clinic visits at the YNHH
transplant center was compiled in order to determine visit
overlaps (on the same day) that may have facilitated transmis-
sion events. These data were used to construct a transmission
map to delineate potential pathways of transmission between
cases taking into account genotyping results. Outpatient trans-
plant clinic visits from 6 months prior to the first case of PCP
(15 January 2019) until the most recent PCP case (18 May
2020) were included in the analysis.

Outbreak Mitigation Measures

Once an outbreak was suspected, PCP prophylaxis with TMP-
SMX was recommended for all KTR with either ALC <500/pL
or with ALC <1000/pL and absolute CD4 count <200 cell/mm’
using TMP-SMX. Alternative agents were offered only if TMP-
SMX was contraindicated. Prophylaxis was instituted over time
by transplant nephrologists during follow-up outpatient clinic
visits.

RESULTS

Patient Characteristics and Qutcomes

Between 1 July 2019 and 18 May 2020, 19 cases of PCP in
KTR were reported, including 11 proven and 8 probable cases
(Table 1). The median age was 57 years (range: 25-82), 8 (42%)
were female, and 7 (37%) were Black. A calcineurin inhibitor
was used for maintenance immunosuppression in 11 versus

Table 1. Baseline Characteristics of Kidney Transplant Recipients With Pneumocystis jirovecii Pneumonia (Cases) and Matched Controls
Characteristics Cases (N =19) Controls (N = 38) Total (N =57) P-value
Sex 45
Female 8 (42%) 20 (563%) 28 (49%)
Male 11 (59%) 18 (47%) 29 (51%)
Race .004
White 7 (37%) 24 (63%) 31 (55%)
Black 7 (37%) 6 (16%) 13 (23%)
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Table 1. Continued

Characteristics Cases (N =19) Controls (N = 38) Total (N = 57) P-value
Asian 1(5%) 2 (5%) 3 (5%)
Hispanic 4(21%) 0(0%) 4 (7%)
Other 0 (0%) 5 (13%) 5 (9%)
CMV Donor/Recipient serotype .053
D+/R- 1(5%) 8 (21%) 9 (16%)
R+ 14 (74%) 14 (37 %) 28 (49%)
D-/R- 3(16%) 8 (21%) 11 (19%)
Unknown 1(5%) 8(21%) 9 (16%)
Donor type .64
Deceased donor 12 (63%) 21 (55%) 33 (69%)
Living donor 7 (37%) 16 (42%) 23 (41%)
Induction immunosuppression 43
Alemtuzumab 6 (32%) 8 (21%) 14 (27%)
Basiliximab 2 (11%) 10 (26%) 12 (24%)
Daclizumab 1(5%) 0 (0%) 1(2%)
Steroids 3 (16%) 6 (16%) 9 (18%)
Thymoglobulin 5 (26%) 10 (26%) 15 (29%)
Belatacept .021
Yes 8 (42%) 5 (13%) 13 (23%)
No 11 (68%) 33 (87%) 44 (77%)
mTOR inhibitor .20
Sirolimus 0(0%) 3 (8%) 3(5%)
Everolimus 1 (5%) 0 (0%) 1(2%)
None 18 (95%) 35 (92%) 53 (93%)
Antiproliferative agent .26
Mycophenolate mofetil 17 (89%) 26 (68%) 43 (75%)
Azathioprine 0 (0%) 4 (11%) 4 (7%)
None 2 (11%) 8(21%) 10 (18%)
Mycophenolate daily dose (mg) 42
0 3 (16%) 12 (32%) 15 (26%)
500 0 (0%) 2 (5%) 2 (4%)
1000 7 (37%) 9 (24%) 16 (28%)
1500 3(16%) 4 (1M %) 7 (12%)
2000 5 (26%) 11 (29%) 16 (28%)
2500 1(5%) 0(0%) 1(2%)
Prednisone daily dose (mg) 46
0 0(0%) 5 (13%) 5 (9%)
25 0(0%) 1(3%) 1(2%)
5 18 (95%) 28 (74%) 46 (81%)
75 0(0%) 1(3%) 1(2%)
10 1(5%) 3 (8%) 4 (7%)
Duration between transplant and PCP diagnosis in months (median, range) 79 (9-199) N/A N/A N/A
TCMR within 90 days of PCP diagnosis .59
Yes 2 (11%) 2 (5%) 4(7%)
No 17 (89%) 36 (95%) 53 (93%)
Receipt of prednisone > 20mg/day for > 2 weeks within 90 days of PCP diagnosis .59
Yes 2 (11%) 2 (5%) 4 (7%)
No 17 (89%) 36 (95%) 53 (93%)
Number of transplant clinic visits within 180 days of PCP diagnosis (median, range) 6(0-16) 2 (0-15) 2 (0-16) .003
CMV viremia within 90 days of PCP diagnosis .01
Yes 4(21%) 0 (0%) 4(7%)
No 15 (79%) 37 (97%) 52 (93%)
Absolute lymphocyte count (cells/uL) at PCP diagnosis (median, range) 400 (200-5400) 1200 (100-3800) 800 (100-5400) .044
CD4 T-cell count at PCP diagnosis (cells/mm?) 192 (27-975)* N/A N/A N/A

Abbreviations: CMV, cytomegalovirus; N/A, not applicable; PCP. Pneumocystis jirovecii pneumonia; TCMR, T-cell-mediated rejection.

“Available for 8 patients.
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Figure 1. Median absolute lymphocyte count was significantly higher at time of
initial patient clinic overlap than at time of diagnosis with PCP (800 cells/uL vs 500
cells/uL; P=.005). One outlier (ALC 4500 cells/ul) is not represented in the fu-
ture in order to maintain a readable scale. Abbreviations: ALC, absolute lymphocyte
count; PCP, Pneumocystis pneumonia.

belatacept in 8. Other patient characteristics are found in
Supplementary Table 2. The median time to PCP onset post-
kidney transplantation was 79 months (range: 9-199). Two
patients were diagnosed within 1-year post-transplant. None
were receiving PCP prophylaxis at the time of PCP diagnosis.
Two patients experienced TCMR treated with high-dose cor-
ticosteroids within 90 days of PCP diagnosis (since no lym-
phocyte depleting therapy was used, PCP prophylaxis was not
instituted) while another 2 patients received >20mg prednisone
for >2 weeks prior to PCP diagnosis (1 for TCMR and 1 for
neurosarcoidosis). The median ALC at PCP diagnosis was 400
cells/uL (range: 200-5400). The median ALC at diagnosis was

lower than in the initial observation period when several clinic
overlaps occurred (500 cells/uL vs 800 cells/pL; P = .005; Figure
1). One KTR with an ALC of 5400 cells/uL (case 11) had under-
lying lymphoma. The median CD4 count at time of PCP diag-
nosis was 192 cells/mm”’ (range: 27-975).

Baseline characteristics were similar for 8 KTR on belatacept
and 11 KTR on non-belatacept regimens (Table 2), but the
number of clinic visits was numerically higher for the belatacept
group (median 7.5 vs 3). The median time from transplant to
belatacept initiation was 38 months (range: 5-104). The time
from belatacept initiation to PCP diagnosis ranged from
15 days to 4 years (Supplementary Table 2). The median ALC at
belatacept initiation was 700 cells/pL (range: 200-3600) and the
median ALC at PCP diagnosis in the belatacept group was 300
cells/pL (range: 200-5400) compared to 400 cells/uL (range:
200-1500) for the non-belatacept group.

TMP-SMX was the most common treatment regimens
for PCP (n=38); other agents included atovaquone and
clindamycin/primaquine. Of 19 KTR, 3 died within 4 weeks
of PCP diagnosis. All 16 survivors were placed on lifelong sec-
ondary prophylaxis with TMP-SMX or atovaquone.

Genotyping Results and Transmission Map
We performed comprehensive genotypic analysis of P. jirovecii
DNA extracted from 3 BAL specimens (cases 8, 11, and 15) and
6 FFPE specimens (cases 1, 3, 6, 13, 14, and 16) for individual
patients (Supplemental Text 4). Initial Sanger sequencing
identified homogenous sequences in most (7/9) specimens,
resulting in 6 distinct P, jirovecii strains based on MLST pro-
files (Supplemental Table 3). Subsequent NGS identified ex-
tensive variations within and between all specimens and
revealed co-infection with up to 7 P, jirovecii strains in all pa-
tients (Supplementary Tables 4-7). Coinfection complicated
strain type determination, especially for specimens showing
coinfection with >3 strains.

The combination of MLST and RFLP profiles allowed iden-
tification of 5 clusters (Figure 2 and Supplementary Figure 1).
The dominant P, jirovecii strains from cases 1, 3, and 13 showed

Table 2. Baseline Characteristics of Kidney Transplant Recipients on Belatacept Versus Non-Belatecept Maintenance Inmunosuppression Regimens

Non-Belatecept (n = 11) Belatecept (n = 8) P value

Age, average + SD 58.3 + 15.6 56.1 + 16.3 7743
Race .0635

White, n (%) 2 (18.2%) 5 (62.5%)

Black, n (%) 5 (45.5%) 2 (25.0%)

Hispanic, n (%) 4 (36.4%) 0(0%)

Asian, n (%) 0(0%) 1(12.5%)
Rejection within 90 days of PCP diagnosis, n (%) 2 (18.2%) 0 (0%) 4854
CMV viremia within 90 days, n (%) 2 (18.2%) 2 (25.0%) 1.000
Number of clinic visits within 180 days of PCP diagnosis, median (IQR) 3(1-11) 75 (4.5-9.75) 4461
ALC/uL at PCP diagnosis, median (IQR) 400 (200-600) 300 (200-600) .8878

Abbreviations: ALC, absolute lymphocyte count; CMV, cytomegalovirus; IQR, interquartile range; PCP. Pneumocystis jirovecii pneumonia; SD, standard deviation.
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Figure 2. Molecular epidemiology of P jirovecii in 9 kidney transplant recipients. A, Summary of molecular genotyping and epidemiologic clusters. Each MLST profile
represents a combination of SNPs (or genotypes) at mtLSU, PNC, ITS1-ITS2, 26S rRNA, soda, and dhps as detailed in Supplementary Figure 2. In cases 1, 3, 13, 8, and 14,
the profiles shown represent the dominant strains. In the remaining patients (each coinfected with 47 strains), the profiles shown represent putative matching profiles be-
tween patients; profiles without matches are not shown to enhance visualization. Epidemiologic clusters are defined according to the consensus of the main MLST and RFLP
profiles, and PNC, mitogenome and rRNA operon types. Some PNC types shared between different patients but lacking support by MLST profiles are excluded in the cluster
determination. For example, PNC type 1 was shared among patients 8, 14, 16, and 11 but patient 11 did not contain a putative MLST profile shared with patients 8 and 14;
thus patient 11 was not considered to be related to cluster B. Multiple strains unable to be differentiated reliably are indicated as mixed profiles or types. B, RFLP analysis
of P, jirovecii samples. PCR products from the first-run were digested with restriction enzyme Hpy 1881 while the semi-nested PCR products were digested with Hae lll. Both
gels were stained with SYBR green. Numbers at the top represent the individual patient IDs. M at the top represents DNA size markers. Samples showing the same pattern
for both the first-run and semi-nested PCR products are considered the same cluster. Samples 3, 13, and 1 exhibit the same RFLP pattern (designated as cluster A) and so do
samples 14 and 8 (cluster B). All the remaining samples have a unique RFLP pattern. C, Distribution of the 22 PNC types in transplant patients. Case numbers are indicated
above the image of each patient; 22 PNC types (Supplementary Tables 5 and 8) are represented by numbers 1 to 22 in the circles. PNC types shared between 2 or more
patients are color-coded. Patients infected with the same PNC types are connected by lines with the same colors for the PNC types. Of note, every patient shows a direct
connection with at least 1 other patient, whereas patient 16 shows a direct connection with all other patients except for patient 15. Red cross indicates overlaps in clinic visit
between patients. Human images are from https://www.hyglossproducts.com/people-shape-cut-outs-white-19131.html. Abbreviations: MLST, multilocus sequence typing;
PCR, polymerase chain reaction; PNC, polymorphic non-coding; RFLP., restriction fragment length polymorphism; SNP. single-nucleotide polymorphism.

identical MLST and RFLP profiles (designated as cluster A), as
did the dominant strains from cases 8 and 14 (cluster B). The
identity of the dominant strains within both clusters was further
supported by sequence analysis of the complete or large portions
of the P. jirovecii mitogenome and nuclear rDNA sequences
(Figure 2 and Supplementary Materials). All remaining patients
appeared to be coinfected with multiple strains, some of which
were shared among multiple patients in the cohort, forming 3
additional clusters (C, D, and E). Remarkably, 1 patient (case
16) was likely coinfected with 7 P, jirovecii strains, 4 of which
were shared with 7 other patients including the 5 in clusters
A and B (Figure 2 and Supplementary Tables 5 and 7).

To complement complete mitogenome and rRNA open se-
quence analyses, we examined NGS data for a ~100-bp polymor-
phic non-coding (PNC) region of the P. jirovecii mitogenome
and identified extensive SNPs and indels, yielding a total of 22
unique genotypes from all 9 patients (Supplementary Tables

5 and 8). Four of these patients showed coinfection with 6-7
different PNC genotypes. Based on the distribution patterns of
these 22 PNC types (Figure 2), every patient was infected with
>1 strain that were detected in at least 1 other patient, although
1 or more strains from case 16 were detected in all other pa-
tients except for case 15.

Dates of PCP diagnoses, clinic visits and overlaps, and results
of genetic analyses were compiled to form a proposed transmis-
sion map (Figure 3 and Supplementary Materials).

Case-Control Analysis

Among 38 non-PCP matched controls, 18 (47%) were males, 24
(63%) were White, the median age was 60 years (range: 26-84),
and 33 were on calcineurin inhibitors, whereas 5 were on
belatacept (Table 1). Two controls were on high-dose cortico-
steroids, and 2 had TCMR within 90 days of PCP diagnosis of
their matched case. CMV viremia was detected in 4 cases versus
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Figure 3.  Transmission map depicting clinic overlaps (illustrated by a connecting vertical line) and times of PCP diagnosis for 19 cases of PCP during the study time period.
These include genotypically characterized clusters A (cases 1, 3, 13, and 16) and B (cases 8, 14, and 16), C (cases 11 and 16), D (cases 6 and 16), and E (cases 6 and 15). Cases

4,5,7,and 12, for which no strain genotyping was done, were considered as possibly

belonging to cluster A because of multiple overlaps with cluster A cases and each

other, whereas case 10 (also not genotyped) was considered as possibly belonging to cluster B because of overlaps with cluster B cases. Case 16 had 4 cluster strains, each
belonging to a different cluster (A through D), whereas case 6 had 2 cluster strains (D and E). Cases 1 and 14 were considered to be possible index patients for clusters A and
B, respectively, due to multiple clinic-overlaps with other cases in the corresponding clusters and their severe immunodeficiency. Abbreviation: PCP, Pneumocystis pneumonia.

no controls (P =.011). The median ALC during this time pe-
riod was 400 cells/uL for cases versus 1200 cells/pL for controls
(P =.044). The median number of transplant clinic visits within
180 days prior to diagnosis was 6 for cases versus 2 for controls
(P =.003). Other variables are found in Table 1.

In a univariate conditional analysis, use of belatacept (odds
ratio [OR] 4.67 [95% confidence interval {CI}, 1.21, 18.05],
P =.026), lower ALC at PCP diagnosis (OR 1.11 [95% CI 1.01,
1.22], P = .028), and more transplant clinic visits (OR 1.31 [95%
CI 1.06, 1.63], P = .012) were associated with an increased odds
of PCP while White race (OR 0.18 [95% CI .04, .85], P = .033)
was associated with a lower rate of PCP as compared to other
races (Table 3). For multivariate analyses, the stepwise model
selection procedure indicated the number of clinic visits was

the strongest predictor of PCP infection. Given the strong cor-
relation between number of clinics visits, belatacept and TMCR
within 90 days of PCP diagnosis, we repeated the model selec-
tion process after removing the number of clinic visits from
the candidate variables list and noted that race, belatacept and
TMCR within 90 days of PCP diagnosis were significantly as-
sociated with PCP (Table 4). When a prediction power esti-
mate analysis was performed, the log likelihood and Briar score
change indicated that belatacept, TCMR and ALC contrib-
uted to predicting the outcome of developing PCP. However,
the negligible amount of change using Akaike’s information
criterion suggested that the number of clinic visit was the
strongest predictor for this outcome (Supplementary Table 9).
Furthermore, the number of clinic visits contributed the biggest
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Table 3. Simple Logistic Regression Analysis Evaluating Risk of PCP

Variable Comparison Odds Ratios (95% Cl) P value
Age Increase by 1 year 0.93 (.81, 1-07) .30
Sex Female vs male 0.67 (.22, 1.99) 47
Race White vs other 0.18 (.04, .87) .033
Duration between transplant and PCP diagnosis Increase by 1 month 1.20 (.91, 1.68) .20
Donor Type Deceased donor vs living donor 1.32 (.36, 4.80) .67
Induction immunosuppression Non-steroids vs steroids 1.00 (.05, 18:91) 1.00
TCMR within 90 days of PCP diagnosis Yes vs no 2.00 (.28, 14.20) 49
Belatacept Yes vs no 4.67 (1.21, 18-05) .026
mTOR inhibitor Yes vs no 0.67 (.07, 6.41) 73
Antiproliferative agent Yes vs no 2.14 (.43, 10.71) .36
MMF total daily dose Increase by 500 mg 1.24 (.87, 1.77) .24
Number of transplant clinic visits within 180 days of PCP diagnosis Increase by 1 day 1.31 (1.06, 1.63) .012
Receipt of prednisone > 20mg/day for > 2 weeks within 90 days of PCP diagnosis Yes vs no 2.00 (.28, 14.20) 49
Absolute Lymphocyte Count (cells/ul) at PCP diagnosis Decrease by 100 cells/uL 111 (1.01, 1.22) .028

Abbreviations: Cl, confidence interval; MMF, mycofenolate mofetil; mTOR, mechanistic target of rapamycin; PCR Pneumocystis jirovecii pneumonia; TCMR: T-cell-mediated rejection.

variance (R® = 0.35, Supplementary Table 10) to the outcome of
developing PCP.

DISCUSSION

In this study, we report an outbreak of PCP among KTR in
our transplant center that occurred over the span of a year.
An epidemiologic investigation using in-depth genomic anal-
ysis, transmission mapping and a case-control analysis was
suggestive of multiple clusters of interhuman transmission of
genotypically related P. jirovecii strains between transplant re-
cipients, the first such report in the United States. Although an
outbreak of genotypically distinct strains of P. jirovecii that in-
cluded 3 clusters was described in kidney and liver transplant
recipients in Denmark [8], our findings are in contrast to sev-
eral other PCP outbreak analyses that suggested transmission of
a single common P, jirovecii strain [7, 8, 11]. Notably, genotyping
in some studies was based on polymorphism analysis in a small
number of genes, a method that may have overlooked minor
strains and coinfection.

In this study, the high coverage of NGS data for the selected
genetic loci allowed detection of coinfection in all patients, the
majority of which were undetected by initial Sanger sequencing.
Although the short NGS reads did not permit construction of

haplotypes for all minor strains, sequence analysis of nuclear
rDNA and mitochondrial genomes as well as ~100 bp mitochon-
drial PNC types offered deeper insights into coinfection. Our
analyses identified co-infection with up to 7 P. jirovecii strains
in all patients. These observations raise the possibility of trans-
mission of multiple strains, a finding that may have implications
for other outbreak analyses. It is possible that after co-infection
of newly infected patients, some strains preferentially survived
due to pre-existing immune responses, strain fitness or other
factors. Our results also argue that NGS has a critical role in
epidemiologic studies of PCP given the high prevalence of
coinfection [17] and that PNC is potentially a novel, highly dis-
criminatory genetic marker for P. jirovecii strain typing.
Interhuman transmission of P. jirovecii between transplant
recipients has been well documented in solid organ transplant
recipients, but underlying host and environmental conditions
that facilitate a chain of nosocomial transmission in this pop-
ulation are not well defined [7-9]. In a case-control analysis to
identify factors underlying the outbreak, a greater number of
clinic visits was most strongly associated with PCP risk. In the
context of this outbreak, frequent exposures to sub-clinically
infected KTR who constituted a reservoir for the fungus may
have placed heretofore uninfected patients at risk of PCP acqui-
sition, facilitating nosocomial transmission. Patient-to-patient

Table 4. Multiple Logistic Regression Analysis Evaluating Risk of PCP

Variable Comparison Odds Ratios (95% CI) P value
Race White vs other 0.05 (.00, .48) .010
Belatacept Yes vs no 15.21 (1.70, 135.91) .015
TCMR within 90 days of PCP diagnosis Yes vs no 26.68 (1.07, 665.05) .045

Race, Belatacept use, and TCMR within 90 days of PCP diagnosis were included in the multivariate analysis. Number of transplant clinic visits within 180 days was excluded from this
multivariate analysis to evaluate the effect of other variables on the risk of PCP since these are rendered nonsignificant when the number of transplant clinic visits is included in the model.

Abbreviations: Cl, confidence interval; PCP. Pneumocystis jirovecii pneumonia; TCMR, T-cell-mediated rejection.
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transmission potentially occurred through inhalation of air-
borne droplets produced by colonized or infected KTR, a phe-
nomenon not assessed here, but demonstrated in other studies
through air sampling [4]. A transmission map supported the
hypothesis of multiple transmission chains originating from at
least 2 immunosuppressed index patients who likely harbored
a high organism burden (as evidenced by positive BAL silver
stains in both cases) that could be transmitted to others.

In addition to clinic exposure, lower ALC, belatacept use
and race as well as recent TCMR and CMV viremia (suggestive
of a higher net state of immunosuppression) may have influ-
enced the risk of PCP development. In a case-control analysis,
ALC at diagnosis was lower in cases than in controls. In addi-
tion to a greater likelihood of developing PCP, lymphopenia has
been associated with a higher burden of Pneumocystis organ-
isms, which may pose a greater transmission risk to others [18].
Additionally, the ALC of KTRs appeared to decrease from >500
cells/uL around the time of potential exposure (early on in the
outbreak) to <500 cells/uL at time of PCP diagnosis. Therefore,
lymphopenia may have contributed both to transmission and
development of PCP.

Notably, maintenance immunosuppression with belatacept
was associated with a greater likelihood of PCP. Belatacept,
a selective co-stimulation blocker, has been linked to an
increased risk for PCP in a handful of studies, but a caus-
ative relationship has not been demonstrated [19, 20]. In a
case-control study of 23 KTR with PCP at a single transplant
center, patients on belatacept had an increased risk for PCP.
However, the risk was attributed to other co-occurring risk
factors including older age, higher rates of lymphopenia, and
lower estimated glomerular filtration rate in the belatacept
group rather than a direct effect on host immune function
[20]. Although ALC and other factors were similar across
belatacept and non-belatacept groups, the median number of
clinic visits was numerically higher in the belatacept group
(median 7.5 vs 3). This is likely because belatacept adminis-
tration requires monthly clinic visits for infusions whereas
other maintenance immunosuppression regimens are self-
administered orally in the home setting. Although belatacept
use was significantly associated with PCP in univariate ana-
lyses and in multivariate analyses that excluded the number
of clinic visits, it was no longer significant when the number
of clinic visits was included in the model, suggesting that the
risk conferred by belatacept may be largely encompassed by
the number of clinic visits. Taken together, these data suggest
that belatacept was possibly a proxy for increased clinic visits
and conferred a higher risk of PCP more so by increasing the
likelihood of exposure to the clinic setting than by its impact
on cell-mediated immunity.

A notable observation in this study was the extended period
(median of 79 months) between transplantation and eventual
diagnosis of PCP. Although underlying reasons are unclear, the

longer interval could be related to development of graft dys-
function and switch to belatacept in the later post-transplant
period (median of 38 months post-transplantation). Although
most treatment guidelines recommend limited post-kidney
transplant Pneumocystis prophylaxis, both sporadic and epi-
demic PCP cases have been documented in KTR many years
after transplantation, prompting calls for universal prophy-
laxis after kidney transplantation [21]. A better delineation of
the safety and tolerability of lifelong prophylactic strategies is
needed but indefinite prophylaxis strategies have already been
implemented in KTR with good success [21].

This study has several limitations. Due to the single-center
retrospective design, robust causal inference cannot be estab-
lished with certainty and results may not be generalizable to
other centers. Based on the institutional protocol, Prneumocystis
prophylaxis was not instituted when steroids were used for
TCMR treatment, which may have impacted the incidence of
PCP. Probable cases of PCP were included. Genotyping was
performed for only 9 of 19 cases, precluding a more compre-
hensive genotypic transmission network analysis. In addition,
we did not collect or perform genotyping of control strains.
Other factors that were unaccounted for may have led to in-
creased clinic visits.

In conclusion, this outbreak investigation suggested multiple
clusters of interhuman transmission of PCP among KTR as well
as coinfection with multiple strains. Belatacept was a risk factor
for PCP, potentially via increased clinic exposure. Infection pre-
vention measures and long-term chemoprophylaxis for PCP
should be considered in transplant clinics given the possibility
of person-to-person transmission, particularly when higher
than usual incidences are observed.
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